Journal of Volcanology and Geothermal Research 436 (2023) 107791

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research

Check for

Unravelling the dynamics and hazards of the June 3rd, 2018, pyroclastic =~ &
density currents at Fuego volcano (Guatemala)

Sylvain J. Charbonnier ® ", Franco Garin ?, Lizzette A. Rodriguez ", Karla Ayala ", Sahira Cancel ,
Rudiger Escobar-Wolf 4, Gustavo Chigna ©, Carla Chun-Quinillo ! Dulce Gonzélez ', _
William Chigna ¢, Kevin Chun-Quinillo ¢, Roberto Mérida ¢, Francisco Juarez”, Eliza S. Calder’

@ School of Geosciences, University of South Florida, United States
b University of Puerto Rico — Mayagiiez Campus, PO Box 9000, Mayagiiez, 00681, Puerto Rico

¢ Michigan State University, United States
d Michigan Technological University, United States

¢ Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e Hidrologia (INSIVUMEH), Edificio Central, 7a Avenida 14-57, zona 13, Ciudad de Guatemala,

Guatemala
f Universidad Mariano Galvez, Guatemala

8 Unidad de Volcans, Coordinadora Nacional para la Reduccién de Desastres (CONRED), Avenida Hincapié 21-72, zone 13, Ciuda de Guatemala, Guatemala
h Ministerio de Energia y Minas, 24 calle 21-12, zona 12, Ciudad de Guatemala, Guatemala

1 School of GeoSciences, University of Edinburgh, UK

ARTICLE INFO

Keywords:

Pyroclastic density currents
Fuego volcano

Hazards

Flow dynamics

Conceptual model

* Corresponding author.

ABSTRACT

The June 3rd, 2018, eruption of Fuego volcano (Guatemala) produced a complex sequence of small-volume
pyroclastic density currents (PDCs) that inundated all sectors around the volcano and propagated >12 km on
the southeastern flank, deposited ~50 million m® of pyroclastic material, and killed at least 430 people in the
village of San Miguel de Los Lotes and along the RN-14 road. This eruption has illustrated once again that the
behavior of small-volume PDCs remains difficult to predict, demonstrating the need for an improved physical
understanding of their generation, transport and depositional processes to ultimately improve assessment of their
local hazard potential. In this work, we present preliminary results of an interdisciplinary study of the 2018 PDC
deposits of Fuego, integrating: (1) field data of the pristine deposit characteristics recorded immediately after the
eruption and after one rainy season, (2) sedimentological data (including grain size distributions and compo-
nentry) from samples collected at each lobe front and several exposed stratigraphic sections inside three principal
ravines draining the volcano and affected by the eruption (Seca, Ceniza and Las Lajas), (3) preliminary quan-
tification of the observed range of different clast surface textures, shape and vesicularities, as determined by SEM
analyses, (4) surface morphological data from high-resolution satellite and aerial photography, and (5) advanced
digital terrain model analysis correlated with sedimentological data to reconstruct the sequence of events on
June 3rd and propose a conceptual model of PDC generation and emplacement on the SE flank of Fuego. In this
model, a sequence of packages of material involved in discrete failure events of a perched mass of pyroclastic
material accumulated within an old collapse structure on the upper SE flank, corresponds to the emplacement of
a series of pulses of valley-confined PDCs down the Las Lajas channel. Headwall failures and gravitational col-
lapses correlate with specific stratigraphic, sedimentological and textural characteristics of the valley-confined
PDC units. The duration of individual granular collapse events serves as a proxy for the mobility of the trig-
gered series of PDCs. Also, our detailed stratigraphic work shows evidence of stacked, massive flow units
deposited by rapid stepwise aggradation of successive block-and-ash flow (BAF) pulses and their distribution
along the southeastern flank supports the interpretation that the June 3rd PDCs, including the dilute parts of the
currents, were largely controlled by the topography. The lack of strong changes in the grain size distributions of
the fine sub-populations inside the seven valley-confined BAF lobate front units, together with their high content
of fines, imply the presence of a self-limiting attrition process, decreasing the bulk porosity of such long-runout
BAFs and lowering their effective friction coefficient during transport to reach longer runout distances. This
multi-faceted approach completes previous studies already performed on small-volume PDCs at other volcanoes
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(Merapi, Colima, Unzen) and opens a unique perspective that will provide a significant step forward in our
understanding of how such currents are emplaced.

1. Introduction

On June 3rd, 2018, an eruption of Fuego volcano in Guatemala
generated pyroclastic density currents (PDCs) that inundated the village
of San Miguel de Los Lotes and reached 12 km from the summit, killing
several hundred people. This eruption has illustrated once again that the
behavior of small-volume PDCs remains difficult to predict, demon-
strating the need for an improved physical understanding of their gen-
eration, transport, and depositional processes to ultimately improve
assessment of their local hazard potential. In this work, we present the
results of an multi-faceted study of the 2018 PDC deposits, integrating:
(1) field data of the pristine deposit characteristics recorded in the
months after the eruption and after the deposits had been dissected by
one rainy season, (2) sedimentological data (including grain size dis-
tributions and componentry) from samples collected at each deposit
lobe front and several exposed stratigraphic sections inside three main
barrancas (the term corresponds to ‘ravines’) affected by the eruption
(Seca, Ceniza and Las Lajas), (3) preliminary quantification of the
observed range of different clast surface textures, shape and vesicular-
ities, as determined by SEM analyses, (4) surface morphological data
from high-resolution satellite and aerial photography, and (5) advanced
digital terrain model analysis correlated with sedimentological data to
reconstruct the sequence of events on June 3rd and propose a conceptual
model of PDC generation and emplacement on the SE flank of Fuego.

1.1. Small-volume pyroclastic density currents (PDCs) and their overspill
hazards

Small-volume (usually <10’m>) pyroclastic density currents (PDCs)
are complex and dangerous volcanic mass flows, composed of a hot
mixture of gases and particles (Lube et al., 2020) and often generated
from gravitational lava dome or small column collapses. They can flow
over distances typically longer than 3 km and at speeds up to 100 km/h
(Brown and Andrews, 2015). Our study focuses on concentrated PDCs,
which are two-layer currents composed of a concentrated basal layer
(more than ~40-60 vol% of particles) and an overriding dilute upper
layer (<1 vol% of particles), also called the ash-cloud surge. There are
no field observations supporting dilute PDCs exhibiting a dilute layer
with a bedload region (Andrews, 2014; Brosch and Lube, 2020; Valen-
tine, 2020) to be relevant here.

The basal part of small-volume, concentrated PDCs tends to be
channelized in deep and narrow valleys of volcanoes. Previous studies
have demonstrated that channelization can enhance flow runout by
confining the entire mass over a restricted area, preventing rapid lateral
spreading and efficient energy dissipation (Andrews and Manga, 2012;
Calder et al., 1999; Charbonnier et al., 2013; Jessop et al., 2012; Ogburn
et al., 2014; Woods et al., 1998). The interaction between topography
and PDCs has been studied for decades (e.g., Branney and Kokelaar,
2002; Druitt, 1998; Kubo Hutchison and Dufek, 2021; Valentine, 1987).
However, studies have mostly focused on dilute PDCs (Andrews, 2014;
Andrews and Manga, 2011; Bursik and Woods, 1996; Doronzo et al.,
2010; Woods et al., 1998) rather than concentrated ones. Interestingly,
concentrated PDC overspill events usually occur when the flow en-
counters a sudden topographical change (Lube et al., 2011; Gertisser
et al.,, 2012; Charbonnier et al., 2013; Macorps et al., 2018). Even
though small-volume PDCs are channelized in valleys of volcanic edi-
fices, most of fatalities are due to the unpredicted overspill of the flows
from the channel confines and a rapid inundation of the interfluves, as
the overspill can travel up to a few kilometers from its overflow point (i.
e., Merapi 2006 and 2010, Charbonnier and Gertisser, 2011; Charbon-
nier et al., 2013).

As detailed recently in Gueugneau et al. (2021), Kubo Hutchison and
Dufek (2021), and Lerner et al. (2022), PDC overspills exhibit various
depositional and dynamical characteristics, and here we distinguish two
different types: 1) ‘PDC overspill’, when the concentrated basal layer of
a PDC escapes the valley at a specific location, usually, but not always,
accompanied by its upper ash-cloud surge. If this overspill continues to
flow along valley banks, volcanoclastic terraces and interfluves, it is
usually named ‘overbank flow’ to distinguish it from its parent ‘valley-
confined flow’; 2) ‘ash-cloud surge detachment’, when only the dilute
ash-cloud surge decouples from the concentrated basal layer and escapes
the confining valley to propagate on its own. Several studies suggest that
PDCs properties (volume, flow rate) and the relative scale and geometry
of the valley are key parameters controlling overspills (Lube et al., 2011;
Gertisser et al., 2012; Charbonnier et al., 2013; Ogburn et al., 2014;
Macorps et al.,, 2018; Gueugneau et al., 2021; Kubo Hutchison and
Dufek, 2021; Lerner et al., 2022). A deeper understanding of the inter-
action between the valley-confined flow and the topography, as well as
the evolution of the internal flow conditions during emplacement, is
needed to better characterize the mechanisms of PDC overspills and
better assess related hazards.

1.2. Fuego volcano and the 2018 eruption

Fuego volcano (3763 m a.s.1.) is the southernmost and currently most
active stratocone of the Fuego-Acatenango volcanic complex in
Guatemala, located ~40 km southwest of the capital, Guatemala City.
With over 50 eruptions with Volcanic Explosivity Index (VEI) > 2
recorded since 1524, Fuego is one of the most active volcanoes in Cen-
tral America (Global Volcanism Program, 2022), with a history of pro-
ducing both violent Strombolian to Vulcanian (Berlo et al., 2012; Waite
et al., 2013) and sub-Plinian eruptions (Escobar Wolf, 2013; Rose et al.,
2008). In 1999, after two decades of quiescence, Fuego entered a new
period of persistent eruptive activity that continues until the present
day. This activity is characterized by a persistent background of
Strombolian/Vulcanian ash-rich explosions (Patrick et al., 2007), which
are interspersed with discrete events of larger energy and violence,
referred as “paroxysms” (Lyons et al., 2010; Martin and Rose Jr., 1981).

The June 3rd, 2018, paroxysmal eruptive cycle began with an in-
crease of seismicity at 3.00 am local time, quickly followed by strong
summit explosions at 6.00 am, with loud rumbling and shockwaves felt
by the population (INSIVUMEH, 2018c). The intensity increased during
the morning and according to monitoring data acquired by INSIVUMEH
(Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e
Hidrologfa) during the eruption, as well as eyewitness accounts and
detailed reports, the first series of PDCs on that day occurred at 10.00 am
and descended the Seca, Santa Teresa, and Ceniza barrancas (INSIVU-
MEH, 2018c) (Fig. 1). The explosivity became sustained between
11.30 am and 1.30 pm and peaked at 1.10 pm at which point a
16-19 km-high sub-Plinian eruption column had formed (Pardini et al.,
2019) and associated tephra fallout dispersion up to ~40 km downwind
toward the NW-NE sector from the volcano. During the peak of the sub-
Plinian phase, PDCs were seen traveling down toward La Reunion golf
resort in the barranca Las Lajas (Fig. 1). It was only shortly after
2.20 pm, about one hour after the size of the eruption plume decreased
significantly, that the first PDC reached the bridge of the RN-14 road
that crosses the eastern Las Lajas channel (Figs. 1 and 2). The peak of
PDC activity occurred between 3.00 pm and 3.30 pm, where three PDC
pulses can be observed from photographs and video footage taken by
photographer Jiuwit Rosas (and shared by CONRED) along the RD-14
road (Fig. 2). The timing of these three PDC pulses was correlated
with three periods of increased seismic activity recorded by INSIVUMEH
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at the FG8 seismic station (located in Panimache, see Fig. 1) between
3.00 pm and 3.30 pm (Fig. 2A). The first PDC pulse occurred at 3:05 p.m.
and at exactly 3.09 pm, it impacted the Las Lajas bridge before over-
flowing into the RN-14 road. A photograph (Fig. 2B) taken at the bridge
just before 3.09 pm shows the front of the PDC pulse arriving in the
background, as well as the upstream portion of the eastern Las Lajas
channel already partially filled with PDC deposits from an earlier flow,
probably shortly after 2.20 pm. A few seconds later, this first PDC pulse
overspilled the bridge to inundate the RN-14 road (Fig. 2C). According
to the video footage, between 3:09 p.m. and 3:12 p.m., another PDC
pulse arrived at the bridge and overflowed the highway, passing Finca
La Flor and continuing to flow along the RN-14 road (following the local
slope) in direction of San Miguel de Los Lotes (Fig. 2D). From 3:12 pm to
3:16 pm, a third PDC pulse was recorded by the seismic station and
captured a few minutes later by photographs taken at 3.18 pm from the
entrance of El Rodeo village along the RN-14 road, that show a PDC
overflowing in the direction of San Miguel de Los Lotes (Fig. 2E). Ac-
cording to reports from CONRED, several PDC pulses descended in this
direction a few minutes later (fourth seismic pulse in Fig. 2A?) and led to
the total inundation, destruction, and burial of two-thirds of the north-
western part of the village of San Miguel de Los Lotes. After 3.30 pm,
PDC activity waned, ceasing altogether shortly after 4.30 pm. Official
numbers report 430 people missing, although the death toll as reported
by survivors from Los Lotes might be as high as 2000 (Naismith et al.,
2019). There is broad consensus that the official death toll is
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underestimated. The eruptive cycle ended after ~16 h, when activity
was reduced to an ash column of ~4500 m a.s.] (INSIVUMEH, 2018d),
with weak to moderate explosions at the summit.

In the days following the eruption, the activity level remained high,
with multiple PDCs recorded on June 5th, 7th, 8th, and 12th, mostly
descending the east flanks (INSIVUMEH, 2018a, 2018b, 2018e, 2018f).
The month of June falls in the rainy season, and intense rains in the
afternoons are typical. The frequent and intense periods of rainfall
occurring immediately after June 3rd produced many moderate- to
high-volume lahar events in the barrancas of Las Lajas, Honda and Seca
(INSIVUMEH, 2018g). The volume of the June 2018 PDC deposits in Las
Lajas has been estimated between 15x10°m® to 30x10°m?® using field
estimates and satellite imagery (Albino et al., 2020; Ferres and Escobar
Wolf, 2018; Naismith et al., 2019).

2. The June 3rd, 2018, PDC deposits
2.1. Field data collection and methodology

The June 3rd, 2018, PDC deposits were investigated in the field
during two field campaigns carried out in August 2018 and January
2019. Due to the widespread distribution of the 2018 deposits, which
inundated several barrancas around the volcano, we focused our field
data collection on the sector most affected by the PDC activity, on the
southeastern flank of the volcano along the barranca of Las Lajas

Fig. 1. Satellite image of Fuego volcano and its surrounding (source: ESRI) including the main volcanoes and villages (in white), as well as the primary channels
affected by the 2018 eruption (‘Barrancas’, B. and ‘Rio’, R., in italic). Sampling sites and sample names for sedimentological analyses, as well as locations of field

measurements are also included. White dashed box indicates the extent of Fig. 12.
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(Fig. 1). PDC deposit samples were also collected in two other barrancas
located in the southern and western flanks, Ceniza and Seca, but the
availability of fresh PDC outcrops in these valleys that was not affected
by reworking by the post-eruptive lahars was already limited at the time
of sampling. Moreover, our interest was focused on the valley-confined
and overbank lithofacies of the PDC deposits, while field analyses of the
widespread, cm- to dm-thick proximal (< 4 km from the summit) surge
deposits were restricted to the few accessible outcrops located in this
area (Fig. 1). Deposit outlines were mapped in the field using a combi-
nation of handheld GPS, digital cameras, drone surveys and portable GIS
software on tablets. Thickness measurements of the different PDC units
were collected using a TruePulse 360 laser rangefinder with a vertical
accuracy of <0.3 m within the range of horizontal distances (<100 m)
measured. Additional thickness measurements were collected digitally,
using the new elevation data acquired from a 1 m DEM (from Aerobots,
Inc.) generated <24 h after the PDCs were emplaced. Stratigraphic logs
were built at twenty-six locations to identify and describe the different
PDC units and their facies, as well as tentatively correlate them longi-
tudinally within the same drainage system.

A total of thirty-four samples were collected for sedimentological
analysis to assess PDC units and their corresponding facies — as defined
as part of the stratigraphic survey. This sedimentological analysis
focused on (1) grain size distribution and (2) componentry with the aim
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of differentiating the different PDC units based on the particle size and
lithological characteristics, respectively. A tephra fallout sample
collected by a resident the day of the eruption at San Miguel Duenas
(located ~10 km NE of the summit) and corresponding to fallout de-
posits from the sub-Plinian phase that occurred between 11.30 am and
1.30 pm on June 3rd was added to the analyses for comparison. Samples
analyzed for grain size distribution were individually weighed and
sieved at 1 phi intervals - wet sieving was selected as the preferred
approach to avoid particle comminution. The selected range of particle
sizes for wet sieving was set from —4 phi (32 mm) down to +5 phi
(32 pm). After the wet sieving process completion, each sample’s indi-
vidual grain size fractions were dried in an oven for 24 h and then each
fraction weighed independently. Loss of fine particle estimates <5 phi
during the wet sieving process was calculated and found to never exceed
10 wt% of the total sample mass for valley-confined and overbank de-
posits (and < 25 wt% for ash-cloud surge and fallout deposits). A total of
thirty samples were selected for further analysis using the GRADISTAT
software (Blott and Pye, 2001) to compute statistical parameters of the
grain size distributions. Those samples presenting a polymodal distri-
bution were further analyzed using the DECOLOG software (www. DE
COLOG.org; Borselli and Sarocchi, 2009) to apply deconvolution to
polymodal size distributions, primarily with the goal of distinguishing
between fine and coarse particle sub-populations. The deconvolution

Fig. 2. Sequence of events associated with the peak of PDC activity between 3.00 pm and 3.30 pm on June 3rd, 2018. A) Seismogram obtained from the INSIVUMEH
seismic station FG8 located in OVFGO at Panimache (see Fig. 1 for location) showing the seismic counts (upper graph) and frequencies (lower graph) associated with
the PDC activity between 3.00 and 3.30 pm on June 3rd. Time is in UTC. B) Photograph taken at the bridge just before 3.09 pm shows the front of the PDC pulse
arriving in the background, as well as the upstream portion of the eastern Las Lajas channel already partially filled with PDC deposits from an earlier flow, probably
shortly after 2.20 pm. C) A few seconds later, this first PDC pulse overspilled the bridge to inundate the RN-14 road. D) Between 3:09 p.m. and 3:12 p.m., another PDC
pulse arrived at the bridge and overflowed the highway, passing Finca La Flor and continuing to flow along the RN-14 road in direction of San Miguel de Los Lotes. E)
From 3:12 pm to 3:16 pm, a third PDC pulse was captured by photographs taken at 3.18 pm from the entrance of El Rodeo village along the RN-14 road (see Fig. 1 for

location), showing a PDC overflowing in the direction of San Miguel de Los Lotes.
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process consists of dividing a polymodal distribution into a mixture of
lognormal distributions based on peak components that are the most
statistically representative of the different particle size sub-populations.

In addition to the grain size distribution analyses, sixteen samples
were selected for lithological component analysis using a binocular
optical microscope. This process involves handpicking a randomized set
of n clasts (here n is between 700 and 1600) and performing point
counting of individual particles into visually discernable groups based
on colors, contents, and shapes. The 1 phi grainsize fraction was chosen
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because 1) it presents the largest weight values, and thus the most
abundant matrix grain size fraction in most of our samples, and 2) the
size range of this fraction (500 pm to 1000 pm) prevents particle clus-
tering (i.e., glass adhering to and/or crystals attached to other grains)
while being not too tedious to work with under the binocular. Particles
were assigned to one of eleven recognized lithological component cat-
egories: (a) brown glass, (b) dense black glass, (c) vesiculated black
glass, (d) other colored glass, (e) black scoria, (f) brown scoria, (g) dense
grey clasts, (h) free crystals, (i) oxidized clasts, (j) partially oxidized

Fig. 3. Geological map of the June 3rd, 2018, PDC deposits on the southeastern flank superimposed on a digital surface model. The main locations of interest and
primary channels are also included. Black numbers 1, 2 and 3 indicate the three main PDC overspill sites discussed in the text. Inset: Map of the azimuth (° from
North) of trees (red lines) downed and transported by the June 3rd, 2018, PDCs at two locations along the proximal Las Lajas barranca (black dashed ellipsoids
outline the two locations) superimposed on a Worldview satellite image acquired in June 2018 after the eruption (source: Digital Globe). Panels 1) and 2) show
histograms of the distribution (%) of tree azimuths (n = number of trees) for 11° bins for each of the regions. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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clasts, and (k) hydrothermally altered clasts, and then further analyzed
with a scanning electron microscope (SEM) to further investigate their
surface textures.

2.2. Mapping and surface characteristics

Based on the combination of detailed analyses of various high-
resolution optical images and field-based surveys performed just after
the eruption, a detailed deposit map of the June 3rd, 2018, PDC deposits
is presented in Fig. 3. The PDC deposits comprise: (1) valley-confined
PDC deposits in the Las Lajas, El Jute, Ceniza and Santa Teresa/Seca
barrancas; (2) overbank PDC deposits, where parts of the channeled
PDCs spread laterally onto interfluves at several sites (black arrows on
Fig. 3) along the main channels and were subsequently re-channeled
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thin (~0.5-m-thick) ash-cloud surge deposits that inundated large areas
on the medial to proximal flanks, especially along seven of the principal
barrancas draining the volcano. A singe zone is also recognized along
valley margins and/or in marginal vegetated/forested areas affected by
valley-confined and overbank PDCs. Using the ‘Geometric Attributes’
tool in ArcGIS, the azimuth (degrees from North) of downed trees
(n ~ 1225) in the two main proximal areas affected by the ash cloud
surge on June 3rd were derived from satellite imagery and used to infer
the main current directions (inset in Fig. 3).

The surface of the valley-confined deposits shows a chaotic
morphology with contrasted dark, convex boulder-rich ridges, and light-
colored margins of finer grained material. They are characterized by the
presence of several overlapping lobate deposits (we outlined 13 of them
on Fig. 3) with steep, bouldery and clast-supported fronts, similar to
those reported at Merapi (Charbonnier and Gertisser, 2008;

into the surrounding river valleys and adjacent tributaries; and (3)

Fig. 4. Impacts of the June 3rd, 2018, PDCs on the southeastern flank of Fuego as captured during the August 2018 field campaign. Red arrows indicate the main
flow direction. a) View of the southeastern flank of Fuego from the eastern bank of Las Lajas barranca. Dashed red line shows the extent of the ash-cloud surge. b)
Overbank PDC lobate deposits over the La Reunion golf course. ¢) Overbank PDC deposits just a few meters downstream of overspill location 3 (Fig. 3) showing
intense substrate erosion (foreground) and wedge-shaped deposits at the overspill site (background). d) Moderately-sorted, ash-cloud surge deposits in the proximal,
eastern bank of Las Lajas barranca, located about 4 km from the summit, with downed and broken trees on top. ) Ash-cloud surge deposits in the eastern bank of Las
Lajas captured at the same distance as d) but closer to the main channel, showing intense substrate erosion and tree damages. The main valley-confined PDC deposits
are present on the left-hand side of the picture. f) Thin, well-sorted ash-cloud surge deposits on the same interfluves as d) and e) but further away from the main
channel, that only partially burned and/or snapped tree branches, coffee beans and/or soil. g) Strong erosional features on the western valley margins along the Las
Lajas barranca caused by the 2018 PDCs (~4.5 km from summit), where the vegetation was completely removed and pre-existing substratum was scoured and
striated, exposing older stratigraphy. The main valley-confined PDC deposits are present in the center of the picture, while the ash-cloud surge deposits are in the
foreground. h) Heavily damaged concrete bathroom structure from the impact of the 2018 overbank PDCs at the western edge of La Reunion golf course (overspill
site 2, Fig. 2). i) Friction mark ~10 cm long and ~ 3 cm wide on a lava flow block transported by the 2018 valley-confined PDC deposits in Las Lajas. j) Aluminum
railing pulled out, transported, and wrapped around a scorched tree trunk by the 2018 overbank PDCs at La Reunion golf course. k) Tree bark teared off and scorched
at the base of a tree trunk by the passage of the 2018 overbank PDCs upstream of San Miguel de Los Lotes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Schwarzkopf et al., 2005), Colima (Macorps et al., 2018; Saucedo et al.,
2002), Unzen (Ui et al., 1999) and Soufriere Hills (Cole et al., 2002)..
The surface of the overbank deposits is generally light colored and
contrasts with the darker surface of the valley-confined deposits (Fig. 3).
The overbank deposits produced thick, convex fans and lobes of poorly
sorted material on the interfluves and volcanoclastic terraces at the
margins and/or between the inundated channels. Based on both satellite
image analyses and field observations, numerous large blocks, several
meters in size, protrude well above the valley-confined deposit surface
and the maximum clast size reaches a peak at some intermediate dis-
tance (up to 10 m diameter), decreasing toward the proximal reaches as
well as to the distal part of the PDC deposits. Associated ash-cloud surge
deposits extend beyond the limit of the overbank deposits in the prox-
imal area and generated damage to trees as well as topsoil stripping in
the nearby coffee plantations (Fig. 4a). Several stripes of singed trees are
also clearly visible on the outer banks of the Las Lajas barranca. Gradual
lateral deposit facies transition and their decreasing associated impacts
on the surrounding landscape can be observed across a section of the
proximal Las Lajas channel located ~4 km from the summit: 1) from the
thick, poorly-sorted valley-confined deposits that completely filled the
pre-eruptive channels; 2) to the thinner, moderately-sorted overbank
deposits on valley margins that uprooted, burned trees in the direction
of the flow, buried volcanoclastic terraces and stripped or scorched
marginal vegetated areas; and finally 3) the thin, well-sorted ash-cloud
surge deposits on the interfluves that only partially burned and/or
snapped tree branches, coffee beans and/or soil (Fig. 4d-f).

Damages to vegetation, agriculture, buildings and infrastructure are
related to the three main PDC overspill sites that occurred along the Las
Lajas barranca (Fig. 3): 1) the first major PDC overspill occurred after a
sharp bend in the valley at 5.5 km from the summit, with associated
overbank and surge deposits that extended as far as ~1 km laterally
away on the eastern side of the channel, impacting coffee plantations; 2)
the second major PDC overspill (~700 m width) affected La Reunion
Golf resort, located ~7.2 km from the summit, and was caused by
channel constriction due to the presence of historical volcanoclastic
terraces inside the eastern banks of Las Lajas where the Golf resort is
built upon; 3) the third major PDC overspill occurred at a sharp bend of
the Las Lajas barranca located 8.2 km from the summit, and led to the
destruction and burial of two-thirds of the northwestern area of the
village of San Miguel de Los Lotes by overbank PDCs, that propagated an
additional 2.8 km downstream in an inactive western tributary of the Las
Lajas barranca to reach the junction with the Guacalate river (Fig. 3).
Overbank deposits in the village are up to ~5 m thick, and consist of
massive, poorly sorted, with meters-sized boulders inside a medium-to-
fine ash matrix. The widespread destruction of most buildings in the
northern part of the town along with a few surviving buildings of the
same typology in the south and east parts suggests that destruction of
buildings was caused by a combination of dynamic pressure and missile
damage from large clasts carried by the PDCs (Lerner et al., 2022). The
portion of the main road running along the south-east and east side of
the town (RN-14) was completely inundated, and most of the damage
(and many fatalities) occurred at the bridges crossing the western and
eastern Las Lajas channels. Buildings and infrastructures of the Golf
resort located on volcanoclastic terraces close to the Las Lajas channel
were either highly damaged or destroyed (Fig. 4h, j). However, inside
the golf resort, the energy of the overbank PDCs was low enough that
they could be largely blocked by buildings and associated ash-cloud
surges maintained similarly low velocities (< 5 m/s) and dynamic
pressures (< 0.5 kPa), evidenced by their ability to fell only slim and
very small (2-3 m height) trees or palms, but not to remove roof tiles or
to move items located on tables inside buildings (Lerner et al., 2022).
Other locations of minor PDC overspills (with lateral extension <200 m
from the channel banks) found along the Las Lajas barranca are indi-
cated on the map in Fig. 3.

In addition, some features were observed that affected both, large
blocks within the deposits and blocks of pre-topographic substratum
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along the valley walls exposed during emplacement of the successive
PDCs. Randomly orientated friction or impact marks of various sizes up
to ~10 cm long and ~ 3 cm wide were identified on all sides of large
dense blocks within the deposits (Fig. 4i). Such marks were described
previously from block-and-ash flow deposits at Merapi and Soufriere
Hills volcano, Montserrat, where they were interpreted to be related to
the high energy of block collisions, both with the pyroclastic-flow matrix
trapped in between (Grunewald et al., 2000) or with each other
(Schwarzkopf et al., 2001, 2002). Strong erosional features were
observed at valley margins along the full flow length. At several loca-
tions along the Las Lajas barranca, the pre-existing substratum was
scoured and striated (Fig. 4g), clasts were found embedded in tree trunks
and tree barks were scorched or singed as high as 5 m above the surface
of the PDC deposits, giving some indication of maximum current heights
in these areas (Fig. 4k).

2.3. Main lithofacies and stratigraphy

The spatial imagery analysis and field investigations of the deposit
surface revealed significant differences between deposits from valley-
confined PDCs, overbank PDCs and ash-cloud surges. Based on the
lithofacies scheme previously defined for the recent Merapi and Colima
PDC deposits (Charbonnier et al., 2013; Charbonnier and Gertisser,
2011; Macorps et al., 2018), five main lithofacies are distinguished in
this study to describe the internal architecture of the June 2018 PDC
deposits in terms of the grain size, depositional features, structure,
bedforms and matrix characteristics (coloration, grain-size, componen-
try): mBLA (Massive Blocks, Lapilli and Ash); mLA (Massive Lapilli and
Ash); csLA (cross-stratified Lapilli and Ash); sLA (stratified Lapilli and
Ash) and mA (Massive Ash). Fig. 5 depicts some of these lithofacies at
selected locations along the June 2018 PDC deposits.

Stratigraphy of the June 2018 PDC deposits was limited by the
availability of stratigraphic sections and amount of erosion that
occurred inside the fresh deposits at the time of sampling. At most
outcrops located inside the Las Lajas barranca, only the upper part of the
June 2018 valley-confined deposits was exposed, and often restricted to
the frontal overlapping lobes. Nevertheless, seventeen main deposi-
tional units have been identified along the Las Lajas channel, mainly
based on their lithological and sedimentary characteristics, as well as
longitudinal and lateral correlations of thin interbedded ash fall layers.
Each stratigraphic unit represents either the emplacement of a different
PDC or is associated with the deposition of a particular PDC layer (i.e.,
ash-cloud surge units csLA and sLA). A composite stratigraphic section
of these units, along with their lithofacies description, are presented in
Fig. 6.

2.3.1. Valley-confined facies

The presence of several overlapping lobate deposits with steep,
bouldery and clast-supported fronts at the surface, as well as changes in
the amount of oxidation and grain-size distribution of the matrix, were
found to be the most reliable diagnostic features to identify valley-
confined unit boundaries. At the base of the vertical sequence, units
mBLA1 and mBLA2 have a distinctive fine-grained, dark grey-to-brown
matrix with only a small amount of oxidized and hydrothermally altered
lapilli and blocks (Figs. 5 and 6). Matrix colors of the valley-confined
units vary from grey to brown, with a gradual color change, as well as
increases in matrix grain-size and abundance of oxidized lapilli and
blocks (see next section), from unit mBLA1 to mBAL7 (Figs. 5 and 6).
These changes can be correlated with an increase of iron oxidation in the
matrix of PDC lobes that were emplaced toward the end of the PDC
sequence on June 3rd afternoon. Grain fabric orientations are observed
only in the upper units and stratigraphic sections from the proximal area
(~4 km from the summit) with clast trains and long axes of elongated
clasts (in the size range between —6 to —8 phi) mostly parallel to the
flow direction. Coarse-tail grading is also observed in the same exposed
units proximally, but is absent from all other sections downstream,
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Fig. 5. Selected stratigraphic sections and pictures showing the main lithofacies distinguished to describe the internal architecture of the 2018 PDC deposits: mBLA
(Massive Blocks, Lapilli and Ash); csLA (cross-stratified Lapilli and Ash); sLA (stratified Lapilli and Ash); mA (Massive Ash). The term ‘OB’ indicates an overbank unit.
Dashed white lines indicate depositional unit boundaries or interfaces between different facies.

where the most common facies is mBLA with random clast orientation
and distribution. Thicknesses of exposed valley-confined units vary from
2 m to >20 m but are often between 3 and 7 m on average. The distri-
bution of these channeled deposits inside the Las Lajas channel is not
uniform, with as much as five stratigraphic units identified between 5.7
and 8.2 km from the summit (units mBLA3 to mBLA7 in Fig. 6), whereas
only two valley-confined units (units mBLA1 and mBLA2) are observed
in the distal area.

2.3.2. Unconfined facies

Two different types of unconfined deposits have been recognized
from field investigations, namely overbank and ash-cloud surge de-
posits. As previously described for the 2006 and 2010 Merapi PDC de-
posits (Charbonnier et al., 2013; Charbonnier and Gertisser, 2011), two
main types of overbank deposits, depending on the geometric conditions
of overbanking and the morphology of the interfluve surface, are found
in the 2018 Fuego PDC deposits: 1) wedge-shaped overbank deposits are
mainly located close to the main channel (< 1 km laterally), with
maximum thicknesses close to the valley walls and gradual lateral
thinning toward the valley margins (i.e., PDC overspill sites 1 and 2 in
Fig. 3); 2) re-channeled overbank deposits where overbank PDCs are re-
channeled into first-order secondary tributaries on both sides of the
main channel (i.e., PDC overspill site 3 in direction of San Miguel de Los
Lotes). Within these tributaries, the re-channeled overbank deposits
consist of poorly sorted mBLA or mLA deposit facies, either without
grading or with weak apparent coarse-tail grading. In contrast to the first
type of overbank deposits, their thicknesses (up to 2 m) remain

remarkably constant along their runout length. As many as four over-
bank units (mBLA-OB1 to mBLA-OB4 in Fig. 6) have been identified in
the stratigraphy, but only the two basal ones (mBLA-OB1 and m(B)LA-
OB2) were found downstream of PDC overspill site 3. Unit mBLA-OBI is
the only overbank unit that reached San Miguel de Los Lotes and is
correlated with the late arrival of the PDC overbank flow witnessed by
the CONRED team along the RN-14 road around 3.18 pm (Fig. 2E), a few
minutes after the passage of the two valley-confined PDCs at the Las
Lajas bridge that reached the Guacalate river (units mBLA1 and mBLA2
in Figs. 5 and 6).

Two stratified to cross-stratified lapilli and ash units (SLA1 and csLA2
in Figs. 5 and 6) were found in the proximal sections at ~4 km from the
summit, inside extensive ash-cloud surge deposits emplaced on top of
marginal vegetated/forested terraces on the eastern side of Las Lajas
barranca (Fig. 4). They consist of an alternation of lapilli clasts (often
imbricated) inside a brownish to reddish matrix with finer grained,
massive, greyish ash layers. Dune bedforms inside unit csLA2 do not
exceed 50 cm in thickness and 1.5 m in length (Fig. 5). Closer to the Las
Lajas active channel, the stratified surge basal unit SLA1 gradually be-
comes thicker (> 1 m), more poorly sorted and coarser grained (with
blocks <20 cm) to reach the mBLA facies as an overbank deposit at
lateral distances <50 m from the Las Lajas eastern wall (most proximal
sampling site in Fig. 1). In the volcanoclastic terraces on the eastern side
of Las Lajas at PDC overspill site 1 (Fig. 3), the topmost surge unit csLA2
grades into a ~ 30 cm-thick stratified lapilli and ash unit sSLA2 which
consists of ~10 sub-units with an alternation of fine- and coarse-grained
ash (Fig. 5). A thin (< 3 cm) ash fallout layer (mA4 in Fig. 6) overlays
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Fig. 6. Composite stratigraphic section (not to scale) of the main depositional units of the June 3rd, 2018, eruptive sequence along with their location, lithofacies
description and corresponding sample names. Main lithological components and their relative abundances are also shown. See Fig. 1 for sample location.

this unit.

Just downstream of PDC overspill site 1 (Fig. 3) around ~6 km from
the summit, two overbank units (mBLA-OB3 and mBLA-OB4) are visible
on the western margin of the Las Lajas barranca. Unit mBLA-OB3 con-
sists of a ~ 5 m-thick, poorly sorted deposit facies with a light grey
matrix and > 1-m-diameter blocks while unit mBLA-OB4 is much
thinner (< 1 m thick) and finer grained (Figs. 5 and 6). A thin (< 1 cm)
layer of burnt vegetation is present between units mBLA-OB3 and mBLA-
OB4. Overbank deposits with singed vegetation and snapped young trees
are also visible on the eastern margin of the Guacalate river, at the
frontal terminus of the June 2018 deposits (most distal sampling loca-
tion in Fig. 1), where they consist of a ~ 1.5 m-thick, massive mBLA
facies with weak reverse grading. A thin (< 2 cm) ash fallout layer
overlies the overbank deposits at that location (mA3 in Fig. 6).

Between 200 and 800 m downstream of PDC overspill site 3 in the
western tributary of Las Lajas, an area of patchy deposition and stripped
soil (Fig. 4c) corresponds to the emplacement of a ~ 70-90 cm-thick,
massive, brownish lapilli and ash unit mLA-OB2 (Fig. 6) that locally
overlies overbank unit mBLA-OB1 and grades downstream into the
mBLA facies of overbank unit mBLA-OB2 (Fig. 5). The contact between
m(B)LA-OB2 and mBLA-OB1 is either gradational or sharp with the
presence of an interbedded, < 2 cm-thick ash fallout layer (mA2 in
Figs. 5 and 6).

2.4. Matrix grain size distribution and componentry

The results of grain size analyses for the thirty samples collected is
presented in Table 1, while the results obtained from deconvolution of
the polymodal grain size distributions with DECOLOG are presented in
Table 2. The vast majority of the valley-confined PDC samples analyzed
present a bimodal distribution. GRADISTAT analyses using Derive Folk-
Ward statistics for valley-confined samples (unimodal and bimodal)
show that samples are mostly poorly sorted with sorting coefficients
ranging from 2.6 to 3.0 phi and mean diameters of —0.4 and 0.3 phi
(Table 1, Fig. 7a). The two modes (peak grain sizes) identified by the
deconvolution process fall between —4.2 phi and — 3.5 phi for the coarse
sub-population, and between 0.6 and 1.9 phi for the fine sub-population
(Table 2). Only one valley-confined sample presents a unimodal distri-
bution with a mode of 0.5 phi. Samples collected from overbank PDC
deposits also show mostly bimodal distributions with the two modes
between —4.7 phi and — 1.3 for the coarse sub-population, and 0.4 and
1.6 phi for the fine sub-population (Table 2). Most samples are fine
skewed (where fine values are spread out), with the valley-confined and
overbank samples being platykurtic whereas ash-cloud surge and fallout
samples being mesokurtic with sorting coefficients ranging from 1.1 and
3.0 phi (moderately to poorly sorted) and mean diameters of —0.5 and
2.9 phi (Table 1, Fig. 7a). Samples from the valley-confined and over-
bank deposits mostly plot in the same area (Fig. 7a), implying that
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Grain size parameters of the studied samples. Meang = Mean diameter (phi), Mdg = Median size particle (phi); 64 = Sorting (phi), LL = Las Lajas barranca, Ce = Ceniza
barranca, Se = Barranca Seca, Gu = Guacalate river, SMD=San Miguel Duenas. See Fig. 1 for sample location. As defined by Walker (1983), F1 is the weight percent of
the grain size distribution finer than 1 mm while F2 is the weight percent of the grain size distribution finer than 63 pm.

Matrix grain size distribution (wt%) and GRADISTAT parameters (in phi scale)

Sample Unit Sample location and type Lapilli Ash F1 F2 Mean ¢ Md ¢ cd Skewness Kurtosis
FG18-A6-BAF1 - LL, Valley-Confined 33.37 66.63 71.10 20.10 -0.1 0.24 2.74 -0.15 0.86
FG18-B1-BAF1 - Ce, Valley-Confined 35.37 64.63 66.61 20.91 -0.21 0.23 2.98 —-0.16 0.77
FG18-B2-BAF1 - Ce, Valley-Confined 31.83 68.17 53.10 16.26 -0.09 0.40 2.89 -0.20 0.85
FG18-C1-BAF1 - Se, Valley-Confined 32.94 67.06 70.94 22.33 0.08 0.36 2.75 -0.14 0.84
FG18-A7-BAF3 mBLA7 LL, Valley-Confined 39.28 60.72 65.16 18.81 —0.42 —0.09 2.88 -0.12 0.75
FG18-A11-BAF4 mBLA6 LL, Valley-Confined 40.59 59.41 63.10 18.45 -0.36 —-0.17 2.84 —0.06 0.71
FG18-A12-BAF5 mBLAS LL, Valley-Confined 35.29 64.71 67.91 19.13 —-0.24 0.18 2.81 -0.16 0.79
FG18-A13-BAF6 mBLA4 LL, Valley-Confined 28.56 71.44 73.75 21.03 0.06 0.48 2.72 -0.19 0.95
FG18-A14-BAF7 - LL, Valley-Confined 31.72 68.28 65.24 19.68 -0.12 0.39 2.86 -0.21 0.84
FG18-A15-BAF8 - LL, Valley-Confined 26.54 73.46 75.03 22.99 0.29 0.66 2.64 -0.19 0.97
FG18-A18-BAF9 mBLA3 LL, Valley-Confined 32.53 67.47 69.85 20.35 -0.13 0.30 2.82 —-0.18 0.83

FG18-A19-BAF10 - LL, Valley-Confined 30.76 69.24 71.72 21.13 —-0.10 0.40 2.89 -0.21 0.90
FG18-A28-BAF12 mBLA2 Gu, Valley-Confined 30.94 69.06 71.26 21.31 —-0.01 0.40 2.78 -0.18 0.86
FG18-A26-BAF11 mBLA1 Gu, Valley-Confined 30.94 69.06 56.20 16.80 -0.27 0.18 2.86 -0.17 0.75
FG18-A30-BAF13 mBLA-OB1 LL, Overbank 22.96 77.04 78.70 25.02 0.57 0.77 2.60 —-0.18 1.08
FG18-A8-01 mBLA-OB3 LL, Overbank 37.75 62.25 64.64 19.15 —0.44 0.08 2.97 -0.17 0.74
FG18-A9-02 mBLA-OB4 LL, Overbank 32.68 67.32 71.76 20.85 0.06 0.28 2.67 -0.11 0.86
FG18-A10-01 mBLA-OB3 LL, Overbank 37.15 62.85 62.85 11.81 —-0.40 0.11 2.93 -0.18 0.75
FG18-A17-02 mBLA-OB2 LL, Overbank 36.59 63.41 63.41 11.74 —0.46 0.13 2.98 -0.20 0.73
FG18-A20-01 mLA-OB2 LL, Overbank 37.78 62.22 65.19 18.52 —0.55 0.03 3.01 -0.18 0.71
FG18-A23-00 mBLA-OB1 LL, Overbank 20.65 79.35 79.35 17.18 0.78 0.95 2.45 -0.18 1.08
FG18-A25-03 mBLA-OB1 LL, Overbank 30.31 69.69 73.94 20.13 —-0.04 0.35 2.68 -0.19 0.94
FG18-A1-S2 csLA2 LL, Surge 0.82 99.18 99.18 50.82 2.92 3.03 1.31 -0.15 0.96
FG18-A2-S1 sLA1 LL, Surge 16.37 83.63 83.63 16.37 1.02 1.08 1.13 0.00 0.93
FG18-A4-52 csLA2 LL, Surge 0.35 99.65 99.65 42.31 2.74 2.77 1.64 0.10 0.97
FG18-A3-S1 sLA1 LL, Surge 9.41 90.59 90.59 11.96 0.98 0.87 1.44 -0.14 0.91
FG18-A5-S2 sLA2 LL, Surge 1.28 98.72 82.11 50.80 2.65 2.77 2.97 -0.17 0.74
FG18-A21-ASC1 mLA2 LL, Surge 9.81 90.19 90.19 28.08 1.74 1.85 2.05 -0.16 1.01
FG18-A24-ASC1 mLA2 LL, Surge 17.53 82.47 82.47 17.73 0.97 0.93 2.15 —-0.01 0.97
FG18-TEPHRA2 - SMD, Fallout 5.3 94.7 88.88 12.37 0.99 0.26 1.87 0.53 1.34

overspilling here directly involved the main body of channeled PDCs.
The F2 (wt% finer than 63 pm) versus F1 (wt% finer than 1 mm) diagram
of Walker (1983) confirms the significant amount of fine ash (between
17 and 25 wt% for fractions >4 phi) in the matrix of both the valley-
confined and overbank PDC deposits (Fig. 7b), while some of the ash-
cloud surge deposits reach at least ~50 wt% of fines (> 4 phi).
Following the stratigraphic relationships found inside the valley-
confined deposits (mBLA units in Fig. 6) and because sampling was
performed systematically at the lobe front of each depositional unit,
granulometric results of the valley-confined samples taken at each lobe
front can be plotted against distance from the summit to investigate bulk
grain-size evolution in Las Lajas. Using the statistics of the two
lognormal grain-size sub-populations calculated by DECOLOG for each
valley-confined lobate front unit (mBLA1 to mBLA 7 in Table 2 and
Fig. 8), grain-size does not vary simply with distance in the fine sub-
populations, however the mean particle diameter and sorting in the
coarse sub-populations does vary significantly with distance (i.e., unit
mBLAG6 in Fig. 8a,b) . These results suggest that the proportion of the two
sub-populations, identified here as peak grain sizes, within the matrix of
the June 2018 PDC deposit sequence, are not correlated to each other.
Moreover, since our sampling was mostly performed at the lobe front of
each unit, such variations in the statistical parameters are representative
of internal processes that occurred during the emplacement of the
frontal PDC regions only.

The quantitative lithological component analysis carried out on
fifteen PDC matrix samples via optical microscopy reveals noteworthy
textural variations in terms of relative abundances of the eleven recog-
nized lithological component categories (Fig. 9). Four main lithological
components are identified among the selected samples, from the most
abundant to the least: free crystals, partially red oxidized clasts, black
scoria and oxidized clasts (Table 3 and Fig. 9a). Other components
represent max. 6% in abundance of the total number of particles
analyzed in each sample. However, some variations are found in terms
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of relative abundances of some of these secondary components (grey
clasts and hydrothermally altered clasts) inside the valley-confined PDC
deposits (Table 3 and Fig. 9b). A similar approach as for the gran-
ulometry can be taken to investigate textural variations within the June
PDC deposit sequence in Las Lajas barranca. Fig. 9a shows that while the
abundance of free crystals does not vary between the valley-confined
PDC units sampled, a near-inverse relationship is found between the
fully oxidized and partially oxidized clast population in the proximal
mBLA units (from mBLA7 to mBLA4), with a decrease in abundance of
fully oxidized clasts (from 16% to 2%) while the partially oxidized clast
abundance increases (from 16% to 28%) simultaneously. A progressive
increase (of about 10%) in the abundance of black scoria with distance
from the summit represents the only other significant lithological
change among the main component categories recognized, with the
remaining changes being visually secondary (Fig. 9b). The componentry
of these secondary lithological groups mostly reveals a decrease in the
abundance of grey clasts and hydrothermally altered clasts (of about 5%
and 3%, respectively) from the proximal (mBLA7) to distal (mBLA1)
valley-confined lobate front units (Fig. 9b). Valley-confined samples
collected in the two other barrancas affected by the June 3rd PDCs
(Ceniza and Seca) show similar componentry as the ones from Las Lajas,
with a high abundance of free crystals and black scoria, but relatively
low content of oxidized clasts (Table 3). As comparison, the compo-
nentry of the tephra fallout sample representing deposits from the sub-
Plinian phase on June 3rd also shows a high content of free crystals,
brown glass and black scoria, and paucity (< 0.5%) or absence of any
other lithological component categories (Table 3).

2.5. Scanning electron microscopy

A representative number of particles (n = 155) from the 2 phi grain
size fraction from five samples collected from the 2018 deposits were
selected for Scanning Electron Microscopy. The instrument used for
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DECOLOG statistical parameters (in phi scale) of the polymodal matrix grain size distributions of the selected samples from June 3rd, 2018. ¢ = Sorting (phi). See text

for details.

DECOLOG statistical parameters (in phi scale) of the polymodal matrix grain size distributions
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these analyses is a Topcon Aquila compact scanning electron microscope
(SEM) with a 50,000x magnification, integrated with an optical mi-
croscope of 30 x magnification for optical mapping and imaging in color.
Sample preparation included placing individual particles on dry mounts
and sputter coating to improve SEM imaging on low conductivity sam-
ples by increasing the number of secondary electrons that can be
detected from the surface of the sample in the SEM, and therefore
increasing the signal to noise ratio. Four out of the five samples selected
were from PDC deposits in Las Lajas (one from the overbank unit mBLA-
OB1 and one from the valley-confined unit mBLA7), Ceniza and Seca
barrancas (Table 4). The fifth sample is a tephra fallout sample from the
sub-Plinian phase that occurred on the morning of June 3rd. In addition,
a sixth sample, named FGO17, is a tephra sample from a paroxysmal
eruption that took place on January 26th, 2017, collected at the Fuego
Volcano Observatory (OVFGO), in the town of Panimache (SW of Fuego;
Fig. 1). This older sample was compared to the 2018 one in order to
determine differences or similarities between the tephra deposits pro-
duced by two explosive events of different eruptive magnitude and style.

Each sample was described in terms of vesicularity (volume of ves-
icles) (Heiken and Wohletz, 1985), shape, and surface. For vesicular
grains, vesicles were measured using the program GIMP (GNU Image
Manipulation Program). Each vesicle was measured in terms of width
and length, and an average size per sample grain was calculated based
on those measurements (sizes varied between 6 and 208 pm). The
number of vesicles per grain varied between 0 and 16 and the vesicu-
larity of each grain was classified as low (0-30%), moderate (30-60%)
and high (60-100%). The shape of the grains was classified with the
terms blocky, angular, fluid, or inter-vesicular walls (IVW) as per Bus-
tillos et al. (2018). Blocky grains contain planar to curviplanar surfaces
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and can also have a tabular or prismatic form (Heiken and Wohletz,
1985). Angular grains are characterized by having pointy or sharp
edges, fluid grains tend to be spherical or tear shaped (Bustillos et al.,
2018). In terms of surface, the following terms were used: smooth,
rugged, molten, broken, planar, fractured, and jagged. Rugged textures
are characterized by having corrugations, molten — also referred to as
fluid in literature (e.g., Heiken and Wohletz, 1985) — exhibit textures
that appear to have solidified after being melted, and jagged grains
exhibit rough or sharp edges. Based on the lithological components
identified (see previous section), for this study, the two components
selected for SEM analyses of the PDC samples were the black scoria and
grey clasts, whereas for the tephra fallout samples, black and brown
glasses were also analyzed. Free crystals and lithics in each sample were
also imaged for reference. Results of the qualitative textural classifica-
tion of each sample in terms of vesicularity, shape and surface charac-
teristics are presented in Table 4. Some examples of SEM images
obtained as well as the results of measured averaged vesicle size per
sample grain are shown in Fig. 10.

The June 2018 PDC samples are characterized by low to moderate
vesicularity, with many grains having no vesicles, or at least not visible
due to adhering dust, while others contain only a few vesicles (Table 4
and Fig. 10). The shape of the grains is mostly blocky and angular, but
fluid shapes are also common. In terms of surface, most grains exhibit
mainly a smooth surface, but with some rugosity present in parts of the
grain. Some of the grains are also broken, jagged and/or fractured, and
others contain planar surfaces. In addition, many of the grains contain
adhering dust on their surfaces. There are some differences among the
PDC samples. For instance, the sample collected inside the Ceniza bar-
ranca (FG18-B2-BAF1) is characterized by low- to moderate vesicularity,
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Fig. 7. A) Plot of median diameter (Mdg) versus sorting coefficient () for the different 2018 PDCs and tephra fallout deposits. B) Plot of the weight percent finer
than 63 pm (F2) versus the weight percent finer than 1 mm (F1) for the different 2018 PDC and tephra fallout deposits.
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Fig. 8. Results from deconvolution of the polymodal distributions inside each valley-confined lobate front 2018 PDC unit sampled inside Las Lajas barranca showing
variations of A) mean diameter and B) sorting (in phi unit) of both the fine and coarse sub-populations as a function of the runout distance of each PDC unit.

blocky and angular grains with smooth and rugged surfaces, and
conchoidal fractures. This sample, along with the sample collected in-
side barranca Seca (FG18-C1-BAF1), has the highest vesicularity among
the 2018 PDC samples (Fig. 10).

The two tephra fallout samples analyzed, in comparison to the PDC
samples, have a wider range of vesicularity. Almost all particles
analyzed have vesicles, ranging from low to high vesicularity (Table 4
and Fig. 10). In general, the shape of the grains is mostly blocky and/or
angular, but fluid shapes are also common (sample FGO17). There is a
variety of surface textures, but jagged, rugged, and smooth surfaces are
the most common. Adhering dust is also found on some of the grains.
Particles from the 2018 sub-Plinian fallout have a higher vesicularity, a
larger range in vesicle sizes (Fig. 10), and many have larger vesicles than
particles from the 2017 tephra fallout, which have low to moderate
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vesicularity and mostly smooth, fluid or molten surface textures,
indicative of rapid cooling of a low viscosity magma.

3. Discussion
3.1. Juvenile versus accidental lithics in the June 3rd, 2018 PDC deposits

Results obtained from the quantitative lithological component
analysis and qualitative SEM textural classification carried out on matrix
samples from the June 2018 PDC and tephra fallout deposits show
strong relative abundance and textural variations, both between the
different barrancas affected by the 2018 eruption (mainly Ceniza, Seca
and Las Lajas), and within the different PDC units emplaced in Las Lajas
on the afternoon of June 3rd (mLBA1 to mBLA7). Such variations can be
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Fig. 9. Componentry results inside each valley-confined lobate front 2018 PDC unit sampled inside Las Lajas barranca showing variations of A) all lithological
components and B) secondary lithological components only, as a function of distance from summit.

indicative of the various contributions of material from the explosive
events directly (i.e., juvenile material), but also from the erosion and
remobilization of the ‘perched’ pyroclastic material that rapidly accu-
mulated on the southeastern upper flank (i.e., accidental lithics) during
the previous paroxysm eruptions in the last few months prior to the June
2018 events (Albino et al., 2020; Naismith et al., 2019). Most clasts
analyzed from PDC deposit matrices of June 3rd are characterized by an
overall blocky shape, smooth textures with some rugosity, and low to
moderate vesicularity. In contrast, the tephra fallout sample from the
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sub-Plinian phase has a moderate to high vesicularity and are mainly
blocky and angular in shape, with jagged surfaces.

The abundance of fresh, brown glass and black scoriae in both tephra
samples from January 2017 and June 2018, confirms the juvenile nature
of these components. Both the high abundance of black scoria and low
content of fully oxidized clasts found inside the distal valley-confined
PDC deposit samples from Las Lajas (units mBLA1l and mBLA2), as
well as from those collected in the two other barrancas affected by the
June 3rd PDCs (Ceniza and Seca) suggest that these PDCs contained



ST

Table 3
Componentry data (in abundance %) of the 1 phi grain-size fraction of the studied samples. LL = Las Lajas barranca, Ce = Ceniza barranca, Se = Barranca Seca, Gu = Guacalate river, SMD = San Miguel Duenas. See text for
details.
Componentry (%) of the 1 phi grain-size fraction
Sample Unit Sample Location and Brown Dense Black Vesicu-lated Black Black Brown Free Oxidized Partially Oxidized Hydroth-ermally Altered  Grey  Other Color-
Type Glass Glass Glass Scoria  Scoria  Crystal Clast Clast Clast Clast ed
Glasses
FG18-A6-BAF1 - LL, Valley-Confined 0.9 1.1 0.9 8.1 1.1 42.5 11.4 26.5 3.1 4.3 0.1
FG18-B1-BAF1 - Ce, Valley-confined 1.7 0.8 2.4 17.9 3.3 46.4 5.4 13.5 1.3 5.2 2.1
FG18-B2- BAF1 - Ce, Valley-confined 0.5 0.2 1.4 20.4 0.2 45.8 2.3 22.2 0.8 2.6 3.6
FG18-C1-BAF1 - Se, Valley-confined 0.1 0.2 1.3 31.3 1.1 43.0 5.2 11.1 1.5 3.7 1.5
FG18-A7-BAF3 mBLA7 LL, Valley-Confined 0.1 0.9 2.7 11.0 0.9 41.9 16.7 16.3 2.7 6.4 0.4
FGISZ;ZI_ mBLA6 LL, Valley-Confined 0.4 0.3 1.0 18.9 0.4 36.0 10.7 26.2 3.7 2.3 0.1
FGls;\’;f' mBLA5 LL, Valley-Confined 1.3 2.1 1.2 9.5 1.1 46.5 4.8 28.9 3.0 0.7 0.9
FGlg_A‘;l:_ mBLA4 LL, Valley-Confined 0.1 2.0 1.0 25.0 0.5 37.0 2.5 28.0 1.8 0.4 1.7
FGlgﬁ};’ - LL, Valley-Confined 0.4 0.9 0.7 22.0 0.6 425 6.2 24.1 0.9 0.6 11
FGlg_Ajﬁf- - LL, Valley-Confined 0.5 0.5 4.3 7.3 1.5 54.5 6.0 17.4 3.4 3.3 1.3
FGIEZEQS_ mBLA3 LL, Valley-Confined 0.4 1.6 3.0 24.1 0.6 39.9 6.0 18.3 2.6 0.9 2.6
FG;E;—FAIIE- - LL, Valley-Confined 0.1 0.4 2.7 24.1 0.0 32.1 8.1 25.4 1.8 2.7 2.6
FG};\;;ZZS— mBLA2 Gu, Valley-Confined 0.4 1.7 0.6 18.0 0.0 43.1 4.7 26.5 0.4 1.7 2.9
FGE‘\FAIZT- mBLA1 Gu, Valley-Confined 0.1 0.2 0.9 22.5 0.3 38.5 6.3 25.8 0.5 1.2 3.7
FG18-A30- mBLA-
BAF13 OB1 LL, Overbank 0.0 0.4 0.6 19.0 0.2 41.7 2.7 25.8 1.7 5.9 2.0
FG18- SMD, Fallout 21.9 0.0 0.5 7.4 0.0 65.9 0.4 0.0 0.0 0.0 3.9
TEPHRA2 B ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’

D 32 Jo1uuoqIDy) IS
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Table 4

= San

Guacalate river, SMD

Las Lajas barranca, Ce = Ceniza barranca, Se = Barranca Seca, Gu =

Clast textural data (in abundance %) obtained by SEM analyses on the 2 phi grain-size fraction of each studied sample. LL

Miguel Duenas, OVFGO

Fuego Volcano Observatory. See text for details.

SEM textural classification of the 2 phi grain-size fraction
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mostly particles from the June 3rd and recent (2015 to February 2018?)
paroxysm eruptions in their solid fraction. In contrast, the high abun-
dance of oxidized and old lava fragments (dense grey clasts) together
with the lower content of black scoria inside the top valley-confined
units of the June 3rd PDC sequence (units mBLA6 and mBLA7) indi-
cate that these PDCs contained mostly clasts from older (pre-20157?)
paroxysm eruptions in their solid fraction. We suggest that the pro-
gressive increase in the abundance of fully oxidized clasts and decrease
of black scoria within the June 3rd valley-confined PDC sequence in Las
Lajas (from mBLA1 to mBLA7) indicate a higher proportion of old,
‘perched’ pyroclastic material with time, which progressively became
the main source of solid fraction inside PDCs generated after 3.30 pm on
June 3rd (see next section).

Based on these results, the eleven lithological components recog-
nized here are tentatively grouped into three main categories: free
crystals, juveniles and accidental lithics (Fig. 11). The juvenile category
here regroups clasts erupted during recent (2015-February 2018) par-
oxysms including the June 2018 event, and comprises brown and black
glasses and scoriae, while accidental lithics correspond to clasts erupted
during older (pre-2015) paroxysm eruptions and contain partially/fully
oxidized clasts, hydrothermally altered clasts and dense grey clasts. In
this classification, the degree of clast oxidization and hydrothermal
alteration is thought to be correlated with the time the clast spent in
contact with hot, humid atmospheric gases (Martinez-Martinez et al.,
2023), i.e., the time it was stored inside the 2015 collapse structure
containing ‘perched’ pyroclastic material on the proximal southeastern
flank of Fuego (see next section). The dense grey clasts could correspond
to old lava fragments from the upper flanks that were eroded and/or
picked up during PDC generation and/or transport over the steep,
proximal upper slopes. Following this classification, as inferred from the
componentry results, we can observe a progressive decrease of juvenile
material and increase of accidental lithics from bottom to top within the
June 3rd valley-confined PDC deposit sequence in Las Lajas, especially
from units mBLA4 to mBLA7 (Fig. 11). Juvenile content inside the
valley-confined lobate front PDC units varies in abundance from 16% to
32%, accidental lithics from 28% to 43%, and free crystals from 36% to
47% (Fig. 11). The highest content of free crystals is found inside the
tephra fallout sample from the sub-Plinian phase on June 3rd with
~66% in abundance (Table 3).

3.2. Generation and emplacement mechanisms of the June 3rd, 2018
PDCs

3.2.1. PDC generation

The source mechanisms responsible for the generation and
emplacement of the June 3rd, 2018, PDCs have been discussed in recent
papers (Albino et al., 2020; Risica et al., 2022). Using TanDEM-X DEM
differencing, Albino et al. (2020) obtained a thickness map for the PDCs,
showing material loss in the upper portions of Las Lajas due to gravi-
tational collapse and significant substrate erosion. They suggest that ‘the
eroded material in the upper slopes of the southeastern flank increased
the volume of the flows (bulking) and likely caused the run-out distance
of the 2018 PDCs to be larger than previous eruptions (1999-2017)".
Risica et al. (2022) used paleomagnetic analysis to show that ‘the PDCs
mostly derived from collapse of loose and partly hot pyroclastic de-
posits, stored high on the volcano, that had gradually accumulated there
during the last 2+ years. They inferred that progressive collapse of these
unstable deposits supplied the PDCs, causing a bulk-up process, waxing
flow, channel overspill and unexpected runout, and each collapse had a
larger volume and mass flux than the preceding one.” While we agree
with these interpretations, the multi-faceted approach presented here by
combining stratigraphic surveys, sedimentological and textural analyses
of the PDC deposits, not only allows us to discuss in more details the
processes that caused PDC generation and emplacement during the 2018
eruption, but also to reconstruct more fully the sequence of events that
happened on June 3rd:
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Fig. 10. Results of SEM analysis showing a) examples of SEM images obtained on three different lithological components (a-c) with red letters indicating vesicles and
yellow rectangles delineating crystals. b) number of grains per sample containing vesicles and their average vesicle sizes for three samples collected inside the valley-
confined 2018 PDC depositional units in Las Lajas (FG18-A30-BAF13), Ceniza (FG18-B2-BAF1) and Seca (FG18-C1-BAF1) barrancas. ¢) number of grains per sample
containing vesicles and their average vesicle sizes for two tephra fallout deposit samples collected in January 2017 (FGO17) and June 3rd, 2018 (TEPHRAZ2). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1) The PDC deposit stratigraphy presented in Fig. 6 corresponds to morning until 2.30 pm were not exposed at this time and therefore

deposits emplaced in the Las Lajas barranca between 3.00 pm and
4.30 pm on June 3rd. Based on their stratigraphic positions and lobe
front distances from the summit, units mBLA1 and mBLA2, as well as
mBLA-OB1 and m(B)LA-OB2, were emplaced during the peak of PDC
activity between 3.00 and 3.30 pm, while units mBLA3-mBLA7 (and
mBLA-OB3 - mBLA-OB4) were emplaced during the PDC waning
phase until 4.30 pm. Deposits from earlier PDCs that occurred in the

17

not documented in this work. Only the three samples collected in the
Seca and Ceniza barrancas (B1, B2 and C1 in Tables 1 and 3) could
correspond to PDC deposits emplaced during the peak of the sub-
Plinian phase around 1.00 pm;

2) The high content of juvenile material and low content of accidental

lithics found inside units mBLA1 and mBLA2 in Las Lajas and in those
sampled in Seca and Ceniza barrancas, as well as the pristine surface
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Fig. 11. Relative abundance (%) of juvenile, free crystals and accidental lithics inside each valley-confined lobate front 2018 PDC unit sampled inside Las Lajas

barranca as a function of distance from summit.

textures of clasts collected in these samples (i.e., fresh dark grey
crystal-ich andesite), suggest that these PDCs were generated either
from column collapse (most likely scenario for PDCs emplaced in
Seca and Ceniza around 1.00 pm) or gravitational collapse of freshly
deposited, hot and unstable perched pyroclastic material located on
the head scarp of barrancas (most likely source of the Las Lajas PDCs
between 3.00 and 3.30 pm). Such freshly pyroclastic material could
mostly consist of black scoria and partially oxidized (due to their
short residence time) clasts, the two most abundant components in
these units (Fig. 9 and Table 3). In the case of units mBLA1l and
mBLA2 (and mBLA-OB1 - m(B)LA-OB2) in Las Lajas, both triggering
mechanisms could have occurred simultaneously: strong summit
explosions could have ejected ballistics that landed on top of the
loose, hot surface made of perched tephra accumulated earlier dur-
ing the sub-Plinian phase. Intense fallout of coarse pyroclasts on
steep upper slopes has already been invoked to account for
avalanching and formation of PDCs at Mount Fuji (Japan) that
travelled >8 km (Yamamoto et al., 2005). Through their repeated
and frequent impacts, the ballistics could have formed large,
continuous headwall failures and triggered retrogressive, gravita-
tional collapses of a thick and large portion of the ‘perched’ pyro-
clastic material to generate the most voluminous PDCs (Fig. 12);

The low content of juvenile (post-2015) material, as well as the
blocky shape, smooth textures and low vesicularity found inside
most juvenile clasts of units mBLA5-mBLA7 in Las Lajas, indicate
that the associated PDCs were triggered mostly by small gravita-
tional collapses of the colder, deeper portion of the pyroclastic ma-
terial that accumulated during the period 2015-2018, triggering
partial erosion of the headwalls and basement of the substratum that
constitutes the upper southeastern flank of Fuego (Fig. 12), therefore
increasing the proportion of accidental lithics inside their solid
fractions. The smaller mean diameter and better sorting found inside
the coarse sub-populations of units mBLA6 and mBLA7 (Fig. 8 and
Table 2) could also suggest that a more homogeneous, smaller
portion of the ‘perched’ pyroclastic material was involved in these
two late PDC events. Such source mechanisms for the PDCs occurred
during the waning phase of activity, between 3.30 pm and 4.30 pm.

3

~

Based on these correlations, we propose a conceptual model of PDC
generation for the June 3rd events in the Las Lajas barranca (Fig. 12).
This model consists of various temporal longitudinal and cross-sections
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of the upper part of the southeastern flank of Fuego, upstream of the
head of the Las Lajas barranca, that showed accumulation of pyroclastic
materials during the period 2015-2018 (Albino et al., 2020; Risica et al.,
2022). Each section represents a conceptual model of the topographic
profile and infilling material inside the previously formed collapse
structure at a particular location and time during the June 3rd events.
Temporal sections are represented as isochrones (red outlines in Fig. 12)
and are labelled T1, T2 and T3. For each section, the T1 isochrone
corresponds to the loose, hot surficial portion of perched tephra and
ballistics accumulated a few hours earlier during the sub-Plinian phase.
T2 isochrone outlines the hot, thick and large portion of the pyroclastic
material accumulated during the last paroxysms of Fuego, as well as
parts of the headwalls and basement of the collapse structure already
formed before 2015, which all collapsed gravitationally and retrogres-
sively (including portions of T1) during the peak of PDC activity be-
tween 3.00 and 3.30 pm. T3 isochrone indicates the colder, deeper
portion of the pyroclastic material that probably accumulated during the
2015-2018 paroxysms, as well as a larger portion of the lower headwalls
and basement of the old collapse structure, which collapsed gravita-
tionally during the waning PDC phase between 3.30 pm and 4.30 pm. In
this model, each gravitational failure and collapse occurred indepen-
dently but retrogressively, tapping the rapidly accumulated pyroclastic
mass in the old collapse structure from the top to the base and front to
the rear (Fig. 12). While the smaller and most superficial collapse events
do not always generate PDCs, each package of material involved in the
major failure events (T1-T3) correspond to the emplacement of a series
of valley-confined PDC units downstream the Las Lajas channel (mBLA1-
mBLA7). This model shows some similarities with the model proposed
by Risica et al. (2022) but differs in the following aspects: 1) headwall
failures and gravitational collapses are not continuous, and we do not
infer that they increase in size, volume and frequency with time; in
contrast they are correlated with specific stratigraphic, sedimentological
and textural characteristics of the valley-confined PDC units emplaced
downstream of the Las Lajas barranca; 2) headwall failures and gravi-
tational collapses do not exclusively include accumulated pyroclastic
material from the period 2015-2018, but also sub-Plinian tephra and
ballistics accumulated a few hours earlier, as well as portions of the old
collapse structure present before 2015, including some fragments of lava
flows that formed the upper part of the southeastern flank of Fuego, and
found inside the valley-confined PDC units (i.e. dense grey clasts); 3) the
duration of individual granular collapse event do not reflect the duration
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Fig. 12. Conceptual model of PDC generation for the June 3rd, 2018, events showing a bird’s eye view, one longitudinal section and three cross-sections along the
upper part of the southeastern flank of Fuego, upstream of the head of the Las Lajas barranca, that was affected by rapid accumulation of various lava flows and
pyroclastic materials during the period 2015-2018. Each section represents a conceptual model of the topographic profile and infilling material inside the previously
formed collapse structure at a particular location and time during the June 3rd events. See text for details.

of each PDC pulse but rather serve as a proxy for the mobility of the
triggered series of PDCs.

3.2.2. PDC emplacement

Seventeen stratigraphic units have been recognized in the Las Lajas
barranca and its surroundings and, based on detailed mapping, surface
characteristics, lithofacies analysis, grain size distribution, componentry
and clast surface texture, interpreted to belong to the June 3rd, 2018
events. In addition, two other PDC units in the Seca and Ceniza bar-
rancas have been associated to these events. The three types of PDC
deposits identified and mapped (valley-confined, overbank and ash-
cloud surge), and their associated five main lithofacies, are character-
istics of long-runout, block-and-ash flow (BAF) deposits. Such deposits
have already been studied elsewhere, like at Merapi during the 2006 and
2010 eruptions (Charbonnier and Gertisser, 2008; Lube et al., 2011;
Gertisser et al., 2012; Charbonnier et al., 2013; Cronin et al., 2013), at
Volcan de Colima (Mexico) in 1991, 1998-1999 and 2015 (Capra et al.,
2016; Macorps et al., 2018; Reyes-Davila et al., 2016; Sarocchi et al.,
2011; Saucedo et al., 2002; Saucedo et al., 2004), at Soufriere Hills,
Montserrat (Calder et al., 1999; Cole et al., 2002; Loughlin et al., 2002;
Ogburn et al., 2014), and at Unzen, Japan (Fujii and Nakada, 1999;
Miyabuchi, 1999).

The mode of emplacement of such long runout BAFs is often

interpreted as granular-fluid-based PDCs in the classification of Branney
and Kokelaar (2002), characterized by density-stratified currents with a
high-concentration granular dispersion (in which grain interactions
dominate) at lowermost levels, from which the very poorly sorted, more
massive deposits are emplaced; and more dilute, higher levels, in which
ash is carried in turbulent gaseous suspension (Breard and Lube, 2017;
Kelfoun, 2017). In the proximal and medial area, units of valley-
confined BAF deposits show lithofacies of massive deposits (mBLA)
with moderate clast segregation, suggesting internal flow dynamics
governed by high grain-dispersive pressure that induced segregation
processes such as kinetic sieving (Middleton, 1970; Savage and Lun,
1988) and kinematic squeezing (Le Roux, 2003) of the largest clasts. In
the distal areas, clast segregation becomes more subtle and discrete,
which implies a progressive decrease in grain-dispersive pressure due to
fewer grain interactions and therefore a decrease in kinetic energy
produced inside the flow during transport. While channel confinement
and sinuosity maintain high kinetic energy and momentum inside the
most voluminous and mobile PDC events (units mBLA1 and mBLA2)
through high-grain dispersive pressures and clast segregation processes,
a sudden decrease in channel confinement when these two PDCs entered
the Rio Guacalate, at ~10 km from the summit, favored lateral
spreading and thinning (due to mass conservation) of the currents, in
which the decrease in particle collisions together with the increase in
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grain interlocking in the coarse-rich basal region resulted in the loss of
kinetic energy and flow momentum. The lack of strong changes in the
grain size distributions of the fine sub-populations inside the seven
valley-confined BAF lobate front units (Figs. 7 and 8, Tables 1 and 2)
imply that little segregation occurred and fragmentation of clasts was
mostly driven by attrition where particles break from either impact,
compression, frictional or shear forces (and combination of these), and
perhaps auto brecciation (sudden pulverization of blocks into ash upon
impact). The high content of fines (between 17 and 25 wt% for fractions
>4 phi) inside the valley-confined BAF deposits (Fig. 7 and Table 2)
imply the presence of a self-limiting attrition process, probably due to
the lower frequency of impacts between coarse particles and the small
contact stresses during these impacts which limit further breakage. By
filling the void space between particles, fines could decrease the porosity
of such long-runout BAFs and impact their interstitial gas pressure (and
lower their effective friction coefficient) during transport. While the
volume and mass flux of collapsed material from the head scarp of Las
Lajas are the two most important parameters controlling the flow
mobility and runout distances here, the high initial temperatures of both
the solid fraction and gas due to the incorporation of fresh, hot and
vesicular pyroclasts from the Sub-Plinian phase inside the most volu-
minous and mobile PDC events (units mBLA1 and mBLA2) could have
also enhanced their runouts. Such a self-limiting attrition process was
absent inside the two most proximal, short-runout distance PDCs (units
mBLA6 and mBLA7), where the mean particle diameters and sorting
within the coarse sub-populations vary significantly (Fig. 8 and Table 2).

The presence of sharp discontinuities in lithofacies, grain size and
sorting at the interface between two valley-confined units, as well as the
lack of ash-layers in between individual units (except between overbank
units mBLA-OB1 — m(B)LA-OB2, see Fig. 6), can be explained by the
mechanical erosion exerting by the shear of the basal portion of subse-
quent pulses as they travelled over previously deposited units. Our
detailed stratigraphic work shows much evidence of stacked, massive
flow units deposited by rapid stepwise aggradation of successive BAF
pulses, similar to the June 14, 2006, Merapi BAFs (Charbonnier and
Gertisser, 2011) and the 1991, 1999 and 2015 Colima BAFs (Macorps
et al., 2018; Sarocchi et al., 2011; Saucedo et al., 2004). This model
differs from the one proposed by Risica et al. (2022) who suggest the
emplacement of a single, predominantly sustained and braided, but
fluctuating, granular-fluid-based PDC over a 1.5-h duration. We did not
find any field evidence to support such a sustained PDC behavior and
interpret their claims as being made on less comprehensive stratigraphic
work, with sampling and data collection being limited to the distal area,
close to La Reunion golf resort and San Miguel de Los Lotes. Therefore,
their facies interpretation and inferred, sustained PDC dynamics are
limited to the two most distal PDC events that reached the Rio Guacalate
during the peak of PDC activity between 3.00 and 3.30 pm and corre-
sponding to the emplacement of the two lowermost valley-confined and
overbank units only (mBLA1-mBLA2 and mBLA-OB1 — m(B)LA-OB2 in
Fig. 6).

The presence of a thin (~0.5-m-thick) stratified- to cross-stratified
ash-cloud surge deposits that inundated large areas on the south-
eastern proximal flank (Fig. 3 and units sLA1, csLA2 in Figs. 5 and 6), is
associated with numerous downed trees with a mean azimuth direction
of 130 + 20° from North (Fig. 3 inset), measured on both sides of the Las
Lajas channel. This is consistent with the general NW-SE orientation of
elongated topographic features of the southeastern flank (including the
old collapse structure) and thus supports the interpretation that the June
3rd PDCs, including the dilute parts of the currents, were largely
controlled by the topography from proximal to distal reaches (Fig. 4a).
However, this interaction displays contrasting features in the landscape:
proximal areas (< 4 km) that face the main direction of current have
been heavily scoured, eroded and largely removed of any vegetation
(Fig. 4d,g), while proximal areas in the lee of topographic barriers are
characterized by bent trees that are still rooted and even trees that have
not been delimbed, as well as only weakly eroded ground (i.e.,
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interfluves between El Jute and Las Lajas barrancas, Fig. 4e). This sug-
gests that topographic barriers and obstacles favored the development of
vortices and eddies in the currents (i.e., Gardner et al., 2018; Guinn
et al., 2022), which in turn triggered a thermal lofting and detachment
of the pressure front, and the development of a singe zone, as seen for
example in a large distal portion on the west bank of the western Las
Lajas channel, upstream of San Miguel de Los Lotes (Fig. 3). During
transport, the strong turbulence of the head region of the PDC led to
entrainment of ambient air within the gas-particle mixture. This led to
expansion of the head (waxing) and further contributes to fluidization of
the mixture associated with trapped interstitial gases.

Field evidence suggests that each current was characterized by
marked vertical gradients in velocity, turbulence, current density,
maximum clast size, dynamic pressure, and temperature (Fig. 4h-k), and
that these physical parameters constantly evolved in time and space
within the current’s transport and depositional system. Similar in-
terpretations were made for the May 1980 Mount St Helens and 2010
Merapi PDCs(Charbonnier et al., 2013; Cronin et al., 2013; Guinn et al.,
2022; Komorowski et al., 2013).

Finally, the most striking feature of the June 3rd PDCs was its ability
to overspill the Las Lajas main channel at several locations (3 PDC
overspill sites and 7 surge detachment sites, Fig. 3). Flow confinement in
a narrow and sinuous channel enhances the mobility and runout of in-
dividual channelized BAF pulses. When these conditions occur, the
progressive valley infilling from successive gravitational collapse events
promotes the overspill and lateral spreading of the upper and marginal
regions of the main flow body, generating highly mobile overbank flows
that travel outside of the main valley. These processes occurred at Fuego
during the peak PDC activity between 3.00 and 3.30 pm on June 3rd. A
combination of 1) progressive infilling of the proximal and medial
portions of the Las Lajas channel by PDCs emplaced during the sub-
Plinian phase after 1.00 pm; 2) partial filling of the distal, eastern Las
Lajas channel section by the first PDC that stopped just after the RN-14
bridge around 2.30 pm; 3) presence of a channel constriction and 90°
bend at PDC overspill site 3, ~8.2 km from the summit (Fig. 3); 4) large,
continuous headwall failures and rapid retrogressive collapses of a thick
and large portion of the perched pyroclastic material accumulated in the
old collapse structure (T2 in Fig. 12); all contributed to generate PDCs
with the most voluminous and highest mass-fluxes of the June 3rd
sequence (units mBLA1 and mBLA2).

A new field campaign in March 2022 allowed us to decipher the
sequence of events that led to the major PDC overspill that buried two-
thirds of the village of San Miguel de Los Lotes and killed hundreds of
people on that day. A fresh stratigraphic section inside the Las Lajas
channel at PDC overspill site 3 (Fig. 13), exposing the entire distal June
3rd valley-confined BAF deposit sequence, as well as remnants of two
pre-2018 valley-confined BAF terraces, reveals that the two first PDC
pulses (units mBLA1 and mBLA2) that occurred between 3.05 pm and
3.12 pm (Fig. 2) and destroyed the RN-14 bridge did not overspill the
channel at this location, but only filled it by ~60% of its capacity, as
shown by their complete exposure in the channel and the presence of the
top of unit mBLA2, located ~5 m below the top of the old channel
western bank made of historical tephra fallout and PDC deposits
(Fig. 13). It is only with the third PDC pulse, which arrived between
3.12 pm and 3.16 pm (Fig. 2), that the currents were finally able to spill
over the western channel bank and flow toward San Miguel de Los Lotes.
The basal portion of the deposits associated with this third PDC pulse
can be seen inside the upper ~5 m of the channel section, on top of unit
mBLA2, while the upper portion formed a ~ 3 m thick, wedge-shaped
overbank deposit (unit mBLA-OB1), on top of the western channel
bank (Fig. 13). The presence of surficial lobate fronts and overbank
deposits on top of unit mBLA-OB1 (i.e., unit m(B)LA-OB2 in Figs. 5 and
6) just a few tens to hundreds of meters upstream of San Miguel de Los
Lotes (Fig. 3), suggest that other PDC pulses were able to take the same
direction and reach runout distances of 8-9 km after 3.18 pm, as wit-
nessed by CONRED personnel located near El Rodeo village (Fig. 2E).
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Fig. 13. Picture taken at overspill site 3 (see Fig. 3 for location) in March 2022 inside Las Lajas barranca showing exposed valley-confined (mBLA facies) and
overbank PDC units from June 3rd, 2018, overtopping the remnants of two pre-2018 valley-confined BAF terraces and the old channel western bank made of
historical tephra fallout and PDC deposits. The basal portion of the 2018 PDC deposits associated with the third PDC pulse can be seen inside the upper ~5 m of the
channel section, on top of unit mBLA2, while the upper portion formed a ~ 3 m thick, wedge-shaped overbank deposit (unit mBLA-OB1), on top of the western

channel bank.

3.3. Implications for future PDCs at Fuego

The impact of the June 3rd, 2018, eruption on exposed populations
and infrastructures was the largest since the 1932 and 1974 eruptions,
and this eruption remains the greatest in terms of human impact within
Fuego’s extended history (Naismith et al., 2019). Moreover, this erup-
tion was of a different character from the 2015-2018 paroxysms: pre-
ceded by a greater period of quiescence, and possibly not preceded by
lava effusion, the peak of eruption intensity was reached in just five
hours and the peak of PDC activity occurred >1.5 h after the sub-Plinian
phase, during a period when no significant eruptive event was recorded.
Both ground-based observations and satellite detection agree on the
presence of meteorological clouds throughout much of the June 3rd,
2018, eruption (Naismith et al., 2019), and while the volcano flanks
were visible through the first hours of the eruption in the morning, video
footages taken during the sub-Plinian phase at midday and peak of PDC
activity in the afternoon show a high concentration of clouds and ash
obscuring most of the volcanic edifice on that day. The two main
eruptive events that led to the high death toll during this eruption were:
1) the generation of large, voluminous PDCs with high mass-fluxes from
continuous headwall failures and rapid retrogressive collapses of a thick
and large portion of the perched pyroclastic material accumulated in the
old collapse structure of the SE flank; and 2) the rapid (~10 min.)
infilling of the distal Las Lajas channel section by the first two PDCs in
the afternoon that crossed the RN-14 bridge and led to major overspills
at 8.2 km from the summit (overspill site 3 in Fig. 3), where both a
channel constriction and 90° bend allowed the following PDC pulses to
take the direction of San Miguel de Los Lotes.

The gradual infill of the old collapse structure in the upper SE flank of
Fuego by eruptive deposits accumulated since 2015 has been docu-
mented by time series of both ground-based and satellite images (Albino
et al., 2020; Dualeh et al., 2021; Risica et al., 2022). During our field
campaign in March 2022, we could observe fresh pyroclastic material
already filling the base of the 2018 collapse scarp, and with such the
current frequency of paroxysms since 2015, pyroclastic accumulation in
this area and associated gravitational collapses could certainly occur
again. Such changes in pyroclastic accumulation on the upper slopes of
Fuego should be monitored on a timely basis, using both ground-based
and remote sensing tools. Once the pyroclastic material accumulated
inside the collapse structure reaches a critical thickness and extent as
determined by slope stability models, development of new hazard
mitigation procedures should be put in place to anticipate the initiation
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of a large gravitational collapse and the generation of large volume and
long runout PDCs and their associated overbank flows. As an example,
volume-, mass-flux- and distance-dependent critical channel capacities
for the generation of overbank flows and detached surges can be
developed using high resolution DEMs and numerical mass flow models
to better estimate the inundation area of these hazardous unconfined
PDCs from each potentially affected barranca surrounding Fuego (i.e.,
Charbonnier et al., 2020; Gueugneau et al., 2021; Ogburn et al., 2014;
Ogburn and Calder, 2017). For this, timely acquisition of up-to-date
DEMs of the barrancas immediately following each rainy season and/
or major lahar event is crucial for an accurate assessment of the critical
channel capacities and areas prone to such PDC overspill processes.

Following the 2018 eruption, major efforts have been made by the
communities to recover quickly from the impact of the 2018 eruption on
infrastructures: the section of the RN-14 road on the SE slopes of Fuego
has been entirely renovated and the Las Lajas bridge was rebuilt with
impact-proof material and raised by several meters to better resist to the
more frequent lahar activity that has occurred in Las Lajas since the
emplacement of the 2018 PDC deposits. Finally, the breach made by the
2018 PDCs on the western bank of the Las Lajas barranca at overspill site
3 (Fig. 3) was dammed and filled with sediments, and the 2018 pyro-
clastic material emplaced in the distal section of the eastern Las Lajas
channel just upstream of the RN-14 road was excavated, all to prevent
future flows to overspill and take the direction of San Miguel de Los
Lotes. The channel base at overspill site 3 has been strongly deepened by
lahar activity and is now >30 m below the top of the western bank. This
should allow the next series of PDCs that reach this site to stay chan-
nelized in the main Las Lajas barranca and prevent them from directly
overspilling in the direction of the village. Progressive infilling of the
channel by small, successive lahar and PDC events could occur quickly,
and continuous efforts should be made to minimize the potential of PDC
overspill in this area by producing a series of hazard and risk assess-
ments that could lead to timely evacuations of the various communities
living on the volcano slopes ahead and during the early stages of the
paroxysmal cycles.

4. Conclusions

The June 3rd, 2018, eruption of Fuego volcano was an unusually
large paroxysmal eruption for Fuego with much longer-runout PDCs
compared to previous paroxysmal activity, and its impact on exposed
populations and infrastructures was the largest since the 1932 and 1974
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eruptions. The combination of stratigraphic surveys, and sedimento-
logical and textural analyses of the PDC deposits carried out just after
the first rainy season after the eruption, allows us to discuss in some
detail the processes that controlled PDC generation and emplacement
during the 2018 eruption.

The PDC deposits comprise: (1) valley-confined PDC deposits in the
Las Lajas, El Jute, Ceniza and Santa Teresa/Seca barrancas; (2) overbank
PDC deposits, where parts of the channeled PDCs spread laterally onto
interfluves at several sites along the main channels and were subse-
quently re-channeled into the surrounding river valleys and adjacent
tributaries; and (3) thin (~0.5-m-thick) ash-cloud surge deposits that
inundated large areas on the proximal-medial flanks, especially along all
seven main barrancas of the volcano.

The June 3rd PDC and tephra fallout deposits show strong relative
abundance and textural variations, both between the different barrancas
affected by the 2018 eruption (mainly Ceniza, Seca and Las Lajas), and
within the different PDC units emplaced in Las Lajas on afternoon of
June 3rd. The various lithological components recognized are tenta-
tively grouped into three main categories (free crystals, juveniles and
accidental lithics) and the degree of clast oxidization and hydrothermal
alteration is thought to be correlated with the time the clast spent in
contact with hot, humid atmospheric gases, i.e., the time it was stored
inside the 2015 collapse structure containing ‘perched’ pyroclastic ma-
terial on the proximal southeastern flank of Fuego.

Geophysical monitoring and recording of the PDC activity on June
3rd as carried out by INSIVUMEH and our results allow us to propose a
conceptual model of PDC generation where a sequence of packages of
material involved in discrete failure events (T1-T3) of a perched mass of
pyroclastic material accumulated within an old collapse structure on the
upper SE flank, corresponds to the emplacement of a series of pulses of
valley-confined PDCs down the Las Lajas channel. In this model, head-
wall failures and gravitational collapses correlate with specific strati-
graphic, sedimentological and textural characteristics of the valley-
confined PDC units. The duration of individual granular collapse
events serves as a proxy for the mobility of the triggered series of PDCs.
Evidence of stacked, massive flow units deposited by rapid stepwise
aggradation of successive block-and-ash flow (BAF) pulses and their
distribution along the southeastern flank supports the interpretation
that the June 3rd PDCs, including the dilute parts of the currents, were
largely controlled by the topography. The lack of strong changes in the
grain size distributions of the fine sub-populations inside the seven
valley-confined BAF lobate front units, together with their high content
of fines, imply the presence of a self-limiting attrition process,
decreasing the bulk porosity of such long-runout BAFs and lowering
their effective friction coefficient during transport to reach longer run-
out distances.

Finally, the two main eruptive events responsible for the high death
toll during this eruption were: 1) the generation of large, voluminous
PDCs with high mass-fluxes from continuous headwall failures and rapid
retrogressive collapses of a thick and large portion of the perched py-
roclastic material accumulated in the old collapse structure of the SE
flank; and 2) the rapid (~10 min.) infilling of the distal Las Lajas channel
section by the first two PDCs in the afternoon that crossed the RN-14
bridge and led to major overspills at 8.2 km from the summit (over-
spill site 3), where both a channel constriction and 90° bend allowed the
subsequent PDC pulses to advance in the direction of San Miguel de Los
Lotes. In the case of the June 2018 eruption, the PDC generation by
partial collapse of previously and recently accumulated material at and
around the summit made available the large volumes of material that
were required to produce long runout flows that inundated Los Lotes. In
particular, the progressive infilling and then subsequent overspills
allowed for overbank flows to be directed toward the community of Los
Lotes.
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