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Abstract
The morphologies and size distributions of groundmass crystals record conditions of magma ascent 

through volcanic conduits. However, morphological information (such as crystal shapes) has not been 
incorporated into crystal size distributions (CSDs). Here, we focused on the crystal habit, especially 
the shape variation due to the combination of (hk0) faces (hereafter “tracht”) of pyroxene microlites 
and nano-crystals, and measured CSDs for each crystal habit (tracht) to more comprehensively char-
acterize the crystallization kinetics. We refer to the CSDs measured for each tracht as “tracht-specific 
CSDs.” Pyroclasts from the 2011 eruption of Shinmoedake (Kirishima volcano group, Japan) were 
examined by field-emission scanning electron microscopy, electron backscatter diffraction analysis, 
synchrotron radiation X-ray computed nanotomography, and transmission electron microscopy. The 
samples contain groundmass pyroxenes of two main trachts: octagonal prisms consisting of {100}, 
{010}, and {110} faces and hexagonal prism lacking {100} faces. The pumice clasts formed by 
different eruption styles showed different trends of tracht-specific CSDs. Sub-Plinian pumice clasts 
were characterized by octagonal microlites (1–10 μm wide) and numerous hexagonal nano-crystals 
(0.2–2 μm wide), and a Vulcanian pumice clast with the same glass composition showed the same 
characteristics. In contrast, Vulcanian pumice clasts with more evolved glass compositions contained 
mostly octagonal pyroxenes. The tracht-specific CSDs and growth zonations indicate a change from 
octagon-dominant to hexagon-dominant growth conditions during syneruptive ascent. We infer that the 
hexagonal tracht resulted from a large degree of effective undercooling due to rapid decompression in 
the shallow conduit. Moreover, the texture of the less-evolved Vulcanian pumice indicates that a portion 
of the magma erupted on the Vulcanian eruption followed almost the same ascent paths just prior to 
the fragmentation as those during the sub-Plinian eruptions, and thus the Vulcanian eruption may have 
involved the rapid ascent of deeper magma. We propose that tracht analyses of groundmass pyroxenes 
provide detailed information about time-evolution of magma conditions during syneruptive ascent.
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Introduction
Degassing mechanisms within volcanic conduits involve 

interrelated magmatic properties and processes, and affect both 
the eruptive style and evolution of volcanoes (Cassidy et al. 
2018). One of the most important parameters affecting the vari-
ous magmatic feedbacks is magma ascent rate. The evolution of 
ascent rate in conduits is related to syneruptive processes such 
as volatile exsolution, crystallization, and rheological evolution 
of magmas (e.g., Gonnermann and Manga 2007; Cassidy et al. 
2018; La Spina et al. 2016, 2021) and thus is important for elu-
cidating the depths where transitions in eruptive style originate 
and the mechanisms of those transitions. Magma ascent paths 
are preserved in the properties of groundmass crystals, such as 
their number densities and morphologies (e.g., equant, tabular, 
acicular, euhedral, swallowtail, and dendritic).

Groundmass crystallization kinetics (i.e., nucleation and 
growth) have been investigated both experimentally and in 
natural samples (e.g., Cashman 1992; Hammer and Rutherford 
2002; Couch et al. 2003; Brugger and Hammer 2010a). Recent 
studies have focused on constraining nucleation and growth rates 
(Shea and Hammer 2013; Arzilli et al. 2015, 2016a; Giuliani et 
al. 2020), nucleation events through time (Arzilli and Carroll 
2013; Polacci et al. 2018; Le Gall et al. 2021; Arzilli et al. 2022), 
nucleation delay (Arzilli et al. 2020; First et al. 2020; Rusiecka 
et al. 2020; Rusiecka and Martel 2022), and crystal growth in 
real time (Polacci et al. 2018; Arzilli et al. 2019, 2022; Le Gall et 
al. 2021). These contributions have deepened our understanding 
of the crystallization kinetics under disequilibrium conditions.

The kinetics of disequilibrium crystallization results in vari-
ous crystal textures. Crystal habits are controlled by the degree 
of effective undercooling (ΔTeff) imposed from cooling and 
decompression-induced dehydration, and are thus important 
clues to investigate magma ascent and/or solidification histories 
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via the extent of ΔTeff (e.g., Lofgren 1974, 1980; Donaldson 
1976; Hammer and Rutherford 2002; Couch et al. 2003; Castro 
and Dingwell 2009; Shea and Hammer 2013; Waters et al. 2015; 
Giuliani et al. 2020; Arzilli et al. 2022). Moreover, crystal habits 
have a strong influence on magma rheology and dynamics (e.g., 
Mueller et al. 2010; Mader et al. 2013; Le Gall et al. 2021; 
Arzilli et al. 2022). On the other hand, crystal number densities 
are also used to estimate ascent conditions, such as crystal-size 
distributions (CSDs; Marsh 1998) and the water exsolution rate 
meter (Toramaru et al. 2008). In particular, the slopes of CSDs 
obtained from pyroclasts reflect temporal changes in the balance 
between nucleation and growth during magmatic processes (e.g., 
Cashman and Marsh 1988; Marsh 1998; Armienti 2008; Mujin 
et al. 2017; Okumura et al. 2022a).

In this study, we introduce a concept of “tracht.” In contrast to 
the term “crystal habit,” “tracht” is a German term referring to the 
variation of crystal shapes due to the combination and degree of 
development of faces (Sunagawa 2005). Although “crystal habit” 
refers to the shape differences including “tracht,” this English 
term is generally used to specify shapes in a broader sense (cf. 
Franke 1989; Fig. 2.15a of Schupsky 2020). For instance, a 
hexagonal prism is distinguished from an octagonal prism under 
the concept of “tracht,” whereas the concept of “crystal habit” 
generally does not distinguish between these shapes and treats 
them as a prismatic and/or euhedral shape. Since the former 
concept (i.e., tracht) is not defined in English (Sunagawa 2005; 
Schupsky 2020), we hereafter use the term “tracht” in this study.

In single-step decompression experiments on hydrous 
dacite magma, Okumura et al. (2022b) showed that the tracht 
of groundmass pyroxenes changes from octagonal to hexagonal 
as ΔTeff increases. Since these trachts are easily classified under 
2D observation, CSDs can be measured for each shape. In this 
study, we report the CSDs of groundmass pyroxenes measured 
for each tracht (i.e., octagonal, heptagonal, and hexagonal; here-
after “tracht-specific CSDs”). Although there are many studies 
that have focused on crystal shapes, such as crystal habits and 
interface-controlled vs. diffusion-controlled growth textures 
(e.g., Lofgren 1974; Donaldson 1976; Lofgren 1980; Hammer 
and Rutherford 2002; Shea and Hammer 2013; Giuliani et al. 
2020; Arzilli et al. 2022), this study differs from the previous 
attempts in that it involves plane indices as crystallographic 
properties. The tracht-specific CSDs will push past the limits of 
the conventional CSD analyses by relating the growth texture to 
the temporal evolution of nucleation during syneruptive magma 
ascent, as described below.

The rates of crystal nucleation and growth generally escalate 
as the extents of decompression and resultant ΔTeff increase; the 
former tends to show a greater escalation than the latter (e.g., Ham-
mer and Rutherford 2002; Couch et al. 2003; Brugger and Hammer 
2010a; Mollard et al. 2012; Shea and Hammer 2013; Arzilli et al. 
2016a; Mollo and Hammer 2017). In a closed magmatic system 
with variable rates of nucleation and growth, CSD slopes are 
considered to reflect the significant increase in nucleation rate 
during magma ascent (Marsh 1998). On the other hand, the large 
variations in syneruptive crystal growth rates (e.g., Couch et al. 
2003; Brugger and Hammer 2010b; Befus and Andrews 2018) 
also can affect the resultant CSD and render its interpretation 
difficult. For example, Okumura et al. (2022a) showed that slow 

crystallization (both nucleation and growth) can result in a CSD 
slope similar to that of rapid crystallization by using the formulas 
of Marsh (1998). As a measure against this, a new expression of 
CSDs proposed by Okumura et al. (2022a) reduces the effects of 
variable growth rates by adopting 3D short-axis length instead of 
3D long-axis length as crystal size. This is because rock-forming 
minerals tend to elongate with increasing ΔTeff (e.g., Kouchi et al. 
1983; Hammer and Rutherford 2002; Shea and Hammer 2013; 
Arzilli et al. 2022), and thus the growth rates along the long- and 
short-axes are probably the most and least susceptible to ΔTeff, 
respectively. The slopes of the CSDs plotted against 3D short-axis 
length are controlled more strongly by nucleation rate, enabling us 
to investigate temporal changes in nucleation rate more reliably 
(Okumura et al. 2022a).

In contrast, it is still difficult to determine changes of growth 
rate during syneruptive ascent from the CSDs of pyroclasts, 
because magmas experience a wide range of ΔTeff and thus the 
significant changes in nucleation rate during the ascent, as indi-
cated by continuous decompression experiments (e.g., Brugger 
and Hammer 2010a; Mollard et al. 2012; Befus and Andrews 
2018). In such a situation, it is not possible to circumvent the 
overwhelming effect of the variable nucleation rate on the CSD 
slopes (cf. Marsh 1998), which in turn prevents the extraction of 
the variation in growth rate from the slopes unless parameterization 
analyses (Armienti 2008) are performed successfully. Since the 
crystal textures including CSDs and crystal habits (and probably 
trachts) are controlled by the interplay between nucleation and 
growth depending on ΔTeff (e.g., Hammer and Rutherford 2002; 
Couch et al. 2003; Hammer 2008; Mollard et al. 2012; Shea and 
Hammer 2013; Mollo and Hammer 2017; Mangler et al. 2022), 
the temporal change of nucleation should be examined in relation 
to growth so as to decipher syneruptive crystallization kinetics.

Although the conventional CSD analyses are not suitable to 
investigate the temporal change of nucleation in synchronization 
with that of growth as mentioned above, this investigation can 
be possible if growth textures are incorporated into CSDs as the 
indicator of growth conditions such as growth rate and ΔTeff. In 
this context, the tracht-specific CSDs are expected to provide a 
comprehensive view of crystallization kinetics and reveal more de-
tails about temporal changes of ΔTeff and magma ascent dynamics.

To investigate whether the tracht-specific CSDs record syn-
eruptive magma paths, we analyzed groundmass pyroxene crystals 
in pyroclasts from the 2011 eruption of Shinmoedake (Kirishima 
volcano group, Japan). The 2011 eruption of Shinmoedake in-
cluded sub-Plinian eruptions and subsequent Vulcanian eruptions. 
The different magma ascent conditions in the shallow conduit 
during eruptions of these two styles have been investigated using 
groundmass plagioclase CSDs measured from scanning electron 
microscope (SEM) images (Mujin and Nakamura 2014; Mujin et 
al. 2017; Suzuki et al. 2018). In addition, Okumura et al. (2022a) 
directly acquired 3D CSDs of groundmass pyroxenes by X-ray 
computed tomography and demonstrated that nucleation kinetics 
of pyroxenes also differed between the two styles. Therefore, the 
tracht-specific CSDs of groundmass pyroxenes in pumices from 
sub-Plinian and Vulcanian eruptions of the 2011 Shinmoedake 
eruption should exhibit different trends.

In addition to their tracht-specific CSDs, the internal textures 
of groundmass pyroxene crystals record magmatic conditions as 
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compositional zoning (e.g., Ubide and Kamber 2018; Masotta 
et al. 2020). Therefore, we observed the textures within indi-
vidual crystals to corroborate the magma ascent paths inferred 
from the CSDs. Based on the inferred crystallization kinetics of 
groundmass pyroxenes, we aim to better understand the conduit 
processes during the 2011 Shinmoedake eruption.

Sample description
Shinmoedake is an andesitic volcano in the Kirishima volcano 

group, southern Kyushu, Japan. The chronology of the 2011 
Shinmoedake eruption has been well documented (e.g., Kozono 
et al. 2013; Nakada et al. 2013; Kato and Yamasato 2013). The 
main phase of the eruptive activity (26–31 January 2011) was 
characterized by three sub-Plinian eruptions and the subsequent 
extrusion of a lava dome within the crater, associated with 
intermittent Vulcanian eruptions. This activity was followed by 
repeated Vulcanian eruptions and explosive events from 1 Febru-
ary to 13 March 2011. Here, we examined seven pyroclasts: three 
gray pumice clasts from the sub-Plinian eruptions and three gray 
pumice clasts and one dense juvenile fragment from the Vulca-
nian eruptions. These samples were collected on 24 July 2011 at 
Takachihogawara, 3 km south of Shinmoedake crater; collection 
details are reported in Mujin and Nakamura (2014). Although the 
precise eruptions that produced the Vulcanian samples have not 
been determined, they most likely occurred on 1 or 11 February 
or 13 March (Mujin et al. 2017). Nonetheless, we were able to 
easily distinguish the Vulcanian pumices from the sub-Plinian 
pumices because the former were larger than the latter.

The seven samples are classified into two groups according 
to the chemical compositions of their groundmass glasses (Mujin 
and Nakamura 2020): those of the three sub-Plinian pumice clasts 
(sP_a, sP_b, and sP_c), one Vulcanian pumice clast (V-L), and the 
dense juvenile fragment (V-L-djf) contained <71 wt% SiO2 (low-
SiO2 samples), whereas those of the other two Vulcanian pumice 
clasts (V-H_a and V-H_b) contained >71 wt% SiO2 (high-SiO2 
samples). Two of the pumice clasts (sP_a and V-H_a) and the 
dense juvenile fragment (V-L-djf) were previously analyzed by 
Okumura et al. (2022a) and Mujin et al. (2017), respectively. The 
dense fragment (V-L-djf) probably originated from the welding 
of sub-Plinian pumice at the crater, because its glass composi-
tion is similar to that of the sub-Plinian pumice (Table 1) and its 
degassed dense texture with nano-crystals smaller than 30 nm in 
diameter indicates suppressed crystal growth at high ΔTeff in the 

dehydrated melt with low diffusivity (Mujin et al. 2017; Mujin 
and Nakamura 2020). The average compositions of each sample 
are reported in Table 1.

The samples contain phenocrysts (>100 μm) of plagioclase, 
clinopyroxene (Cpx), orthopyroxene (Opx), olivine, magnetite, 
and ilmenite, some showing reaction rims due to mixing with 
a higher temperature magma (Suzuki et al. 2013; Tomiya et al. 
2013). Their groundmasses are charged with crystals of plagio-
clase, pyroxenes, and Fe-Ti oxides (ca. 0.1–10 μm wide); those 
thinner than 1 µm are referred to as nanolites, and those larger 
as microlites. Because most groundmass pyroxene crystals show 
parallel intergrowths of Opx and Cpx (Mujin et al. 2017), we 
treated them as a single pyroxene phase, except when analyzing 
internal textures.

Analytical procedures
The textures of groundmass pyroxenes in the pumices were analyzed with 

a field emission SEM (FE-SEM). The chemical compositions of groundmass 
glasses in all samples were measured with a coupled energy-dispersive X-ray 
spectrometer (EDS). To obtain 3D aspect ratios (S:I:L, where S, I, and L are the 
short, intermediate, and long axes) of pyroxene crystals, which are necessary to 
stereologically correct the CSDs, we conducted synchrotron radiation X-ray com-
puted nanotomography (SR-XnCT). The SR-XnCT specimens were prepared with 
a focused ion beam (FIB) system, and the average 3D aspect ratios of groundmass 
pyroxenes were acquired for each pumice sample. Using these values, we calculated 
tracht-specific CSDs of groundmass pyroxenes in each sample. We did not calculate 
the CSD of the dense fragment V-L-djf because we focused on the pumice samples 
to investigate syneruptive ascent conditions rather than post-eruptive processes.

We determined the crystallographic indices of the faces of groundmass pyrox-
enes by combining electron backscatter diffraction (EBSD) analysis and SR-XnCT. 
The EBSD analysis was performed on a relatively large pyroxene microlite (~7 μm 
wide) with a hexagonal cross section in V-L-djf to determine its crystallographic 
orientation. The crystal was then prepared as a SR-XnCT specimen with the FIB 
system and observed to obtain its 3D outline. By combining these data, we acquired 
the face indices of the hexagonal crystal.

Moreover, we observed groundmass pyroxene crystals in three pumice 
samples (sP_a, V-H_a, and V-L) using a transmission electron microscope (TEM). 
Ultrathin sections were prepared from the samples using FIB systems. In addition 
to determination of mineral phases and crystallographic orientations by selected-
area electron diffraction (SAED) patterns, we investigated compositional zoning 
in crystals by EDS analyses in scanning TEM (STEM) mode. An overview of the 
analytical procedures used is shown in Online Materials1 Figure S1.

FE-SEM-EDS
Quantitative compositional analyses of groundmass glasses were performed 

using a JEOL JSM-7001F FE-SEM coupled with an Oxford Instruments X-Max150 
EDS detector and its associated analytical software “Aztec” at Kyoto University. 
We analyzed 50 square regions (~1 × 1 μm) in each sample for 40 s each at a 
working distance of 10 mm, an acceleration voltage of 15 kV, and a beam current 

Table 1. Average chemical compositions of groundmass glasses (wt%)
 Sub-Plinian Vulcanian
 sP_aa  sP_b  sP_c  V-H_aa  V-H_b  V-L  V-L-djf
SiO2 67.33 (41) 66.64 (27) 67.80 (35) 71.69 (21) 72.35 (29) 66.83 (45) 67.52 (61)
TiO2 0.88 (5) 1.00 (4) 0.90 (5) 0.73 (4) 0.70 (4) 0.94 (6) 0.84 (8)
Al2O3 14.15 (26) 14.06 (21) 14.06 (16) 12.66 (9) 12.52 (18) 14.09 (23) 14.36 (20)
FeO 5.75 (25) 6.41 (16) 5.63 (19) 4.24 (13) 3.95 (13) 6.23 (30) 5.43 (45)
MnO 0.11 (5) 0.11 (5) 0.11 (4) 0.10 (4) 0.03 (5) 0.12 (5) 0.11 (4)
MgO 1.13 (8) 1.15 (9) 0.98 (5) 0.64 (3) 0.58 (6) 1.14 (11) 1.06 (10)
CaO 3.92 (19) 4.08 (10) 3.67 (13) 2.56 (9) 2.35 (11) 3.99 (15) 3.92 (19)
Na2O 3.38 (10) 3.30 (10) 3.35 (8) 3.28 (12) 3.42 (9) 3.33 (9) 3.35 (8)
K2O 3.24 (8) 3.12 (6) 3.37 (6) 3.93 (4) 3.98 (7) 3.22 (8) 3.29 (11)
P2O5 0.11 (5) 0.13 (5) 0.13 (4) 0.16 (4) 0.11 (8) 0.12 (4) 0.12 (4)
 Total 100  100  100  100  100  100  100
Notes: Each sample was analyzed in 50 distinct regions. Values in parentheses are standard deviations. Oxide concentrations were recalculated to total 100% by 
cation balance. 
a Data from Okumura et al. (2022a) are corrected for losses of Na and K during the measurements.
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of ~0.3 nA. We corrected for losses of Na and K during the measurements by 
calibration against analyses of larger rectangular regions (>400 μm2).

For textural analyses, backscattered electron (BSE) images of polished sec-
tions of the pumice samples were obtained at an acceleration voltage of 15 kV 
and a working distance of 10 mm using the FE-SEM. Each BSE image was a 
rectangular area of 127 × 95 μm2 with an image resolution of ca. 25 nm/pixel. To 
identify their trachts, magnified images of the pyroxene crystals in the analyzed 
areas were obtained at an acceleration voltage of 10 kV.

EBSD
EBSD analysis of the large hexagonal microlite in V-L-djf was performed using 

a SEM equipped with a tungsten filament (FEI Quanta 200 3DS) and a HKL EBSD 
system with Channel 5 software (Oxford Instruments) at Kyoto University. Using 
an acceleration voltage of 15 kV, a working distance of 20 mm, and the lattice 
parameters of diopside (a = 9.75 Å, b = 8.99 Å, c = 5.25 Å, β = 105.6°), the crystal-
lographic orientation of the microlite was determined before SR-XnCT observation.

FIB systems
For SR-XnCT observations, we extracted one or two equant specimens about 

20–25 μm wide from each sample (Table 2) using a FEI Quanta 200 3DS FIB 
system at Kyoto University. The extracted regions were distinct from the areas of 
FE-SEM textural analyses. Each specimen was then mounted on a tungsten needle. 
A Ga+ ion gun was used at an acceleration voltage of 30 kV and a beam current 
of 0.030–65 nA. Details of the specimen preparation for SR-XnCT are reported 
in Miyake et al. (2014).

For TEM observation, ultrathin sections about 100 nm thick were prepared 
using FIB systems (FEI Quanta 200 3DS and FEI Helios NanoLab G3 CX) at Kyoto 
University. The Ga+ ion guns were used at 30 kV and 0.083–65 nA for thinning, 
and at 5 kV and 16 pA for final processing.

SR-XnCT
We acquired the 3D shapes of groundmass pyroxene crystals by SR-XnCT at 

beamline BL47XU of the SPring-8 synchrotron facility in Hyogo, Japan (Uesugi 
et al. 2006; Takeuchi et al. 2009). The SR-XnCT measurements were performed 
in absorption-contrast mode (e.g., Cloetens et al. 1997; Mancini et al. 1998; 
Tsuchiyama et al. 2013; Arzilli et al. 2016b) using an X-ray imaging system with 
a Fresnel zone plate at a single X-ray energy of 7.35 keV, providing isotropic voxel 
(volumetric pixel) sizes of 25–78 nm on a side (Table 2) for an effective specific 
resolution of ~200 nm. Projection images were acquired every 0.1° during a total 
sample rotation of 180°, resulting in 1800 projections per specimen. The 3D CT 
images were reconstructed from the projection images using a convolution back-
projection algorithm (Nakano et al. 2000). Details of the CT imaging procedures 
are reported in Matsumoto et al. (2019).

Except for four CT specimens [sP_a-1, sP_a-2, and V-H_a-1 from Okumura 
et al. (2022a), and V-L-djf), the CT images were denoised using iterative nonlocal 
means (Bruns et al. 2017) before binarization: this process reduced the effort 
involved in binarization by smoothing the insides of crystals without affecting the 
quality of the extracted 3D data. Pyroxenes were distinguishable from the other 
minerals on the basis of pixel values; therefore, we binarized the images with 
thresholds based on visual inspection, removed blurring of the binary images by 
erosion and dilation by 1 voxel, and extracted the 3D pyroxene crystal data us-
ing the software package Slice (Nakano et al. 2006). We determined the triaxial 
lengths S, I, and L by ellipsoid fitting in Slice (e.g., Tsuchiyama et al. 2011). These 

measurements were restricted to crystals that were entirely contained within the 
specimens, larger than 5 voxels wide, and readily separated from other crystals. 
The average 3D aspect ratio of groundmass pyroxenes in each pumice sample 
was calculated to obtain the necessary information for determining CSDs from 
the BSE images (Table 2).

Although we analyzed six pumice samples to obtain the average 3D aspect 
ratios in this study, two of the pumice samples (i.e., sP_a and V-H_a) were already 
observed by SR-XnCT by Okumura et al. (2022a) (our CT specimens sP_a-1, 
sP_a-2, V-H_a-1, and V-H_a-2 correspond to their specimens sP_1, sP_2, Vul_1, 
and Vul_2, respectively). They reported 3D CSDs of groundmass pyroxenes for 
the samples sP_a and V-H_a, whereas we did not obtain 3D CSDs from the other 
samples. Tracht-specific CSDs could not be obtained directly from the CT data 
because the spatial resolution was insufficient to recognize nanolite trachts. Thus, 
tracht-specific CSDs were obtained from the SEM images using the 3D aspect 
ratios (see “Acquisition of tracht-specific CSDs” section).

TEM
Ultrathin sections prepared from three pumice samples (sP_a, V-H_a, and V-L) 

were observed under a JEOL JEM-2100F TEM equipped with a Gatan Orius 200D 
CCD camera and a JEOL JET-2300T EDS detector at an acceleration voltage of 
200 kV. To determine mineral phases and crystallographic orientations, SAED 
patterns were analyzed using DigitalMicrograph (Gatan) and ReciPro (Seto and 
Ohtsuka 2022) software. For quantitative X-ray analyses by STEM, we used the 
ζ-factor method (Watanabe and Williams 2006). To achieve the accurate electron 
beam current measurements required for the ζ-factor method, appropriate calibration 
was performed with the CCD camera beforehand. Furthermore, we acquired annular 
dark-field STEM (ADF-STEM) images of pyroxene crystals perpendicular to their 
c-axes to observe their compositional zoning at higher resolution.

Acquisition of tracht-specific CSDs
The FE-SEM BSE images of pumice groundmasses were analyzed using 

ImageJ software to measure the examined groundmass area (i.e., groundmass 
crystals + glass, excluding vesicles) and the widths of the best-fit ellipses to the 
cross sections of pyroxene crystals. The analyzed samples contained groundmass 
pyroxene crystals with octagonal, heptagonal, and hexagonal trachts (Fig. 1a); 
therefore, each pyroxene cross section was classified into one of these tracht groups 
based on BSE images at higher magnification. Crystals were classified based on 
the number of faces between a pair of parallel faces (Okumura et al. 2022b). For 

Table 2. Conditions and results of SR-XnCT analyses
Eruptive CT Voxel Number of
   style specimen size crystals Average 3D aspect ratio
  (nm) analyzeda S Ib Lb 

Sub-Plinian sP_a-1 40.00 74 1.0 1.4c (6) 9.4c (56)
 sP_a-2 24.70 103   
 sP_b 77.80 123 1.0 1.4 (3) 8.7 (46)
 sP_c 77.80 151 1.0 1.3 (2) 8.4 (44)
Vulcanian V-H_a-1 33.86 47 1.0 1.3c (4) 5.1c (39)
 V-H_a-2 34.70 86   
 V-H_b 77.80 95 1.0 1.3 (4) 5.6 (40)
 V-L 77.80 163 1.0 1.4 (3) 6.5 (42)
 V-L-djf 34.70 1
a Crystals smaller than 5 pixels in the shortest dimension S were excluded.
b Values in parentheses are standard deviations.
c Values averaged from two CT specimens; data from Okumura et al. (2022a).

Figure 1. Classification of crystal trachts. (a) Cross sections of 
groundmass pyroxene crystals were classified based on the number of 
faces between a given pair of parallel faces (indicated by yellow circles). 
(b) Incomplete shapes were classified similarly if a pair of parallel faces 
was present. (c) Individual segments of attached crystals were classified 
in a similar manner. (Color online.)
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example, the octagonal and hexagonal trachts have three and two faces, respec-
tively, between each pair of parallel faces, whereas the heptagonal tracht has the 
properties of the octagonal tracht on one side of a pair of parallel faces and those 
of the hexagonal tracht on the other side (Fig. 1a). Crystals that were difficult to 
classify as belonging to a particular tracht were classified as “other.” If cross sec-
tions were incomplete (e.g., those at crystal edges or corners), we classified them 
based on the remaining faces if a pair of parallel faces was present for reference; 
otherwise, those showing no pairs of parallel faces in the plane of the BSE image 
were classified as “other” (Fig. 1b). When multiple crystals were attached to each 
other, each segment was classified in the same way (Fig. 1c). The analyzed areas 
and the number of crystals observed in each tracht are shown in Table 3.

Then, the data sets of all analyzed crystals and each tracht group were converted 
to a conventional CSD (i.e., including all crystal trachts) and tracht-specific CSDs, 
respectively, using CSDCorrections ver. 1.6 (Higgins 2000). CSDCorrections 
converts cross-sectional widths into 3D long-axis lengths (L) using the 3D aspect 
ratio S:I:L. We used the average 3D aspect ratio determined by SR-XnCT for each 
sample, regardless of tracht. Although CSDCorrections yields 3D CSDs expressed 
as a function of L, we expressed the CSDs as a function of S with additional cor-
rections, because the latter is relatively insensitive to changes in crystal growth rate 
and thus more obviously shows changes in nucleation rate during magma ascent 
(Okumura et al. 2022a). We followed the correction procedure of Okumura et al. 
(2022a), but reduced the correction for sectioning effects in tracht-specific CSDs 
(see Online Materials1), because the nature of the data sets and thus the correction 
assumption differed from those of Okumura et al. (2022a). The CSDs were plot-
ted on logarithmic size intervals with five intervals per decade larger than 100 nm 
(i.e., each interval is 100.2 times as large as the next smaller interval: 102.0–102.2 nm, 
102.2–102.4 nm, 102.4–102.6 nm...).

Results
Tracht-specific CSDs

Most of groundmass pyroxenes in the pumice samples were 
prismatic and those in the sub-Plinian samples tended to be 
more elongated than those in the Vulcanian samples (Table 2; 
Online Materials1 Figs. S2 and S3). Most pyroxenes exhibited 
hexagonal or octagonal shapes in the polished sections, and all 
pumice samples contained these trachts and heptagonal one 
(Figs. 2 and 3; Table 3). There were no obvious differences in the 
spatial distributions of the trachts among the samples. Figure 3 
shows the groundmass pyroxene CSDs for the six pumice 
samples. As reported by Mujin et al. (2017), the conventional 
CSDs (i.e., including all crystal trachts) were concave up in all 
samples (black lines in Fig. 3). In addition, those of the low-SiO2 
samples (i.e., sP_a–c and V-L) had steeper slopes in the size 
range S <2 μm than those of the high-SiO2 Vulcanian samples 
(i.e., V-H_a and V-H_b).

Figure 3 also shows tracht-specific CSDs for octagonal, 
heptagonal, and hexagonal cross sections. The size distributions 
of the trachts exhibited distinct trends, and the proportions of 
trachts within each sample (Table 3) depended on the type of 
pumice (i.e., low-SiO2 vs. high-SiO2). The low-SiO2 pumice 
samples (sP_a–c and V-L) were characterized by coexisting 

hexagonal nanolites and octagonal crystals (Figs. 3a–3c and 
3f), whereas the high-SiO2 pumice samples (V-H_a and V-H_b) 
contained mostly octagonal crystals with far fewer hexagonal 
and heptagonal crystals (Figs. 3d and 3e). In both pumice types, 
octagonal crystals spanned wide size ranges, and their slopes 
were relatively gentler and similar to those of the conventional 
CSDs in the larger size range (S >2 μm). More importantly, 
the size distributions of octagonal microlites were similar in 
all samples. In contrast, hexagonal crystals spanned narrower 
size ranges that were largely consistent with those at which 
the conventional CSDs showed steeper slopes (S <2 μm; Figs. 

Table 3. Parameters used in CSDCorrections
  Number Analyzed area   3D aspect  Size

Eruptive style Sample of (excluding vesicles) Number of crystal cross sections ratio Roundness scale length
  regions (µm2) (vesicle%)b All Octagon Heptagon Hexagon S:I:L  (Bins per decadec)
Sub-Plinian sP_a 1a 20 077 57.3 793 83 34 385 1:1.4:9.4 0.8 5
 sP_b 2 15 291 37.2 1037 167 59 399 1:1.4:8.7  
 sP_c 2 15 566 35.9 728 43 27 305 1:1.3:8.4  
Vulcanian V-H_a 1a 19 791 54.5 381 171 9 10 1:1.3:5.1  
 V-H_b 3 14 268 60.9 319 142 8 5 1:1.3:5.6  
 V-L 2 12 533 48.5 645 115 36 242 1:1.4:6.5  
a Decadic single larger region comprising multiple BSE images (Okumura et al. 2022a).
b The percentage of vesicles in the analyzed rectangle area.
c Logarithmic base-10 size scale.

Figure 2. Backscattered electron (BSE) images of groundmass 
pyroxenes in (a) sub-Plinian pumice sP_a and (b) high-SiO2 Vulcanian 
pumice V-H_a from the 2011 Shinmoedake eruption. These images were 
obtained by FE-SEM at an acceleration voltage of 10 kV. The tracht 
of each pyroxene crystal (i.e., octagonal, heptagonal, or hexagonal) is 
indicated by colored symbols (blue square, red diamond, and yellow 
triangle, respectively). Abbreviations: Pl = plagioclase; Px = pyroxene. 
(Color online.)
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3a–3c and 3f). The slopes of the hexagonal CSDs were steeper 
than those of the octagonal CSDs and similar to those of the 
conventional nanolite (S <1 μm) CSDs. The size ranges and 
slopes of heptagonal crystals were intermediate between those 
of the octagonal and hexagonal trachts, and their population 
densities were generally lower than those of both the octagonal 
and hexagonal trachts. Furthermore, the population densities of 
octagonal nanolites in low-SiO2 samples were reduced compared 
to those in high-SiO2 samples in response to the appearance of 
hexagonal nanolites.

Crystallographic analyses of groundmass pyroxenes
Figure 4 shows the 3D morphology and crystallographic axes 

of the large hexagonal pyroxene microlite in the dense fragment 
(V-L-djf). The hexagonal prism was elongated along its c-axis, 
consisted of {010} and {110} prismatic faces, and was truncated 
by a rough surface lacking any facet or distinct crystallographic 
index (the other end was polished away). Although the detail 
of this truncated surface was limited by the effective spatial 
resolution of the SR-XnCT images (~200 nm), we assume that 
the growth rate of this rough surface must have been larger than 
those of the relatively flat {010} and {110} surfaces to produce 
such an elongated crystal.

Figures 5–8 summarize our TEM observations of pyroxene 
nanolites and microlites in samples sP_a, V-H_a, and V-L. The 
above combinations of prismatic faces were confirmed in other 
groundmass pyroxenes by TEM analyses (Figs. 5–7). Octagonal 

Figure 3. Tracht-specific CSDs of groundmass pyroxenes in the pumice samples. The conventional CSDs (i.e., including all trachts) are plotted 
in black for comparison. The size range shown is from 0.10 to 6.31 μm in width (short-axis length). Open symbols with dashed lines represent 
data in size intervals where fewer than three crystals could be counted. (a–c) Sub-Plinian pumices; (d and e) high-SiO2 Vulcanian pumices; (f) 
low-SiO2 Vulcanian pumice. (Color online.)

Figure 4. 3D shape and plane indices of a relatively large hexagonal 
pyroxene microlite from the dense juvenile fragment V-L-djf. (a) The 
CT image and (b) 3D reconstruction acquired by SR-XnCT are shown 
with the crystallographic orientation as determined by EBSD analysis. 
The crystallographic indices of the prismatic faces are also noted in b. 
The lower end of the crystal corresponds to the polished sample surface.
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Figure 5. Representative internal texture of groundmass pyroxenes in the sub-Plinian pumice sP_a. The results of TEM analyses for a hexagonal 
nanolite in the sub-Plinian pumice sP_a are shown. (a) An ADF-STEM image and (b–d) Ca, Al, and Mg# [= Mg/(Mg+Fe) in mol] compositional 
maps, respectively, were obtained along the [001] zone axis. (e) A bright-field (BF) TEM image and (f–h) the SAED patterns of each domain were 
obtained at another orientation. The medium gray shape around the pyroxene in e is the bright-field background, not an overgrowth. The two Cpx 
domains (f and h) have a twin relationship. Quantitative compositional data are reported in Online Materials1 Table S1. Abbreviations: Opx = 
orthopyroxene; Cpx = clinopyroxene.

Figure 6. Internal texture of a hexagonal pyroxene microlite in the sub-Plinian pumice sP_a. (a) An ADF-STEM image and (b–d) Ca, Al, 
and Mg# compositional maps, respectively, were obtained along the [001] zone axis, indicating the extinction of {100} faces during growth. (e) A 
schematic view of the zoning boundaries. The dashed lines represent the phase boundaries. (f) The SAED pattern of the Pgt domain at the center 
was obtained along the [012] zone axis. This crystallographic orientation is common in the crystal. Abbreviations: Pgt = pigeonite; Aug = augite.
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crystals had an additional pair of {100} faces (Figs. 7 and 8), 
and heptagons lacked {100} faces on one side. Cross-sectional 
shapes similarly corresponded to these combinations of plane 
indices in all samples observed.

Almost all crystals observed by TEM showed epitaxial 
parallel growth of Opx (Pbca) and Cpx composed of augite 
(Aug; C2/c) and pigeonite (Pgt; P21/c), as reported by Sharp et al. 

(1996) and Mujin et al. (2017). Figure 5 shows a typical texture 
observed in a pyroxene nanolite in sP_a. The SAED patterns 
(Figs. 5f–5h) show that a pair of Cpx domains epitaxially attached 
to the (100) and (100) surfaces of Opx. In some crystals, the two 
epitaxial Cpx domains were in a twin relationship (Figs. 5f and 
5h). The SAED patterns of Cpx domains sometimes showed 
weak reflections of P21/c in addition to those of C2/c (i.e., the 

Figure 7. Internal texture of (a–d) a microlite and (e–h) a nanolite in the low-SiO2 Vulcanian pumice V-L. (a and e) The ADF-STEM images 
and (b–d, f–h) Ca, Al, and Mg# compositional maps, respectively, were obtained along the [001] zone axes. As shown in a and e, the two crystals 
have growth zonations of the same tracht as their external forms. The Cpx domains have a twin relationship in the microlite whereas those in the 
nanolite have the same crystallographic orientation. Abbreviations: Pgt = pigeonite; Opx = orthopyroxene; Cpx = clinopyroxene.

Figure 8. Internal texture of (a–d) a microlite and (e–h) a nanolite in the high-SiO2 Vulcanian pumice V-H_a. (a and e) The ADF-STEM 
images and (b–d, f–h) Ca, Al, and Mg# compositional maps, respectively, were obtained along the [001] zone axes. Cpx domains in both crystals 
show twin relationships. Abbreviations: Pgt = pigeonite; Opx = orthopyroxene; Cpx = clinopyroxene.
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hkl reflections of “h + k = even”; Figs. 5f and 5h), indicating 
that Aug and Pgt exist both as fine exsolution lamellae (Fig. 5) 
and as distinct domains (Fig. 6). Rarely, distinct domains of Pgt 
and Aug formed parallel growth textures without Opx (Fig. 6).

As shown in the ADF-STEM images and compositional maps 
perpendicular to the c-axis (Figs. 5a–5d, 6a–6d, 7, and 8a–8d), 
most of the observed groundmass pyroxenes showed composi-
tional growth zoning with low-Mg# [= Mg/(Mg+Fe)] rims. The 
low-Mg# rims were ~10–300 nm wide. In the low-SiO2 samples 
(sP_a and V-L), this zoning was common and was characterized 
by a distinct boundary between the core and rim. Moreover, this 
sharp rim tended to be enriched in Al and Ti, especially in low-Ca 
pyroxene phases (Figs. 5c, 6c, 7c, and 7g; quantitative data are 
reported in Online Materials1). The zoning boundaries showed 
euhedral shapes. In most crystals, the zoning boundary was the 
same shape as their external tracht (Figs. 5 and 7); however, 
a few hexagonal crystals exhibited internal octagonal zoning 
boundaries (Fig. 6), indicating the extinction of {100} faces 
during growth. In contrast, pyroxenes in the high-SiO2 sample 
(V-H_a) tended to have more diffuse rims (Figs. 8a–8d), and in 
some crystals, especially nanolites, the low-Mg# rim was not 
discernible (Figs. 8e–8h). Additionally, when low-Mg# rims 
were present in the high-SiO2 sample, no obvious enrichment 
of Al and Ti was observed, in contrast to those in the low-SiO2 
samples (Figs. 8c and 8g).

Discussion
Interpretation of tracht-specific CSDs

The observed groundmass pyroxene textures differ between 
the low-SiO2 and high-SiO2 pumices, as summarized in Figure 9. 
Before investigating the syneruptive magma ascent paths, we 
first derive crystallization histories from the tracht-specific 
CSDs (Fig. 3).

The size ranges and population densities of groundmass 
pyroxene crystals differed according to their crystal tracht. 
Pyroxene microlites in all samples and most nanolites in the 
high-SiO2 samples were characterized by the octagonal tracht 
(Fig. 3). In contrast, the hexagonal tracht dominated nanolites 
in the low-SiO2 samples (Figs. 3a–3c and 3f). Moreover, the 
population densities of the hexagonal nanolites exceeded those 
of octagonal crystals in the low-SiO2 samples, and the CSD 
slopes of nanolites and hexagonal crystals were steeper than 
those of microlites and octagonal ones. This means that the 
production of the hexagonal tracht was accompanied by an ac-
celerated increase in pyroxene nucleation rate, suggesting a high 
degree of effective undercooling (ΔTeff, i.e., including cooling 
and the contribution from decompression-induced dehydration; 
e.g., Armienti et al. 1994; Marsh 1998; Okumura et al. 2022a). 
Indeed, the hexagonal tracht is reproduced at ΔTeff >100 °C in 
the decompression experiment of a dacitic magma (Okumura et 
al. 2022b; discussed in the following subsection).

It is difficult to exclude the possibility that the hexagonal 
and octagonal crystals originated from different magma batches 
based solely on the tracht-specific CSDs (Fig. 3). However, given 
the lack of any obvious difference in the spatial distributions of 
the different trachts among samples, it is plausible that a single 
magma batch underwent successive crystallization conditions. 
This interpretation is consistent with the hexagonal crystals 

showing internal octagonal zoning boundaries in the low-SiO2 
sample (Fig. 6).

In the case of the low-SiO2 samples, and given this crystal-
lization sequence in a single magma batch, the tracht-specific 
CSDs indicate that the octagonal tracht was favored during an 
early crystallization stage at depth, and that the crystallizing 
conditions then changed into those favoring the hexagonal 
tracht as the magma ascended into the shallow conduit (Figs. 
3a–3c and 3f). In this case, we assume that the larger microlites 
retained their octagonal tracht during shallow crystallization 
because, compared to nanolites, a larger-volume overgrowth is 
required to change their tracht to hexagonal. In contrast, some 
hexagonal pyroxenes, especially those 1–2 μm wide, must have 
originally been octagonal, as suggested by the distributions of 
heptagonal crystals (i.e., the transitional tracht between octagonal 
and hexagonal; Fig. 3) and the presence of hexagonal crystals 
with internal octagonal growth zoning (Fig. 6). Therefore, we 
note that the tracht-specific CSDs describe the final texture after 
quenching and could be strictly different from the nucleation 
history of each tracht.

In contrast to the low-SiO2 samples, which are assumed to 

Figure 9. Schematic illustration of the observed textures of 
groundmass pyroxenes. The typical textures of groundmass pyroxenes 
in (a) the low-SiO2 and (b) the high-SiO2 pumices are shown with their 
tracht-specific CSDs and internal textures. The tracht-specific CSDs of 
samples (a) sP_a and (b) V-H_a are provided as representative of each 
type of pumice. The inserted illustrations of pyroxene crystals show 
typical zoning patterns (blue: low-Mg# rim) at the parts of the CSDs 
indicated by the arrows. (Color online.)
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have experienced increasing ΔTeff, the crystallization kinetics 
of the high-SiO2 samples can be similar to that of single-step 
decompression/cooling experiments because the magma stag-
nated in the conduit prior to the Vulcanian eruptions (Suzuki et 
al. 2018). Arzilli et al. (2022) performed in situ 4D (3D + time) 
observation of cooling-induced crystallization in a hydrous 
trachybasaltic magma. After they imposed cooling in a single 
step, several nucleation events occurred through time; moreover, 
the time-evolutions of growth rate and the resultant sizes of 
the crystals were similar regardless of their nucleation timing. 
Since crystals can reach similar sizes while held at a certain ΔTeff 
(Arzilli et al. 2022), the peak positions of the CSDs for the high-
SiO2 samples at slightly larger sizes (Figs. 3d and 3e; Okumura 
et al. 2022a) can be attributed to the quasi-single-step decom-
pression path. Given the tracht-specific CSDs (Figs. 3d and 3e), 
the magma of the high-SiO2 samples was held at the condition 
favoring the octagonal tracht through the crystallization history.

From the above, in the following subsections, we discuss 
the groundmass crystallization histories in two stages: early 
and late stages when microlites and nanolites nucleated in the 
deep and shallow parts of the volcanic conduit, respectively. The 
early stage for all samples and the late stage for the high-SiO2 
samples were octagon-dominant, whereas only the late stage for 
the low-SiO2 samples was hexagon-dominant.

Factors controlling the tracht of groundmass pyroxenes
The tracht change of groundmass pyroxene crystals in hy-

drous dacite magma was previously investigated via single-step 
decompression experiments by Okumura et al. (2022b). Although 
they did not mention the plane indices of crystals, they found 
that the dominant groundmass pyroxene tracht changed from 
octagonal to hexagonal as the final pressure decreased and that 
pyroxenes in differentiated melts within 10 μm of plagioclase 
crystals were more likely to be hexagonal. They suggested that 
the pyroxene tracht was related to ΔTeff: increasing ΔTeff with 
decreasing final pressure and melt evolution due to plagioclase 
crystallization (Mujin et al. 2017) caused the tracht change from 
octagonal to hexagonal. The value of ΔTeff for each experiment 
was estimated from the liquidus determined experimentally by 
Sekine et al. (1979), and their results showed that the tracht 
change occurred at ΔTeff = 90–110 °C. Based on this correlation, 
the existence of hexagonal nanolites indicates that the late stage 
of pyroxene crystallization in the low-SiO2 samples proceeded 
under high ΔTeff, consistent with their high nucleation rates 
(Fig. 3) and elongated shapes (Table 2). Although the experienced 
ΔTeff might be higher than the threshold value determined by 
the experiments of dacitic magma (Okumura et al. 2022b; ΔTeff 
~100 °C), the threshold ΔTeff can be different in the andesitic 
magma of the Shinmoedake volcano because the melt composi-
tion and chemical diffusivity probably affect growth mechanisms 
and resultant crystal textures (e.g., Lofgren 1974; Sunagawa 
1981; Hammer 2008; Mollo and Hammer 2017). For example, 
Cpx crystals are governed by interface-controlled growth at ΔTeff 
<112 °C in a hydrous basaltic-andesite magma (Shea and Ham-
mer 2013), whereas they exhibit diffusion-controlled growth tex-
ture at ΔTeff ≥30 °C in hydrous basaltic magmas (Moschini et al. 
2021; Arzilli et al. 2022). Given the difference in threshold ΔTeff 
for the growth mechanisms, the threshold for the tracht change 

might similarly depend on melt compositions. Therefore, further 
experiments using andesitic magma are required to estimate the 
accurate value of ΔTeff during the ascent.

Moreover, we confirmed that the octagonal tracht comprises 
{100}, {010}, and {110} prismatic faces and that the change to 
the hexagonal one by losing {100} faces (Figs. 4–8). These re-
sults indicate that the relative growth rates of {100} faces become 
faster than those of other prismatic faces under high ΔTeff until 
the faces disappear. On the other hand, relationships between the 
degree of cooling-induced undercooling, ΔT, and relative growth 
rate for different faces of Cpx were previously investigated by 
Kouchi et al. (1983). They conducted cooling-induced crystal-
lization experiments in the system CaMgSi2O6–CaTiAl2O6. In the 
ΔT range where Cpx crystals had smooth surfaces, their results 
showed that the order of the growth rates of Cpx faces was (110) 
< (010) < (100) < (111) and that the differences between the 
growth rates increased with increasing ΔT. On the other hand, 
the crystallization kinetics likely differ between their melt of Cpx 
composition and a multi-component magmatic system in general 
(Sunagawa 1981, 2005), and the difference should be more sig-
nificant than that between different magmas mentioned above. 
Nevertheless, we assume that their results except the quantitative 
values of ΔT are qualitatively applicable to crystallization during 
the 2011 Shinmoedake eruption because the growth mechanism, 
i.e., interface-controlled growth, is essentially the same in both 
systems, as suggested by the smooth prismatic faces of the 
pyroxene crystals studied herein.

During interface-controlled growth, the key process limiting 
the growth rate is not mass transfer through the melt toward the 
crystal surface, but the attachment of growth components on 
the surface (Hammer 2008). The attachment energy Eatt strongly 
affects the relative growth rates of different crystallographic 
faces and thus the resultant crystal tracht (e.g., Hartman and 
Perdok 1955a, 1955b; Hartman and Bennema 1980; Duan et al. 
2010). Eatt on faces {hkl} is defined as the bond energy released 
per structural unit when a growth unit (i.e., a layer of crystal on 
the {hkl} face) attaches to the crystal surface. In general, crys-
tallographic faces with higher Eatt have faster relative growth 
rates and thus lower morphological importance (e.g., Hartman 
and Perdok 1955a, 1955b; Hartman and Bennema 1980; Liu 
and Bennema 1996). Van Panhuys-Sigler and Hartman (1981) 
calculated Eatt for Cpx crystal faces based on periodic bond 
chain theory (Hartman and Perdok 1955a) and found that Eatt for 
different faces follows the order (110) < (010) < (100) < (111), 
consistent with the growth rates determined experimentally by 
Kouchi et al. (1983). Their calculations also showed that, as-
suming that the relative growth rate is proportional to Eatt, the 
growth form of augite is the hexagonal tracht with {010} and 
{110} prismatic faces.

From the above evidence, among the important prismatic 
faces of Cpx, {100} faces are the most likely to disappear because 
of the crystallographic structure, and an increase in ΔTeff further 
promotes their disappearance. Given the order of Eatt for different 
faces, an additional increase in ΔTeff may also make {010} faces 
disappear, resulting in a parallelogrammatic tracht composed of 
{110} faces as observed in pumice from the 1914 Plinian eruption 
of the Sakurajima volcano (Okumura et al. 2022b).

This same mechanism depending on ΔTeff and the order of Eatt 
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for different faces can explain why the groundmass pyroxenes 
in the sub-Plinian samples are more elongated than those in the 
Vulcanian ones (Table 2). There are two factors that can increase 
ΔTeff: magma ascent rate and melt evolution by crystallization. It 
is plausible that the magma ascent rate was faster during the sub-
Plinian than the Vulcanian eruptions because textural analyses of 
pyroclasts and geophysical observations indicate that the magma 
stagnated in the conduit prior to the Vulcanian eruptions (Suzuki 
et al. 2018). The rapid ascent during the sub-Plinian eruptions 
should have involved large ΔTeff due to decompression-induced 
dehydration and possibly cooling. Therefore, late crystallization 
in the low-SiO2 samples (i.e., the sub-Plinian pumices and one 
Vulcanian pumice) should have occurred under the largest ΔTeff 
during the 2011 eruptive activity; hence the occurrence of the 
hexagonal tracht in those samples (Fig. 3).

In contrast, plagioclase crystallization causes melt evolution 
and may increase the degree of supersaturation for pyroxene in 
the melt (Mujin et al. 2017). In the case of the 2011 Shinmoedake 
eruption, the whole-rock compositions (SiO2 = 57.3–58.4 wt%; 
Suzuki et al. 2013) and the bulk groundmass compositions ex-
cluding phenocrysts (SiO2 = 62–65 wt%; Mujin and Nakamura 
2020) of the brown-gray pumices were similar regardless of 
the pumice type. Therefore, the difference in glass composition 
(low-SiO2 vs. high-SiO2) is due to crystallization differentia-
tion from the initial melt (i.e., the bulk groundmass) during the 
ascent (Mujin and Nakamura 2020). The degrees of plagioclase 
crystallization and melt evolution were highest in the late crystal-
lization stage of the high-SiO2 samples, followed in order by the 
late stage of the low-SiO2 samples and the early stages of both 
samples (Mujin and Nakamura 2014, 2020; Suzuki et al. 2018). 
Therefore, in terms of melt evolution, nanolites in the high-SiO2 
samples are the most likely to be hexagonal. However, our results 
show that only the late crystallization of the low-SiO2 samples 
was hexagon-dominant (Fig. 3). Accordingly, we conclude that 
melt evolution is not the main factor that caused the tracht change. 
Therefore, in the case of the 2011 Shinmoedake eruption, the 
tracht change resulted from the high ΔTeff associated with rapid 
magma ascent through the shallow conduit.

Crystallization conditions and the timing of growth zoning
Growth zoning records the ascent paths of individual crystals 

after their nucleation. In general, normal Mg# zoning could 
reflect evolution of the melt, cooling (e.g., Lindsley 1983; Lof-
gren et al. 2006; Putirka 2008), and/or reduced oxygen fugacity 
(Hammer 2006), which can result from sulfur degassing during 
decompression (e.g., Burgisser and Scaillet 2007; Blundy et al. 
2008; Okumura et al. 2021). In addition, the enrichment of pyrox-
ene in Al indicates rapid growth (e.g., Dymek and Gromet 1984; 
Mollo et al. 2013; Masotta et al. 2020). In our low-SiO2 samples, 
the groundmass pyroxene crystals had low-Mg# and Al-rich 
rims with distinct boundaries (Figs. 5–7), indicating their rapid 
growth after an abrupt change in the surrounding conditions. In 
other words, their sharp rims formed during rapid ascent through 
the shallowest and possibly cold part of the conduit, perhaps in 
a gas-pyroclast flow after magma fragmentation (see the next 
paragraph, Fig. 10). In contrast, the gradual Mg# zoning without 
any associated Al enrichment in the high-SiO2 samples (Fig. 8) 
indicates slow ascent or stagnation. These inferences are consis-

tent with our above interpretation of the tracht-specific CSDs.
The timescale for the formation of the sharply zoned rims in 

the low-SiO2 samples can be estimated based on the growth rate 
of pyroxene. Although data on pyroxene growth rates in dacitic 
to rhyolitic melts are lacking, pyroxene growth rates on the 
order of 10−7 to 10−5 mm/s (time averages over the experimental 
durations) have been reported from several crystallization experi-
ments in andesitic (Shea and Hammer 2013) and trachybasaltic 
melts (Pontesilli et al. 2019; Masotta et al. 2020). Moreover, 
in situ observations of pyroxene crystallization in trachybasalt 
revealed that the instantaneous growth rate of pyroxene can 
reach 1 × 10−4 mm/s (Arzilli et al. 2019, 2022; Le Gall et al. 
2021). Assuming that the instantaneous growth rate is slower 
in andesitic-dacitic melt than in trachybasaltic melt, with a 
maximum value of 1 × 10−5 mm/s, a 100 nm thick rim should 
form in 10 s. For comparison, the duration between magma 
fragmentation and quenching (or vitrification) can be estimated 
as follows. Numerical simulations (Suzuki and Koyaguchi 2013, 
2015) indicate that high temperatures in the eruption column can 
be maintained to up to a few kilometers above the fragmentation 
level, corresponding to flight times of a few tens of seconds at 
the sound velocity of the gas-pyroclast mixture (e.g., 134 m/s; 
Suzuki and Koyaguchi 2013). In cold air (0 °C), a spherical 
pumice clast 1 cm in diameter would quench from an initial 
temperature of 950 °C (Suzuki et al. 2013; Tomiya et al. 2013) 
by conductive cooling within 10 s at a thermal diffusivity of 
3.2 × 10−7 m2/s (Bagdassarov and Dingwell 1994). Therefore, it 
could take several tens of seconds for a pumice clast to quench 

Figure 10. Schematic illustration of pyroxene crystallization 
kinetics and magma ascent paths during the 2011 Shinmoedake eruption. 
(a) Pressure-time paths and (b) ΔTeff–time paths of the magmas that 
formed the low-SiO2 and high-SiO2 pumices are shown in orange and 
blue, respectively. The time evolution of the pyroxene texture is also 
shown in a. The low-Mg# rims formed in the shallowest part of the 
conduit (blue shaded area in a). The vertical dashed line indicates the 
time when ΔTeff exceeded the threshold between octagon-dominant and 
hexagon-dominant conditions (gray horizontal line in b) preceding 
the formation of the low-Mg# rims. The possible timings of magma 
fragmentation events are indicated by stars. (Color online.)



OKUMURA ET AL.: CRYSTAL TRACHT OF PYROXENE IN THE 2011 SHINMOEDAKE ERUPTION336

American Mineralogist, vol. 109, 2024

in an eruption plume, which is comparable to the minimum 
timescale of the rim formation. Further investigation of pyroxene 
growth rates in dacitic and rhyolitic melts are required to verify 
whether the sharply zoned rims observed herein formed after 
magma fragmentation.

Finally, we note that the change from octagon-dominant to 
hexagon-dominant conditions preceded the formation of the 
low-Mg# rims (Fig. 10) because most hexagonal crystals had 
hexagonal zoning boundaries (Fig. 5). Therefore, the tracht 
change probably resulted from the ascent condition prior to 
fragmentation (Fig. 10).

Implications
Based on the pyroxene trachts, we interpret the magma ascent 

paths during the 2011 Shinmoedake eruption (Fig. 10). The tracht 
and size distributions of the pyroxene microlites (i.e., >1 μm 
wide) are almost the same in all samples (Fig. 3), indicating 
that the ascent conditions deeper in the conduit were identical 
for both the sub-Plinian and Vulcanian eruptions. Consistently, 
the CSDs of plagioclase microlites (Mujin and Nakamura 2014; 
Mujin et al. 2017; Suzuki et al. 2018) were almost the same, 
regardless of eruptive style.

In the shallow conduit, the magma ascent conditions 
diverged according to eruption style: the tracht-specific CSDs of 
the low-SiO2 samples (Figs. 3a–3c and 3f) clearly demonstrate 
differences in the crystallization kinetics (i.e., nucleation and 
growth) of nanolites and microlites. The magma accelerated in 
the shallow conduit during the sub-Plinian eruptions, increas-
ing ΔTeff enough to produce hexagonal nanolites before magma 
fragmentation. Their sharply zoned low-Mg# rims then formed 
in the shallowest part of the conduit or during cooling within 
the plume. In contrast, the magma ascended slowly or stagnated 
in the shallow conduit prior to Vulcanian eruptions, where the 
relatively slow growth of pyroxene resulted in gradually zoned 
rims when present. This prolonged crystallization period main-
tained ΔTeff within octagon-dominant conditions, and the final 
rapid ascent accompanied by the fragmentation produced a small 
number of hexagonal nanolites.

In addition, the CSDs of the low-SiO2 Vulcanian pumice (V-L; 
Fig. 3f) are similar to those of the sub-Plinian pumice (Figs. 
3a–3c), indicating that a portion of the magma erupted during 
the Vulcanian eruption followed almost the same ascent paths 
just prior to the fragmentation as those during the sub-Plinian 
eruptions (Fig. 10). Similarly, Matsumoto and Geshi (2021) 
reported the coexistence of vesicular low-SiO2 particles and 
poorly vesiculated high-SiO2 particles in ash collected during 
the 2018 eruption of Shinmoedake, which was accompanied by 
lava effusion and frequent small explosions. They attributed these 
different textures to the simultaneous eruption of magmas with 
different decompression paths: (1) rapid ascent from deeper parts 
of the conduit and (2) slow ascent or stagnation in the shallow 
conduit. Therefore, the rapid ascent of deeper magma may not 
be exclusive to sub-Plinian eruptions at Shinmoedake, but may 
also be involved in the Vulcanian eruptions.

Our observations have demonstrated the applicability of py-
roxene tracht analyses to the investigation of magma ascent paths 
in the conduit. The tracht-specific CSDs recorded the acceleration 
of magma batches in the shallow conduit, and associated growth 

zoning recorded the conditions in the surrounding magma. In 
addition, the tracht analyses can be applicable even to glassy 
pyroclasts with few groundmass crystals resulting from the 
considerably fast ascent. Therefore, pyroxene tracht is expected 
to be a clue to elucidate magma dynamics in shallow conduits 
and those on short timescales just prior to eruptions. Experiments 
reproducing the observed tracht-specific CSDs and growth zona-
tions of groundmass pyroxene crystals will provide information 
on the time-evolution of magma conditions (e.g., temperature, 
pressure, ΔTeff) during syneruptive ascent. This approach is prob-
ably applicable even to glassy pyroclasts produced by explosive 
eruptions and will elucidate the mechanisms controlling eruptive 
style during syneruptive ascent in shallow conduits.
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