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Abstract 

The most recent and largest caldera-forming eruption occurred at ~ 90 ka at Aso Volcano, SW Japan, and is known as 
the “Aso-4 eruption.” We performed chemical analyses of amphibole phenocrysts from Aso-4 pyroclasts collected from 
the initial and largest pyroclastic unit (4I-1) of the eruption to infer the composition–temperature–pressure conditions 
of the melt that crystallized amphibole phenocrysts. Each amphibole phenocryst is largely chemically homogeneous, 
but inter-grain chemical variation is observed. Geothermometry, geobarometry, and melt–SiO2 relationships based 
on amphibole single-phase compositions reveal that most amphibole phenocrysts were in equilibrium with hydrous 
melt comprising ~ 63–69 wt% SiO2 ( SiOmelt

2  ) at 910–950 °C, although several grains were crystallized from more mafic 
and higher-temperature melts (~ 57–60.5 wt% SiO2 and 965–980 °C). The amphibole temperatures are comparable 
with those previously estimated from two-pyroxene geothermometry, but are much higher than temperatures previ-
ously estimated from Fe–Ti oxide geothermometry. The estimated SiOmelt

2  contents are lower than that of the host 
melt in the 4I-1 pyroclasts. Chemical and thermal disequilibrium between the amphibole rims and the host melt, 
as well as intra-grain homogeneity and inter-grain heterogeneity of amphibole compositions, suggests that these 
amphiboles were incorporated into the host melt immediately prior to the caldera-forming eruption. Our results 
suggest that the amphibole phenocrysts, and perhaps some of the pyroxene and plagioclase phenocrysts, were 
derived from a chemically and thermally zoned crystal mush layer that had accumulated beneath the chamber of the 
host 4I-I melt. Amphibole geobarometry indicates a crystallization depth of ~ 13.9 ± 3.5 km, which is consistent with 
the present-day magma chamber depth beneath the volcano as inferred from geophysical observations. The results 
suggest that the depth of the post-caldera magma plumbing system is strongly influenced by a relic magma reservoir 
related to a previous caldera-forming eruption.
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Introduction
Caldera-forming eruptions are the most violent and 
catastrophic volcanic phenomena and have a significant 
influence on the surface environment on a global scale 
(e.g., Miller and Wark 2008; Druitt et al. 2012). Therefore, 
it is critical to understand the causes and processes of 
caldera-forming eruptions. To address this issue, quan-
tifying the pre-eruptive physicochemical conditions of 

magma is imperative because this has a significant con-
trol on magma ascent processes and eruption dynamics 
(e.g., Wark et  al. 2007; Ruprecht and Bachmann 2010). 
Textural and chemical analyses of phenocryst phases are 
valuable methods for deciphering pre-eruptive magmatic 
conditions (e.g., Ginibre et al. 2007; Cooper 2017).

Igneous amphibole has been the focus of many recent 
studies (e.g., De Angelis et  al. 2013; Shane and Smith 
2013; Erdmann et  al. 2014; Kiss et  al. 2014). Empirical 
equations have been proposed that reliably relate single-
phase compositions of amphibole with the temperature 
(T) and pressure (P) conditions of crystallization and the 
SiO2 content of coexisting silicate melt ( SiOmelt

2  ) (Ridolfi 
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et  al. 2010; Ridolfi and Renzulli 2012; Putirka 2016). By 
using empirical equations, the T, P, and SiOmelt

2  related 
to amphibole crystallization can be estimated with-
out assuming equilibrium between phases. In addition, 
the empirical equations enable recognition of disequi-
librium between amphibole and other phases (Putirka 
2016). Geothermobarometric methods based on mul-
tiple phases require a priori assumptions of equilibria 
between coexisting phases. Although disequilibrium 
between coexisting phases causes large errors in thermo-
barometric results, it is not easy to evaluate equilibrium/
disequilibrium between coexisting phases. Empirical 
thermobarometric and chemometric equations based on 
a single-phase composition of amphibole are particularly 
valuable because they do not assume inter-phase equi-
librium (Putirka 2016) and are hence useful in detect-
ing phase disequilibrium between amphibole and other 
phases. The detection of phase disequilibrium in magma 
is essential in reconstructing the pre-eruptive processes 
of caldera-forming eruptions based on petrological infor-
mation recorded in pyroclasts.

Aso Volcano, the second-largest caldera volcano in 
Japan (25 × 18 km), was formed by four caldera-forming 
eruptions (Aso-1 to Aso-4) that occurred during the 
period 266–89 ka (Ono and Watanabe 1985). The Aso-4 
eruption represents the most recent caldera-forming 
eruptive cycle and produced voluminous pyroclastic 
products (> 600  km3, VEI 7; Committee for Catalog of 
Quaternary Volcanoes in Japan 1999). The Aso-4 pyro-
clastic flow deposits are deposited throughout the cen-
tral and northern parts of Kyushu Island and crossed the 
sea to reach the western part of Honshu Island (Ono and 
Watanabe 1985). The Aso-4 co-ignimbrite ash fall deposit 
(15 cm thick) is found at Abashiri in eastern Hokkaido, 
~ 1700 km from Aso Volcano (Machida and Arai 2003). 
Among the four caldera-forming cycles, only the Aso-4 
pyroclastic products contain amphibole phenocrysts 
(Watanabe 2001; Kaneko et al. 2007). On the basis of pet-
rological and isotopic data, Hunter (1998) and Kaneko 
et  al. (2007) showed that the Aso-4 magma is composi-
tionally diverse (basaltic to rhyolitic) and was generated 
by several intra-crustal processes (magma mixing, crustal 
assimilation, and fractional crystallization) within a large-
zoned magma chamber. However, geothermobarometry 
studies of the Aso-4 magma are limited, and hence, the 
detailed pre-eruptive magmatic processes and conditions 
remain debated.

Application of amphibole single-phase-based thermo-
barometric and chemometric equations to Aso-4 amphi-
bole phenocrysts provides important constraints on the 
magmatic processes and conditions immediately prior 
to the largest caldera-forming eruption at Aso Volcano. 
We investigated the chemical compositions of amphibole 

phenocrysts in the Aso-4 pyroclastic products and 
applied the amphibole-based empirical thermobarometer 
and melt–SiO2 meter to quantify the P–T–SiOmelt

2  condi-
tions of amphibole crystallization. Our results indicate 
disequilibrium between the amphibole phenocrysts and 
the host groundmass melt of the Aso-4 silicic magma.

Geology of Aso Volcano and the Aso‑4 eruption
Aso Volcano is located in the volcanic front on Kyushu 
Island, southwest Japan–Ryukyu arc (Fig.  1). The Aso 
Caldera was formed by four pyroclastic flow erup-
tions: Aso-1 (266 ± 14  ka), Aso-2 (141 ± 5  ka), Aso-3 
(123 ± 6  ka), and Aso-4 (89 ± 7  ka) (Ono and Watanabe 
1985; K–Ar ages from Matsumoto et al. 1991). The total 
volumes of these four pyroclastic flow deposits (includ-
ing co-ignimbrite ash fall deposits) are estimated as 50, 
50, > 150, and > 600  km3, respectively (Committee for 
Catalog of Quaternary Volcanoes in Japan 1999). The cal-
dera walls consist of pre-Aso volcanic rocks that pre-date 
the caldera-forming Aso-1 eruption (Ono and Watanabe 
1985; Watanabe et  al. 1989). The Aso-1 to Aso-4 pyro-
clastic flow deposits were widely deposited over the pre-
existing pre-Aso volcanic rocks. Post-caldera volcanism 
commenced soon after the last caldera-forming eruption 
at 89 ka (Ono and Watanabe 1985; Miyoshi et al. 2012).

The Aso-4 pyroclastic eruption is divided into two sub-
cycles that are characterized by a progression from silicic 
to mafic magma (Ono and Watanabe 1983; Kaneko et al. 
2007). On the basis of the lithological and petrological 
features of the pyroclastic flow deposits, the first (I) and 
second (II) sub-cycles of the Aso-4 eruption are divided 
into the following units (in stratigraphic order): 4I-1, 4I-2, 
and 4I-3; and 4II-1, 4II-2, and 4II-3 (Kaneko et al. 2007). 
The volumes of these pyroclastic flow units are estimated 
as follows: 4I-1 > 60  km3; 4I-2 > 4  km3; 4I-3 = ~ 0.5  km3; 
4II-1 = ~ 10  km3; 4II-2 = 5  km3; and 4II-3 = ~ 0.2  km3 
(Ono et al. 1977; Watanabe 1978; Kamata 1997; Kaneko 
et al. 2007). Kaneko et al. (2007) argued that the magma 
chambers that fed the Aso-4 sub-cycles were composi-
tionally zoned from mafic (lower) to silicic (upper). Based 
on mineralogical and geochemical data, they suggested 
that the andesitic–dacitic products (the pyroclastic units 
other than 4I-1) are hybrids of the upper and lower mag-
mas (Kaneko et al. 2007). The pre-eruptive depth of the 
Aso-4 silicic magma was estimated to be deeper than 
3 km on the basis of the water content of the melt and the 
H2O solubility equation (Kaneko et al. 2007).

Methods
Analyzed samples
Two rock samples were collected from Unit 4I-1 of the 
Aso-4 pyroclastic deposits. Unit 4I-1 was formed from 
the initial silicic pyroclastic flow (~ 69  wt% bulk SiO2 
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and ~ 72 wt% melt SiO2) and was the most voluminous 
unit erupted during the Aso-4 cycle (> 60 km3; Kaneko 
et al. 2007). Total sum of the 4I-1 deposit and the co-
ignimbrite ash fall deposit (> 400 km3) is almost 75% of 
the total volume of Aso-4 cycle. The dense rock equiv-
alent volume of silicic magma which existed before the 
4I-1 eruption is estimated to be more than 200  km3 
(Kaneko et  al. 2007). The samples were selected to 
investigate the magmatic processes and conditions in 
the upper part of the magma chamber immediately 

before the first sub-cycle of Aso-4. Sample 4I-1p is a 
pumice clast collected from a non-welded pumice flow 
deposit at Site-1 (Oyatsu, ~ 23  km west of the center 
of Aso Caldera). Sample 4I-1w was collected from the 
densely welded tuff at Site-2 (Takachiho-kyo, ~ 30 km 
southeast of the center of Aso Caldera; Fig.  1). The 
amphibole phenocrysts in these samples were fresh 
enough for chemical analysis. Polished thin sections 
were made for backscattered electron (BSE) imaging 
and analysis by electron probe microanalyzer (EPMA).

Fig. 1  Distribution of Aso-4 pyroclastic deposits and sampling sites (after Ono and Watanabe 1985; Kaneko et al. 2007). Solid lines show the 
distribution areas of Aso-4 pyroclastic flow units. Dashed lines show the estimated distribution areas of the units (Kaneko et al. 2007)
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Analytical methods
BSE imaging of amphibole phenocrysts from the Aso-4 
pyroclast samples was performed using a field emis-
sion EPMA (JEOL JXA-8530FPlus) at the Earthquake 
Research Institute, University of Tokyo, Japan (ERI). 
Major-element compositions were measured using an 
EPMA (JEOL-8800R) at ERI. For compositional analy-
ses, the accelerating voltage, analytical current, and 
beam size conditions were 15  kV, 12 nA, and 1  μm, 
respectively. The stoichiometric calculations of the 
amphibole are based on the 13-cation model of Leake 
et al. (1997). The 1σ relative errors of the element meas-
urements are < 0.7 rel.% for Si; < 1 rel.% for Al, Fe, Mg, 
and Ca; < 5 rel.% for Ti and Na; < 10 rel.% for K; and < 20 
rel.% for Mn. The 1σ relative error for Cl is < 10 rel.% for 
Cl contents of ~ 0.1 wt% (Nagasaki et al. 2017). In addi-
tion, we used SEM (Hitachi S-3400  N) equipped with 
EDS (Oxford Instruments X-MAX50) at Shizuoka Uni-
versity for phase identification of mineral inclusions in 
amphiboles.

Amphibole thermobarometry and chemometry
Empirical equations have been proposed to quantitatively 
relate the physical and chemical conditions of a silicate 
melt in equilibrium with calcic amphibole (including T, P, 
and SiOmelt

2  ) with the single-phase composition of amphi-
bole (Ridolfi et al. 2010; Ridolfi and Renzulli 2012; Putirka 
2016). The empirical equations were formulated based on 
high-P–T equilibrium experiments using natural volcanic 
rocks as starting materials. In the present study, the P–T–
SiOmelt

2  conditions of silicate melts in equilibrium with 
amphiboles were estimated using the empirical equations 
based on amphibole composition. These conditions can 
be estimated using these equations without assuming 
equilibrium between amphibole and other phases, which 
enables us to recognize disequilibrium between these 
phases. Although several geothermobarometers have 
been proposed based on element partitioning between 
amphibole and plagioclase (e.g., Blundy and Holland 
1990; Holland and Blundy 1994; Molina et al. 2015) and 
between amphibole and silicate melt (e.g., Putirka 2016), 
they all require the assumption of equilibrium between 
amphibole and other phases. These models therefore 
have increased errors associated with P–T estimates if 
amphibole and other phases are in disequilibrium. There-
fore, we calculated the P–T–SiOmelt

2  conditions of silicate 
melts in equilibrium with amphiboles using the empirical 
equations based on amphibole composition.

In this study, we used the independent thermometric 
equation proposed by Putirka (2016) (Eq. 1) to estimate 
amphibole crystallization temperatures:

where SiAmp, TiAmp, Fet
Amp, and NaAmp are the numbers 

of cations in amphibole calculated on the basis of 23 
atoms and Fet

Amp is the total number of Fe cations as Fe2+. 
Although Putirka (2016) proposed pressure-dependent 
and pressure-independent models, the temperature esti-
mation errors are similar for the two models; i.e., the 
mean and standard deviation of the difference between 
estimated and experimental temperatures are 3.2  °C 
and 28  °C for the P-dependent model, respectively, and 
0.4  °C and 30  °C for the P-independent model, respec-
tively. Putirka (2016) argued that these models are the 
most accurate of the existing amphibole geothermom-
eters. In this study, we use the P-independent model to 
estimate the crystallization temperatures of the analyzed 
amphiboles.

Ridolfi and Renzulli (2012) and Putirka (2016) pro-
posed empirical equations to calculate the SiO2 content 
of a hydrous silicate melt in equilibrium with amphibole 
( SiOmelt

2  ) from the amphibole composition and tempera-
ture. The two models yield consistent results and repro-
duce SiOmelt

2  within ± 3.6  wt% (Putirka 2016). In this 
study, we used the model of Putirka (2016):

where AlT-Amp is the amount of Al in amphibole when 
calculated on the basis of 23 O atoms and SiOmelt

2  is the 
SiO2 content (wt%) in hydrous silicate melt including the 
total mass of H2O.

Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) pro-
posed empirical barometric equations based on amphi-
bole composition. The model of Ridolfi et  al. (2010) is 
a function of the Al content in amphibole, whereas the 
models of Ridolfi and Renzulli (2012) depend on both the 
Al content and the concentration of other elements in 
amphibole, as shown in the following equations (at pres-
sure conditions of 130 MPa < P < 500 MPa):

(1)

T
(

◦C
)

= 1781− 132.74 ×

[

SiAmp
]

+ 116.6 ×

[

TiAmp
]

− 69.41

×

[

Fe
Amp
t

]

+ 101.62 ×

[

NaAmp
]

,

(2)

SiOmelt
2 = 751.95− 0.4 × T

(

◦C
)

−278,000/T
(

◦C
)

− 9.184 ×

[

AlT−Amp
]

,

(3)

ln P (MPa) = 38.723−(2.6957 × Si)−(2.3565 × Ti)

−(1.3006 × Al)−(2.7780 × Fe)

−
(

2.4838 × Mg
)

−(0.6614 × Ca)

−(0.2705 × Na) + (0.1117 × E)
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In these equations, the cation numbers in amphibole 
are calculated based on the 13-cation model of Leake 
et al. (1997).

The reliability of amphibole barometry is still debated. 
Erdmann et  al. (2014) and Putirka (2016) quantitatively 
examined the reliability of the models of Ridolfi et  al. 
(2010) and Ridolfi and Renzulli (2012) and proposed that 
the pressures estimated using the amphibole barometers 
were artifacts reflecting the bulk magma compositions 
and concluded that the models are untenable. How-
ever, Nagasaki et  al. (2017) re-examined the reliabilities 
of Eqs. 3 and 4 using the compiled dataset of high-P–T 
equilibrium experiments selected by Putirka (2016) and 
showed that these equations can be used to roughly esti-
mate the pressure within a 1σ error of ± 85  MPa under 
the limited conditions of SiOmelt

2  > 60 wt% and P = 150–
500 MPa. Equations 3 and 4 yield similar pressure values, 
and we used the average value of both pressures, similar 
to the approach of Erdmann et al. (2014). We compared 
the glass and whole-rock compositions of Aso-4 pyro-
clasts (Kaneko et al. 2007) with experimental melts used 
for calibrations of Eqs. 1 and 2 by Putirka (2016) and for 
reliability evaluations of Eqs.  3 and 4 by Nagasaki et  al. 
(2017) and confirmed that the compositions of Aso-4 
magmas are within the range of the experimental melts 
(Additional file  2: Fig. S1); therefore, we concluded that 
applications of Eqs. 1–4 to Aso-4 pyroclasts are valid.

Results and discussion
Texture and compositions of amphibole phenocrysts
Aso-4 ejecta are crystal-poor with a modal abundance 
of phenocrysts of 5–10 vol%, with the exception of sco-
riae with 10–37 vol% of phenocrysts (Kaneko et al. 2007). 
The studied 4I-1 pumice and welded tuff samples contain 
~ 0.3 vol% and ~ 2.4 vol% amphibole phenocrysts, respec-
tively. The pumice sample also contains phenocrysts of 
plagioclase (~ 2.9 vol%), pyroxene (~ 0.3 vol%), and Fe–Ti 
oxides (~ 0.3 vol%) and trace apatite. Fe–Ti oxides do not 
show chemical zoning within crystal rims (Additional 
file 2: Fig. S2). Crystal clots composed of amphibole and 
other phenocryst phases such as plagioclase, Fe–Ti oxides 
and apatite were observed. In addition, some amphiboles 
host these phases as inclusions. However, we cannot 
find any glomeroporphyritic aggregate of pyroxene and 
amphibole crystals. Amphibole phenocrysts are euhedral 
with rare breakdown rims (Fig.  2a–c). The groundmass 
of the pumice sample is composed of vesicular glass and 

(4)

P (MPa) = 24023−(1925.3 × Si)−(1720.6 × Ti)

−(1478.5 × Al)−(1843.2 × Fe)

−
(

1746.9 × Mg
)

− (158.28 × Ca)

−(40.444 × Na) + (14.389 × K).

is microlite-free, indicating that crystallization did not 
occur during magma ascent within the conduit.

BSE images (Fig. 2) and EPMA analyses show that each 
amphibole phenocryst is almost chemically homogene-
ous, as described by Kaneko et al. (2007), although inter-
grain chemical variation is observed (Fig. 3 and Additional 
file 1: Table S1 and Additional file 2: Fig. S3). Based on the 

a

b

c

Fig. 2  BSE images of amphibole phenocrysts in samples: a 4I-1w and 
b, c 4I-1p. Abbreviations are as follows: amphibole (amp), plagioclase 
(plg), Fe–Ti oxide (ox), and apatite (ap)
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13-cation model of Leake et al. (1997), Ca and Ti contents 
are > 1.5 and < 0.5 apfu, respectively, and the [6]Al content 
is lower than the Fe3+ content in all analyzed amphiboles. 
In addition, the Si content, Mg# [= Mg/(Mg + Fe2+)], and 
(Na + K)A are 6.1–6.6, 0.75–0.9, and 0.4–0.5, respectively, 
where (Na + K)A is the total alkali content in the A site. 
According to the classification of Leake et al. (1997), the 
analyzed amphiboles are mostly magnesiohornblende or 
magnesiohastingsite, although rare actinolite and edenite 
amphiboles were also identified (Fig. 3).

[4]Al ranges from ~ 1.4 to 1.9 apfu (Additional file  2: 
Fig. S3), which covers the full range of [4]Al contents 
previously reported in amphiboles in Aso-4 pyroclasts 
(Kaneko et al. 2007). Most amphiboles are characterized 
by a decrease in [6]Al content with a slight increase in 
[4]Al content, whereas amphiboles with [4]Al > ~ 1.7 apfu 
are enriched in [6]Al (Additional file 2: Fig. S3a). No obvi-
ous correlation is found between [4]Al content and (Na + 
K)A, Ti, and Ca contents (Additional file  2: Fig. S3b–d). 
In addition, [6]Al content shows a weak negative cor-
relation with Ti and Fe3+ contents. These observations 
suggest that (1) the slight negative correlation between 
[4]Al and [6]Al is due to Ti-Tschermak and Al–Fe3+ sub-
stitutions; (2) the Al-enriched nature of amphiboles with 
[4]Al > ~ 1.7 apfu is due to Tschermak substitution; and 
(3) edenite and plagioclase substitutions are insignifi-
cant. Tschermak substitution is sensitive to both T and P 
conditions, whereas edenite and Ti-Tschermak substitu-
tions are mostly temperature dependent (e.g., Anderson 
and Smith 1995; Shane and Smith 2013). Therefore, the 
crystallization P–T conditions of the Al-enriched amphi-
boles may be distinct from those of other amphiboles. 

The Al-enriched amphiboles are rare in the 4I-1 pyro-
clasts, whereas other pyroclastic units of the Aso-4 erup-
tion, which were hybrid of the 4I-1 magma and the mafic 
magma erupted as the 4I-3 and 4II-3 Units, commonly 
include them; on the other hand, the other amphiboles 
(with no Al enrichment) are common in the 4I-1 magma 
(Kaneko et al. 2007).

T–SiOmelt
2  conditions of amphibole crystallization

Figure 4 and Additional file 2: Fig. S4 show the T–SiOmelt
2  

conditions of amphibole crystallization, as estimated 
from amphibole compositions. The estimated T–SiOmelt

2  
conditions are homogenous from core to rim of each 
amphibole phenocryst, although inter-grain variation 
is observed (Additional file  2: Fig. S4). The estimated 
SiOmelt

2  contents are ~ 57–69 wt%, with a gap at ~ 60.5–
62.5 wt%. The lower SiOmelt

2  contents are estimated from 
Al-enriched amphiboles. The temperatures estimated 
from amphibole phenocrysts vary from ~ 900 to 980 °C, 
and the Al-enriched amphiboles yield higher tempera-
tures (~  >960  °C). SiOmelt

2  contents increase as tem-
perature decreases (Fig.  4). The T–SiOmelt

2  gap between 
Al-enriched and other amphiboles suggests that the two 
groups were crystallized under different conditions. We 
infer that the Al-enriched amphiboles were crystallized 
in andesitic melt formed by mixing between the 4I-1 melt 
and the mafic magma (erupted during the later stage of 
the Aso-4 eruption; Units 4I-3 and 4II-3) because similar 

Si (apfu)

M
g#

magnesiohornblende/
magnesiohastingsite

actinolite/
edenite

CaB >1.5, [6]Al < Fe3+

tremolite/
edenite

Fig. 3  Mg# [= Mg/(Mg + Fe2+) on a molar basis] plotted against Si 
(atoms per formula unit) for amphibole phenocrysts. Diamonds and 
circles indicate amphibole phenocrysts in samples 4I-1w and 4I-1p, 
respectively. Black and gray symbols indicate the cores and rims of 
phenocrysts, respectively. Classification is based on Leake et al. (1997)

SiO2
melt (wt%)

T
 (°

C
)

2px

Fig. 4  Temperature conditions and SiO2 contents of hydrous melt 
in equilibrium with amphibole phenocrysts, as estimated using 
the methods of Putirka (2016). Diamonds and circles indicate 
amphibole phenocrysts in samples 4I-1w and 4I-1p, respectively. 
Error bars indicate 1σ errors for estimations of temperature (±30 °C) 
and SiOmelt

2  (± 3 wt%). Gray area shows the T–SiOmelt
2  conditions 

of the groundmass melt of the 4I-1 magma; the temperature is 
based on Fe–Ti oxide thermometry (from Kaneko et al. 2007). 
The double-headed arrow indicates the range estimated using 
two-pyroxene thermometry (from Kaneko et al. 2007)
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Al-rich amphiboles are common in the pyroclastic units 
other than the 4I-1 (Kaneko et  al. 2007). The other 
amphiboles (with no Al enrichment), commonly found 
in the 4I-1 magma, were not related to the mafic magma 
and were crystallized and accumulated within the main 
Aso-4 magma reservoir.

The calculated amphibole temperatures are much 
higher than those estimated from Fe–Ti oxide ther-
mometry (810  °C–850  °C; Kaneko et  al. 2007). Fe–Ti 
oxide thermometry is thought to reliably represent the 
pre-eruptive temperature of the 4I-1 melt (Kaneko et al. 
2007) because the diffusion coefficient of Ti in Fe–Ti 
oxides is large (~ 10–15 m2/s at 830 °C; Freer and Haupt-
man 1978) and chemical zoning is absent at the rims of 
Fe–Ti oxide phenocrysts (Additional file 2: Fig. S2). The 
absence of chemical zoning in Fe–Ti oxide rims indicates 
that crystallization/re-equilibration did not occur dur-
ing magma ascent, and hence, the Fe–Ti oxides record 
the pre-eruptive temperature of the magma. The large 
discrepancy between amphibole and Fe–Ti oxide temper-
atures, as well as the intra-grain homogeneity of amphi-
bole phenocrysts, suggests that the amphiboles were in 
disequilibrium with the 4I-1 melt.

Under hydrous conditions, the 4I-1 melt is character-
ized by ~ 70 wt% SiOmelt

2  and ~ 4.1–5.7 wt% H2O (Kaneko 
et al. 2007). Most of the amphiboles indicate SiOmelt

2  con-
tents lower than that of the 4I-1 melt, suggesting that 
they were in disequilibrium with the 4I-1 melt. This is 
consistent with the implications of the temperature esti-
mations. Although a small number of amphiboles yield 
SiOmelt

2  contents of coexisting melts within error of the 
4I-1 melt, they show higher temperatures than that of 
the 4I-1 melt, suggesting that they were in disequilib-
rium with the melt. The interpretation of disequilibrium 
between the amphiboles and the host melt is consistent 
with the results of high-P–T equilibrium experiments 
on the Aso-4 magma (Ushioda et  al. 2017). No amphi-
bole with the composition of the 4I-1 melt crystallized in 
these experiments, even under a wide range of P–T–H2O 
conditions (Ushioda et  al. 2017). In addition, a similar 
case of host melt–amphibole disequilibrium is reported 
from the 2015 rhyolitic magma from Cotopaxi, Ecuador 
(Martel et al. 2018).

Origin of amphiboles
Euhedral crystal shapes and the absence of overgrowth/
re-equilibration rims around amphibole phenocrysts 
suggest that they were entrained into the 4I-1 melt 
immediately before the Aso-4 eruption. Previous experi-
ments showed that several days are required for the 
formation of amphibole breakdown rims during decom-
pression without overheating (Rutherford and Hill 1993; 
Brown and Gardner 2006); the experiments of Brown 

and Gardner (2006) were performed at 840  °C, which is 
similar to Fe–Ti oxide temperature estimated for the 4I-1 
magma (810–850  °C; Kaneko et  al. 2007). If an amphi-
bole crystal is overheated, less than an hour is required 
to form a breakdown rim (De Angelis et al. 2015). There-
fore, we conclude that the amphiboles were rapidly trans-
ported (possibly less than several days) to the surface 
after entrainment into the host 4I-1 melt.

Plagioclase, Fe–Ti oxide minerals, and apatite are often 
found in crystal clots with amphiboles and also as inclu-
sions in amphiboles (Fig.  2). This suggests that some 
crystals of plagioclase, Fe–Ti oxide minerals, and apa-
tite likely had the same origin as the amphiboles and 
were entrained in the 4I-1 melt immediately before the 
eruption.

The calculated amphibole temperatures (~ 910–950 °C) 
are similar to previous temperature estimates from 
two-pyroxene thermometry (900–960  °C; Kaneko et  al. 
2007), which are higher than Fe–Ti oxide temperatures 
(810–850 °C; Kaneko et al. 2007). The two-pyroxene tem-
peratures are based on the compositions of ortho- and 
clinopyroxene pairs, and Kaneko et al. (2007) confirmed 
a state of quasi-equilibrium between paired pyrox-
enes based on Fe–Mg partitioning. Kaneko et al. (2007) 
interpreted that the discrepancy between temperatures 
estimated using the Fe–Ti oxide and two-pyroxene ther-
mometers is due to differences in closure temperatures 
between the two methods. If this interpretation is valid, 
the host melt and Fe–Ti oxides must have cooled rap-
idly to inhibit the formation of amphibole overgrowth/
re-equilibrated rims prior to magma ascent. High-P–T 
equilibrium experiments showed that crystallization of 
amphibole with crystal sizes >10 μm in silicic melt occurs 
within ~ > 10  days (e.g., Holtz et  al. 2005). Considering 
the diffusion coefficient of Ti in magnetite (~ 10–15 m2/s 
at 830  °C; Freer and Hauptman 1978), diffusion profiles 
of Ti with several tens of microns thickness should be 
observed in magnetite if the host melt was cooled dur-
ing ~ 1–10  days. However, such chemical zoning is not 
observed. Therefore, the discrepancy between tempera-
tures estimated using the Fe–Ti oxide and two-pyroxene 
thermometers cannot be attributed to differences in 
closure temperatures. Alternatively, we infer that some 
pyroxenes were also entrained into the 4I-1 melt imme-
diately before eruption, as is the case for amphiboles, 
and the two-pyroxene temperatures record their thermal 
state before entrainment into the 4I-1 melt.

However, the similar temperature estimates from 
amphibole and pyroxene thermometry (Fig.  5) do not 
necessarily indicate co-crystallization of these phases in 
the same melt. This is because there is no pyroxene crystal 
touching with amphibole although other mineral phases 
are found as amphibole-hosted inclusions in the 4I-1 
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pyroclasts (Fig. 2), implying that amphibole and pyroxene 
did not coexisted. High-P–T equilibrium experiments for 
andesitic–dacitic systems (e.g., Costa et al. 2004; Scaillet 
and Ebans 1999; Moore and Carmichael 1998) show that 
amphibole crystallizes without pyroxene under relatively 
H2O-rich condition, whereas amphibole is unstable and 
two pyroxenes crystallize under H2O-poor condition 
at temperature of ca. 900–950  °C. Under intermediate 
condition, amphibole and pyroxene can coexist. In addi-
tion, thermodynamic stability of amphibole also depends 
on melt composition (e.g., Putirka 2016). Therefore, the 
absence of touching amphibole–pyroxene pair, as well as 

similar temperatures of amphibole and pyroxenes, sug-
gests that amphibole and pyroxenes crystallized from 
discrete melts of different H2O contents and/or composi-
tions, and both crystals were entrained in the 4I-1 melt 
immediately before the eruption.

Previous studies have indicated that some phenocrysts 
in caldera-forming magma are derived from crystal 
mush surrounding the magma chamber (e.g., Cooper 
2017; Ellis et al. 2014). This is also the case for the Aso-4 
magma, as (1) amphibole, plagioclase, and Fe–Ti oxide 
minerals sometimes occur as crystal clots, (2) both 
amphiboles and some pyroxenes were in disequilibrium 
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Fig. 5  Schematic diagrams showing a the state before the Aso-4 event started. Amphibole- and Cpx-free crystal mush underlying the 4I-1 melt 
chamber and overlying two-pyroxene-bearing crystal mush with a local amphibole-bearing part; b the mafic magma started intrusion into the 
4I-1 melt chamber. The initially intruded mafic magma was mixed with the 4I-1 melt to form small volume of hybrid magma, which crystallized 
Al-enriched amphiboles. In addition, the intrusion induced partial collapse of the crystal mush; c the hybrid magma and crystals derived from the 
collapsed mush were incorporated into and mixed with the 4I-1 melt, and the magma erupted to form the 4I-1 pyroclastic flow; d large volume of 
the mafic magma intruded into and mixed with the residual 4I-1 melt to form abundant hybrid magma, which erupted in the later stage of Aso-4 
eruption; e after Aso eruption ended, low-density breccias and residual crystal mush acted as density barrier for ascending mafic magma, resulting 
in formation of mafic magma reservoir at the depth similar to the Aso-4 magma reservoir; f in post-caldera stage, mafic magmas derived from the 
new mafic magma reservoir have erupted
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with the 4I-1 melt, (3) amphiboles and pyroxenes in the 
4I-1 pyroclasts were crystallized in the discrete melts 
of different H2O contents and/or compositions, and (4) 
amphiboles not enriched in Al are common in the 4I-1 
magma. These evidences indicate that they were incorpo-
rated into the 4I-1 melt from crystal mush that accumu-
lated beneath the 4I-1 magma chamber. The crystal mush 
was formed by the accumulation of mineral phases that 
crystallized within the Aso-4 magma reservoir. The accu-
mulated crystal mush formed a thermal conduction layer 
at the base of the reservoir that inhibited cooling from 
the base. As a result, the magma reservoir cooled only 
from the roof and the underlying crystal mush layer had 
a higher temperature than the overlying magma chamber 
(e.g., Nishimura 2012). Therefore, the temperatures of the 
underlying crystal-mush-derived amphiboles are higher 
than those of the overlying 4I-1 melt.

We suggest that the 4I-1 magma chamber and the 
underlying amphibole-bearing crystal mush part were 
separated by a lower-T amphibole-free crystal mush 
layer. The interstitial melt in the amphibole-free crys-
tal mush may have filled the thermal–compositional 
gap between the 4I-1 melt and the melts in equilibrium 
with amphiboles. In addition, the lower-T amphibole-
free crystal mush layer was also clinopyroxene-free 
because of the lack of ortho- and clinopyroxene pair 
revealing temperature < 900  °C (Kaneko et  al. 2007). 
This is supported by the results of high-P-T equilibrium 
experiments for hydrous dacitic system (Costa et  al. 
2004); the results show that (1) ortho- and clinopyrox-
enes coexist at relatively high temperatures (> 900 °C), 
(2) orthopyroxene crystallizes without both clinopy-
roxene and amphibole under relatively low tempera-
ture (< 900  °C) and intermediate–low H2O content 
conditions (< ca. 4.5 wt% H2O in melt), and (3) amphi-
bole crystallizes even at lower temperature (< 900  °C) 
under H2O-rich condition (< ca. 4.5 wt% H2O in melt), 
although the boundary T–H2O conditions may shift 
slightly with the change in melt composition. The 
absence of amphibole with T < 910  °C indicates that 
the amphibole-free mush layer was not H2O-rich. This 
is consistent with the estimation of H2O content in the 
4I-1 melt (ca. 4.1-5.7  wt%) based on plagioclase–melt 
element partitioning (Kaneko et al. 2007), which is near 
the lower limit of amphibole stability field. Interstitial 
melt in the underlying hotter crystal mush is inferred 
to be less evolved and less hydrous than the 4I-1 melt. 
Consequently, we think that the crystal mush underly-
ing the 4I-1 melt chamber was under intermediate–low 
H2O content condition and included orthopyroxene at 
lower T and two-pyroxene assemblage was limited to 
higher-T conditions. In the crystal mush, H2O-rich part 
including amphibole without pyroxenes locally existed 

(Fig.  5a). Similar model of heterogeneous mushy res-
ervoir was suggested for Central Snake River Plain 
ignimbrites (Ellis et al. 2014). In the case of the Aso-4 
eruption, partial collapse of the crystal mush may have 
occurred immediately prior to eruption. This is because 
the 4I-1 pyroclasts include both amphiboles and pyrox-
enes stored in separated parts of the underlying crys-
tal mush, and residence times of amphiboles in the 4I-1 
melt were short. If we assume all phenocrysts were 
derived from the crystal mush and the crystal mush 
contained > 60 vol% of crystals, the volume ratio of col-
lapsed crystal mush to the 4I-1 melt is estimated to be 
less than ~ 0.15. Therefore, the collapsed mush was lim-
ited to the part only near the 4I-1 melt chamber. We 
attribute this collapse to the injection of mafic magma 
prior to eruption, as inferred from the Al-enriched 
amphiboles of the 4I-1 pyroclasts, which are in equilib-
rium with higher-T andesitic melt (Fig. 4). Among the 
four caldera-forming ignimbrites, only the Aso-4 pyro-
clasts contain amphibole phenocrysts. We attribute this 
to the following: (1) The crystal mush had an amphi-
bole-bearing part locally only before Aso-4 eruption 
and/or (2) because of the larger magnitude of the Aso-4 
eruption compared to other ignimbrite eruptions, the 
collapsed mush was large volume enough to include a 
locally distributed amphibole-bearing part.

Kaneko et  al. (2007) suggested that following the 4I-1 
eruption, the 4I-1 melt and the underlying mafic melt 
mixed to form less-silicic hybrid magma, which then 
erupted during the later Stages 4I-2 and 4II of the Aso-4 
eruption (4II of Kaneko et  al. 2007). We infer that the 
mafic magma was derived from another magma pocket 
located in the bottom part of the crystal mush or under-
lying Aso-4 magma reservoir (Fig. 5a). Initial intrusion of 
the mafic magma induced partial collapse of the crystal 
mush underlying the 4I-1 melt chamber. Furthermore, 
the intruding mafic magma rapidly mixed with the 4I-1 
melt to form andesitic melt which crystallized the Al-
rich amphiboles (Fig. 5b). Experimental study of Kouchi 
and Sunagawa (1985) showed that when basaltic and 
silicic melts are mixed, basaltic melt rapidly changes 
to andesitic composition by mixing with silicic melt, 
whereas silicic melt decreases its mass without significant 
compositional change. Therefore, at this time, abundance 
of the hybrid andesitic melt was very small relative to the 
4I-1 melt and exerted negligible effect on the 4I-1 melt 
composition. Then, the small volume of the Al-enriched 
amphibole-bearing andesitic melt was mixed with the 
more voluminous 4I-1 melt and the crystal-mush-derived 
crystals; the magma erupted and formed the 4I-1 pyro-
clastic flow deposit (Fig. 5c). In the later stage of Aso-4 
eruption, more abundant mafic magma was intruded 
and mixed with the 4I-1 melt to form the hybrid dacitic 
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melts, which erupted as the 4I-2 and 4II Units as Kaneko 
et al. (2007) discussed (Fig. 5d).

Pressure conditions of amphibole crystallization
The amphibole barometer of Ridolfi and Renzulli (2012) 
indicates crystallization pressures of ~ 260–380  MPa 
for most amphiboles. This is within error of the pres-
sures calculated for the Al-enriched amphiboles (~ 340–
420 MPa; Fig. 6; based on the ±85 MPa (1σ) error for the 
barometer; Nagasaki et al. 2017).

Assuming a lithostatic pressure–depth relation 
and a crust density of 2500  kg/m3, the pressure of 
~ 340 ± 85  MPa corresponds to ~ 13.9 ± 3.5  km depth. 
The crust density is consistent with the reported rock 
types (granodiorite and psammitic schist) of borehole 
core samples from the basement of Aso caldera (Miyoshi 
et al. 2011a). The lithostatic pressure–depth is consistent 
with a previous estimation of the pre-eruptive depth of 
the Aso-4 silicic magma at > 3  km (based on the water 
content of the melt and the H2O solubility equation; 
Kaneko et al. 2007).

The geophysical study of Abe et  al. (2016) reported 
a low-velocity zone at a depth of 8–15  km beneath the 
eastern flank of the post-caldera central cones, a swarm 
of deep low-frequency earthquakes at 15–25  km depth, 
and a sill-like deformation source at 15.5 km depth. These 
results suggest that a magma reservoir exists at depths of 
8–15 km, which is consistent with our amphibole barom-
etry results (Fig. 6). This indicates that the Aso-4 magma 
reservoir was located at a depth similar to that of the pre-
sent-day magma reservoir beneath Aso Volcano.

Most of the magmas that erupted after the last caldera-
forming eruption have basaltic–andesitic compositions 
(Miyoshi et al. 2012), and the present-day magma cham-
ber is thought to contain mafic magma (Unglert et  al. 

2011). This suggests that the present magma plumbing 
system was formed after the Aso-4 eruption. The consist-
ency between the depths of the Aso-4 and the present-
day magma reservoirs may imply that the depth of the 
present-day magma reservoir is strongly influenced by 
the structure of the Aso-4 magma reservoir. We suggest 
that the relic of the Aso-4 magma reservoir created a 
density barrier that inhibited the ascent of newly supplied 
post-caldera mafic magmas, meaning that they resided 
at the depth (Fig.  5e, f ). After caldera collapse, the col-
lapsed magma reservoir was filled by low-density brec-
cia (e.g., Lipman 1984), which is less dense than mafic 
magma and hence acted as a density barrier. The crystal 
mush layer that remained beneath the collapsed magma 
reservoir further inhibited the ascent of post-caldera 
mafic magmas. The Aso-4 ejecta are crystal-poor (~ 5–10 
vol%; Kaneko et al. 2007; with the exception of scoriae); 
consequently, a large part of the crystal mush layer is 
thought to have remained. The crystal mush consisted of 
andesitic–dacitic melt, plagioclase, and mafic minerals, 
with density similar to, or lower than, that of mafic melt. 
As a result, sills of dense mafic magma formed at a simi-
lar depth to that of the 4I-1 magma chamber. The post-
caldera mafic magmas may have chemically interacted 
with the remaining crystal mush, although the Aso-4 and 
post-caldera basaltic–andesitic magmas have similar iso-
topic compositions (Miyoshi et al. 2011b); consequently, 
their interaction is difficult to detect using isotopic 
data. The formation and differentiation of mafic sills at 
depth also created additional barriers for the ascending 
mafic magma. Our results indicate that the post-caldera 
magma plumbing system was strongly influenced by the 
collapsed silicic magma reservoir that remained after the 
Aso-4 caldera-forming eruption.

Concluding remarks
Chemical compositions of amphibole phenocrysts in 
Aso-4I pyroclasts were investigated to clarify their crys-
tallization conditions and pre-eruptive magmatic pro-
cesses. Our results suggest the following: (1) Most of 
the amphibole phenocrysts coexisted with silicate melt 
with 66–72  wt% SiO2 and temperatures of 910–950  °C, 
whereas some amphiboles crystallized from more mafic 
and higher-T melt; (2) the amphibole phenocrysts are in 
thermal and chemical disequilibrium with the host 4I-1 
melt, indicating that they were incorporated into the melt 
immediately prior to eruption; and (3) amphibole phe-
nocrysts crystallized at a depth of ~ 13.9 ± 3.5 km, which 
coincides with the depth of the present low-velocity zone 
beneath the volcano, implying that the depth of the post-
caldera magma plumbing system is strongly influenced 
by a relic collapsed magma reservoir related to the most 
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recent caldera-forming eruption. In future study, compo-
sitional analyses of minerals and melt inclusions coexist-
ing with amphiboles in the 4I-1 and other units of Aso-4 
eruption should be required to evaluate and brush up the 
model of Aso-4 magma reservoir process.

Additional files

Additional file 1: Table S1. Major-element compositions of amphibole 
phenocrysts in this study.

Additional file 2: Fig. S1. Whole-rock and melt compositions of Aso-4 
pyroclasts are compared with those of melts of equilibrium experiments 
used for calibrations of amphibole-based thermometer and melt-SiO2 
meter of Putirka (2016) and for reliability evaluation of amphibole-based 
barometer of Ridorfi and Renzulli (2012) by Nagasaki et al. (2017). Filled 
circles and open triangles indicate glass and whole-rock compositions of 
Aso-4 pyroclasts (Kaneko et al. 2007), and gray diamonds are experimen-
tal melts (DS-1 dataset compiled by Putirka 2016; see Putirka 2016 and 
references therein). Compositions of Aso-4 pyroclastic materials are within 
the range of experimental melts. Fig. S2. BSE images of magnetite phe-
nocrysts in the studied pumice sample. Fig. S3. Amphibole compositions 
in terms of the relationship between [4]Al and (a) [6]Al, (b) (Na + K)A, (c) Ti, 
and (d) Ca. Symbols are the same as those in Fig. 3. Fig. S4. Comparisons 
of (a) temperatures and (b) SiO2

melt contents estimated from the core and 
rim compositions of amphiboles. Diamonds and circles indicate amphi-
bole phenocrysts in samples 4I-1w and 4I-1p, respectively.
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