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Polybaric degassing of island arc low-K tholeiitic basalt magma recorded by OH
concentrations in Ca-rich plagioclase
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Hydrogen in nominally anhydrous minerals (NAMs) in volcanic rocks can be used as a proxy for dissolved H2O
in melt prior to eruption. Plagioclase is a NAM that accommodates hydrogen in concentrations of up to
hundreds of wt. ppm H2O. The species of hydrogen in volcanic plagioclase is structural OH. We report the
analytical results of OH concentrations in Ca-rich plagioclase from the 1986–1987 summit eruption of Izu-
Oshima volcano, a frontal-arc volcano in Izu arc. We demonstrate that the island arc low-K tholeiitic basalt
magmas erupting from the frontal-arc volcanoes are H2O-saturated and undergo polybaric degassing during
the magma ascent. The analyzed OH concentrations in plagioclase range from 20 to 300 wt. ppm H2O, and
three levels of OH (20–80 wt. ppm H2O, 100–180 wt. ppm H2O, and 220–300 wt. ppm H2O) are found. These
variations in OH indicate that crystallized plagioclase is equilibrated with H2O-saturated melt at three depths
beneath the Izu-Oshima volcano prior to eruption: near the surface level (≈1 wt.% H2O in melt), at a 4-km-
deep magma chamber (≈3 wt.% H2O in melt), and at a 8–10-km-deep magma chamber (≈5 wt.% H2O in
melt). It is proposed that deep-seated island arc low-K tholeiitic basalt magmas erupting from frontal-arc
volcanoes are richer in H2O than previously thought, containing approximately 1 wt.% H2O based on analyses
of “leaked” melt inclusions and phase equilibrium studies at “low-pressure conditions”.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Quantifying the H2O concentration in arc magmas is critical for
understanding their generation, differentiation, anderuptionbecauseH2O
has profound effects on melting temperatures, crystallization pathways,
and explosivity. Among arc magmas, island arc low-K tholeiitic
basalts from frontal-arc volcanoes are generally thought to be H2O-
undersaturated and to contain approximately 1 wt.% H2O based on melt
inclusion analyses (Kazahaya et al., 1994; Saito et al., 2005) and phase
equilibriumstudies (Grove andBaker, 1984;Kawamoto, 1996; Sakuyama,
1979). In contrast to these previous petrological studies, recent melt
inclusion analyses report higher H2O concentrations in low-K tholeiitic
basalts obtained from subaqueous Izu arc volcanoes (up to 5 wt.% by
Straub and Layne, 2003) andMiyakejima volcano (up to 3.5 wt.% by Saito
et al., 2010). At Izu-Oshima volcano, a frontal-arc volcano in Izu arc, the
H2O concentration in plagioclase-hosted melt inclusions is b2 wt.%
regardless of anorthite content of the host plagioclase (An87–96; Hamada

and Fujii, 2007), while olivine-hosted melt inclusions contain higher H2O
concentrations (up to 3.4 wt.%; Ikehata et al., 2010). There remains some
uncertainty in our understanding of the H2O abundances of island arc
basalts. Both Hamada and Fujii (2007) and Ikehata et al. (2010) reported
that the CO2 concentration in all the melt inclusions from Izu-Oshima
volcano is below the detection limit (b50 ppm), and therefore, variations
inH2Oconcentration arenot due toCO2fluxing fromthedepths, a process
identified at many arc basaltic volcanoes (Johnson et al., 2008; Spilliaert
et al., 2006). Melting experiments of hydrous basalts have demonstrated
that Ca-rich plagioclase (approximately An90) crystallizes from H2O-rich
(≥3 wt.%)melt (Sisson andGrove, 1993a; Takagi et al., 2005). From these
results, Hamada and Fujii (2007) assumed that themelt is originally H2O-
rich and that H2O vapor in trapped melt inclusions leaks through
microcracks in the plagioclase phenocryst at shallow levels. This
assumption can explain the low (b2 wt.%) concentrations of H2O and
theundetectably lowconcentrationsof CO2 in theplagioclase-hostedmelt
inclusions. However, this assumption also suggests that the H2O
concentration in melt inclusions does not always represent the H2O
concentration at the time the melt was trapped.

An alternative method to constrain the H2O concentration in pre-
eruptivemelt is to analyze hydrogen in nominally anhydrousminerals
(NAMs). The hydrogen in NAMs can be an indicator of H2O activity in
melts and can act as a speedometer of the magma ascent (Demouchy
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et al., 2006; Peslier and Luhr, 2006; Peslier et al., 2008). Plagioclase is
one of those NAMs, and it accommodates hydrogen up to hundreds of
wt. ppm H2O. The speciation of hydrogen in plagioclase from volcanic
rocks has been demonstrated to be structural OH (Johnson and
Rossman, 2003, 2004). In this study, we analyzed the OH concentra-
tion in plagioclase from the Izu-Oshima summit eruptions during
1986–1987 using a Fourier transform infrared spectrometer (FTIR) to
estimate the H2O concentration in the island arc low-K tholeiitic
basalts. Plagioclase is easy to collect because it is the most abundant
phenocryst in eruptedmagmas (up to 15 vol.%). The question remains
of whether analyzed OH in plagioclase is intrinsic or already diffused
out during eruption. Limited experiments on the diffusivity of
hydrogen in feldspars have clarified that the diffusivity values range
between 10−11 m2/s at 900 °C and 10−15 m2/s at 500 °C (K-feldspar;
Kronenberg et al., 1996) or between 10−13 m2/s at 1000 °C and
10−14 m2/s at 800 °C (An30 plagioclase; Johnson, 2003), which allows
the hydrogen in feldspars to diffuse out over periods of hours to days.
To quantify this effect, we also analyzed OH in plagioclase from three
distinctive types of summit eruptions of Izu-Oshima volcano during
1986–1987: the Strombolian eruption in 1986, an effusive eruption
emitting lava flow in 1986, and a less energetic eruption in 1987. The
variation in OH in plagioclase might be related to these eruptive
styles.

2. Outline of the Izu-Oshima 1986–1987 summit eruptions

The volcanic rocks of Izu-Oshima volcano are dominated by low-K
tholeiitic basalts with minor andesites. During the 1986–1987
eruptions, basaltic magmas erupted from the summit vent and
andesitic magmas erupted from two fissure vents in the caldera and
on the outer flank. The total volume of erupted magmas was
0.053 km3 (0.032 km3 DRE; Endo et al., 1988). In this study, we
focus on the basaltic eruptions from the summit vent. The summit
eruption in 1986 was marked by two distinctive sequences:
(1) Strombolian activity (November 15th, 1986, and thereafter) and
(2) the emission of lava flow (November 18th, 1986 and thereafter). A
continuous magma supply formed a lava lake on the summit vent,
which eventually spilled as lava flows on November 18th and

thereafter. The lava flows descended down the edifice of the volcano
and stopped moving within 3 days. After the 1986 eruptions, the
magma head retreated into the conduit, while the level of the
summit's lava lake remained steady for a year until a summit eruption
on November 16th, 1987. This eruption was less energetic and was
triggered by a gas explosion in the conduit, and it generated flaky
bombs (Watanabe et al., 1998). The volume of erupted magma on
November 1987 was 0.05% of the total erupted volume of magmas
during 1986–1987 (Endo et al., 1988).

Geophysical studies detected two major magma chambers
beneath the Izu-Oshima volcano: a 4-km-deep magma chamber
(Ida, 1995) and an 8–10-km-deep magma chamber (Mikada et al.,
1997). In addition, approximately 0.011 km3 of magma was stored in
the summit's lava lake (300 m in diameter and 200 m in depth)
during the 1986–1987 eruptions. The summit's lava lake and the 4-
km-deep magma chamber were thought to be connected through a
conduit based on observations of crustal deformation in November,
1987 (Ida, 1995).

3. Studied samples

We analyzed the OH concentration in plagioclase from three
distinctive eruptions to relate the eruptive styles to the variations in
OH in plagioclase: air-fall scoria from the Strombolian eruption in
1986, lava flow from an effusive eruption in 1986, and flaky bombs
from the eruption in 1987. The compositions of the air-fall scoria from
the 1986 eruption and the flaky bombs from the 1987 eruption were
analyzed with an X-ray fluorescence spectrometer (RIGAKU system
3070) at the Institute for Geothermal Sciences (IGS), Kyoto University,
using a calibration line optimized for a wide compositional range
(Sugimoto et al., 2007). The operating conditions were 15 kV and
5.0×10−8 A. The data were corrected using a ZAF correction.
Although the whole-rock major element compositions and the
modal compositions of the three rocks are similar (Table 1), their
groundmass textures are different. The 1986 scoria exhibits a glassy
groundmass and small (b100 μm) bubbles (Fig. 1a), while the 1986
lava flow has plagioclase characterized by a b10-μm anorthite-poor
rim (An70 to An75) on plagioclase phenocrysts and microcrystalline

Table 1
Whole-rock major element compositions and modal compositions of volcanic rocks from the summit eruptions of Izu-Oshima volcano during 1986–1987. The composition of lava
flow (LA-III) is from Nakano and Yamamoto (1987).

1986 eruption 1987 eruption

Air-fall scoria LA III lava* Flaky bomb

Major element compositions (wt.%)
SiO2 53.6 53.2 52.6
TiO2 1.20 1.24 1.12
Al2O3 14.7 15.2 15.5
FeO* 13.1 12.8 13.0
MnO 0.22 0.20 0.21
MgO 4.70 4.67 4.60
CaO 10.2 10.4 10.6
Na2O 1.84 1.88 1.86
K2O 0.38 0.41 0.38
P2O5 0.10 0.08 0.10
Cr2O3 0.01 – 0.04
NiO 0.01 – 0.02
Raw total 99.1 (wt.%) 99.6 (wt.%) 100.5 (wt.%)

Modal compositions (vol.%) of phenocrysts (N0.1 mm)
Plagioclase 5–10 10–15
Clinopyroxene b1 b1
Orthopyroxene b1 b1

Groundmass phases
Glass Plagioclase Glass
Plagioclase Clinopyroxene Plagioclase

Magnetite Clinopyroxene
Magnetite
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groundmass (Fig. 1b). The groundmass of the 1986 lava flow is
composed of acicular plagioclase, clinopyroxene (mostly pigeonite)
and magnetite. The scoria has larger bubbles than those of the lava
flow, and most of them grow and coalesce to a diameter of up to
5 mm. These features are consistent with the fact that the scoria was
quenched in the air, while the lava flow cooled slowly. The 1987 bomb
exhibits a groundmass composed of glass, acicular plagioclase,
pigeonite (up to 20 μm, which is larger than that in the 1986 lava
flow) and magnetite (Fig. 1c). These features suggest that the bomb
remained molten in or below the summit's lava lake for a year until
the eruption on November 16th, 1987. In the three types of studied
rocks, the length of plagioclase phenocrysts ranges from 200 μm to
2000 μm. We analyzed the OH concentrations in relatively larger
(≥1000-μm-long) plagioclase.

The major element compositions of plagioclase in the 1986 scoria
and the 1987 bomb were analyzed using a JEOL JSM-5310 scanning
electron microscope with an energy dispersive X-ray spectrometer
(SEM-EDS) at the IGS, Kyoto University. The operating conditions
were 15 kV and 5.0×10−10 A. Plagioclase in the 1986 lava flow was
analyzed using a JEOL JXA-8800 electron probe micro analyzer
(EPMA) at the Department of Earth and Planetary Sciences, Tokyo
Institute of Technology. The operating conditions were 15 kV and
1.2×10−8 A. The values of the anorthite content of plagioclase in the
1986 scoria range from An85 to An93, those in the 1986 lava flow range
from An83 to An90, and those in the 1987 bomb range from An81 to
An89. Plagioclase with a lower anorthite content (bAn85) is found only
in the 1986 lava flow and the 1987 bomb, and plagioclase with a
higher anorthite content (NAn91) is found only in the 1986 scoria.
Normal or reversal zonings within±1 anorthite content are commonly
observed in the crystal's core.

4. Analytical methods

4.1. Unpolarized mid-infrared measurements across plagioclase crystals

The OH concentration in plagioclase crystals can be quantified by
polarized mid-infrared spectroscopy (Johnson and Rossman, 2003,
2004), which requires analyses from three mutually perpendicular
polarization directions or along each crystallographic axis. For this
purpose, each plagioclase rim must be polished as a rectangular
parallelepiped without a rim. A disadvantage of this technique is that
only the OH concentration in the plagioclase core can be measured;
the OH concentration in the removed plagioclase rim cannot be
quantified. To assess the distribution of the OH concentration in the
crystals, we also analyzed the rim-to-rim profiles of the unpolarized
mid-infrared absorbance band area per 1 cm for three doubly-
polished plagioclase crystals from the 1986 scoria (samples #pl255,
#pl264 and #pl265). The mid-infrared absorbance per unit thickness

was analyzed using a Jasco FTIR-6100 Fourier transform infrared
(FTIR) spectrometer equippedwith an infraredmicroscope (Jasco IRT-
5000) at the Department of Earth and Planetary Sciences, Tokyo
Institute of Technology. This spectrometer is equipped with a heated
ceramic (globar) source, Ge-coated KBr beam splitter, and N2-cooled
MCT detector. The polarizer was not equipped with this FTIR. The
background and sample spectra (500–7000 cm−1) were collected
over 128 scans at a resolution of 4 cm−1. A rectangular 40×40 μm
aperture was used.

4.2. Polarized mid-infrared measurements of the plagioclase core

Relatively large (≥1 mm long), tabular crystals of plagioclase with
or without minimal amounts of melt inclusions were handpicked
from the crushed volcanic rocks, and the OH concentration in
plagioclase was analyzed by polarized mid-infrared spectroscopy
following the procedure given by Johnson and Rossman (2003, 2004).
For this purpose, four mutually perpendicular planes of plagioclase
were polished. The thickness of the polished plagioclase varied from
120 to 500 μm. The OH concentration in plagioclase was analyzed
using a Jasco-610 FTIR equipped with a Jasco Micro-20 IR microscope
at IGS, Kyoto University. This spectrometer is equippedwith a halogen
lamp, CaF2 beam splitter, CaF2 polarizer, and N2-cooled InSb detector.
The background and sample spectra (2000–10000 cm−1) were the
accumulation of 128 scans at a resolution of 4 cm−1. A rectangular
aperture ranging from 40×40 μm to 100×100 μmwas used according
to the size of the polished plagioclase. Melt inclusions in the polished
plagioclase were avoided in the infrared beam path under the
microscope. The sum of three absorbance areas measured at random,
but with mutually perpendicular polarization directions per unit
thickness were converted to the OH concentration by applying the
absorbance coefficient of 15.3±0.7/(ppm H2O×cm2) (Johnson and
Rossman, 2003).

To relate the mid-infrared spectra and the crystallographic
directions, the crystallographic directions of the selected plagioclase,
#pl223, were determined using electron back-scattering diffraction
(EBSD) patterns produced by a JEOL JSM-7000F field emission
scanning electron microscope (FE-SEM) at the Department of Earth
and Planetary Science, University of Tokyo. The operating conditions
were 15 kV and 8.0×10−12 A.

5. Analytical results

5.1. Unpolarized mid-infrared measurements across plagioclase crystals

The unpolarized mid-infrared band area per unit thickness across
the crystal was analyzed on three plagioclases from the 1986 scoria:
samples #pl255 (Fig. 2a), #pl264 (Fig. 2b) and #pl265 (Fig. 2c). The
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Fig. 1. Backscattered electron images of volcanic rocks from the Izu-Oshima 1986–1987 summit eruptions: (a) air-fall scoria from the Strombolian eruption in 1986, (b) LA-III lava
flow in 1986, and (c) flaky bomb from an eruption in 1987.
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compositions of the cores of the three plagioclase crystals are An88–89.
The absorbance band areas of the three plagioclase crystals per 1 cm
range from 300 through 600 cm−2 (Fig. 2). The OH concentrations in
plagioclase and the unpolarized mid-infrared band areas on plagio-
clase per unit thickness broadly correlate, and a value of 300–
600 cm−2 corresponds to approximately 100 ppm H2O by weight if
the spectra are on (001) (Johnson and Rossman, 2003). The
absorbance per unit thickness of the plagioclase core is relatively
uniform throughout the crystal within the error or is slightly higher
than that of the rim (Fig. 2). Therefore, we infer that the OH
concentrations in the plagioclase cores analyzed by polarized infrared
spectroscopy (Johnson and Rossman, 2003, 2004) represent the OH
concentration in plagioclase itself. The absorbance near the crystals'
edges cannot be analyzed because of the numerous melt inclusions
(Fig. 2a and b) and the divergence of the infrared beam passing
through the sample (Kawamoto et al., 2003). The absorbance per unit
thickness of the sodic rim (An85) is lower than that of the core (An89)
(Fig. 2b), which suggests crystallization of the sodic rim from melt
containing lower H2O.

5.2. Polarized mid-infrared measurements of the plagioclase core

Representative mid-infrared spectra of plagioclase (sample #pl223)
are shown in Fig. 3. These are the integrated spectra of three peaks
(≈3200 cm−1, ≈3400 cm−1, and ≈3600 cm−1; Nakano et al., 2001)
centered at approximately 3300 cm−1. The absence of an absorption
band of molecular H2O and OH in the silicate glass at approximately
3550 cm−1 (Stolper, 1982) suggests that the dissolved H2O in tiny
(b10 μm) melt inclusions hosted by plagioclase does not contribute to
the absorption spectra of plagioclase. Therefore, the absorbance spectra
shown in Fig. 3 are judged to be the OH accommodated in plagioclase.
The intensity of absorption is at a maximumwhen the electric vector, E,
is nearly parallel to the a-axis of plagioclase (Fig. 3); this result is
consistent with that obtained in a previous study (Johnson and
Rossman, 2003). A weak absorption band of approximately
2900 cm−1 can be attributed to residual resin, which is sticky and
cannot be completely removed using acetone.

The OH concentrations in plagioclase crystals from three distinc-
tive types of eruptions range from 20 to 300 wt. ppm H2O (Fig. 4a).
The estimated errors on the H2O concentrations, ±10–15%, include
uncertainties in the thickness measurement, absorbance area calcu-
lation, and absorption coefficient. The OH concentration can be
categorized into four levels: level 1, 220–300 wt. ppm H2O and a

continuous decrease from level 2, 100–180wt. ppmH2O through level
3, 50–100 wt. ppm H2O to level 4, 20–50 wt. ppm H2O (Fig. 4a). The
OH concentrations in plagioclase from the 1986 air-fall scoria span the
whole range and are strictly divided into three different levels (level 1,
level 2 and levels 3–4). The OH concentrations from the 1986 lava
flow are the lowest (levels 3–4), and those from the 1987 flaky bomb
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(c) #pl265. Squares in BEIs (40×40 μm) represent the analyzed area of OH by an FTIR.
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are continuous between level 3 and level 4 (Fig. 4a). No relation
between different OH concentration levels and plagioclase textures is
recognized. Assuming that the partition coefficient of OH between
plagioclase and melt is 0.004 on a molar basis (Johnson, 2005),
plagioclase crystals falling into levels 1, 2 and 4 equilibrate with
hydrous melts containing ≈7 wt.%, ≈4 wt.% and ≈1 wt.% H2O,
respectively.

6. Discussion

6.1. Timescale of hydrogen diffusion in plagioclase

Hydrogen in plagioclase can diffuse out and re-equilibrate with
H2O in a degassing melt during the magma ascent. At 1100 °C, which
is a temperature calculated by applying pyroxene geothermometry to
basalts from the Izu-Oshima 1986 summit eruption (Fujii et al.,
1988), the estimated diffusivity of hydrogen is of the order of
10−12 m2/s based on extrapolation from the diffusivity determined
at lower temperatures. The diffusive loss of hydrogen from pla-
gioclase may be modeled using a simple one-dimensional model,
where a 1-mm-long plagioclase crystal containing homogeneous OH
is surrounded by an infinite anhydrous melt, and hydrogen diffuses
out in one-dimension as a function of time, t (Carslaw and Jaeger,

1959; Shewmon, 1983). C, the OH concentration from the crystal
edge X, is expressed as

C =
4CO

π
∑
∞

j=0

1
2j + 1

sin
2j + 1ð ÞπX

h

� �
× exp − 2j + 1ð Þπ

h

� �2
Dt

� �
ð1Þ

where CO is the initial OH concentration, h is the length of the crystal
(h=1 mm=10−3 m), and D is the diffusion coefficient of hydrogen
(D=10−12 m2/s). The calculated results show that approximately
10% of the OH is lost at the core of a 1-mm-long plagioclase after 6 h
(Fig. 5). Half of the OHwill be lost after 24 h, andmost of the hydrogen
is lost after 72 h (Fig. 5). Modeling in two- or three-dimensions should
give similar results because the diffusivity of hydrogen in plagioclase
was found to be isotropic based on the dehydration experiments on
plagioclase (Johnson, 2003).

At the onset of the 1986 summit eruption, the discharge rate of
magma exceeded 2×105 m3/h (Endo et al., 1988). The estimated
radius of the conduit is N4.7 m based on the analysis of magma drain-
back from the summit's lava lake to the conduit in November of 1987
(Kazahaya et al., 1994). We then calculated that the magma ascent
rate at the onset of the 1986 eruption must have been of the order of
103 m/h. It likely took only a few hours for the magma to ascend from
the 4-km-deep magma chamber to the surface and several hours to
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ascend from the 8–10-km-deep magma chamber, if the radius of the
conduit is assumed to be constant. The relatively uniform profiles of
the unpolarized mid-infrared band area per unit thickness across the
crystals (Fig. 2) also support the diffusive loss of hydrogen for short
duration, such as 1 h (Fig. 5). Allowing that ascending magma is not
completely anhydrous, the timescale of the diffusive loss of hydrogen
should be longer than that simulated in Fig. 5. We expect that most of
the OH in plagioclase from the air-fall scoria can be used as a proxy for
dissolved H2O in deep-seated melt just prior to eruption. In the same
manner, most of the OH in plagioclase from the lava flow is expected
to be lost at 1 bar (anhydrous condition) after 3 days (=72 h),
although the value of D will decrease by several orders of magnitude
in the cooling lava flow, resulting in a longer timescale of hydrogen
diffusion. Distinctive eruptive styles, i.e., explosive or effusive
eruptions, should be a reasonable explanation for the systematics of
the OH concentrations in plagioclase analyzed in this study.

6.2. H2O-saturated magma chambers inferred from variations of OH in
plagioclase

We postulate that the magmas from the Izu-Oshima 1986–1987
summit eruptions were saturated with H2O at various depths. Three
different levels of OH concentration in plagioclase (levels 1, 2 and 4 in
Fig. 4a) can indicate that plagioclase re-equilibrates with H2O-
saturated melt in the 8–10-km-deep magma chamber (≈5 wt.%
H2O in melt), in the 4-km-deep magma chamber (≈3 wt.% H2O in
melt), and near the surface level (≈1 wt.% H2O in melt), respectively
(Fig. 4b). Level 3, being intermediate between levels 2 and 4,
represents the saturated H2O concentration in the conduit between
the 4-km-deep magma chamber and the summit's lava lake.

The air-fall scoria from the 1986 eruption can be interpreted as a
mixture of quenched magmas at depths between the 8–10-km-deep
magma chamber and the surface level during eruption, because the
OH concentration of plagioclase span levels 1–4 (Fig. 4a). The OH
concentration in plagioclase from the 1986 lava flow falls into levels 3
and 4 (Fig. 4a). Plagioclase in level 3 may not have completely lost
hydrogen by diffusion at 1 bar. Plagioclase in levels 3 and 4 from the
1987 bomb (Fig. 4a) can be interpreted as the crystallization of

plagioclase from degassed melt or the re-equilibration of plagioclase
with degassed melt in the conduit at shallow level.

6.3. Possible scenario for variation of OH concentration in plagioclase

The following equation gives the relationship between anorthite
content and the OH concentrations in plagioclase (the solid curve in
Fig. 4b). The Ca/Na molar ratio of plagioclase (An≥70) crystallizing
from the hydrous basaltic melt is empirically formulated by Hamada
and Fujii (2007) as

Ca
Na

� �
plagioclase

=
Ca
Na

� �
melt

× expð4100
T Kð Þ −800 ×

P GPað Þ
T Kð Þ

+ 2:2 × ln
Al2O

melt
3 wt:%ð Þ

SiOmelt
2 wt:%ð Þ

 !
+ 0:33 ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2O

melt wt:%ð Þ
q Þ:

ð2Þ

The temperature T (K) is calculated using an empirical thermom-
eter for multiple-saturated melts (Sisson and Grove, 1993b), and it
ranges from 1200 °C (0 wt.% H2O) to 1000 °C (6 wt.% H2O). We fix the
pressure at 0.3 GPa to dissolve H2O up to 6 wt.% in melt. Calculating
the Ca/Na ratio of plagioclase using Eq. (2) at 0.3 GPa and at a
changing pressure from 0.3 to 0 GPa to simulate the magma ascent
produces insignificant differences. The applied partition coefficient of
hydrogen between plagioclase and melt is 0.004 (Johnson, 2005). The
element ratios for themelt composition are assumed to be those of the
whole-rock composition of basalts from the 1986–1987 summit
eruptions (Ca/Na=3.0, Al2O3/SiO2=0.28; Table 1).

We define a number of regions in Fig. 4b. Regions A1, B2 and C3 are
defined by matching the solid curve calculated from Eq. (2), which
suggests that the plagioclase crystals in these regions preserve the OH
concentrations acquired at the time of their crystallization. Plagioclase
then re-equilibrates with the degassing melt at shallower depths
during the magma ascent, losing OH from region A1 to regions A2, A3
and A4; from region B2 to regions B3 and B4; and from region C3 to
region C4 (Fig. 4b).

We now propose a scenario to explain the analyzed range of OH
concentrations (Fig. 4a). In this scenario, plagioclase crystallized from
H2O-saturatedmelts in an 8–10-km-deepmagma chamber (region A1
in Fig. 4b) and in a 4-km-deep magma chamber (region B2 in Fig. 4b)
(stage 1 in Fig. 6). Some of the plagioclase crystals that crystallized in
the 8–10-km-deep chamber ascended and lost some portion of their
hydrogen due to the re-equilibration with the surrounding degassed
melt in the 4-km-deep magma chamber (regions A1 to A2 in Fig. 4b)
(stage 2 in Fig. 6). An injection of hot magma triggered a Strombolian
eruption (stage 3 in Fig. 6). The plagioclase in regions A3 and A4 was
derived fromA1 and/or A2 as a result of an incomplete diffusive loss of
hydrogen near the surface level. The plagioclase in regions A1, A2, A3,
A4 and B2 was brought to the surface, and was quenched without
further loss of hydrogen because the timescale of the magma ascent
was within several hours, which was a too short duration for the
plagioclase crystal to further re-equilibrate with the degassed melt
(Fig. 5). After the Strombolian eruption, the lava flows spilled from the
summit's lava lake, descended down the edifice of the volcano, and
stopped moving within 3 days. The slower cooling of magma in the
atmosphere caused a continuous loss of hydrogen from plagioclase
resulting in regions A3, A4, B4 and C4 (stage 4 in Fig. 6). During the
interval between the 1986 and 1987 eruptions, the magma head
retreated into the conduit while lava was left in the summit crater,
which formed a gas column in the conduit beneath the summit's lava
lake. In November of 1987, a gas explosion in the conduit triggered an
eruption. The plagioclase from the 1987 bomb exhibited OH
concentrations and anorthite contents falling within regions A3, B3,
B4, C3 and C4 (Fig. 4b). Such variable OH concentrations in the
plagioclase from the 1987 bomb would be produced by crystallization

0

0.2

0.4

0.6

0.8

1.0

0 1.0

t = 48 h

t = 24 h

t = 6 h

t = 1 h

Distance (mm)

N
or

m
al

iz
ed

 O
H

 c
on

ce
nt

ra
tio

n

t = 72 h

D = 10-12 m2/s  (T

0.2 0.4 0.6 0.8

Fig. 5. Calculated one-dimensional diffusion profiles of hydrogen across 1-mm-long
plagioclase using Eq. (1) for the first five terms (j=0, 1, 2, 3 and 4). The values used in
Eq. (1) are D=10−12 m2/s and h=10−3 m. The normalized OH concentration is given
by C/CO.

264 M. Hamada et al. / Earth and Planetary Science Letters 308 (2011) 259–266



Author's personal copy

and re-equilibration in the conduit between the 4-km-deep magma
chamber and near the surface level.

6.4. Implications for island arc magmatism

The observed variation in OH in Ca-rich plagioclase demonstrates
that the island arc low-K tholeiitic basalt magma is H2O-saturated at
depths where Ca-rich plagioclase crystallizes, and it degasses during
the magma ascent. This assumption is contrary to consensus, which
presumes that the magma is H2O-undersaturated and contains
approximately 1 wt.%H2O based onmelt inclusion analyses (Kazahaya
et al., 1994; Saito et al., 2005) and phase equilibrium studies (Grove
and Baker, 1984; Kawamoto, 1996; Sakuyama, 1979). We suggest that
the H2O-saturated nature of the deep-seatedmagmas beneath frontal-
arc volcanoes has not beendetected due to polybaric degassingprior to
eruption. The analyzed H2O concentration in melt inclusions could
represent the H2O concentration in degassed melts, and the phase
equilibria of erupted volcanic rocks could represent those of degassed
magmas.

A polybaric degassingmodel proposed above will reformmodels on
the genesis of arc magmas assuming the H2O-undersaturated magmas
by Tatsumi et al. (1983). They carried out melting experiments of
synthesized primary magmas under dry and hydrous conditions
(H2O≤3 wt.%) and constrained the multiple saturation point, where
melt is saturated with olivine+orthopyroxene+clinopyroxene on its
liquidus. They determined that themultiple saturation point of primary
olivine tholeiitic basalt magma, which is equivalent to primary low-K
tholeiitic basalt magma, is 11 kbar and 1320 °C under dry conditions.
Based on experiments, they assumed there to be a region exceeding
1400 °C in the mantle wedge beneath Northeast Japan arc, which is
higher than the calculated maximum temperature in themantle wedge

beneath the Northeast Japan arc by thermal modeling studies (1200–
1250 °C by Iwamori, 2000; Peacock andWang, 1999). The P–T condition
of themultiple saturation point evolves toward lower temperatures and
higher pressures with increasing H2O in melt (Pichavant et al., 2002;
Tatsumi et al., 1983). Therefore, a plausible multiple saturation point of
H2O-rich island arc low-K tholeiitic basalt magma should be at a lower
temperature and higher pressure than P (11 kbar) and T (1320 °C)
estimated by Tatsumi et al. (1983).

If we assume a polybaric degassing model, we can explain the so-
called “excess SO2 degassing” (Shinohara, 2008; Wallace, 2001),
which is an observation that the mass of emitted SO2 generally
exceeds the mass of SO2 dissolved in erupted magma. The excess
degassing of SO2 from Izu-Oshima volcano was once explained by
degassing in a magma column convecting at a shallow level
(b50 MPa), assuming 1 wt.% H2O in melt, based on analyses of melt
inclusions (Kazahaya et al., 1994). Instead of the model proposed by
Kazahaya et al. (1994), it may be plausible to assume that SO2 exsolves
into saturated H2O bubbles and degasses effectively, as experimental
studies demonstrate that sulfur preferentially partitions into bubbles
as SO2 in oxidizing (fO2NNi-NiO buffer) arc magmas (Keppler, 1999,
2010; Sharma et al., 2004; Wallace, 2001). We suggest that more H2O
is brought from the mantle wedge to the surface than the previously
estimated flux of H2O from arc volcanoes, e.g., 2 to 4×1013 mol/yr
(Fischer, 2008), based on analyses of primitive melt inclusions.

7. Conclusions

Ca-rich plagioclase from the 1986–1987 summit eruptions of Izu-
Oshima volcano contains trace amounts of OH ranging from 20 to
300 ppm H2O by weight. The OH concentrations of plagioclase are
affected by eruptive styles such as Strombolian and effusive eruptions,
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Fig. 6. Schematic illustrations of magma movements during the summit eruptions of Izu-Oshima volcano in 1986. (1) Plagioclase crystallized from the H2O-saturated melt at each
depth. (2) Some plagioclase crystals were entrained in the ascending magma to a shallower magma chamber and lost some portions of their hydrogen due to the re-equilibration
with the surrounding degassed melt. (3) Injection of hot magma triggered the Strombolian eruption on November 15th and thereafter. (4) Lava spilled from the summit's lava lake
and formed lava flow on November 18th and thereafter.
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because they determine the quench rate of magmas. The variation in
OH in plagioclase can be reasonably explained by the hypothesis that
magma is saturated with H2O at depths and undergoes degassing at
shallower levels, where the plagioclase re-equilibrates with degassed,
lower-H2Omelt prior to eruption. The presence of such H2O-saturated
island arc low-K tholeiitic basalt magma is consistent with the
constraints obtained from melting experiments of hydrous basaltic
magmas to crystallize Ca-rich plagioclase. The polybaric degassing
model of H2O-saturated magmas also explains the so-called “excess
SO2 degassing”without assuming huge volumes of unerupted magma
beneath arc volcanoes.
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