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abstract

Clinopyroxene in ultrahigh-temperature mafic granulites from the Kontum Massif in central Vietnam 
records multiple metamorphic stages, manifested as exsolution textures (quartz rods and orthopyroxene 
+ hornblende + plagioclase needles), and as symplectitic intergrowths (involving clinopyroxene + 
plagioclase). These textures suggest a metamorphic evolution characterized by decompression and 
subsequent cooling from eclogite-facies to amphibolite-facies conditions through ultrahigh-tempera-
ture conditions. Quartz rods in clinopyroxene and clinopyroxene + plagioclase symplectites were 
formed under eclogite conditions prior to ultrahigh-temperature metamorphism. The orthopyroxene 
+ hornblende + plagioclase needles in clinopyroxene are regarded as cooling products after ultrahigh-
temperature metamorphism. Recalculated compositions of precursor clinopyroxene show supersilicic 
composition. During the metamorphic evolution, the chemical composition varies from silicic (Ca-
Eskola-rich) via sodic (Jadeite-rich) to aluminous (Ca-Tschermak-rich) compositions. Presence of 
supersilicic clinopyroxene suggests that the granulite decompressed from possible ultrahigh-pressure 
conditions (ca. 800–900 °C at 2–3 GPa) preceding the ultrahigh-temperature stage (1050 °C at 1.3 
GPa), which provide strong constraints on the tectonic evolution of the Indochina region, and it also 
provides insights on crustal exhumation at a continental collision zone. Another significant aspect of 
this study is that the breakdown textures of clinopyroxene and its chemical variations may provide 
important information in establishing pre- and post-peak evolution, especially for extremely high-
temperature or high-pressure metamorphic rocks.
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IntroductIon

Quartz rods or needles in clinopyroxene have been identified 
from several metamorphic terranes including the Western Gneiss 
region, Norway (Smith and Cheeney 1980), Münchberg Massif, 
Germany (Gayk et al. 1995), Dabie-Sulu Belt (Zhang et al. 1995), 
North Dabie Complex, China (Tsai and Liou 2000), Kokchetav 
Massif, Kazakhstan (Katayama et al. 2000), and Alpe Arami 
Peridotite Massif, Switzerland (Dobrzhinetskaya et al. 2002). The 
majority of these terranes occur in a continental collision setting 
and were metamorphosed under high- to ultrahigh-pressure (HP 
to UHP) conditions (ca. 2–7 GPa). Using Raman spectroscopy, 
relict coesite rods were identified among the SiO2 inclusion 
rods in clinopyroxene from the Western Tianshan eclogite, 
China (Zhang et al. 2005). Such SiO2 rods and needles have 
been interpreted by Smith (1984) as exsolution products from 
non-stoichiometric supersilicic clinopyroxene, which contained 
excess silica at peak-pressure conditions. The quartz rods are 
interpreted by Smyth (1980) to form as a result of a reaction 
during decompression such as the following:

2Ca0.5 n 0.5AlSi2O6 = CaAl2SiO6 + 3SiO2. (1)

The Ca0.5 n 0.5AlSi2O6, end-member of supersilicic clinopy-
roxene component, the Ca-Eskola (CaEs), was first described 
by Vogel (1966).

Based on natural and experimental data, CaEs-rich clino-
pyroxene requires UHP and high-temperature (HT) conditions 
(ca. 800–1100 °C) (e.g., Liou et al. 1998) because natural rocks 
containing clinopyroxene with quartz rods usually coexist with 
garnet or zircon containing coesite, or its quartz pseudomorph, 
or micro-diamond inclusions (e.g., Xu et al. 1992; Zhang et al. 
1995; Katayama et al. 2000). In addition, eclogites from the Alps 
containing supersilicic clinopyroxene were shown to develop at 
conditions as high as 1100 °C and 7 GPa (Dobrzhinetskaya et al. 
2002). Experimental studies of supersilicic clinopyroxene estab-
lished HP and HT conditions of 2.5–3.2 GPa at 1400–1500 °C 
(Wood and Henderson 1978), 3.5–7.0 GPa at 1200 °C (Zharikov 
et al. 1984), and 2–3 GPa at 1200–1400 °C (Gasparik 1986). 
Mao (1971) found that at 4 GPa and 1100–1700 °C, clinopy-
roxene contains 7.5 wt% excess SiO2, and it increases with 
pressure. Although Page et al. (2005) have suggested that the 
presence of quartz rods in clinopyroxene does not require UHP 
metamorphism, relict coesite rods (Zhang et al. 2005) clearly 
demonstrated that SiO2 exsolution in clinopyroxene occurred in 
the coesite stability field and that the coesite easily transforms * E-mail: n-nakano@scs.kyushu-u.ac.jp


