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ABSTRACT. A loosely assembled patchwork of Cretaceous to Paleogene granitoid
plutons comprise the platform of the Gyeongsang Arc in southeastern Korea and
represent a high-flux pulse of magmatism in Northeast Asia. The present study uses
new and published zircon U-Pb ages, whole-rock geochemical and Sr-Nd isotopic data,
and zircon Hf isotopic data of the plutons to decipher the crustal evolution in the
Gyeongsang Arc and compare it with adjacent accretionary terranes. The ion micro-
probe zircon U-Pb ages range from 91 to 27 Ma, revealing the selective occurrence of
Paleogene plutons in the eastern coastal area, to the east of the NNE-trending Yangsan
fault system. Paleoproterozoic to Paleogene xenocrystic cores are occasionally ob-
served in the zircon grains. The plutons are composed of dominantly magnesian, high-
to medium-K calc-alkaline granites-granodiorites exhibiting typical geochemical charac-
teristics of subduction zone magma, and less abundant ferroan alkaline granites. Their
trace element patterns require residual amphibole and feldspar, but not garnet in the
source. The whole-rock Sr-Nd and zircon Hf isotopic compositions of the granitoids
(initial 87Sr/86Sr � 0.7043 to 0.7069; �Nd(t) � –4.8 to �2.9; �Hf(t) � –5.0 to �19.7) are
distinctly more primitive than those of inland granitoids distributed outside of the
Gyeongsang backarc basin. An important role of relatively young, most likely Paleozoic
juvenile crust in the formation of the Late Cretaceous granitoids is suggested by the
time-�Hf trend of high-�Hf zircons that converges toward data points of the Late
Permian Yeongdeok adakite composing the arc basement. The asthenospheric mantle
input is highlighted by significantly high (>�17) �Hf(t) values of some zircons from
the early Eocene alkaline plutons. Subsequent reworking of the rejuvenated crust
yielded granitoid plutons possessing slightly but recognizably higher �Nd(t) and �Hf(t)
values than the older plutons. These isotopic features demonstrate that the Cretaceous-
Paleogene calc-alkaline granitoids in the Gyeongsang Arc are not “juvenile” (sensu
stricto) despite their mostly positive epsilon Nd and Hf values, but are basically a
product of crustal reworking. The Sr-Nd-Hf isotopic compositions of Late Cretaceous
granitoids in the Gyeongsang Arc are comparatively more primitive than those in
adjacent accretionary terranes such as Southwest Japan and Fujian province in south-
eastern China, reflecting differences in the formation age of the basement on which
the arc system was built.
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introduction
Subduction systems have been active throughout much of Earth’s history and

provided an important driving force for the formation of the continents (Martin and
others, 2005; Cawood and others, 2006, 2013; Hawkesworth and others, 2010). Arc
magmatism is driven by dehydration reactions in the subducting oceanic lithosphere
(Gill, 1981; Peacock and others, 1994; Tatsumi and Eggins, 1995; Tatsumi, 2005; Grove
and others, 2012) and/or the supply of hydrous continental materials from the
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retroarc area to the arc root (Ducea, 2001; DeCelles and other, 2009). Whereas
oceanic island arcs commonly produce basaltic to andesitic magmas, continental arc
magmas are more silicic on average, thus requiring an additional differentiation step
in the crust (Rudnick, 1995). Unlike oceanic arcs, many continental arcs exhibit a
cyclicity of high-flux magmatic episodes (Armstrong, 1988; Barton, 1996; Ducea and
others, 2015a, 2015b), attributable to cycles consisting of the influx of underthrusting
continental lithosphere and gravitational removal of dense arc roots (Ducea, 2001;
Ducea and Barton, 2007; DeCelles and other, 2009), or to repeated alternation from
lithospheric extension to contraction typically caused by transient flat subduction
(Collins, 2002; Li and Li, 2007; Li and others, 2012b; Zhu and others, 2014). The
dominant portion of continental arc magma freezes at depth to form the batholithic
root, rather than erupting at the surface (Paterson and others, 2011).

Prolonged subduction of the (paleo-)Pacific plate has left a huge, nearly continu-
ous granitoid belt around the margins of the circum-Pacific. For example, the western
North American Cordillera is composed mainly of Triassic to Eocene granitoid
batholiths, such as the Peninsula Range batholith, the Sierra Nevada batholith, the
Idaho batholith, and the Coast Mountains batholith, from south to north (Anderson,
1990). On the western Pacific side, the Phanerozoic granitoid belt extends from the
Lachlan Fold Belt in eastern Australia through the Malay Peninsula, southeastern
China, the Korean Peninsula, and the Japanese Islands to the Russian Far East. The
eastern and western Pacific rims show fundamental differences in the gross long-term
kinematic framework of the overriding plate (Cawood and others, 2009), as well as in
the redox state of the granitoid and mineralization pattern (Ishihara, 1998).

The Cretaceous-Paleogene period marks a magmatic flare-up in Northeast Asia, as
is the case for the eastern Pacific continental arcs (Ducea and others, 2015a, 2015b;
Paterson and Ducea, 2015). The coastal areas of southeastern China are occupied
predominantly by Cretaceous granitoids and volcanic rocks (Li, 2000; Li and others,
2014). Cretaceous to Paleogene granitoids and volcanic rocks are widespread in the
Japanese Islands (Jahn, 2010, and references therein; Jahn and others, 2014), and the
Gyeongsang Arc System [the term proposed by Chough and Sohn (2010) to collec-
tively refer to the arc platform and adjacent to superjacent sedimentary basins] in the
southeastern margin of the Korean Peninsula. Relatively little is known about the exact
emplacement age and isotopic composition of granitoids in the Gyeongsang Arc,
making it difficult to discuss the spatiotemporal trend and source characteristic of arc
magmatism.

This study summarizes new and published geochronological, geochemical, and
Sr-Nd-Hf isotopic data for Cretaceous-Paleogene granitoid plutons in the Gyeongsang
Arc, and reveals that this ancient arc system has its own distinctive evolution style
characterized by the reworking and rejuvenation of crustal protolith.

geological background
Northeast Asia is a collage of several continental blocks successively isolated from

the Gondwanan landmass (Li and Powell, 2001). The cratonal massifs in mainland Asia
are bordered by Neoproterozoic-Early Mesozoic mobile belts (fig. 1; Ernst and others,
2007). On the other hand, Southwest Japan is composed of a series of accretionary
complexes that have grown oceanward since the early Paleozoic (Isozaki and others,
2010). Widespread arc- or collision-related Phanerozoic granitoids occur approxi-
mately along the plate boundaries (fig. 1). After the Permian-Triassic amalgamation
between the North and South China Blocks, the tectonic and magmatic evolution of
Northeast Asia has primarily been governed by subduction of the (paleo)Pacific plate
(Li and others, 2012a and references therein). As commonly observed in Phanerozoic
supercontinents (Cawood and Buchan, 2007), the timing of subduction initiation in
the Northeast Asian continental margin is nearly synchronous with internal collisional
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orogenesis. The conversion to active continental margin is marked by the intrusion of
Late Permian calc-alkaline granites on Hainan Island, southeastern China (Li and
others, 2006) and Late Permian-Early Triassic adakite and sodic granitoids in southeast-
ern Korea (Yi and others, 2012a; Cheong and others, 2014b). Thereafter, magmatic
flare-ups occurred in the Jurassic and Cretaceous, with a lull especially prominent in
South Korea (Sagong and others, 2005; Cheong and Kim, 2012). The present day
Western Pacific-type plate margin was established in southeastern China in the late
Early-early Late Cretaceous (Li and others, 2012b, 2014).

With the oblique subduction of the Izanagi Plate in the Early Cretaceous, the
eastern margin of the Asian continent underwent left-lateral wrench tectonics (Kli-
metz, 1983; Engebretson and others, 1985). Several sedimentary basins, including the
Gyeongsang Basin in southeastern Korea, formed in association with sinistral brittle
shearing along strike-slip faults and continental arc magmatism. According to Chough
and Sohn (2010), the Gyeongsang backarc basin was initiated in the Early Cretaceous
as a narrow NS-trending trough that expanded progressively toward the east. The
sedimentary strata crop out mainly in the northern and western parts of the basin
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Fig. 1. Generalized tectonic map of Northeast Asia showing the distributions of Permian-Jurassic (in
gray) and Cretaceous-Paleogene (in black) granitoids (compiled from KIGAM, 2001; Jahn, 2010; Cheong
and Kim, 2012; Li and others, 2012b; Zhang and others, 2014).
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(fig. 2). They are composed of a thick succession of nonmarine sedimentary rocks such
as conglomerate, sandstone, mudstone or shale, and some carbonate rocks, showing a
temporal increase in the proportion of volcanogenic rocks. Extensive arc magmatism
heralded by laterally continuous Cenomanian ignimbrites (“Gusandong Tuff”; Jwa and
others, 2009; Sohn and others, 2009) has left a number of caldera complexes and a
loosely assembled patchwork of granitoid plutons cropping out mainly in the southeast-
ern part of the basin (fig. 2). This arc platform supplied a significant amount of
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Fig. 2. Simplified geological map of the Gyeongsang Arc System in southeastern Korea (modified from
Chough and Sohn, 2010), with sample locations of the present work and previous studies.
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volcanogenic material into the backarc basin via a fluvial network (Chough and Sohn,
2010). The plutons consist mainly of calc-alkaline I-type granites, granodiorites, and
tonalites (Chough and others, 2000). Their shallow emplacement is indicated by
occasionally observed miarolitic cavities, hornblende geobarometry (Cho and Kwon,
1994), and zircon oxygen and biotite magnesium isotope systematics (Jo and others,
2016). Paleogene alkaline granites containing riebeckite, arfvedsonite or annite occur
along the NNE-trending Yangsan fault system bounding the Paleogene pull-apart
basins in the eastern coastal area (Kim and Kim, 1997; Hwang and others, 2007, 2012).
Hwang and others (2007) suggested that post-Eocene dextral strike slip movements
along the Yangsan fault system separated the alkaline pluton, now in Gigye and
Namsan (fig. 2), by approximately 20 km. The northern part of the Gyeongsang Basin
is fault-bounded with schist and gneiss complexes in the Precambrian Yeongnam
Massif and Jurassic granitoid batholiths (Choi and others, 2002).

The tectonic regime of the Gyeongsang Arc System is a controversial issue. Hwang
and others (2008) explained the evolution of the Gyeongsang Basin in terms of the
movement of conjugate fault sets and accompanying block rotation under a compres-
sional stress regime. On the other hand, Chough and Sohn (2010) suggested an overall
extensional or transtensional stress regime of the Gyeongsang Arc System and conse-
quent weak coupling of the subducting slab with the overriding plate, on the basis of
the development of volcanotectonic depressions or calderas and the virtual absence of
syndepositional folds and thrusts. The latest prominent deformation in the southern
Korean Peninsula is imprinted in the Early Cretaceous “Myogok” Formation overlain
by sedimentary rocks of the northern Gyeongsang Basin (Lee and others, 2015).

materials and methods

For this study, 25 rock samples were collected from 20 granitoid plutons within the
Gyeongsang Arc System (fig. 2). Among them, two samples were taken from alkaline
plutons in Namsan and Gigye, the mineralogy and geochemical signatures of which are
typical of A-type granite (Koh and others, 1996; Kim and Kim, 1997; Hwang and others,
2012). The petrographic and mineralogical features of the investigated plutons are
summarized in table 1.

Zircon grains were extracted from pulverized rock samples using conventional
sieving, magnetic, and heavy liquid techniques. Cathodoluminescence (CL) images of
zircon grains were obtained using a scanning electron microscope (JEOL JSM-
6610LV) at the Korea Basic Science Institute (KBSI). Zircon U-Th-Pb isotopic analyses
were performed using a KBSI Sensitive High-Resolution Ion Microprobe (SHRIMP
IIe/MC). A 2 – 4 nA mass filtered O2

– primary beam was focused to a spot ca. 25 �m
diameter on the polished surface of zircon with an accelerating voltage of 10 kV. The
collector slit was fixed at 100 �m in width, achieving a mass resolution of about 5,000 at
1 perecent peak height. FC1 (1099 Ma; Paces and Miller, 1993) and SL13 (U � 238
ppm) standard zircons were used for Pb/U calibration and to determine U abun-
dance, respectively. Pb/U ratios were calibrated against FC1 according to the power
law relationship between Pb�/U� and UO�/U�, while Th/U ratios were estimated
using a fractionation factor derived from the measured 232Th16O�/238U16O� versus
208Pb/206Pb of the SL13 standard. The common lead was removed by the 207Pb (for
spots �1,000 Ma) or 204Pb (for spots �1,000 Ma) correction method (Williams, 1998)
using the model of Stacy and Kramers (1975). Data processing was conducted using
SQUID 2.50 and Isoplot 3.75 programs (Ludwig, 2008, 2009). Weighted mean ages
were calculated after excluding the outliers with the t-test and reported at the 95
percent confidence level. Spots with high U concentrations (�2,000 ppm) were not
considered in the age calculation (see White and Ireland, 2012). It should be noted
that this study utilizes the geological time scale defined by Walker and others (2012).
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Whole-rock major element analyses were performed at Pukyong National University
using an X-ray fluorescence spectrometer (XRF 1700, Shimadzu). Sample solutions for trace
element analyses were prepared by low-dilution glass bead digestion (Park and others, 2013)
and analyzed using a quadrupole inductively coupled plasma-mass spectrometer (ICP-MS)
(X5, Thermo Elemental) at the KBSI. The geological reference material GSP-2 was used to

Table 1

Petrographic and mineralogical summaries of granitoid samples collected from the
Gyeongsang Arc, southeastern Korea

Mineral abbreviations: Ap, apatite; Bt, biotite; Hbl, hornblende; Ilm, ilmenite; Kfs, K-feldspar; Mag,
magnetite; Mnz, monazite; Ms, muscovite; Opq, opaque mineral; Pl, plagioclase; Qz, quartz; Ttn, titanite;
Zrn, zircon.
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monitor analyses. Discrepancies from recommended values were generally within 2 percent for
major elements and 10 percent for trace elements.

Whole-rock Rb-Sr and Sm-Nd isotopic compositions were measured at the KBSI by
isotope dilution-thermal ionization mass spectrometry (ID-TIMS). All analyses were
carried out in a clean room equipped with laminar flow benches. Samples of approxi-
mately 50 mg of rock powder were mixed with highly enriched 87Rb, 84Sr, 149Sm, and
150Nd spikes and then dissolved with a mixed acid (HF:HNO3:HClO4 � 10:5:1) in
PTFE digestion vessels. Rb, Sr, and rare earth element (REE) fractions were separated
by the first step column filled with Dowex AG50W-X8 resin (H� form, 200 – 400 #). Sm
and Nd fractions were separated from each other by second-step chromatography
using Ln resin (2-ethylhexyl phosphoric acid). Isotopic ratios were measured using a
multiple collector (MC) TIMS (IsoProbe-T; GV Instruments). Measured isotopic ratios
were corrected mathematically for the added spikes (Cheong and others, 2014a). The
effects of mass fractionation in Sr and Nd isotopic measurements were corrected by
normalizing to 86Sr/88Sr � 0.1194 and 146Nd/144Nd � 0.7219, respectively. Replicate
analyses of NBS 987 and JNdi-1 Nd yielded average 87Sr/86Sr of 0.710249 � 0.000003
(n � 30, 2 standard error) and 143Nd/144Nd of 0.512101 � 0.000002 (n � 30, 2
standard error), respectively. Total procedural blank levels were below 0.2 ng for Sr
and 0.1 ng for Rb, Sm and Nd, and were therefore negligible. The epsilon Nd values
were calculated using present day 143Nd/144Nd of 0.512638 and 147Sm/144Nd of 0.1967
assumed for a chondritic uniform reservoir (CHUR).

Zircon Lu-Yb-Hf isotopic compositions were analyzed using a 193 nm ArF excimer
laser ablation system connected to a Neptune and Nu Plasma II MC-ICP-MS installed at
the Tianjin Institute of Geology and Mineral Resources (TIGMR) and KBSI, respec-
tively. Laser ablation was targeted for the analyzed SHRIMP points or new points within
the same CL domains. The spot size was typically ca. 50 �m in diameter, but was
reduced to ca. 30 �m for small CL domains. Instrumental operating parameters and
data acquisition protocols were the same as reported in Cheong and others (2013) (for
TIGMR Neptune) and Jo and others (2016) (for KBSI Nu Plasma II). The Yb and Lu
isotopic compositions employed for the correction of mass bias and isobaric interfer-
ence were adopted from Vervoort and others (2004) and Chu and others (2002),
respectively. The isobaric interference-corrected 176Hf/177Hf ratios were exponentially
normalized to 179Hf/177Hf � 0.7325. The 176Lu/177Hf and 176Yb/177Hf ratios were
calculated after Iizuka and Hirata (2005). Initial epsilon Hf values were calculated
using a 176Lu decay constant of 1.865 � 10	11 year	1 (Scherer and others, 2001) and
the chondritic values suggested by Blichert-Toft and Albarade (1997). During sample
analysis at the TIGMR and KBSI, the GJ1, FC1, and 91500 zircons yielded 176Hf/177Hf
ratios consistent with the values in the literature (Griffin and others, 2000; Woodhead
and others, 2004; Gerdes and Zeh, 2006; Kemp and others, 2010). The internal
precision of the 176Hf/177Hf ratio was proportional to the spot size. However, the
accuracy was not seriously affected by the spot size (Jeong and others, 2015).

results

Zircon U-Pb Age
Representative CL images of newly dated zircon grains are shown in figure 3. The

grains are generally prismatic and euhedral, and show clear oscillatory or banding
zoning. Some grains contain rounded or resorbed cores texturally discordant to the
magmatic rims. Zircon U-Th-Pb isotope data are listed in table 2. The 206Pb/238U and
207Pb/206Pb ratios in table 2 represent 208Pb-corrected values. The magmatic origin of
zircon grains is corroborated by their mostly high (�0.1) Th/U ratios (Rubatto, 2002).
The uranium concentration is relatively high in zircon grains from the Gyeongju and
Gigye (alkaline) plutons. Zircon grains from the Gigye sample are characterized by darker

375Geochronological, geochemical and Sr-Nd-Hf isotopic constraints from granitoid rocks



and brighter CL patches (fig. 3). The common lead content (206Pbcommon) of zircon is
generally lower than 2 percent.

Figure 4 illustrates zircon U-Pb isotopic compositions in the Tera-Wasserburg
diagrams. It should be noted that most data plot on or near the concordia curve. The
emplacement ages of the plutons would be best represented by the weighted means of
206Pb/238U dates, which correspond to the Late Cretaceous (Daebonri, Bonggilri,
Gadaeri, Masan, and Jindong plutons), the Paleocene (Oryuri, Ocheon, and Toham-
san plutons), or the Eocene Epoch (Gyeongju and Gigye plutons). Zircon grains from
the Bonggilri, Gadaeri, and Gyeongju plutons contain Paleoproterozoic, Triassic to
Jurassic, and Paleogene xenocrystic cores. The Paleoproterozoic xenocrysts are not
shown in figure 4 to save space.

Whole-Rock Geochemistry
The major and trace element compositions of 25 whole-rock samples are listed in

table 3. Rb and Sr concentrations in table 3 represent the ID-TIMS results. Trace
elements were not analyzed for three samples from Namsan and Gigye. Whole-rock
geochemistry is described and discussed using these new data and published results for
the Namsan, Tohamsan, Gyeongju, Gigye, Onjeongri, and Jindong plutons (Kim and
Kim, 1997; Cheong and others, 1998; Hwang and others, 2012; Kim and others, 2016).

Fig. 3. Representative cathodoluminescence images of newly dated zircon grains recording locations
for SHRIMP U-Pb dating and laser ablation-MC-ICP-MS Hf isotopic measurement. Scale bars are 50 �m.
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Table 2

SHRIMP U-Th-Pb results for zircon
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Table 2

(continued)
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(continued)
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The whole-rock samples vary in SiO2 content from 61.9 to 79.0 weight percent.
They are normatively classified as “granite” or “granodiorite.” Some major element
classification diagrams are presented in figure 5. In the classification scheme of Frost
and others (2001), the alkaline granites from Namsan and Gigye are invariably
“ferroan,” whereas most of the other samples are “magnesian” (fig. 5A). In figure 5B,
the samples are scattered between “alkali-calcic” and “calc-alkalic” fields. They also
straddle the boundary between metaluminous and peraluminous fields in figure 5C
but their A/CNK ratios are all below 1.1, the conventionally accepted boundary value
between I- and S-type granites (Chappell and White, 1992). The samples are plotted
dominantly in the high-K series field (Rickwood, 1989) (fig. 5D).

Figure 6 illustrates normalized geochemical patterns of the granitoids. In the
normal-mid oceanic ridge basalt (N-MORB)-normalized spider diagram arranging
the elements according to their compatibilities with the basaltic liquid (fig. 6A), the
granitoid samples exhibit a typical arc affinity characterized by enrichment in large-ion-
lithophile elements and relative depletion in high-field-strength elements. Negative
troughs for Ba, Nb, Sr, P, and Ti are prominent in most samples, particularly in the
alkaline granites. Th, Zr, Y, and REE contents are relatively high in the alkaline
granites. Chondrite-normalized REE patterns are presented in figure 6B. The grani-
toids consistently show enrichment of light REEs (LREEs) (up to 100� chondrite), flat
to slightly concave patterns in the middle and heavy REE (MREE and HREE, respec-
tively) region, and conspicuous Eu negative anomalies. The alkaline granites have
higher HREE contents and stronger negative Eu anomalies (Eu/Eu* �0.1) than the
other samples. Their ferroan composition and high Zr and HREE concentrations are
typical of A-type granitoids, which are commonly, although not always, related to an
extensional environment (Whalen and others, 1987; Eby, 1990; Frost and others,
2001). It is noted that adakitic geochemical features (that is, high La/Yb and Sr/Y) of
the Jindong pluton suggested by Wee and others (2007) are not verified by analytical
results of Kim and others (2016) and this study.

Whole-Rock Sr-Nd Isotopes
Whole-rock Rb-Sr and Sm-Nd isotopic data are listed in table 4. The initial

87Sr/86Sr ratios calculated based on the SHRIMP zircon ages range from 0.7043 to

Table 2

(continued)

* c, core; ic, inherited xenocrystic core; r, rim.
** Relative errors at 1
.
*** 207Pb-corrected 206Pb/238U (�1000 Ma) and 204Pb-corrected 207Pb/206Pb dates (�1000 Ma). Errors

are absolute, and at 1
.
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0.7069. The initial 87Sr/86Sr ratios of three samples from the Oryuri, Namsan, and
Gigye (alkaline) plutons were not considered in this study, because their high
87Rb/86Sr ratios (�10) make the calculation of initial Sr isotopic composition inappro-
priate. Two samples from the Palgongsan pluton have the highest initial 87Sr/86Sr
ratios and exceptionally low (�–4) εNd(t) values. The other samples have CHUR-like
(near “0”) or positive εNd(t) values. The alkaline granites have the highest (��2.8)
εNd(t) values. Single-stage Sm-Nd model ages (TDM) calculated by assuming present
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in calculation of the weighted mean ages, respectively. Data points represent 208Pb-corrected ratios. For
clarity, data for the Paleoproterozoic xenocrysts in the Bonggilri (sample 150313-3) and Gadaeri (sample
150313-2) granites are not shown.
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day 143Nd/144Nd of 0.51315 and 147Sm/144Nd of 0.2137 for the depleted mantle range
from ca. 1500 to 600 Ma. The range of two-stage model ages (T2DM; Keto and Jacobsen,
1987), when adopting 147Sm/144Nd of 0.118 for the average continental crust, are
scattered slightly less between ca. 1300 and 600 Ma.

Zircon Hf Isotopes
The zircon Lu-Yb-Hf isotopic compositions of the granitoids are given in table 5.

Notably, zircon grains from all individual rock samples have variable εHf(t) values,
certainly beyond analytical uncertainties. As can be inferred from whole-rock Sr and
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Table 3

Whole-rock major and trace element compositions
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(continued)
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Table 3

(continued)

LOI; Loss on ignition, A/CNK; molar Al2O3/(CaO�Na2O�K2O), A/NK; molar Al2O3/(Na2O�K2O).
�REE; Total rare earth element content, Eu* � (Sm x Gd)0.5

chondrite-normalized, (La/Yb)N; chondrite-
normalized ratio.

n.d.; not determined.
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Nd data, all zircon grains show positive εHf(t) values, with the exception of some grains
from the Palgongsan pluton, which have negative values as low as –5. Some zircon spots
from the Gigye alkaline pluton have significantly high εHf(t) (��17) exceeding the
MORB value. The εHf(t) values of Triassic to Jurassic xenocrysts from the Bonggilri and
Gadaeri plutons vary between �4.4 and �13.4. The Paleoproterozoic zircon cores
from the two plutons have negative εHf(t) values (–1.6 and –4.2). Two-stage Hf model
ages of magmatic (that is, not inherited) zircon domains (563 � 136 Ma; mean �
standard deviation), calculated using the Lu/Hf ratio of average continental crust
suggested by Rudnick and Gao (2003), are systematically younger than Nd model ages
of their respective host rocks.
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discussion

Spatiotemporal Pattern of Zircon Age
In the southern Korean Peninsula, Cretaceous to Paleogene arc magmatism

occurred predominantly in its southeastern part after a magmatic lull of approximately
50 Myr between the Late Jurassic to the Early Cretaceous (Sagong and others, 2005;
Cheong and Kim, 2012). The initiation of extensive magmatism in the Gyeongsang Arc
was heralded by the earliest Late Cretaceous basin-wide eruption of rhyolitic to
rhyodacitic ignimbrite that produced the so called Gusandong Tuff (Sohn and others,
2009), although the earlier clues of volcanism, such as volcanogenic plagioclase grains
(Noh and Park, 1990) and glass shards and their alteration products (Cheong and
Kim, 1996), are observed in the Early Cretaceous sedimentary rocks.

Table 6 lists the available ion microprobe zircon U-Pb ages of Cretaceous to
Paleogene granitoids in the Gyeongsang Arc from new analyses presented here and in
the literature (Hwang, 2012; Hwang and others, 2012; Zhang and others, 2012; Yi and
others, 2012b; Cheong and others, 2013; Jo and others, 2016; Kim and others, 2016).
In table 6, the crystallization age of the Ijeonri pluton (86.1 � 0.4 Ma) represents a
newly calculated weighted mean of two 206Pb/238U data sets from Cheong and others
(2013) and Jo and others (2016). The intraplutonic consistency of age data is verified
by different rock samples of the Bonggilri, Tohamsan, Gadaeri, Gigye, and Jindong
plutons. We note that sample number “0316-3” (from Daejeonri pluton) in Cheong
and others (2013) should be corrected to “0419-2” (from Tohamsan pluton).

The SHRIMP zircon ages of the Gyeongju, Oryuri, and Namsan plutons are
consistently ca. 5 Ma older than their respective whole-rock Rb-Sr ages presented in the
literature (Kim and others, 1995; Kim and Kim, 1997). This difference seems reasonable,

Table 4

Whole-rock Rb-Sr and Sm-Nd isotopic compositions

Numbers in parentheses refer to least significant digit and �2
 SE.
TDM; single-stage model age, T2DM; two-stage model age. See text for the model parameters.
*These values are not considered in this study because of high (�10) 87Rb/86Sr.
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Table 5

Zircon Lu-Yb-Hf isotopic compositions

392 A.C.-S. Cheong and H.J. Jo—Crustal evolution in the Gyeongsang Arc, southeastern Korea:



Table 5
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because the zircon U-Pb system typically has a higher closure temperature than that of
the whole-rock Rb-Sr system by about 300 °C (Chiaradia and others, 2013). On the
other hand, previous Rb-Sr ages of the Daebonri, Hoam, Masan, and Jindong plutons
(Kim and others, 1995; Lee and others, 1995; Wee and others, 2006) randomly deviate
from their respective SHRIMP zircon ages by up to 20 Myr. We found that their
87Rb/86Sr spreads (0.7–2.3) were much smaller than those in the Gyeongju, Oryuri,
and Namsan plutons (� 20). In this case, initial Sr isotopic heterogeneity and/or
wall-rock assimilation may have affected sensitively to the apparent Rb-Sr isochron age.

The zircon ages compiled in table 6 range from 91 to 27 Ma, confirming that the
magmatic platform of the Gyeongsang Arc has been constructed extensively after
deposition of the Gusandong Tuff. In the Gyeongsang Arc, the early Late Cretaceous
(Turonian to Coniacian; 93.9–86.3 Ma) zircon ages are yielded only by two plutons in
the western part (Masan and Jindong; fig. 2). The subsequent Santonian to Maas-
trichtian (86.3–66.0 Ma) plutons (Daebonri, Bonggilri, Seosaeng, Gadaeri, Eonyang-
Yangsan, Ijeonri, Onjeongri, and Palgongsan) show no particular spatiotemporal
trend. The Paleogene plutons (Oryuri, Bangeojin, Daejeonri, Ocheon, Hoam, Kwonyiri,
Namsan, Tohamsan, Gyeongju, and Gigye) are distributed selectively in the eastern
coastal area, to the east or in the central part of the NNE-trending Yangsan fault system
(fig. 2). To our knowledge, the Chattian age of the Kwonyiri pluton (27.1 � 0.5 Ma)
represents the youngest record among mappable granitoid plutons in South Korea. It
should be noted that post-Eocene strike-slip movements along the Yangsan fault system

Table 5

(continued)

* Spot numbers and dates are taken from table 2.
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have displaced the original emplacement positions of some plutons by more than 20
km (Hwang and others, 2007). Therefore, although it is evident that the Cretaceous
granitoids in the Gyeongsang Arc are consistently younger than those in the northern
and central parts of the Korean Peninsula, which are mostly Albian to Cenomanian
(113–93.9 Ma) in zircon U-Pb age (Wu and others, 2007; Kim and others, 2012; Yi and
others, 2014), the along-arc age pattern of Turonian-Maastrichtian plutons remains
unclear.

The SHRIMP dates of xenocrystic zircon cores from the Gyeongsang granitoids
represent either the earlier episodes of Cretaceous-Paleogene arc magmatism or the
older Paleoproterozoic and Permian to Jurassic events probably related to the buildup
and remobilization of the crustal basement (that is, Cheong and others, 2013).

Crustal Reworking and Rejuvenation in the Gyeongsang Arc System
The presence of xenocrystic zircon cores (fig. 3, table 6), as well as dominantly

high-K calc-alkaline composition (fig. 5D), Ti and Nb negative troughs in the spider

Table 6

Summary of ion microprobe zircon U-Pb ages for Cretaceous to Paleogene granitoid plutons
in the Gyeongsang Arc, southeastern Korea

* Sample number “0316-3” in Cheong and others (2013) should be corrected to “0419-2”.

397Geochronological, geochemical and Sr-Nd-Hf isotopic constraints from granitoid rocks



diagram (fig. 6A), and prominent Eu negative anomalies (fig. 6B) of whole-rock
samples, suggests the involvement of crustal materials in the formation of granitoid
rocks composing the Gyeongsang Arc. The LREE enrichment and flat or concave
patterns in the MREE-HREE region of the normalized diagram (fig. 6B) indicate that
the source residue was rich in amphibole, which preferentially incorporates MREEs
and HREEs rather than LREEs in andesitic and rhyolitic melts (Rollinson, 1993). In
addition, the presence of feldspar in the source residue is evidenced by negative
troughs in Ba and Sr and conspicuous Eu negative anomalies displayed by almost all
samples (figs. 6A and 6B). On the other hand, these REE trends clearly negate the
presence of garnet in the residue, and are thus indicative of relatively shallow melting
(depth � ca. 30km; see Qian and Hermann, 2013 and references therein). Recently, Jo
and others (2016) provided compelling evidence for the involvement of upper crustal
rocks into the shallow magma system within the Gyeongsang Arc. The authors found
that single magmatic zircon crystals became progressively enriched in the light oxygen
isotope toward their rims, in granite samples from the Daejeonri, Namsan, Ijeonri, and
Gigye (calc-alkaline) plutons that contain biotite enriched in the heavy magnesium
isotope. Such concomitant isotopic variation can be explained by the involvement of
weathered surface rocks that experienced hydrothermal alteration after crystallization
of the zircon core. This situation would have been best achieved through assimilation
of roof rocks around the volcanic center, which is conventionally referred to as “crustal
cannibalization” (Valley, 2003; Bindeman, 2008).

Figure 7 illustrates the available whole-rock Sr and Nd isotopic data of the
granitoid plutons located within the Gyeongsang Arc System from the present analyses
and the literature (Kim and others, 1995; Lee and others, 1995, 2014; Kim and Kim,
1997; Cheong and others, 1998, 2002; Wee and others, 2006; Yi and others, 2012a). In
figure 7A, the initial εNd values show the expected negative correlation with initial Sr
ratios. The initial Sr ratios of the Eocene alkaline granites cannot be calculated
precisely due to their extremely high 87Rb/86Sr ratios (58 – 221), and are therefore not
shown in this figure. The εNd values are plotted against zircon crystallization ages in
figure 7B. Most samples have positive εNd(t) values regardless of their age. This is in
sharp contrast to the significantly negative εNd(t) values (ca. –20 to –10) of Mesozoic
granitoids in the central Korean Peninsula, outside of the Gyeongsang backarc basin
(Cheong and Chang, 1997; Chough and others, 2000; Lee and others, 2010; Kim and
others, 2011). As shown in figure 7B, the Permian to Jurassic granitoids from
Yeongdeok and Pohang within the Gyeongsang Arc area (see fig. 2 for location) have
εNd(t) values that plot marginally above the average crustal line projected from the
mean two-stage Nd model age of the Cretaceous-Paleogene granitoids (�833 Ma).
This approximate correspondence implies a common origin of Phanerozoic granitoids
in the Gyeongsang Arc. We also note the adakitic geochemical signatures of the latest
Permian (ca. 253 Ma) Yeongdeok pluton, such as the significantly high La/Yb (38 –
115) and Sr/Y ratios (138 – 214), intermediate to felsic composition (SiO2 � 63 – 72
wt.%), and weak or no Eu anomalies (Eu/Eu* � 0.92 – 1.31) (Cheong and others,
2002; Yi and others, 2012a). The intrusion of Yeongdeok adakite represents the
addition of new mantle material via slab melting and consequent crustal growth.
Approximately coeval (262 – 252 Ma) SHRIMP zircon ages were yielded by granites
and gabbros recovered from a drill core (ca. 2700 – 3400 m in depth) in Pohang (Lee
and others, 2014), suggesting that Late Permian granitoids comprise the upper part of
arc basement. Based on the Nd isotopic range, these Permian granitoids could be
considered as candidate source materials of the Late Cretaceous granitoids. Bulk
isotopic data, however, provide limited information about the source and process
because whole-rock samples are the end product of magmatic evolution and therefore
only represent the average composition of the involved source materials. On the other
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hand, the laser ablation system affords sufficient spatial resolution to trace subgrain Hf
isotopic variation across different zircon domains that grew independently from one
another. Furthermore, zircon Hf isotopes provide a more complete record of the
nature of the source by virtue of sluggish diffusion in the crystal lattice (Cherniak and
others, 1997) and negligible in situ radiogenic growth.

Zircon Hf isotopic data from the present work and our previous studies (Cheong
and others, 2013; Jo and others, 2016) are plotted in figure 8 as a function of
crystallization age. Paleoproterozoic xenocryst data from the Bonggilri, Gadaeri, and
Gigye (calc-alkaline) plutons are not shown in this figure for clarity. The general trend
of Hf data is the same as that shown by Nd data but zircon spots from magmatic
domains that represent the crystallization age of each pluton show significant spreads
in initial εHf, clearly outside analytical uncertainties (� ca. �1 unit at 2 sigma standard
error). This internal variation attests to the interaction between primitive melts and
pre-existing crustal materials during the crystallization of zircon. Figure 9 displays the
core-to-rim variations of εHf values for the magmatic grains. Isotopically opposite
trends commonly observed in the zircon grains preclude a simple progressive mag-
matic evolution. It is evident that most grains have been grown by repeated interac-
tions of magma with more primitive melts and pre-existing crustal materials. In this
case, whole-rock Nd isotopes merely provide the average crustal residence time of
involved source materials (Arndt and Goldstein, 1987). This can be resolved by
examining subgrain Hf isotope data.

It is noteworthy that the line connecting the upper parts of εHf(t) values for
magmatic zircon domains and xenocrystic cores from the Late Cretaceous plutons in
figure 8 (arrowed solid line) converges toward zircon εHf(t) of the Yeongdeok pluton,
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with a slope consistent with the Lu/Hf ratio of typical continental crust (� ca. 0.08;
Rudnick and Gao, 2003). We interpret this line as representing the evolutionary path
of juvenile Paleozoic basement involved in the Gyeongsang granitoids. The crustal
residence time of such a young basement is estimated to be ca. 360 Myr, assuming its
separation from the depleted mantle represented by the MORB data. Recently,
Dhuime and others (2011) suggested that the model ages of continental crust
formation should be calculated relative to the isotopic composition of new crust
represented by island arc rocks. The authors introduced the evolution line of the new
continental crust (or “arc mantle”; Arndt, 2013) projecting from the present-day Hf
isotopic composition of island arc rocks (weighted average εHf � 13.2 � 1.1).
Interestingly, this model line intersects with the evolutionary path of the young
basement approximately at the intrusion age of the Yeongdeok adakite (fig. 8). This
correspondence implies that the melting of subducting oceanic lithosphere could be
considered as one important mechanism to produce new juvenile crust. The Silurian-
Devonian magmatism recorded in detrital zircons from Andong, located close to the
Gyeongsang Arc area (fig. 2), may also represent the production of Paleozoic arc
basement (Cheong and others, 2015). The wide Hf isotopic variation of the detrital
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zircon (ca. �6 to –18; Cheong and others, 2015) suggests an extensive interaction
between primitive magma and pre-existing crustal materials during arc magmatism.

The involvement of isotopically enriched source materials in the Gyeongsang
granitoids is indicated by the presence of Paleoproterozoic and Jurassic xenocrysts
(table 6) and a significant drop of εHf in plutons proximal to the basin boundaries
(Onjeongri and Palgongsan plutons; see fig. 2). Such enriched reservoirs could be
easily identified as Precambrian basement rocks and Jurassic granitoids that are
widespread in adjacent areas to the north and west of the Gyeongsang backarc basin.
Highly negative εHf values were reported from zircon grains in Paleoproterozoic
(meta)granitoids and metasedimentary rocks in the Yeongnam Massif (average �
standard deviation � –52 � 8, T2DM � 2889 � 303 Ma; Kim and others, 2014) and
Middle Jurassic granitoids in the central Korean Peninsula (average � standard
deviation � –22 � 3, T2DM � 2079 � 167 Ma; Cheong and others, 2013). We conclude
that the Late Cretaceous granitoids in the Gyeongsang Arc are a mixing product
between the juvenile Paleozoic basement and isotopically enriched Precambrian rocks
(or their Mesozoic derivatives). They are not “juvenile” (sensu stricto) despite their
mostly positive epsilon Nd and Hf values but are basically a reworking product of
pre-existing crustal materials.

Some zircon grains from the Namsan and Gigye plutons show εHf values suffi-
ciently higher than the depleted mantle value. This asthenospheric signal is not
identified in the other plutons in the Gyeongsang Arc. The extension-related geochem-
istry and highly primitive Nd-Hf isotopic signatures of the two alkaline plutons suggest
that the upwelling asthenosphere in the backarc side finally participated significantly
in the generation of A-type magma in the early Eocene. Subsequent reworking of such
a “rejuvenated” crustal basement yielded granitoid plutons (that is, Daejeonri, Hoam,
and Kwonyiri plutons) that have slightly, but recognizably higher εHf (and εNd) values
than the older plutons (see the arrowed dashed line in fig. 8). In summary, the young
basement beneath the Gyeongsang Arc was formed most likely in the Paleozoic
through subduction zone processes including the melting of descending oceanic
lithosphere, and rejuvenated in the early Eocene by the asthenospheric invasion in the
backarc side. Repeated reworking of such a young basement and the Precambrian
crust (and its derivatives) produced the Cretaceous-Paleogene granitoids in the
Gyeongsang Arc System.

Comparison with Southwest Japan and Southeastern China
The continental side of the Median Tectonic Line (� Inner Zone) in Southwest

Japan is further divided into three zones (Sanin, Sanyo, and Ryoke Belts; fig. 1) based
on granite petrography and emplacement age (Murakami, 1974). Recently, the
younging trend of granite ages from the Pacific side (Ryoke Belt) to the continental
side (Sanin Belt) was verified by comprehensive zircon U-Pb dating that yielded Late
Cretaceous to Eocene ages (93–33 Ma; Iida and others, 2015). Such continentward
migration could be caused by flat slab subduction or tectonic erosion possibly
associated with ridge subduction (Maruyama and others, 1996). The latter possibility is
supported by contrasting age patterns of detrital zircons from Cretaceous accretionary
complexes and their high pressure equivalents in Southwest Japan (Isozaki and others,
2010; Aoki and others, 2012). Regardless, this Andean-type advancing accretionary
system induces coupling between the overriding and subducting plates and conse-
quent development of foreland fold and thrust belts (Cawood and others, 2009).

It is worthwhile to note that Early Cretaceous (�100 Ma) zircon ages are reported
for granitoids from central Korea and southeastern China but not within the Gyeong-
sang Arc and Southwest Japan. Zircon ages compiled by Li and others (2014) reveal
that extension-related A-type magmatism initiated in Fujian province, southeastern
China at ca. 125 to 119 Ma. Although no particular spatiotemporal trends were
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recognized in the zircon ages of the Cretaceous granitoids, A-type magmatism and
subsequent bimodal igneous activities indicate that the southeastern margin of South
China was chiefly governed by the retreating-type accretionary system during the Early
Cretaceous. Such an extensional setting may have been induced by break-off and
rollback of the subducting paleo-Pacific plate associated with the delamination of flat
slabs (Li and Li, 2007; Li and others, 2012b, 2014; Zhu and others, 2014). The selective
occurrence of the Early Cretaceous granitoids in central Korea, and the inland-
directed increasing trend of U-Pb ages found in Cretaceous detrital zircons from
modern river sediments in South Korea (Choi and others, 2012) suggest that the
Korean Peninsula was also under an overall extensional or transtensional stress regime
during the late Early Cretaceous.

The continentward younging trend of Late Cretaceous granitoids from Southwest
Japan (Iida and others, 2015), as well as the age patterns of detrital zircons (Isozaki and
others, 2010; Aoki and others, 2012), suggests a compressional arc setting and crustal
thickening that may have focused in the more softened backarc area, represented by
the Gyeongsang Basin. This apparently contradicts the absence of prominent syndepo-
sitional folds and thrusts in the Gyeongsang backarc basin (Chough and Sohn, 2010)
but is consistent with the geometric model of conjugate faulting that indicates a
compressional stress regime (Hwang and others, 2008). It should be noted again that
the original age pattern of Late Cretaceous granitoids within the Gyeongsang Arc was
disturbed by strike-slip movements along the Yangsan fault system (Hwang and others,
2007, 2008).

Figure 10 shows a comparison of whole-rock Sr-Nd and zircon Hf isotopic
compositions of the Gyeongsang granitoids with literature data from Southwest Japan
(Jahn, 2010 and references therein; Imaoka and others, 2011) and Fujian province
(Chen and others, 2014; Li and others, 2014 and references therein; Li and others,
2015). As can be seen in this figure, the Cretaceous granitoids from the Gyeongsang
Arc have slightly, but recognizably more primitive Sr-Nd-Hf isotopic compositions than
those from the two adjacent terranes. Granitoids from Southwest Japan and Fujian
province are similar in their Sr-Nd isotopic ranges, as reported by Jahn (2010). He
advocated the longstanding idea that proto-Japan was initially developed along the
southeastern margin of the South China Block (Maruyama and others, 1997; Isozaki
and others, 2010), based on the unexpectedly crust-like Sr-Nd isotopic signatures of
granitoids from Southwest Japan. Jahn’s research group also suggested a tectonic
correlation between Southwest Japan and Sikhote-Alin in the Russian Far East (Jahn
and others, 2015) because granitoids from the two regions show Sr-Nd isotopic
similarities. The relatively more primitive Sr-Nd-Hf isotopic compositions of Late
Cretaceous granitoids from the Gyeongsang Arc cannot be ascribed to the selective
involvement of the mantle component, because their zircon Hf isotopic compositions
principally represent the evolution of the Paleozoic basement beneath the arc system
(see fig. 8). Instead, these isotopic contrasts may reflect the differences in the
formation age of the basement on which the arc system was built. This raises questions
about the current view that the Gyeongsang Arc was a simple southwestward extension
of the Japanese arc (Chough and Sohn, 2010), but the possibility of intra-arc variation
cannot be excluded considering the relatively small isotopic differences.

concluding remarks
This study highlights the potential of in situ subgrain Hf isotope data of zircon to

resolve source components of granitoids generated in young and juvenile arc systems.
Using zircon Hf isotopes, we identified three important sources involved in the
Cretaceous-Paleogene granitoids in the Gyeongsang Arc; the Paleozoic basement, the
asthenospheric mantle, and the Precambrian basement (or its Mesozoic derivatives).
Zircon Hf isotopes indicate that the Gyeongsang granitoids are principally a product of
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crustal reworking. Such information cannot be obtained easily from whole-rock
isotope data. The Sr-Nd-Hf isotopic contrasts of the Late Cretaceous granitoids
between the Gyeongsang Arc and adjacent accretionary systems in Southwest Japan
and southeastern China reflect differences in the formation age of the basement
involved in the arc magmatism.
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