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Abstract

Inthe Punggi area of the northeastern part of the Yeongnam Massif, one of Precambrian basement terrains in Korean Peninsular,
the metamorphic grade increases from the amphibolite- to the granulite-facies zones towards the southeast. The boundary of
the granulite-facies zone is defined by the orthopyroxene (Opx)-In reaction in metabasites. As metamorphic grade increases
across the Opx-In isograd, the mineral assemblage in calcic metabasites is changed from clinopyroxene-amphibole-plagioclase
to orthopyroxene-clinopyroxene-amphibole-plagioclase, and that in alkali metabasites from garnet-orthoamphibole-plagioclase
to garnet-orthopyroxene-plagioclase. The metamorphic rocks in the granulite-facies zone were overprinted by upper amphibolite-
facies retrograde metamorphism. During retrograde metamorphism, cordierite and spinel formed in the migmatitic gneiss. The
P-T conditions of granulite-facies metamorphism are 767-<&1&nd 6.0—-8.4 kb and tH&-T conditions for the retrograde stage
are 595-707C/4.7-6.4kb. A U-Pb zircon age of 19849 Ma has been obtained from a garnet granitic gneiss and is inferred
to date the emplacement of its precursor. This is consistent with the intrusion age of precursors to most orthogneisses in other
parts of the Yeongnam Massif. The same sample has yielded a Sm—Nd whole rock-garnet age 88 64, which is inferred
to represent a late Proterozoic metamorphic event of upper amphibolite facies.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and Nie, 1993; Ernst and Liou, 1995; Chang, 1996;
Ree et al., 1996 it has been a critical issue whether
In the southern part of Korean Peninsula, there these Precambrian massifs are parts of a single massif
are two Precambrian metamorphic basement terrains,belonging to the North China (Sino-Korean) Craton
which are separated by the Phanerozoic Ogcheonor two separate massif&im et al. (1992)suggested
Belt: the Gyeonggi Massif and the Yeongnam (or thatthe Yeongnam Massif belongs to the South China
Sobaegsan) MassifF{g. 1). Since it has been re- (Yangtze) Craton and the Gyeonggi Massif to the
cently proposed that the Dabie—Sulu collision belt in North China Craton. Howevegluzel et al. (1991and
China may extend into the Korean Peninsulan( Yin and Nie (1993suggested just the opposite. Alter-
natively, Cheong et al. (2000&nd Park et al. (2000)
"+ Corresponding author. Fax:82-2-3290-3560. prqposed that two massifs are parts of the North
E-mail address: kwonyw@korea.ac.kr (Y.W. Kwon). China Craton. Although several models suggested
1 Deceased. for the tectonic relationship between northeast China
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Fig. 1. Geological map of the study area, modified from 1:50,000 geologic maps of Darwangad Lee, 1967 Sangkumgok$hin and

Choi, 1968)and Punggil(ee et al., 198pareas. The inset figure shows various tectonic provinces in east Asia. NM, Nangrim Massif; GM,
Gyeonggi Massif; YM, Yeongnam Massif; PB, Pyeongnam basin; OB, Ogcheon metamorphic belt; 1B, Imjingang belt; TB, Taebaegsan
basin; KB, Kyeongsang basin.

and Korean Peninsula, the relationship is still obscure and 3.5-6 kb, at 1.8 G&im, 1999; Song, 1999and
because of the lack of petrological and geochrono- (b)the northeastern part of the massif (730-8Z@nd
logical data for the Korean Peninsula. In particular, 4.8—6.8 kb, unknown agd§im and Cho, 1999, 2003
only a few petrological and geochronological studies Yi, 2000). Evidence for granulite-facies metamor-
on the Yeongnam Massif are available. Therefore, to phism was also reported from the Hwacheon (800—
elucidate the tectonic relationship between China and 850°C and 7-10kb, at 1.87 Gage et al., 200Ppand
Korea, it is important to study the Yeongnam Massif. Odaesan areas (776—798 and 5.4—7.4 kb, unknown
The Yeongnam Massif had earlier been thought to age;Kwon et al., 1997 in the Gyeonggi Massif.

have undergone upper amphibolite-facies peak meta- In the North China Craton, granulite-facies meta-
morphism, followed by an amphibolite-facies over- morphism at 1.8Ga is common and generally no
print and then by the greenschist-facies retrogression younger metamorphic event is prominedhéi et al.,
(Lee et al., 1981; Song and Lee, 193%owever, 2000. On the other hand, in the Sulu collisional region
recently, granulite-facies metamorphism was also re- between North and South China cratons, granulite-
ported from: (a) the southern part of the massif (800  facies metamorphism occurred during isothermal
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decompression following 240-210Ma ultrahigh- gneiss. Metabasites occur as enclaves in garnet granitic
pressure metamorphisnwWéng et al., 1993; Zhang gneiss and as small pods and boudins in migmatitic
et al., 1995; Yao et al., 2000Granulite-facies meta-  gneiss Fig. 2).
morphism is common in northeast Asia and can be The migmatitic gneiss shows a banded and stro-
an important key to understand tectonic relationship matic structure and comprises quartz, plagioclase,
between Korea and China. perthite, biotite and muscovite with minor garnet,
This contribution documents the metamorphic evo- sillimanite, cordierite, spinel, corundum and ilmenite.
lution of previously unstudied granulite-facies granitic Reddish brown biotite occurs as flakes that define the
gneiss, metabasites and migmatites from the Punggifoliation together with muscovite, and greenish brown
area (northeastern Yeongnam Massif) includigr secondary biotite replaces garnet along cracks and
conditions and the timing of metamorphism. In addi- fractures. Garnet grains are 2-3mm in diameter and
tion the results of this study are compared with the contain reddish brown biotite inclusions. Some garnet
granulite-facies metamorphism in other parts of the porphyroblasts are embayed by cordierite. Cordierite
Yeongnam Massif, as well as the Gyeonggi Massif and is poikiloblastic and contains inclusions of quartz,
the North and South China cratons in order to interpret spinel, sillimanite and ilmeniteFg. 3A). The whole
the tectonic relationship between Korea and China. rock composition of cordierite-bearing migmatitic
gneiss has higher ADs, total FeO, MgO and KO
than cordierite-free migmatitic gneis$aple J).
2. Geological outline and metamorphic zones The porphyroblastic gneiss is characterized by por-
phyroblasts of perthite with diameters of 2-3 cm. The
In the Punggi area, the Yeongnam Massif is bounded matrix of the porphyroblastic gneiss mainly comprises
to the NW by the Paleozoic Joseon Supergroup and of quartz, plagioclase and biotite with minor horn-
was intruded by Mesozoic granites to the east and blende and epidote.
west Fig. 1). The boundary between the Yeongnam  The garnet granitic gneiss is generally massive.
Massif and the Joseon Supergroup is defined primar- It displays weak foliation and contains xenoliths of
ily by an unconformity and locally by a semi-brittle  migmatitic gneiss and enclaves of metabasite. Garnet,
ductile shear zoneKfon et al., 1995 The study K-feldspar, biotite, plagioclase, and quartz occur as
area mainly comprises migmatitic gneiss, porphyrob- major minerals with minor prismatic sillimanite and
lastic gneiss, garnet granitic gneiss and biotite granitic ilmenite. Garnet porphyroblasts are about 1cm in

Table 1
Representative whole rock compositions of gneisses and metabasites

Rock

Mig Gn Mig Gn* Grt Gr Gn Bt Gr Gn Mb-1 Mb-2
Sio, 69.98 42.64 68.04 68.58 48.03 50.86
Al,03 15.01 25.69 14.96 15.09 14.83 19.42
FeOz** 4.55 14.74 6.19 6.54 13.73 9.51
TiO, 0.80 1.36 0.70 0.61 0.86 0.92
MnO 0.05 0.12 0.08 0.08 0.19 0.06
CaO 3.02 1.34 3.62 1.59 12.67 6.49
MgO 1.83 5.86 2.25 2.03 7.79 4.80
K20 1.92 3.17 1.43 2.76 0.20 2.05
Na,O 2.64 1.30 1.93 2.00 0.33 2.96
P,0s 0.06 0.08 0.03 0.09 0.08 0.83
LOI 0.00 1.63 0.58 0.65 0.46 0.42
Total 99.85 97.93 99.82 100.01 99.17 98.30

Mig Gn, Migmatitic Gneiss; Grt Gr Gn, Garnet Granitic Gneiss; Bt Gr Gn, Biotite Granitic Gneiss; Mb-1, Ca-rich metabasite; Mb-2, alkali
metabasite containing orthopyroxene. Mig*Guordierite bearing migmatitic gneiss; #&**, total Fe oxides; LOI, loss on ignition.
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Fig. 2. Metamorphic-facies map of the study area. Mineral abbreviations arelfretn (1983)and numbers are sample locations. Opx-In,
orthopyroxene isograd in metabasites; Sil-In, sillimanite isograd in migmatitic and granitic gneisses.

diameter and contain plagioclase and biotite inclu-
sions Fig. 3B).

The biotite granitic gneiss is similar to the garnet
granitic gneiss in texture and rock composition. This
rock type is composed of biotite, muscovite, epidote,
K-feldspar, plagioclase and quartz with or without mi-
nor garnet, fibrous sillimanite and andalusite.

Two different metabasites occur; one is rich in K,
Na and Al (alkali metabasite), and the other is rich
in Ca, Mg and Fe (calcic metabasiféable 1. The
alkali metabasite comprises orthoamphibole and/or
orthopyroxene, clinopyroxene, plagioclase with mi-
nor garnet, biotite and quartz. On the other hand,

the calcic metabasite comprises clinopyroxene, or-
thopyroxene, hornblende, plagioclase with minor
biotite and quartz. The presence of orthopyroxene
in metabasites is consistent with granulite-facies
metamorphism. The rims of orthopyroxene grains
are partly replaced by orthoamphibol&ig. 30).
Thin coronas of secondary garnet occur between
clinopyroxene and plagioclase in calcic metabasites
(Fig. 3D).

In the study area, the metamorphic grade increases
gradually towards southeast from the amphibolite to
the granulite faciesHig. 2). In the amphibolite-facies
metamorphic zone, the biotite granitic gneiss displays
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Fig. 3. (A) Corroded garnet and spinel enclosed in cordierite from migmatitic gneiss; (B) biotite inclusion within garnet porphyroblast in
garnet granitic gneiss; (C) orthopyroxene rimmed by orthoamphibole in garnet-orthopyroxene metabasite; (D) coronitic secondary garnet
between clinopyroxene and plagioclase in calcic metabasite. Mineral abbreviations ar&rétn{1983)

the mineral assemblage of biotite-muscovite-K-felds- In the transitional zone, garnet may also form by the
par-plagioclase, with rare fine-grained and spessartine-reaction (2) in the sillimanite-bearing rocks:

rich garnet. In the amphibolite- to granulite-facies

transitional zone, the amount and grain size of gar- K(Mg, Fe)3AISi3010(0OH)2 + Al2SiOs + 2Si0;

net increases, fibrous sillimanite appears at the ex- biotite silimanite  quartz

pense of muscovite and, at the highest grade part of = (Mg, F&)3Al2Siz012 + KAISi30g + Melt  (2)

the transitional zone, fibrous sillimanite is gradually gamet K-feldspar

transformed to prismatic sillimanite. This observation

tar - ! The boundary for the granulite-facies zone is de-
indicates that the following reaction (1) occurred:

fined by the orthopyroxene-in (Opx-In) reaction. As
) metamorphic grade increases across this isograd, the
KAl 3?5593353H)2 mineral assemblage of calcic metabasites changes

+Si0; = KAISi30g + Al»SiOs + Melt @ from cIinopyroxe_ne-amphiboIe-pIag_iocIase-qL_lartz to
quartz  K-feldspar parsillimanite orthopyroxene-clinopyroxene-amphibole-plagioclase,
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and that of alkali metabasites, from garnet-orthoamph-

ibole-plagioclase to garnet-orthopyroxene-plagioclase.
These changes are attributed to reactions (3) and

(4):
Ca (Mg, Fe)4Al2SigO22(0OH)2 + SiOy
hornblende quartz
= 3(Mg, F&)SiOz + Ca(Mg, Fe)Si,Og
orthopyroxene clinopyroxene
+ CaAbLSi,Og + Hy0 (3)
anorthite
(Mg, Fe)7SigO22(0OH)2
cummingtonite
= 7(Mg, F&)SiOz + SiO, + H20 (4)

orthopyroxene quartz

A minor amount of hornblende is also found in alkali
metabasites, indicating that reaction (5) may be also
operative:

Cap(Mg, Fe)3AI4SigO22(0OH)2 + 3Si0,

tschermakite quartz
= (Mg, F&)SiO3 + Ca(Mg, Fe),Al»SigO12
orthopyroxene garnet
+ CaAlSiOg + H,0 (5)
anorthite

In the transitional- and granulite-facies zones, the
garnet-cordierite-sillimanite-biotite-K-feldspar assem-
blage is observed in the #0Ds3- and MgO-rich
migmatitic gneiss and garnet granitic gneigalfle J).
Cordierite grains contain inclusions of corroded gar-
net, sillimanite, spinel and quartz, suggesting that
cordierite formed during retrograde metamorphism
by reactions:

(Mg, Fe)3AIl2Si3012 + 2AI2Si0Os

garnet sillimanite
— 3(Mg, FO)AI,04 + 5Si0, (6)
spinel quartz
and
2(Mg, Fe)Al,04 + 5SI0, = (Mg, Fe)2Al4Si501g
spinel quartz cordierite
(7

In the granulite-facies zone, reaction rims formed by
the breakdown of orthopyroxene into orthamphibole
during retrograde metamorphism probably occurred
by reaction (8):

Y.W. Kwon et al./Precambrian Research 122 (2003) 253-273

7(Mg, F®)SiOz + SiO, + H20

orthopyroxene quartz

= (Mg, Fe)7SigO22(OH)2

cummingtonite

(8)

Some orthoamphibole pseudomorphs have relics of
garnet, orthopyroxene and quartz in sample 5014.
In calcic metabasites 4842-1 and 5011, coronitic,
fine-grained secondary garnet with quartz occur be-
tween clinopyroxene and plagioclase. This texture
suggests that the new garnet formed during retrograde
metamorphism by reaction (9):

Ca(Mg, Fe)SipOg + CaAl,Si,Og

diopsideghedenbergite anorthite

2CaAl»SizO12 + 3(Mg, Fe)3Al2Siz012
grossular pyrope/almandine

+SiO,

quartz

9)

In some biotite granitic gneiss adjacent to the Meso-
zoic granite, andalusite formed during retrograde
stage encloses and crosscuts high Ti biotite and
muscovite.

3. Mineral chemistry

Mineral analyses were carried out on a JEOL
JXA-8600SX electron microprobe at the Center
for Mineral Resources Research, Korea University.
Operating conditions were; acceleration voltage of
15kV, beam current of 10nA, and beam diame-
ter of 5um. Total iron is considered as FeO. The
mineral abbreviations ofKretz (1983) are used
to describe the mineral assemblage and chemical
reactions.

3.1. Plagioclase

The composition of plagioclase is presented in
Table 2 Most of plagioclases grains do not show any
chemical zoning. Plagioclase in migmatitic gneiss
and biotite granitic gneiss is oligoclase (&n3p).
Plagioclase in the matrix of the garnet granitic gneiss
has a lower An content (A1241) than plagioclase
inclusions within garnet (Ajx—46). Plagioclase in the
garnet-orthopyroxene metabasite is andesine or lab-
radorite (Amp—sg) and that in garnet-orthoamphibole
metabasite is andesine (4yn4g). Plagioclase
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Table 2
Representative compositions of plagioclase
Rock
Mig Gn Grt Gr Gn Bt Gr Gn Mb-1 Mb-2 Mb-3
Sample Sample Sample Sample Sample Sample
4845-1 4845-1 5025-1 5031 5031 50314625 4625 5011 4847 5014 5014 4972 4972
SiO, 63.50 60.54 60.74 5858 5873 56.63 61.19 6287 4417 4731 57.92 5377 56.32 55.93
TiO2 0.01 0.00 0.01 0.01 009 000 000 000 0.00 0.00 0.07 0.21 0.00 0.05
Al;,03 2276 2429 24.07 26.27 25.74 2719 24.01 23.30 3451 3321 26.45 29.50 27.40 27.36
FeOr 0.13 0.07 000 000 008 014 000 000 041 0.00 0.19 0.10 0.04 0.00
MnO 0.00 005 014 000 005 000 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Ca0O 3.83 584 6.16 768 754 938 581 434 19.18 1640 809 1169 951 9.70
Na;O 8.81 8.01 7.66 6.84 707 622 788 866 084 197 6.63 483 595 587
K20 0.13 0.20 0.45 0.18 0.09 0.08 0.00 0.00 0.00 0.04 0.27 0.09 0.03 0.04
Total 99.17 99.00 99.23 9956 99.39 99.64 98.89 99.17 99.11 9893 99.62 100.21 99.25 98.95
Cations per 8 oxygens
Si 2821 2717 2722 2624 2636 2551 2739 2794 2066 2190 2.601 2425 2544 2536
Al 1191 1.284 1271 1386 1.361 1442 1266 1.220 1901 1.810 1.399 1567 1.458 1.461
Ti 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.002 0.007 0.000 0.002
Fet 0.005 0.003 0.000 0.000 0.003 0.005 0.000 0.000 0.016 0.000 0.007 0.004 0.002 0.000
Mn 0.000 0.002 0.005 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Ca 0.182 0.281 0.296 0.369 0.363 0.453 0.279 0.207 0.961 0.813 0.389 0.565 0.460 0.471
Na 0.759 0.697 0.666 0.594 0.615 0.543 0.684 0.746 0.076 0.177 0.577 0.422 0.521 0.516
K 0.007 0.011 0.026 0.010 0.005 0.005 0.000 0.000 0.000 0.002 0.015 0.005 0.002 0.002
Total cation 4.965 4.995 4,986 4.983 4.988 4999 4968 4967 5.020 4.992 4990 4996 4.987 4.988
Xab 0.80 0.71 0.67 0.61 0.63 0.54 0.71 0.78 0.07 0.18 0.59 0.43 0.53 0.52
Xan 0.19 0.28 030 038 037 045 029 022 093 082 040 0.57 047 048
Xor 0.01 0.01 0.03 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00

Abbreviations are same aRable 1 and Mb-3 is alkali metabasite

containing orthoamphibole. *Fetal iron as FeOj, inclusion;

Xab = Na/(Na+ Ca+ K), Xan = Ca/(Na+ Ca+ K), Xor = K/(Na+ Ca+ K).

in the calcic metabasite
(Ango—gg).

is bytownite-anorthite

3.2. Biotite

The composition of biotite is presented Table 3
andFig. 4. The X of biotite in migmatitic gneiss has
a wide compositional range from 0.34 to 0.78. In con-
trast, the X of biotite in other rock types have narrow

3.3. Garnet

The composition of garnet is presentedTiable 4
and Fig. 5 The garnet grains have almost homoge-
neous compositions except for rims, and their repre-
sentative compositions in migmatitic gneiss and garnet
granitic gneiss are Al 7gPrpig25Sp9—4Gro—
and Almsg—6sPrps—-7Sps—4Grs—s, respectively. On
the other hand, garnet in the biotite granitic gneiss

ranges of 0.41-0.55 (garnet granitic gneiss), 0.34-0.51is relatively spessatine rich (Akg—74Prp—oSpS4—26
(garnet-orthopyroxene metabasite) and 0.47-0.53 Gr—3) and that in calcic metabasite is grossular rich

(garnet-orthoamphibole metabasite), respectively. In
the migmatitic gneiss, garnet granitic gneiss, and
garnet-orthopyroxene metabasite, Ti and'Abf bi-
otite inclusions in garnet and matrix biotite are higher
than that of biotite in contact with garnet rims. The
Al'Y of biotite in all rock types is 1.20-1.39 a.p.f.u.

(Almse—66Pru—3Sps—14Grsig—o7). Garnet in the
garnet-orthopyroxene metabasite is higher in the py-
rope content (AlMs—7Pre—7Sps—3Grs—) than
that in garnet-orthoamphibole metabasite (Adnr4
Prpie—22SpaGrs). In  the garnet-orthopyroxene
metabasite, the compositions of rims are different
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Table 3
Representative compositions of biotite
Rock
Mig Gn Grt Gr Gn Bt Gr Gn  Mb-2 Mb-3
Sample Sample Sample Sample Sample
4718 4746 4845-1" 5025-2" 4990" 5037T 5031™ 5031 5031 4625 5014 5014™ 5014 5014 4972 g
SiO, 36.30 35.37 34.56 33.79 33.40 35.37 34.94 34.86 35.21 34.64 35.65 34.99 35.85 35.28 35.@
TiO, 3.71 1.86 2.52 3.23 3.43 2.03 2.21 1.26 0.58 0.90 341 5.36 1.69 0.58 1.948
Al2,03 17.59 18.29 17.84 18.78 18.51 17.39 17.61 18.04 18.43 18.72 16.00 15.01 16.42 17.26 16.7
FeO 14.62 20.88 20.28 22.40 24.47 20.67 19.15 19.99 19.24 21.94 18.93 19.98 18.73 19.80 18.81
MnO 0.00 0.00 0.08 0.13 0.00 0.09 0.03 0.00 0.00 0.53 0.00 0.00 0.00 0.12 0.00§
MgO 13.07 8.42 8.29 6.20 4.71 9.57 10.22 9.87 10.40 7.98 11.35 10.76 11.83 11.53 11.4
CaOo 0.00 0.00 0.05 0.00 0.09 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.0
NaO 0.46 0.37 0.42 0.44 0.41 0.57 0.49 0.55 0.59 0.29 0.44 0.42 0.35 0.41 0.52=
K20 9.63 9.66 9.80 9.68 9.95 10.20 9.77 10.11 10.09 9.19 8.98 8.82 9.32 9.41 9.8(;%
Total 95.38 94.85 93.84 94.65 94.97 95.89 94.42 94.71 94.54 94.19 94.76 95.34 94.22 94.39 94.%
Cations per 11 oxygens <
Si 2.706 2.732 2.699 2.646 2.639 2.717 2.701 2,701 2.719 2,711 2.730 2.685 2.757 2.728 2.7139
Al(IV) 1.294 1.268 1.301 1.354 1.361 1.283 1.299 1.299 1.281 1.289 1.270 1.315 1.243 1.272 1.2%1
Al(VI) 0.250 0.396 0.340 0.378 0.361 0.291 0.305 0.349 0.395 0.436 0.173 0.041 0.244 0.300 0.264
Ti 0.208 0.108 0.148 0.190 0.204 0.117 0.128 0.073 0.034 0.053 0.196 0.309 0.098 0.034 0.2
Fett 0.911 1.349 1.325 1.467 1.617 1.327 1.238 1.295 1.242 1.436 1.212 1.282 1.204 1.281 1.1%3
Mn 0.000 0.000 0.005 0.009 0.000 0.006 0.002 0.000 0.000 0.035 0.000 0.000 0.000 0.008 o.ﬁo
Mg 1.452 0.970 0.965 0.724 0.555 1.096 1.178 1.140 1.197 0.931 1.296 1.231 1.356 1.329 1.32
Ca 0.000 0.000 0.004 0.000 0.008 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.007
Na 0.066 0.055 0.064 0.067 0.063 0.085 0.073 0.083 0.088 0.044 0.065 0.062 0.052 0.061 0.077
K 0.916 0.952 0.976 0.967 1.003 0.999 0.963 0.999 0.994 0.917 0.877 0.863 0.914 0.928 0.958
Total cation 7.803 7.830 7.827 7.802 7.811 7.921 7.887 7.941 7.950 7.852 7.819 7.788 7.870 7.941 7.893
Xte 0.39 0.58 0.58 0.67 0.74 0.55 0.51 0.53 0.51 0.61 0.48 0.51 0.47 0.49 0.47

Abbreviations are same &ables 1 and 2i, inclusion in garnet or orthopyroxene; in contact with garnetm, matrix; Xge = FEt/(FE + Mg).
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Table 4
Representative compositions of garnet
Rock
Mig Gn Grt Gr Gn Bt Gr Gn Mb-1 Mb-2 Mb-3
Sample Sample Sample Sample Sample Sample
<
4845-T 4845-I' 5025-T 5025-I 4718 5031° 5031" 5031 4625 4625 5011 4842-I' 5014 5014 4972 4972 =
SiO, 37.90 37.35 36.64 36.38 37.19 38.03 36.97 3736 36.29 36.42 37.01 36.62 3789 38.14 37.29 37%3
Al;,03 21.41 21.23 20.79 20.67 21.02 21.20 21.32 2139 2098 20.54 2053 20.44 2145 2132 2079 2137
FeO 32.28 33.61 35.78 36.06 3461 31.13 3381 3554 3299 28.67 2844 26.86 3045 31.00 33.13 30%9
MnO 0.18 0.36 1.18 2.96 0.58 0.68 143 1.15 6.25 11.37 4.44 5.91 0.90 0.58 1.79 1.7%
MgO 6.37 5.91 3.18 1.67 4.75 6.46 3.90 3.89 2.16 1.40 2.14 1.66 7.00 6.14 4.10 5.3%
CaO 0.77 0.93 1.04 1.00 0.73 1.39 1.29 1.17 1.15 1.09 6.99 7.78 1.86 191 1.99 1.
Na,O 0.38 0.33 0.41 0.30 0.26 0.27 0.27 0.33 0.00 0.25 0.00 0.34 0.47 0.40 0.34 0.1
Total 99.29 99.72 99.02 99.04 99.14 99.16 98.99 100.83 99.82 99.74 99.55 99.61 10002 99.48 99.43 9&%6
o]
Cations per 12 oxygens
Si 2.993 2.951 2.966 2.979 2983 3.003 2.986 2974 2952 2974 2978 2.940 2951 3.011 2986 2:280
Al 1.990 1.975 1.981 1.994 1985 1.972 2.029 2.007 2.011 1976 1.946 1.933 1.967 1.982 1.960 2.209
Fet 2.132 2.221 2.422 2.470 2321 2.056 2.284 2366 2245 1958 1.914 1.804 1.983 2047 2218 2J55
Mg 0.750 0.696 0.384 0.204 0.568 0.761 0.470 0.462 0.262 0.170 0.257 0.199 0.813 0.722 0.489 040
Mn 0.012 0.024 0.081 0.205 0.039 0.045 0.098 0.077 0431 0.787 0.303 0.402 0.059 0.039 0.121 O§20
Ca 0.065 0.079 0.090 0.088 0.063 0.118 0.112 0.100 0.100 0.095 0.603 0.669 0.155 0.161 0.171 0165
Na 0.058 0.051 0.064 0.048 0.040 0.041 0.042 0.051 0.000 0.040 0.000 0.053 0.071 0.062 0.053 02’329
Total cation  8.000 7.997 7.988 7.988 7.999 7.996 8.021 8.037 8.001 8.000 8.001 8.000 7.999 8.024 7.998 @98
Xaim 0.72 0.74 0.81 0.83 0.78 0.69 0.77 0.79 0.74 0.65 0.62 0.59 0.66 0.69 0.74 0.69
Xprp 0.25 0.23 0.13 0.07 0.19 0.26 0.16 0.15 0.09 0.06 0.08 0.07 0.27 0.24 0.16 0.22
Xars 0.02 0.03 0.03 0.03 0.02 0.04 0.04 0.03 0.03 0.03 0.20 0.22 0.05 0.05 0.06 0.06
Xsps 0.00 0.01 0.03 0.07 0.01 0.02 0.03 0.03 0.14 0.26 0.10 0.13 0.02 0.01 0.04 0.04
Xte 0.74 0.76 0.86 0.92 0.80 0.73 0.83 0.84 0.90 0.92 0.88 0.90 0.71 0.74 0.82 0.76

Abbreviations are same dables 1 and 2c, core;r, rim; Xam, FETIM; Xpm, Mg/M; Xgrs, Ca/M; Xsps MN/M where M= FE# + Mg+ Ca+Mn; Xge = FEH/(FE +Mg).
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depending upon the adjacent mineral. The rim part 4. Pyroxene, amphibole and other minerals

in contact with plagioclase show little compositional

variation but that in contact with biotite has higher Orthopyroxene has p¢ and Al contents of
Xam and lower Xprp than the inner partHig. 6A). 0.49-0.51 and 0.12 a.p.f.u., respectively, and does
Similar relationship is also found in the garnet granitic not shows a significant chemical zoningable 5
gneiss and the migmatitic gneiskig. 6B and . Fig. 7). In contrast, the X¢ of orthoamphibole rim-
Tracy (1982)suggested that the compositional pattern ming orthopyroxene increases from 0.22 to 0.49 away
could be attributed to Fe—Mg exchange between gar- from the orthopyroxene. Thep§ and Al contents of
net and adjacent ferromagnesian minerals, and diffu- clinopyroxene in metabasites are 0.39-0.61 and 0.01-

sion on grain boundary during retrogression. 0.06 a.p.f.u., respectively. Amphibole in metabasite
0.9 0.9
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g
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Fig. 6. Compositional profiles of garnets in the garnet-orthopyroxene metabasite (A), garnet granitic gneiss (B), and migmatitic gneiss (C).
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Table 5
Representative compositions of pyroxene, amphibole, cordierite and spinel
Rock
Mb-1 Mb-2 Mb-1 Mb-2 Mig Gn
Sample Sample Sample Sample Sample
5011 4847 4842-1 5014 5014 4842-1 4847 4847 5014 5014 4845-1 5025-2 4845-1 4845-1 4845-1 4990
Mineral Mineral Mineral Mineral Mineral g
Cpx Cpx Cpx Opx Opx Fe-Hb  Mg-Hb Act Cum Cum Crd Crd Spl Spl Sil And é
(=]
SiO, 50.97 52.09 50.62 49.83 49.75 43.08 48.27 54.07 58.13 52.87 48.31 46.86 0.00 0.00 35.96 36;1
TiO> 0.00 0.19 0.00 0.02 0.06 0.46 1.12 0.11 0.00 0.00 0.16 0.05 0.00 0.07 0.04 0.0Q,
Al,O3 0.95 0.91 0.99 2.75 2.72 12.15 7.17 1.07 2.74 0.68 33.07 32.62 56.78 55.57 62.69 63.12
FeO 16.55 12.35 17.50 29.39 30.24 22.14 15.63 16.8 11.97 26.88 6.36 10.35 34.07 35.96 0.48 0Z£6
MnO 0.87 0.19 0.92 0.09 0.34 0.65 0.00 0.00 0.00 0.36 0.00 0.24 0.23 0.00 0.02 0.0
MgO 9.11 11.34 8.33 16.61 16.55 6.09 12.4 13.17 22.12 15.44 9.03 6.62 2.35 2.29 0.00 0.®
CaO 20.96 22.38 21.04 0.29 0.20 11.3 11.76 11.9 0.1 0.33 0.02 0.08 0.04 0.00 0.06 0.®
NaO 0.33 0.27 0.24 0.43 0.52 1.14 0.87 0.23 0.57 0.4 0.10 0.39 2.15 1.91 0.00 0.0(o
Total 99.74 99.72 99.64 99.41 100.38 97.01 97.22 97.35 95.63 96.96 97.05 97.21 95.62 95.80 99.25 99&249
o
0=6 0=23 Cat=11 0=4 0=5 E
N
Si 1.973 1.980 1.973 1.918 1.904 6.609 7.103 7.913 8.106 7.920 5.006 4,954 0.000 0.000 0.981 0;281
Al 0.043 0.041 0.045 0.125 0.122 2.195 1.243 0.185 0.450 0.120 4.036 4.062 1.982 1.928 2.014 2819
Ti 0.000 0.005 0.000 0.001 0.002 0.053 0.124 0.012 0.000 0.000 0.012 0.004 0.000 0.002 0.004 0300
Fert 0.535 0.392 0.571 0.946 0.968 2.840 1.920 2.060 1.400 3.370 0.551 0.915 0.845 0.886 0.011 04106
Mn 0.029 0.006 0.030 0.003 0.011 0.084 0.000 0.000 0.000 0.046 0.000 0.021 0.000 0.000 0.000 O\‘ 0
Mg 0.526 0.643 0.484 0.953 0.944 1.390 2.720 2.870 4.600 3.450 1.395 1.043 0.104 0.101 0.000 0900
Ca 0.869 0.912 0.879 0.012 0.008 1.860 1.850 1.870 0.020 0.050 0.002 0.009 0.000 0.000 0.002 0.000
Na 0.025 0.020 0.018 0.032 0.039 0.340 0.250 0.070 0.150 0.120 0.020 0.080 0.124 0.109 0.000 0.001
Total cation 4.000 3.999  4.000 3.990 3.998 15.371 15.210 14.980 14.726 15.076 11.022 11.088 3.055 3.025 3.012 3.007
Wo 0.44 0.47 0.45 0.01 0.00
En 0.27 0.33 0.25 0.50 0.49
Fs 0.29 0.20 0.31 0.50 0.51

Abbreviations are same &ables 1 and 2Wo, Ca/(Ca+ FE* + Mg); En, Mg/(Ca+ F&+ + Mg); Fs, Fét/(Ca+ F&" + Mg).
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Fig. 7. Classification and compositional variation of (A) pyroxene and (B) amphibole in metabasites. Synibiglsdrare used.

is mostly magnesio- to ferro-hornblende but, locally, garnet-biotite-plagioclase geobarometer Kbisch

actinolite occurs as a retrogressive product. (1990) and GASP geobarometer ofoziol and
Cordierite is Mg-rich, with X ranging from 0.28 Newton (1988)
to 0.47. Spinel in cordierite is Fe-rich witheXranging The rims of orthopyroxene grains in the granu-

from 0.76 to 0.90Table 5. The Si and Al contents of  lite-facies garnet-orthopyroxene metabasite were
aluminosilicates (sillimanite and andalusite) are 0.981 transformed to orthoamphibole during retrograde
and 2.014-2.019 a.p.f.u., respectively. metamorphism, with the result that orthopyroxene and
garnet are no longer in direct contact. As discussed

in Section 3 the outer rim of garnet had undergone
5. Metamor phic condition a compositional change during retrograde metamor-
phism but the cores of garnet and orthopyroxene were

To determine the metamorphic conditions, the not affected by it. Under the assumption that garnet

TWEEQU program Berman, 1991 and the follow- core and orthopyroxene core were at equilibrium with
ing conventional geothermobarometers were used: plagioclase in the matrix during the peak metamor-
garnet-orthopyroxene geothermometer ofarley phism, the pealP-T conditions calculated using core

(1984) garnet-orthopyroxene-plagioclase-quartz geo- pairs are 800—818C and 6.1-8.4 kbKig. 8 Table .
barometer of Eckert et al. (1991) garnet-biotite The P-T conditions calculated from garnet core to-
geothermometer dPerchuk and Lavrent'eva (1983) gether with biotite and plagioclase in the matrix from
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Fig. 8. P-T conditions and the inferre@—T path (dashed arrow). Phase equilibria involving cordierite and spinel (dashed lines) in the
migmatitic gneiss (sample 4845-1) is calculated in KMASH system using the TWEEQU progmmgn, 1991)Petrogenetic grid for
the NaKFMASH system (solid curve) is fro@pear et al. (1999)P and R are th&-T conditions of peak and retrograde metamorphic

stage, respectively.

the same sample are 782 and 6.0-8.2kb. Thus, and 6.2—7.9kb. The retrograd®-T conditions cal-
peakP-T conditions of garnet-orthopyroxene metab- culated from garnet rims and adjacent biotite, pla-
asites are 767-8T%® and 6.0-8.4kb. On the other gioclase and sillimanite are 595—628, 4.7-5.7 kb.
hand, their retrograd®-T conditions calculated us- The P-T condition calculated from secondary garnet
ing garnet rim and adjacent biotite and plagioclase in the mafic granulite 5011 is 70T and 4.9 kb using
are 677C and 4.8-6.4 kb. the TWEEQU programBerman, 1991

In the garnet granitic gneiss 5031 in the granulite-  TheP-T estimations from the granulite-facies zone
facies zone, the peak metamorphic condition was es- are summarized ifrig. 8 and indicate that (1) both
timated on the assumption that plagioclase and biotite garnet-orthopyroxene metabasite and garnet granitic
in matrix, far apart from garnet, were stable with garnet gneiss had undergone upper amphibolite-facies ret-
cores. The result suggestdaT condition of 772C rograde metamorphism following granulite-facies
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Table 6
Pressure and temperature conditions estimated from various metamorphic rocks
Grt Gr Gn Mb-2 Mb-2 Mb-1
5031 5014 5014 5011 4842-1
Grt c r r c r Grt c Grt r r
Xalm 0.67 0.77 0.78 0.65 0.71 Afn 0.66 Xalm 0.62 0.56
Xprp 0.26 0.16 0.14 0.27 0.22 Pl 0.27 Xerp 0.08 0.04
Xars 0.05 0.04 0.04 0.05 0.06 ofs 0.05 Xars 0.20 0.27
Xsps 0.02 0.03 0.04 0.02 0.02 s 0.02 Xsps 0.10 0.13
Bt m r r m r Opx c Cpx r r
Xte 0.43 0.45 0.43 0.43 0.42 X 0.50 Xes 029 0.26
Xt 0.05 0.03 0.01 0.05 0.04 2% 0.49 Xen 0.27 0.25
Xaievy 011 0.12 0.14 0.07 0.09 wo 0.01 Xwo 0.44 0.48
PI m m m m m m r r
Xan 0.37-0.41 0.37-0.41 0.37-0.41 0.40-0.57 0.40-0.57 an X 0.40-0.57 4 0.93 0.97
L cC) 772 626 595 767 677 T3 (°C) 800-815 T™WQ (°C) 707 635
PN (kb) 5.3-5.7 4.7-5.0 Pec (kb)  6.1-8.4 P™WQ (kb) 4.9 4.7
PHo (kb)  6.2-7.9 6.0-8.2 4.8-6.4

Abbreviations are same dables 1 and 2PL, Perchuk and Lavrent’eva (198N, Koziol and Newton (1988)Ho, Hoisch (1990) Ha,
Harley (1984) Ec, Eckert et al. (1991)TWQ, Berman (1991)

metamorphism, (2) the peak metamorphic conditions Sm—Nd whole rock-garnet isochron age-datings were

are 767-815C and 6.0-8.4 kb, and (3) tHe-T con- carried out for a granulite-facies zone sample 5017

ditions of retrograde metamorphism are 595-707  (Fig. 2). After crushing, a Wilfley table was used

and 4.7-6.4 kb. to concentrate heavy minerals. Heavy minerals were

The P-T condition in the transition zone, calcu- separated first by magnetic separation using a Frantz

lated from secondary garnet of metabasites (4842-1) magnetic separator, and then by heavy liquid separa-

is 635°C and 4.7kb using the TWEEQU program tion using sodium polytungstate with distilled water.

(Berman, 1991 In order to constrain the stability Finally zircon and garnet fractions were hand-picked

fields of cordierite and spinel from cordierite-bearing under a binocular microscope.

migmatitic gneiss (4845-1) in the transition zone,

phase equilibria in the xO-MgO-AbO3-SiO,—H,0 6.1. U-Pb zircon ages

(KMASH) system were calculated using the TWEEQU

(Berman, 1991 (Fig. 8). The activities of pyrope, phl- Most of zircon grains separated from garnet granitic

ogopite, cordierite and spinel were calculated using gneiss are euhedral to subhedral, brown and transpar-

ideal site mixing models oBerman and Aranovich  ent. Zircons are classified into three types: (1) long

(1996) As described earlier, the retrogression of the prismatic zircon with length longer than 2p&n and

migmatitic gneiss is represented by reactions (6) and aspect ratio higher than 1:3 (Type I); (2) medium-sized

(7). Their P=T conditions are compatible with those tabular zircon 150-25@m in length and with aspect

estimated from the metabasite, suggesting that theratios of 1:2-1:3 (Type II); and (3) small and round

retrogradeP-T path in the transition zone is similar  zircon shorter than 150m in length and with aspect

to that in the granulite-facies zone. ratios of 1:1-1:1.5 (Type lll). Single grains of each
type were analyzedT@ble 7. Zircon was dissolved
with mixed HF-HNQ solution. A mixed?3°U—2%phb

6. Age determination spike was used. U and Pb extraction procedure was
standard ion exchange column method. Isotopic anal-

To determine the ages of intrusion and metamor- yses were performed on a VG354 thermal ionization
phism of garnet granitic gneiss, U-Pb zircon and mass spectrometer using a Daly detector at the Tianjin



Table 7

U and Pb abundances, isotope ratios and ages of zircon in garnet granitic gneiss

Sample Shape U Pb 206ppP0ipp  208ppPOspp  206ppP38Y 207ppP3dY 207ppPoSpp 206ppp38y  207ppp3Sy  207ppPOSpp
(ppm)  (ppm) (Ma) (Ma) (Ma)

5017-zr-1 Type Il 1057 353 20,271 0.05330 0.33#3.0010 5.308+ 0.0017 0.1162+ 0.0001 1845 1870 1899

5017-zr-2 Type | 1559 499 29,082 0.04517 0.31®.0005 5.122+ 0.0008 0.1162+ 0.0001 1788 1840 1899

5017-zr-3  Type Il 633 200 9,905 0.07755 0.30860.0016 4.88%+ 0.0028 0.116Q+ 0.0003 1719 1800 1896

5017-zr-4 Type Il 853 229 9,571 0.04726 0.26F10.0008 4.235+ 0.0016 0.1150t+ 0.0002 1526 1681 1880

a Detail descriptions on the shape are given in text.
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Table 8
Sm and Nd abundances and isotope ratios of whole rock and garnet in garnet granitic gneiss
Sample Sm (ppm) Nd (ppm) 147S5mA44Nd 143NdA4Nd 2s Tom
5017 wr 7.487 43.597 0.1039 0.511225 0.000016 2.53
5017 grt-1 4.376 2.687 0.9851 0.514740 0.000060
5017 grt-2 4.255 2.332 1.1036 0.515269 0.000019

Institute of Geology and Mineral Resources. U and Pb dant but collinear within experimental error. The up-
were loaded onto Re filaments in silica gel-phosphoric per intercept age is 19049 Ma with mean square of
acid mixture. U and Pb were analyzed at tempera- weighted deviates (MSWD) of 6.7, which is inferred

tures, between 1450 and 150D and between 1300
and 1450C, respectively. All zircon analyses were
corrected for 20-30 pg of total laboratory Pb blank
and 2-6pg of total laboratory U blank. The decay
constants used in calculations ar84B5x 1010 per
year for235U and 15513x 1010 per year for238y
(Steiger and Jéger, 19) mhe data reduction and sta-
tistical evaluation are done using the ISOPLOT pro-
gram (ver. 2.71) ot.udwig (1994) Error ellipses on

as an intrusion age of garnet granitic gneiss. This
age is very common in the Yeongnam Mas3ifirek
and Kim (1996)reported a conventional U-Pb zircon
age of 1945t 5Ma from porphyroblastic gneiss and
1923+ 23 Ma from granitic gneiss at the southwestern
part of the Massif, wheredark et al. (1993)eported
Pb—Pb whole rocks age of 19206 Ma from granitic
gneiss at the northeastern part of the Massif. Thus,
it appears that the Yeongnam Massif was affected by

concordia diagram and errors on zircon ages are given major magmatic activity at ca. 1.9 Ga.

at the & (95% confidence limit) level. Because small

amounts of sample were used, uncertainties in U and 6.2. Sm-Nd whole rock-garnet isochron age

Pb concentration may be as high as 20%.

Analyzed data were plotted on the concordia dia-

gram (Table 8 Fig. 9). The analyzed data are discor-

About 100 mg of rock powder and garnet fractions,
respectively were mixed with &Nd-149Sm spike

2000
0.36 | |Garnet Granitic Gneiss
Sample 5017
0.34 -
D 032
g L
s
A 030
S L
N
0.28 -
L Intercepts at
1904 £ 9 and
026 |- 150 + 156 Ma
- MSWD =6.7
1400 ( )
0.24 ) ] ) 1
3 4 5 6
207Pp/ 2351J

Fig. 9. Concordia diagram of zircon for the garnet granitic gneiss (sample 5017).
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Fig. 10.147SmANd vs. 143Nd/A4*Nd diagram for the garnet granitic gneiss (sample 5017).

and then dissolved with a mixed acid (HF:HGIO  Massif.Park et al. (2000&lso reported 1819-1717 Ma
HNO3 = 4:1:1) in Teflon vessels. REE fractions Sm-Nd metamorphic ages from gneisses and schists
were collected by the conventional cation column associated with the charnockit€heong et al. (2000)
chemistry. Sm and Nd fractions were separated from reported an age of 1844 26 Ma using the Pb step
each other by the second step cation column chem-leaching technique on garnet from the Wonnam Group
istry using 0.2 M HIBA @-hydroxy-iso-butyric acid) in the northeastern Yeongnam Masé&ih et al. (2000)
(Makishima et al., 1993 Isotopic ratios were mea- reported Sm—Nd metamorphic ages of 14#7%2
sured using a VG54-30 thermal ionization mass spec- and 142H- 14 Ma, respectively, from porphyroblastic
trometer equipped with nine Faraday cups at the Korea gneiss and granitic gneiss in the southwestern Yeong-
Basic Science Institute. The Nd isotopic compositions nam Massif.Yi (2000) reported that CHIME zircon
were measured in dynamic mode. THENd/44Nd ages in granitic gneiss at the central part of the Yeong-
ratios were normalized td*Nd/**Nd = 0.7219, nam Massif were 2440, 2220, 1810 and 1450 Ma.
and further corrected for Nd contribution from added
spikes. Replicate analyses of La Jolla standard gave
143Nd/144Nd = 0.511843+ 0.000004 ¢ = 21). Total 7. Discussion
blank levels were about 10 pg for Sm and 70 pg for
Nd. Isochron parameters were calculated using the The Punggi area of the northeastern Yeongnam
ISOPLOT program (ver. 2.71) dfudwig (1994) Massif has undergone granulite-facies metamorphism
Whole rock and garnet Sm—Nd isotopic data are (767-815C, 6.0-8.4kb) followed by retrogres-
listed in Table 8and plotted on an isochron diagram sion in the upper amphibolite facies (595-7@7
(Fig. 10. The Sm—Nd whole rock-garnet isochron age 4.7-6.4 kb). The closure temperature of zircon for the
of garnet granitic gneiss is 688 Ma with MSWD of U-Pb system is above 90Q (Mezger and Krogstad,
2.7, and theTpy of garnet granitic gneiss is 2.53Ga. 1997 and the granulite-facies metamorphism of
This Sm—Nd age is the youngest metamorphic age this area does not exceed 9@ Therefore, the
reported so far in the Yeongnam Masdim (1999) 19044 9 Ma of U-Pb zircon age appears to be the in-
reported a 182& 11 Ma Sm-Nd age for peak meta- trusion age of the igneous precursor to garnet granitic
morphism and a 112& 22 Ma Rb-Sr biotite cooling  gneiss. The age is consistent with the intrusion ages
age from a charnockite in the southwestern Yeongnam of orthogneisses (2.1 and 1.9 Ga) in other parts of
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Yeongnam MassifRark et al., 1993; Turek and Kim,
1996; Cheong et al., 20P0suggesting widespread ig-

the Hongseong area, Gyeonggi Massif, have also un-
dergone regional metamorphism at 290-260 @& (

neous activity between 2.1 and 1.9 Ga. However, the et al., 200) or 223+ 5Ma (Cho, 200) which can
617 Ma Sm—Nd garnet age obtained in the study areabe correlated to a 249 31 Ma event in the Samgot

is not matched with the ca. 1.9-1.8 Ga metamorphic amphibolite, Imjingang beltRee et al., 1996 This

age suggested for the granulite-facies metamorphismPermo-Triassic event has not been recognized in the

in the Yeongnam MassifKim, 1999; Park et al.,
200Q Kim and Cho, 200p

Yeongnam Massif. Thus, we conclude that two mas-
sifs underwent different metamorphic evolution and

Considering the closure temperature of the Sm—Nd were not part of the same tectonic unit.

system in garnet (e.g. 658 30°C, Mezger et al.,
1992 or 700-750C, Hensen and Zhou, 1995the
Sm—-Nd age most likely indicates the timing of up-
per amphibolite-facies metamorphism rather than
granulite-facies metamorphism. Howevefagong

8. Conclusions

In the Punggi area, northeastern Yeongnam Massif:

et al. (2003)ecently obtained another Sm—Nd garnet 1 The metamorphic grade increases from the amphi-

age of 956:12 Ma from the study area, and suggested
that apparent discrepancies in Sm—Nd garnet ages
result from isotopic disequilibrium among garnet and

other phases during the cooling stage. These authorsy

further suggested that U-Pb or Pb—Pb systematics of
garnet is far more useful to constrain the age of the
granulite-facies metamorphism. Nevertheless, we in-
terpret that the Sm—Nd garnet ages from the study area

may result from late Proterozoic amphibolite-facies 5

metamorphism. The late Proterozoic age was not re-
ported in other parts of the Yeongnam Massif, and its
significance needs to be further elucidated.

The North China Craton generally remained in
a stable tectonic environment after high-pressure
granulite-facies metamorphism at around 1.8Ga
and does not record younger metamorphic events
(Zhai et al., 200D Our ca. 617 Ma age for upper
amphibolite-facies metamorphism, together with the
1.4 Ga metamorphic ag®h et al., 2000; Yi, 2000
in other parts of the Yeongnam Massif, are differ-
ent from metamorphic ages of North China Craton.
Therefore, the tectonic model suggested¥iy and
Nie (1993)in which the Yeongnam Massif is corre-
lated with North China Craton, cannot be accepted

bolite-facies zone to the granulite-facies zone
(767-815C and 6.0-8.4kb) towards the south-
east.

The metamorphic rocks in the granulite-facies
zone and the transitional zone between amphibo-
lite to granulite facies were overprinted by up-
per amphibolite-facies retrograde metamorphism
(595-707C and 4.7-6.4 kb).

The U-Pb zircon age of 19849 Ma from a garnet
granitic gneiss represents the emplacement age of
its precursor, and corroborates a major magmatic
activity at ca. 1.9 Ga in the Yeongnam Massif. A
Sm-Nd whole rock-garnet age of 6£38 Ma from

the same sample is inferred to represent a late Pro-
terozoic metamorphic event of upper amphibolite
facies. Further studies are necessary to elucidate
the implication of late Proterozoic ages, because
they are not reported in other parts of the Yeong-
nam Massif.
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