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Abstract – The Phanerozoic subduction system of the Korean peninsula is considered to have been
activated by at least Middle Permian time. The geochemically arc-like Andong ultramafic complex
(AUC) occurring along the border between the Precambrian Yeongnam massif and the Cretaceous
Gyeongsang back-arc basin provides a rare opportunity for direct study of the pre-Cretaceous mantle
wedge lying above the subduction zone. The tightly constrained SHRIMP U–Pb age of zircons extracted
from orthopyroxenite specimens (222.1 ± 1.0 Ma) is indistinguishable from the Ar/Ar age of coexisting
phlogopite (220 ± 6 Ma). These ages represent the timing of suprasubduction zone magmatism likely
in response to the sinking of cold and dense oceanic lithosphere and the resultant extensional strain
regime in a nascent arc environment. The nearly coeval occurrence of a syenite-gabbro-monzonite
suite in the SW Yeongnam massif also suggests an extensional tectonic setting along the continental
margin side during Late Triassic time. The relatively enriched ɛHf range of dated zircons (+6.2 to −0.6
at 222 Ma) is in contrast to previously reported primitive Sr–Nd–Hf isotopic features of Cenozoic
mantle xenoliths from Korea and eastern China. This enrichment is not ascribed to contamination by
the hypothetical Palaeozoic crust beneath SE Korea, but is instead attributable to metasomatism of the
lithospheric mantle during the earlier subduction of the palaeo-Pacific plate. Most AUC zircons show
a restricted core-to-rim spread of ɛHf values, but some grains testify to the operation of open-system
processes during magmatic differentiation.

Keywords: ultramafic complex, zircon, U–Pb age, Hf isotopes, lithospheric mantle.

1. Introduction

Subduction systems may have operated on the Earth
since Archean time, possibly in close association with
the growth of the continental crust (Martin, 1986;
Drummond & Defant, 1990; Martin et al. 2005). The
formation of calc-alkaline volcanic and plutonic rocks
along Pacific-type convergent plate boundaries (Ernst,
2005) is elegantly explained by the melting of the
mantle wedge (or of the downgoing slab itself) in re-
sponse to the flux of fluids and melts liberated from
subducting oceanic lithosphere (Tatsumi, Hamilton
& Nesbitt, 1986; Peacock, Rushmer & Thompson,
1994; Pearce & Peate, 1995). Additionally, petrologic
and geochemical studies have shown that many on-

§Author for correspondence: ccs@kbsi.re.kr

land remnants of oceanic lithosphere (ophiolites) also
formed above subduction zones and not at mid-oceanic
ridges (Miyashiro, 1973; Pearce, Lippard & Roberts,
1984; Stern & Bloomer, 1992; Shervais, 2001). It is
generally accepted that these suprasubduction zone
mafic–ultramafic complexes formed in a nascent or re-
organized arc environment prior to the development of
a magmatic arc (Casey & Dewey, 1984; Hawkins et al.
1984; Leitch, 1984; Stern & Bloomer, 1992; Shervais,
2001). Such a complex could therefore provide direct
information about the early evolution of an arc system
that may not be readily attainable by study of the sub-
sequent, more voluminous, arc granitoids or volcanic
rocks.

Circum-Pacific arc magmatism has left a huge,
nearly continuous granitoid chain, for example the Si-
erra Nevada batholith and Peninsula Range batholith
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Figure 1. (Colour online) (a) Distribution of Phanerozoic granitoids in southern Korea (Cheong & Kim, 2012). AUC – Andong
ultramafic complex; SCS – Sancheong syenite; MGM – Macheon gabbro-monzonite; YDA – Yeongdeok adakite. (b) Simplified
geologic map of AUC and nearby areas (modified after Whattam, Cho & Smith, 2011).

in western North America, the Coastal batholith in
Peru, and the East Asian granitoid belt along SE China
through the Korean peninsula to Sikhote Alin in east-
ern Siberia. The subduction system responsible for the
widespread occurrence of Phanerozoic (mostly Meso-
zoic) granitoids in the Korean peninsula is considered
to have been activated by at least Middle Permian time
(Cheong & Kim, 2012; Yi et al. 2012), and may be
traced back to Late Carboniferous time (Kim, Ree &
Kim, 2012). Although zircon Hf isotope data (Cheong
et al. 2013) demonstrate that relatively primitive melts
almost invariably participated in the genesis of these
granitoids, little attention has been given to the associ-
ated mafic–ultramafic complexes, probably due to their
rare occurrence.

Recently Whattam, Cho & Smith (2011) provided
geochemical evidence for the magmatic formation in a
suprasubduction zone setting of a peridotite and pyrox-
enite complex in SE Korea referred to as the Andong
ultramafic complex (AUC). However, a lack of geo-
chronological constraint hindered further discussion
about how the formation of the AUC could be reas-
onably related to specific tectonomagmatic events that
have occurred in the Korean peninsula.

We here present sensitive high-resolution ion micro-
probe (SHRIMP) zircon U–Pb and phlogopite Ar/Ar
ages for the orthopyroxenites in the AUC, and dis-
cuss the tectonic significance of dating results in the
context of Mesozoic arc evolution. We also report zir-
con Hf isotope data acquired by using laser-ablation
multiple-collector inductively coupled plasma mass
spectrometry (LA-MC-ICPMS) to delineate the source
mantle characteristics. Our Hf data firstly provide a
direct measure of the isotopic composition of Triassic
lithospheric mantle beneath the Korean peninsula.

2. Geological background and sample description

The inland part of the southern Korean peninsula com-
prises two Precambrian massifs, the Gyeonggi and
Yeongnam massifs, and the intervening Okcheon fold-
and-thrust belt (Fig. 1). Basement rocks of the Precam-
brian massifs consist mainly of high-grade gneisses and
schists with dominantly Late Archean – Early Protero-
zoic protolith ages (Lee & Cho, 2012). The southeast-
ern marginal part of the peninsula constitutes a Creta-
ceous arc platform and a back-arc basin, collectively
referred to as the Gyeongsang arc system (Chough &
Sohn, 2010). Approximately one third of the landmass
of the southern Korean peninsula consists of Permian–
Palaeogene granitoids (Fig. 1), and emplacement of
these granitoids is related to subduction of the palaeo-
Pacific plate beneath the Eurasian plate or to continental
collision between the North and South China blocks
(Sagong, Kwon & Ree, 2005; Cheong & Kim, 2012).
The relationship between these events and their linkage
to the metamorphic and magmatic episodes are how-
ever unclear, partly because of insufficient geochrono-
logical data.

Phanerozoic arc magmatism in southern Korea
appears to have begun with the intrusion of adakitic
and tonalitic-trondhjemitic magmas in the northern
Gyeongsang basin and central Yeongnam massif
during Middle Permian – Early Triassic time (Cheong
et al. 2011; Yi et al. 2012). The earlier (Late Car-
boniferous) subduction system was suggested by a
recent detrital zircon study for the northeastern part
of the Okcheon belt (Taebaeksan basin) (Kim, Ree
& Kim, 2012). Southeastern Korea was subsequently
subjected to extensive Early–Middle Jurassic arc
magmatism (Sagong, Kwon & Ree, 2005; Kee et al.
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2010; Yi et al. 2012). The AUC lies along the border
between the Yeongnam massif and the Gyeongsang
basin (Fig. 1), and is structurally controlled by the
east–west-trending Andong fault system that reversely
transferred Precambrian–Jurassic basement rocks of
the hanging wall towards the SE during Cretaceous–
Palaeogene time (Choi et al. 2002). Lithologies of
the AUC include dominant peridotites (wehrlite,
plagioclase wehrlite and spinel-plagioclase wehrlite)
and related serpentinites with subordinate pyroxenites
(spinel-plagioclase-olivine-clinopyroxenite, spinel-
plagioclase-olivine-orthopyroxenite and plagioclase-
olivine websterite), gabbros (low-Ti gabbros and
hornblende-biotite gabbros) and granitic dykes and
sills (Whattam, Cho & Smith, 2011).

Phlogopite-bearing orthopyroxenite was discovered
in the AUC by Jeong, Lee & Kwon (2012). The or-
thopyroxenite occurs in a c. 1-m-thick planar body
within the serpentinite, and consists mostly of coarse
subhedral to euhedral orthopyroxene crystals (>89
modal %). The chemical composition of the or-
thopyroxene is invariably dominated by the enstat-
ite end-member (81.4 ± 1.2 %; Jeong, Lee & Kwon,
2012). Minor minerals include clinopyroxene (c. 5 %),
phlogopite (c. 1–5 %) and plagioclase (c. 2 %) with
trace chromian spinel, pentlandite, apatite and zircon.
Clinopyroxene occurs as either exsolution lamellae
or as interstitial fillings with phlogopite and plagio-
clase. Subhedral zircon occurs mostly interstitially or
as inclusions in large orthopyroxene crystals. Reddish-
brown phlogopite of 1–5 mm in size occurs in inter-
stices of orthopyroxene crystals, which indicates late-
stage crystallization. Some of the phlogopite grains
were partly altered to serpentine, showing a deep
green colouration. Orthopyroxene and clinopyroxene
are partly altered to talc and amphibole, respect-
ively, along grain boundaries, microcracks and cleavage
planes. Plagioclase is partly altered to sericite and ser-
pentine. We collected a relatively fresh orthopyroxenite
specimen (sample SRP100) and a partly altered spe-
cimen (sample PS103). Zircons were separated from
these two specimens, and fresh brown phlogopites were
separated from sample SRP100.

3. Analytical details

Zircons were separated using magnetic and heavy li-
quid techniques and finally handpicked under a binocu-
lar microscope. Microscopic observation and SHRIMP
analyses were conducted at the Korea Basic Science
Institute (KBSI). Cathodoluminescence (CL) images
of separated zircons were obtained using a scanning
electron microscope (JEOL JSM-6610 LV). SHRIMP
U–Pb dating mostly followed the analytical protocols
of Williams (1998). The SL13 (U = 238 ppm) and FC1
(1099 Ma; Paces & Miller, 1993) standards were used
in the analyses of uranium concentration and age calib-
ration, respectively. Ages and concordia diagrams were
produced using the Squid 2.50 and Isoplot 3.71 pro-
grams of Ludwig (2008, 2009). Weighted mean ages

were calculated using 207Pb-corrected 206Pb∗/238U ra-
tios after excluding outliers with a statistical t-test, and
reported at 95 % confidence.

Phlogopite grains were handpicked from the sand-
size fraction of crushed orthopyroxenite. For 40Ar/39Ar
dating, phlogopite grains were wrapped with pure
(>99.5 %) aluminium foil and set into a sample bucket.
Flux monitoring minerals (Fisher Canyon sanidine;
Renne et al. 1998) and salt (CaF2 and K2SO4) were
also prepared to correct interfering isotopes during ir-
radiation. The sample bucket was placed into an irradi-
ation target made from pure aluminium and irradiated
for three days in the IP11 position of the Hanaro re-
actor at the Korea Atomic Energy Research Institute.
After irradiation, the samples and flux monitoring ma-
terials were placed in the glass sample chamber of the
gas preparation system. The samples were heated from
600 °C to 1400 °C in vacuo with increment intervals
of 25–60 °C. The extracted gas was purified and ana-
lysed with a peak-jumping method using a VG5400
mass spectrometer installed at the KBSI. Corrections
for argon produced by interactions of neutrons with
K and Ca were made with the following correction
factors: (40Ar/39Ar)K = 3.701, (36Ar/37Ar)Ca = 0.00811
and (39Ar/37Ar)Ca = 0.03427 (Tetley, McDougall &
Heydegger, 1980).

Zircon Hf isotopic compositions were analysed by
using a Neptune MC-ICPMS combined with an ArF
excimer laser ablation system (New Wave Research)
at the Tianjin Institute of Geology and Mineral Re-
sources. The Hf isotope analyses were targeted to
the dated zircon spots or new spots within the same
CL domains. The laser ablation system includes a
short-pulse-width (<4 ns) excimer laser operated at
193 nm with an energy density of c. 15 J cm−2. The
spot size was c. 50 μm. The nine Faraday collectors
of the MC-ICPMS were statically aligned to simul-
taneously detect Yb, Lu and Hf isotopes. Details of
the operational parameters are provided in Table 1.
The Yb and Lu isotopic compositions employed for
the correction of mass bias and isobaric interference
were adopted from Vervoort et al. (2004) and Chu
et al. (2002), respectively. The isobaric interference-
corrected 176Hf/177Hf ratios were exponentially normal-
ized to 179Hf/177Hf = 0.7325 (Patchett et al. 1981). The
176Lu/177Hf and 176Yb/177Hf ratios were calculated fol-
lowing Iizuka & Hirata (2005). Initial epsilon Hf val-
ues were calculated by using a 176Lu decay constant
of 1.865 × 10−11 a−1 (Scherer, Münker & Mezger,
2001) and chondritic values suggested by Blichert-
Toft & Albarade (1997). During the sample ana-
lysis, FC1 and GJ1 standard zircons respectively yiel-
ded average 176Hf/177Hf ratios of 0.282146 ± 0.000037
(n = 24, 1σ standard deviation, recommended value
0.282184 ± 0.000016; Woodhead & Hergt, 2005) and
0.281999 ± 0.000028 (n = 28, 1σ, recommended value
0.282003 ± 0.000018; Gerdes & Zeh, 2006). The
176Lu/177Hf and 176Yb/177Hf ratios measured for the
FC-1 standard were quite scattered (0.00092 ± 0.00027
and 0.0405 ± 0.0122, 1σ), but these ratios of the GJ-1
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Table 1. LA-MC-ICPMS instrumentation and operational
parameters

Parameter Value

MC-ICPMS
RF forward power 1139 W
RF reflected power 4 W
Cooling gas flow rate 16.0 L/min
Auxiliary gas flow rate 0.92 L/min
Sample gas flow rate 0.98 L/min
Extraction –2000 V
Focus –709 V
Detection system Nine Faraday collectors
Acceleration voltage 10 kV
Interface cones Nickel
Instrument resolution c. 400
Typical sensitivity on 180Hf 1–7 V (1011 � resistors)
Measurement mode 1 block of 200 cycles
Integration time 0.066 s
Laser ablation system
Pulse rate 9 Hz
Pulse width <4 ns
He gas flow rate 0.88 L/min
N2 gas flow rate 0.01 L/min

standard were more tightly clustered (0.000256 ±
0.000004 and 0.00933 ± 0.00027, 1σ).

4. Results

Zircons from the two specimens (PS103 and SRP100)
are very similar in shape. They are transparent, equant,
stubby crystals showing subhedral development of
prisms and pyramidal terminations. Grains ranging
from 150 to 400 μm in length mostly show aspect ratios
of less than 1:3. Many zircons occur as broken parts of
whole grains. They exhibit distinct oscillatory, sector
or banded zoning under CL observation and are free
of inclusions or premagmatic cores. Crystal faces are
rarely resorbed with the development of a thin bright

CL rim. Representative CL images of the zircons are
shown in Figure 2.

The SHRIMP U–Pb zircon results are listed in
Table 2. The U contents range from 923 ppm to
137 ppm with a narrow range of Th/U ratios all
higher than 0.57. Common lead fractions (206Pbc) cal-
culated by assuming 206Pb/238U–207Pb/235U age con-
cordance were below 2.1 %. Zircons from the two
orthopyroxenites yielded indistinguishable 206Pb/238U
ages of 221.7 ± 1.6 Ma (sample PS103; n = 16, mean
square weighted deviation or MSWD = 1.2) and
222.5 ± 1.4 Ma (sample SRP100; n = 18, MSWD =
0.83) (Fig. 3). Because the oscillatory and sector zon-
ings observed in CL and the relatively high Th/U ratios
of the zircon provide a good indication of its magmatic
origin, these ages represent the timing of zircon crystal-
lization in a melt. The best estimate for the age of mag-
matism is 222.1 ± 1.0 Ma (n = 34, MSWD = 1.00),
obtained by pooling all data from the two samples.

The 40Ar/39Ar age spectrum (Table 3, Fig. 4) of phlo-
gopite from sample SRP100 shows a rough U- or
saddle-shaped release pattern. The anomalously old ap-
parent date of the fourth step (429.5 Ma) is likely due to
neutron-induced recoil loss of 39Ar from grain surfaces
(Foland & Xu, 1990) or to the presence of contamin-
ating phases. The spectrum does not meet the criteria
for defining a plateau age, for example three or more
contiguous steps constituting more than 60 % of the
39Ar (Ludwig, 2008). However, steps 8–11 yield a total
gas age of 220 ± 6 Ma (2σ), which is identical to the
zircon SHRIMP age within error ranges. This coincid-
ence indicates that phlogopite and zircon crystallized
in the same hydrous magma. The closure temperature
of the phlogopite Ar system is commonly accepted to
be c. 450°C (Reiners & Brandon, 2006), apparently in-
dicating rapid cooling of the magma. However, it is not-
able that phlogopite can retain radiogenic Ar at much

Figure 2. (Colour online) Cathodoluminescence images of selected zircon grains. Small ellipses and large circles represent the locations
of points for SHRIMP dating and LA-MC-ICPMS analysis, respectively. ɛHf(t) values are given with the locations. All scale bars are
50 μm in length.
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Table 2. Results of SHRIMP zircon U–Th–Pb isotope analyses (Pb∗: radiogenic lead; Pbc: common lead)

Spot 206Pbc (%) U (ppm) Th (ppm) 232Th/238U 206Pb
∗
/238U† ± % 207Pb

∗
/206Pb

∗ ± % Date (Ma)‡

1.1 0.51 259 143 0.57 0.03440 1.2 0.0483 3.1 219 ± 2
2.1 0.17 531 498 0.97 0.03507 1.2 0.0480 4.6 223 ± 2
3.1 0.57 163 137 0.87 0.03555 1.5 0.0498 6.4 225 ± 3
4.1 1.20 137 104 0.78 0.03572 1.6 0.0562 7.8 225 ± 3
5.1 0.53 271 174 0.66 0.03403 1.3 0.0463 3.8 217 ± 2
6.1 0.58 206 121 0.61 0.03563 1.4 0.0519 3.5 225 ± 3
7.1 0.49 248 181 0.75 0.03465 1.4 0.0494 4.3 220 ± 3
8.1 0.03 220 135 0.63 0.03535 1.4 0.0464 3.8 225 ± 3
9.1 0.21 923 670 0.75 0.03476 1.1 0.0486 2.5 221 ± 2

10.1 0.81 146 84 0.59 0.03454 1.5 0.0483 4.5 219 ± 3
13.1 1.14 263 162 0.64 0.03437 1.6 0.0457 6.7 219 ± 3
14.1 1.02 233 150 0.67 0.03560 1.5 0.0455 7.4 227 ± 3
15.1 0.78 321 182 0.58 0.03469 1.4 0.0486 6.1 220 ± 3
16.1 1.00 350 212 0.63 0.03496 1.4 0.0524 5.3 221 ± 3
17.1 0.83 338 289 0.88 0.03441 2.5 0.0452 11.9 220 ± 4
18.1 1.90 162 102 0.65 0.03535 1.7 0.0509 11.0 224 ± 3

1.1 1.87 155 114 0.76 0.03510 1.9 0.0553 10.2 221 ± 3
2.1 1.16 272 205 0.78 0.03487 1.5 0.0551 4.3 220 ± 3
3.1 0.68 609 574 0.97 0.03435 1.3 0.0473 5.3 219 ± 2
4.1 0.94 343 211 0.64 0.03481 1.4 0.0477 3.6 221 ± 3
6.1 0.78 206 154 0.77 0.03472 1.6 0.0472 5.9 221 ± 3
7.1 1.78 147 141 0.99 0.03577 2.0 0.0569 15.3 225 ± 3
8.1 1.17 142 109 0.79 0.03610 1.7 0.0578 6.3 227 ± 3
9.1 1.22 244 141 0.60 0.03455 1.4 0.0507 3.8 219 ± 3

10.1 0.87 217 135 0.64 0.03486 2.0 0.0428 9.8 223 ± 3
11.1 0.67 275 196 0.73 0.03492 1.4 0.0496 4.3 222 ± 3
12.1 1.47 161 105 0.67 0.03571 1.6 0.0538 8.2 225 ± 3
14.1 1.37 165 129 0.81 0.03539 1.6 0.0488 6.5 225 ± 3
15.1 2.12 145 98 0.69 0.03551 3.5 0.0564 10.3 223 ± 7
16.1 1.94 142 95 0.69 0.03569 1.6 0.0631 6.9 223 ± 3
17.1 0.19 840 496 0.61 0.03546 1.1 0.0518 2.8 224 ± 2
18.1 1.02 230 156 0.70 0.03499 1.5 0.0495 6.0 222 ± 3
19.1 1.91 137 100 0.76 0.03588 1.6 0.0641 7.0 223 ± 3
20.1 1.22 181 129 0.74 0.03602 1.8 0.0506 8.6 228 ± 3

† common lead corrected by 207Pb
‡ 207Pb corrected 206Pb∗/238U age

higher temperature when nearly all of the K and Ar
are partitioned into this phyllosilicate structure (Kelley
& Wartho, 2000), as is presumably the case for our
analysed orthopyroxenite sample.

Table 4 lists the LA-MC-ICPMS Hf–Yb–Lu iso-
topic data of zircon. The 176Hf/177Hf and 176Lu/177Hf
ratios and the Late Triassic age constrained here yiel-
ded initial ɛHf values (222.1 Ma) ranging from +6.2
to −0.6. Zircons from sample SRP100 had slightly
lower initial ɛHf values (1.7 ± 1.1; 1σ) than those
from sample PS103 (3.4 ± 1.2; 1σ). The 176Lu/177Hf
(0.00014–0.00090) and 176Yb/177Hf (0.0055–0.0371)
ratios of the zircons are positively correlated with each
other (R2 = 0.97).

5. Discussion

5.a. Change in Triassic subduction mode

The prominent enrichment of fluid-mobile elements
(Cs, Rb, Ba, Th, U, K, light rare earth elements,
Pb and Sr) and depletion of high-field-strength ele-
ments (Nb, Zr and Ti) in the AUC ultramafic rocks
(Whattam, Cho & Smith, 2011; Jeong, Lee & Kwon,
2012) are indicative of subduction-related fluid en-
hancement in the mantle source (Pearce, 1982; Ellam &
Hawkesworth, 1988; Brenan et al. 1995; Ayers, Dittmer
& Layne, 1997), which led Whattam, Cho & Smith,
(2011) to suggest that the AUC formed in a supra-

subduction zone. This interpretation is reminiscent of
the hinge rollback model (Stern & Bloomer, 1992) in
which new oceanic crust forms in response to the sink-
ing of old, cold and dense oceanic lithosphere, which
leaves a gap fed by melts flowing upwards from the as-
thenosphere shortly after the initiation of subduction.
The rock assemblage of the AUC (wehrlites, pyroxen-
ites and primitive gabbros) is typically associated with
ongoing melting of a refractory mantle wedge
(Shervais, 2001). Subduction of old, thick lithosphere
results in a relatively steep subduction zone, an ex-
tensional regime in the overlying plate (Jarrard, 1986),
trench retreat and oceanwards migration of arc mag-
matism. A Late Triassic extensional tectonic setting
in SE Korea is implicitly supported by the intrusion
of the Sancheong syenite (Rb–Sr whole-rock age =
211 ± 23 Ma, initial 87Sr/86Sr = 0.70598 ± 0.00060;
Park et al. 2006) and the Macheon gabbro-monzonite
(thermal ionization mass spectrometry U–Pb zircon
age = 223 ± 3 Ma; Kim & Turek, 1996; SHRIMP zir-
con age = 236.8 ± 3.4 Ma, Kim et al. 2011b) in the
southwestern part of the Yeongnam massif (Fig. 1). The
nascent arc environment responsible for the formation
of the AUC does not appear to have reached matur-
ity during the Triassic because subsequent intrusion of
the calc-alkaline intrusive suite did not occur in SE
Korea until Early Jurassic time (Park, Lee & Cheong,
2005; Kee et al. 2010; Yi et al. 2012). Alternatively,
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Figure 3. (Colour online) Zircon concordia diagrams with mean
207Pb-corrected 206Pb/238U ages. Error ellipses are at the 1σ level.
Data points represent 208Pb-corrected ratios.

the change in the angle of convergence, convergence
rate, subduction angle or their combination may have
resulted in this magmatic gap.

The Late Triassic ‘Mariana’-type (Uyeda &
Kanamori, 1979) subduction mode suggested in this
study is in striking contrast to the hot subduction mode
envisioned from the occurrence of adakite to the east
of the AUC (Fig. 1) in the Permian–Triassic transition
period (Cheong, Kwon & Sagong, 2002; Yi et al. 2012).
Geochemical characteristics of the Yeongdeok adakite
such as distinctly high La/Yb (37.5–114.6) and Sr/Y

(138.2–214.0) (Cheong, Kwon & Sagong, 2002) are
consistent with the signatures of high-silica adakites
(Martin et al. 2005). Adakites are apparently restricted
to hot subduction regimes having anomalously high
heat flow that allows the subducted slab to melt rather
than dehydrate. Subduction of young and hot litho-
sphere is the most widely accepted environment for
the formation of adakites (Defant & Drummond, 1990;
Martin, 1999). Yi et al. (2012) suggested that sub-
duction of the palaeo-Pacific ridge may have provided
the additional heat to the arc system necessary to pro-
duce the Yeongdeok adakite. The development of a new
subduction system in Late Triassic time, suggested by
this study, may have been preceded by arc–arc or arc–
continent collision. The geological records of these tec-
tonic events may still remain in SE Korea or else have
been erased by the intense Jurassic–Cretaceous mag-
matic overprints subjected to this region. In fact, arc–
continent collision yielded very diverse tectonic archi-
tectures due to the complexities of involved continental
margin and arc–trench complex, as revealed by studies
on modern arcs (Brown et al. 2011). Further studies are
needed to test our suggestion of the Permian–Triassic
change in the subduction mode. Calc-alkaline granit-
oids were emplaced in the central Yeongnam massif
after intrusion of the Yeongdeok adakite but before
the onset of a new high-angle subduction (Kim et al.
2011b). This seemingly continuous Early–Middle Tri-
assic arc magmatism is in contrast to a magmatic gap
from 260 to 190 Ma in the SE coastal region of China,
which is possibly attributed to flat slab subduction (Li
& Li, 2007; Li et al. 2012).

Our interpretation is not compatible with a recent
tectonic model suggested by the detrital zircon ages of
modern river sediments (Choi, Lee & Orihashi, 2012),
in which continuous subduction angle increase and
resultant slab rollback were the driving forces of ap-
parent Triassic south-eastward arc migration in south-
ern Korea (249–202 Ma). Note, however, that Triassic
granitic magmatism in central and SE Korea occurred
under different tectonic environments, that is, post-
collisional stabilization of tectonically overthickened
crust in the former region (Cho, Lee & Armstrong,
2008; Williams, Cho & Kim, 2009; Kim et al. 2011a,
b) and subduction of the palaeo-Pacific plate in the

Table 3. 40Ar/39Ar data of phlogopite from sample SRP100

ID Temp (°C) 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar K/Ca 40Ar∗ (%) 39Ar (%) Age (Ma)

R100–2 650 348.3 0.72 0.86 1.35 26 1.0 16.0
R100–4 800 2456.1 0.68 5.80 1.44 30 0.8 126.7
R100–5 860 2835.0 1.82 0.70 0.52 93 0.8 429.5
R100–6 920 1322.5 0.18 0.03 5.64 99 9.5 214.6
R100–7 960 1250.5 0.15 0.01 6.74 100 10.4 204.7
R100–8 990 1364.8 0.08 0.01 12.22 100 14.6 221.9
R100–9 1010 1326.9 0.09 0.01 10.57 100 13.5 216.1
R100–10 1035 1357.9 0.09 0.01 10.82 100 14.5 220.9
R100–11 1060 1366.2 0.13 0.01 7.89 100 11.0 222.4
R100–12 1110 1196.6 0.10 0.01 9.81 100 13.5 196.0
R100–13 1150 1365.9 –0.03 0.01 –33.31 100 6.1 221.2
R100–14 1210 1637.8 0.21 0.01 4.73 100 4.1 264.3
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Figure 4. (Colour online) 40Ar/39Ar age spectrum of phlogopite from sample SRP100.

latter region (Cheong, Kwon & Sagong, 2002; Cheong
et al. 2011; Yi et al. 2012). By detrital zircon ages
alone, it is not possible to ascertain the tectonic en-
vironment of the host granitoids in which the zircons
originally crystallized.

5.b. Zircon Hf isotopic constraints

According to Whattam, Cho & Smith (2011), the AUC
wehrlites and pyroxenites formed by fractional crys-
tallization and accumulation processes, respectively, in
suprasubduction zone magmas derived from a refract-
ory mantle residue that underwent a high degree of melt
extraction.

Geochemical and mineralogical studies have ex-
amined mantle xenoliths hosted by Cenozoic alkali
basalts that ubiquitously occur in the Korean peninsula
(Choi, 2012), but information about the pre-Cenozoic
mantle lithosphere is quite restricted because of the
lack of Mesozoic or Palaeozoic mantle xenoliths on the
peninsula. These Cenozoic xenoliths are unexceptional
spinel peridotites without hydrous minerals or garnet,
which is indicative of a relatively thin (25–90 km; Park,
2010) subcontinental lithospheric mantle (SCLM) be-
neath the peninsula. Choi et al. (2005) and Choi &
Mukasa (2012) reported their primitive Sr–Nd–Hf iso-
topic compositions (whole-rock 87Sr/86Sr = 0.704542–
0.702346, clinopyroxene 143Nd/144Nd = 0.513858–
0.512712, clinopyroxene 176Hf/177Hf = 0.285092–
0.283196) similar to Sr–Nd compositions of the fertile
peridotite xenoliths derived from post-Archean litho-
spheric mantle in eastern China. The clinopyroxene
ɛHf(t) values of the peridotite xenoliths hosted by Ceno-
zoic alkali basalts in the eastern North China craton
(Shandong Province) have also been reported to be con-

sistently depleted mantle-like or more juvenile (mostly
>+15; Chu et al. 2009). Our Hf isotope data for
AUC zircons indicate that the Late Triassic lithospheric
mantle beneath SE Korea was distinctly more enriched
than the primitive Cenozoic mantle beneath Korea and
eastern China.

Zircon ɛHf values of the AUC orthopyroxenites were
plotted on a crystallization time versus ɛHf diagram
(Fig. 5), together with previous data for the Permian–
Palaeogene granitoids occurring within the Gyeong-
sang basin (Cheong et al. 2013). From zircon Hf data
of the granitoids, Cheong et al. (2013) postulated a
hypothetical Early Palaeozoic crust beneath SE Korea
whose recycling yielded Cretaceous–Palaeogene gran-
itoids. As shown in Figure 5, the AUC zircon data plot
well below the depleted-mantle trend and the evolu-
tion line regressed by the granitoid data, ruling out
the possibility that the lower ɛHf values resulted from
contamination by the Palaeozoic crustal protolith. In-
stead, the Late Triassic Hf isotopic enrichment of the
lithospheric mantle is most likely attributable to melt
or fluid addition during the course of prior subduc-
tion of the palaeo-Pacific plate that has occurred in
SE Korea since Late Palaeozoic time (Cheong et al.
2011; Kim et al. 2011b; Yi et al. 2012). The primitive
Sr–Nd–Hf isotopic compositions of Cenozoic mantle
xenoliths from Korea and eastern China indicate that
the SCLM beneath SE Korea returned to a juvenile
signature after Late Triassic time. This recovery is also
evidenced by whole-rock and mineral geochemical data
indicating secondary metasomatism of the AUC wehrl-
ites by mid-ocean ridge basalt (MORB) -like astheno-
spheric mantle melts (Whattam, Cho & Smith, 2011).

The ɛHf(t) values of points on zircons were plotted
against the 176Lu/177Hf ratios (Fig. 6). The core-to-rim
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Table 4. Results of zircon LA-MC-ICPMS Lu–Yb–Hf isotopic analyses (‘core’ and ‘rim’ refer to the relative position of the analysis point
within the crystal)

Spot no. 176Hf/177Hf 2s SE 176Lu/177Hf 2s SE 176Yb/177Hf 2s SE ɛHf(t)

PS103 01.1 rim 0.282754 0.000016 0.0003147 0.0000005 0.010667 0.000038 4.20
PS103 01.2 core 0.282741 0.000020 0.0008130 0.0000010 0.031138 0.000023 3.66
PS103 02.1 rim 0.282728 0.000016 0.0004987 0.0000150 0.020284 0.000643 3.24
PS103 02.2 core 0.282748 0.000018 0.0003504 0.0000010 0.014839 0.000063 3.98
PS103 03.1 rim 0.282658 0.000016 0.0005081 0.0000015 0.019682 0.000032 0.78
PS103 03.2 core 0.282697 0.000015 0.0002751 0.0000027 0.010438 0.000081 2.20
PS103 04.1 rim 0.282702 0.000019 0.0005345 0.0000031 0.019786 0.000084 2.33
PS103 04.2 core 0.282755 0.000017 0.0002862 0.0000022 0.011804 0.000073 4.23
PS103 05.1 rim 0.282717 0.000020 0.0008286 0.0000025 0.029547 0.000116 2.82
PS103 05.2 core 0.282747 0.000018 0.0008160 0.0000012 0.030194 0.000071 3.89
PS103 06.1 rim 0.282770 0.000018 0.0002241 0.0000005 0.008785 0.000019 4.76
PS103 07.1 rim 0.282722 0.000018 0.0004488 0.0000018 0.017838 0.000062 3.02
PS103 07.2 core 0.282698 0.000017 0.0005884 0.0000049 0.022844 0.000181 2.18
PS103 08.1 rim 0.282715 0.000018 0.0002864 0.0000016 0.010283 0.000051 2.81
PS103 09.1 rim 0.282695 0.000018 0.0008861 0.0000007 0.030630 0.000026 2.03
PS103 10.1 rim 0.282721 0.000015 0.0002016 0.0000010 0.007682 0.000048 3.04
PS103 13.1 rim 0.282732 0.000017 0.0002242 0.0000003 0.008605 0.000010 3.41
PS103 14.1 rim 0.282758 0.000018 0.0003404 0.0000005 0.011244 0.000019 4.32
PS103 15.1 rim 0.282771 0.000022 0.0002922 0.0000010 0.010696 0.000079 4.80
PS103 15.2 core 0.282748 0.000020 0.0005958 0.0000044 0.025615 0.000170 3.94
PS103 16.1 rim 0.282673 0.000018 0.0003702 0.0000004 0.013008 0.000036 1.30
PS103 17.1 rim 0.282812 0.000018 0.0003474 0.0000009 0.014777 0.000019 6.23
PS103 17.2 core 0.282741 0.000019 0.0002060 0.0000007 0.008469 0.000030 3.75
PS103 18.1 rim 0.282751 0.000020 0.0002105 0.0000005 0.009003 0.000023 4.11
PS103 18.2 core 0.282792 0.000022 0.0002127 0.0000005 0.009259 0.000018 5.54
PS103 19.1 core 0.282735 0.000016 0.0003924 0.0000003 0.016383 0.000030 3.50
PS103 19.2 rim 0.282690 0.000015 0.0002266 0.0000002 0.009010 0.000018 1.94
PS103 20.1 core 0.282712 0.000017 0.0006314 0.0000009 0.022167 0.000024 2.66
PS103 20.2 rim 0.282733 0.000015 0.0003261 0.0000003 0.010999 0.000009 3.46
PS103 21.1 core 0.282787 0.000018 0.0004671 0.0000035 0.017585 0.000155 5.34
PS103 21.2 rim 0.282683 0.000019 0.0003236 0.0000012 0.012005 0.000037 1.67
PS103 22.1 core 0.282735 0.000020 0.0001799 0.0000003 0.007517 0.000016 3.55
PS103 22.2 rim 0.282733 0.000019 0.0004414 0.0000024 0.016539 0.000108 3.43
SRP100 01.1 rim 0.282714 0.000019 0.0001658 0.0000004 0.006732 0.000021 2.79
SRP100 02.1 rim 0.282668 0.000021 0.0005004 0.0000003 0.018032 0.000036 1.12
SRP100 02.2 core 0.282683 0.000022 0.0008964 0.0000010 0.037053 0.000064 1.58
SRP100 03.1 rim 0.282669 0.000017 0.0004008 0.0000013 0.015545 0.000047 1.17
SRP100 04.1 rim 0.282757 0.000015 0.0002650 0.0000003 0.010211 0.000007 4.29
SRP100 04.2 core 0.282666 0.000017 0.0002806 0.0000004 0.011401 0.000014 1.10
SRP100 06.1 rim 0.282642 0.000016 0.0002982 0.0000007 0.010633 0.000029 0.25
SRP100 07.1 rim 0.282678 0.000020 0.0002727 0.0000010 0.009369 0.000039 1.51
SRP100 08.1 rim 0.282645 0.000016 0.0001475 0.0000003 0.005463 0.000009 0.35
SRP100 09.1 rim 0.282707 0.000019 0.0005971 0.0000012 0.022109 0.000083 2.51
SRP100 09.2 core 0.282695 0.000017 0.0004309 0.0000011 0.016720 0.000024 2.10
SRP100 10.1 rim 0.282724 0.000016 0.0001707 0.0000015 0.006630 0.000065 3.14
SRP100 10.2 core 0.282693 0.000019 0.0003314 0.0000012 0.013729 0.000072 2.04
SRP100 11.1 rim 0.282630 0.000018 0.0002800 0.0000013 0.011249 0.000039 -0.20
SRP100 11.2 core 0.282730 0.000021 0.0008672 0.0000025 0.036677 0.000068 3.27
SRP100 12.1 rim 0.282731 0.000038 0.0004325 0.0000026 0.014480 0.000087 3.36
SRP100 14.1 rim 0.282725 0.000017 0.0002290 0.0000003 0.009144 0.000025 3.18
SRP100 14.2 core 0.282658 0.000023 0.0003535 0.0000004 0.015059 0.000032 0.79
SRP100 15.1 rim 0.282683 0.000020 0.0001371 0.0000004 0.005727 0.000021 1.72
SRP100 16.1 rim 0.282681 0.000025 0.0002998 0.0000004 0.012015 0.000017 1.62
SRP100 16.2 core 0.282673 0.000020 0.0002937 0.0000006 0.012769 0.000030 1.34
SRP100 17.1 core 0.282725 0.000019 0.0004829 0.0000019 0.019518 0.000049 3.13
SRP100 18.1 rim 0.282667 0.000021 0.0002726 0.0000008 0.011139 0.000063 1.11
SRP100 18.2 core 0.282706 0.000020 0.0004052 0.0000008 0.017387 0.000066 2.47
SRP100 19.1 rim 0.282675 0.000022 0.0002342 0.0000005 0.009024 0.000032 1.40
SRP100 19.2 core 0.282685 0.000023 0.0003455 0.0000005 0.015243 0.000026 1.76
SRP100 20.1 rim 0.282617 0.000022 0.0001901 0.0000004 0.008110 0.000010 –0.64
SRP100 21.1 rim 0.282628 0.000017 0.0001661 0.0000008 0.006586 0.000044 –0.25
SRP100 21.2 rim 0.282661 0.000016 0.0001776 0.0000008 0.006961 0.000050 0.92
SRP100 22.1 core 0.282666 0.000020 0.0002191 0.0000010 0.008838 0.000059 1.08
SRP100 22.2 rim 0.282698 0.000018 0.0001657 0.0000003 0.006395 0.000011 2.22
SRP100 23.1 core 0.282660 0.000015 0.0004136 0.0000006 0.015412 0.000009 0.86
SRP100 23.2 rim 0.282641 0.000017 0.0002897 0.0000033 0.010643 0.000127 0.21
SRP100 24.1 core 0.282676 0.000018 0.0004839 0.0000009 0.019593 0.000055 1.42
SRP100 24.2 rim 0.282697 0.000018 0.0003863 0.0000022 0.014662 0.000107 2.18
SRP100 25.1 core 0.282711 0.000017 0.0003277 0.0000003 0.013564 0.000022 2.66
SRP100 25.2 rim 0.282717 0.000021 0.0002036 0.0000004 0.008344 0.000025 2.91
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Figure 5. Plot of ɛHf versus crystallization ages of zircons from the Phanerozoic granitoids within the Gyeongsang basin (Cheong et al.
2013) and the ACU orthopyroxenite. The evolutionary path of the depleted mantle is based on 176Hf/177Hf and 176Lu/177Hf ratios from
Griffin et al. (2000). A regression line constructed from zircon data of the granitoids is shown for reference.

Figure 6. (Colour online) Plots of zircon ɛHf(t) versus the 176Lu/177Hf ratio. Core-to-rim variation is shown by arrowed tie lines
connecting data from the same grain. Error bars indicate 2σ standard error. The closed and open symbols represent zircon cores and
rims, respectively.
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decrease in 176Lu/177Hf ratio of SRP100 zircons could
be ascribed to progressive chemical change in the melts;
this trend is not prominent in zircons from sample
PS103 however. Most of these zircon grains show a
restricted core-to-rim spread of ɛHf(t) values within ±2
epsilon units, but both decreasing and increasing core-
to-rim trends outside analytical uncertainty were de-
tected for some grains. This indicates an open-system
evolution of the magma system involving interaction
with pre-existing crustal materials and replenishment
by fresh melt inputs. The most probable candidate for
the crustal contaminant is Precambrian basement rocks
in the Yeongnam massif. However, the crustal contam-
ination must have been minor in the AUC magmas
considering the significantly high Ni (596–5570 ppm;
Whattam, Cho & Smith, 2011) and Cr contents (1118–
3872 ppm; Whattam, Cho & Smith, 2011; Jeong, Lee
& Kwon, 2012) reported for the wehrlite and pyroxenite
whole-rock samples and the lack of basement xenoliths
in the AUC. Furthermore, the data do not show a sys-
tematic trend in Figure 6, which can be expected for
the case of overall contamination by the Precambrian
crust.

6. Conclusions

The zircon and phlogopite ages of this study reveal that
the magmatic AUC formed in Late Triassic time, likely
in response to the subduction of a dense oceanic slab
during the initiation of an arc system. This cold sub-
duction mode strikingly contrasts to the prior hot sub-
duction mode envisioned from the occurrence of high-
silica adakites that formed in the Permian–Triassic
transition period. The ɛHf values of AUC zircons are dis-
tinctly more enriched than primitive values of Cenozoic
mantle xenoliths from eastern China and the Korean
peninsula. These lower ɛHf values are not attributable
to contamination by the Palaeozoic crustal protolith
beneath SE Korea because they plot below the evolu-
tion line formed by the zircon data of the granitoids
within the Gyeongsang basin on the time–ɛHf diagram.
The Late Triassic Hf isotopic enrichment of the litho-
spheric mantle beneath SE Korea is instead most prob-
ably due to melt or fluid addition that resulted from prior
subduction of the palaeo-Pacific plate. Most AUC zir-
cons show a restricted core-to-rim spread of ɛHf values;
open-system behaviour, possibly associated with slight
crustal contamination of the AUC magma system dur-
ing magmatic differentiation, is however testified by
the core-to-rim variations of some grains.
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