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Oxidation‑induced nanolite 
crystallization triggered the 2021 
eruption of Fukutoku‑Oka‑no‑Ba, 
Japan
Kenta Yoshida 1*, Akira Miyake 2, Shota H. Okumura 2, Hidemi Ishibashi 3, Satoshi Okumura 4, 
Atsushi Okamoto 5, Yasuhiro Niwa 6, Masao Kimura 6, Tomoki Sato 1, Yoshihiko Tamura 1 & 
Shigeaki Ono 1

Nanometer‑sized crystals (nanolites) play an important role in controlling eruptions by affecting the 
viscosity of magmas and inducing bubble nucleation. We present detailed microscopic and nanoscopic 
petrographic analyses of nanolite‑bearing and nanolite‑free pumice from the 2021 eruption of 
Fukutoku‑Oka‑no‑Ba, Japan. The nanolite mineral assemblage includes biotite, which is absent 
from the phenocryst mineral assemblage, and magnetite and clinopyroxene, which are observed as 
phenocrysts. The boundary between the nanolite‑bearing brown glass and nanolite‑free colorless 
glass is either sharp or gradational, and the sharp boundaries also appear sharp under the transmitted 
electron microscope. X‑ray absorption fine structure (XAFS) analysis of the volcanic glass revealed 
that the nanolite‑free colorless glass records an oxygen fugacity of QFM + 0.98 (log units), whereas the 
nanolite‑bearing brown glass records a higher apparent oxygen fugacity (~ QFM + 2). Thermodynamic 
modelling using MELTS indicates that higher oxygen fugacities increase the liquidus temperature and 
thus induced the crystallization of magnetite nanolites. The hydrous nanolite mineral assemblage 
and glass oxygen fugacity estimates suggest that an oxidizing fluid supplied by a hot mafic magma 
induced nanolite crystallization in the magma reservoir, before the magma fragmentation. The 
oxidation‑induced nanolite crystallization then enhanced heterogeneous bubble nucleation, resulting 
in convection in the magma reservoir and triggering the eruption.

Nanoscale crystals, known as nanolites, play an important role during eruptions. Nanolites were originally dis-
tinguished from microlites by a pronounced break in the crystal size distribution (CSD) at < 600  nm1, and Mujin 
et al.2 later redefined nanolites as crystals of 30–1000 nm in length and ultrananolites as crystals of < 30 nm in 
length. Conventional petrographic studies of nanolites have required high-resolution observation systems, for 
example, the transmission electron microscope (TEM) or high-resolution-scanning electron microscope (HR-
SEM). Raman microscopy has made the detection of Fe–Ti oxide (magnetite) nanolites increasingly  easy3,4. 
The crystallization of nanolites is generally thought to reflect shallow processes, including magma ascent in the 
 conduit4–8 and the cooling process after fragmentation of  magma9. It has also been shown that the crystallization 
of magnetite nanolites may enhance the explosivity of an eruption by increasing the viscosity of the magma or 
increasing bubble  nucleation4,10–13. However, recent in situ experiments indicate that although nanolite crystal-
lization increases the viscosity, the increase effect in the natural melt is not as high as expected from analogue 
 materials14, and the relationship between nanolites and volcanic processes remains unclear. Furthermore, how 
nanolite crystallization (or bubble nucleation) begins in erupting magma remains unclear.
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Fukutoku-Oka-no-Ba (FOB) is a submarine volcano in the Izu–Ogasawara arc in the northwest Pacific, 
~ 1300 km south of mainland Japan (24°17.1′N, 141°28.9′E). The summit of the volcano has a flat oval shape 
with the length of 1.5 × 1 km at the depth of ~ 30 m below sea level before the 2021  eruption15. On 13–15 August 
2021 (Japan Standard Time), there was an explosive eruption at the  volcano16–18. Based on the satellite observa-
tion, Maeno et al.16 indicated the eruption column was water-rich with small amount of volcaniclastic materials, 
and thus, the explosivity of the eruption was increased by an interaction between seawater and a high magma 
discharge rate. The eruption produced a large pumice raft, mainly consisting of gray-colored pumice, which was 
carried westward by ocean currents for > 1000  km18,19. The pumice raft arrived first on the Pacific coasts of the 
Japanese islands and subsequently traveled west for a total of > 5000 km, arriving in the Gulf of  Thailand20. Large 
amounts of floating pumice can damage coastal ecosystems and impact the  economy16,18,21. Geochemical and 
petrological analyses of the drift pumice showed that despite their variable colors (gray, amber, brown, and black), 
they have almost homogeneous trachytic compositions with  SiO2 and  Na2O +  K2O contents of 60–65 and 8–10 
mass%,  respectively18. Although the deposited pumice clasts have undergone several abrasion and elimination 
process during drifting for > 1000 km and for 2 months, the overall trend of the pumice type, i.e., the majority 
is gray type, remained same compared to that observed within 10 days after the eruption on the  sea16,19. The 
pumice of different colors occurs either independent clasts or together in a single clast with gradual or sharp 
boundaries. A notable characteristic of the FOB pumice is the common occurrence of small volumes of black 
pumice while the majority was gray pumice. The black pumice has a similar composition to the gray pumice that 
makes up most of the deposit, although they have different microtextures. Raman microscopy showed that the 
brown glass in the black pumice contains magnetite nanolites that increased the melt viscosity and thus played 
a role in the explosive 2021 FOB  eruption18.

We performed a comprehensive study of the nanolite-bearing glass in the FOB pumice, including TEM analy-
sis, Fe K-edge XANES (X-ray absorption near edge structure) microanalysis, and thermodynamic modelling. The 
investigated sample (AYA-2) is a single pumice clast composed of gray and black parts with a sharp boundary 
and was collected from the northeastern coast of Amami Ōshima (28°28.4′N, 129°42.9′E) on October 18th, 2021 
(Supplementary Fig. 1). Basic petrographic descriptions of this sample have been  presented18. We also discuss 
how nanolite crystallization occurred in the FOB magma reservoir and affected the eruption.

Results
Petrography. The pumice raft from the 2021 FOB eruption consists mostly of gray pumice with a small 
amount of black and different colored (including amber and brown) pumice. The black and brown pumice con-
sist of brown glass with a magnetite nanolite Raman signature, with a  peak18 at ~ 670  cm−1. In contrast, the gray 
and amber pumice are composed of colorless and nanolite-free glass. Visible microlites have not been identified 
in the gray pumice, whereas the black pumice contains rare clinopyroxene and olivine  microlites18. The black 
pumice occurs either as individual clasts or mingled with the gray  pumice18,20.

The gray and black pumice often exhibit different textures (Fig. 1a,d,e). Smaller, more elongated vesicles 
were observed in the groundmass of the gray pumice, whereas those in the black pumice were larger and more 
spherical (Fig. 1d,e). The major axes of the bubbles were estimated using ellipsoid fitting. Although large bubbles 
(> 500 μm) were identified in both types of glass, most bubbles in the colorless glass were < 50 μm. The mean 
lengths of the bubbles in the colorless and brown glass were 73 and 128 μm, respectively. The boundaries between 
the gray and black pumice varied: some clasts contained sharp boundaries between the brown (black pumice) and 
colorless (gray pumice) glass under the optical microscope (Fig. 1b), whereas others exhibited a gradual change 
from the brown to colorless glass (Fig. 1c). Phenocryst mineral assemblages are similar in both pumice types 
(clinopyroxene, plagioclase, and minor magnetite and olivine), and most minerals have similar compositions, 
except for those that likely originated in a mafic  magma18,20. For example, two types of olivine are observed in 
the FOB pumice: one relatively Fe-rich (Mg# = molar Mg/[Mg + Fe] ~ 65) without compositional zonation and 
one with a high-Mg (Mg# ~ 90) plateau and decreasing Mg contents toward the  rims18. The latter type of olivine 
is observed in or closely associated with the black  pumice18,20.

We performed TEM analyses on the sharp boundary between the two types of glass to identify the differences 
between the brown nanolite-bearing glass and the colorless nanolite-free glass (Fig. 1b).

TEM analysis. TEM analysis revealed three types of nanolite in the brown glass. In contrast, the colorless 
glass was crystal-free even at the scale of TEM analysis (Fig. 1f). The largest grains were clinopyroxene, with 
long axes of < 300 nm. In contrast, the abundant < 20 nm blocky grains were magnetite (Fig. 1g). Occasional 
tabular grains < 100 nm in length were observed, which yielded K, Al, and Mg EDS signatures, suggesting that 
they were biotite.

The magnetite nanolites were randomly orientated; however, the elongated clinopyroxene and biotite grains 
were weakly aligned (sub)parallel to the boundary between the brown and colorless glass. The nano-scale solid 
phase was ~ 12 vol% of the sample based on the TEM image (Fig. 1g).

XANES analyses. Representative XANES spectra obtained by spot analyses of the colorless and brown 
glasses are shown in Fig.  2a–d with the calculated  Fe3+/ΣFe ratios. The  Fe3+/ΣFe ratios of the colorless and 
brown glasses were 0.24–0.28 (n = 4) and 0.31–0.36 (n = 8), respectively. In addition, the XANES spectra of the 
brown glass had a relatively sharp peak at ~ 7129.5 eV that can be attributed to the  magnetite22, indicating that 
we analyzed the brown glass as the mixture of nanolite and amorphous silicate glass. The presence of magnetite 
nanolites may invalidate the Fe XANES centroid energy used in the calibration of the  Fe3+/ΣFe ratio; therefore, 
these values should be interpreted with caution. Although the true  Fe3+/ΣFe ratio of the amorphous part in the 
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Figure 1.  (a) Photomicrograph of the boundary between the black pumice (brown glass) and gray pumice 
(colorless glass). The blue box indicates the position of the enlarged photomicrograph shown in (b). The inset 
photograph shows the whole clast. (b) Enlarged view of the boundary between the brown and colorless glasses. 
The black line indicates the position of the TEM analysis. (c) Gradational boundary between the brown and 
colorless glass in a different pumice clast. (d,e) Representative backscattered electron images of the (d) brown 
and (e) colorless glass domains. The brown glass has larger, spherical bubbles, whereas the colorless glass has 
small, elongated bubbles. Histograms of the major axis lengths of the bubbles are also shown. (f) TEM bright 
field image of the area indicated in (b). The boundary between the brown and colorless glasses is clear at this 
scale. Relatively large clinopyroxene nanolites are seen. (g) Enlarged view of the brown glass, showing magnetite 
nanolites ~ 20 nm in length and biotite nanolites ~ 100 nm in length. Abbreviations are clinopyroxene (Cpx), 
biotite (Bt), and magnetite (Mag).
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brown glass is uncertain, it should be noted that the entire mixture of the brown glass, i.e., nanolite + amorphous 
part, is rich in  Fe3+ and is more oxidized than the colorless nanolite-free glass.

2D XANES analysis also showed that the brown glass in the black pumice had higher  Fe3+/ΣFe ratios than 
the colorless glass in the gray pumice (Fig. 2e).

MELTS modeling. Although the timescale of nanolite-formation would be short and the metastable or dis-
equilibrium process can be expected, the thermodynamic phase modelling can be used as a useful indicator to 
consider its formation process. The stable mineral assemblage for the FOB pumice composition was calculated 
using rhyolite-MELTS v.1.2.x  model23. The FOB pumice has a narrow range of whole-rock compositions, despite 
its  appearance18. The whole rock composition of FOB-JMA-1818 was used in the modelling.

The oxygen fugacity (fO2) of the colorless and brown glasses were calculated using the formula  of24, the 
composition of FOB-JMA-18, and the reported pressure and temperature of the magma reservoir (930 °C and 
250  MPa18). Under these conditions and with the measured  Fe3+/ΣFe ratio, the log(fO2) values of the colorless 
glass relative to the QFM (quartz–fayalite–magnetite) buffer is QFM + 0.98. Although the XANES spectra of the 
brown glass includes a signal from magnetite nanolites, we use the apparent  Fe3+/ΣFe ratio to calculate a fO2 of 
QFM + 2.04 for the brown glass.

To model the appearance of nanolites and phenocrysts in the magma reservoir, we used a fixed temperature 
of 930 °C and a pressure of 250 MPa and changed the fO2 and water content, as summarized in Fig. 3a. Magnetite 

Figure 2.  Representative XANES spectra from the (a) brown and (b) colorless glasses. (c,d) Enlarged view 
of the pre-edge region indicated by the dashed box in (a) and (b). Gaussian fits for the  Fe2+ and  Fe3+ peaks 
are also shown.  Fe3+/ΣFe ratios were calculated using the calibration for rhyolite glass of Okumura et al.39. (e) 
2D XANES image of the boundary between the black and gray pumice domains. The analyzed thick section 
was made from the clast used for the spot analysis. Areas with higher  Fe3+/ΣFe ratios are clinopyroxene and 
magnetite phenocrysts, indicated by arrows.
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is stable under all modelled conditions. Olivine, with a Mg# of ~ 60, was found to be stable only under reduced 
(QFM − 0.5) and wet  (H2O = 6 mass%) conditions, whereas the other phenocryst minerals (clinopyroxene, pla-
gioclase, and magnetite) were stable under more oxidized (QFM + 1.5 and + 2) conditions with relatively high 
water contents (5 mass%).

We also modelled the phase relationships with changing temperature and fO2 at a constant pressure of 
250 MPa and a fixed water content of 5 mass% (Fig. 3b). The liquidus temperature reaches > 1100 °C at QFM + 2, 
whereas more reduced conditions yield lower temperatures (< 1000 °C). Biotite crystallizes at relatively high fO2 
(> QFM + 0) and low temperatures (< 925 °C).

To further evaluate the stability of biotite, we modelled variable pressures and fO2 at a constant temperature 
of 900 °C and a water content of 5 mass% (Fig. 3c). At low pressures (< 150 MPa),  H2O becomes saturated. Biotite 
becomes stable at higher pressures (> 100 MPa) and fO2 (> QFM + 1). The required oxygen fugacity for the biotite 
stability becomes lower at higher pressures.

Discussion
The XANES analyses showed that the difference between the gray and black pumice, the occurrence of nanolites, 
can be attributed to a difference in the  Fe3+/ΣFe ratios and the corresponding fO2. The brown glass with magnetite 
nanolites occurs in the domain with high apparent fO2 (~ QFM + 2.04), whereas the colorless glass domains yield 
an fO2 of ~ QFM + 0.98. Although there is uncertainty in the calibration of the  Fe3+/ΣFe for nanolite-bearing 
 glass22, the brown glass has a higher  Fe3+/ΣFe ratio and thus experienced a higher fO2. This study focused on the 
most typical nanolite-free and nanolite-bearing samples; i.e., the boundary between gray and black pumice. The 
sharp boundary between the nanolite-bearing brown glass and nanolite-free colorless glass (Fig. 1b) was formed 
by a rapid process, for example, the mingling of two types of magma during an explosive eruption, suggesting 
that the two magmas were different colors before the eruption.

The textures of the bubble in the two domains are different, with small, elongated bubbles in the colorless 
glass and large, spherical bubbles in the brown glass (Fig. 2d,e). These contrasting textures and their relation-
ship with the presence of nanolites suggests that bubble nucleation occurred earlier in the brown glass than in 
the colorless glass, allowing the bubbles to mature. Bubble nucleation began subsequently in the nanolite-free 
magma, possibly after the two magmas mingled. This scenario can be best explained by the triggering of bub-
ble nucleation by the crystallization of nanolites prior to  eruption10,25, rather than by bubble-induced nanolite 
 crystallization12. It should be noted that  Kato26 studied light and dark gray pumice from the 1986 FOB eruption 
and showed that the two types of pumice had the same  Fe2+/Fe3+ ratio using titration. Based on the descriptions 
of the dark gray pumice  by26, including bubble microtextures, it may be the same as the amber pumice described 
by Yoshida et al.18 and different from the black pumice studied here. The amber pumice consists of colorless glass 
with relatively large vesicles and is free of magnetite  nanolites18.

The experimental study in sulfur-free rhyolite system indicated that the degassing of  H2O-dominated volatile 
component produces an increase in  Fe3+/ΣFe27, although both black and gray types in the FOB pumice have 
undergone degassing during the decompression and ejection process. Therefore, the degassing-related oxidation 
is not likely to be the origin of the black pumice and the nanolite-forming process have occurred before starting 

Figure 3.  Stable phases according to MELTS_Excel at (a) fixed pressure and temperature and variable oxygen 
fugacity and water contents, (b) fixed pressure and water content (5 mass%) and variable oxygen fugacity and 
temperature, and (c) fixed temperature and water content (5 mass%) and variable oxygen fugacity and pressure. 
Abbreviations are plagioclase (Pl), orthopyroxene (Opx), clinopyroxene (Cpx), olivine (Ol), biotite (Bt), and 
magnetite (Mag).
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of the eruption. The presence of high-Mg olivine associated with the black pumice suggested that the high-Mg 
olivine originated from hot mafic magma from depth that triggered the explosive eruption and that the black 
pumice (magma) had become black (nanolite-bearing) because of the effect of the intruded hot mafic  magma18. 
The whole-rock composition of the black pumice is similar to that of the gray pumice, suggesting that instead 
a hot volatile component with small amount of solid was injected into the trachytic magma reservoir of FOB. 
The presence of biotite nanolites (Fig. 1e), as well as amphibole inclusions in high-Mg  olivine18, suggests that 
this volatile component was water-rich. The MELTS modelling (Fig. 3c) suggests that the hydration and biotite 
formation did not occur at shallow depths, for example in the conduit, but in the deeper part (> 100 MPa) of the 
plumbing system. Adding water generally decreases the liquidus temperature; however, more oxidized conditions 
increase the liquidus temperature. The different  Fe3+/ΣFe ratios of the gray and black pumice strongly suggest 
that the agent that darkened the black pumice was an oxidant. High water contents and fO2 are two fundamental 
characteristics of magmas formed in subduction zones and are acquired as hydrous primary melts react with 
the surrounding  mantle28.

Given the contrasting textures of the brown and colorless glasses and the sharp boundary between them, the 
difference in the two magmas must have been generated before the eruption, possibly in the magma reservoir. 
The gradational boundaries between the brown and colorless glass (Fig. 1c) were formed by a slow process, for 
example the diffusive oxidation of the magma, or generated by the deformation of brown and colorless boundary 
during the eruption. The common occurrence of banded and mingled black and gray  pumice18,20 also suggests 
nanolite crystallization in the magma reservoir. The experiments using mafic magmas showed that nanolite 
crystallization starts at higher temperatures but at a slower rate under oxidized  conditions29, demonstrating that 
oxidation can promote the crystallization of nanolites.

The heating experiments under atmospheric conditions using rhyolitic pumice from the Havre volcano 
showed that the pumice heated for > 5 min at > 700 °C became pinkish owing to the oxidation of magnetite 
nanolites and their transformation into  hematite30. Those authors suggested that the common occurrence of pink 
pumice in the 2012 Havre pumice raft evidenced that the water column of the explosive eruption was so powerful 
that the pumice had undergone high-temperature atmospheric iron oxidation. In contrast, oxidized pink pumice 
was not observed in the 2021 FOB pumice raft. The oxidation of iron sulfide to magnetite in the FOB pumice 
has been  reported18, though further oxidation has not been observed. Satellite observations of a vigorous white 
plume during the 2021 FOB eruption suggests that it was a water-rich eruption, and the pumice raft was gener-
ated at a submarine  vent16. The limited oxidation of the pumice is consistent with satellite observations. Also, 
the nanolite characteristics (Fig. 1d–g) are clearly different from those of the recycled ash that once have been 
ejected and fallen into the hot  vent31. This suggests that the mingling of the black pumice with the gray pumice, 
which formed the sharp boundary between the brown and colorless glass, took place in the conduit (Fig. 4).

The formation of nanolites and related eruption processes can be summarized as follows (Fig. 4). Hot mafic 
magma (~ 1250 °C18) derived from the deeper part of the subduction zone is a clue to trigger of the eruption. 
Once the hydrous and highly oxidized primary magma was injected into the bottom of the FOB magma reser-
voir, it supplied an oxidizing fluid to the trachytic FOB magma. Oxidation-induced nanolite crystallization can 
enhance heterogeneous bubble  nucleation32–34, and thus a portion of the oxidized melt in the magma chamber 
became buoyant. The bubbly nanolite-bearing melt started to ascend and initiated convection in the FOB magma 
reservoir, possibly inducing additional bubble nucleation in the other parts of the reservoir. Convection enhanced 
the rejuvenation of the magma reservoir, producing overpressure and triggering an eruption.

Paredes-Mariño et al.35 showed that macroscopic fragments of hotter magma injected into a magma reservoir 
provide sites for heterogeneous bubble nucleation and initiate convection. Although fragments of the injected 
mafic magma, such as black enclaves and high-Mg olivine, can be identified in the FOB  pumice18,20, the higher 
 Fe3+/ΣFe ratio of the brown glass strongly indicates that oxidation-induced nanolite crystallization played an 

Figure 4.  Pumice production during the 2021 FOB eruption. (a) The oxidizing agent and high-Mg olivine 
were supplied by hot mafic magma, which enhanced the crystallization of magnetite nanolites. Heterogeneous 
bubble nucleation started first in the nanolite-rich domain. (b) The bubbly magma became buoyant and initiated 
convection in the magma reservoir, which enhanced the rejuvenation of the crystal mush. (c) An eruption 
started when the critical pressure was produced by bubble nucleation in the rejuvenated magma.
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important role in heterogeneous bubble nucleation. The sharp boundaries between the black and gray pumice 
formed by the coalescence of two kinds of pumice in the conduit during the eruption (Fig. 4). Contrasting 
microstructure of the black and gray pumice also indicates the coalescence of two pumice (magma) during or 
after bubbling. According to this scenario, bubble nucleation occurred earlier in the black pumice, while it was 
in the magma reservoir, as the magnetite nanolites provided nucleation  sites25. In contrast, bubble nucleation 
occurred in the gray pumice during convection and its ascent up the conduit, consistent with the larger vesicles 
in the black pumice and smaller vesicles in the gray pumice (Figs. 1a, 2e).

A diffusion profile in a high-Mg olivine grain indicated that the mafic magma was injected into the reservoir 
before 14 h to 50 days of eruption, assuming it maintained its original temperature (~ 1250 °C)18. The viscosity of 
trachyte  melt36 with ~ 12 vol.% nanoscopic crystals may be  104–105 Pa·s at ~ 900 °C, suggesting that the magma 
started convection ~ 10 days after the hotter magma was injected, if a simple two-layer model was  assumed37. The 
oxidation-induced nanolite crystallization and bubble nucleation proposed here leads to increased convection 
compared with a simple heat convection model, i.e. the timescale of the convection can be shorter. Accordingly, 
the expected timescale for the initiation of magma convection, being several hours to days, might have preserved 
the nanolite precipitated in the black pumice.

Conclusions
The 2021 FOB eruption produced a large volume of pumice, most of which was nanolite-free gray pumice, with 
minor nanolite-bearing black pumice. The occurrence of nanolite-free and nanolite-bearing pumice suggests 
the nanolites formed in the magma reservoir. XANES analyses and TEM observations show that the nanolite-
bearing black pumice was oxidized and hydrated, suggesting that a flux of oxidized fluid from the underlying 
hot mafic magma induced the nanolite crystallization and heterogeneous bubble nucleation, which triggered 
the explosive eruption. Our study shows that oxidation by a fluid plays a vital role in nanolite crystallization.

Methods
SEM analyses were performed using a field emission gun electron probe microanalyzer (JEOL JXA-8500F) at 
the Japan Agency for Marine–Earth Science and Technology, Yokosuka, Japan.

Nanolite analyses were conducted using a TEM (JEOL JEM-2100F) equipped with an energy-dispersive X-ray 
spectrometer (JEOL JED-2300T) at the Department of Geology and Mineralogy, Kyoto University, Japan. Before 
the TEM analyses, the thin foil the area of interest was cut out using a focused ion beam system (Thermo Scientific 
Helios Nanolab G3 CX) at the Department of Geology and Mineralogy, Kyoto University, Japan.

The  Fe3+/ΣFe ratio of the glass was determined using Fe K-edge XANES spectra measured in fluorescence 
mode at room temperature using the BL-4A beamline at the Photon Factory, Tsukuba, Japan. The current of the 
X-ray storage ring was 450 mA. The X-rays were focused on a 6 × 4 μm area. The spectral features were decon-
volved following the procedure  of38, and the  Fe3+/ΣFe ratios were calculated using the formula for rhyolitic  glass39.

The two-dimensional distribution of the  Fe3+/ΣFe ratio was qualitatively determined using Fe K-edge XAFS 
(X-ray Absorption Fine Structure) spectra measured using the NW2A beamline at the Photon Factory, following 
the procedure  of40. The XAFS spectra at energies of 7076–7321 eV were measured in transmission mode using 
a 2048 × 1024 pixel detector and a spatial resolution of ~ 4.5 × 4.5 μm over an area of ~ 15 × 3 mm. The XAFS 
spectra were calibrated for the similarities to the reference endmembers of olivine  (Fe2+) and andradite  (Fe3+), 
and the calibrated values can be considered a qualitative measure of the  Fe3+/ΣFe ratio.

Thermodynamic crystallization modelling was performed using  MELTS_Excel23. Given that the reported 
mineral assemblage of the FOB pumice does not contain quartz, we used rhyolite-MELTS version 1.2.x.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.

Received: 22 December 2022; Accepted: 27 April 2023

References
 1. Sharp, T. G., Stevenson, R. J. & Dingwell, D. B. Microlites and “nanolites” in rhyolitic glass: Microstructural and chemical charac-

terization. Bull. Volcanol. 57, 631–670 (1996).
 2. Mujin, M., Nakamura, M. & Miyake, A. Eruption style and crystal size distributions: Crystallization of groundmass nanolites in 

the 2011 Shinmoedake eruption. Am. Mineral. 102, 2367–2380 (2017).
 3. Di Genova, D. et al. Effect of iron and nanolites on Raman spectra of volcanic glasses: A reassessment of existing strategies to 

estimate the water content. Chem. Geol. 475, 76–86 (2017).
 4. Di Genova, D., Caracciolo, A. & Kolzenburg, S. Measureing the degree of “nanolilization” of volcanic glasses: Understanding syn-

eruptive processes recorded in melt inclusions. Lithos 318, 209–218 (2018).
 5. Schlinger, C. M., Smith, R. M. & Veblen, D. R. Geologic origin of magnetic volcanic glasses in the KBS tuff. Geology 14, 959–962 

(1986).
 6. Di Genova, D., Zandona, A. & Deubener, J. Unravelling the effect of nano-heterogeneity on the viscosity of silicate melts: Implica-

tions for glass manufacturing and volcanic eruptions. J. Non-Crystal. Solids 545, 120248 (2020).
 7. Mujin, M. & Nakamura, M. Late-stage groundmass differentiation as a record of magma stagnation, fragmentation, and rewelding. 

Bull. Volcanol. 82, 48 (2020).
 8. Okumura, S. H., Mujin, M., Tsuchiyama, A. & Miyake, A. 3D crystal size distributions of pyroxene nanolites from nano X-ray 

computed tomography: Improved correction of crystal size distributions from CSDCorrections for magma ascent dynamics in 
conduits. Am. Mineral. 107, 1766–1778 (2022).

 9. Matsumoto, K. & Geshi, N. Shallow crystallization of eruptive magma inferred from volcanic ash mictrotextures: A case study of 
the 2018 eruption of Shinmoedake volcano, Japan. Bull. Volcanol. 83, 31 (2021).



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7117  | https://doi.org/10.1038/s41598-023-34301-w

www.nature.com/scientificreports/

 10. Di Genova, D. et al. In situ observation of nanolite growth in volcanic melt: A driving force for exprosive eruptions. Sci. Adv. 6, 
eabb0413 (2020).

 11. Cáceres, F. et al. From melt to crystals: The effects of cooling on Fe–Ti oxide nanolites crystallization and melt polymerization at 
oxidizing conditions. Chem. Geol. 563, 120057 (2021).

 12. Pistone, M., Formo, E., Whittington, A. G., Herbst, T. & Cottrell, E. Direct nanoscale observations of degassing-induced crystal-
lization in felsic magmas. Contrib. Mineral. Petrol. 177, 38 (2022).

 13. Scarani, A. et al. A chemical threshold controls nanocrystallization and degassing behavior in basalt magmas. Commun. Earth 
Environ. 3, 284 (2022).

 14. Okumura, S. et al. Rheology of nanocrystal-bearing andesite magma and its roles in explosive volcanism. Commun. Earth Environ. 
3, 241 (2022).

 15. Ito, K., Kato, S., Takahashi, M. & Saito, A. Volcanic topography of Fukutoku-Oka-no-ba volcano in Izu-Ogasawara arc after 2010 
eruption. Rep. Hydrol. Ocean. Res. 47, 9–13 (2011).

 16. Maeno, F. et al. Seawater-magma interactions sustained the high column during the 2021 phreatomagmatic eruption of Fukutoku-
Oka-no-Ba. Commun. Earth Environ. 3, 260 (2022).

 17. Metz, D. Analysis of International Monitoring System hydrophone triplet data: Identifying the August 2021 eruption at Fukutoku-
Okanoba, 24.3°N Bonin Arc. Acoust. Sci. Technol. 43, 125–128 (2022).

 18. Yoshida, K. et al. Variety of the drift pumice clasts from the 2021 Fukutoku-Oka-no-Ba eruption, Japan. Isl. Arc 31, e12441 (2022).
 19. Japan Meteorological Agency Monthly volcanic activity reports of Fukutoku-Oka-no-Ba, 2021 August. https:// www. data. jma. go. 

jp/ svd/ vois/ data/ tokyo/ STOCK/ month ly_v- act_ doc/ tokyo/ 21m08/ 331_ 21m08. pdf (Webpage title was translated by the authors) 
(2021).

 20. Yoshida, K. et al. Petrographic characteristics in the pumice clast deposited along the Gulf of Thailand, drifted from Fukutoku-
Oka-no-Ba. Geochem. J. 56(5), 134–137 (2022).

 21. Ohno, Y., Iguchi, A., Ijima, M., Yasumoto, K. & Suzuki, A. Coastal ecological impacts from pumice rafts. Sci. Rep. 12, 11187 (2022).
 22. Lerner, A. H. et al. Improving the reliability of Fe- and S-XANES measurements in silicate glasses: Correcting beam damage and 

identifying Fe-oxide nanolites in hydrous and anhydrous melt inclusions. Chem. Geol. 583, 120610 (2021).
 23. Gualda, G. A. R. & Ghiorso, M. S. MELTS_Excel: A Microsoft Excel-based MELTS interface for research and teaching of magma 

properties and evolution. Geochem. Geophys. Geosyst. 16, 315–324 (2015).
 24. Kress, V. C. & Carmichael, I. S. E. The compressibility of silicate liquids containing  Fe2O3 and the effect of composition, temperature, 

oxygen fugacity and pressure on their redox states. Contrib. Mineral. Petrol. 108, 82–92 (1991).
 25. Dubosq, R. et al. Bubbles and atom clusters in rock melts: A chicken and egg problem. J. Volcanol. Geotherm. Res. 428, 107574 

(2022).
 26. Kato, Y. Gray pumice drifted from Fukutoku-oka-no-ba to Ryukyu Islands. Bull. Volcanol. Soc. Jpn. Ser. 2(33), 21–30 (1988) (in 

Japanese).
 27. Humphreys, M. C. S. et al. Coupled interaction between volatile activity and Fe oxidation state during arc crustal processes. J. 

Petrol. 56, 795–814 (2015).
 28. Tollan, P. & Hermann, J. Arc magmas oxidized by water dissociation and hydrogen incorporation in orthopyroxene. Nat. Geosci. 

12, 667–671 (2019).
 29. Kolzenburg, S., Di Genova, D., Giordano, D., Hess, K. U. & Dingwell, D. B. The effect of oxygen fugacity on the rheological evolu-

tion of crystallizing basaltic melts. Earth Planet. Sci. Lett. 487, 21–32 (2018).
 30. Knafelc, J. et al. Havre 2012 pink pumice is evidence of a short-lived, deep-sea, magnetite nanolite-driven explosive eruption. 

Commun. Earth Environ. 3, 19 (2022).
 31. D’Oriano, C., Bertagnini, A., Cioni, R. & Pompilio, M. Identifying recycled ash in basaltic eruptions. Sci. Rep. 4, 5851 (2014).
 32. Gardner, J. E. & Denis, M.-H. Heterogeneous bubble nucleation on Fe–Ti oxide crystals in high-silica rhyolite melts. Geochim. 

Cosmochim. Acta 68, 3587–3597 (2004).
 33. Cáceres, F. et al. Can nanolites enhance eruption explosivity?. Geology 48, 997–1001 (2020).
 34. Hajimirza, S., Gonnermann, H. M. & Gardner, J. E. Reconciling bubble nucleation in explosive eruptions with geospeedmeters. 

Nat. Commun. 12, 283 (2021).
 35. Paredes-Mariño, J. et al. Enhancement of eruption explosivity by heterogeneous bubble nucleation triggered by magma mingling. 

Sci. Rep. 7, 16897 (2017).
 36. Giordano, D., Russell, J. K. & Dingwell, D. B. Viscosity of magmatic liquids: A model. Earth Planet. Sci. Lett. 271, 123–134 (2008).
 37. Snyder, D. Thermal effects of the intrusion of basaltic magma into a more silicic magma chamber and implications for eruption 

triggering. Earth Planet. Sci. Lett. 175, 257–273 (2000).
 38. Cottrell, E., Kelley, K. A., Lanzirotti, A. & Fischer, R. A. High-precision determination of iron oxidation state in silicate glasses 

using XANES. Chem. Geol. 268, 167–179 (2009).
 39. Okumura, S. et al. Decompression experiments for sulfur-bearing hydrous rhyolite magma: Redox evolution during magma 

decompression. Am. Mineral. 106, 216–225 (2021).
 40. Katayama, M. et al. Development of a two-dimensional imaging system of X-ray absorption fine structure. J. Synchrotron Radiat. 

19, 717–721 (2012).

Acknowledgements
R. Oyanagi at Kokushikan University and K. Yoshida and S. Tanaka at Tohoku University are thanked for their 
help during the 2D-XANES analysis. This research was partly supported by the JSPS KAKENHI (grant nos. 
JP19K14825 and JP19H01999 to K.Y., JP20H00198 and JP20H00205 to A.M., JP 22K03755 to H.I., JP18KK0376 
to A.O., JP19H00834 and JP22H05109 to M.K., and JP21H01195 to Y.T.) and NOZOMI Farm. Micro-XANES 
analyses were performed at BL4A (Proposal No. 2020G008) and NW2A (Proposal Nos. 2021G634 and 2022S2-
001) of Photon Factory with the approval of the High Energy Accelerator Research Organization. Critical and 
constructive reviews by L. Gurioli, F. Arzilli, and D. Di Genova, with editorial handling by A. Hildenbrand 
improved the manuscript greatly. We would like to thank Stallard Scientific Editing for English language editing.

Author contributions
K.Y. conceived the idea of the study, conducted the fieldwork and microscopic analysis, and drafted the original 
manuscript. A.M. and S.H.O. conducted TEM analysis. H.I. and S.Ok. contributed to XANES spot analysis. A.O., 
Y.N., and M.K. contributed 2D XANES analysis. T.S., Y.T., and S.On. contributed to the study conceptualization. 
All authors reviewed the manuscript draft.

Competing interests 
The authors declare no competing interests.

https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/tokyo/21m08/331_21m08.pdf
https://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/tokyo/21m08/331_21m08.pdf


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7117  | https://doi.org/10.1038/s41598-023-34301-w

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 34301-w.

Correspondence and requests for materials should be addressed to K.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-34301-w
https://doi.org/10.1038/s41598-023-34301-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Oxidation-induced nanolite crystallization triggered the 2021 eruption of Fukutoku-Oka-no-Ba, Japan
	Results
	Petrography. 
	TEM analysis. 
	XANES analyses. 
	MELTS modeling. 

	Discussion
	Conclusions
	Methods
	References
	Acknowledgements


