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The 2021 eruption at Tajogaite (Cumbre Vieja) volcano (La Palma, Spain)
was characterized by Strombolian eruptions, Hawaiian fountaining, white gas-
dominated and grey ash-rich plumes, and lava effusion from multiple vents.
The variety of eruptive styles displayed simultaneously and throughout the
eruption presents an opportunity to explore controls on explosivity and the
relationship between explosive and effusive activity. Explosive eruption dynamics
were recorded using ground-based thermal photography and videography. We
show results from the analysis of short (<5 min) near-daily thermal videos taken
throughout the eruption from multiple ground-based locations and continuous
time-lapse thermal photos over the period November 16 to November 26. We
measure the apparent radius, velocity, and volume flux of the high-temperature
gas-and-ash jet and lava fountaining behaviors to investigate the evolution of the
explosive activity over multiple time scales (seconds-minutes, hours, and days-
weeks). We find fluctuations in volume flux of explosive material that correlate
with changes in volcanic tremor and hours-long increases in explosive flux that
are immediately preceded by increases in lava effusion rate. Correlated behavior
at multiple vents suggests dynamic magma ascent pathways connected in the
shallow (tens to hundreds of meters) sub-surface. We interpret the changes in
explosivity and the relative amounts of effusive and explosivity to be the result of
changes in gas flux and the degree of gas coupling.
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1 Introduction

The 2021 eruption of Cumbre Vieja volcano, La Palma, Canary
Islands, Spain, was the longest and most damaging eruption on the
island in the historical record. The eruption lasted 85 days, destroyed
more than 2,800 buildings, and buried nearly 1,000 ha of agricultural
land beneath lava and ash, and built the Tajogaite volcano cinder
cone (Carracedo et al., 2022). Eruptive activity was characterized by
simultaneous effusive and explosive Strombolian, lava fountaining
and intermittent phreatic explosions from multiple vents located
along northwest-southeast trending fissures. The sustained wide
range of eruptive behavior during this eruption provides a valuable
opportunity to investigate the relationships between activity at
multiple vents with different eruptive styles at a range of different
time scales. Our goal is to identify processes that control the eruption
dynamics and search for possible precursors of eruption changes.

In this paper we present analyses from thermal videos and
images recorded at different distances from the eruptive vents
to track the plume dimensions, velocity, and flux over time. We
compare our measurements with ash plume height estimated by the
Volcanic Ash Advisory Centre (VAAC) Toulouse, SO, flux from the
Aura Ozone Monitoring Instrument (OMI), effusive time-averaged
discharge rate (TADR) (Plank et al., 2023), seismicity (long-period
and very-long-period tremor) recorded at the PLPI station located
5km south of the eruptive center, and volume estimates of the
tephra blanket (Bonadonna et al., 2022; Bonadonna et al., 2023).
We evaluate temporal variability in explosivity to understand the
transport of gas and magma in the shallow sub-surface and to
identify short-term precursors to increases in explosive activity.

2 Eruption timeline

La Palma is the northwestern-most island in the Canary
Archipelago, whose origin is thought to be the result of a mantle
plume under the African Plate, erupting through Jurassic oceanic
crust (Longpré and Felpeto, 2021, and references therin). There
have been six previous eruptions on La Palma since the 16th
century (1,585, 1,646, 1,677-1,678, 1712, 1949, and 1971), primarily
characterized by both explosive and effusive character that built
monogenetic cinder cones along fissures 0.2-4.2 km in length, and,
in all six cases, produced lava flows that reached the ocean (Longpré
and Felpeto, 2021). Eruptions typically show only short precursory
activity with four eruptions having only 1-7 days of felt seismicity,
and have eruption durations from 24 to 84 days (Longpré and
Felpeto, 2021).

The Tajogaite eruption was preceded by increased seismicity
from October 2017 to August 2021, interpreted as intrusions
at mantle (15-30 km) depth (D’Auria et al., 2022; Longpré, 2021;
Oterino et al., 2022), which were also associated with changes in
*He/*He in a cold mineral spring (Padrén et al., 2022), and changes
in soil Radon and Thoron concentrations (Torres-Gonzalez et al.,
2020). Immediate precursors to the 2021 eruption began September
11 with shallow seismicity and ground deformation (Longpré, 2021;
D’Auria et al., 2022; De Luca et al., 2022).

On September 19, the eruption began with the opening of
two closely-spaced (~ 50 m), elongate, northwest-southeast trending
fissures (N 120°-140°), angled approximately 45° to the slope,
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resulting in several vents (typically 5-8) at different altitudes
between approximately 840 and 1,100 m above sea level (a.s.l.).
The two fissures merged, building a single edifice that persistently
hosted multiple vents. Vents were characterized by different
styles of activity despite separation by only tens to hundreds of
meters (Carracedo et al., 2022; Civico et al.,, 2022; Romero et al.,
2022). The lower vents sourced lava flows that covered 12 km?.
The higher altitude portion of the fissure hosted a dynamic
number of vents exhibiting lava fountaining, Strombolian, and
occasional phreatic explosions (PEVOLCA, 2021; Romero etal.,
2022). Explosive activity from the upper vents produced pyroclastic
material that built the majority of the Tajogaite volcano edifice
which reached a total volume by the end of the eruption of
36.5 + 0.3 Mm® with a maximum height of 187 m (Civico et al.,
2022; Romero et al., 2022). The overall average effusion rate for the
eruption was 24.1 m?/s, which is at the high end of, but within prior
estimates for effusion rates of historical La Palma eruptions, but was
characterized by greater explosivity than had been identified in the
historical record, reaching a Volcanic Explosivity Index (VEI) of 3
(Longpré, 2021; Longpré and Felpeto, 2021).

In the early phase of the eruption, the cone grew rapidly
and experienced frequent small-scale failures and opening of new
vents. On September 25, there was a large collapse of the edifice
which resulted in rafted material, and was associated with increased
explosive activity that ejected tephra containing white xeno-
pumice fragments (Pankhurstetal, 2022; Romero etal., 2022).
Plume heights were variable, ranging between 1,500 and 5,500 m
a.s.l. (PEVOLCA, 2021; Volcanic Ash Advisory Center, 2021). SO,
emissions reached a maximum of 36 kilotons/day (OMI). Lava
effusion sourced primarily aa lava flows up to 15m thick, but
with occasional resurfacing by highly fluid lavas (PEVOLCA, 2021;
Castro and Feisel, 2022; Di Fiore et al., 2023). The composition of
the erupted material evolved over the first 20 days of the eruption to
become increasingly mafic from a tephrite to basanite accompanied
by a decrease of amphibole and xeno-pumice and an increase in
olivine phenocrysts (Day et al., 2022).

In late October to November, the overall height of the gas-
and-ash plume decreased to a more consistent value between
2,500 and 3,500 m a.s.l, along with a decrease in reported
edifice collapses, and decreasing SO, emissions (PEVOLCA, 2021;
Volcanic Ash Advisory Center, 2021). In the final weeks of the
eruption (approximately November 27 to December 12), explosive
activity intensified, accompanied by collapses of the edifice and
frequent changes in the active vents. The final day of the eruption
on December 13 had the highest plume, estimated to have reached
7,700m a.sl (PEVOLCA, 2021; Volcanic Ash Advisory Center,
2021). A gradual decrease in eruption intensity followed by a final
period of vigorous activity was also observed in the 1,585 Jedey and
1949 San Jaun eruptions on La Palma (Longpré and Felpeto, 2021).

3 Methods
3.1 Daily videos

Thermal infrared (IR) videos were collected nearly daily
throughout the eruption (September 19 to December 13) from
various opportunistic locations with distances between 500 and
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4,800 m from the main explosive vents and at a variety of viewing
angles with respect to the fissure strike. Observation locations
are shown by green circles in Figure 1. Temporal coverage of
the eruption is shown in Figure 2. Videos were recorded at
frame rates between 8.7 and 21.5 fps, with 50% of the videos
between 18.1 and 18.9 fps. Recordings range from 59 s to 4 min in
length of which we use the first 2000 frames (approximately
2 minutes) in our analysis. The thermal video camera is a
FLIR T660 with focal length 24.5 mm, and resolution of 640
x 480 pixels which correspond to spatial resolutions between
0.5and 4.4 m.

Much of the low-intensity explosive behavior of the volcano
fell along a continuum between unsteady Hawaiian fountaining and
rapid Strombolian explosions, in which pulses of material are closely
spaced in time, and generally an explosion or pulse of material is
released before ejecta from the previous explosion has reached the
ground (Walker et al., 2023). In most cases, it is difficult to determine
precisely which end-member style is displayed in a given video
because of the overlap in their characteristics, and in some cases
co-existing vents displaying different behavior (Taddeucci et al.,
2023). As a result, we treat all explosive behavior in the same way:
we manually identify the location of the vent responsible for the
largest high-temperature plume visible in the thermal images. In
some images we can also identify the location of secondary high-
temperature explosive plumes and occasionally effusive vents. In
each analyzed frame, we identify the high-temperature plume area
by thresholding pixel brightness above a manually-set value for
each video chosen to isolate the same features in each video based
on the judgement of the authors. IR brightness is sensitive to the
distance to the target, as well as other factors such as ambient weather
conditions (humidity), and images are automatically scaled during
recording, which prevents the use of a constant threshold value.
We find that for videos taken from more than ~3 km distance, it
is not possible to restrict the analysis to only the center of the
plume, so we filter videos taken from more distal sites (n=3).
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FIGURE 2

Eruption timeline and thermal video coverage. Green circles indicate
dates with short thermal videos and the blue region highlights
continuous coverage. Black line marks the plume height as reported
by the Toulouse Volcanic Ash Advisory Centre

Volcanic Ash Advisory Center, 2021, and gray and red vertical lines
indicate days with collapses of the edifice or the opening of new vents
(shifted 12 h to improve visibility), and solid red lines that indicate the
beginning and end of the eruption.

Plume radius is estimated in each video by one-half the width
of the high temperature region just above the vent. In cases with
multiple vents, we sum together each vent. We also estimate the
fountain height from videos, but in many cases the high-temperature
fountain is partially obscured by the convective plume from another
vent or extends beyond the field of view of the camera. As a
result, these measurements come with greater uncertainty and can
be found by the interested reader in the supplementary material
(Supplementary Figure S1).
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3.2 November 16th-26th time-lapse
photography

We analyze continuous time-lapse thermal photographs
collected between November 16 to 26 from two cameras that
recorded several images each minute. These continuous data
were telemetered in real-time through the cellular network and
were immediately publicly available through the AVERT project
data portal at https://avertldeo.columbia.edu. The cameras were
operated primarily from two locations: Site 1 is located 4.8 km from
the vent to the northwest, and looks almost parallel to the strike of
the fissure, site 2 is located 1.8 km from the vent to the southwest
and looks almost perpendicular to the strike of the fissure. Both
continuous sites are indicated by blue triangles in Figure 1.

Camera 1 is a Calibir GXM 640 by Teledyne with a 19 mm
effective focal length lens which has a horizontal FOV of 32.4° and
vertical FOV of 24.4° and resolution of 640 x 480 pixels. It was
operated intermittently with coverage primarily on November 25
and 26 and recorded between 1 and 60 frames per minute viewing
the volcano from Site 1 (pixel size of 4.2 m). Camera 2 is a FLIR
SC325 with a 18 mm focal length lens with a 25° by 18.8° FOV and
resolution of 640 x 480 pixels. Camera 2 operated continuously from
Site 1 (pixel size of 3.3 m) from November 16 to November 21 and
was restarted on November 22 following an approximately 24 h gap,
until approximately 9:00 local time on November 23. The camera was
then moved to Site 2 (pixel size of 1.2 m), and operation resumed at
17:00 on November 23 until 23:00 on November 25 when inclement
weather obscured the view and disrupted the cameras functioning.
During the period November 16 to 21, the camera collected a 5-
image burst once per minute at a frame rate of 60 fps, and during
the period November 22 to 25, collected a 3-image burst once per
minute at 60 fps.

Once per minute, we measured the apparent plume radius and
height of the high-temperature lava fountaining or gas-and-ash jet.
The plume area is selected using a manual threshold as described
for the videos above. In the case of the time-lapse photography, the
fountain height was more consistently visible, and those results are
presented in the main text below. Additionally, we measured the
apparent area of fresh lava present on the edifice, below the level of
the vent. We filtered for the presence of clouds based on a threshold
on the variance in the temperature field above the vent.

3.3 Velocimetry

In daily videos and in photo bursts from Camera 2, we used a
Python implementation of Optical Flow to calculate velocities in the
plume. We choose frames spaced approximately 0.25 and 0.05 s apart
for the videos and Camera 2 respectively. Because the velocities are
variable across the plume, we take a mean, weighted by the pixel
brightness, to find a velocity representative of the fast-moving high-
temperature center, averaged over a vertical ten pixel region closest
to the base of the visible plume. Mean velocities presented below
indicate the time-mean of the spatial mean. We find a maximum
velocity value in time by taking the 98% percentile value with time;
we exclude the highest possible values as some of the recordings
show brief skips that anomalously increase the measured velocities
between frames but these generally impact <5 measurements out of
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the approximately 360-400 pairs of frames per video used in the

analysis. From the apparent radius of the plume, we estimate the

volume flux of the high temperature gas-and-ash plume by assuming

a cylindrical plume (Q = nr*v). For cases with multiple vents, we

divide the summed radii and treat each plume as an equally-sized
. r\2

cylinder (Q = 7'[(;) nv).

3.4 Periodicity analysis

We analyzed the frequency content of velocity using the Lomb-
Scargle least-squares spectral analysis and the Continuous Wavelet
Transform (CWT) using a Morelet wavelet, both of which can
identify non-stationary periodicities in time series and of which the
former is particularly well suited for data that are unevenly sampled
or have data gaps. Both methods have been previously applied to
understand periodicity in volcanic gas plumes (Pering et al., 2019).
We apply both methods to video data and the Lomb-Scargle analysis
only for the continuous time-lapse data. Given the data gaps in the
time-lapse data, we test the effect of the data gaps by performing
the analysis on synthetic time series with known periodicities and
the same temporal gaps, results of which can be found in the
supplementary material (Supplementary Figure S3). In the video
data we also look for the distribution of inter-explosion times in
the time series of velocity using a peak finding algorithm from the
Python Scipy library.

3.5 Comparison with other datasets

We searched for correlations between plume radius, velocity,
and flux in the high temperature plume with remote and satellite-
based observations of daily plume height and SO, flux, effusive
time-averaged discharge rate (TADR), long-period (LP) (1-5 Hz)
and very-long-period (VLP) (0.4-0.7 Hz) tremor, and changes in
vent geometry though collapses of the edifice or opening of new
vents. Plume height data are from the Toulouse Volcanic Ash
Advisory Centre which provided estimates of the maximum height
of the ash plume at least four times per day over the course of the
eruption through a combination of satellite data and aircraft pilot
observations (Volcanic Ash Advisory Center, 2021). SO, data are
from the Aura Ozone Monitoring Instrument (OMI) level 2 sulphur
dioxide (SO,) total column product (https://s02.gsfc.nasa.gov/).
TADR comes from thermal satellite imaging by Plank et al. (2023)
and is resampled using a linear interpolation to daily resolution.
Tremor data are from the PLPI station located about 5 km south
of the eruptive center, sampled at 50 s period. We find dates with
reported cone collapses or opening of new vents from the daily
reports issued by the Plan de Emergencias Volcanicas de Canarias
(PEVOLCA) (PEVOLCA, 2021).

4 Results
4.1 Variability on a day-weeks timescale

We measured plume radius, velocity, and apparent volume flux
from thermal camera videos in the near-vent region. An example
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Example of thermal video processing for velocity and plume radius. (A) an example thermal image from November 23 taken 1 km away from the vent
Color indicates apparent temperature with a white contour showing the manually-applied threshold for the high-temperature gas-jet region of the
lava fountain. Black arrows indicate the velocity calculated using Optical Flow. (B) velocity magnitude noting that because of the low variation in
texture within the plume, we track the ascent of each pulse of material rather than individual pyroclasts. (C) plume radius and weighted spatial mean
velocity of the high temperature material with height. All panels share a vertical axis and the horizontal red line indicates the height from which we
extract the velocity and flux value, averaging over five pixels on each side. (A—B) vertical red line showing the location for extracting temperature with

height in Figure 9

calculation is shown in Figure 3. The median apparent plume radius
through time in the region just above the vent is 32 m, with 25th
and 75th quartiles of 25 m and 37 m, respectively, with a maximum
of 42 m. Over the course of the eruption the mean radius is 40 m
and ranges up to 125 m. In some cases, this radius is the sum of two
or more high-temperature vents when viewed from an angle with
respect to the fissure direction, as is the case in Figure 3.

Time-averaged velocities vary between 0.9 and 24.4 m/s with
a mean of 6.3 m/s, and 25th, 50th, and 75th quartiles of 2.6 m/s,
4.4 m/s, and 8.0 m/s, respectively, and maximum velocities in each
video between 3.1 m/s and 46.4 m/s with a median of 13.9 m/s
(Figure 4). Depending on the viewing location of the camera and
the behavior during a given recording, these velocities capture
variously the vortex speed of the gas-thrust and convective portions
of the ash-rich plumes, or of unsteady fountaining. These velocities
fall within typical velocities for the ascent of type 2 (ash-rich)
Strombolian explosions (e.g., Bombrun et al., 2015; Patrick, 2007;
Patrick et al., 2007; Taddeucci et al., 2012, and references therin) and
are low, but within the ranges of lava fountain ascent velocities
measured at Etna of up to =250 m/s (e.g., Bonaccorso et al., 2014;
Mereu et al., 2020), Figure 5and that expected for lava fountains
of height 100-500 m (Supplementary Figure S1) based on the
relationship v = /2gh, which gives an estimate of =45-100 m/s.
With the temporal and spatial resolutions of the thermal cameras
used, we cannot track the motion of individual pyroclasts which
may be much higher (e.g. Leducetal, 2015; Taddeuccietal,
2015; Capponi et al., 2016). Our results are consistent with the
findings of Taddeucci et al. (2023) who found velocities of particles
using high-speed visual cameras between 5 and 220 m/s for this
eruption.

Assuming a cylindrical plume, we calculate apparent volume
flux in the plume from measured plume radius and velocity
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(Figure 4). The mean apparent volume flux is 8.2 x 10* m*/s with
50% of the values falling between 2.5 x 10* m*/s and 9.3 x 10* m%/s.
This value represents the apparent flux of the mixture of hot gas and
tephra with a substantial thermal signal. To estimate the mass flux
of solid material, we use estimates of the mass fraction of gas in the
plume of other Type 2 Strombolian eruptions in the range 0.11-0.38
(Blackburn et al., 1976) to 0.67-0.95 (Rose etal., 1980; Patrick,
2007). Assuming a rock density of 2,770 kg/m® (Bonadonna et al.,
2022) and an air density of 1 kg/m?, we estimate mean mass eruption
rate should be approximately 5 x 10°-2 x 10° kg/s or 2-400 m*/s of
dense rock equivalent (DRE) volume. This agrees with the finding
of Taddeucci et al. (2023) who measure mass flux of lapilli to bomb-
sized pyroclasts between 0.2-200 x10° kg/s during campaigns from
September 22 to October 1 and November 5 to 9. Additionally, it
is likely that at least some of the material in the plume then falls
back into the vent and is recycled during the next explosion. The
volume of the cinder cone from DEM differencing is 36.5 Mm®
(Civico et al., 2022), which suggests an average volume eruption
rate of scoriaceous material should be approximately 5 m?/s, not
including the ash that was widely distributed. Assuming the volume
fraction of gas in scoria to be 0.5-0.75 and packing of tephra
in the cone to be 0.65-0.8 (Bonadonna etal., 2022), suggests a
dense rock equivalent flux of ~0.5-2 m*/s or ~2 x 10>-6 x 10 kg/s.
Bonadonna etal. (2022) estimate the mass eruption rate to
produce the observed tephra blanket to be 3.7 0.6 x 10° kg/s.
Together, these measurements suggest a mass eruption rate of
~6-9 x10°kg/s. Our estimate based on the plumes is rough
with large uncertainty, but it suggests that our measurement of
apparent volume flux is reasonable. Similar to Bonadonna et al.
(2022), we find that the explosive mass eruption rate is relatively
stable across the eruption, compared to the effusive eruption
rate.

frontiersin.org


https://doi.org/10.3389/feart.2023.1193436
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Birnbaum et al.

10.3389/feart.2023.1193436

FIGURE 4
(A) VAAC plume heights (m (A) s.1) in black and SO, mass flux (tons/day)
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We compare measurements of the explosive activity with
observations of volcanic tremor. There is no significant correlation
between radius, velocity, or flux with the daily mean of LP or VLP
tremor, or the ratio of LP/VLP tremor. However, we do find a
correlation between volume flux and the rate of change of the daily
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mean of LP tremor (p=0.38, p=0.0020), and VLP tremor (p=0.59,
p=3x107). That is, on days when volcanic tremor is increasing,
volume fluxes are high, and on days when volcanic tremor is
decreasing, explosive volume flux is low. This finding is consistent
with volcanic tremor representing a shallow (~100s-1000s of meters
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depth) resonating source produced by changes in pressurization
or flow of gas and magma in the subsurface (Chouet, 1996;
Cannata et al., 2009).

We do not find correlations between instantaneous vent
conditions and the daily estimates of plume height, SO, flux, or
effusive TADR, despite moderate correlations between SO, flux and
plume height (p=0.27, p=0.026) and the daily mean of LP tremor
(p=0.27, p=0.029). We expect that plume height should be related
to the velocity or mass eruption rate of the vent, but the lack of
correlation suggests that plume height in this eruption may have
been controlled by other factors such as atmospheric conditions,
as suggested by Bonadonna etal. (2022) or complicated coupling
between fountaining behavior and the convective plume given the
hybrid eruption style and frequent multiple vents (Snee et al., 2021).

Bonadonna et al. (2022) give a detailed stratigraphy of the tephra
blanket over the course of the eruption, and use the tremor record
combined with visible observations of the eruptive column and
dated syn-eruptive tephra collection to constrain the timing of
deposition. The tephra is divided into lower (LU1-3), middle (MU1-
6), and upper (UU1-2) units. The deposition of LUl occurred
between September 19 and September 24-26 and is dominated by
lapilli and has the lowest density of the eruption, and is further
divided into sublayers (LUI.1-1.6) with varying proportions of
lapilli and ash. During this time, we observe increasing velocities
with time and unstable vent radius. After the major collapse on
Sept. 25, there is a transition to LU2 which is characterized by an
increase in density due to a decrease in the proportion of frothy glass.
We observe at the beginning of this time period a decrease in the
velocity at the vent which is inversely correlated with an increase in
the effusive flux. We do not have detailed thermal video coverage
of the end of this time period. Throughout the deposition of the LU,
the cone underwent changes in vent geometry including the opening
of new vents and partial collapses of the cone which are often
associated with short-duration (<1 day) increases in volcanic tremor
(PEVOLCA, 2021; Muiioz et al., 2022).

The MU was deposited between October 10-12 and November
25-27 and is characterized by an increase in the relative proportion
of ash to lapilli, a decrease in vesicularity, and an increase in density
from 926 + 93 to 1,386 + 137 kg/m® (Bonadonna et al., 2022). In
the thermal video record, the time of this transition is marked by
a sharp increase in the radius of the vent that decreases over the
following =12 days while the velocity is less stable and increases
towards the end of this window. During this time, several new vents
opened, coinciding with days with a sharp increase in velocity. The
beginning and ending of this period was marked by edifice collapses.
After October 26, we see an increase in the radius of the eruptive
plume and an abrupt end to the edifice collapses and opening of new
vents.

Between October 26 and November 25, there is a period of
relative stability with very few collapses and no new vents. Explosive
volume flux varies in pulses lasting ~3-8 days, primarily driven
by changes in velocity with radius remaining nearly constant or
occasionally increasing together with velocity. The overall fluxes
during this period are similar to the earlier and later phases of
the eruption, which is also found by (Bonadonna et al., 2022) from
volume estimates of the tephra blanket. We identify a pulse of
increased volume flux following November 2-4, which was also
found by Bonadonna et al. (2022, 2023).
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On November 25, a low-altitude vent reopened and was
the source of Hawaiian lava fountaining reaching ~250 m high
for <5 min associated with an increase in volcanic tremor and
marked the beginning of a new phase of the eruption. Between
November 25 and December 5, we observe several pulses of high
velocity that decay over a period of ~3-5 days, and near-daily
collapses and new vents. Bonadonnaetal. (2022) identify this
time period as the transition from the MU to the UU which
is characterized by clasts of higher vesicularity and a higher
explosivity index (ratio between mass of the tephra blanket and
total erupted mass). Mufioz et al. (2022) identify November 25
as the transition to a new phase in the vent geometry with the
opening of new vents adjacent to, rather than along, the original
fissure. Following December 5, we have limited thermal video
coverage, but observe decreasing explosive activity and continued
collapses of the edifice including large cracks and fractures identified
on the upper part of the edifice (PEVOLCA, 2021). The final
day of the eruption was marked by a dramatic increase in the
explosivity, with high volume fluxes (among the highest of the
eruption), and the tallest eruptive column reaching an altitude
of 7,700 m a.sl (PEVOLCA, 2021; Volcanic Ash Advisory Center,
2021).

4.2 Variability on a hours-days timescale

In the continuous coverage from Camera 2, we find mean
fountain heights of 124 + 92m, up to a maximum of 634 m.
Although the continuous time series are disrupted by periods of
clouds obscuring the vent, a camera outage, and a change in
location, we clearly see variability over the course of the 10 days
of continuous coverage. The 1-h rolling mean of apparent plume
radius varies by a factor of 2.0 between the mean and maximum
values. Fountain height varies by a factor of 6.8 between the mean
and maximum values from 1.8 km viewing distance, and by a
factor of 2.4 from 4.8 km distance. When viewed from the distal
location, the fountain height is often obscured by convection in the
plume, while views from the more proximal site likely give a better
estimate of the fountain height and reflect real variability in fountain
height.

In some images of the vent, we can also see the appearance of
an increase in high-temperature (fresh) lava on the edifice, which
likely reflects a transient increase in the effusive eruption rate. This
signal decreases as the overspill of lava cools over a period of a
few hours. In Figure 6 we show time series for three such events
on November 19, 21, and 25. In each case, immediately following
an increase in lava effusion, we identify an increase in the fountain
height, column radius, and velocity compared to the preceding hours
which continues for several hours, even after the lava effusion rate
decreases again.

Velocity measurements from time-lapse Camera 2 have a
mean of 9.6 m/s, a standard deviation through time of 4.2 m/s,
and a maximum of 50.9 m/s. Using a Lomb-Scargle periodicity
analysis, we identify periodicities in the explosive activity at
8, 11, and 35h (Figure7). Over this time window, we do
not find a correlation between a rolling mean or maximum
of velocity with estimates of plume height from the VAAC
Toulouse.
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FIGURE 6

(A) Apparent plume area (gray), lava area on the edifice (red), and high-temperature fountain height (black) with one-minute time resolution from
Camera 2 from November 16-26. Camera 2 was operated from Site 1 November 16—23 and Site 2 from November 23-25. (B—D) show time intervals in
which new lava was visible on the edifice accompanied by an increase in lava fountain height and apparent plume area.

>

0.175 4 —— Radius (m)
—— Velocity (m/s) 35 hrs

01507 _ volume Flux (m3/s)

0.125 A
0.100
0.075 A

0.050

Normalized amplitude

0.025 1

0.000 A

0 10 20 30 40 50
B Period (hours)
0.12

—— LP Tremor
| —— VLP Tremor

43 hrs

= =

o =

® [S)
)

Normalized amplitude
o
(=]
(=)}

Period (hours)

FIGURE 7

Lomb-Scargle periodicity of (A) continuous radius, velocity, and volume flux data from November 16—-25 and (B) LP and VLP tremor from the same date
range.

4.3 Va rlablllty on a seconds-minutes drive fluctuations in fountain height up to hundreds of meters. The
timescale standard deviation of velocity within individual videos are in the
range of 0.1-10.5 m/s with a mean of 3.8 m/s, and correlate with

Velocities are highly variable in time, characterized by pulses  the mean velocity to fall between 15% and 355% of the mean value,

of increased flux of lava/tephra, which take ~1-10s to ascend and ~ suggesting a large range in the stability of the explosive activity
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FIGURE 8
Inter-explosion time measured in each video, markers are centered at the mean inter-explosion time, upper error bars are the maximum, and lower
error bars are one standard deviation.

with videos showing the smallest mean velocities lower stability then
those with higher velocity.

Pulses in the velocity directly above the vent occur with a
median separation time of 0.7-4.4 s, with minimum separation
times 0.46-1.14 s, and maximum separation times between 1.91
and 59.2 s. The median separation time between pulses is nearly
stationary over the course of the eruption, but occasionally show
trends over times scales of =5 days of increasing inter-explosion
times during times of decreasing velocity and flux (Figure 8).
Our results agree with inter-explosion times measured from
visible camera observations of explosive activity showed median
inter-explosion times of 2.16-14.08 s recorded on October 24-29
(Bonadonna et al., 2023), and mean time between pulses of 0.4-10 s
from September 22 to October 1 and November 5 to 9, which also
showed an inverse relationship between inter-explosion time and
velocity (Taddeucci et al., 2023). This separation time is similar to
that observed in the 1973 Eldfell eruption of Heimaey which showed
1-3 s pulsing times ejected up to 250 m above the crater rim during
sustained Strombolian activity (Selfetal,, 1974), Etna volcano
during Strombolian activity in July 2012 (median separation time of
2.4 s) and lava fountaining in April 2012 (1.6 s) (Dominguez et al.,
2016), and hybrid unsteady Hawaiian and Strombolian activity
(0.4-2.9 s) at basaltic fissures during the 2018 eruption of Kileaua
(Walker et al.,, 2023). Dominguez etal. (2016) demonstrate that
inter-explosion repose time correlates with magma viscosity, which
may explain why we do not see large variations in this parameter
across the course of the eruption despite changing flux rates.
Viscosity estimates for this eruption are very low, estimated to be
50-160 Pa-s (Castro and Feisel, 2022).

In a periodicity analysis example in Figure 9, we show the
apparent temperature in a single pixel wide column above the vent
through time A), the apparent temperature and velocity just above
the vent B) and Continuous Wavelet Transform of velocity C) and
Lomb-Scargle periodicity analysis of velocity and temperature D)
for an extended time series (250 s compared to typical =120 s). We
observe periodicities in the temperature above the vent and the
velocity at 31 and 41 s. Shorter (13 s) and longer (72 s) periods are
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less prominent in the temperature above the vent than in the velocity
field. Over the course of the eruption, we identify periodicities
between 1 and 50 s, with the highest occurrence between 4 and
13 s 47 of 67 videos have at least three identifiable periodicities, a
further 19 have two distinct periodicities, and only 6 have one or
no significant periodicities. Periodicities longer than approximately
50 s cannot be consistently identified in the videos trimmed to
2 minutes.

Many of the videos show multiple active effusive and explosive
vents. While we do not analyze all videos individually, we explore
one example from October 15 in further detail (Figure 10). This
video looks nearly parallel to the fissure strike, showing a lava flow
sourced from a vent not visible behind the edifice, and at least two
explosive vents. We analyze the velocity in the gray shaded regions
placed at similar heights above two vents to separate behavior of the
vents and show that the left vent has a more stable velocity, while
the right vent has a larger range of velocities and a distinct 42 s
periodicity. Cross correlation between the two time series reveals
that the left vent has fluctuations that correlate with the right vent
(maximum p=0.33, p=1 X 1071%), albeit of smaller magnitude, with a
possible delay of 0-5 s.

5 Discussion
5.1 The influence of viewing location

To evaluate the effect of viewing location on the estimated
parameters, we look for correlations between our measurements
and the viewing distance and angle in the opportunistic thermal
videos. Considering all of the available data, we find a significant
correlation between apparent radius and viewing distance (p=0.63,
p=1x10"%) with viewing distance, where the apparent radii are
larger from farther viewing distances. These correlations weaken
when considering viewing distances between 580 and 3,000 m. The
likely causes for this correlation could be that the threshold for
closer videos is chosen to identify the high-temperature gas-jet and
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Example of thermal video from Figure 3 showing (A) apparent temperature with height in a one pixel column above the vent, through time. (B) Velocity
(green) through time extracted at the red line on (A) and apparent temperature (purple) through time extracted at the black line on (A). (C) Continuous
Wavelet Transform of the velocity time series, (D) Lomb-Scargle periodogram of the spatially-aggregated velocity (green) and apparent temperature
(purple), showing periodicities between 10 and 72 s for velocity and 30 and 50 s for temperature.
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lava fountaining regions that are not distinguishable from larger
distances, or resolution effects. For this reason, we do not include
these videos in the overall eruption coverage because they are not
suitable for inter-video comparison.

However, in the case of the time-lapse photography, we have a
substantial record taken from a distal location for which data can be
compared to one another. We look for differences between velocity
observations from time-lapse Camera 2 on subsequent days on
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November 23-24 and show minor differences between observation
locations with mean, maximum, and standard deviations of velocity
with time respectively at location 1 (4.5 km): 10.2, 33.7, and 4.1 m/s
and from location 2 (1km): 8.3, 50.8, and 4.2 m/s. There are
proportionally more measured velocities less than 10 m/s and fewer
measured velocities between 20 and 30 m/s from the more proximal
viewing site which may correspond to a decrease in activity (which
was also captured in the daily videos), but the highest measured
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velocities extend to slightly higher values (Figure 11, Supplementary
Fig. $4). The greater variability in the measurements from the near-
vent location may reflect an improved ability to resolve behaviors
in the plume interior that are not visible from the distal sites due to
limited image resolution. It is not possible to determine whether this
effect is solely a result of changing the viewing distance or reflects a
true change in the velocity conditions from 1 day to the next.

5.2 The influence of temporal resolution

We compare velocity measurements from time-lapse Camera 2
and daily videos recorded in the same time window (Figure 11). The
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standard deviation of velocity in any given 2-min video typically
falls between 38% (5th percentile) and 219% (95th percentile) of the
median value. The standard deviation of velocities in the time-lapse
data taken from the proximal location is 4.3 m/s which is 99% of
the median value, suggesting that the temporal variability over the
hours to days timescale, likely driven by changes in flux from the
vent, is of the same order as or potentially lower than the variability
over any 1-4 min video caused by Strombolian pulsing and unsteady
Hawaiian fountaining.

Continuous measurements of velocity (Figure11) and
radius (Figure 12 show reasonable agreement in the day to
day variability with measurements from the videos, despite

different viewing locations. Median and mean estimates of velocity
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(A—-C) Example photos from Camera 1, Camera 2, and an RGB image from the same time and location. (D—F) Histograms of pixel brightness for the full
image in blue and the boxed plume region in red. Camera 1 is calibrated to a lower temperature range (<400°C) and saturates in most of the plume
where Camera 2 retains information. Both thermal cameras image through the steam plume visible in RGB to image the high-temperature
gas-and-ash rich plume and lava fountaining.

from the daily videos bracket observations from the time-lapse ~ plumes, would be missed by high-temperature thermal camera
photography, and we observe a factor of about 2 difference  imaging.
between maximum velocities for the time-lapse cameras (60 fps)
and the videos (=18 fps) that we attribute to the difference
in temporal resolution which limits the ability in the lower 5.4 Recommendations for deployment
sampling rate case to capture potentially large instantaneous
velocities. On the basis of our findings, we suggest that when planning
instrument deployment of thermal cameras, it would be preferable
to have a small number of repeat sites or locations of continuous
5.3 Com Pa rison of visual and thermal measurement located proximal (<2 km) to the vent. For example,
imagery this strategy was successfully employed during the 2018 Kilauea
Lower East Rift Zone eruption for drone flights to multiple along-
The time-lapse cameras were calibrated for different temperature ~ channel locations. Co-located visual- and thermal cameras or
ranges (Camera 1: <400°C, Camera 2: <350°C). Camera 1  synchronous thermal cameras from different angles may provide
consistently saturated when viewing the high-temperature gas-and-  additional insight in the case of multiple plumes. In all cases, camera
ash rich plume and cannot distinguish the height of the lava  settings should be kept constant for all measurement conditions.
fountaining behavior, even from 4.8 km distance. When compared =~ However, we recognize that this may not be possible during an
to a visual image from the same time and location, we observe  eruption response in which scientists and officials must prioritize
that neither thermal camera was sensitive to the white-colored  public safety and eruptive conditions can change rapidly. For
steam plume coming from an effusive vent (Figure 13). Especially ~ example, Figure 1 shows that many of the viewing sites from the
in the case of an eruption with multiple active vents where effusive  early eruption were later covered by lava. Other sites may not be
vents could be a major contributor to gas emissions, this could  suitable for leaving equipment deployed due to lack of security
be one reason why the gas (SO,) flux does not correlate with  or electrical power. Consistent monitoring from these locations
observed plume dynamics. The volume of the lava flows of this  would require personnel to visit the same sites each day, which
eruption far exceeded the volume of the tephra (Civicoetal,  may not be feasible with a small response team and changing
2022) which suggests that the gas emissions associated with the = conditions. Given these realities, it may be necessary to change
effusive vents, which is released primarily as low-temperature white ~ measurement locations during an eruption. Non-etheless, collecting
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frequent measurements, even from a variety of locations, can still
provide useful data.

Our Continuous Site 2 exemplifies the challenge of finding
a site for consistent and repeated recording. Continuous Site 2
was operated from a close-to-ideal site in that it was located only
1,500 m from the volcano and had electrical power to keep the
cameras running. However, it was not possible to ensure that the
site would remain accessible, as the region accumulated significant
ash throughout the eruption. Indeed, the site was not accessible
every day because of changing safety restrictions imposed by the
civil protection agency, and because the primary road to the south
side of the volcano was eventually inundated with lava which greatly
increased the travel time to the site. Additionally, this site was
on private property used with permission of the landowner who
had a personal connection to the response team. During most
eruptions, it may be difficult to establish permission while residents
are responding to a crisis and evacuating.

Finally, data from equipment that can be deployed for an
extended time should be telemetered in real-time to allow for rapid
situation monitoring as well as confirmation that equipment is
functioning properly. The data from the time-lapse cameras were
telemetered in real-time using the cellular network and uploaded to
a publicly available website. This allowed for monitoring and data
recovery, even when the site was temporarily inaccessible, and the
team was rapidly alerted to problems with the deployment.

5.5 Implication for shallow plumbing
geometry

Correlations in short-term behavior of different vents suggests
shallow connections on the scale of tens to hundreds of meters. In
Figure 14, we sketch a simplified geometry in the shallow subsurface
and within the volcanic edifice; the edifice profile is a smoothed
transect of the edifice along the fissure direction shown in Figure 1
with no vertical exaggeration. The dashed line indicates the pre-
eruptive topography. Magma ascends through shallowly connected
fractures to multiple vents. Lava effusion occurs at the lower altitude
vent(s) sourced from partially outgassed magma, while bubble-
rich magma ascends vertically to multiple explosive vents at higher
altitude. This geometry has been observed in other hybrid eruptions
(e.g. Taddeucci et al., 2004).

Activity at the explosive vents ranges from Strombolian to
unsteady and steady Hawaiian fountaining (Walker et al., 2023). In
cases with multiple vents showing unsteady behavior, we observe
correlated fluctuations in velocity between vents separated by tens
to hundreds of meters. These vents must be connected in the very
shallow subsurface, with periodicities controlled by the magma
source, for example ascending bubble trains, rather than sealing or
backfilling of the vent (Taddeucci et al., 2012; Gaudin et al., 2014;
Leduc et al., 2015; Capponi et al., 2016). Differences in steadiness
between different vents are likely the result of small differences in
the relative proportions of large and small bubbles determined by
the partitioning of bubbles in the shallow conduit (Bonadonna et al.,
2023; Taddeucci et al., 2023; Walker et al., 2023).

From the hours-days variability observed by the time-lapse
cameras, we observe an early transient increase in effusive flux prior
to sustained increases in explosive flux. We interpret this to be
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FIGURE 14

Simplified schematic of connected vents in the shallow sub-surface
responding to high and low fluxes of gas-rich magma from depth. The
elevation profile(solid black line) is taken along a transect across the
edifice parallel to the fissure direction from northwest to southeast
(Figure 1) taking the maximum altitude over a 150 m wide region
shown with no vertical exaggeration. The dashed line shows the
pre-eruptive topography along the same profile.

the result of the ascent of a pulse of gas-rich magma that pushes
out partially outgassed magma in the shallow plumbing system to
erupt effusively before the gas-rich magma reaches the surface at the
higher-altitude explosive vents. Fluctuations in the fraction of gas
suspended within the magma could change the relative proportion
of effusively and explosively erupted magma, which could be an
additional reason that we find an overall poor correlation between
effusive discharge rate and explosive flux.

In times of high gas flux, volatile-rich magma increases explosive
activity and can cause the propagation of fluid-filled fractures within
the edifice that result in new vents opening or the reopening of
previous vents, and widen active vents, resulting in wider and
higher-velocity plumes and may also act to promote future cone
failure (Calvarietal,, 2016). The opening of new vents is also
accompanied by transient increases in tremor and deeper seismicity
Muioz et al. (2022), which further supports that changes in the vent
geometry are driven by changes in pressure and flux of the magma
source. At times of rapid variability in flux, transitions between
lapilli- and ash-dominated eruptive products, and during the decline
in eruptive flux at the end of the eruption, we observe frequent
collapses of the edifice which could be driven by opening and closing
of fractures in response to changing flux conditions (Houghton and
Schmincke, 1989; Calvari and Pinkerton, 2004). Highly variable
sealing and opening of vents and reactivation of previous vents
was observed during the 2011 eruption at Puyehue-Cordén Caulle
in 2011-2012 where two main vents were interpreted to have
long-lived high permeability structures with transient connections
between sub-vents in the shallow subsurface (Schipper et al., 2013).
Despite the very different rheologies of these two systems (basanite
to tephrite compared to rhyolite), we observe similar systematics
in the spatial and temporal relationships between effusive and
various explosive behaviors. This suggests that the localization of
gas-rich magma to a combination of long-lived major and short-
lived minor transport pathways in the shallow edifice may be
ubiquitous in the poorly consolidated material of tephra cones.
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6 Conclusion

We measure the apparent radius, velocity, and volume flux of
the high temperature gas-and-ash plumes and lava fountaining from
near-daily short thermal camera videos and continuous time-lapse
thermal images. We highlight variability on the seconds to tens of
seconds timescales that reflect pulsing behavior associated with ash-
rich Strombolian and steady and unsteady Hawaiian eruptions with
stable recurrence times of 0.6 + 0.3 s and ~1-40 s periodicities. We
observe correlated activity at multiple explosive vents which must
be connected in the shallow subsurface, with temporal variability in
flux controlled by the gas supply.

Continuous measurements of apparent fountain height, radius,
and velocity recorded once per minute over a period of 10 days
show fluctuations on the timescales of hours, including increases in
effusion rate that precede extended periods of increased explosive
activity. Combined with an overall poor correlation between effusive
TADR and explosive flux, this finding suggests variability in the
proportion of effusively and explosively erupted material, with
gas-rich magma preferentially erupting explosively compared to
partially outgassed material that takes a lower altitude pathway to
erupt effusively.

We find agreement between estimates of volume flux
from thermal videography and photography with estimates of
erupted material from DEMs and tephra blanket modeling
(Bonadonna et al., 2022; Civico etal., 2022), which could be
improved by better estimates of the mass ratio of gas to solid
material. While TADR shows an initial high eruption rate, followed
by a longer period of low effusion rate (Plank et al., 2023), which
is common in many eruptions (Wadge, 1981), we find that the
apparent erupted volume remains more consistent through time and
has some of the highest peaks in the middle and end of the eruption,
although we cannot resolve the potential effect of changing mass
fraction in the plume, which may be indicated by the transition from
lapilli-to ash-dominated tephra (Bonadonna et al., 2022). Changes
in explosive style, plume density, and grain size distribution on the
hours-months timescales have been documented at other hybrid
eruptions (e.g., Etna, Andronico et al., 2009).
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