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ABSTRACT  
The mineralogy of volcanic rocks is usually considered as a consecutive crystallisation path 
related to a liquid line of decent. Tephra and pyroclastic rocks hold a special status as their 
formation includes the physical disruption of the magma during an explosive eruption. We 
describe tuffisite samples (captured veins of pyroclastic material in coherent lava bombs) 
and concurrently ejected volcanic ash from the ongoing eruption of Ebeko Volcano, Russia. 
Our samples show that tridymite (a mineral, not present in the original phase assemblage of 
the magma) forms as a consequence of explosive eruptive activity, volatile exsolution and 
fluid flow following decompression and magma fragmentation. Vapour phase crystallisation 
(VPC) of cristobalite is well known from highly evolved, dome-forming eruptions due to gas 
flux through highly permeable and porous glassy dome rocks. At Ebeko volcano, increased 
permeability develops in the volcanic conduit during magma fragmentation and transient 
tephra storage. Magmas erupted at Ebeko are less evolved than those of typical (dome- 
forming) andesitic – dacitic Peléan eruptions and show comparably higher eruption 
temperatures favouring the formation of tridymite over cristobalite during VPC.
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Introduction

A Vulcanian explosion initiates when a conduit seal 
ruptures, and a decompression wave travels into pres
surised upper crustal magma. This leads to physical dis
ruption of the magma into fragments of various sizes 
(Clarke et al. 2015). During this process a continuous 
liquid phase (magma = melt ± gas bubble, ± crystals) is 
transformed into a gas phase with dispersed fragments 
known as ‘pyroclasts’ (Cashman and Scheu 2015). 
Although fragmentation mechanisms have been repro
duced in laboratory experiments (Alidibirov and Ding
well 1996; Martel et al. 2000; Martel et al. 2001; Spieler 
et al. 2004), and inferred from indirect observation 
(Muramatsu et al. 2023), a direct observation of these 
processes in nature is precluded by the inherent danger 
of explosive eruptions. A spectacular exception to this 
rule is subject of this work. We describe tuffisite 
samples from the 2019 eruption of Ebeko volcano in 
the Kurile Island Arc, which have recorded cycles of 
fragmentation, fluid flow and sintering during ongoing 
Vulcanian style activity. Tuffisites are pyroclastic rocks 
which occur as veins, bands or discordantly cross cut
ting fractured networks either injected into adjacent 
host rock (external tuffisite) or within the active 
magma body (internal tuffisite) (Unwin et al. 2021). 
The term has no genetic implication and has been 
described in relation to diatremes (Cloos 1942), from 
active (Noguchi et al. 2008) and exhumed conduits 

(Tuffen et al. 2003) and from erupted products of silica 
rich (rhyolitic) eruptions (Kendrick et al. 2016; Schip
per et al. 2021; Unwin et al. 2023).

During an active Vulcanian explosion magma gets 
fragmented and pyroclasts are transported into a gas 
phase and ejected into the atmosphere, forming a vol
canic plume. If, however some of the fragmented 
material is entrained or injected into the coherent sur
rounding magma and preserved, it will form an 
internal tuffisite and thus provide frozen evidence of 
an episode of the explosive magma disruption (Ken
drick et al. 2016; Unwin et al. 2021). Our samples 
show that fluid percolation through pyroclastic 
material, following magmatic fragmentation enables 
tridymite crystallisation in the most finely fragmented 
pyroclastic material, a phase not originally present in 
the magma. Silica and other silica polymorphs 
(including cristobalite and tridymite) in volcanic ash 
are potentially hazardous to human health, especially 
with respect for the development of long-term respir
atory problems such as silicosis (Horwell et al. 2008; 
Baxter et al. 2014). While the formation of the silica 
polymorph cristobalite in volcanic rocks has pre
viously been linked mainly to vapour phase precipi
tation during lava flow and (crypto) dome growth 
(Hoblitt and Harmon 1993; Baxter et al. 1999; Boudon 
et al. 2015; Schipper et al. 2020). The occurrence of tri
dymite as another polymorph has been reported from 

© 2024 The Royal Society of New Zealand 

CONTACT  Andreas Auer auer@riko.shimane-u.ac.jp

NEW ZEALAND JOURNAL OF GEOLOGY AND GEOPHYSICS 
https://doi.org/10.1080/00288306.2024.2430556



dome-forming eruptions at Soufriere Hills Volcano 
(Baxter et al. 1999), within erupted products from 
Hakone Volcano (Kuno 1950), Montagne Pele´e 

(Westercamp 1975) and Bezymianny Volcano (Davy
dova et al. 2022), as well as vapour-phase alteration 
after the eruption (Heled et al. 2022). Our study is 

Figure 1. A, Tectonic setting and geographic location of Ebeko volcano B, Google Earth image showing the morphology of the 
summit area of Ebeko volcano with 3 craters: N – Northern, M – Middle, S – Southern crater. The star indicates place the current 
vent location from where the explosions occurred in 2019, yellow dots show sampling sites of bread-crust bombs and white dot 
shows the sampling site of ash collected directly from the eruption cloud C, Vulcanian explosion with a more than 500 m high 
eruption column at 14:42 on July14, 2019. The inset shows a fresh ‘breadcrust’ bomb.
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the first account where tridymite formation can be 
directly linked to magmatic fragmentation during 
explosive volcanic eruptions. We use qualitative and 
quantitative textural analysis to characterise the frag
mentation process and backscatter electron imaging 
and electron microprobe and micro-Raman analysis 
to document tridymite formation in tuffisite veins 
and concurrently erupted volcanic ash.

Ebeko Volcano and its ongoing eruption

Ebeko Volcano (1145 m above sea level) is located in 
the northern part of Paramushir Island and is one of 
the most active volcanoes of the Kurile Islands 
(Figure 1A). The edifice of Ebeko has no prominent, 
well-developed volcanic cone and the summit area is 
relatively flat and characterised by a row of three 
maar-like craters with diameters between 200–300 m 
(Figure 1B). Modern eruptive activity of Ebeko is charac
terised by prolonged (up to several years long) explosive 
eruptions that consist of separate ash-laden outbursts, 
mechanisms of which range from purely magmatic to 
phreatic/hydrothermal (Walter et al. 2020).

The volcano summit and its upper slopes are 
hydrothermally active with multiple fumaroles and 
boiling mud pools. 7 km to the east of the volcano 
the small town Severo-Kurilsk is located with a popu
lation of 2700 inhabitants. During active eruptive 
phases frequent ashfalls as well as elevated concen
trations of volcanic gases in the air pose a threat to 
the town’s population.

The latest eruption of the volcano started in 2016 
and continues until the time of writing. This eruption 
consists of sporadic short-lived Vulcanian outbursts 
from the new northern crater (Belousov et al. 2021). 
Up to 120 explosions per month were registered during 
the summer months of 2020 and 2021 (Degterev and 
Chibisova 2022). The interval between the explosions 
varies from several minutes up to several days. The 
resulting ash-laden eruptive clouds rise to heights of 
about 1–2 km, in some cases up to 5 km above sea 
level. Together with ash, more coarse-grained materials 
were also balistically ejected as volcanic bombs of 
bread-crust type up to 1 m across which represent 
juvenile material of the eruption (Figure 1C).

Methods

Sampling and petrography

Fresh pyroclasts were sampled between July 9th and 
15th 2019. Volcanic bombs were taken from freshly 
formed bomb sags on the outer slopes of the active 
new north crater (Walter et al. 2020). The bombs 
were ejected directly before sampling (still warm and 
not covered by fresh ash of the recent ashfalls) and 
fresh ash was collected following discrete explosions 

at a distance of 600 m from the vent (Belousov et al. 
2021). Ten large Vulcanian bombs (of which 3 tuffisite 
veins were found) were cut for textural observation 
and preparation of 25 petrographic thin sections. 
Image nests at different magnifications were taken 
from adjacent areas in coherent magmatic domains 
and fragmental tuffisite, using a flatbed scanner and 
a petrographic microscope.

Images were taken under circular polarised light 
using commercially available quarter waveplates for 
the optical microscope to maximise plagioclase inter
ference colours (Higgins 2010). After (semiautomatic) 
image enhancement, using Corel Draw and ImageJ, 
binary images of plagioclase and vesicles were 
obtained from adjacent lava and tuffisite domains 
(see supplementary file S2-4). Vesicularity per area 
was determined area using threshold functions of 
Corel Draw and ImageJ but also required manual cor
rections and enhancement afterwards. This requires 
that versicles have relative equant dimensions an 
assumption that is appropriate for our samples. Crys
tal size distribution (CSD) analysis (Higgins 2006) was 
limited to plagioclase because this phase is by far the 
most abundant, and digitalisation and image colour 
thresholding for this phase can be made most reliably 
(with respect to other crystal phases). Binary images 
were further processed by the software CSD correc
tions (Higgins 2000) to obtain crystal size distribution 
data. Vesicularity data (also obtained by image analy
sis) was considered in each calculation.

Ash samples were sieved and size fractions for 
coarse ash 710–1000 µm, fine ash 125–250 µm and 
very fine ash 63–125 µm were mounted in Epoxy 
resin and subsequently prepared as polished thin sec
tions and grain mounts.

Major and trace element geochemistry, electron 
microprobe and micro Raman analysis

Major-element compositions of the Ebeko samples (n  
= 5) were analysed by an X-ray fluorescence spec
trometry with a PAnalytical (present Malvern Panaly
tical) Axios Advanced instrument. Samples were fused 
with lithium tetraborate (Li2B4O7) flux (1: 10 =  
Wsample and Wflux) to form glass beads after Nguyen 
et al. (2020). Calibration was performed using GSJ 
standard rocks [JA-2, JA-3, JB-1b, JB-2, JB-3, JG-1a, 
JG-2, JGb-1, JGb-2, JH-1, JP-1, JR-1, JR-2 and JR-3] 
where A, B, G, Gb, H, P and R denote andesite, basalt, 
granite, gabbro, hornblendite, peridotite and rhyolite, 
respectively; Imai et al. (1995; 1999) and Terashima 
et al. (1998). Correction of matrix effects follows the 
fundamental parameter algorithm. The loss on 
ignition (LOI, weight loss by structural water release, 
and weight gain by iron oxidation) and H2O – (loss 
of adsorbed water) were determined gravimetrically 
(Nguyen et al. 2020). Temperatures applied to samples 
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for LOI and H2O – determinations are 1000 and 110 ° 
C, respectively. All analyses were duplicated, and the 
relative difference among duplicates for a sample is 
better than 1%.

Trace-element compositions of the samples were 
analysed by an inductively coupled plasma-mass spec
trometry with a Thermo Scientific iCAP TQ. Samples 
for determination of Li, Be, Rb, Sr, Y, Cs, Ba, La, Ce, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb, 
Th and U were decomposed with HF-HClO4 follow
ing Yokoyama et al. (1999). Samples for determination 
of Zr, Nb, Hf and Ta were decomposed with HF fol
lowing Lu et al. (2007). The isotope-dilution internal 
standardisation methods were employed for determi
nation of element abundances (Makishima and Naka
mura 2006; Lu et al. 2007). All analyses were 
duplicated, and the relative difference among dupli
cates for a sample is better than 5%.

Backscatter electron images of tuffisite and ash 
samples were taken using an electron microprobe 
(JEOL 8530F) at Shimane University using 15 kV 
acceleration voltage and beam currents between 10 
and 20 nA. Tridymite compositions were analysed 
by wavelength dispersive spectroscopy using the 
same instrument with 15 kV and 20 nA and a defo
cussed beam. The standards of synthetic and natural 
minerals and glasses from the Smithsonian Institute 
were used for calibration and monitoring of analytical 
quality. Element maps were prepared using a focussed 
beam of 15 kV and 20 nA and a step size between ¼ 
and 1 μm and a dwell time of 80 ms. Intensities were 
recalculated as element concentrations using 
measured standard concentrations and a ZAF matrix 
correction. In addition tridymite crystals were quali
tatively analysed using energy dispersive spectroscopy 
to confirm if a respective phase in question is a silica 
polymorph.

More than 60 Raman spectra were collected for the 
tuffisite and ash samples to identify the silica poly
morph using a Thermo Fisher Scientific DXR 
Raman microscope at Pheasant Memorial Laboratory, 
Institute for Planetary Materials, Okayama University, 
equipped with a Nd-YVO4 laser source and a wave
length of 532 nm. The laser power was 5 mW with a 
spatial resolution of ca 0.7 µm, diffraction grating of 
900 line-per-mm and a spectrographic aperture 
25 µm pinhole.

Results

Tuffisite and ash samples – composition, 
textures and crystal size distribution

Ebeko Volcano erupts highly porphyritic (47–56 vol% 
crystals) two-pyroxene basaltic andesites and ande
sites (Belousov et al. 2021). We analysed two samples 
from a magmatic domain, two samples from a tuffisite 

domain and one sample of fresh ash directly collected 
from a discrete explosive event. Standard deviation for 
major and trace elements among all textural types is 
very low suggesting a common magmatic source for 
all samples (Table 1). Phenocryst minerals consist of 
plagioclase, clinopyroxene, orthopyroxene, Fe-Ti 
oxide minerals, and rare olivine. Detailed modal pro
portions are also shown in Table 1. The hyalopilitic 
groundmass is either colourless or has a light brown
ish colour with abundant microlites of plagioclase and 
pyroxene (see supplement S1 for a representative, 
tuffisite free sample). Groundmass glass composition 
is rhyolitic (Table 2) with average silica content of 
about 75 wt% (Belousov et al. 2021). On the other 
hand, tuffisite veins have an ash grey colour and a 
dull, lustreless surface appearance. Using optical 
microscopy, there is a strong visual contrast between 
the coherent domains and the tuffisite domains 
(Figure 2, S2-1). The latter vary in thickness between 
a few mm and a few cm, often showing undulatory 
wavy contacts with the surrounding lava and contain 
intricate fluidal structures or even small folds. The 
main mineral constituents and proportions between 
the coherent magmatic domains and the tuffisite and 
ash samples are similar (Table 1) with the exception 
of tridymite in the tuffisite and ash. Glass in the mag
matic domains is translucent whereas the tuffisite 
groundmass is indistinct and not clearly resolved by 
optical microscopy. At high-resolution backscatter 
images, the fragmental nature of the tuffisite and ash 
samples is also visible. Some of the tuffisite and ash 
samples show localised corrosion features (see S3-3). 
Plagioclase in magmatic domains is generally euhedral 
and shows prismatic and sometimes acicular habits 
(Figure 2). On the other hand, plagioclase in tuffisite 
veins is smaller, often highly fragmental, comprised 
of disjointed (but formerly euhedral) crystal pieces 
(Figure 2, S2-2. S2-3).

Vesicle textures in coherent magmatic clasts are 
usually smooth showing spherical or subspherical out
lines. Isolated vesicles are usually equant or only 
slightly elongated but often two or several vesicles 
have coalesced. In contrast, vesicularity in the tuffisite 
is generally lower and vesicle textures show squashed 
and ragged outlines (S2-3). Within the tuffisite 
domains, individual larger glassy fragments are 
occasionally preserved and hosted within the fine- 
grained tuffisite matrix (Figure 3A, B). The tuffisites 
have corresponding counterparts in the erupted ash 
particles. Approximately 75% of the ash particles are 
pristine glassy fragments (Figure 3C upper image). 
The remaining 25% are either composite fragments 
(3c middle image) or finegrained fragmental clasts 
which are textural identical to the tuffisites (Figure 2, 
Figure 3C lower image, Figure 5 and S3).

Plagioclase CSD in coherent magmatic samples 
shows a slightly convex function generally typical for 
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enhanced crystallisation prior to eruption of volcanic 
rocks (Higgins and Roberge 2003). The CSD of the 
tuffisite samples generally maintains the overall 
shape of the distribution, however in all samples an 
increase in small crystals at the expense of the popu
lation with the largest size can be observed (Figure 4).

Tridymite phase identification and composition

Within the tuffisite domains as well as the fragmental 
domains of the erupted ash, tridymite is an ubiquitous 
mineral (Figures 5 and 6), but it is completely absent 
in coherent magmatic domains (Figure 2E, Fig. S1). 

Table 1. Modal composition and whole rock and trace element composition for Ebeko samples.
Modal glass (matrix for tuffisite) and mineral proportions for magmatic domains (MD), tuffisite and ash

MD1 MD2 MD3 MD4 MD5 Tuffisite 1 Tuffisite 2 Ash

Glass / Matrix 44 44 46 53 45 64 47 43
Plagioclase 38 39 39 29 39 21 34 39
Clinopyroxene 8 7 7 11 8 8 9 8
Orthopyroxene 8 7 6 5 5 3 4 6
Oxide 3 2 2 3 3 4 5 4
Olivine tr tr tr tr tr – – –
SUM 100 100 100 100 100 100 100 100

Major (and trace) element compositions of volcanic rocks from Ebeko volcano.

Coherent Lava 
Domain

Ash Tuffisite

Sample EB-1 EB-2 EB-ASH EB-TF-1 EB-TF-2 St.Dev

Major element oxides (wt%)
SiO2 58.60 59.20 57.52 58.51 58.33 0.54
TiO2 0.65 0.64 0.69 0.68 0.67 0.02
Al2O3 17.00 16.52 16.59 16.77 16.90 0.18
Fe2O3* 7.89 7.87 8.38 8.13 8.03 0.19
MnO 0.18 0.17 0.17 0.18 0.17 0.00
MgO 3.07 2.97 3.23 3.14 3.13 0.08
CaO 7.37 6.86 7.12 7.20 7.31 0.18
Na2O 3.09 3.03 2.80 2.95 2.97 0.10
K2O 2.16 2.28 2.02 2.11 2.07 0.09
P2O5 0.19 0.17 0.18 0.18 0.18 0.01
LOI 0.01 0.07 0.65 −0.12 −0.07 0.28
H2O- 0.13 0.19 0.08 0 0 0.08
Total 100.35 99.99 99.44 99.71 99.68
Trace element (ppm)

Li 11.2 12.3 10.4 10.6 10.8 0.65
Be 0.747 0.778 0.646 0.639 0.689 0.05
Rb 48.1 53.6 45.9 47.8 47.1 2.65
Sr 449 428 436 451 454 10.06
Y 21.3 21.4 20.7 20.7 20.6 0.33
Zr 96.8 102 88.0 90.4 90.7 4.99
Nb 2.05 2.07 2.03 2.01 1.96 0.04
Cs 2.54 2.95 2.41 2.42 2.47 0.20
Ba 408 434 385 405 405 15.41
La 11.4 11.7 10.9 11.3 11.3 0.28
Ce 26.6 27.4 25.5 26.3 26.6 0.60
Pr 3.61 3.65 3.45 3.56 3.58 0.07
Nd 16.5 16.6 15.8 16.3 16.3 0.27
Sm 3.94 3.88 3.78 3.84 3.89 0.05
Eu 1.06 1.04 1.02 1.05 1.07 0.02
Gd 4.10 4.03 3.96 3.99 3.96 0.05
Tb 0.644 0.617 0.599 0.621 0.613 0.01
Dy 4.05 4.00 3.91 3.94 3.92 0.05
Ho 0.862 0.838 0.820 0.820 0.815 0.02
Er 2.53 2.53 2.47 2.45 2.46 0.04

Tm 0.380 0.379 0.365 0.369 0.361 0.01
Yb 2.58 2.60 2.55 2.51 2.51 0.04
Lu 0.406 0.416 0.396 0.394 0.388 0.01
Hf 2.92 3.04 2.66 2.77 2.81 0.13
Ta 0.132 0.139 0.134 0.135 0.128 0.00
Pb 7.22 7.81 7.46 6.86 7.02 0.33
Th 4.11 4.68 3.95 4.01 4.00 0.27
U 1.49 1.71 1.43 1.44 1.46 0.10

Fe2O3*, total Fe as Fe2O3

LOI, loss on ignition

Table 2. Tridymite and glass composition.
Tridymite Matrix Glass

Average
S.D.  

(n = 34) Min Max Average
S.D.  

(n = 51)

SiO2 98.05 0.59 96.77 99.26 74.85 0.63
TiO2 0.14 0.07 0.02 0.30 0.40 0.02
Al2O3 0.60 0.28 0.16 1.11 12.32 0.17
FeO 0.18 0.06 0.06 0.39 2.07 0.18
MnO n.d. – – – 0.06 0.01
MgO n.d. – – – 0.16 0.07
CaO 0.03 0.02 0.00 0.08 0.80 0.15
Na2O 0.14 0.07 0.02 0.29 2.99 0.10
K2O 0.13 0.06 0.03 0.27 5.03 0.13
P2O5 n.d. – – – 0.06 0.03
Cl n.d. – – – 0.19 0.02

Total 99.28 98.87
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Tridymite phase identification was done automatically 
by the OMNIC software database provided with the 
Raman Spectrometer. In addition, we downloaded 
standard sample spectra R160073 from the RRUFF 
database (Lafuente et al. 2016) for direct comparison 
(Figure 6B, D Supplement S5). Composition varies 
between 96 and 99 wt% SiO2 and shows limited 
coupled Al3+ and Na+ + K+ substitution (Figure 6G, 
Table 2). Such a compositional variation and degree 
of substitution is generally characteristic of tridymite 

due to the more open structure of the mineral (Deer 
et al. 1992) concerning pure quartz. In addition, the 
substitution of alkalis also has an influence on the 
phase stability of the different silica polymorphs 
(Roy and Roy 1964; Dapiaggi et al. 2015; Schipper 
et al. 2020; Martel et al. 2021). Individual tridymite 
crystals are un-zoned and show an overall hom
ogenous composition (Figure 5D). Together with 
backscatter images, element maps also help to discern 
compositional boundaries between submicron 

Figure 2. Tuffisite (pyroclastic domain – PD) and coherent lava (magmatic domain – MD) at different scales A, hand specimen 
with light grey tuffisite veins hosted in dark grey coherent andesite B. C, closeup of the contact in plane polarised light and cir
cular polarised light. The majority of phenocrysts are plagioclase. Notice their euhedral habit in the MD and their fragmental, much 
smaller overall size in the PD D, closeup of the contact and larger individual domains E. F, in backscatter image.
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plagioclase fragments (Ca, Al-rich) and adjacent 
matrix glass (Al-rich – Ca-poor; see supplementary 
element maps – S4).

Crystals sizes range from submicron nanolites to 
microlites of more than 100 μm (Figure 5 and Sup
plement S3-S5). Tridymite crystals found in the ash 
samples are compositionally (Figure 6G) and textu
rally (Figure 5, S3) identical to the one found in the 
tuffisites. In the coarse and fine ash, tridymite occurs 
in sintered fragmental clasts and within the amalga
mated sintered fragmental domains of composite ash 
fragments; see Figure 3 and S3. In the very fine ash 
fraction, tridymite can also occur as singular monomi
neralic fragments (S3).

Discussion

Magma fragmentation and tuffisite formation

Processes and products of magmatic fragmentation 
during Vulcanian explosions have been previously 
studied in detail (Gabellini et al. 2022) including the 
ability of pyrogenic minerals to record fragmentation 
processes (Miwa and Geshi 2012). However, in these 
cases the evidence for the fragmentation process is 
presented away from the original context (i.e. together 
with adjacent coherent high T magma and volatiles) 
under which fragmentation occurred. Tuffisites hold 
this additional information as they preserve context 
and evidence of processes that happened during and 
after the fragmentation event. External tuffisites have 
been previously reported from various geologic 
environments and a broad spectrum of magma com
positions. In contrast, internal tuffisites are most com
monly described from silica-rich, highly viscous, 
rhyolitic magmas (Stasiuk et al. 1996; Tuffen et al. 
2003; Schipper et al. 2013; Saubin et al. 2016; Schipper 

et al. 2021). This observation is related to the fact that 
highly evolved magmas exhibit strong non-Newtonian 
behaviour at high strain rates and are prone to brittle 
failure, i.e. magmatic fragmentation under natural 
eruptive conditions (Webb and Dingwell 1990). 
Whole-rock compositions of the erupted magmas at 
Ebeko Volcano show andesitic or basaltic andesite 
compositions (Belousov et al. 2021), both magma 
types are usually characterised by much lower viscos
ities. However, the highly porphyritic nature of this 
magma plays a critical role in the tuffisite formation 
at this volcano as the large fraction of crystals is 
increasing magma viscosity significantly. In addition, 
the groundmass glass (representing the actual liquid 
viscosity) has a highly evolved composition. Belousov 
et al. (2021) calculated effective viscosities (liquid +  
crystal cargo) for Ebeko magmas as high as 108 Pa·s, 
well within the range of rhyolitic magmas (Lesher 
and Spera 2015). Unlike rhyolitic magmas, which are 
often crystal poor, the high crystallinity in the studied 
samples (47–56 vol% crystals) allows to display and 
quantify magma fragmentation. High strain rates 
during magma ascent and individual Vulcanian 
explosions will act upon the magma, leading to brittle 
failure, which in turn will also affect the crystal cargo 
of the magma, which is mechanically coupled to the 
fracturing liquid at the point of brittle failure. Thus, 
the crystals themselves act as a quantifiable proxy for 
magma fragmentation (i.e. the process would be 
more difficult to demonstrate in reamalgamated sin
tered aphyric rocks). The fragmentation effect is 
already apparent by visual observation (Figure 2B, C, 
Figure 3, S2-2 and S2-3) and further documented by 
the CSD variation (Figure 4) which shows the rotation 
of the CSD curve towards an increased proportion of 
fine crystals at the expense of large crystals (Higgins 
2006; van der Zwan et al. 2013).

Figure 3. Closeup of Tuffisite Vein with larger glassy clasts preserved (a-plane polarised light / b – cross polarised light). Notice 
how plagioclase remains its euhedral habit in the glassy magmatic domains. Image c shows similar textures from the ash fraction. 
Notice that the composite fragment is essentially a miniature tuffisite (i.e. some coherent melt got amalgamated to a more fine- 
grained sintered material aggregate).
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Formation of the tuffisite (as well as the fine-grained 
amalgamated fragmental ash particles) must have 
occurred prior to final fragmentation and ejection 
within large bombs (for the tuffisites) or injection into 
the atmosphere (for the ash). This requires (at least 
one) additional fragmentation events prior to the final 
eruption (i.e. the original fragmentation that formed 

the pyroclasts of the tuffisite) to take place within the 
volcanic system. Such deep-seated ‘cryptic’ fragmenta
tion has recently been proposed for silicic eruptions 
albeit on a much larger scale (Wadsworth et al. 2022).

We partially adopt this model of intermittent frag
mentation within the deeper conduit and transient sto
rage of tephra as it provides a feasible explanation for 
both tuffisite formation as well as the necessary con
ditions for tridymite formation (see discussion below). 
Like in the model by Wadsworth et al. (2022) we infer 
that disruption of the sealing lava cap leads to decom
pression and a fragmentation front that travels into the 
magma storage. The forthcoming explosion will eject 
and evacuate the uppermost storage region, but frag
mentation will extend further down the conduit, where 
fragmental material remains after the ejection. This frag
mental material will subsequently be juxtaposted with 
replenishment magma beneath a newly forming seal sin
tering the stored lower conduit pyroclastic material at 
approximately magmatic temperatures. Unlike the 
Wadsworth model tuffisite formation at Ebeko Volcano 
occurs on a much smaller scale and fragmentation will 
therefore not be all-encompassing (i.e. conduit sized) 
but instead produce small tuffisite bands and seams 
within coherent effusive domains. Also unlike the 
model by Wadsworth et al. (2022), the coherent domains 
at Ebeko Volcano are genuine magmatic domains and 
not previously fragmented and re-sintered material.

Silica polymorph crystallisation and stability

While quartz is generally a common phase in late stage 
crystallisation of silica-rich melts (Gualda and Ghiorso 
2013) the formation of the high temperature poly
morphs tridymite and cristobalite and their paragen
esis has been debated (Roy and Roy 1964). While 
the respective stability limits of pure stable silica 
phases are well known (Heaney 1994), Deer et al. 
(1992) expressed doubt that tridymite can directly pre
cipitate from magma (i.e. with a coexisting igneous 
liquid line of descent). This assumption was recently 
reinforced with an extensive experimental approach 
on several natural samples, none of which crystallised 
tridymite (Martel et al. 2021). Martel et al. (2021) 
review existing data on pressure and temperature- 
dependent pure silica phase stability but also notice 
that these results are generally not applicable to natu
ral systems as the incorporation of impurities (particu
larly alumina and alkali metals) has a profound 
influence on stable and metastable phase stability 
within this system (Roy and Roy 1964; Deer et al. 
1992; Dapiaggi et al. 2015; Schipper et al. 2020).

This is in agreement with the compositional vari
ation of our tridymite samples, which can contain 
up to 1.1 wt% alumina and up to 0.3 wt% sodium 
and potassium (Table 2, Figure 6). These values are 
comparable to natural samples reported from 

Figure 4. Crystal size distribution (CSD) for coherent lava 
domains and adjacent tuffisite daomains. While the overall 
shape of the CSD remains similar all tuffisite show and increas
ing number density of small crystals at the expense of the 
number density of the larger populations, a feature generally 
assigned to fragmentation processes [see inset after van der 
Zwan et al. (2013)].
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Bezymianny Volcano (Martel et al. 2021) although are 
slightly more potassium rich. Groundmass glass com
position in our samples is rhyolitic (Table 1) and over
all comparable to the natural samples reported by 
Martel et al. (2021) although again more potassium 
rich. Experiments performed near the tridymite stab
ility field (but below 1000°C) by Martel et al. (2021) 
did not produce tridymite. However, they identified 
several experimental samples, which formed very 
close to the tridymite stability field. It seems 

conceivable that the basaltic andesites of Ebeko Vol
cano, with comparable high temperatures of about 
1000 degree (Belousov et al. 2021) present conditions 
close to those required to directly crystallise tridymite 
from the magmatic liquid. In addition, previous 
studies also emphasised the importance of sodium 
and potassium in stabilising tridymite and cristobalite 
(Dapiaggi et al. 2015) with Na having a more stabilis
ing effect on cristobalite and potassium preferentially 
stabilising tridymite (Martel et al. 2021).

Figure 5. Tridymite in high resolution backscatter images from tuffisites (A–D) and erupted volcanic ash (E–H).
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However, with the exception of the tuffisites and 
the erupted ash, no tridymite (nor cristobalite) was 
found in either the lava samples or any of the mag
matic domains (Figure 2E, S1). We therefore conclude 
that tridymite did not form as a common phase of 
magmatic differentiation in our samples. This also 
sets our samples apart from those reported by Davy
dova et al. (2022) where tridymite can be clearly 
seen within a magmatic vesicular texture.

Cristobalite as well as tridymite have been found in 
volcanic ash samples (Baxter et al. 1999; Horwell et al. 
2013; Damby et al. 2016) and also been shown to 
form as products from vapour phase deposition within 
evolved volcanic rocks (Schipper et al. 2020; Koulakov 
et al. 2021). Tridymite crystallisation was also shown 
to occur under similar conditions when associated 

with cooling of silica rich ignimbrites (Heled et al. 
2022). In addition, formation of silica polymorphs has 
been associated with the growth of silica-rich active 
lava domes (Hoblitt and Harmon 1993; De Hoog 
et al. 2005; Horwell et al. 2013; Boudon et al. 2015).

The fact that tridymite at Ebeko occurs exclusively in 
tuffisites and an ash samples strongly suggests involve
ment of a vapour phase and a causal relationship of its 
formation with the Vulcanian eruption process.

Tridymite crystallisation during Vulcanian 
explosions

While there is a substantial body of research on cristo
balite vapour phase crystallisation (Schipper et al. 
2020), formation of tridymite is less well studied, 

Figure 6. A. B, Tridymite phase identification and comparison with reference standard materials (RRuff database) C. D, Backscat
ter and Si-element map E, Coupled Al3+ and alkali substitution in tridymite.
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however De Hoog et al. (2005) present a general model 
for silica precipitation and infer that the actual preci
pitating phase may be mainly controlled by tempera
ture and pressure. In general, acidic volcanic gases 
(Cl, F) will exsolve from the magma at shallow crustal 
levels and partition into aqueous fluids to form acidic 
gas species (Aiuppa et al. 2009) with hydrofluoric acid 
probably of particular importance (De Hoog et al. 
2005). Acidic gases will dissolve silicate which can 
enter the vapour phase as halogen complexes (e.g. 
SiCl4 and SiF4) where HF is thought to be more reac
tive than HCl and directly breaks Si-O bonds within 
the silicate frameworks allowing uptake and mobilis
ation of Si (Horwell et al. 2013; Schipper et al. 2017). 
Precipitation of SiO2 commences when the vapour 
phase has become saturated in silica and an appropri
ate substrate is available onto which precipitation can 
take place. This also requires overcoming barriers to 
deposition that are created by lattice mismatch / lattice 
strain between substrate and precipitate. A large num
ber of studies shows the formation of silica poly
morphs in close association with permeable vesicle 
textures within otherwise coherent glassy magmatic 
rocks where a vapour phase percolates through per
meable dome and lava structures to form silica poly
morphs (Hoblitt and Harmon 1993; De Hoog et al. 
2005; Horwell et al. 2013; Boudon et al. 2015; Schipper 
et al. 2017; Schipper et al. 2020; Davydova et al. 2022).

Such a mechanism seems to be hindered at the Vul
canian system of Ebeko Volcano for all larger coherent 
lava rocks (magmatic domains) domains due to their 
low permeability. They consequently lack any pres
ence of silica polymorphs. Instead, in the following 
section we will suggest a mechanism during which 
fragmentation of the magma, gas exsolution and the 
subsequent fluid flow through stored permeable frag
mental material in the upper conduit leads to the for
mation of tridymite.

De Hoog et al. (2005) use a (simplified) equilibrium 
reaction to consider the formation and stability of a 
SiF4 halogen complex and the precipitation of a silica 
polymorph:

SiO2(s)+ 4HF(g)←→ SiF4(g)+ 2H2O(g) 

They show that the equilibrium of the reaction is 
strongly shifted to the left side of the equation during 
decompression where SiO2 and HF become the stable 
phases. While temperature decrease generally shifts 
the equilibrium to the right side of the equation, the 
overall effect of temperature was shown to be negli
gible if considering natural volcanic systems. They 
thus conclude that decompression can play an impor
tant role in the precipitation of silica within active vol
canic systems.

Vulcanian systems are characterised by the 
repeated sealing / pressurisation of the magmatic 

conduit and subsequent explosion / fragmentation 
and eruption (e.g. see Figure 4 in Walter et al. 2020). 
During each individual explosion decompression of 
the system will lead to gas exsolution, magma frag
mentation and partial evacuation of the upper conduit 
forming a Vulcanian eruption plume. However, 
additional new pyroclastic material will form in the 
deeper conduit (cryptic fragmentation) and presum
ably also line the conduit walls and partially remain 
in the upper conduit. Parts of this fragmental material 
will be entrained within subsequent recharge magma 
and exposed to magmatic temperatures (sintering). 
During closure of the system a pressurised pocket of 
magma + ash-laden gas will accumulate within the 
conduit (Muramatsu et al. 2023). The equilibrium 
process proposed by De Hoog et al. (2005) suggests 
that during this stage, silica uptake as a silica halogen 
complex will be the dominant mechanism. The most 
likely source for such a process is finely fragmented 
glassy material (Figure 7A). Localised corrosion seen 
in some of the ash and tuffisite samples (S3-3) suggests 
that silica scouring is happening in the upper conduit. 
Following explosion and decompression equilibrium 
will shift to the left side of the equation leading to 
the precipitation of tridymite among previously frag
mented material (Figure 7B). As long as the low- 
pressure state remains and silica-bearing fluids perco
late the upper conduit tridymite crystallisation and 
growth can continue (7C). Following the subsequent 
closure of the system a new cycle will begin. Lack of 
permanent geophysical monitoring of the volcano 
makes it difficult to estimate a precise depth range 
for the proposed processes. However, we infer them 
to operate within approximately 0–2 km depth, 
based on comparable eruptions on similar volcanic 
systems (Takagi et al. 2005) A recent study by Sakurai 
et al. (Sakurai et al. 2024) has shown that (at least for 
cristobalite) halogens are not essential for the precipi
tation of silica. If this is also the case for tridymite and 
alternative possibility could be that gas ascending 
from larger depth is already silica rich. Since the size 
of tridymite crystals observed in our samples ranges 
from sub-micron to several tens of micrometers the 
conditions for crystallisation may vary possibly 
depending on not only the subsurface storage dur
ation, suitable sintering conditions but also actual 
state of the volcanic system.

The timescale between fragmentation, particle cap
ture and fracture healing / sintering is unknown but at 
least in some cases assumed to be short. Evidence for 
this assumption is given by the proximity of fragmen
ted clasts of various size. Figure 5A shows fractured 
plagioclase crystals, which remain ‘in situ’ after break
age. Figures 5C and D show a large pyroxene pheno
cryst within a tuffisite domain, that has been 
fragmented and subsequently invaded by a surround
ing fluid phase and tridymite has started to form. 
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However, the crystal largely remains in its original 
position with a jigsaw fit texture and the interstitially 
precipitated tridymite is small.

The formation and stability of silica polymorphs at 
active volcanic systems has been a topic of intensive 
research for many decades (see a detailed review in 
Martel et al. 2021). It is not immediately obvious 
why at Ebeko Volcano, tridymite crystallised instead 
of cristobalite. One noticeable difference are the over
all relatively high magmatic temperatures. Belousov 
et al. (2021) presented a detailed study on mineral 
chemistry and phase equilibria from the recent 
Ebeko eruption and discuss applicability of several 
geothermobarometers. They show that the most 
appropriate estimate for an eruption temperature 
can be made based on the equilibrium between 
groundmass orthopyroxene and matrix glass. The 
respective calculations yield an eruptive temperature 
of ca. 1000 degree C (Belousov et al. 2021). Another 
apparent difference is the slightly higher potassium 
content of the magmatic liquid.

Previous studies have shown that highly evolved 
silica-rich lava domes provide a suitable environment 
for the formation of silica polymorphs, where a vapour 
phase percolates through permeable, vesicular, glassy 
dome rock material. Magma ascent within the Vulca
nian system of Ebeko Volcano does not provide such 
conditions. However, sufficient permeability is created 
following magma fragmentation where significant 
silica-rich gas flux can percolate through highly per
meable ash and tuffisite and precipitate the silica poly
morph tridymite. Additional studies at similar 
Vulcanian systems may provide more insights and 
answers to this question.

Conclusion

Explosive volcanic activity leads to the fragmentation 
of magma, which produces pyroclasts of variable 
size. Due to the inherent danger of explosive eruptions 
insights into the underlying process is either gained 
from analogue experiments, modelling or from 

Figure 7. A, the original magma phase assemblage does not contain any silica polymorph. It is however repeatedly pressurised in 
the upper magmatic together with fragmental material from previous eruptions. Muramatsu et al. (2023) show how highly pres
surised ‘gas pockets’ can form under such conditions. Such conditions promote silica dissolution and stability of silica halogen 
complex B, Decompression and Fragmentation allow for precipitation of tridymite which may continue to grow as long as gas 
and ash venting resumes under low pressure conditions C, before the system becomes sealed again and a new explosive 
cycle commences.
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observation of the erupted products. In the case of the 
latter – if present – tuffisites can provide a more 
immediate perspective on magmatic fragmentation 
as they preserve the products of fragmentation (i.e. 
the tephra) within additional context of its formation. 
Because the samples observed in this study are very 
crystal rich, the phenocrysts themselves were used as 
a quantifiable proxy to document magma fragmenta
tion. The phenocryst assemblage between coherent 
(unfragmented) lava samples and pyroclastic material 
is identical, with the exception of tridymite, which is 
only present in the erupted ash and the tuffisite 
veins. Tridymite does not crystallise from the evolved 
magmatic liquid but forms as a consequence of explo
sive eruptive activity and volatile exsolution and fluid 
flow following decompression and magma fragmenta
tion. It will therefore be present in the erupted tephra, 
but lacking in all coherent magmatic rocks. The 
tuffisite samples are an exception which preserves 
the circumstances of the appearance of this new phase.

Our results suggest that a portion of pyroclastic par
ticles during Vulcanian outbursts is not ejected in the 
atmosphere immediately after the magma fragmenta
tion. Instead, fragmental material can spend time 
trapped inside pyroclast-filled veins of the volcanic 
plug (these veins, if later recaptured by coherent lava, 
form tuffisite domains). During temporary storage 
between succeeding explosions (tentatively from a few 
hours to days), before final ejection into the atmos
phere, newly as well as previously fragmented pyroclas
tic material will be stored under conditions that allow 
for tridymite formation due to decompression and 
gas flux through the upper crustal tephra storage.

Unlike the highly permeable effusive rocks of 
evolved silica-rich lava domes, at Ebeko Volcano, per
meability for gas flux and silica polymorph formation 
is caused by magmatic fragmentation. Compared with 
typical (dome-forming) Andesitic – Dacitic Pelean 
eruptions, the overall higher temperatures of the mag
matic system at Ebeko, are favouring the formation of 
tridymite over cristobalite during VPC.
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