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Abstract

Seismic RSAM signals and eruption cloud height measurements were used to estimate peak
intensities of 40 explosive events during the 8-22 April 2021 activity of the Soufriere
volcano. We estimated magma supply rates and erupted volumes in each explosion,
characterized uncertainty by stochastic modelling and identified four eruptive stages. Stage
1 included an intense period of 9.5 hours with 11 explosive events with peak eruption
intensity between 2000 and 4000 m3/s and magma supply rate reaching 828 m3/s. 12 high
intensity explosions (~4000 m3/s) occurred in Stage 2 with average magma supply rate of
251 m3/s. Stage 3 involved declining intensity, magma supply rate and lengthening repose
periods between explosions. Stage 4 involved 3 much weaker explosions. The total erupted
volume of magma is estimated at 38.5 x 10°® m3 (90% credible interval: [22.0 .. 61.9] x 108
m?3) consistent with independent estimates from analysis of tephra deposits and volcano
subsidence sourced at ~6 km depth. The 150-fold increase in magma supply rate, from the
preceding effusive phase to Stage 1 of the explosive phase, is attributed to replacement of
very high viscosity degassed magma occupying the shallow conduit system with new lower
viscosity volatile-rich magma from the magma chamber.
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Introduction

The Soufriére of St Vincent volcano entered a major phase of explosive eruptions on 9™ April 2021,
following an initial phase of lava extrusion that began on 27" December 2020 (Joseph et al. 2022). At
least twenty-four discrete explosive eruptions and one prolonged period of continuous but
fluctuating explosive activity occurred between 9t April and 14" April 2021. A further three much
weaker explosions took place on 16, 18" and 22" April. The explosive eruptions were documented
from Real-time Seismic Amplitude Measurement (RSAM: Endo and Murray, 1991) records and from
satellite observations (GOES16), which enabled cloud heights to be measured. Cloud height
determinations allow the peak intensity of each explosion to be estimated. Seismic data in the form
of Real-time Seismic-Amplitude Measurement (RSAM) constrain the duration of each explosion.
Basic information on the explosive events is listed in Table 1.

Together with their intensities, explosion durations let us quantify cumulative erupted magma
volumes, and allow variations in magma discharge rates to be estimated and tracked. In this paper
we present an analysis of the RSAM and satellite observations and develop a conceptual model of
the explosive phase of the eruption, taking account of other geological, geophysical and petrological
observations. The study includes appraisals of the challenges entailed in interpreting proxy
measurements of intensity and magma discharge rates from seismic and satellite data. These
difficulties lead to significant uncertainties which are explored using stochastic uncertainty
modelling principles. Our findings are compared with independent estimates of erupted volumes
from analysis of tephra deposits and from ground deformation measurements. The evolution in the
inferred erupted volume characteristics of the explosions is interpreted in terms of changes in the
overpressure of the magma chamber and alterations to the state and dimensions of the shallow
vent-conduit system.

Background

Episodic Vulcanian to sub-Plinian explosive eruptions are a common feature of many arc volcanoes
(e.g. Druitt et al. 2002; Hoblitt et al. 1996; Wallace et al. 2022). Due to their transient nature such
periods of episodic explosive volcanism pose problems of estimating the magma fluxes and the
causes of episodic behaviour are open to several different explanations.

The period of episodic explosive eruptions at the Soufriére Volcano, St Vincent between 9™ and 22"
April 2021 provides a rich dataset to address the problem of estimating eruption intensity, eruption
duration and magma flux (Joseph et al. 2022; Robertson et al. this volume). The explosions were
observed from the ground (Figure 1) and GOES-16 satellite monitoring as short-lived sudden onset
and pulsating events. Seismic and satellite observations of plume height provide the basis for
making estimates of eruption characteristics. The eruption has also been well documented in other
respects, notably form studies of tephra fall out deposits (Cole et al. this volume), ground
deformation (Camejo-Harry et al, this volume; Dualeh et al. 2023) and petrology (Weber et al., this
volume; Frey et al, this volume).

Observations including analysis methods

Seismic Observations

The Soufriere St Vincent volcano RSAM data, recorded on seismograph station SVV (Joseph
et al. 2022), show pronounced bursts of seismic activity related to tremor signals (Figure 2).
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The RSAM uses 1 minute time windows with no overlap. For calculation of RSAM we
removed the instrument response to compare (internally) different stations with different
instruments. The seismic spectrograms depict banded tremor with fluctuating frequency
content (Figure 3). The most pronounced band, containing a large range of frequencies,
coincides with the initial sharp RSAM spike at 12:36 UTC on 9 April 2021, at the time of the
first volcanic explosion. Indeed, the close correlation of the RSAM spikes with visible
explosion clouds from the ground and appearance of rising ash clouds from satellite images
(GOES-16) leads us to the conclusion that RSAM is predominantly a signature of the
explosive process, although other surface or near surface processes will contribute to RSAM.
Many of these bursts have sharp onsets, a pronounced maximal spike, typically lasting
several minutes, and then a decline in amplitude lasting a few tens of minutes (Figure 3a).
Following such events, there is usually a period of low RSAM representing a quiet period
prior to the next event. However, the shapes of the RSAM signals vary (Figure 3) between a
majority group that shows a very sharp onset peak followed by a slower decline (type 1) and a
minority group with less accentuated, more symmetrical amplitude envelope (type 2). Type 1
with well-defined spike shapes (Figure 3b) are generally followed by a tail of declining RSAM
amplitude, the waveforms of which again vary between events, ranging from those
indicating smooth exponential decline to those which have a wavy, unsteady shape. The
majority of type 1 RSAM events were associated with visual observations of sudden onset
explosions from the ground. They have been identified with an event number assigned to
observations made at the time (Table 1).

We note that a number of smaller of RSAM events do not show the same pronounced spikes
(e.g., Figure 3c). Some of these were not associated with visual observations of explosions
or they occurred in periods of poor visibility (e.g., with extensive cloud cover on the
volcano). Thus, we have excluded any questionable RSAM disturbances from our inventory
of putative explosion events. We do not know the exact cause of these RSAM perturbations
but hypothesize that they may have related to surface or near-surface processes, such as
landslides within the crater and conduit or simply sustained intense degassing episodes
without explosions.

There was a period of more continuous but fluctuating explosive activity which lasted 9.5
hours between 18:59 (April 9t) to 04:30 (April 10t"), during which we identify potential or
likely individual explosive events based on the envelope shapes of RSAM amplitude spikes
(Figure 3c) and on the presence of peaks of low frequency (below about 0.1 Hz) seismic
energy in the corresponding spectrogram. This period is interpreted as involving explosions
closely spaced in time, with some discernible RSAM event signals associated with explosive
activity, emerging above the elevated seismic noise when the next impulsive explosion takes
place. We have identified eleven credible explosion spikes in this 9.5 hour period and data
on their duration and timing is given in Table 2. Three of these 11 spikes were initially
recognised in the RSAM data, in real time at the UWI Seismic Research Centre’s
headquarters in Trinidad & Tobago and at the local Belmont volcano observatory
(Robertson, this volume). We retained the original numbering IDs (2 to 4) to ensure our
Table 1 list numbering corresponds with the official channels.

For each explosive event we measured the onset time and spike width (seismic duration)
from the instrumental RSAM records; data are presented in Tables 1 and 2. Explosion (spike)
durations had a mean of 13.2 minutes and +1 standard deviation of 5.9 minutes, with
longest and shortest durations being 24 and 2.7 minutes, respectively. The explosion signals
were followed by longer periods of low tremor (or coda) that occupied most of the repose
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periods between explosions. Satellite images of the eruption clouds indicate that the low

RSAM tremor was not associated with generation of high eruption columns.
Each RSAM event duration is analysed in terms of the number of seconds elapsing from start to end

of the spike trace, with uncertainties assessed using three classes to reflect the analyst’s judgement
of the timing measurement accuracy. The classes adopted are: £15 sec; £22.5 sec; +30 sec (i.e.,
within £3 standard deviations). These uncertainties are no worse than 5%, 7.5% or 10% of the
measured duration of a typical RSAM spike lasting approximately 800 sec, respectively, depending
on which accuracy class is ascribed to the spike measurement.

Satellite Observations

Cloud heights were estimated from satellite observations of cloud top temperatures using infra-red
measurements and local in situ atmospheric temperature profiles. Data were from GOES16 thermal
infra-red satellite imagery (band 13, 10.3 pum) at https://rammb-slider.cira.colostate.edu. Plume IR
brightness temperatures were taken as the minimum in the vicinity of St Vincent. The minima
typically occurred 10-30 minutes after the eruption time and 20-80 km downwind, accommodating
the time and distance of the ash cloud ascent. The estimated uncertainty in temperature readings is
1+2K. Eruption times are given to the nearest 10 minutes. Satellite imagery during explosive activity in
the 9.5 hour period between 18:59 UTC (9™ April) to 04:30 UTC (10™ April) showed continuous
plume generation albeit with some pulsations, observations consistent with the occurrence of
continuous fluctuating tremor. Data are listed in Tables 1, 2 and 3.

Brightness temperatures were translated to a height by comparing to atmospheric temperature
profiles from radiosonde ascents from Grantley Adams Airport (78954 TBPB) on Barbados.
Soundings are available at 12 UTC daily and are assumed to be representative of the upper
troposphere atmospheric temperature over St Vincent. Inspection of meteorological re-analysis
products for the upper troposphere supports this assumption. Daily radiosonde data are available at
http://weather.uwyo.edu/upperair/sounding.html. Sounding observations have to be interpolated
in height, adding a small error of around +0.1 km. Consequently, an uncertainty in brightness
temperature of 2K will lead to an uncertainty in height of +0.3 km. There is also some uncertainty
in assuming the plume is in thermal equilibrium with the atmosphere, so perhaps a conservative
total uncertainty in cloud height would be 0.5 km. Our methodology follows that of Krueger
(1982). In Table 1 these heights are listed as “Tropospheric Heights” and are the heights used in our
subsequent analysis to infer discharge rates.

A complementary analysis has been done by NASA, using MISR (Multi-angle Imaging
SpectroRadiometer) stereo observations at visible wavelengths (Yue et al., 2022) and CALIPSO
spaceborne backscatter lidar (https://earthobservatory.nasa.gov/images/148190/tracking-la-
soufrieres-plume). The MISR analysis indicates that the plume was dominated by non-spherical
aerosol particles (likely ash) reaching up to 20 km during 10 April 2021, although much of the plume
concentrated between 9 and 16 km. In Table 1, heights from the NASA analysis are listed as
“Stratospheric Heights.” The particles near plume top could be sulfate aerosols or small ash
particles, either of which would be more transparent to infra-red than visible radiation. However,
infra-red techniques generally tend to sample deeper into vertically extensive aerosol plumes (e.g.,
Flower and Kahn, 2020), which can explain the difference between plume heights retrieved in the
visible and infra-red. In the current study, we treat the plume as concentrated in the troposphere
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when presenting the analysis in terms of discharge rates and volumes, as this might skew toward the
centroid of the plume.

Converting column heights to explosion intensities

The column height, H, in kilometres can be converted into eruption intensity (dense rock equivalent
magma discharge rate in m3/s) from empirical power law relationships derived from global datasets
(Sparks et al. 1997; Mastin et al. 2009; Woodhouse et al. 2013). The relationship can be expressed as

Q =KH" (1)

where Q is discharge rate, K is a scaling constant and n is an empirical exponent. The above formula
is derived from the analysis of global datasets with different atmospheric temperatures, initial ejecta
temperatures and humidity profiles, different eruption mixture initial temperatures, latent heat
generation, specific heats of ash and wind speeds which affects height through entrainment. If these
parameters were known for St Vincent uncertainties in n and K could be reduced to some extent but
the gain would likely be marginal and would take a lot of work to do properly so the ascribed
uncertainties are going to be conservative. Initial eruption mixture temperature is a major source of
uncertainty. This temperature is not known well because we do not know how much cold rock is
involved for each event. Our choice of the uncertainties in n and K are guided by the scatter of data
around best fit power law regressions and we comment further below on the last three weak
explosions and associated plumes with low heights.

Here, values of the coefficient K and exponent n are chosen as K=0.51+0.08 and n=4.0 £ 0.2. The
curves generated by applying end member values of n and K bound almost all known data (Mastin et
al., 2009). The formula is applied to each St Vincent event column height to estimate mean magma
flux in the explosion (see Supplementary Material for more information).

Finally, application of Equation 1 is for a steady plume, but some complications are expected due to
the likely unsteady and short-lived character of the explosions at the Soufriere volcano. Sparks and
Wilson (1982) measured the dynamics of an explosion at St Vincent from film in 1979 and observed
that the plume developed through the amalgamation of several pulses of increasing intensity over
the first few minutes. The plume reached 10 km height in about 4 minutes. If an RSAM spike
duration is related to explosion intensity, the shape of the RSAM spike can be interpreted as
evidence of waxing intensity, passing through a peak value and then waning in amplitude. The
RSAM-based durations of the events are typically only a factor of 2 or 3 times greater than the cloud
ascent times but this is sufficient for Equation 1 to hold (Sparks et al. 1997). However, these
complications impinge on the assessment of total mass erupted, as discussed further below.

Volumes and magma discharge rate

For each explosive event we first calculate an erupted magma volume from the product of peak
intensity and spike duration. However, as discussed in the previous section, we anticipate that this
will be an over-estimate because the intensity is likely to wax and wane over the duration of the
event and greatest cloud height is expected to relate to peak intensity. We make a simple
adjustment to reflect the unsteadiness in eruption intensity during an explosive event based on
RSAM signal shape, as discussed further below. These volume results can be compared to other
independent estimates of volume and discharge rate.

We remark on the interpretation of cloud height data to infer magma discharge rates. As noted in
the previous section on seismic observations the discrete explosions have sharp peaks in tremor as
indicated by the RSAM signals, commonly followed by exponential declining tremor. However, in
explosive event 2 there is compelling evidence for significant fluctuations in tremor energy during
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the event. If volcanic tremor is a proxy for discharge rate then these observations suggest large
discharge rate variations across the peak. In this paper we infer that the cloud height measurements
reflect peak discharge rates, so the challenge becomes how best to estimate discharge rate
variations to enable erupted magma volumes to be estimated.

Detailed modelling of unsteady short-lived explosive eruptions is not yet available. Furthermore,
RSAM signals of explosive events likely include energy sources that are not directly related to
eruption intensity per se, such as simultaneous collapse of vent crater walls and other unstable or
provoked surface processes. Initially, we tackled the unsteadiness of the source by noting that the
shape of many RSAM spikes can be approximated as exponential growth in the waxing stage (i.e.,
before maximum amplitude) and an exponential decay in the waning stage (after the spike peaks).
This suggests an adjustment of (1-1/e) for the intensity averaged over the entire spike duration
which would reduce the peak intensity estimated from the cloud height by 63%.

However, the variations and asymmetries in the amplitude shapes of different events implied this
general adjustment might obscure some dynamic information contained in the event envelopes. So
we investigated the areas under the recorded signal envelopes as metrics of their effective
durations, relative to the simple duration-peak amplitude rectangular wave shape we had initially
taken to characterize the duration of these events. On average, the spike area metrics indicated the
peak intensity from cloud height would be reduced by 40% +10% (1 s.d.), rather than 63% as per the
basic exponential adjustment.

In the analysis which follows, we therefore determine re-scaled effective explosion intensities using
our RSAM spike waveform area measurement adjustments, event-by-event, and estimate the
volume erupted in each explosion as the product of duration and the corresponding power law-
scaled peak intensity.

Finally, we assess the magma supply rate from the calculated volume associated with each explosion
divided by the repose period following the preceding explosion. Here, supply rate is defined as the
flux rate from the deeper magma system, located at about 6 km depth from ground deformation
observations (Joseph et al. 2022; Camejo-Harry et al., this volume). We expect this flux to be highly
unsteady because an explosion will evacuate the upper parts of the conduit of magma, which will
subsequently refill prior to the next explosion. The consequence of this cycling is that there will be
large variations in driving pressure and flow rate, and thus our estimation for an individual explosion
is a supply rate which is averaged over that changeable magma flux.

There is one important limitation to our estimates of magma supply rate and total erupted magma
volume. Our estimates are based on explosive intensities for the high eruption columns, but do not
take account of magma erupted to form pyroclastic density currents from column collapse. Thus
estimates of erupted magma volume and of magma supply rate in Stages 2 and 3, when the
pyroclastic density currents were generated, are underestimates. However, we can obtain an
approximate evaluation of this underestimate from the results presented by Cole et al. (this
volume). Cole et al. estimate a total bulk volume of tephra of 119 x 10® m* (+ 24 x 10° m3) and a bulk
volume of pyroclastic density currents of 17 x 10® m3 (+ 3.5 x 10°). Thus the underestimate is
evaluated at between 10% and 20%.

Stochastic modelling and uncertainty

We used the stochastic analysis software UNINET to apply Eq. 1 to each explosion case, allowing us
to incorporate approximate uncertainties associated with the empiricism embedded in this equation
(noted above) while, at the same time, not neglecting likely uncertainties related to the
observational data. The UNINET program (https://lighttwist-software.com/uninet/) is a standalone
uncertainty analysis software package with a focus on dependence modelling for high dimensional
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statistical or probability distributions (Hanea et al. 2010). UNINET has been widely deployed in the
earth and environmental sciences (e.g. Christopherson et al. 2018; Cooke et al. 2018; Bamber et al.
2022).

In this way, we can estimate the peak intensity of each explosive event from satellite cloud height
observations, the magma volume discharge for each explosive event and an indicative magma
supply rate (from the magma volume of an explosive event divided by the preceding repose period).
Further details of the stochastic uncertainty model are provided in Supplementary Material.

Including attendant uncertainties in these calculations permits us to express our analysis results fully
in terms of defined uncertainty quantiles (e.g., mean and standard deviation on the mean; 5%
percentile, median and 95" percentile; or 90% credible interval Cl), and not simply produce single
‘best estimate’ point values. We note that the uncertainties that characterize the measurements of
cloud height and conversion to intensities are a mixture of epistemic and aleatory uncertainties and
that they are not straightforward to de-aggregate and analyse separately.

Results

Using our preferred RSAM waveform area adjusted duration and intensity estimations, results for
our stochastic calculations for the St Vincent explosive events are reported in the accompanying
Table 3. The vent elevation in the crater of the Soufriére is 0.7 km a.s.l. leading to an adjustment to
the column height data in Tables 1 and 2 when applying Equation 1 in the UNINET model.

Intensity, magma discharge rate and volumes

We present the data in time series plots: cumulative magma volume (Figure 4); intensity of
individual explosive events (Figure 5); magma supply (i.e., event volume divided by preceding repose
time (Figure 6); and repose periods (Figures 7 and 8). The time series for volume (Figure 4) visualizes
the evidence for major changes in the activity. We identify three Stages of activity up to 14™ April
and a fourth Stage comprising the last three weak explosions 30, 31 and 32 (Table 1). We have
excluded the fourth Stage on the cumulative volume plot (Figure 4), intensity time series plot (Figure
5) and magma discharge rate plot (Figure 6) as the contributions of these late-stage events are very
small.

In Figure 4, we plot two variants of the uncertainty spreads associated with the cumulative
DRE (Dense Rock Equivalent) volume estimates, arising from alternative ways of applying
Equation 1 to the explosions data. In one form of analysis, at each sampling iteration a
random value for coefficient K and one for exponent n are drawn from their uncertainty
distributions (see Supplementary Material) and applied to all explosions. In essence, this
approach says that while we are not sure about the ‘right’ values of K, n to use, i.e.,
epistemic uncertainty, we assume there is such a pair and apply them to all explosions,
simultaneously. Each individual run thus has fixed values of K and n for every explosion. We
carried out 50,000 runs each with fixed K and n with values drawn for each randomly from
the probability distributions of K and n. The resulting 5" and 95t percentiles are labelled
“fixed K, n all explosions” in Figure 4.

However, as discussed in relation to the basis for Equation 1 above, there are physical
reasons to believe K, n can vary from one explosion to another (i.e., some aleatory
uncertainty will exist). Thus, in a second analysis, separate random samples of K, n are
drawn for and applied to each explosion independently, i.e., these multiple values of K, n
are uncorrelated. We carried out 50,000 runs with completely randomised K, n for each and
every explosion for each model run. The resulting uncertainty percentiles are labelled
“independent K, n each explosions”.
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With respect to both sets calculations using Equation 1 for individual explosions, the
differences in estimated event uncertainties are small. However, these small effects
become compounded as the explosion volumes are accumulated as the eruption progresses
(Figure 4). Assuming K, n are fully correlated results in much wider cumulative volume
uncertainty spreads when compared with the alternative, uncorrelated assumption. For the
present eruption, best estimates of the uncertainty ranges likely fall between these two end
member assumptions. It can be argued that values of K, n are probably much less varied
than the global data imply yet do vary from one explosion to the next with some degree of
correlation, i.e., a process ‘memory’ is involved. For the case of the 2021 St Vincent
explosions, exploration of this issue and how to constrain uncertainties appropriately may
be amenable to later, detailed modelling analysis.

The first Stage starts with an initial explosive event 1 at 12:36 UTC 09 April 2021 and then,
just over six hours later, the activity escalates into a succession of 11 closely spaced
explosive events over 9.5 hours, starting at 18:59 UTC 09 April and finishing at 04:30 UTC 10
April. During this period, volcanic tremor (Figure 2) is continuous, and the volcanic plume is
observed to have been present continuously above St Vincent from satellite images. Subject
to the challenges of measuring individual RSAM spikes in this period of elevated seismic
tremor, eruption intensity climbs to a peak (3.9 x 103 m3/s) with event 4 at 00:11 UTC

10 April 2021 (Figure 5).

Figure 6 reveals that the magma supply rate had already peaked in this Stage of the
eruption, reaching a maximum of nearly 830 m3/s at event P09 in the 9.5 hour sequence
(i.e., at 00:32 UTC 10 April, red markers to about 12 hours elapsed from first explosion).
Thereafter, the magma supply rate in Stage 1 dropped substantially, with one reversal, to
only 30 m3/s by event 6 at 07:24 10 April, after over 18 hours had elapsed (Figure 6).

To accord with other, visual observations, therefore we define the end of this first Stage as
the explosive event 6 at 07:24 UTC 10 April, which correlates with tephra fall deposit Ul
during this stage (Cole et al; this volume). Satellite images (ICEYE and Capella) show that a
big new explosion crater had formed before 10:00 UTC 10 April, resulting in the destruction
of the recently emplaced 2020-21 lava dome and of much of the 1979 lava dome (Joseph et
al. 2022). A satellite image provided by Raphael Grandin shows this as a new explosion vent
measured 650 m wide and was at least 100 m deep. Thus, we infer Stage 1 is associated
with this explosion crater formation and we note that its dimensions remained little
changed after this time. Repose periods between explosions reached a minimum during
Stage 1 (Figure 8).

The second Stage starts abruptly at 09:35 UTC 10 April 2021 and consists of twelve explosive
events, occurring in the interval depicted in Figures 5 and 6 between 20 - 44 hours elapsed
time since the first explosion. During Stage 2, explosion intensities are uniformly at high
levels, about 4 x 10°> m3/s (Figure 5) and corresponding time-averaged magma supply rates
are also generally sustained high, typically about 200 — 400 m3/s (Figure 6). Note that the
magma supply rate may be underestimated by 10-20% in Stage 2 because pyroclastic
density current deposit volumes are not included. Repose periods are short (~ 0.8 to 2.5
hours), but sufficiently long that the explosive events are discrete, both from satellite
images and in RSAM (Figure 3b). We judge the end of Stage 2 at 04:59 UTC 11" April when
nearly 41 hours had elapsed since the initial explosion and the magma supply rate was in
decline thereafter (Figure 6).

A third Stage shows decreasing intensity of explosive events from 07:55 UTC 11 April (Figure
5: green markers), and decelerating magma supply discharge, reflecting, in part, growing
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repose intervals between explosions (Figures 7 and 8). This Stage is judged to have ended
after 15:31 UTC 14™ April 2021, when 123 hours had elapsed since the first explosion of the
eruption. We then infer that the volcano enters a fourth and final Stage characterized by
three much weaker explosions until 22" April 2021, with much longer inter-event intervals
and with volume erupted per event more than two orders of magnitude less than the
previous explosive events (Table 4). Corresponding magma supply rates were very low <0.1
m3/s, but these values may not be meaningful, as discussed below.

Taking the three Stages from 9t to 14™ April 2021 overall, the adjusted RSAM durations fall
between 2.7 and 24 minutes (Table 1) and explosive eruptions are characterized by column
heights in the range 10.0 to 16.2 km. Using Equation 1, the equivalent mean intensities,
across the three stages, range from 540 to 4160 m3/s (Figure 5). The average of the mean
intensities of the explosions is 3050 m3/s with standard deviation on the mean +940 m3/s.
The stochastic uncertainty analysis yields an average 5 percentile intensity value which is
about 50% of this average mean value and a 95 percentile that is 73% greater.

Mean erupted volumes per explosion vary between 0.1 and 2.46 x 10® m3 with an average
volume per event of 1.02 x 106 m3. Stochastic uncertainty analysis yields a 5™ percentile that
is 50% of the mean and a 95 percentile 73% greater than the mean (because there is a
linear relationship with the calculations for intensities, presented above, these estimates
are as expected but serve to validate the calculations).

The erupted volume (mean value) for Stage 1 is calculated as 10.0 x 10® m3 with 90%
credible interval Cl: [7.4 .. 13.3] x 10® m3. Stage 2 mean erupted volume amounts to 18.3 x
10° m3 ClI: [9.1 .. 31.5] x 10° m3, while Stage 3 explosions provide a mean of 10.2 x 10° m3 Cl:
[5.1..17.4] x 10° m3. Thus, by the end of Stage 3, the mean estimated total volume erupted
is 38.5 +/- 2.7 x 10° m3Cl: [22.0 .. 61.9] x 10° m3. Note that credible interval here is defined
by the 5t and 95 percentiles. Note that the pyroclastic density currents discharged in
Stages 2 and 3 and are not included in these calculations.

In Figure 6, the mean magma supply discharge in Stage 1 averages 257 m3/s (+247 m3/s 1sd). While
the average supply discharge in Stage 2 remains approximately the same (258 m3/s), the fluctuations
are much smaller (+86 m3/s 1sd). In Stage 3, this supply declines to 81 m3/s (+47 m3/s 1sd). The three
events after 14" April 2021 give apparent flux rates of only about 25 m3/s which is exceedingly low
and suggests that these weak Vulcanian events did not involve conduit filling and emptying cycles,
but represented a form of minor, residual explosive activity.

Comparison with tephra volumes

Our erupted magma volumes can be compared with alternative methods. Cole et al. (this
volume) divided the tephra fall deposits formed between 9t" and 22" April into seven
stratigraphic Units. By combining field characteristics of the different Units, satellite
observations and visual observations from the ground, they have linked the main
stratigraphic Units to dates and events. They estimate the bulk volumes of tephra fall
deposits during the eruption using an expert elicitation procedure to combine the
judgements of several experts who independently drew isopach maps from field thickness
data for each of the tephra Units U1, U2, U3 and U4-7 and also for the total deposit
thickness. A conversion factor of 0.6 was used to convert from bulk to dense rock equivalent
(DRE) volume (P. Cole, personal communication).

Cole et al.’s estimates yield a DRE volume of 39.2 million m3 Cl: [22.3 .. 61.4] x 10® m® from
the summed individual isopach maps and 31.6 million m3 Cl: [15.4 .. 58.5] x 10® m3 from the
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total deposits isopach map. These central estimate results are in apparently very good
agreement with our estimate of 38.5 x 10 m3Cl: [22.0 .. 61.9] x 10°® m3. However, this
agreement needs some circumspection since not all the uncertainties are fully included in
either of the estimates. The estimate of Cole et al. (this volume) is based on tephra
thickness maps and uncertainty in the proportions of lithic clasts is not included in the
conversion to magma volumes. In addition the volume estimate does not include tephra
deposited within the crater and magma erupted as pyroclastic density currents. Thick tephra
cones formed around the newly formed crater and Cole et al. (this volume) estimate that
the DRE volume of these very proximal tephra deposits in the crater is approximately 26 x
10°% m3 (+ 4 x 10° m3). An unknown proportion of the heat from the proximal tephra and
pyroclastic density current should have contributed to the buoyancy of the tephra plume.
There is also uncertainty on ash and tephra deposition related to meteorological influences
during the eruptive events (see Poulidis et al. 2019). We thus prefer to highlight that the
volume estimates are consistent with one another and overlap in uncertainty ranges.

Table 4 reports our corresponding erupted DRE volume estimates for the main stratigraphic
units identified by Cole et al (this volume). The agreement with the individual units and our
volume results for the same time interval is less good than for the total volumes but
nonetheless well within the uncertainty limits of both independent estimation methods. The
volume difference between U4-U7 may reflect that the isopach map is more poorly
constrained during the later period (Cole et al. this volume).

Comparison with deformation data
Ground deformation prior to and during the eruption provide approximate estimates of magma

volumes involved (Camejo-Harry et al., this volume). Between July and December 2020 an inflation
with an estimated volume of 29 million m3 at a depth of 18 km was observed. During the first three
days of the explosive eruption, corresponding to Stages 1 and 2 and the first part of Stage 3, a major
subsidence was observed at an inferred depth of 6 km with a volume change of 50 million m3. This
volume estimate falls just within the 90% credible interval of the corresponding estimate from our
RSAM measurements: i.e., 38.5 x 10° m3 Cl: [22.0 .. 61.9] x 10° m3. However, this comparison with
explosion volumes does not take account of the additional magma associated with pyroclastic
density current deposits (PDC) and as very proximal tephra fall deposits within the crater whose heat
contribution to the plumes is not known.

Comparison with volume estimates from seismic data

Latchman and Aspinall (this volume) applied the seismic moment method to estimate internal
volume change in the magmatic system over the entire eruption from July 2020 to the end. The
approach is based on log-log regression of intruded magma volume as a function of cumulative
seismic moment release, including representative uncertainties in each (Meyer et al. (2021). Their
overall estimate is 68 == 14 X 10° m3 DRE magma, which is close to the estimate of 71 == 14 X
10° m3 DRE by Cole et al. (this volume). Our estimate of 38.5 x 10 m3 Cl: [22.0 .. 61.9] x 106 m3 is
consistent with both results, noting that it does not take account of the pyroclastic density current
deposits and some poorly known fraction of the proximal crater fill deposits

Finally, we also explored relationships of eruption magma volume, duration and cloud
height with the preceding and following repose periods and found no convincing systematic
correlations.
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Discussion

The initial extrusive phase of the eruption involved steady extrusion of residual degassed magma
residing at shallow level within the 1979 dome interior and underlying upper conduit system (Stinton
et al., this volume). The almost constant extrusion rate observed in this period (27" December 2020
to 6™ April 2021: Joseph et al., 2022) is taken to represent an approximately constant overpressure
related to the ascent of volatile fresh magma from a magma chamber residing at a depth of several
kilometres. Much of the viscous resistance to magma flow during the extrusive phase is attributed to
pushing out a degassed plug of very viscous magma that occupied the upper parts of the conduit
(Stinton et al., this volume). Prior to the onset of explosive activity VT swarms were observed on 23™
March and 5™ April, and banded tremor was observed on 55" April (Joseph et al. 2022). In the last 1
to 2 days (7" and 8™ April) a marked increase in extrusion rate was observed (Dualeh et al. 2023)
with incandescence and bulging of the new lava in the source region (Joseph et al. 2023). These
precursors to the onset of the explosive phase are inferred to represent a surge in magma ascent
caused by much less viscous gas-rich magma reaching close to the surface, which then led into the
explosive phase.

Geophysical and petrological observations place the magma chamber at a depth of 6 to 8 km
(Camejo-Harry et al., Frey et al. and Weber et al. this volume). These two parts of the system
interact through controlling the driving pressure for flow. We allude to a model for vent evolution
developed for kimberlite pipe evolution (Sparks et al., 2006, Sparks 2013) that we consider to be a
generic model for how evolution of conduit-vent systems control eruption rates and eruptive styles.
Early on in the process, there is a crater formation regime during which explosive flows are over-
pressured on exit. Eventually the crater is wide enough that the explosive flows reach atmospheric
pressure at or within the developing crater. At this second stage pyroclastic ejecta can start to infill
the crater-vent system and the explosive flows start to interact with the infills. Readers are referred
to Figure 8 and 11 in Sparks (2013) for a fuller description of the evolution of vent-conduit systems
and the associated flow dynamics.

Following the onset of explosive activity on 9™ April 2021, the new dome and much of the 1979
dome was destroyed forming new nested craters within the main crater of the volcano. This
represents the early regime of vent-conduit evolution and the new explosion crater was established
by 09:35 UTC on 10™ April. This period of crater formation coincides with an increasing intensity of
Stage 1 explosions, inferred from our proxy RSAM measurements, and suggests that significant
explosive energy was expended in crater formation. The incorporation of abundant cold lithic
material into the eruption columns, as indicated from studies of the equivalent tephra fall deposits
(Cole et al., this volume), would have reduced the column temperature and height. As the material
around the developing cratering was cleared away, the explosive flows could intensify as they exited
through the wider and deeper crater. After a hiatus of a few hours, Stage 2 began with the high
repetitive intensity explosive activity.

We interpret Stages 1 to 2 as cycles of evacuation of volatile-rich magma from the conduit
during each explosive eruption (Latchman and Aspinall, this volume; Weber et al. this
volume) followed by rapid magma ascent to refill the conduit prior to the next explosion.
Magma ascent was too rapid to allow significant volatile loss in the rising magma and so an
overpressure for explosive failure was crossed at the front of each ascending magma surge.
Models of diffusive mass transfer of volatiles during magma ascent and show that episodic
explosive eruptions can be explained by disequilibrium degassing (Mason et al.; La Spina et
al. 2017). At the same time, removal of magma from the chamber led to reduction in
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chamber pressure and consequent large subsidence at a depth of about 6 km (Camejo-Harry
et al., this volume).

Stage 3 involved a declining intensity in the eruption. We invoke three factors that lead to
this decline. First the rapid decompression of the magma chamber in Stages 1 and 2
decreased the pressure gradient driving the explosive flows, so magma ascent rates
decreased. Declining conduit recharge enabled increasing gas loss during magma ascent.
The apparent emergence of LP seismicity in Stage 3 (Latchman and Aspinall, this volume),
which may have been obscured previously by the high amplitude tremor, can be attributed
to the initiation of gas loss during ascent. Gas loss during ascent increases the density of the
ascending magma column and so increases magmastatic pressures which further reduce
pressure gradients driving the flows. This feedback mechanism leads eventually to either a
transition to effusive eruption or leads to the eruption stopping. Empirical evidence
concerning transition between explosive and effusive eruptions for silicic and intermediate
magmas indicates that the transition is at around 10-20 m3/s (Sparks 1997). The decrease of
recharge rate to about 17 - 25 m3/s after the end of Stage 3 on 14™ April 2021 (Figure 6) is
consistent with this transition having been reached.

A third factor concerns the infilling of the conduit with ejecta as eruption intensity wanes.
Explosive flows must interact with the vent-conduit system fill and so some of the ejecta is
either trapped in the vent or is erupted as pyroclastic materials and does not contribute to
form the high eruption columns. This is also a feedback mechanism that leads into waning
pressure gradients and eventually to an eruption moving into an effusive phase or stopping.
The onset of explosive activity led to a rapid decompression of the chamber at depth. Rapid
deflation is seen in surface deformation data recorded on the continuous GPS network on 9% April
(Joseph et al., 2022). Using a Mogi point source model (Camejo-Harry et al., this volume), a volume
change of ~50 x 10° m*was calculated at a depth of about 6 km between 9% and 22" April 2021. This
volume change is just above the 90% credible interval uncertainties of the erupted magma volumes
enumerated by our preferred approach (i.e., 38.5 x 106 m3 Cl: [22.0 .. 61.9] x 10° m3) and by study of
the tephra deposits. Our approach is likely to be a minimum since juvenile material erupted as
pyroclastic density currents and very proximal fall out are not taken into account.

The study of tephra deposits (Cole et al. this volume) indicates a DRE volume (including pyroclastic
density currents and very proximal fall out) of 71.4 + 14 x 10° m3, but this is a maximum estimate as
some of the volume will be accidental lithics rather than juvenile magma. The volume change from
surface deformation modelling is expected to be a minimum since volume loss by eruption may be
partly compensated by either recharge of the magma chamber or decompression-induced volatile
exsolution in the chamber. Thus, there is nice harmony between these three independent
assessments.

The transition from effusive to explosive eruption at the Soufriere was rapid and involved
large change in magma ascent dynamics. During the early lava extrusion, magma supply rate
from the chamber into the conduit system at about 1.2 m3/s (Stinton et al., this volume) was
sufficiently slow for chamber volume to remain constant and overpressures to be
maintained. Magma supply rate reached 251 and at least 258 m3/s in Stages 1 and 2 of the
explosive phase, approximately 200 times greater than in the effusive phase, while transient
flow rates during explosive events reached over 4000 m?3/s, approximately 3300 times
greater than in the effusive phase.
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These changes can be explained by two main factors. First by a rapid change in magma
viscosity with high viscosity degassed magma being pushed out by low viscosity volatile-rich
and somewhat hotter fresh magma. Stinton et al., (this volume) estimated a viscosity
decrease of about order four orders of magnitude over the transition. Prior to the onset of
explosive activity, they infer a near surface constriction combined with very high viscosity (~
10! Pa s) degassed resulted in slow steady effusion. The early explosions of low viscosity
(~107 Pa s) volatile-rich magma destroyed this constriction to create the new crater and
excavate a deeper conduit through which the volatile-rich magma could easily flow.

The reduction in magma supply rate during Stage 3 suggests declining overpressure in the
chamber augmented by the two feedback mechanisms associated with gas loss during
magma ascent and evolution of the vent-conduit system. As the supply rate waned, the
vent-conduit system started to refill with rock debris and tephra, further suppressing
magma flow.

Conclusions

We have used seismic data in the form of RSAM signals and satellite data to measure
eruption cloud heights to estimate the peak intensity of 40 explosive events in the explosive
phase of the 2020-21 eruption of the Soufriére, St Vincent. These estimates can then be
used as proxies to estimate magma supply and volume of magma erupted. There are some
large epistemic and aleatory uncertainties associated with these estimates which we have
characterized by applying a stochastic uncertainty modelling approach.

The time series of intensities, magma supply rates and volumes indicated four stages in the
explosive phase of the eruptions between 9t and 22" April 2021. Following an opening
explosion at 12:30 UTC 9t April in Stage 1 an intense period of 9.5 hours of at least 11
explosive events began at 09:59 UTC 9™ April. Peak eruption intensity was mostly between
2000 and 4000 m3/s. Magma supply rate peaked at about 828 m3/s midway through the 9.5
hours episode and there followed three discrete explosions with lower magma supply rates.
Stage 2 started at 09:35 UTC on 10 April and involved several closely spaced explosions
with similar high intensity (~4000 m3/s) at the same high magma supply rate, averaging 258
m?3/s. Stage 2 ended following the explosion at 04:59 UTC 11" April. Stage 3 involved
declining intensity, magma supply rate and lengthening repose periods between explosions.
Stage 3 ended 15:31 UTC 14t April 2021. Stage 4 involved three much weaker explosions on
16%™, 18™ and 22" April 2021.

The total volume of magma erupted in the explosive phase, estimated using our preferred method,
is 38.5 x 10° m> Cl: [22.0 .. 61.9] x 10° m>. For the reasons explained above, our application of fixed
values for K, n in Equation 1 likely produce inflated credible intervals around the mean erupted
volume results. Nevertheless, our central estimate of total DRE volume erupted in all the explosions
is similar to independent estimates derived from analysis of isopach maps of the tephra fall deposits.
The estimates of Cole et al. (this volume) yield a DRE volume of 39.2 million m3 Cl: [22.3 .. 61.4] x 10°
m?3 from the summed individual isopach maps and 31.6 million m3 Cl: [15.4 .. 58.5] x 10® m3 from the
total deposits isopach map. Our estimate is also compatible with the estimate of 50 x 106 m? of
subsidence from a magma source at 6 km depth (Camejo-Harry et al. this volume).

The large change in magma supply rate between the preceding effusive eruption and the
explosive eruption is attributed to the replacement of degassed magma occupying the
shallow conduit system with new volatile-rich magma from a magma chamber at about 6
km depth. Arrival of much lower viscosity, new magma and the destruction of the near
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surface main crater floor of the volcano, to form an explosion crater, led to the transition
and an increase in magma supply rate by approximately 200 times.
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Figure Captions

Figure 1. Images of explosion at 6.28 am morning of 13t April 2021 (Table 1: event 27 at
10.23 UTC).

Figure 2. Vertical seismograph waveform at station SVV with RSAM (see text) at the same
station from 00:00 8 April 2021 to 00:00 23 April 2021; plotted as non-overlapping
1min time windows. Prominent spikes correspond to 40 identified volcanic explosive
events (see Tables 1 and 2 for times, durations, column heights, etc.). Time is UTC
and time label links to tick point above mid-point of label.

Figure 3. Examples of explosion seismic waveforms, RSAM signals and spectrograms. (a) Series
of eight explosions between 20:00 10 April 2and 12:00 12 April showing sharp onsets to
RSAM signals (middle panel) and exponential decays; note diagnostic low frequency
energy (<0.1 Hz) in spectrograms. (b) Explosion at 10:23 13 April showing extended coda
signal lasting more than 1 hour after explosion spike (see text). (c) 9.5 hour period of
continuous pulsating eruptive activity between 19:59 UTC 9 April and 04:30 UTC 10 April
interspersed with eight identifiable individual explosions (see Table 2 for details) and
other, lesser perturbations not expressed as clear spikes and therefore of uncertain
origin.

Figure 4. Time series of cumulative DRE magma volume with error bounds defining 90%
confidence interval of output of stochastic modelling. The last three small explosions of
the series are not included in the plot. Two sets of error bounds are shown related to
whether K and n are independent or dependent variables and this is discussed in more
detail in the text.

Figure 5. Time series of mean erupted DRE magma intensities, by explosion (with t1c
uncertainties on mean estimates). The last three small explosions of the series are not
included in the plot.

Figure 6. Mean magma discharge rates at times of explosions, by Stage of explosive activity (with +
1o uncertainties on mean -- see text). The last three small explosions of the series are

not included in the plot.
Figure 7. (a) Repose periods versus time over whole sequence of explosions (including last three

small events). (b) Repose period versus time for events up to end of Stage 3.
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Figure 8. Reciprocal of repose periods to end of Stage 3. The data suggest a minimum repose
period was reached during Stage 1 on 10" April 2021, with repose periods

lengthening thereafter.
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Table Captions

Table 1. Information on explosive events between 9th and 22nd April 2021 at the Soufriere
Volcano, St Vincent. All events except 2-4 are short-lived discrete explosions with onset and
duration defined by seismic RSAM data. Event 2-4 is period of prolonged continuous but
fluctuating explosive activity. The 2-4 tag reflects a legacy numbering system developed in
the early stages of the eruption when only three discrete events were identified. The cloud
time represents the time of the measurement of cloud height from satellite images. Cloud
top temperatures measurements from satellite images with estimates of tropospheric and
stratospheric heights for explosive events, except for event 2-4 for which measurements are
presented in Table 2. The methods used to estimate the tropospheric and stratospheric
heights are presented in the main text. Note heights are above sea level.

Table 2. Explosion events within event 2 of continuous pulsating activity between 1959 UTC (9th
April) and 0430 UTC(10th April).

Table 3. Results of stochastic calculations for peak event intensity, event magma volume
and accumulative volume with uncertainty statistics.

Table 4. Comparison of DRE volumes (millions of m3) estimated from our study and from analysis of
isopach maps (after Cole et al. this volume).
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Explosive | Day April | OnsetTime | Duration | Brightness | Tropospheric Stratosphere Cloud Time
ID 2021 (UTC) (min) T (°C) Height (km) Height (km) (UTC)
1 gth 12.36 11 -58 13.0 224 12.50
2-4 9/10th 18.59-04.30 571 Table 3 Table 3 19.10-0430
5 10th 06.37 11 -40 10.0 0650
6 07.24 3 -66 14.0 20.0 07.50
7 09.35 23 -78 16.0 18.6 09.50
8 10.47 8 -78 16.0 18.6 11.00
9 12.02 12 -78 16.0 18.6 12.10
10 12.54 13 -78 16.0 18.6 13.00
11 14.27 14 -78 16.0 18.6 14.40
12 16.20 23 -78 16.0 18.6 16.30
13 18.50 13 -74 15.2 19.0 18.50
14 21.20 19 -78 16.0 18.6 21.30
15 23.02 20 -80 16.2 18.4 23.10
16 11th 00.51 21 -80 16.1 17.0 01.00
17 02.44 16 -80 16.1 17.0 02.50
18 04.59 11 -78 15.7 18.7 05.10
19 07.55 13 -72 14.8 19.5 08.10
20 10.36 13 -72 14.9 195 10.50
21 13.24 22 -70 14.5 19.9 13.40
22 18.20 11 -64 13.6 205 18.20
23 20.22 12 -68 14.0. 20.0 20.20
24 12th 00.39 18 -68 14.0 20.0 00.50
25 07.59 20 -70 14.3 20.0 08.10
26 20.53 o0 52 12.2 25.0 21.30
27 13th 10.23 24 -68 14.0 19.0 10.40
28 14th 02.27 17 -64 13.5 20.0 02.40
29 15.31 10 -60 13.0 20.0 15.40
30 1eth 10.16 5 5.2 10.50
31 18th 20.49 10 5.0 21.00
32 22nd 15.09 9 5.0 Time uncertain

Table 1
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Event ID | Time (UTC) | Duration (min) | Cloud Height
2/1 09/04/2021 18:59 13.0 15.5
2/2 09/04/2021 19:40 2.5 15.5
2/3 09/04/2021 20:29 3.9 14.5
2/4 09/04/2021 22:10 15.8 14.3
2/5 09/04/2021 23:21 7.0 15.7
2/6 10/04/2021 00:11 13.1 15.7
2/7 10/04/2021 00:32 8.6 15.9
2/8 10/04/2021 01:01 9.9 15.9
2/9 10/04/2021 01:43 11.8 15.6

2/10 10/04/2021 02:11 11.8 15.6
2/11 10/04/2021 03:41 12.4 15.3

Table 2
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Event Date time Mean Standard 5% 50% 95% Volume Standard 5% 50% 95% Acc Standard 5% 50% 95%
(UTC 2021) intensity Deviation quantile quantile quantile (ms) Deviation quantile quantile quantile Vol (ms) Deviation quantile quantile quantile
(m?/s)
1 (09/04) 12:36 1.63E+03 6.17E+02 8.15E+02 1.53E+03 2.78E+03 4.72E+05 1.79E+05 2.37E+05 4.44E+05 8.06E+05 4.72E+05 1.79E+05 2.37E+05 4.44E+05 8.06E+05
2 (09/04) 18:59 3.44E+03 1.34E+03 1.69E+03 3.22E+03 5.94E+03 1.21E+06 4.74E+05 5.95E+05 1.14E+06 2.09E+06 1.69E+06 6.47E+05 8.36E+05 1.58E+06 2.89E+06

PO1 (09/04) 19:40 3.44E+03 1.34E+03 1.69E+03 3.22E+03 5.94E+03 2.88E+05 1.15E+05 1.39E+05 2.69E+05 5.03E+05 1.97E+06 6.57E+05 1.10E+06 1.87E+06 3.19E+06

PO2 (09/04) 20:29 2.60E+03 1.00E+03 1.29E+03 2.44E+03 4.48E+03 2.61E+05 1.02E+05 1.27E+05 2.44E+05 4.46E+05 2.23E+06 6.65E+05 1.34E+06 2.13E+06 3.46E+06

3 (09/04) 22:10 2.45E+03 9.41E+02 1.21E+03 2.29E+03 4.21E+03 4.73E+05 1.84E+05 2.32E+05 4.43E+05 8.19E+05 2.71E+06 8.39E+05 1.59E+06 2.58E+06 4.27E+06
PO7 (09/04) 23:21 3.63E+03 1.42E+03 1.78E+03 3.40E+03 6.30E+03 7.84E+05 3.02E+05 3.88E+05 7.35E+05 1.35E+06 3.49E+06 8.91E+05 2.26E+06 3.37E+06 5.12E+06
4 (10/04) 00:11 3.63E+03 1.42E+03 1.78E+03 3.40E+03 6.29E+03 1.13E+06 4.43E+05 5.54E+05 1.06E+06 1.96E+06 4.62E+06 1.30E+06 2.86E+06 4.43E+06 7.04E+06

PO9 (10/04) 00:32 3.82E+03 1.50E+03 1.87E+03 3.57E+03 6.63E+03 1.04E+06 4.03E+05 5.08E+05 9.78E+05 1.80E+06 5.67E+06 1.37E+06 3.78E+06 5.49E+06 8.18E+06

PO10 (10/04) 01:01 3.82E+03 1.50E+03 1.87E+03 3.58E+03 6.61E+03 1.09E+06 4.23E+05 5.30E+05 1.01E+06 1.87E+06 6.75E+06 1.43E+06 4.73E+06 6.59E+06 9.35E+06

PO11 (10/04) 01:43 3.53E+03 1.38E+03 1.73E+03 3.30E+03 6.10E+03 6.34E+05 2.51E+05 3.06E+05 5.93E+05 1.11E+06 7.39E+06 1.45E+06 5.32E+06 7.22E+06 1.00E+07

PO12 (10/04) 02:11 3.53E+03 1.38E+03 1.73E+03 3.30E+03 6.12E+03 7.67E+05 3.01E+05 3.72E+05 7.16E+05 1.34E+06 8.15E+06 1.49E+06 6.02E+06 8.00E+06 1.08E+07

PO16 (10/04) 03:41 3.26E+03 1.27E+03 1.60E+03 3.05E+03 5.63E+03 9.08E+05 3.58E+05 4.46E+05 8.47E+05 1.60E+06 9.06E+06 1.53E+06 6.85E+06 8.91E+06 1.18E+07

5 (10/04) 06:37 4.15E+03 1.63E+03 2.03E+03 3.87E+03 7.20E+03 8.29E+05 3.26E+05 4.04E+05 7.75E+05 1.44E+06 9.89E+06 1.81E+06 7.34E+06 9.69E+06 1.32E+07

(10/04) 07:24 2.25E+03 8.61E+02 1.12E+03 2.11E+03 3.85E+03 8.76E+04 3.81E+04 3.89E+04 8.07E+04 1.59E+05 9.98E+06 1.84E+06 7.38E+06 9.77E+06 1.33E+07

(10/04) 09:35 3.93E+03 1.54E+03 1.93E+03 3.67E+03 6.80E+03 1.78E+06 6.99E+05 8.75E+05 1.67E+06 3.09E+06 1.18E+07 2.46E+06 8.37E+06 1.14E+07 1.63E+07

6
7
8 (10/04) 10:47 3.93E+03 1.54E+03 1.92E+03 3.67E+03 6.81E+03 1.11E+06 4.37E+05 5.44E+05 1.04E+06 1.93E+06 1.29E+07 2.87E+06 8.97E+06 1.25E+07 1.82E+07
9 (10/04) 12:02 3.93E+03 1.54E+03 1.92E+03 3.67E+03 6.82E+03 1.02E+06 4.02E+05 5.02E+05 9.58E+05 1.78E+06 1.39E+07 3.25E+06 9.51E+06 1.34E+07 1.99E+07

10 (10/04) 12:54 3.93E+03 1.54E+03 1.92E+03 3.67E+03 6.82E+03 1.32E+06 5.20E+05 6.48E+05 1.24E+06 2.30E+06 1.52E+07 3.74E+06 1.02E+07 1.47E+07 2.22E+07

11 (10/04) 14:27 3.93E+03 1.54E+03 1.92E+03 3.67E+03 6.81E+03 1.15E+06 4.52E+05 5.63E+05 1.08E+06 2.00E+06 1.64E+07 4.18E+06 1.08E+07 1.57E+07 2.42E+07

12 10/04 16:20 3.93E+03 1.54E+03 1.92E+03 3.67E+03 6.81E+03 2.45E+06 9.60E+05 1.20E+06 2.29E+06 4.25E+06 1.88E+07 5.11E+06 1.21E+07 1.80E+07 2.84E+07
13 10/04 18.50 3.17E+03 1.23E+03 1.57E+03 2.97E+03 5.47E+03 7.74E+05 3.03E+05 3.79E+05 7.24E+05 1.35E+06 1.96E+07 5.40E+06 1.24E+07 1.87E+07 2.97E+07
14 10/04 21:20 3.93E+03 1.54E+03 1.92E+03 3.68E+03 6.80E+03 2.25E+06 8.80E+05 1.10E+06 2.10E+06 3.89E+06 2.18E+07 6.25E+06 1.36E+07 2.08E+07 3.36E+07
15 10/04 23:02 4.14E+03 1.62E+03 2.02E+03 3.87E+03 7.17E+03 1.56E+06 6.13E+05 7.62E+05 1.46E+06 2.71E+06 2.34E+07 6.85E+06 1.44E+07 2.23E+07 3.62E+07
16 11/04 00:51 4.03E+03 1.58E+03 1.97E+03 3.77E+03 7.01E+03 1.89E+06 7.40E+05 9.20E+05 1.76E+06 3.28E+06 2.53E+07 7.57E+06 1.53E+07 2.41E+07 3.95E+07
17 11/04 02:44 4.03E+03 1.58E+03 1.97E+03 3.76E+03 7.01E+03 1.76E+06 6.90E+05 8.60E+05 1.64E+06 3.06E+06 2.71E+07 8.25E+06 1.62E+07 2.57E+07 4.25E+07
18 11/04 04:59 3.63E+03 1.42E+03 1.78E+03 3.40E+03 6.30E+03 1.21E+06 4.73E+05 5.93E+05 1.13E+06 2.10E+06 2.83E+07 8.71E+06 1.68E+07 2.68E+07 4.46E+07
19 11/04 07:55 2.83E+03 1.09E+03 1.40E+03 2.65E+03 4.88E+03 1.09E+06 4.23E+05 5.39E+05 1.02E+06 1.88E+06 2.94E+07 9.12E+06 1.74E+07 2.79E+07 4.65E+07
20 11/04 10:36 2.92E+03 1.13E+03 1.44E+03 2.73E+03 5.03E+03 1.42E+06 5.51E+05 6.98E+05 1.33E+06 2.44E+06 3.08E+07 9.66E+06 1.81E+07 2.92E+07 4.89E+07
21 11/0413:24 2.60E+03 1.00E+03 1.28E+03 2.43E+03 4.48E+03 1.17E+06 4.53E+05 5.80E+05 1.10E+06 2.03E+06 3.19E+07 1.01E+07 1.87E+07 3.03E+07 5.09E+07

22 11/04 18.20 1.98E+03 | 7.56E+02 | 9.88E+02 | 1.86E+03 | 3.75E+05 | 1.45E+05 | 1.85E+05 | 3.51E+05 | 6.45E+05 | 3.75E+05 | 3.23E+07 | 1.02E+07 | 1.89E+07 | 3.07E+07 | 5.15E+07

23 11/04 20:22 2.25E+03 | 8.62E+02 | 1.11E+03 | 2.11E+03 | 5.37E+05 | 2.06E+05 | 2.65E+05 | 5.04E+05 | 9.23E+05 | 5.37E+05 | 3.29E+07 | 1.04E+07 | 1.91E+07 | 3.12E+07 | 5.24E+07

24 12/04 00:39 2.25E+03 | 8.62E+02 | 1.11E+03 | 2.11E+03 | 9.24E+05 | 3.55E+05 | 4.58E+05 | 8.67E+05 | 1.59E+06 | 9.24E+05 | 3.38E+07 | 1.08E+07 | 1.96E+07 | 3.20E+07 | 5.40E+07

25 12/04 07:59 2.45E+03 | 9.42E+02 | 1.21E+03 | 2.29E+03 | 1.49E+06 | 5.72E+05 | 7.35E+05 | 1.39E+06 | 2.55E+06 | 1.49E+06 | 3.53E+07 | 1.13E+07 | 2.03E+07 | 3.34E+07 | 5.66E+07

26 12/04 20:53 1.25E+03 | 4.70E+02 | 6.29E+02 | 1.18E+03 | 6.84E+05 | 2.57E+05 | 3.44E+05 | 6.43E+05 | 1.16E+06 | 6.84E+05 | 3.60E+07 | 1.16E+07 | 2.07E+07 | 3.41E+07 | 5.77E+07

27 13/04/10:23 2.25E+03 | 8.63E+02 | 1.11E+03 | 2.11E+03 | 1.22E+06 | 4.70E+05 | 6.08E+05 | 1.15E+06 | 2.11E+06 | 1.22E+06 | 3.72E+07 | 1.21E+07 | 2.13E+07 | 3.52E+07 | 5.98E+07

28 14/04/02:27 | 1.92E+03 | 7.29E+02 | 9.53E+02 | 1.80E+03 | 7.09E+05 | 2.70E+05 | 3.52E+05 | 6.65E+05 | 1.21E+06 | 7.09E+05 | 3.79E+07 | 1.23E+07 | 2.17E+07 | 3.59E+07 | 6.10E+07

29 14/04/15:31 1.63E+03 | 6.17E+02 | 8.17E+02 | 1.53E+03 | 5.72E+05 | 2.17E+05 | 2.87E+05 | 5.37E+05 | 9.75E+05 | 5.72E+05 | 3.85E+07 | 1.25E+07 | 2.20E+07 | 3.64E+07 | 6.20E+07

30 16/04/10:16 2.89E+01 | 9.71E+00 | 1.55E+01 | 2.77E+01 | 3.93E+03 | 1.33E+03 | 2.09E+03 | 3.76E+03 | 6.38E+03 | 3.93E+03 | 3.85E+07 | 1.25E+07 | 2.20E+07 | 3.64E+07 | 6.20E+07

31 18/04 20:49 2.48E+01 | 8.28E+00 | 1.33E+01 | 2.37E+01 | 4.46E+03 | 1.50E+03 | 2.39E+03 | 4.26E+03 | 7.21E+03 | 4.46E+03 | 3.85E+07 | 1.25E+07 | 2.20E+07 | 3.64E+07 | 6.20E+07

32 22/04 15.09 2.48E+01 | 8.28E+00 | 1.33E+01 | 2.37E+01 | 5.42E+03 | 1.82E+03 | 2.90E+03 | 5.18E+03 | 8.78E+03 | 5.42E+03 | 3.85E+07 | 1.25E+07 | 2.20E+07 | 3.64E+07 | 6.20E+07

Table 3
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End time

of tephra Tephra Our | 5% 50" 95" Isopach | 5™ 50" | 95™
unit Unit Stage result | per per perc maps per per perc
9/04 0724 Ul 1 10.0 7.4 9.8 13.3 13.0 2.8 14.5 30.7
10/04 1830 | U2 2 9.6 4.8 9.0 16.6 14.5 7.3 10.3 28.3
10/04 2302 | U3 2 3.8 1.9 3.6 6.6 4.7 2.3 3.6 4.7
14/04 1531 | U4-7 2*and3 | 15.1 7.5 14.1 25.8 7.10 3.1 7.3 10.6

*11/04 0459 end of stage 2.

Table 4
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