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ABSTRACT

San Miguel (or Chaparrastique) volcano, El Salvador, erupted on the 29™ December 2013, after almost 40 years of quiescence.
Initial vent-clearing explosions ejected ballistic blocks and produced a pyroclastic density current (PDC) that flowed down the
upper flanks. Plume ascent speeds peaked at 50-70 m s~ and declined over time. The main phase of the volcanic explosivity
index (VEI) 2 eruption produced a sub-Plinian plume that dispersed 10% m® ash >20,000 km? across El Salvador in to Honduras.
Plume structure was complex due to strong wind shear and to contributions from co-PDC ash. Tephra fall deposits dispersed
westwards include a basal white ash layer of ash-coated clasts and ash aggregates, a grey fine ash co-PDC layer, and a layer of
coarse ash to fine lapilli-grade scoria. The eruption provides a useful case study to understand the range of volcanic activity at
the volcano.

Acrip

El volcan San Miguel, El Salvador, entr6 en erupcion el 29 de diciembre de 2013, después de casi 40 afios de calma. Las explosio-
nes iniciales limpiaron el crater, expulsaron bloques balisticos y produjeron una corriente pirocldstica densa (CPD) que fluyeron
por los flancos superiores. Las velocidades de la pluma alcanzaron un maximo de 50-70 m s~ ! y disminuyeron con el tiempo.
La fase principal de la erupcion VEI 2 produjo una pluma subpliniana que dispersé 10° m3 de cenizas >20, 000 km? a través
de El Salvador hasta Honduras. La estructura de la pluma era compleja debido a la direccién del viento predominante y a los
aportes de las cenizas co-CPD. Las tefras de caida que se dispersaron hacia el oeste incluyen una capa basal de ceniza blanca
con clastos recubiertos de ceniza y agregados de ceniza, una capa de ceniza fina gris co-CPD y una capa de ceniza gruesa a
escoria fina de tamafio lapilli. La erupcién proporciona un caso de estudio Gtil para comprender el rango de actividad volcanica
del volcan.

Keyworbs: San Miguel; El Salvador; Tephra fall; Pyroclastic density current; Explosive eruption; VEI2.

1 INTRODUCTION the frequency of similar past events and the nature and extent
of hazards at a volcano can be subject to large uncertainties.
Rapid sampling and field quantification of tephra deposits in
the aftermath of small eruptions is critical for gathering data
on volcanic hazards.

Small explosive eruptions—i.e. ~10® m? of tephra; volcanic
explosivity index (VEI)2 of Newhall and Self [1982]—account
for nearly 50 % of all recorded eruptions [Siebert et al. 2015].
They present a similar range of hazards to larger eruptions
(VEI >4) such as ballistic bombs, tephra fall, pyroclastic den-
sity currents, gas emissions, earthquakes, and lahars [Brown et
al. 2015]. The tephra fall deposits are commonly thin, weakly
dispersed, and—following deposition—are subject to a host of
deleterious surface processes and to anthropogenic and bio-
logical activity that can rapidly remove them from the geo-
logical record.. Preservatlgn of tephra' is dependent on slope in El Salvador were monitored [Castro Carcamo and Gutiérrez
angle, vegetation cover, altitude and climate [e.g. Collins et al.

1983; Collins and Dunne 1986; Engwell et al. 2013; Cutler et al. 2021}, ) )
2016; Blong et al. 2017; Dugmore et al. 2018]. Thin deposits San Miguel volcano (known locally as Chaparrastique vol-
cano), in south-eastern El Salvador (Figure 1), is the country’s

most active volcano and on 29" December 2013 it produced
a VEI 2 explosive eruption [Escobar et al. 2016; Scarlato et al.
*53 Richard. bronn3@durhan. ac. uk 2016]. This 2130 mhigh composite volcano is located 12 km
tretired southwest of the town of San Miguel, the second largest urban
deceased area in the country. Over 60,000 people live within 10 km of

El Salvador is one of the most exposed countries to nat-
ural hazards, and is subject to hurricanes, earthquakes, and
volcanic eruptions [Rose et al. 2004]. It has the ninth highest
level of volcanic threat globally, and over 2 million people live
within 10 km of a volcano that has been active during the
Holocene [Brown et al. 2015; Castro Carcamo and Gutiérrez
2021]. As of 2021, only 30 % of the Holocene-active volcanoes

from successive small eruptions may be hard to distinguish
and correlate in the geological record. Thus, quantification of
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Figure 1: Digital elevation model of El Salvador showing location of San Miguel volcano, major urban areas (black), and extent
of the 29™ December ash cloud (grey) at approximately 18:45 CST on the 29" December 2013 (~5 hours after the end of the
eruption). Ash cloud data modified from Jeff Schmaltz (LANCE/EOSDIS MODIS Rapid Response Team, GSFC).

the crater [GVP 2013]. Coffee plantations extend up to a few
hundred metres from the summit on the eastern flanks.

Eruptions at the volcano pose a range of hazards to those
who work on the flanks and to residents of towns close to
the volcano [Major et al. 2001; Jiménez et al. 2018; 2019].
There are few scientific studies of the volcano and its past
eruptions despite its frequent activity [Escobar 2003; Chesner
et al. 2004]. Prior to the 2013 eruption, the volcano had ex-
perienced 40 years characterised only by small steam explo-
sions, minor ash fall events, gas emissions, and rock falls, along
with background-level seismic and degassing activity [Escobar
2003; Chesner et al. 2004; Pérez et al. 2006]. Since the 2013
eruption, the volcano has been in a state of unrest and has ex-
perienced elevated seismic and degassing activity, as well as
minor ash eruptions and rock falls. Lahars have been gener-
ated on the flanks of the volcano. The 2013 eruption spurred
interest in the volcano [Scarlato et al. 2016; Jiménez et al. 2018;
2019; 2020] and instigated international collaborations to im-
prove the seismic, geodetic, and geochemical monitoring net-
work around the volcano [Bonforte et al. 2016].

Here we examine, interpret, and quantify the 2013 eruption
using video footage and photographs of the eruption sourced
from the internet and taken by members of the public, and
from government scientists who responded to the eruption.
We integrate these data with an initial sedimentological and
stratigraphic analysis of the pyroclastic deposits. This ap-
proach provides a wealth of information on this small-volume
explosive eruption that could feed into hazard assessments
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at San Miguel, and other similar volcanoes, to better pre-
pare authorities and populations for future eruptions. The
study demonstrates the utility of crowd-sourced observations
to help improve scientific understanding of volcanic eruptions
[e.g. Wadsworth et al. 2022].

2 BACKGROUND

2.1 San Miguel volcano

Volcanism in Central America is driven by the eastward sub-
duction of the Cocos Plate beneath the Caribbean plate [Stoiber
and Carr 1973; Carr et al. 2003]. The resultant Central Amer-
ican Volcanic Arc stretches along most of the west coast of
Central America from Mexico to Costa Rica. El Salvador is
home to numerous arc-related composite volcanoes, dacitic
domes, monogenetic fields, and several silicic calderas, most
of which sit in the Median Trough, a Plio-Pleistocene tectonic
depression running parallel to the volcanic arc [Lexa et al.
2011].

San Miguel volcano is a large composite volcano with a
symmetrical, concave-upwards morphology. The edifice is
composed primarily of lava flows, with minor interbedded
scoria and ash fall deposits. The summit crater is 900 m in
diameter, 350 m deep, and has two partial flat benches at
2000 m asl. (above sea level) on the eastern and western
side of steep-sided a deeper inner crater, 500 m in diameter,
with steep crater walls. The volcano has experienced two
phases of growth: (1) initial cone growth from a central sum-
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mit vent, and (2) flank eruptions and formation of the wide
summit crater [Escobar 2003]. Eruptions have continued from
both the summit crater and from flank vents located >5 km
from the crater. Morphological and lithological evidence sug-
gests that the volcano has experienced a debris avalanche—
forming event in the past [Escobar 2003].

San Miguel volcano has erupted 28 times in the last 500
years, producing flank lava flows, and Strombolian ash-
producing eruptions from the summit crater [Escobar 2003;
Chesner et al. 2004] Tuwelve lava-producing eruptions have
occurred since 1699 CE [Chesner et al. 2004]. The latter have
generated lava flows that reached 8 km from their vents. The
crater formed by collapse during drainage of a shallow magma
chamber by flank eruptions [Chesner et al. 2004] Thirteen
small-volume tephra producing eruptions have occurred since
1844 CE. Evidence in the geological record indicates at least
one substantially larger tephra-producing eruption which may
have occurred around 1500 CE [Escobar 2003; Chesner et
al. 2004]. Block-and-ash flow deposits occur on the south-
western and eastern flanks of the volcano [Chesner et al. 2004].
Diffuse soil degassing levels are comparable to active volca-
noes worldwide [Cartagena et al. 2004].

2.2 29™ December 2013 eruption

San Miguel volcano erupted at 10:30 AM Central Standard
Time (CST), on the 29" December 2013. From mid-
November 2013, SO, output increased to above annual av-
erages and doubled from ~330td~! to 640td~! between the
27th December and the eruption onset two days later [Granieri
et al. 2015} The eruption initiated with steam, gas, and
weak ash emissions, prior to several powerful explosions that
segued into a sustained eruption column that reached an al-
titude of 9.7 km as.l. [Escobar et al. 2016]. Workers in the
coffee plantations reported falling ballistic blocks and several
were hospitalised due to ash and gas exposure. There were
no reported fatalities and the authorities evacuated ~3000 local
residents from nearby towns.

Photographs and videos of the eruption indicate that atmo-
spheric conditions during the eruption were clear: minimal
cloud cover and cloud base at ~2 km a.s.l. Strong atmospheric
wind shear meant that the eruption cloud was dispersed to-
wards the west at altitudes of <6 km and towards the northeast
at 9 km* (Figures 1 and 2).

The eruption ended around 12:45 PM CST on the same
day, but elevated volcanic gas emissions continued for the next
two days [Granieri et al. 2015]. Those authors report that SO,
levels can reach hazardous levels above 900 m a.s.l. on the
volcano.

Petrolological studies indicate that the eruption was trig-
gered by the intrusion of hotter, basaltic magma into a shal-
low crustal reservoir of colder, basaltic andesite magma [Scar-
lato et al. 2016]. Textural and compositional characteristics of
titanomagnetite and olivine, and inversely-zoned plagioclase
are consistent with magma mixing [Scarlato et al. 2016]. Dis-
equilibrium conditions in plagioclase rims resulted from crys-
tallisation driven by decompression during rapid ascent to the
surface (0.03ms™!) [Scarlato et al. 2016]. The juvenile mate-

*ssd.noaa.gov/VAAC/ARCH13/SANMIGU/20131.291751 . html
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rial from the 2013 eruption is predominantly scoriaceous and
basalt to basaltic andesite in composition (5053 wt.% SiO»,)
[Scarlato et al. 2016].

Weak ash-producing eruptions, gas emissions, and low-
level seismicity have continued intermittently at the volcano
since 2013 [GVP 2013]. Probabilistic eruption forecasting sug-
gests that there is a low chance of a VEI >2 eruption occurring
at San Miguel in the next ten years [Dzierma and Wehrmann
2014).
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Figure 2: Schematic cross-section through the eruption col-
umn looking SW ~1 hour after eruption commenced. Erup-
tion column structure has been reconstructed using pho-
tographs of eruption column.  Wind barb vectors indi-
cate strong wind shear at ~16 km a.s.l. (based on
data from NASA/Washington VAAC: www.ssd.noaa.gov/
VAAC/ARCH13/SANMIGU/2013L291751.html).  Inset NASA
Aqua MODIS image of ash cloud at 18:45 CST Image
courtesy of Jeff Schmaltz LANCE/EOSDIS MODIS Rapid
Response Team, GSFC (visibleearth.nasa.gov/images/
82734/blast—from—san—miguel—volcano).

3 METHODS
3.1

The reconstruction of the 2013 eruption was accomplished
via examination of photographs and videos of the eruption
column from multiple sources. The primary data source was
low-resolution time-lapse photography (1 frame per second)
from a webcam operated by the Ministerio del Ambiente y
Recursos Naturales (MARN), and situated on Pacayal volcano,
8 km NW of San Miguel volcano, that captured the entire
duration of the eruption. All times given in this footage are
approximate and based on the webcam frame counter.

In addition, we examined photographs and videos of the
eruption taken by members of the public and sourced from
the internet and social media. This video footage cumulatively
exceeds an hour in length and is mostly focused on the first
15 minutes of the eruption. The location from where these
photographs and videos were taken—and the time they were

Photographs and video
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taken—was not always clear, but has been estimated via clues
such as the position of the sun, shadows, eruption phenom-
ena, landmarks, and by comparison with the MARN video
and satellite images on Google Earth taken in the months
after the eruption. Hyperlinks to the videos, all hosted on
YouTube.com at the time of publication, along with viewing
direction, length, and key observations, are given in Table 1.
Videos are referred to in the text by the number given in Ta-
ble 1.

3.2 Fieldwork

We sampled the pyroclastic deposits over one week in early
April 2014, still within the dry season and before rain had
fallen, but the deposits, which were neither extensive nor
thick, had been already widely removed by wind and by the
post-eruption clean-up operation. We measured tephra fall
thicknesses and collected tephra samples derived from fallout
and a pyroclastic density current at 33 GPS points within the
crater, on the flanks, and at distances of up to 30 km from the
volcano. Strong summit degassing limited the time we could
spend in the crater and the locations we could sample.

Ash fall deposits that we were confident had not been dis-
turbed and that were representative of the original deposit
were mostly confined to the crater and to flat surfaces such
as tombstones, abandoned houses, and manhole covers. Ash
fall deposits down to 1 mm in thickness were recognisable in
these locations, but were commonly patchy. It proved diffi-
cult to sample thin ash fall lagers without contamination from
overlying or underlying ash layers. The orientations of tree
trunks, felled by the pyroclastic density current on the up-
per flanks of the volcano, were measured using a compass
clinometer.

3.3 Tephra characterisation

Tephra samples were sieved by hand (>3 ¢) and analysed by
laser diffraction using a Malvern Mastersizer at the University
of Cambridge (<1 ¢). The machine uses the Mie theory of light
scattering. Results from the laser diffraction analysis were
converted into weight percent (wt.%) using a constant clast
density (2600kgm™2) and merged with the hand sieved re-
sults to produce complete grainsize distributions [Eychenne et
al. 2012]. Grainsize distributions and statistics were analysed
using the GRADISTAT software [Blott and Pye 2001]. Polymodal
grainsize distributions were deconvolved into subpopulations
with Weibull distributions using DECOLOG 6.0 software* fol-
lowing Engwell and Eychenne [2016).

3.4 Tephra fall deposit volumes

The distribution of the tephra fall deposits and deposit vol-
umes were calculated using both statistical and inversion mod-
elling methods. The tephra fall deposits were reconstructed
with thickness measurements at up to 33 locations west of the
volcano. Isopachs were drawn by hand for the 20, 10, 5, and
2 mm deposit thicknesses. Areas were calculated using GIS
software. Tephra volumes were calculated in AshCalc [Dag-

*https://www.lorenzo-borselli.eu/decolog/
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gitt et al. 2014] using the exponential, power law, and Weibull
methods.

Tephra fall distribution and deposit volume were also as-
sessed using an inversion modelling approach with the prob-
abilistic tephra dispersion model, Tephra2 [Bonadonna 2006;
Connor and Connor 2006]. Tephra?2 is a widely used [e.q.
Fontijn et al. 2011; Johnston et al. 2012; Tsuji et al. 2017; Con-
nor et al. 2019; Crummy et al. 2019] advection-diffusion model
based on the work of Suzuki [1983] that describes diffusion,
transport, and sedimentation of tephra particles released from
an eruption column [Connor et al. 2001; Bonadonna 2005]. It
calculates the total mass per unit area (kgm~2) of tephra ac-
cumulation at individual grid locations by solving a simplified
mass conservation equation. The mass conservation equation
takes into account the distribution of tephra mass in the erup-
tion column and particle settling velocity, as well as horizontal
diffusion within the eruption column and atmosphere after the
particle has been ejected from the plume [Connor et al. 2001;
Bonadonna 2005; Connor and Connor 2006).

In order to solve the mass-conservation equation, Tephra?2
requires a number of input parameters to be defined. These
include eruption source parameters such as vent location and
height, grainsize distribution, particle density, eruption col-
umn height, and erupted mass. Where possible, eruption
source parameters were derived from field observations and
measurements (Table 2). Modelling parameters that describe
the diffusion of particles in the plume and atmosphere, such as
the eddy constant, diffusion coefficient, and fall time thresh-
old, as well as the a and § parameters that describe the plume
shape and wind data are also required (see Table 2 for de-
tails). We downloaded two years of NCEP/DOE Reanalysis
II data provided by the NOAA Physical Sciences Laboratory,
from 13 January 2013 to 31% December 2014, for 17 wind
levels from approximately 100 to 30,000 m a.s.l, sampled 4
times daily (2920 files). Input parameters are adjusted in the
Tephra2 model using a non-linear inversion model to best
match the measured tephra thickness and grain size distribu-
tion from the field data [Connor and Connor 2006]. The results
were analysed and sorted according to the best fit, and those
that were geologically inaccurate were discarded. Out of the
remaining results, for consistency, the top 100 best fit were
used to calculate the median. Tephra fallout thickness maps
were generated by forward modelling the best-fit results.

3.5 Plume ejection velocities

Plume ejection velocities were estimated using images from a
low-resolution time-lapse photography webcam operated by
the Ministerio del Ambiente y Recursos Naturales (MARN).
This webcam recording in the visible spectral range had a res-
olution of 640 x 480 pixels (px) at 1 frame per second (fps) and
was located at 1270 m a.sl. on the crater edge of El Pacayal
volcano, 8 km NW of San Miguel volcano. Two methods of
velocity extraction were applied, a manual and an automated
approach. Manual velocity measurements were performed us-
ing the MtrackJ plug-in of the ImageJ software [Abramoff et
al. 2004]. It involves manually tracking the top part of indi-
vidual vortexes over several frames (typically 2—-10 frames).
Due to the resolution of the camera as well as the distance
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Table 1: Web links to video footage of the 29th December 2013 eruption of San Miguel uploaded to YouTube as of November
2021. prefix = https://www.youtube.com/watch?v=. All video footage relates to Phase 1 of the eruption. PDC = pyroclastic

density current; HD = high definition. Eruptive phases are described in Section 3.3.

V‘lewl‘ng Du.ratlon Eruptive Web address Comments
direction  (min:sec)  phase

1 SW 2:28 1? (prefix) +CcvelCyyD04 Best footage at 1:40; shows co-PDC cloud low on
flanks.

2 Nand SW 5:41 1 (prefix) +tMcNBZE9sP0 2nd Vulcanian explosion, PDC and co-PDC
cloud.

3 W 7:22 1 (prefix) +jTRP8BwN6IY  Excellent footage of eruption column, and shear-
ing by wind; co-PDC plumes rising from top of
PDC on south and north side of volcano and
merging with eruption column.

4 W 0:13 (prefix) +9ZzTL_5Q_QQ  HD footage of rising eruption column.

5 N 6:25 1 (prefix) +FwlTy7gjX4g PDC and eruption column.

6 N 6:42 1 (prefix) +eeNFRRhSeuU  Rising eruption column; PDC and co-PDC
plume.

7 various 4:06 (prefix) +WnFDx57KQi0  Still footage spanning whole eruption; several
unique views from west (e.g. 3:54 PDC on lower
flanks).

8 S 7:17 (prefix) +xKINGPFpPcDO  Video and stills; spanning whole eruption.

9 N 1:43 (prefix) +KSBOODiIHEYw  Post-eruption helicopter flight over crater.

10 N? 10:00 ? (prefix) +bbLaqnUOPM4  Zoomed-in footage of upper flanks and zone im-
pacted by PDC.

11 SW 1:01 (prefix) +mMmb0Xkz7y4  Eruption column and umbrella regions.

12 E 7:05 (prefix) +NgL.P-FzD32U Eruption column and initial spread of umbrella
region?

13 SE 4:29 (prefix) +x5NOqUajlkk Partial government webcam video (poor quality).

14 W 2:07 (prefix) +6Kmzplb2SMw  Eruption column

15 W 0:29 (prefix) +DJIgkXDUw-M  Good view of upper ash cloud extending to
northeast taken from San Miguel city.

16 S 1:10 1 (prefix) +1T9_UW4oTek  PDC and co-PDC cloud.

17 N? 1:07 1 (prefix) +HfLyUYdrir4 Eruption column.

18 E/NE? 1:59 1 (prefix) +penuSYAEP9Q  Under the umbrella cloud.

19 W 0:29 (prefix) +Zu58f1XMh_s Good footage of whole column and umbrella
cloud spreading northeast.

20 S 1:43 1 (prefix) +vECRJphIGNM  HD footage of PDC on western flank.

21 S 0:40 (prefix) +awOE-Y{ICXI Excellent view of entire eruption column.

22 E 0:55 1,2 (prefix) +KXOFxDTJnlY  Eruption column; umbrella regions; dilute cloud
on lower western flanks.

23 SW 1:45 2 (prefix) +drsnBpzr9Zk Eruption column from San Miguel town.

to the volcanic plume, only large-scale vortices were tracked
(hundreds of metres in diameter). To obtain velocities close
to ejection velocities, velocity measurements were limited to
heights of <500 m above the crater rim. This was the best
compromise between the objective to perform measurements
as close to the source as possible and the low resolution of the
footage. The errors on velocity measurements are estimated
to be +7ms~! on average.

The pixel size could not be calculated using optical equa-
tions; instead, we used a reference of known dimensions:
the San Miguel crater diameter that we measured on both the
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footage and a DEM (approximately 760 m) in order to retrieve
the pixel dimensions. The camera settings change during the
video of the eruption and thus the pixel size was recalculated
each time (see Supplementary Material 1). The second veloc-
ity extraction method consists in an automated approach using
optical flow computer vision technique [Sun et al. 2010; 2014].
Following brightness constancy assumption over the measure-
ment time, this method solves the optical flow equation based
on pixel intensity [Baker et al. 2011]. An area of interest be-
tween 0 and 500 m above the crater rim was also set before
running optical flow. Even though optical flow showed very
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Table 2: Inversion modelling input parameters. British Geological Survey © UKRI 2022.

Input Source
Parameter Units Value or range
Vent easting” 362414 -
Vent Vent northing* 1485242 -
Vent height" m as.l. 1900 -
Fruption Total erupted mass kg 1x 1081 x 10  Statistical modelling
p Column height m a.s.]. 4,000—6,000 Field observations
Grain si Grain size* ) —6-7 Field data & model limitation
rain size ) - B .
distribution Median phi ) ) 1-6 Field data
Standard deviation* ) 0.6-2 Field data
Eddy constant m?s~! 0.04 -
Diffusion coefficients m?s~! 200-2000 Inversion modelling
Fall time threshold! s 100-10,000 Inversion modelling
Tenhra? model Lithic density® kgm™3 1900 Field data
P Pumice density* kgm™3 700 Field data
Integration steps™* 60 -
Alpha off 1-5 Inversion modelling
Beta p' 0.01-5 Inversion modelling
Wind data Speed* ms~!  Randomly sampled NCEP/DOE Reanalysis IT
Direction* Randomly sampled NCEP/DOE Reanalysis II
*UTM;

T Metres above sea level;

¥ Tephra2 can only model the transport of particles over a range of grain size based on the settling velocity of particles in the
atmosphere. Particles finer than 7¢ will be dispersed far downwind and will have very different diffusion characteristics in the
atmosphere [Connor and Connor 2006};

I Turbulence constant in the plume;

§ Diffusion coefficient for the horizontal diffusion of large particles: the larger the diffusion coefficient, the more widespread the plume;

I Threshold for change in diffusion law based on total particle fall time: allows fine particles to fall out;

# Density varies linearly over particle range to approximate the change in density with particle size;

* The column is divided into horizontal lagers, from the vent to the total eruption column height, each with its own uniform wind
speed and direction;

T The alpha and beta parameters describe the mass distribution of tephra within the plume: if a=p=1, then particles are dispersed
uniformly; if «>p, then particles are concentrated in the top of the plume; if a<f, then particles are concentrated in the bottom of
the plume;

 NCEP/DOE Reanalysis II wind data provided by the NOAA PSL, Boulder, Colorado, USA, from their website at https://psl.noaa.
gov at the volcano location. Data vary with height, but are assumed to remain constant at each horizontal layer [Connor et al. 2001].

similar trends and absolute velocities to the manual approach,
the results were quite noisy due to the poor resolution of the
footage and we elected to focus on the manual approach. Re-
ported velocities hereafter correspond to 2D vertical velocities
not accounting for motion towards or away from the camera.

4 ResuLTs

4.1 Eruption chronology:

tographs

evidence from video and pho-

Based on video analysis of plume type (gas, ash-rich, or ash-
poor) and ascent speed, we divide the eruption into 5 phases
(Figure 3). Here we describe the characteristics of each erup-

Ss

Presses universitaires de Strasbourg

tive phase where the time in seconds given below relate to
screen captures taken from the webcam (Figure 4).

411 Phase 1 - Eruption commenced with Vulcanian explo-
sions (approx.10:30-11:20 AM CST)

Eruptive activity in the crater started with a water-rich plume
that rose to heights of a few hundred metres above the crater.
After approximately 7 minutes, an explosion propelled a dark,
ash-laden eruption column into the air (63 s, Figure 4). Dust
kicked up by the impact of ballistic blocks was visible on the
western upper flanks of the volcano (118 s, Figure 4; video
#5, Table 1). Less than a minute after the first explosion at
least two more strong explosions occurred that expanded the
column to the east and southwest. In photographs taken from
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Figure 3: Eruptive phases derived from analysis of plume ascent speeds determined using time-lapse webcam images. Camera
located at El Pacayal volcano, 8 km NW of San Miguel at 1270 m a.s.l. Numbers represented eruptive phases.

the south of the volcano, two distinct plumes are visible rising
above the vent (video #5, Table 1). Estimated plume ascent
speeds during the opening explosions exceeded 70m s~ (Fig-
ure 3).

Approximately ninety seconds after the first explosion,
when the eruption column had reached a height of >1500 m
above the crater, another vigorous explosion generated a col-
umn that rose immediately south of the earlier columns (151 s,
Figure 4). Two columns are distinguishable in photographs
taken from the southeast and have slightly different colours
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(Figure 5B, C, video #5, Table 1). The new eruption column
rapidly rose to 400-500 m above the crater before parts of it
collapsed to form a pyroclastic density current (PDC; video
#5, Table 1). This PDC travelled radially out of the crater
(186 s, Figure 4), and took 40-60 s to travel ~11 km down the
upper flanks (slope angles of 23-26°). Based on this the esti-
mated current velocities were 15-25ms~!. The PDC lofted
and merged with the vent-derived eruption column.

Concurrently an ash cloud started advecting west at
~6 km asl. (439 s, Figure 4). Parts of the eruption column
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above the crater then expanded westwards, probably also ad-
vected by winds (551 s, Figure 4). Over the following 30 min-
utes, an ash cloud appeared to drift slowly down the western
flank of the volcano at low altitude (218-1760 s, Figure 4).
The initiation of this drifting ash cloud is unclear as the west-
ern side of the volcano is in shadow and the time-lapse video
resolution is poor. Photographs and videos from other an-
gles show ash filling the atmosphere between the ground and
the spreading ash cloud at ~6 km altitude (videos #7, #16,
#22, Table 1). A vigorously turbulent plume head was visi-
ble above the drifting ash cloud at ~4-5 km above sea level
(864 s, Figure 4). One photo taken west of the volcano ap-
pears to show the southern margin of the drifting ash cloud
on the ground (video #7, Table 1). As the ash cloud continued
to drift west, it detached from the eruption column and sepa-
rated from the overlying plume and umbrella cloud (see white
arrow, 1760 s, Figure 4). This was advected westward by the
prevailing winds. Tephra fell from the spreading umbrella
cloud over the northwest flank of the volcano (e.g. 864 s, Fig-
ure 4). At approximately 11:25 AM CST, unwitting cumulus
clouds, drifting from the east and level with the summit of the
volcano, were entrained into the eruption column (Figure 5D
and 5E).

For most of Phase 1, the eruption generated a sustained
eruption column with maximum plume ascent speeds of 30—
50ms~! (Figure 3). This plume rose to >9 km altitude and ash
was advected west at ~6 km altitude and northeast at ~9 km
altitude, due to strong wind shear (Figures 2 and 5). Phase 1
ended with a decrease in eruption intensity and a short pe-
riod (8 minutes) without explosive activity (transition phase,
Figure 3).

4.1.2 Phase 2 (approx. 11:27 AM CST)

The eruption restarted with closelytimed explosions that fed
a sustained, dark, ash-rich eruption column with maximum
plume ascent speeds of ~50ms~! (Figure 3). Videos taken
from elsewhere around the volcano show that the ash cloud
had started to advect northeast at 9 km altitude (videos #3, #4,
#11, and #19, Table 1; Figure 5D).

4.1.3 Phase 3 (approx. 11:43 AM CST)

Phase 3 was characterised by a marked weakening of the
eruption column. The time-lapse video shows the column
gradually becoming paler in colour as the erupted ash content
decreases. Maximum plume ascent speeds dropped below
~40ms~! and the plume head spread laterally into and just
below the level of the umbrella cloud (Figure 3). The plume
became markedly narrower towards the end of this phase and
bent-over towards the west. Phase 3 ended with a vapour-
rich, ash-poor (pale coloured) eruption column that detached
from the suprajacent umbrella cloud, broke up and advected
west at an altitude of 3.5—4 km.

4.1.4 Phase 4 (approx. 12:00 PM CST)

Phase 4 was marked by a brief (~5 minutes) increase in erupted
ash content, inferred from the darker colour of the plume that
fed a quasi-vertical eruption column. This transitioned into
a weak, vapour-rich, ash-poor, inclined plume that rose to a
height of several kilometres above the vent (Figure 3).
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4.1.5 Phase 5 (approx. 12:35 PM CST)

This phase lasted 11 minutes and consisted of a series of close-
Iytimed, ash-rich explosions that fed a weak, bent-over erup-
tion column that rose to an altitude of 3.5—4 km before spread-
ing. Plume ascent speeds were ~20ms~!. The column then
detached from the vent and drifted westwards (Figure 3).

4.2 Pyroclastic deposits

4.2.1 Pyroclastic density current deposits

Satellite imagery indicates that the PDC generated in Phase
1 was dispersed across 3 km? of the upper flanks of the vol-
cano (Figure 6). Videos from the helicopter flight over the vol-
cano by MARN scientists on the 30 December clearly show
the lobate margin of the area traversed by the PDC (videos
#2, #9, Table 1). This was still visible on satellite imagery
several months after the eruption (Figure 6). The PDC trav-
elled farther down the north, west, and southwest flanks than
the South and East flanks and lofted at an altitude of 1400—
2000 m a.s.l.

Proximal pyroclastic density current deposits in the crater
were sampled at two locations: on flat lava benches on the east
and west sides of the crater (Figure 8). On the west bench the
deposits reached several decimetres thick and MARN scien-
tists reported up to 50 cm of tephra (fall deposits and pyroclas-
tic density current deposits) around the crater the day after the
eruption. The lowest layer consisted of several centimetres of
moderately poorly sorted (characterised by an Inman [1952]
sorting coefficient o of 2.5) tephra dominated by lithic clasts
(64 wt.%). This was overlain by 15-45 c¢cm of whitish-grey
poorly sorted (o, 2.3), ash-rich tephra with a normally-graded
white ash top (o 3.0) [Figure 7; see also Escobar et al. 2016].
It was of similar composition to the underlying layer and con-
tained 60 wt.% lithic clasts. Lapilli-sized clasts decrease in
abundance upwards from 56—33 wt.%. On the eastern bench,
the proximal PDC deposit consists of several decimetres of
poorly sorted, diffusely bedded, lithic-rich tephra, that con-
tains 28—45 wt.% lapilli-sized clasts (Figure 7). Proximal PDC
deposits were very poorly sorted and have median diameters
(Mdg) of 0.5-1.5 (0.5-2 mm).

Distal PDC deposits were sampled on the upper north flank
of the volcano where the PDC entered coffee plantations (Fig-
ure 7) at a distance of ~900 m from the vent. They consisted of
lithic-rich, massive to weakly stratified ash with lapilli, were
moderately sorted (0 1.54-1.6) and finer-grained (Mdg, 1-2)
than proximal counterparts. Lapilli-sized clasts accounted for
2-20 wt.% of the deposits. The deposits had a maximum pre-
served thickness of 8 cm along gully floors, thinning to ~1 cm
over ridges and were thicker on the upstream side of obstacles
such as rocks or tree stumps. At locations where the deposits
were thicker they consisted of a lower, coarser massive layer
and an upper, finer-grained stratified layer.

The coffee plantations contain mature avocado trees that
were damaged by the PDC over an area of ~0.22 km?, at al-
titudes between 1500-1850 m (Figure 8). Trees with trunks
up to 50 cm in diameter were uprooted (Figure 8B and 8C),
snapped in half and, in some cases, transported several tens of
metres downslope by the PDC. The trunks of fallen trees were
aligned downslope. The PDC did not burn or delimb the trees
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Figure 4: Time-lapse webcam images taken from El Pacayal volcano, 8 km NW of San Miguel, showing initial explosions, gen-
eration of the PDC and the drifting of the co-PDC cloud. View to the SE. Numbers in bottom left indicate time in seconds since
first image. Camera moves and zooms several times during sequence. All photographs from Phase 1 of the eruption.

during uprooting or rupturing, and most fallen trees retained
their crowns. The PDC deposit extended tens of metres into
the plantation beyond the margin of tree damage, which was
sharp (Figure 8C).

Estimating the volume of the PDC deposits is difficult due to
lateral variations in thickness across topography. Additionally,
limited time on the summit resulted in few sample locations
and thickness measurements. Nevertheless, a volume can be
approximated to a first order. The PDC was emplaced across
an area of 3 km? over the upper flanks, and its deposit varies
in thickness from 15-50 c¢m in the crater, and 1.5-10 cm on the
flanks. Assuming the deposit was 30-50 cm thick everywhere
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in the crater (0.5 km?), and 2-5 cm thick across the upper
flanks, gives a deposit volume of ~2.7-3.7 x 10° m3.

Rock surfaces around the summit and upper flanks, and
trees within the damage zone, were plastered with a several-
millimetre-thick, weakly lithified grey ash layer. This layer
is visible on satellite images and photographs taken soon after
the eruption (Figure 6, 7A, and 9A). The plastering of this lager
onto vertical and overhanging rock faces indicates that it was
wet and sticky on deposition and we attribute it to the PDC.
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Figure 5: (Previous page.) Photographs and video stills of the eruption column taken by observers on the ground. [A-C] Video
stills (Video #5, Table 1) taken from the SW and showing the explosions prior to and responsible for the PDC. [D] Photo taken at
11:06 AM CST from 13°27'28.4"N 88°10°00.9"W (Calle Espana, San Miguel city) showing nascent ash cloud. Photo credit: Milton
Parada. [E] Photo taken at 11:22 AM CST of the eruption column, showing the ash cloud at 5 km altitude. Photo taken from
13°25'52.1"N 88°10'30.1"W (South of San Miguel city). Camera symbols indicate approximate viewing direction. Photo credit:

Milton Parada.

4.2.2 Ballistic clasts

Ballistic blocks up to 1.5 m in diameter, and mostly composed
of variably altered lava, were ejected from the crater and scat-
tered across the lava benches in the crater and over the upper
flanks (Figure 9B-D). Juvenile bombs, up to 70 cm in diam-
eter, occur within and around the crater. Some lithic blocks
were enclosed by a layer of juvenile scoriaceous material. Bal-
listic clasts reached distances of 1.5 km from the vent and fell
to altitudes as low as 1300 m a.s.l., on the flanks, well into cof-
fee plantations where people were working. Some resulted
in smouldering craters up to 1.4 m in diameter (Figure 9B).
Post-impact rolling of ballistic blocks down the upper flanks
was indicated by logjams of displaced ballistic blocks in gullies
and ravines and by empty impact craters. Tongues of lithic
blocks observed by MARN scientists at some locations on the

down zone
\\
\'\.--‘
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1 scoria fall unit G\

Ve
inferred extent 47
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map data: Google@Maxar Technologies

Figure 6: Google Earth satellite image from March 2014 show-
ing inferred extent of the PDC (dashed white line), zone of
knocked-down trees (shaded area) and crater (dotted black
line). Unit C scoria fall deposit clearly visible on flat benches
in crater (dark grey). Dotted white line shows extent of Unit C
on eastern bench. Rose diagram shows orientation of trunks
of fallen trees (n=30). v = inferred location of vent.
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upper flanks may have been deposited or moved by the PDC
[Escobar et al. 2016).

4.2.3 Tephra fall deposits

Tephra was deposited as far away as San Salvador (~100 km
distance) and southern Honduras as the ash cloud dispersed.
We observed three distinct tephra fall layers on the ground
(units A, B, and C, Figure 10A), that we sampled at distances
up to 36 km from the volcano. Beyond this, there was little
ash preserved and it was heavily contaminated by dust, soil
and vegetation. We infer that all tephra fall deposits accu-
mulated during phase 1 of the eruption. We consider all the
documented tephra fall deposits to belong to phases 1-2 of the
eruption.

e Unit A

The lowermost unit was a pale grey, ash-aggregate-rich
lager that varied from 40 mm thick on the upper flanks of
the volcano to 1 mm thick at distances of 6 km (Figure 10A
and 10B). Its dispersal axis has a bearing of N 80° W. The ash
aggregates are structureless ash pellets and coated particles
(AP1 and PC2 types of Brown et al. [2012]) that vary in diam-
eter from <11 mm to >10 mm, and are weakly to moderately
indurated. Where the deposit is >15 mm thick, the whole de-
posit is indurated. Towards the margins of the fall layer the
deposit consists of scattered ash aggregates. The aggregated
ash is composed predominantly of lithic particles.

e Unit B

Unit B is a grey, lithic-rich, fine-grained ash fall layer (Fig-
ure 10A and 10D) with a maximum observed thickness of 6
mm (3 km from crater) and was dispersed N 75° W. It was not
identified at distances of <3 km from the crater. At distances
exceeding 7 km from the vent, it is less than 1 mm thick and
it became difficult to measure thickness accurately. It occurs
in association with Unit C, even in distal locations 30 km from
the crater (Figure 10D). In many places the contact between
units B and C is hard to define.

e Unit C

The uppermost tephra fall layer is a lithic-poor (<9 wt.%
lithic clasts) black scoria fall deposit (Figure 10A, 10C-D). It
reaches 50 mm thick in the crater, and thins to <1 mm at dis-
tances of 30 km from the volcano. It was well preserved on the
western crater bench and the margin of the fall deposit is vis-
ible on the eastern crater bench in satellite imagery (Figure 6)
where it overlies the PDC deposit. Scattered scoria lapilli and
juvenile bombs extend beyond the margin of the fall deposit.
Unit C is less well preserved on the steep upper flanks of the
volcano, potentially due to rolling of scoria clasts on landing
or due to surface winds during and after the eruption.
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Figure 7: Sedimentary logs and grainsize histograms showing compositional data for the pyroclastic density current deposits.

Inset image shows location of measured sections.

4.3 Pyroclast characteristics

Juvenile material ejected during the eruption was black sco-
ria of basaltic to basaltic andesite composition (51-53 wt.%
SiO; [Scarlato et al. 2016)). Juvenile clasts ranged in size from
metre-sized bombs down to fine ash. A range of juvenile clast
types were produced during the eruption: most are equant to
oblate scoria with ragged exteriors, some of which had large,
coalesced vesicles in the centre. A small proportion (<5 %)
were distinctive plate scoria clasts [see Ruth and Calder 2014]
with fused, wrinkled, and irregular exteriors. The phenocryst
population was dominated by olivine and plagioclase with mi-
nor pyroxene and spinel: the groundmass is composed of ma-
trix glass surrounding plagioclase, pyroxene, and spinel mi-
crolites (12 vol.%) [Scarlato et al. 2016).

Most scoria clasts contained inclusions of lithic clasts, ei-
ther as ash-sized particles embedded in the groundmass, or
as lapilli-sized clasts wrapped in scoria. Some of these lithic
clasts were loose within their host scoria clasts. Cored juvenile
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bombs up to several decimetres in diameter occurred around
the summit. Almost all juvenile clasts were partially cov-
ered in weakly indurated orange-brown lithic-rich volcanic
ash, and 5-10 % of juvenile clasts in the Unit C fall deposit
were partially to wholly covered in a mm-thick layer of pale
grey ash, similar to the aggregates in the Unit A fall deposit.
Where clasts are wholly covered in ash we classify them as
coated particles [i.e. PC2 ash aggregates: Brown et al. 2012].

The lithic clast population was composed of variably hy-
drothermally altered lavas and scoria clasts, that varied in
colour from white, to yellow, orange, red, and grey. Some
clasts had amygdaloidal textures, and altered plagioclase,
olivine, and pyroxene phenocrysts.

4.4  Grainsize characteristics of fall deposits

The thin nature of the ash fall lagers meant that sampling of
units B and C without contamination from the other was dif-
ficult and thus the grainsize distributions are variably bimodal
and reflect mixing of the two layers. In order to extract mean-
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Figure 8: Vegetation damage from the pyroclastic density cur-
rent on north flank of San Miguel. [A] View from helicopter
from north showing the extent of the PDC (dashed line). White
square shows approximate location of photographs [B] and [C].
Photo credit: Sandra Carranza. [B] Uprooted tree ~1 km from
vent. Current travelled right to left. [C] Knocked-over trees
with margin of devastated zone in background (standing trees).
1km from crater. Current travelled left to right.

ingful grainsize data on the ash layers, we deconvolved the
grainsize distributions using DECOLOG 6.0 software*. This re-
vealed that samples of both Unit B and Unit C are composed
of: A) a coarse-grained subpopulation that decreases in size
with distance from the volcano, and B) a fine-grained subpop-

*https://www.lorenzo-borselli.eu/decolog/
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Table 3: Isopach thicknesses (') and square root of areas (VA)
for units A and B/C.

VA (km)

T (mm) UnitA Unit B/C
20 0.88 0.84
10 1.46 1.76
5 243 273
2 4.86 6.95

ulation that shows no clear decrease in median diameter with
distance from vent (Figure 11B). We infer that the fine sub-
population represents Unit B while the coarse subpopulation
represents Unit C. This is confirmed by visual observations of
the ash fall lagers (see Figure 10A and 10B).

4.5 Tephra dispersal and deposit volumes

The tephra fall deposits were dispersed westwards (~290°)
from the volcano (Figure 12), consistent with predominant
easterly winds at <6 km altitude (Figure 2). Isopach lines were
constructed for 20, 10, 5, and 2 mm thicknesses: in more distal
regions data were sparse and measured errors were large rela-
tive to deposit thickness (50 %; Figure 12). Due to difficulties
in separating unit B and C ash fall lagers, we considered them
together when calculating volumes. Calculated isopach areas
are given in Table 3. Calculated tephra deposit volumes and
input parameters using AshCalc [Daggitt et al. 2014] for units
A and B/C are given in Table 4. The exponential model gives
the lowest total tephra fall volume estimates (6 x 10° m?) and
the Weibull model the largest (1.05 x 10° m3).

Inversion modelling of the combined B and C ash fall layers
reveals a median eruption column height of 4041 m as.l, and
a median erupted mass of 2.1 x 108 kg for the top 100 best-fit
results. Assuming an average deposit density of 900kgm™3,
this gives a median erupted volume of 2.33 x 10° m®. The best
fit parameters give an eruption column height of 5260 m a.s.l.
and an erupted mass of 2.6 x 108 kg (Table 5), or 2.9 x 105 m>.
The resultant tephra dispersion map is presented in Figure 13.

5 DiscussIoN

5.1 Eruptive parameters and sources of uncertainty

Plume velocity measurements have been performed based on
a pixel size obtained using San Miguel’s crater diameter as a
reference. This method was applied due to unknown camera
properties, tilt angle, and exact distance to the plume, and is a
source of uncertainty. Velocity measurements performed here
correspond to the observable external part of the plume where
velocities are lower than at the centreline of the volcanic plume
[Suwa et al. 2014; Suzuki et al. 2016]. The footage used has
a frame rate of one frame per second thus providing a low
temporal resolution of the plume motion. Finally, velocities
have been extracted at altitudes up to 500 m above the crater
rim, far away from the vent. For these reasons, the values
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Figure 9: Proximal deposits of the 2013 eruption. [A] Indurated, grey ash coating on rocks on the western inner crater wall.
[B] Large ballistic impact crater at 1360 m altitude on western flank, 1.6 km from the vent. [C] Ballistic clasts up to 70 cm in
diameter littering upper SE flank. [D] View east over the western bench of the crater. Unit C scoria fall deposit and ballistic clasts
in foreground. Crater in mid-ground. Eastern bench and crater wall in background. Ballistic clasts in foreground reach 70 cm in
diameter.

provided here are conservative and represent a lower range 2017]. However, the probable underestimation in our velocity
of the velocity spectrum of the studied volcanic plume. results, together with the fact that San Miguel ejection phase

Measured absolute velocities fall in the range 10-70ms~!, lasted more than 2 h, point towards a sub-Plinian eruption
in line with literature on short-lived Vulcanian plumes at Saku-  category [Cioni et al. 2015]. This idea is confirmed by the ve-
rajima, Colima, and Santiaguito volcanoes [Suwa et al. 2014; locity trend showing first a sudden intense release of energy

Webb et al. 2014; De Angelis et al. 2016; Tournigand et al. with a clear peak in velocity followed by a steady state phase
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Figure 10: Fall deposits of the 2013 eruption of San Miguel volcano. [A] Units A, B, C, from right to left, 3 km west of the vent.
Plan view of flat surface with layers partially swept. White clasts in Unit C are ash-coated scoria clasts. Scale is in centimetres.
[B] Unit A at Finca La Piedra 2.7 km west of crater. Layer is composed of clast-supported ash aggregates of various sizes. Scale
in half-millimetres. [C] Unit C 1.5 km west of crater. Smallest divisions on scale in centimetres. [D] Unit B and C at Chinameca

cemetary, 13 km from the crater. Scale in millimetres. [E] Log through fall deposits at Finca la Piedra, 3 km west of the vent.

with a stable ejection (Figure 3). Furthermore, front velocity
measurements during plume ascent do not show the transition
between the gas-thrust and buoyancy phase because the cam-
era field of view is too narrow (up to 1300 m above crater rim).
The fact that such a transition did not happen within the first
kilometre of plume ascent is consistent with a high-energy
ejection compared to lower magnitude Vulcanian eruptions
[Webb et al. 2014; Tournigand et al. 2017].

A first order estimate of the volume of tephra emitted by
the 2013 eruption is ~10® m3, giving a total erupted mass
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of ~9 x 10® kg, excluding the PDC deposit, and a DRE vol-
ume of 0.0003 km3. We assume an average deposit density of
900 kgm~3, and a DRE value of 2600 kg m~3 (calculated using
whole rock data from Scarlato et al. [2016], and the DensityX
program of lacovino and Till [2019]). This makes the eruption
VEI 2 (M = 1.9 [Pyle 2015]).

Uncertainties on these values stem from the lack of con-
straints on distal ash thickness and the limited number of
thickness measurements, and we consider these conservative
estimates. In many medial and distal locations, the ash fall
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Table 4: Tephra volume estimates and input parameters for ash fall layers determined using AshCalc [Daggitt et al. 2014]. A is
the characteristic decay length scale of deposit thinning (in km) and & is a dimensionless shape parameter [see Bonadonna and

Costa 2012].
) volume proximal  distal
Fall
all unit (105 m?) ¥ pmic it k
Exponential 1.99 2
A Power law 2.35 0.1 10
Weibull 3.24 0.2-10  0-2.0
Exponential 418 2
B/C Power law 6.01 0.1 30
Weibull 7.28 0.2-20  0-2.0

Table 5: Tephra2 inversion best-fit parameters for the San Miguel 29" December 2013 eruption. British Geological Survey © UKRI

2022.
Input . .
San Miguel eruption
Parameter Units Value or range
. Total erupted mass kg 1 x 1081 x 10° 2.6 x 108
Eruption .
Column height m a.s.]. 4,000-6,000 5,260
Crain si Grain size ) —-6-7 —-6-7
rain size . .
distribution Median phi b 1-6 !
Standard deviation ) 0.6-2 2
Eddy constant m?s~! 0.04 0.04
Diffusion coefficient m?*s™! 200-2000 299
Fall time threshold S 100-10,000 2,947
Alpha a 1-5 1.5
Tephra? 1
ephra2 mode Beta B 0.01-5 44

layers were thin and it was difficult to separate units B and
C during sampling, and therefore we have modelled tephra
volumes of these deposits combined. Additionally, the disper-
sal of Unit B matches that of Unit C, even though its grainsize
characteristics indicate that Unit B is probably derived from a
co-PDC plume. The duration of the eruption responsible for
tephra fall is estimated at ~4200 s, which spans phases 1 and 2
of the eruption (Figure 3). We calculate a time-averaged mass
eruption rate of 2 x 10° kg s™!, and a volumetric mass erup-
tion rate of ~80m>s~!. This gives plume heights, calculated
using the empirical relationships H = 1.67Q%%59 [Sparks et al.
1997) and H = 2.000%24! [Mastin et al. 2009, of 5.2-5.7 km,
in agreement with heights measured by radar, estimated from
photographs, and derived from Tephra2 models.

Uncertainties related to the inversion modelling result from
many combinations of input parameters that can match the
observed deposit thickness and grain size [Connor and Connor
2006; Scollo et al. 2008]. In order to account for this, Tephra2
uses the downhill simplex algorithm [Nelder and Mead 1965;
Connor and Connor 2006}, a non-linear inversion model run
in parallel on multiple processors, to search for the best-fit
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eruption parameter set that minimises the error between the
measured tephra thickness and grain size distribution, and the
model outputs [Connor and Connor 2006]. The non-linear in-
version model systematically changes the parameters to find
the optimal solution, or minima. Combinations of parameters
define points in a dimensional space, and each point repre-
sents a vertex of a simplex. The algorithm shifts each vertex
towards the centre of the simplex, where they converge at the
optimal set of parameters [Connor and Connor 2006]. Simula-
tions are run in parallel on multiple processors which allows
rapid implementation of the physical model and a fully prob-
abilistic analysis of tephra fall hazard [Bonadonna 2005]. Input
parameters are often not well constrained; therefore stochas-
tic sampling of parameter ranges is used allowing different
scenarios to be investigated [Bonadonna 2005]. This approach
means that more simulations are undertaken giving a better
understanding of the full range of outcomes [Bonadonna 2005].
However, because there are multiple possible minima, there
are uncertainties around whether the final output is the true
best-fit [Johnston et al. 2012]. Running in parallel on multiple
processors and stochastic sampling reduces this uncertainty;
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however results may still be false. To reduce this uncertainty
further, we analysed the outputs and discarded any geologi-
cally inaccurate results. Scollo et al. [2008] provide more de-
tails on uncertainties related to tephra dispersion models.

5.2 Evolution of the eruption

The 2013 eruption of San Miguel was triggered when hot
basaltic melt intruded into a shallow crustal magma reservoir
containing colder basaltic andesite melt [Scarlato et al. 2016].
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ing distance from vent. Bimodal distributions represent cross
contamination of units B and C during sampling. Grainsize
distributions were deconvolved using DECOLOG 6.0 (https:
//www.lorenzo-borselli.eu/decolog/). [B] Median diam-
eter vs distance derived from deconvolved coarse-grained and
fine-grained grainsize subpopulations from samples of units B
and C. Outlined fields are from Engwell and Eychenne [2016]:
solid line is co-PDC deposits and fine peaks from bimodal fall
deposits, dashed line is vent-sourced fall deposits and coarse
peaks from bimodal fall deposits.

The eruption initiated with a series of vent-clearing explosions
that propelled ash-laden columns into the air, and ejected large
ballistics across the upper flanks of the volcano. The third ma-
jor explosion produced a PDC that travelled 1 km down the
flanks of the volcano, entered coffee plantations on the north-
ern flank and knocked over trees before lofting (Figure 14).
The collapse of the eruption column may have been caused
by the inclusion of cold, dense lithic clasts and water into
the eruption jet. The high lithic content and the lithology
of the lithic clast population in the PDC deposit, predomi-
nantly hydrothermally altered lavas, are consistent with de-
struction of a shallow hydrothermal system. The presence of
ash-aggregates, ash-coated scoria clasts and ash plastered to
surfaces in the crater are consistent with the(se) explosion(s)
being driven, in part, by phreatomagmatism involving rising
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Figure 12: Isopach maps for tephra fall deposits of Unit A [top]
and units B and C combined [bottom]. Isopachs drawn by hand.
Contours are for 20, 10, 5, and 2 mm thickness. Red numbers
indicate measured thickness of ash deposits on the ground.
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magma and groundwater. The presence of juvenile material
in the PDC deposit rules out a purely phreatic explosion. This
interpretation is supported by evidence that the PDC did not
char or incinerate vegetation upon entering coffee plantations,
and was thus <250°C [e.g. Scott 2000; Scott and Glasspool
2005]. The presence of low abundances of salt concentrations
on the surfaces of ash particles within the ash aggregates sup-
ports explosive interaction with groundwater [Colombier et al.
2019].

The eruption then developed a quasi-steady, sub-Plinian
convective column that ascended at 50-70 m s™'. An um-
brella cloud spread laterally at <6 km above sea level and
advected westwards (Figure 14) and the column continued to
ascent to ~9 km altitude and advected northeast (Figure 14).
This gave the plume a crooked shape visible in a number of
amateur videos (e.g. videos #4, #17, and #19, Table 1). The
eruption column between the vent and the nascent ash cloud
at <6 km altitude, expanded westwards (Figure 4, 439 s; Fig-
ure 14). Winds at this altitude blew from the east (Figure 2)
and we infer that this material was ash lofted from the PDC
(Figure 14). Video and photographic evidence (e.g. Figure 4)
also document an ash cloud slowly drifting down the western
flank (Figure 4, 864 s; Figure 14). There are no density current
deposits on the lower western flanks of the volcano, and no
damage to vegetation or buildings, suggesting that it was not
in contact with the ground. Its dispersal matches that of Unit
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A ash aggregate-rich fall deposit, which would suggest that
the ash cloud was cool and wet. This wet ash cloud may
have been similar to fine-grained, ground-hugging phreatic
eruption clouds documented at La Soufriere de Guadeloupe
in 1976 [Heiken et al. 1980]. These ash clouds rose a few ten-
sofmetres from the vent before moving downwind and down
the flanks of the volcano and out to sea. They left behind thin
ash layers containing ash aggregates. It is unclear if the wet
ash cloud at San Miguel resulted from the PDC or from a sep-
arate phreatomagmatic explosion, but ash fall units A and B
are not present in the crater, where instead Unit C overlies the
PDC deposit. This suggests that the PDC and units A and B
are related or coeval.

We infer that ash fall deposits units B and C fell from the
westward-advected ash cloud during Phase 1 of the eruption
(Figure 3). Deconvolution of the mixed grainsize distribu-
tions for samples of both units B and C reveal a fine-grained
subpopulation that shows no clear decrease in median grain-
size with distance (Unit B) and a coarse-grained subpopulation
with a median grainsize that fines with distance from the vent
(Unit C). The lack of clear fining with distance for Unit B,
along with a median grainsize generally <63 pm (Figure 11B),
is consistent with derivation from a co-PDC plume [Engwell
and Eychenne 2016]. Additionally, there is no coarse-grained
proximal tephra fall deposit correlating with Unit B. The fin-
ing trend of Unit C is consistent with deposition from an ash
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Figure 14: Schematic cartoons for the key stages during the opening 15 minutes of the eruption. Approximate timings given in
seconds. Inset shows inferred magmatic plumbing system beneath San Miguel: eruption was triggered when hotter basaltic
melt mixed with colder basaltic andesite melt in a shallow crustal magma reservoir [Scarlato et al. 2016].

cloud derived from a vent-fed eruption plume [e.g. Eychenne
et al. 2012; 2015; Engwell and Eychenne 2016].

The main eruptive phases, phases 1 and 2 (Figure 3), lasted
over an hour before transitioning into a phase of predomi-
nantly gas puffing (Phase 3, Figure 3), and weak, ash-poor ex-
plosions (Phase 4, Figure 3). Phase 5 was marked by several
violent explosions that developed transient, bent-over erup-
tion plumes that rose 2—3 km above the vent and were quickly
dispersed by the wind (Figure 4). Some of these plumes de-
veloped weak and transient umbrella clouds. We did not
recognise any fall deposits that we could relate to phases 3—
5 around the volcano. We speculate that some of the ash-
bearing plumes in phases 3-5 may have been generated by
phreatic explosions or by rock falls and landslides within the
crater.

5.3 Comparisons to past volcanic activity

Historic activity at San Miguel has included both explosive
ash-producing eruptions from the summit crater and effu-
sive flank eruptions [Escobar 2003; Chesner et al. 2004]. Pre-
historic eruptions have produced PDCs as evidenced by block-
and-ash flow deposits and by cross-stratified deposits, proba-
bly from phreatomagmatic explosions, preserved on the flanks
of the volcano [Escobar 2003} The largest known explosive
eruption from the volcano had a DRE volume of 0.5 km3, and
emplaced a thick scoria fall deposit around the base of the vol-
cano (the >1.8 ka Alpina Tephra [Escobar 2003]). Numerous
thin tephra layers have been documented around San Miguel
volcano and they indicate a long history of ash-producing ex-
plosive eruptions [Escobar 2003]. At least 18 of these have oc-
curred since 1844 CE. Little is known about almost all historic
explosive eruptions, as the eruptions were not documented
and the deposits have been mostly eroded. The most recent
explosive eruption, in 1970, dispersed about 7.5 x 10* m3 of
ash up to 10 km NE of the volcano [GVP 2013].

To the best of our knowledge, the 2013 eruption represents
the largest explosive eruption from San Miguel in the past few
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hundred years and is the first historic eruption to generate a
PDC. It is the only explosive eruption at the volcano where it
has been possible to document the erupted products prior to
erosion and removal by surface processes. Importantly it is the
first eruption from the volcano captured extensively by video
and photography, by both the government and by the public,
from many different locations around the volcano. These data
have been critical to understanding eruptive events, particu-
larly in the first 20 minutes, and have revealed phenomena
that would be hard to decipher solely from analysis of the de-
posits. It thus represents an exemplar case study to help model
potential hazards from similar future explosive eruptions.

6 CONCLUSIONS

The 29" December 2013 VEI 2 eruption of San Miguel vol-
cano, El Salvador, can be divided into 5 phases based on video
analysis of the eruption column. Phases 1 and 2 (70 minutes
total) were characterised by violent explosions and the estab-
lishment of a sub-Plinian eruption column that reached >9 km
altitude. The end of Phase 1 was marked by a visible de-
crease in ash content in the eruption column and plume ascent
speeds. Phase 3 (18 minutes) consisted of gas puffing. Phase
4 (35 minutes) comprised low ash content plumes with low
ascent speeds. Phase 5 (11 minutes) recorded a brief uptick
in activity with several vigorous transient explosions that pro-
duced weak ash-laden eruption columns that reached <2 km
above the vent. We ascribe all of the pyroclastic deposits on
the ground to Phase 1 of the eruption. Initial vent-clearing ex-
plosions were driven by explosive interaction between rising
basaltic-andesite magma and groundwater that was probably
hosted in a vent-housed hydrothermal system. These explo-
sions showered ballistic blocks across the flanks of the vol-
cano and generated a transient PDC that flowed into the coffee
plantations on the upper flanks. In turn, the PDC generated
a dilute, wet ash cloud that flowed at low velocities down the
western flanks of the volcano and deposited a thin lager of ash
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aggregates (Unit A ash fall deposit). At the same time, co-PDC
ash advected westwards at ~5-6 km altitude and deposited the
Unit B fall deposit. The Unit C scoria-rich fall deposit fell out
from the westward-advected umbrella cloud at a similar alti-
tude. The total deposit volume, including tephra fall and PDC
deposits, is estimated at 10® m® (DRE 0.0003 km?). The 2013
eruption was probably the largest historic explosive eruption
from San Miguel volcano and provides a useful template for
modelling future explosive eruptions. Crowd-sourced video
footage and photographs of the eruption have proved critical
in understanding the eruption processes, timings, and hazards.
Authorities should seek to archive such resources for the 2013
eruption and for future eruptions in the country.
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