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Introduction

In subduction zones, aqueous fluids lower the melting tem-
perature of mantle and transfer trace elements to the man-
tle wedge (Tatsumi and Eggins 1995). Fluid inclusions 
in mantle xenoliths collected from subduction zones can 
be used as a tool for directly investigating aqueous fluids 
in the mantle wedge. Aqueous fluid inclusions in man-
tle xenoliths from subduction zones are a rare occurrence, 
and only a few examples have been reported (Roedder 
1965; Schiano et al. 1995; McInnes et al. 2001; Ishimaru 
and Arai 2008; Ionov 2010; Kawamoto et al. 2013). Roed-
der (1965) described CO2–H2O fluid inclusions in mantle 
peridotite xenoliths of the Ichinomegata volcano, which 
is located on the rear-arc side of the Northeast Japan arc 
(Fig. 1). The petrology of Ichinomegata peridotite xenoliths 
has been studied by several researchers (Kuno 1967; Aoki 
1971; Takahashi 1978, 1980, 1986; Abe et al. 1992, 1998). 
While a short reports exist on the CO2/H2O ratios of the 
fluid inclusions (Trial et al. 1984; Yamamoto et al. 2012), 
the chemical composition and origin of the fluids remain to 
be fully investigated. 

Previous studies indicate that the Ichinomegata perido-
tite xenoliths have been metasomatised by hydrous melts or 
fluids (Abe et al. 1992, 1998). The fluid inclusions found in 
these peridotite xenoliths may provide us with key informa-
tion regarding the nature of these metasomatic agents and, 
more importantly, may even have preserved their original 
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composition. It is important to examine the presence of Cl 
in the fluids preserved in the fluid inclusions, since the Cl 
contents of aqueous fluids significantly influence the disso-
lution of trace elements (Keppler and Wyllie 1991; Keppler 
1996; Scambelluri et al. 2004a, b; Zajacz et al. 2008; Frez-
zotti et al. 2010; Kawamoto et al. 2014). Only few papers, 
however, have reported on the salinity of fluid inclusions 
in mantle xenolith, such as that for xenoliths from the 
Ethiopian plateau (Frezzotti et al. 2010) and the Pinatubo 
volcano at the volcanic front in the Luzon arc (Kawamoto 
et al. 2013). In this study, we report the salinities in addi-
tion to the chemical compositions of the fluid inclusions in 
the Ichinomegata mantle peridotites originating beneath the 
rear-arc side of the Northeast Japan arc.

Geological background and samples

The Ichinomegata volcano is known as the location where 
deep-seated xenoliths from subduction zones occur. The 
host magma is calc-alkaline andesite to dacite (Katsui et al. 
1979), which was formed either by mixing of primitive 
basalt and dacite magmas (Sakuyama and Koyaguchi 1984) 
or partial melting of the hydrous lower crustal rocks in the 
contact aureole surrounding the hot basaltic magma (Taka-
hashi 1986). The Ichinomegata mantle xenoliths are mainly 
spinel lherzolite (Kuno 1967) with secondary amphiboles, 
indicating that the amphiboles had been formed through 
metasomatism by hydrous melts or fluids (Abe et al. 1992).

We investigated four mantle xenoliths from the Ichino-
megata volcano. Equilibrium temperatures of xenoliths are 
estimated to be 740–940 °C using the pyroxene geother-
mometer (Wells 1977; Brey and Köhler 1990) (Table 1). 
These values fall within the temperature range reported in 

previous studies (740–980 °C, Takahashi 1980, 1986) esti-
mated using the pyroxene geothermometer of Wells (1977). 
These xenoliths are equigranular lherzolite, containing oli-
vine, orthopyroxene, clinopyroxene, spinel, hornblende, 
and occasional sulfide (mss, monosulfide solid solution, 
Fe35Ni13S52 in atomic ratio) (Fig. 2a, b). Hornblende exhib-
its features suggestive of formation of secondary products, 
such as the replacement of symplectite or clinopyroxene 
(Fig. 2c, d). The chemical compositions of hornblende pre-
sent in the xenoliths are distinct from those of phenocrys-
tic hornblende in the host lavas (Sakuyama and Koyaguchi 
1984) (Table 2). Sulfide (mss) has been reported in previ-
ous studies (Abe et al. 1992; Kitakaze et al. 1999). Sulfide 
is often found in contact with hornblende (Fig. 2e), and 
their chemical composition is presented in Table 3. The 
maximum crystallization temperature of the sulfide (mss) 
is estimated to be 900 °C using the chemical composition 
of the mss, based on phase relations in the Fe–Ni–S system 
(Kullerud et al. 1969; Shindo et al. 2009).    

Some of the xenoliths contain spinel–pyroxene symplec-
tite (Fig. 2f; Table 1). Spinel in the symplectite is green and 
Al-rich (Table 4). Plagioclase is rarely present within the 
symplectite (Fig. 2f), indicating that the symplectite was 
produced by reaction of plagioclase with olivine, and thus, 
the symplectite-bearing xenoliths were formally spinel–
plagioclase lherzolite (Takahashi 1986). Takahashi (1986) 
suggests that the Ichinomegata mantle xenoliths originate 
from just below the Mohorovicic (Moho) discontinuity due 
to the lack of a noticeable difference in equilibrium tem-
peratures of symplectite-bearing xenoliths and symplec-
tite-free xenoliths, in addition to their relatively low equi-
librium temperatures (740–980 °C, Takahashi 1986). The 
estimated PT conditions of the present paper also support 
this view (Table 1). Seismic Moho discontinuity is located 

Fig. 1  a Tectonic map of Japan 
modified from Tamaki et al. 
(1992). b Distribution of the 
Quaternary volcanoes of the 
Northeast Japan arc. Triangles 
represent Quaternary volcanoes 
(Kimura and Yoshida 2006). 
The Ichinomegata volcano is 
located on the rear-arc side. 
Dashed lines are iso-depth 
contours of the upper surface 
of Pacific slab (Hasegawa et al. 
2009)
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at 27 ± 2 km depth beneath the Ichinomegata volcano 
(Zhao et al. 1992) as mentioned before. Fluid inclusions 
were present in both symplectite-bearing and symplectite-
free xenoliths. 

Analytical procedures for fluid inclusions

Major element compositions of minerals were measured 
using an Oxford energy dispersive X-ray spectrometer 
(EDS) attached to a JEOL scanning electron microscope 
JSM-5310 at the Institute of Geothermal Sciences at 
Beppu, Kyoto University, at accelerating voltage of 15 kV, 
current of 0.5 nA, a few micrometer diameter, analysis time 
of 200 s, with ZAF correction, using standards of oxides 
and minerals (MgO, wollastonite, corundum, albite, hema-
tite, rutile, chromian spinel, Mn olivine, and NiO).

Microthermometric measurements of fluid inclusions 
were performed with a Linkam THM600 heating stage at 
Kyoto University. Temperature was calibrated using syn-
thetic fluid inclusion standards at −56.6 °C (melting point 
of CO2), 0 °C (melting point of H2O), and 373 °C (critical 
temperature of H2O). Depths where the mantle xenoliths 
were trapped by host magma were estimated as follows: 
(1) estimation of bulk molar volume and molar fraction 

of H2O (H2O/(H2O + CO2)) in CO2–H2O fluid inclu-
sions based on the molar volume–molar fraction diagram 
of CO2–H2O fluid system of Bakker and Diamond (2000) 
and Diamond (2001) using the following two input param-
eters: (i) liquid–vapor homogenization temperatures of CO2 
and (ii-a) homogenization temperatures of CO2 and H2O or  
(ii-b) the volume fraction of CO2 and H2O; (2) calculation 
of pressure of the fluid inclusions at equilibrium tempera-
ture with Loner AP (Software Package FLUIDS, v.2, Bak-
ker, http://fluids.unileoben.ac.at/Computer.html), using as 
input parameters bulk molar volume, molar fractions of 
H2O, and equilibrium temperature; (3) conversion of pres-
sure to depth, assuming densities of 2.85 and 3.3 g/cm3 for 
crust and mantle, respectively, and that the Moho disconti-
nuity is located at 27 ± 2 km depth beneath the Ichinomeg-
ata volcano (Zhao et al. 1992). The molar volume–molar 
fraction diagram of Bakker and Diamond (2000) and Dia-
mond (2001) is based on a single experimental dataset, and 
the accuracy of this diagram cannot be evaluated indepen-
dently. This diagram is said to slightly underestimate V − x 
values (Bakker and Diamond 2000). Loner AP is a software 
program package for computer modeling of H2O–CO2–
CH4–NaCl–KCl fluid systems, which allows users to cal-
culate the pressure of a target H2O–CO2–CH4–NaCl–KCl 
fluid for the input bulk molar volume, molar fractions, and 

Table 1  Equilibrium temperatures and chemical compositions of orthopyroxene (opx) and clinopyroxene (cpx) of the mantle xenoliths from 
Ichinomegata

Sample IMG 1 IMG 7 IMG 2 IMG 9

Equilibrium Temperature

Wells 1977 920 ± 30˚C 940 ± 50˚C 940 ± 50˚C 860 ± 30˚C

Brey & Köhler 1990 890 ± 40˚C 920 ± 70˚C 920 ± 70˚C 800 ± 30˚C

Symplectite present present none none

Typical compositions of 

pyroxene pairs
opx cpx opx cpx opx cpx opx cpx opx cpx opx cpx opx cpx opx cpx

SiO2 54.61 51.18 54.63 51.28 56.67 52.50 55.83 52.02 55.49 50.52 53.54 50.61 54.71 50.95 53.70 50.45 

TiO2 0.22 0.64 0.21 0.52 n.d. 0.27 0.12 0.25 n.d. 0.38 0.15 0.33 0.11 0.60 0.29 0.56 

Al2O3 3.70 4.25 3.50 4.65 3.49 4.66 3.47 4.59 2.94 3.87 3.78 3.80 3.13 4.18 2.99 4.17 

Cr2O3 0.40 0.64 0.32 1.06 0.56 1.29 0.53 1.18 0.39 0.86 0.70 0.92 0.46 1.27 0.49 1.07 

FeO* 6.85 2.95 7.15 2.61 6.39 2.13 6.28 2.26 6.42 2.82 6.63 2.76 6.68 2.49 6.16 2.37 

MnO 0.13 0.11 0.24 n.d. 0.27 n.d. 0.13 0.11 0.25 n.d. 0.27 n.d. 0.30 n.d. 0.03 n.d. 

NiO 0.22 n.d. 0.14 n.d. 0.38 n.d. 0.11 n.d. 0.22 n.d. n.d. 0.11 n.d. n.d. n.d. n.d.

MgO 32.27 16.02 32.44 15.88 33.72 15.99 34.36 16.59 33.23 15.98 31.33 15.92 32.07 15.39 29.88 15.31 

CaO 0.83 22.27 0.55 22.57 0.52 23.78 0.69 23.69 0.62 21.81 1.12 22.22 0.71 22.56 4.96 22.60 

Na2O 0.17 0.46 0.14 0.43 0.14 0.42 0.36 0.51 0.27 0.48 0.24 0.40 0.24 0.60 0.39 0.55 

K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.07 n.d. 

total 99.40 98.52 99.32 99.00 102.14 101.04 101.88 101.20 99.83 96.72 97.76 97.07 98.41 98.04 98.89 97.08 

Mg# 89.4 90.6 89.0 91.6 90.4 93.0 90.7 92.9 90.2 91.0 89.4 91.1 89.5 91.7 89.6 92.0 

Calculated temperature

Wells 1977 924˚C 912˚C 843˚C 814˚C 924˚C 979˚C 845˚C 877˚C

Brey & Köhler 1990 899˚C 867˚C 756˚C 737˚C 900˚C 964˚C 779˚C 786˚C

Equilibrium temperatures of xenoliths were estimated using the pyroxene geothermometer [Wells (1977), Brey and Köhler (1990)]

n.d. not detected

http://fluids.unileoben.ac.at/Computer.html


 Contrib Mineral Petrol (2014) 168:1056

1 3

1056 Page 4 of 13

temperature of H2O–CO2–CH4–NaCl–KCl fluids. In step 
(2), the effect of NaCl has been ignored.

We estimated the salinity of CO2–H2O fluid inclusions 
composed of CO2-vapor, CO2-liquid, and H2O-liquid 
using the relationship between salinity and freezing point 
depression of CO2-clathrate (CO2·7.5 H2O) in the H2O–
CO2–NaCl system (Bozzo et al. 1975; Darling 1991). In 
this study, salinity refers to NaCl concentration relative 

to H2O. For fluid inclusions composed of CO2-liquid and 
H2O-liquid, we estimated salinity using the relationship 
between salinity, freezing point depression of CO2-clath-
rate, and pressures at melting temperature of CO2-clath-
rate calculated using Loner AP (Fall et al. 2011).

Unpolarized Raman spectra of fluid inclusions were 
collected with Kaiser HoloLab 5000 Raman spectrometer 
using a 532 nm YAG laser at 17 mW on sample position, 

Fig. 2  Photomicrographs of the mantle xenoliths from Ichinomeg-
ata. a Plane light image scan of a thin section of Ichinomegata man-
tle xenolith (Sample IMG 1) composed of olivine (clear), orthopy-
roxene (pale brown), clinopyroxene (pale green), spinel (black) and 
hornblende (ocher). b Cross-polarized light image scan of a thin 

section of Sample IMG 1. c Hornblende replacing clinopyroxene. 
Sample IMG 9. d Hornblende replacing symplectite. Sample IMG 1. 
e Sulfide with hornblende Sample IMG 1. f Plagioclase and spinel–
pyroxene symplectite in Sample IMG 7
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holographic transmission gratings, and CCD detector 
of 2,048 pixels from 180 to 4,500 cm−1 spectral range at 
Kyoto University. The focal spot of the excitation laser 
beam obtained using 50× objective lens was 2 µm in diam-
eter. Accumulation time was 60 s. Identification of the 
Raman peaks was carried out mainly based on the RRUFF 
project homepage (Downs 2006), and the Raman database 
at University of Siena (Frezzotti et al. 2012).

Properties recorded in fluid inclusions

Fluid inclusions are present in orthopyroxene, olivine and 
clinopyroxene (Fig. 3a–h). Most of the fluid inclusions 
exhibit more or less negative crystal shapes. Fluid inclu-
sions form trails initiating from grain boundaries, suggest-
ing that they are secondary fluid inclusions (Fig. 3a, f). 
Some fluid inclusions in clinopyroxene have a scattered or 
clustered distribution (Fig. 3h).

Table 2  Compositions of 
hornblende in the mantle 
xenoliths from Ichinomegata 
and those in the host lava from 
the Ichinomegata volcano 
eruption

Compositions of hornblende are 
average values

Mg# , Mg/(Mg + Fe) × 100 
and calculated based on average 
values; FeO*, total iron as FeO
a Hornblende composition in 
the host lavas after Sakuyama 
and Koyaguchi (1984)

IMG 1 IMG 2 IMG 7 IMG 9 Host lavaa

SiO2 42.85 ± 0.73 43.36 ± 0.15 42.29 ± 0.66 42.84 ± 0.35 46.95 ± 0.55

TiO2 1.50 ± 0.21 0.90 ± 0.18 0.78 ± 0.20 1.43 ± 0.18

Al2O3 14.19 ± 0.68 13.84 ± 0.36 14.60 ± 0.19 13.65 ± 0.23 7.48 ± 0.24

Cr2O3 0.92 ± 0.19 1.29 ± 0.12 0.61 ± 0.16 1.53 ± 0.18 0.96 ± 0.06

FeO* 4.83 ± 0.27 3.69 ± 0.02 4.16 ± 0.25 3.67 ± 0.04 14.13 ± 0.34

MnO 0.05 ± 0.05 0.07 ± 0.02 0.09 ± 0.14 0.04 ± 0.04 1.40 ± 0.08

NiO 0.19 ± 0.11 0.18 ± 0.14 0.26 ± 0.13 0.24 ± 0.06

MgO 17.34 ± 0.26 17.50 ± 0.08 17.50 ± 0.35 17.09 ± 0.09 13.02 ± 0.34

CaO 11.39 ± 0.67 11.90 ± 0.01 11.02 ± 0.08 11.78 ± 0.04 11.12 ± 0.16

Na2O 2.55 ± 0.16 2.65 ± 0.02 2.78 ± 0.06 2.91 ± 0.02 1.33 ± 0.05

K2O 0.15 ± 0.14 0.08 ± 0.19 0.05 ± 0.04 0.02 ± 0.03 0.59 ± 0.06

Total 95.96 95.46 94.14 95.20 96.68

Mg# 86.5 89.4 88.2 89.2 62.2

Number of sample n = 5 n = 2 n = 5 n = 3 n = 26

Table 3  Chemical 
compositions of monosulfide 
solid solution (mss) in the 
mantle xenoliths (Sample IMG 
1) from Ichinomegata

a Raw total
b Recalculated to 100 % total

mss 1 mss 2 mss 3 mss 4 mss 5 Average

Weight (%)a

 Si 0.3 0.2 0.3 0.4 0.3 0.3 ± 0.1

 S 39.1 38.9 37.6 35.2 33.0 36.8 ± 2.9

 Fe 46.6 46.1 40.6 42.5 39.7 43.1 ± 3.4

 Ni 17.3 17.5 16.1 18.0 15.9 17.0 ± 1.0

 Total 103.3 102.7 94.6 96.1 88.9 97.2

Atomic ratiob

 Si 0.4 0.3 0.4 0.6 0.6 0.5 ± 0.1

 S 51.7 51.8 53.7 50.4 50.9 51.7 ± 1.4

 Fe 35.4 35.2 33.3 34.9 35.1 35.8 ± 0.9

 Ni 12.5 12.7 12.5 14.1 13.4 13.0 ± 0.8

Table 4  Compositions of spinel grains in a mantle xenolith (sample 
IMG 1) from Ichinomegata

Compositions of spinel grains are average values

Cr# , Cr/(Cr + Al) × 100 and calculated based on average values; 
FeO*, total iron as FeO

Associated with 
fluid inclusion

Symplectite Isolated grain

SiO2 2.26 ± 1.70 0.22 ± 0.01 0.21 ± 0.07

TiO2 0.39 ± 0.08 0.14 ± 0.01 0.15 ± 0.06

Al2O3 39.64 ± 2.17 62.20 ± 0.10 48.16 ± 1.27

Cr2O3 21.50 ± 0.45 0.80 ± 0.08 15.42 ± 1.31

FeO* 9.54 ± 0.27 11.57 ± 0.00 11.62 ± 0.09

NiO 0.29 ± 0.05 0.27 ± 0.02 0.34 ± 0.06

MgO 17.59 ± 0.26 21.46 ± 0.02 18.66 ± 0.34

CaO 0.94 ± 0.50 0.13 ± 0.04 0.07 ± 0.03

Total 92.15 96.79 94.63

Cr# 10.8 0.3 6.7

Number of sample n = 2 n = 2 n = 5
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Fluid inclusions observed in orthopyroxene are more 
abundant than in olivine or clinopyroxene and mainly con-
sist of CO2. Most inclusions also contain H2O. In some 
inclusions H2O is observed along the inclusion walls 
(Fig. 3b, d, e) and has been confirmed by Raman spec-
troscopy (Fig. 4a). In most inclusions H2O cannot be 

observed visually and is identified by melting of clathrate 
through heating–cooling experiments. In addition, fluid 
inclusions rarely contain solid sulfur and quartz (Fig. 4b), 
and some are associated with spinel (Fig. 3d, e; Table 4). 
Almost all fluid inclusions are associated with cracks, 
or show decrepitation (Fig. 3c). Such fluid inclusions are 

Fig. 3  Photomicrographs of 
fluid inclusions in the mantle 
xenoliths from Ichinomegata. 
a Trails of fluid inclusions in 
orthopyroxene. These fluid 
inclusions contain CO2 and 
H2O. Sample IMG 1. b A fluid 
inclusion composed of CO2 (liq-
uid) and H2O (liquid). Sample 
IMG 1. c A decrepitated fluid 
inclusion. H2O was identified 
by melting of clathrate. Sample 
IMG 1. d A fluid inclusion 
containing solid sulfur and 
quartz grains, which are located 
on the inclusion wall. Sample 
IMG 1. e A fluid inclusion 
with spinel. Sample IMG 1. f 
Trails of inclusions in olivine. 
Inclusions consist of carbon-
ate (magnesite) and a hydrous 
mineral (talc and/or lizardite). 
Sample IMG 7. g An inclusion 
with spinel. Sample IMG 7. h 
Fluid inclusions scattered in 
clinopyroxene. These consist of 
CO2. Sample IMG 1
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composed of CO2-vapor, CO2-liquid, and H2O-liquid. 
Some fluid inclusions are not associated with cracks and 
do not show decrepitation but instead have a halo around 

them (Fig. 3b). Such fluid inclusions are found in sample 
IMG 1; they consist of CO2-liquid and H2O-liquid, and pre-
serve the highest pressure (Table 5). Such fluid inclusions 

Fig. 4  Raman spectra of fluid inclusions. a H2O in a fluid inclusion 
in orthopyroxene. Sample IMG 1. b CO2, solid sulfur and quartz in 
a fluid inclusion in orthopyroxene. The peaks of CO2 are 1,285 and 
1,389 cm−1. The peaks of solid sulfur are 224 and 477 cm−1. The 
peak of quartz is 465 cm−1 and is combined with the peak of sulfur 
(477 cm−1). Sample IMG 1. c Magnesite and minor amount of CO2 
in a fluid inclusion reacted with host olivine. The peaks of magne-
site are 330 and 1,098 cm−1. Sample IMG 7. d Talc in a fluid inclu-
sion reacted with host olivine. The peak of talc is 3,680 cm−1. Sample 

IMG 7. e Lizardite in a fluid inclusion reacted with host olivine. The 
peaks of lizardite are 3,674 and 3,713 cm−1 (Auzende et al. 2004). 
Sample IMG 7. f Assumed to be hydrous Mg–sulfate in a fluid inclu-
sion because of the similarity of this spectrum to hydrous Mg–sulfate 
(Wang et al. 2006). Hydrous Mg–sulfate has probably been formed 
through reaction with host olivine. The peak of hydrous Mg–sulfate 
is 3,440 cm−1 (Wang et al. 2006). Sample IMG 7. Except for lizardite 
and hydrous Mg–sulfate, identification of the Raman peaks was done 
based on Frezzotti et al. (2012)
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are found in sample IMG 1. In olivine, inclusions consist 
of magnesite and talc, or magnesite, talc, and lizardite, but 
rarely CO2, even in trace amounts (Fig. 4c–e), which can 
be formed by reaction of CO2–H2O fluid with the host oli-
vine (Andersen et al. 1984; Hirai and Arai 1987; Frezzotti 
et al. 2010). In addition, some inclusions contain what is 
believed to be hydrous Mg–sulfate (Fig. 4f). Remnants of 
fluid inclusions in olivine are rarely associated with spinel 
(Fig. 3g). In clinopyroxene, fluid inclusions consist of CO2 
and occasionally of solid sulfur, and some of them contain 
minor amounts of H2O, which can be detected by melting 
of clathrate.

The salinity of fluid inclusions has mainly been esti-
mated for fluid inclusions containing CO2-vapor, CO2-liq-
uid, and H2O-liquid in orthopyroxene (Fig. 3c). The fluid 
inclusions do not seem to have chemically reacted with the 
host orthopyroxene. We assume, therefore, that the salini-
ties of the fluid inclusions in orthopyroxene represent the 
original state. The salinity of fluid inclusions composed of 
CO2-liquid and H2O-liquid (Fig. 3b) is estimated for a few 
inclusions. Although there appear to be slight differences in 
salinities between fluid inclusions consisting of CO2-vapor, 
CO2-liquid, and H2O-liquid and those consisting of CO2-
liquid and H2O-liquid (Fig. 5), the average salinity calcu-
lated by clathrate melting temperatures is 3.7 ± 0.8 wt% 
NaCl equivalent (Fig. 5).

The molar volume and molar fraction of H2O of fluid 
inclusions are calculated using the fluid inclusions consist-
ing of CO2-liquid and H2O-liquid in orthopyroxene of sam-
ple IMG 1 (Fig. 3b). The calculated molar volume (n = 3) 
is 36–41 cm3/mol and molar fraction of H2O is 0.18–0.35 
(Table 5). The volume fraction of H2O (H2O/(H2O + CO2)) 

in the fluid inclusions used to calculate molar volume is 
0.07–0.20 (Table 5), which is consistent with a previous 
study of the Ichinomegata mantle xenoliths (0.0–0.3; Trial 
et al. 1984).

Hirai and Arai (1987) report that the type of reaction 
products of CO2–H2O fluid and host olivine depends on the 
molar fraction of H2O of the fluid inclusions. In the case of 
inclusions for which the reaction products consist of mag-
nesite and talc, the reaction between CO2–H2O fluid and 
host olivine can be represented by the following equation 
(Hirai and Arai 1987):

4 olivine + 1 H2O + 5 CO2 → 1 talc + 5 magnesite

Table 5  Properties of the fluid inclusions consisting of CO2-liquid and H2O-liquid of Sample IMG 1

Listed fluid inclusions are consisting of CO2-liquid and H2O-liquid and used for estimation of the pressure and the depth at equilibrium tempera-
ture. See text

Th CO2−H2O, homogenization temperature of CO2–H2O; Th CO2, homogenization temperature of CO2 liquid–vapor; Xv H2O, volume fraction of 
H2O (H2O/(H2O + CO2)); Xm H2O, molar fraction of H2O (H2O/(H2O + CO2)); Vm, molar volume; P, pressure at equilibrium temperature cal-
culated by using Lonar AP. See text; Depth, depth converted from the pressure at equilibrium temperature. See text; Tm, melting temperature of 
CO2-clathrate; Pm, pressure at melting temperature calculated by using Lonar AP. See text
a Visual observation
b Based on Th CO2−H2O and Th CO2

c Based on Th CO2 and Xv H2O

d Equilibrium temperature of 920 °C [estimated using the pyroxene geothermometer of Wells (1977)]
e Equilibrium temperature of 890 °C [estimated using the pyroxene geothermometer of Brey and Köhler (1990)]
f Estimated based on Figure seven of Fall et al. (2011)

Th CO2−H2O 
(°C)

Th CO2 
(°C)

Xv H2O Xm H2O Vm  
(cm3/mol)

P  
(GPa)

Depth  
(km)

Tm  
(°C)

Pm  
(MPa)

Salinity  
(wt% NaCl equivalent)

Sample 1 258 −4 0.2 0.35b 36 0.78d (0.75e) 28d (27e) 14.3 69 3.5 ± 0.5f

Sample 2 230 −11 0.07a 0.18b 40 0.73d (0.71e) 26d (25e) 11.3 39 3.5 ± 0.5f

Sample 3 230 −7 0.07a 0.18c 41 0.68d (0.66e) 24d (23e) 11.4 29 1.5 ± 0.5f

Fig. 5  A histogram showing the distribution of salinity of fluid inclu-
sions (n = 32). Salinity refers to NaCl concentration relative to H2O. 
CO2(L)–H2O(L) represent fluid inclusions composed of CO2-liquid 
and H2O-liquid. CO2(V + L)–H2O(L) represent those composed of 
CO2-vapor, CO2-liquid, and H2O-liquid
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The initial molar fraction of H2O of the fluid inclusions 
calculated based on this equation is 0.17. In the case of 
inclusions where the reaction products consist of magne-
site, talc, and lizardite, the reaction between the CO2–H2O 
fluid and host olivine can be represented by the following 
equation (Hirai and Arai 1987):

The initial molar fraction of H2O of the fluid inclusions 
calculated based on this equation is 0.33. Thus, the initial 
molar fraction of H2O of the fluid preserved in inclusions 
of olivine of the Ichinomegata mantle xenoliths is esti-
mated to be 0.17–0.33, which is consistent with that for the 
CO2-liquid, H2O fluid in orthopyroxene taken from sample 
IMG 1 (0.18–0.35, Table 5). This suggests that the original 
fluids of the inclusions in olivine and orthopyroxene were 
compositionally similar to each other.

The depths of the mantle xenoliths are estimated using 
the calculated molar volume (36–41 cm3/mol) and molar 
fraction of H2O (0.18–0.35) of the fluid inclusions. The 
pressure of fluid inclusions estimated using the pyroxene 
geothermometer of Wells (1977) at an average equilibrium 
temperature of 920 °C (Table 1) is 0.68–0.78 GPa, which 
corresponds to 24–28 km depth (Table 5). The pressure 
estimated using the pyroxene geothermometer of Brey and 
Köhler (1990) at an average equilibrium temperature of 
890 °C (Table 1) was 0.66–0.75 GPa, which corresponds 
to 23–27 km depth (Table 5). Because the fluid inclusions 
consisting of CO2-liquid and H2O-liquid have halos, which 
indicate a possible increase in bulk molar volume during 
decompression, the value estimated here should be con-
sidered to be the minimum pressure. The presence of sym-
plectite in sample IMG 1 indicates that it had been derived 
from just below the Moho discontinuity (27 ± 2 km, Zhao 
et al. 1992). The P–T conditions recorded in the fluid inclu-
sions are consistent with those for a boundary between pla-
gioclase and spinel lherzolite (0.7 ± 0.1 GPa and 900 °C, 
Borghini et al. 2010). Yamamoto et al. (2012) has also esti-
mated the depths of Ichinomegata mantle xenoliths using 
fluid inclusions and reports that the depths of origin for the 
Ichinomegata mantle xenoliths are 27.4–36.5 km.

Discussion

Formation of fluid inclusions

Although the fluid inclusions are secondary, most exhibit 
negative crystal shapes, suggesting that they had been in 
the equilibrium with minerals under high-pressure and 
high-temperature conditions prior to their entrapment by 
host magmas. The trails of fluid inclusions extending from 

6 olivine + 3 H2O + 6 CO2 → 1 serpentine + 1 talc

+ 6 magnesite

the grain boundaries (Fig. 3a, f) are indicative of their for-
mation through processes such as fluid infiltration. The 
scattered or clustered distribution of fluid inclusions in 
clinopyroxene (Fig. 3h) suggests that they had been formed 
simultaneously with recrystallization of the clinopyroxene.

Fluid composition

Microthermometric measurements indicate that fluid 
inclusions in orthopyroxene contain 3.7 ± 0.8 wt% NaCl 
equivalent (Fig. 5). Some fluid inclusions in orthopyroxene 
and clinopyroxene contain solid sulfur and some remnant 
fluid inclusions in olivine contain hydrous Mg–sulfates, 
suggesting that these fluid inclusions were composed of 
CO2–H2O–Cl–S fluids before the entrapment. Quartz is 
rarely present in fluid inclusions in orthopyroxene and spi-
nel is rarely associated with fluid inclusions in orthopyrox-
ene. The composition of spinel associated with fluid inclu-
sions is different from that found in symplectite or present 
as an isolated grain (Table 4), suggesting a different ori-
gin. Spinel is also present as mineral inclusions in olivine. 
Some spinel grains can be found as exsolution lamellae in 
orthopyroxene, whereas some are also present as mineral 
inclusions in olivine that appear to have precipitated from 
the fluids. Arai and Akizawa (2014) have suggested that 
spinel (chromite) grains precipitate from hydrothermal flu-
ids. If the quartz and the spinel in the fluid inclusions had 
indeed precipitated from the fluids, the original fluids must 
have contained dissolved Si, Al, Cr, Fe, and Mg, in addition 
to volatile components.

Metasomatism by CO2–H2O–Cl–S fluids

Previous studies indicate that hydrous melts or fluids 
resulted in the production of secondary hydrous minerals 
and sulfides beneath the Ichinomegata volcano through 
mantle metasomatism (Abe et al. 1992, 1998; Kitakaze 
et al. 1999). Hornblende in the xenoliths replaced sym-
plectite and clinopyroxene (Fig. 2c, d) and has major ele-
ment chemistry distinct from phenocrystic hornblende in 
the host lava (Table 2). These observations suggest that the 
hornblende in the xenoliths was formed before its entrap-
ment by the host magmas (Abe et al. 1992). Sulfide (mss) 
is found in contact with hornblende (Fig. 2e), implying its 
simultaneous crystallization. The hornblende and sulfide in 
the xenoliths may have been formed through metasomatism 
induced by hydrous melts or fluids, as has been suggested 
in previous studies (Abe et al. 1992, 1998; Kitakaze et al. 
1999). To produce hornblende and sulfide, the presence of 
H2O and S components is a prerequisite. This is consistent 
with the scheme of CO2–H2O–Cl–S fluids metasomatism 
beneath the Ichinomegata volcano proposed by Abe et al. 
(1992).
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The modal metasomatic features of amphibole and the 
presence of fluid inclusions are consistent with the incor-
poration of CO2–H2O–Cl–S-bearing fluids. A geochemical 
study using the trace element abundance in clinopyroxene 
and amphibole is in progress (cf, Coltorti et al. 2012) and 
may suggest a possible input of saline fluids (Keppler 1996; 
Scambelluri et al. 2004a, b; Zajacz et al. 2008; Kawamoto 
et al. 2014).

CO2–H2O–Cl–S fluids exsolved from island arc basalts

H2O-rich components are released as aqueous fluids, 
hydrous silicate melts or supercritical fluids from sub-
ducting slabs and migrate to the mantle wedge beneath 
volcanic arcs (Coats 1962; Tatsumi 1989; Tatsumi and 
Eggins 1995; Iwamori 1998; Kawamoto et al. 2012). The 
Northeast Japan arc is one of the coldest subduction zones 
(Syracuse et al. 2010); therefore, aqueous fluids are most 
likely to be released from the subducting slab or from the 
down-dragged mantle flow (Tatsumi 1989; Peacock 1990; 
Davies and Stevenson 1992). Numerical models suggest 
that aqueous fluids released from the subducting slab react 
with the mantle wedge to produce serpentinites beneath the 
Northeast Japan, and so H2O would be more likely to be 
transported by the serpentinized mantle rather than the sub-
ducting slab to depths of 150 km or greater (Iwamori 1998, 
2007; Iwamori and Zhao 2000). Seismic observations sup-
port such numerical models and also indicate that aqueous 
fluids are released from the serpentinite mantle at 130–
150 km (Kawakatsu and Watada 2007). The temperature of 
the upper mantle beneath Ichinomegata volcano, estimated 
from comparison of the seismic attenuation data to labo-
ratory experiment data, is higher than the wet solidus of 
peridotite (Nakajima and Hasegawa 2003). Therefore, the 
release of aqueous fluids from the serpentinite mantle or 
the subducting slab is the most likely trigger for the genera-
tion of magmas beneath the Ichinomegata volcano (Fig. 6).

Fluids released from serpentinite may potentially be a 
mixture of H2O and CO2 (Niida and Green 1999; Poli et al. 
2009) and be rich in Cl and S (Scambelluri et al. 1997, 
2004a, b; Philippot et al. 1998; de Hoog et al. 2001; Alt 
and Shanks 2006). Furthermore, carbonates may be dis-
solved into aqueous fluids in the downgoing slabs (Gorman 
et al. 2006; Frezzotti et al. 2011). Newton and Manning 
(2002) report an increase of CaCO3 calcite dissolved into 
saline fluids with increasing NaCl. Such carbonate dissolu-
tion will result in increased CO2 content of fluids released 
from serpentinite. Such volatile-rich fluids can be produced 
through dehydration of the down-dragged serpentinite, 
and so it follows that the magma derived from such fluids 
will also be rich in these volatile elements (CO2, H2O, Cl, 
and S) and be capable of exsolving CO2–H2O–Cl–S fluids 
through decompression.

The fluid inclusions in the Ichinomegata mantle xeno-
liths may be derived from exsolved fluids from such vol-
atile-saturated magma. Melt inclusions in phenocrysts of 
basaltic rocks in subduction zones exhibit a wide range of 
volatile contents, which provide evidence for transport of 
the exsolved CO2-rich fluids from deep-seated magmas to 
shallow magma chambers (Spilliaert et al. 2006; Johnson 
et al. 2008, Johnson et al. 2010; Métrich and Wallace 2008; 
Collins et al. 2009; Métrich et al. 2010). Primary CO2 con-
tents of arc magmas are estimated by comparison of the 
total CO2 fluxes from arc volcanoes to the magma flux from 
arcs, and the result suggests that arc basalts may initially 
have high CO2 contents and even be saturated with vapor 
at depths ranging from the upper mantle to the lower crust 
(Wallace 2005). CO2, He, and Ar concentrations and iso-
topic data of Mariana trough basaltic glasses indicate that 
the degassing of the ascending basaltic magmas is initiated 
in the upper mantle (Macpherson et al. 2010). The fluids 
exsolved in the process can infiltrate into surrounding rocks 
as the metasomatic agents observed in upper mantle xeno-
liths (Andersen et al. 1984) and lower crustal metamorphic 
rocks (Newton 1992).

Since the Ichinomegata volcano is located on the rear-
arc side of the Northeast Japan arc, the fluid inclusions may 
not directly represent slab-derived fluids as in the case of 
the Pinatubo harzburgite (Kawamoto et al. 2013). While 
there is no evidence for the presence of S in the Pinatubo 
harzburgite (Kawamoto et al. 2013), S is present in the 
fluid inclusions of the Batan harzburgite (Schiano et al. 
1995) as well as in the Ichinomegata mantle xenoliths. In 
the case of Batan harzburgite xenoliths, the fluid inclusions 
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 hydration
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infiltrating CO   saline fluids2

fluid-induced basalt melt

0 km

50 km

100 km
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Fig. 6  A schematic cross-section image of the subduction zone 
beneath the Ichinomegata volcano. Distribution of hydrous phases 
beneath the Northeast Japan arc is after Iwamori (2007). The pro-
posed origin of fluid inclusions in the Ichinomegata mantle xenoliths 
is as follows: (1) the release of aqueous fluids from the serpentinite 
mantle or the subducting slab; (2) the generation of magmas beneath 
the Ichinomegata volcano induced by the released aqueous fluids; (3) 
the exsolution of CO2–H2O–Cl–S fluids from upwelling volatile-satu-
rated magma; and (4) the entrapment of CO2–H2O–Cl–S fluids as the 
fluid inclusions in the Ichinomegata mantle xenoliths. See text
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may correspond to the fluids originally exsolved from 
the magma (Schiano et al. 1995). The fluid inclusions of 
the Batan harzburgite were formed at a high temperature 
around 920 °C (Schiano et al. 1995), which is similar to 
that recorded in the Ichinomegata lherzolite. In contrast, 
the fluid inclusions of the Pinatubo xenoliths were formed 
at much lower temperature (<830 °C) (Kawamoto et al. 
2013). The Ca-rich amphibole in the Pinatubo harzburgite 
is tremolite, whereas the amphibole in the Ichinomegata 
lherzolite and the Batan harzburgite (Schiano et al. 1995) is 
hornblende. This difference reflects the difference in their 
formation temperature. The Pinatubo harzburgite may rep-
resent mantle peridotites of the forearc to the volcanic front 
region, while the Ichinomegata lherzolite may represent 
those of the rear-arc side. In the Southwest Japan, Kaza-
haya et al. (2011) report that hot spring water near the vol-
canic front contain S, in contrast to S-free hot spring water 
in the forearc. This suggests that a specific temperature 
condition may need to be satisfied for the extraction of S 
from the mantle wedge or downgoing slab to occur, maybe 
within the range of melting temperature of mafic magmas 
(Fig. 6).

Evolution of volatile composition in the sub-arc mantle

One plausible scheme for the origin of the fluid inclusions 
in the Ichinomegata mantle xenoliths may be as follows 
(Fig. 6): (1) the release of aqueous fluids from the serpen-
tinite mantle or the subducting slab; (2) the generation of 
magmas beneath the Ichinomegata volcano induced by the 
released aqueous fluids; (3) the exsolution of CO2–H2O–
Cl–S fluids from upwelling volatile-saturated magma; and 
(4) the entrapment of CO2–H2O–Cl–S fluids as the fluid 
inclusions in the Ichinomegata mantle xenoliths.

If it is assumed that the fluid inclusions represent 
entrapped fluids exsolved from an arc magma, the volatile 
compositions of the magma can be estimated based on the 
compositions of fluid inclusions using H2O–CO2 partition-
ing models between silicate melts and fluids (Newman and 
Lowenstern 2002; Papale et al. 2006) and the partitioning 
of Cl (Webster et al. 1999; Stelling et al. 2008; Alletti et al. 
2009). Furthermore, it should also be possible to obtain 
the salinity of slab-derived fluids based on a mixing model 
between a depleted mantle source and slab-derived fluids. 
However, such salinity estimates may have a large uncer-
tainty at the present and are beyond the scope of this study.
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