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Abstract Evaluating the magma depth and its physi-
cal properties is critical to conduct a better geophysical
assessment of magma chambers of caldera volcanoes that
may potentially cause future volcanic hazards. To under-
stand pre-eruptive conditions of a magma chamber before
its first appearance at the surface, this paper describes the
case of Hijiori caldera volcano in northeastern Japan, which
emerged approximately 12,000 years ago at a place where no
volcano ever existed. We estimated the depth, density, bulk
modulus, vesicularity, crystal content, and bulk H,O content
of the magma chamber using petrographic interpretations,
bulk and microchemical compositions, and thermodynamic
calculations. The chemical mass balance calculations and
thermodynamic modeling of the erupted magmas indicate
that the upper portion of the Hijiori magmatic plumbing
system was located at depths between 2 and 4 km, and had
the following characteristics: (1) pre-eruptive temperature:
about 780 °C; (2) bulk magma composition: 66 + 1.5 wt%
Si0,; (3) bulk magmatic H,O: approximately 2.5 wt%, and
variable characteristics that depend on depth; (4) crystal con-
tent: <57 vol%; (5) bulk modulus of magma: 0.1-0.8 GPa;
(6) magma density: 1.8-2.3 g/cm3; and (7) amount of excess
magmatic H,O: 11-32 vol% or 48-81 mol%. The range of
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melt water contents found in quartz-hosted melt inclusions
(2-9 wt%) suggests the range of depth phenocrysts growth
to be wide (2~13 km). Our data suggest the presence of a
vertically elongated magma chamber whose top is nearly
solidified but highly vesiculated; this chamber has probably
grown and re-mobilized by repeated injections of a small
amount of hot dacitic magma originated from the depth.

Keywords Prenatal volcano - Hijiori - Melt inclusions -
Magmatic H,O - Rhyolite-MELTS

Introduction

According to the Japan Meteorological Agency, 110 vol-
canoes are currently listed as active volcanoes in the coun-
try. An active volcano is defined as having erupted in the
last 10,000 years or that currently exhibits active fumarolic
vents (JMA 2013). These volcanoes have potential to erupt
again in the future. To mitigate potential impacts on our
lives related to the future volcanic events, histories of active
volcanoes along with volcanic hazard maps are compiled
(e.g., NIED 2013) or online databases established (e.g., the
United States Geological Survey Volcano Hazards Program).

However, in a long-term planning of land development
covering long timescales (e.g., tens to hundreds of thousands
of years), it is inevitable to consider the possibility of future
appearances of volcanoes that may cause lethal impacts on
infrastructures and human lives in areas, where active vol-
canoes have not been previously known to exist.

To understand initial behavior of volcanoes in a region
that is volcanically inactive, we focused on some newly
formed explosive volcanoes in the northeastern part of Japan.
These include Ichinome-gata volcano at 39°57'33”N 139°44/
25E (Kano et al. 2011; Katsui et al. 1979), Hijiori volcano
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at 38°36/35""N 140°9’20”E (Kawaguchi and Murakami
1994; Miyagi 2007; Sugimura 1953; Ui 1971), Adachi vol-
cano at 38°13’15”"N 140°39’02”E (Kanisawa and Yoshida
1989), and Zenikame volcano at 41°44'21”N 140°51’05"'E
(Hasegawa and Suzuki 1964; Yamagata et al. 1989). Among
the volcanoes, Hijiori is one of the most well studied with
regard to its petrography, eruption age determination,
description of eruptive sequence, bulk eruptive volume,
topography, and caldera structure. Therefore, Hijiori volcano
was selected as an appropriate example of a newly formed
explosive volcano to understand the depth and physical
properties of the magma plumbing system prior to its first
appearance to the surface.

Detection of potential volcanoes and prediction of their
future activities will be based largely on geophysical explo-
ration techniques (e.g., Umeda et al. 2006). However, knowl-
edge of petrological, geochemical, and physical properties of
magma storage conditions (depth, temperature, density, bulk
modulus, size, shape, etc.) can improve the interpretation
of geophysical data and as a result increase the reliability
in the prediction of future volcanism. In doing so, we will
estimate the pressure, temperature and bulk magmatic H,O
content using the geochemical compositions of bulk rocks,
phenocrysts and melt inclusions in combination with the
MELTS program (Asimow and Ghiorso 1998; Ghiorso and
Sack 1995; Gualda et al. 2012).

Hijiori volcano

Hijiori, one of the active volcanoes in Japan, first erupted
about 12,000 years ago at a site where no volcanic activ-
ity had been previously known to exist (Kawaguchi and
Murakami 1994; Miyagi 2007, 2004; Sugimura 1953; Ui
1971; Ui et al. 1973). The volcano is located at 38°36/35"'N
140°920"E, about 40 km west of the Tohoku (Northeast)
volcanic front within the Japan Arc (Fig. 1), near the bound-
ary of the No. 4 hot finger. These so-called hot fingers are
the locally developed hot regions within the mantle wedge
of subduction zone that have a shape of 50-km-wide inclined
finger. Above these, Quaternary volcanoes in Northeast
Japan form 10 clusters (Tamura et al. 2002).

Hijiori, a small caldera with a diameter of approximately
2 km, has subsided about 200 m. At present, the caldera
floor is located about 350 m above the sea level. The volcano
was systematically studied when a geothermal energy pro-
ject funded by the New Energy and Industrial Technology
Development Organization began drilling in and around the
caldera (NEDO 1983). The drill core records indicated that
the caldera had undergone piston-cylinder-type subsidence
(Miyagi 2007; NEDO 1983).
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Hijiori

Fig. 1 Hijiori volcano is located at the northeastern Japan arc, close
to the boundary of the so-called No. 4 hot finger (one of the gray-
filled regions proposed by (Tamura et al. 2002)

Hijiori volcano erupted in four major stages, produced
valley-filling pyroclastic flow deposits and air-fall tephras
with bulk volumes of 1.4 and 0.6 km?, respectively (Kawa-
guchi and Murakami 1994; Miyagi 2007). The eruptive
activities seem to have ended shortly after the initial erup-
tion as there is no significant difference in the '“C ages
between eruption stage 1 and stage 3, evidently the length
of each hiatus was not long enough to produce black soils
in between (Miyagi 2004). The volume of the caldera sub-
sidence is estimated to be approximately 0.8 km?, which is
nearly equivalent to the estimated volume of erupted magma
[0.83 km? dense-rock equivalent (DRE), excluding the bulk
volume of caldera-fill deposits and the volume of the Komat-
subuchi lava dome (Miyagi 2007)].

Samples and analytical methods
Petrography

The Hijiori volcanic samples include white, porphyritic
pumices and lithic fragments. The pumice fragments
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being essential (magmatic) material (Miyagi 2007) were
targeted for sampling and analysis. These fragments some-
times contain matrix glass and phenocrysts of plagioclase,
quartz, hornblende, orthopyroxene, magnetite, and ilmen-
ite. The matrix is colorless, transparent, and crystal poor.
There is no significant difference in the texture of the
matrix in pumices formed during the four Hijiori eruptive
stages, except for some variation in the porosity; relative
to stage 1 pumice, stage 2 pumice is less vesicular (about
<30 vol%), but those in stage 3 and 4 show a relatively
high vesicularity (about >70 vol%) pumice (Miyagi 2007).

The phenocryst assemblage is generally constant
throughout the four stages of volcanic activity. Plagioclase
is the most abundant phenocryst in the Hijiori eruptive
products. The phenocrysts are present in both pumice and
as single crystals in the matrix of pyroclastic flow depos-
its. The size of the phenocrysts is up to 1 by 0.2 mm,
although this size may be underestimated as larger plagio-
clase phenocrysts observed so far are always broken. The
smaller plagioclase phenocrysts are more euhedral than
the larger phenocrysts. Plagioclase, hornblende, and mag-
netite sometimes occur as aggregates (see below). Lithic
accessory fragments are also present. They have the same
mineral assemblage as the Hijiori magma but the minerals
are finer than phenocrysts in Hijiori pumice and possess
granular textures and no interstitial melt. These fragments
are termed as clots in this study.

Amphibole is the second most abundant phenocryst in
the Hijiori eruptive products. The crystals are mostly euhe-
dral, with sizes up to 1 by 0.5 mm, present in both pumice
and as individual crystals in the matrix of pyroclastic flow
deposits. Quartz, the third most abundant phenocryst up
to 2 mm in diameter, is generally euhedral, sometimes
partly corroded or occurred as broken fragments. The
phenocrysts are mostly present as individual crystals in
pyroclastic flow deposit.

A small amount of orthopyroxene phenocrysts is also
found in the Hijiori eruptive products. These phenocrysts
are euhedral with the largest size being approximately 1
mm.

Small-sized oxide minerals such as magnetite and ilmen-
ite are also present as aggregates (Fig. 2g) or as individual
crystals.

These phenocrysts occasionally include silicate melt
inclusions (MIs). MIs range from a few to hundreds of
micrometers in diameter. However, larger MIs are only found
in quartz phenocrysts where they are located not only near
dissolution boundaries but also deep inside the dark core
of the phenocrysts (Fig. 2d). Binocular microscopic inves-
tigations show that MIs in quartz crystals collected from
air-fall pumices are colorless, transparent, and crystal-free.

In contrast, those collected from relatively thick pyroclastic
flow deposits are opaque, suggesting that these MIs have
undergone post-eruptive devitrification associated with slow
cooling (e.g., Skirius et al. 1990), thus being excluded from
this study. MIs were also found in plagioclase and amphi-
bole phenocrysts. The MIs are concentrated in patchy cores
or reverse-zoned bands, but almost absent from oscillatory
zoned or zoning-free areas.

Analytical procedures

Samples were washed ultrasonically in purified water for
30-120 min and were dried overnight in an oven at 90 °C.
They were sieved at 32.0, 16.0, 4.0, 1.0 and 0.7 mm sizes
before phenocrysts were hand-picked for analysis. Only
phenocrysts surrounded by clear glass were chosen for
micro-analysis. Bulk rock major element compositions were
determined on mixed sample Li-metaborate/tetraborate glass
beads by X-ray fluorescence (XRF) by Activation Laborato-
ries Ltd. (Ancaster, Canada). The sampling method and sam-
ple preparation for analysis in this study are both described
by Miyagi et al. (2012).

The electron probe microanalyzer (EPMA) and second-
ary ion mass spectrometry (SIMS) analysis was performed
on uncrushed samples to avoid fracturing of phenocrysts.
The phenocrysts were mounted on a glass disk (thickness
=5 mm, diameter = 24 mm) in a single, close-packed layer
using an as small as possible amount of resin to minimize
degassing in the vacuum chamber during analysis. This
approach is an improvement relative to metallic mount-
ing agents, such as indium (e.g., Hauri et al. 2002), that
cause interference during backscattered electron microscope
imaging as a result of the high backscatter coefficient of the
metal relative to typical rock-forming minerals. Backscat-
tered electron images (BEIs) of the samples obtained using
a JEOL JXA-8900 scanning electron microscope (SEM)
at the Geological Survey of Japan (GSJ) with an electron
acceleration of 15 kV, a probe current of 12 nA, and a probe
diameter of 1 yum were carefully examined before analysis.
An image of the entire polished surface was constructed as
a mosaic of digital BEIs with a size of 1000 x 1000 pix-
els (pixel size of 1 X 1 ym). Each BEI was captured using
at least two different brightness and contrast settings, one
to optimize viewing plagioclase and MIs, and the other
for hornblende and pyroxene (e.g., electric supplementary
material: ESM_1_Hj_MG42_BElIs). In addition to the BEIs,
cathodoluminescence images (CLs) of quartz phenocrysts
were obtained using a JEOL JSM-5900LV SEM, with an
electron acceleration of 15 kV, a probe current of 2 nA, and
a Gatan MINI-CL detector at the National Institute of Polar
Research, Tachikawa, Tokyo, Japan.
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Fig. 2 Scanning electron
images of phenocrysts. d is
cathode-ray luminescence
image, and the rest of figures
are backscattered electron
image. Pl plagioclase, Oz
quartz, Hb hornblende, Opx
orthopyroxene, Mt magnet-

ite. a Relatively large broken
fragments of a plagioclase
phenocryst with a calcium-rich
rim. b Relatively small euhedral
plagioclase phenocrysts with

a calcium-rich core inside.

¢ An euhedral hornblende
phenocryst cut perpendicular
to the c-axis, with light (L) and
dark (D) parts. d An euhedral
quartz phenocryst, with a dark
(D) corroded core and light (L)
mantle. e An euhedral orthopy-
roxene phenocryst with blurred
normal zoning. f An aggregate
of plagioclase, hornblende, and
magnetite. g The same view as
F with a different brightness
condition suitable for horn-
blende
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Major element compositions (Si, Ti, Al, Fe, Mn, Mg, Ca,
Na, K, S, Cl, and F) of phenocrysts and phenocryst-hosted
melt MIs were determined using a JEOL JXA-8900 EPMA
at the GSJ, Tsukuba, Ibaraki, Japan. These analyses used
an accelerating voltage of 15 kV, a probe current of 12 nA,
a probe diameter of 4 ym, a wavelength dispersive X-ray
spectroscope (WDS), and a ZAF correction. No special tech-
niques were applied to obtain X-ray signals except for Na,
S, Cl, and F analysis, given as follows: Na loss associated
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with migration during electron bombardment was prevented
using the defocused electron probe as well as by analyzing
Na in first sequence with a short (4 second) counting time.
Counting time was 20-s for Si, Ti, Fe, Ca, and K. The use
of a defocused electron probe is one of the efficient ways to
minimize Na loss and enhance the Na count (Hamada and
Fujii 2007). For the S, Cl, and F analysis, a 50-s counting
time was applied to reduce statistical error, yielding a repro-
ducibility that was better than +0.02 wt%.
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H,0 contents in MIs were determined using a CAMECA
IMS-1270 SIMS at the GSJ. This analysis used a 1 nA,
homogeneous, Cs* primary beam spot that was restricted
to a diameter of 20 ym using a circular aperture. Secondary
ions were collected using a total impact energy of 20 kV
(primary accelerating voltage of +10 kV; secondary extrac-
tion voltage of —10 kV) from the central region via a 10 by
10 um square mechanical field aperture. An electron gun was
used during analysis for charge compensation on the sample
surface. Background hydrogen ions were suppressed using
energy filtering by positioning of the mechanical energy slit
(offset by +20 V, with a width of 20 V). H,O concentrations
(in wt%) in MIs were obtained by empirically calibrating
'H/3Si secondary ion count ratios and independently deter-
mining SiO, concentrations (also in wt%). The accuracy
of this method was estimated to be +0.5 wt% H,0, with
a within-run precision better than +0.2 wt% H,O (Miyagi
and Yurimoto 1995). The H,O contents of hornblende along
with a number of andesitic and rhyolitic hydrous glass stand-
ards were determined by hydrogen gas manometry at the
Research Institute of Mining Resources, Akita University,
Japan. The accuracy of this method is better than + 0.1 wt%.
In addition to SIMS measurements, the H,O concentrations
of MIs were also estimated by subtracting the measured sum
of EPMA data from 100 wt% (Devine et al. 1995) using
equation (1) of Appendix A in the study by Borisova et al.
(2005). The use of EPMA data is to fill in the limitation of
the SIMS analysis of MIs having diameters smaller than a
few tens of ym.

We conducted a series of thermodynamic calculations for
a representative bulk rock composition (“Hj j-Q” in Table 1)
using Rhyolite-MELTS (Gualda et al. 2012; Asimow and
Ghiorso 1998; Ghiorso and Sack 1995) [1.2.0 (mixed
fluid version optimal for mafic and alkalic melts—new H,
O model)]. The ranges of pressures, temperatures, oxygen
fugacities, H,O concentration, and CO, concentrations are
0.1 MPa — 0.1 GPa at 10 MPa steps, from 700°C to 1400°C
at 1°C steps, FMQ to FMQ + 3 log units, 0.1, 0.2, 0.3, 0.4,
0.5,0.6;0.7,0.8,0.9, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0,
6.0, 8.0, 10 wt% H,0, and 0.001, 0.010, 0.001 wt% CO,,
respectively. The total number of combinations of these dif-
ferent parameters is approximately 17.6 million per sam-
ple. Our own Perl scripts were used to make setting files of
the MELTS program, and to automatically run and kill the
program 25,200 times per sample. As a results of calcula-
tions, several gigabytes of a bunch of csv files were pro-
duced, which were further summarized in a series of pres-
sure—temperature plane contour maps and related each other
as a set of hyper text documents (electric supplementary
material: ESM_4) using our other Perl scripts, a series of
GMT programs (https://www.soest.hawaii.edu/gmt/ , Wes-
sel and Smith 1998), and a series of ImageMagick programs

(https://www.imagemagick.org). A part of previous calcula-
tion is published in Miyagi (2011).

Results
Phenocryst and glass textures and occurrences

Relatively large plagioclase phenocrysts sometimes show
oscillatory zoning (D in Fig. 2a) and also have patchy reac-
tion bands or rims (L in Fig. 2a), similar to those formed
during partial dissolution experiments (Nakamura and Shi-
makita 1998). The majority of smaller and some larger
phenocrysts have calcium-rich cores that are sometimes
patchy (L in Fig. 2b). Broken plagioclase phenocryst faces
are sometimes covered by vesicular matrix glass, suggest-
ing that multiple magma fragmentation events took place
before the final event that produced the fragments of pum-
ice in the analyzed samples.

Plagioclase, amphibole, and magnetite sometimes coex-
ist as aggregates (Fig. 2f is optimized for plagioclase and
Fig. 2¢g for hornblende).

Although no zoning was identified in amphibole during
optical microscopic examination (Murakami and Kawagu-
chi 1994), a notable difference in lightness was found dur-
ing BEI study. The smaller and lighter portions of amphi-
bole (e.g., L in Fig. 2¢) are pargasitic (with lower Si and
higher Al), whereas the darker majority of amphibole (e.g.,
D in Fig. 2c) are a variety of magnesio hornblende (with
higher Si and lower Al). The lighter, pargasitic portion
appears in skeletal or undetermined form, and is enclosed
by the darker portion that forms an euhedral outline of
the phenocryst. So far, no single pargasitic phenocryst has
been identified among the Hijiori eruptive products.

Distinct zoning was observed in quartz phenocrysts
from the Hijiori eruptive stage 1 through 4 during the SEM
cathodoluminescence imaging study (Fig. 2d). The dark
corroded core of a phenocryst (D in Fig. 2) has a sharp
boundary with the surrounding lighter rim (L in Fig,
2d) that creates an euhedral outline of the phenocryst.
The dark core of the phenocryst appeared reddish dur-
ing an optical microscopic study using a luminoscope,
whereas the lighter rim turned bluish.

The analyzed orthopyroxene phenocrysts have normal
zoning with dark magnesian cores (D in Fig. 2e) sur-
rounded by a light Fe-rich mantle (L in Fig. 2e).

Chemical composition
The pumice samples are dacite having a narrow range of

Si0, concentrations (66 + 1.5 wt%: WR in Fig. 3), and
plot in the calc-alkaline field of the SiO, vs. FeO/MgO

@ Springer
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Tablg 1 Rep resep?ative hb opx pl qz mt il melt wr Hjj-Q wr(calc)

chemical composition and the

calculated mode. Si0, 51 54 60 100 0 0 80 66 66 66
TiO, 1 0.1 0 0 6 50 0.2 0.6 0.6 0.6
Al, 04 6.4 0.5 25 0 1.6 0 12 16 16 15
FeO 13 21 0.3 0 83 44 1 5.1 49 5.1
MnO 0.8 2.0 0.02 0 0.8 2.1 0.08 0.2 0.2 0.2
MgO 16 22 0 0 0 0 0.15 1.9 1.8 1.9
CaO 11 0.7 8.1 0 0 0 1.1 4.4 43 4.8
Na,O 1.4 0 6.9 0 0 0 2.4 4.0 39 3.8
K,O 0.3 0 0.3 0 0 0 3.6 1.7 1.7 1.7

Chemical compositions of melt (melt), whole rock (wr), and minerals (kb hornblende, opx orthopyroxene,
pl plagioclase, gz quartz, mt magnetite, i/ ilmenite) are the peak of histograms of their chemistry and are

also indicated by arrows in Fig. 3

A pumice sample “Hj j-Q” was selected as a representative of Hijiori magma and was used for the MELTS
computations in this study. Weight fraction of melt and minerals (Frac.) are obtained by the method of least
squares to find a calculated whole rock composition (wr(calc)) closer to the observed one (wr) by changing
the fraction of the melt and minerals. All the figures are described in wt%
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Fig. 4 Chemical composition of plagioclase and hornblende phe-
nocryst from Hijiori volcano. a Anorthite composition (An mol %)
of plagioclase. b Aluminum composition (15 atoms per formula unit)
of hornblende. Gray numbers are the identifiers of each peak in this
paper. Window size (section width) is set to be 1 mol% for An (4a)
and 0.025 pfu for Al in hornblende (4b)

diagram of Miyashiro (1974). The chemical compositions
of the Hijiori eruptive products did not change throughout
the volcanic activity (Ui 1971, and this study), except for
the K,O concentrations that vary slightly between 1.5 and
1.9 wt% in bulk rock samples, and between 3.3 and 4.0
wt% in MIs (Fig. 3h). Except for Na,O and K,O the rest of
the major oxides show broadly negative correlation with
the bulk silica oxides (Fig. 3). Aside from several outli-
ers, the chemical compositions of the whole rock, crystal
and melt samples are summarized and shown in Fig. 3
and Table. 1.

Connection between textures and compositions

The plagioclases vary from 30 to 74 anorthite (An) mol%
with peaks at 3541 (Fig. 4a-1), 55 (Fig. 4a-2), and 65-71
An mol% (Fig. 4a-3, a-4). The highest values shown in
Fig. 4a-1 is those of large plagioclase phenocrysts having
oscillatory zoning (D in Fig. 2a). The other peaks shown
in Fig. 4a-2, a-3, and a-4 correspond to the patchy reaction
bands or rims of large plagioclase (L in Fig. 2a) and the
patchy core of small ones (L in Fig. 2b). The orthopyroxenes
show a compositional range between 62 and 70 enstatite
(En) mol.%, with the majority having compositions of
63—64.5 En mol%. The higher peak corresponds to the light
part (L in Fig. 2e) and the lower peak corresponds to the
dark Mg-rich core (D in Fig. 2e). The hornblendes are Al
poor that peak around 1.1 Al atoms per formula unit (pfu, 15
cations; Fig. 4b-1); although compositions range from 0.7 to
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o

Hijiori
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Fig. 5 Chemical composition of magnetite phenocryst from Hijiori
volcano. Mg/Mn vs. Al,O; (stoichiometry corrected) composition of
magnetite (Wt%). Dark gray area “Usu” is those from Usu volcano as
a comparison. Light gray area “(clot)” is those included in lithic frag-
ments with fine granular texture from Hijiori volcano

2.0 (Al pfu; Fig. 4b-2, b-3). The highest peak in Fig. 4b-1
corresponds to the dark part (D in Fig. 2c), while the rest of
the peaks in Fig. 4b-2 and b-3 are the lighter portions having
skeletal or undetermined shapes (L in Fig. 2c¢).

The majority of magnetites have Al,O5 varying between
1.4 and 1.9 wt% (stoichiometry corrected; Fig. 5), lower
than those in rhyolitic—dacitic eruptive products from Usu
volcano (Tomiya and Takahashi 2005). Usu magnetites were
reported to associate with eruptive magmatic temperatures
estimated to be 780-950 °C. The magnetites with very
low Al,O; concentrations (Fig. 5 clot) are found as min-
eral inclusions in clots (melt-free lithic fragments with fine
granular textures).

Phenocryst-hosted MIs from the Hijiori volcano are rhy-
olitic having SiO, concentrations of 79.5 + 1.5 wt% (Fig. 3,
melt), which is one of the highest SiO, values in the litera-
ture, and they would correspond to very shallow crystalli-
zation pressures (Gualda and Ghiorso 2013). Compositions
like these are often affected by silicification or secondary
hydration (Begue et al. 2014).

There are small but systematic variations in the compo-
sitions of the MlIs. The relationship may represent that the
range of melt compositions of the magma may have changed
in time and space during the entrapment. The silica con-
centrations of the MIs in plagioclase and quartz show two
major peaks at SiO, = 79.0 and 80.2 wt%, while those in
hornblende, orthopyroxene and plagioclase have two smaller
peaks at SiO, = 77.8 and 79.5 wt%. In addition, the potas-
sium contents in Mls in hornblende, quartz and orthopyrox-
ene are generally lower as compared to those in plagioclase
and quartz (see Fig. 6a-2 and -3). At least four peaks of MI
H,O concentrations were identified (Fig. 6b) at 1-3, 4-5,
5-7, and 7-9 wt% where those in quartz-hosted MIs are the
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Fig. 6 Frequency of the major element chemistry of melt inclusions
(MlIs) in phenocrysts. Window size (section width) the frequency dia-
gram is set to be 0.25 and 1 wt% for K,O (6a) and H,O (6b), respec-
tively. Gray numbers the identifiers of each peaks. pl(thin black line):
in plagioclase host, hb(thick gray line): in hornblende host, opx (thick
black line): in orthopyroxene host, qz (thick black line): in quartz
host, qz (SIMS) (thick dashed black line): in quartz host, measured
by SIMS

highest (6b-4). The carbon concentration in MIs from Hijiori
was undetermined.

Discussion
Magma mixing

The textures of plagioclase and quartz phenocrysts in some
Hijiori samples indicate that dissolution and recrystallization
processes occurred during the magmatism (Fig. 2). Although
the bulk rock composition is generally uniform (Fig. 3), the
plagioclase, orthopyroxene, and hornblende compositional
variations indicate that the magmatism in Hijiori involved
at least two end-members having distinct temperatures and/
or chemical compositions (Fig. 4). We propose three non-
exclusive scenarios that might have happened during the
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Fig. 7 Fe-Ti minerals. a Selected magnetite—ilmenite pairs using
Mg/Mn partitioning known as the Bacon and Hirschmann (1988) test.
b Estimated oxygen fugacity of Hijiori magma by FeTiOxideGeo-

magmatism at Hijiori: (1) the magmatism involved geo-
chemically similar end-member magmas but different tem-
peratures, (2) the amount of contaminant was too small to
cause significant compositional change (also including the
process of thermal transfer without chemical mixing), and/
or (3) the mixing ratios of the end-members were constant.
Below we will test the scenarios (1) and (2) by focusing
on the temperature, pressure, crystal content, and amount
of bulk and excess (vapor or supercritical aqueous fluid)
magmatic H,O conditions of the magmatism, using chemi-
cal compositions of the bulk rock, phenocryst and MIs to
run with the MELTS program. However, it may be difficult
to evaluate senario (3) unless a quantitative end-member
magma mixing calculation is solved.

Temperature

The magmatic temperature of the Hijiori magmas during
eruption was estimated by FeTiOxideGeotherm 1.1.0, an
application program of (Ghiorso and Evans 2008), using
chemical compositions of selected magnetite and ilmenite
pairs that passed the (Bacon and Hirschmann 1988) test
(Fig. 7a). The estimated temperatures cluster around 780°C
(Fig. 7c) and oxygen fugacity between 0.5 and 1.0 log,, fO,
A NNO (Fig. 7b). The temperature observed is consistent
with the previous report by Ui 1971 (770-780°C) (model:
Buddington and Lindsley 1964). The fact that the chemical
diffusion rate in Fe-Ti minerals is fast (Nakamura 1995;
Venezky and Rutherford 1999) indicates that this tempera-
ture (780 °C) is indicative of the temperature of erupted
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therm (Ghiorso and Evans 2008) using the magnetite—ilmenite pairs
that passed the test (a). ¢ Histogram of the estimated temperature
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Fig. 8 Water solubility of Hj J-Q melt from MELTS computa-
tions. Open circles: water concentration in melt of Hj J-Q at 780 °C
extracted from the MELTS output. Thin curve: fitting of the MELTS
data (y = 0.035x + 0.057x% — 0.0017x + 0.035). Solid circles: water
concentration in rhyolite melt at 780 °C by VOLATILECALC (New-
man and Lowenstern 2002). Shaded areas represent the observed
ranges of water concentration in melt of Hijiori (peaks shown in
Fig. 6b-1, -2, -3, -4) and the corresponding pressure

magma, rather than those temperatures of magma existed
long before the eruption, in either above models.

Pressure (depth)
The pressure (depth) of the Hijiori magmas was estimated
using two different ways (Table 2). First, the concentra-

tion of H,O in MIs yields a minimum trapping pressure
estimate. Water solubility data of Hj J-Q melt extracted
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Fig. 9 Aluminum concentration in hornblende. Thick curves pres-
sure—temperature dependence of Al in hornblende (normalized to
15 cation atoms per fomula unit) by Anderson and Smith (1995).
Gray shaded areas observed ranges of water concentration in melt of
Hijiori (peaks shown in Fig. 6b-1, b-2, b-3, b-4) and the correspond-
ing pressure. Yellow shaded area estimated magmatic temperature of
Hijiori (Fig. 7¢)

Table 2 Pressure (depth) estimation

Method Data H,0 Pressure Depth
(Figures) (Wt%) (MPa) (km)
H,0 in MIs 6B-1 23-33 33-64 1.3-2.6
(wt% H,0) 6B-2 4.1-5.2 95-145 3.8-5.8
6B-3 5.2-6.5 145-213 5.8-8.5
6B-4 7.0-8.3 242-321 9.7-13
Al-in-Hb 4B-1 1.1 82460 33424
(Alp.fu.) 4B-3 2.0 451+60 18+2.4

from the MELTS output yielded saturation pressures
of 33-64, 95-145, 145-213, and 242-321 MPa, for the
observed melt H,O peaks shown in Fig. 6b-1 (2.3-3.3
wt%), 6b-2 (4.1-5.2 wt%), 6b-3 (5.2-6.5 wt%), and 6b-4
(7.0-8.3 wt%), respectively, at the temperature of 780°C
(Fig. 8). Assuming a lithostatic gradient of 4 km/100 MPa,
the 6b-1, 6b-2, 6b-3, and 6b-4 peaks in Fig. 6b would cor-
respond to depths of 1.3-2.6, 3.8-5.8, 5.8-8.5, and 9.7-13
km, respectively. The variation in pressures can be inter-
preted as follows. A small number of quartz and horn-
blende phenocrysts trapped MIs at 242-321 MPa (9.7-13
km). This was followed by higher K,O (3.8 wt%, Fig. 6a-3)
melts trapped in plagioclase phenocrysts at 145-213 MPa
(5.8-8.5 km). Quartz and mafic phenocrysts then trapped
melts with lower K,O concentrations (3.5 wt.%, K,O,
Fig. 6a-2) at 95-145 MPa (3.8-4.8 km). The last stage of
trapping involved the crystallization of mafic minerals that
included MIs at shallower levels (33-64 MPa or 1.3-2.6
km) but a series of drill core data indicate the depth should
not be shallower than 1.5 km where the basement of the
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regional Neogene sedimentary rocks is located. This indi-
cates that the Hijiori magma plumbing system may be ver-
tically elongated (>10 km).

The second method of pressure estimation used in this
study involves the relationships between aluminum concen-
tration in hornblende, temperature, and pressure by Ander-
son and Smith (1995) (Fig. 9). However, the Anderson and
Smith barometer should be used with caution since this is
a best fit to previous empirical calibrations (Hammarstrom
and Zen 1986; Hollister et al. 1987; Johnson and Rutherford
1989; Schmidt 1992) which, besides temperature, required
also a buffering assemblage. The aluminum concentrations
in hornblende peak at 1.1 Al pfu and range between 1.0 and
2.0 Al pfu (Fig. 4b).

A magma temperature of 780°C yields pressures of
82+60 MPa (3.3+2.4 km) for 1.1 Al pfu and 451+60 MPa
(18+2.4 km) for 2.0 Al pfu. The presence of Al-rich cores
surrounded by Al-poor rims may suggest that hornblende
crystallization took place sequentially at different depths
and/or temperatures, for instance, either crystallization
begun at a higher temperature and ended at a lower tem-
perature or crystallization took place in depth and ended
at a shallower place. Hornblende crystallization at different
depths is consistent with the interpretation of the observed
wide variation in MI H,O concentrations discussed above,
since the crystallization and melt inclusion also occurred
at 242-321 MPa (9.7-13 km) (Table 2). Besides, the pres-
ence of patchy calcic plagioclase and aluminous hornblende
aggregates (Fig. 2f, g) suggests that dissolution of albite-
rich plagioclase and crystallization of hornblende may also
have occurred at temperatures higher than those estimated
from Fe-Ti oxides (780 °C). In this case the pressure using
the alumineous hornblende (Table 2: 451+60) will be over-
estimated. The majority of hornblende phenocrysts are
aluminum poor (Fig. 4), these minerals may crystallize at
82+60 MPa (3.3+ km). In addition, the observed H,O con-
centration of MIs in hornblende phenocrysts is relatively
low (Fig. 6b-1). Therefore, we conclude that the pressure
of hornblende crystallization is 82+60 MPa (3.3+2.4 km).
Again, a series of drill core data indicate the depth should
not be shallower than 1.5 km.

Magma melt fractions

Magma melt fractions were estimated using two different
methods. The first method involved determining the mass
fractions of melt and phenocrysts (plagioclase (pl), horn-
blende (hb), quartz (qz), magnetite (mt), ilmenite (il), and
orthopyroxene (opx)) shown in Table 1, followed by the cal-
culation of the weighted average [wr(calc)] of these com-
ponents to reproduce the observed bulk rock composition
(wr). This least squares modeling indicates that the magma
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consists of melt (43 wt%), plagioclase (38 wt%), hornblende
(11 wt%), quartz (3.6 wt%), magnetite (3.4 wt%), ilmenite
(0.4 wt%), and orthopyroxene (0.3 wt%) (Table 1).

The second method estimates the magma melt fraction by
assessing the degree of accumulation of incompatible ele-
ments in the melt. The potassium concentrations in bulk rock
and melt obtained in this study, 1.7 and 3.6 wt%, respec-
tively, yield an estimate melt fraction of 48 wt%, assuming
that potassium remains in the melt during crystallization.
Variations in potassium concentrations (1.5-1.9 wt% K,O
in bulk rock, and 3.3—4.0 in MIs) suggest that the melt frac-
tion may vary between 38 and 59 wt%. This melt fraction
may be overestimated since both plagioclase and hornblende

Pressure (x 100 MPa)

H20=5.0 wt.%

0 e =
700 800 900 1000 1100
Temperature (°C)

Fig. 10 Abundances of quartz in equilibrium with the Hijiori
magma. The abundances of quartz (wt%) were summarized in a
series of pressure—temperature plane contour maps showing the
cases’ bulk magmatic H,O = 0.5 wt% (a), 2.5 wt% (b), and 5.0 wt%
(c). The yellow mark represents the observed magmatic temperature
(780 °C, Fig. 7), and the red curve the estimated quartz mode (3.6
wt%, Table 1)

take up some K,O (~0.3 wt%, Table. 1); therefore, potassium
concentration in the melt should decrease. The MELTS com-
putation suggests melt fraction of 43—44 wt% to contain melt
K,O concentration as high as 3.5-3.6 wt%. These values are
comparable to the mass balance-derived estimates (43 wt%,
Table 1). Thus, the crystal fraction of magma (100-melt) of
Hijiori is estimated to be 53~57 wt%.

Amount of bulk magmatic H,O

Since H,O concentrations in MIs are affected by both vapor
saturation and magma crystallization, the observed values
do not simply represent bulk magmatic H,O concentrations
(e.g., Papale 2005). Given this, bulk magmatic H,O con-
centrations were estimated using the effect of water on the
amount and chemical composition of phenocrysts and melt
by comparing the observed temperatures, pressures, and
crystal content with the results of modeling using MELTS.

The first step of this method is to determine the abun-
dance of quartz crystals;

The amount of quartz in equilibrium with Hijiori magma
is shown in Figure 10, where three models involving bulk
water contents of 0.5, 2.5, and 5.0 wt% are employed. The
stability field of quartz decreases with addition of water
(Fig. 10a — b — c¢), and quartz abundances reach a minimum
at pressures of approximately 30, 150, and 400 MPa for bulk
water contents of 0.5, 2.5 and 5.0 wt%, respectively. The
higher the bulk H,O content, the lower the minimum quartz
abundance. Change in fO, from FMQ to FMQ+2 log unit
resulted in negligible change on the amount of quartz (Miy-
agi 2011). The results of MELTS computations are linked
with the following observations or determinations: (1) the
estimated temperature of Hijiori magma is approximately
780°C (Fig. 7), (2) quartz phenocryst-hosted MIs have H,0O
concentrations that are indicative of trapping at pressures of
145-213 MPa (Fig. 6b-3, 5.2-6.5 wt% H,0), (3) the quartz
phenocrysts crystallized during magma ascent (Fig. 2d),
and (4) the abundance of quartz in the Hijiori magma is
3.6 wt.% (Table 1). These combined factors yield a best-
fit bulk H,O value of around 2.5 wt% H,O (Fig. 10b). The
high quartz abundance in the analyzed samples indicates
that 0.5 wt% H,O is too small for the bulk magmatic water
content (Fig. 10a). In addition, 5.0 wt% H,O is too much
as no quartz will crystallize at pressures above about 150
MPa (Fig. 10c). A bulk magmatic H,O value of 2.5 wt%
(Fig. 10b) combined with a quartz abundance of 3.6 wt% and
a magmatic temperature of 780°C yields pressures around
150 MPa, which is consistent with the water pressures iden-
tified from quartz phenocryst-hosted MI H,O concentra-
tions. There is a quartz liquidus minimum at approximately
200 MPa, probably explain the observed dissolution and
recrystallization textures (Fig. 2d). Similar results are also
achieved with a bulk H,O concentration of 3.0 wt%. Taken
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Fig. 11 K,O concentration of melt in equilibrium with the Hijiori
magma. The K,O concentrations of melt (wt%) was summarized in
a series of pressure—temperature plane contour maps showing the
cases’ bulk magmatic H,O = 0.5 wt% (a) and 2.5 wt% (b). The yel-
low mark represents the observed magmatic temperature (780 °C,
Fig. 7), and the red curve the observed K,O concentration in melt
(3.55 wt%, Table 1; approximately 3.5 wt%, Figure 6a-2; 3.8 wt%,
Figure 6a-3)

together, we guess the bulk H,O concentration in the Hijiori
magma to be between 2.5 and 3.0 wt%.

The second method uses melt K,O concentrations to esti-
mate the bulk H,O concentration of Hijiori magma.

Figure 11 shows the K,O concentration of melt in equi-
librium with the Hijiori magma for bulk water contents of
0.5 and 2.5 wt%. The melt K,O concentrations decrease with
addition of water (Fig. 11a — b). A magmatic temperature of
780°C, pressure of 150 MPa, and melt K,O concentrations
ranging from 3.5 wt% (Fig. 6a-2) to 3.8 wt.% (Fig. 6a-3)
yield a bulk H,O value of 2.5 wt% (Fig. 11b) where the
observed and calculated K,O concentrations match.

The third method employs anorthite compositions of pla-
gioclase phenocrysts.

Figure 12 shows anorthite compositions (0—1 An mol)
of plagioclase in equilibrium with the Hijiori magma for
bulk water contents of 2.5 and 5.0 wt%. Plagioclase An
compositions positively correlate with water concentra-
tions (Fig. 12a — b). Exploiting this feature, with a mag-
matic temperature of 780°C, pressure of >50 MPa, and an
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Fig. 12 Anorthite composition of feldspar in equilibrium with the
Hijiori magma. Anorthite compositions (An#; 0—1 mol fraction) of
feldspar was summarized in a series of pressure-temperature plane
contour maps showing the cases’ bulk magmatic H,O = 2.5 wt% (a)
and 5.0 wt% (b). The yellow region represents the observed mag-
matic temperature (780 °C, Fig. 7), and the region surrounded by red
border is the observed K,O concentration in melt (30—40 mol%, Fig-
ure 4a)

anorthite composition of 0.3-0.4 (Fig. 4a-1), the bulk H,O
value approaches 2.5 wt% (Fig. 12a), where observed and
calculated anorthite values quantify match.

The plagioclase compositions may also record a hidden
high-temperature magmatic component. For instance, An
compositional peaks are present at 0.52-0.58 (Fig. 4a-2) and
0.6-0.7 (Fig. 4a-3). These higher An values were found in
the core, patchy reaction bands, and rims of plagioclase phe-
nocrysts (Fig. 2a-L, b-L). The peak shown in Fig. 4a-2 has a
closely similar anorthite composition to the near-plagioclase
liquidus (An 0.52-0.58: Fig. 12a, 1000 °C, 50-300 MPa).
These P-T-H,0 conditions suggest the input of a new batch
of magma into the shallow magma chamber of Hijiori.

Similarly, peak 2 and peak 3 in Fig. 4a are compara-
ble to the near-liquidus peaks (An ~0.62: Fig. 12b, bulk
H,0=5.0 wt%, 900°C-950 °C and 100-200 MPa). These
conditions may indicate mixing of the new magma and
the existing magmatic mush yielding intermediate tem-
peratures and low concentrations of H,O. The observed
maximum An composition (~0.7, Fig. 4a-4) was not repro-
duced by the MELTS modeling of the bulk Hijiori magma
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Fig. 13 Amount of melt (a) and fluid (b) in equilibrium with the
Hijiori magma. The amount of melt (wt%) and fluid (wt%) were sum-
marized in a suite of pressure—temperature plane contour maps show-
ing the cases’ bulk magmatic H,O = 2.5 wt%. The yellow mark the
observed magmatic temperature (780 °C, Fig. 7), and the red curve
the observed melt fraction (43.27 wt%, Table 1; 43—44 wt%, see dis-
cussion in “Magma melt fractions”)

compositions, suggesting that a more mafic magma may
have been present in the system. This also suggests that the
magma mixing at Hijiori included not only (1) chemically
identical hot aphiric dacite but also (2) a trace amount of
a more mafic end-member that did not cause significant
compositional variation in the whole rock chemistry of
Hijiori eruptive products. It is noteworthy that the melt
fraction of the magma will be approximately 70 wt% at
temperature of 900 °C, water content at 2.5 wt% H,O and
pressure at 100-200 MPa (Fig. 13a). Less viscous magma
with that temperature would be able to move upward
through the immobile mush body towards shallow storage
areas before the magma finally cooled to the observed pre-
eruptive magmatic temperature of approximately 780 °C.

As mentioned above, magma temperatures greater than
780 °C mean that the Al-rich hornblende-based pressure
values determined in this study (~320 MPa) could be over-
estimated. In fact, some of the Al-rich hornblende crys-
tallized simultaneously with plagioclase dissolution and
re-crystallized (Fig. 2f) at pressures of 145-243 MPa, as
estimated from plagioclase-hosted MI H,O concentrations

(Table 2, Fig. 6b-3). Pressures between 145 and 243 MPa
yield hornblende crystallization temperatures of 860-880 °C
(Fig. 9). We guess that hornblende phenocrysts with Al-rich
cores may have crystallized from a new magma after cool-
ing to 860-880 °C, whereas hornblende phenocrysts with
Al-poor cores may have formed in the hybrid magma after
being rapidly transported to a shallow but large storage area
a few kilometers deep where the temperature was probably
constant (approximately 780 °C).

Conditions of magma storage for a new volcano

The bulk rock major chemistry, water contents, and tem-
peratures outlined above mean that MELTS modeling can
be used to determine the physical parameters of the system.

The chemical mass balance calculations and MELTS
modeling undertaken during this study indicated that the
erupted upper portion of the Hijiori magmatic plumb-
ing system was located at depths of 2—-4 km and had the
following characteristics: (1) bulk magmatic H,O was
approximately 2.5 wt%, (2) crystal content was <57 vol%,
(3) bulk modulus was about 0.1-0.8 GPa, (4) density was
between 1.8 and 2.3 g/cc, and (5) excess magmatic H,O
was 11-32 vol% or 48—-81 mol% (Table 3). Drill core data
by NEDO indicated that the Hijiori caldera had undergone
piston-cylinder-type subsidence (Miyagi 2007; NEDO
1983), suggesting that the depth of the deflation source,
i.e., the depth of magma chamber, beneath the Hijiori cal-
dera is thought to be relatively shallow. Upper limit of the
depth will be ~1.5 km, above which Neogene sedimentary
rocks are recovered by the drill core. The top of the magma
chamber may be comparable to or smaller than the diam-
eter of the caldera, about 2 km, located approximately at
a depth of 2—4 km or greater, which probably corresponds
to the shallowest depth of the final hornblende crystal-
lization, and to low-density (<2.3 g/cc), highly solidified
(>57 wt%), and highly vesicular (>32 vol% H,0) magmas
(Table 3, Fig. 14). Both bulk modulus (K) and density (p)
of magma are important parameters to estimate pressure
wave velocity (V, = 4/K/p) in the magma. Bulk modulus
of the Hijiori dacite with 2.5 wt% H,O changes abruptly
across a depth of 6 km in response to water saturation
(Table 3). The more the amount of magmatic water, the
greater the water saturation depth.

As discussed above, the crystal fraction of magma (100-
melt) of Hijiori is estimated to be 53-57 wt%. Magmas with
crystallinity more than ~50 vol% are considered to be nearly
uneruptible (Gottsmann et al. 2009; Marsh 1981; Scaillet
et al. 1998). The range of estimated pressure (depth) of the
Hijiori magma is relatively wide and as shallow as about
50 MPa (~2 km) (Fig. 8). Because of excess water fluid
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Tabl.e 3 Physical parameters P Depth Rho K Solid Fluid

obtained from MELTS

computations MPa km glce GPa wt% vol% vol% mol%
10 04 0.7 0.0 96 23 76 99
20 0.8 1.1 0.0 93 37 61 97
30 1.2 1.4 0.1 89 46 49 93
40 1.6 1.6 0.1 82 49 39 85
50 2.0 1.8 0.1 79 53 32 81
60 2.4 1.9 0.2 76 55 26 75
70 2.8 2.1 0.3 73 57 22 69
80 32 2.1 0.4 70 57 18 63
90 3.6 22 0.6 67 57 14 56
100 4.0 2.3 0.8 64 56 11 48
110 44 2.3 1.2 60 55 9 39
120 4.8 2.4 1.8 57 53 6 30
130 52 2.4 31 53 51 4 19
140 5.6 2.4 6.5 49 50 2 8
150 6.0 2.5 16 46 48 0 0
160 6.4 2.5 16 47 47 l l
170 6.8 2.5 16 47 47
180 72 2.5 17 47 47
190 7.6 2.5 17 48 48
200 8.0 2.5 17 48 48
210 8.4 2.5 17 49 48
220 8.8 2.5 17 49 49
230 9.2 2.5 17 49 49
240 9.6 25 17 50 50

Temperature, oxygen fugacity, and bulk H,O content of the system was set to be 780 °C, FMQ+2 log unit,
and 2.5 wt%, respectively. The figures of depth give tentative criteria, which are simply calculated assum-
ing a lithostatic gradient of 4km/100MPa

(bubbles) in such a shallow magma, the crystal volume
fraction will be lowered, while the melt dehydration will
increase with a solid weight fraction. As a result, there is a
local maximum of crystal volume fraction at some depth,
e.g., around 3 km for the Hijiori magma with bulk H,O
= 2.5 wt% (Table 3). The crystal volume fraction of the
Hijiori magma is less than 50 vol.% at either depth <1.6
km (40 MPa) or >5.6 km (140 MPa) (Table 3). The pres-
sure dependence of the crystal volume fraction in Hijiori
suggests that the magma is still eruptible at a depth of <1.6
or >5.6 km where the crystal volume fraction will be less
than 50 vol%. A magma with 48 +3 vol% phenocrysts actu-
ally erupted at the Hokkaido-Komagatake volcano in 1929
(Takeuchi and Nakamura 2001). In addition, a rapid magma
decompression probably initiated magma fragmentation
(Dingwell 1996; Spieler et al. 2004; Alidibirov and Ding-
well 2000) of the uneruptible part of the Hijiori magma.
That magma fragmentation is probably the reason why the
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larger plagioclase phenocrysts of Hijiori generally occurs as
broken fragments.

Given that the magma plumbing system of Hijiori con-
sists of an immobile mush, we suggest that magma trans-
portation occurred primarily as an injection of hot and less
viscous magma into the mush. This injection can occasion-
ally re-mobilize the mush. The melt fraction of the re-mobi-
lized or hybrid magma can be as high as 70 wt% at 900
°C (Fig. 13a). The textures and chemical compositions of
the An-rich plagioclase and Al-rich hornblende aggregates
(Fig. 2-1, -g) suggest that the plagioclase phenocrysts crys-
tallized after partial dissolution at the depth of 5.8-8.5 km
(Table 2, Fig. 6b-3) and at the temperature of 900-1000 °C
during mingling with the pre-existing mushy magma. The
crystallization of Al-rich hornblende may be contemporane-
ous with that of An-rich plagioclase at slightly lower tem-
peratures (860-880 °C; see 6B-3 and Al=2.0 in Fig. 9). On
the other hand, the majority of Al-poor hornblende may be
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formed in a shallow storage with a temperature of approxi-
mately 780°C and a depth of 3.3 + 2.4 km or 82+60 MPa
(see 6B-1 and Al=1.1 in Fig. 9) after relatively rapid trans-
portation. This rapid transportation favors a relatively nar-
row magma path. Thus, we propose a relatively slim magma

«Fig. 14 Magma plumbing system of Hijiori volcano. A geologi-

cal section is shown in an aspect ratio of 1:1. Identifiers of the loca-
tion of drillings by (NEDO 1983) are shown above the surface of
the geological section. The section through 0-1.6 km below surface
is modified after Miyagi (2007), based on the drilling data of NEDO
(1983). Ko Kodake granite, Ga Gassan Formation (F.) (altered basalt
and andesite), Ty Tatsuyazawa F. (mudstone and tuff), As Aosawa F.
(basalt), Ok Okkura acidic tuff F., Ts Tsunokawa F. (mudstone), Ks
Kusanagi F. (shale), Hj Caldera fill of Hijiori. A sphere entitled “0.83
km? DRE” shows the erupted volume of Hijiori (Miyagi 2007). Esti-
mated depths of the magma plumbing system are shown as 6B-1, -2,
-3, -4 (see Table. 2; Figs. 8 and Fig. 10)

plumbing system at depth and a relatively wide shallower
magma storage system with a volume greater than the total
erupted volume of Hijiori (at least 0.83 km?, shown as a
section of sphere in Fig. 14).

Summary

This study documents the bulk rock chemistry of pumices,
the chemical compositions of phenocrysts and melt inclu-
sions and discusses the temperatures, pressures, crystal
content, and amounts of bulk magmatic H,O in the Hijiori
magmatic system; the study also applies MELTS mod-
eling to determine the physical parameters of the magmatic
plumbing system. The bulk rock compositions are dacitic
with SiO, concentrations mostly of 66 + 1.5 wt%. The major
element chemistries and textures of plagioclase and horn-
blende phenocrysts suggest that repeated magma mixing
occurred before eruption. The observed chemical composi-
tions of Fe-Ti minerals suggest the temperature of magma
to be approximately 780°C. Melt inclusion H,O concentra-
tions suggest that the majority of inclusions were trapped
at depths between 3.8 and 8.5 km with a small number of
inclusions in quartz and hornblende phenocrysts at depths
of 9.7-13 km and some inclusions in orthopyroxenes at
shallower depths of 1.5-2.6 km. The aluminum content in
hornblende along with the H,O content in melt inclusions
in hornblende phenocrysts suggest that the mineral began
to crystallize at depths of 9.7-13 km although the majority
of hornblende was formed at depths of 3.3+2.4 km. The
results of chemical mass balance calculations and MELTS
modeling indicate that the erupted uppermost part of the
Hijiori magma plumbing system had (1) a magma crystal
content of <57 vol%, (2) contained a bulk magmatic H,O
concentration of approximately 2.5 wt%, and (3) contained
excess magmatic H,O of 11-32 vol% or 48—81 mol%. These
data also indicate that repeated input of felsic magma led to
the formation of a >0.83 km? vapor-rich and crystal-rich
magma chamber at a depth of approximately 2—4 km. The
above physical parameters are required for the geophysical
investigation techniques to detect magma chambers prior to
the first, small caldera-forming eruption of Hijiori volcano.
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