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ABSTRACT

Amphibolites in the Gubongsan Group at Chuncheon, South Korea have garnet-
bearing and garnet-free assemblages: garnet+tschermakitic hornblende+quartz+plag-
ioclase+biotite (garnet amphibolite), relict garnet+edenitic hornblende+plagioclase+
quartz+biotite (relict garnet-bearing amphibolite), edenitic hornblende+plagioclase+
quartz+biotite and tschermakitic to edenitic hornblende+plagioclase+chlorite+quartz
+biotite. The garnet relics are extensively embayed and surrounded by coronas of
plagioclase+edenitic hornblende. Whole-rock compositions of amphibolite samples
are equivalent to basaltic protoliths with MORB-like characteristics. Garnet-free,
chlorite-bearing amphibolite is the most magnesian, with an Fe?/(Fe*+Mg) value of
0.26. Graphical representations of whole-rock and mineral compositions show that
individual mineral assemblages approach chemical equilibrium and define distinct
compositional volumes in the A (Al,O4+Fe,04,-Na,0-K,0) - C (Ca0) - F (FeO) - M
(MgO) tetrahedron. The A component is critical in determining the stability of the
garnet-bearing assemblage, which occurs above a threshold that decreases at higher
Fe/(Fe+Mg) values. As a result, small variations in bulk composition can produce dif-
fering mineral assemblages. Whole-rock Sr concentrations are significantly depleted in
garnet amphibolite, whereas values in relict garnet-bearing and garnet-free amphibolite
match typical basaltic compositions. The depletion may be attributable to leaching
via fluids released by dehydration reactions and the prograde breakdown of Sr hosts,
such as plagioclase and epidote.

INTRODUCTION

The Gyeonggi massif is located in the middle Korean Peninsula and is bounded
by the Okcheon belt to the south and by the Imjingang fold belt to the north (Fig. 1).
The massif comprises garnetiferous quartzofeldspathic, granitic and pelitic granulites,
psammitic and pelitic sub-granulitic gneisses, along with subordinate amounts of
amphibolite and crystalline calcareous rocks (Lee, 1987; Lee and Cho, 1995; Sagong
et al., 2003). Amphibolites provide valuable information on the tectonic processes
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that accompanied metamorphism and orogenesis. Oh et al. (2005) and Kim et al.
(2006) reported eclogitic remnants, mostly retrogressed to garnet amphibolite, from
the Hongseong and Bibong areas in the southwestern Gyeonggi massif. Sajeev et
al. (2009) reported high-pressure garnet amphibolite from the Imjingang belt. These
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Fig. 1 Geological map of the Chuncheon area (simplified from Park et al., 1974), showing
locations of analyzed samples. The insert is a simplified tectonic map of Korea (after
Lee, 1987). L Imjingang fold belt, II: Gyeonggi massif, IIl: Okcheon belt, IV: Yeongnam
massif, V: Gyeongsang basins.
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studies suggested that garnet amphibolites formed under high-pressure conditions
which cannot be reached in a continental crust with a normal thickness of 30-40
lkm, and that their formation must be related to plate collisions. Chemical aspects of
amphibolites also provide information on pre-orogenic tectonic environments. Oh et al.
(2004) suggested that the Baekdong metabasite in the Hongseong area originated from
island arc tholeiite. Otherwise, limited attention has been drawn to the geochemical
aspect of amphibolites within the Gyeonggi massif.

The Chuncheon area hosts one of the largest amphibolite bodies in the Gyeonggi
massif. Amphibolites occur as conformable layers or discordant dykes within a
supracrustal sequence of quartzite, lime-silicate rock and mica schist, juxtaposed
over a Mesoproterozoic granulite complex. The protolith of the amphibolite was
suggested as tholeiitic basalt that erupted in an intracontinental rift (Kwon et al.,
1995). However, independent evidence of a rift tectonic setting has not been reported
from the Mesoproterozoic granulite complex in the Chuncheon area. In this paper,
we will present XRF analyses of garnetiferous and garnet-free amphibolites from the
Chuncheon area, and will examine the relationships between whole-rock composition
and mineral assemblages.

GEOLOGY

The Chuncheon area is underlain mainly by high-grade metamorphic rocks that are
grouped into the Yongduri Gneiss Complex, the Gubongsan Group and the Uiam Group
(Park et al., 1974; Fig. 1). The Yongduri Gneiss Complex comprises porphyroblastic
garnet-bearing quartzofeldspatic (granitic) granulite, coarse-grained quartzofeldspathic
gneiss, augen gneiss and biotite gneiss. The Gubongsan Group includes amphibolite,
calcareous rocks, hornblende-biotite schist, mica schist and quartzite. The Ulam
Group comprises a lower quartzite horizon of 30 to 100 m in thickness and an upper
horizon of bioctite gneiss. The Gubongsan Group overlies the Yongduri Gneiss Complex
(Park et al., 1974) and is overthrust by the Uiam Group with an E-NE vergence. All
lithological units were intruded by the Chuncheon granite at around 210 Ma (Jin et
al., 1993).

Amphibolites in the Gubongsan Group have been classified into three types: (1)
concordant and schistose layers of either sedimentary or igneous origin, commonly
intercalated with calc-silicate layers; (2) concordant and massive layers of possible
igneous origin; and (8) discordant dykes intruding metasedimentary rocks (Lee and
Cho, 1995). Lee and Cho (1995) further separated amphibolite lithologies into garnet-
bearing and garnet-free assemblages. The metamorphic pressures and temperatures of
amphibolite formation are in the ranges of 5.5-10.6 kbar and 615-714°C (Lee and Cho,
1995). Variation in pressure and temperature estimates within samples is comparable to
that between localities. This is contrary to the simple (and most likely) metamorphic
scenario, where structurally-concordant amphibolites throughout the Gubongsan Group
formed during the same regional event at consistent pressures and temperatures. As
a result, other factors that may influence thermobarometry need to be assessed, such
as the control of whole-rock chemistry on mineral assemblages.

The age of the Yongduri Gneiss Complex is poorly constrained. Suzuki ef al. (2002)
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reported electron-microprobe analyses of monazite in porphyroblastic garnet-bearing
quartzofeldspathic gneiss; most Th-U-Pb data sets yielded 1100-1850 Ma apparent
ages, possibly recording a Mesoproterozoic metamorphic event. However, mylonitized
garnet-free quartzofeldspathic gneiss contains no Mesoproterozoic monazite, instead
yielding a CHIME age of 236+34 Ma.

The protolith age of amphibolite in the Gubongsan Group was estimated at 852+48
Ma by the Sm-Nd whole-rock isochron method (Kwon et al., 1995). The age of the
amphibolite-facies metamorphism has been variously estimated as Devonian (391£75
Ma; Sm-Nd garnet-feldspar-whole rock isochron, Sagong et al., 2003), or Triassic (224+14
Ma and 239+94 Ma; in-situ SIMS analysis of titanite, Kim et al., 2008). The metamorphic
age of the Uiam Group has been estimated at 240+21 Ma by the CHIME dating of
monazite in biotite gneiss that occurs with sillimanite-K-feldspar paragneiss (Suzuki et
al., 2002). The latter age estimates for the metamorphism of the supracrustal sequence
are similar to that obtained for mylonitized quartzofeldspathic gneiss of the Yongduri
Gneiss Complex. Similar age relationships were reported from the Hwacheon area,
about 10 km northwest of the Chuncheon area, and were interpreted as the result of
thrusting of a hot Permian metamorphic complex over the Mesoproterozoic granulite
complex (Suzuki, 2009). Following this model, the Gubongsan Group and the Uiam
Group may represent allochthons in the Yongduri Gneiss Complex.

SAMPLE DESCRIPTION

Eleven samples of amphibolite were collected from five outcrops in the Gubongsan
Group (Fig. 1). Sample 511 represents a ca. 1 m-thick schistose layer within a calc-
silicate dominated sequence. The other samples were taken from concordant layers
of schistose amphibolite that are mostly greater than 5 m thick. Most samples (601,
602A, 606B, 605T, 606A, 606B and 606C) contain porphyroblastic garnet, and three
samples (511, 602B and 604B) are free from garnet. Garnet amphibolite consists
mainly of Hbl+Grt+Qtz+Pl+Bt (mineral abbreviations after Kretz, 1983). Garnet-free
amphibolite comprises Hbl+Pl+Qtz+Bt (samples 511 and 604B) and Hbl+Pl+Qtz+Chl+Bt
(sample 602B). Primary chlorite occurs only in sample 602B in textural equilibrium
with hornblende, plagioclase and quartz, and attains ca. 3% by mode. Hornblende
ranges in mode from 50 to 75%, plagioclase from 10 (in garnet amphibolite) to 30%,
and garnet from trace amounts (in sample 605A) to 25% (in sample 606A). Ilmenite,
ulvspinel, pyrrhotite, titanite, apatite and zircon occur as accessory phases. Second-
ary chlorite, prehnite, calcite and epidote occur in negligibly small amounts in most
samples. Retrograde actinolite is rarely developed on hornblende margins. Symplectic
intergrowths of fine-grained plagioclase and actinolitic hornblende develop around
garnet porphyroblasts in some garnet amphibolites.

Schistosity is mainly defined by flattened grains of hornblende, whereas garnet,
when present, occurs as 1-6 mm wide poikilitic porphyroblasts. In samples 601, 602A,
606A, 606B and 606C, garnet porphyroblasts overprint the foliation, and enclose quartz,
hornblende and ilmenite. Fig. 2A shows a garnet porphyroblast in sample 606A, which
contains inclusions that define a foliation that has been rotated relative to the dominant
foliation in the matrix. The top and bottom margins of the grain are replaced to a
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Fig. 2 Single polar (left) and crossed polar (right) photomicrographs of porphyroblastic garnet
in 606A garnet amphibolite [A] and relict garnet with a recrystallized retrograde corona of
plagioclase and hornblende in 605B relict garnet-bearing amphibolite [B]. Most colorless
grains are quartz and plagioclase in sub-equal amounts in sample 606A, whereas in sample
605B plagioclase is more abundant.

minor degree by fine-grained plagioclase and hornblende. The texture suggests that
garnet grew during an earlier stage of deformation and has survived later deformation.
In contrast, garnet in samples 605A, 605B and 605T is only preserved as minor relics
of porphyroblasts, pervasively replaced by coronas that mainly consist of plagioclase,
hornblende, and minor pyrrhotite and/or iron oxides. In sample 605B (Fig. 2B), the
corona recrystallized and attenuated into tails extending parallel to the matrix foliation,
indicating garnet breakdown before or during late-stage deformation.

WHOLE-ROCK CHEMISTRY

Whole-rock compositions were analyzed with a SHIMADZU XRF1800 wavelength
dispersive sequential X-ray fluorescence spectrometer with an end-window 4 kW Rh
X-ray tube at the Center for Chronological Research, Nagoya University. Individual
samples of around 100 to 200 g were broken up into small pieces by pounding with
a hammer against a steel plate before conversion into small chips in a steel mortar.
Powdering to 200-mesh was done in an agate mortar. After drying in an oven heated
to 110°C for 24 hours, powders were mixed with anhydrous lithium tetraborate (0.7 g
sample plus 6 g flux for analysis of major elements, and 2 g sample plus 3 g flux for
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trace elements) and fused in a Pt,Au,, crucible in an electric furnace. The fusion was
repeated at least twice to ensure homogenization of the glass bead. The analytical
procedure followed those described in Morishita and Suzuki (1993) and Yamamoto
and Morishita (1997). The tube voltage was 40 kV, and the tube current was 70 mA
for major elements, and 95 mA for the trace elements V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y,
Zr, Nb, Ba, Pb and Th. Spectral interferences such as RbKp on YKo, YKo on NbKoa,
TiKB on VKo, VKB on CrKo, and SrKB on ZrKo were corrected for. The detection
limits were 10 ppm for Ba and 0.5-2 ppm for other trace elements at the 20 confidence
level. Ferrous-to-ferric iron was determined by conventional titration with 0.1 mol
potassium permanganate solution. The analytical results are listed in Table 1.

Table 1. XRF analyses of garnet amphibolites (Grt), relic garnet-bearing amphibolites (rGrt)
and garnet-free amphibolites from the Gubongsan Group of the Gyeonggi massif in
the Chuncheon area, Korea.

Sample No. 511 601 602A 602B 604B 605A 605B 605T 606A 606B 606C

Grt Grt rGrt  rGrt Gt Grt Grt Grt
- 8i0, 49.75 49.93 4839 4920 49.73 49.06 4934 50.79 49.20 49.97 5143
TiO, 231 126 128 090 170 212 214 157 319 287 294
AL, 13.76 1543 14.14 1426 13.79 1299 13.03 1248 13.51 1259 12.85
Fe,0, 1.58 068 149 285 218 211 261 217 271 176 257
FeO 10,74 10.03 13.05 643 1072 11.91 1149 1344 12,80 13.48 12,01
MnO 017 016 025 016 026 020 020 025 020 023 022
MgO 654 876 8.05 1023 6.07 589 594 539 554 539 491
Ca0O 936 858 1033 840 11.32 1045 1036 9.73 1022 8.51 9.32
Na,0 345 230 139 245 172 234 232 197 073 047 053
K0 035 073 040 138 0.19 0.88 079 075 083 1.86 1.05
P,0s 025 013 0.09 015 017 020 021 014 031 031 0.28
Ig. Loss 1.89 171 089 288 214 120 131 119 056 214 1.48
Total 100.15 99.70 99.75 99.29 99.99 99.35 9974 99.87 99.80 99.58 99.59
2+

—(Fef*ng) 048 039 048 026 050 053 052 058 056 058  0.58
A\ 338.0 3062 348.4 240.6 313.6 3888 3914 4104 5293 3552 4796
Cr 78.3 260.2 2044 3684 774 476 522 536 671 747 615
Co 645 588 505 66,6 523 573 586 00 542 506 551
Ni 541 482 733 1285 368 29.1 301 230 519 364 506
Cu 229 00 106 133 2687 1793 1985 197.0 460 86.8 303
Zn 1464 842 153.1 83.8 847 101.8 1043 108.4 120.8 1364 1059
Rb 7.5 395 107 435 26 274 230 158 259 1044 425

Sr 1472 527 482 3634 1436 267.8 2582 1354 376 205 339

Y 27.1 253 246 200 29.8 292 293 41.8 445 433 422
Zr 160.6 1014 77.6 90.6 108.1 125.6 127.6 1022 2424 2082 2189
Nb 10.9 4.6 32 2.6 5.5 8.7 82 38 132 118 11.9
Ba 31.8 353 19.6 520.0 1279 1034 931 662 948 1403 150.0
Pb 2.1 8.2 44 4.2 0.2 1.8 1.0 26 33 2.5 2.7

Th 0.6 1.5 1.1 2.8 0.9 1.0 06 0.5 2.8 0.8 0.6
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The whole-rock chemistry of all samples approximates typical basaltic compositions,
with SiO, contents from 48.39 to 51.43 wt.%. They have moderate to high contents of
TiO, (0.90 to 3.19 wt.%) and low contents of Al,O; (12.48 to 15.43 wt.%). There is a
larger variation in the FeO (7.92-13.56 wt.%) and MgO (4.91 to 10.23 wt.%) contents.
The Fe?/(Fe?*+Mg) values range 0.39 to 0.58 with an exceptionally low value of 0.26
for chlorite-bearing sample 602B. The CaO content varies from 8.40 to 11.32 wt.%,
whereas Na,O and K,O contents have large variations of 0.53-3.45 wt.% and 0.19-1.86
wt.%, respectively. The garnet-bearing amphibolites tend to be lower (0.47-1.39 wt.%)
in Na,O than the garnet-free amphibolites (1.72-3.45 wt.%).

The V content, ranging from 240 to 530 ppm, is positively correlated with Fe?t/
(Fe**+Mg). The most magnesian sample 602B has the highest Cr and Ni contents,
at 368 and 128 ppm, respectively. The Cr and Ni contents decrease steeply with
increasing Fe*/(Fe?*+Mg) up to a value of 0.5, and then remain around 60 and 45 ppm,
respectively. The Sr content ranges from 135 to 363 ppm for garnet-free and relict
garnet-bearing amphibolites, whereas for garnet amphibolites it is below 52 ppm.

MINERAL CHEMISTRY

Chemical compositions of constituent minerals are listed in Tables 2 and 3. The
analyses were obtained using a JCXA-733 electron-microprobe equipped with four
wavelength dispersive spectrometers at the Center for Chronological Research, Nagoya
University. The instrument operating conditions were 15 kV accelerating voltage,
15 nA probe current and 2 pm probe diameter. The raw X-ray intensity data were
converted into concentrations through the Bence and Albee’s procedure (Bence and
Albee, 1968) using the o-factor table provided by Kato (2005) and o-factors determined
on synthetic glass samples of simple compositions. Total iron in minerals is assumed
to be ferrous in Tables 2 and 3.

Garnet amphibolite 602A and garnet-free amphibolite 602B were collected from
different horizons in a single outcrop. Garnet has relatively high CaO. The Al
and Si-cations approach 2 and 3 per 12 oxygens, respectively, with an insignificant
andradite component. The almandine content is almost constant throughout grains
(b7.4-58.2%). Spessartine content is slightly lower in grain interiors (6.1%) than in
margins (6.1-7.7%). Pyrope content decreases at margins from 11.3 to 10.0%. Grossular
content is higher in grain interiors (25.2-24.5%) than in margins (23.4%). Amphiboles
vary from tschermakitic hornblende to magnesio-hornblende in both samples, following
the nomenclature of Leake et al. (1997). In garnet amphibolite 602A, Al, Ca and Na+K
contents are around 2.50, 1.80 and 0.48 per 23 oxygens, respectively. Amphibole in
garnet-free amphibolite 602B has lower Al (2.11) and Ca (1.75) contents and higher
Na+K (0.72-0.82) contents, approaching the composition of pargasitic hornblende.
The Ti contents are lower in garnet amphibolite than in garnet-free amphibolite
(0.08-0.19). Plagioclase in garnet amphibolite varies from bytownite in grain cores
to labradorite in rims (Ang). Plagioclase grains in garnet-free amphibolite display
continuous zoning under the microscope, with core-to-rim variation from bytownite
(Ang,) through labradorite to oligoclase (An,,). Minor secondary chlorite surrounding
garnet in 602A is rich in Al and Fe, whereas primary chlorite in sample 602B is low in
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Table 2. Electron microprobe analyses of constituent minerals in 602A garnet amphibolite and
602B garnet-free amphibolite collected from the same outcrop. Grt-R and PI-R represent
the rim of garnet and plagioclase grains, respectively. Total Fe is given as FeO.

602A Grt Grt  Grt-R Hbl  Hbl Hbl Pl Pl PI  PI-R Bt Im Chl
Si0, 37.51 3737 3741 43.63 43.52 44.62 46.61 4679 49.15 5242 3251 0.00 2553

TiO, 0.17 006 017 069 081 095 000 000 000 000 305 5235 0.12
ALO; 2128 2128 2125 1411 1437 12.08 33.93 3366 32.55 30.00 1628 000 2075
FeO 26.17 2649 2664 1692 1595 1737 021 0.13 0.11 005 2447 4427 2811
MnO 274 320 349 021 015 028 000 0.00 000 000 024 289 033
MgO 290 260 281 935 9.88 9.01 000 000 004 000 10.13 000 13.10
Ca0 897 871 840 11.35 11.38 11.15 17.10 1695 1548 1256 0.09 0.00 0.14
BaO 0.00 0.00 000 000 000 000 000 000 000 000 0.10 000 0.00
Na,O 000 000 000 137 146 132 176 178 275 439 0.00 000 0.00
K,0 0.00 000 003 048 059 054 002 000 000 003 754 000 0.10
H,0 000 000 000 191 192 189 000 0.00 000 000 447 000 10.65
Total 99.74 9970 100.19 100.01 99.70 99.25 99.62 99.32 100.07 99.18 98.88 99.51 99.06
= 12 12 12 23 23 23 8 8 8 8 22 3 28
Si 2980 2.979 2972 6481 6422 6.671 2.150 2.162 2244 2387 5.142 0.000 5.426
Ti 0.010 0.003 0.010 0.078 0.089 0.107 0.000 0.000 0.000 0.000 0.363 0.999 0.019
Al 1.992 1.999 1.989 2463 2.500 2.128 1.845 1.834 1,751 1.610 3.035 0.000 5.198
Fe™ 1.739 1766 1.770 2.096 1.968 2.172 0.008 0.005 0.004 0.002 3237 0.939 4,997
Mn 0.185 0216 0235 0.026 0.019 0.035 0.000 0.000 0.000 0.000 0.032 0.062 0.060
Mg 0.343 0309 0.332 2.063 2.175 2.009 0.000 0.000 0.003 0.000 2.388 0.000 4.150
Ca 0.764 0.744 0.715 1.801 1.798 1.786 0.845 0.840 0.757 0.613 0.015 0.000 0,031
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000
Na 0.000 0.000 0.000 0394 0420 0.382 0.157 0.160 0.243 0.388 0.000 0.000 0.000
K 0.000 0.000 0.003 0.091 0.111 0.103 0.001 0.000 0.000 0.002 1521 0.000 0.028

602B Hbl  Hbl  Hbl  Act Pl Pl Pl Pl PI PR Bt Usp Chl
Si0, 4747 4381 4322 53.61 47.14 4731 53.09 5470 56.14 61.85 3911 0.10 23.88

TiO, 075 173 145 075 000 0.00 0.00 0.00 000 000 209 1024 0.00
AL, 782 1232 1226 458 32.96 33.00 29.36 28.10 2726 2352 1396 127 1834
FeO 989 9.60 1195 866 055 036 039 036 030 026 1483 8145 1513
MnO 022 021 024 025 000 000 000 000 000 000 018 104 023
MgO 1731 1561 14,52 18.00 0.00 000 0.00 000 000 0.00 1566 113 23.86
Ca0 1141 11.05 11.20 11.85 1652 1635 11.95 1048 955 5.06 0.00 066 0.00
BaO 000 000 000 000 000 000 000 009 000 014 026 000 0.00
Na,O 1.63 233 210 063 202 213 458 541 594 816 011 000 0.00
K0 042 089 063 022 003 000 022 032 035 083 903 000 020
H,0 204 191 193 202 000 000 0.00 0.00 000 000 381 000 11.22
Total 99.05 9946 99.49 100.57 99.22 99.15 99.59 99.47 99,52 99.80 99.08 95.89 97.90
= 22 23 23 23 8 8 8 8 8 8 22 4 28
Si 6.596 6370 6349 7.510 2.184 2.190 2.416 2.485 2.538 2.758 5.815 0.090 5.827
Ti 0.079 0.189 0.161 0.079 0.000 0.000 0.000 0.000 0.000 0.000 0.234 0.330 0.000
Al 1281 2111 2.122 0.756 1.800 1.800 1.574 1.505 1.453 1236 2446 0.064 4.362
Fe* 1.149 1.167 1.467 1.014 0.021 0.014 0.015 0.014 0.011 0.010 1.844 2.920 2.553
Mn 0.026 0.026 0.029 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0022 0,038 0.038
Mg 3,586 3.383 3.180 3.760 0.000 0.000 0.000 0.000 0.000 0.000 3.471 0.072 7.179
Ca 1.699 1.723 1763 1779 0.820 0.811 0.583 0.510 0.463 0.242 0.000 0.030 0.000
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.002 0.000 0.002 0015 0.000 0.000
Na 0.440 0.657 0.598 0.171 0.182 0.192 0404 0477 0.520 0.705 0.033 0.000 0.000

K 0.074 0.164 0.118 0.040 0.002 0.000 0.013 0.019 0.020 0.047 1.713 0.000 0.052




A preliminary report on the geochemistry of amphibolites from the Chuncheon area, Korea 21

Table 3. Electron microprobe analyses of constituent minerals in 601A garnet amphibolite, 6058
relic garnet-bearing amphibolite and 606A garnet amphibolite.
rim of garnet grain. The marks -C and -S indicate minerals in corona and symplektite
around garnet porphyroblast.

Grt-R represents the

601 Grt  Grt-R__ Hbl  Hbl Pl Pl Pl Bt IIm 605B  Git  Gri-R  Hbl
Si0, 38.09 3771 4524 4347 49.10 5334 6042 3575 0.00 37.60 3774 43.76
TiO, 0.00 000 081 067 000 000 000 210 5296 024 020 1.10
ALO; 2141 2138 1445 15.04 3225 29.15 2451 1745 0.05 21.03 21.15 10.14
FeO 28,11 2795 1249 1243 0.05 035 0.8 1677 4499 2295 2293 18.49
MnO 147 201 015 014 000 000 000 010 183 496 445 028
MgO 507 393 1196 1216 0.00 000 000 1335 000 145 153 990
CaO 539 621 11.00 1135 1523 1178 621 012 0.00 1191 1174 11.68
BaO 0.00 000 000 0.00 000 000 000 000 0.00 0.00 0.00 0.00
Na,O 0.00 000 173 1.8 291 48 810 077 0.0 0.00 0.00 1.60
K0 000 000 044 041 000 000 000 837 0.00 0.00 000 107
H;0 000 000 196 193 000 000 000 375 0.00 0.00 0.00 1.87
Total 99.54  99.19 100.23 9942 99.54 9948 9942 9853 99.83 100.14  99.74 99.89
O= 12 12 23 23 8 8 8 22 3.00 12 3 23
Si 3.005 3.001 6.528 6.359 2252 2427 2703 5397 0.00 2,987 2999 6.606
Ti 0.010 0.000 0.088 0.073 0.000 0.000 0.000 0238 1.01 0.014 0.012 0.125
Al 1.991 2.005 2457 2593 1074 1.563 1292 3.106 0.00 1.968 1.981 1.804
Fe? 1.855 1.866 1.507 1.520 0.002 0.013 0.007 2.117 094 1.525 1.524 2335
Mn 0.098 0.135 0.019 0.018 0.000 0.000 0.000 0.013 0.04 0.334 0300 0.036
Mg 0.597 0467 2573 2652 0.000 0.000 0.000 3.004 0.00 0172 0.182 2.228
Ca 0456 0530 1.701 1.754 0.749 0574 0297 0.019 0.00 1.014 1.000 1.890
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000 0.000
Na 0.000 0.000 0483 0.516 0259 0429 0.703 0226 0.00 0.000 0.000 0.469
K 0.000 0.000 0.081 0.077 0.000 0.000 0.000 1.612 0.00 0.000 0.000 0.206

605B Hbl Hbl-C Pl Pl-C Bt 606A Grt Grt-R Hbl Hbl-S Pl Pi-S Bt
Si0, 44.89 4171 61.83 59.68 3546 3826 37.66 42.17 4482 47.08 48.55 3647
TiO, 1.03 121 000 000 319 0.09 018 101 1.00 0.00 000 416
ALO; 1043 12,72 2390 2537 1527 21.50 21.25 14.63 1048 34,11 32.84 1529
FeO 18.84 2096 010 0.06 22.62 2632 26,60 17.50 1922  0.11 015 2077
MnO 027 049 000 000 020 028 1.05 009 011 000 000 003
MgO 930 689 000 0.00 963 251 244 845 888 0.00 0.00 10.50
CaO 1093 1124 523 7.00 0.16 11.64 1093 1143 1141 1712 1587 0.02
BaO 0.00 000 000 000 012 0.00 0.00 000 000 000 000 021
Na,0 132 142 851 750 005 000 000 131 103 176 250 0.17
K,0 0.92 141 020 026 796 0.00 000 097 074 000 000 908
H,0 1.89 1.85 0.00 0.00 3.64 0.00 0.00 188 1.88 0.00 0.00 374
Total 99.82  99.90 99.77 99.87 98.30 100.60 100.11 9944 99.57 100.18 9991 100.44
O= 23 23 8 8 22 12 12 23 23 8 8 22
Si 6.740 6.385 2.748 2.664 5.513 2998 2981 6333 6.747 2157 2223 5.521
Ti 0.117 0.139 0,000 0.000 0.373 0.005 0.011 0.114 0.113 0.000 0.000 0474
Al 1.845 2294 1.252 1335 2798 1.986 1983 2590 1.859 1842 1.772 2727
Fe* 2.365 2.683 0.004 0.002 2942 1725 1761 2.198 2420 0.004 0.006 2.629
Mn 0.034 0.064 0.000 0.000 0026 0.019 0.070 0.011 0.014 0.000 0.000 0.004
Mg 2,082 1573 0.000 0.000 2231 0.293 0.287 1.892 1.993 0.000 0.000 2.369
Ca 1.759 1.843 0249 0.335 0.027 0.977 0971 1.839 1.841 0.840 0.778 0,004
Ba 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.013
Na 0.384 0421 0733 0.649 0.015 0.000 0.000 0381 0.299 0.156 0222 0.049
K 0.177 0276 0.011 0.015 1579 0.000 0.000 0.185 0.141 0.000 0.000 0.754
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Al and rich in Mg, reflecting differences in whole-rock composition and/or the stage
of growth (Table 1).

Samples 601 and 606A represent magnesian and ferriferous garnet amphi-
bolites, respectively. ' In sample 601, garnet grains have a core composition of
Almg, ,Sps, Prp,, sGrs,;, with a retrogressive rim of Alm,,Sps, Prp,; ,Grs,,, (Table 2).
The grossular content increases from the core to the rim along with increasing in
Fe/Mg. In ferriferous sample 606A, garnet cores and rims have similar compositions
of Almy, ,Sps,Prp,,Grsy,,. The grossular content is distinctly higher in sample 606A
than in sample 601. Amphibole is tschermakitic hornblende and ferro-tschermakitic
hornblende in samples 601 and 606A, respectively.

Sample 605B represents the relict garnet-bearing amphibolite. The relict garnet
is rich in Mn with compositions of around Alm, Sps;; oPrps¢Grss, Amphibole in
the corona around relict garnet is ferrcan pargasitic to edenitic hornblende with a
Na+K value of around 0.7, whereas that in the matrix is ferro-edenitic hornblende.
Plagioclase is andesine in the corona and oligoclase in the matrix.

DISCUSSION

Tectonic setting of amphibolite protoliths

Element mobility during post-magmatic alteration and metamorphism is the major
problem for the discrimination of tectonic settings for protoliths from geochemical data.
In general, it has been observed that most major elements and many trace elements,
mainly large ion lithophile elements, are mobile during hydrothermal alteration (e.g.
Floyd and Winchester, 1975). However, the effects of metamorphism on whole-rock
Al, Ti, high field strength elements (e.g. Th, Nb, Zr, Nb), rare earth elements, and
other elements such as Cr and Ni are often regarded as less significant (e.g. Ludden
et al., 1982; Kerric et al., 1999; Alirezaei and Cameron, 2002).

Amphibolite samples are plotted on the TiO,-MnO-P,0, discrimination diagram
(Mullen, 1983) in Fig. 3A. Data spread from the IAT field through the MORB field to
the OIT field. In the Zr/Y vs. Zr diagram (Fig. 3B, Pearce and Norry, 1979), composi-
tions lie within the MORB and WPB fields. However, in the Ti-Zr-Y diagram (Pearce
and Cann, 1973, Fig. 3C), the samples fall mainly in the field of mixed affinity between
MORB and IAT. These rule out a within-plate basalt origin, but do not distinguish
between ocean floor and volcanic arc origins. On the basis of the Ti-Zr-Y relationship,
Oh et al. (2004) classified the protoliths of metabasites in the Hongseong area as
island arc tholeiite (open circles in Fig. 3C). However, in the V-Ti diagram (Shervais,
1982, Fig. 3D), Gubongsan Group samples occupy the MORB field. An ocean floor
origin is therefore favored over an island arc origin for the protoliths of amphibolite
in the Chuncheon area.

Phase relationships in amphibolites

The whole-rock compositions of amphibolite samples are plotted on the conven-
tional ACF (A=Al 0,+Fe,04-Na,0-K,0, C=Ca0 and F=FeO+MnO+MgO) projection (Fig.
4A). The compositional range is limited but consistent with variations in mineral
assemblage. The Alrich and Ca-poor samples (601, 602A, 6064, 606B and 606C),
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Fig. 3 Plots of whole-rock compositions on discrimination diagrams of: [A] Mullen (1983), [B]
Pearce and Norry (1979), [C] Pearce and Cann (1973), and [D] Shervais (1982). MORB:
mid oceanic ridge basalt, OIT: ocean island tholeiite, OIA: ocean island alkali basalt, IAT:
island arc tholeiite, CAB: calc-alkaline basalt, WPB: within plate basalt and IAB: island
arc basalt. Open circles in C represent metabasites of Oh et al. (2004).

excluding the anomalously magnesian sample 602B, show a stable association of garnet
and tschermakitic hornblende. Lower Al samples are garnet-free (511 and 604B) or
contain minor relict garnet in coronas of plagioclase and ferro-edenitic hornblende
(60bA, 605B and 605T).

The phase relations can be examined in the ACFM (F=FeO+MnO, M=MgO) tetrahe-
dron with excess quartz and H,0. Fig. 4B shows the projection of phase relationships
from anorthite onto a plane that contains the F-M edge of the ACFM tetrahedron and
that is parallel to the A-C edge. Garnet amphibolites 601, 602A and G06A contain
tschermakitic hornblende, with Fe/(Fe+Mg) variations matching whole-rock variations,
as would be expected in a well-equilibrated assemblage under a restricted range of
pressures and temperatures. Similar variations are present in biotite and garnet;
in addition, the grossular content of garnet decreases with increasing Fe/(Fe+Mg).
Garnet stability is restricted to samples with higher (A-C)/(F+M) and Fe/(Fe+Mg)
values (Fig. 4b). Magnesian 602B sample has a Pl+Hbl+Chl+Bt assemblage, which
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may be attributable to the disappearance of the Grt-Hbl tie line on the ACF diagram
(Fig. 4A), and the appearance of a PI-Chl tie line, in more magnesian wholerock
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605B 606A 602A 601
m o =)
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&— 6028
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Fig. 4 ACF diagram for the amphibolite [A], and projection of phase relationships for amphi-
bolites from quartz, H,O and anorthite onto the plane that contains the F-M edge of the
ACFM tetrahedron and that is parallel to the A-C edge [B]. Solid circles, stars, open
squares, solid squares and double circles in [A] represent whole-rock, amphibole, garnet,
chlorite and biotite compositions, Symbols in [B] are the same as those in [A], and open
circles, open circles with vertical bar and open circles with cross represent whole-rock
compositions of garnet-free, relict garnet-bearing and garnet amphibolites, for which
mineral compositions were not measured.
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compositions.

Sample 605B shows significant consumption of garnet by calcic plagioclase and
edenitic hornblende. This type of garnet consumption may be attributable to hydra-
tion breakdown of garnet with modification of co-existing amphibole and plagioclase
compositions in an open system (e.g. Lépez Sanchez-Vizcaino et al., 2003).

Major garnet breakdown in 605B took place before late-stage deformation, whereas
garnet in more Al-rich amphibolites such as sample 606A is better preserved. The
composition of ferro-edenitic hornblende in the matrix of sample 605B lies close to
the whole-rock composition on the projection plane (Fig. 4B). The enlargement of
amphibole composition toward the A component diminishes the compositional field
for the Gt+IHbi+Pl assemblage, and probably accelerates the garnet consumption in
low Al amphibolite during the late stage of deformation.

The phase relationships in Fig. 4 emphasize the importance of whole-rock com-
position on the formation of mineral assemblages in amphibolites. The Al content,
or more precisely the (A-C)/(F+M) value, is critical in determining whether the
garnet+tschermakitic hornblende assemblage can develop in place of edenitic horn-
blende. At higher Fe/(Fe+Mg), the garnet-stability threshold decreases and garnet also
accommodates more grossular. Thus, quite small variations in whole-rock composition
can produce different mineral assemblages at a given pressure and temperature.

Contrasting concentrations of Sr in amphibolites

Figure b shows primitive mantle-normalized multi-element diagrams for garnet
amphibolite (601, 602A, 606A, 606B and 606C), relict garnet-bearing amphibolite (605A,
605B and 605T) and garnet-free amphibolite (511, 602A and 604B). Figure 5 also
includes normalized patterns of averages of N-type MORB, E-type MORB and OIB of
Sun and McDonough (1989). The three types of amphibolite have similar normalized
patterns and an affinity with E-type MORB in the abundance of high field strength
elements. Sr, however, is significantly depleted in the garnet amphibolites.

Plagioclase is the main Sr-hosting mineral (e.g. Berlin and Henderson, 1968). Mineral
assemblages during prograde metamorphism are not readily determined, because inclu-
sions in garnet porphyroblasts are mainly quartz and plagioclase. However, mineral
assemblages reported by Lee and Cho (1995) in lower-grade metabasites are often
epidote-bearing, and Ep+Chl+Act+Ab+Qtz is a possible assemblage for pre-amphibolite
grade metamorphism. Epidote can be a major host of Sr (Nagasaki and Enami, 1998).
Sr inherited from plagioclase in E-type MORB protolith, therefore, can be hosted by
epidote during albitization. Under intermediate-pressure conditions, epidote reacts
with chlorite and quartz to form garnet and amphibole without significant production
of plagioclase, as inferred from garnet amphibolite 606A (Fig. 2A). Since garnet and
amphibole only can host small amounts of Sr (e.g. Yuhara et al., 2002), the element can
be readily leached by water-rich fluids liberated by dehydration breakdown of epidote
and chlorite. In magnesian sample 602B, and possibly also in low-Al samples 511 and
604B, dehydration breakdown of epidote would have produced plagioclase, retaining
Sr. In the case of relict garnet-bearing amphibolites 605A, 606B and 605T, Sr-hosting
plagioclase (and possibly epidote) were present throughout metamorphism.

In other parts of South Korea, the presence of garnet-bearing, plagioclase-poor
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Fig. 5 Primitive mantle-normalized element abundances of [A] garnet amphibolite (samples 601,

GO2A, 606A, 606B and 606C), [B] garnet-bearing amphibolite (samples 605A, 605B and 605C)
and [C] garnet-free amphibolite (samples 511, 602b and 604B). Normalization values from
Sun and McDonough (1989). Also shown in [D] are primitive mantle-normalized element
abundances of N-type MORB, E-type MORB and OIB of Sun and McDonough (1989).

assemblages in amphibolite localities has been attributed to polyphase metamorphism,
where garnet was produced in the absence of plagioclase during earlier high-pressure,
high-temperature metamorphism. The presence of matrix plagioclase is attributed to
decompression to normal granulite or amphibolite-grade conditions. Such localities
include relics of high-pressure garnet amphibolite in the Imjingang belt (Sajeev et al.
2009) and eclogitic remnants in the Hongseong and Bibong areas of the southwestern
Gyeonggi massif (Oh et al., 2005; Kim et al., 2006). In the Chuncheon area, the co-
existence of garnet-bearing and garnet-free amphibolites within outcrops is typical of
such associations elsewhere; however, our interpretation favors differences in whole
rock chemistry for garnet production, rather than polymetamorphism. The differing
behavior of Sr between garnet-bearing and absent samples from a single outcrop
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suggests that amphibolites did not experience high-pressure metamorphic conditions
(eclogite-facies) that favor the formation of garnet-rich, plagioclase-free assemblages,
because Sr would be hosted in stable phases such as epidote, paragonite and apatite
(Glodny et al., 2002).

SUMMARY

The amphibolites of the Gubongsan Group in the Chuncheon area have whole-
rock chemistries that broadly match basaltic compositions with E-type MORB like
characteristics. Mineral assemblages are divided into Gt+Hbl, relict Gt+Hbl, Hbl
and Chl+Hbl types, with Pl+Qtz+Bt. Modal plagioclase is lowest in the rocks of the
Gt+Hbl assemblage. The Chl+Hbl assemblage occurs in the most magnesian (Fe?/
(Fe*+Mg)=0.26) sample. The garnet-bearing assemblages occur in Al-rich ferriferous
rocks, and the garnet-free assemblages occur in Al-poor magnesian rocks. Element
partitioning confirms an approach to chemical equilibrium within individual samples
under a restricted range of P-T conditions. The distinct depletion in whole-rock Sr
content of garnet amphibolites is ascribed to dewatering and breakdown of Sr-bearing
minerals during progressive metamorphism. The geochemical signatures of the am-
phibolites indicate protolith formation in oceanic crust, as opposed to an island arc
setting of the Baekdong metabasite in the southwestern part of the Gyeonggi massif
(Oh et al., 2004). Such magmatism may still be consistent with a continental rifting
suggested by Kwon et al. (1995), if this led to the development of an ocean basin.
There is, however, no evidence of the ocean development within granulitic basements
of the Gyeonggi massif. Amphibolites and associated sub-granulitic gneisses are likely
allochthons.
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