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Abstract
High-pressure mafic granulites containing granoblastic garnet, quartz, and minor hornblende have been found from the Song Ma
Suture zone in northern Vietnam, regarded as a microcontinental boundary between the South China and Indochina blocks. Fine-
grained symplectite formed during the decompression stage is developed in the granulite and is divided into orthopyroxene + -
plagioclase and orthopyroxene + clinopyroxene + plagioclase � hornblende. The former replaces garnet and the latter is regarded
as a breakdown of sodic clinopyroxene. Detailed observation and careful data selection revealed that the high-Mg and low-Ca garnet
should be in equilibrium with the precursor sodic clinopyroxene, and the pair indicates high-temperature and -pressure conditions
(910–930 8C at 1.9–2.0 GPa). Although we could not obtain quantitative age data from the high-pressure granulite, the U–Th–Pb
age (233 � 5 Ma) of pelitic gneiss strongly suggests a Middle to Early Triassic metamorphic event. If the age indicates the timing of
the high-pressure granulite-facies metamorphism, it might be related to a continental collision setting by following crustal
subduction. According to the metamorphic signatures, north to central Vietnam may be regarded as an orogenic belt formed by the
micro-continental collision between the South China and Indochina cratons. To cite this article: N. Nakano et al., C. R. Geoscience
340 (2007).
# 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
Résumé
Découverte d’un métamorphisme granulitique de haute-pression dans le Nord du Vietnam : implications sur la
tectonique de collision continentale de l’Indochine au Permo-Trias. Des granulites basiques de haute pression, contenant grenat
granoblastique, quartz et une faible proportion de hornblende, ont été découvertes dans la partie nord du Vietnam, au niveau de la
zone de suture de Song Ma, considérée comme formant la frontière des microblocs continentaux de Chine du Sud et d’Indochine.
Une symplectique à grain fin, formée lors de la période de décompression, s’est développée dans la granulite, se subdivisant en
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orthopyroxène + plagioclase et orthopyroxène + clinopyroxène + plagioclase � hornblende. La première phase minérale remplace
le grenat, alors que la dernière est considérée comme la dégradation du clinopyroxène sodique. Une observation de détail et une
sélection attentive des données révèlent que le grenat à haute teneur en Mg et à faible teneur en Ca devrait être en équilibre avec le
clinopyroxène sodique précurseur ; ces deux éléments indiquent des conditions de haute température et de haute pression
(910–930 8C à 1,9–2,0 GPa). Bien que nous n’ayons pu obtenir de données quantitatives d’âge pour la granulite de haute pression,
un âge U–Th–Pb (233 � 5 Ma), obtenu dans les gneiss pélitiques, suggère fortement qu’il s’agit d’un événement métamorphique du
Trias inférieur à moyen. Si cet âge représente effectivement celui du métamorphisme granulitique de haute pression, alors il pourrait
résulter d’un contexte de collision continentale faisant suite à une subduction crustale. Compte tenu des signatures métamorphiques,
le segment allant du Centre au Nord du Vietnam peut être considéré comme une ceinture orogénique formée par la collision entre les
microcontinents de Chine du Sud et du Vietnam. Pour citer cet article : N. Nakano et al., C. R. Geoscience 340 (2007).
# 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

High-pressure granulite facies, defined by several
experimental studies [9,11,14], are characterised by the
presence of garnet in orthopyroxene-bearing mafic
rocks. The upper pressure limit of a high-pressure
granulite assemblage is characteristically specified by
the lack of plagioclase and orthopyroxene. This means
that an assemblage of garnet + clinopyroxene + quartz
is one of the characteristics of the eclogite facies [3].
According to [27], high-pressure granulites can be
subdivided into three types: high- to ultrahigh-
temperature, moderate-temperature, and xenolithic
types. The former two types are formed at subduction
and continental collision zones [27]. Therefore, the
presence of high-pressure granulites in the regional
metamorphic belt (terrane) is important in defining past
plate convergence zones, and their pressure/tempera-
ture/time conditions are indicators in understanding the
history of the crustal collision process.

The Asian continent is considered to have amalga-
mated a large number of microcontinents [22]. Indo-
china has been regarded as an assemblage of three major
microcontinental blocks (Fig. 1A), namely, the South
China, Indochina and Shan-Thai blocks (Fig. 1A; [10]).
The main problems in the geology of this region are the
position of the real continental boundary, and when
these microcontinents collided with each other. The
boundary between the South China and Indochina
cratons has been considered the Song Ma Suture zone
[22] or the Red River Shear zone [38], and the collision
occurred in the Permo-Triassic [16] or before the
Devonian [22]. In this study, we used a metamorphic
petrology approach to understand the tectonic setting of
the Indochina block; in particular, the discovery of high-
pressure granulite from the Song Ma Suture zone in
northern Vietnam and its pressure/temperature condi-
tions are reported. Finally, their geological significances
are argued.

2. Geological outline

The Song Ma Suture zone is situated in northern to
northwestern Vietnam (partly in northeastern Laos).
Along the suture zone, metamorphic rocks are widely
distributed and form a metamorphic belt (Fig. 1B).
Several serpentinite lenses are occasionally exposed
within the metamorphic belt, and have been regarded as
relicts of the former Palaeotethyan lithosphere [13]. The
metamorphic rocks have been divided into the Nam Co
and the Nam Su Lu formations based on the
metamorphic grade; the former is of lower grade than
the latter [4]. Between them, later granitoids are widely
distributed (Fig. 1C). In the Nam Co Formation, pelitic
schists such as muscovite and garnet-phengite schists
are dominant, and mafic and calc-silicate rocks are
generally observed as blocks. In the Nam Su Lu
Formation, mafic rocks are well distributed. Amphibo-
lite and garnet amphibolite are major lithologies, and
pelitic gneisses such as garnet–biotite and garnet–
sillimanite–biotite gneisses are often intercalated with
them. Kyanite and andalusite, which were often
observed in pelitic rocks from the Nam Co formation,
have not been observed in those from the Nam Su Lu
Formation.

High-pressure granulite (garnetclinopyroxene gran-
ulite), the focus of this study, was collected as a boulder
along the Nam Ma River in the Nam Su Lu Formation,
where the upstream limits of the rivers are also inside
the formation (Fig. 1C) and there are no metamorphic
terranes in the upstream. Because we have never seen
the metamorphic blocks in igneous rocks (as xenolith)
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Fig. 1. Distribution of micro-continental blocks in the Indochina [9] (A), division of metamorphic rocks (B) and simplified geological map in the
studied area [4] (C). A square indicates locality of high-pressure granulite studied. Arrows shown along rivers in Fig. 1C indicate directions of river
flow.

Fig. 1. Distribution des microblocs continentaux dans la péninsule Indochinoise (9) (A), subdivisions des roches métamorphiques (B) et carte
géologique simplifiée de la zone étudiée (4) (C). Un carré indique la localisation de la granulite étudiée. Les flèches au long des rivières sur la Fig. 1C
indiquent la direction du courant.
and in conglomerate (as pebble) from the studied area,
the boulder might be derived from the Nam Su Lu
Formation itself.

3. Petrography of high-pressure granulite

The high-pressure granulite (garnetclinopyroxene
granulite) contains coarse grains of garnet and quartz
with a minor amount of hornblende, ilmenite, and rutile
(Fig. 2A). Orthopyroxene + clinopyroxene + plagiocla-
se � hornblende � quartz symplectite is widely present
in the matrix (Fig. 2A). The garnet is replaced with
orthopyroxene + plagioclase coronas and its grain size
varies (Fig. 2A). A thin orthopyroxene moat is present
on the clinopyroxene and quartz side of the corona
(Fig. 2A and B). The corona and moat suggest that the
original garnet was subhedral to euhedral in shape and
up to 2 mm in diameter (Fig. 2A and B). The garnet
contains several mineral inclusions of amphibole
(pargasite–tschermakite), ilmenite, rutile, apatite, and
quartz. Hornblende is observed as subhedral grains and
is mostly brownish green to brown in colour (Fig. 2A).
The orthopyroxene + clinopyroxene + plagiocla-
se � hornblende � quartz symplectite is generally
observed as an interstitial material (Fig. 2A). The
symplectite sometimes has the euhedral shape of the
original mineral crystal (Fig. 2B), suggesting that the
symplectite was formed by breakdown of a single
mineral phase. Some relatively large grains of quartz are
also observed in the symplectite (Fig. 2C). Orthopyr-
oxene in the symplectite has a subhedral shape and is
always associated with symplectitic plagioclase
(Fig. 2D). Orthopyroxene and plagioclase are not
observed as individual grains in the matrix, and they
always appear as symplectitic materials (Fig. 2A–D).

4. Mineral chemistry

The mineral chemistry was analysed using a
scanning electron microscope with an energy-dispersive
spectrometry system (JEOL JED2140-JSM 5301S) at
the Kyushu University. The quantitative analyses of
rock-forming minerals were performed with 15 kV
accelerating voltage, using data processing with the
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Fig. 2. Photomicrographs and a backscattered image of high-pressure granulite. A–B: Granoblastic garnet, hornblende and quartz with
orthopyroxene + plagioclase corona around garnet and orthopyroxene + clinopyroxene + plagioclase � hornblende � quartz symplectite. Garnet
is of euhedral shape before the formation of the orthopyroxene + plagioclase corona. Note that orthopyroxene + clinopyroxene + plagiocla-
se � hornblende � quartz symplectite was formed by the breakdown of a single phase sometimes showing a euhedral shape. C–D: Orthopyro-
xene + clinopyroxene + plagioclase � hornblende � quartz symplectite. Quartz is observed as relatively large grains.

Fig. 2. Microphotographies et image rétrodiffusée de la granulite de haute pression. A–B : Grenat granoblastique, hornblende et quartz avec
orthopyroxène + couronne de plagioclase autour du grenat et de l’orthopyroxène + clinopyroxène + plagioclase � hornblende � quartz symplec-
tite. Le grenat est de forme euhédrale avant la formation de l’orthopyroxène + couronne de plagioclase. Noter que l’ensemble orthopyroxène + -
clinopyroxène + plagioclase � hornblende � quartz symplectite a été formé par la déstabilisation d’une phase unique montrant quelquefois une
forme euhédrale. C–D : orthopyroxène + clinopyroxène + plagioclase � hornblende � quartz symplectite. Le quartz est présent sous la forme de
grains relativement grands.
ZAF correction program. Natural mineral samples
(ASTIMEX-MINM-53) were used as standards for the
analyses. Representative analyses are shown in Tables 1
and 2.

4.1. Garnet

The chemical composition of garnet in the high-
pressure granulite shows almandine, pyrope and
grossular components. A small amount of spessartine
component (less than Sps4) is observed in the outer thin
rim of the garnet. The core of the garnets can be grouped
into two types based on their chemical compositions:
high-Mg and low-Ca (garnet 1: Alm58–62Prp16–21Grs19–

24Sps0–2) and low-Mg and high-Ca contents (garnet 2:
Alm56–62Prp9–13Grs25–32Sps0–2) (Fig. 3). The mantle of
garnet 1 is at the mid-position of both garnet cores, or
sometimes shows a composition similar to that of the
core of garnet 2 (Fig. 3). On the other hand, garnet 2 has
a homogeneous composition, except in its outer thin rim
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Table 1
Representative garnet analyses of Grt-Cpx granulite

Tableau 1
Analyses représentatives de grenat dans la granulite à Grt-Cpx

Type Grtl Grt2

Core Core Mantle Mantle Rim Rim Core Core Mantle Mantle Rim Rim

SiO2 38.78 38.44 38.81 38.11 37.81 37.96 38.66 38.52 38.22 38.15 38.38 37.59
TiO2 0.11 0.26 0.15 0.23 0.00 0.19 0.00 0.29 0.37 0.00 0.06 0.00
A12O3 21.39 21.14 21.77 21.03 21.15 20.91 21.71 20.94 20.92 21.56 21.00 21.23
Cr2O3 0.40 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.28 0.00
FeO 27.29 28.11 27.59 26.97 28.84 28.04 27.32 26.99 26.77 26.31 30.41 28.96
MnO 0.77 0.54 0.41 0.42 2.20 1.25 0.60 0.81 0.22 0.31 1.27 0.91
MgO 4.45 4.50 3.00 4.09 1.88 2.39 3.21 2.46 2.74 3.07 2.24 2.03
CaO 7.98 7.47 10.03 8.60 8.15 9.45 9.88 11.40 10.92 10.49 8.19 8.12
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 101.17 100.46 101.84 99.45 100.03 100.19 101.38 101.41 100.34 99.89 101.83 99.02

O 12 12 12 12 12 12 12 12 12 12 12 12
Si 3.009 3.009 3.003 3.009 3.014 3.009 3.004 3.009 3.006 3.002 3.012 3.015
Ti 0.006 0.015 0.009 0.014 0.000 0.011 0.000 0.017 0.022 0.000 0.004 0.000
Al 1.956 1.950 1.986 1.957 1.987 1.954 1.988 1.928 1.940 2.000 1.942 2.007
Cr 0.025 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.017 0.000
Fe 1.771 1.840 1.786 1.781 1.923 1.859 1.775 1.763 1.761 1.731 1.996 1.943
Mn 0.051 0.036 0.027 0.028 0.149 0.084 0.039 0.054 0.015 0.021 0.084 0.062
Mg 0.515 0.525 0.346 0.481 0.223 0.282 0.372 0.286 0.321 0.360 0.262 0.243
Ca 0.663 0.626 0.832 0.728 0.696 0.803 0.823 0.954 0.920 0.884 0.689 0.698
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.028
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total cation 7.995 8.001 7.993 7.998 7.992 8.002 8.002 8.010 7.996 7.998 8.005 7.995

Fe3+ 0.000 0.003 0.000 0.009 0.000 0.007 0.005 0.031 0.000 0.028 0.000 0.000
XMg 0.225 0.222 0.162 0.214 0.104 0.132 0.174 0.142 0.154 0.174 0.116 0.111
Aim 0.590 0.607 0.597 0.589 0.643 0.613 0.589 0.572 0.584 0.574 0.658 0.660
Prp 0.172 0.174 0.116 0.160 0.075 0.093 0.124 0.095 0.106 0.121 0.086 0.082
Grs 0.221 0.207 0.278 0.242 0.233 0.266 0.274 0.315 0.305 0.298 0.227 0.237
Sps 0.017 0.012 0.009 0.009 0.050 0.028 0.013 0.018 0.005 0.007 0.028 0.021
(Fig. 3). X-ray image mapping of garnet 1 shown in
Fig. 4 indicates the presence of an Mg-rich and Ca-poor
core surrounded by an Mg-poor and Ca-rich mantle to
rim before breakdown of the garnet. The outer thin rim
of both garnets is similar in composition, being
characterised by medium to low Ca and the highest
Fe contents (Fig. 3).

4.2. Clinopyroxene

Clinopyroxene in the studied granulite occurs as a
symplectitic intergrowth with plagioclase and a minor
amount of orthopyroxene, hornblende, and quartz. Such
symplectitic clinopyroxenes associated with plagio-
clase are generally observed in eclogites decompressed
to granulite-facies condition (Zambezi Belt [5],
Sveconorwegian Granulite Region [23], Snowbird
Tectonic Zone [1], Bohemian Massif [2], and Kontum
Massif [25]). These clinopyroxenes in the worldwide
metamorphic terranes should contain high Na contents
in high-pressure conditions, whereas they generally
show augitic composition because their original jadeite
components were replaced with the symplectitic sodic
plagioclase. The shape of the symplectite (sometimes
showing euhedral shape: Fig. 2B) in the studied
granulite also suggests that the symplectite was formed
from a single mineral phase, possibly corresponding to
sodic clinopyroxene.

The symplectitic clinopyroxene in this study has
augite composition with a few jadeite, aegyrine, and
Ca-tschermak components (Jd0–2Ae0–3CaTs0–5), and
has a reasonably wide range of XMg values, from 0.52 to
0.59 (Fig. 5). The orthopyroxene + clinopyroxene + -
plagioclase � hornblende � quartz symplectite was
analysed using a broad probe diameter (200 mm) to
obtain the original clinopyroxene composition
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Table 2
Representative EDS analyses of Grt-Cpx granulite

Tableau 2
Analyses représentatives EDS de la granulite à Grt-Cpx

Mineral type Cpx Opx Amp PI

Symplectite Whole symplec-
tite

Recalc. sympl. Corona Symplectite Matrix In Grt Sympl. Corona Sympl.

SiO2 52.75 51.64 52.28 51.37 50.18 50.84 50.05 50.40 50.72 50.12 45.19 39.27 46.08 49.17 57.18
TiO2 0.00 0.00 0.39 0.33 0.40 0.00 0.00 0.18 0.33 0.34 0.98 0.71 1.09 0.00 0.00
A12O3 1.12 0.96 7.25 8.04 7.42 6.75 0.53 0.71 0.29 0.36 9.06 16.98 8.16 32.11 27.18
Cr2O3 0.00 0.31 0.37 0.00 0.38 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.10 0.00 0.00
FeO 15.46 15.66 13.06 14.92 13.36 15.73 37.15 35.55 34.71 35.09 21.09 17.64 21.39 0.36 0.27
MnO 0.00 0.00 0.20 0.21 0.20 0.17 0.33 0.04 0.35 0.37 0.22 0.39 0.00 0.00 0.00
MgO 10.43 10.09 8.62 8.53 8.82 8.86 12.35 12.31 13.45 12.46 9.36 8.48 9.25 0.00 0.00
CaO 20.69 21.24 17.06 15.76 17.45 15.61 0.55 0.71 1.07 0.63 10.75 11.09 10.96 14.80 7.87
Na2O 0.27 0.05 1.75 1.69 1.79 1.91 0.00 0.15 0.00 0.21 1.51 2.68 1.21 2.72 6.84
K2O 0.13 0.15 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.10 0.16 0.19 0.12 0.00

Total 100.85 100.10 100.98 100.85 100.00 100.00 100.96 100.05 100.92 99.58 98.26 97.53 98.43 99.28 99.34

O 6 6 6 6 6 6 6 6 6 6 23 23 23 8 8
Si 1.997 1.981 1.932 1.910 1.888 1.921 1.984 1.998 1.989 1.998 6.807 5.939 6.924 2.261 2.574
Ti 0.000 0.000 0.011 0.009 0.011 0.000 0.000 0.005 0.010 0.010 0.111 0.081 0.123 0.000 0.000
Al 0.050 0.043 0.316 0.352 0.329 0.301 0.025 0.033 0.013 0.017 1.608 3.026 1.445 1.740 1.442
Cr 0.000 0.009 0.011 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.012 0.000 0.000
Fe 0.490 0.502 0.404 0.464 0.421 0.497 1.231 1.179 1.139 1.170 2.657 2.231 2.688 0.014 0.010
Mn 0.000 0.000 0.006 0.007 0.007 0.005 0.011 0.001 0.012 0.012 0.028 0.050 0.000 0.000 0.000
Mg 0.589 0.577 0.475 0.473 0.495 0.499 0.730 0.727 0.786 0.740 2.102 1.912 2.072 0.000 0.000
Ca 0.839 0.873 0.676 0.628 0.704 0.632 0.023 0.030 0.045 0.027 1.735 1.797 1.765 0.729 0.380
Na 0.020 0.004 0.125 0.122 0.131 0.140 0.000 0.012 0.000 0.016 0.441 0.786 0.353 0.243 0.597
K 0.006 0.007 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.019 0.031 0.036 0.007 0.000

Total cation 3.991 3.998 3.956 3.965 3.996 4.002 4.004 3.986 3.994 3.991 15.508 15.868 15.419 4.994 5.003

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.081 0.875 0.913 – –

XMg 0.546 0.534 0.540 0.505 0.540 0.501 0.372 0.382 0.408 0.388 0.571 0.585 0.539 – –

An – – – – – – – – – – – – 0.745 0.389
(labelled as whole symplectite in Fig. 5) stabilised
under high-pressure conditions. The results show
scattered Si content [1.87 to 2.01 pfu (per formula
unit); Fig. 5] and do not agree with the stoichiometries
of clinopyroxene (Table 2). Most are rich in SiO2, and
their total cations are below 4.0 pfu. The compositions
are similar to non-stoichiometric supersilicic clinopyr-
oxene, as suggested in [37]. Such clinopyroxene is
generally observed in ultrahigh-pressure eclogites and
mostly contains quartz rods [6,15,25]. However, no
such evidence is observed in the studied sample. The
variety of SiO2 content in the original clinopyroxene
depends on the modal amount of quartz in the
intergrowth. It could indicate that quartz in the
symplectite is originally an inclusion in initial
omphacitic clinopyroxene under high-pressure condi-
tions and is not formed by breakdown of the
clinopyroxene. All analyses were recalculated using
the volume proportions of quartz in the areas analysed
and their composition. The modal amounts were
obtained by the estimation procedure reported by
[25], which uses brightness levels of individual pixels
in backscattered images. The amounts of quartz in
broad probe analyses vary from 0.0 to 6.2 vol%. The
recalculated compositions (labelled as recalculated
whole symplectite in Fig. 5) are in good agreement with
clinopyroxene, and the Si contents vary from 1.87 to
1.96 pfu (Fig. 5). The compositions are regarded as
original clinopyroxene composition, and contain
relatively high jadeite and Ca–Tschermak components
(Jd12–22CaTs7–16Aug68–80).

4.3. Other mineral phases

AlVI contents of orthopyroxene differ depending
upon their occurrences. Orthopyroxene coronas sur-
rounding garnets show relatively high AlVI contents
(0.01–0.04 pfu), whereas symplectitic orthopyroxene
replacing original clinopyroxene contains low AlVI

contents (0.00–0.02 pfu; Fig. 5).
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Fig. 3. Chemical composition of garnet plotted on a grossularalman-
dinepyrope ternary diagram. Chemical composition of garnet 1 varies
from high-Mg and low-Ca to low-Mg and -Ca via high-Ca and
low-Mg.

Fig. 3. Composition chimique du grenat reporté sur un diagramme
ternaire grossulaire–almandin–pyrope. La composition du grenat 1
varie de haute teneur en Mg et faible teneur en Ca à faible teneur en
Mg et Ca en passant par haute teneur en Ca et faible teneur en Mg.

Fig. 4. Backscattered images (A,D) and X-ray image mappings (B,C) of hu
Mg-poor and Ca-rich mantle and rim before breakdown.

Fig. 4. Images rétrodiffusées (A,D) et cartographie d’image en rayons X (B,C
pauvre en Ca, et une enveloppe et une frange pauvre en Mg et riche en C
Amphibole occurring in the matrix shows homo-
geneous composition (Al in T-site = 1.0–1.5 pfu, Na in
M4-site = 0.2–0.4 pfu and Na + K in A-site = 0.0–

0.3 pfu), indicating hornblende composition. The
inclusions in garnet show low Si and high Al and Na
contents (Al in T-site = 1.5–2.2 pfu, Na in M4-
site = 0.2–0.3 pfu and Na + K in A-site = 0.3–

0.6 pfu), characterised by pargasite to tschermakite
compositions. Symplectitic hornblende replacing ori-
ginal clinopyroxene contains high Si and low Al and Na
contents (Al in T-site = 0.8–1.4 pfu, Na in M4-
site = 0.1–0.3 pfu, and Na + K in A-site = 0.0–

0.2 pfu), indicating tremolitic hornblende.
Anorthite components of plagioclase coronas around

garnet are much higher (An60–85) than those of
symplectitic plagioclase replacing clinopyroxene
(An30–50).

5. Monazite U Th Pb geochronology

Quantitative age determination of the garnet–
clinopyroxene granulite is very difficult. Because the
granulite contains neither zircons nor monazites, and
ge garnet 1. The garnet should contain Mg-rich and Ca-poor core and

) de l’énorme grenat 1. Le grenat contiendrait un noyau riche en Mg et
a avant sa dégradation.
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Fig. 5. Pyroxene compositions, showing XMg vs. Al or Si. The whole
symplectite composition was obtained from EDS analyses using broad
probe diameter. The recalculated whole symplectite composition
indicates a reduced quartz component compared with whole sym-
plectite analyses.

Fig. 5. Compositions en pyroxène montant les teneurs en XMg vs. Al ou
Si. La symplectite totale été obtenue d’après des analyses EDS
utilisant une sonde de grand diamètre. La symplectite totale recalculée
indique une réduction de la composante quartz par rapport à la
symplectite totale analysée.

Fig. 6. Microphotographs of dated sample (A) and U–Th–Pb mona-
zite ages with 2s uncertainty (B). Dotted lines in B indicate 95%
confidence intervals.

Fig. 6. Microphotographie de l’échantillon daté (A) et âges U–Th–Pb
sur monazite, avec l’incertitude 2s (B). Les lignes pointillées en B
délimitent l’intervalle de confiance à 95 %.
because it shows complicated decompression textures
formed at multiple stages, the isochron method cannot
be used. Therefore, pelitic gneiss (garnet–sillimanite–

biotite gneiss) from the Nam Su Lu Formation was used
to obtain the metamorphic age, and monazite spot
analyses were performed using a JEOL JXA-8200
microprobe analyser with four wavelength-dispersive
spectrometers at the Natural Science Center for Basic
Research and Development (N-BARD) in the
Hiroshima University, Japan. Thin sections coated with
a thin carbon film were used in the analyses. The
quantitative analyses were performed with an accel-
erating voltage of 15 kV, a beam current of 200 nA, and
a beam diameter of 5 mm using data processing by the
ZAF correction program. The ThMa, UMb and PbMb
lines were measured, and other elements such as P, Y, Si,
Gd, Sm, La, Ce, Pr, Nd, Ca and S were also analysed to
cross-check individual data. Data corrections followed
the equations suggested in [33]. Weighted means of
ages were calculated using the Isoplot/Ex v.3 program
[19] with 95% confidence intervals. Ward’s Elk
Mountain monazite (1395 Ma; [20]) was used as a
consistency standard. During the analyses performed
here, the average age obtained was 1396 � 13 Ma.

The analyzed pelitic gneiss occurred with amphi-
bolite and garnet amphibolite in the Nam Su Lu
Formation. No high-pressure relicts, such as kyanite,
are observed from the pelitic gneiss. It contains garnet
porphyroblasts with biotite, sillimanite, plagioclase, K-
feldspar and quartz in the matrix (Fig. 6a), indicating
typical metamorphosed pelitic rock in this region.
Monazite is observed as minor phases in the matrix. The
ThO2, UO2, and PbO contents of the monazite vary
from 2.757 to 7.961, 0.650 to 1.041 and 0.050 to 0.101,
respectively. The apparent ages range from 220 � 19 to
247 � 21 Ma, indicating Early to Middle Triassic. No
significant age difference was identified in all the
analyses with 2 s errors (Fig. 6). The weighted average
of ages was 233 � 5 Ma (Fig. 6).

6. Discussion and conclusions

6.1. Pressure-temperature conditions of the
granulite-facies metamorphism

The petrographical and mineral chemical features
suggest that sodic clinopyroxene has been stable prior to
the exhumation of the granulite. The chemical



N. Nakano et al. / C. R. Geoscience 340 (2008) 127–138 135

Table 3
Thermometric results of Grt-Cpx granulite

Tableau 3
Résultats de l’analyse thermométrique de la granulite à Grt-Cpx

Grt-Cpx thermometry Mg-nch, Ca-poor Grt-recalc. Cpx

Reference 1.5 GPa 2.0 GPa
Ellis & Green (1979) 914 8C 930 8C
Powell (1985) 902 8C 919 8C
Ravna (2000) 889 8C 922 8C
activity Jd barometry Recalc. Cpx
Reference temperature 800 8C 1000 8C
Holland (1983) 1.73 GPa 2.09 GPa
composition of garnet 1 drastically changes from Mg-
rich and Ca-poor to Mg-poor and Ca-rich compositions
(Fig. 4), indicating later external influences such as
penetration of calcic melt or fluid. Hence, the high-Mg
and low-Ca garnet (core of garnet 1) was stable in peak
metamorphic conditions. The original sodic clinopyr-
oxene, which is commonly stable at eclogite-facies, was
Fig. 7. Global distribution of pressure/temperature/time conditions from N
Kontum Massif are compiled from [24,26,32]. Ages from the Truong Son
Orogenic Belt is also shown in the map insert.

Fig. 7. Distribution globale des conditions pression/température/temps pour le
pour le massif de Kontum proviennent de la compilation de [24,26,32]. Les âg
zone orogénique de Sulu Dabie est indiquée en insertion.
probably in equilibrium with the garnet under such
high-pressure/high-temperature metamorphic condi-
tions.

The pressure/temperature conditions were estimated
by garnet–clinopyroxene geothermometry [7,34,35]
and activity jadeite geobarometry [12] using the core
of garnet 1 and recalculating original clinopyroxene.
Some recalculated original clinopyroxenes showing low
Mg contents (XMg < 0.5) may be due to the relation to
the melt (or fluid) or uncertainties of wide prove
analyses, and thus they were ignored. An average value
obtained from 27 recalculated clinopyroxenes
(XMg = 0.53, XJd (Jd/(Jd + Aug) = 0.18) was used in
this calculation. The result yielded 910–930 8C at 1.9–

2.0 GPa (Table 3). Because some low-Mg clinopyrox-
enes were ignored in this calculation, the condition can
be regarded as the minimum peak metamorphic
condition for the granulite, which corresponds to high-
to ultrahigh-temperature-type high-pressure granulite
observed in the world [27]. After this condition, the
orth to central Vietnamese metamorphic rocks. The data from the
and Song Ma Belts are after [16]. The distribution of the Dabie Sulu

s roches métamorphiques, du Nord au Centre du Vietnam. Les données
es pour les chaînes de Truong Son et Song Ma proviennent de [16]. La



N. Nakano et al. / C. R. Geoscience 340 (2008) 127–138136
granulite was uplifted and formed orthopyroxene- and
plagioclase-bearing symplectites replacing sodic cli-
nopyroxene and garnet during the decompression.

6.2. Implications for the Indochinese continental
collision

High-grade metamorphic rocks including granulites
and eclogites have mainly been observed in past or
present plate convergence zones [21,27], and therefore,
such rocks are one of the best indicators of the location
of the microcontinental boundary in Asia. In the well-
defined continental boundary between the North and
South China cratons, such rocks have been reported:
granulites from the North Dabie complex, China [39]
(see inset map in Fig. 7), Imjingang belt, South Korea
[36] and Higo terrane, Japan [30] and eclogites from
Dabie-Sulu belt, China [8] and Gyeonggi massif, South
Korea [28], some of which indicate ultrahigh-tempera-
ture [30] and ultrahigh-pressure metamorphic condi-
tions [29]. Recently, granulites and eclogites have also
been reported from the Kontum massif in central
Vietnam [24–26,32] (Fig. 7). In addition, ultrahigh-
temperature [24,32] and possible ultrahigh-pressure
[25] conditions have been estimated from these rocks.
The similarities of these rocks occurring in East to
Southeast Asia are not only the metamorphic grade, but
also the metamorphic age indicating the Late Permian
to the Early Triassic [8,18,26,28,30,31,36] (Fig. 7).
Although some older ages (�400 Ma) were also
reported, their quantitative pressure/temperature con-
ditions indicate low-pressure types (see eastern Kontum
in Fig. 7), suggesting uncollisional orogeny.

The first finding of high-pressure granulites in this
region strongly implies that the Song Ma Suture zone can
be regarded as one of the continental boundaries between
the South China and Indochina blocks. The pressure/
temperature conditions (910–930 8C at 1.9–2.0 GPa)
estimated from the high-pressure granulite correspond to
high-temperature eclogite-facies metamorphic condi-
tions, indicating a depth of more than 60 km. These
conditions are similar to the minimum pressure condi-
tions of eclogite overprinted by ultrahigh-temperature
granulite-facies metamorphism from the Kontum massif
in central Vietnam (ca. 950 8C at 1.6 GPa; [24]), though
ultrahigh-pressure conditions are expected from the
eclogite [25]. These rocks observed from both northern
and central Vietnam commonly preserve evidence of
eclogite-facies metamorphic conditions, as complicated
decompression textures may indicate similar rapid
exhumation from deep crustal levels. Even though we
could not obtain any quantitative ages directly from the
high-pressure granulite, the one of 233� 5 Ma, detected
from pelitic gneiss, is consistent with eclogite from the
Kontum massif (240 � 16 Ma; [26]). If we assume that
the age indicates a high-grade metamorphic event in
northern Vietnam, these metamorphic signatures invol-
ving pressure/temperature/time conditions are quite
similar to each other.

Although no evidence for granulite- and eclogite-
facies metamorphism has been observed between the
Song Ma Suture zone and the Kontum massif,
amphibolite-facies metamorphic rocks from the Truong
Son belt located between both areas have Late Permian
to Early Triassic ages [16,17] (Fig. 7). In the case of the
Dabie-Sulu belt (ca. 2000 km in length) in central
China, well established as a continental boundary
between the North and South China blocks, eclogites
and granulites are only exhumed in the Dabie and Sulu
areas. Therefore, in the present study, we preliminarily
conclude that North to central Vietnam forms a Late
Permian to Early Triassic orogenic belt (ca. 1500 km in
length), due to the collision of the Indochina and South
China cratons, and crustal materials subducted to deep
levels are now distributed only in northern and central
Vietnam (as the Song Ma metamorphic belt and the
Kontum massif, respectively). Although first finding of
high-pressure granulite in northern Vietnam is from a
boulder sample and the age is not obtained directly from
the granulite, this study strongly proposes that other
evidences of the Permo-Triassic high-grade meta-
morphism, including eclogite and granulite, should
be sought to further constrain the tectonic setting in the
Indochinese collision zone.
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