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We report new petrological, phase equilibria modeling, and fluid inclusion data for pelitic and mafic gran-
ulites from Rundvågshetta in the highest-grade region of the Neoproterozoic Lützow-Holm Complex (LHC),
East Antarctica, and provide unequivocal evidence for fluid-rock interaction and high-temperature meta-
somatism in the presence of brine fluid. The studied locality is composed dominantly of well-foliated pelitic
granulite (K-feldsparþ quartzþ sillimaniteþ garnetþ ilmenite) with foliation-parallel bands and/or layers
of mafic granulite (plagioclase þ orthopyroxene þ garnet þ ilmenite þ quartz þ biotite). The boundary
between the two lithologies is defined by thin (about 1e20 cm in thick) garnet-rich layers with a common
mineral assemblage of garnet þ plagioclase þ quartz þ ilmenite þ biotite � orthopyroxene. Systematic
increase of grossular and decrease of pyrope contents in garnet as well as decreasing Mg/(FeþMg) ratio of
biotite from the pelitic granulite to garnet-rich rock and mafic granulite suggest that the garnet-rich layer
was formed bymetasomatic interaction between the two granulite lithologies. Phase equilibriamodeling in
the systemNCKFMASHTO demonstrates that themetasomatism took place at 850e860 �C, which is slightly
lower than the peak metamorphism of this region, and the modal abundance of garnet is the highest along
the metapeliteemetabasite boundary (up to 40%), which is consistent with the field and thin section ob-
servations. The occurrence of brine (7.0e10.9 wt.% NaCleq for ice melting or 25.1e25.5 wt.% NaCleq for
hydrohalite melting) fluid inclusions as a primary phase trapped within plagioclase in the garnet-rich
layer and the occurrence of Cl-rich biotite (Cl ¼ 0.22e0.60 wt.%) in the metasomatic rock compared to
that in pelitic (0.15e0.24 wt.%) and mafic (0.06e0.13 wt.%) granulites suggest infiltration of brine fluid
could have given rise to the high-temperature metasomatism. The fluid might have been derived from
external sources possibly related to the formation of major suture zones formed during the Gondwana
amalgamation.

� 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Fluids associated with granulite-facies metamorphism have
been regarded to be low in H2O activity because of their roles in
stabilizing orthopyroxene-bearing anhydrous mineral assemblages
(e.g., Newton et al., 1998; Santosh and Omori, 2008). Previous
petrological studies on granulites worldwide argued that CO2-
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bearing fluid probably played an important role for lowering H2O
activity in the rocks (e.g., Newton et al., 1980; Santosh et al., 1990;
Touret and Huizenga, 2011, 2012). Although there are some argu-
ments that fluid-absent metamorphism related to dehydration
melting can also be a possible mechanism to form granulites (e.g.,
Le Breton and Thompson, 1988; Clemens, 1990; Stevens and
Clemens, 1993), the widespread occurrences of metamorphic
fluids trapped as primary or pseudosecondary inclusions in various
granulite-facies minerals confirm that at least some fluids must
have been present during high-grade metamorphism (e.g., Newton
et al., 1980; Touret, 1985; Santosh et al., 1990; Tsunogae et al., 2002;
Ohyama et al., 2008a; Touret and Huizenga, 2012) and create a
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natural curiosity to investigate the roles of these fluids in the
overall metamorphism of the host rocks.

Recent investigations of lower crustal fluid demonstrated that
high-salinity brine could have also played a major role on the for-
mation of granulite-facies rocks (e.g., Harlov, 2012; Higashino et al.,
2013; Tsunogae and van Reenen, 2014; Kawakami et al., 2017). One
of the characters of brine is its important role on the solubility and
transportation of elements in high-grade metamorphic rocks
(Newton and Manning, 2007, 2008) as well as lowering H2O ac-
tivity. Tsunogae and van Reenen (2014) reported the occurrence of
high-salinity brine fluid inclusions in metasomatic alteration zone
along a crustal-scale shear zone in the Limpopo Complex, South
Africa, and inferred transportation of K, Ca, and Mg by brine infil-
tration and formation of garnetesillimaniteemesoperthite gneiss
from enderbite at a temperature of 900 �C. Higashino et al. (2013)
evaluated regional chlorine content of biotite within metasedi-
ments in the Sør Rondane Mountains, East Antarctica, and sug-
gested the effect of Cl-bearing fluid or melt during granulite
formation. Kawakami et al. (2017) argued the infiltration of
chlorine-rich aqueous fluid along major tectonic boundaries in the
Sør Rondane Mountains. Once such deep-seated brine fluids are
generated, they will probably percolate along mineral grain
boundaries, transfer dissolved mineral components, give rise to
continuous alteration, and form metasomatic zones along fluid
pathways. Brine fluids in the lower crust are thus considered to
have played a major role in geochemical differentiation and ma-
terial circulation, as well as lowering the H2O activity of the fluid
phase to form granulites (Santosh et al., 2009; Aranovich et al.,
2013).

In this study,wepresent newpetrological data for ametasomatic
zone between pelitic and mafic granulites from the Lützow-Holm
Complex (LHC) of East Antarctica (Fig. 1), and discuss evidences for
high-temperature (w850 �C) metasomatism related to the activity
of high-salinity aqueous fluids. The LHC is an example of regionally
metamorphosed amphibolite- to granulite-facies terrane (e.g.,
Shiraishi and Yoshida,1987; Shiraishi et al.,1989) formed during the
latest Neoproterozoic collisional event related to the final phase of
amalgamation of continental fragments during Gondwana assem-
bly (ca. 600e550 Ma, e.g., Shiraishi et al., 2008 and references
therein). Rundvågshetta region corresponds to the highest-grade
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Figure 1. A generalized geological framework of the Lützow-Holm Complex with
area of the complex where ultrahigh-temperature (UHT) peak PeT
conditions of 1040 �C and 13e15 kbar have been reported (e.g.,
Kawasaki et al., 2011). Although numerous petrological studies have
been published from the LHC, most of them focused on the deter-
mination of peak metamorphic conditions and evaluation of PeT
evolution of some unique UHT rocks (e.g., Motoyoshi and Ishikawa,
1997; Yoshimura et al., 2008; Kawasaki et al., 2011). Detailed in-
vestigations on the role of fluid associated with granulite formation
in the complex are still limited except for some fluid inclusion
studies from different localities (e.g., Santosh and Yoshida, 1992;
Satish-Kumar et al., 2006; Takahashi and Tsunogae, 2017). This
study is thus the first attempt to evaluate fluid-rock interaction
during high-grade metamorphism of the LHC by performing
microthermometric measurements of fluid inclusions and applying
phase equilibrium modeling technique in the system
Na2OeCaOeK2OeFeOeMgOeAl2O3eSiO2eH2OeTiO2eFe2O3 (NC-
KFMASHTO) using THERMOCALC 3.40 (e.g., Powell and Holland,
1988). The results of this study have important implications for
fluid-rock interaction and the role of infiltrating reactive fluids
duringw550Ma peak or near-peakmetamorphism in the root zone
of the latest Neoproterozoic collisional orogeny.

2. Geological setting

2.1. Geology of the Lützow-Holm Complex

The Lützow-Holm Complex exposed along the Prince Harald
and Prince Olav Coasts of East Antarctica (Fig. 1) is composed of
felsic to mafic orthogneisses (biotiteehornblende gneiss, char-
nockite, dioritic gneiss, mafic granulite, and amphibolite), meta-
sediments (pelitic and psammitic gneiss, quartzite, and marble),
metagabbroic rocks (garneteclinopyroxene granulite), and later-
stage intrusive rocks (metagranite and pegmatite). Available
petrological studies of metasedimentary andmetabasic rocks of the
LHC indicate an increase in metamorphic grade from amphibolite-
facies in the northeast to granulite-facies in the southwest of the
complex (e.g., Hiroi et al., 1991) with the highest-grade rocks of T
w1040 �C exposed at Rundvågshetta (e.g., Motoyoshi et al., 1985;
Kawasaki et al., 1993, 2011; Motoyoshi and Ishikawa, 1997; Fraser
et al., 2000; Yoshimura et al., 2008). Nogi et al. (2013) traced
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several geological structures within the LHC based on their
geophysical data, and subdivided the complex into four discrete
blocks possibly bounded by NEeSW-trending right lateral strike-
slip faults. They also evaluated the presence of crustal gaps along
the boundaries of the amphibolite-facies zone, the transitional
zone, and the granulite-facies zone of the complex, and inferred
the transitional zone as a remnant of the Western Rayner
Complex. Iwamura et al. (2013) estimated peak UHT conditions
for garnet-bearing mafic granulite from Akarui Point in the
amphiboliteegranulite transitional zone as 5e6 kbar and
900e920 �C, which are higher than the conditions from sur-
rounding exposures, and argued that the LHC might be separated
into several crustal blocks by shear zones as inferred from available
geophysical data of Nogi et al. (2013).

Available geochemical, geochronological, and geophysical data
suggest that the LHC can be subdivided into three blocks (Fig.1); the
Neoarchean (ca. 2.5 Ga) arc magmatic unit in the southern LHC
(Shirase microcontinent), the Neoproterozoic (ca. 1.0 Ga) arc
magmatic unit in the northern LHC, and the metasedimentary unit
in the central LHC (e.g., Shiraishi et al., 2008; Suda et al., 2008;
Tsunogae et al., 2014, 2015, 2016; Kazami et al., 2016; Takahashi
et al., 2018; Takamura et al., 2018). Takahashi et al. (2018) argued
that the metasedimentary unit in the central LHC corresponds to a
suture zone formed by collision of ca. 2.5 Ga unit (Shirase micro-
continent) and ca. 1.0 Ga unit (northern Lützow-HolmeVijayan
Complex) during the LateNeoproterozoiceCambrian (600e550Ma)
high-grade metamorphic event (e.g., Shiraishi et al., 1994, 2003,
2008; Asami et al., 1997; Hokada and Motoyoshi, 2006; Dunkley
et al., 2014; Tsunogae et al., 2014, 2015, 2016; Kawakami et al.,
2016; Takamura et al., 2018).

2.2. Geology of Rundvågshetta

Rundvågshetta in the southwestern part of the LHC is one of the
well-studied exposures in terms of metamorphic PeT conditions
(Motoyoshi et al.,1985,1986; Kawasaki et al.,1993, 2011;Motoyoshi
and Ishikawa, 1997; Fraser et al., 2000; Yoshimura et al., 2008). The
dominant lithologies of Rundvågshetta are charnockite, pelitic
granulite, mafic to ultramafic granulites, and intrusive pegmatites
(Motoyoshi et al.,1986). Charnockite is themost dominant lithology
particularly in the central and southern parts, while pelitic granu-
lites occur in the northern and central parts of the exposure. Mafic
and ultramafic granulites are often present as boudins and pods
within charnockite and pelitic granulite. The granulites have
ESEeWNW to EeW foliation dipping mostly toward south and
sometimes towardnorth. Thepelitic granulites contain someunique
mineral assemblages such as spinelþ quartz (Motoyoshi et al.,1985;
Kawasaki et al., 2011), orthopyroxene þ sillimanite þ quartz
(Kawasaki et al., 1993; Motoyoshi and Ishikawa, 1997; Fraser et al.,
2000), sapphirine þ quartz (Yoshimura et al., 2008), and
osumilite-bearing assemblages (Kawasaki et al., 2011), which are
diagnostic of peak UHT metamorphism. Metamorphic PeT condi-
tions recorded in Rundvågshetta granulites have been estimated to
be >900 �C by Kawasaki et al. (1993) and Motoyoshi and Ishikawa
(1997), based on geothermometry and mineral stability in pelitic
granulites. Yoshimura et al. (2008) inferred the peak PeT condition
of 1000e1100 �C from ternary-feldspar and Al-in-orthopyroxene
geothermometers as well as the occurrence of sapphirine þ
quartz inclusions in a garnet porphyroblast in garnete
sillimaniteeorthopyroxene granulite. Kawasaki et al. (2011) exam-
inedosumilite- and spinelþquartz-bearing granulites fromthe area
and estimated the peak condition of 1040 �C at 13e15 kbar, which
was followed by retrograde stages of 950 �C at 8 kbar and 830 �C at
6.1 kbar along a clockwise PeT path. In contrast, Tsunogae et al.
(2014) estimated PeT conditions for charnockites from
Rundvågshetta and adjacent Vesleknausen as 750e890 �C, and
inferred that the UHT event is a local phenomenon recorded in dry
MgeAl-rich pelitic rocks, whereas metamorphic temperature of
adjacent orthogneisses was probably buffered by breakdown or
dehydration-melting reactions of biotite/hornblende to form py-
roxenes in charnockite.

Fraser et al. (2000) obtained zircon UePb age of 517� 9Ma from
a syn-deformational leucosome as the timing of peak meta-
morphism. Shiraishi et al. (2003) reported similar Cambrian
SHRIMP zircon age of 521 � 9 Ma for garnetebiotite gneiss from
Rundvågshetta as the time of peak metamorphism. Shiraishi et al.
(2008) obtained 2.53 Ga SmeNd depleted mantle model age of
garnetebiotiteesillimanite pelitic gneiss, and Dunkley et al. (2014)
reported Neoarchean (ca. 2.5 Ga) magmatic ages based on SHRIMP
UePb geochronology from the region. A slightly oldermetamorphic
age of 555� 3.5 Mawas obtained by Tsunogae et al. (2016) for felsic
orthogneiss from the central part of the region based on LA-ICP-MS
zircon UePb geochronology. They also obtained zircon LueHf
isotope data of felsic orthogneiss with the crustal residence ages
(TDMC ) ranging from 3881 Ma to 3783 Ma with an average of
3837 Ma, suggesting that the protolith felsic magma might have
been sourced from reworked Paleoarchean crust. K/Ar and
40Ar/39Ar ages of ca. 500 Ma from hornblende and biotite probably
mark the last thermal event of this region at about 350e300 �C
(Fraser et al., 2000).
3. Field occurrence of lithological units

The samples discussed in this study were collected from a thick
metasedimentary unit in the northern part of Rundvågshetta during
the field geological survey of Lützow-Holm Bay area undertaken by
the 52nd Japanese Antarctic Research Expedition (JARE-52) in
2010e2011. The unit is composed dominantly of highly-foliated leu-
cocratic garnetesillimanite (pelitic) gneiss and intercalated mafic
granulitewithboudins and lensesof less-foliatedgarnetesapphirine-
bearing MgeAl-rich rock, biotiteesillimaniteegarnet rock, and silli-
maniteequartz rock.

The studied locality (69�54011.500S, 39�03008.900E) is composed
dominantly of leucocratic (felsic) gneiss with continuous and semi-
continuous layers, bands, and boudins of melanocratic (mafic)
rocks (see Fig. 2a). The general trend of foliation is ESEeWNW to
EeW with a dip direction in the south to southwest, which is
consistent with the major foliation of the central LHC along the
Sôya and Prince Harald Coasts (Shiraishi et al., 1989). The mafic
layers measure from less than 1 cm to about 1 m thick.

On a closer observation (see Fig. 2b), the leucocratic gneiss
which we shall be referring to as the ‘pelitic granulite’ unit (‘PG’ in
Fig. 2b; sample Ts11011802B) is revealed as a coarse-grained
dominantly leucocratic to mesocratic rock which has strong
alignment of minerals in a preferred direction. The unit is further
differentiated into different bands and domains of mesocratic and
leucocratic rocks showing different amounts of coarse- to medium-
grained reddish-brown garnet. The modal abundance of the gar-
nets is higher in the mesocratic bands (the less feldspathic and
grayish bands). Other mineral constituents of this unit include
feldspars (K-feldspar and minor plagioclase), quartz and subordi-
nate biotite and sillimanite.

The melanocratic bands in the study area form a distinct li-
thology of unique mineralogy and texture. This unit which we shall
be referring to as the ‘mafic granulite’ (‘MG’ in Fig. 2b; sample
Ts11011802E) is medium grained and semi-equigranular. The
mineral constituents are not obvious in the field, but grains of
reddish-brown garnet can be seen to be almost uniformly distrib-
uted within the rock comprising about 15%e20% of the unit.



Figure 2. Field photographs showing occurrences and textures of garnet-richmetasomatic rocks and associated granulites in Rundvågshetta. (a) Highly foliated layers of mafic granulite
(MG) intercalated with pelitic granulite (PG). (b) Garnet-rich metasomatic rocks (G) between pelitic and mafic granulites. Approximate sampling points are also shown in the figure.
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Bounding all the bands of the mafic unit like envelops, are rims
of densely garnetiferous mineralogy measuring variously in thick-
ness about 1e2 cm along the length of the mafic bands to about
15e20 cm at the broken ends of the bands (Fig. 2b). Within this
densely garnetiferous envelope which we shall be referring to as
the ‘garnet-rich metasomatic rock’ (‘G’ in Fig. 2b; sample
Ts11011802A1), it seems that all other mafic minerals have been
changed to garnet and the reddish-brown color of the garnet has
become the color of the sub-unit. All small-sized boudins of the
mafic granulites have been changed or recrystallized into garnet-
dominated domains so that some chains of mafic boudins have
become entirely chains of monomineralic garnet domains. The
boundary between the garnet-rich rock and the host pelitic gran-
ulite is defined by leucocratic layers with lower modal abundance
of garnet (sample Ts11011802A2).

4. Petrography

The salient petrographic features of the rocks examined in this
study are summarized below. Representative thin-section photo-
micrographs are shown in Fig. 3. Mineral name abbreviations are
after Kretz (1983).

4.1. Pelitic gneiss (sample Ts11011802B)

This is a coarse-grained and porphyroblastic rock with align-
ment of minerals in a preferred direction (Fig. 3a). It is composed of
K-feldspar (25%e35%), garnet (15%e25%), quartz (15%e25%), and
sillimanite (15%e25%). Accessory minerals are biotite, spinel,
zircon, monazite, ilmenite, and rutile. Perthitic K-feldspar
(0.8e4.5 mm) and quartz (0.2e6.4 mm) are subidioblastic to
xenoblastic and elongated, and have tiny sillimanite needles as
inclusions. Garnet (0.8e4.5 mm) is poikiloblastic and contains
many inclusions, such as quartz, biotite, monazite, and spinel.
Biotite is only found as rare inclusions in garnet. Sillimanite
(0.1e3.3 mm) occurs as bundles, rods, and needles. Sillimanite
bundles dominate the sillimanite population and help to define the
direction of foliation of the rock. Some sillimanite grains have in-
clusions of spinel and ilmenite.

4.2. Mafic granulite (sample Ts11011802E)

This rock is composed of plagioclase (20%e30%), orthopyroxene
(15%e25%), biotite (5%e15%), garnet (5%e15%), quartz (5%e10%),
FeeTi oxide (mainly ilmenite; 5%e10%), and apatite (2%e4%)
(Fig. 3b). Plagioclase (0.1e2.3 mm) and quartz (0.1e1.9 mm) domi-
nate the matrix population. Orthopyroxene is fine- to medium-
grained (0.1e1.5 mm), xenoblastic, and scattered in the matrix.
Biotite is also fine- to medium-grained (0.1e1.2 mm), and occurs in
the matrix as flakes. Garnet (0.1e2.8 mm) is porphyroblastic, and
partly surrounded by fine-grained orthopyroxene þ plagioclase
symplectite (Fig. 3b), suggesting the progress of the following
continuous reaction (1):

Grt þ Qtz 0 Opx þ Pl (1)

Similar reaction textures have been reported from many high-
grade terranes worldwide (Harley, 1989), probably suggesting
near-isothermal decompression or decompressional cooling after
the peak metamorphism. FeeTi oxide occurs as fine- to medium-
grained (0.1e1.8 mm) minerals, and apatite occurs as fine-grained
(0.1e0.5 mm) minerals in the matrix.

4.3. Garnet-rich metasomatic rock

This rock type between the pelitic and mafic granulite is char-
acterized by high modal abundance of garnet (up to 85%) in the
matrix of quartz, feldspars, and biotite. Sample Ts11011802A1 is
composed of garnet (35%e45%), biotite (15%e25%), plagioclase
(10%e20%), quartz (5%e15%), and opaque minerals (mainly
ilmenite and rare pyrite; 2%e7%) with accessory apatite, zircon, and
monazite (Fig. 3c). Garnet (0.1e2.1 mm) grows as clusters or mo-
saics (up to 85%). It is idioblastic to subidioblastic, and smaller-sized
grains are filling up spaces between larger grains. Individual
coarse-grained garnet is separated by microcrystalline plagioclases
and blades of biotites away from the large clusters. The size and
number of garnet crystals decrease toward the contact with mafic
granulite (sample Ts11011802E). Plagioclase (0.1e1.6 mm) and
quartz (0.1e1.3 mm) are xenoblastic, and fill up spaces between
larger grains of garnet. Biotite is fine- to medium-grained
(0.1e3.0 mm) and scattered in the matrix. It also occurs as
biotite-rich folia which is characterized by a dense population of
biotite blades (up to 70%) in strong defined alignment with garnet,
quartz, and plagioclase. Apatite also occurs as fine-grained
(0.1e0.3 mm) minerals in the matrix.

Sample Ts11011802A2 is more leucocratic and coarse-grained
than sample Ts11011802A1, and is composed of garnet (25%e
35%), plagioclase (25%e35%), biotite (10%e20%), quartz (5%e15%),



Figure 3. Photomicrographs showing representative textures and mineral assemblages of samples discussed in this study. (a) Poikiloblastic garnet in the matrix of quartz, K-
feldspar, and elongated sillimanite in pelitic granulite (sample Ts11011802B). (b) Subidioblastic orthopyroxene þ biotite þ plagioclase þ ilmenite assemblage in mafic granulite
(sample Ts11011802E). (c) Highly garnet-rich metasomatic rock (sample Ts11011802A1). (d) Idioblastic garnet in the matrix of quartz, plagioclase, and biotite in garnet-rich
metasomatic rock (sample Ts11011802A2).
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and apatite (2%e7%), with accessory ilmenite, rutile, spinel, zircon,
and monazite (Fig. 3d), which is essentially the same mineralogy
as Ts11011802A1 except for the lower modal abundance of garnet
and the occurrence of rare orthopyroxene. Garnet (0.1e3.3 mm)
forms the porphyroblast and has little to no inclusions except rare
spinel grains, although fine- to medium-grained xenoblastic or
elongated garnets also occur in the matrix. Biotite occurs as fine-
to medium-grained (0.1e1.5 mm), and xenoblastic to sub-
idioblastic minerals. Plagioclase (0.1e1.4 mm) and quartz
(0.1e2.1 mm) are xenoblastic and equigranular, and fill the matrix
of garnet and biotite. Apatite also occurs as fine-grained
(0.1e0.3 mm) minerals in the matrix. Rare orthopyroxene (less
than 0.1 vol.%) is fine-grained (0.1e0.5 mm), and xenoblastic to
subidioblastic.

5. Mineral chemistry

Mineral chemical analyses were carried out using an electron
microprobe (JEOL JXA8530F) at the Chemical Analysis Division of
the Research Facility Center for Science and Technology, the Uni-
versity of Tsukuba. The analyses were performed under conditions
of 15 kV accelerating voltage and 10 nA sample current, and the
data were regressed using an oxide-ZAF correction program sup-
plied by JEOL. Representative mineral chemistry data are summa-
rized in Tables 1e4.
5.1. Biotite

Biotite composition varies depending on lithology (Table 1). The
biotite in mafic granulite (sample Ts11011802E) shows intermedi-
ate mole Mg/(Fe þ Mg) ratio (¼ XMg) of 0.50e0.58, whereas that in
metasomatic rock (samples Ts11011802A1 and Ts11011802A2) and
pelitic granulite (sample Ts11011802B) is slightly enriched in Mg as
XMg¼ 0.59e0.74, 0.60e0.70, and 0.62e0.66, respectively (Fig. 4a,b).
In contrast, TiO2 content of biotite does not show any obvious
variation as 4.87e7.03 wt.% (mafic granulite), 4.04e5.78 wt.%
(metasomatic rock; Ts11011802A1), 3.72e5.69 wt.% (metasomatic
rock; Ts11011802A2), and 5.55e7.43 wt.% (pelitic granulite).

The biotite in the metasomatic rock shows higher chlorine
contents of Cl/(F þ Cl þ OH) ¼ 0.03e0.05 [Ts11011802A1] and
0.03e0.08 [Ts11011802A2] than that in pelitic granulite (0.02e0.03
[Ts11011802B]) and mafic granulite (0.01e0.02 [Ts11011802E])
(Fig. 4a,c). That in the orthopyroxene-bearing portion of the
metasomatic rock (Ts11011802A2) shows the highest chlorine
content of Cl/(F þ Cl þ OH) and the lowest TiO2 contents of
0.07e0.08 and 3.72e4.41 wt.%, respectively.

Fluorine content of biotite in metasomatic rocks (F/
(F þ Cl þ OH) ¼ 0.03e0.13 [Ts11011802A1] and 0.05e0.14
[Ts11011802A2]) is relatively higher than that in mafic granulite
(0.00e0.08 [Ts11011802E]) and pelitic granulite (0.03e0.08
[Ts11011802B]) (Fig. 4b). It shows a positive correlation with XMg
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(Fig. 4b), suggesting Fe2þeF avoidance in biotite (e.g., Rosenberg
and Foit, 1977). In contrast, there is no obvious correlation be-
tween Cl and XMg in biotite (Fig. 4a). Both, Cl and F in biotite show a
negative correlation with TiO2 (Fig. 4c,d). Fig. 4e suggests a slight
positive correlation between Cl and F contents in biotite.

5.2. Apatite

Apatite in the examined samples is enriched in F than Cl
(Table 2). That in mafic granulite shows higher fluorine content (F/
(Fþ ClþOH)¼ 0.40e0.49 [Ts11011802E]) than that inmetasomatic
rocks (0.32e0.40 [Ts11011802A1] and 0.29e0.39 [Ts11011802A2])
(see Fig. 4f). In contrast, apatite in the metasomatic rocks shows
higher Cl content (Cl/(Fþ ClþOH)¼ 0.09e0.14 [Ts11011802A1] and
0.10e0.17 [Ts11011802A2]) than that in mafic granulite (0.01e0.02
[Ts11011802E]) (Fig. 4f). Particularly, apatite in the orthopyroxene-
bearing portion of sample Ts11011802A2 shows the highest chlo-
rine content of Cl/(F þ Cl þ OH) ¼ 0.16e0.17 which is consistent
with the case of biotite. There is a slight negative correlation be-
tween F and Cl contents of the apatites (Fig. 4f).

5.3. Garnet

Garnet in the samples is essentially almandine-rich with
varying pyrope, grossular, and spessartine contents depending on
lithology (Table 3). The garnet in mafic granulite (Ts11011802E)
shows higher grossular and spessartine and lower pyrope
Table 1
Representative electron microprobe analyses of biotite. See Fig. 2 for abbreviations of lit

Mineral name Biotite (O ¼ 22)

Sample No. Ts11011802B (PG) Ts11011802A2 (G)

Remarks Opx-absent

SiO2 35.25 35.86
Al2O3 16.04 15.40
TiO2 7.43 5.07
Cr2O3 0.12 0.06
FeOa 13.17 14.32
MnO 0.00 0.01
NiO 0.15 0.12
MgO 12.74 13.22
CaO 0.01 0.00
Na2O 0.29 0.02
K2O 8.93 9.53
F 0.20 0.35
¼ O (F) �0.08 �0.15
Cl 0.22 0.37
¼ O (Cl) �0.05 �0.08
Total 94.40 94.10

Si 5.303 5.460
Al 2.843 2.763
Ti 0.840 0.580
Cr 0.015 0.008
Fe 1.656 1.823
Mn 0.000 0.001
Ni 0.018 0.014
Mg 2.854 2.998
Ca 0.001 0.000
Na 0.084 0.006
K 1.713 1.851
Total 15.327 15.503
F 0.095 0.167
Cl 0.056 0.095

Mg/(Fe þ Mg) 0.63 0.62
F/(F þ Cl þ OH) 0.05 0.08
Cl/(F þ Cl þ OH) 0.03 0.05

a Total Fe as FeO.
contents (Alm58e64Prp19e21Grs12e21Sps3e4) than that in pelitic
granulite (Alm61e63Prp33e35Grs3Sps1 [Ts11011802B]). Garnet in
the metasomatic rock shows intermediate compositions of
Alm57e64Prp29e37Grs5e8Sps1e2 (Ts11011802A1) and Alm59e67
Prp26e35Grs5e7Sps1e2 (Ts11011802A2). Compositional zoning is
observed for garnet in mafic granulite (Ts11011802E) showing
slightly grossular-rich core (Alm58e59Prp19Grs18e21Sps3e4) and
almandine-rich rim (Alm63e64Prp19e21Grs12e13Sps4), whereas gar-
nets in the other lithologies do not show any significant chemical
zonation.

5.4. Orthopyroxene

The orthopyroxene composition varies depending on lithology.
The orthopyroxene in the metasomatic rock (Ts11011802A2) shows
higher XMg of 0.61e0.62 than that in mafic granulite
(XMg ¼ 0.47e0.59; Ts11011802E). XMg of orthopyroxene increases
from the central part of the mafic granulite (XMg ¼ 0.47e0.53) to-
ward the contact with the metasomatic rock (XMg ¼ 0.58e0.59).

5.5. Feldspars

Plagioclase in the samples shows a notable compositional
variation depending on lithology. The plagioclase in mafic gran-
ulite (Ts11011802E) shows the highest anorthite content of
An82e89 probably reflecting high CaO content of the rock, whereas
that in the garnet-rich metasomatic rocks (Ts11011802A1 and
hologies.

Ts11011802A1 (G) Ts11011802E (MG)

Opx-bearing

36.79 36.26 34.49
14.43 15.57 14.54
4.27 5.03 5.26
0.03 0.01 0.17

14.13 14.43 17.35
0.10 0.03 0.03
0.11 0.00 0.07

15.18 13.81 11.98
0.01 0.00 0.02
0.00 0.07 0.02
9.53 8.67 8.64
0.46 0.32 0.16

�0.19 �0.13 �0.07
0.60 0.32 0.11

�0.13 �0.07 �0.02
95.29 94.31 92.72

5.535 5.469 5.391
2.559 2.766 2.678
0.483 0.571 0.618
0.003 0.001 0.020
1.778 1.819 2.267
0.012 0.004 0.003
0.013 0.000 0.009
3.403 3.103 2.789
0.001 0.000 0.003
0.000 0.021 0.005
1.828 1.668 1.723

15.615 15.422 15.506
0.220 0.152 0.077
0.152 0.081 0.028

0.66 0.63 0.55
0.11 0.08 0.04
0.08 0.04 0.01



Table 2
Representative electron microprobe analyses of apatite.

Mineral name Apatite (O ¼ 12.5)

Sample No. Ts11011802A2 (G) Ts11011802A1 (G) Ts11011802E (MG)

Remarks Opx-absent Opx-bearing

SiO2 0.06 0.11 0.13 0.19
FeOa 1.09 0.41 0.45 0.34
MnO 0.10 0.06 0.09 0.05
MgO 0.18 0.04 0.03 0.04
CaO 53.21 54.14 53.97 53.45
P2O5 42.56 41.70 42.39 41.89
F 2.42 2.38 2.53 3.45
¼ O (F) �1.02 �1.00 �1.07 �1.45
Cl 1.71 2.26 1.73 0.25
¼ O (Cl) �0.38 �0.51 �0.39 �0.06
Total 99.93 99.57 99.86 98.16

Si 0.005 0.009 0.011 0.016
Fe 0.077 0.029 0.032 0.024
Mn 0.007 0.004 0.006 0.004
Mg 0.023 0.004 0.003 0.005
Ca 4.799 4.936 4.875 4.880
P 3.033 3.004 3.025 3.022
Total 7.945 7.986 7.952 7.951
F 0.645 0.639 0.675 0.930
Cl 0.243 0.326 0.247 0.036

F/(F þ Cl þ OH) 0.32 0.32 0.34 0.46
Cl/(F þ Cl þ OH) 0.12 0.16 0.12 0.02

a Total Fe as FeO.
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Ts11011802A2) is enriched in albite component as An43e65 and
An40e58, respectively. Rim of plagioclase (An56e65) in the
plagioclase-rich portion of garnet-rich sample Ts11011802A1 is
slightly enriched in anorthite content than core (An43e54), possibly
suggesting extraction of Na from the mineral into fluids during
Table 3
Representative electron microprobe analyses of garnet.

Mineral name Garnet (O ¼ 12)

Sample No. Ts11011802B (PG) Ts11011802A2 (G)

Remarks Core Rim Core Rim

SiO2 39.04 38.87 38.93 38.6
Al2O3 21.98 21.70 21.85 21.5
TiO2 0.00 0.06 0.03 0.0
Cr2O3 0.00 0.06 0.00 0.0
FeOa 28.62 29.01 27.67 28.2
MnO 0.38 0.31 0.72 0.6
MgO 9.04 8.94 8.64 8.7
CaO 1.14 1.16 2.35 1.8
Na2O 0.04 0.02 0.00 0.0
K2O 0.01 0.01 0.00 0.0
Total 100.25 100.14 100.19 99.8

Si 3.005 3.002 3.001 2.9
Al 1.994 1.975 1.985 1.9
Ti 0.000 0.003 0.001 0.0
Cr 0.000 0.004 0.000 0.0
Fe 1.841 1.873 1.783 1.8
Mn 0.025 0.020 0.047 0.0
Mg 1.036 1.028 0.992 1.0
Ca 0.094 0.096 0.194 0.1
Na 0.006 0.003 0.000 0.0
K 0.001 0.000 0.000 0.0
Total 8.002 8.007 8.005 8.0

Mg/(Fe þ Mg) 0.36 0.35 0.36 0.3
Alm 61.45 62.07 59.12 60.1
Prp 34.57 34.07 32.90 33.3
Grs 3.14 3.19 6.42 5.0
Sps 0.83 0.67 1.56 1.4

a Total Fe as FeO.
metasomatism or transportation of Ca from adjacent mafic gran-
ulite. The plagioclase in the orthopyroxene-bearing portion of
sample Ts11011802A2 is also slightly enriched in anorthite content
(An54e58) than that in the orthopyroxene-absent portion
(An40e50).
Ts11011802A1 (G) Ts11011802E (MG)

Core Rim Core Rim

7 38.30 38.63 37.23 36.95
3 21.95 21.76 20.24 20.29
0 0.01 0.05 0.08 0.05
5 0.05 0.08 0.06 0.03
6 27.58 28.19 27.04 29.76
8 0.79 0.93 1.35 1.94
8 8.25 8.10 5.02 4.91
5 2.82 2.29 7.52 4.87
0 0.02 0.00 0.00 0.03
1 0.01 0.01 0.01 0.00
2 99.78 100.02 98.53 98.82

99 2.974 2.996 2.985 2.977
67 2.008 1.988 1.912 1.926
00 0.001 0.003 0.005 0.003
03 0.003 0.005 0.004 0.002
33 1.790 1.827 1.812 2.004
45 0.052 0.061 0.091 0.132
14 0.954 0.936 0.599 0.589
54 0.235 0.190 0.645 0.420
00 0.003 0.000 0.000 0.005
01 0.001 0.001 0.001 0.000
16 8.021 8.006 8.053 8.058

6 0.35 0.34 0.25 0.23
8 59.06 60.63 57.57 63.72
1 31.47 31.04 19.03 18.72
5 7.74 6.30 20.50 13.35
7 1.72 2.02 2.90 4.21



Table 4
Representative electron microprobe analyses of orthopyroxene and feldspars.

Mineral name Orthopyroxene (O ¼ 6) Plagioclase (O ¼ 8) K-feldspar (O ¼ 8)

Sample No. Ts11011802A2 (G) Ts11011802E (MG) Ts11011802A2 (G) Ts11011802A1 (G) Ts11011802E (MG) Ts11011802B (PG)

Remarks Contact Central part Symplectite Opx-absent Opx-bearing Core Rim Matrix Symplectite

SiO2 50.03 49.11 50.78 49.06 57.17 53.81 54.76 52.83 46.91 44.71 64.25
Al2O3 4.33 3.54 1.95 1.75 26.83 29.00 28.45 29.62 34.18 33.97 18.76
TiO2 0.12 0.07 0.07 0.01 0.01 0.03 0.00 0.00 0.03 0.00 0.01
Cr2O3 0.01 0.06 0.09 0.08 0.08 0.00 0.00 0.00 0.00 0.04 0.00
FeOa 22.84 25.50 29.88 27.83 0.06 0.11 0.11 0.10 0.25 0.37 0.00
MnO 0.17 0.36 0.77 0.51 0.01 0.04 0.06 0.00 0.02 0.03 0.00
MgO 20.91 19.38 16.08 17.70 0.00 0.00 0.00 0.00 0.01 0.00 0.00
CaO 0.11 0.17 0.35 0.37 9.29 11.55 10.43 12.03 17.74 17.04 0.20
Na2O 0.01 0.00 0.01 0.01 6.35 5.03 5.65 4.72 1.33 1.46 2.33
K2O 0.01 0.00 0.01 0.00 0.23 0.22 0.12 0.10 0.06 0.06 13.30
Total 98.54 98.18 99.97 97.32 100.01 99.78 99.58 99.40 100.52 97.68 98.84

Si 1.895 1.897 1.963 1.939 2.567 2.440 2.480 2.407 2.146 2.110 2.978
Al 0.193 0.161 0.089 0.082 1.420 1.549 1.518 1.590 1.843 1.889 1.024
Ti 0.003 0.002 0.002 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000
Cr 0.000 0.002 0.003 0.002 0.003 0.000 0.000 0.000 0.000 0.001 0.000
Fe 0.723 0.823 0.966 0.920 0.002 0.004 0.004 0.004 0.009 0.015 0.000
Mn 0.006 0.012 0.025 0.017 0.000 0.002 0.002 0.000 0.001 0.001 0.000
Mg 1.180 1.115 0.926 1.042 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.004 0.007 0.014 0.015 0.447 0.561 0.506 0.587 0.869 0.861 0.010
Na 0.000 0.000 0.001 0.000 0.552 0.442 0.495 0.417 0.118 0.134 0.209
K 0.000 0.000 0.001 0.000 0.013 0.013 0.007 0.006 0.003 0.004 0.786
Total 4.005 4.020 3.990 4.019 5.004 5.012 5.012 5.010 4.992 5.014 5.008

Mg/(Fe þ Mg) 0.62 0.58 0.49 0.53 Ab 54.58 43.53 49.15 41.28 11.91 13.38 20.83
Or 1.28 1.25 0.68 0.59 0.35 0.37 78.19
An 44.14 55.23 50.17 58.13 87.74 86.25 0.98

a Total Fe as FeO.
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The K-feldspar in pelitic granulite (Ts11011802B) shows
orthoclase-rich compositions of Or75e85. Compositional zoning is
not obvious.

6. Geothermobarometry

Metamorphic PeT conditions recorded in this lithological unit
were estimated based on conventional geothermobarometry to
infer the condition of the formation of the garnet-rich meta-
somatic rocks. The garneteorthopyroxeneeplagioclaseequartz
geothermobarometry was applied to porphyroblastic garnet and
orthopyroxene associated with plagioclase and quartz in mafic
granulite sample Ts11011802E. The estimated temperature range
for the garneteorthopyroxene pairs are 810e860 �C at 7e8 kbar
based on the method of Bhattacharya et al. (1991). Application of
the method of Lee and Ganguly (1988) gave slightly higher
temperatures of 860e920 �C. Metamorphic pressure was calcu-
lated using garneteorthopyroxeneeplagioclaseequartz assem-
blages in the same sample based on the experimental calibration
of Perkins and Newton (1981). The estimated results are
6.7e7.3 kbar at 800e900 �C. Application of the method of
Moecher et al. (1988), which adopted revised thermodynamic
and experimental data, yielded a pressure range of 7.7e9.3 kbar,
which is slightly higher than the results of Perkins and Newton
(1981). We therefore infer that PeT conditions recorded in the
mafic granulite is 810e920 �C and 6.7e9.3 kbar, which are
slightly lower than the peak condition of this region (1040 �C at
13e15 kbar; Kawasaki et al., 2011).
7. Fluid inclusions

7.1. Fluid inclusion petrography

Fluid inclusions trapped in various coarse-grained minerals in
the garnet-rich metasomatic rock (sample Ts11011802A1) were
studied in order to characterize the fluid associated with the
metasomatism. The occurrence, shape, size, and phase category of
the fluid inclusions were observed using doubly polished thin
wafers of about 180 microns in thickness under a petrological mi-
croscope following the techniques outlined by Roedder (1984),
Touret (2001), and Van den Kerkhof and Hein (2001). Fluid in-
clusions are dominantly trapped in plagioclase grains in the sample.
The inclusions are very small (less than 18 mm in length), and show
rectangular to irregular shape, commonly reflecting the crystal
character of the host plagioclase (Fig. 5). Their occurrences as iso-
lated inclusions away from the grain margin or any visible healed
cracks suggest that the inclusions are ‘primary’ inclusions trapped
during the growth of the host mineral (e.g., Roedder, 1984). No
obvious solid phase was found within the cavity of the inclusions.
As the plagioclase occurs as a coarse-grained and subidioblastic
mineral closely associated with porphyroblastic garnet, it is likely
to have grown during metasomatism, suggesting that the fluids
trapped within the primary inclusions could represent the fluid
associated with the metasomatic event. Plagioclase and garnet
grains in the sample also contain abundant secondary fluid in-
clusions that occur along healed fractures continuing to the edge of
the host minerals (‘S’ in Fig. 5), suggesting that the inclusions were
trapped during post-peak exhumation stage. However, they are too
small for microthermometric study.

7.2. Microthermometry

Microthermometric measurements of the inclusions were per-
formed with a Linkam heating/freezing system at the University of
Tsukuba following the technique described in Tsunogae et al. (2002,
2008). Calibration of temperatures was undertaken with a syn-
thetic standard material for H2O and a natural internal standard
(Santosh and Tsunogae, 2003; Tsunogae et al., 2008) for CO2. The
calibration was performed at 0 �C (triple point of pure
H2O), �56.6 �C (triple point of CO2), and the critical point of pure
H2O with a density of 0.317 g/cm3 (374.1 �C). Melting temperature



Mg/(Fe+Mg)

C
l/(

F
+C

l+
O

H
)

0.4 0.5 0.6 0.7 0.8
0

0.02

0.04

0.06

0.08 (a)

Mg/(Fe+Mg)

F
/(

F
+C

l+
O

H
)

0.4 0.5 0.6 0.7 0.8
0

0.04

0.08

0.12

0.16
(b)

TiO  (wt.%)2

C
l/(

F
+C

l+
O

H
)

3 4 5 6 7 8
0

0.02

0.04

0.06

0.08 (c)

TiO  (wt.%)2

F
/(

F
+C

l+
O

H
)

3 4 5 6 7 8
0

0.04

0.08

0.12

0.16
(d)

F/(F+Cl+OH)

C
l/(

F
+C

l+
O

H
)

0 0.04 0.08 0.12 0.16
0

0.02

0.04

0.06

0.08 (e)

F/(F+Cl+OH)

C
l/(

F
+C

l+
O

H
)

0.1 0.2 0.3 0.4 0.5 0.6
0

0.04

0.08

0.12

0.16 (f)

Ts11011802B
(pelitic granulite)

Ts11011802A2
(metasomatic layer)

Ts11011802A1
(metasomatic layer)

Ts11011802E
(mafic granulite)

Figure 4. Compositional diagrams showing biotite and apatite chemistry. (a) Mg/(Fe þMg) vs. Cl/(F þ Cl þ OH) diagram for biotite. (b) Mg/(Fe þ Mg) vs. F/(F þ Cl þ OH) diagram for
biotite. (c) TiO2 vs. Cl/(F þ Cl þ OH) diagram for biotite. (d) TiO2 vs. F/(F þ Cl þ OH) diagram for biotite. (e) F/(F þ Cl þ OH) vs. Cl/(F þ Cl þ OH) diagram for biotite. (f) F/(F þ Cl þ OH)
vs. Cl/(F þ Cl þ OH) diagram for apatite.
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Figure 5. Photomicrograph of a representative aqueous fluid inclusion in garnet-rich metasomatic rock (sample Ts11011802A1). H2Oevapor bubble (H2O (V)) is surrounded by
H2Oeliquid (H2O (L)) in the inclusion. Its occurrence as an isolated inclusion away from the grain margins suggests a primary origin. ‘S’ indicates array of fine-grained secondary
fluid inclusions.
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(Tm) and homogenization temperature (Th) of two-phase
(gasevapor) inclusions were measured during the heating/cool-
ing experiment. Heating rates of the samples were 1 �C/min for Tm
and 5 �C/min for Th. Repeated microthermometric measurements
indicate that the precision of microthermometric results reported
in this study is within �0.2 �C for Tm and �0.5 �C for Th. Although
we spent many days for searching primary fluid inclusions, we
could obtain microthermometric data for only five fluid inclusions
probably because aqueous fluid identified in this study is highly
mobile due to its low wetting angle. The salinities, densities and
isochores were calculated using the computer program “Mac-
FlinCor” developed by Brown and Hagemann (1994) based on the
equation and thermodynamic data of Bodnar and Vityk (1994).

Although we attempted to analyze both initial- and final-
melting temperatures during freezing experiments, we failed to
measure initial-melting temperatures because of very small size of
the inclusions. Therefore, we could only obtain final-melting tem-
peratures of solid phases for the five inclusions as �7.3 �C
to �4.4 �C. All the aqueous inclusions homogenized into the liquid
phase at Th ¼ 134.6e363.3 �C.

In this study, we could not identify the solid phase (either ice or
hydrohalite) because we have no access to Raman spectrometer.
We therefore calculated salinities for both cases based on the Tm
values as 7.0e10.9 wt.% NaCleq (ice melting) or 25.1e25.5 wt.%
NaCleq (hydrohalite melting). The result implies that the trapped
fluid is dominantly H2Owith salt. The densities of the inclusions are
estimated based on the Th values as 0.70e1.00 g/cm3 NaCleq (ice) or
0.90e1.12 g/cm3 NaCleq (hydrohalite).

8. Phase equilibrium modeling

The metamorphic conditions and fluid-rock interaction during
metasomatism have been investigated using temperature versus
bulk-rock composition (TeXbulk) pseudosections. The calculations
were performed using THERMOCALC 3.40 (Powell and Holland,
1988; Holland and Powell, 1998, 2011) and the internally
consistent thermodynamic dataset of Holland and Powell (1998,
2011; data set tc-ds62, file created February 2012). We neglected
MnO in the modeling because of low concentrations. The pseudo-
section calculations were therefore performed in the chemical sys-
tem Na2OeCaOeK2OeFeOeMgOeAl2O3eSiO2eH2OeTiO2eFe2O3
(NCKFMASHTO), which is probably themost suitable approximation
to model the metabasiteemetapelite association examined in this
study. The phases considered in the modeling and the correspond-
ing aex models used are tonalitic melt (for metabasite) and cli-
noamphibole (Green et al., 2016), haplogranitic melt (for
metapelite), orthopyroxene, garnet, and biotite (White et al., 2014),
feldspars (Holland and Powell, 2003), and ilmeniteehematite
(White et al., 2000). Quartz, rutile, and sillimanite are treated as
pure phases. For the analysis, slabs of unaltered and relatively ho-
mogeneous parts of the examined rocks were used for thin-section
preparation, and the counterparts of the same slabs were used for
chemical analysis. Bulk-rock compositions for the rocks were
determined by X-ray fluorescence spectroscopy at Activation Labo-
ratories, Canada. The chemical compositions (in wt.%) are
SiO2 ¼ 60.86, Al2O3 ¼ 24.05, FeO ¼ 7.80, Fe2O3 ¼ 0.69, MgO ¼ 2.02,
CaO ¼ 0.28, Na2O ¼ 0.61, K2O ¼ 3.81, TiO2 ¼ 0.86, FeOT/MgO ¼ 2.91
for pelitic granulite (sample Ts11011802B) and SiO2 ¼ 41.78,
Al2O3 ¼ 15.06, FeO ¼ 15.30, Fe2O3 ¼ 4.03, MgO ¼ 6.50, CaO ¼ 8.04,
Na2O ¼ 0.46, K2O ¼ 0.43, TiO2 ¼ 5.93, FeOT/MgO ¼ 4.17 for mafic
granulite (sample Ts11011802E). The mafic granulite sample con-
tains w1.14 wt.% P2O5, which is reflected in w4 modal % of apatite.
As we neglect P2O5 from the system, the CaO content equivalent to
apatite should be extracted from the calculation. The corrected CaO
content (6.54 wt.%) is adopted for the pseudosection calculation.

Several TeXbulk pseudosections (not shown) were constructed
using the compositional data of mafic and pelitic granulites with
varying pressure conditions (5e10 kbar) and mole H2O contents
(M(H2O); 0.2e2.0 mol.%), which are based on common P and
M(H2O) ranges of granulite-facies metamorphism (e.g., Harley,
1989; Endo et al., 2012, 2013). Calculated TeXbulk pseudosections
suggest that appropriate mineral assemblages in mafic and pelitic
granulites occur at P¼ 7.5 kbar, which is consistent with the results
of geothermobarometry, and M(H2O) ¼ 0.5. Therefore, we adopted
the P and M(H2O) values for TeXbulk pseudosection calculations.
The TeXbulk pseudosection in Fig. 6 is useful for evaluating the



Figure 6. Temperature versus composition (TeXbulk) pseudosection showing the stability relations of mineral assemblages in the samples discussed in this study. Shaded area
implies the stability fields of mineral assemblages in pelitic granulite (PG), mafic granulite (MG), and garnet-rich metasomatic rock (G). See text for discussion. Mineral name
abbreviations are after Kretz (1983). L(p): haplogranitic liquid for pelitic system. L(m): tonalitic liquid for mafic system.
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effect of element mobility on the stability of the mineral assem-
blages preserved in host and metasomatized samples. The H2O
activities for the samples were calculated using THERMOCALC
software at 850e860 �C (peak temperature) as 0.482e0.510 (pelitic
granulite), 0.380e0.403 (pelitic portion of metasomatic rock),
0.281e0.299 (mafic portion of metasomatic rock), and 0.386e0.486
(mafic granulite), which is consistent with the inferred H2O activity
of granulite-facies rocks (0.3e0.6; e.g., Newton et al., 2014). Several
petrological characters discussed in previous sections such as: (1)
the occurrences of garnet-rich rock between pelitic and mafic
granulites, (2) increasing grossular and decreasing pyrope contents
in garnet from pelitic granulite to garnet-rich rock and mafic
granulite as well as increasing Mg/(Fe þ Mg) ratio of biotite from
mafic granulite to garnet-rich rock and pelitic granulite, and (3)
occurrence of brine fluid inclusions in garnet-rich rock suggest that
the formation of the garnet-rich layer between themafic and pelitic
granulites is probably related to the progress of fluid-rock
interaction andmetasomatism.We therefore attempted to evaluate
the variation of mineral assemblages using the bulk compositional
data of the two rocks. The rock composition at Xbulk ¼ 0 in Fig. 6
corresponds to that of pelitic granulite, while that at Xbulk ¼ 1
corresponds to that of mafic granulite. Because we use both pelitic
and mafic systems for the calculation of metasomatic mineral as-
semblages, we adopted haplogranitic liquid (L(p)) for pelitic system
at Xbulk < 0.762 and tonalitic liquid (L(m)) for mafic system at
Xbulk > 0.762 for the calculation including melt phase.

The calculated TeXbulk pseudosection in Fig. 6 demonstrates
that the apparent peak mineral assemblages in the pelitic granulite
(Kfs þ Qtz þ Sil þ Grt þ Ilm þ L(p)) and mafic granulite
(Pl þ Opx þ Grt þ Ilm þ Qtz þ Bt þ L(m)) are stable at areas PG and
MG, respectively, in the figure, and they can be both stable at
850e860 �C. At Xbulk ¼ 0.72e0.77, Grt þ Pl þ Qtz þ Ilm þ Bt þ Kfs
becomes the stable assemblage (area G in Fig. 6), which is equiva-
lent to the mineral assemblage of the metasomatic rocks
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(Grt þ Pl þ Qtz þ Ilm þ Bt [Ts11011802A1 and Ts11011802A2])
except for the absence of K-feldspar in the samples, possibly
because K-feldspar was hydrated during retrogrademetamorphism
forming retrograde biotites. The results of mineral equilibrium
modeling are therefore consistent with the occurrence of natural
mineral assemblages in the metasomatic rock, and confirmed that
the metasomatism took place at granulite-facies condition
(850e860 �C).

9. Discussion

9.1. High-temperature metasomatism in Rundvågshetta

This study reports the occurrence of garnet-rich metasomatic
rocks between pelitic (Kfs þ Qtz þ Sil þ Grt þ Ilm � inferred melt;
sample Ts11011802B) and mafic (Pl þ Opx þ Grt þ
Ilm þ Qtz þ Bt � inferred melt; sample Ts11011802E) granulites
from a metasedimentary unit of Rundvågshetta in the Lützow-
Holm Complex, East Antarctica, and argues a possible effect of
high-temperature metasomatism induced by infiltration of brine
fluid during high-grade metamorphism. The metasomatic rock
contains granulite-facies mineral assemblages of Grt þ Pl þ
Qtz þ Ilm þ Bt � Opx with high modal abundance of garnet
(about 40%e50% on average, and up to 85% in some domains).
Whole-rock compositional data of the two host lithologies indi-
cate that CaO and FeO are enriched in the mafic granulite, whereas
Al2O3, MgO, and SiO2 are enriched in the pelitic granulite. The
dominant occurrence of almandineepyropeegrossular-type
garnet along their lithological boundary implies Ca and Fe were
probably supplied from the mafic granulite, while Si, Al, and Mg
were provided from the pelitic granulite for the formation of the
garnet-rich layer. THERMOCALC software was employed to model
the metasomatic process based on an available thermodynamic
dataset and aex models in the system NCKFMASHTO. TeXbulk
pseudosection in Fig. 6 suggests that peak mineral assemblages in
pelitic and mafic granulites are stable at 850e860 �C at 7.5 kbar.
Modal abundance of garnet increases with increasing Xbulk toward
the highest modal garnet of 40% at around Xbulk ¼ 0.76, and then
decreases toward mafic granulite. The mineral assemblage of the
garnet-rich layer (Grt þ Pl þ Qtz þ Ilm þ Bt þ Kfs) occurs as a
stable phase at Xbulk ¼ 0.72e0.77 (area G in Fig. 6), which is
consistent with the Xbulk value of the highest modal garnet, sug-
gesting that the alteration process is probably controlled by
element mobilization between the pelitic and mafic granulites.
Orthopyroxene does not occur in the pseudosection calculation
possibly because of its low modal abundance in the metasomatic
rock (less than 0.1 modal %).

Such element mobilization during high-temperature meta-
somatism is also confirmed by the variation in mineral chemistry.
For example, garnet shows increasing grossular and decreasing
pyrope contents from the pelitic granulite (Alm61e63
Prp33e35Grs3Sps1 [Ts11011802B]) toward the garnet-rich meta-
somatic rock (Alm57e67Prp26e37Grs5e8Sps1e2 [Ts11011802A1 and
Ts11011802A2]) and mafic granulite (Alm58e64Prp19e21Grs12e21
Sps3e4 [Ts11011802E]). Biotite shows increasing XMg from mafic
granulite (0.50e0.58) toward the metasomatic rock (0.59e0.74)
and pelitic granulite (0.62e0.66). These mineral chemical charac-
ters can be explained by metasomatic processes between pelitic
and mafic granulites.

The PeT condition of the formation of metasomatic garnet-rich
rock (850e860 �C at 7.5 kbar) is consistent with the condition ob-
tained from garneteorthopyroxeneeplagioclaseequartz geo-
thermobarometry of mafic granulite (810e920 �C and
6.7e9.3 kbar), but the temperature range is at least 100 �C lower
than the inferred peak (1040 �C at 13e15 kbar) condition of Run-
dvågshetta obtained from spinel-bearing MgeAl-rich granulites
(Kawasaki et al., 2011), possibly suggesting that the metasomatism
might have taken place during retrograde metamorphism. How-
ever, Tsunogae et al. (2014) estimated peak temperature for a
charnockite from Rundvågshetta as 750e890 �C, which is compa-
rable with the temperature of metasomatism, based on phase
equilibrium modeling technique, and argued that UHT meta-
morphism is a local event recorded only in dry MgeAl-rich pelitic
rocks. This phenomenon is also discussed for UHT granulites from
the Limpopo Complex in southern Africa (Tsunogae and van
Reenen, 2011) and the Palghat-Cauvery suture zone in southern
India (Nishimiya et al., 2010). In the examples, the UHT meta-
morphic conditions (w1000 �C), which were recorded only in
MgeAl-rich and KeSi-poor rocks, are systematically higher than
the PeT conditions obtained from adjacent lithologies. We there-
fore infer that the metasomatism in Rundvågshetta probably took
place during or slightly after the peak metamorphism.

9.2. Fluid-induced metasomatism

Although lithological associations of pelitic and mafic granulites
have been commonly observed from other localities in the
granulite-facies region of the LHC, and also from many high-grade
terranes worldwide, the boundaries between the two lithologies
are generally sharply defined without any metasomatic zones
except minor concentrations of garnet along the boundary. In such
examples, CO2-bearing fluid inclusions trapped during peak of
metamorphism have been commonly reported (e.g., Santosh and
Yoshida, 1992; Tsunogae et al., 2002, 2008; Santosh and
Tsunogae, 2003; Tsunogae and van Reenen, 2007; Ohyama et al.,
2008a,b; Santosh et al., 2008, 2010; Tsunogae and Santosh, 2011;
Takahashi and Tsunogae, 2017), suggesting that CO2 was the
dominant fluid component of granulite-facies metamorphism (e.g.,
Touret, 1985). In this study, we report the occurrence of aqueous
fluid inclusions with final melting temperatures of �7.3 �C
to �4.4 �C, which correspond to a salinity of 7.0e10.9 wt.% NaCleq,
trapped as primary phase within plagioclase in the garnet-rich
metasomatic rock. It has to be noted that Bodnar (2003) pointed
out that “ice-melting” temperatures for aqueous fluid inclusions in
many published reports may correspond to “hydrohalite-melting”
temperatures because it is difficult to distinguish ice and hydro-
halite during freezing experiments. Therefore, if the solid phase
present during the freezing experiment corresponds to hydrohalite,
although we are unable to identify the phase because laser-Raman
spectrometer is not installed in our Linkam heating/freezing stage,
salinity of our inclusions is estimated to be 25.1e25.5 wt.% NaCleq,
based on which we infer that the fluid associated with the meta-
somatism is high-salinity brine. The metasomatic alteration and
formation of garnet-rich layer in the present case are therefore
probably related to infiltration of brine along the EeW trending
lithological boundary between the pelitic andmafic granulites. This
scenario is consistent with the evidence that biotite in the garnet-
rich metasomatic rock shows significantly higher Cl content of
0.22e0.60 wt.% than that in pelitic granulite (Cl ¼ 0.15e0.24 wt.%)
and mafic granulite (Cl ¼ 0.06e0.13 wt.%), suggesting that Cl was
derived from salt dissolved in the hydrous fluids during the growth
of the biotite in the metasomatized sample. Apatite in the meta-
somatic rock also shows higher Cl content of 1.26e2.34 wt.% than
that in mafic granulite (Cl ¼ 0.20e0.28 wt.%). The mineral chem-
istry data therefore suggest recrystallization/formation of biotite
and apatite in the presence of high-salinity aqueous fluid. Such
brine fluid could also play a major role in the transportation of el-
ements during high-grade metamorphism. Newton and Manning
(2007, 2008) reported increasing solubility of minerals (e.g.,



K. Takahashi et al. / Geoscience Frontiers 9 (2018) 1309e1323 1321
corundum, grossular) with increasing NaCl content of the inter-
acting aqueous fluid. Therefore, it is inferred that interaction of
rock-forming minerals with brine fluids played a critical role in the
formation of garnet-rich metasomatic layers developed between
pelitic and mafic granulites in Rundvågshetta. Lack of metasomatic
zone in other granulite localities in the LHC could be explained by
the lack of brine infiltration, which is supported by the dominant
occurrence of CO2-rich fluid inclusions.

It is also important to note that the biotite with the highest
chlorine content of 0.54e0.60 wt.% in the orthopyroxene-bearing
portion of garnet-rich metasomatic rock shows the highest fluo-
rine content ofw0.59 wt.%. It is generally known that infiltration of
low-H2O activity (a(H2O)) fluid enhances dehydration or dehydra-
tion melting of hydrosilicates (e.g., biotite, calcic amphibole) and
formation of pyroxene-bearing anhydrous assemblages, and
remaining hydrosilicates become enriched in F because fluorine
tends to distribute in solid minerals rather than fluid or melt (e.g.,
Dooley and Patiño Douce, 1996; Tsunogae et al., 2003). The
enrichment of F and Cl in biotite from the garnet-rich metasomatic
rock therefore indicates the layer probably corresponds to a major
fluid pathway.

The petrographical, bulk chemical, mineral chemical, micro-
thermometric, and phase equilibria modeling data as well as the
field occurrences of the examined samples discussed in this study
therefore suggest element mobilization between the two lithol-
ogies and the formation of the garnet-rich metasomatic rocks
through infiltration of brine from external sources along the lith-
ological contacts.

9.3. Tectonic implications

Previous studies on chlorine-bearing biotites/amphiboles in
granulite-facies rocks suggest that infiltration of externally-derived
chlorine-bearing fluid is often associated with major shear zones or
terrane boundaries. Tsunogae and van Reenen (2014) reported a
metasomatic zone from the Petronella Shear Zone which corre-
sponds to a major shear zone formed during the thrusting of the
high-grade Limpopo Complex onto the low-grade Kaapvaal Craton
at ca. 2.69 Ga. They inferred that dehydration of footwall green-
stone belt lithology is a possible mechanism to generate Cl-bearing
aqueous fluid, and the fluid infiltrated along the shear zone and
metasomatized the hanging-rock side of the shear zone. Harlov
et al. (1998) reported K-feldspar metasomatism induced by brine
infiltration in charnockite from the Shevarory Hill Massif in
southern India and the Bamble Sector in Norway. Recently,
Higashino et al. (2013, 2015) reported chlorine-rich (Cl > 0.4 wt.%)
biotites and amphiboles in pelitic and mafic gneisses from major
tectonic boundaries or shear zones in Sør Rondane Mountains, East
Antarctica, and inferred infiltration of Cl-bearing aqueous fluids
along major crustal breaks.

Available geophysical data of Nogi et al. (2013) suggested that
Rundvågshetta region is located along a boundary of negative and
positive magnetic anomalies, based on which they defined a
terrane boundary in this region. Takahashi et al. (2018) performed
geochronological and geochemical investigations for orthogneisses
from four localities in the LHC (Austhovde, Skallevikshalsem,
Skallen, and Telen), and, together with available age data from the
complex, inferred that metasedimentary units in the central LHC
correspond to a major suture zone formed by collision of Neo-
archean (ca. 2.5 Ga) microcontinent (Shirase microcontinent) and
Neoproterozoic (ca. 1.0 Ga) magmatic arc (northern Lützow-
HolmeVijayan Complex). They argued that the metasedimentary
unit in the northern part of Rundvågshetta corresponds to the
southern margin of the suture zone, and the charnockite units in
central and southern Rundvågshetta belong to the Neoarchean
Shirase microcontinent (Fig. 1). The locality of the metasomatized
rocks discussed in this study therefore may correspond to a major
terrane boundary, along which chlorine-bearing fluid might have
infiltrated during the latest Neoproterozoic high-grade meta-
morphism of the LHC associated with the final collision event
during Gondwana amalgamation.

10. Conclusion

(1) Garnet-richmetasomatic rocks occur betweenpelitic andmafic
granulites from a metasedimentary unit of Rundvågshetta in
the Lützow-Holm Complex. The rock contains granulite-facies
mineral assemblages of Grt þ Pl þ Qtz þ Ilm þ Bt � Opx
with high modal abundance of garnet. Systematic increase of
grossular and decrease of pyrope contents in garnet as well as
decreasing Mg/(Fe þ Mg) ratio of biotite from the pelitic
granulite to garnet-rich rock and mafic granulite suggest that
the rock was formed by metasomatic interaction between the
two granulite lithologies.

(2) Phase equilibria modeling in the system NCKFMASHTO dem-
onstrates that peak mineral assemblages in pelitic and mafic
granulites are stable at 850e860 �C at 7.5 kbar, which is
consistent with the results of geothermobarometry. The PeT
conditions are, however, slightly lower than the inferred peak
metamorphism of this region, suggesting that the meta-
somatism took place during or slightly after the peak meta-
morphism. The modal abundance of garnet is the highest along
the metapeliteemetabasite boundary (up to 40%), which is
consistent with the field and thin section observations.

(3) The occurrence of brine (7.0e10.9 wt.% NaCleq (ice) or
25.1e25.5 wt.% NaCleq (hydrohalite)) fluid inclusions as a pri-
mary phase trapped within plagioclase in the garnet-rich layer
and the occurrence of Cl-rich biotite (0.22e0.60 wt.%) in the
metasomatic rock compared to that in pelitic (0.15e0.24 wt.%)
and mafic (0.06e0.13 wt.%) granulites suggest infiltration of
brine fluid could have given rise to the high-temperature
metasomatism. The fluid might have been derived from
external sources possibly related to the formation of major
suture zones formed during the Gondwana amalgamation.
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