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Volcanic ash is a hazard to human health and activities. Accurate and timely
forecasts coupled with effective communication about the dispersion and
fallout of volcanic ash during explosive events are essential to reduce
impacts on local communities and limit economic losses. In this study, we
present the first detailed description of an eruptive pulse at Sangay volcano and
its eruption source parameters. The eruptive pulse on September 20, 2020,
started at about 9:20 UTC and lasted between 90 and 100 min, producing an
eruptive column that rapidly separated into (1) a higher (15.2 km above sea level,
asl), gas-rich cloud moving east-southeast and (2) a lower (12.2 km asl), ash-rich
cloud moving west and causing ash fallout up to 280 km from the volcano. Field
data collected immediately after the event allow estimating the volume of bulk
tephra to be between 1.5 and 5.0 x 10°m? corresponding to a volcanic
explosivity index of 2. The eruptive pulse, identified as violent Strombolian,
emitted andesitic ash that was more mafic than products ejected by Sangay
volcano in recent decades. Component analysis and glass chemistry of juvenile
particles support the hypothesis that this event excavated deeper into the upper
conduit compared to typical Strombolian activity at Sangay volcano, while
grain-size analysis allows reconstruction of the total grain-size distribution
of the fallout deposit. The discrepancies between the ash fallout simulations
performed with the Ash3D online tool and the actual deposit are mainly the
result of inaccurate pre- and syn-eruptive configurations and highlight the
importance of additional processes such as aggregation. Communication
products issued during the event included (1) several standard short reports,
(2) volcano observatory notices for aviation, (3) social media posts, and (4) a
special report providing the results of the ash fallout simulation. Although
communication was effective with the authorities and the connected
population, an effort must be made to reach the most vulnerable isolated

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.912835/full
https://www.frontiersin.org/articles/10.3389/feart.2022.912835/full
https://www.frontiersin.org/articles/10.3389/feart.2022.912835/full
https://www.frontiersin.org/articles/10.3389/feart.2022.912835/full
https://www.frontiersin.org/articles/10.3389/feart.2022.912835/full
https://www.frontiersin.org/articles/10.3389/feart.2022.912835/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.912835&domain=pdf&date_stamp=2022-08-24
mailto:bbernard@igepn.edu.ec
https://doi.org/10.3389/feart.2022.912835
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.912835

Bernard et al.

10.3389/feart.2022.912835

communities for future events. This study shows that forecasting ash dispersion
and fallout during volcanic eruptions can guide early warnings and trigger
humanitarian actions, and should become a standard in volcano observatories
worldwide.

KEYWORDS

Sangay, forecasting, communication, Ash3d, eruption source parameters, violent
Strombolian, grain-size distribution

Introduction

Volcanic eruptions are natural phenomena that can be highly
disruptive for our society. The extent of the disruption depends
on the eruption style and magnitude as well as the community
preparedness and response, which can be greatly enhanced by
timely and relevant monitoring, forecasting and warning
protocols (Pallister et al, 2019 and references therein,
Lowenstern et al,, 2022). Although this work is carried out by
many volcano observatories, it is rare to read in the scientific
literature about lessons learned from the real-time applications of
these protocols (Mei et al., 2013; Parker, 2015; Poland et al., 2016;
Coombs et al., 2018; Wright et al., 2019; Lowenstern et al., 2022).
In recent years, major progress has been made in tracking and
forecasting the dispersion of volcanic ash clouds using near-real-
time satellite imagery and numerical simulations (Webley and
Mastin, 2009; Bonadonna et al., 2012 and references therein;
Falconieri et al., 2018; Goubhier et al., 2020; Pardini et al., 2020).

Assessing the effectiveness of forecasts made during volcanic
eruptions is essential to improve eruption source parameters,
numerical codes and operational protocols.

Since 1983, the Instituto Geofisico de la Escuela Politécnica
Nacional (IG-EPN) has been monitoring Ecuadorian volcanoes,
improving through time its ground-based instrument networks,
remote sensing capabilities and communication protocols (Ruiz
et al., 1998; Kumagai et al., 2007; Carn et al., 2008; Galle et al.,
2010; Alvarado et al., 2018; Pritchard et al., 2018; Ramoén et al.,
2021; Bernard et al, 2022). Additionally, since 1997, the
Washington Volcanic Ash Advisory Center (W-VAAC) has
been tracking and forecasting ash clouds in Ecuador (Bernard
et al,, 2019), although satellite monitoring of volcanic clouds
began in the late 1980s (Heffter et al, 1990). It is worth
mentioning that more than 40% of the advisories issued by
the W-VAAC during 2009-2019 (6197 out of 15374) were for
Ecuadorian volcanoes (Engwell et al., 2021), highlighting the
importance of this hazard in this country. In recent years,
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FIGURE 1

General map and photos of Sangay volcano. (A) General map of active Ecuadorian volcanoes (data source: Digital Elevation Model FABDEM;
Volcanoes and Monitoring stations IG-EPN; Cities and Provinces IGM; WGS 84); (B) Close up to the Sangay area and the monitoring network in 2020;
(C) view of Sangay volcano from the Southeast with focus on the southeast ravine (December 27, 2021); (D) Strombolian explosion in the central

crater from Sangay volcano (December 27, 2021).
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numerical modeling of ash dispersion and sedimentation has
become an important tool for volcanic hazard evaluation in
Ecuador (Volentik et al., 2010; Biass et al., 2012; Parra et al.,
2016; Parra, 2018; Tadini et al., 2020).

Sangay volcano (2.00°S, 78.34°'W, 5326 m above sea level-asl,
Figures 1A, B), located at the southern end of the Northern Volcanic
Zone of the Andes (Morona Santiago province), has frequently been
referred to as one of the most active volcanoes in the world (Siebert
et al, 2010). This mostly andesitic stratovolcano exhibits a large
range of geochemical compositions (from basalt to dacite) and
eruptive phenomena (lava flows and domes, pyroclastic density
currents, tephra fallout), as well as rain-triggered lahars and giant
landslides (Monzier et al, 1999; Valverde et al, 2021). First
documentation of activity dates back to 1628 CE when the city
of Riobamba, located 50 km northwest of the volcano, and
surroundings were covered in ash, damaging crops and affecting
livestock (Wolf, 1904; Lewis, 1950; Monzier et al, 1999). Many
eruptions occurred during the 18th, 19th and 20th centuries
although none of them reached the magnitude and impact of the
1628 CE eruption. Due to its remote location and mostly low-
intensity activity, Sangay has not been monitored as closely as other
Ecuadorian volcanoes, such as Cotopaxi, Tungurahua and Pichincha
(Alvarado et al., 2018). Nonetheless, some efforts have been carried
out to obtain meaningful information on its eruptive dynamics
(Johnson et al., 2003; Lees and Ruiz, 2008; Ruiz et al, 2017).
Recently, ground-based and satellite instruments have been
combined to increase the monitoring capability at Sangay
(Vasconez et al, 2022), but eruption source parameters (ESPs),
generally constrained by detailed field and remote sensing studies,
are still Jacking

According to Vasconez et al. (2022), since 2003 Sangay has
been semi-continuously active with mostly low-intensity ash
emissions (<3.5km above the crater) and short-runout lava
flows (1-3 km long). Its most recent eruptive period began on
May 7, 2019 and is still ongoing as of July 2022. This eruptive
period is the first in more than 6 decades to produce significant
impacts both locally and regionally. The 2019-ongoing eruptive
period has been characterized by frequent Strombolian
explosions (jet height of tens to few hundred meters above the
crater, duration <1 min, Figures 1C, D) and continuous blocky
lava flows. The lava flows and their collapses, forming pyroclastic
density currents (PDCs), excavated a deep valley in the
southeastern flank of the volcano (Figure 1C), directing the
flows toward the Rio Volcan. Rain-triggered lahars in the Rio
Volcan partially blocked the Upano-Volcan confluence, forced
the evacuation of about 30 persons living on the riverbanks of the
Rio Upano and damaged the access road to the bridge of Macas
city, the capital of Morona Santiago province.

Since 2019, frequent light ash fallouts (0.01-0.1 kg m™) have
affected principally Chimborazo province but also Morona
Santiago, Bolivar, Cafar, Azuay, Los Rios, Santa Elena,
Tungurahua, Cotopaxi and Guayas provinces. At least six
eruptive pulses produced moderate (0.1-1kgm™) to heavy
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(1-10 kgm™>) ash fallouts at regional scale that were widely
reported by the population and forced the repeated closure of
the José Joaquin de Olmedo International Airport in Guayaquil,
the second largest city in Ecuador. The September 20,
2020 eruptive pulse was the second of those eruptive pulses
and the first with a high eruptive column (>10 km above the
crater). It tested the IG-EPN, authorities and public response. For
the first time at Sangay volcano, the ash fallout was quantified
through a 4-days field campaign initiated immediately after the
eruption and characterized by an in-depth study of the ash
samples that include grain-size distribution, componentry and
geochemical analysis.

This article presents lessons from this event based on seismic
records, satellite imagery, ash fallout reports, field and laboratory
data, and public communications from IG-EPN. We present the
first set of ESPs (duration, column height, total mass, mass
eruption rate and total grain-size distribution) at Sangay
volcano and discuss its eruptive dynamics. The results
obtained in this study contribute to the analysis of ash
transport in the atmosphere and to evaluate the performance
of the Ash3D model (Schwaiger et al., 2012), which is used to
simulate ash dispersion and sedimentation during the eruptive
pulse. Finally, the IG-EPN forecasting and communication
protocols are evaluated. This work is essential for future
hazard assessment and crisis management of this and other
remote explosive volcanoes worldwide.

Methodology
Seismic monitoring

The multiparametric monitoring station SAGA, operated by the
IG-EPN, is located 6 km southwest of the summit (Figure 1B) and
has the nearest seismo-acoustic sensor to Sangay summit.
Unfortunately, due to frequent power and transmission outages
likely due to repeated ash fallout, SAGA did not record the
September 20, 2020 eruptive pulse. The study by Vasconez et al.
(2022)
anthropogenic noise levels located 67 km to the north-northeast
(PUYO, Figure 1B) generally had fewer outages than SAGA and was
a suitable alternative for identifying high-magnitude explosive
activity from Sangay. Frequency-filtered RSAM (Real-time
Seismic Amplitude Measurement) is computed in 1-min
windows at the IG-EPN for PUYO seismic records in the
0.6-1.2 Hz band (raw seismic records and filtered RSAM data
for September 20, 2020 are available in Supplementary Material

found that a broadband seismic sensor with low

S1). This band was chosen because it maximizes the signal-to-noise
ratio of explosions emanating from Sangay, which was confirmed
during time periods when both SAGA and PUYO were operating
simultaneously. While the filter is quite narrow and susceptible to
earthquake body wave noise, we confirmed both visually and by
consulting local and global earthquake catalogs that on September
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20, 2020 no teleseismic, regional, or local events contaminated our
signal of interest. Finally, in order to characterize the significance of
the RSAM amplitudes of this eruptive pulse relative to historical
values, we performed a retrospective analysis of the PUYO record
dating back to when the sensor was first installed in 2012 and
employing the same methodology. This task was expedited because
the sensor model (Trillium Compact 120) and digitizer model
remained unchanged over the last 10 years, so no corrections for
different sensitivities were required. Based on these data we
reconstructed the typical amplitude distributions of 1-min RSAM
data for similar minutes-of-day and computed the 90th amplitude
percentile from those data for that time window to establish the
seismic baseline that takes into account the ambient noise according
to the time of the day (Supplementary Material SI).

Volcanic cloud and ash fallout monitoring
and forecasting

Before the September 20, 2020 eruptive pulse, the IG-EPN
protocol for identifying, tracking, forecasting and emitting
warnings for volcanic clouds and ash fallout from Sangay
was based on the following approaches. Under good
visibility conditions, the eruptive columns were identified on
the SAGA webcam or on webcams from the Ecuadorian
Integrated Security Service (ECU911). The ground-based
included Differential
Absorption Spectroscopy (DOAS) instruments at SAGA and

monitoring network also Optical
San Nicolds stations to measure the amount of SO, in the
volcanic plume (Figure 1B). After the previous event at Sangay
that produced regional ash fallouts on June 8-12, 2020, the IG-
EPN trained a national network of volcano observers (Red de
Observadores Volcanicos del Ecuador ROVE) to identify ash
clouds and fallout. On September 20, 2020 the network
included about 150 volunteers from the Ecuadorian Red
Cross (CRE), the National Service of Risk and Emergency
Management (SNGRE) and the general public trained via an
open access virtual workshop (June 23-26, 2020). Volunteers
are spread throughout Ecuador, some being able to report
directly on the surface activity of Sangay from nearby cities
such as Macas and Riobamba, others reporting the presence of
volcanic ash from more distant areas (e.g. Guayaquil, Cuenca,
Quito). Volunteers built and installed their own ashmeters to
collect and measure the ash fallout following the procedure
described in Bernard (2013). Since the Cotopaxi 2015 eruption,
the IG-EPN also implemented an online form on its webpage to
collect information about ash fallout from the general public
Ash
fallout reports from the ROVE and the general public are

(https://www.igepn.edu.ec/reporte-de-caida-de-ceniza).

compiled in Supplementary Material S2.

The tracking of ash clouds in the atmosphere was performed
in near-real time using the Volcanic Cloud Monitoring webpage
provided by the NOAA/CIMSS (https://volcano.ssec.wisc.edu/)
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that allows visualization of GOES-16 imagery with a 10-min
interval and a 20-30-min lag-time. In this webpage, the results of
the VOLCAT algorithm allow assessing the height of the eruptive
column and characterize its ash content (probability, load and
radius). W-VAAC provided information on the eruptive column
height,
VAAC/messages.html), with a notification frequency of 6 h or

direction, and velocity (https://www.ssd.noaa.gov/
sooner depending on the evolution of the eruptive activity.

In parallel, daily simulations at the erupting Ecuadorian
volcanoes were performed from Monday to Friday using the
online application of the Ash3D code developed by the U.S.
Geological Survey (Mastin et al., 2013). Ash3D is a Eulerian,
finite volume code that calculates the advection and diffusion of
tephra under three-dimensional, time-varying wind conditions
forecast using the NOAA Global Forecast System (GFS) 0.5-
degree model (https://www.ncdc.noaa.gov/data-access/model-
data/model-datasets/global-forcast-system-gfs). A  simplified
online tool (https://vsc-ash.wr.usgs.gov) makes it possible for
registered users to run the model remotely by specifying the
volcano name, eruption start time, plume height and duration.
Other inputs such as grain-size distribution, are pre-set within
the code (Mastin et al., 2013).

The IG-EPN communication protocols dictate that the
SNGRE must be contacted first in case of an hazardous event,
and to issue different types of reports depending on the type of
activity and potential hazards (Bernard et al., 2022). The reports
are then distributed through the IG-EPN webpage and social
networks. The IG-EPN is also in charge of issuing a Volcano
Observatory Notice for Aviation (VONA) when ash emissions
and ash clouds are detected. The log for the September 20,
2020 eruptive pulse, including public communications and ash
fallout reports, is presented in Table 1.

Field work and laboratory analysis

A 4-day field campaign was initiated immediately after the
September 20, 2020 eruptive pulse to collect data on the ash
fallout (Figure 2, Supplementary Material S3). It was possible to
measure and sample the ash in the median zone (between 30 and
100 km from the volcano) on essentially fresh and un-reworked
deposits. Due to accessibility reasons, we were unable to sample
from proximal sites (<30 km from the vent). Sampling sites
consisted mostly of roofs, benches, cars, tombstones and
washing stones and were chosen to be as flat as possible.
Three sites had previously installed homemade ashmeters that
were used to validate the traditional measuring and sampling
technique. Where the deposit was thicker than 1 mm, thickness
was measured with a caliper at least 4 times to ensure
repeatability. An area of the deposit (typically 50 x 50 cm)
was then sampled carefully and stored in a sealed plastic bag.
The ash mass was measured in the field using a 10" g precision
scale (Ohaus Traveler). Distal samples from Guayas and Los Rios
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TABLE 1 September 20, 2020 eruptive pulse log. Only the first ash fallout reports are presented by provinces and by source (ROVE or IG-EPN online

form).

UTC
time

07:14
07:40
08:12

09:20

09:37

09:40

09:50

10:54

11:00

11:30

12:09
12:10
12:13
12:15

12:59
13:00

13:19
13:24
13:24
13:25
13:31
13:52

15:16
15:33
16:15
16:38
16:41
16:51
17:15
19:00

19:18
19:19

19:30

19:31

Local
time

02:14
02:40
03:12

04:20

04:37

04:40

04:50

05:54

06:00

06:30

07:09
07:10
07:13
07:15

07:59
08:00

08:19
08:24
08:24
08:25
08:31
08:52

10:16
10:33
11:15
11:38
11:41
11:51
12:15
14:00

14:18
14:19

14:30

14:31

Source

W-VAAC
IG-EPN
IG-EPN

PUYO seismic station
(IG-EPN)

PUYO seismic station
(IG-EPN)

GOES-16 (NOAA/
CIMSS)

GOES-16 (NOAA/
CIMSS)

PUYO seismic station
(IG-EPN)

GOES-16 (NOAA/
CIMSS)

GOES-16 (NOAA/
CIMSS)

ROVE
W-VAAC
IG-EPN
IG-EPN

IG-EPN

GOES-16 (NOAA/
CIMSS)

IG-EPN online form
IG-EPN

IG-EPN

ROVE

ROVE

IG-EPN

IG-EPN online form
W-VAAC

IG-EPN

IG-EPN online form
IG-EPN online form
ROVE

Guayaquil Airport
IG-EPN

IG-EPN online form

PUYO seismic station
(IG-EPN)

GOES-16 (NOAA/
CIMSS)

IG-EPN

Observation

Ash cloud at 6.4 km asl moving NW
Ash cloud at 6.4 km asl moving W

Ash cloud from Sangay could provoke fallout in Chimborazo province
and up to Guayaquil if eruptive activity increases

Seismic tremor increases (>10 counts for more than 3 min)
Seismic tremor reaches peak (243 counts)

Volcanic cloud >8 km asl with low probability of ash expanding both E
and W

Volcanic cloud 16-18 km asl with low probability of ash expanding both
Eand W

Seismic tremor decreases (<10 counts for more than 3 min)

Volcanic cloud detaches from Sangay volcano with low probability of ash
expanding both E and W

Volcanic cloud with high probability of ash to the W

Ashfall in Chimborazo province
Ash cloud at 15.2 km asl moving E and at 12.2 km asl moving W
Ash cloud at >15.0 km asl moving E and W

Possibility of heavy ash fallout (1-10 kg m™?) in Chimborazo and Bolivar
provinces, moderate ash fallout (0.1-1 kg m™) in Los Rios and Guayas
provinces, and light ash fallout (0.01-0.1 kg m™) in Manab{ and Santa
Elena

Online form for reporting ash fallout

Volcanic cloud above Guayaquil city

Ashfall in Bolivar province

Recommendations on what to do in the event of ashfall
Recommendations on how to evaluate the ash fall
Ashfall in Bolivar province

Ashfall in Los Rios province

Description of the eruption, simulation of the ash cloud using Ash3D and
general recommendations

Ashfall in Guayas province

Ash cloud at 6.1 km asl moving W

Ash cloud at 6.1 km asl moving W

Ashfall in Los Rios province

Ashfall in Guayaquil city

Ashfall in Guayaquil city

Closure of the Guayaquil Airport until 00:00 UTC on September 21, 2020

Summary of the eruption, preliminary ash fallout reports and general
recommendations

Ashfall in Santa Elena province

Seismic tremor reaches peak (95 counts)
Volcanic cloud >9 km asl with low probability of ash expanding SW

Ash cloud at 6.4 km asl moving W

Communication products

VAA n°809
VONA n"261

Short report IGalinstante n"110

VAA n°810
VONA n"262

Short report IGalinstante n"111

Outreach post

Outreach post

Outreach post

Special report Informe Especial del Volcan
Sangay—2020—N’4

VAA n°811
VONA n"263

Facebook Live

VONA n"264
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FIGURE 2
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SAN;20-04:
y24km!
7:35/g/m)2

Ash sampling and field measurements of the September 20, 2020 ash fallout from Sangay volcano. (A) Sillagoto (SAN-20-04), September 20,
2020; (B) Sillagoto, dollar coin (2 mm-thick) for scale; (C) Cumanda (SAN-20-07B), September 21, 2020, wet deposit; (D) San Nicolds ashmeter
(SAN-20-22), September 22, 2020. Color changes in D are due to moisture and thickness of the plastic of the inner container. Distance from the

volcano in km and load in g m™2.

provinces (up to 180 km from the volcano) were provided by
volcano observers that built and installed four additional
homemade ashmeters outside their houses. Finally, a
measurement and sample from Guayaquil city was provided
by Prof. Maurizio Mulas (Escuela Superior Politécnica del
Litoral). In total, we obtained data for 36 sites.

In the laboratory, the samples were weighed, then dried at
40 °C for 24 h, and weighed again on a 107 g precision scale
(Ohaus Explorer Precision). Isomass polylines were created
automatically in a Geographic Information System (QGIS
3.10) with the help of ordinary kriging (Surfer 8.0) and
modified manually to take into account the position of the
volcano. Reports of ash fallout from volcano observers and
the general public (Supplementary Material S2) were used to
limit the 0.0025kgm™ isomass contour. This threshold was
chosen based on reports from eruptions with known fallout
loads at different volcanoes in Ecuador (Tungurahua,
Cotopaxi and Reventador). Total mass of the ash fallout was
estimated using different empirical thinning laws (Pyle, 1989;
Fierstein and Nathenson, 1992; Bonadonna and Houghton, 2005;
Bonadonna and Costa, 2012). Conversion from total mass to

Frontiers in Earth Science

bulk volume was done using minimum and maximum deposit
density from 11 thickness measurements. Conversion from total
mass to dense-rock equivalent (DRE) volume was calculated
using a 2500 kg m ™ density for andesite (Crosweller et al., 2012).
These results are used to estimate the eruption Volcanic
Explosivity Index (VEL Newhall and Self, 1982), magnitude
and intensity (Pyle, 2000).

As none of the samples contained lapilli (2-64 mm), grain-
size distribution was obtained using a Horiba LA-960 particle
analyzer (range 30 nm-5 mm). Optical properties were set for
andesitic ash (Vogel et al., 2017) and samples were shaken before
separating a subsample and introducing it in the particle analyzer
(Horwell, 2007). Many measurement settings were tested to
obtain reproducibility and repeatability. The best results were
obtained using a transmittance between 70 and 85%, except for
the most distal samples, for which a transmittance of 90-95% was
used. The material was dispersed using a circulation speed of 4-6
(no unit), an agitation speed of 2-4 (no unit) and 1 minute of
ultrasound (power 2, no unit) before the measurement. The
measurement acquisition time was set to 1 minute and repeated
3 to 6 times. Quality of the results was checked for reproducibility
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and repeatability to comply the ISO 13320:2020 (2020) norm.
Average grain-size distributions for each sample are presented
and analyzed in the ¢ scale (¢ = -log,D, where D is the particle
diameter) in % ¢ intervals (Supplementary Material S4). To
better describe their grain-size distributions, we choose to
complement the traditional graphical statistics (Folk and
Ward, 1957) with the deconvolution of the polymodal
mixtures using the freeware DECOLOG 6.0 (https://www.
lorenzo-borselli.eu/decolog/). As shown for many volcanic
deposits, natural grain-size distributions are generally
polymodal and non-Gaussian (Eychenne et al, 2015;
Rodriguez-Sedano et al,, 2022). DECOLOG uses a Montecarlo
resampling to optimize the deconvolution process and allows for
Log-normal and Weibull sub-populations. To distinguish if a
grain-size distribution is a mixture of one or more sub-
populations, we visually identify if there are one or more
peaks on the histogram. DECOLOG automatically calculates
the model efficiency coefficient (EF) and the coefficient of
determination (R?). The closer the values of EF and R* are to
1, the better the model fit to the data. Total Grain-Size
Distribution (TGSD) was estimated through weighting, using
only the load as a weighting factor, and Voronoi Tessellation,
using both the load and the Voronoi Tessella area as weighting
factors (Bonadonna and Houghton, 2005).

Major element analyses from agate-crushed powders of three
ash samples were obtained at the Laboratoire Géosciences Océan,
Université de Bretagne Occidentale (Brest, France), using an
Inductively Coupled Plasma-Atomic Emission Spectrometer
(ICP-AES) and following the analytical procedure described
by Cotten et (1995) S5).
Calibrations were performed using international standards
(ACE, ME, WSE, JB2). Relative standard deviation (2 sigma)

is <1% for SiO, and <2% for the other major elements.

al. (Supplementary Material

Additionally, componentry analysis of one sample from
September 20, 2020 and one from January 31, 2020 were
carried out under the binocular microscope using the
methodology from Eychenne et al. (2013). In order to have
representative sample size, at least 300 grains were counted in
three to four grain-size fractions (Supplementary Material S5).
Finally, juvenile particles from the 1.5 ¢ fraction of the September
20, 2020 sample were analyzed using an electron microprobe.
The particles were glued onto a plastic plug with epoxy resin.
They were then carefully polished so flat surfaces of the grains
were exposed to be analyzed. First, silicon carbide (SiC) grinding
papers (1200 and 2400 grid) were used, and second, an automatic
polishing machine, using 6 um, 3 um and % pm diamond pastes.
The major elements of the glass and minerals of the juvenile
particles were determined at Laboratoire de Magmas et Volcans,
Clermont-Ferrand, France, using a CAMECA SxFiveTactis
microprobe. The operating conditions were 15 kV accelerating
voltage, 15 nA beam current and 10 s counting time for minerals;
and, 15kV accelerating voltage, 8 nA beam current, 10-20 um
beam size and 10 s counting time for matrix glass measurements
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FIGURE 3

Real-time Seismic Amplitude Measurement (RSAM)

calculated from PUYO seismic station on (A) September 20,
2020 and (B) from 08:00 to 12:00 UTC with a 0.6-1.2 Hz
frequency filtering, in digital counts. Red dotted line
corresponds to the 90th percentile of all values for that minute in
the day since PUYO was installed in 2012 (see text for description);
grey area corresponds to the duration of the eruptive pulse.

(Supplementary Material 5). Relative standard deviation is <1%
for SiO, for the analyzed elements.

Results: The September 20,
2020 eruptive pulse

Chronology of the eruptive pulse and
public communication

The September 20, 2020 eruptive pulse occurred after 3 days of
increased SO, emission (September 17 = 1247.5 t; September 18 =
1629.5 t; September 19 = 1656.4t) according to the MOUNTS
platform (http://www.mounts-project.com/timeseries/352090).
While these values are not outside the range of SO, emission
since the start of the eruptive period in 2019, it was the first
time it exceeded 1000t for 3 days in a row. Before the eruptive

pulse, Sangay volcano was already erupting with frequent explosions
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FIGURE 4

False color imagery (satellite GOES-16) of the September 20, 2020 eruptive pulse at Sangay volcano (source: NOAA/CIMSS). (A) Small ash
emission at 09:20 UTC; (B) rapidly growing ash plume at 09:40 UTC; (C) separation of the high-altitude gas-rich cloud (to the east) and the ash-rich
cloud (to the west) at 11:00 UTC; (D) ash cloud reach Guayaquil city at 13:00 UTC.

(175 events on September 19, 2020) and a semi-continuous plume of
ash 6.4 km asl visible on satellite images the night before (Table 1).
Because of this activity, the IG-EPN issued a short report (IG-EPN,
2020a) at 08:12 UTC (UTC = local time +5 h, all times in the text are
given in UTC, local times are provided in Table 1) on Sunday,
September 20 to warn of the ongoing volcanic activity and the
possibility of ash fallout in Chimborazo province. The short report
also indicated that ash fallout could reach Guayaquil if the activity
continued to increase. According to the seismic record (Figure 3,
Supplementary Material S1), the eruption intensity increased
gradually around 09:20, then rapidly at 09:30 and reached a peak
at 09:37 (RSAM = 243) associated with the rapid growth of an
unusually high eruptive column (Figure 4). Due to poor visibility, no
images of the eruption were available from the ECU911 cameras.
The VOLCAT algorithm automatically estimated the column height
between 16 and 18 km asl. According to the W-VAAC, the eruptive
column rapidly split into a high-altitude (15.2 km asl) gas-rich cloud,
drifting east-southeast (N113°) and a low-altitude (12.2 km asl) ash-
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rich cloud, drifting westward (N257°) (Figure 4). Smaller peaks
(RSAM >50) in the seismic records were detected at 09:52, 10:04, 10:
14 and 10:25. Then, the eruption gradually waned around 11:
00 when the volcanic cloud detached from the volcano, as
observed in the satellite images (Figure 4).

Ashfall in Chimborazo province was first reported by the
volcano observers (ROVE) at 12:09 and by the general public at
12:48 (Table 1, Supplementary Material S2). The IG-EPN emitted
a second short report at 12:15 (IG-EPN, 2020b) to warn about the
possibility of heavy ash fallout in Chimborazo and Bolivar
provinces, moderate ash fallout in Los Rios and Guayas
provinces and light ash fallout in Manabi and Santa Elena
provinces. At 12:59 and 13:24 the IG-EPN published outreach
posts
recommendations about volcanic ash and how to report ash

on its social media accounts, giving general

fallout on its online form (https://www.igepn.edu.ec/reporte-de-

caida-de-ceniza). At 13:52 the IG-EPN published a special report
(IG-EPN, 2020c¢) that included a description of the eruptive
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TABLE 2 Eruption source parameters for the simulations performed for the September 20, 2020 eruption of Sangay volcano.

Scenario VEI Column height
above sea
level [above
the crater]
(km)
P (h)re-eruptive 1 6.7 [1.4]*
Syn-eruptive 3 15 [9.7]°
Post-eruptive 2 11.3 [6.0]°

*Minimum column height and minimum volume to use the Ash3D online tool.
"Maximum column height as seen on the satellite imagery (source: W-VAAC).
“Modified column height according to the interpretation of satellite imagery.

9Values based on the column height and eruption duration according to Mastin et al. (2009).

“expected eruption duration during the crisis.
fapproximate duration according to the seismo-acoustic records.

pulse, a simulation using the VEI three scenario (syn-eruptive in
Table 2) based on the maximum eruptive column height given by
the W-VAAC, and general recommendations including links to
the International Volcanic Health Hazard Network webpage for
ash protection (https://www.ivhhn.org/). Reports from the city of
Guayaquil indicate that the ash fallout started around 16:00,
forcing the closure of Guayaquil International Airport from 17:
15 to 00:00 (September 21). At 19:00, the IG-EPN transmitted
live on Facebook to present a summary of the eruptive pulse
including preliminary reports of the ash fallout and general
recommendations. Throughout the day several VONAs were
issued to inform civil aviation about the dispersion of the
volcanic clouds including a moderate explosion at 19:19.

On September 21 at 00:54, thermal anomalies were spotted
by the VIIRS satellite instrument (https://firms.modaps.
eosdis.nasa.gov/) in the Rio Volcdn, southeast of the
volcano. These thermal anomalies are interpreted as hot
pyroclastic deposits with a runout distance of 15.4 km from
the vent and a vertical drop of about 3400 m (H/L = 0.22).
They display the longest runout measured at Sangay volcano
since satellite monitoring started. According to empirical
relationships based on the H/L factor (Hayashi and Self,
1992; Ogburn and Calder, 2017), the volume of the
20,
estimated between 1.7 and 6.5 x 10°m®.

September 2020 pyroclastic density currents is

Quantification of the ash fallout

The results of the field campaign (Supplementary Material
S3) combined with the ashfall reports (Supplementary
Material S2) allowed to draw the first isomass map for this
eruptive pulse (Figure 5). The deposit did not exhibit any
layering and looked fairly homogeneous, even in San Nicolds
ashmeter (Figure 2). The isomass map was used to calculate
the total mass of the ash fallout using different empirical laws
(Table 3). The power law (Bonadonna and Houghton, 2005)
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does not accurately fit the dataset (coefficient of determination
R?> = 0.829). The power-law coefficient is inferior to 2 (m =
1.944), probably due to the absence of sampling points close to
the volcano (<30 km), which explains its sensitivity to the
integration limits (Bonadonna and Houghton, 2005). In this
case, the result from the power law can be used as a minimum
value. The decreasing load trend best fits exponential or
Weibull laws (R* = 0.993-0.997). Accordingly, the obtained
total mass ranges from 1.71 to 2.03 x 10° kg (Table 3). In the
field, it was possible to measure thickness at only 11 sites due
to the limited thickness of the deposit (<2 mm), which is not
sufficient to create an isopach map. Nonetheless, this
information allows estimating the bulk density of the
deposit. It is worth noting that the deposit density was
411-1163 kgm™). The lowest
density values were measured less than 12h after the

highly variable (range =

eruptive pulse at about 70 km from the volcano while the
highest values were measured about 60 h after the eruptive
pulse at about 30 km to the volcano. We should stress that no
rain occurred during the sampling campaign, but wind and
dew could have affected the deposit packing. Assuming a

3

minimum density of the fallout deposit of 411 kgm™ and a
maximum density of 1163 kg m~?, the bulk volume is therefore
estimated between 1.47 and 4.95 x 10°m® (Table 3).
Uncertainties are large, but on a log scale, we are
reasonably confident that bulk volume is consistent with a
small to medium-sized VEI two event. The dense-rock
equivalent (DRE) volume obtained (6.9-8.1 x 10°m?) is
very close to the post-eruptive scenario (7 x 10° m?, VEI 2,
Table 2) simulated 5 hours after the eruptive pulse using an
11.3 km asl eruptive column lasting for 2 hours.

Grain-size distributions

Grain-size distribution was obtained for 35 of the 36 samples
(the last one was too small) from the September 20, 2020 eruptive
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Fallout reports, measurement and sampling sites, and isomass map for the September 20, 2020 eruptive pulse of Sangay volcano. (A) general
map; (B) zoom in the medial area. Sampling site names are shortened (no SAN-20-) for clarity.
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pulse (Supplementary Material S3, S4). As a first result, none of
the samples had particles over 1 mm in diameter, probably due to
the absence of proximal samples. All the samples are very fine to
extremely fine grained (graphical mean range = 3.57-5.30 ¢).
According to Figure 6, there is a vague decrease in the mean in
the medial area that is not observed in the distal area. On the
contrary, there is a clear decrease in standard deviation from very
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poorly sorted (up to 2.32 ¢) to moderately sorted (down to
0.92 ¢) with increasing distance from the volcano. Most of the
distributions are symmetrical (skewness between —0.1 and 0.1)
with some skewed toward the fine (positively skewed between
0.1 and 0.3). Very positively skewed (between 0.3 and 0.5)
distributions are mostly located in the medial area between
Palmira and Cebadas (Figure 5). The distributions appear
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TABLE 3 Mass, bulk and DRE volumes of the ash fallout. Minimum (Min) and Maximum (Max) bulk volumes are calculated using maximum and
minimum deposit density. Dense-rock equivalent (DRE) volume was calculated using a 2500 kg/m?® density for andesitic magmas (Crosweller

et al,, 2012).
Method References Parameters Coefficient of Total Min bulk Max bulk DRE
determination mass volume (m®) volume (m®) volume
R (kg) (m?)
Exponential Pyle (1989) 7 isomasses 0.995 2.03 x 10° 1.75 x 10° 4.95 x 10° 8.14 x 10°
1 segment
Exponential Fierstein and Change of slope at 0.997 2.03 x 10° 1.75 x 10° 4.95 x 10° 8.13 x 10°
2 segments Nathenson (1992) lkgm™
Power law Bonadonna and m = 1.94; Ty = 2.09; 0.829 1.71 x 10° 1.47 x 10° 4.17 x 10° 6.86 x 10°
Houghton (2005) C =400
Weibull Bonadonna and Theta = 0.57; lambda = 0.993 1.88 x 10° 1.61 x 10° 4.57 x 10° 7.51 x 10°
Costa (2012) 47.63; n = 1.37
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Graphical statistics (Folk and Ward, 1957) of grain size distributions of samples from the September 20, 2020 eruptive pulse relative to their
distance from Sangay volcano. (A) Mean (¢); (B) Standard deviation (¢); (C) Skewness; (D) Kurtosis.
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more positively skewed with increasing distance from the
volcano. The shape of the distributions also changes from
platykurtic (flat-topped) in the medial area to mesokurtic
(normal distribution) and leptokurtic (narrow peak and fat
tails) in the distal area. One sample (SAN-20-29) stands out
from these trends. This sample is the finest (mean = 5.30 ¢) with
the highest negative skewness (-0.45) and the highest kurtosis
(1.36). The geographical position of this sample, at the southern
margin of the deposit, and/or reworking processes (wind and
dew) between the fallout and sampling on September 22 could
explain its particular grain-size distribution.
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Grain-size distributions appear bimodal in the medial area
and unimodal in the distal area (Figure 7). The deconvolution of
the bimodal distributions using DECOLOG shows that the
Weibull sub-populations (average EF = 0.991; average R*> =
0.995) generally fit better the data than the Log-normal sub-
0.981; average R* = 0.991)
(Supplementary Material S3, S4). The transition between bi-

population (average EF =

and unimodal distribution occurs at a distance of about 90 km
from the volcano where the decreasing coarse mode (from 1.44 to
434 ¢) merges with the more stable fine mode (range
4.34-6.39 ¢) (Figure 7C).
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The total grain-size distributions calculated using the
weighting (TGSD-W) and Voronoi Tessellation (TGSD-VT)
techniques are relatively similar in terms of graphical statistics
(mean 4.17-4.39 ¢, standard deviation 2.00-1.75 ¢,
skewness = 0.04-0.02 ¢, Kurtosis = 0.72-0.85 ¢ for TGSD-W
and TGSD-VT respectively) but are quite different in terms of
histogram shape. The TGSD-VT is almost unimodal while the
TGSD-W is clearly bimodal (Figure 8). The Voronoi Tessellation
technique tends to give more weight to the distal samples which
represent a much larger fraction of the deposit area while the

weighting technique gives more weight to the samples with the
highest load that are geographically close together in the Sangay
case. Therefore, the Voronoi Tessellation technique seems more
appropriate when the geographical distribution of the sampling
points is heterogeneous. It is important to note that the absence
of proximal sampling probably affected the calculated TGSDs
and we suspect that the real TGSD is coarser.

Additionally, about 71% (range 48-90%) of the ash emitted
during the September 20, 2020 is classified as inhalable
(<100 um), 10.4% (range 1.8-24.9%) can enter the thorax
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(<10 um) and 1.88% (range 0.02-4.29%) is breathable and can
enter the alveoli (<4 um) (Supplementary Material S3).

Geochemistry and componentry

We analyzed the whole-rock composition of three ash
samples located 31.6 km (SAN-20-25), 44.4 km (SAN-20-16)
and 71.6 km (SAN-20-04) from Sangay volcano along the main
dispersion axis (Supplementary Material S5). Although the
analyses were done on bulk samples from different locations,
the results are similar for major elements oxides, in particular
for SiO, (57.65-57.76 wt%) and K,O (2.24-2.29 wt%) while
MgO is slightly more variable (2.88-3.48 wt%). No correlation
or pattern is observed with the distance from the vent. We note
that the composition of the September 20, 2020 ash samples fall
within the compositional field of the Sangay III edifice (Monzier
et al., 1999) but is more mafic than the composition analyzed
from the recent decades (Monzier et al., 1999; Vasconez et al.,
2022) (Figure 9).
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Total Grain-Size Distributions using (A) weighting (TGSD-W)

and (B) Voronoi Tessellation (TGSD-VT) with Weibull sub-
populations. Load is the weighting factor in the calculation of the
TGSD-W. Load and Voronoi tessellas area are the weighting
factor in the calculation of TGSD-VT.

We chose the samples SAN-20-25 and SAGA-20A to
perform an exploratory componentry analysis (Supplementary
Material S5). SAN-20-25 is one of the closest samples to the
volcano from the September 20, 2020 eruptive pulse (31.6 km). It
is located along the main dispersion axis and does not present
any evidence of reworking. SAGA-20A was collected on January
31,2020 at SAGA station and corresponds to the accumulation of
ash on a clean surface (solar panel) from January 29 to January
31. This sample represents the ash deposit of a typical eruptive
activity of Sangay volcano, the height of the eruptive column
during this period being between 5.8 and 6.4km asl (ie.
500-1100 m above the crater). SAGA-20A was analyzed for
major elements in a previous study and was approximately
1.3wt% higher in SiO, (Vasconez et al, 2022). Based on
optical characteristics and morphology observed with the
binocular microscope, four main classes of components were
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identified in the ash samples (Figure 10A): 1) Dark colored
juvenile fragments are black to brown, glassy, translucent to
opaque, massive to vesicular, various shapes (blocky, sub-
rounded, irregular); 2) Light-colored juvenile fragments are
light gray, glassy, translucent, massive, blocky to sub-rounded;
3) Accidental material is variously colored (mostly red, dark gray,
white), dull, opaque, variously shaped (blocky, sub-rounded,
irregular); 4) Free crystals are white (plagioclase) and green
(pyroxene), shiny, translucent and blocky. One clear difference
between the two samples is the shape of the dark-colored juvenile
fragments. The dark colored juvenile fragments of SAN-20-25
have blockier shapes, while those of SAGA-20A have more
elongated fluid shapes (Figure 10A). The components have
different proportions and trends in the two samples according
to the size fraction. In the sample SAGA-20A (Figure 10B), the
dark-colored juvenile class clearly dominates in the coarsest
fraction (2 ¢, coarser fraction could not be counted because of
a low number of grains) but decreases as the size decreases (from
78 to 62%). On the contrary, the accidental material and light-
colored juvenile classes increase as the size decreases (from 16 to
21% and from 6 to 14%, respectively). In the sample SAN-20-25
(Figure 10C), the dark-colored juvenile class also dominates but
is apparently lower than in SAGA-20A. Nonetheless, its
percentage shows a different trend and increase from 33% for
the 1.5 ¢ fraction to 54% for the three ¢ fraction. The second
most abundant class is the accidental material that reaches 39%
of the grains which is twice the amount in SAGA-20A. The
amount of accidental material decreases as the fraction size
decreases from 49 to 31%. Light-colored juveniles are much
less abundant (14% with decrease from 18 to 11% as the fraction
size decreases). Free crystals are scarce in both samples and
appears mostly in the smallest size fraction (up to 3%).

The juvenile grains of sample SAN-20-25 were characterized
using backscattered electron images (Figure 11). Light-colored
juvenile fragments are non-vesicular to incipiently vesicular with
irregular shaped vesicles. They also exhibit a high crystallinity
with a mineral assemblage of plagioclase, orthopyroxene,
clinopyroxene, olivine and titanomagnetite. Glass chemistry
(Figure 11, Supplementary Material S5) reveals that the light-
colored juvenile fragments have a high silica content (SiO, =
69-75 wt%) and were identified as silicic glass, although their
crystalline texture differs greatly from obsidian (McPhie et al,
1993). Dark-colored juvenile fragments have the same mineral
assemblage as the light-colored ones but display much more
varied textures that were classified as sideromelane, tachylite and
intermediate according to Go et al. (2017). Sideromelane grains
have the highest surface proportion of glass and the least Fe-Ti
oxide microlites. They are incipiently to moderately vesicular
with sub-rounded vesicles. Sideromelane glasses has the lowest
silica content (SiO, = 61-64 wt%). Tachylite grains have the least
surface proportion of glass and the most Fe-Ti oxide microlites.
They are non to incipient vesicular with irregular to sub-rounded
vesicles. Tachylite glasses have a silica content intermediate
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between sideromelane and silicic glass (SiO, = 64-69 wt%).

Intermediate  particles have intermediate characteristics
between sideromelane and tachylite concerning the texture
(crystallinity and  vesicularity) and overlapping glass
composition (SiO, = 61-69 wt%). All the juvenile glasses fall
in the same differentiation trend (Figure 11), probably indicating
a single differentiation process. The decrease of Na,O and Al,O3
with

crystallization of plagioclase as responsible for this evolution

contents increasing silica supports the fractional

trend.

Discussion
Eruptive pulse size and dynamics

Two main phenomena occurred on September 20, 2020 at
Sangay volcano: 1) a high-altitude eruptive column; 2) long-

runout PDCs. Unfortunately, due to poor weather conditions, it
was not possible to directly observe the temporal relationship
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between the two. According to the seismic record and satellite
imagery, the eruptive column lasted between 90 and 100 min,
reached a maximum altitude of 15.2 km asl, and emitted at least
1.71 to 2.03 x 10° kg of ash into the atmosphere, which translates
into a mass eruption rate of 2.85-3.75 x 10° kgs™'. The PDCs
could not be identified on the seismic record due to the distance
between the volcano and the seismic sensor (67 km) and were
detected by satellite more than 15h after the eruptive pulse.
Although we did not have access to the deposits, they were
channeled into a single drainage of the volcano (southeast),
which is consistent with block-and-ash flows (Brown and
Andrews, 2015). Since 2019, this drainage has been the site of
repeated lava flows and their collapse (Vasconez et al., 2022).
During the June 8-12, 2020 period, PDCs formed without
explosive triggers or high-altitude eruptive column and
reached a distance of 13.5km from the summit (IG-EPN,
2020d). In contrast, the March 2021 eruptive pulses produced
two high-altitude (~15 km asl) eruptive columns without long-
runout PDCs (IG-EPN, 2021). Therefore, we postulate that the
September 20, 2020 PDCs also correspond to collapses of lava
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flows and other perched deposits emplaced in the southeast
drainage, as occurred just after the June 3, 2018 Fuego
eruption (Risica et al., 2022). Accordingly, based on the
eruptive column height and the fallout volume, the September
20, 2020 eruptive pulse can be classified as a VEI two event with a
magnitude of 2.2-2.3 and an intensity of 8.5-8.6. If we compare
this eruptive pulse and its impact at country scale with historical
press reports, we have to go back to 1959 to find events of similar
or greater size at Sangay volcano (El Comercio, 1959a and El
Comercio, 1959b).

In terms of eruption dynamics, the September 20,
2020 eruptive pulse stands out from the daily activity of
Sangay volcano characterized by Strombolian explosions and
lava flows (Vasconez et al., 2022). It is also the first eruption to
produce a high eruptive column since modern monitoring of

Frontiers in Earth Science

15

Sangay volcano, which began in the early 2000s. According to
W-VAAC records, previous volcanic clouds were all within
3.2km above the summit. The mass eruption rate obtained
for this eruption largely exceeds the typical values for
Strombolian explosions and is one order of magnitude lower
than that of Subplinian eruptions (Cioni et al., 2015; Taddeucci
et al,, 2015). Based on the plume height, duration and tephra
mass, it can be classified as a violent Strombolian event (Pioli
et al., 2008; Barsotti et al., 2015; Taddeucci et al., 2015).

The geochemical composition of the ash samples follows the
decreasing trend in silica observed since 2015 by Vasconez et al.
(2022). Indeed, the silica content lost more than 1.3 wt%
compared to the January 31, 2020 sample. Vasconez et al.
(2022) propose that the 2019-ongoing eruptive period and
associated phenomena (increased SO, and lava emissions,
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intermediate with transitional characteristics

decrease in Silica content) could have been triggered by the refill
of the shallow reservoir by a more mafic and volatile-rich magma.
According to this hypothesis, the September 20, 2020 eruptive
pulse, which was preceded by an increase of SO, emission, could
be interpreted as a batch of this magma reaching the surface and
exploding in a more violent way. The large amount of accidental
material, the wide range of glass composition (SO0, = 61-75 wt%)
and texture of the juvenile components (sideromelane, tachylite
and silicic glass), all belonging to the same differentiation trend,
indicate that the eruptive pulse probably excavated a large
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portion of the crystalizing magmatic column along with an
important part of the upper conduit. Further volcano-physical
and petrologic analysis are needed to better constrain the
eruptive mechanism, which is beyond the scope of this study.

Operational use of the Ash3D online tool

At the time of the event, the daily simulations were
configured with a VEI one scenario (pre-eruptive in Table 2
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Comparison between the results of the Ash3D simulations and the field data. (A) map and (B) bivariate diagram (distance from the volcano in km
versus load in kg m=) comparing the results of the pre-eruptive (VEI 1) scenario simulation to the field results; (C) map and (D) bivariate diagram for
the syn-eruptive (VEI 3) scenario; (E) map and (F) bivariate diagram for the post-eruptive (VEI 2) scenario.

and Supplementary Material S6) to represent the low-intensity,
semi-continuous activity characteristic of most of the ongoing
eruption since 2019 (Vasconez et al, 2022). As the eruptive
column reached 10 km above the crater, a different simulation
was performed during the crisis using a VEI three scenario (syn-
eruptive in Table 2). This simulation was used to inform the
authorities and public about the area potentially affected by the
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ash fallout. Finally, a simulation was performed 5 h after the end
of the eruption using a VEI two scenario after further analysis of
seismic records and satellite imagery suggested a lower plume
and shorter duration. This simulation was used by the field team
to guide their field campaign. All other parameters were set as
default in the online application (Mastin et al., 2013). The global
westward azimuth of the deposit is respected between the
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simulations (Figure 12) and the isomass map (Figure 5) but we
noted that the syn- and post-eruptive simulations are shifted
northward (N282°) while the pre-eruptive scenario is shifted to
the south (N255°). The isomass map shows a dispersal axis
almost westward (N265°). This small discrepancy is possibly
due to the accuracy of the wind fields used in the different
simulations, the real column height and the vertical mass
distribution within the eruption column.

In order to quantitatively compare the simulations and the
field data without taking into account azimuth differences, we
plotted all the values as a function of the distance from the
volcano (Figure 12B, D, F). Using this approach, if the simulation
accurately reproduces the decaying pattern of deposition, we
expect the field data to overlap the simulation data. As expected,
the pre-eruptive and syn-eruptive scenarios lead to under- and
over-estimation of the ash fallout, respectively. Although the
post-eruptive scenario (VEI 2) is more consistent with the results
obtained in the field, it is clear that the decaying trend of load
with distance is different. In particular, samples located
70-100 km from the volcano have a load up to thrice as high
as expected in the simulation while the opposite is observed in the
more proximal area. This overloading of the deposit in the medial
area can be related to a secondary deposition maximum, similar
to what was observed in Mount St. Helens (Brazier et al., 1983)
and Crater Peak (Durant and Rose, 2009), possibly due to
aggregation processes in the eruptive column and/or in the
ash cloud. At Mount St. Helens, secondary thickening was
produced when fine ash aggregated and fell en masse (Carey
and Sigurdsson, 1986; Durant et al., 2009) as dry aggregates that
disaggregated upon impact (Sorem, 1982). At Sangay, the
abundance of fine ash and the bimodal grain-size distribution
in the media area suggest that thickening resulted from similar
processes, although gravitational instabilities (Bonadonna et al.,
2015), or deposition of ash elutriated from PDCs travelling at
lower altitude (Eychenne et al, 2012) are also possible
mechanisms. The bimodal distribution could be the result of
the mixing of the waxing and waning parts of the eruptive pulse,
although no layering was noticed in the millimeter-thick deposit,
even in the San Nicolds ashmeter sample. The overloading in this
region could also be due to the complexity of the atmosphere and
wind field in the Ecuadorian Andes, which may not be well
simulated by the global forecast system. In the future, regional-
scale weather forecasts could be used to better simulate the wind
field over Sangay volcano, but for now these models have the
disadvantage of consuming a lot of computer resources (Parra
et al., 2016). Overall, agreement within about a factor of three
between measured and modeled mass loads are about as good as
has been achieved anywhere, including at well-studied eruptions
(Folch et al., 2010, Figure 8; Mastin et al., 2016, Figure 11; Tadini
et al., 2020).

The three simulations showed a great variation in the areal
extent of the tephra fall, which reflected uncertainty in erupted
volume. Estimating erupted volume during an eruption is one of
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the grand challenges, which has limited model forecast accuracy
(e.g. Mastin et al., 2009). Nonetheless, the DRE volume from the
post-eruptive scenario, simulated before having the results of the
field campaign and based on a deeper analysis of the satellite
imagery and a more precise duration of the eruptive pulse, fall
within the DRE volume range obtained using the field data.
Another key uncertainty in forecasting areal extent of tephra is
the aggregation properties of fine ash. Reconstruction of the real
TGSD and inclusion of the effects of aggregation could greatly
improve the results of the simulations (Reckziegel et al., 2016). In
a fine-grained deposit such as this one, deposit distribution
depends almost entirely on how rapidly ash aggregates and
falls. The aggregate properties used in this version of Ash3D
are those that were empirically found to reproduce other well-
mapped deposits; in particular, the May 18, 1980 Mount St.
Helens deposit (Mastin et al., 2016). The deposits from Sangay
and from Mount St. Helens are both very rich (>60%) in
extremely fine ash (<63 pm), and therefore we expect their
distributions to be controlled by aggregation. However,
properties of aggregation vary with atmospheric conditions
and the physics is not yet sufficiently understood to be
accurately included in the model.

Performance of the communication
products, actions taken by the authorities
and improvement to the IG-EPN protocols

From the observatory’s perspective, according to its role and
responsibility, the success of eruption management depends on
the observatory’s effectiveness in communicating what the
volcano is doing and how it may affect the local population.
Along with the June 8-12, 2020 eruption period, the September
20, 2020 eruptive pulse is one of the first eruptions of Sangay
volcano to cause regional-scale ash fallout since IG-EPN began
monitoring volcanic activity in Ecuador. As presented in Table 1,
a short report (IG-EPN, 2020a) was issued about 1 hour and a
half before the peak of the eruption, informing of the possibility
of ash fallout in the Chimborazo province. This report reached
115,592 and 56,967 people on Facebook and Twitter respectively
(Supplementary Material S7). VONA were also issued before and
after the event to warn the Ecuadorian Civil Aviation of the
volcanic cloud. As soon as the first ash falls were reported by the
volcano observers, a second short report (IG-EPN, 2020b) was
issued, increasing the size of the potentially affected area
(105,018 and 91,775 people reached on Facebook and Twitter
respectively). Finally, the special report (IG-EPN, 2020c) issued
at 13:52 satisfactorily forecasted the provinces affected by the
fallout, although the actual fallout intensity was less than the
simulation (109,583 and 59,593 people reached on Facebook and
Twitter respectively). Along with the reports on the eruption, the
IG-EPN also issued three outreach messages to give general
recommendations on personal safety and to encourage the

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.912835

Bernard et al.

public to report ash fallout. On average, these posts reached
103,379 and 76,920 people on Facebook and Twitter respectively.
In parallel, the IG-EPN website was visited by 58,810 people
(530,560 pages) on September 20, 2020 with a peak at 17:00 UTC
when the ash fallout reached Guayaquil.

Although the timing and reach of the publications issued by the
IG-EPN during this event can be considered a success, we must admit
that, according to interviews with locals in the Chimborazo province
during the field campaign, this information did not reach some of the
rural communities affected by the heaviest ash fallout. This is likely
due to a combination of low preparedness in these communities,
limited access to online information, and poor relay from local medias
such as radio stations. Comparing this situation to the experience at
Tungurahua volcano (Mothes et al,, 2015), it is clear that part of the
population of the Chimborazo province, especially in the Cebadas
parish (Guamote canton), was not prepared for such an event as the
September 20, 2020 eruptive pulse. In some cases, there is also a
language barrier, with some communities speaking more Kichwa
than Spanish. Prior to the event, the Ecuadorian Red Cross launched a
training program in the Guamote canton, Chimborazo province, with
the support of the IG-EPN within the framework of the project
“Forecast-based Financing”. It included the training of local
volunteers and also the preparation of several communities (Laime
Capulispongo, Laime San Carlos, Totorillas, San Carlos de Chuquira)
that were affected by the September 2020 ash fallout. Unfortunately,
the communities affected by the most severe fallout, located in the
parish of Cebadas, were not included in this training. To address this,
the United Nations Development Program (UNDP) in Ecuador, in
collaboration with the IG-EPN, launched a project in 2021 to prepare
10 additional communities in the Guamote canton, including the
Cebadas parish. This project also plans to produce audio materials in
Spanish and Kichwa to be more inclusive.

As a consequence of the first estimate of the eruptive pulse
explosivity index (VEI 3) reported in the special report (IG-EPN,
2020c), the Ecuadorian Red Cross triggered the activation of the
“Forecast-based Financing” early action protocol which allowed the
distribution of different kits (human health kit: facemasks for adults
and children, goggles for adults and swimming goggles for children,
saline solution; livelihoods kit: tarpaulin and tool kit to build an animal
shelter) and the transfer of money to 1,000 families in the affected area
in the days following the event. According to the SNGRE (SITREP 23),
no crop and livestock loss were reported, but about 105,489 ha,
55,913 farming animals, and 345 people (unspecified health issues)
were affected. Humanitarian assistance from the SNGRE included
26,250 volcano kits (5 facemasks, one goggle and one scarf),
186,025 facemasks, and 168 food kits. Assistance from the Ministry
of Agriculture, Livestock, Aquaculture and Fisheries (MAGAP)
included 1,160 tons of livestock feed. Finally, the European Union
allocated 100,000 euros in October 2020 to support the population
affected by the eruption in the provinces of Chimborazo and Bolivar,
through the Ecuadorian Red Cross program.

Since the September 20, 2020 Sangay eruptive pulse, the IG-EPN
monitoring team implemented several new procedures to its
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toolbox: 1) definition of automatic alert based on seismic
recordings from SAGA and/or regional stations with adequate
filtering; 2) training of the monitoring team in the interpretation
of satellite images and in running simulations using the Ash3D
online tool; 3) continuous communication with the W-VAAC
through the NWSchat; 4) checklists based on the proposal of
Newhall et al. (2021) in case of a volcanic event, including the
role and responsibility of the members of the IG-EPN and procedure
manuals; 5) an improved communication plan, including templates
and order for each communication products (Bernard et al., 2022).
This improved protocol can be used as an example for monitoring
remote explosive volcanoes around the world.

Conclusion

With experience from other volcanic events in Ecuador, the IG-
EPN monitoring team was able to manage the September 20,
2020 Sangay eruptive pulse quite effectively. Nonetheless, this
event challenged the forecasting and communicating protocol in
several ways. Due to transmission failure, the reference seismic
station (SAGA) was not available that day for early warning and the
monitoring team had to use the distal array to detect and
characterize the event. It was also the first moderate explosive
event that produced a high eruptive column in several decades at
this almost continuously erupting volcano. Through continuous
communication with W-VAAC, the height of the volcanic clouds
was determined to perform a dispersion and fallout simulation using
the Ash3D online tool. The communication material, including
relevant information, was published on time and was disseminated
to a large portion of the population and the authorities, although it
did not reach all the communities affected by the ash fallout. The
simulation of the ash dispersion and fallout realized during the event
helped guide the public and decision makers about the area
potentially affected and trigger early actions. Some discrepancies
were observed between the simulation and the real fallout, which
may be related to the inaccuracy of the global weather forecast
model, the use of generic eruption source parameters and the
complexity of the eruption itself. Nevertheless, these forecasts
have proven to be useful. The analysis of the ash samples
collected immediately after the event provides the first complete
set of eruption source parameters at Sangay volcano which is critical
to improve ash dispersion and fallout forecast accuracy. New
also
geophysical data in order to better understand Sangay eruptive

geochemical and component analyses complement
dynamics, providing information about the magmatic system and
clues to the eruption triggers. Several challenges remain, such as
preparing the community, identifying effective media channels in
rural area, and tailoring message content. In conclusion, the
September 20, 2020 Sangay eruptive pulse tested and helped
improve the response of the IG-EPN and provided clues as to
where further progress can be made to reduce the impact of

explosive eruptions in Ecuador and elsewhere.
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