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Abstract
The occurrence of groundmass crystals reveals the shallow conduit process of magmas, which affects the behavior of erup-
tions. Here, we analyzed groundmass microtextures of ash samples from the 2018 eruption of Shinmoedake volcano, Japan, 
to evaluate the change of magma ascent conditions during the eruption sequence. The eruptive activity changed from ash 
venting (Phase 1: March 1–6) to lava effusion with continuous ash-laden plumes (Phase 2: March 6–9) and then shifted 
to Vulcanian explosions (Phase 3: March 10–April 5). Non-juvenile particles were abundant in Phase 1, whereas juvenile 
particles were dominant in Phases 2 and 3. Vesicular juvenile particles were more abundant in Phase 2 than Phase 3. The 
lower microlite crystallinity and groundmass  SiO2 concentrations of the vesicular particles indicate that they were sourced 
from magma that ascended rapidly. Abundant nanolites were observed in the black interstitial glass of juvenile particles 
under an optical microscope, whereas few nanolites were observed in the transparent ones. The presence of nanolites can 
be explained by the dehydration of silicate melt, as well as cooling and oxidation between fragmentation and quenching. 
Temporal changes in the ash componentry show that the eruption activity started from the erosion of the pre-existing vent 
plug (Phase 1), shifted to the simultaneous eruption of bubble-bearing and outgassed magmas (Phase 2), and concluded with 
explosions of the stagnant lava (Phase 3), thereby demonstrating the sequence of vent opening and extrusion and stagnation 
of magma. Therefore, ash microtextures are valuable for monitoring the shallow conduit process of eruptive magma.
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Introduction

Numerous volcanic eruptions show temporal changes in 
eruption characteristics, such as magma eruption rate and 
explosivity (e.g., Wright et al. 2012; Kozono et al. 2013; 
Schipper et al. 2013). Predicting the temporal variation of 
volcanic eruptions based on the monitoring of volcanic 
activities is one of the most important issues for volcano 
hazard assessment and risk mitigation. Microtextures of 
volcanic ash are a useful tool for monitoring the activi-
ties of eruptions because they record the magma ascend-
ing and eruption conditions of diverse eruption styles (e.g., 

Taddeucci et al. 2004; Miwa et al. 2013; D’Oriano et al. 
2014; Deardorff and Cashman 2017). Complex ascending 
paths of magma in the volcanic conduit are captured in the 
diverse occurrence of groundmass crystals as their crystal-
lization kinetics are changed by cooling, decompression, and 
degassing of magma in the conduit (Hammer and Ruther-
ford 2002; Shea and Hammer 2013). By distinguishing the 
morphological and textural characteristics of the volcanic 
ash particles and quantifying the ash componentry, the 
magma ascent, degassing, and fragmentation processes can 
be reconstructed (Wright et al. 2012; Leibrandt and Le Pen-
nec 2015).

The crystallization kinetics of groundmass microlites 
have been studied using experimental approaches (Hammer 
and Rutherford 2002; Brugger and Hammer 2010; Cashman 
2020) and by the analysis of natural samples (Castro and 
Gardner 2008; Wright et al. 2012) to estimate the ascent rate 
of magmas. In addition, crystallization of nanolites (hereaf-
ter, groundmass crystals with ca. < 1 μm in width; D’Oriano 
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et al. 2014; Mujin and Nakamura 2014; Mujin et al. 2017) 
may control eruption behavior by increasing magma vis-
cosity (Di Genova et al. 2017, 2020) and the promotion 
of late-stage bubble nucleation (Cáceres et al. 2020) dur-
ing magma ascent. Although comparisons of such diverse 
groundmass microtextures have been made among natural 
samples from typical eruption styles, detailed descriptions of 
ash fragments during ongoing eruptions and their compari-
son between transition phases are lacking. In particular, few 
studies have elucidated the relationship between microtex-
tures of erupted materials and eruption sequence described 
by geophysical and surface observations (e.g., Miwa et al. 
2009; Matsumoto et al. 2013; Miyabuchi and Hara 2019).

The 1-month activity of the 2018 eruption of Shinmoe-
dake volcano, Kyushu, Japan, exhibited numerous vari-
ations in eruption styles throughout its activity (Yamada 
et al. 2019), providing a good opportunity for evaluating 
transitions in eruption behavior via ash monitoring. Here, we 
examine the temporal change of the groundmass microtex-
tures during the 2018 eruption to investigate magma ascent 
processes at a shallow level, which are essentially undetect-
able by the geophysical monitoring system.

Volcanological background and activity 
of the 2018 eruption of Shinmoedake

Shinmoedake is one of the active centers of the Kirishima 
volcanic group located in Kyushu, Japan (Fig. 1). Shin-
moedake is an andesitic stratovolcano that has produced 
several sub-Plinian eruptions in the Holocene (eruptions 
of the Setao Pumice fall deposit around 10.4 cal ka, Maey-
ama pumice fall deposit around 5.6 cal ka, Kyoho pumice 
fall deposit in 1716–1717 CE, and pumice fall deposit in 

2011 CE; Imura and Kobayashi 1991, 2001; Okuno 2002; 
Miyabuchi et al. 2013; Nakada et al. 2013).

Leading up to 2011, Shinmoedake resumed eruptive 
activity with a small phreatic eruption on August 22, 2008, 
after a dormant period since minor ash venting in 1991 
(Geshi et al. 2010). Three pulses of sub-Plinian eruptions 
and subsequent lava effusion and intermittent Vulcanian 
explosions occurred in January 2011. A total of 0.02  km3 
dense rock equivalent (DRE) of andesitic magma erupted 
as a pumice fall deposit and crater-fill lava flow (Miyabu-
chi et al. 2013). Minor ash venting activities also occurred 
between October 11 and October 17, 2017.

The 2018 eruption of Shinmoedake started at around 11 
am JST (Japan Standard Time, UT+09:00) on March 1, and 
lasted until June 27 (Fig. 2). The following descriptions of 
the 2018 eruptions are mainly based on reports from the 
Japan Meteorological Agency (JMA, https:// www. jma. go. 
jp/ jma/ indexe. html). The eruption can be divided into three 
phases based on the type of activity.

Phase 1 (March 1 to March 6) was characterized by ash 
venting from the east vent opened inside the 2011 lava field 
that covered the floor of the Shinmoedake summit crater 
during the 2017 activity. Intermittent ash venting contin-
ued until the afternoon of March 5, with increasing eruption 
intensity.

Phase 2 (from March 6 to March 9) was characterized 
by lava effusion with frequent small explosions. Lava effu-
sion was recognized in the morning of March 6, from the 
east vent in the 2011 lava field. A rapid tilt change and an 
increase in the amplitude of the seismic signal on March 
6 (Yamada et al. 2019) suggest the start of magma effu-
sion. The lava spread over the 2011 lava field and buried the 
Shinmoedake summit crater. The total volume of the lava 
flow is estimated to be 1.5 ×  107  m3 based on geographical 

Fig. 1  a Map showing the 
location of Kirishima volcanic 
group, Japan. b Location of 
Shinmoedake volcano within 
the Kirishima volcanic group. 
The slope gradation map 
was drawn by the Geospatial 
Information Authority of Japan 
(2020)
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observations (Chiba et al. 2018). Simultaneous with the lava 
effusion, continuous vigorous ash emission occurred. The 
ash plumes in the afternoon of March 6 were generated from 
the middle of the new lava and the north side of the 2011 
lava field. The ash-emitting activity became more explo-
sive from the afternoon of March 6. At least 30 explosive 
events were counted between March 6 and 7 during the lava 
flow effusion. The maximum height of the eruption column 
reached ~ 3 km above the crater, based on visual observa-
tion. The eruptions between the evening of March 6 and the 
morning of March 7 produced pumiceous lapilli, which have 
andesitic whole-rock compositions with ~ 58 wt%  SiO2. 
The lava flow buried the summit crater of Shinmoedake and 
started outflowing from the NW rim of the crater on March 
9. Lava effusion ceased around March 9, judging from the 
cessation of the growth of the lava flow and the termination 
of the rapid tilt change since March 6 (Yamada et al. 2019).

Phase 3 (from March 10 to June 27, the end of the erup-
tion) was characterized by intermittent Vulcanian explo-
sions. The interval between the Vulcanian explosions length-
ened over time. JMA reported 12 Vulcanian explosions 
(JMA criteria; the number is based on the event counting of 

ejected ballistics > 1 km from the crater, or eruption cloud 
rise > 3 km above the crater) between March 9 and 15, 
whereas only seven explosions were reported from March 16 
to June 27. The height of the eruption column also increased 
during this period. The Vulcanian explosions between March 
9 and 15 produced eruption columns up to 4.5 km above the 
crater. The explosion on April 5 occurred at the center of the 
lava flow, and the eruption column reached 8 km above the 
crater. Many ballistic blocks were dispersed within an area 
of 2 km from the summit during these explosions. Pyroclas-
tic density currents were observed on March 25 and April 5.

Sample collection and analytical methods

Eleven representative samples are selected for the compo-
nent analysis of the ash particles (Table 1, Fig. 2). Two, 
five, and four samples were selected from the products of 
Phase 1, Phase 2, and Phase 3, respectively. The samples 
were collected by researchers from the Geological Survey 
of Japan (GSJ) and JMA. Details of the sampling date and 
locations are shown in Table 1. For whole-rock chemical 

Fig. 2  Activity of the 2018 eruption of Shinmoedake volcano, Japan. 
Schematic eruption cloud icons indicate events of explosive erup-
tions, with sizes indicative of ash plume maximum heights above 
vent, which were measured via visual observation by the Japan Mete-
orological Agency (JMA). Filled box corresponds to the phase of lava 

supply. Filled triangles mark the events of explosive eruption with 
pyroclastic density currents (PDC). Check boxes and bars correspond 
to the sampling period of analyzed ash samples in Table 1. Activity 
information is based on the report by JMA

Table 1  Sampling list of the analyzed volcanic ash from the 2018 eruption of Shinmoedake volcano
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compositions, two gray pumice lapilli, two black pumice 
lapilli, and two black dense fragments of lapilli size were 
collected from the surface layer at the rim of the crater. 
Based on the wind direction and the dispersive area of ash 
from March 6 to March 7, the pumice lapilli and dense frag-
ments were inferred to be the juvenile products of the 2018 
eruptions.

To investigate the surface and internal textures of ash par-
ticles, ash samples (medium to fine-size) were washed in 
distilled water for a few minutes using an ultrasonic cleaner 
to remove adhering fine (silt-size) particles. After drying at 
100 °C, the particles were dry-sieved into several classes 
of grain size (63–125, 125–250, and 250–500 μm) using 
metal meshes.

Optical observation and component analysis of ash parti-
cles were conducted with all samples using an optical binoc-
ular microscope and optical digital microscopes (KEYENCE 
VHX-2000, GSJ; VHX-7000, Nuclear Regulation Author-
ity, Japan). We selected particles between 250 and 500 μm 
in diameter to maximize groundmass area for textural and 
chemical analyses. For samples with insufficient amounts of 
particles with sizes of 250–500 μm, particles with sizes of 
125–250 μm were used for observation instead. More than 
200 particles are used for componentry analysis (Table 1 
and Table S3).

To investigate the internal texture and chemical composi-
tion of ash, 25 particles each of March 3–4 (18-K6), March 7 
(18-K15), March 10 (18-K30), and April 5 (18-K54a) sam-
ples were embedded in epoxy resin and polished to expose 
their interiors. The internal micro-textures of the ash parti-
cles were observed via scanning electron microscopy (SEM) 
with a tungsten filament (JEOL JSM-6610LV, JSM-6480) 
and field emission scanning electron microscopy (FE-SEM; 
JEOL JXA-8530F Plus) at GSJ. The chemical compositions 
of the bulk groundmass (microlite + interstitial glass) and 
the interstitial glass of each ash particle are measured for 
5–7 representative particles of each ash samples via energy 
dispersive X-ray spectroscopy (EDS) using SEM (Table S2). 
The conditions for analysis were an acceleration voltage of 
15 kV, beam current of 1 nA, and a live counting time of 
50 s. Three to four areas of interstitial glass (~ 20–80 μm2) 
per particle were undertaken for the analysis of interstitial 
glass. For this area size, the amount of Na is underestimated 
by 10% (Geshi et al. 2017). Water concentrations in inter-
stitial glasses were determined using stoichiometric balance 
between the oxygen and cation elements (Geshi et al. 2017). 
Detailed method and data evaluation procedures are in Sup-
plementary Information 1. Groundmass crystallinities were 
calculated from the concentration difference of the  K2O 
component between the bulk groundmass and interstitial 
glass of each ash particle, assuming that  K2O is an incom-
patible component (Nakada and Motomura 1999, Wright 
et al. 2012).

To identify Fe-oxide mineral phases, Raman spec-
troscopy was utilized with a JASCO NRS-5500 at GSJ. 
Raman spectra were acquired using a 457 nm excitation 
laser, 1800 grooves/mm grating, and a ×100 objective. 
The laser power on the sample surface was measured to 
be 1.3 mW. Acquisition time was 60 s, and repetition was 
60 s and three times.

For comparison, whole-rock chemical compositions were 
acquired for pumice clasts and dense fragments. The chemi-
cal compositions were determined by wavelength-dispersive 
X-ray fluorescence spectrometry (XRF; PANalytical Axios 
Advanced) at GSJ. The sample preparation and analytical 
methods followed those of Geshi et al. (2020).

Results

Classification of ash particles

The collected ash samples consist of various types of rock 
fragment particles. We classified ash particles into four 
“juvenile” groups and three “non-juvenile” groups, based on 
the occurrence of secondary minerals, and on the texture and 
color of their groundmass (Fig. 3). Additionally, fragments 
of volcanic crystals were also found in all ash samples.

We regard the ash particles exhibiting a fresh appear-
ance with glossy surfaces as juvenile particles (Fig. 4). No 
secondary minerals were found in these ash particles. The 
juvenile ash particles are subdivided into A1, A2, B1, and 
B2 based on the vesicularity and color of their groundmass. 
The particles of Group A are characterized by their highly 
vesicular groundmass (Fig. 4a and b). Group B particles 
are characterized by their very low vesicular groundmass 
(Fig. 4c and d). The ash particles of A1 and B1 have a 
glassy groundmass consisting of transparent and colorless 
glass. The ash particles of A2 and B2 have a cryptocrystal-
line groundmass with black to dark brown color and low 
transparency.

Ash particles characterized by the presence of secondary 
minerals are classified as C1 and C2, based on the color of 
particles and the assemblage of secondary minerals (Fig. 5a 
and b). We regard these as “non-juvenile particles” derived 
from the wall of the conduit and vent.

Ash particles with less glossy surfaces, extremely low 
vesicularity, and variable microlite and nanolite crystallinity 
are classified as C3 (Fig. 5c). Although their appearances 
are similar to B2 under an optical microscope, they can 
be distinguished by their highly variable internal textures 
and relatively large (~ 70 to 470-nm wide) sub-micrometer 
crystals in the interstices of microlites. We regard C3 ash 
as “non-juvenile particles” that are likely derived from the 
juvenile materials of past eruptions.

Bulletin of Volcanology(2021) 83: 3131 Page 4 of 14



1 3

Chemical composition of groundmass glass

Groundmass glass (i.e., matrix glass between microlites) 
compositions between Group A and Group B differ mark-
edly. Group A have  SiO2 contents ranging from 65.7–70.6 
wt%, whereas Group B contains higher  SiO2 contents 
with 72.2–80.0 wt%, independent of the date of eruption 
(Fig. 6; Table S2). Water contents of groundmass glass 
(including nanolites when present) are estimated to be < 
0.4 and < 1.1 wt% for Group A and Group B, respectively 
(Table S2).

Microtexture of juvenile ash particles

Here, we describe the groundmass texture of the juvenile 
particles. Although the juvenile ash particles are subdivided 
into A1, A2, B1, and B2 based on their vesicularity and pres-
ence/absence of nanolites, they exhibit similar petrological 
characteristics. They contain plagioclase, orthopyroxene, 
clinopyroxene, and magnetite crystals as microlites. We 
regard crystals larger than 1 μm and smaller than ~ 100 μm 
as microlites. The groundmass consists of microlite crystals 
and interstitial glass. Some interstitial “glass” patches are 

Fig. 3  Flowchart of ash particle 
type identification from the 
2018 eruption of Shinmoedake
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cryptocrystalline owing to the presence of nanolites that are 
less than 1 μm in diameter.

A1 particles are characterized by high vesicularity and 
transparent to translucent interstitial glass that is colorless 
(Fig.  4a). Orthopyroxene microlites commonly display 
reverse-compositional zoning rims of 3–4 μm in width. 
The microlite crystallinities vary from 29.1 to 31.9 wt% 
(hereafter, representing the average of each particle). The 
interstitial glass shows homogeneous backscattered electron 
(BSE) images, and no nanolites are detected via high magni-
fication (up to × 20000) observations made using FE-SEM 
(Fig. 4e). The representative  SiO2 content of interstitial glass 
is 68.5–70.0 wt% (Fig. 6).

A2 particles are characterized by translucent to opaque, 
dark-colored groundmass glass (Fig. 4b). The vesicularity 
of the groundmass glass is similar to that of the A1 par-
ticles. Nanolite crystals less than 30–50 nm in width are 
commonly found in the interstitial glass, although the inter-
stitial glass is apparently uniform under the observation of 
low-magnification BSE images (Fig. 4f). The color of the 
groundmass gradually varies from colorless (A1) to black 
(A2), which may reflect the degree of nanolite crystallinity 
because visible light is scattered by crystals smaller than 
its wavelength (~ 400–780 nm). Orthopyroxene microlites 
commonly display reverse zoning rims of 3–4 μm in width. 

The volume fractions of the microlites are between 18.2 and 
37.4 wt%, and chemical composition of interstitial glass is 
between 65.7 and 70.6 wt% of  SiO2 (Fig. 6; intercrystalline 
glass including nanolites), which are similar to those of the 
A1 particles.

B1 particles are characterized by poor vesicularity and 
colorless to pale-colored groundmasses (Fig. 4c). Some 
orthopyroxene microlite crystals show reverse-composi-
tional zoning on their outer 3–4-μm wide rims, which also 
often display thin (< 2 μm) Ca-rich domains on their rims 
that appear to be pigeonite based on the EDS analysis. The 
average crystallinities of these particles range from 36.0 
to 56.5 wt%. The interstitial glass is homogeneous in BSE 
images, and no nanolites are indicated under the high magni-
fication (up to × 20000) observations via FE-SEM (Fig. 4g). 
The  SiO2 contents of the groundmass interstitial glass range 
from 73.5 to 80.0 wt% (Fig. 6).

B2 particles are characterized by poor vesicularity, 
opaque, and black to dark gray-colored groundmasses 
(Fig. 4d). Nanolites ranging from ~ 30 to 140 nm in size are 
present in the interstitial glass (Fig. 4h), which presumably 
cause the opaque color. They do not form an interface with 
microlites but tend to be distributed between plagioclase 
microlites, rather than pyroxenes and magnetite. The aver-
age microlite crystallinities (excluding nanolites) range from 

Fig. 4  Types of juvenile parti-
cles identified in this study. (a–
d) Optical microscope images 
of the representative particles 
(left column) and internal 
texture (right column). (e–h) 
Back scattered electron (BSE) 
images of particles indicated in 
the right column of (a–d). No 
nanolite crystals are observed 
in the interstitial melt of A1 and 
B1 particles (right column in e 
and g), while they are detected 
in A2 and B2 particles (right 
column in g and h). Widths of 
nanolite crystals are written in 
(f) and (h)
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24.1 to 45.9 wt% for B2 particles. The  SiO2 content of the 
groundmass interstitial melt (including nanolites) in typical 
particles ranges from 70.5 to 77.4 wt% (Fig. 6).

Microtexture of non‑juvenile particles

Non-juvenile particles (C1–C3) contain different types of 
secondary minerals (Fig. 5). The C1 particles are character-
ized by the presence of white opaque mineral particles and 
yellowish metallic particles, even though the C1 particles 
preserve their original volcanic rock textures (Fig. 5a). The 
secondary minerals found in C1 particles are silica minerals 
and pyrite, based on EDS analysis. C1 particles are charac-
terized by sub-angular to rounded shapes (Fig. 5a), with sev-
eral brittle cracks truncating both crystals and groundmass 
glass. Some brittle cracks are filled with secondary miner-
als. The groundmass of the original volcanic rocks contains 
microlite crystals of plagioclase, pyroxene, and Fe-Ti oxides.

C2 particles are distinguished as fine red mineral grains 
that can be observed under an optical microscope (Fig. 5b). 
Ash particles that exhibited a red color in some parts of 

the particle are classified as C2, regardless of the color or 
texture of the other parts (Fig. 5b). Most of the host parti-
cles were dense and bubble-bearing black particles. In some 
particles, both orthopyroxene and clinopyroxene microlite 
crystals exhibit breakdown textures of bright lamellae under 
BSE images (Fig. 5f). The crystal margins of pyroxenes with 
breakdown exhibited a red color under an optical micro-
scope. They have small bright crystals on their rim, which 
are sometimes accompanied by bright whiskers. Although 
the bright crystals are difficult to analyze via SEM-EDS due 
to their size, the possible presence of Fe oxide is indicated 
via Raman spectroscopy (Fig. 5f). The Raman bands at ~ 
220, ~ 290, ~ 400, and 1300  cm−1 indicate that the bright 
whiskers are hematite. As the stability limit of hematite 
exhibits a ~ 4-log units higher fO2 than that of typical arc-
related andesitic magmas (Matsumoto and Nakamura 2017), 
the presence of hematite is indicative of the oxidation of ash 
particles by air.

C3 particles, with their dense groundmass, opaqueness, 
and black to dark gray color, are similar in appearance to B2 
particles; however, they can be distinguished by the presence 

Fig. 5  Typical non-juvenile par-
ticles observed in this study. (a–
c) Optical microscope images 
of representative particles (left 
column) and internal texture 
(right column). (d, e, g) Back 
scattered electron (BSE) images 
of particles in right column of 
(a–c). Widths of nanolite crys-
tals are written in (g). (f) Raman 
spectrum acquired on a spot 
in a typical accessory particle 
which exhibited red color under 
optical microscope. The Raman 
bands represent hematite. Bright 
whiskers (white arrow) on 
pyroxene microlite are observed 
in the analyzed spot

Bulletin of Volcanology(2021) 83: 31 Page 7 of 14 31



1 3

of larger nanolites (~ 70–470 nm in width) in the groundmass 
(Fig. 5c and g). The particles commonly comprise plagio-
clase, orthopyroxene, clinopyroxene, and magnetite as micro-
lite crystals, but the shapes and abundances of orthopyrox-
ene and clinopyroxene microlites are highly variable among 
particles. Moreover, brittle cracks passing through microlite 
crystals and groundmass glass were commonly observed.

Temporal change of ash components

Figure 7 shows the temporal changes in the abundance of 
each type of ash particle during the 2018 eruption. Note that 
the following analysis excludes fragments of crystals that 
occupy ~ 15–25 vol.% of each sample.

The volcanic ash samples for Phase 1 mainly comprised 
B2, C1, and C3 particles. C1 particles included approxi-
mately half of the ash particles in Phase 1. Vesicular particles 
(A1 and A2) and particles with transparent interstitial glass 
(A1 and B1) were rarely found in the volcanic ash of Phase 1.

The volcanic ash samples collected for Phase 2 were char-
acterized by the presence of vesicular juvenile particles (A1 
and A2). At the beginning of Phase 2 (18-K11; March 5–6), 

poorly vesiculated particles (B1 and B2) occupied more than 
70% of the samples. The component proportions of vesicular 
particles (Group A) increase from 2.3% for March 5–6 (18-
K11) to reach their maximum at 79.2% on March 7 (18-K15) 
and decreased to 9.2% from the evening of March 7–March 
8 (18-K19). Correspondingly, the proportions of poorly 
vesiculated particles (Group B) that erupted during Phase 
2 varied relative to the abundances of Group A particles. 
Populations of white-to-gray particles (C1) are notably low 
compared with the samples for Phase 1.

The ash samples for Phase 3 were predominantly com-
prised of poorly vesiculated particles (Group B) and red-
colored particles (C2). Dense gray-to-black particles with 
sub-micron crystals (C3) were also observed in the ash 
erupted on March 15–21 and April 5.

Discussion

Crystallization variation of juvenile particles

Variations in the microtextural features and chemical com-
positions of groundmass glass among the juvenile particles 

Fig. 6  SiO2 variation diagrams of groundmass interstitial glass of 
juvenile particles (i.e., the groundmass excluding phenocrysts and 
microlites but may include nanolites) from the 2018 eruption of Shin-
moedake. Whole rock compositions of the 2018 erupted materials are 
also indicated. Juvenile particles are divided into less silicic  (SiO2 = 

65.7–70.5 wt%) and more silicic (72.2–80.0 wt%) groups. Vesicular 
particles (A1 and A2) and poorly vesicular particles (B1 and B2) cor-
respond to less silicic and more silicic groups, respectively, which 
are independent of eruption date. Note that the concentration of Na is 
probably underestimated (Supplementary Information 1)
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of the 2018 eruption reflect a two-step crystallization pro-
cess during magma ascent in the conduit.

The first step formed the difference between Group A and 
Group B by the crystallization of microlites in the ground-
mass. Group A (vesicular) is distinguishable from Group 
B (poorly vesiculated) by their lower microlite crystallinity 
(Group A and Group B exhibit up to 37.4 wt% and 56.5 wt%, 
respectively), and also by the lower  SiO2 contents of their 
interstitial glasses (Fig. 6). The chemical compositions of 
interstitial glass in Group B particles can be formed from 
Group A glass via fractional crystallization (i.e., microlite 
growth). These textural and chemical differences indicate 
that outgassing and crystallization of the melt in the conduit 
formed Group B particles from the magma that produced 
Group A particles. The particles of Group A were derived 
from a less differentiated magma source that was not signifi-
cantly affected by the crystallization of microlites.

The A2 and B2 particles are distinguishable from the A1 
and B1 particles by the presence of nanolites in their intersti-
tial glasses (Fig. 4). No clear differences in vesicularity and 
microlite abundance were found between the A1 and A2 and 
the B1 and B2 particles. This suggests that A2 and B2 parti-
cles were formed from the magma of the A1 and B1 groups 
by the process of nanolite crystallization (the second step).

Two‑step crystallization timings

The textural variations among the juvenile particles can be 
explained by the differences in undercooling paths. Under-
cooling (ΔT), where ΔT is the difference between the liqui-
dus temperature and magma/melt temperature  (Tliq-Tm), is 
imposed by the cooling of the melt or an increase in liquidus 
temperatures. For ascending magmas, an increase of the liq-
uidus temperature due to decompression-induced dehydra-
tion of the melt is more likely than cooling since degassing 

during ascent is common and the magmas may be nearly 
isothermal (Hammer and Rutherford 2002).

Figure 8 shows the relationship between the solubility 
curve of water in the silicate melt and the change in water 
content in the silicate melt during decompression. Assum-
ing that a magma (i.e., silicate melt containing phenocrysts) 
starts to ascend with a certain content of water, the water 
content of the melt (i.e., liquid magma without phenocrysts) 
exceeds the saturated water content at P1 as the pressure 
decreases. The supersaturated melt maintains its water con-
tent under metastable conditions until dehydration of the 
melt occurs (P2). When the dehydration starts at pressure 
P2, the water content in the melt decreases and the liqui-
dus temperature  (Tliq) of the crystals increases accordingly. 
The rise of the liquidus temperature due to decompression-
dehydration produces a rapid increase of “effective under-
cooling (ΔT)”. Depending on the undercooling of silicate 
melt, either nucleation or crystal growth can control the rate 
of bulk phase transformation from liquid to solid (Hammer 
and Rutherford 2002). Nucleation rate peaks at higher ΔT 
values, as a high-energy barrier is required for nucleation 
due to the surface free energy.

In the first step, such an increase in ΔT due to decompres-
sion results in the nucleation of microlites (P3). The dehy-
dration of the melt continues until its water content reaches 
the solubility curve at that pressure. Experimentally, the rate 
of crystal nucleation peaks under the influence of increased 
undercooling as compared to the rate of crystal growth under 
conditions where a rapid decompression from liquidus condi-
tions to a final pressure is imposed (Cashman 2020). There-
fore, near the equilibrium water content, the nucleation rate 
of the microlites decreases, and the growth of microlites 
becomes dominant; this is because the increasing rate of ΔT 
starts decreasing when approaching the equilibrium water 
content. The higher microlite crystallinity and  SiO2 contents 

Fig. 7  Time-sequenced 
component proportions of ash 
particles collected during the 
2018 eruption of Shinmoedake. 
Number of analyzed particles 
and the grain sizes are indicated 
on the right side. Note that the 
grain sizes used are not all in 
the same range
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of interstitial glass in Group B particles than those in Group 
A particles indicate a longer duration for microlite crystal-
lization of the former and correspondingly imply a slower 
decompression rate. The maximum water contents in the 
interstitial glasses of Group A and B particles (< 1.1 wt%; 
Table S2) indicate the equilibrium water pressure is less than 
10 MPa, based on the solubility model of Liu et al. (2005) 
with the assumption that the temperature range is the same as 
the 2011 Shinmoedake magma (900–1000 °C; Tomiya et al. 
2013). Assuming the density of Group B magma was 2500 
kg/m3, the estimated pressures correspond to the magmastatic 
pressure at < 408-m depth. This implies that microlite crys-
tallization continued from deep part of the conduit to several 
hundreds of meters from the Earth’s surface.

The second step of crystallization occurred for both 
Group A and Group B. The discontinuous crystal size 
distribution from microlites to nanolites is attributed to 
the drastic increase in ΔT. The processes that drive the 
increase in ΔT, such as sudden decompression, rapid cool-
ing, and rise of oxygen fugacity, are thought to be trig-
gered by magma fragmentation in the conduit. Though 
all these conditions have the potential to affect the crys-
tallization of nanolites, they are difficult to discriminate 
since crystals are texturally and compositionally similar 
for the crystallization mechanisms of both decompression 

and cooling (Shea and Hammer 2013). In the case of Shin-
moedake, we conclude that decompression-induced dehy-
dration after fragmentation mainly affected the nucleation 
of nanolites, because the rate of liquidus temperature rise 
is much larger below ~ 50 MPa than above that pressure 
(Hammer and Rutherford 2002). When the sudden drop of 
pressure occurs due to fragmentation, the melt becomes 
supersaturated with water  (P4A and  P4B), and dehydration 
of the melt occurs again  (P5A and  P5B), the liquidus tem-
perature  (Tliq) of the crystals increases, and nucleation of 
nanolites occurs in the same way  (P6A and  P6B). On the 
other hand, if the melt does not dehydrate efficiently and 
maintains its water content until quenching, nucleation of 
nanolites does not occur. This difference in the degree of 
dehydration produces nanolite-free A1 and B1 particles 
and nanolite-bearing A2 and B2 particles. As noted above, 
cooling and oxidation of melt could also yield ΔT to crys-
tallize nanolites in addition to dehydration (Mujin et al. 
2017; Mujin and Nakamura 2020). Therefore, the forma-
tion of nanolites can reflect the processes that occurred 
after fragmentation.

Fig. 8  Schematic illustration showing the timings of saturation of 
water and nucleation of crystals for magma that formed juvenile par-
ticles. Left graphs in (a) and (b) show evolution of water content in 
magma during decompression ascent (colored lines), and solubility of 
water in silicate melt (dashed lines). Right graphs in (a) and (b) show 
the evolution of liquidus temperature of crystals  (Tliq) depending 
on the degree of dehydration when the  Tliq at P = P1 is set to zero. 

Blank squares, blank circles and filled circles correspond to the point 
of saturation of water, dehydration of melt and nucleation of crystals, 
respectively. Dotted arrows show the duration of melt dehydration. 
A1, A2, B1, and B2 indicate juvenile ash particles produced through 
each path of decompression. In the graph (c), capital “N” and “M” 
indicate the starting point for nucleation of nanolites and microlites, 
respectively
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Correlation with volcanic activities

Temporal changes to the componentry of the ash samples 
may be explained by the following magma ascent and degas-
sing processes during the three phases of the 2018 eruption 
of Shinmoedake (Fig. 9).

The high abundance of potential non-juvenile particles 
(C1 and C3) in the volcanic ash of Phase 1 indicates that 
mechanical erosion of the conduit wall was the dominant 
process of ash production during the beginning phase of the 
2018 eruption. Most of these dense and crystalline particles 
may have been derived from the lava of the 2011 eruption 
as the eruption vent of the 2018 eruption opened through 
the 2011 lava that filled the summit crater. The fragments 
derived from the hydrothermal part of the lava formed C1 
particles, while the fragments from the non-hydrothermally 
altered part of the lava formed C3 particles. Poorly vesic-
ulated fresh juvenile fragments (B2) are interpreted to be 
derived from the ascending magma head.

The vesicular juvenile particles (A1 and A2) in the 
products of Phase 2 indicate the start of the eruption of 
bubble-bearing magma. Vigorous ash emission continued 

simultaneously during lava flow extrusion indicating that 
their origin must be new magma. Tilt change and seismic 
signals during this phase also support the extrusion of new 
magma (Yamada et al. 2019). The rapid ascent of the magma 
resulted in the saturation of water without outgassing, lead-
ing to fragmentation by bubble rupturing at a deeper level 
 (P4A) and forming vesicular juvenile particles (Group A). 
The co-existence of vesicular particles (Group A) and poorly 
vesiculated particles (Group B) in the ash during this phase 
shows that a part of the magma erupted without outgassing, 
whereas the other part erupted after outgassing during the 
conduit ascent toward the near-surface level. The simultane-
ous eruption of the different types of magma is supported by 
the surface observation that a continuous ash-laden plume 
occurred together with effusion of lava from the same vent 
during this phase. As Group A and Group B particles have 
been produced by decompression crystallization, co-exist-
ence of the different decompression paths could be produced 
by the spatial variation in the speed of ascending magma in 
the conduit. Continuous ejection of bubble-bearing magma 
(Group A) could have entrained a part of the outgassed 
magma (Group B) in the shallow part of the conduit, thereby 

Fig. 9  Schematic illustration showing eruptive processes of the 2018 
eruption of Shinmoedake. Phase 1: Non-juvenile particles were 
sourced from the 2011 lava (C3) and hydrothermal part of the lava 
(C1), indicating that mechanical erosion of conduit wall was the dom-
inant process of ash production. Phase 2: Bubble-rich magma rapidly 
ascended from magma chamber to produce vesicular particles (A1 
and A2), while degassed magma ascended more slowly with contem-
poraneous microlite crystallization and produced poorly-vesiculated 
particles (B1 and B2). Depending on the dehydration of silicate melt 

during ejection, nucleation of nanolites was enhanced to form black 
groundmass (A2 and B2). Phase 3: After the cessation of lava sup-
ply, dehydration and crystallization of magma progressed in the stag-
nant lava. Hematite crystals were formed on parts of the lava at the 
Earth’s surface. Vulcanian explosions fragmented and ejected this 
stagnant lava to form C2 particles, and produced B1 and B2 particles 
depending on the dehydration at the time of explosion and subsequent 
quenching
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forming the B1 particles. The rest of the outgassed magma 
reached the Earth’s surface to form lava flow.

The groundmass colors of Group A and Group B particles 
of Phase 2 vary from colorless (A1 and B1) to black (A2 
and B2) due to nanolite crystallinity, thereby indicating the 
variable dehydration paths of the melt at the time of ejection. 
Nanolite-free particles (A1 and B1) in the products of Phase 
2 indicate the rapid decompression and immediate quench-
ing of magma fragments without effective dehydration, 
whereas nanolite-bearing particles (A2 and B2) experienced 
sufficient dehydration after fragmentation. These conditions 
were probably attained during the continuous and vigorous 
ejection of ash observed in Phase 2.

The increase in the abundance of poorly vesiculated juve-
nile particles (B1 and B2) from Phase 2 to Phase 3 indicates 
that the ash particles in Phase 3 were mainly derived from 
the slowly ascending outgassed magma (Group B). The 
complementary decrease of juvenile particles (A1 and A2) 
was due to the cessation of the extrusion of the volatile-rich 
magma from the deeper part of the conduit. The cessation of 
lava flow growth supports the cessation of any new magma 
supply. After the cessation, stagnation of magma in the shal-
low conduit enhanced degassing and crystallization of micr-
olites. Subsequently, the outgassed and crystalized magma 
was fragmented by Vulcanian explosions in Phase 3 to form 
poorly vesiculated and microlite-rich particles (Group B). 
Crystallization of nanolites occurred in some parts to form 
B2 particles due to dehydration after fragmentation at the 
Vulcanian explosions.

The presence of partly oxidized particles (C2) for the 
Phase 3 ash samples supports the suggestion of magma stag-
nation at shallow depths. The particles were not contained 
in the ash samples before Phase 3, indicating that they were 
produced after the lava emplacement. A maximum of 4 days 
had passed from the first observation of lava flow activity 
(March 6) to the first incidence of C2 particles in an ash 
sample (March 10), which represented a sufficient period 
for the formation of hematite (> 10 h, at air and at 900 °C) 
(Moriizumi et al. 2009). Therefore, the ash particles of Phase 
3 mainly originated from the disruption of the high-temper-
ature lava that erupted after March 6.

Comparison with other cases

Previous studies showed that variation of ash microtex-
tures reflect shallow level processes from the conduit to the 
Earth’s surface and correlate with the diversities of observed 
eruption activity (e.g., Wright et al. 2012; Cassidy et al. 
2015; Preece et al. 2013). Wright et al. (2012) demonstrated 
for ash samples from Vulcanian, Strombolian, and violent 
Strombolian eruptions of Tungurahua volcano’s 1999–2006 
eruption that the microlite crystallinity was controlled by 
the magma supply rate. The component proportions of ash 

particles classified by the crystallinity varied in each sample, 
suggesting that they may reflect the spatial variation of the 
ascent speed in the conduit, which is similar to the 2018 
Shinmoedake samples. The variation in speed in a conduit 
is also reported for small Vulcanian eruptions at Volcán de 
Colima (Cassidy et al. 2015) and the dome-forming erup-
tion of Merapi in 2006 (Preece et al. 2013). These studies 
indicate that microlite textures are good tracers for the ascent 
processes of magmas, which rise at variable rates and some-
times stop. Moreover, nanolites can give further constraints 
on the mechanisms of eruption styles. Mujin and Nakamura 
(2014) suggested that nanolite mineral assemblages can be 
attributed mainly to the differences in residence time, cool-
ing, and oxidation near the surface, based on the crystal-
lization sequence of groundmass minerals of sub-Plinian 
and Vulcanian products of the 2011 Shinmoedake eruption. 
Since the presence of nanolites affect to the color of erupted 
materials, by experimentally determining the crystallization 
conditions of nanolites, colors of erupted materials can be 
utilized for the evaluation of physicochemical conditions of 
the magma at near-surface depths. Therefore, the microtex-
tures and componentry of ash are a promising tool for moni-
toring the temporal change of magma ascent processes and 
eruption styles at active volcanoes.

Conclusions

The ash components and the microtextural features from 
the 2018 eruption of Shinmoedake clearly demonstrate the 
temporally and spatially complex ascending paths of erup-
tive andesitic magma, which caused the diverse eruption 
behavior observed on the surface.

Four types of juvenile ash particles found in the products 
of the 2018 eruption of Shinmoedake indicate a two-step 
crystallization process, which is controlled by the decom-
pression, vesiculation, and fragmentation of magma during 
ascent through the conduit. The nucleation and growth of 
microlites in the melt were promoted by the decompres-
sion-induced dehydration of the melt in the deeper part of 
the volcanic conduit. The abundance of microlites in the 
groundmass represents the duration from dehydration to 
magma fragmentation. The second step formed nanolites in 
the shallow conduit region by rapid decompression, cooling, 
and oxidation after fragmentation.

Temporal changes in the composition of volcanic ash par-
ticles with the progress of the eruptive activity of Shinmoe-
dake in 2018 demonstrated the change in magma ascending 
pattern during the eruption. The dominance of non-juvenile 
particles (C1 and C3) in Phase 1 indicates the vent opening 
process due to the erosion of the conduit wall that presum-
ably comprised lava of the 2011 eruption. The simultane-
ous effusion of lava and continuous ash venting observed in 
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Phase 2 was driven by the continuous ascending of magmas 
with different decompression paths in the conduit, as sug-
gested by the highly vesicular and microlite-poor juvenile 
particles (A1 and A2) that accompany the microlite-rich 
poorly vesiculated particles (B1 and B2) in Phase 2. Vul-
canian explosions in Phase 3 ejected the fragments of the 
2018 lava that were plugging the vent. The dominance of 
B1 and B2 particles suggests the slow ascent of magma with 
degassing and microlite crystallization during Phase 3. The 
presence of partly oxidized particles (C2) also supports the 
ejection of stagnant lava near the surface.

The study of the 2018 Shinmoedake eruption proves that 
the microtextures of ash components and their temporal vari-
ations are good tracers for the change in magma ascending 
patterns that control eruption styles. The combination of 
these analyses is a good tool for reconstructing, monitoring, 
and predicting past and ongoing eruptive activities.
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