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Abstract

Groundmass textures of volcanic rocks provide valuable insights into the processes of magma ascent, crystallization, and
eruption. The diktytaxitic texture, characterized by a lath-shaped arrangement of feldspar microlites forming glass-free and
angular pores, is commonly observed in silicic dome-forming rocks and Vulcanian ashfall deposits. This texture has the
potential to control the explosivity of volcanic eruptions because its micropore network allows pervasive degassing during
the final stages of magma ascent and eruption. However, the exact conditions and kinetics of the formation of diktytaxitic
textures, which are often accompanied by vapor-phase cristobalite, remain largely unknown. Here, we show that the dik-
tytaxitic texture and vapor-phase minerals, cristobalite and alkali feldspar, can be produced from bulk-andesitic magma with
rhyolitic glass under water-saturated, near-solidus conditions (+ ~10 MPa and + ~20 °C within the solidus; 10-20 MPa and
850 °C for our starting pumices). Such crystallization proceeds through the partial evaporation of the supercooled melt,
followed by the deposition of cristobalite and alkali feldspar as a result of the system selecting the fastest crystallization
pathway with the lowest activation energy. The previously proposed mechanisms of halogen-induced corrosion or melt
segregation by gas-driven filter pressing are not particularly necessary, although they may occur concurrently. Diktytaxitic
groundmass formation is completed within 4-8 days, irrespective of the presence or composition of the halogen. These find-
ings constrain the outgassing of lava domes and shallow magma intrusions and provide new insights into the final stages of
hydrous magma crystallization on Earth.
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Introduction

The textures of volcanic rocks represent magmatic pro-
cesses, such as magma storage, ascent, and eruption. The
groundmass texture of volcanic rocks records late-stage
crystallization and degassing. The groundmass of volcanic
necks and lava domes often show a diktytaxitic texture char-
acterized by a lath-shaped arrangement of feldspar micro-
lites, forming glass-free and angular pores. Volcanic ashes
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and lava fragments from Vulcanian explosions and ash
plumes also contain diktytaxitic groundmass (e.g., Pallister
et al. 2008; Horwell et al. 2013; Gaunt et al. 2016; Kushnir
et al. 2016; Schipper et al. 2017; Ikegami et al. 2018). The
interconnected micropores in the diktytaxitic groundmass
suggest their critical role in facilitating gas escape during the
final stage of magma emplacement, thus controlling eruption
explosivity and volcanic hazards such as pyroclastic density
currents and Vulcanian explosions (e.g., Sparks 1997; Cas-
sidy et al. 2018; Kushnir et al. 2016).
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Another feature of interest is the common association
between the diktytaxitic texture and vapor-phase (pneu-
matolytic) high-temperature silica polymorphs, such as
cristobalite (e.g., Baxter et al. 1999; Pallister et al. 2008;
Horwell et al. 2013; Kushnir et al. 2016; Schipper et al.
2015, 2017, 2020; Ikegami et al. 2018) and tridymite (Pal-
lister et al. 2008; Horwell et al. 2013). The simultane-
ous formation of high-temperature silica polymorphs in
the presence of high-temperature volcanic gas provides
clues to their formation mechanisms. Volcanic ash from
continuously erupting volcanoes often contains significant
quantities of cristobalite crystals (e.g., Baxter et al. 1999;
Horwell et al. 2003; Hillman et al. 2012), which can cause
a lung disease known as silicosis and lead to increased
mortality associated with lung cancer when inhaled into
the respiratory tract (Higuchi et al. 2012; Sato et al. 2018).
Therefore, an understanding of the formation mechanisms
of vapor-phase cristobalite is critical for assessing health
hazards.

Although diktytaxitic texture has long been recognized
in petrographic literature (e.g., Fuller 1931), its formation
conditions and mechanisms remain elusive. Two possible
formation mechanisms of diktytaxitic textures accompa-
nied by cristobalite have been proposed: melt segregation
by gas-driven filter pressing (Peck 1978; Anderson et al.
1984; Bacon 1986; Sanders 1986; Goff 1996; Sisson and
Bacon 1999; Pistone et al. 2015, 2020) and melt or glass
corrosion by halogen-bearing vapor (De Hoog et al. 2005;
Horwell et al. 2013; Schipper et al. 2015, 2017, 2019;
Yoshimura and Nakagawa 2021). Gas filter pressing is
generally attributed to secondary boiling associated with
rapid crystallization during the intrusion of mafic magma
into a felsic host rock or a mash-like magma chamber.
This is evidenced by the occurrence of diktytaxitic tex-
tures in mafic inclusions and vitrified melt in vesicles of
the host rock, which is chemically related to the intrusive
magma (Peck 1978; Anderson et al. 1984; Bacon 1986;
Sanders 1986; Goff 1996; Sisson and Bacon 1999). How-
ever, detailed conditions such as temperature, pressure,
ambient gas composition, and time for the formation of
diktytaxitic texture remain uncertain. Pistone et al. (2020)
demonstrated through laboratory experiments that the seg-
regation of melt due to filter presses during the crystal-
lization of felsic magma is increased closer to its solidus
temperature. Despite the potential insights offered by
diktytaxitic textures and vapor-phase silica, the formation
of these features has yet to be thoroughly studied under
controlled laboratory conditions. In this study, crystalliza-
tion experiments on hydrous melts were performed under
vapor-saturation conditions to elucidate the conditions and
kinetics of the formation of diktytaxitic texture. The poten-
tial role of halogens in this process was also investigated
in HCI- and HF-bearing systems.
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Methods
Preparation of starting materials and capsules

As starting materials for the hydrothermal experiments,
we used two andesitic pumice clasts, SAK-W and SAK-
E, from the 1914 (Taisho) Plinian eruption of Sakurajima
volcano, Kagoshima Prefecture, Kyushu, Japan. Since its
most recent large eruption in 1914-1915, where the VEI 4
Plinian eruption was followed by a lava flow of 1.54 km? (in
dense rock equivalent), the Sakurajima volcano has experi-
enced repeated Vulcanian explosions > 1000 times/y at its
most active phase, interpolated with ash plumes, and rarely
with Strombolian eruptions. Diktytaxitic particles and cris-
tobalite are common in volcanic ash (Hillman et al. 2012;
Matsumoto et al. 2013). Residents near the neighborhood
have long suffered from respiratory illnesses caused by vol-
canic ash (Hillman et al. 2012; Higuchi et al. 2012). Sam-
ples SAK-W and SAK-E were collected from the outcrops
of Hakamagoshi and Nagasakibana, respectively, located on
the western and eastern flanks of Sakurajima volcano. These
two samples have almost the same bulk chemical composi-
tion (Table 1) but differ slightly in porosity (low in SAK-W)
and microlite number density (high in SAK-W) (Fig. 1a and
b). These two samples were selected for control experiments
to investigate the effects of pre-existing groundmass crys-
tals on nucleation during the experiments. The groundmass
of SAK-W contains plagioclase and pyroxene microlites of
13.0-17.5 and 1.3-3.3 vol%, respectively, while SAK-E was
almost microlite-free. All the pumice samples were carefully
cut into cubes (approximately 1.5 mm) to avoid phenocrysts.
One or two pumice cubes were placed in Au capsules with

Table 1 Bulk and glass chemical composition of the starting materi-
als

SAK-W SAK-E

Bulk (wt.%) Glass (wt.%) Bulk (wt.%)* Glass (Wt.%)
Sio, 62.31 72.54 62.68 69.86
TiO, 0.80 0.85 0.81 0.78
AlL,O; 16.77 12.65 16.57 13.92
FeO 6.13 3.96 6.09 4.28
MnO 0.15 0.05 0.14 0.07
MgO 2.28 0.57 2.25 0.89
CaO 6.02 2.20 5.65 3.25
Na,O 3.52 4.01 3.82 4.17
K,0 1.81 2.84 1.84 2.48
P,05 0.21 0.32 0.16 0.30
Total®  100.00 100.00 100.00 100.00

2 After Otsuki et al. (2015)
®Normalized to volatile-free 100%
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Fig. 1 Backscattered electron images of polished cross-sections of
two pumice clasts used as the starting materials for the hydrothermal
experiments. a SAK-W and b SAK-E. Bright elongated crystals are
orthopyroxene (Opx) and the dark areas are resin-filled original vesi-
cles

sufficient water to ensure saturation under the target pressure
and temperature (P-T) conditions. HC1 or HF was added as
a 1000 ppm water solution in some capsules.

Hydrothermal experiments

All experiments were conducted using cold-seal pressure
vessels made of Rene 41 or Inconel 713LC, which were
aged under hydrothermal conditions to form oxide films.
Water was used as the pressure medium and was expected
to become a supercritical fluid only in Run# PLT12 because
of the relatively high pressure, which exceeded its critical
point. Water was present as vapor in the other runs. Cap-
sules were supported by nickel filler rods. Hydrogen trans-
port through the Au capsule allowed the redox environment
inside the capsule to be buffered by the surrounding metals,
maintaining an oxygen fugacity approximately equal to that

of nickel-nickel oxide (NNO) buffer, within a range of +0
to+ 1 in logarithmic scale (Okumura et al. 2021).

All the experiments were conducted under isobaric—iso-
thermal conditions at 2.5-80 MPa and 750-950 °C. The
pumice cubes and deionized distilled water were placed in
Au capsules with 3.0 and 2.7 mm outer and inner diam-
eters, respectively, and welded together. The Au capsule
was then heated from room temperature to the target tem-
perature T (°C) for approximately 1 h, maintained for the
desired duration, ¢ (6—189 h), and quenched by introducing
the capsule into a cooling tube or cooling the pressure vessel
with compressed air and water. The experimental pressure
was maintained manually or by using an automatic syringe
pumping system during each experiment. Table 2 summa-
rizes the operating conditions. The weight-based water—rock
ratio u was calculated from the pumice weight and weight
gain after the addition of water. The experimental condition
for PLT02A (#=13.0 wt.%, P=10 MPa, T=850 °C, and
t=189 h) was defined as the reference condition for control
experiments on water—rock ratio (2.6—13.0 and > 100 wt.%;
Water-u series), pressure (2.5-80 MPa; Water-P series),
temperature (750-950 °C; Water-T series), and run dura-
tion (6-384 h; Water-¢ series). For Run# PLT16, one end
of the capsule was crimped without welding to expose the
pumice cubes to the large volume of water vapor that filled
the vessel as a pressure medium. The capsules containing
HCl,,, or HF o) were heated at 10 MPa and 850 °C for
6—189 h (HCI-¢ and HF-¢ series). The experiments were
started immediately after preparing these capsules to mini-
mize the corrosion of the pumice cubes using liquid HCI
or HF solution. For the experimental series other than the
Water-u, the water—rock ratio varied between experiments
in the range of 3.4-27.4 wt.%.

Sample analysis

The recovered Au capsules were carefully opened to pre-
vent damage. The surface textures of the run products and
internal walls of Au capsules were observed using a field-
emission scanning electron microscope (FE-SEM; JEOL
JSM-7100F). Subsequently, the run products were embed-
ded in epoxy resin, polished to expose the cross-section, and
coated with carbon. The chemical compositions of minerals
and residual glass of run products were analyzed on polished
sections using energy dispersive X-ray spectroscopy (EDS;
JEOL JED-2300F) under analytical conditions of a 1 nA
beam current and 15 kV accelerating voltage with the ZAF
(effects of atomic number (Z), absorption (A), and fluores-
cence excitation (F)) correction. The concentrations of major
elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) of silica
minerals (6—13 pcs/sample), feldspar microlites (12-27 pcs/
sample), and pyroxene microlites (12—-23 pcs/sample) were
analyzed. The major element concentrations of glass in the
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Table 2 Experimental
conditions and presence of
cristobalite and alkali feldspar

Series Run# Encapsulated liquid® quOh (Wt%) P (MPa) TY(°C) ¢ (h) Mineral presencef
Crs (>10 pm) Kfs

Water-u PLT14A  Pure water 2.6 10 850 189 Vv v
PLT02B 5.1 v v
PLT02A% 13.0 v v
PLT16 >100 v v
Water-P PLT17 Pure water 3.9 2.5 850 189
PLTO5 11.3 5.0
PLT02A® 13.0 10 v v
PLTO08 9.3 20 v v
PLT12 8.9 40 v
PLT31 27.4 80
Water-T PLTI18 Pure water 4.8 10 750 189
PLTO3 12.9 800
PLT02A® 13.0 850 v v
PLT04 13.6 900 v
PLT13 8.0 950
Water-+ PLT15 Pure water 34 10 850 6
PLT11 4.0 12
PLTO06 15.7 24 v
PLTO7 9.5 48 v
PLTO1 7.0 96 v v
PLT02A® 13.0 189 Vv v
PLT10A 5.0 384 VvV v
HCl-¢ PLT24B 1000 ppm HCl,, 10.3 10 850 6
PLT23B 8.4 12 v
PLT26B 6.7 24 v
PLT30 5.9 48 v
PLT28B 6.8 96 v v
PLT29B 5.3 189 Vv v
HE-¢ PLT24A 1000 ppm HF, 7.7 10 850 6
PLT25 10.3 12 v
PLT26A 9.0 24 v
PLT27 7.0 48 4 v
PLT28A 4.5 96 v v
PLT29A 8.1 189 Vv v

*Fluid (pure water, HCl aqueous solution, or HF aqueous solution) enclosed in a gold capsule with the
starting material

Puy0 gives the mass ratio of water to pumice cubes in the capsule
P indicates the pressure of water impregnated around the vessel as a pressure medium

47 refers to the temperature of the sample, measured using a type-K thermocouple attached to the external
wall of the vessel

°t is the duration for which the pressure and temperature were maintained constant under the target condi-
tions

fCheck marks indicate the presence of minerals (Crs (> 10 pm): cristobalite larger than 10 pm; Kfs: alkali
feldspar) in the sample

€PLTO02A repeatedly appears as the reference condition for each series of controlled experiments

run charges and starting material (SAK-W) were analyzed  contained submicron-sized crystals known as nanolites and
on 10-27 rectangular areas of approximately 100 um? for  ultrananolites (Mujin et al. 2017). The standards used for
each sample. These regions were devoid of microlites but ~ ZAF correction on quantitative values for both minerals and
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glasses included GaP (P), wollastonite (Si and Ca), corun-
dum (Al), periclase (Mg), albite (Na), orthoclase (K), and
elemental metals (Ti, Fe, and Mn). Elemental mapping was
also conducted on selected areas of samples. SEM—-EDS
(JEOL JCM-7000) was used for elemental mapping. Micro-
Raman spectroscopy (JASCO NRS-5100) was used to iden-
tify the phases of silica minerals and feldspar in the prod-
ucts. The samples were irradiated using a green excitation
laser beam at 532 nm with a power of 7 mW at the source.
Each Raman spectrum was acquired in 40 s. The grating of
the spectrometer was 1800 lines/mm.

Rhyolite-MELTS calculation

To estimate the remaining fraction of melt at equilibrium
and the ideal solidus under experimental conditions, we used
the Rhyolite-MELTS program (Gualda et al. 2012) with the
glass chemical composition of the starting material SAK-W
(Table 1) input as the initial composition. We assumed the
oxygen fugacity was set to be NNO + 0 and simulated water-
saturated conditions by adding 20 wt.% H,O to the system.
We confirmed that the calculated mass fraction of the crys-
tallized phases was independent of H,O content beyond
10 wt.%. Therefore, the chosen amount of H,0 (20 wt.%)
did not significantly affect the results.

Results
Groundmass texture and microlite phases

There were no significant changes in groundmass texture
and microlite phases among the experimental products using
SAK-W and SAK-E as starting materials. This means that
the effects of pre-existing microlites on nucleation are not
significant as long as glass constitutes the majority of the
groundmass. We will focus only on the SAK-W sample
hereafter.

Typical groundmass textures formed through the hydro-
thermal experiments (Run# PLT02A; 850 °C, 10 MPa, and
189 h) are shown in the backscatter electron (BSE) image
(Fig. 2a and d) and the same area’s combined elemental map
with characteristic X-rays of Si Ko, Al Ka, and Mg Ka lines
(Fig. 2b and e) and Na Ka, Ca Ka, and K Ka lines (Fig. 2¢
and f) were assigned to RGB color channels. In Fig. 2b and
e, the green, purple, and red regions correspond to feldspars,
pyroxene (Px), and silica minerals, respectively. In Fig. 2¢c
and f, yellow to green and blue to purple regions correspond
to plagioclase (P1) and alkali feldspar (Kfs), respectively. the
glass-free pores, characteristic of the diktytaxitic texture,
were formed in the microlite interstices. At the same time,
the quenched glass sporadically remained in the microlite
interstices, exhibiting an intersertal texture (orange region in

Fig. 2b). Below, we describe the characteristics of microlites
crystallized during the experiments.

Feldspars

Feldspar microlites in the sample cross sections were classi-
fied into four types according to their size and shape: Type
I, large (up to 100 um in length) and blocky crystals with
relatively small aspect ratios; Type II, microlites (approxi-
mately 1-50 pm in length) and tabular (elongated on the
cross section) crystals; Type III, small (up to 10 pm in
length) crystals with thin-platy (elongated on the cross sec-
tion) and sometimes skeletal shapes; Type IV, the smallest
(up to 5 pm in length), thin-platy (elongated on the cross
section) crystals. Types I and II are present in both interser-
tal and diktytaxitic textures. Type-III microlites are found
only in the diktytaxitic part, whereas Type-IV microlites
were found only in the intersertal part. Type-III crystals were
surrounded predominantly by pores, whereas Type-IV crys-
tals were mostly in contact with the glass. Figure 2(c and
f) shows that Type-III feldspar is K-rich compared to feld-
spars of Types I and II, whereas Type-IV feldspar is Na- and
Ca-rich. Type-IV feldspar is difficult to distinguish in BSE
images and is discernible only in high-resolution, low-noise
compositional maps. The minor plagioclase microlites origi-
nally contained in SAK-W mainly constitute Types I and II.
Types III and IV were not included in the starting materials.
Thus, the dominant part of Type-II and all of Type-III and
-IV feldspars should have crystallized during the heating
experiments.

Figure 3 shows the chemical compositions of Type-II
feldspar in the intersertal texture and Type-III feldspar in
the diktytaxitic texture of the PLTO2A and PLT02B run
products, which were run at the reference conditions, i.e.,
10 MPa and 850 °C for 189 h. Type-II microlites have
plagioclase compositions with An,s 45 (An=100 X Ca/
(Ca+Na+K) in mol%). As most Type-III crystals have
widths (thickness) of < 1 pm, relatively large (a few pm in
width) crystals were selected and measured. Nevertheless,
the X-ray excitation area (a few pm in diameter with a
15 keV electron acceleration voltage) could have included
the adjacent phases. Hence, the surrounding phases, such
as residual glass and Type-II plagioclase, could affect
some plots in the miscibility gap. The raw analytical val-
ues of Type-III feldspars have K-rich compositions plotted
in the miscibility gap at 10 MPa and 850 °C calculated
using SOLVCALC (Wen and Nekvasil 1994) based on the
thermodynamic model of Nekvasil and Burnham (1987).
Data was best interpreted as consisting of two trends: one
parallel to the solvus and the other linearly lying between
Ab,;0rs; and the average composition of the residual glass
of PLT02A and PLT02B (cross in Fig. 3). The latter linear
trend extended to the most Na-rich Type-1I plagioclase
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Fig.2 Typical groundmass textures formed through Run# PLT02A
(10 MPa, 850 °C, 189 h, SAK-W). a—c and d-f are respectively from
the same cross-sectional area. a, d Backscattered electron images
accentuating diktytaxitic pores. b, e Combined X-ray elemental
maps of Si (orange), Al (cyan), and Mg (magenta). The orange, cyan,
magenta, and black areas in the maps represent cristobalite, feldspars,
pyroxene, and resin-filled pores, respectively, and the remaining light

@ Springer

pore

(Typé—IH)

(Type;IH)

orange areas represent residual glass (gl). ¢, f Combined X-ray ele-
mental maps of Na (red), Ca (green), and K (blue). The blue to pur-
ple, K-rich thin feldspar microlites compose the diktytaxitic texture
(Type-1II feldspar). The red to yellow, more Na- and Ca-rich finer
feldspar microlites present in the residual glass (Type-IV feldspar).
The most Ca-rich fine crystals, corresponding to the Mg-rich ones in
b and e, are pyroxene
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NaAlSi,0q CaAlSi,04

Fig.3 Or-Ab-An ternary diagram of feldspar microlites crystallized
during the experiments of PLT02A (10 MPa, 850 °C, 189 h). Pur-
ple open circles and green open squares indicate the compositions
of feldspar microlites (Type-III) in the diktytaxitic part and feldspar
microlites (Type-II) in the intersertal part, respectively. The gray area
is the miscibility gap at 850 °C and 10 MPa, calculated using the
software SOLVCALC (Wen and Nekvasil 1994) based on the ther-
modynamic model of Nekvasil and Burnham (1987). The purple solid
circle indicates the estimated composition of alkali feldspar microlites
(Ab,;0r57). The cross shows the average composition of the residual
glass of PLTO2A and PLT02B

composition. These trends suggest incomplete separation
into equilibrium solvus compositions due to rapid crystal-
lization and possible analytical contamination by residual
glass and Type-II plagioclase.

Silica minerals

Silica minerals were formed in the interstices of feldspar
crystals with a diktytaxitic texture (Fig. 2a and b). This
was not observed in the intersertal part; that is, it was not
entirely surrounded by residual glass. Raman spectra of
the groundmass of the run product at 10 MPa and 900 °C
for 189 h (PLT04) showed two sharp peaks at 228 and
417 cm™!, indicating that the silica mineral was cristo-
balite (Fig. 4a). The cristobalite crystals had characteristic
cracks due to the shrinkage upon phase transition from
cubic f to tetragonal a at 170-270 °C during quenching
(Carpenter et al. 1998; Fig. 2a), as is common for cristo-
balite in natural volcanic rocks (Baxter et al. 1999; Hor-
well et al. 2013; Damby et al. 2014). The cristobalite con-
tained up to 2.0 wt.% Al,05 and up to 0.9 wt.% Na,O (see
Supplementary Material, Fig. S1).

Pyroxene

The run products contained fine pyroxene microlites (<5 pm
in length), which should have crystallized during the exper-
iments because they were absent in the starting material.
They exhibited both intersertal and diktytaxitic textures.
No significant differences in the morphology or size were
observed depending on the crystal location.

Fe-Ti oxides

Trace quantities of Fe—Ti oxide microlites were present in
the reaction products. They are not discernible in the com-
positional maps but can be seen in the BSE images (Fig. 2a
and d). Most of the Fe-Ti oxide microlites crystallized dur-
ing the experiments.

In some experiments, euhedral mineral deposits formed
small islands on the inner wall of the capsule, away from the
pumice sample (Fig. 5a and b). They were of two types: the
polyhedron crystals with rounded edges or pyramidal shape
up to 20 pm, and aggregates of finer (1-5 pm in diameter)
tabular crystals (Fig. 5c and d; PLT04, 10 MPa, 900 °C, and
189 h). In addition to the crystal habits, EDS and Raman
analyses showed that the former was cristobalite, whereas
the latter was alkali feldspar (Fig. 4b). The exact phase of the
alkali feldspar could not be identified, but the doublet Raman
peak observed in the range of 450-520 cm™' suggests the
alkali feldspar with high degree of Si—Al disorder, namely
sanidine (Fig. 4b) (Freeman et al. 2008). Fine acicular crys-
tals were present in the aggregates. The mineral phase of the
acicular crystals was not determined owing to their small
size, but their morphology and bright BSE contrast suggest
that they may be pseudobrookite. Similar island-shaped
cristobalite deposits were observed on the sample surfaces
(Fig. 5e).

Textural evolution at 850 °C and 10 MPa
in halogen-free and halogen-bearing systems

The composition maps of the Water-t series run products,
a pure water-saturated time study with SAK-W as the start-
ing material, showed that the interstitial residual glass
decreased with increasing run duration (Fig. 6a—f). The
number density of mappable plagioclase microlites (Type-
II feldspar) increased with time. A small quantity of cristo-
balite appeared in 6-12 h, and large (> 10 pm) cristobalite
crystals appeared after 24 h. The typical diktytaxitic pores,
which have a polygonal shape surrounded by crystal faces,
became apparent at 96—189 h as the Type-III alkali feldspar
formation progressed. After 189 h, the quantity of interstitial
residual glass was negligible and the groundmass became
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Fig.4 Representative Raman spectra of silica minerals and feldspar
microlites crystallized in Run# PLT04 (10 MPa, 900 °C, 189 h). a
Silica minerals deposited on the inner capsule wall and found in the
cross-section of the run product. The reference spectra of the resin,
cristobalite (Kingma and Hemley 1994), tridymite (Kingma and
Hemley 1994), and quartz (Gillet et al. 1990) are also shown. b Feld-

dominantly diktytaxitic. The rounded vesicle outlines
remained until 96 h, whereas the interstitial pores with a
diktytaxitic texture predominated at 189 h.

In the HCI- and HF-bearing systems, the textural evolu-
tion was similar to that observed in the halogen-free experi-
ments (Fig. 6g—1, m—r). However, cristobalite crystals larger
than 10 pm appeared in both series in 12 h, half the time for
the Water-f series. Type-III alkali feldspar became conspicu-
ous after 96 h for all gas compositions. The thin and tabular,
fine-grained (< 8 pm in diameter) alkali feldspar aggregates
were observed on the inner capsule wall in the 48-h experi-
ment (PLT27) of the HF-¢ series (Fig. 5f).

Dependence on water-rock ratio

The experimental products controlling the water—rock ratio
(Water-u series) did not show systematic differences in min-
eral assemblages, crystal sizes, proportion of intersertal to
diktytaxitic areas (i.e., ratios of residual glass and Type-
IIT alkali feldspar microlites), and modal proportion and
number density of cristobalites (Fig. 7). On the other hand,
the porosity increased with increasing water proportion,
probably because the free fluid in the Au capsule mitigated
pumice compaction during the initial pressurization of the
hydrothermal experiments.
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Raman shift (cm™)

spar microlites deposited on the inner capsule wall. Reference spec-
tra of orthoclase (Fabel et al. 1972), sanidine (R06013 from RRUFF
database, Lafuente et al. 2015), albite (Fabel et al. 1972), anorthite
(Daniel et al. 1995) are also shown. All spectral intensities are nor-
malized to their maximum values

Pressure dependence

Results of the control experiments on pressure (Water-
P series; Fig. 8a—e) showed that the pumice groundmass
transformed to a diktytaxitic texture almost entirely within
the experimental duration (189 h) at 10 and 20 MPa. The
size of cristobalite crystals increased with pressure, reach-
ing ~30 pm at 20 MPa. These changes were significant
between 5 and 10 MPa.

The modal proportion of Type-II plagioclase micro-
lites was maximized at 10-20 MPa. In other words, the
microlite interstices decreased with increasing pressure
from 2.5 to 10-20 MPa, and then, increased to 40 MPa.
BSE images revealed that abundant nanolites that are not
resolved in the compositional maps existed in the micro-
lite interstices (Fig. 9a—e). The heterogeneous nucleation
of acicular nanolites on Type-I and Type-II plagioclase
surfaces was conspicuous at 10-20 MPa. The microlite
interstices are mostly filled with nanolites at a pressure
of <10 MPa, while glass is barely discernible at 20 MPa
and dominant at 40 MPa, indicating that the fluid-saturated
solidus lies between 10 and 20 MPa at 850 °C.
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Fig.5 Backscattered electron images of crystals deposited on the
internal walls of capsules and pumice samples. a, b Euhedral min-
eral deposits occurred as small islands on the inner Au capsule wall
of Run# PLT07 (10 MPa, 850 °C, 48 h). ¢, d Blocky cristobalite
crystals (Crs) with sizes up to 20 pm and aggregates of tabular alkali
feldspar microlites (Kfs) deposited on the inner Au capsule wall of

Temperature dependence

Control experiments at a temperature of 10 MPa (Water-
T series) showed that the diktytaxitic area fraction and
modal proportion of cristobalite increased with increasing
temperature from 750 to 850 °C (Fig. 8f—j). At 900 °C,
the area of diktytaxitic texture was limited to the periph-
ery of vesicles, and most of the groundmass showed inter-
sertal texture with residual glass. At 950 °C, the ground-
mass showed intersertal texture with rounded vesicles and
no diktytaxitic textures formed. The run products at 750
and 800 °C showed similar groundmass textures to those
at 2.5 and 5.0 MPa and 850 °C, with minor diktytaxitic
portions and relatively fine-grained cristobalite.

Abundant nanolites were formed in the microlite inter-
stices at <900 °C (Fig. 9f—j). The size of the nanolites
decreased with decreasing temperature (Fig. 9f—j). The
residual glass became clear at 900 °C, indicating that the
solidus existed between 850 and 900 °C at 10 MPa. Het-
erogeneous nucleation of acicular nanolites on the plagio-
clase microlites was observed at 800-900 °C.

Run# PLT04 (10 MPa, 900 °C, 189 h). e Island-shaped cristobalite
(Crs) crystals and a euhedral Fe-Ti oxide crystal on the pumice sam-
ple in Run# PLT02B (10 MPa, 850 °C, 189 h). f Aggregates of skel-
etal microlites (Kfs) deposited on the inner Au capsule wall of Run#
PLT27 (10 MPa, 850 °C, 48 h with HF )

Temporal changes in chemical compositions of each
phase

In Fig. 10a, we provide an overview of the temporal changes
in the chemical compositions of each phase in the run prod-
ucts of SAK-W from the Water-7 series, that is, Type-II pla-
gioclase, Type-I1I alkali feldspar, cristobalite, pyroxene, and
glass, in terms of K,O versus Al,O; concentration. We note
that nanolites, ultrananolites, and Type-IV Na-rich plagio-
clase, if present, are included in the glass analyses because
of the limitation of spatial resolution. Among the major ele-
ments in the experimental system, Al,0; was more refrac-
tory than SiO,, whereas K,O behaved as an incompatible
element before the crystallization of K-rich feldspar, repre-
senting the differentiation process of the residual melt. As
shown in Fig. 3, the K,O content of alkali feldspar (Type IV)
varied widely from 5.7 to 9.6 wt.%, which corresponds to
Or# (=K/(Na+ K+ Ca) in mol%) 32-57. The alkali feldspar
compositions were analyzed only for the 189-h run (PLT02A
and PLTO2B) because the crystal size did not reach the
minimum analyzable size in the shorter runs. Nevertheless,
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Fig.6 Combined X-ray elemental maps of Si (orange), Al (cyan), and orange, cyan, magenta, and black areas in the maps represent cris-
Mg (magenta) of cross-sections of the run products from the experi- tobalite, feldspars, pyroxene, and resin-filled pores, respectively, and

mental series of Water-t (a—f), HCl-¢ (g-1), and HF-t (m-r). The the remaining light orange areas represent residual glass

(a) PLT14A (11,3, ~2.6%) (b) PLTO2B (14,3, ~5.1%) (c) PLTO2A (umo <34 0%) (d) PLT16 (115, >100%)
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Fig.7 Combined X-ray elemental maps of Si (orange), Al (cyan), The orange, cyan, magenta, and black areas in the maps represent
and Mg (magenta) of cross-sections of the experiments with differ- cristobalite, feldspars, pyroxene, and resin-filled pores, respectively,
ent water—rock ratios (2.6-13% and > 100%) from the Water-u series. and the remaining light orange areas represent residual glass
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Fig.8 Combined X-ray elemental maps of Si (orange), Al (cyan),
and Mg (magenta) of cross-sections of the samples heated at differ-
ent pressures (2.5-40 MPa) and a fixed temperature (850 °C) from
the Water-P series (a—e), and at different temperatures (750-950 °C)
and a fixed pressure (10 MPa) from the Water-T series (f—j). The

Type-III alkali feldspar crystals show compositional zoning
from Na- to K-rich from the core to the rim (Fig. 2c and
f), indicating that their compositions became more K-rich
with time. The composition of alkali feldspar (Ab,;Ors,)
estimated from Fig. 3 is shown in Fig. 10a.

The K,O concentrations of the glasses showed a system-
atic evolution with run duration. Until 48 h, K,O increased
from 2.84 to 5 wt.%, while Al,O; was almost constant at
11-12%. After reaching the tie-line of cristobalite and
Ab,;0rs;, K,O started to decrease until ~ 1 wt.%, passing
the initial glass composition with a slight Al,O; increase
to~15 wt.%. The Type-II plagioclase compositions also
showed a variation with the experimental duration; the An
content decreased from 44-52 to 25-39 mol%, and K,O
increased from 0.15-0.38 to 0.23-1.24 wt.% (Fig. 10a),
approaching the solvus shown in Fig. 3. In cristobalite,
Al,0O5 and K,O were contained up to 2 and 0.06 wt.%,
respectively.

The temporal variation in the K,O concentration in the
glass is highlighted in Fig. 10b—d for different vapor com-
positions. In the halogen-free system (Water-f series), the
glass K,O concentration began to increase at 6 h after
the onset of the experiments, reached a maximum at 48 h,
and then decreased. The K,O concentration decreased to

(h) PLTO2A (7= 850 °C)

(d) PLTO8 (P=20 MPa)  (e) PLT12 (P =40 MPa)

s == === Solidus ======="

aey

(i) PLTO04 (7= 900 °C) () PLT13 (T'=950 °C)
Jiw # — '

vmmm=e= Solidus == =====

orange, cyan, magenta, and black areas in the maps represent cris-
tobalite, feldspars, pyroxene, and resin-filled pores, respectively, and
the remaining light orange areas represent residual glass. The dashed
lines separate sub- and supra-solidus conditions calculated using Rhy-
olite-MELTS (see Fig. 12)

values lower than those of the starting composition after
approximately 100 h. In the halogen-bearing systems
(HCI-t and HF-¢ series), the K,O concentrations exhibited
a temporal evolution similar to that of the halogen-free
system (Water-7 series). It could have started to increase
slightly faster in the halogen-containing systems, but the
error bars show that the difference was not significant
(Fig. 10c and d).

Discussion

In this study, the conditions required for the formation of
a diktytaxitic texture were systematically examined. In all
the experimental series of Water-t, HCI-#, and HF-¢, cristo-
balite started to crystallize within the shortest experimen-
tal duration (6 h). This is consistent with the fact that cris-
tobalite or tridymite accompanies natural volcanic rocks
with diktytaxitic textures, such as dome lavas, blocks and
ash flows derived from domes, and volcanic ash plumes
through open conduits (Schipper et al. 2015, 2017; Kush-
nir et al. 2016). Furthermore, alkali feldspar was found
to crystallize in the later stages of the formation of the
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(a) PLT17 (P = 2.5 MPa)

Fig.9 Backscattered electron images of the residual glass of the sam-
ples heated at different pressures (2.5-40 MPa) and a fixed tempera-
ture (850 °C) from the Water-P series (a—e), and at different tempera-
tures (750-950 °C) and a fixed pressure (10 MPa) from the Water-T

diktytaxitic texture. Thus, we first discuss the crystalliza-
tion processes of cristobalite and alkali feldspar.

Deposition of cristobalite and alkali feldspar

Cristobalite in volcanic rocks has been interpreted as either
(1) vapor-phase (pneumatolytic) deposition or (2) crystal-
lized from glass (“devitrification™) (e.g., Horwell et al.
2013). The deposition of cristobalite on the inner wall of
the capsule, which was not in contact with the starting mate-
rial during the experiment, was direct evidence of deposi-
tion from the vapor. The prismatic shape of cristobalite is
consistent with the characteristics of vapor-phase cristobalite
deposits reported in natural volcaniclastic rocks (e.g., Hor-
well et al. 2013). In addition, the absence of a residual glass
covering the cristobalite supports the origin of its vapor
phase. In contrast, no silica minerals directly crystallized
from the supercooled melt were observed in this study.
Horwell et al. (2013) identified patchy silica minerals inter-
grown with feldspar microlites in lava dome rocks as cristo-
balite using micro-Raman spectroscopy, and concluded that
cristobalite was formed through devitrification. No patchy
structures or other intergrowths were observed in our run
products. Therefore, we conclude that all cristobalite crystals
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series (f—j). The tiny bright crystals are mafic nanolites. The dashed
lines separate sub- and supra-solidus conditions calculated using Rhy-
olite-MELTS (see Fig. 12)

in the present experiments were formed via deposition from
the vapor phase.

Under all experimental conditions used in this study,
cristobalite was in a metastable phase. The stable phase of
pure SiO, is f-quartz (<870 °C) or tridymite (> 870 °C),
while cristobalite is stable at a much higher temperature
(> 1470 °C; Deer et al. 2013). It is known that the AI**
and Na* couple substitute Si (Chao and Lu 2002). In addi-
tion, the presence of alkaline ions (Dapiaggi et al. 2015)
and alumina (Liang et al. 2017) enhances the metastable
retention of cristobalite. The cristobalite crystals produced
in this study contained Al,O5 (up to 2.0 wt.%) and Na,O
(up to 0.9 wt.%). In p-cristobalite, which is considered to
be the first deposited phase of silica in this experiment, the
crystal structure might be stabilized due to the substitution
of Si** by AI* or the Na* and AI** interstitial ions (Chao
and Lu 2002). Our experimental results are also consist-
ent with those of Martel et al. (2021), in which cristobalite
coexisted with melts having a wide range of SiO, contents
(70-81 wt.%) at pressures below 20-30 MPa and tempera-
tures from sub-solidus to near liquidus.

The deposition of alkali feldspar on the inner capsule
walls is the direct evidence of its occurrence in the vapor
phase. These crystals typically have thin tabular shapes
(Fig. 5d and f). The 2D cross-section revealed that some
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Fig. 10 a Al,O; versus K,O diagram of the residual glass (cross),
Type-II plagioclase microlites (open squares), Type-III K-rich feld-
spar microlites (open circles), cristobalite (diamonds), and average
pyroxene (plus) from Water-# series. Symbol colors indicate heat-
ing durations as shown in the color bar. The dotted line connects the
average composition of cristobalite crystals and the assumptive com-
position of alkali feldspar microlites (Ab,;Ors;, solid circle). The
cristobalite and plagioclase compositions are shown enlarged in the
insets. b—d Temporal changes of K,O concentration of residual glass

alkali feldspars formed within the pumice samples (Type
IIT) were thinner and often skeletal (Fig. 2). BSE images and
X-ray compositional map showed that Type-III alkali feld-
spars were mostly found in the pores. Alkali feldspar crystals

in the run products from the experimental series of b Water-£, ¢ HCI-
t, and d HF-z. Error bars indicate one standard deviation. e Residual
glass compositions (cross) plotted on a Qz—Ab—Or ternary diagram
(in weight) based on the EDS quantitative analyses of SiO,, Al,O;,
Na,O, and K,O. Symbol colors indicate the heating durations, as
shown in the color bar. Cotectic lines (dashed curves) and composi-
tions of H,O-saturated minima (red squares) are from Blundy and
Cashman (2001) and references therein

that were completely covered by the melt were not observed
(Fig. 2). These observations show that most, if not all, of the
Type-III alkali feldspar microlites crystallized from vapor
rather than from the melt. The reason for the difference in
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the crystal shape between the alkali feldspar deposited on the
capsule walls and that in the pumice pores was not apparent.
Because heterogeneous nucleation was assumed for deposi-
tion in both cases, the substrate conditions and deposition
timing (consequently, the degree of supersaturation for crys-
tal growth) may have been different.

The present experiments demonstrate that the formation
of diktytaxitic texture and vapor-phase minerals proceeds
under near-solidus conditions in the presence of water vapor
in a relatively low-pressure subvolcanic system. Under such
conditions, crystal growth in the residual melts must be slug-
gish because the elemental diffusivity in the melt is low,
owing to the low temperature and low dissolved water con-
tent. Therefore, we interpret that the crystallization of the
system proceeded through a faster process, that is, selective
evaporation and deposition of the silica mineral and alkali
feldspar components. In contrast to cristobalite and Type-III
alkali feldspar, Type-IV albite-rich plagioclase crystals were
found mostly in the residual glasses (Fig. 2), indicating that
they grew from the supercooled melt enriched in the albite
component because of the selective evaporation of silica
and alkali feldspar. The reason for this contrasting behavior
remains to be determined. However, the activation energy of
any elementary process for plagioclase, including evapora-
tion, nucleation, and growth from vapor, can be higher than
those of silica minerals and alkali feldspar.

Formation processes of diktytaxitic texture
and evolution of melt composition

Time-series experiments showed that interstitial voids of the
diktytaxitic texture were formed via the regression of the
melt surfaces by evaporation, counteracting the deposition
of cristobalite and alkali feldspar in the pores (Fig. 6). The
large (> 10 pm) cristobalite deposits appeared in 12-24 h
(6-12 h with HF/HCI), alkali feldspar microlites (Type-III)
started to deposit in 2—4 days (1-2 days with HF/HCl), and
crystallization of small Na-rich feldspar microlites (Type-
IV) in melt terminated the formation of diktytaxitic tex-
ture within 4-8 days (Fig. 11a—d). The timing of evapora-
tion—deposition can also be estimated from the change in
the glass composition. The growth of Type-II plagioclase
from the melt and the evaporation of SiO, led to the melt
composition approaching the tie-line between cristobalite
and the alkali feldspar composition (Ab,;Ors,), followed by
the evaporation of the alkali feldspar components, resulting
in a decrease in K,O in the melt (Fig. 11c).

The depletion of CaO from the melt at a relatively early
stage by Type-II plagioclase growth allowed us to examine
the evolution of the melt composition in the Ab—Or-Q ter-
nary system. We plotted the time-resolved melt compositions
along with cotectic lines at 0.1-1000 MPa determined exper-
imentally (Blundy and Cashman 2001; Fig. 10e). Notably,
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because the experiments were conducted under isothermal
conditions near the solidus temperature, the temporal change
in the melt composition does not represent the liquid line of
descent but reflects the kinetics of isothermal crystallization
from the supercooled melt. Nevertheless, plotting data on
this phase diagram is helpful in understanding the mineral
phases that derive the evolution of the melt composition.
The tie-line between Qz and Ab,;0rs; is close to the tem-
perature minimum of the cotectic boundary, supporting the
appropriateness of using this phase diagram. The melt com-
positions plot roughly parallel to the cotectic lines between
Qz and the alkali feldspar solid solution. After 48 h, the
melt compositions were controlled by the fractionation of
Ab (Type-II plagioclase) and Qz (cristobalite) and reached
the tie-line between Qz and Ab,;Ors;. After 96 h, the frac-
tionation of Or (alkali feldspar) in addition to Qz drove melt
differentiation toward the Ab apex beyond the starting com-
position. Type-IV Na-rich plagioclase was assumed to have
crystallized from this late-stage melt enriched with the albite
component.

Vapor-phase silica species

Based on the linear relationship between the partial pressure
of H,O and that of Si species with a slope of ~2, Hashimoto
(1992) demonstrated that Si(OH),,, is the dominant gaseous
Si species when solid silica reacts with high-temperature
water vapor, which is explained by the following equation:

SiOz(s) + 2H20(g) “ Si(OH)4(g). )

According to thermodynamic calculations, the most
abundant gaseous Si species coexisting with water vapor
at 850 °C and 5-10 MPa in equilibrium with quartz is
Si(OH),), with the partial pressure at more than 10'° times
higher than that of SiO,, and SiO,, (Plyasunov 2011,
2012). Using mass spectrometry, Opila et al. (1997) showed
that Si(OH),,, was the main stable gaseous silicon species at
1200-1400 °C in a flowing water vapor—oxygen gas mixture
at a total pressure of 1 bar.

The dissolution of silicate glass in water has been
extensively studied. It consists of a sequential process
of adsorption (and diffusion) of water molecules, ion
exchange, and hydrolysis (e.g., Gin et al. 2021 and refer-
ences therein). The rate-limiting step in this overall reac-
tion is probably either elemental diffusion in the melt or
one of the hydrolysis reaction steps of siloxane bonds by
water (=Si—O-Si=— =Si—OH + HO-Si=) unless an Si-rich
amorphous layer is formed on the glass surface, preventing
the diffusive transport of aqueous species (Fig. 11e).

The alkali feldspar deposition found in the present experi-
ments indicates that K and Al are also mediated by water
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Fig. 11 a—d Schematic illustrations of the formation process of dik-
tytaxitic textures. a Rhyolitic to andesitic magma in a lava dome or a
shallow volcanic conduit initially contains phenocrysts (plagioclase,
pyroxene, and Fe—Ti oxide: dark gray), and microlites of Type-I pla-
gioclase (cyan) and pyroxene (magenta) surrounded by near-solidus
melt (light gray) and bubbles. b 12-24 h (6-12 h in HF/HCl-rich
environment) after the magma intrusion, Type-II plagioclase crystal-
lizes, and melt front regression and cristobalite (orange) deposition
occur onto the bubble walls or surfaces of crystals exposed to vesicles
via evaporation and deposition of melt. ¢ 2—4 days (1-2 days in HF/
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water vapor
&
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Sequential
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HCl-rich environment) after the magma intrusion, crystallization of
cristobalite and feldspar causes enrichment of K,O in melt followed
by onset of vapor-phase deposition of Type-III alkali feldspar micro-
lites (yellow). d Within 4-8 days (probably shorter in HF/HCl-rich
environment) after the magma intrusion, the formation of diktytax-
itic texture is terminated by pervasive melt evaporation, deposition of
cristobalite and alkali feldspar, and crystallization of Type-IV small
feldspar microlite (dark green) in the melt. e—f Schematic summary of
the silica evaporation—deposition mechanism from melt to cristobalite
in e HF/HCl-free and f HF-rich systems
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vapor. Hashimoto (1992) reported that AI(OH);,, is the
dominant gaseous Al species coexisting with H,O. Consid-
ering these gaseous species, the overall reaction for alkali
feldspar transport can be described as follows:

KAISi;Og, + 8H,0(,) <> KOH, + 3Si(OH) ) + AI(OH); .
2

Effect of halogens

This study demonstrates that diktytaxitic texture and vapor-
phase deposits of both cristobalite and alkali feldspar were
formed in a halogen-free system. In the previous studies, the
diktytaxitic rims around the vesicles have been interpreted as
corrosion rinds resulting from corrosion of the groundmass
melt or glass by gaseous hydrogen halides such as HF and
HCl in volcanic gases and redeposition via gaseous species
such as SiF, and SiCl, (De Hoog et al. 2005; Horwell et al.
2013; Schipper et al. 2015, 2017, 2019). These reactions are
expressed as follows:

SiOy) + 4HCl,, < SiCly, +2H,0), 3)

SiOy) + 4HF,, < SiF, + 2H,0,,. )

In the system containing both Cl (HCI-¢ series) and
F (HF-t series), cristobalite crystals larger than 10 pm
appeared in both series in half the time for the Water-¢
series, and the increase of K,O concentration in the glass
proceeded slightly faster compared to the system without
halogen (Water-t series). This reflects the positive effects of
SiCly,) and SiF, ) in addition to Si(OH),,, (Fig. 11f). Add-
ing both HC1 and HF slightly accelerated the crystallization
process but did not show significant effects on the evolu-
tion of groundmass texture and glass chemical composition
(Figs. 6 and 10b—d).

Conditions of formation of diktytaxitic texture

We calculated the equilibrium mass fractions of constituent
phases using the rhyolite-MELTS program (Gualda et al.
2012) for the glass composition of the starting material
(SAK-W) at a fixed temperature (850 °C) with varying pres-
sures (Fig. 12a) and at a fixed pressure (10 MPa) at varying
temperatures (Fig. 12b). The solidus was determined to be
19 MPa at 850 °C and 870 °C at 10 MPa, showing excellent
agreement with the estimation from the Water-P and Water-¢
series experiments. The appearance of silica minerals at a
relatively high temperature of 10 MPa and the crystalliza-
tion of alkali feldspar within a narrow temperature range in
the pseudo-eutectic solidus were also consistent with the
experimental results.
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Fig. 12 Mass fractions of phases for a melt composition of the
SAK-W glass in equilibrium a at 1-400 MPa and 850 °C, and b at
10 MPa and 800-950 °C calculated using the rhyolite-MELTS soft-
ware (Gualda et al. 2012). The oxygen fugacity was set to NNO +0

Given that the diktytaxitic texture was formed extensively
at 850 °C and 10-20 MPa and partly at 850 °C and 40 MPa
and at 900 °C and 10 MPa, we conclude that the P-T con-
ditions for the predominant formation of diktytaxitic tex-
ture are +~10 MPa and + ~20 °C within the solidus. Above
these P—T conditions, the equilibrium melt fraction increases
and the intersertal texture replaces the diktytaxitic texture.
Below these conditions, higher undercooling triggered rapid
melt crystallization into nanolites and possibly ultrana-
nolites, inhibiting evaporation in the experiments. Notably,
undercooling would be much smaller in slow-cooling natural
magmas than that in the present experiments. Thus, nano-
lite crystallization is hindered, and a diktytaxitic texture is
formed at a lower temperature.
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Implications for volcanology

Diktytaxitic texture as an indicator of magma emplacement
conditions and source environments of volcanic pyroclasts

Diktytaxitic groundmass and vapor-phase silica deposits
typically occur in lava domes and necks (e.g., Pallister et al.
2008; Zavada et al. 2015) and block and ash flows origi-
nating from lava domes (e.g., Horwell et al. 2013; Kushnir
et al. 2016; Schipper et al. 2017; Ikegami et al. 2018). The
results of the present experiments provide quantitative con-
straints on emplacement conditions. They are also common
in volcanic ash from Vulcanian explosions (e.g., Gaunt et al.
2016). These ashes were derived from shallow-intruded lava
plugs near the solidus temperature (Diller et al. 2006), and
the residence time under these conditions was constrained to
be more than 4-8 days. The timescale for diktytaxitic texture
formation is shorter than the cooling timescale of magma in
lava domes and volcanic conduits, suggesting that the gap
of P-T conditions from the solidus in internal lava domes or
shallow-intruded lava plugs where those diktytaxitic textures
formed were likely within +~10 MPa and + ~20 °C.

Kushnir et al. (2016) reported the combined occurrence
of diktytaxitic texture and cristobalite in the lava dome of
the Merapi Volcano (Indonesia). They concluded that cris-
tobalite was formed by gas-driven filter pressing during
decompression based on the observation that they always
formed at the edges of the vesicles. However, gas-driven
filter pressing is not necessary for forming a diktytaxitic
texture. Schipper et al. (2017) suggested that vapor-phase
cristobalite can serve as a qualitative textural indicator of
halogen degassing in slowly cooled volcanic rocks (e.g., lava
flows and domes) on the assumption that transport via sili-
con halides (SiF, and SiCl,) is necessary for its formation.
However, the results of this study show that high concentra-
tions of HF/HCI vapor are not necessary for the formation of
the diktytaxitic texture and associated cristobalite. Note that
our experiments prove that the melt evaporation and conden-
sation process is effective in forming diktytaxitic textures
and do not rule out the gas-driven filter pressing process
or the halogen corrosion process. The diktytaxitic textures
found in natural volcanic rocks may be formed concurrently
by these three processes. To understand a dominant mecha-
nism behind the formation of diktytaxitic textures, further
detailed chemical investigations of both textures themselves
and adjacent glasses are necessary. As shown by Yoshimura
and Nakagawa (2021), the corrosion process by halogen-rich
gases is most likely to be effective when the interface of the
glass to the diktytaxitic void is highly Cl enriched.

Effect of the formation of diktytaxitic texture on lava dome
explosivity

Horwell et al. (2013) proposed that the effect of silica
mineral deposition in a lava dome on its permeability
and mechanical strength depends on whether the silica is
supplied by “bulk transport” from the deeper conduit or
by “local redistribution” in a small area within the dome.
Boudon et al. (2015) interpreted the high concentration of
cristobalite in some diluted pyroclastic density currents as
evidence that cristobalite has formed a “carapace” at the
exterior of the lava dome. If this occurs, the permeabil-
ity decreases and the strength of the lava dome increases,
leading to an explosive eruption. However, Kushnir et al.
(2016) indicated that the formation of a diktytaxitic tex-
ture may have a greater impact on the gas permeability of
dome-forming lavas than on cristobalite deposition.

The present experiments revealed that the formation
of diktytaxitic texture and vapor-phase minerals resulted
from the selection of the fastest crystallization pathway
with the lowest activation energy. Because the diktytaxitic
texture is a fine structure with a small aperture size and
high pore tortuosity, the gas-flow rate through the pores
is expected to be small, and hence, there must be numer-
ous heterogeneous nucleation sites and sufficient time for
deposition. Therefore, water vapor is unlikely to become
highly supersaturated with the melt components without
immediate deposition. Considering these reaction kinet-
ics, a significant bulk transport of silica at the dome scale
is unlikely. The effect of the geometric transition from
spherical bubbles to interconnected diktytaxitic pores
is expected to increase permeability. We point out that
the diktytaxitic texture is formed pervasively in the mag-
mas in contrast to local structures such as tuffisite veins.
Even though the absolute value of the permeability of the
diktytaxitic texture is small, its contribution to outgas-
sing, and thus, preventing lava dome explosions, can be
significant.

Conclusions

The formation of diktytaxitic groundmass texture and
vapor-phase cristobalite deposition, as found in natural lava
dome rocks and volcanic ashes, were simulated through
isothermal-isobaric crystallization experiments of pumices
with rhyolitic glass under water-saturated conditions. In the
near-solidus conditions (+~10 MPa and +~20 °C within
the solidus; 10-20 MPa and 850 °C for the present start-
ing material), the interstitial glass was found to be almost
consumed in 189 h as a result of evaporation and deposition
of cristobalite and alkali feldspar, followed by albite-rich
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plagioclase from the melt. Because halogens are not required
for this evaporation—deposition process, the occurrence of
diktytaxitic textures does not necessarily indicate the pres-
ence of halogen-rich volcanic gases. The occurrence of a
diktytaxitic texture and vapor-phase cristobalite is useful
for constraining the P-T conditions of the source region of
volcanic pyroclasts and the emplacement conditions of lava
domes and shallow intrusion. The deposition of residual
melt and vapor-phase crystals is the process of late-stage
magma crystallization before silicic magmas are exposed to
the ground surface. The structural transition of bubbles with
low connectivity to the highly interconnected diktytaxitic
pores in the microlite interstices may allow the pervasive
outgassing from the interior of the lava dome.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-024-02105-4.
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