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Fig. 1 (a) Location of Sakurajima volcano indicated within a sketch map of the Japan archipelago; (b)
locations of the ash samples (indicated with circles) reported in the map with variable colors according to
the different stages observed in the eruptive activity: Weak Ash Emission (blue circle), Vulcanian Explosion
(red circles), Continuous ash venting (violet circle), and activity renewal (green circle). The yellow triangle
marks the site of the thermal camera video recording (31.588974° N 130.707363 °E).
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Fig. 2 Phases of the Vulcanian eruption considered in this study. Important transients clearly characterize
either the style and the intensity of the captured eruptive phases (a,b,c). Eruptive parameters (Temporal
duration and estimated plume height) and information about tephra sedimentation (tephra sedimentation
rates and images of the impact tracks left by the settling particles during fallout) associated to the different
phases are also reported.
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Fig. 3 Thermal images (a-c-e-g) taken at different timings (1.06 - 14.84 - 42.40 and 575.00 s) after the onset
of the prominent Vulcanian explosion, reported close to the corresponding iso-thermal segmentation of the
plume (b-d-f-h). Time series of plume elevation above the crater (i) and local ascent velocity of the plume
head (1) derived for the most intense phase of the eruption (first 22 s after the onset). Dotted line in panel /

indicate the height limit of the camera Field of View (FOV).
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Fig. 4 Grain size distributions (GSDs) of tephra fallout samples collected during different stages of eruptive
activity (color of the histograms). The internal deposit subpopulations are also represented with colored
dotted lines and the position of the mean of each gaussian curve is marked by a vertical arrow (SP1=red and
SP2=green).



Fig. 5 Images of the identified ash components: (a) Blocky Angular (BA), (b) Blocky Rounded (BR) and (c-
d) Vesicular (VI). Characteristic features of external surfaces are displayed in stereo-binocular and SE-SEM
images (used in secondary electron mode), while images of the internal textures are shown in BS-SEM
images (used in back scattered mode). The characteristic low vesicularity shown by the V type particles is
also clearly shown in (d).
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Fig. 6 a) Average microlites contents measured for the three ash components collected during different
stages of activity. Variations of the total crystal contents are compared with plagioclase contents. Squares
(BR), diamonds (BA) and circles (VI). Values are all corrected for the vesicle content.
(b) 3D crystal size distributions (CSDs) of plagioclase microlites for the recognized ash components
(indicated by colors in the legend) selected from - phases of activity: the size is compared to the
logarithm of the population density of plagioclase crystals. ¢) Log-log cumulative frequency distribution of
the plagioclase size ‘log(S)’ against the number of particles coarser than the size ‘log(#UnderSize-S)’.
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Fig. 7 The shape-versus-size trends of ash resulting from different activity styles was quantified based
on four representative shape parameters (Elongation, Circularity, Solidity and Convexity). Different

colors of dots in the plots refer to the identified styles of activity. Verticallbarsiindicate the variability
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Fig. 8 Model of the vertical gradients of Sakurajima conduit inferred from analysis of ash. Three end-
member clasts of the ash componentry are also presented as representative of the different conduit
regions which corresponds to different depths in the magma column.
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Fig. 9 Conceptual model presenting the main process controlling the eruptive dynamics of Sakurajima
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Eruptive Sample ID Sampling Collection Median Mode Sorting Skewness Kurtosis  Fraction MdPhi [} Vol Fraction MdPhi [} SP-
phase location timing SP1 SP1 SP1 SP2 SP2 SP2  ratio
(JsT) (Phi) (Phi) - - (%) (Phi) (%) (Phi)
31.586536°
Phase 1 SKJ22_10_2 15:30-17:30 24 2.5 0.82 0.12 1.08 86 25 0.68 14 3.6 0.87 0.16
130.688517°
Phase 1 SKJ23_10_2 Ibid. 11:30-12:35 24 2.5 0.77 0.15 1.20 94 25 0.61 6 4.3 0.43  0.06
31.5835878°
Phase 2 SKI24 105 12:25-12:35 1.0 1.0 0.44 0.06 1.04 98 1.2 0.38 2 3.5 0.50 0.02
130.7001617°
Phase 2 (distal 31.574815°
SKJ24_10_14bi: d . X . .| K 98 3.0 0.48 2 52 0.23  0.02
sample) L10_14bis o0 eoege n 2.8 30 0.55 0.07 1.08
Phase 2 (lapilli 31.5835878°
SKJ24_10_15 - - - - - - - - - -
sample) - 130.7001617°
31.61984°
Phase 3 SKJ24_10_9bis 12:50-13.00 2.8 3.0 1.56 0.58 1.62 71 2.8 0.50 29 51 178 0.42
130.6780°
Phase 3 SKI24_10_10 Ibid. 12:50-13:25 29 3.0 1.70 0.59 1.33 65 2.9 0.51 35 5.2 1.87 0.53
Phase 3 SKJ24_10_11 Ibid. 13:25-13:35 37 35 1.23 041 141 65 3.6 0.56 35 4.9 114 0.54
Phase 1 31.4826667° during the
SKJ25_10_1 . % . -0. K 100 43 0.48 -
{new cycle) - 130.762016° night of 25th 41 45 051 002 102

Tab. 1 Localization of the collected bulk ash samples are reported together with a set of statistical descriptors
(defined according to Folk,1968) characterizing the GSDs of tephra-fallouts deposits and information upon
deconvoluted subpopulations internal to the total deposits. In particular, the ‘VolFraction’ columns report
also the deposit fraction (Volume %) corresponding to the coarser and, where present, the finer
subpopulations (SP1 and SP2, respectively); the relative importance of these subpopulations is pointed out
by the values of SP-ratio (Vol(%)SP2 / Vol(%)SP1).
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Particle Type Shape of the Identified ash components
Solidity Convexity Elongation Circularity

BA in Phase 1 0.911 £0.039 0.855 £0.033 0.217 £0.099 0.771 £ 0.050
BA in Phase 2 0.941 £0.017 0.888 £ 0.017 0.277 £0.160 0.801 £ 0.037
BA in Phase 3 0.937 £0.020 0.886 £ 0.016 0.276 £0.101 0.810£0.032
Average 0.930 £ 0.025 0.876 £0.022 0.257+0.120 0.794 + 0.040
BRin Phase 1 0.940 £ 0.019 0.870£0.031 0.264 £0.128 0.799 £ 0.040
BR in Phase 2 0.960 £ 0.014 0.898 £ 0.016 0.210 £ 0.094 0.845 £ 0.025
BR in Phase 3 0.962 £0.011 0.898 £ 0.010 0.224 £ 0.079 0.845 £ 0.022
Average 0.954 +0.015 0.889 £0.019 0.233 +£0.100 0.830 £0.029
VS in Phase 1 0.889 £ 0.071 0.831 £0.045 0.336£0.186 0.736 £ 0.089
VS in Phase 2 0.930+0.010 0.823 £ 0.037 0.221 £0.026 0.757 £0.036
VS in Phase 3 0.925 £ 0.026 0.861 £ 0.033 0.316 £ 0.137 0.774 £0.053
Average 0.915 +0.036 0.838 £0.038 0.291+0.116 0.756 £ 0.059

Tab. 2 The ash morphometry is quantified through four a-dimensional shape parameters, according to Liu
et al. (2015): Solidity, Convexity, Elongation, Circularity; see main text for the definition of the shape
parameters. Values of apparent 2D projected ash shape of the identified ash component is provided together
with its standard deviation, for particles collected during the three eruptive phases:



Phase of Activity Particle  Tot. Vesicle Oxides Femics Plagioclase Residual Areal MND

type  crystal abund. abund. abund. abund. glass [#NumCryst/Area]
abund.
(%) (%) (%) (%) (%) (%) (mm??)
BA 371 06 1.2 9.5 26.4 62.4 4.4e4
Phase 1 BR 42.5 1.1 1.5 10.5 30.4 56.9 5.1ed
VS 35.7 216 1.0 8.3 26.3 58.9 2.1ed
BA 41.3 1.8 1.3 9.7 30.3 57.8 2.2e4
Phase 2 BR 43.1 0.4 1.3 9.3 32.6 56.7 3.9e4
VS 294 179 1.0 6.9 215 50.5 1.9e4
BA 40.3 0.8 0.8 8.4 31.1 59.3 3.4ed
Phase 3 BR 456 0.1 1.7 11.4 32.4 54.4 3.0e4
VS 361 116 1.4 8.7 26.0 63.9 3.2e4

Tab. 3 Average microlite, vesicle and glass contents and arcal MND of the ash grains in the different stages
of activity. Average relative abundance of the crystal phases and vesicles are reported together with the
MND calculated for the three classes of components _
_ considering the whole mineral assemblage. Relative abundance and MND calculated for
single particles are reported in Tab. S2 and Tab. S3, in the Supplementary Material. Note that vesicularity
and microlites were measured using images with different magnifications in order to ensure a good
compromise between resolution and representativity.



Relative abundances

Phase 1 Phase 2 Phase 3

BR/(BA+VS) 0.53 0.39 0.24

'BA/(BR+VS) 1.19 1.07 0.64
0.64 0.54 0.50

VS/BA 0.20 0.39 1.07

8.20 3.92 1.44
Lithics/total 0.04 0.03 0.05

Cryst./total 0.04 0.09 0.22

Tab. 4 Relative abundance _ of the different ash components _

in the analyzed deposits throughout the three activity stages.
Ash componentry is determined over a set of 300 randomly picked particles belonging to the modal class of
the GSDs (250-500 pm).



Particle ID Particle  Regr. Slope Dominant Regression Areal Volumetric
Type (-1/G*t) crystal size Intercept (no) MND MND (Nv)
(3*Gt)
(mm) (mm™) (mm) (mm?3)
23101 BA -90+3.7 0.033 18.53+0.11 9.6e3 6.26e5
23101 BR -87+4.0 0.035 18.14+0.12 7.2e3 5.33e5
23101 VS -81+3.7 0.037 17.66+0.12 5.0e3 3.41e5
241015 BA -77+1.8 0.039 17.56 £ 0.06 5.1e3 3.11e5
241015 BR 91+16 0.033 18.26 £ 0.05 6.9e3 4.78e5
2410 14bis BA -109 £4.0 0.028 18.75+0.10 8.1e3 7.29e5
24 10 14bis BR -84 +3.8 0.036 17.88+0.12 5.9e3 4.05e5
24 10 9bis BA -81+3.8 0.037 18.06 £0.12 7.3e3 4.98e5
24 10 9bis BR -77+£3.0 0.039 17.87 £0.10 7.0e3 4.20e5

Tab. 5 Information on the crystal size distribution (CSD) extracted for a set of ash fragments representing different phase
of activity, using the software CSDcorrections. The microlite number density (MND) is calculated as the ratio between
the number of plagioclase crystals to the analyzed area.



Shortest Intermediate Longest

R2
axis axis axis
Phase 1 1 3.4 9 0.75
Phase 2 1 4 10 0.67
Phase 3 1 3.4 10 0.75

Tab. 6 Ratios of the shortest, Intermediate and Longest axis of Feldspar crystals for the three main phases of activity.
The determination coefficient (R?) refers to the goodness of fit from the software ‘CSD slice’ (Morgan and Jerram, 2006).
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14
15  Abstract

16  Quantitative morpho-textural analysis of volcanic ash is one of the most effective tools to characterize
17  the style of ash-dominated volcanic activity, and to investigate the complex interplay between conduit
18  processes and the associated eruptive dynamics. In this framework, many questions still remain
19  unanswered about the role of conduit processes, and in particular of the magma fragmentation processes,
20  in controlling the eruptive dynamics of the unsteady and highly-transient Vulcanian explosions. For this
21 reason, we analyzed ash samples collected during a 5 days-long eruptive sequence at Sakurajima
22 volcano (Japan), to derive information about ash morphometry and textural features over the entire
23 sequence. During the observed sequence, eruptive activity showed high unsteadiness in the modalities
24 of ash emission, including all the main different eruptive styles showed during the recent period of
25 Sakurajima activity. Three main intra-eruptive phases were recognized based on visual observations
26  and thermal data, and quantitative information about external ash morphometry (i.e. shape) and internal
27  textures were measured for the particles associated with the different phases and discussed in terms of
28  the observed eruptive variability. Crystallinity and vesicularity of ash grains, together with the crystal
29 size distribution (CSD) of microlites and the microlite number density (MND) in the groundmass were
30  quantified for a representative set of ash particles. Links existing between the eruptive dynamics, and
31  the dominant processes of magma fragmentation are here discussed, as showed by the combination of
32 the morpho-textural features of ash throughout the whole eruptive sequence and the observed variations
33  of the eruptive phases. All the evidences presented in this work confirm the constant presence at

34 Sakurajima of a highly stratified and degassed magma within the conduit, and led us to interpret the
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transient dynamics of the eruption as strongly controlled by variations in the process of magma
fragmentation driving the eruptions during the different phases. In particular, the morpho-textural
characteristics of ash suggest that Vulcanian eruptions at Sakurajima can be controlled by the
progressive pressurization of the upper portion of magma conduit and involves material comprised in a
range of depth between 10 and 50m. Moreover, using crystal textures, we inferred that the rate of conduit
refilling during intra-eruptive stages is comprised between 1-10 month. The resulting information on
the eruptive dynamics of Sakurajima is of primary importance for a wider comprehension of the low-

to-mid intensity, ash-dominated explosive activities.

1. Introduction

Large amounts of volcanic ash are frequently produced during low- to mid-intensity explosive eruptions
at many active volcanoes worldwide (e.g. Heiken and Wohletz, 1985; Sparks et al., 1997; Dingwell et
al., 2012; Makie et al., 2016; Bernard et al., 2016; Oishi et al., 2018; Battaglia et al., 2019). The sudden
ash discharge related to explosive eruptions often represents a critical source of hazard for population
living near active volcanoes, as well as for the civil aviation (Casadevall and Krohn, 1995; Sparks et
al., 1997; Guffanti et al., 2010). Despite the high yearly frequency of ash dominated activity at the
global scale, and the consequent relevant societal impact, the mechanisms responsible for ash generation
and dispersal during these eruptions are still not fully understood. On the other hand, volcanic ash is
widely recognized to represent a powerful tool for the investigation of the eruptive dynamics and of all
the processes affecting magma during its upward migration in the conduit (e.g. Taddeucci et al. 2004;
Wright et al., 2012; Cioni et al., 2014). Many efforts were spent by the scientific community to improve
the knowledge about physical processes responsible for ash generation, transport and dispersal (e.g.
Dellino & La Volpe, 1996; Cioni et al., 2008; Miwa & Geshi 2012; Cioni et al., 2014; Bonadonna et
al., 2015; Cashman & Scheu, 2015; Liu et al., 2015; Liu et al., 2017; Durant, 2015; Hantusch et al.,
2021). Since the pioneering work of Heiken and Wholetz (1985), who firstly provided a comparative
study of ash textures and morphological features over various types of eruptive styles, several studies
have been later focused on volcanic ash to investigate in detail both conduit and eruptive processes, and
to make inferences on the nature of magma fragmentation mechanisms (Buttner et al., 1999; Cashman
et al., 2008; Miwa et al. 2013b; Cioni et al., 2014; Jordan et al., 2014; Leibrandt et al., 2015; Mackie et
al., 2016; Battaglia et al., 2019). Quantifying the physical features (e.g. vesicularity, crystallinity,
external and surface morphology) of volcanic ash resulted in better constraints for the mechanisms of
magma fragmentation, and informed about their role in influencing the eruptive dynamics (Cashman et
al. 1992; Cashman & Hoblitt, 2004; Aldibirov & Dingwell, 2000; Wright et al., 2012; Miwa et al.
2013a,b; Cioni et al., 2014; Cashman & Scheu, 2015; Gaunt et al., 2016; Liu et al., 2017). Importantly,
information on the internal texture of ash were also used to better understand and interpret the highly
unsteady (i.e. transitory) behavior often observed in the dynamics of mid-intensity and high-frequency
explosive eruptions (Miwa et al., 2009; Cashman et al., 2008; Miwa et al., 2013a, b; Cioni et al., 2014).

As a matter of facts, while a lot of work has been done for the comprehension of sustained volcanic
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activity (e.g. Plinian eruptions), several questions still remain unsolved about the role that mechanisms
of magma fragmentation have in the control of the intra-eruptive variability in the intensity and style
often observed during low- to mid-intensity, ash-dominated eruptions (e.g. Vulcanian-like activity).
Here we present the results of a study designed to quantitatively characterize texture of the ash produced
during the most recent (post 1955), highly-transient activity of Sakurajima volcano (Japan). Ash was
directly collected during a five-days eruptive sequence occurred during October 2014 characterized by
repeated (from seconds to hours) transitions in intensity and style of the activity. At least three different
phases of activity were identified, encompassing a large spectrum of intensity. This feature makes the
collected samples particularly valuable for the investigation of the mechanisms that are responsible for
the important variations observed in the eruptive dynamics. We quantified the main physical
characteristics (grain-size, morphology, crystallinity and texture) of ash products related to the different
eruptive stages, discussing the results in the light of conduit dynamics. We finally made inferences on
the nature of magma fragmentation processes during the different stages of the activity.

All the collected data suggest the constant presence at Sakurajima of a highly stratified and degassed
magma plug that led us to interpret the unsteady dynamics of the observed eruption as related to a
variable process of magma fragmentation, mainly driven by the progressive overpressure accumulation
by gas transfer into the plug, without an important pre-eruptive magma ascent. Detailed analysis (e.g.
crystallinity, vesicularity and grain-size distribution of microlites) of the ash fragments also allowed to
reconstruct the internal structure of the upper volcanic conduit, and to estimate the volumetric
contribution of the different portions of plug in the process of ash production during all the eruptive

stages.

1.1. The recent Vulcanian activity at Sakurajima Volcano

Sakurajima is an andesitic stratovolcano located in the Kagoshima prefecture (southern Kyushu, Japan;
Fig. 1a) well known for the high-frequency, nearly continuous Vulcanian eruptions which characterize
the volcano activity since 1955 (Miwa et al., 2013b; Iguchi et al., 2008). The stratovolcano is formed
by two overlapping cones, Kitadake, which ended its activity at 4850 ka, and the presently active
Minamidake (Takahashi et al., 2013). Since 1955, the activity occurred mainly at Minamidake summit
crater, with no significant change in the chemical composition of the erupted products (Matsumoto et
al., 2013; Kurniawan et al., 2016). However, during June 2006, major change in the activity occurred,
marked by the shift of the activity to the parasitic Showa crater and the corresponding deactivation of
Minamidake crater (Iguchi, 2013b). In August 2015, activity interrupted for several months until
February 2016, when it restarted first from Showa crater, with small explosive events, and then (March
2016) also from Minamidake crater, with high intensity explosions (Japan Meteorological Agency,
JMA; http://www.jma.go.jp/jma/indexe.html). Since 2016, activity alternated between the two vents,
with variable energy, intensity and frequency. As reported by the JIMA, Vulcanian activity of Sakurajima
is still ongoing and it consists of sequences of small tephra emissions often culminating in strong
Vulcanian explosions, eventually separated by a short period during which no ash emission is observed

(Oba et al., 1980; Ishihara, 2000; Yamanoi et al., 2008; Iguchi et al., 2008; Iguchi, 2013b; Miwa et al.,
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2013a). A recurrent eruptive pattern in the recent activity of Sakurajima has been recognized, including
different eruptive styles characterized by a range of intensity and modalities of products emission (e.g.
Kamo, 1978; Fukuyama, 1981; Ishihara, 1990; Yamanoi et al., 2008; Iguchi et al., 2008; Iguchi et al.,
2013a; Miwa et al., 2013b). Monitored variations in the dynamics of the volcanic activity, coupled to
recorded ground deformations and other geophysical data, allowed to quantitatively characterize the
typical eruptive pattern (Iguchi et al., 2008; Iguchi, 2013b; Yokoo et al., 2013). Normally, an eruptive
cycle starts with the migration of andesitic magma that accumulates in a shallow reservoir, as testified
by the distribution of volcano-tectonic hypocenters and by the volcanic edifice inflation which precedes,
from hours to several days, the onset of an eruption (Ishihara, 1990; Iguchi et al., 2008; Iguchi et al.,
2013a, Yokoo et al., 2013). For those eruptions occurring at Showa crater, Yokoo et al. (2013) identified
the depth of magma accumulation to be comprised between 0 and 2 km beneath the crater, at a level
considerably shallower respect to the 2 to 6 km deep magma reservoir previously identified by Ishihara
(1990). During this stage, the eruptive activity is typically marked by the onset of a low-intensity,
intermittent activity characterized by phases of no-to-weak ash and gas emissions, punctuated by small
explosions associated with the ejection of ballistic bombs and lapilli (e.g. Miwa et al., 2013a). This
phase can last from hours to days. An increasing trend of upward inflation (0.01 to 0.2 prad) starts from
minutes to several hours (~20 h) before the onset of the major explosion, which is also marked by a
downward and contractive signal immediately before (seconds) and after the eruption (Iguchi et al.,
2013a; Iguchi, 2013b, Yokoo et al., 2013). At the same time, a decrease in SO» discharge rate is
recorded, together with a progressive weakening of the nighttime glowing (Yokoo et al., 2013). These
evidences have been interpreted by Ishihara (1985) and Yokoo et al. (2013) as due to the progressive
formation of a degassed and viscous magma plug sealing the upper part of the volcanic conduit prior to
the occurrence of a Vulcanian explosion. Aerial photos and textural data on ash reported by Miwa et al.
(2013b) agree in indicating the presence of a viscous and outgassed plug in the upper conduit of
Sakurajima. Typically, a Vulcanian explosion occurs after a variable period of quiescence or very weak
intermittent activity, as the magma column achieves sufficient pressure to overcome the lithostatic
strength of the plug (Tameguri et al., 2002). Large Vulcanian explosion are typically associated to the
production of variably ash-laden plumes that can reach several kilometers in the atmosphere (up to 5-6
km during stronger events). During the largest events, meter- to cm-sized ballistic fragments are often
ejected up to a few km far from the vent (Iguchi et al., 2008). These events are also accompanied by
violent air-shocks (exceeding 500 Pa at 2.7 km from the vent) that commonly precede the formation of
convective, ash-rich plumes (Iguchi et al., 2008). Miwa et al. (2013a) interpreted the intensity of the
produced air shocks as related to the amount of gas accumulated in the magma conduit before eruptions.
Immediately after strong Vulcanian explosions, it is frequent to observe a phase of continuous ash
venting, accompanied by a persistent tremor without any visible associated explosion. This activity
typically lasts from minutes to hours and it is characterized by the quasi-sustained emission of gas and
tephra to form a weak, dense, low-level ash plume rising from the vent (Kamo and Ishihara, 1989;
Nogami et al., 2006; Yamanoi et al., 2008; Iguchi et al., 2008; Iguchi et al., 2013a; Miwa et al., 2013b).
Typically, the ash emission ceases with the gradual decrease in frequency and intensity of the seismic

signals (Iguchi et al., 2008). Then, a variable period lasting from hours to days of no visible activity
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commonly precedes a low-level ash or gas emission, which corresponds with the start of a new cycle.
While the sequence of activity of the different Vulcanian outbursts results clear and well described by
geophysics, the underlying mechanisms of magma fragmentation operating during the different phases

of the activity are still poorly understood (Yokoo et al., 2013).

1.2. Previous studies on volcanic ash from Sakurajima activity

The first quantitative studies and descriptions of Sakurajima ash were made by Oba et al. (1980), who
distinguished ash components based on their color identifying two types of fragments: ‘red ash’,
interpreted as a mixture of hydrothermally altered and juvenile ash particles, and ‘black ash’,
representing ash produced by the disruption of the plug hosted in the vent. Miyagi et al. (2010) described
Sakurajima ash deposits as mostly formed by juvenile, dense, glassy and blocky fragments, surrounded
by planar surfaces with few large and irregular vesicles. Minor and occasional pumiceous and fluidal
particles were also identified. Finally, Miwa et al. (2009) distinguished juvenile components from
lithics based on external features like ‘smooth’ (i.e. glossy) surfaces, typical of juvenile components,
and ‘non-smooth’ surfaces, interpreted as indicative of non-juvenile material. Miwa et al. (2013b)
confirmed that pumice-like and fluidal fragments are poorly present at Sakurajima, except for very large
explosions. Fluidal particles collected during these events consist of glassy fragments characterized by
smooth external surfaces reflecting the molten state of magma at the time of fragmentation. Conversely,
the highly vesicular fragments described by Miwa & Toramaru (2013) show a complex external outline
related to the presence of abundant, spherical vesicles (on average 40% in volume).

Based on ash features, many authors tried to relate eruptive dynamics with the processes affecting
magma during ascent in the conduit. A variation in vesicularity coupled to a variation in Cl and F
contents of the groundmass glass of the ash from different stages of activity, allowed Nogami et al.
(2006) to suggest the occurrence of two distinct magma components with different volatile contents as
a possible explanation of the large variability observed in the eruptive patterns. In particular,
fragmentation of a more volatile-rich magma was related with an ash emission activity described as
‘Strombolian-like emission’ by Nogami et al. (2006), while a more degassed magma was related to
activity like Vulcanian eruptions and continuous ash venting. Alternatively, Yamanoi et al. (2008)
proposed that eruptive dynamics was controlled by the migration of vesicles within the shallower part
of the conduit prior to Vulcanian explosions, resulting in a vertically layered magma column. Finally,
Miwa et al. (2013b) and Iguchi et al. (2013b), based on ash textures and seismic signals, identified in
the gradual formation of a sealing plug at the top of the system and in the repeated upward migration
of magma from the shallower reservoir, two important processes controlling both the intensity and the

dynamics of Vulcanian explosion at Sakurajima.

2 Analytical Methods

We planned an experiment of ash collection using different observational and collection approaches in

order to sample the products of a sequence of activity representative of an entire eruptive cycle: i) the
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phases preceding a major explosion (Phase 1); ii) the vulcanian explosion (Phase 2); iii) the restoring
conditions preceding the following explosion (Phase 3).

Thermal infrared videos along the entire period of sampling were recorded with a FLIR SC660 thermal
camera (3.77 Hz of frame Rate; 7.5-14 um of spectral range; 680 x 480 of image size; 24° x 18° of field
of view [FOV]), in order to follow the eruptive dynamics and to estimate plume height and ascent
velocity of the eruptive mixture. Location of the camera position at the moment of the main explosion
is indicated in Figure 1. The distance of the camera from the vent was used to estimate the pixel size
(in meters) of the video frames. Geometrical corrections were applied to the values of pixel size
according to the inclination of the optical plane of the camera respect to the real vertical motion of the
plume (section S1 of Supplementary Materials for details). Each frame was then segmented based on
three customized temperature thresholds (25°C, 75°C and 125°C) in order to map the regions of the
plume characterized by different temperature and track their spatial evolution in time. Considering the
segmented images, the coordinates of the highest pixel of the plume outline were determined for each
frame of the video. This information was then used to estimate the evolution in time of the plume height
and its ascent velocity, calculated as the relative difference in plume height between two contiguous
frames.

A total of 8 fallout tephra samples were collected during deposition from the plume using several plastic
trays of 0.33 x 0.39 m located under the ash fallout along the main dispersal axis at distances comprised
between 2.5 and 14 km from the active vent (Fig. 1b, Fig. 2). The ash plume relative to each eruptive
phase was visually identified and the associated deposit collected in the trays, registering the duration
of sample acquisition to estimate the average deposition rate (Fig. 2). Three deposits representative of
the main Vulcanian event were collected at different distances from the vent: the first sample (SKJ24-
10-5) was collected during the fallout at around 5 km from the active vent, 2 minutes after the onset of
explosion. A second sample (SKJ24-10-14bis) was collected about 1.5 hours after the explosion,
approximately 11 km distant from the vent (Fig. 1b). Additionally, a third sample of selected lapilli
relative to the onset of the Vulcanian explosion (SKJ 24-10-15), was collected over large leaves
approximatively a few hundreds of meters west of SKJ 24-10-5.

The grain-size distribution (GSD) of the ash samples was measured through a combined approach of
mechanical and optical sieving. In particular, the deposit fraction coarser than 4 ® (64 um) was sieved
using the dry mechanical sieving technique, while the finer portion of the samples (particle size < 64
um) was analyzed down to 1 pm in size using a wet, laser-diffraction particle-size analyzer (CILAS
1180). Data from the two methods were then recombined by overlapping the two partial distributions
and assuming a constant density of the ash fragments in the different deposit class sizes. Based on the
presence of asymmetries and bimodality in the resulting GSDs, grain-size data were then fitted through
one or two gaussian subpopulations (named SP1 and SP2) using MagicPlotStudent, a dedicated software
for non-linear data fitting; the fit residuals were ealways fficiently minimized (R? > 0.96). The ratio
between the weight % of deposit attributed to each gaussian subpopulation (SP-ratio = wt. % SP2 / wt.
% SP1) was used to characterize each distribution together with the main statistical parameters

associated to each subpopulation (Table 1).
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Ash componentry was evaluated investigating the modal class of the grain-size (250-500 pum). This
operation was based on visual inspection and textural description of the grain surfaces (morphology,
surface roughness, color and apparent vesicularity), distinguishing different types of juvenile or lithic
material, and loose crystals. Where available, a coarser grain-size (500-710 um) was also considered
for component analysis. Analyses of external surfaces and internal groundmass textures were carried
out on randomly picked subset of around 30 juvenile particles for each deposit, using a Zeiss EVO
MA15 Scanning Electron Microscope at the MEMA laboratories of the University of Florence (SEM).
The shape of the particles was quantitatively determined calculating different dimensionless shape
parameters on a random 2D projected outline of the particles (APASH; Leibrandt et al., 2015). In each
eruptive phase, the characteristic 2D shape of the different ash components that were identified was
fully described for each particle type. Following Liu et al. (2015), we selected four dimensionless shape
parameters (Circularity, Elongation, Solidity, Convexity) considered to efficiently represent all the
various morphological features of the clasts. In particular, the macro-morphological features were
accounted by measuring the clast Circularity (the ratio of the circular equivalent circumference to the
perimeter of the particle [Ceq/P]) and Elongation (defined according to Leibrandt et al., 2015 as the
ratio of the particle width to the particle length [W/L]). The meso- and the micro-morphological features
were instead monitored calculating respectively the clast Solidity (the ration of the particle area to the
area of the convex hull [4/4Acn]) and Convexity (perimeter of the convex hull to the perimeter of the
particle [Pcu/ P]), as defined in Liu et al. (2015).

Back-scattered electrons SEM images collected on polished random sections of the same grains were
analyzed to extract information on the size and content of bubbles and microlites using Fiji, a dedicated
software for the image analysis (Schindelin et al., 2012). Bubbles and microlites, identified on the SEM
images, were manually traced and segmented in order to compute all the primary geometrical parameters
(Area, Feret diameters, Perimeter). Vesicularity was calculated as the ratio of the total surface area of
the vesicles to the total analyzed cross-sectional area. In order to ensure a good representativity also
for large and sparse vesicles, the vesicularity was determined using lower magnification images. The
shape of the vesicles was measured directly from the images (2D cross-section), and their size was
estimated as the diameter of the equivalent circle (Dgq).

The crystal content was computed as the total surface area of crystals to the total analyzed cross-
sectional area, corrected for the area of vesicles. Information on microlites abundance was extracted
using several high-magnification images for each particle, in order to ensure a good representativity
also for the smallest classes of crystals (down to 1 pm in size).

Information on the dimension of plagioclase microlites (maximum and minimum Feret) were also used
to determine the Crystal Size Distribution (CSD) for the different ash grains introducing a stercological
correction using the software CSDcorrections (Higgins, 2000).

Finally, an automatic image analysis of the ash grains of the different deposits was performed using a
static imagine analysis approach with the Malvern Morphology 3GS particle analyzer. Aliquots of 13
mm? were randomly picked from the deposit < 355 pum fraction of each sample. During analysis, the
apparent maximum projected ash shape (APASH) of a large set of ash grains (2000 - 3000) from each

size class in the range 64-355 pm (2 — 4@, where ®=-log,d, with d being the particle diameter in mm)
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was automatically traced and the selected shape parameters calculated. These data were used to
construct simple moving average (SMA) plots in order to monitor the variability of the particles shape
(calculated as the median of the sliding windows) with the size. Data dispersion range, calculated as
the first and the third quartiles, was also associated to these measures. The samples were analyzed using
an appropriate set of optical magnifications (5x; 10x; 20x) in order to maintain image resolution
(expressed in terms of the number of pixels entering within the 2D particle projection) as constant as
possible for particles having very different size, thus avoiding scaling effects due to ‘pixellation’ of the
outlines of the finer particles. The use of standard operative procedures (SOPs) allowed us to provide
comparable results among different samples, since an invariant optical setting was used during all the

data acquisition procedure.

3. The 22-25 October 2014 eruptive sequence

An entire Vulcanian eruptive sequence was observed and sampled at Sakurajima in the period from 22
to 25 October 2014. According to Oishi et al. (2018) and JMA reports

(https://volcano.si.edu/volcano.cfm?vn=282080) and based on the frequency of the explosions, the rate of

Sakurajima activity during October 2014 was classified as “moderate”, with a total of 19 major
Vulcanian explosions recorded, each associated to ash plumes with height always below 2.5-3.5 km
a.s.l. During the whole month, the alert level of the volcano remained at 3 in a scale of 5.

Our sample collection started on 22 October, at the end of a relatively long-lasting (5 days) period of
low-intensity, weak ash emission. This activity followed three major explosions occurred on 14-17
October. After two days of weak emissions (Phase 1; 22-23 October) (Fig. 2a), a strong Vulcanian
explosion from Showa crater was recorded on 24 October at 12:05 Japanese Standard Time (JST) (Phase
2; Fig. 2b). The major explosion formed a strong ash plume that reached a height of 4.6 km a.s.l. and
drifted E. The plume height is comparable to that of the typical major events occurring at Showa crater.
The explosion was immediately followed by a phase of intense ash emission (Phase 3; Fig. 2¢), with
the formation of a quasi-sustained low-level plume which progressively decreased in intensity until
stopping after 1 hour from the onset of the Vulcanian explosion. After about 3 hours the activity renewed
with a continuous weak ash and gas emission which marks the onset of a new cycle (Phase 1).

All the activity was recorded with a FLIR SC660 thermal camera, deployed at around 2 km East of the
Showa crater (Fig. 1). The data reported in Figure (3i-1) clearly show the unsteady character of the
activity during the different days. After no significant thermal signal registered prior to the eruption
onset, the explosion started with the abrupt injection in the atmosphere of the eruptive mixture that
immediately experienced a rapid acceleration until reaching the maximum vertical velocity of 220 ms"
U'within 1 s after the eruption onset (Fig. 3a-¢). Within the following 8 s, the plume gradually decelerates
down to ascent velocity < 50 m/s, reaching an elevation of about 850 m above the crater (Fig. 3b-f). By
this time, the external portion of the plume partially collapsed to feed a very small pyroclastic density
current flowing over the Showa crater external slope with a runout of hundreds of meters. After 9 s
from the eruption onset, the top region of the plume maintained a fairly constant and low ascent velocity

with values rarely > 30 m/s, before exceeding the camera field of view at around 21 s. The thermal
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anomaly associated with Phase 2 progressively decreased from the first few seconds until its almost
complete disappearance at about 42 s from the eruption onset (Fig. 3 c-g). However, starting from 2
minutes after the onset of the explosion, a recurrent, although very modest in intensity, thermal signal
was recorded (Fig. 3d, h) associated to a phase of continuous ash-venting. Phase 3 produced a dense
and low-level, ash-rich plume which spread out to northeast from the crater, transporting important
quantities of fine ash (Fig. 2¢). After 20-30 minutes from the eruption onset, this activity, and the related
thermal signal, progressively decreased and the ash emission ceased completely after about one hour.
Activity resumed around 3 hours later as a weak ash emission (Phase 1 {New Cycle}), similar to that
preceding the explosion (i.e. 22 October) and representing the very initial stage of the Phase 1 of a new
eruptive cycle.

Ash fallout samples representative of the different activity phases forming the entire eruptive cycle
were collected and analyzed. The ash deposits of the four Phases were thus associated to a specific style
of eruption:

i) Phase 1 (Weak Ash Emission): preceding the eruption and lasting for a few days, characterized by
no evident explosive activity, low intensity ash emission (Fig. 2a) and very low sedimentation rate
(1.91x10°% kg/m?s"1).

ii) Phase 2 (Vulcanian Explosion): strong and impulsive explosion associated with the production of
an ash-rich plume reaching about 4.6 km in height (Fig. 2b), with a sedimentation rate of 2.38 x 10>
kg/m?s! at a distance of about 5 km from the vent.

iii) Phase 3 (Continuous Ash Venting): weak, highly-concentrated ash plume emitted continuously from
the vent 2-5 minutes after the onset of the Vulcanian explosion and lasting for about 1 hour (Fig. 2c¢),
resulting in a high sedimentation rate (2.54 x 10-* kg/m?s-!) at about 3 km from the vent.

iv) Phase 1 {New Cycle}: weak ash emission with no visible explosions observed to occur from several
hours after the explosion. This activity could be considered prodromal to another Vulcanian Explosion,

as it is completely similar to the Phase 1 preceding the explosion.

4. Results

4.1. Grain size distributions

The GSD curves of the ash samples from the different phases of activity show significant differences
in the shape (unimodal vs. bimodal) (Fig. 4) and in the corresponding parameters of skewness and
sorting (Table 1). In general, the deposits belonging to the same phase of activity, collected at different
times (e.g., deposits from Phase 3) or places (e.g. Phase 2) display very similar and consistent GSDs
(Fig. 4). Accordingly, either the Md® and the relative volume fraction of subpopulations (SP1 and SP2,
coarse- and fine-grained, respectively) forming the bulk deposits, show specific variations according to
the activity phase (Table 1).

The two phases of Weak Ash Emission (Phases 1 and 4), preceding and following the main explosion,

were sampled at different distances (4 km for the two samples of Phase 1; 14 for the sample of Phase 1



350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

375

376

377
378

379
380
381
382
383
384
385
386
387
388

{New Cycle}). The GSD of the proximal samples, SKJ22 10 2 and SKJ23 10 2 (Table 1 and Fig. 4)
clearly shows the contribution of the two SPs, with the most abundant SP1 always peaked at 2.5® and
accounting respectively for the 86 and 94% of the total sample, and SP2 peaked at 3.6-4.3® (Table 1).
On the other hand, the distal sample of Phase 1 {New Cycle} (SKJ25 10 I; Table 1 and Fig. 4) is
characterized by a unimodal distribution and a single population SP1 with descriptive parameters (Md®
=4.30; c®= 0.48®D), very close to those of the SP2 of the other samples of Phase 1. Ash from Phase 2
clearly differentiates from all the other phases due to the nearly symmetric (Skewness = 0.06),
leptokurtic (Kurtosis = 1.04) GSDs, with only a minor fine mode in the proximal sample (Fig. 4). In the
GSD of the sample SKJ24 10 5 (proximal deposit: 5 km from the vent; Fig. 1b), the coarse
subpopulation SP1 represents about the 98 wt. % of the deposit, with an Md® of 1.2® (Table 1). SP2
has an Md® of around 3.5® and only represents the 2 wt. % of deposit. The distal deposit of Phase 2
(SKJ24 10 14, collected 11 km far from the vent along the dispersal axis; Fig. 1b) still shows a main
SP1, with Md® = 3® and with an only minor presence of SP2, with Md® = 5.20 (Tablel) accounting
again for only the 2 vol.% of the bulk GSD. The samples from Phase 3, collected at different times, are
characterized by asymmetric, positively skewed distributions with a main mode set between 3-3.5@
(Fig. 4 and Table 1). These samples show a very pronounced fine-grained tail, with a secondary mode
at around 5® (in two out of three samples; Fig. 4). Again, the bulk GSD can be deconvoluted (R? >
0.96) as the sum of two SPs. The finer subpopulation SP2, with an Md® around 5@, is more represented
respect to the other samples, reaching about 30-35 wt.% of the total (Table 1). The SP1 of these samples
has an Md® between 2.8-3.6® (Fig. 4 and Table 1) and represents around the 65-71 wt. % of the bulk
deposit. Interestingly, for the three samples from Phase 3 (SKJ24 10 9bis;, SKJ24 10 _10;
SKJ24 10 11) Md® of SP1 records a progressive increase from towards higher values with time of
collection (Table 1). This variation is accompanied by a decrease of the relative weight of SP1 (from
71 to 65%) and a corresponding increase in the weight of SP2, however with no visible change in its

Mdo.

4.2. Characterization of the ash components

Ash deposits from the different phases are dominated by glassy, dense and blocky particles showing
variably glossy external surfaces with conchoidal fractures and sharp edges, and with variable
roundness. The different fragments are characterized by color ranging from intense and shiny dark grey
to a translucent grey; in many cases, opaque grey colored particles were also recognized, characterized
by pitted and non-glossy external surfaces. Poorly vesicular particles, translucent, brownish to dark in
color, are also a primary component, particularly in the deposits of the high intensity Phase 2. Loose,
often broken crystals (i.e. plagioclase, clinopyroxene, orthopyroxene, Fe-Ti Oxides and rare olivine),
are present in very minor amounts, together with sparse lithics, variably colored from white to yellow
and brownish-red. These are generally recognized for the incipient to pervasive alteration of the
fragment, and mainly correspond to fragments of preexisting lava flows. Considering the very low

amounts of the loose crystals and lithics classes, these will be not further considered in this analysis.
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Based on these general observations, three classes of ash fragments were identified (Fig. 5):

1. Blocky Angular (BA) are formed by very poorly vesicular to dense, blocky particles with sharp
edges and equant outlines, characterized by variably glossy and shiny surfaces, sometimes intercepting
sparse, large and isolated vesicles (100-200 um in diameter). These clasts commonly show planar
surfaces with typical indentation patterns, possibly resulting from the brittle fracturing of viscous
magma (Fig. 5a). The external surfaces are typically characterized by a sparse, small-scale roughness,
where asperities (generally in the order of few micrometers) are mainly related to the crystallization of
microlites from the groundmass glass. No evidence of magma-water interaction was revealed for these
clasts after the SEM analysis (eg. surface pitting and cracking). The average values of Solidity and
Convexity determined by image analysis on selected BA particles are respectively 0.930 £ 0.025 and
0.876 £ 0.022, indicating a generally solid shape with significantly convex external outlines (Table 2).
The average value of Circularity is 0.794 + 0.040, indicating fairly regular outlines for the clasts,
associated to a blocky and a massive structure (Table 2). However, fragments with smoother external
surfaces are also present. The most abundant groundmass microlites are represented by prismatic,
euhedral and elongated (20-60 um), sometimes acicular microlites of plagioclase, followed by pyroxene
and sparse oxide crystals. Importantly, sw