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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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

based on your modifications phase 1 is the beggining of a new cycle? 



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 (l) derived for the most intense phase of the eruption (first 22 s after the onset). Dotted line in panel l 

indicate the height limit of the camera Field of View (FOV). 

 
 

please indicate at the beginning of caption or in bracktes afte prominent Vulcanian explosion (phase 2??) which phase is this plume from 1, 3 or 3 



 
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). 
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Fig. 5 Images of the identified ash components: (a) Blocky Angular (BA), (b) Blocky Rounded (BR) and (c-
d) Vesicular (VS). 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). 



 
 
 

 
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 (VS). 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 different phases of activity: the size is compared to the 
logarithm of the population density of plagioclase crystals. c) Log-log cumulative frequency distribution of 
the plagioclase size ‘log(S)’ against the number of particles coarser than the size ‘log(#UnderSize-S)’. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
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. Vertical bars indicate the variability 
(first and third quartiles) of each data window considered in the moving average plot s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
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. 

 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
Fig. 9 Conceptual model presenting the main process controlling the eruptive dynamics of Sakurajima 
within the distinguished phases of activity. 

 



Eruptive  
phase 

Sample ID Sampling  
location 

Collection 
timing 

Median Mode Sorting Skewness Kurtosis Fraction 
SP1 

MdPhi 
SP1 

 σ 
SP1 

Vol Fraction 
SP2 

MdPhi 
SP2 

σ  
SP2 

SP-
ratio 

   (JST) (Phi) (Phi) - -  (%) (Phi)  (%) (Phi)  - 

Phase 1 SKJ22_10_2 
31.586536° 
130.688517° 

15:30-17:30 2.4 2.5 0.82 0.12 1.08 86 2.5 0.68 14 3.6 0.87 0.16 

Phase 1 SKJ23_10_2 Ibid. 11:30-12:35 2.4 2.5 0.77 0.15 1.20 94 2.5 0.61 6 4.3 0.43 0.06 

Phase 2 SKJ24 10 5 
31.5835878° 
130.7001617° 

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 

Phase 2 (distal 
sample) 

SKJ24_10_14bis 
31.574815° 
130.778268° 

nd 2.8 3.0 0.55 0.07 1.08 98 3.0 0.48 2 5.2 0.23 0.02 

Phase 2 (lapilli 
sample) 

SKJ24_10_15 
31.5835878° 
130.7001617° 

- - - - - - - - - - - - - 

Phase 3 SKJ24_10_9bis 
31.61984° 
130.6780° 

12:50-13.00 2.8 3.0 1.56 0.58 1.62 71 2.8 0.50 29 5.1 1.78 0.42 

Phase 3 SKJ24_10_10 Ibid. 12:50-13:25 2.9 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 3.7 3.5 1.23 0.41 1.41 65 3.6 0.56 35 4.9 1.14 0.54 

Phase 1  
{new cycle} 

SKJ25_10_1 
31.4826667° 
130.762016° 

during the 
night of 25th 

4.1 4.5 0.51 -0.02 1.02 100 4.3 0.48 - - - - 

 
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 

     

BR in 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: Blocky Angular (BA), 
Blocky Rounded (BR), Vesicular (VS). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
Phase of Activity Particle 

type 
Tot. 

crystal 
abund. 

Vesicle 
abund. 

Oxides 
abund. 

Femics 
abund. 

Plagioclase 
abund. 

Residual 
glass 

Areal MND 
[#NumCryst/Area] 

  (%) (%) (%) (%) (%) (%) (mm-2) 

Phase 1 
BA 37.1 0.6 1.2 9.5 26.4 62.4 4.4e4 

BR 42.5 1.1 1.5 10.5 30.4 56.9 5.1e4 

VS 35.7 21.6 1.0 8.3 26.3 58.9 2.1e4 

Phase 2 
BA 41.3 1.8 1.3 9.7 30.3 57.8 2.2e4 

BR 43.1 0.4 1.3 9.3 32.6 56.7 3.9e4 

VS 29.4 17.9 1.0 6.9 21.5 50.5 1.9e4 

Phase 3 
BA 40.3 0.8 0.8 8.4 31.1 59.3 3.4e4 
BR 45.6 0.1 1.7 11.4 32.4 54.4 3.0e4 
VS 36.1 11.6 1.4 8.7 26.0 63.9 3.2e4 

 
Tab. 3 Average microlite, vesicle and glass contents and areal 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 [Blocky Angular (BA), Blocky Rounded (BR),  
Vesicular (VS)] 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 
BR/BA 0.64 0.54 0.50 
VS/BA 0.20 0.39 1.07 
(BA+BR)/VS 8.20 3.92 1.44 
Lithics/total 0.04 0.03 0.05 
Cryst./total 0.04 0.09 0.22 

Absolute concentrations 

 
Phase 1 Phase 2 Phase 3 

BA (%) 50 46 30 
BR (%) 32 25 15 
VS (%) 10 18 32 
Lithics (%) 4 3 5 
Crystals (%) 4 8 18 

 
Tab. 4 Relative abundance and absolute concentrations of the different ash components [Blocky Angular 
(BA), Blocky Rounded (BR), Vesicular (VS)]  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 µm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Particle ID Phase of 
Activity 

Particle 
Type 

Regr. Slope        
(-1/G*t) 

Dominant 
crystal size 

(3*Gt) 

Regression 
Intercept (n0) 

Areal 
MND  

Volumetric  
MND (Nv)  

    (mm) (mm-4) (mm-2) (mm-3) 
23 10 1 Phase 1 BA -90 ± 3.7 0.033 18.53 ± 0.11 9.6e3 6.26e5 
23 10 1 Phase 1 BR -87 ± 4.0 0.035 18.14 ± 0.12 7.2e3 5.33e5 
23 10 1 Phase 1 VS -81 ± 3.7 0.037 17.66 ± 0.12 5.0e3 3.41e5 
24 10 15 Phase 2 BA -77 ± 1.8 0.039 17.56 ± 0.06 5.1e3 3.11e5 
24 10 15 Phase 2 BR -91 ± 1.6 0.033 18.26 ± 0.05 6.9e3 4.78e5 
24 10 14bis Phase 2 BA -109 ± 4.0 0.028 18.75 ± 0.10 8.1e3 7.29e5 
24 10 14bis Phase 2 BR -84 ± 3.8 0.036 17.88 ± 0.12 5.9e3 4.05e5 
24 10 9bis Phase 3 BA -81 ± 3.8 0.037 18.06 ± 0.12 7.3e3 4.98e5 
24 10 9bis Phase 3 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. Acronyms of ash components are defined as follow: [Blocky 
Angular (BA), Blocky Rounded (BR), Vesicular (VS)] . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Shortest 

axis 
Intermediate 

axis 
Longest 

axis R2 

     

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 (R2) refers to the goodness of fit from the software ‘CSD slice’ (Morgan and Jerram, 2006).  
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   Eruptive dynamics and fragmentation mechanisms 1 

during cyclic Vulcanian activity at Sakurajima volcano 2 

(Japan):  3 

insights from ash texture analysis 4 

 5 
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Lacanna1, Maurizio Ripepe1 7 
 8 
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2 National Research Institute for Earth Science and Disaster Resilience, Tsukuba, Japan 10 
3 Dip.to Scienze della Terra, Pisa, Italy 11 
4 Geological Survey of Japan, AIST, Tsukuba, Japan 12 
 13 

 14 

Abstract 15 

Quantitative morpho-textural analysis of volcanic ash is one of the most effective tools to characterize 16 
the style of ash-dominated volcanic activity, and to investigate the complex interplay between conduit 17 
processes and the associated eruptive dynamics. In this framework, many questions still remain 18 
unanswered about the role of conduit processes, and in particular of the magma fragmentation processes, 19 
in controlling the eruptive dynamics of the unsteady and highly-transient Vulcanian explosions. For this 20 
reason, we analyzed ash samples collected during a 5 days-long eruptive sequence at Sakurajima 21 
volcano (Japan), to derive information about ash morphometry and textural features over the entire 22 
sequence. During the observed sequence, eruptive activity showed high unsteadiness in the modalities 23 
of ash emission, including all the main different eruptive styles showed during the recent period of 24 
Sakurajima activity. Three main intra-eruptive phases were recognized based on visual observations 25 
and thermal data, and quantitative information about external ash morphometry (i.e. shape) and internal 26 
textures were measured for the particles associated with the different phases and discussed in terms of 27 
the observed eruptive variability. Crystallinity and vesicularity of ash grains, together with the crystal 28 
size distribution (CSD) of microlites and the microlite number density (MND) in the groundmass were 29 
quantified for a representative set of ash particles. Links existing between the eruptive dynamics, and 30 
the dominant processes of magma fragmentation are here discussed, as showed by the combination of 31 
the morpho-textural features of ash throughout the whole eruptive sequence and the observed variations 32 
of the eruptive phases. All the evidences presented in this work confirm the constant presence at 33 
Sakurajima of a highly stratified and degassed magma within the conduit, and led us to interpret the 34 
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transient dynamics of the eruption as strongly controlled by variations in the process of magma 35 
fragmentation driving the eruptions during the different phases. In particular, the morpho-textural 36 
characteristics of ash suggest that Vulcanian eruptions at Sakurajima can be controlled by the 37 
progressive pressurization of the upper portion of magma conduit and involves material comprised in a 38 
range of depth between 10 and 50m. Moreover, using crystal textures, we inferred that the rate of conduit 39 
refilling during intra-eruptive stages is comprised between 1-10 month. The resulting information on 40 
the eruptive dynamics of Sakurajima is of primary importance for a wider comprehension of the low-41 
to-mid intensity, ash-dominated explosive activities. 42 

 43 

1. Introduction 44 

Large amounts of volcanic ash are frequently produced during low- to mid-intensity explosive eruptions 45 
at many active volcanoes worldwide (e.g. Heiken and Wohletz, 1985; Sparks et al., 1997; Dingwell et 46 
al., 2012; Makie et al., 2016; Bernard et al., 2016; Oishi et al., 2018; Battaglia et al., 2019). The sudden 47 
ash discharge related to explosive eruptions often represents a critical source of hazard for population 48 
living near active volcanoes, as well as for the civil aviation (Casadevall and Krohn, 1995; Sparks et 49 
al., 1997; Guffanti et al., 2010). Despite the high yearly frequency of ash dominated activity at the 50 
global scale, and the consequent relevant societal impact, the mechanisms responsible for ash generation 51 
and dispersal during these eruptions are still not fully understood. On the other hand, volcanic ash is 52 
widely recognized to represent a powerful tool for the investigation of the eruptive dynamics and of all 53 
the processes affecting magma during its upward migration in the conduit (e.g. Taddeucci et al. 2004; 54 
Wright et al., 2012; Cioni et al., 2014). Many efforts were spent by the scientific community to improve 55 
the knowledge about physical processes responsible for ash generation, transport and dispersal (e.g. 56 
Dellino & La Volpe, 1996; Cioni et al., 2008; Miwa & Geshi 2012; Cioni et al., 2014; Bonadonna et 57 
al., 2015; Cashman & Scheu, 2015; Liu et al., 2015; Liu et al., 2017; Durant, 2015; Hantusch et al., 58 
2021). Since the pioneering work of Heiken and Wholetz (1985), who firstly provided a comparative 59 
study of ash textures and morphological features over various types of eruptive styles, several studies 60 
have been later focused on volcanic ash to investigate in detail both conduit and eruptive processes, and 61 
to make inferences on the nature of magma fragmentation mechanisms (Buttner et al., 1999; Cashman 62 
et al., 2008; Miwa et al. 2013b; Cioni et al., 2014; Jordan et al., 2014; Leibrandt et al., 2015; Mackie et 63 
al., 2016; Battaglia et al., 2019). Quantifying the physical features (e.g. vesicularity, crystallinity, 64 
external and surface morphology) of volcanic ash resulted in better constraints for the mechanisms of 65 
magma fragmentation, and informed about their role in influencing the eruptive dynamics (Cashman et 66 
al. 1992; Cashman & Hoblitt, 2004; Aldibirov & Dingwell, 2000; Wright et al., 2012; Miwa et al. 67 
2013a,b; Cioni et al., 2014; Cashman & Scheu, 2015; Gaunt et al., 2016; Liu et al., 2017). Importantly, 68 
information on the internal texture of ash were also used to better understand and interpret the highly 69 
unsteady (i.e. transitory) behavior often observed in the dynamics of mid-intensity and high-frequency 70 
explosive eruptions (Miwa et al., 2009; Cashman et al., 2008; Miwa et al., 2013a, b; Cioni et al., 2014). 71 
As a matter of facts, while a lot of work has been done for the comprehension of sustained volcanic 72 



 
 

activity (e.g. Plinian eruptions), several questions still remain unsolved about the role that mechanisms 73 
of magma fragmentation have in the control of the intra-eruptive variability in the intensity and style 74 
often observed during low- to mid-intensity, ash-dominated eruptions (e.g. Vulcanian-like activity). 75 
Here we present the results of a study designed to quantitatively characterize texture of the ash produced 76 
during the most recent (post 1955), highly-transient activity of Sakurajima volcano (Japan). Ash was 77 
directly collected during a five-days eruptive sequence occurred during October 2014 characterized by 78 
repeated (from seconds to hours) transitions in intensity and style of the activity. At least three different 79 
phases of activity were identified, encompassing a large spectrum of intensity. This feature makes the 80 
collected samples particularly valuable for the investigation of the mechanisms that are responsible for 81 
the important variations observed in the eruptive dynamics. We quantified the main physical 82 
characteristics (grain-size, morphology, crystallinity and texture) of ash products related to the different 83 
eruptive stages, discussing the results in the light of conduit dynamics. We finally made inferences on 84 
the nature of magma fragmentation processes during the different stages of the activity.  85 
All the collected data suggest the constant presence at Sakurajima of a highly stratified and degassed 86 
magma plug that led us to interpret the unsteady dynamics of the observed eruption as related to a 87 
variable process of magma fragmentation, mainly driven by the progressive overpressure accumulation 88 
by gas transfer into the plug, without an important pre-eruptive magma ascent. Detailed analysis (e.g. 89 
crystallinity, vesicularity and grain-size distribution of microlites) of the ash fragments also allowed to 90 
reconstruct the internal structure of the upper volcanic conduit, and to estimate the volumetric 91 
contribution of the different portions of plug in the process of ash production during all the eruptive 92 
stages. 93 
 94 

1.1.  The recent Vulcanian activity at Sakurajima Volcano 95 

Sakurajima is an andesitic stratovolcano located in the Kagoshima prefecture (southern Kyushu, Japan; 96 
Fig. 1a) well known for the high-frequency, nearly continuous Vulcanian eruptions which characterize 97 
the volcano activity since 1955 (Miwa et al., 2013b; Iguchi et al., 2008). The stratovolcano is formed 98 
by two overlapping cones, Kitadake, which ended its activity at 4850 ka, and the presently active 99 
Minamidake (Takahashi et al., 2013). Since 1955, the activity occurred mainly at Minamidake summit 100 
crater, with no significant change in the chemical composition of the erupted products (Matsumoto et 101 
al., 2013; Kurniawan et al., 2016). However, during June 2006,  major change in the activity occurred, 102 
marked by the shift of the activity to the parasitic Showa crater and the corresponding deactivation of 103 
Minamidake crater (Iguchi, 2013b). In August 2015, activity interrupted for several months until 104 
February 2016, when it restarted first from Showa crater, with small explosive events, and then (March 105 
2016) also from Minamidake crater, with high intensity explosions (Japan Meteorological Agency, 106 
JMA; http://www.jma.go.jp/jma/indexe.html). Since 2016, activity alternated between the two vents, 107 
with variable energy, intensity and frequency. As reported by the JMA, Vulcanian activity of Sakurajima 108 
is still ongoing and it consists of sequences of small tephra emissions often culminating in strong 109 
Vulcanian explosions, eventually separated by a short period during which no ash emission is observed 110 
(Oba et al., 1980; Ishihara, 2000; Yamanoi et al., 2008; Iguchi et al., 2008; Iguchi, 2013b; Miwa et al., 111 



 
 

2013a). A recurrent eruptive pattern in the recent activity of Sakurajima has been recognized, including 112 
different eruptive styles characterized by a range of intensity and modalities of products emission (e.g. 113 
Kamo, 1978; Fukuyama, 1981; Ishihara, 1990; Yamanoi et al., 2008; Iguchi et al., 2008; Iguchi et al., 114 
2013a; Miwa et al., 2013b). Monitored variations in the dynamics of the volcanic activity, coupled to 115 
recorded ground deformations and other geophysical data, allowed to quantitatively characterize the 116 
typical eruptive pattern (Iguchi et al., 2008; Iguchi, 2013b; Yokoo et al., 2013). Normally, an eruptive 117 
cycle starts with the migration of andesitic magma that accumulates in a shallow reservoir, as testified 118 
by the distribution of volcano-tectonic hypocenters and by the volcanic edifice inflation which precedes, 119 
from hours to several days, the onset of an eruption (Ishihara, 1990; Iguchi et al., 2008; Iguchi et al., 120 
2013a, Yokoo et al., 2013). For those eruptions occurring at Showa crater, Yokoo et al. (2013) identified 121 
the depth of magma accumulation to be comprised between 0 and 2 km beneath the crater, at a level 122 
considerably shallower respect to the 2 to 6 km deep magma reservoir previously identified by Ishihara 123 
(1990). During this stage, the eruptive activity is typically marked by the onset of a low-intensity, 124 
intermittent activity characterized by phases of no-to-weak ash and gas emissions, punctuated by small 125 
explosions associated with the ejection of ballistic bombs and lapilli (e.g. Miwa et al., 2013a). This 126 
phase can last from hours to days. An increasing trend of upward inflation (0.01 to 0.2 µrad) starts from 127 
minutes to several hours (~20 h) before the onset of the major explosion, which is also marked by a 128 
downward and contractive signal immediately before (seconds) and after the eruption (Iguchi et al., 129 
2013a; Iguchi, 2013b, Yokoo et al., 2013). At the same time, a decrease in SO2 discharge rate is 130 
recorded, together with a progressive weakening of the nighttime glowing (Yokoo et al., 2013). These 131 
evidences have been interpreted by Ishihara (1985) and Yokoo et al. (2013) as due to the progressive 132 
formation of a degassed and viscous magma plug sealing the upper part of the volcanic conduit prior to 133 
the occurrence of a Vulcanian explosion. Aerial photos and textural data on ash reported by Miwa et al. 134 
(2013b) agree in indicating the presence of a viscous and outgassed plug in the upper conduit of 135 
Sakurajima. Typically, a Vulcanian explosion occurs after a variable period of quiescence or very weak 136 
intermittent activity, as the magma column achieves sufficient pressure to overcome the lithostatic 137 
strength of the plug (Tameguri et al., 2002). Large Vulcanian explosion are typically associated to the 138 
production of variably ash-laden plumes that can reach several kilometers in the atmosphere (up to 5-6 139 
km during stronger events). During the largest events, meter- to cm-sized ballistic fragments are often 140 
ejected up to a few km far from the vent (Iguchi et al., 2008). These events are also accompanied by 141 
violent air-shocks (exceeding 500 Pa at 2.7 km from the vent) that commonly precede the formation of 142 
convective, ash-rich plumes (Iguchi et al., 2008). Miwa et al. (2013a) interpreted the intensity of the 143 
produced air shocks as related to the amount of gas accumulated in the magma conduit before eruptions. 144 
Immediately after strong Vulcanian explosions, it is frequent to observe a phase of continuous ash 145 
venting, accompanied by a persistent tremor without any visible associated explosion. This activity 146 
typically lasts from minutes to hours and it is characterized by the quasi-sustained emission of gas and 147 
tephra to form a weak, dense, low-level ash plume rising from the vent (Kamo and Ishihara, 1989; 148 
Nogami et al., 2006; Yamanoi et al., 2008; Iguchi et al., 2008; Iguchi et al., 2013a; Miwa et al., 2013b). 149 
Typically, the ash emission ceases with the gradual decrease in frequency and intensity of the seismic 150 
signals (Iguchi et al., 2008). Then, a variable period lasting from hours to days of no visible activity 151 



 
 

commonly precedes a low-level ash or gas emission, which corresponds with the start of a new cycle. 152 
While the sequence of activity of the different Vulcanian outbursts results clear and well described by 153 
geophysics, the underlying mechanisms of magma fragmentation operating during the different phases 154 
of the activity are still poorly understood (Yokoo et al., 2013).  155 

1.2. Previous studies on volcanic ash from Sakurajima activity 156 

 157 
The first quantitative studies and descriptions of Sakurajima ash were made by Oba et al. (1980), who 158 
distinguished ash components based on their color identifying two types of fragments: ‘red ash’, 159 
interpreted as a mixture of hydrothermally altered and juvenile ash particles, and ‘black ash’, 160 
representing ash produced by the disruption of the plug hosted in the vent. Miyagi et al. (2010) described 161 
Sakurajima ash deposits as mostly formed by juvenile, dense, glassy and blocky fragments, surrounded 162 
by planar surfaces with few large and irregular vesicles. Minor and occasional pumiceous and fluidal 163 
particles were also identified. Finally, Miwa et al. (2009) distinguished juvenile components from 164 
lithics based on external features like ‘smooth’ (i.e. glossy) surfaces, typical of juvenile components, 165 
and ‘non-smooth’ surfaces, interpreted as indicative of non-juvenile material. Miwa et al. (2013b) 166 
confirmed that pumice-like and fluidal fragments are poorly present at Sakurajima, except for very large 167 
explosions. Fluidal particles collected during these events consist of glassy fragments characterized by 168 
smooth external surfaces reflecting the molten state of magma at the time of fragmentation. Conversely, 169 
the highly vesicular fragments described by Miwa & Toramaru (2013) show a complex external outline 170 
related to the presence of abundant, spherical vesicles (on average 40% in volume). 171 
Based on ash features, many authors tried to relate eruptive dynamics with the processes affecting 172 
magma during ascent in the conduit. A variation in vesicularity coupled to a variation in Cl and F 173 
contents of the groundmass glass of the ash from different stages of activity, allowed Nogami et al. 174 
(2006) to suggest the occurrence of two distinct magma components with different volatile contents as 175 
a possible explanation of the large variability observed in the eruptive patterns. In particular, 176 
fragmentation of a more volatile-rich magma was related with an ash emission activity described as 177 
‘Strombolian-like emission’ by Nogami et al. (2006), while a more degassed magma was related to 178 
activity like Vulcanian eruptions and continuous ash venting. Alternatively, Yamanoi et al. (2008) 179 
proposed that eruptive dynamics was controlled by the migration of vesicles within the shallower part 180 
of the conduit prior to Vulcanian explosions, resulting in a vertically layered magma column. Finally, 181 
Miwa et al. (2013b) and Iguchi et al. (2013b), based on ash textures and seismic signals, identified in 182 
the gradual formation of a sealing plug at the top of the system and in the repeated upward migration 183 
of magma from the shallower reservoir, two important processes controlling both the intensity and the 184 
dynamics of Vulcanian explosion at Sakurajima.  185 
 186 

2 Analytical Methods 187 

 188 
We planned an experiment of ash collection using different observational and collection approaches in 189 
order to sample the products of a sequence of activity representative of an entire eruptive cycle: i) the 190 



 
 

phases preceding a major explosion (Phase 1); ii) the vulcanian explosion (Phase 2); iii) the restoring 191 
conditions preceding the following explosion (Phase 3).  192 
Thermal infrared videos along the entire period of sampling were recorded with a FLIR SC660 thermal 193 
camera (3.77 Hz of frame Rate; 7.5-14 µm of spectral range; 680 x 480 of image size; 24° x 18° of field 194 
of view [FOV]), in order to follow the eruptive dynamics and to estimate plume height and ascent 195 
velocity of the eruptive mixture. Location of the camera position at the moment of the main explosion 196 
is indicated in Figure 1. The distance of the camera from the vent was used to estimate the pixel size 197 
(in meters) of the video frames. Geometrical corrections were applied to the values of pixel size 198 
according to the inclination of the optical plane of the camera respect to the real vertical motion of the 199 
plume (section S1 of Supplementary Materials for details). Each frame was then segmented based on 200 
three customized temperature thresholds (25°C, 75°C and 125°C) in order to map the regions of the 201 
plume characterized by different temperature and track their spatial evolution in time. Considering the 202 
segmented images, the coordinates of the highest pixel of the plume outline were determined for each 203 
frame of the video. This information was then used to estimate the evolution in time of the plume height 204 
and its ascent velocity, calculated as the relative difference in plume height between two contiguous 205 
frames. 206 
A total of 8 fallout tephra samples were collected during deposition from the plume using several plastic 207 
trays of 0.33 x 0.39 m located under the ash fallout along the main dispersal axis at distances comprised 208 
between 2.5 and 14 km from the active vent (Fig. 1b, Fig. 2). The ash plume relative to each eruptive 209 
phase was visually identified and the associated deposit collected in the trays, registering the duration 210 
of sample acquisition to estimate the average deposition rate (Fig. 2). Three deposits representative of 211 
the main Vulcanian event were collected at different distances from the vent: the first sample (SKJ24-212 
10-5) was collected during the fallout at around 5 km from the active vent, 2 minutes after the onset of 213 
explosion. A second sample (SKJ24-10-14bis) was collected about 1.5 hours after the explosion, 214 
approximately 11 km distant from the vent (Fig. 1b). Additionally, a third sample of selected lapilli 215 
relative to the onset of the Vulcanian explosion (SKJ 24-10-15), was collected over large leaves 216 
approximatively a few hundreds of meters west of SKJ 24-10-5.  217 
The grain-size distribution (GSD) of the ash samples was measured through a combined approach of 218 
mechanical and optical sieving. In particular, the deposit fraction coarser than 4 ) (64 µm) was sieved 219 
using the dry mechanical sieving technique, while the finer portion of the samples (particle size < 64 220 
µm) was analyzed down to 1 µm in size using a wet, laser-diffraction particle-size analyzer (CILAS 221 
1180). Data from the two methods were then recombined by overlapping the two partial distributions 222 
and assuming a constant density of the ash fragments in the different deposit class sizes. Based on the 223 
presence of asymmetries and bimodality in the resulting GSDs, grain-size data were then fitted through 224 
one or two gaussian subpopulations (named SP1 and SP2) using MagicPlotStudent, a dedicated software 225 
for non-linear data fitting; the fit residuals were ealways fficiently minimized (R2 > 0.96). The ratio 226 
between the weight % of deposit attributed to each gaussian subpopulation (SP-ratio = wt. % SP2 / wt. 227 
% SP1) was used to characterize each distribution together with the main statistical parameters 228 
associated to each subpopulation (Table 1). 229 



 
 

Ash componentry was evaluated investigating the modal class of the grain-size (250-500 µm). This 230 
operation was based on visual inspection and textural description of the grain surfaces (morphology, 231 
surface roughness, color and apparent vesicularity), distinguishing different types of juvenile or lithic 232 
material, and loose crystals. Where available, a coarser grain-size (500-710 µm) was also considered 233 
for component analysis. Analyses of external surfaces and internal groundmass textures were carried 234 
out on randomly picked subset of around 30 juvenile particles for each deposit, using a Zeiss EVO 235 
MA15 Scanning Electron Microscope at the MEMA laboratories of the University of Florence (SEM). 236 
The shape of the particles was quantitatively determined calculating different dimensionless shape 237 
parameters on a random 2D projected outline of the particles (APASH; Leibrandt et al., 2015). In each 238 
eruptive phase, the characteristic 2D shape of the different ash components that were identified was 239 
fully described for each particle type. Following Liu et al. (2015), we selected four dimensionless shape 240 
parameters (Circularity, Elongation, Solidity, Convexity) considered to efficiently represent all the 241 
various morphological features of the clasts. In particular, the macro-morphological features were 242 
accounted by measuring the clast Circularity (the ratio of the circular equivalent circumference to the 243 
perimeter of the particle [Ceq/P]) and Elongation (defined according to Leibrandt et al., 2015 as the 244 
ratio of the particle width to the particle length [W/L]). The meso- and the micro-morphological features 245 
were instead monitored calculating respectively the clast Solidity (the ration of the particle area to the 246 
area of the convex hull [A/ACH]) and Convexity (perimeter of the convex hull to the perimeter of the 247 
particle [PCH/ P]), as defined in Liu et al. (2015).  248 
Back-scattered electrons SEM images collected on polished random sections of the same grains were 249 
analyzed to extract information on the size and content of bubbles and microlites using Fiji, a dedicated 250 
software for the image analysis (Schindelin et al., 2012). Bubbles and microlites, identified on the SEM 251 
images, were manually traced and segmented in order to compute all the primary geometrical parameters 252 
(Area, Feret diameters, Perimeter). Vesicularity was calculated as the ratio of the total surface area of 253 
the vesicles to the total analyzed cross-sectional area. In order to ensure a good representativity also 254 
for large and sparse vesicles, the vesicularity was determined using lower magnification images. The 255 
shape of the vesicles was measured directly from the images (2D cross-section), and their size was 256 
estimated as the diameter of the equivalent circle (𝐷𝑒𝑞).  257 
The crystal content was computed as the total surface area of crystals to the total analyzed cross-258 
sectional area, corrected for the area of vesicles. Information on microlites abundance was extracted 259 
using several high-magnification images for each particle, in order to ensure a good representativity 260 
also for the smallest classes of crystals (down to 1 µm in size).  261 
Information on the dimension of plagioclase microlites (maximum and minimum Feret) were also used 262 
to determine the Crystal Size Distribution (CSD) for the different ash grains introducing a stereological 263 
correction using the software CSDcorrections (Higgins, 2000).  264 
Finally, an automatic image analysis of the ash grains of the different deposits was performed using a 265 
static imagine analysis approach with the Malvern Morphology 3GS particle analyzer. Aliquots of 13 266 
mm3 were randomly picked from the deposit < 355 µm fraction of each sample. During analysis, the 267 
apparent maximum projected ash shape (APASH) of a large set of ash grains (2000 - 3000) from each 268 
size class in the range 64-355 µm (2 – 4), where )=-log2d, with d being the particle diameter in mm) 269 



 
 

was automatically traced and the selected shape parameters calculated. These data were used to 270 
construct simple moving average (SMA) plots in order to monitor the variability of the particles shape 271 
(calculated as the median of the sliding windows) with the size. Data dispersion range, calculated as 272 
the first and the third quartiles, was also associated to these measures. The samples were analyzed using 273 
an appropriate set of optical magnifications (5x; 10x; 20x) in order to maintain image resolution 274 
(expressed in terms of the number of pixels entering within the 2D particle projection) as constant as 275 
possible for particles having very different size, thus avoiding scaling effects due to ‘pixellation’ of the 276 
outlines of the finer particles. The use of standard operative procedures (SOPs) allowed us to provide 277 
comparable results among different samples, since an invariant optical setting was used during all the 278 
data acquisition procedure. 279 
 280 

3. The 22-25 October 2014 eruptive sequence 281 

 282 
An entire Vulcanian eruptive sequence was observed and sampled at Sakurajima in the period from 22 283 
to 25 October 2014. According to Oishi et al. (2018) and JMA reports 284 
(https://volcano.si.edu/volcano.cfm?vn=282080) and based on the frequency of the explosions, the rate of 285 
Sakurajima activity during October 2014 was classified as “moderate”, with a total of 19 major 286 
Vulcanian explosions recorded, each associated to ash plumes with height always below 2.5-3.5 km 287 
a.s.l. During the whole month, the alert level of the volcano remained at 3 in a scale of 5.  288 
Our sample collection started on 22 October, at the end of a relatively long-lasting (5 days) period of 289 
low-intensity, weak ash emission. This activity followed three major explosions occurred on 14-17 290 
October. After two days of weak emissions (Phase 1; 22-23 October) (Fig. 2a), a strong Vulcanian 291 
explosion from Showa crater was recorded on 24 October at 12:05 Japanese Standard Time (JST) (Phase 292 
2; Fig. 2b). The major explosion formed a strong ash plume that reached a height of 4.6 km a.s.l. and 293 
drifted E. The plume height is comparable to that of the typical major events occurring at Showa crater. 294 
The explosion was immediately followed by a phase of intense ash emission (Phase 3; Fig. 2c), with 295 
the formation of a quasi-sustained low-level plume which progressively decreased in intensity until 296 
stopping after 1 hour from the onset of the Vulcanian explosion. After about 3 hours the activity renewed 297 
with a continuous weak ash and gas emission which marks the onset of a new cycle (Phase 1). 298 
All the activity was recorded with a FLIR SC660 thermal camera, deployed at around 2 km East of the 299 
Showa crater (Fig. 1). The data reported in Figure (3i-l) clearly show the unsteady character of the 300 
activity during the different days. After no significant thermal signal registered prior to the eruption 301 
onset, the explosion started with the abrupt injection in the atmosphere of the eruptive mixture that 302 
immediately experienced a rapid acceleration until reaching the maximum vertical velocity of 220 ms-303 
1 within 1 s after the eruption onset (Fig. 3a-e). Within the following 8 s, the plume gradually decelerates 304 
down to ascent velocity < 50 m/s, reaching an elevation of about 850 m above the crater (Fig. 3b-f). By 305 
this time, the external portion of the plume partially collapsed to feed a very small pyroclastic density 306 
current flowing over the Showa crater external slope with a runout of hundreds of meters. After 9 s 307 
from the eruption onset, the top region of the plume maintained a fairly constant and low ascent velocity 308 
with values rarely > 30 m/s, before exceeding the camera field of view at around 21 s. The thermal 309 
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anomaly associated with Phase 2 progressively decreased from the first few seconds until its almost 310 
complete disappearance at about 42 s from the eruption onset (Fig. 3 c-g). However, starting from 2 311 
minutes after the onset of the explosion, a recurrent, although very modest in intensity, thermal signal 312 
was recorded (Fig. 3d, h) associated to a phase of continuous ash-venting. Phase 3 produced a dense 313 
and low-level, ash-rich plume which spread out to northeast from the crater, transporting important 314 
quantities of fine ash (Fig. 2c). After 20-30 minutes from the eruption onset, this activity, and the related 315 
thermal signal, progressively decreased and the ash emission ceased completely after about one hour. 316 
Activity resumed around 3 hours later as a weak ash emission (Phase 1 {New Cycle}), similar to that 317 
preceding the explosion (i.e. 22 October) and representing the very initial stage of the Phase 1 of a new 318 
eruptive cycle. 319 
Ash fallout samples representative of the different activity phases forming the entire eruptive cycle 320 
were collected and analyzed. The ash deposits of the four Phases were thus associated to a specific style 321 
of eruption: 322 
i) Phase 1 (Weak Ash Emission): preceding the eruption and lasting for a few days, characterized by 323 
no evident explosive activity, low intensity ash emission (Fig. 2a) and very low sedimentation rate 324 
(1.91x10-6 kg/m2s-1). 325 
ii) Phase 2 (Vulcanian Explosion): strong and impulsive explosion associated with the production of 326 
an ash-rich plume reaching about 4.6 km in height (Fig. 2b), with a sedimentation rate of 2.38 x 10-5 327 
kg/m2s-1 at a distance of about 5 km from the vent. 328 
iii) Phase 3 (Continuous Ash Venting): weak, highly-concentrated ash plume emitted continuously from 329 
the vent 2-5 minutes after the onset of the Vulcanian explosion and lasting for about 1 hour (Fig. 2c), 330 
resulting in a high sedimentation rate (2.54 x 10-4 kg/m2s-1) at about 3 km from the vent. 331 
iv) Phase 1 {New Cycle}: weak ash emission with no visible explosions observed to occur from several 332 
hours after the explosion. This activity could be considered prodromal to another Vulcanian Explosion, 333 
as it is completely similar to the Phase 1 preceding the explosion. 334 
 335 

 336 
4.  Results 337 

 338 

4.1. Grain size distributions 339 
 340 
The GSD curves of the ash samples from the different phases of activity show significant differences 341 
in the shape (unimodal vs. bimodal) (Fig. 4) and in the corresponding parameters of skewness and 342 
sorting (Table 1). In general, the deposits belonging to the same phase of activity, collected at different 343 
times (e.g., deposits from Phase 3) or places (e.g. Phase 2) display very similar and consistent GSDs 344 
(Fig. 4). Accordingly, either the Md) and the relative volume fraction of subpopulations (SP1 and SP2, 345 
coarse- and fine-grained, respectively) forming the bulk deposits, show specific variations according to 346 
the activity phase (Table 1).  347 
The two phases of Weak Ash Emission (Phases 1 and 4), preceding and following the main explosion, 348 
were sampled at different distances (4 km for the two samples of Phase 1; 14 for the sample of Phase 1 349 



 
 

{New Cycle}). The GSD of the proximal samples, SKJ22_10_2 and SKJ23_10_2 (Table 1 and Fig. 4) 350 
clearly shows the contribution of the two SPs, with the most abundant SP1 always peaked at 2.5) and 351 
accounting respectively for the 86 and 94% of the total sample, and SP2 peaked at 3.6-4.3) (Table 1). 352 
On the other hand, the distal sample of Phase 1 {New Cycle} (SKJ25_10_1; Table 1 and Fig. 4) is 353 
characterized by a unimodal distribution and a single population SP1 with descriptive parameters (Md) 354 
= 4.3); σ)= 0.48)), very close to those of the SP2 of the other samples of Phase 1. Ash from Phase 2 355 
clearly differentiates from all the other phases due to the nearly symmetric (Skewness = 0.06), 356 
leptokurtic (Kurtosis = 1.04) GSDs, with only a minor fine mode in the proximal sample (Fig. 4). In the 357 
GSD of the sample SKJ24_10_5 (proximal deposit: 5 km from the vent; Fig. 1b), the coarse 358 
subpopulation SP1 represents about the 98 wt. % of the deposit, with an Md) of 1.2) (Table 1). SP2 359 
has an Md) of around 3.5) and only represents the 2 wt. % of deposit. The distal deposit of Phase 2 360 
(SKJ24_10_14, collected 11 km far from the vent along the dispersal axis; Fig. 1b) still shows a main 361 
SP1, with Md) = 3) and with an only minor presence of SP2, with Md)  = 5.2) (Table1) accounting 362 
again for only the 2 vol.% of the bulk GSD. The samples from Phase 3, collected at different times, are 363 
characterized by asymmetric, positively skewed distributions with a main mode set between 3-3.5) 364 
(Fig. 4 and Table 1). These samples show a very pronounced fine-grained tail, with a secondary mode 365 
at around 5) (in two out of three samples; Fig. 4). Again, the bulk GSD can be deconvoluted (R2 > 366 
0.96) as the sum of two SPs. The finer subpopulation SP2, with an Md) around 5), is more represented 367 
respect to the other samples, reaching about 30-35 wt.% of the total (Table 1). The SP1 of these samples 368 
has an Md) between 2.8-3.6) (Fig. 4 and Table 1) and represents around the 65-71 wt. % of the bulk 369 
deposit. Interestingly, for the three samples from Phase 3 (SKJ24_10_9bis; SKJ24_10_10; 370 
SKJ24_10_11) Md) of SP1 records a progressive increase from towards higher values with time of 371 
collection (Table 1). This variation is accompanied by a decrease of the relative weight of SP1 (from 372 
71 to 65%) and a corresponding increase in the weight of SP2, however with no visible change in its 373 
Md). 374 

 375 
4.2. Characterization of the ash components 376 
 377 
Ash deposits from the different phases are dominated by glassy, dense and blocky particles showing 378 
variably glossy external surfaces with conchoidal fractures and sharp edges, and with variable 379 
roundness. The different fragments are characterized by color ranging from intense and shiny dark grey 380 
to a translucent grey; in many cases, opaque grey colored particles were also recognized, characterized 381 
by pitted and non-glossy external surfaces. Poorly vesicular particles, translucent, brownish to dark in 382 
color, are also a primary component, particularly in the deposits of the high intensity Phase 2. Loose, 383 
often broken crystals (i.e. plagioclase, clinopyroxene, orthopyroxene, Fe-Ti Oxides and rare olivine), 384 
are present in very minor amounts, together with sparse lithics, variably colored from white to yellow 385 
and brownish-red. These are generally recognized for the incipient to pervasive alteration of the 386 
fragment, and mainly correspond to fragments of preexisting lava flows. Considering the very low 387 
amounts of the loose crystals and lithics classes, these will be not further considered in this analysis. 388 



 
 

Based on these general observations, three classes of ash fragments were identified (Fig. 5): 389 
 390 

i. Blocky Angular (BA) are formed by very poorly vesicular to dense, blocky particles with sharp 391 
edges and equant outlines, characterized by variably glossy and shiny surfaces, sometimes intercepting 392 
sparse, large and isolated vesicles (100-200 µm in diameter). These clasts commonly show planar 393 
surfaces with typical indentation patterns, possibly resulting from the brittle fracturing of viscous 394 
magma (Fig. 5a). The external surfaces are typically characterized by a sparse, small-scale roughness, 395 
where asperities (generally in the order of few micrometers) are mainly related to the crystallization of 396 
microlites from the groundmass glass. No evidence of magma-water interaction was revealed for these 397 
clasts after the SEM analysis (eg. surface pitting and cracking). The average values of Solidity and 398 
Convexity determined by image analysis on selected BA particles are respectively 0.930 r 0.025 and 399 
0.876 r 0.022, indicating a generally solid shape with significantly convex external outlines (Table 2). 400 
The average value of Circularity is 0.794 r 0.040, indicating fairly regular outlines for the clasts, 401 
associated to a blocky and a massive structure (Table 2). However, fragments with smoother external 402 
surfaces are also present. The most abundant groundmass microlites are represented by prismatic, 403 
euhedral and elongated (20-60 Pm), sometimes acicular microlites of plagioclase, followed by pyroxene 404 
and sparse oxide crystals. Importantly, swallowtail and skeletal morphologies of microlites are never 405 
observed among the investigated samples. A secondary population, only occasionally present within the 406 
BA clasts, is represented by sparse clusters, irregularly arranged in space, of Fe-Ti oxides crystals 407 
typically smaller than 5 Pm in size. Up to 60 vol.% of the groundmass is represented by residual glass. 408 
BA particles possibly correspond to the ‘High-Crystallinity-Particles (HCP)’ showing “glossy surfaces” 409 
reported by Miwa et al. (2013b) and with the “Black Volcanic Rocks” (BVR) descripted in the study of 410 
Kurniawan et al. (2016). 411 

 412 
ii. Blocky Rounded (BR) are blocky, massive, poorly vesicular to dense particles generally 413 

characterized by opaque from dark to grey colors (Fig. 5b). They show average values for Solidity and 414 
Convexity of 0.954 r 0.015 and 0.889 r 0.019, respectively (Table 2), suggesting largely convex shapes 415 
and rather external smooth surfaces. The average Circularity of 0.830 r 0.029 accounts for the sub-416 
rounded to rounded outlines, which, along with the pitted aspect of the external surfaces (Fig. 5b), make 417 
the BR particles very distinct from the BA particles. Groundmass of BR particles is characterized by 418 
the presence of two populations of microlites: the coarser-grained population (15-30 µm length) is made 419 
up of plagioclase, mafic minerals (cpx, opx, and rare olivine) and sub-euhedral Fe-Ti oxide crystals, 420 
while the finer-grained population is represented by diffuse clusters of very small (< 5 Pm) Fe-Ti Oxides 421 
crystals. Differently from BA, the presence of the small Fe-Ti oxides population is pervasive in the 422 
groundmass texture (Fig. 5b), and a more diffuse µm-sized roughness affects the external surfaces. BR 423 
clasts also show the highest values of crystallization of the groundmass glass (42-45%; Table 3). 424 
Occasionally, small acicular salt crystals (possibly Ca-sulphates) are found above the external surfaces. 425 
BR clasts are very similar in the external aspect to those briefly descripted by Miwa et al. (2013b) as 426 
non-juvenile particle showing ‘non-glossy’ surfaces (also corresponding to the NS-Type of Miwa et al. 427 
2009). On the other hand, the diffuse recrystallization of the groundmass glass is strongly suggestive 428 



 
 

of processes of intra-crater recycling of previously ejected juvenile material under high-T conditions 429 
(D’Oriano et al., 2011, 2014; Deardorff et al., 2017).  430 
 431 
 iii.  Vesicular (VS) clasts consist of incipiently to poorly vesicular particles (Houghton and Wilson, 432 
1989) characterized by glossy external surfaces, translucent-brown to dark in color with external 433 
surfaces intercepting sparse vesicles, from 30 to 60 Pm in size (Fig. 5c). Both Solidity and Convexity 434 
show average values that are significantly lower (0.915 r 0.036 and 0.838 r 0.038, respectively; Table 435 
2) respect to the other categories, testifying for more irregular and convoluted external outlines. Also, 436 
the Circularity of particles is significantly lower respect to other categories (0.756 r 0.059). Vesicles 437 
are never interconnected and their abundance is largely variable, from few percent up to maximum 30 438 
vol.%. Very high values of vesicularity, typical of pumice-like material (>40-50%), have been never 439 
observed in the analyzed material, although they have been described in other eruptions (Miwa et al., 440 
2009). The glass of VS particles always presents unaltered with a microlite-poor groundmass (crystal 441 
content around 30 vol. %) when compared with the other two categories. Microlites are dominated by a 442 
single population, with an average size of 10-20 µm, consisting of single prismatic, euhedral 443 
plagioclase, together with sparse mafic minerals and oxides. Importantly, the population of small Fe-Ti 444 
oxide clusters is totally absent in these clasts. VS clast can be easily associated with the ‘vesicular’ and 445 
‘Low-Crystallinity-Particles (LCP)’ presented by Miwa et al. (2013b), and with the “Black Vesicular 446 
Volcanic Rocks” (BVVR) of Kurniawan et al. (2016). On the other hand, they result significantly 447 
different from the pumiceous particles identified by Miwa et al. (2009) due to their lower and isolated 448 
vesicularity (rarely exceeding 30%).  449 
 450 
The relative proportions of the different components change during the different phases of the eruptive 451 
activity (Table 4). Ash componentry is largely dominated by BA and BR clasts. Although VS clasts 452 
represents only a minor fraction in Phase 1 products (less than 10%), they tend to significantly increase 453 
respect to BA as the eruptive sequence progresses (VS/BA ratio from 0.20 to 1.07; Table 4). An opposite 454 
trend is shown either by the BA and the BR clasts, whose relative abundances progressively decrease 455 
throughout the sequence, reaching a minimum in Phase 3 and coupled to a continuous increase of VS 456 
clasts (Table 4). As a matter of facts, the dense fraction is shown to be by far dominant respect to the 457 
vesicular fraction ((BA + BR)/V) during all the phases of the eruptive sequence. Moreover, the relative 458 
proportions of BA vs. BR remain nearly constant throughout the entire sequence (Table 4). 459 
Finally, while the abundance of the lithic component is always very low and nearly constant, loose 460 
crystals abundance progressively increase (from 4 to 18%) along the sequence (Table 4). Unfortunately, 461 
the very fine grain-size of Phase 1 {New Cycle} has not allowed to estimate componentry for this stage 462 
of activity. 463 
 464 
4.3. Quantitative characterization of ash groundmass textures 465 
 466 
The analysis of the groundmass texture of the different clast types was addressed to characterize the 467 
relative abundance of vesicles (Table 3) and crystals phases (Fig. 6a), the areal microlite number density 468 



 
 

(MND; Table 3) of the different ash components, the shape and the crystal size distribution (CSD) of 469 
the plagioclase microlites (Fig. 6b).  470 
The average values calculated for the microlite contents (Table 3) of BA and BR clasts are similar 471 
(around 40-45 vol.%) being nearly constant throughout all the eruptive sequence. BR clasts display, in 472 
general, a higher content of microlites, with the highest values of 45.6% during Phase 3 (Fig. 6a, b; 473 
Table 3). VS clasts show instead a larger variability (29-36 vol.%) in terms of crystal content, with a 474 
marked decrease during Phase 2 (Fig. 6a, b; Table 3). All these values agree with the crystal content 475 
reported by Miwa et al. (2013b) respectively for HCP and LCPs ash fragments, and by Smith et al. 476 
(2018). 477 
MND is calculated for all the mineral phases identified during the image analysis (Plagicalse, Femics, 478 
Oxydes). Excluding the two extreme values, MND varies by a factor of 5 (between 1.9 x 104 and 5.1 x 479 
104 mm-2; Tables 3 and S3), in good agreement with data reported by Kurniawan et al. (2016). 480 
All the CSDs calculated for plagioclase microlites display invariant linear trends for the different types 481 
of clasts regardless of the eruptive phases (Fig. 6a, b). A single BR sample from Phase 3 (red squares 482 
in Fig. 6c) exhibits a more pronounced tail in the coarser size regions (more than 100 µm). CSDs display 483 
a regression slope (-1/GW, where G is the crystal growth rate and W�is the time of crystallization) variable 484 
between -77 and -109, resulting in a dominant size of microlites, on average, around 30-40 µm (3GW; 485 
Cashman, 1992; Table 5). The extrapolated nuclei number density n0 (corresponding to intercept of the 486 
linear regression of the CSD) is poorly variable among all the analyzed samples being comprised 487 
between 17.56 ± 0.06 and 18.75 ± 0.10 (Table 5). Despite the weak variability, n0 shows a clear negative 488 
relation with 3Gt indicating that larger crystal sizes were related to lower nucleation rates. Importantly, 489 
the latter relation is totally unrelated with the style and timing of the activity.  490 
All the CSD trends clearly display an overturn of the population density for the size classes smaller 491 
than 10 µm, also present in data reported by Miwa et al. (2013b). Typical axial ratios (short; 492 
intermediate; long) of plagioclase in the different phases are also nearly invariant (1 : 3.4 : 9 - 1 : 4 : 493 
10 - 1 : 3.4 : 10, respectively for Phases 1, 2, and 3; Table 6). Again, these values are very close to 494 
those reported by Miwa et al. (2013b) for plagioclase microlites in both LCPs and HCP fragments (1: 495 
2.3 : 9 and 1 : 3.2 : 10, respectively).  496 
Finally, the cumulative number frequency distributions of the plagioclase size in the bi-logarithmic 497 
space (Fig. 6c, d) display curvilinear distribution trends, suggestive of not-scale invariant 498 
crystallization. All the data have a similar distribution trend, regardless of the type of ash component 499 
and the activity phase, confirming thus the very small variability already suggested by CSD plots. 500 
 501 
4.4 Quantitative investigation of the ash shape 502 
  503 
The variability of ash morphology along the sequence is well described by some selected shape 504 
parameters (Cioni et al., 2014; Liu et al., 2015; Leibrandt et al., 2015), and by the correlation between 505 
their variability trend with the particle size. Ash from Phases 1 and 3 shows very similar trends of 506 
variation with size and, more importantly, very similar values of all the different shape parameters (Fig. 507 
7). Conversely, despite the partial overlap of the data dispersion ranges, ash from Phase 2 displays very 508 



 
 

distinct variability trends respect to the other samples, being also associated to a marked variation of 509 
the parameters values with the particle size (Fig. 7). In general, ash from all the samples is characterized 510 
by a quite regular outline, with high Solidity and Convexity values (higher than 0.94 and 0.96, 511 
respectively), and by an elongated shape (Circularity < 0.93, Elongation between 0.15 – 0.40). 512 
As suggested by Elongation and Circularity values (Fig. 7a, b) particle shape is nearly invariant respect 513 
to the ash size for samples from Phases 1 and 3, while Circularity shows a marked, progressive increase 514 
with decreasing size for the sample from the Phase 2 (Fig. 7b). On the other hand, a consistent variation 515 
of the particle shape with size is evident for Solidity and Convexity (Fig. 7c, d) with size, suggesting 516 
the prevalence of a coarse roughness (lower values of the two parameters in the coarser particles) on 517 
the particle outline. Again, this trend is more marked for the ash of Phase 2, while ash from the other 518 
two phases display very similar values of the different parameters (Fig. 7). Importantly, the trends of 519 
Circularity, Solidity and Convexity for the ash of Phase 2 clearly diverge from the variability trends of 520 
ash from Phase 1 and Phase 3, starting from particles size greater than 100 and 150 µm in diameter (Fig. 521 
7). This indicate the presence of a constant size threshold for the outline roughness that characterize 522 
ash particles from Phase 2, which is possibly coarser than about 100 µm. 523 
 524 
 525 

5.  Discussion 526 

 527 
Ash-dominated, cyclic explosive activity represents the typical behavior of many volcanoes worldwide 528 
which are mainly characterized by the eruption of mildly-evolved magmas. Sakurajima activity can be 529 
considered a typical case-study for such volcanoes, since it is characterized by cyclic Vulcanian 530 
eruptions with important shifts both in the intensity of the explosions and in the style of the ash 531 
emissions (Miwa et al., 2009; Iguchi et al., 2013a; Yokoo et al., 2013). Differently from most of the 532 
previous works on Sakurajima ash products, which were mainly focused on the products related to the 533 
Vulcanian explosions, the dataset presented in this study involves not only the products of a major 534 
explosion, but also ash from the precursory eruptive phases and ash emitted immediately after the high-535 
intensity event, allowing thus an exhaustive characterization of the different phases defining a complete 536 
Vulcanian activity cycle. Data will be used to critically discuss the main conduit and fragmentation 537 
processes involved in such cycles, and how they can be reconciled with the general knowledge about 538 
the mechanisms driving classical Vulcanian activity. Several questions are currently pending about the 539 
conduit processes that effectively control the occurrence of high-frequency Vulcanian explosions: 540 

- What are the internal gradients of the magma plug (i.e., vesicularity, crystal contents, 541 
permeability, viscosity) and which portions of the magma conduit are involved in the process 542 
of ash production during the different phases of the eruptive sequence? 543 

- Which process controls the sudden transition observed between passive ash emission and 544 
Vulcanian explosions?  545 

- Is the fresh, volatile-rich magma coming from the deep always directly involved into the 546 
activity? Is the fresh magma input the general trigger mechanism of Vulcanian explosions? 547 



 
 

- What is the approximate volume of the magma conduit involved in each phase, also considering 548 
the characteristic time of plug re-generation and recharge? 549 

- What is the variability in the intensity of explosive processes over periods much longer than a 550 
cycle? 551 

All these questions will be addressed in the following sections, comparing our results with the numerous 552 
data existing in the literature on Sakurajima activity and discussing them in the light of a new schematic 553 
model of the processes controlling the dynamics of Sakurajima throughout a complete Vulcanian 554 
eruption cycle. 555 
 556 

5.1  Structure of the magma conduit from morphological and textural ash features 557 
 558 
Vulcanian activity is generally described as the result of the fragmentation of a rigid to visco-plastic, 559 
variably crystallized and variably degassed magma plug or lava dome sealing the top of a volcanic 560 
conduit (Clarke et al., 2002b; Clarke et al., 2013; Gaunt et al., 2020). Formation of evident summit lava 561 
domes has been observed to occur very sporadically at Sakurajima (Ishihara, 1990). Conversely, a 562 
variably degassed, vertically stratified magma plug is considered to be commonly present, sealing the 563 
upper portions of the conduit and generally modulating the dynamics of gas escape (Ishihara 1990; 564 
Miwa et al., 2013b; Iguchi et al., 2013a, 2013b; Yokoo et al., 2013; Oláh et al., 2019). Morpho-textural 565 
analysis on ash fragments efficiently informs about the variability of the internal structure of the 566 
fragmented portions of magma. Accordingly, the relative proportions of ash components can help to 567 
define the internal gradients of the magma conduit (e.g. Cioni et al., 2014). 568 
The general invariance revealed in the ash componentry throughout the eruptive cycle (i.e. constant 569 
type of components involved; Fig. 5), together with, minimal time- and style-unrelated variation in the 570 
CSD of plagioclase microlites (Fig. 6c, d) possibly reflects the presence of internal gradients into the 571 
syn-eruptive magma column, and also indicate a common pre-eruptive evolution for the different parcels 572 
of magma from which these components derive. Conversely, the variability in the total crystal content 573 
indicates a progressive, although slight, change of the emitted material along the eruptive cycle (Fig. 574 
6a, b). 575 
All the samples of the studied sequence are characterized by the common presence of three types of ash 576 
fragments (Fig. 5) displaying very distinct external shapes and internal textures. Several authors 577 
provided analyses of ash componentry on tephra products erupted during different activity periods at 578 
Sakurajima (Oba et al., 1980; Miwa et al., 2009; Miwa et al., 2013a; Miwa et al., 2013b, Kurniawan et 579 
al., 2016). Regardless of the nomenclature assigned to the different ash components, we found a 580 
substantial agreement in the identification of the main ash types. In fact, their textural features can be 581 
easily correlated with those of the ash components described by several authors studying previous stages 582 
of activity at Sakurajima (Oba et al., 1980; Miwa et al., 2009; Miwa et al., 2013b; Kurniawan et al., 583 
2016). However, differently from what observed by Miwa et al. (2013b) for the 2010 activity, no 584 
particles with ‘fluidal’ external morphology as well as no pumice-like particles (Miwa et al., 2013a; 585 
Kurniawan et al., 2016) characterized by very high vesicularity were recognized in our samples, despite 586 
the observed activity closely reflects the typical eruptive pattern and intensity of Vulcanian activity at 587 



 
 

Sakurajima (JMA on-line reports). VS clasts, in fact, represent always a minor volume fraction in all 588 
the analyzed deposits, furthermore displaying a low average vesicularity, rarely exceeding 20 vol.%, 589 
which is considerably lower respect to values reported (60 vol%) for the pumiceous fragments by Miwa 590 
and Toramaru (2013) (Fig. 5c, d). The generally low abundance of highly-vesicular material in the 591 
studied deposits might be reconciled with the lower rates of the volcano activity (i.e. number of 592 
explosion per month) respect to the periods investigated by other authors, as evidenced by data reported 593 
in Oishi et al. (2018) (Table S4).  594 
All the analyzed deposits are largely dominated by BA particles, characterized by high microlite 595 
contents (mostly comprised between 35 and 40 vol. %), very low vesicularity (around 1 vol.%), and 596 
sharp external outlines with planar, shiny and glossy external surfaces (Fig. 5a; Table 3). As a matter 597 
of facts, all these features are typical of fragments derived from the brittle disruption of a highly viscous, 598 
semi-rigid magma portion, in agreement also with the rhyolitic composition of the residual melt 599 
determined for similar fragments by Kurniawan et al. (2016) (SiO2 = 74.2 ± 1.7 wt. %; BVR fragments). 600 
We suggest that these clasts derive from the fragmentation of a highly degassed, highly crystallized 601 
(30-40%) parcel of the magma developed in the topmost portion of the plug (Fig. 8). Further elements 602 
supporting this interpretation come from the textural analysis of the ash fragments. In particular, the 603 
observed turn-down of the linear trends of CSDs for crystals smaller than 10 µm (Fig. 6c), possibly 604 
indicates the occurrence of a coarsening process typical of highly crystallized melts (Higgins, 2006). 605 
Furthermore, the euhedral and prismatic morphology of plagioclase microlites (Table 6) together with 606 
the clear evidence of a time-unrelated, negative relation between n0 and 3Gt (Table 5), likely indicate 607 
crystallization under constant and low undercooling conditions (Morgan and Jerram, 2006; Brugger and 608 
Hammer, 2010b; Shea and Hammer, 2013) experienced during prolonged stages of decompression-609 
induced crystallization (Cassidy et al., 2015). Both these observations suggest stalling, or very slow 610 
ascent, of magma at low-pressure, that indirectly confirms the interpretation made for BA particles as 611 
derived from a highly viscous, nearly rigid magma-plug (Fig. 8). 612 
BR particles share several morphological features with BA clasts, although differing from them mainly 613 
for the lower angularity of the external outlines (Circularity: 0.830 r 0.029; Table 2), the diffuse, low-614 
scale roughness and the dull color of the external surfaces (Fig. 5b). The μm-sized population of Fe-Ti 615 
oxides overprinted on sub-euhedral microlites (Fig. 5b) is very similar to that produced during 616 
experimental re-heating of glass-bearing fragments that are interpreted as thermally-induced glass 617 
recrystallization during recycling in the vent area (D’Oriano et al., 2011, 2014; Deardorff and Cashman, 618 
2017). These features suggest that BR clasts invariably derive from the intra-crateric recycling of mostly 619 
BA-type particles fragmented and ejected during preceding cycles of activity (Fig. 8). This is also 620 
indirectly confirmed by the invariant groundmass textures shown by this type of fragments among all 621 
the different phases of activity, as testified for example by their constant microlite abundance and 622 
invariant CSD features (Fig. 6c, d). The gradual decrease in the relative abundance of these clasts from 623 
the initial Phase 1 to the Phase 3 (Table 4) possibly reflects the progressive clearing of the vent area 624 
due to the significant increase in the intensity of the activity, and therefore the increasing importance 625 
of the involvement of newly fragmented ash in the progressing eruptive cycle. Importantly, in previous 626 
studies BR clast type has never been accurately described, as they were often classified as not-vesicular, 627 



 
 

not-smooth, glassy juvenile material (Miwa et al., 2009), as lithic clasts (Kurniawan et al., 2016), or 628 
even included in the altered material (Miwa et al., 2013b, 2015). This possibly explains our generally 629 
lower estimates of lithic fragments respect to data reported from other authors (e.g. Kurniawan et al., 630 
2016). In fact, these clasts display very low relative abundances (less than few vol.%) in all the analyzed 631 
deposits, in agreement with the low to moderate energy of the observed activity. This indirectly implies 632 
that an important portion (in terms of mass) of produced ash, although not directly involved in the 633 
process of primary magma fragmentation, could still have a first order role in driving the convective 634 
ascent of the plume, thanks to its high temperature and abundance. The fact that BR clasts are not 635 
involved in the active fragmentation process is also in agreement with their higher abundance during 636 
periods of quasi-constant and passive ash emission (Table 4), which are indeed characterized by a very 637 
low energy of the activity (Iguchi et al., 2008). For all these reasons, we suggest that the presence of 638 
significant quantities of high-temperature, pre-fragmented and remobilized material occupying the 639 
crater area during the low energy activity phases (Fig. 8) could represent an aspect of primary 640 
importance for the definition of a general energy balance of ash production and emission at Sakurajima. 641 
We suggest this aspect could be relevant not only at Sakurajima volcano but also in similar activity 642 
contexts dominated by cyclic low-to-mid intensity activity. For example, in the 2009-2010 activity of 643 
Tungurahua volcano “Vitreous oxidized” ash particles, representing up to 15% of the fallout deposit, 644 
were interpreted as vent-hosted and recycled materials, and their abundance throughout the eruptive 645 
sequence is similar to that observed at Sakurajima, with a general decrease in correspondence with the 646 
more energetic and vulcanian stages of the activity (Battaglia et al., 2019). 647 
The specific characteristics that distinguish VS particles from the other types of fragments are the 648 
presence of a modest vesicularity (<30%) associated with a lower crystal content (Fig. 6a, b).  The low 649 
vesicularity value, the rounded shape and the isolated nature of the vesicles (Fig. 5c, d) suggest a low 650 
internal permeability of this magma portion. The planar external surfaces, with no signs of fluidal 651 
deformation, and the microlite-rich groundmass, although with slightly lower MND values respect to 652 
other types (5.0e103 mm-2, Table 5), still testify a rigid behavior at fragmentation for these clasts, 653 
possibly related with the rhyolitic composition of the residual melt (average SiO2 =70.7 ± 1.5 wt. %; 654 
BVVR fragments, Kurniawan et al., 2016). Consequently, also for VS fragments we suggest derivation 655 
from a still rigid portion of the plug, although slightly volatile-richer and less crystalline respect to that 656 
represented by BA fragments. As a matter of facts, we suggest that the portion of magma originating 657 
VS type clasts was possibly deeper respect to that forming BA particles (Fig. 8). This part of the magma 658 
plug possibly corresponds to the region where several authors (Ishihara, 1990; Yokoo et al., 2013) 659 
identified the presence of a gas pocket interpreted to be responsible for the violent pressure shock waves 660 
often recorded at the onset of the Vulcanian explosions (Fig. 8). 661 
The presence of a magma plug with small internal gradients of vesicularity, crystal content and possibly 662 
dissolved gas is also confirmed by the poor variability observed in the internal texture of the different 663 
fragments (Table 5). The linear and nearly invariant CSDs (Fig. 6c) observed in all the ash fragments 664 
can be used to give constraints to the timing of plug reformation. Considering a possible range of growth 665 
rates data for plagioclase crystals growing under low to intermediate undercooling conditions (10−8 to 666 
10-9 mm s-1 (Blundy and Cashman, 2000; Brugger and Hammer, 2010), the crystallization time scale of 667 



 
 

the fragmented plug results in the order of around 1-10 months, thus confirming the fact that newly 668 
arrived magma is not involved in the eruption. 669 

 670 

5.2 Dynamics of the recent Vulcanian activity at Sakurajima 671 

 672 
The systematic variability revealed in the GSDs of the ash deposits, along with the sudden shifts 673 
observed in the style of the activity (Figs. 2 and 3; Table 1) record important variations in the eruptive 674 
conditions, and therefore possibly fragmentation mechanisms during the observed sequence of activity 675 
at Sakurajima. A critical review about the variability of the conduit processes operating during the 676 
different stages of Vulcanian activity at Sakurajima is based on evidences obtained from data collected 677 
on tephra GSD, and on information of conduit stratification inferred from the study of the ash morpho-678 
textural features and componentry.  679 
A conceptual model of the activity cycle is introduced in Figure 9, in order to discuss the variability of 680 
conduit process along the eruptive sequence. Phase 1 (Fig. 9a) preceding the Vulcanian explosion (Phase 681 
2) is mainly characterized by a passive, low-energy degassing during which very low amounts of fine 682 
ash are dispersed at short distances, with very low sedimentation rates (1.91E-06 kg/m2/s; Figs. 1, 3). 683 
The absence of clear signs of transient explosive activity during this phase suggests that magma 684 
fragmentation cannot be driven by a large pressure accumulation within the magma plug. According to 685 
these evidences, we suggest that during Phase 1 magma fragmentation is a nearly continuous process, 686 
likely driven by the low-pressure gas release escaping from the permeable fracture network that 687 
characterize the upper rigid portion of the outgassed plug. Under these conditions, ash conveyed in the 688 
plume possibly derives from two different processes: i) the fragmented material present in the crater 689 
infilling and produced during previous explosions (Hantusch et al., 2021), ii) clastic material produced 690 
through not-explosive, frictional fragmentation inside the fracture network in the plug (similar to fault 691 
gouges fragmentation observed in several plugs/domes elsewhere; e.g. Cashman et al., 2008) (Fig. 9a). 692 
Elutriation from an ash-filled crater (Hantusch et al., 2021) or from ash-filled fractures internal to the 693 
plug, could be a feasible mechanism for justifying the high abundance of BR type clasts in the plume. 694 
Given the average size of the fragments during this phase (Md) = 2.5) =180 µm), gas ascent velocities 695 
of the order of few m s-1 could be enough for the fluidization of these beds and elutriation of the sampled 696 
material (Tasirin & Geldart, 1999). Low ascent velocities of the gas-ash plume are also testified by the 697 
observed rapid, low-level drifting of the plume under low wind shear.  698 
Conversely, Phase 2 (Fig. 9b) represents a short-lived, high-energy event, able to eject both large 699 
ballistic blocks along the slopes of the volcano and to form a forced-thermal plume which ascended 700 
vertically up to 3-4 km height before being drifted away by the wind (Fig. 3). Shape analysis revealed 701 
that ash deposits from Phase 2 clearly differs from other deposits (Fig. 7). The observed variability in 702 
particle shape is interpretable as related to larger amounts of vesicular particles (generally characterized 703 
by highly irregular contours) in the fine ash ejected during the Phase 2 and to the presence of a vesicle 704 
population with a size possibly between 50-100 µm, which mainly affects and modifies the external 705 
shape of the coarser particles. On the other hand, resulting ash deposits are still largely populated by 706 



 
 

dense to poorly vesicular (rarely exceeding the 20%), microlite-rich particles (~30%). This indicates, 707 
also for the most energetic activity, the prevalence of a brittle magma fragmentation mechanism (Fig. 708 
9b) with no or scarce participation of fresh hot magma from a deeper reservoir. The lack of the fluidal 709 
or pumice-like material, often observed during other periods of Sakurajima activity, along with the 710 
substantial invariance revealed in the CSDs of plagioclase microlites and in the ash componentry, all 711 
suggest that activity was possibly fueled by the progressive magma degassing and consequent pressure 712 
loading of the upper, partially to totally degassed portion of the conduit. The short duration and the 713 
impulsive character of the explosion of Phase 2 displayed by thermal imagery (Fig. 3) is furthermore 714 
consistent with a rapid and abrupt release of pressurized gas. Gas migration is possibly due to the 715 
gradual development of partially permeable regions, in the form of a fractures network, within the upper 716 
viscous portions of the conduit, as a result of the high internal shear of the ascending and degassing 717 
viscous magma column. This hypothesis implies to discard an important role of new magma input as an 718 
eruption trigger, and it requires a relatively slow ascending dynamics for the magma column, in order 719 
to allow a significant magma degassing and the consequent pressure loading. As a matter of facts, this 720 
agrees with the significantly lower rate of explosive activity that characterized Sakurajima in the 721 
October 2014 (Oishi et al., 2018). These considerations are also confirmed by Yokoo et al. (2013) who, 722 
interpreting geophysical signals, recognized the unlikelihood for the injection of new magma from the 723 
deeper magma reservoir to actively participate and trigger the onset of the eruption itself, as instead 724 
suggested by several other authors (Iguchi et al., 2008; Miwa et al., 2009; Miwa and Toramaru, 2013). 725 
Moreover, a significant temporal stagnation in terms of both activity and seismic signals is often 726 
observed to characterize the time gap between the input of new fresh magma and the consequent 727 
Vulcanian activity (Yokoo et al., 2013). All these data, suggest that the mechanisms responsible for 728 
triggering at least part of the Vulcanian explosions at Sakurajima are mostly related to the gradual over-729 
pressurization of the upper portions of a rigid plug (upper portions of degassing conduit) by progressive 730 
volatile exsolution from degassing column, however without important outgassing in the plug itself 731 
(Fig. 9b). Conversely, mechanisms of pressure increase related to addition of gas-rich magma below 732 
the plug occur in relation with major explosions during periods the high-rate activity (high frequency 733 
of explosions).  734 
Importantly, as already discussed for Phase 1, the large presence of recycled clasts with clear thermally-735 
induced glass recrystallization (BR clasts) also during the Vulcanian phase can be of primary 736 
importance in determining the convective power of the resulting plume. In fact, albeit these clasts should 737 
be classified as lithic material since they were already fragmented at the moment of being engulfed in 738 
the plume, they can still represent an important heat source for the plume development, due to their hot 739 
state and their abundance in the ejected material (up to around 50 vol.%). BR clasts so assume a primary 740 
role in the total heat budget driving the plume ascent and ash dispersal at Sakurajima, and they should 741 
be distinguished from other lithic material. The forced-thermal power of the plume related to Phase 2 742 
is well recorded by thermal analysis (Fig. 3). The coarser average grain size of the material transported 743 
in this phase (around 500 µm), considerably larger than that of the other phases, and the higher 744 
sedimentation rate (2.38 E-05 kg/m2/s; Fig. 4) are, in part, evidence of the forced thermal nature of the 745 
plume. The comparison of proximal and distal deposits (Table 1) evidences the substantial absence of 746 



 
 

an important fine-grained subpopulation (SP2) in this phase. This can be related to two concurrent 747 
processes: i) the inefficiency of ash aggregation, which prematurely force ash fallout, and ii) the absence 748 
of an actively fragmentating region of high vesicularity magma. In fact, in the absence of processes like 749 
magma-water interaction, the most efficient process to produce very fine ash is the disintegration of the 750 
thin septa between the vesicles of a highly vesicular foam, not present in this phase (Dufek et al., 2012). 751 
As inferred from visual observations of the ash deposits (Fig. 2), ash aggregation had in fact only a 752 
minor impact in terms of mass of fine material involved in early sedimentation, possibly for the general 753 
absence of a very fine-grained subpopulation (SP2). The high-energy, explosive fragmentation of the 754 
plug during the Phase 2 is however clearly evidenced by the concurrent abundance of both BA and VS 755 
fragments (Table 4), which suggests the involvement in the explosion of a large part of the upper portion 756 
of the plug. The contribution of vesicular ash in the Vulcanian Explosion (well indicated by the 757 
morphology of ash fragments in the range 50-300 μm; Fig. 7), further confirms a more intense and 758 
deeper fragmentation of the plug during this phase. In this respect, it is interesting to note that the very 759 
low, around 0.2 wt.%, water content measured by Miwa et al. (2013a) in the glass of BA-type ash with 760 
MND similar to those measured here in the October 2014 fragments, converts into a saturation pressure 761 
of only few bars (Newman and Lowenstern, 2002) and to a maximum depth of around 40-50 m. 762 
Consequently, we suggest that only the very upper portion of the plug was destroyed by the explosion, 763 
also according to the average mass emitted during similar explosions (Oishi et al., 2018) and to the 764 
observed upper diameter of the plug (10-20 m; Iguchi et al., 2010).  765 
Very fine ash is instead mostly erupted during Phase 3 (Fig. 9c). This activity can be interpreted as a 766 
continued degassing phase following the partial unloading of the plug and the depressurization 767 
determined by the removal of its upper part during the Vulcanian Explosion. In these terms, the large 768 
presence of a fine-grained (around 5)) subpopulation in the ash could be the result of the sudden 769 
foaming and partial fragmentation of a slightly deeper, volatile-richer portion of the plug (Fig. 9c) 770 
unloaded by the partial removal of the plug during Phase 2. The general highly crystallized groundmass 771 
texture, and especially the important increase of the free crystals recorded during Phase 3 (Table 4), 772 
clearly denote that fragmentation always occurred over a largely crystallized magma. 773 
All the above considerations can be used to discuss and integrate the model proposed on the basis of 774 
geophysical observations by Yokoo et al. (2013) about the Vulcanian activity at Showa crater. Several 775 
lines of evidence revealed by geophysics well agree in fact with the characteristics of the observed 776 
products. Firstly, the pattern of deformation preceding and accompanying Vulcanian activity from the 777 
Showa crater reveals a quite shallow source (few hundred of meters), interpreted by Yokoo et al. (2013) 778 
through the possible build-up and following explosive disruption of a gas pocket. In this view, the 779 
fragmentation of this viscous, degassed portion of the conduit triggered a decompression wave 780 
travelling throughout the most rigid part of the plug. This well agrees with our observation of a very 781 
shallow derivation of the erupted material, and with the generally small volume ejected during each 782 
explosion (Oishi et al., 2018). Similarly, evolution of deformation preceding each large eruption shows 783 
a long-term (up to several hours) inflation of the upper part of the volcano, during which the gas pocket 784 
is formed and some gas can be leaked from the upper part of the plug, possibly carrying and elutriating 785 
ash particles already present in the fracture network or in the crater area. The final continuous 786 



 
 

contraction of the system, following Phase 2, is characterized by the rapid degassing of the unloaded, 787 
gas-richer portion of the magma below the removed part of the plug, occurring under unconfined 788 
conditions. Conversely, no evidence derives from our data supporting the alternative hypotheses of 789 
Yokoo et al. (2013) about the origin of gas accumulation as possibly related to the occurrence of 790 
repeated events of magma migration at a depth between 0-2 km, or of any important role of newly 791 
intruded magma in the system (Iguchi et al., 2013) during this type of activity. This aspect can be 792 
reconciled considering the low activity rates of Sakurajima during the investigated period. This could 793 
also explain the generally lower energy associated with explosions from Showa crater respect to those 794 
occurring from Minamidake crater (Iguchi et al., 2010), that often show the presence of highly vesicular, 795 
poorly crystallized, pumice-like material or of fluidal, vesicular material that we never observed in the 796 
studied sequence. 797 
 798 

6. Conclusion 799 

 800 
The studied eruptive sequence encompassed the whole spectrum of eruptive activities that are typically 801 
associated to Vulcanian eruptions at Sakurajima, being characterized by episodes of highly energetic 802 
explosions interspersed within prolonged periods of variably intense, not-explosive ash and gas 803 
emission. Differently from previous works on Sakurajima ash, mainly focused on the products of single 804 
Vulcanian eruption, we investigated here the cyclic styles of activity driving and following a main 805 
Vulcanian eruption. We identified four different phases that were all analyzed in detail: a low-energy, 806 
preparatory activity of Weak Ash Emission (Phase 1), preceding a main Vulcanian Explosion (Phase 2), 807 
then followed by a typical activity of Continuous Ash Venting (Phase 3). Activity renewed three hours 808 
later with a post-event weak ash emission (Phase 1 {New Cycle}), however considered to represent the 809 
very initial stage of a new cycle and prodromal to the onset of the following major Vulcanian event. 810 
This approach allowed us to clarify the critical role of conduit processes in controlling the mechanisms 811 
of ash formation have and the eruptive dynamics in a typical Vulcanian activity, and to critically discuss 812 
pre-existing models concerning the dynamics of Sakurajima activity. 813 
Analyzed deposits from the different phases of activity revealed to be largely dominated by degassed 814 
and largely crystallized particles, despite significant variability observed both in the intensity and in 815 
the eruptive style of the activity. The morpho-textural variability of the analyzed ash samples suggests 816 
that a significant layering and differentiation in terms of physical properties (i.e. vesicularity and 817 
crystallinity), and hence magma rheology, must have characterized the volcanic conduit of Sakurajima 818 
prior and/or during the observed activity. The specific characteristics of the different ash components 819 
also suggest that a variable mechanism of magma fragmentation operated during the eruptive sequence. 820 
Consequently, we register a large variability of conduit processes participating to the dynamics of the 821 
eruptive sequence at Sakurajima. 822 
Based on the comparison with data reported from previous studies on Sakurajima ash, a general large-823 
scale temporal invariance of the textural features is revealed to characterize the products of typical 824 
Vulcanian activity. This aspect, together with reported evidences on ash texture concurs to indicate the 825 
dominancy at Sakurajima of a cyclic, degassing-driven eruptive dynamics, which is mostly controlled 826 



 
 

by a quasi-static column of vertically stratified, poorly permeable, high-crystallinity magma conduit. 827 
We estimated a characteristic time-scale for the plug renewal to be around 1-10 months. Our data also 828 
confirm what yet suggested by Yokoo et al. (2013) that gas accumulation in the plug, rather than the 829 
arrival of a new, volatile-richer magma batch as suggested by other authors (Iguchi et al., 2013b; Miwa 830 
et al., 2013b), can be the most probable trigger for Vulcanian explosions at Sakurajima during periods 831 
of “ordinary” activity. Based on these evidences we interpret the dynamics of Vulcanian eruptions at 832 
Sakurajima as controlled by the progressive pressurization of a degassed upper portion of the conduit, 833 
comprised in a range of depth between 10 and 50 m, that undergoes brittle fragmentation as the tensile 834 
strength of the viscous magma cap is reached. Finally, based on the general high-frequency occurrence 835 
of Vulcanian explosion at Sakurajima (typically from 20 up to 400 eruption per month), and according 836 
with the long time-scale estimates provided for the plug regeneration, we suggest that the magma cap 837 
is only partially removed during the Vulcanian events. 838 
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