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Oxidation during magma mixing recorded 
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Abstract 

Kusatsu–Shirane Volcano is an active Quaternary andesitic-to-dacitic volcano located in the Central Japan Arc. We 
conducted a detailed petrological investigation of orthopyroxene (opx)–magnetite (mt) symplectites associated 
with olivine in the Sessho lava, an andesitic lava flow from Kusatsu–Shirane. We concluded that the symplectites 
are pseudomorphs after olivine and were formed through the breakdown of olivine in a mafic magma as a result of 
oxidation during mixing with a felsic magma. Various olivines and opx–mt symplectites that show different stages of 
the progressive breakdown reaction of olivine coexist in a single lava flow. We suggest that basaltic recharge into the 
magma reservoir beneath Kusatsu–Shirane occurred repeatedly, leading to a hybrid andesite magma with different 
types of olivine and symplectite being erupted at Kusatsu–Shirane Volcano.
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Introduction
Mixing between mafic and felsic magmas in arc crust is 
considered to be an essential process not only for gen-
erating various arc magmas (Anderson 1976; Koya-
guchi 1986; Sakuyama 1979; Ueki and Iwamori 2017), 
but also for the chemical evolution of a continental arc 
(Arndt 2013; Hildreth and Moorbath 1988; Tatsumi and 
Suzuki 2009). Understanding magma mixing could also 
be important for understanding the magmatic activity 
that leads to eruption, as mixing between mafic and fel-
sic magma is a possible trigger for explosive magmatic 
eruptions (Sparks et al. 1977). Petrological investigations 
of the textures and zoning profiles of minerals provide 
information on such open-system magmatic processes 
(e.g., Streck 2008). In this study, we investigate magma 
mixing and the magma plumbing system of Kusatsu–Shi-
rane Volcano, a Quaternary andesitic-to-dacitic active 

volcano located in the Central Japan Arc, using detailed 
petrological observations of orthopyroxene (opx)–mag-
netite (mt) symplectites found in an andesitic lava flow.

Kusatsu–Shirane is a composite volcano that consists 
of multiple pyroclastic cones and craters, including Shi-
rane, Moto-shirane, Kagamiike, and Kagamiike-kita (e.g., 
Hayakawa 1983; Hayakawa and Yui 1989; Takahashi et al. 
2010; Uto et al. 1983). Kusatsu–Shirane is known for its 
hydrothermal system, with active hot springs and fuma-
roles (e.g., Ohba et  al. 2008, 2019; Terada 2018). Geo-
physical studies including seismic (Kumagai et  al. 2002; 
Nakano and Kumagai 2005; Nakano et al. 2003) and mag-
netotelluric methods (Matsunaga et  al. 2020; Nurhasan 
et  al. 2006) have been conducted to understand the 
structure of the hydrothermal system beneath Kusatsu–
Shirane. The hydrothermal heat flow rate around 
Kusatsu–Shirane is one of the highest for an active vol-
cano in the Japan Arc (e.g., Sumi 1977; Ueki and Terada 
2012). Historical eruptions of Kusatsu–Shirane have been 
dominated by phreatic eruptions from the Shirane pyro-
clastic cone (e.g., Ossaka et al. 1980), and on January 23, 
2018, phreatic eruptions occurred at the Kagamiike-kita 
and Kagamiike pyroclastic cones (e.g., Terada et al. 2018). 
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Although historical activity of Kusatsu–Shirane has been 
typified by hydrothermal activity and phreatic eruptions, 
voluminous andesitic-to-dacitic lava flows have also 
been erupted throughout its lifetime (Hayakawa and Yui 
1989). In this study, we present petrological observations 
of opx–mt symplectites found in an andesitic lava flow 
from Kusatsu–Shirane. We use the process of formation 
of these symplectites to investigate the magma plumbing 
system of Kusatsu–Shirane Volcano, which has produced 
voluminous andesitic magma.

Geological setting and sample descriptions
Kusatsu–Shirane is located about 25 km in the back-arc 
direction from Asama Volcano, which is in the volcanic 
front of the Central Japan Arc (Fig.  1). The Pacific and 
Philippine plates are subducting beneath Kusatsu–Shi-
rane. The surface of the Pacific Plate is about 150  km 
beneath the volcano (Nakajima and Hasegawa 2006). 
Although the Philippine Sea Plate is not clearly detected 
beneath Kusatsu–Shirane in seismic studies, its surface is 
estimated to be at a depth of 110 km based on extrapola-
tion (Hirose et al. 2008; Nakajima et al. 2009). The seismic 
Moho beneath Kusatsu–Shirane is at a depth of ~ 40 km 
(Zhao et  al. 1992). Regions of high seismic attenuation 
are observed in the uppermost mantle beneath the vol-
cano, and the central part of the high seismic attenuation 
zone (30–100  km depth) is interpreted to be a zone of 
partial melting (Kashiwagi and Nakajima 2019).

The basement at Kusatsu–Shirane is made up of 
altered Neogene volcanic rocks (Hayakawa and Yui 
1989; Uto et  al. 1983) and the Quaternary Yokote vol-
canic rocks (Kaneko et  al. 1991). Following basaltic–
andesitic activity at Matsuozawa Volcano at ~ 0.6  Ma 
(Kaneko et  al. 1991; Nagai et  al. 2015), volcanic activ-
ity at Kusatsu–Shirane started with the eruption of the 
Horakuchi lava flow and the dacitic Oshi pyroclastic 
flow at around 0.55 Ma (Kaneko et al. 1991; Nagai et al. 
2015). A period of quiescence between 0.25  Ma and 
14  ka interrupted volcanic activity that involved the 
eruption of voluminous lava flows including the Aoba 
(0.3  Ma), Heibei-ike (~ 14  ka), Kagusa (~ 7  ka), Sessho 
(~ 3 ka), Ishizu (~ 3 ka), and Furikozawa (~ 3 ka) lavas, 
alongside associated pyroclastic cones and lava domes 
(e.g., the Moto-shirane and Shirane pyroclastic cones) 
and the Yazawahara pyroclastic flow (Hayakawa and 
Yui 1989; Kaneko et al. 1991; Takahashi et al. 2010; Uto 
et al. 1983). The SiO2 contents of the magmas erupted 
since 0.55  Ma are restricted to 58–66 wt% (Takahashi 
et al. 2010). Basaltic, amphibole-bearing (i.e., hydrous) 
melt inclusions have been reported in olivine phe-
nocrysts in an andesite lava from Kusatsu–Shirane 
(Yamaguchi et  al. 2005). Textures indicating mingling 
between andesite and dacite are found in some lavas 

(Ushioda 2015; Uto et  al. 1983). On Harker diagrams, 
many major-element oxides decrease toward a dacitic 
composition with SiO2 content of ~ 65 wt%, and dac-
ite with ~ 65 wt% SiO2 was therefore inferred to be the 
felsic end-member (Kametani et  al. 2017; Takahashi 
et  al. 2010). These observations indicate that mix-
ing between hydrous basalt and dacite played a domi-
nant role in the generation of intermediate magmas at 
Kusatsu–Shirane.

We studied the Sessho lava, which is an andesitic lava 
flow erupted from the Kagamiike pyroclastic cone at 
5 ka (Nigorikawa et al. 2016) with an estimated volume 
of ~ 0.1  km3 (Hayakawa 1983). The lava is porphyritic, 
containing about 35 vol.% plagioclase, opx, clinopyrox-
ene (cpx), and magnetite phenocrysts, with rare oli-
vine and rare quartz (Takahashi et  al. 2010; Ueki and 
Terada 2012). The lava has an andesitic composition 
(SiO2 = 60–63 wt%; Table 1; Takahashi et al. 2010; Uto 
et al. 1983).

Analytical methods
Samples were collected from different locations of the 
Sessho lava flow (Fig.  1). Back-scattered electron (BSE) 
images were collected and phenocryst compositions 
determined using a JEOL JXA–8800M electron probe 
micro-analyzer (EPMA) at the Department of Earth 
and Planetary Sciences, Tokyo Institute of Technology 
and at the Graduate School of Arts and Sciences of the 
University of Tokyo. The acceleration voltage was 15 kV 
and the beam current 12 nA. Representative phenocryst 
compositions are given in Additional file  1. BSE images 
were also obtained by SEM–EDS (JEOL JSM–6010LA) 
at the School of Science and Engineering, Kokushikan 
University, with an accelerating voltage of 20 kV. Photo-
micrographs and BSE images are presented in Fig. 2 and 
Additional file 2.

Whole-rock major element concentrations were deter-
mined using an X-ray fluorescence spectrometer (XRF) 
at the Department of Earth and Planetary Sciences, 
Tokyo Institute of Technology (Rigaku Simultix 3550). 
For whole rock analyses, rock chips were sliced using a 
diamond saw to avoid surface contamination, polished 
on a grinder, rinsed in an ultrasonic bath, crushed manu-
ally in a tungsten pestle, and ground in an agate ball mill. 
The rock powder was dried at 110 °C for more than 24 h 
before the preparation of fused glass beads. Fused glass 
beads were prepared from a mixture of 0.4 g of rock pow-
der and 4.0  g of lithium tetraborate flux in a platinum 
melting pot (1:10 sample dilution). Details of the calibra-
tions of the XRF analyses and analytical procedures used 
are given in Tani et al. (2002). A representative bulk com-
position is presented in Table 1.
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Fig. 1  a Location and simplified tectonic map of Kusatsu–Shirane Volcano, prepared using Generic Mapping Tools (Wessel and Smith 1998). The 
locations of Quaternary volcanoes (Committee for Catalogue of Quaternary volcanoes in Japan 1999) are shown as triangles. Solid gray and black 
lines are contours of the depth of the upper surface of the Pacific Plate at 50-km intervals (Nakajima and Hasegawa 2006) and of the Philippine 
Sea Plate at 10-km intervals (Hirose et al. 2008; Nakajima et al. 2009), respectively (modified after Ueki and Terada 2012). b Geologic map of 
Kusatsu–Shirane, showing sampling locations, modified by Ueki and Terada (2012) after Uto et al. (1983) and Hayakawa and Yui (1989). The spatial 
distributions of symplectites and olivine are also shown. The star indicates the location of the bulk sample presented in Table 1. Numbers refer to 
the samples shown in Figs. 2, 3, 4, 5 and additional files
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Petrography and mineral chemistry
Several types of symplectite consisting of opaque and 
transparent minerals are found in the Sessho lava. Fig-
ure  2a, b shows a symplectite core surrounded by fine-
grained opx. Figure  3 shows EPMA analyses of the 
lamellar zone of this symplectite. The EPMA analyses 
shown in Fig. 3 were randomly made across the lamellar 
zone of the symplectite. Therefore, the analytical results 
in Fig.  3 are considered to represent the variations in 
compositions due to variations in the ratios of the two 
phases present. We infer, therefore, that each end-mem-
ber of this compositional variation represents the compo-
sition of a single phase, and the average of all the analyses 
is considered to represent the bulk composition of the 
symplectite zone. Figure  3 demonstrates that the sym-
plectite comprises two phases: an Fe-bearing Si-absent 
phase and a silicate phase with a molar Si:(Mg + Fe) ratio 
of 1:1. These EPMA analyses indicate that the transparent 
silicate mineral in the symplectite is opx and the opaque 
mineral is magnetite. Opx in the symplectite and in the 
surrounding rim is fine-grained and exhibits low birefrin-
gence. Magnetite typically occurs in lamellae of 1–5 µm 
in width.

Three types of olivine are identified: unrimmed olivine 
(Fig.  2c, d), olivine with a thin rim of opx and magnet-
ite lamellae at the opx–olivine interface (opx-rimmed 
olivine; Fig. 2e, f ), and olivine surrounded by a symplec-
tite zone and a fine-grained opx rim (Fig. 2g, h). The spa-
tial distribution of these various olivine and symplectite 
types is summarized in Fig. 1.

Olivine and opx zoning profiles are presented in Fig. 4. 
The EPNA analyses of the symplectite zone in Fig.  4 
were carefully arranged to analyze a single opx phase. 
The analytical results were carefully scrutinized and any 
analyses that captured two phases (opx and magnetite) 

were discarded. The unrimmed olivine (Fig.  4a) has a 
homogeneous core with Mg# (molar MgO/(MgO + FeO) 
value > 80 and normally zoned edges. The opx-rimmed 
olivine in Fig.  4b has a normally zoned core with 
Mg# < 80 at its center. The olivine surrounded by zones of 
symplectite (Fig. 4c) has a homogeneous composition of 
Mg# < 70. Opx in a symplectite core has a homogeneous 
composition with a Mg# value of ~ 65 (Fig. 4d). Opx rims 
associated with olivine or symplectite cores exhibit nor-
mal zoning (Fig. 4). The opx at the olivine–opx interface 
exhibits a higher Mg# value than the coexisting olivine 
(Fig. 4).

The compositions of isolated opx and cpx phenocryst 
edges are shown in Fig. 5, together with the two-pyrox-
ene isotherms of Lindsley (1983). The edges of opx phe-
nocrysts typically have Mg# values of 60–65, which 
correspond to the Mg# values of the opx in the symplec-
tite. Crystal pairs of opx with Mg# values of 60–65 and 
adjacent cpx yield temperatures of 866–958 °C (average, 
911  °C) and pressures of 5–9 kbar (average, 7.3 kbar), 
as estimated using the two-pyroxene geothermobarom-
eter of Putirka (2008). Some opx and cpx grains exhibit 
high values of Mg#, and the temperature and pressure 
calculated for one pair of high-Mg# opx and adjacent 
cpx (1076 °C and 2.8 kbar, respectively) indicate that the 
high-Mg# pyroxene has a different origin to the low-Mg# 
pyroxenes and symplectites.

Symplectite formation mechanism
The formation of opx–mt symplectites in igneous rocks 
has mostly been attributed to the breakdown of olivine 
(Ambler and Ashley 1977; Barton and van Gaans 1988; 
Barton et al. 1991; Del Moro et al. 2013; Fan et al. 2019; 
Goode 1974; Haggerty and Baker 1967; Johnston and 
Stout 1984; van Lamoen 1979; Moseley 1984). Petrologi-
cal observations of the symplectites found in the Sessho 
lava (Figs.  2, 3, 4) demonstrate that they are associated 
with olivine. The major chemical constituents of the 
symplectites are Fe, Mg, and Si (Fig.  3 and Additional 
file  1). The stoichiometry of the average analyses in the 
symplectite zone corresponds to that of olivine (Fig.  3; 
mean Si/(Fe + Mg) molar ratio = 0.5 ± 0.3). Moreover, 
the symplectites have a concentric form, so that sym-
plectites often surround an olivine core, and are always 
surrounded by a fine-grained opx rim. Magnetite lamel-
lae between olivine and opx appear to be nearly perpen-
dicular to the olivine–opx interface. These concentric 
fine-grained polyphase microstructures and the interface 
between the fine-grained and coarse-grained minerals 
are typical of symplectites that form after the breakdown 
of a mineral (Gaidies et al. 2017). We therefore conclude 
that the symplectites found in the Sessho lava are pseu-
domorphs after olivine.

Table 1  Representative bulk composition of  the  Sessho 
lava

Sample number KS1115

SiO2 61.96

TiO2 0.64

Al2O3 16.18

Fe2O3 7.26

MnO 0.13

MgO 3.51

CaO 6.38

Na2O 2.75

K2O 1.88

P2O5 0.14

Latitude 36.63

Longitude 138.56
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Fig. 2  Photomicrographs and BSE images of symplectites and olivine. a, b Symplectite core surrounded by an opx rim. c, d Unrimmed olivine. e, f 
Opx-rimmed olivine. g, h Symplectite with an olivine core and opx rim
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In the symplectites, opx has a Mg# value that corre-
sponds to that of the phenocryst edges, suggesting that 
the opx in the symplectite shown in Fig.  4 was formed 
at ~ 911  °C, above the solidus temperature of andesite 
(e.g., Green 1972; Huang and Wyllie 1986).

It has been suggested that opx–mt symplectites can be 
formed through the following oxidation reaction (e.g., 
Del Moro et  al. 2013; Goode 1974; Haggerty and Baker 
1967; Johnston and Stout 1984):

During this reaction, the bulk Si:(Fe2+ + Fe3+ + Mg2+) 
molar ratio of the system (1:2) is conserved, and the aver-
age stoichiometry of the lamellar zones of symplectites 
in the Sessho lava is 1:2 (Fig. 3). After oxidation, the opx 
that formed through the breakdown of olivine would 
exhibit higher values of Mg# than the coexisting olivine, 
and there is an increase in Mg# values at the opx–olivine 
interface in the symplectites (Fig.  4). We infer that the 
olivine–opx interface represents the oxidation reaction 
front.

Olivine and opx compositions (i.e., zoning profiles 
and Mg# values) are systematically related to the types 
of symplectite and olivine (Fig. 4). These different types 
can be summarized consistently as snapshots of differ-
ent stages of a continuous reaction–diffusion process. 
It is inferred that the more symplectized olivines record 
longer residence times. If we take the degree of symplec-
tization to represent the residence time, the variations in 
the zoning profiles of olivine and opx can be interpreted 
to be the result of a continuous process of Fe–Mg diffu-
sion. Olivine crystals with no opx rim have flat cores with 
the highest Mg#, and they are inferred therefore to have 
undergone the least Fe–Mg diffusion (Fig.  4a). Olivines 

(1)
Mg2SiO4 + Fe2SiO4 + 1

/

3O2 = 2MgSiO3 + 2
/

3Fe3O4.

with an opx rim and magnetite lamellae exhibit normally 
zoned profiles, suggesting Fe–Mg diffusion from the melt 
occurred (Fig. 4b). Olivines surrounded by a symplectite 
zone and opx rim have homogeneous cores with the low-
est values of Mg#, and they are inferred to have homog-
enized completely through Fe–Mg diffusion (Fig.  4c). 
Similarly, it is inferred that the opx in Fig. 4b records the 
least Fe–Mg diffusion, the opx in Fig. 4c somewhat more 
Fe–Mg diffusion, and the opx with the complete sym-
plectite core that has the lowest Mg# (Fig. 4d), the great-
est amount of Fe–Mg diffusion (Fig.  5). The widths of 
symplectite or lamellar zones (e.g., Fig. 2) correlate with 
the degree of Fe–Mg diffusion in olivine and opx, which 
suggests that symplectite formation and Fe–Mg diffusion 
proceeded simultaneously. The complete breakdown of 
olivine resulted in symplectites without olivine cores, and 
the opx in the rims and symplectites equilibrated with 
the melt.

Generally, a thin opx rim surrounding an individual 
olivine phenocryst indicates a reaction between the oli-
vine and a non-equilibrium melt, suggesting magma mix-
ing (e.g., Sakuyama 1979; Streck 2008). Based on Putirka 
(2005) which is a function of pressure, the KD

Fe/Mg (Fe–
Mg exchange coefficient between olivine and melt) at a 
crustal pressure of 1 bar to 1 GPa is 0.29–0.32. Based on 
the KD

Fe/Mg value, the Mg# value of olivine in equilibrium 
with the bulk composition of the Sessho lava is 76.8–78.5 
(Table  1), which indicates that the olivine without rims 
(Fig. 4a; maximum Mg# = 81) did not crystallize from the 
host andesite. Hydrous basaltic melt inclusions in olivine 
from an andesitic lava at Kusatsu–Shirane (Yamaguchi 
et  al. 2005) indicate that the olivine crystallized from a 
hydrous basalt. Based on the pressure and temperature 
estimates derived from amphiboles in melt inclusions 
within olivine, Yamaguchi et al. (2005) suggested that the 
olivine in the andesitic lava of Kusatsu–Shirane crystal-
lized under lower-crustal conditions of > 950  °C and > 1 
GPa, which point to greater depths than those indicated 
by the pressures and temperatures calculated using the 
pyroxene geothermobarometry (911  °C and 7.3 kbar on 
average). We infer, therefore, that the olivine-bearing 
basalt magma ascended from a lower-crustal magma 
reservoir and mixed with material in a middle-crustal 
magma reservoir to form the andesitic magma.

Mixing between olivine-bearing basalt magma and fel-
sic magma results in the rapid formation of opx reaction 
rims around disequilibrium olivine (e.g., Coombs and 
Gardner 2004). However, a redox difference between the 
two magmas is necessary to produce opx–mt symplec-
tites from olivine (Eq.  1). Thermodynamic calculations 
(Dohmen and Chakraborty 2007; Nitsan 1974) indicate 
that an increase in fO2 of 3 log units from the NNO or 
QFM buffers can account for the breakdown of olivine 
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made across the lamellar zone of the symplectite shown in Fig. 2a, b
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to form opx–mt symplectites. An fO2 contrast of similar 
magnitude is generally observed between mafic and felsic 
magmas (e.g., Carmichael 1991). Hence, we infer that the 
opx–mt symplectites were formed by oxidation during 
mixing between an oxidized felsic magma and a reduced 
mafic magma. As mentioned above, an fO2 contrast 

would be required to drive the reaction described by 
Eq. 1. Such an fO2 contrast would not be conserved when 
thermodynamic equilibrium is attained after the mixing 
of magmas with different temperatures and fO2 (Russell 
1990). The interface between the high-fO2 felsic magma 
and low-fO2 mafic magma might be the site of such a 
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contrast in fO2. The experimental results of Fiege et  al. 
(2017) show that a redox gradient is rapidly developed 
through diffusion at the interface between felsic and 
mafic magmas.

Based on the diffusion and reaction sequence shown 
in Fig. 4, the reactions that account for the formation of 
the symplectites can be summarized as follows. The opx 
reaction rims around the olivine crystals (Fig. 2e, f ) were 
formed by the reaction between olivine and felsic melt 
during magma mixing. The opx–mt symplectites were 
formed by a reaction driven by oxidation (Eq. 1). In some 
cases the reaction proceeded to completion, and the 
olivine crystal was completely replaced by symplectite 
(Fig. 2a, b). At the same time, Fe–Mg diffusion in olivine 
and opx proceeded, and both were homogenized (Fig. 4). 
Olivines and symplectites at various reaction stages coex-
ist in a single lava flow (Fig. 1), indicating a range of resi-
dence times for the olivine crystals in the middle-crustal 
reservoir that fed the Sessho lava.

Although we assume that the symplectites formed 
through an oxidation reaction (Eq. 1) in which the bulk 
Si:(Fe + Mg) ratio was conserved (Fig.  3), the process of 
formation may not have been in an entirely closed system. 
A gain of Fe from, and a loss of Mg to, the melt is neces-
sary to produce the observed diffusion profiles (Fig.  4). 
CaO and Al2O3 contents in the opx in the symplectites 
are similar to those in the opx phenocrysts (Additional 
file 1). The simple oxidation of olivine (i.e., open to oxy-
gen and closed to cations) and Fe–Mg diffusion cannot 
explain the chemical imbalance. Consequently, a reaction 
in an open system is required to produce the observed 

chemical compositions of the symplectites. Ambler and 
Ashley (1977) proposed an open-system reaction in 
which symplectites are formed through the breakdown 
of olivine and the instantaneous precipitation of opx and 
magnetite from the surrounding melt.

Geological implications
The symplectites we studied were found in an andesitic 
lava flow and are assumed to have formed above the soli-
dus, whereas most of the opx–mt symplectites described 
in previous studies were found in mafic–ultramafic plu-
tonic rocks (Ambler and Ashley 1977; Barton and van 
Gaans 1988; Barton et  al. 1991; Chambers and Brown 
1995; Daval 1987; Johnston and Stout 1984) and were 
interpreted to have formed through a subsolidus reaction 
(Del Moro et al. 2013; Goode 1974; Haggerty and Baker 
1967; Johnston and Stout 1984). This suggests that spe-
cific magma chamber conditions were required to form 
opx–mt symplectites from olivine above the solidus. 
Previous studies have showed that degassing can oxidize 
residual magmas (e.g., Candela 1986; Holloway 2004; 
Humphreys et  al. 2015; Mathez 1984). These previous 
studies suggest the following redox reaction of H2O with 
ferrous iron in the melt:

and the subsequent degassing of H2 to oxidize the 
residual magma.

The typical eruptive style of Kusatsu–Shirane is effu-
sive that produced lava flows and pyroclastic cones 

(2)
H2O (melt) + 2FeO (melt) = Fe2O3(melt) + H2
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Fig. 5  Pyroxene phenocryst edge compositions obtained by EPMA analyses plotted on a pyroxene quadrilateral diagram with the 5-kbar isotherms 
of Lindsley (1983). The edges of isolated pyroxene phenocrysts were analyzed
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rather than the pyroclastic flows or widespread tephra 
deposits that result from explosive eruptions (e.g., 
Hayakawa and Yui 1989). An effusive eruptive style is 
indicative of efficient open-system outgassing from 
the magmatic system and a slow rate of magma ascent 
(Cassidy et  al. 2018). Energy released by non-eruptive 
heat discharge (e.g., Kagiyama 1986, 2008) through 
hydrothermal activity is also prominent at Kusatsu–
Shirane. These geological and volcanological obser-
vations indicate efficient degassing from the magma 
reservoir beneath Kusatsu–Shirane, and we infer, there-
fore, that the magma was effectively oxidized by this 
degassing as H2 and related gas species were removed 
from the Kusatsu–Shirane magmas (e.g., Ohba et  al. 
2019; Ossaka et al. 1980).

The range of olivine and symplectite types indi-
cates multiple injections of olivine-bearing basalt into 
the magma reservoir beneath Kusatsu–Shirane. In 
the Sessho lava, different olivine crystals and pseudo-
morphs after olivine coexist in a single flow, and even 
in a single sample (Fig.  1), showing that olivine crystals 
with different magma residence times coexisted in a 
single magma batch. Given that diffusivity has a unit of 
m2/s, if one knows the diameter of the mineral and the 
diffusion coefficient, a timescale for Fe–Mg diffusive re-
equilibration can be calculated as ~ L2/D, where L is the 
diameter of the mineral and D is the diffusion coefficient 
(e.g., Zhang 2010). Based on the equation of Dohmen and 
Chakraborty (2007), which is a function of pressure, tem-
perature, and olivine composition, the Fe–Mg diffusion 
coefficient of olivine (Fig. 2c) is 10−17.7 (m2/s) at the aver-
age pressure and temperature determined in the present 
study (7.3 kbar and 911 °C). Based on this diffusion coef-
ficient, the time required for Fe–Mg diffusive re-equili-
bration of the unrimmed olivine (Fig.  2c) is estimated 
to be 509 years. Therefore, the typical time required for 
the formation of the symplectites and olivine zoning 
profiles is estimated to be ~ 500  years. Kusatsu–Shirane 
has had at least ~ 10 magmatic eruptions over the last 
14 ky (Hayakawa and Yui 1989; Nigorikawa et al. 2016). 
The magmas from each eruption had slightly different 
compositions (Nigorikawa et  al. 2016; Takahashi et  al. 
2010), and this variation is interpreted to have resulted 
from mixing between different basaltic andesites and 
a dacite (Takahashi et  al. 2010). Olivine-bearing mafic 
magma was injected into the magma chamber repeatedly 
(every ~ 500 years) and the olivines reacted with the oxi-
dized felsic magma to form various types of olivine and 
symplectite. Eruptions of the hybrid andesite occurred, 
producing lava flows and pyroclastic cones. In other 
words, there is a steady-state magma chamber in which 
the influx of mafic magma and the outflux of evolved 
magma are balanced (de Silva et al. 2015).

Concluding remarks
We investigated the formation of opx–mt symplectites in 
the Sessho lava flow at Kusatsu–Shirane Volcano using 
detailed petrological observations. We conclude that the 
opx–mt symplectites were formed through the break-
down of olivine by oxidation caused by magma mixing. 
The different olivine and symplectite types were pro-
duced by multiple injections of olivine-bearing basalt 
into the magma reservoir beneath Kusatsu–Shirane. The 
following four processes were involved in the formation 
of the symplectites: (1) reaction between olivine and melt 
to form an opx reaction rim; (2) olivine oxidation and the 
exsolution of opx and magnetite to form symplectites; (3) 
Fe–Mg diffusion in olivine and opx, and (4) the input of 
major elements (Fe, Ca, and Al) from the melt. Some of 
these processes could have occurred simultaneously, such 
as the breakdown of olivine and the precipitation of opx 
and magnetite from the interstitial liquid (Ambler and 
Ashley 1977). The typical time required for the formation 
of the opx–mt symplectite after olivine is estimated to 
be ~ 500 years. Future study of the details of the symplec-
tite-forming reaction–diffusion system, taking account 
of multiple phases (e.g., Ashworth and Chambers 2000; 
Gaidies et  al. 2017; Nakamura 1995; Nishiyama 1983), 
will enable us to make better quantitative estimates 
on the time required for symplectite formation and to 
advance our understanding of the associated magmatic 
processes, including how the physicochemical conditions 
in the magma storage system beneath Kusatsu–Shirane 
Volcano produce symplectite-bearing andesitic magma.
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