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Metamorphic Evolution of the Imjingang Belt, Korea:
Implications for Permo-Triassic Collisional Orogeny

MoONSUP CHO,! YOONSUP KIM, AND JINHO AHN?
School of Earth and Environmental Sciences, Seoul National University, Seoul, 151-747, South Korea

Abstract

The Imjingang belt in the central Korean Peninsula is a strong candidate to represent the exten-
sion of the Dabie-Sulu ultrahigh-pressure (UHP) belt in China. This fold-thrust belt consists prima-
rily of: (1) the northern, Jingok unit, characterized by Barrovian-type metapelites; and (2) the
southern, Samgot unit, comprising calc-silicate rocks and amphibolites with or without garnet. The
metamorphic grade of the Jingok unit increases southward from garnet through staurolite to kyanite
zones. Peak metamorphic conditions estimated from the kyanite zone range up to ~11 kbar and
700°C. In contrast, no significant change in metamorphic assemblages is apparent in the Samgot
unit. Characteristic minerals of the calc-silicate rocks include garnet, diopside, hornblende, scapo-
lite, and plagioclase, and are compatible with upper amphibolite facies estimated from garnet
amphibolite. P-T estimates from the Samgot amphibolites are generally in the range of 8.5-11.5
kbar and 660-780°C. These P-T estimates, together with near-isothermal decompression docu-
mented from the metapelitic unit, suggest that the Imjingang belt possibly evolved from eclogite-
facies conditions along a clockwise P-T path.

The timing of peak metamorphism was previously estimated at ~250 Ma, based on Sm-Nd and
Rb-Sr mineral isochron ages and monazite chemical ages. This result is corroborated by an ion
microprobe (SHRIMP) U-Pb age of metamorphic zircon dated at 253 = 2 Ma. “0Ar/3Ar ages of
hornblende from the amphibolite suggest regional cooling through ~500°C at 230-225 Ma in the
Samgot unit. Two biotite separates in the kyanite zone suggest cooling through ~300°C at ~220 and
160 Ma, respectively, in the Jingok unit. These results, in conjunction with peak metamorphism at
~250 Ma, indicate that high-P metamorphism in the Imjingang belt occurred during the Permo-
Triassic, and that subsequent rapid cooling followed during exhumation of a thickened orogen, pro-
ducing a clockwise decompression. This P-T—t evolution is compatible with that of the basement
gneisses in the Gyeonggi Massif. Thus, we conclude that both the Imjingang belt and Gyeonggi
Massif in the Korean Peninsula are products of continental collision at ~250 Ma and subsequent

exhumation at ~230-220 Ma.

Introduction

THE TECTONIC EVOLUTION of the Korean Peninsula
has been highlighted in the international geological
community since ultrahigh-pressure (UHP) meta-
morphism in the Qinling-Dabie-Sulu belt, east-cen-
tral China (Fig. 1A), was reported as a product of
deep continental subduction. This suture zone is
especially significant because of the widespread
occurrence of relict UHP minerals and high-pres-
sure (HP) assemblages that document the recovery
of sialic crust subducted to mantle depths approach-
ing and exceeding 100 km (Liou et al., 1998). UHP
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parageneses include trace mineralogic relics requir-
ing peak metamorphic conditions of 700-900°C and
28-35 kbar or more. Coesite and microdiamond
inclusions in refractory minerals of UHP metamor-
phic rocks in the Dabie-Sulu belt attest to profound
subduction of a leading salient of the old, cold
Yangtze craton, now recognizable via tectonic exhu-
mation and erosion (Ernst et al., 1995).

Does this remarkable cratonal collision belt
extend farther east to the Korean Peninsula in the
Imjingang belt and/or Gyeonggi Massif? Many
investigators (e.g., Yin and Nie, 1993; Li, 1994;
Ernst and Liou, 1995; Ree et al., 1996, 2001;
Cheong et al., 2000; Chough et al., 2000; Cho, 2001,
2003; Ishiwatari and Tsujimori, 2003; Lee S. R. et
al., 2003b; Cho and Kim, 2005; Oh et al., 2005)
have discussed the possibility of extension of this
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FIG. 1. A. Smplified tectonic province map of East Asi

a. Abbreviations: GM = Gyeonggi Massif; NM = Nangrim

Massif; YM = Youngnam Massif. B. A schematic location map of the study area. Inset box shows the study area enlarged

in Figure 2. Some locality names referred to in text are also shown.

Triassic collisional belt into Korea, but the location,
or even the continuation of the suture across the Yel-
low Sea is contentious. Major ambiguities arise from
the paucity of structural and geochronologic data as
well as the apparent lack of high-pressure metamor-
phic rocks such as blueschists and eclogites in the
Korean Peninsula.

Regional metamorphism at pressures greater
than ~10 kbar remained undiscovered in the Korean
Peninsula until the first report of HP amphibolites
in the Imjingang belt by Cho et al. (1995). Since
then, several workers have found similar or even
higher pressure mafic rocks (e.g., Ree et al., 1996;
Jeon and Kwon, 1999; Cho, 2003; Oh et al., 2005).
In particular, Oh et al. (2005) recently reported
relict omphacite preserved in garnet porphyroblasts
from high-pressure granulites in the western Korean
Peninsula, and suggested that the Sulu UHP belt
likely extends into the Gyeonggi Massif rather than
the Imjingang belt. Despite this suggestion, the
Imjingang belt has been a strong candidate for the
eastward extension of the Sulu belt, based on the
similarities in structural characteristics, metamor-
phic ages, and P-T-t paths (e.g., Cho et al., 1995;
Ree et al, 1996, 2001; Chough et al; 2000; Cho
and Kim, 2005). Until now however, no detailed

studies on the P-T-t evolution have been available.
The majority of the Imjingang belt is situated in
the Demilitarized Zone and North Korea, but
east-trending metamorphic units, the so-called
Yeoncheon complex (Cho et al., 1995), occur in the
northwestern portion of South Korea. In this study,
we report petrologic and geochronologic data, and
also review previous studies and summarize our new
results on the P-T-t evolution of the Yeoncheon com-
plex in the southern Imjingang belt.

Geological Outline

The Korean Peninsula, located between the
Asian mainland and the Pacific active margin,
consists of several metamorphic terranes—from
north to south, the Nangrim Massif, Imjingang belt,
Gyeonggi Massif, Ogcheon belt, and Yeongnam
Massif (Fig. 1). The three massifs, primarily com-
posed of Precambrian basement gneisses and
schists, are separated by two Phanerozoic mobile
belts. The Imjingang belt is an E-W-trending
fold-thrust belt bisecting Precambrian basement
rocks of the Gyeonggi and Nangrim massifs, as
shown in Figure 1A. Although its exact boundaries
are not well defined, this belt consists of various
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tectonic units, including not only flysch and sub-
marine volcanics of the Devonian Imjin Group sensu
stricto, but also marine clastics and limestones of
the Cambrian—Silurian Joseon Group; weakly meta-
morphosed pelites, limestones, and quartzites of the
Neoproterozoic Sangwon Group; and medium- to
high-grade metamorphic rocks of the Mesoprotero-
zoic (?) to Neoproterozoic Yeoncheon complex (Cho
et al., 1995; Paek et al., 1996, and references
therein).

The Imjingang belt was first defined by North
Korean geologists in the early 1960s, based on the
occurrence of the Devonian Imjin Group, absent
from the North China craton (Paek et al., 1996). This
group consists of sedimentary and volcaniclastic
sequences younging toward the south. Sedimentary
rocks correlative with the Imjin Group are absent in
South Korea, but metamorphosed equivalents of the
Imjin Group occur south of the Demilitarized Zone
(see below for geochronologic constraints). More-
over, these metamorphic rocks show E-W-trending
foliations, which are conspicuous in the Yeoncheon
area (Fig. 2) but are rare in other parts of Korean
Peninsula. Consequently, the Yeoncheon complex
trending approximately E-W has been designated as
a part of the Imjingang belt (Cho et al., 1995). This
contention accounts for the occurrence of
metapelites such as biotite schist and andalusite-
staurolite-kyanite schist reported by Paek et al.
(1996) from the Imjin Group of North Korea.

Yeoncheon Complex

Petrology and geochemistry

The Yeoncheon complex, originally named the
Yeoncheon Group (Yamaguchi, 1951), is divided by
intervening Cretaceous tuffs and volcanics into
western metasedimentary-amphibolitic rocks
(Yeoncheon area) and eastern upper—amphibolite
facies gneisses, amphibolites, and metagabbros
(Gonamsan area) (Fig. 2). The former area repre-
sents the type locality for the Yeoncheon complex
consisting mainly of two lithotectonic units: the
northern, Devonian Jingok unit and the southern,
Mesoproterozoic(?)-Neoproterozoic Samgot unit.
The Jingok unit consists primarily of Barrovian-type
metapelites increasing in grade southward from
garnet through staurolite to kyanite zones. This
metamorphic zonation polarity contrasts with the
Dabie paragenesis (e.g., Hacker et al., 1998). Three
metamorphic zones are defined on the basis of the
first appearances of porphyroblastic garnet, stauro-

lite, and kyanite, respectively, coexisting with
biotite, muscovite, plagioclase, and quartz (Cho et
al., 1995; Ree et al., 1996). However, the presence
of uncommon aluminosilicate minerals in the stau-
rolite zone leads to uncertain definitions of the
staurolite and kyanite zones. Although mineral
assemblages are similar in two metamorphic zones,
apart from the absence of primary chlorite in the
kyanite zone, occurrences of porphyroblastic miner-
als are distinctly different. In the staurolite zone,
staurolite occurs as small porphyroblasts less than a
few millimeters, generally in the vicinity of ~1 mm,
euhedral to subhedral garnet porphyroblasts. On the
other hand, the kyanite zone is characterized by the
occurrence of large staurolite porphyroblasts reach-
ing 60 mm in size, and bluish green kyanite blades
up to 20 mm in length. The widespread occurrence
of complex zoning patterns is conspicuous in plagio-
clase (Ahn and Cho, 2000), but reverse zoning
becomes predominant in the kyanite zone. Quartz
veins are common in the Jingok unit, and are often
folded or deformed to produce boudinaged patches
on an outcrop scale (e.g., Jung et al, 1999). Of par-
ticular interest in the kyanite zone is the occurrence
of large euhedral crystals of pink andalusite together
with rare bluish kyanite in quartz veins. In addition,
most andalusite-bearing quartz veins in the kyanite
zone are strongly deformed or boudinaged (Fig. 3A).
Their occurrence, together with a deformation fabric
penetrative and continuous to the host rock (kyan-
ite-zone schist), suggests that medium-temperature
deformation was operative even after andalusite
formation.

In contrast to the southward increase in meta-
morphic grade in the Jingok unit, no systematic
change in mineral parageneses is apparent in the
Samgot unit. This unit consists primarily of
cale-silicates, marbles, and garnet amphibolites.
Different layers of metasedimentary rocks are com-
monly intercalated at outcrop and thin-section
scale. These intercalations form straight layers and
are the product of ductile deformation of impure car-
bonate-rich sequences at high temperatures. The
calc-silicate rocks are granoblastic and 0.5-3.0 mm
in average grain size. Prograde assemblages of
calc-silicate rocks consist of various combinations
of calcite, quartz, Mg-diopside, scapolite, clinozo-
isite, hornblende, calcic plagioclase, K-feldspar
(Oryg gg), almandine-grossular garnet, biotite, and
aluminous titanite.

Mafic layers or boudins in the Samgot unit con-
sist of garnet-free or garnet-bearing amphibolites.
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shear zone, respectively.

These amphibolites commonly occur as concordant
layers, and rarely show discordant relationships
with the calc-silicate rocks. Magmatic textures
such as ophitic and cumulate textures are present
in coarse-grained amphibolites derived from gab-
broic rocks. In addition, chilled margins are rare

but present along the boundaries of amphibolites,
suggesting an igneous origin for their protoliths.
Mineral assemblages in the amphibolites are horn-
blende-pargasite + oligoclase-labradorite + garnet
+ quartz + clinopyroxene =+ biotite. Rutile typically
occurs as relict inclusions within ilmenite and
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FIG. 3. A. Deformed quartz vein containing euheral crystals of andalusite and muscovite. The sense of dragging in

quartz veins is compatible with that of the host, suggesting top-down-to-the-north extensional movement. B. Photomicro-
graph showing ilmenite and rutile inclusions in titanite of amphibolite. Rutile grain is 0.65 mm in length. Plane polar-
ized light. C. Alternating layers of scapolite-rich calc-silicates and garnet-bearing metapsammites. Elongate
porphyroblasts of flattened scapolite are aligned to define the stretching lineation. This photograph is taken from an
outcrop cut almost normal to the foliation and parallel to the lineation. D. Mineral lineation defined by an array of
flattened garnet porphyroblasts in a hornblende gneiss. This sample was taken adjacent to the Gyeonggi shear zone and
shows various microstructures including ductile deformation of hornblende. Note also felsic patches in the pressure
shadows of elongate garnet, which are possibly the product of in-situ partial melting during high-temperature ductile
deformation. Pen shows the approximate direction of lineation (330°/13°). E. Photomicrograph showing an assemblage
of garnet, biotite, plagioclase and quartz included in large stauroite porphyroblast of a kyanite-zone schist. F. Photo-
micrograph showing a kyanite porphyroblast containing minute crystals of garnet and biotite.
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titanite in amphibolites and calc-silicate rocks
(Fig. 3B).

Major- and trace-element data indicate that
amphibolites of the Samgot unit in the Yeoncheon
area have a tholeiitic oceanic basalt affinity (Ree et
al., 1996). In contrast, the amphibolites in the
Gonamsan area are diverse, ranging from massive
bodies lacking penetrative deformation fabrics to
mylonitic-protomylonitic layers possibly transposed
from mafic sills or dikes (Jeon and Kwon, 1999). In
addition, cumulate textures together with layered
structures are reported from meta-gabbroic amphib-
olites (Chang et al., 1987). However, the preserva-
tion of magmatic textures (Chang et al., 1987)
suggests an igneous origin for the hornblende-bear-
ing assemblages. This idea was later refuted owing
to the occurrence of metamorphic garnet in many
amphibolites (Jeon and Kwon, 1999). The majority
of the Gonamsan amphibolites have trace-element
chemistries of alkaline affinity but some are tholei-
itic (Jeon and Kwon, 1999).

Structure

All the schists and gneisses of the Yeoncheon
complex show major foliations generally dipping
north to northwest, and contain ubiquitous stretch-
ing lineations (Fig. 2). These lineations mostly
plunge 20-50° to the NNW-NW, and their orienta-
tions are similar to those reported from the
Dabie-Sulu belt (Faure et al., 2001, 2003). An
example from the Samgot unit is shown in Figure
3C, where large scapolite porpyroblasts in calc-sili-
cates are elongated and aligned to give a lineation of
326°/40°. The stretching lineation of scapolite
defines the normal sense of movement, possibly at
medium temperatures. Moreover, elongate garnet
porphyroblasts are common in both calc-silicate
gneisses and garnet amphibolites of the Samgot unit.
These flattened and stretched garnet porphyroblasts
are uncommonly aligned to define mineral linea-
tions of 330°/13° in the garnet amphibolite (Fig.
3D). Ductile elongation of garnet crystals suggests
high-temperature deformation probably belonging
to granulite- or eclogite-facies conditions (Ji and
Martignole, 1994; Prior et al., 2000; Kleinschrodt
and Duyster, 2002; Ji et al., 2003).

The boundary between the Imjingang belt and
the Gyeonggi Massif is defined by a crustal-scale
shear zone consisting primarily of mylonites-proto-
mylonites of the Gamaksan alkaline metagranitoid
and Gyeonggi basement rocks (Fig. 2; Kim et al.,
2000; Lee S. R. et al., 2003a). The width of this

shear zone is ~4—5 km, but its boundaries are poorly
constrained. Using the Sensitive High-Resolution
Ton Microprobe (SHRIMP), the crystallization age of
the metagranitoids has been dated at 742 + 13 Ma
(Lee S. R. et al., 2003a). The foliations in the over-
lying calc-silicates are parallel or subparallel to
the Gyeonggi shear zone; those of the underlying
crystalline basement gneisses and supracrustal
sequences comprising quartzite and marbles are not
strongly affected. The latter preserve the earlier
deformation event represented by north-trending
open folds (Choi et al., 1998; Kim et al., 2000). We
interpret these geometric relationships to indicate a
crustal-scale discontinuity between the Imjingang

belt and the Gyeonggi Massif.

Structural relationships of the southern Imjin-
gang belt, investigated by Ree et al. (1996) and Jung
et al. (1999, 2002) suggest three major episodes of
deformation: (1) initial contractional deformation
(D,_,); (2) another major contractional deformation
(D,) producing penetrative foliation; and (3) exten-
sional ductile shearing (D, ,,). South-vergent struc-
tures with reverse (top-up-to-the-south) shear sense
are common in the Jingok unit, whereas subsequent
extensional deformation with normal (top-down-
to-the-north) shear sense is pervasive in the Samgot
unit (Ree et al., 1996). In the Gamaksan metagrani-
toid, extensional ductile shear zones are conspicu-
ous, and possess mylonitic microtextures and
structures indicating top-down-to-the-north trans-
port. All the structural features are interpreted to
result from D | associated with extensional tectonic
exhumation, following compressive deformation and
crustal thickening (D, _, and D, ) in a collisional belt.
Prograde metamorphism was associated with D__,
and D , whereas subsequent exhumation produced
retrograde metamorphic minerals along a decom-
pressional P-T-t path (Kim and Cho, 2005).

The extensional deformation in the study area is
perhaps more obvious as shown by the occurrence of
small sedimentary basins in association with the
Gamaksan alkaline metagranitoid (Fig. 2). We
envisage that ductile deformation resulting in mylo-
nites at ~226 Ma (Kim et al., 2000) was eventually
manifested in the development of extensional basins
in the upper crustal section. The ENE-trending
array of small basins consisting of clastic
sequences, i.e., the Daedong Group, may corre-
spond to this type of extensional basin resulting
from gravitational collapse of an orogenically thick-
ened crustal section. Our preliminary U-Pb ages of
detrital zircons from sandstones of the Daedong
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Group suggest that deposition occurred later than
~200 Ma (Jeon et al., 2005).

Metamorphic Conditions
and P-T Paths in the Metapelites

The physicochemical condition of each metamor-
phic zone in the Jingok unit was estimated primarily
using rim compositions of garnets and coexisting
phases. Representative compositions used for geo-
thermobarometric calculations are given in Tables
1-3. We applied the garnet-biotite geothermometer
(Ferry and Spear, 1978; Berman, 1990) for esti-
mating temperatures and a combination of
garnet-aluminosilicate-quartz-plagioclase and gar-
net-plagioclase-biotite-muscovite geobarometers
(Hodges and Crowley, 1985) for determining
pressures.

P-T estimates from three metamorphic zones are
in the range of ~480-630°C and 4-9 kbar, as shown
in Figure 4; it also shows a pseudosection reported
by Mahar et al. (1997). This pseudosection was con-
structed using a bulk composition similar to that of
metapelitic rocks in the Jingok unit, and thus can
approximate their mineral parageneses during meta-
morphic evolution. In particular, the pseudosection
of Figure 4 is based on the K,0-MnO-FeO-MgO-
Al,0,-5i0,-H,0 (KMnFMASH) model system that
has an additional MnO component added to that of
the common AFM system. The addition of Mn
expands the garnet stability to low temperatures
(Mahar et al., 1997; Tinkham et al., 2001). The P-T
estimates shown in Figure 4 define a linear array of
metamorphic field gradient. Both pressure and tem-
perature increase from the garnet to staurolite zones,
but those of the kyanite zone deviate from the trend.
Pressures estimated from four samples of the kyan-
ite zone vary widely, and temperatures overlap the
staurolite zone, and part of the garnet zone (Fig. 4).
This apparent inconsistency and wide variations in
pressure estimations are attributed to partial retro-
gression during exhumation (see below).

Petrographic evidence can also potentially con-
strain the P-T history of metapelites, particularly in
combination with the constructed pseudosection
(Fig. 4). Two distinct assemblages consisting of
garnet + kyanite + biotite + plagioclase + quartz,
and garnet + staurolite + kyanite + biotite + plagio-
clase + quartz, are common in the kyanite-zone
schists. Moreover, staurolite porphyroblasts enclose
small domains of multiphase inclusions of garnet +
biotite + plagioclase + quartz (Fig. 3E), and also

contain rare inclusions of kyanite. Kyanite porphy-
roblasts rarely contain minute crystals of garnet
together with biotite and plagioclase (Fig. 3F). The
pseudosection has two subdomains pertinent to the
mineral assemblages described above (Fig. 4). Thus,
paragenetic relationships based on inclusion miner-
als suggest that the kyanite-zone metapelites have
passed through the garnet + kyanite + biotite field
prior to the garnet + staurolite + biotite field. Garnet
inclusions within kyanite porphyroblasts suggest
that kyanite-zone metapelites reached the garnet +
kyanite + biotite field following the garnet + biotite +
chlorite field, through a garnet-consuming reaction
such as garnet + chlorite + muscovite = kyanite +
biotite + quartz + H,0. This kyanite-in reaction is in
marked contrast to that of typical Barrovian-type
metapelites such as staurolite + chlorite + musco-
vite = kyanite + biotite + quartz + H,0.

P-T conditions were also estimated using the
compositions of minerals included in staurolite and
kyanite porphyroblasts. Compositional zonings
within garnet inclusions are absent except for
enrichment in the spessartine component at the
outermost rim. In particular, this Mn enrichment is
evident in the resorbed garnet within staurolite
porphyroblasts. Compositional differences between
matrix and inclusion garnets indicate that the forma-
tion of high-temperature garnet preceded that of
kyanite. Mn-depleted homogeneous cores of garnet
inclusions were used for P-T calculations because
Mn-enriched rims may represent the product of
partial resorption. Plagioclase within kyanite por-
phyroblasts is more sodic (Ang; ,.) than that within
staurolite (An,, ,.). The calculated P-T estimates
are in the range of ~665-710°C and 9-11.5 kbar,
whereas those from the matrix give ~625-635°C
and 6.2-7 kbar (Fig. 4). The former range is consis-
tent not only with the metamorphic field gradient
extrapolated from the garnet and staurolite zones,
but also with mineral parageneses predicted from
the P-T pseudosection (Fig. 4).

Andalusite-bearing veins with or without kyanite
are common in the kyanite zone (see Fig. 2 for loca-
tions), and are indicative of large amounts of fluid
flow owing to the low solubility of aluminum in
metamorphic fluids (Anderson et al., 1987). This
fluid infiltration is consistent with the occurrence of
chlorite schists restricted to the fault zone along the
southern boundary of the Jingok unit. A variety of
P-T ranges estimated from the kyanite zone may
be attributed in part to fluid infiltration resulting
in significant retrogression probably during the
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FIG. 4. P-T conditions estimated from metapelites of garnet, staurolite, and kyanite zones are shown on a pseudosec-
tion constructed by Mahar et al. (1997). Three kyanite-zone samples (YC43, YC45, and YC 72) gave variable P-T
ranges, outlined by dotted lines, probably resulting from partial resetting of mineral compositions. On the other hand,

three P-T boxes with solid outline, determined from single kyanite-zone schist (95610-31), represent the P-T estimates

using the compositions of matrix minerals (M) as well as mineral inclusions in staurolite (S) and kyanite (K) porphyro-

blasts.

exhumation of thickened crust. Retrograde
net-transfer reactions accompanying large amounts
of fluid flow may also have played an important role
and account for significant variations in the zoning
patterns of plagioclase in the kyanite zone (Ahn and
Cho, 2000). Taken together, P-T estimates, meta-
morphic field gradients and inclusion mineral
parageneses define not only clockwise P-T paths,
but also quasi-isothermal decompressional paths
where prograde segments may reach the maximum
pressure exceeding ~11 kbar.

High-Pressure Metamorphism
of Garnet Amphibolites

Metamorphic conditions for the Samgot unit were
estimated primarily from the garnet amphibolites
consisting of calcic amphibole + plagioclase + gar-
net + quartz + clinopyroxene * biotite. This assem-
blage is typical for upper-amphibolite facies, and is
compatible with the absence of wollastonite and
lack of partial melting products in calc-silicate
rocks. Most of the amphiboles in the garnet amphi-
bolite compositionally approach magnesio- or

ferro-hornblende, tschermakitic to pargasitic horn-
blende, and ferroan pargasite. The Ti/Al ratios of
calcic amphiboles increase from ca. 0.01-0.02 for
inclusions within garnet to ca. 0.04-0.05 in the
matrix, suggesting decompression during amphibo-
lite formation (Ernst and Liu, 1998). Plagioclase
grains of amphibolites vary widely in their composi-
tions, but are mostly andesine and labradorite.
Reverse zoning with calcic rims is common in
plagioclase. Hornblende-plagioclase symplectites
are also common around garnet grains, and ilmenite
typically contains relict rutile. These occurrences,
together with compositional variations in amphibole
and plagioclase, suggest a decompressional P-T
evolution for the garnet amphibolites.

P-T conditions of garnet amphibolites from the
Yeoncheon area were estimated using various geo-
thermobarometers by Cho et al. (1995) and Ree et
al. (1996). Their results suggest a P-T condition of
8-11 kbar and 630-740°C (Fig. 5). Moreover, when
the compositions of rutile and ilmenite enclosed
by garnet were used, the garnet-plagioclase-
rutile-ilmenite-quartz geobarometer of Bohlen and
Liotta (1986) yields a slightly higher pressure of
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FIG. 5. P-T estimates from the Gonamsan amphibolites of this study are shown together with those of previous studies

for the Yeoncheon and Gonamsan amphibolites (Cho et al., 1995; Jeon and Kwon, 1999). Error bars for the Gonamsan

(GNS) samples are shown only for several data points for clarity. The equilibrium curve for the reaction, garnet + rutile =

ilmenite + plagioclase + quartz, is derived using the analyzed compositions of each phase (Cho et al., 1995).

12.1-12.3 kbar at 700°C. Because rutile and
ilmenite occur as relict phases mantled by titanite,
this may represent higher pressure conditions than
that recorded in the matrix of the garnet amphibolite.

Preliminary P-T conditions of 10-14 kbar and
700-790°C were reported from the Gonamsan area
by Kim and Cho (1994) and Ree et al. (1996). How-
ever, no compositional and petrographical details
were published. Representative compositions used
for P-T calculations are given in Tables 4-6, and
P-T estimates of four samples from the Gonamsan
area are listed in Table 7. Metamorphic pressures
and temperatures were calculated using the horn-
blende-garnet-plagioclase thermobarometry of Dale
et al. (2000) that uses an independent set of four
equilibria between end-members of garnet, horn-
blende, plagioclase, and quartz. These phase equi-
libria were calculated using the internally
consistent thermodynamic data set of Holland and
Powell (1998). Mineral assemblages of the analyzed
samples consist of calcic amphibole + plagioclase +
garnet + biotite + quartz + epidote * titanite. The
majority of calcic amphiboles belong to an interme-

diate range of solid solutions between pargasite and
tschermakite (Table 5). P-T estimates obtained
from analyzed samples are in the range of 9-14
kbar and 660-820°C higher than that of the
Yeoncheon area (Fig. 5). Similar P-T conditions of
8-11 kbar and 700-820°C were also estimated
from the Gonamsan amphibolites by Jeon and Kwon
(1999). They also suggested that the amphibolitic
mylonites in the Gonamsan area experienced
higher pressures of 9-13 kbar at 675-735°C (Fig.
5). Taken together, the metamorphic pressure and
temperature of the Samgot unit appear to increase
slightly eastward from 8-11 kbar and 630-740°C to
8-14 kbar and 675-820°C. Excluding one sample
(GNS166), P-T estimates from both Yeoncheon and
Gonamsan are in the range of 8.5-11.5 kbar and
660-780°C (Fig. 5). Hence, the Yeoncheon complex
has experienced upper—amphibolite facies meta-
morphism at high pressures similar to those of eclo-
gite facies. Moreover, the P-T estimates and
the occurrence of relict rutile and the Ti/Al varia-
tions from core to rim of amphiboles suggest near-
isothermal decompression in the Yeoncheon
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TABLE 4. Representative Compositions of Garnet in Amphibolites

Sample: — GNS15 — GNS14 GNS170 —— GNS166—
Point: 21 22 1 23 36 45 4 9 2 298 313

Si0, 3784 3795 3813 3773 3778 3791 3748 3726 3754 3853 38.64
AL, 2129 2137 21.70 21.77  21.62 2186 2156 21.30 2147 21.81 21.65
FeO! 26.88 2752 2482 2715 2726 2691 2623 2648 2610 2460  25.69
MgO 3.69 3.33 4.75 4.38 4.81 5.09 3.00 2.75 3.01 4.48 3.85
MnO 0.55 0.56 0.36 0.65 0.60 0.49 1.98 1.80 2.11 0.10 0.19
CaO 9.74 9.80 9.61 8.27 7.92 783 10.09 1021  10.34 9.77 9.89
Total 99.98 100.54 99.36  99.94  99.98 100.10 100.33  99.81 100.56  99.29 9991

Cations per 12 oxygens

Si 2.98 2.98 2.99 2.97 2.97 2.97 2.96 2.96 2.96 3.01 3.02
Al 1.98 1.98 2.00 2.02 2.00 2.02 2.01 2.00 1.99 2.01 1.99
Fe?* 1.77 1.81 1.63 1.79 1.79 1.76 1.73 1.76 1.72 1.61 1.68
Mg 0.43 0.39 0.81 0.70 0.56 0.59 0.35 0.33 0.35 0.52 0.45
Mn 0.04 0.04 0.02 0.04 0.04 0.03 0.13 0.12 0.14 0.01 0.01
Ca 0.82 0.82 0.56 0.51 0.67 0.66 0.85 0.87 0.87 0.82 0.83
Total 8.02 8.01 8.01 8.02 8.03 8.03 8.04 8.04 8.04 7.98 7.98
Fe/(Fe+Mg) 0.80 0.82 0.67 0.72 0.76 0.75 0.83 0.84 0.83 0.76 0.79
Alm? 0.58 0.59 0.54 0.59 0.59 0.58 0.56 0.57 0.56 0.54 0.57
Prp? 0.14 0.13 0.27 0.23 0.18 0.20 0.11 0.11 0.11 0.18 0.15
Sps? 0.01 0.01 0.09 0.01 0.01 0.01 0.04 0.04 0.05 0.00 0.00
Grs? 0.27 0.27 0.18 0.17 0.22 0.22 0.28 0.28 0.28 0.28 0.28

ITotal Fe as FeO.

2Alm = Fe/M; Prp = Mg/M; Sps = Mn/M; and Grs = Ca/M, where M = (Fe + Mg + Mn + Ca).

complex, and a possible evolution from a precursor
eclogite-facies field.

Isotopic Ages and T-t Evolution

Geochronologic data available for the Imjingang
belt are limited; consequently, protolith and meta-
morphic ages are poorly constrained. However,
some recent studies using modern techniques (e.g.,
SHRIMP dating) provide relatively accurate and
consistent isotopic ages. All available data are sum-
marized below.

Protolith ages

The protolith ages of metasedimentary rocks in
the Imjingang belt are difficult to determine in the
absence of fossils, but can possibly be constrained
from the emplacement age of amphibolites or the
inherited zircon ages of metasedimentary rocks. Ree
et al. (1996) analyzed nine amphibolites in the

Yeoncheon area and obtained a whole-rock Sm-Nd
age of 824 + 143 Ma. This errorchron date was inter-
preted to approximate the emplacement age of the
Samgot amphibolite. Ree et al. (1996) also noted
that the high g, (T) values of +6.2 + 3.3 estimated
from the Samgot amphibolite are similar to those of
depleted mantle at 824 Ma. This result is consistent
with an oceanic setting of a basaltic protolith
inferred from trace-element geochemistry. On the
other hand, Cho et al. (2005) reported a SHRIMP
U-Pb age of 861 = 7 Ma dated from oscilla-
tory-zoned, magmatic zircon grains in the Gonamsan
amphibolite. It is thus likely that amphibolites orig-
inated as a result of Early Neoproterozoic magma-
tism in the Imjingang belt. As a collorary,
sedimentary protoliths of the Samgot unit were
apparently deposited prior to 860 Ma, inasmuch as
amphibolites preserving rare chilled margins
intrude calc-silicate rocks. These protoliths were
possibly derived from sedimentary rocks of the
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TABLE 5. Representative Compositions of Calcic Amphibole!
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Sample: —— GNS15— —— GNS14—— ——— GNS170 GNS166
Classification:!  Pfp Fp P P Fe Hb Fe Paft P P Afp
Point: 56 57 17 19 1 3 5 302 315 316 320
Sio, 3850 39.72 4298 40.71 42,68 41.73  43.53 4297 4259 4340  41.52
TiO, 0.84 0.70 0.92 0.97 0.55 0.70 0.46 0.16 0.79 0.48 0.83
ALO, 16.09 1393 1343 1550 1252 13.64 1195 1557 14.13 1463 16.02
Fe0? 19.51  20.02 14.72 1561 1896 19.66 1848 17.03 1545 1624 1642
MgO 7.37 7.67  10.67 9.37 8.45 7.89 9.15 8.40 9.96 9.37 8.66
MnO 0.13 0.17 0.00 0.07 0.33 0.31 0.29 0.04 0.00 0.03 0.01
CaO 11.06 1099 11.67 11.32 10.76  10.50  10.43 932 11.17 11.56  11.30
Na,O 1.50 1.50 1.49 1.56 1.68 1.88 1.56 1.20 1.33 1.49 1.43
K,0 1.83 0.92 0.62 1.04 0.35 0.37 0.29 1.42 0.65 0.65 1.04
Total 96.83 9563 96.51 96.14 9626 96.68 96.14 96.11 96.06 9785 97.22
Cations per 23 oxygens

Si 5.90 6.12 6.40 6.14 6.48 6.33 6.56 6.44 6.37 6.40 6.19
Ti 0.10 0.08 0.10 0.11 0.06 0.08 0.05 0.02 0.09 0.05 0.09
Al 2.90 2.53 2.36 2.75 2.24 2.44 2.12 2.75 2.49 2.54 2.82
Fe?* 0.49 0.61 0.23 0.27 0.35 0.41 0.44 0.24 0.33 0.22 0.25
Fe?* 2.01 1.97 1.60 1.70 2.06 2.08 1.89 1.89 1.60 1.79 1.80
Mg 1.68 1.76 2.37 2.11 1.91 1.78 2.06 1.88 222 2.06 1.92
Mn 0.01 0.02 0.00 0.01 0.03 0.03 0.03 0.00 0.00 0.00 0.00
Ca 1.81 1.82 1.86 1.83 1.75 1.71 1.69 1.50 1.79 1.83 1.81
Na 0.45 0.45 0.43 0.46 0.49 0.55 0.46 0.35 0.39 0.42 0.41
K 0.36 0.18 0.12 0.20 0.07 0.07 0.06 0.27 0.12 0.12 0.20
Total 15.71 1554 1547 1557 1544 1548 1536 1535 1539 1544 1549
Na/(Na+K) 0.55 0.71 0.79 0.70 0.88 0.88 0.89 0.56 0.76 0.78 0.68
Fe/(Fe+Mg) 0.54 0.53 0.40 0.45 0.52 0.54 0.48 0.50 0.42 0.46 0.48

IClassification of calcic amphiboles is based on Leake et al., 2004. Abbreviations: Pfp = potassian ferropargasite; Fp =
ferropargasite; P = pargasite; Fe = ferroedenite; Hb = hornblende; Paft = potassian aluminoferrotschermakite; Afp = Paft and

aluminoferropargasite.

2Fe?* was recalculated using the method described by Dale et al., 2005.

Neoproterozoic Sangwon Supergroup, which are
widespread along the northern boundary of the
Imjingang belt. The geologic age of the Sangwon
Supergroup has been recently confined to the
Neoproterozoic, based on the discovery of bacterial
microfossils in stromatolites at Socheong Island,
westernmost South Korea (Fig. 1B; Lee S.-J. et al.,
2003).

The timing of deposition of the Jingok unit is
poorly constrained, but recent SHRIMP dating of
detrital zircon grains (Cho et al., 2005) may provide
constraints for the maximum depositional age. U-Pb
ages of detrital zircon grains in a garnet-biotite para-
gneiss from the Gonamsan area are characterized by

two distinct populations at 447 + 4 Ma and 397 + 6
Ma, respectively. The latter probably constrains the
depositional age of the Jingok unit to be younger
than ~400 Ma. Thus, the protoliths of the Jingok
unit most likely originated from the Devonian Imjin
Group. This interpretation is consistent with the
occurrence of staurolite-kyanite schists in both the
Jingok unit and the upper Imjin Group of North
Korea (Paek et al., 1996). However, Cho et al.
(2005) suggested that the analyzed paragneiss is
part of the Samgot unit, and consequently this unit
would have been deposited later than ca. 400 Ma.
Further mapping and radiometric dating are neces-
sary to resolve these contrasting interpretations.
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TABLE 6. Representative Compositions of Plagioclase in Amphibolites

Sample: —— GNSI15 GNS14 GNS170 —— GNS166 ——
Point: 66 67 49 50 8 17 4 4 6
Si0, 58.78 61.30 60.08 58.22 61.92 61.48 60.57 60.19 59.79
AL, 25.53 24.12 24.78 25.98 23.09 23.74 24.46 24.09 24.36
CaO 7.31 5.40 6.06 7.49 4.80 5.01 5.67 5.63 591
Na,O 7.57 8.73 8.69 7.64 9.29 8.92 8.52 8.52 8.51
K,0 0.06 0.07 0.12 0.27 0.03 0.08 0.09 0.07 0.10
Total 99.26 99.62 99.73 99.60 99.13 99.22 99.31 98.50 98.66

Cations per 8 oxygens

Si 2.64 2.73 2.68 2.62
Al 1.35 1.27 1.30 1.38
Ca 0.35 0.26 0.29 0.36
Na 0.66 0.75 0.75 0.67
K 0.00 0.00 0.01 0.02
Total 5.01 5.01 5.04 5.03
An! 0.35 0.25 0.28 0.35
Ab! 0.65 0.74 0.72 0.64
Or! 0.00 0.00 0.01 0.01

2.77 2.75 2.71 2.72 2.70
1.22 1.25 1.29 1.28 1.30
0.23 0.24 0.27 0.27 0.29
0.81 0.77 0.74 0.75 0.74
0.00 0.00 0.01 0.00 0.01
5.02 5.01 5.02 5.02 5.03
0.22 0.24 0.27 0.27 0.28
0.78 0.76 0.73 0.73 0.72
0.00 0.00 0.01 0.00 0.01

'An = Ca/M; Ab = Na/M; and Or = K/M, where M = (Ca + Na + K).

Peak metamorphic ages

The age of peak metamorphism in the Imjingang
belt has been dated using various isotopic systems.
From an amphibolite of the Yeoncheon area, Ree et
al. (1996) dated mineral Sm-Nd and Rb-Sr ages
(garnet + plagioclase + whole rock) at 249 + 31 Ma
and 222 + 31 Ma, respectively. These ages were
interpreted to be close to the metamorphic age,
although the closure temperature of each isotopic
system is uncertain. On the other hand, Jeon and
Kwon (1999) reported a preliminary Sm-Nd mineral
age of 263 + 6 Ma from a garnet-biotite gneiss in the
Gonamsan area. This Permian age is similar to the
Th-U-Pb chemical age of monazite, dated at 255 + 8
Ma from a kyanite-zone schist of the Jingok unit
(Cho et al., 1996). More precise timing for peak
metamorphism was provided by the SHRIMP U-Ph
zircon age of metamorphic overgrowth, dated at 253
+ 2 Ma from a garnet-biotite gneiss in the Gonamsan
area (Cho et al., 2005). All of these ages suggest that
the peak metamorphism accompanying major con-
tractional deformation took place during the Late
Permian in the Yeoncheon complex.

Cooling and deformation ages

The K-Ar hornblende ages reported for the
Samgot amphibolite by Ree et al. (1996) vary widely
from 656 to 258 Ma, probably reflecting the hetero-
geneous distribution of excess Ar. Its presence was
subsequently confirmed by the “°Ar/3°Ar analyses of
several hornblende samples separated from the
Samgot amphibolite. From two exceptional cases,
the “0Ar/3%Ar age spectra of hornblende barely
define plateau ages of about 230 Ma. Moreover, their
36Ar/39Ar isotope correlation ages suggest that
regional cooling of the Samgot amphibolite through
~500°C occurred at ~230 + 3 and 223 + 2 Ma.
These cooling ages are consistent with an Rb-Sr
muscovite age of 226 + 1 Ma, dated from a mylonite
in the Gyeonggi shear zone (Kim et al., 2000).
Microstructures of quartz and feldspar in the mylo-
nite further suggest that temperatures reached
500°C during ductile deformation in an extensional
shear zone. Together with the growth of muscovite
neoblasts in mylonites, this suggests that ductile
shearing with a normal sense occurred during the
Middle to Late Triassic (Kim et al., 2000). Moreover,
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the NW-plunging lineations and top-down-to-the-
north kinematics pervasive in the mylonites are also
common in both the Samgot and Jingok units. This
resemblance in structural patterns suggests that the
timing for D, | in the Yeoncheon complex should be
close to ~230-225 Ma.

Further evidence for Triassic cooling is provided
by preliminary 4°Ar/3%Ar ages of muscovite and
biotite separates from two kyanite-zone schists of
the Jingok unit. In one sample, muscovite shows an
internally discordant “0Ar/39Ar age spectra, but its
isotope correlation age is dated at ~205 Ma. On the
other hand, biotite defines a plateau age of ~160
Ma, suggesting thermal influence from Jurassic
granites which are widespread in the vicinity of the
Imjingang belt. An older age component of biotite is
preserved in another kyanite-bearing schist, where
the biotite gave an isotope correlation age of 220 + 1
Ma. It is thus apparent that this kyanite schist
cooled relatively rapidly from ~500 to 300°C.

T-t evolution

Our preliminary “°A1/3?Ar age data together with
available geochronologic data for the Imjingang belt
are illustrated in a temperature-time diagram (Fig.
6). After peak metamorphism at about 660-780°C,
both amphibolites and kyanite-zone schists experi-
enced relatively rapid exhumation during the Trias-
sic. Assuming closure temperatures of 500°C and
300°C for hornblende and biotite, respectively, the
average cooling rate is estimated to be around or
even greater than 15°C/Ma. Such rapid cooling is
compatible with that reported from exhumation
stages of orogenic belts such as the Dabie-Sulu belt
(e.g., Hacker et al., 2000; Faure et al., 2003). Sub-
sequently, thermal flux during the emplacement of
the Jurassic granite has locally reequilibrated the
40A1/39Ar systemtatics of biotite to produce a cooling
age of ~160 Ma. The cooling history shown in Figure
6 is compatible with that reported for high-pressure
blueschists and eclogites in the Dabie-Sulu belt.

Discussion

Tectonometamorphic evolution
of the Imjingang belt

The Yeoncheon complex constitutes the southern
part of E-W—trending Imjingang belt and consists of
two lithotectonic units: (1) the metapelitic Jingok
unit, and (2) the structurally underlying Samgot
unit, which contains garnet amphibolites. The latter
is underlain by Neoproterozoic Gamaksan meta-

TABLE 7. Average Pressures and Temperatures
Calculated from the Gonamsan Amphibolites!

Point numbers  avP sdP T sdT
GNS15
21-56-66 10.2 0.6 706 95
21-56-67 11.0 0.4 712 95
21-57-66 10.4 0.3 772 99
21-57-67 11.3 0.6 778 99
22-56-66 9.3 0.7 657 87
22-56-67 10.1 0.4 662 87
22-57-66 9.4 0.3 720 90
22-57-67 10.3 0.4 726 91
GNS14
1-17-49 11.6 1.3 755 113
1-19-49 12.5 1.1 768 103
1-17-50 10.8 0.9 750 112
1-19-50 11.8 0.7 763 103
23-17-49 9.6 1.0 671 98
23-19-49 10.3 0.7 677 90
23-17-50 8.9 0.7 667 98
23-19-50 9.6 0.4 672 90
36-17-49 9.9 1.0 696 104
36-19-49 10.7 0.8 704 95
36-17-50 9.2 0.7 692 103
36-19-50 9.9 0.5 699 95
45-17-49 10.3 1.1 720 109
45-19-49 11.2 0.9 731 100
45-17-50 9.6 0.8 716 108
45-19-50 10.4 0.6 726 99
GNS170
4-1-8 11.4 1.4 747 78
9-3-17 11.4 1.0 728 77
2-5-4 10.0 0.7 709 76
GNS166
298-302-4 13.4 1.2 799 103
313-315-6 12.1 1.0 758 92
313-316-6 13.7 1.6 821 95
298-320-6 13.9 1.2 812 98

!Numbers denote analytic points in Tables 4-6, used for
P-T calculations.

granitoids which are variably deformed and repre-
sent mylonites to protomylonites of the Gyeonggi
shear zone. SHRIMP U-Pb zircon ages (Cho et al.,
2005) suggest that the protolith of the Jingok unit is
likely to be identical to the Devonian Imjin Group
reported in North Korea (Paek et al., 1996). Thus,
any deformation event in the Yeoncheon complex
should be younger than ~350 Ma. Kinematic indica-
tors document early thrust movement followed by
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FIG. 6. A diagram showing the temperature-time (T-t) evolution of the Imjingang belt. Also shown for comparison is
a schematic T-t path of the UHP rocks from the Dabie-Sulu belt (Zhang et al., 1994; Faure et al., 2003). Collisional
orogeny in the Imjingang belt apparently preceded the Chinese orogeny by 20-30 m.y.

normal shearing and faulting in the Yeoncheon com-
plex (Ree et al., 1996). The normal-sense movement
characterized by top-down-to-the-north ductile
shearing is predominant not only in the Gyeonggi
shear zone, but also in the Samgot unit. Ductile
deformation producing muscovite neoblasts in the
Gamaksan mylonites was dated at ~226 Ma (Kim et
al., 2000), which is consistent with “°Ar/3%Ar ages of
230-225 Ma recorded in hornblendes of garnet
amphibolites.

The tectonometamorphic evolution of the Yeon-
cheon complex is represented by a clockwise P-T-
time path, as shown in Figure 5. Both garnet
amphibolites and staurolite-kyanite schists give
pressures greater than 10 kbar at temperatures of
~750°C and 680°C, respectively. This HP condition
is most likely the result of crustal thickening associ-
ated with collisional orogenesis. The timing of peak
metamorphism was ~250 Ma, as verified by various
isotopic systems including the SHRIMP zircon age.
Synkinematic growth of garnet further suggests that
the contractional deformation resulted from this
Permo-Triassic tectonometamorphic event. Ductile
deformation of feldspar and hornblende is apparent
in strongly sheared amphibolites, implying that
these garnet amphibolites were tectonically

exhumed from depths where temperatures exceeded
500-600°C. Moreover, based on the temperature-
time relationship in Figure 6, the exhumation prob-
ably occurred rapidly at a rate of ~1-2 mm/yr during
the Early to Middle Triassic. In summary, ductile
extension in association with the Gyeonggi shear
zone occurred within 20-30 m.y. of thrust displace-
ment involving the Devonian strata in the Imjingang
belt. This structural-temporal relationship is similar
to that reported from Himalyan-type orogen (e.g.,
Liou et al., 2004) and favors gravitational collapse of
a tectonically thickened crust. The extensional
stress regime continued to produce an array of small
transtensional basins along the Gyeonggi shear
zone, consisting of molasse-type sedimentary
sequences of the Daedong Group.

Continuation of the Sulu UHP belt
into the Korean Peninsula

The occurrence of Devonian sequences is unique
for the Imjin Group, because no correlative of this
group is exposed in the Shandong Peninsula across
the Yellow Sea. Moreover, two large Paleozoic basins
in the Korean Peninsula, the Pyeongnam and
Taebaeksan basins, are devoid of these middle
Paleozoic strata (Chough et al., 2000). The absence
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FIG. 7. A compilation showing various P-T-t paths of the Imjingang belt (this study), the Gyeonggi Massif (Lee S. R.
and Cho, 1995; Lee S. R. and Cho, 2003; Oh et al., 2005), and the Dabie-Sulu belt (Hacker et al., 2000; Faure et al.,
2003). Three boxes defining the P-T-t path of this study represent the P-T estimates from single kyanite-zone schist in

Figure 4. Other symbols denoting the P-T estimates of garnet amphibolites are the same as those of Figure 5.

of Silurian—Devonian sequences is characteristic of
the Sino-Korean craton; consequently, the Imjin-
gang belt belongs to the South China craton. In
addition, the U-Pb zircon ages of detrital compo-
nents or inherited cores indicate the presence of
Late Ordovician and Early Devonian age popula-
tions in the Imjingang belt (Cho et al., 2005). These
data in conjunction with ~850-750 Ma magmatism
corroborate the South China affinity of the Imjin-
gang belt because the Neoproterozoic ages are com-
mon for the protoliths of eclogites and gneisses in
the Sulu and Dabie belts (e.g., Hacker et al., 1998;
Zheng et al., 2004). Thus, the extension of the Sulu
belt into the Korean Peninsula is likely, but details
on tectonic correlations may be subject to large
uncertainties in the absence of ophiolites, eclogites,
or UHP rocks on the Korean side. Nevertheless, as
described below, P-T-t relations suggest that both
the Imjingang belt and the Gyeonggi Massif experi-
enced similar tectonometamorphism during the
Permo-Triassic continental collision.

The P-T-t paths reported from the Gyeonggi
Massif are comparable to those of metapelites and
amphibolites in the Imjingang belt (Fig. 7). Figure 7
shows two P-T-t paths representative of the base-
ment and supracrustal rocks in the Gyeonggi Massif
(i.e., the Hwacheon granulites and Chuncheon
amphibolites, respectively; see Fig. 1B for loca-
tions). Near-isothermal, clockwise P-T-t paths are
characteristic for both terranes, indicating that
thick-skinned crustal reworking has occurred in the
Gyeonggi Massif. The timing of isothermal decom-
pression is best estimated to be Triassic (Lee and
Cho, 2003). Furthermore, the cooling through
~300°C is dated at ~210 Ma for the Chuncheon
amphibolite (Lee S. R. and Cho, 1995). The clock-
wise P-T-t path is corroborated by the occurrences
of relict kyanite throughout the Gyeonggi Massif
(Lee K. J. and Cho, 1992; Cho and Kim, 1993;
Ahn et al., 1998; Lee S. R. and Cho, 2003). Thus,
high- to medium-pressure conditions were attained
prior to widespread low-P/high-T metamorphism
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resulting in sillimanite and cordierite-bearing
assemblages in the Gyeonggi Massif.

Finally, Figure 7 shows another P-T path from
the Hongseong area, Gyeonggi Massif, where Oh et
al. (2005) recently reported the presence of relict
omphacite inclusions in garnet porphyroblasts from
mafic granulite. This “eclogitic” granulite was dated
at 231 = 3 Ma by Zhai and Guo (2005), who con-
firmed the Triassic high-P metamorphism based on
SHRIMP zircon U-Pb ages. Thus, the P-T-t path of
the Hongseong area is remarkably consistent with
that of the Sulu belt (e.g., Faure et al., 2003) and
compatible with P-T estimates from the Imjingang
belt. This similarity in P-T-t relations does not
support the suggestion of Oh et al. (2005) that the
Hongseong area is a probable extension of the Sulu
belt as opposed to the Imjingang belt. Instead, both
the Imjingang belt and the Gyeonggi Massif proba-
bly represent deep burial during the Triassic colli-
sion. Local variation in terms of peak metamorphic
conditions may be attributed at least partially to dif-
ferent degrees of retrogression or recrystallization
following peak-pressure metamorphism. However,
further geochronologic studies are necessary to
understand tectonic implications of the apparent
~20 m.y. discrepancy in the timing of peak meta-
morphism between the Imjingang belt and the west-
ern Gyeonggi Massif. It is also noted from the
quartz-vein assemblage that retrogression to lower
temperatures probably crosses the kyanite-
andalusite curve in the Imjingang belt (Fig. 7). A
similar path is also apparent for the Hongseong area
and the Sulu belt. The apparent near-isobaric cool-
ing at mid-crustal depths contrasts with near-
isothermal decompression at high temperatures,
which produced sillimanite or cordierite-bearing
assemblages in the eastern Gyeonggi Massif (Fig. 7).
The contrasting cooling path during the Triassic
exhumation event suggests that the Imjingang belt
and the western Gyeonggi Massif likely resided at
deeper levels than the eastern Gyeonggi Massif.

Conclusions

Petrologic and geochronologic data available in
the Yeoncheon complex suggest that the southern
Imjingang belt experienced a clockwise P-T-t path
during the Permo-Triassic collisional orogeny. P-T
conditions estimated from metapelites suggest that
metamorphic temperatures and pressures appar-
ently increase from ~450-550°C and 8 kbar in the

garnet zone to ~600-700°C and 11 kbar in the kya-
nite zone. Moreover, based on P-T estimates from
inclusion vs. matrix assemblages and pseudosection
analyses of mineral parageneses, clockwise P-T-t
path is defined for metapelites of the kyanite zone.
Similarly, P-T conditions calculated from garnet
amphibolites are in the range of 8-14 kbar and 630—
820°C. This wide range could be attributed to
variable degree of partial retrogression during the
exhumation, eradicating high-pressure minerals.
The timing of peak metamorphism is estimated at
~250 Ma, whereas near-isothermal decompression
is dated at 230-220 Ma. Thus, the Imjingang orogen
was thickened during the latest Permian, and gravi-
tationally collapsed, resulting in rapid cooling
during the Triassic exhumation.

Metamorphic evolution of the southern Imjin-
gang belt described above is compatible with a vari-
ety of clockwise P-T-t paths documented from the
basement and supracrustal rocks in the Gyeonggi
Massif. Collisional orogenesis prevailed in both the
Imjingang belt and Gyeonggi Massif, but its extent
and the maximum depth of descent remain to be
solved. However, our result strongly suggests that
Permo-Triassic crustal thickening in the Imjingang
belt was closely linked to the continental collision in
east-central China. Thus, in conjunction with the
recent finding of “eclogitic” granulite-amphibolite
in the Gyeonggi massif (Cho, 2003; Oh et al., 2005),
we conclude that the Dabie-Sulu belt extends into
the Korean Peninsula as the Imjingang belt and
Gyeonggi Massif, together with the Ogcheon belt
(Cho and Kim, 2005). Thus, eastward extension of
the Dabie-Sulu belt through the Korean Peninsula
(Ernst and Liou, 1995) remains a valid hypothesis.

Acknowledgments

We acknowledge Bob Wintsch and Scott What-
tam for their constructive reviews that helped
improve the manuscript. We also thank Ching-Hua
Lo for helping us to get the Ar/?Ar age spectra at
National Taiwan University. Many of our colleagues
helped us to carry out the Imjingang project since
1993 and eventually write this review paper dedi-
cated for the retirement of Prof. J. G. Liou. In partic-
ular, we thank tremendous field assistance from
our former laboratory members, Eun-seo Choi,
Jongwook Kim, and Hyejune Park. This research
was sponsored by the KOSEF grant R14-2003-
017-01000-0.



Downloaded by [University of Cambridge] at 12:38 05 June 2016

METAMORPHIC EVOLUTION OF THE IMJINGANG BELT 49

REFERENCES

Ahn, J., and Cho, M., 2000, Application of cathodolumi-
nescence to fine-grained pelitic schists of the Imjin-
gang Belt, Korea: European Journal of Mineralogy, v.
12, p. 1057-1062.

Ahn, K. S., Park, Y. S., Kim, J. B., and Chen, J., 1998,
Metamorphism of gneiss complex in the Paju-Gimpo
area, northwestern Gyeonggi massif, Korea: Journal of
the Petrological Society of Korea, v. 7, p. 177-189 (in
Korean with English abstract).

Anderson, G. M., Pascal, M. L., and Rao, J., 1987, Alumi-
num speciation in metamorphic fluids, in Helgeson, H.
C., ed., Chemical transport in metasomatic processes,
p. 297-321.

Bohlen, S. R., and Liotta, J. J., 1986, A barometer for gar-
net amphibolites and garnet granulites: Journal of
Petrology, v. 27, p. 1025-1056.

Berman, R. G., 1990, Mixing properties of Ca-Mg-Fe-Mn
garnets: American Mineralogist, v. 75, p. 328-344.
Chang, H. W., Yum, B. W., and Park, N. Y., 1987, Petro-
chemical study on the alkaline gabbroic host rocks of
titaniferous magnetite deposits in Gonamsan, Yeon-
cheon-gun, South Korea: Journal of Korean Institute of

Mining Geology, v. 20, p. 85-95.

Cheong, C.-S., Kwon, S.-T., and Park, K. H., 2000, Pb and
Nd isotope constraints on Paleoproterozoic crustal
evolution of the northern Yeongnam massif, South
Korea: Precambrian Research, v. 102, p. 207-220.

Cho, D.-L., Kwon, S.-T., Jeon, E.-Y., and Armstrong, R.,
2005, SHRIMP U-Pb zircon ages of metamorphic
rocks from the Samgot unit, Yeoncheon complex in the
Imjingang belt, Korea: Implications for the Phanero-
zoic tectonics of East Asia [abs.]: Annual Meeting of
the Geological Society of America, paper no. 171-6.

Cho, D.-L., Suzuki, K., Adachi, M., and Chwae, U., 1996,
A preliminary CHIME age determination of monazite
from metamorphic and granitic rocks in the Gyeonggi
massif, Korea: Journal of Earth and Planetary Science,
Nagoya University, v. 43, p. 49-65.

Cho, M., 2001, A continuation of Chinese ultrahigh-pres-
sure belt in Korea: Evidence from ion microprobe U—
Pb zircon ages [abs.]: Gondwana Research, v. 4, p.
708.

Cho, M., 2003, Triassic high-pressure metamorphism in
western Gyeonggi massif, Korea: Correlation with the
Dabie—Sulu belt in China [abs.], in Alice Wain Memo-
rial Western Norway Eclogite Field Symposium, p. 36.

Cho, M., and Kim, J., 1993, Occurrence of kyanite in
the Yongduri gneiss complex of the Chuncheon-Hong-
cheon area: its tectonometamorphic implication: Jour-
nal of the Petrological Society of Korea, v. 2, p. 1-8 (in
Korean with English abstract).

Cho, M., and Kim, H., 2005, Metamorphic evolution of the
Ogcheon belt: A review and new age constraints: Inter-
national Geology Review, v. 47, p. 41-57.

Cho, M., Kwon, S.-T., Ree, J.-H., and Nakamura, E., 1995,
High-pressure amphibolite of the Imjingang belt in the
Yeoncheon—Cheongok area: Journal of the Petrological
Society of Korea, v. 4, p. 1-19 (in Korean with English
abstract).

Choi, S. J., Lee, S. R., Kim, K. B., Kim, J. R., and Kim,
B. C., 1998, Geological map of Munsan sheet and
explanatory text: Daejon, South Korea, Korea Institute
of Geology, Mining, and Materials, 79 p. (in Korean
with English summary).

Chough, S. K., Kwon, S.-T., Ree, J.-H., and Choi, D. K.,
2000, Tectonic and sedimentary evolution of the
Korean peninsula: A review and new view: Earth-Sci-
ence Reviews, v. 52, p. 175-232.

Dale, J., Holland, T., and Powell, R., 2000, Horn-
blende-garnet-plagioclase thermobarometry: A natural
assemblage calibration of the thermodynamics of horn-
blende: Contribution to Mineralogy and Petrology, v.
140, p. 353-362.

Dale, J., Powell, R., White, R. W., Elmer, F. L., and
Holland, T. J. B., 2005, A thermodynamic model for
Ca-Na clinoamphiboles in Na,0-Ca0O-FeO-MgO-
Al1,0,-Si0,-H,0-0: Journal of Metamorphic Geology,
v. 23, p. 771-791.

Ernst, W. G., and Liou, J. G., 1995, Contrasting plate-tec-
tonic styles of the Qinling—Dabie—Sulu and Franciscan
metamorphic belts: Geology, v. 23, p. 353-356.

Ernst, W. G., Liou, J. G., and Coleman, R. G., 1995,
Comparative petrotectonic study of five Eurasian
ultrahigh-pressure metamorphic complexes: Inter-
national Geology Review, v. 37, p. 191-211.

Ernst, W. G., and Liu, J., 1998, Experimental phase-equi-
librium study of Al- and Ti-contents of calcic amphi-
bole in MORB: A semiquantitative thermobarometer:
American Mineralogist, v. 83, p. 952-969.

Faure, M., Lin, W., and Le Breton, N., 2001, Where is the
North China—South China block boundary in eastern
China?: Geology, v. 29, p. 119-122.

Faure, M., Lin, W., Monie, P., Le Breton, N., Poussineau,
S., Panis, D., and Deloule, E., 2003, Exhumation tec-
tonics of the ultrahigh-pressure metamorphic rocks in
the Qinling orogen in east China: New petrologi-
cal-structural-radiometric insights from the Shandong
Peninsula: Tectonics, v. 22, 1019 [do0i:10.1029/
2002TC001450].

Ferry, J. M., and Spear, F. S., 1978, Experimental calibra-
tion of the partitioning of Fe and Mg between biotite
and garnet: Contributions to Mineralogy and Petrology,
v. 66, p. 113-117.

Hacker, B. R., Ratschbacher, L., Webb, L., Ireland, T.,
Walker, D., and Dong, S., 1998, U/Pb zircon ages
constrain the architecture of the ultrahigh pressure
Qinling—Dabie orogen, China: Earth and Planetary
Science Letters, v. 161, p. 215-230.

Hacker, B. R., Ratschbacher, L., Webb, L., McWilliams,
M. O., Ireland, T., Calvert, A., Dong, S., Wenk, H.-R.,
and Chateigner, D., 2000, Exhumation of the ultra-



Downloaded by [University of Cambridge] at 12:38 05 June 2016

50 CHO ET AL

high-pressure continental crust in east central China:
Late Triassic—Early Jurassic tectonic unroofing: Jour-
nal of Geophysical Research, v. 105, p. 13,339-
13,364.

Hodges, K. V., and Crowley, P. D., 1985, Error estimation
and empirical geothermobarometry for pelitic systems:
American Mineralogist, v. 70, p. 702-709.

Holland, T. J. B., and Powell, R., 1998, An internally con-
sistent thermodynamic data set for phases of petrolog-
ical interest: Journal of Metamorphic Geology, v. 16, p.
309-343.

Ishiwatari, A., and Tsujimori, T., 2003, Paleozoic ophio-
lites and blueschists in Japan and Russian Primorye in
the tectonic framework of East Asia: A synthesis:
Island Are, v. 12, p. 190-206.

Jeon, E. Y., and Kwon, S.-T., 1999, Metamorphism of the
Gonamsan area in the western Imjingang belt:
Anti-clockwise P-T-t path: Journal of the Geological
Society of Korea, v. 35, p. 49-72 (in Korean with
English abstract).

Jeon, H., Cho, M., Kim, H., Horie, K., and Hidaka, H.,
2005, U-Pb zircon geochronology of early Jurassic
Daedong Supergroup, South Korea [abs.]: American
Geophysical Union Fall Meeting Program, p. 390.

Ji, S., and Martignole, J., 1994, Ductility of garnet as an
indicator of extremely high temperature deformation:
Journal of Structural Geology, v. 16, p. 985-996.

Ji, S., Saruwatari, K., Mainprice, D., Wirth, R., Xu, Z., and
Xia, B., 2003, Microstructures, petrofabrics and seis-
mic properties of ultra high-pressure eclogites from
Sulu region, China: Implications for rheology of sub-
ducted continental crust and origin of mantle reflec-
tions: Tectonophysics, v. 370, p. 49-76.

Jung, W.-S., Ree, J.-H., and Park, Y., 1999, Non-rotation
of garnet porphyroblasts and 3-D inclusion trail data:
An example from the Imjingang belt, South Korea:
Tectonophysics, v. 307, p. 381-395.

Jung, W.-S., Ree, J.-H., Park, Y., and Choi, S.-H., 2002,
Lattice preferred orientation of quartz inclusions
within garnet porphyroblasts from the Imjingang belt,
South Korea: Journal of Structural Geology, v. 24, p.
557-565.

Kim, J., and Cho, M., 1994, High-pressure and -tempera-
ture metamorphism of the Yeoncheon Complex [abs.],
in Annual Meeting of the Geological Society of Korea,
Program, p. 72 (in Korean).

Kim, J. N., Ree, J.-H., Kwon, S.-T., Park, Y., Choi, S. J.,
and Cheong, C.-S., 2000, The Kyonggi shear zone of
the central Korean peninsula: Late orogenic imprint of
the North and South China collision: Journal of Geol-
ogy, v. 108, p. 469—478.

Kim, Y., and Cho, M., 2005, P-T-t-D evolution of
high-pressure Barrovian-type metapelites, in the
Imjingang belt, Korea [abs.]: Mitteilungen der Osterre-
ichischen Mineralogischen Gesellschaft, v. 150, p. 67.

Kleinschrodt, R., and Duyster, J. P., 2002, HT-deforma-
tion of garnet: an EBSD study on granulites from Sri

Lanka, India and the Ivrea Zone: Journal of Structural
Geology, v. 24, p. 1829-1844.

Kretz, 1983, Symbols for rock-forming minerals: Ameri-
can Mineralogist, v. 68, p. 277-279.

Leake, B. E., Woolley, A. R., Birch, W. D., Burke, E. A.]J.,
Ferraris, G., Grice, J. D., Hawthorne, F. C., Kisch,
H. J., Krivovichev, V. G., Schumacher, J. C., Stephen-
son, N. C. N., and Whittaker, J. W., 2004, Nomencla-
ture of amphiboles: Additions and revisions to the
International Mineralogical Association’s amphibole
nomenclature: American Mineralogist, v. 89, p. 883—
887.

Lee, K. J., and Cho, M., 1992, Metamorphism of the
Gyeonggi massif in the Gapyeong—Cheongpyeong
area: Journal of the Petrological Society of Korea, v. 1,
p- 1-24 (in Korean with English abstract).

Lee, S.-J., Kim, J.-Y., and Lee, K. C., 2003, Bacterial
microfossils from Precambrian sedimentary rocks,
Socheong Island, Korea: Journal of the Geological
Society of Korea, v. 39, p. 171-182 (in Korean with
English abstract).

Lee, S. R., and Cho, M., 1995, Tectonometamorphic evolu-
tion of the Chuncheon amphibolite, central Gyeonggi
Massif, South Korea: Journal of Metamorphic Geology,
v. 13, p. 315-328.

Lee, S. R., and Cho, M., 2003, Metamorphic and tectonic
evolution of the Hwacheon granulite complex, central
Korea: composite P-T path resulting from two distinct
crustal-thickening events: Journal of Petrology, v. 44,
p. 197-225.

Lee, S. R., Cho, M., Cheong, C.-S., Kim, H., and Wingate,
M. T. D., 2003a, Age, geochemistry and tectonic sig-
nificance of Neoproterozoic alkaline granitoids in the
northwestern margin of the Gyeonggi massif, South
Korea: Precambrian Research, v. 122, p. 297-310.

Lee, S. R., Cho, M., Hwang, J. H., Lee, B., Kim, Y., and
Kim, J. C., 2003b, Crustal evolution of the Gyeonggi
massif, South Korea: Nd isotopic evidence and impli-
cations for continental growths of East Asia: Precam-
brian Research, v. 121, p. 25-34.

Li, Z. X., 1994, Collision between the North and South
China blocks: A crustal-detachment model for sutur-
ing in the region east of the Tanlu fault: Geology, v. 22,
p. 739-742.

Liou, J. G., Zhang, R. Y., Ernst, W. G., Rumble, D., and
Maruyama, S., 1998, High-pressure minerals from
deeply subducted metamorphic rocks: Reviews in
Mineralogy, v. 37, p. 33-96.

Liou, J. G., Tsujimori, T., Zhang, R. Y., Katayama, 1., and
Maruyama, S., 2004, Global UHP metamorphism and
continental subduction/collision: The Himalayan
model: International Geology Review, v. 46, p. 1-27.

Mabhar, E. M., Baker, J. M., Powell, R., Holland, T. J. B.,
and Howell, N., 1997, The effect of Mn on mineral sta-
bility in metapelites: Journal of Metamorphic Geology,
v. 15, p. 223-238.



Downloaded by [University of Cambridge] at 12:38 05 June 2016

METAMORPHIC EVOLUTION OF THE IMJINGANG BELT 51

Oh, C. H., Kim, S. W., Choi, S. G., Zhai, M., Guo, J., and
Krishnan, S., 2005, First finding of eclogite facies
metamorphic event in South Korea and its correlation
with the Dabie-Sulu collision belt in China: Journal of
Geology, v. 113, p. 226-232.

Paek, R. J., Kang, H. G., and Jon, G. P., 1996, Geology of
Korea: Pyongyang, Korea, Foreign Languages Books
Publishing House, 631 p.

Prior, D. J., Wheeler, J., Brenker, F. E., Harte, B., and
Matthews, M., 2000, Crystal plasticity of natural
garnet: New microstructural evidence: Geology, v. 28,
p- 1003-1006.

Ree, J.-H., Cho, M., Kwon, S.-T., and Nakamura, E., 1996,
Possible eastward extension of Chinese collision belt
in South Korea: The Imjingang belt: Geology, v. 24, p.
1071-1074.

Ree J.-H., Kwon, S.-H., Park, Y., Kwon, S.-T., and Park,
S.-H., 2001, Pretectonic and posttectonic emplace-
ments of the granitoids in the south central Okchon
belt, South Korea: Implications for the timing of
strike-slip shearing and thrusting: Tectonics, v. 20, p.
850-867.

Tinkham, D. K., Zuluaga, C. A., and Stowell, H. H., 2001,
Metapelite phase equilibria modeling in MnNCKF-
MASH: the effect of variable Al,O, and MgO/

(MgO+FeO) on mineral stability: Geological Material
Research, v. 3, p. 1-42.

Yamaguchi, T., 1951, On the so-called Yonchon System
and its regional metamorphism: Journal of the Geolog-
ical Society of Japan, v. 57, p. 419-438 (in Japanese
with English abstract).

Yin, A., and Nie, S., 1993, An indentation model for the
North and South China collision and the development
of the Tan-Lu and Honam fault systems, eastern Asia:
Tectonics, v. 12, p. 801-813.

Zhai, M., and Guo, J., 2005, Discovery of eclogites and
extension of Sulu UHP belt in South Korea: Mitteilun-
gen der Osterreichischen Mineralogischen Gesell-
schaft, v. 150, p. 172.

Zhang, R. Y., Liou, J. G., and Cong, B., 1994, Petrogenesis
of garnet-bearing ultramafic rocks and associated
eclogites in the Su-Lu ultrahigh-P metamorphic ter-
rane, eastern China: Journal of Metamorphic Geology,
v. 12, p. 169-186.

Zheng, Y.-F., Wu, Y.-B., Chen, F.-K., Gong, B., Li, L., and
Zhao, 7.-F., 2004, Zircon U-Pb and oxygen isotope
evidence for a large-scale 180 depletion event in igne-
ous rocks during the Neoproterozoic: Geochimica et

Cosmochimica Acta, v. 68, p. 4145-4165.



	Metamorphic Evolution of the Imjingang Belt, Korea: Implications for PermoTriassic Collisional Orogeny
	Moonsup Cho,1 Yoonsup Kim, and Jinho Ahn2
	Introduction
	Geological Outline
	Yeoncheon Complex
	Petrology and geochemistry
	Structure

	Metamorphic Conditions and P-T Paths in the Metapelites
	HighPressure Metamorphism of Garnet Amphibolites
	Isotopic Ages and T-t Evolution
	Protolith ages
	Peak metamorphic ages
	Cooling and deformation ages
	T-t evolution

	Discussion
	Tectonometamorphic evolution of the Imjingang belt
	Continuation of the Sulu UHP belt into the Korean Peninsula

	Conclusions
	Acknowledgments
	REFERENCES
	Fig. 1. A. Smplified tectonic province map of East Asia. Abbreviations: GM = Gyeonggi Massif; NM = Nangrim Massif; YM = Youngnam Massif. B. A schematic location map of the study area. Inset box shows the study area enlarged in Figure 2. Some ...
	Fig. 2. A geologic map of the study area, compiled from various maps published by Cho et al. (1995), Ree et al. (1996), Kim et al. (2000), and Lee S. R. et al. (2003a). Strikes and dips of major foliation are shown for the Yeoncheon and Gonam...
	Fig. 3. A. Deformed quartz vein containing euheral crystals of andalusite and muscovite. The sense of dragging in quartz veins is compatible with that of the host, suggesting topdowntothenorth extensional movement. B. Photomicro graph showing...
	Table 1. Representative Compositions of Garnet in Metapelitic Rocks1
	Table 2. Representative Compositions of Biotite and Muscovite
	Table 3. Representative Compositions of Plagioclase1
	Fig. 4. P-T conditions estimated from metapelites of garnet, staurolite, and kyanite zones are shown on a pseudosec tion constructed by Mahar et al. (1997). Three kyanitezone samples (YC43, YC45, and YC 72) gave variable P-T ranges, outlined ...
	Fig. 5. P-T estimates from the Gonamsan amphibolites of this study are shown together with those of previous studies for the Yeoncheon and Gonamsan amphibolites (Cho et al., 1995; Jeon and Kwon, 1999). Error bars for the Gonamsan (GNS) sample...
	Table 4. Representative Compositions of Garnet in Amphibolites
	Table 5. Representative Compositions of Calcic Amphibole1
	Table 6. Representative Compositions of Plagioclase in Amphibolites
	Table 7. Average Pressures and Temperatures Calculated from the Gonamsan Amphibolites1
	Fig. 6. A diagram showing the temperature-time (T-t) evolution of the Imjingang belt. Also shown for comparison is a schematic T-t path of the UHP rocks from the DabieSulu belt (Zhang et al., 1994; Faure et al., 2003). Collisional orogeny in ...
	Fig. 7. A compilation showing various P-T-t paths of the Imjingang belt (this study), the Gyeonggi Massif (Lee S. R. and Cho, 1995; Lee S. R. and Cho, 2003; Oh et al., 2005), and the DabieSulu belt (Hacker et al., 2000; Faure et al., 2003). T...



