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A B S T R A C T   

The characterisation of tephra deposits resulting from almost simultaneous sedimentation and wind remobili
sation is complex, and multidisciplinary strategies are required in order to accurately constrain associated 
processes and eruptive parameters. We present a multifaceted study that aims to characterise the recent eruptive 
activity and the subsequent aeolian remobilisation of tephra deposits at Sabancaya volcano (Peru), which started 
erupting in November 2016 with frequent and relatively small explosions (plume heights <6 km above the vent). 
First, we estimated the bulk volume of tephra deposit produced between November 2016 and August 2018 at 
0.04 ± 0.02 km3, and the dense rock equivalent (DRE) volume at 0.02 ± 0.01 km3. This corresponds to a tephra 
production rate of 1.1 ± 0.5 × 10− 3 km3 DRE per month. Second, continuous sampling in a dedicated tephra 
collector network between April 2018 and November 2019 allowed estimation of the tephra volume at 2.3 ± 1.1 
× 10− 5 km3 DRE per month, indicating a significant decrease in the mass eruption rate since 2018. Third, by 
characterising the pulsatory activity through the repose interval between explosions and magma characteristics, 
Sabancaya’s activity was classified as Vulcanian. Finally, aeolian remobilisation phenomena were studied using 
high-resolution videos, measurements of the airborne concentration of particulate matter with a diameter of 
≤10 μm (PM10) and particle physical characterisation. Subtle morphological differences are identified between 
remobilised particles and those in primary deposits, and we found that particles moving at ground level and 
above 1.5 m have grainsizes transportable by saltation and suspension, respectively.   

1. Introduction 

Volcanic eruptions are associated with a variety of hazards that can 
potentially persist over long periods of time (Siebert et al., 2010; Barclay 
et al., 2019). Furthermore, many volcanoes are known to experience 
eruptive stages during which frequent pulsatory explosions represent 
long-lasting hazards to the exposed communities, over weeks to decades. 
Recent notable examples include Soufrière Hills, Montserrat (Druitt 
et al., 2002); Arenal, Costa Rica (Cole et al., 2005); Colima, Mexico 
(Varley et al., 2010); Tungurahua, Ecuador (Eychenne et al., 2013); 

Fuego, Guatemala (Naismith et al., 2019) and Sakurajima, Japan 
(Poulidis et al., 2019). These volcanoes are characterised by sequences 
of explosive events of similar intensity, separated by time intervals 
varying from a few seconds to several days that constitute pulsatory 
activity, which are typical of Strombolian (Taddeucci et al., 2015) and 
Vulcanian (Clarke et al., 2015) eruptions. 

Sabancaya volcano (Peru) has also been characterised by pulsatory 
activity since 2016. The area around the volcano is sparsely populated 
but, nonetheless, Sabancaya poses a threat to the communities inhab
iting the Colca River valley (about 30,000 inhabitants). The nearest 
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villages are 19 km north whilst grazing areas are found between 10 and 
15 km from the volcano (e.g., Aguilar, 2019). Volcanic ash has also been 
reported to reach the city of Arequipa, the second largest city of Peru, 70 
km to the southeast (Manrique et al., 2018a; Del Carpio Calienes et al., 
2020). Moreover, aeolian remobilisation (i.e., wind erosion) of loose 
volcanic material is observed at Sabancaya, representing an additional 
long-lasting secondary hazard (Wilson et al., 2011; Forte et al., 2018), 
which can impact wider areas than primary fallout, over extended pe
riods of time (from syn-eruptive to millennia after an eruption) (Domi
nguez et al., 2020a). This also affects the properties of tephra deposits 
that are key to assessing the eruptive parameters of past eruptions (Pyle, 
1989; Fierstein and Nathenson, 1992; Bonadonna et al., 2015, 2016; 
Houghton and Carey, 2015; Constantinescu et al., 2022). 

Aeolian remobilisation processes include any sediment transport 
driven by the wind and is controlled by complex interactions between 
meteorological conditions, soil surface properties, particle characteris
tics, topography and local roughness elements (Bagnold, 1941; Liu et al., 
2014; Panebianco et al., 2017; Del Bello et al., 2018; Etyemezian et al., 
2019; Dominguez et al., 2020b; Jarvis et al., 2020). Particles are lifted 
off the ground when aerodynamic forces become greater than resisting 
gravitational and cohesive forces (i.e., when the wind friction velocity 
becomes greater than the threshold friction velocity of the particles) 
(Appendix A; Shao and Lu, 2000). Once mobilised, the type and duration 
of transport depend on the particle settling and wind friction velocities 
(Appendix A; Scott et al., 1995; Kok et al., 2012; Mingari et al., 2020). 
For typical aeolian conditions on Earth, particles with diameters ranging 
from 70 to 500 μm will frequently undergo saltation, with coarser par
ticles moving by creep and those finer becoming suspended in the short 
(≤days) or long term (weeks-months) (Pye, 1987). 

Both primary volcanic activity and secondary aeolian remobilisation 
occur simultaneously at Sabancaya, which therefore constitutes a suit
able natural laboratory for the study of syn-eruptive remobilisation. In 
this particular context, the emission of fresh tephra is continuously 
replenishing the sediment supply over time, and the distinction between 
primary and remobilised particles is a challenge (Jarvis et al., 2020). 
Although previous studies mainly described specific remobilisation 
events (e.g., Folch et al., 2014), or tephra deposits of short-lived erup
tions (compared to the timescales of aeolian processes) affected by wind- 
remobilisation (e.g., Dominguez et al., 2020b), the effect of syn-eruptive 
aeolian remobilisation on tephra deposits remains poorly understood. 
Aeolian remobilisation of volcanic ash also represents an on-going 
hazard (Wilson et al., 2011; Forte et al., 2018); consequently recent 
work has investigated the applicability of volcanic ash dispersal models 
for simulating such events (Folch et al., 2014; Hammond and Beckett, 
2019; Mingari et al., 2020). However, knowledge of the physical prop
erties and processes of ash remobilisation sources, from field (Domi
nguez et al., 2020b) and experimental work (Etyemezian et al., 2019; 
Del Bello et al., 2018, 2021), is necessary to improve forecast models and 
ultimately better understand the hazard posed by aeolian remobilisation 
(Liu et al., 2014; Jarvis et al., 2020; Mingari et al., 2020). Among the key 
parameters to assess, it is particularly important to quantify the grain
size distribution of particles remobilised by aeolian processes (Jarvis 
et al., 2020), notably by studying deposited particles (Wilson et al., 
2011; Liu et al., 2014) using sediment traps (Arnalds et al., 2013; Pan
ebianco et al., 2017; Dominguez et al., 2020a), airborne particle coun
ters (Elissondo et al., 2016), and through the development of additional 
sampling strategies. 

We have conducted a multidisciplinary study for the characterisation 
of both tephra sedimentation and syn-eruptive aeolian remobilisation at 
Sabancaya volcano. First, we examined the primary tephra deposit using 
both stratigraphic sections and a network of dedicated ash collectors 
installed in February 2018. Second, we characterised the pulsatory 
explosive activity of Sabancaya by analysing the variation in the repose 
intervals between explosions and the magma viscosity, as derived from 
geophysical data and geochemical models, respectively. Third, we 
report observations of aeolian remobilisation events and categorise 

them, notably based on their timing and intensity. Finally, we analysed 
remobilised ash particles collected using an innovative sampling method 
and compared their properties (i.e., size and morphology) with those 
from samples of primary material. 

2. Explosive activity at Sabancaya and geographic setting 

Sabancaya (5970 m above sea level; a.s.l.) in southern Peru is located 
in the Central Volcanic Zone (CVZ) of the Andes, 70 km northwest of 
Arequipa (Fig. 1A). The current activity at Sabancaya started in 2012 
with an increase in gas emissions and seismicity (Jay et al., 2015; 
Machacca et al., 2023) before the onset of magmatic activity in 
November 2016 (Manrique et al., 2018a; Del Carpio Calienes et al., 
2020; MacQueen et al., 2020). Since then, Sabancaya has shown a 
pulsatory explosive activity up to the time of writing (March 2023) 
which is characterised by several Vulcanian explosions per day. In 
general, the heights of the plumes have progressively decreased since 
the start of the eruption (Coppola et al., 2022), with plumes up to 5500 
m above the vent in July 2017 (Manrique et al., 2018a) and to 4000 m 
above the vent in 2020 (Machacca et al., 2021). 

The seismicity and geodesy of the volcano are actively monitored by 
the Instituto Geofísico del Perú (IGP) through its Centro Vulcanológico 
Nacional (CENVUL) and the Observatorio Vulcanológico del INGEM
MET (OVI) based on real-time data streaming and surveys that include 
visual observations (Aguilar et al., 2021; Machacca et al., 2021, 2023; 
Coppola et al., 2022). Monitoring also comprises a dedicated tephra 
collector network distributed around the volcano in order to collect the 
primary tephra fallout from which the accumulated mass load and the 
thickness can be determined over extended periods of time (several 
months). The whole-rock geochemistry of tephra samples (including 
ballistic clasts) collected in 2017 indicate homogeneous andesitic com
positions, with a silica content representing 59.8–62.8% of the mass 
(Manrique et al., 2018b). 

Coppola et al. (2022) identified 6 phases of activity from November 
2016 to December 2020. First, a short vent-clearing phase marked the 
beginning of the eruption with frequent explosions (Phase I: November – 
December 2016). This phase was followed by the growth of a first lava 
dome accompanied by intense, but fluctuating, explosive activity (Phase 
II: December 2016 – January 2018). The number of explosions 
decreased, and the growth of the lava dome stopped, during a phase of 
general stability (Phase III: January 2018 – March 2019). Following this 
period, both the growth of the dome and the explosive activity increased 
again (Phase IV: March – October 2019). The next phase was charac
terised by the lowest number of explosions associated with the collapse 
of the lava dome and the crater (Phase V: November 2019 – September 
2020). Finally, Coppola et al. (2022) reported the formation of a second 
lava dome that started to grow in September 2020, accompanied by the 
renewal of the explosive activity (Phase VI: September – December 
2020). Based on the height of the ash plumes, Coppola et al. (2022) 
estimated the mass of tephra erupted by Vulcanian explosions. Hence, 
for the whole eruptive period between November 2016 and December 
2020, Coppola et al. (2022) calculated a dense rock equivalent (DRE) 
volume of tephra of 0.004–0.009 km3, using magma and deposit den
sities of 2700 and 1000 kg m− 3, respectively. Satellite observations of 
the crater and lava domes for the same period were used to estimate a 
volume of about 0.002 km3 DRE erupted during effusive phases (Cop
pola et al., 2022). 

Before the present activity of the volcano, a similar cycle of Vulca
nian and phreatomagmatic explosions of andesitic to dacitic composi
tion took place at Sabancaya between 1990 and 1998 (Thouret et al., 
1994; Juvigné et al., 1998, 2008; Gerbe and Thouret, 2004; Samaniego 
et al., 2016), after a period of unrest that started in December 1986. 
During this eruptive cycle, the mean production rate of magma has been 
estimated to be low, at 0.001–0.01 km3 per year, with a peak phase from 
May to October 1990 that produced about 0.025 km3 of tephra at the 
beginning of the eruption (Thouret et al., 1994; Gerbe and Thouret, 
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Fig. 1. A. Location of Sabancaya volcano. The region presented here corresponds to the red area in the inset regional map. Green stars and red triangles indicate 
cities and volcanic edifices, respectively. The blue, black and brown lines represent the Colca river and main and secondary roads, respectively. B. Wind roses (i.e., 
the relative frequency of wind directions and speeds) at Sabancaya from November 2016 (start of the eruption) to November 2021. The wind roses are displayed 
separately for the dry (May to October) and the rainy (November to April) seasons. Wind directions are averaged between 6 and 11 km a.s.l.; i.e., from the height of 
the vent up to the maximum height of the volcanic plumes. Wind data are from the ECMWF (European Centre for Medium-range Weather Forecasts) ERA5 reanalysis 
dataset (Hersbach et al., 2020) and obtained using the Matlab package TephraProb, developed by Biass et al. (2016). 
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2004). The plume heights significantly decreased, changing from 
plumes 3–7 km above vent level (a.v.l) in 1990–1992 to plumes <1 km 
a.v.l. after 1997 (Gerbe and Thouret, 2004). Simultaneously, the com
ponentry of the ejecta substantially changed with time. In 1990, juvenile 
fragments constituted only 10–15% of the ejecta. This proportion 
increased to 40–50% of the material emitted in 1992–1997, with a slight 
decrease in 1995–1997. Juvenile fragments were eventually absent after 
1997 (Gerbe and Thouret, 2004). 

Few historical eruptions have been attributed to Sabancaya prior to 
the 1990–1998 eruptive cycle, with mentions in Spanish chronicles of 

only two events during the 18th century (Thouret et al., 1994), 
confirmed by the presence of a 10–30 cm coarse ash layer dated at 265 ±
30 BP (Samaniego et al., 2016). Additionally, the study of peat sections 
near Sabancaya by Juvigné et al. (2008) reveals the presence of four 
phreatomagmatic tephra units dated at 1870–2120 BP, 2170–2440 BP, 
4120–4520 BP and 9440 to 9770 BP and tentatively attributed to 
eruptions originating from the local volcanoes (Ampato and/or Saban
caya). They also discovered the presence of Plinian tephra fall layers that 
can be related to the large regional tephra fallout from the 1600 CE 
eruption of Huaynaputina, for which the Volcanic Explosivity Index 

Fig. 2. A. Location of stratigraphic sec
tions. Numbers correspond to the field 
sites. The green rectangles indicate the 
location of the reference stratigraphic 
sections. B. Location of the OVI tephra 
collectors represented by the crossed cir
cles. The red rectangle indicates the area 
represented in panel A. Inset in the bottom 
right shows the tephra collector SC-05 on 
the flanks of Ampato on 2 August 2018. 
Green circles with a double cross highlight 
the location of tephra collectors for which 
samples have been analysed to obtain 
associated grainsize distributions.   
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(VEI) has been estimated at 6 (Adams et al., 2001; Thouret et al., 2002; 
Prival et al., 2020), and to the 2030 BP eruption of Misti (Cobeñas et al., 
2012). The analysis of Juvigné et al. (2008) suggests that the explosive 
activity at Sabancaya was sporadic before the 1990–1998 eruptive cycle, 
with long repose periods in between eruptions. This is confirmed by the 
study of Samaniego et al. (2016) which identified at least 6 eruptions in 
the last 4000–5000 years, including the historical 1990–1998 and 18th 
century events. Whilst the activity was mainly effusive 6000 to 3000 
years ago during the formation of Sabancaya edifice, it became mostly 
explosive 3000 years ago. In general, the eruptive rate is estimated at 
5–7 × 10− 4 km3 per year at Sabancaya in the last 3000 years (Samaniego 
et al., 2016). 

The altiplano, on which Sabancaya sits, is an arid area, with scarce 
vegetation that is limited to shrubs and short grasses (<1 m). Total 
annual precipitation is meagre, below 100 mm per year, with a dry and 
cold season from May to October and a wet and warm season from 
November to April (Supplementary Fig. S1). Wind directions up to 5 km 
above the vent also exhibit a marked seasonality, with a prevailing di
rection towards the east during the dry season and towards the west 
during the rainy season (Thouret et al., 1994; Fig. 1B). The meteoro
logical conditions and the poor vegetation cover of the terrain around 
Sabancaya are favourable to the remobilisation of loose volcanic ash 
that stays exposed to the wind for long durations (Jarvis et al., 2020). 

3. Methods 

3.1. Field measurements and sampling (tephra deposits, tephra collectors 
and tephra fallout) 

A field campaign was conducted at Sabancaya from 27 July to 12 
August 2018 in order to study proximal to medial primary tephra de
posits (<25 km from the source; Fig. 2A), tephra sedimentation and 
aeolian remobilisation processes. In addition to stratigraphic analyses, 
various sampling strategies were applied for collecting primary tephra 
fallout and remobilised volcanic particles separately. During this field 
campaign, plumes up to 3 km a.v.l. were observed (Simionato et al., 
2022). The detailed list of field sites and collected samples can be found 
in Supplementary Table S1. 

During the field campaign, 21 stratigraphic sections were studied in 
the northern, southern and eastern parts of the volcanic edifice, at dis
tances between about 2 and 21 km from the vent (Fig. 2A; Table S1). Due 
to the difficult access in the western part of the edifice, and due to the 
presence of blocky lava flows of about 300–400 m high on the eastern 
and north-eastern flanks of Sabancaya (Bulmer et al., 1999; Samaniego 
et al., 2016), a detailed study of these areas around the volcano was not 
possible. The field investigation mainly took place south of the edifice, 
in glacial valleys that are associated with gentle slopes (Alcalá-Reygosa 
et al., 2011). At least 5 tephra units were identified and measured 
throughout these stratigraphic sections. This study is focused on the top 
layers associated with the ongoing eruption of Sabancaya and the sub
sequent aeolian remobilisation of these deposits. Samples were pro
cessed for grainsize, particle shape and density analysis. Since 
topographic surface characteristics can influence the preservation of 
tephra deposits (Dugmore et al., 2018), field sites were selected on the 
basis of two main criteria. First, stratigraphic sections were studied in 
flat areas, where post-deposition slope processes were unlikely to have 
affected the primary deposits (Selby, 1982). Second, the presence of 
local roughness elements (e.g., vegetation and rocks) that can affect the 
preservation of the deposits in their vicinity (Kok et al., 2012; Cutler 
et al., 2018; Dominguez et al., 2020b) was also noticed. 

The OVI monitoring network includes 33 tephra collectors that have 
been installed within a 35 km radius around Sabancaya (Fig. 2B) in 
order to measure the evolution of the cumulative mass of primary tephra 
fallout since February 2018 (Valdivia, 2019). Collectors consist of robust 
vertical funnel-shaped containers, upward-facing openings, inspired by 
the design described in Bernard (2013). They can be used to study tephra 

accumulations up to 30 mm in thickness. Due to the challenging field 
conditions and the remoteness of their emplacement sites, collectors are 
unevenly distributed, and tephra collection is performed by the 
INGEMMET staff during missions about two to three times a year. 
Because of difficult accessibility, there is a lack of collectors southwest of 
the vent (Fig. 2B). The morphology and grainsize of 17 tephra samples 
derived from tephra collectors (samples labelled ‘sab’; Fig. 3A; Table 1; 
Supplementary Table S1) have been quantified. The location of the 
collectors from which samples have been analysed is highlighted in 
Fig. 2B. 

In order to integrate the cumulative sampling of tephra collectors, 
real-time sampling of primary tephra fallouts was performed on adhe
sive paper during fieldwork (samples labelled ‘prim.’; Fig. 3A), similarly 
to the setup of Bonadonna et al. (2011). Airborne particles stick on the 
adhesive paper, which was mounted onto a thin section for subsequent 
grainsize and shape analysis with a reflected light microscope. In total, 
12 primary samples were collected on the flanks of Ampato (4 km south 
of the vent) (Fig. 3B) during two successive explosions on 2 August 
2018. 

3.2. Observations and real-time sampling of aeolian remobilisation 

Airborne particles associated with aeolian remobilisation events 
were also collected on vertical and horizontal adhesive paper at different 
sites (Fig. 3B). These remobilised particles were sampled at two different 
heights and orientation: (i) >1.5 m above the ground (samples labelled 
R150; Fig. 3A), with the thin section held vertically and facing the up
wind direction, and (ii) by placing the adhesive paper face up at ground 
level (samples labelled R0; Fig. 3A). During field experiments, sampling 
of remobilised particles was complemented by that of the most surficial 
ground layer upwind of the thin section location (samples labelled ‘SG’; 
Fig. 3A). This sample is characteristic of the source material from which 
airborne remobilised particles originate. 

In order to measure the concentration of fine ash in suspension 
(diameter d ≤10 μm) and to complement the sampling of remobilised 
volcanic ash on adhesive paper, in-situ measurements of particulate 
matter with a diameter ≤10 μm (PM10) were conducted around the 
volcanic edifice. PM10 measurements were performed using a portable 
aerosol monitor that operates with a light-scattering laser photometer 
(TSI SidePak AM520 PM10) with a recording frequency of 1 s. PM10 
concentrations were recorded for durations of 1 to 5 h at five locations 
(Fig. 3C; Table 2). 

Finally, High Definition (HD; 1920 × 1080 px) and High Speed (HS; 
3200 frames s− 1) videos of remobilisation events were acquired with a 
Canon Legria HFG40 and a Phantom Miro M110 HS Camera mounted 
with a 60 mm Nikon lens, respectively. HD videos were used to image, 
describe and classify aeolian remobilisation events according to the 
categories of lithometeors proposed by Dominguez et al. (2020b), whilst 
HS videos were used to investigate remobilisation mechanisms at the 
scale of the particles (38.5 μm px− 1). To do so, the HS camera was placed 
on the ground and triggered for a duration of 1 s when particles were 
seen in motion. 

3.3. Particle characterisation: size, morphology, density and composition 

The particles collected during the field campaign were characterised 
using specific analytical strategies, depending on the type of sample. In 
particular, distinct methods were used to analyse loose samples and the 
particles collected on adhesive paper (Fig. 3A). A summary of the 
analytical strategy is provided in Supplementary Table S2. 

Tephra samples obtained from collectors and from stratigraphic 
sections, as well as SG samples, were dried for 24 h in an oven at 80 ◦C 
before obtaining their grainsize distributions (GSD) by manual sieving 
down to 0 ϕ (i.e., 1 mm; ϕ = − log2d, with d the particle diameter in 
mm; Inman, 1952). The grainsize distribution of the fraction finer than 
0 ϕ (d < 1 mm) was measured by a combination of laser diffraction and 

A. Fries et al.                                                                                                                                                                                                                                    



Journal of Volcanology and Geothermal Research 441 (2023) 107876

6

dynamic image analysis using a BetterSizer S3 Plus analyser. The final 
GSD of each sample was then calculated from merging the grainsize 
distributions above and below 0 ϕ to obtain the weight percentage of 
each size class i as follows 

mwt%
i =

mBS wt%
i m>0ϕ

mt
+msieving

i , (1)  

where mBS wt%
i is the weight percentage obtained with the BetterSizer S3 

Plus, m>0ϕ is the mass of the fraction finer than 0 ϕ (d < 1 mm), mt is the 
total mass of the sample, and msieving

i is the weight percentage of class i 
obtained by sieving. Based on the final GSD, the median diameter MdΦ 

and the sorting coefficient of Inman (1952) σΦ = (σ84Φ − σ16Φ)/2 were 
calculated, with σ16Φ and σ84Φ being the 16th and 84th percentiles of the 
grainsize distribution in Φ units, respectively. 

The morphology of particles finer than 0 ϕ (d < 1 mm) was obtained 
from images acquired with the BetterSizer S3 Plus. During measure
ments, particles are dispersed in water and pumped through a sample 
cell where they are imaged by two CCD (Charge-Couple Device) cameras 
operating at different magnifications. Only the low magnification cam
era, which was best adapted to the GSDs of our samples, was used to 
capture images of the particles at a resolution of 14.4 μm px− 1. Indi
vidual particle images were first filtered automatically and manually in 
order to remove touching and out-of-focus particles. The remaining 
images were then binarized and analysed in order to obtain the equiv
alent particle diameter deq = 2

̅̅̅̅̅̅̅̅̅̅̅
Ap/π

√
, with Ap the area of a particle, as 

well as their form factor, solidity and convexity, which are important 
shape parameters for measuring the morphological and textural 
roughness of particles (Liu et al., 2015; Dürig et al., 2018; Dominguez 
et al., 2020b; Ross et al., 2022). 

The form factor describes the general roundness of the particles, with 
values of 1 indicative of spherical particles. It is defined as a ratio of the 
area to the squared perimeter of a particle (form factor = 4πAp/P2

p , with 
Pp the perimeter of a particle). Solidity corresponds to the ratio of the 
particle area to the area of its bounding convex hull (solidity = Ap/Ach, 
with Ach the area of the bounding convex hull) and provides a measure of 
the morphological roughness of the particles. The convexity, mean
while, is defined as the ratio of the perimeters of the convex hull and the 
particle (convexity = Pch/Pp, with Pch the perimeter of the convex hull), 
and yields information on the textural morphology (i.e., the roughness 
of the particle surface). For both convexity and solidity, values close to 1 
indicate that the particles are smooth and rounded. 

Shape parameters were calculated for particles with pixel densities 
greater or equal to 250 px per particle, which correspond to particles 
with deq ≥ 250 μm, as calculated using the expression for deq above. This 
threshold value is lower than the minimum critical pixel density of 750 

px per particle suggested by Liu et al. (2015) for estimating the solidity, 
and much lower than the typical recommendation of 5000 px per par
ticle (Dellino and La Volpe, 1996; Mele et al., 2011; Schmith et al., 
2017). In fact, robust shape parameter assessments require high pixel 
densities, especially for perimeter-dependent parameters, e.g., the form 
factor and the convexity, which are particularly sensitive to details of 
the particle outline. Particles with pixel densities less than the recom
mended 750 px per particle were nonetheless analysed to enable the 
measurements of particles between 250 and 500 μm which constituted a 
significant proportion of our samples, whilst particles with deq ≥ 500 μm 
were captured with resolutions >750 px per particles. 

Samples of airborne particles collected on adhesive paper were 
analysed with a reflected light microscope (Olympus BX61) equipped 
with an automated stage for Multi Image Alignment (MIA). MIA allowed 
capturing the entire surface of the adhesive paper in a single operation at 
a resolution of 2.2 μm px− 1. Images were then treated manually in order 
to contour the particles before binarization, which was facilitated by the 
high contrast between the light-coloured primary ash particles and the 
black tape (see Supplementary Fig. S2). The binary images were ana
lysed in ImageJ to obtain deq for particles with pixel densities >15 px per 
particles (i.e., deq ≥ 10 μm). This lower limit for particle size measure
ments was set to distinguish between particles and artifacts in binary 
images. Additionally, an ImageJ macro based on the work of Liu et al. 
(2015) was used to calculate shape descriptors for particles with pixel 
densities greater or equal to 250 px per particle. Morphological analyses 
were therefore limited to particles with deq ≥ 40 μm. Although the 
threshold for the minimum pixel density is low, this value was none
theless selected to enable the measurements of particles with deq ≤ 63 
μm. The typical pixel density of particles below 63 μm was 250–650 px 
per particle, whilst particles between 63 and 125 μm were associated 
with pixel densities of 650–2500 px per particle and particles larger than 
125 μm were imaged with densities >2500 px per particle. 

Similarly to the analysis performed with the BetterSizer S3 Plus, the 
form factor, solidity and convexity of the airborne particles collected on 
adhesive paper were also obtained. Since the quantification of particle 
morphology relies on different methods for loose material (i.e., dynamic 
image analysis) and for samples collected on adhesive paper (i.e., mi
croscope analysis), only the shape descriptors of samples analysed with 
the same methods were compared. Quantifying the discrepancies related 
to the difference in analytical methods is beyond the scope of this study. 

The morphological properties of particles from R0, R150 and pri
mary samples were compared through statistical tests conducted with 
the Matlab program DendroScan (Dürig et al., 2020). First, Levene tests 
were applied to check whether the variances of the datasets were ho
mogeneous. Based on the results of Levene tests, pooled or separated 
variance t-tests were then conducted to investigate whether the mean 

Table 1 
Ash collector samples analysed with the BetterSizer S3 Plus to obtain the grainsize distribution and the morphology of primary ash fallouts.  

Sample Collector Sampling dates Sampling duration (days) Latitude Longitude Distance from the vent (km) 

sab-1726 SC-27 23 Jun. to 25 Jul. 2017 33 − 15.647165 − 71.660010 2.7 
sab-1832 SC-27 07 Apr. to 25 May 2018 49 − 15.647165 − 71.660010 2.7 
sab-1847 SC-22 22 May to 23 Jun. 2018 32 − 15.764047 − 71.831625 3.7 
sab-1850 SC-27 27 May to 20 Jun. 2018 24 − 15.647165 − 71.660010 2.7 
sab-1852 SC-04 25 May to 20 Jun. 2018 26 − 15.824344 − 71.744081 12.8 
sab-1854 SC-05 25 May to 19 Jun. 2018 25 − 15.824365 − 71.843434 4.4 
sab-1869 SC-05 19 Jun. to 28 Jul. 2018 39 − 15.824365 − 71.843434 4.4 
sab-1890 SC-05 28 Jul. to 06 Dec. 2018 131 − 15.824365 − 71.843434 4.4 
sab-1892 SC-27 20 Jun. to 06 Dec. 2018 169 − 15.806825 − 71.842863 2.7 
sab-1895 SC-22 23 Jun. to 07 Dec. 2018 167 − 15.764047 − 71.831625 3.7 
sab-1926 SC-27 15 Apr. to 20 Aug. 2019 127 − 15.806825 − 71.842863 2.7 
sab-1927 SC-05 06 Apr. to 20 Aug. 2019 136 − 15.824365 − 71.843434 4.4 
sab-1947 SC-04 21 Aug. to 22 Oct. 2019 62 − 15.824344 − 71.744081 12.8 
sab-1948 SC-05 21 Aug. to 22 Oct. 2019 62 − 15.824344 − 71.744081 4.4 
sab-1957 SC-22 15 May to 24 Oct. 2019 160 − 15.764047 − 71.831625 3.7 
sab-1963 SC-27 20 Aug. to 28 Nov. 2019 100 − 15.806825 − 71.842863 2.7 
sab-1967 SC-04 15 Oct. to 28 Nov. 2019 44 − 15.641568 − 71.765053 12.8  
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Fig. 3. A. Sampling strategies applied for the collection of primary tephra fallout and remobilised particles (see Supplementary Table S2 for additional information 
on the analytical procedure). Inset picture shows the collection of remobilised particles on adhesive paper at the level of the ground (R0 samples). Red arrows 
represent possible trajectories of remobilised particles. B. Location of the samples of airborne material collected on adhesive paper, with primary ash fallouts (prim. 
samples), remobilised material (R0 and R150 samples) and samples of the most surficial ground layer (SG samples) represented by green diamonds, blue circles and 
pink stars, respectively. C. Locations of PM10 (particulate matter with a diameter ≤10 μm) measurements (Table 2) represented by yellow triangles. Numbers 
correspond to the field sites (Supplementary Table S1). Field sites 5 and 31, where both PM10 measurements and sampling of remobilised material were performed, 
are highlighted in red and italic. 

Table 2 
Information on PM10 measurements: Date, duration (time is given in Peru standard time PET), location (also see inset map of Fig. 2B), average PM10 concentration 
(over the entire measurement duration) and description of remobilisation phenomena observed during the time of measurements (Fig. 9). When reported, drifting/ 
blowing ash and ash whirls were observed sporadically, whilst ash storms occurred throughout the duration of measurements with varying intensity.  

Site Date Time 
(hh:mm) 

Duration 
(hh:mm) 

Latitude Longitude Average concentration  
(mg m− 3) 

Remobilisation phenomena observed 

5 29 Jul. 2018 12:06–14:30 02:24 − 15.836799 − 71.815849 0.36 Drifting/blowing ash and ash whirls 
12 30 Jul. 2018 09:46–11:46 02:00 − 15.744903 − 71.828286 0.01 Drifting/blowing ash and ash whirls 
15 31 Jul. 2018 11:35–15:46 04:11 − 15.836247 − 71.815980 0.01 Drifting/blowing ash and ash whirls 
31 03 Aug. 2018 09:27–15:22 04:55 − 15.822000 − 71.843777 0.23 Ash storm 
36 04 Aug. 2018 10:36–11:47 01:11 − 15.825111 − 71.842083 0.87 Ash storm  
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shape parameter values of different datasets (R0, R150, primary) 
showed significant differences. This was verified for p values below a 
significance level of 0.05, which rejected the null hypothesis that par
ticles originated from the same population. Finally, datasets that did not 
show significant differences after applying a t-test were tested for sta
tistical equivalence using equivalence tests (Dürig et al., 2021). 

For microscope analysis, the total volume of the particles in a size 
class i was given by the sum of the equivalent volumes Veq

i of all the 
particles with a deq belonging to size class i. The GSD of the sample was 
then calculated in volume percentage (vol%) by dividing the volume of 
particles in each size class by the total volume of the particles in the 
sample Vt (Freret-Lorgeril et al., 2019) 

Vvol%
i =

∑

i

Veq
i

Vt
, (2)  

where Vvol%
i is the vol% of particles in the size class i. GSDs in vol% were 

later converted to wt% by assuming that the particle density did not 
depend on the particle size for the diameter range analysed with the 
microscope. 

Density measurements of particle skeleton (including non-connected 
porosity) were performed for the size fractions finer than 0 ϕ (d < 1 
mm). Using an Ultrapyc 1200e Helium pycnometer, three samples (sab- 
1869, sab-1890 and sab-1892; Table 2) from tephra collectors were 
analysed, as well as one sample of each stratigraphic unit, including SG 
samples. The density of crushed samples of primary tephra fallout was 
measured to enable DRE (Dense Rock Equivalent) estimates. Addition
ally, the density of the deposits was estimated by measuring the mass of 
10 cm3 samples contained in a graduated cylinder with a Mettler Toledo 
PM100 high precision balance. The uncertainty on these density mea
surements was constrained from the dispersion of the results obtained 
for 3 samples (sab-1869, sab-1890 and sab-1892). 

The percentage of juvenile fragments was estimated from compo
nentry analyses for 2 primary tephra samples (sab-1869 and sab-1895) 

and 3 different stratigraphic units (A – site 30, B – site 30 and C – site 
13) identified during our fieldwork. For this purpose, the juvenile ma
terial with diameters smaller than 0 Φ (d > 1 mm) was manually 
separated from lithic clasts while observing them with a binocular mi
croscope (Supplementary Fig. S3). Juvenile material consists of dark, 
poorly vesicular and highly porphyritic clasts (Manrique et al., 2018a, 
2018b), similar to the products of the 1990–1998 eruption (Gerbe and 
Thouret, 2004). 

The groundmass glass composition was obtained with a Jeol JXA- 
8200 electron microprobe at the University of Geneva, using a 15 kV 
accelerating voltage with an emission current of 6 nA and a probe 
diameter of 10 μm. The analyses were carried out on dense ballistic 
fragments (sab-1813) (d ∼ 60 cm) that followed a ballistic trajectory 
after ejection and that were sampled at a distance of about 500 m from 
the vent on 06 April 2018 (Supplementary Table S1). Additionally, the 
groundmass glass composition of juvenile volcanic ash was analysed for 
3 different stratigraphic units (A – site 30, B – site 30 and C – site 13) and 
4 primary ash samples (sab-1726, sab-1832, sab-1869 and sab-1895) 
that were considered representative of the melt composition (Table 3). 

3.4. Erupted volume and mass 

Isopach maps were drawn from the thicknesses of the different units 
measured during our field campaign (27 July to 12 August 2018). 
Isopach contours were constrained only for the top tephra layers ana
lysed at field sites corresponding to flat areas where deposits were un
disturbed by surface elements. Estimation of the volume of tephra 
deposit was inferred using methods based on the thinning of the deposits 
with distance from the vent, e.g. exponential (Pyle, 1989; Fierstein and 
Nathenson, 1992), power-law (Bonadonna and Houghton, 2002) and 
Weibull (Bonadonna and Costa, 2012, 2013) fits, using the Matlab 
function TephraFits (Biass et al., 2019). Uncertainties on results given by 
each integration method were assessed using the stochastic method of 
Biass et al. (2013). To do so, 1000 runs were performed for each 

Table 3 
Composition (major elements) of groundmass glasses and percentage of juvenile fragments. The table presents average values, with standard deviation in brackets. 
(a)Analyses of tephra sampled during the previous eruption (1990–1998) are from Gerbe and Thouret (2004).  

Sample sab- 
2(a) 

sab- 
9218(a) 

sab- 
941a(a) 

sab- 
943(a) 

sab- 
9719(a) 

sab- 
1726 

sab- 
1813 

sab- 
1832 

sab- 
1869 

sab- 
1895 

A-30 B-30 C-13a C-13b 

Year 1990 1992 1994 1994 1997 2017 2018 2018 2018 2018 2016–2018 2016–2018 ? ? 

Juveniles 
(%) 

10–15 40–50 40–50 40–50 <

40–50 
– – – 91 94 87 77 < 25 < 25 

Number of 
analyses 

8 5 3 7 3 10 10 12 11 9 12 11 9 4 

SiO2 
76.4  
(1.3) 

72.8  
(0.8) 

75.7  
(0.6) 

74.2  
(1.8) 

78.2  
(0.4) 

74.8  
(1.2) 

73.2  
(0.8) 

74.5  
(2.6) 

74.2  
(2.5) 

73.3  
(3.6) 

74.6  
(1.6) 

75.2  
(1.2) 

72.0  
(2.0) 

72.5  
(1.4) 

TiO2 
0.5  
(0.1) 

0.6  
(0.1) 

0.4  
(0.3) 

0.5  
(0.1) 

0.4  
(0.05) 

0.1  
(0.01) 

0.1  
(0.01) 

0.1  
(0.02) 

0.6  
(0.2) 

0.6  
(0.1) 

0.6  
(0.1) 

0.6  
(0.1) 

0.7  
(0.3) 

0.6  
(0.1) 

Al2O3 
11.8  
(0.8) 

12.7  
(0.5) 

12.1  
(0.5) 

12.7  
(0.9) 

10.8  
(0.2) 

12.3  
(0.6) 

13.2  
(0.2) 

12.6  
(1.4) 

13.4  
(1.4) 

13.3  
(2.9) 

12.9  
(1.0) 

12.7  
(1.1) 

14.1  
(1.2) 

13.2  
(1.8) 

FeO 
1.1  
(0.2) 

1.5  
(0.1) 

1.3  
(0.2) 

1.2  
(0.1) 

1.1  
(0.1) 

1.5  
(0.1) 

1.6  
(0.1) 

1.3  
(0.6) 

1.3  
(0.3) 

1.5  
(0.2) 

1.5  
(0.2) 

1.4  
(0.1) 

1.7  
(0.8) 

1.1  
(0.2) 

MgO 
0.2  
(0.1) 

0.1  
(0.05) 

0.06  
(0.02) 

0.1  
(0.1) 

0.04  
(0.01) 

0.1  
(0.05) 

0.2  
(0.01) 

0.2  
(0.3) 

0.1  
(0.1) 

0.2  
(0.1) 

0.2  
(0.1) 

0.1  
(0.04) 

0.3  
(0.2) 

0.08  
(0.03) 

MnO 
0.03  
(0.03) 

0.03  
(0.05) 

0  
(0) 

0.1  
(0.2) 

0.05  
(0.01) 

0.03  
(0.03) 

0.02  
(0.02) 

0.2  
(0.3) 

0.03  
(0.02) 

0.01  
(0.01) 

0.02  
(0.02) 

0.02  
(0.02) 

0.04  
(0.01) 

0.04  
(0.02) 

CaO 
0.5  
(0.2) 

0.5  
(0.1) 

0.2  
(0.1) 

0.4  
(0.1) 

0.5  
(0.1) 

0.4  
(0.1) 

0.6  
(0.03) 

0.8  
(0.6) 

1.0  
(0.8) 

1.1  
(1.7) 

0.6  
(0.2) 

0.6  
(0.5) 

1.0  
(0.5) 

0.6  
(0.5) 

Na2O 
2.9  
(0.5) 

3.2  
(0.3) 

2.9  
(0.1) 

2.8  
(0.7) 

2.6  
(0.4) 

3.3  
(0.3) 

3.5  
(0.4) 

3.2  
(0.6) 

3.8  
(0.6) 

3.7  
(0.6) 

3.6  
(0.6) 

3.7  
(0.3) 

4.3  
(0.5) 

3.5  
(0.6) 

K2O 5.8  
(0.3) 

6.1  
(0.1) 

6.0  
(0.2) 

6.2  
(0.6) 

5.7  
(0.2) 

5.6  
(0.2) 

5.4  
(0.1) 

5.3  
(0.5) 

5.3  
(0.5) 

5.3  
(1.1) 

5.4  
(0.3) 

5.5  
(0.5) 

5.3  
(0.6) 

6.1  
(0.3) 

Total 99.2 97.7 98.7 98.3 99.2 98.2 97.8 98.1 99.7 99.0 99.4 99.9 99.4 97.8  
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calculation, using randomly sampled values in the uncertainty range 
around each parameter. Errors of 30 and 40% were assumed for thick
ness measurements (Engwell et al., 2013) and data contouring (Klawonn 
et al., 2014a, 2014b), respectively. 

Additionally, a map was compiled based on the mass load accumu
lated monthly in tephra collectors (kg m− 2 month− 1), with observations 
spanning three overlapping periods from April 2018 to November 2019. 

The three periods considered are: i) from April 2018 to October 2019, 
for tephra collectors west of the vent; ii) from May 2018 to October 
2019, for tephra collectors mainly located east of the vent; and iii) from 
July 2018 to November 2019, for the most proximal and distal tephra 
collectors. The calculation of the average mass of tephra deposited 
monthly was based on these three periods, as they were associated with 
the highest number of available measurements and the widest spatial 

Fig. 4. Stratigraphic sections of the most surficial tephra deposits associated with Sabancaya. Tephra deposits are correlated between sections arranged from the 
closest to the furthest of the vent (from left to right) and correspond to the green rectangles in Fig. 1C. Distances from the vent are given above sketches of the 
sections. Each section is illustrated by a photograph (the white bars are 5 cm long in all images), with additional grainsize and morphology measurements shown for 
sites 41 and 30. The general roundness of the particles is expressed through the form factor shape parameter in box and whisker plots, with the red lines representing 
the median of the distribution, the lower and upper limits of the boxes indicating the 25th and 75th percentiles and the dashed lines extending to the 1st and 99th 
percentiles. 

A. Fries et al.                                                                                                                                                                                                                                    



Journal of Volcanology and Geothermal Research 441 (2023) 107876

10

distribution for compiling the isomass map. Similar to the volume cal
culations, the mass erupted each month was estimated based on the 
exponential, power-law and Weibull methods and then converted to 
erupted volume based on the deposit density estimation. 

3.5. Explosion frequency and classification 

Pulsatory volcanic activity can be quantified by the intensity and 
frequency of explosive events. Very frequent (i.e., very short repose 
times of the order of 0.1 to 10 s) explosions can produce sustained lava 
fountains resulting in the emission of steady plumes (Valentine and 
Gregg, 2008; Ripepe et al., 2013; Dürig et al., 2015; Bonadonna et al., 
2023) whilst less frequent (i.e., longer repose times) explosions prefer
entially generate transient plumes (Varley et al., 2006; Chojnicki et al., 
2015). The eruptive style of Sabancaya was determined following the 
methodology of Dominguez et al. (2016), who showed the correlation 
between the distribution of the repose times and the viscosity of 
magmas. The frequency of explosions and the repose time intervals of 
consecutive single events were investigated by cross-checking seismic 
data recorded by the OVI seismic stations and visual observations 
(Machacca et al., 2021; Coppola et al., 2022) from the beginning of the 
explosive activity in November 2016 until May 2021. Seismic events 
with an energy >0.1 MJ were associated with visible explosions pro
ducing pyroclastic material, enabling filtering of the seismic signal. 

For the classification of the explosions based on their frequency, the 
distribution of the repose time between single events was analysed by 
applying the log-logistic renewal process following the methodology of 
Dominguez et al. (2016) described in Appendix B. To this end, the 
magma viscosity was constrained based on the models of Giordano et al. 
(2008), for the melt viscosity, and Costa et al. (2009) for the bulk vis
cosity. The melt composition was constrained from the groundmass 
glass compositions of the tephra produced between June and July 2017 
(sab-1726) and between April and July 2018 (sab-1813, sab-1832 and 
sab-1869), whilst the same water contents of 0.8–2.2 wt% and crystal
linity of 25 vol% reported by Gerbe and Thouret (2004) were used, given 
the similarities in the magma composition between the current eruptive 
activity and the 1990–1998 cycle. A melt temperature of 900 ◦C was 
assumed as an average value for similar magma compositions such as for 
the eruptions of Santiaguito, Guatemala (Scott et al., 2012) and Ubinas, 
Peru (Rivera et al., 2014). 

4. Results 

4.1. Tephra deposits 

The tephra deposits located at distances <25 km from the vent can be 
divided into five main layers: A, B, C, D1 and D2 (Fig. 4). While layers A, 
B and C are found and correlated at distance <10 km from the vent, only 
layers D1 and D2 can be found at more distal locations. Table 3 presents 
the groundmass glass composition and the percentage of juvenile frag
ments for layers A, B and C, as well as for primary tephra samples and 
tephra emitted during the 1990–1998 eruption (Gerbe and Thouret, 
2004). All samples are characterised by rhyolitic groundmass glass 
compositions (≥ 72 wt% SiO2) highly enriched in K2O (>5 wt%). 

Layer A represents the top of the stratigraphic sections. It is 
composed of uncompacted, grey, well-sorted ash (MdΦ values between 
1.5 and 2.6 Φ, and σΦ between 0.8 and 1.5 Φ), covered by a millimetric 
(<5 mm) layer of coarser, less sorted ash (MdΦ = 1.0–2.6 Φ, σΦ varying 
from 0.8 to 3.3 Φ). The thickness of layer A varies locally, notably as a 
function of the surface elements (e.g., vegetation cover, presence of 
boulders, topography; Supplementary Table S1). For example, at 6.5 km 
southeast from the vent, it varies from 5 cm inside plants to 2 cm outside. 
Moreover, the thickness of layer A does not decrease gradually with 
distance from the vent but is rather uniform and generally between 2 
and 3 cm in the entire studied area (Fig. 4). The local variations in 
thickness, the presence of ripples at the surface of the deposits 

(Supplementary Fig. S4) and of cross-bedding structures in layer A, 
along with the looseness of the material, suggest that layer A has un
dergone wind-driven erosion and deposition and is probably continuing 
to be remobilised. 

Layer B is composed of compacted dark grey ash, located below layer 
A, and stratified in multiple sub-layers in most proximal locations (e.g., 
site 41; Fig. 4). Sub-layers could not be correlated between sections. The 
GSDs of layers A and B are very similar (MdΦ = 1.4–3.3 Φ and σΦ =

0.8–2.7 Φ; Fig. 4), and their groundmass glass composition is nearly 
identical (e.g., 74.6 and 75.2 wt% SiO2 for layers A and B, respectively; 
Table 3), with similar percentages of juvenile fragments (87% for layer A 
and 77% for layer B at site 30; Table 3). The form factor values of par
ticles in layers A and B are also comparable, with 90% of the particles 
between 0.3 and 0.8, and median form factors of 0.7 (Fig. 4). Similar to 
layer A, the thickness of layer B varies at the local scale in association 
with the presence of surface elements (Supplementary Table S1). 
Conversely, the thickness of layer B also clearly varies as a function of 
distance from the vent along the prevailing wind direction, passing from 
18 cm at 2 km E of the vent (site 47) to 1.5 cm at 6.5 km (site 56). 
Similarly to layer A, the local variation in the thickness of layer B, along 
with the presence of fine ash lenses (Dominguez et al., 2020b) suggests 
that layer B could have been affected by syn-eruptive remobilisation, as 
is the case for layer A, while the overall decay of the thickness trend 
suggests it is a primary layer. 

Layer C is a brown, compacted tephra layer (MdΦ = 2.6–2.8 Φ and σΦ 

= 0.9–1.5 Φ) that constitutes the base of the stratigraphic section 
(Fig. 4). Layer C is distinguished from layers A and B by its larger amount 
of lithics (juvenile fragments account for <25%; Table 3), and it appears 
less fresh and often representing a horizon within which small roots are 
located. This low percentage of juvenile fragments is similar to the 
previous 1990–1998 eruptive episode (Table 3; Gerbe and Thouret, 
2004). The groundmass glass composition of layer C is comparable to 
that of the least evolved material erupted in 1992. 

In more distal stratigraphic sections (at distances >10 km from the 
vent; e.g., site 45 in Fig. 4), only Layers D1 and D2 can be observed. D1 is 
an uncompacted light grey layer laying on top of D2, a compacted brown 
layer. These layers have different grainsize characteristics than those 
observed in proximal areas, with GSDs considerably coarser (MdΦ =

− 1.3–0.4 Φ) and less sorted (σΦ = 2.5–3.0 Φ). 
Given the similarities between layers A and B in terms of composi

tion, componentry and morphology and their distribution at the top of 
the stratigraphic sections, they likely correspond to tephra fallouts from 
the current cycle (post-2016) of explosions of Sabancaya. The only dif
ference observed between layers A and B is the level of compactness, 
with the loose material of layer A emplaced above the compacted layer 
B. In contrast, layer C can be attributed to the 1990–1998 eruption of 
Sabancaya. Finally, D1 and D2 cannot be correlated with proximal 
Layers A, B or C; they were not related to specific recent eruptions at 
Sabancaya and may represent older eruptive cycles or deposits which 
were affected by intense post-eruptive remobilisation. 

4.2. Tephra sampled in vertical collectors and adhesive paper 

The GSDs of the primary tephra sampled in the tephra collectors are 
unimodal and relatively fine, with a median particle diameter finer than 
1 Φ (500 μm) (Fig. 5A). As expected for low-intensity explosions, such as 
those produced by Sabancaya, the mode of these GSDs rapidly decreases 
with distance from the source, passing from 1.5 to 1 Φ (355–500 μm) at 
2.7 km from the vent to 2.5–2 Φ (180–250 μm) at 12.8 km from the vent. 
Accordingly, MdΦ changes from 1.5 to 2.1 Φ (350 to 230 μm) and σΦ 

changes from 1.0 to 0.8 Φ (500 to 580 μm). The results of morphometric 
analysis for individual samples can be found in Supplementary Data S1. 
Values of the solidity of primary tephra are principally between 0.8 and 
1.0, with 90% of the particles in that range. The convexity is mostly 
between 0.9 and 1 for 90% of the particles (Fig. 5A). The DRE density is 
2802.2 ± 11.3 kg m− 3, while the bulk density of the material sampled in 
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tephra collectors is 1560.1 ± 26.9 kg m− 3. 
GSDs of primary tephra collected on adhesive paper are bimodal, 

with fine (45–63 μm) and coarse (180–250 μm) modes (Fig. 5B). Traces 
of volcanic ash aggregates are found on adhesive paper samplers, which 
most likely correspond to the particle clusters described by Brown et al. 
(2012) and Bagheri et al. (2016) that easily break up upon impact. So
lidity and convexity of the particles in the fine and coarse modes are 
between 0.57 and 0.90 and 0.63 and 0.97, for 90% of particles, 
respectively (Fig. 5B). 

4.3. Volume of tephra deposits 

An isopach map was compiled from the cumulative thickness of 
layers A and B (Fig. 6A) in order to constrain the volume emitted be
tween the beginning of the eruption and the field campaign (i.e., from 
November 2016 to August 2018). In fact, as mentioned above, both 
layers A (with constant thickness) and B (with decreasing thickness 
away from vent) are interpreted as deposits from the current eruption, 
with the only difference that layer A is continuously remobilised as it 
represents the most surficial layer. Unfortunately, the number of avail
able field sites was spatially limited, because it was not possible to access 
the western part of the volcano. The deposit is elongated E-W, in 

agreement with the prevailing wind directions during the dry and wet 
seasons, respectively (Fig. 1B; Thouret et al., 1994). The gradual 
decrease of the deposit thickness with distance was fitted with expo
nential, power-law and Weibull trends (Fig. 6B). The details of the 
different fitting strategies are described in Appendix C. For the power- 
law fitting, an exponent m <2 (m = 1.2) is found, which is character
istic of poorly exposed deposits; and the estimate of the volume is, 
therefore, sensitive to the distal integration limit (Bonadonna et al., 
2015; Biass et al., 2019). In order to account for this sensitivity and 
provide uncertainties on volumes obtained from the power-law fitting 
strategy, the volume was calculated by averaging the estimates for two 
different distal integration limits that correspond to the values of the 
square root areas at which the thickness predicted by power-law trend is 
equal to 0.01 and 0.001 cm (i.e., thickness becomes comparable to the 
diameter of individual fine particles). 

The estimated volume of tephra deposits is 0.03 ± 0.01 km3, 0.06 ±
0.03 km3 and 0.03 ± 0.02 km3 with the exponential, power-law and 
Weibull fitting strategies, respectively. Based on the average of these 
estimates, we determined that a volume of 0.04 ± 0.02 km3 was 
deposited between November 2016 and August 2018. This corresponds 
to a total DRE volume of 0.02 ± 0.01 km3 calculated from the values of 
the deposit and DRE densities presented above. On average, over this 

Fig. 5. A. GSDs of the tephra accumulated in tephra collectors (sab. samples) for the different locations in wt%. The inset on the right shows the shape parameters, 
convexity and solidity, of tephra sampled in tephra collectors. B. GSD of primary tephra samples (prim. samples) collected on adhesive paper at sites 25–28 (4.4 km 
from the vent). The inset shows the convexity and solidity of primary tephra particles collected on adhesive paper. 
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entire period, a DRE volume of 1.1 ± 0.5 × 10− 3 km3 was produced each 
month. 

4.4. Mass of tephra collected in tephra collectors 

A map of the average tephra mass load deposited each month be
tween April 2018 and November 2019 was compiled from the data of the 
tephra collectors (Fig. 7A). The number of data points available is 
limited, and we were only able to estimate three contours, which are 
poorly constrained southwest of the vent, in the area that lacks tephra 
collectors. The elongation of the contours suggests tephra dispersion 
towards the east-southeast and the west-northwest, in agreement with 
the dispersal of the ground tephra deposit (Fig. 6A). The gradual 
decrease of the monthly accumulated tephra load with distance was also 
fitted with exponential, power-law and Weibull trends (Fig. 7B; Ap
pendix D). Again, m (see Appendix C) is found to be below 2 (m = 1.7) 
for the power-law fitting, indicating that the estimation of the monthly 
accumulated mass is sensitive to the distal integration limit. Hence, the 
mass was calculated by averaging the estimates for two distal integra
tion limits that correspond to the values of the square root areas at which 
the power-law thickness equals 0.1 and 0.01 kg m− 2. 

An average mass of 6.8 ± 3.5 × 107 kg per month is obtained using 
the exponential function, 6.1 ± 2.8 × 107 kg per month with the power- 
law function and 6.2 ± 2.7 × 107 kg per month with the Weibull func
tion. From the average of the results obtained with the different fitting 
strategies, we therefore arrived at a monthly accumulated mass of 6.5 ±
3.1 × 107 kg per month for the period from April 2018 to November 
2019. Using the deposit and the DRE densities, this corresponds to a DRE 
volume of 2.3 ± 1.1 × 10− 5 km3 produced each month. 

4.5. Pulsatory explosive activity of Sabancaya 

Eruptive activity at Sabancaya has been characterised by a cyclic and 
pulsatory eruptive style since November 2016, when the first magmatic 
explosions took place. A detailed statistical analysis and the application 
of the renewal log-logistic model to describe the temporal variation of 
the repose time between explosions allows the quantification of the 
unsteadiness of this activity (see Appendix B). Variations of the pulsa
tory activity are correlated with the 6 eruptive phases identified by 
Coppola et al. (2022) between November 2016 to December 2020 
(Table 4). As shown in Fig. 8A, phase II, previously defined by Coppola 
et al. (2022) as an intense explosive activity accompanied by dome 
growth, was sub-divided into three stationary sub-phases (IIa, IIb and 
IIc), defined as periods for which the probability distribution of the 
repose interval is constant in time, implying homogeneous eruptive 
styles. Indeed, the phase II was characterised by 3 deepening-refilling 
cycles marking variations in frequency and energy of explosions by 
Coppola et al. (2022). 

The results of the detailed repose interval analysis show an alterna
tion of low (i.e., phases I, V, VII) to medium frequency (i.e., phases IIb, 
III, IVa, IVb, IVc, VI) activity, with high frequency phases (i.e., IIa, IIc, 
IVd, VIII). In fact, phases I, V and VII, with 11, 10 and 6 explosions per 
day, represent the lowest frequency phases with variable median repose 
times of 70, 25 and 80 min, and large maximum repose times of 38, 222 
and 68 h, respectively. The phases with higher frequency (IIa, IIc, IVd, 
VIII), with 38, 42, 55 and 42 explosions per day also have the shortest 
median repose times, between 18 and 23 min, and variable maximum 
repose times of 39, 29, 6 and 9 h, respectively (Table 4). During the field 
campaign in July–August 2018, an average of 21 explosions per day, 
with a median repose interval of 41 min, were recorded (Fig. 8A, 
Table 4). 

Fig. 6. A. Isopach map (in cm) of layers A and B combined (thickness measured in August 2018). The position of the vent is indicated by the red triangle. B. Semi-log 
plot of the deposit thickness against the square-root of isopach areas. Exponential, power-law and Weibull fits are represented by the solid blue, dashed red and 
dashed-dotted green lines, respectively. Uncertainties of 30 and 40% were assumed for thickness and area estimations, respectively. 
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Based on the median of the repose time and the magma viscosity 
correlation proposed by Dominguez et al. (2016), the 2 phases for which 
it was possible to estimate the magma viscosity (i.e., phases IIb and III; 

Fig. 8B) follow the trend of other Vulcanian pulsatory activities with 
similar compositions, such as the 2003 cycle of Santiaguito (Guatemala). 
The log-logistic parameters of the repose interval distribution (see 

Fig. 7. A. Isomass map in kg m− 2 

month− 1 for the average monthly 
accumulation of tephra in tephra col
lectors from April 2018 to November 
2019. Sampling from three overlapping 
periods has been considered together in 
order to draw the isolines: from April 
2018 to October 2019 in the white cir
cles, from May 2018 to October 2019 in 
the green diamonds and from July 2018 
to November 2019 in the orange 
squares. The position of the vent is 
indicated by the red triangle B. Mass 
decay profile computed from the iso
mass map in a semi-log plot of the 
tephra accumulation against the square 
root of isomass areas. Exponential, 
power-law and Weibull fits are repre
sented by the solid blue, dashed red and 
dashed-dotted green lines, respectively. 
Uncertainties of 30 and 40% were 
considered for mass load and area esti
mations, respectively.   

Table 4 
Repose time interval (median, mean and maximum values) and log-logistic parameters (μ and s) for all the phases analysed at Sabancaya from 2016 to 2021. The period 
of the field campaign is also described.  

Phase Start date (DD/MM/YYYY) End date Median (min) Mean (min) Maximum (hours) Frequency (explosions day− 1) μ s 

I 06/11/2016 23/12/2016 70 132 38 11 8.36 0.65 
IIa 24/12/2016 24/03/2017 23 38 39 38 7.17 0.58 
IIb 25/03/2017 25/08/2017 34 54 86 27 7.53 0.63 
IIc 26/08/2017 23/01/2018 25 34 29 42 7.23 0.58 
III 24/01/2018 13/03/2019 51 88 44 17 8.02 0.61 
IVa 13/03/2019 11/05/2019 38 70 24 21 7.71 0.64 
IVb 12/05/2019 31/07/2019 39 83 35 18 7.75 0.71 
IVc 1/08/2019 25/09/2019 34 55 17 27 7.55 0.64 
IVd 26/09/2019 23/10/2019 18 27 6 55 6.96 0.57 
V 23/10/2019 30/08/2020 25 138 222 10 7.41 0.85 
VI 01/09/2020 30/11/2020 35 56 13 26 7.62 0.62 
VII 01/12/2020 02/02/2021 80 235 68 6 8.53 0.89 
VIII 03/02/2021 05/05/2021 23 34 9 42 7.16 0.59 
Field campaign 27/07/2018 12/08/2018 41 62 19 21 – –  
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Appendix B), μ (associated with α, the scale of the distribution) and s 
(associated with the shape of the distribution), which provide insights 
into the frequency and regularity of activity, respectively, are sum
marised in Table 4 and shown in Fig. 8C for all the phases identified at 
Sabancaya, and compared with a dataset of various pulsatory eruptions 
(Dominguez et al., 2016). Highest frequency phases (i.e., IIa, IIc, IVd, 
VIII) are clustered with the lowest μ and s, indicating phases of frequent 
and regular activity; whilst the medium frequency phases (i.e., IIb, III, 

IVa, IVb, IVc, VI) are clustered with a slightly higher μ and s. In contrast, 
the lowest frequent phases (i.e., I, V, VII) show a high variation in μ and s 
corresponding also to the high variation of the median of the repose 
interval and the irregularity of this activity, particularly for the phases V 
and VII with the highest values of s (Fig. 8C). All Sabancaya phases 
correspond to Vulcanian style in the μ vs s plot. 

Fig. 8. A. Time series of explosions at Sabancaya from the beginning of the eruption up to May 2021 shown by the repose interval between explosions. The red solid 
line corresponds to the moving-average of the repose interval, calculated based on 20 data points. Based on the work of Coppola et al. (2022) and the variability of 
the time series, 8 phases have been identified. The dashed red box indicates the time of our field campaign. B. Variations of magma viscosity as a function of the 
median of the repose interval for several published data and for the phases IIb and III of Sabancaya where viscosity has been estimated. C. Classification of pulsatory 
activity based on the log-logistic parameters for the distribution of the repose time interval, μ and s, associated with the frequency and regularity of activity, 
respectively. Circles correspond to various eruptions of the dataset of Dominguez et al. (2016). Diamonds correspond to the eight phases of Sabancaya analysed in 
this study. 
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4.6. Tephra remobilisation 

A variety of syn-eruptive aeolian remobilisation phenomena were 
encountered during the field campaign. These phenomena can be 
described using the classification of Dominguez et al. (2020b), which 
has been adapted from the lithometeors of the World Meteorological 
Organization and is based on the loss of visibility (Fig. 9). Here, we focus 
on the class of phenomena that describes particles being raised in the 
atmosphere at the time of observation. We do not describe phenomena 
that correspond to particles already suspended prior to the time of 
observation. 

Drifting and blowing ash consist of ash raised by the wind to low 
(<1.80 m) and moderate (∼1.80 m) heights, respectively, for durations 
on the order of minutes (Fig. 9A-B; Supplementary Video 1). They are 
the most common remobilisation phenomena that were daily observed 
under all weather conditions. 

Ash whirls (also called “ash devils”) share similarities with drifting 
and blowing ash, but with ash being raised in the form of a column that 
spins around an approximately vertical axis (Fig. 9C; Supplementary 
Video 2). The formation of ash whirls is powered by heating from 
insolation and their lifetime spans between tens of seconds and a few 
minutes (Sinclair, 1969; Balme and Greeley, 2006). They were repeat
edly observed in the field, with multiple ash devils observed daily. 

Finally, ash storms are the most intense and rarest remobilisation 
phenomenon that were encountered only during 2 consecutive days in 
the field. Large quantities of ash are lifted to great heights (100s or 
1000s of metres) by strong turbulent winds and visibility is greatly 
reduced (Fig. 9D; Supplementary Video 3). Ash storms can raise parti
cles for prolonged periods of time (days) and trigger ash hazes (i.e., 
particles suspended in the atmosphere), even far from the source. 

4.7. HS videos and PM10 measurements 

The remobilisation transport mechanisms were imaged at the scale of 
the particles. The remobilisation of the grains was intermittent, with 
short periods of gusts during which numerous particles were seen in 
motion separated by longer periods of rest. HS videos additionally offer 

an insight into the different remobilisation mechanisms, with coarse 
particles moving by creep on the ground surface, and finer particles 
transported by saltation (see Supplementary Video 4). While the reso
lution of the images was not sufficient to image the very fine particles 
that have the potential to enter into suspension, the splash effect was 
observed during aeolian remobilisation events, when saltating particles 
hit the surface and trigger the motion of other particles upon impact, 
favouring their remobilisation and potential entrainment into suspen
sion (Shao et al., 1993; Supplementary Fig. S5). 

As seen in the HS videos, short-lived wind gusts can entrain 
numerous particles in suspension that were also evidenced in the PM10 
concentration measurements. Temporal variations in the PM10 series 
show the intermittent nature of aeolian remobilisation (Fig. 10), with 
concentrations that tend to increase over the course of the day, in cor
relation with the diurnal evolution of soil surface and meteorological 
properties (Mingari et al., 2020). Specifically, an increase in PM10 
concentration is associated with an increase in the wind speed and the 
surface temperature over the course of the day (Fig. 10). Average PM10 
concentrations vary as a function of the date and location but tend to be 
higher for the days when ash storms were reported (Table 4). PM10 
values are rarely above the limit of 0.45 mg m− 3 defined by the World 
Health Organization for daily average exposures (World Health Orga
nization, 2021), with only one day (04 August 2018) for which it was 
measured to be higher than 0.45 mg m− 3 over a short duration of 1 h and 
11 min. 

4.8. Characterisation of remobilised ash 

Fig. 11 shows the GSDs of airborne remobilised particles collected on 
adhesive paper at ground level (R0) and at heights >1.5 m (R150) (see 
Fig. 3 that illustrates the differences between the sampling strategies). It 
is clear that the GSDs are distinct, possibly due to the different transport 
mechanisms of the particles. R0 samples are associated with a fine modal 
diameter of 45–63 μm, whilst R150 samples exhibit a very fine mode at 
11–16 μm (red and blue GSDs of Fig. 11, respectively). 

In order to better understand these differences in the sizes of remo
bilised particles, the GSDs of airborne remobilised particles are 

Fig. 9. Aeolian remobilisation phenomena observed at Sabancaya during the field campaign (from 27 July to 12 August 2018). A. Drifting ash on 30 July 2018 B. 
Blowing ash on 30 July 2018 C. Ash whirl on 30 July 2018 D. Ash storm on 03 August 2018. Black arrows point in the direction of the wind. 
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compared with the sample of the most surficial ground layer collected 
upwind, which is representative of the source material (SG sample; 
Fig. 11). Volcanic ash particles on the ground are coarser than airborne 
remobilised ash, with a modal diameter of 250–355 μm. This indicates 
that aeolian remobilisation is a size-selective process favouring the 
transport of fine particles, as already described in a number of studies 
(Shao and Lu, 2000; Kok et al., 2012; Jarvis et al., 2020). 

The GSDs of remobilised and ground particles are additionally 
compared with the threshold friction velocity model, u*t, of Shao and Lu 
(2000) and the model of Mingari et al. (2020) for transport mode 
(Fig. 11). R0 samples are associated with the grainsizes that minimise 
the threshold friction velocity, typically between 70 and 100 μm. Hence, 
they correspond to the particles that are most likely moving only under 
action of the wind, whilst both coarser and finer particles are 

Fig. 10. PM10 concentration measurements for A. 29 July, B. 
30 July, C. 31 July, D. 03 August and E. 04 August 2018 
compared with hourly averaged wind speed at 10 m above the 
surface (dashed-dotted blue line) and temperature (dashed red 
line) obtained from the ECMWF ERA-Interim reanalysis. The 
solid green line is the moving average of the PM10 concentra
tion, calculated using a 2-min window. Dashed grey lines 
indicate the 24 h air quality guidelines of 0.45 mg m− 3 (World 
Health Organization, 2021). PM10 measurements were per
formed at different locations indicated in Table 2 and the inset 
map of Fig. 2B. Table 2 contains additional information on 
PM10 measurements (i.e., duration, average concentration and 
observations of remobilisation phenomena).   
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respectively too heavy and too cohesive to easily lift off. Considering low 
and common wind friction velocities ≤0.5 m s− 1 (Dominguez et al., 
2020a; Mingari et al., 2020), the particles collected on R150 samples are 
unlikely to be remobilised only by the wind, but rather due to the impact 
of coarser saltating particles with the ground (Shao et al., 1993). 
Moreover, for the same range of wind friction velocities, particles with 
diameters below the range 32–45 μm are expected to stay in suspension 
once in the atmosphere, as their settling velocities are lower than the 
wind friction velocity (Mingari et al., 2020). This size threshold is found 
to correctly separate the modal grainsize of particles collected on R0 and 
R150 samples (Fig. 11). 

The morphologies of airborne primary (prim.) and remobilised (R0 
and R150) particles collected on adhesive paper are presented in Fig. 12. 
Similarly to Dominguez et al. (2020b), we refined the shape analysis by 
separating the particles into three size classes: (i) below 63 μm (class 1), 
(ii) between 63 and 125 μm (class 2), and (iii) above 125 μm (class 3). In 
general, the shape descriptors of primary and remobilised ash exhibit 
differences in the median values of <0.1 (Fig. 12). Nonetheless, specific 
statistical tests performed on these populations suggest that significant 
differences exist between the shape of primary and remobilised particles 
(Supplementary Table S3). For classes 1 and 2, the shape descriptors 
characterising primary particles are different to those of R0 samples, but 
statistically equivalent to those of R150 samples. For class 3 particles, 
differences exist between primary and remobilised particles of R0 and 
R150 samples. Subtle, but significant, differences in the shape de
scriptors of R0 and R150 samples exist for all classes. Remobilised 
particles of R150 samples from classes 1 and 3 are additionally associ
ated with more variability in the shape descriptors than primary ash 
(Fig. 12), as supported by the results of Levene-tests indicating hetero
geneous variances for all tested shape descriptors (Supplementary 
Table S3). 

In more detail, for classes 1 and 2, the median values of shape de
scriptors are significantly greater for R0 samples than for primary par
ticles. For example, the median form factor of remobilised particles 
≤125 μm within R0 samples is 0.52 for both class 1 and class 2, whilst 
the form factor of primary ash particles is 0.45 and 0.46, for classes 1 
and 2, respectively. The form factor and solidity of class 3 R0 and pri
mary particles are slightly dissimilar, with differences in median values 
of <0.03, whilst the values of convexity are statistically equivalent. The 
means of the shape parameters describing particles from R0 and R150 
samples are significantly greater in all classes. This suggests that parti
cles within R0 samples are slightly rounder and smoother than primary 
particles and particles within R150 samples. The shape of primary 

particles is similar to that of R150 samples, except for class 3 particles, 
for which the median of all shape parameters is slightly greater for 
primary particles, with differences in median values of approximately 
0.03–0.04. 

5. Discussion 

5.1. Preservation and interpretation of tephra deposits 

Tephra deposits retain valuable information into the dynamics of 
past eruptions and are used to reconstruct the total GSD, magnitude, 
intensity and duration of volcanic events (e.g., Bonadonna et al., 2015 
and references therein). They are, therefore, key to compile hazard and 
risk assessments as well as to better understand the plumbing system of a 
volcano (e.g., Bonadonna et al., 2016, 2021 and references therein). 
Unfortunately, post-depositional processes such as aeolian remobilisa
tion can affect the characteristics of the deposits (Engwell et al., 2013), 
especially in cyclic volcanic contexts during which low quantities of 
tephra are produced intermittently in very dynamic erosional 
conditions. 

Based on stratigraphic analysis, 5 main tephra layers were distin
guished at Sabancaya. At distances <10 km from the vent, the most 
superficial layers A and B can be related to the ongoing activity (post- 
2016), whilst layer C can be associated with the previous eruptive cycle. 
Further from the vent, tephra deposits consist in only two layers (D1 and 
D2) that could not be related to any recent eruption at Sabancaya vol
cano given that they may represent older eruptive phases or possibly 
underwent intense reworking processes. 

Both layers A and B show clear evidence of wind reworking. Ac
cording to field observations, the loose layer A that constitutes the very 
top of the stratigraphic sections is subject to continuous deposition of 
primary tephra and simultaneous subsequent remobilisation. The 
thickness of layer A does not decrease with distance from the vent and is 
rather homogeneous for the entire area studied during the field 
campaign (Fig. 4, Supplementary Table S1), as it corresponds to the 
uncompacted tephra deposit that is continuously being remobilised and 
redistributed over the area surrounding the vent (Dugmore et al., 2020). 
In these arid areas of low vegetation cover, the deposit thickness is 
particularly sensitive to local variations in the windward and leeward 
sides of plants, and it is a result of tephra entrapment and preservation in 
the vegetation during primary and secondary transport (Blong et al., 
2017; Dugmore et al., 2018; Dominguez et al., 2020b). It is worth 
mentioning that additional water and glacial erosion take place at 

Fig. 11. Representative GSDs of the most surficial 
ground layer (SG) upwind of airborne particles 
remobilised by the wind sampled at ground level (R0) 
and at heights >1.5 m (R150). Samples have been 
collected at sites 31, 40, and 61, respectively at 4.1, 
4.5 and 4.4 km from the vent (Supplementary 
Table 1). The GSDs are compared with the model of 
the threshold friction velocity (u*t) of Shao and Lu 
(2000) (solid blue line) indicating the minimum wind 
friction velocity (u*, on the right y-axis) for which 
grains become mobile and the model of Mingari et al. 
(2020) (solid green line) showing the critical grain
size at which a transition between suspended and 
saltating particles might occur. The yellow and or
ange shaded regions respectively cover the grainsizes 
that are transported in suspension and saltation for u* 

> u*t .   
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Fig. 12. Box and whisker plots showing the comparison of A. convexity, B. solidity and C. form factor between airborne primary (prim.) and remobilised (R0 and 
R150) ash particles collected on adhesive paper. Values close to 1 in these shape descriptors are indicative of smooth and rounded particles. 
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Sabancaya as well (Thouret et al., 1994). As a consequence, the inter
pretation of stratigraphic sections could lead to inaccurate assessments 
of the eruptive parameters, and should be complemented by different 
sampling methods (e.g., ground and airborne material, vertical and 
horizontal mass fluxes), field observations (e.g., HS and high-resolution 
videos) as well as measurements in various environments (e.g., 
including sections in peat bogs; Juvigné et al., 2008; Fontijn et al., 
2014). Only such a multifaceted study will enable a comprehensively 
constraining the tephra layers of pulsatory activity in dynamic weather 
terrains, as is the case of Sabancaya. 

5.2. Volume of tephra deposits 

Based on measurements of the deposits thickness, it is estimated that 
a DRE volume of 0.02 ± 0.01 km3 was emitted between November 2016 
and August 2018 (Fig. 6). This volume is comparable to the volume of 
0.025 km3 emitted from May to October 1990 during the previous 
eruption of Sabancaya (Thouret et al., 1994; Gerbe and Thouret, 2004), 
even though it was emitted over 2 years. The volume of tephra deposits 
estimated here corresponds to an average volume of 1.1 ± 0.5 × 10− 3 

km3 DRE emitted each month. This is two orders of magnitude greater 
than the DRE volume of 2.3 ± 1.1 × 10− 5 km3 per month obtained from 
the mass accumulated in the tephra collector network, between April 
2018 and November 2019, suggesting a significant decrease in the 
tephra production rate after the start of the eruption. In fact, the mea
surements of Coppola et al. (2022) also suggest that considerably 
smaller volumes of tephra have been emitted since 2018. The cumula
tive volume estimated for the period from November 2016 to December 
2020 is 0.004–0.009 km3 DRE (Coppola et al., 2022), corresponding to 
an average DRE volume of 1.3 ± 0.7 × 10− 4 km3 per month, which is 
between and consistent with the estimates above, as both the start and 
the post-2018 phase of the eruption are taken into account. 

It is also possible to compare these values with the amount of tephra 
produced by Vulcanian eruptions at other volcanoes. The volume of 
tephra produced by Sabancaya is low in comparison with the large 
Vulcanian explosions of Soufrière Hills volcano (Montserrat), for which 
the average tephra volume per explosion was estimated at 1.0 × 10− 4 

km3 from August to October 1997 (Bonadonna et al., 2005; Druitt et al., 
2002). The size, magnitude and frequency of the explosions at Saban
caya are instead more comparable to their counterparts at Sakurajima 
volcano. Between 2011 and 2015, Oishi et al. (2018) estimated the 
averaged volume of volcanic ash fallouts to range from 3 × 10− 4 to 4 ×
10− 4 km3 per month. These values are similar to those estimated at 
Sabancaya for the period between November 2016 and August 2018 
(average of 9.1 ± 4.5 × 10− 4 km3 DRE per month), and one order of 
magnitude higher than the volumes emitted between April 2018 and 
November 2019 (average of 2.9 ± 1.3 × 10− 5 km3 per month). 

5.3. Vulcanian activity at Sabancaya volcano 

The current eruptive cycle at Sabancaya is characterised by a 
Vulcanian eruptive style, as suggested by the repose time analysis of the 
whole cycle from 2016 to 2021 (Fig. 8; Table 4). Explosive activity 
displays significant temporal variations regarding the frequency and the 
regularity of explosions, from which at least 8 phases have been iden
tified. In general, there is an intercalation of low and high frequency 
phases, suggesting significant changes in fragmentation processes that 
might be affected primarily by the extrusion and growing of domes, 
interplay among magma feeding and degassing, inducing changes in the 
magma rheology and ascent dynamics, overpressure in the conduit and 
shearing effects, or variable interactions with surface waters (Gonner
mann and Manga, 2012; Pistolesi et al., 2021; Gerbe and Thouret, 2004). 
The analysis of the magma viscosity and the median repose time be
tween explosions shows a robust correlation for the phases IIb and III, 
following the trend of similar dacitic compositions such as the 2003 
Santiaguito cycle (Fig. 8B). Unfortunately, we were not able to constrain 

the effect of viscosity on the other phases which might play an important 
role on the construction and collapse of domes described at Sabancaya. 
Coppola et al. (2022) demonstrated that at least 3 phases have been 
associated with the growing of two domes (i.e., the “Huk” dome during 
phases II and IV and the “Iskay” dome during phase VI). The periodicity 
at which the dome growth was observed for the phases II, IV and VI is 
consistent with high frequency explosive phases with low median repose 
intervals between explosions (18 to 35 min; Table 4). Similarly, the 
collapse of the “Huk” dome during phase V (Coppola et al., 2022) is 
associated with the lowest frequency period for the ongoing explosive 
cycle, associated with a median repose time of 25 min but with 
maximum intervals between explosions of up to 222 h. 

In addition, the log-logistic parameters, μ and s, of the repose time 
distributions show that explosions in different phases of Sabancaya’s 
activity are as frequent as the 2003 Santiaguito and the 2011–2012 
Sakurajima-Showa cycles, but with less regular behaviour (Fig. 8C). As 
observed by Dominguez et al. (2016) for other pulsatory volcanoes, the 
frequency of explosions decreases as μ increases and the regularity of the 
activity decreases with s. In the case of Sabancaya, we can see that the 8 
phases follow a general linear trend between μ and s, within the range of 
Vulcanian activity (Fig. 8C). In particular, the most frequent phases IIa, 
IIc, IVd and VIII, are as frequent as the 2003 Santiaguito activity but less 
regular; whilst the medium frequency phases IIb, III, IVa, IVb, IVc and VI 
are slightly less regular still. The phase V, associated with the collapse of 
the “Huk” dome shows similar values of regularity to the 2011–2012 
Sakurajima-Showa activity, but with more frequent explosions (Fig. 8C). 
The cyclic eruptive processes of Sabancaya are correlated with complex 
effusive and explosive dynamics controlled by the growing and collapse 
of domes, the magma-rise rate and fragmentation processes consistent 
with frequent but irregular Vulcanian eruptive styles. 

5.4. Characteristics of remobilised material and identification of primary 
tephra 

Aeolian remobilisation at Sabancaya is recurrent during the day and 
takes multiple forms from low intensity events, such as drifting ash, to 
strong turbulent ash storms (Fig. 9). These observations are consistent 
with the aeolian reworking features found in tephra deposits. Field ob
servations and PM10 concentration measurements suggest the possible 
control of diurnal weather variations on aeolian phenomena, but longer 
measurements (i.e., 24 h) are required to confirm these preliminary 
trends. The concentration of suspended material typically increases as 
the day progresses and surface conditions evolve (e.g., increase in wind 
velocity and surface temperature) (Fig. 10). For all the days during 
which PM10 data were acquired, concentrations rarely exceeded air 
quality guidelines. The PM10 concentration was higher in ash storms 
(Table 2; Fig. 10D-E), exceeding 0.45 mg m− 3 over periods of 30 to 45 
min, but more investigation is required to monitor the average over 24 
h. In fact, these exploratory measurements necessitate further analysis to 
evaluate if the remobilisation of volcanic ash constitutes a respiratory 
hazard at Sabancaya, but also in the populated Colca river valley. 

Differential sampling of airborne remobilised ash at the ground level 
(R0) and above 1.5 m (R150) (Fig. 3) shows that the GSDs depend 
greatly on the transport mechanism (Fig. 11). Consistently, R0 samples 
are associated with a grainsize mode of 45–63 μm that minimises the 
threshold friction velocity as defined by Shao and Lu (2000). We can 
therefore estimate that R0 samples are associated with a predominant 
saltation (i.e., bouncing) mechanism. For probable wind friction veloc
ities ≤0.5 m s− 1 (Dominguez et al., 2020a; Mingari et al., 2020), these 
particles are characterised by relatively high settling velocities 
compared to the wind friction velocity. On the other hand, particles 
collected on R150 samples are finer, with a mode <20 μm. These par
ticles are characterised by grainsizes having settling velocities signifi
cantly lower than probable wind friction velocities, on the order of 0.3 to 
0.5 m s− 1 (Mingari et al., 2020). It is therefore likely that these particles 
were already in the atmosphere at the moment of collection and that 
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they possibly underwent short- to long-term resuspension. Despite the 
fact that we were not able to measure friction and settling velocities, the 
simple sampling strategy developed here for collecting airborne remo
bilised material in real-time (Fig. 3) represents a suitable technique to 
separately analyse saltating and suspending particles and the associated 
transport features. 

Finally, even though the shape descriptors of fine particles <63 μm 
are calculated for low pixel densities <750 px per particles, which limits 
the accuracy of morphological analysis for class 1 particles, statistically 
significant distinctions in the morphologies of primary and remobilised 
tephra are found. This is similar to other examples of remobilised de
posits analysed some years after primary depositions (e.g., eruption of 
Cordón Caulle, Chile, in 2011–2012; Dominguez et al., 2020b). In fact, 
for the case of Cordón Caulle, tephra was deposited in Patagonia mostly 
in June–July 2011 (total volume about 1 km3; Pistolesi et al., 2015) and 
subsequently remobilised over years. Morphological analysis of primary 
tephra particles and remobilised ash then allowed the distinction of the 
two populations of grains, with remobilised particles significantly 
rounder and smoother than the primary material because of abrasion 
due to secondary transport over several months and even years (Domi
nguez et al., 2020b). In the case of Sabancaya, where primary produc
tion of tephra and aeolian remobilisation occur simultaneously, 
remobilised particles exhibit slightly rounder morphologies than the 
primary tephra. We find variations indicating that remobilised ash 
≤125 μm collected in R0 samples (i.e., probably transported by salta
tion) are slightly more circular and smoother than primary ash (Fig. 12; 
Supplementary Table S3). In fact, particles that undergo saltation 
experience regular collisions that result in abrasion and rounding of the 
particle surfaces. Although the difference in the shape descriptors is less 
pronounced at Sabancaya, this is in agreement with the results of 
Dominguez et al. (2020b), who demonstrated the rapid abrasion of 
remobilised volcanic ash in Patagonia, less than five years after the 
eruption of Cordón Caulle, particularly for sizes prone to saltation 
(63–125 μm), and consequently easier to be remobilised. For sizes >125 
μm, particles from R0 samples have more similar morphologies 
compared to primary ash, as they are too heavy to be easily remobilised 
by the wind and undergo less abrasion. The particles collected in R150 
samples are more likely to be transported by suspension with fewer 
collisions and less abrasion, and are therefore characterised by mor
phologies more similar to primary ash. A final observation is that the 
distribution of shape descriptors is more disperse for remobilised par
ticles of R150 samples than for primary ash. In the context of the 
persistent explosive activity at Sabancaya, this possibly reflects the fact 
that, at a given time, the population of remobilised particles have a 
varied history, with some particles having undergone aeolian transport 
for years being more abraded and circular, with other, more recently- 
erupted particles being more angular. 

6. Conclusions 

The post-2016 activity of Sabancaya volcano is characterised by 
frequent Vulcanian explosions, similar to the 2003 activity of Santia
guito (Guatemala) and the 2011–2012 activity of Sakurajima-Showa 
(Japan). This activity results in a tephra deposit that we identified in 
the field as being characterised by two main tephra layers, which have a 
cumulative DRE volume of 0.02 ± 0.01 km3 (average of 1.1 ± 0.5 ×
10− 3 km3 per month DRE from November 2016 to August 2018). In 
addition, an average DRE volume of 2.3 ± 1.1 × 10− 5 km3 per month is 
calculated between April 2018 and November 2019 based on tephra 
collectors, suggesting that the tephra production rate has decreased 

since 2018, in agreement with the results of Coppola et al. (2022). At 
Sabancaya, tephra deposits are susceptible to aeolian remobilisation, 
resulting in potentially intense wind erosion phenomena such as ash 
storms that can strongly affect the preservation of tephra deposits and, 
therefore, have an impact on the stratigraphic record. Hence, in such 
volcanic environments, the erupted volumes are better constrained 
through multiple complementary sampling strategies, including tephra 
collection in dedicated containers, especially for low erupted volumes. 

We have used an effective sampling method of remobilised particles 
that involved the separate collection of particles on adhesive paper 
oriented horizontally at the ground level and oriented vertically above 
1.5 m. Results indicate that particles sampled at the ground level are 
associated with sizes compatible with transport by saltation that mini
mise the threshold friction velocity, whilst particles sampled above 1.5 
m have sizes more consistent with transport by suspension. This sam
pling strategy can, therefore, be deployed to characterise saltating and 
suspending particles separately. Small but significant differences are 
found between the morphologies of primary and remobilised particles, 
suggesting that particles undergoing transport by saltation are slightly 
more rounded, even though primary production of tephra and aeolian 
remobilisation occur simultaneously. Overall, due to favourable mete
orological and surface conditions, our work indicates that Sabancaya is 
an excellent natural laboratory for the study of syn-eruptive aeolian 
remobilisation processes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jvolgeores.2023.107876. 
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Appendix A. Calculation of the threshold friction velocity u*t and determination of the preferential transport mechanism during 
remobilisation 

The balance between aerodynamic forces driving aeolian remobilisation and resisting gravitational and cohesive forces is typically quantified 
through the threshold friction velocity u*t which is determined from the model of Shao and Lu (2000) as 

u*t =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

AN

(ρpgd
ρa

+
γ

ρad

)√

, (A1)  

with AN = 0.0123 the dimensionless threshold friction velocity for terrestrial surface conditions, γ = 3 × 10− 4 kg s− 2 an experimental parameter 
accounting for the effect of inter-particle cohesion, g = 9.81 m s− 1 the gravitational acceleration on Earth, ρp and ρa the particle and air density, 
respectively, and d the particle diameter. For this study, we measure the particle skeletal density (i.e., including non-connected pores) ρp = 2697.4 kg 
m− 3 by Helium pycnometry and we consider that ρa = 0.7 kg m− 3. 

In order to determine the preferential transport mechanism of remobilised particles, we define an ideal limit between saltating and suspended 
grains. This transition occurs at (Scott et al., 1995; Mingari et al., 2020) 

Vp = κu*, (A2)  

where Vp is the particle settling velocity, that depends on the particle size d, κ = 0.4 is the von Karman constant and u* is the wind friction velocity. For 
Vp > κu*, grains are more likely to experience saltation when lifted off the surface. On the contrary, grains are expected to enter in suspension for Vp <

κu*. Here, given that only particles with diameters <100 μm (i.e., particle Reynolds number < 0.4 in the atmosphere) enter in suspension for realistic 
wind friction velocities <2 m s− 1, the particle settling velocity is considered to be the Stokes velocity (Mingari et al., 2020) 

Vp =
gd2

(
ρp − ρa

)

18ρaν , (A3)  

with ν = 1.5 m2 s− 1, the kinematic viscosity of air. 

Appendix B. Statistical analysis of pulsatory volcanic activity 

For stationary time series of pulsatory volcanic activity, the probability of explosion as a function of the repose interval can be well-described by 
log-logistic models (Dominguez et al., 2016). Log-logistic probability distributions are fitted using the parameters α, that is the median of the repose 
interval distribution (called ‘scale’), and β, that defines the distribution shape. Two parameters are derived from α and β in order to better describe the 
frequency and variability of time series, 

μ = ln(α), (B1)  

and 

s =
1
β

(B2) 

The parameters μ and s are obtained by fitting the probability density function of the repose interval f(t) and the cumulative distribution F(t) by 
log-logistic distributions 

f (t) =
exp

(
ln(t)− μ

s

)

s
[
1 + exp

(
ln(t)− μ

s

) ]2, (B3)  

F(t) =
1

1 + exp
(

ln(t)− μ
s

) , (B4)  

with t the repose interval. 

Appendix C. Calculation of tephra volume 

The volume of tephra deposits is calculated by fitting the decay of thickness with distance from the vent to three different functions. The first 
strategy involves fitting the deposit thickness T to an exponential decay law (Pyle, 1989; Fierstein and Nathenson, 1992; Bonadonna and Houghton, 
2005) 

T = T0exp
(
− k

̅̅̅
A

√ )
, (C1)  

with T0 the extrapolated maximum tephra thickness, k the fitted slope of the exponential segment in a semi-log plot and A the area of the isopach 
contour of thickness T. In this study, given the low quantity of data, we fit our observations with a single exponential segment. The volume V of a single 
exponential segment can be obtained by integrating (C1) over an infinite area to get 
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V =
2T0

k2 (C2) 

We also apply power-law and Weibull fitting strategies that have the advantage of better describing the decrease of the mass loading for poorly- 
exposed deposits. With a power-law fitting, the thickness of tephra deposits decreases with distance from the vent as (Bonadonna and Houghton, 2005) 

T = Tpl
̅̅̅
A

√ − m
, (C3)  

where Tpl and m are the power-law coefficient and exponent, respectively. Eq. (C3) cannot be integrated between zero and infinity. Hence, proximal 
and distal integration limits (B and C, respectively) need to be defined in order to obtain an integrated volume of 

V =
2Tpl

2 − m
(
C2− m − B2− m) (C4) 

Here, we select B based on the extrapolation of the exponential fitting as 

B =

(
T0

Tpl

)− 1
m

(C5) 

C is determined from the power-law trend, as the value of the square root area for which the tephra thickness equals 0.01 and 0.001 cm (i.e., where 
the thickness becomes comparable to the diameter of individual fine particles). This results in lower and upper bound estimates for volume which we 
average. 

Finally, the Weibull function describes the decay of the thickness by (Bonadonna and Costa, 2012) 

T = θ
( ̅̅̅

A
√

λ

)n− 2

exp

[

−

( ̅̅̅
A

√

λ

)n− 2 ]

, (C6)  

with θ, λ and n the Weibull fit parameters. This expression is integrated to infinity to obtain the volume 

V =
2θλ2

n
(C7) 

For our data, we find T0 = 34.6 cm and k = 0.2 km− 1 using the exponential fitting strategy with a single segment. Using the exponential fitting 
method, we find a volume of 0.03 ± 0.01 km3. For the power-law, we find Tpl = 86.8 cm, m = 1.2, B = 2.2 km and chose C = 54 and 69 km that, 
respectively, correspond to the square root area at which the power-law thickness equals 0.01 and 0.001 cm. The power-law fitting method gives a 
volume estimate of 0.06 ± 0.03 km3. Finally, for the Weibull fitting method, we find θ = 14.0 cm, λ = 12.7 km and n = 1.6. This fitting strategy yields a 
volume of 0.03 ± 0.02 km3. 

Appendix D. Calculation of tephra masses 

For data obtained with tephra collectors, we calculate the mass of tephra accumulated monthly based on the tephra mass load decrease with 
distance from the vent. The three strategies described in Appendix C are adapted to fit the tephra mass load Y with exponential, power-law and Weibull 
trends, respectively 

Y = Y0exp
(
− k

̅̅̅
A

√ )
, (D1)  

Y = Ypl
̅̅̅
A

√ − m
, (D2)  

Y = θ
( ̅̅̅

A
√

λ

)n− 2

exp

[

−

( ̅̅̅
A

√

λ

)n− 2 ]

, (D3)  

with Y0 the extrapolated maximum mass load and Ypl the power-law coefficient. The fitting parameters k, m, θ, λ and n are described in Appendix C, 
and A corresponds to the area of the isomass contour of mass load Y. The mass M of a single exponential segment can be estimated as 

M =
2Y0

k2 (D4) 

The mass is estimated from the power-law fitting as 

M =
2Ypl

2 − m
(
C2− m − B2− m), (D5)  

where B is estimated by extrapolating the exponential fitting as 

B =

(
Y0

Ypl

)− 1
m

(D6) 

Here, we calculate C from the value of the square root area for which the power-law trend equals to 0.005 and 0.0005 kg m− 2 month− 1. Finally, the 
Weibull function is integrated to obtain the total mass 
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M =
2θλ2

n
(D7) 

We find Y0 = 1.6 × 106 kg km− 2 month− 1, k = 0.2 km− 1 and M = 6.8 ± 3.5 × 107 kg per month, using the exponential fitting strategy with a single 
segment. For the power-law, we find Ypl = 12.8 × 106 kg km− 2 month− 1 and m = 1.7. The integration limits are B = 2.8 km and C = 26 and 36 km, that 
respectively correspond to the square root area at which the power-law trend equals to 0.005 and 0.0005 kg m− 2 month− 1. The power-law fitting 
method gives a mass estimate of 6.1 ± 2.8 × 107 kg per month. Finally, for the Weibull fitting method, we find θ = 0.5 × 106 kg km− 2 month− 1, λ = 8.7 
km and n = 1.0. This fitting strategy yields a mass estimate of 6.2 ± 2.7 × 107 kg per month. 
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Ampato et Sabancaya (Pérou méridional, Andes Centrales). Quaternaire 157–173. 
https://doi.org/10.4000/quaternaire.3362. 

Klawonn, M., Houghton, B.F., Swanson, D.A., Fagents, S.A., Wessel, P., Wolfe, C.J., 
2014a. Constraining explosive volcanism: subjective choices during estimates of 
eruption magnitude. Bull. Volcanol. 76, 793. https://doi.org/10.1007/s00445-013- 
0793-3. 

Klawonn, M., Houghton, B.F., Swanson, D.A., Fagents, S.A., Wessel, P., Wolfe, C.J., 
2014b. From field data to volumes: constraining uncertainties in pyroclastic eruption 
parameters. Bull. Volcanol. 76, 839. https://doi.org/10.1007/s00445-014-0839-1. 

Kok, J.F., Parteli, E.J.R., Michaels, T.I., Karam, D.B., 2012. The physics of wind-blown 
sand and dust. Rep. Prog. Phys. 75, 106901 https://doi.org/10.1088/0034-4885/ 
75/10/106901. 

Liu, E.J., Cashman, K.V., Beckett, F.M., Witham, C.S., Leadbetter, S.J., Hort, M.C., et al., 
2014. Ash mists and brown snow: Remobilization of volcanic ASH from recent 
Icelandic eruptions: ash mists and brown snow. J. Geophys. Res.-Atmos. 119, 
9463–9480. https://doi.org/10.1002/2014JD021598. 

Liu, E.J., Cashman, K.V., Rust, A.C., 2015. Optimising shape analysis to quantify volcanic 
ash morphology. GeoResJ 8, 14–30. https://doi.org/10.1016/j.grj.2015.09.001. 

Machacca, R., Del Carpio, J., Rivera, M., Tavera, H., Macedo, L., Concha, J.A., et al., 
2021. Monitoring of active volcanoes in Peru by the Instituto Geofísico del Perú. 
Volcanica 4, 49–71. https://doi.org/10.30909/vol.04.S1.4971. 

Machacca, R., Lesage, P., Tavera, H., Pesicek, J.D., Caudron, C., Torres, J.L., et al., 2023. 
The 2013–2020 seismic activity at Sabancaya Volcano (Peru): Long lasting unrest 
and eruption. J. Volcanol. Geotherm. Res. 435, 107767 https://doi.org/10.1016/j. 
jvolgeores.2023.107767. 

MacQueen, P., Delgado, F., Reath, K., Pritchard, M.E., Bagnardi, M., Milillo, P., et al., 
2020. Volcano-tectonic interactions at Sabancaya Volcano, Peru: eruptions, 
magmatic inflation, moderate earthquakes, and fault creep. J. Geophys. Res. Solid 
Earth 125. https://doi.org/10.1029/2019JB019281. 

Manrique, N., Lazarte, I., Cueva, K., Rivera, M., Aguilar, R., 2018a. Actividad del volcán 
Sabancaya (Perú) 2016–2017: Características de las emisiones de ceniza y análisis 
granulométrico. 

Manrique, N., Lazarte, I., Rivera, M., Cueva, K., Japura, S., Aguilar, R., 2018b. Actividad 
del volcán Sabancaya (Perú) 2016–2017: observaciones petrográficas y geoquímicas 
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