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The Yangyang iron-oxide–apatite deposit in SouthKorea has undergonemultiple episodes of igneous activity, de-
formation, hydrothermal alteration, and iron-oxide–apatite (IOA) mineralization. The iron orebodies occur as
concordant- to discordant-layered lenticular or massive magnetite and/or magnetite–pyrite ores. The iron min-
eralization occurs along a N–S-trending shear zone within the Yangyang syenite, which experienced both early
ductile and later brittle deformations. Alteration was caused mainly by the injection of hydrothermal fluid
through the shear zone, leading to Fe–P mineralization. We recognize multiple stages of alteration in the
Yangyang deposit, based on a paragenesis that is defined by distinct mineral assemblages including Na–Ca–K al-
teration phases (e.g., albite, diopside, actinolite, and biotite) and accessory minerals containing high field
strength elements (e.g., apatite, sphene, allanite, and monazite). The alteration around the magnetite ore body
shows an evolutionary trend from Ca (–Na) alteration, through K to phyllic alterations. The Fe–P mineralization
is associatedwith the Ca–K and K alteration products. The iron orebodies are hosted by deformed and altered sy-
enite, which intruded the Paleoproterozoic gneiss complexes at 233±1Ma (SHRIMPU–Pb zircon age) in a post-
collisional tectonic setting. LA-ICP-MS U–Pb dating of REE-rich sphene and apatite from the iron ores and alter-
ation products yields Fe mineralization ages of 216 ± 3 Ma (sphene) and 212 ± 13 Ma (apatite). This is the
first time, which IOA-type mineralization in the Korean Peninsula was dated as Triassic age related to post-
collisional magmatism within the Gyeonggi Massif, South Korea. The U–Pb system was subsequently reset
(208 ± 3 Ma–sphene and 151 ± 13Ma–apatite) by Jurassic and Cretaceous magmatism. This unique geological
evolutionwas responsible for Mesozoicmetal enrichment and remobilization into suitable structural traps in the
Yangyang district.

© 2015 Published by Elsevier B.V.
1. Introduction

The Yangyang magnetite–apatite deposit is one of the largest iron
deposits in South Korea (Fig. 1). The deposit has produced about eight
million metric tons of ore with an average iron content of ~60 wt.%,
and without economic copper and gold production (Choi et al., 2004).
Because of its complex occurrence, the processes that formed the
Yangyang magnetite–apatite deposit have remained controversial for
50 years. Lee (1968) argued that the deposit was formed bymetasoma-
tism following intrusion of iron-oxide magma into a metasedimentary
sequence. Kim et al. (1958) and James et al. (2005) argued that the
iron mineralization in this area resulted from contact metasomatism
or skarnification. Other researchers have suggested that the deposit
represents metamorphosed iron-rich calcareous sediments (So, 1978;
So et al., 1975), alkali metasomatized meta-sediments, or regionally
metamorphosed iron-rich calcareous sedimentary rocks (Kim, 1977;
Lee, 1987; Lee and Kim, 1968; Lee and Stout, 1989). The variety of ge-
netic models reflects the complex geology of the Yangyang deposit.
The region experienced multiple stages of regional metamorphism,
magmatism, deformation, hydrothermal alteration, and mineralization
during the Mesozoic (Choi et al., 2011). This history resulted in a com-
plex juxtaposition by shearing of different lithological units, ages,
deformation characteristics, and hydrothermal alteration features. No
previous genetic model of the Yangyang deposit has incorporated
a systematic investigation of the geochemical, geochronological, and
structural characteristics of the deposit, even though structural
and lithological controls generally play an important role in iron-
oxide–copper–gold (IOCG)/iron-oxide–apatite (IOA)-type mineraliza-
tion (Duncan et al., 2014; Valley et al., 2011; Williams et al., 2005).
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Fig. 1. Simplified regional geological map of the Yangyang area in South Korea. The red box indicates the area shown in Fig. 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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The petrology of the deformed and altered syenite that is closely associ-
ated with the iron mineralization, and the origin of the abundant phos-
phate minerals such as apatite, have received little attention.

In this study we measured the major and trace element concentra-
tions, and U and Pb isotopic compositions of the magnetite, apatite,
sphene, and zircon from the Yangyang deposit. We use these data,
along with the petrology and whole-rock geochemistry of the syenite
and iron ore, to investigate the ages of emplacement, deformation,
and hydrothermal alteration of the syenite, and the age and ore-
forming processes of the Yangyang deposit. We also reconstruct the
temporal, spatial, structural, and genetic relationships among Triassic
syenite magmatism, IOA-type mineralization, and hydrothermal
alteration.
2. Geologic setting

The Precambrian Gyeonggi Massif is located between the Imjingang
and Okcheonmetamorphic belts on the Korean Peninsula (Fig. 1A). The
Yangyang deposit is located at the southeasternmargin of the Gyeonggi
Massif (Fig. 1B) and is surrounded by country rock consisting of
Paleoproterozoic biotite gneiss (Fig. 2A) and the Daecheongbong gran-
ite. The Paleoproterozoic rocks are intruded by the Triassic Yangyang sy-
enite (Fig. 2B), the Yangyang biotite granite, and two-mica granite, as
well as the Jurassic Oseak granite and the Cretaceous Sokcho and
Seolaksan granites (Fig. 1B; Kim, 2014; Song et al., 2011). SHRIMP U–
Pb zircon dating shows that the Yangyang granite was emplaced at
228.8 ± 2.2 Ma, which is broadly contemporaneous with the 230 ±
2MaYangyang syenite (Song et al., 2011; Fig. 1B). The Yangyang syenite
is considered to have been emplaced in the Gyeonggi Massif during
widespread Triassic post-collisional magmatism (Oh et al., 2006; Seo
et al., 2010).
The alteration and Fe mineralization of the Yangyang deposit devel-
oped along an approximately 200-m-wide N–S-trending elongate
mylonitic shear zone within the syenite intrusion (Figs. 1B, 2C, 3).
About 20 discrete magnetite orebodies occur in the Domok, Yangyang,
Yangnon, andNonhwa deposits (Fig. 2). The orebodies are locatedwith-
in calcic–potassic and potassic alteration zones, along or adjacent to the
shear zone. The fresh (massive) syenite is not associated with iron
mineralization.

2.1. Host rock

The Middle Triassic Yangyang syenite, which intruded Paleo-
proterozoic biotite gneiss, has an E–W extent of 2 km and a N–S extent
of 10 km, and is located west of Yangyang City in the southeastern part
of the Gyeonggi Massif (Fig. 1B). Lee and Kim (1968) subdivided the
Yangyang syenite into porphyritic gneissic syenite, porphyritic massive
syenite, gneissic syenite, and massive syenite on the basis of texture;
however, we classify the syenite, based on the degree of alteration and
deformation textures, into syenite, mylonitic syenite, and cataclastic sy-
enite. Most of the syenite intrusion is foliated, with some undeformed
massive syenite located in the central and southwestern parts of the sy-
enite body. Mylonitic and cataclastic syenites occur in the shear zone
within the foliated syenite (Figs. 2, 3). The syenite is composed mainly
of K-feldspar (40–60 vol.%), amphibole (5–30 vol.%), plagioclase
(20–25 vol.%), biotite (5–10 vol.%), quartz (b5 vol.%), and accessory
minerals including apatite, sphene, magnetite, and zircon. The syenite
typically contains lath-shaped K-feldspar phenocrysts of 1–3 cm in
length (Fig. 4A). These phenocrysts are commonly pinkish owing to
prophylitic alteration (Fig. 4F). The mylonitic syenites have been both
altered and deformed, and have a protomylonitic to mesomylonitic
texture (Figs. 4B, C, and 5A). The protomylonitic syenites have elongate
K-feldspar grains or aggregates (Fig. 4B), whereas the mesomylonitic
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Fig. 2. Field photos of host and deformed or altered rocks. (A) Precambrian gneiss. (B) Massive syenite. (C) Mylonitic syenite in a shear zone, which resembles metasedimentary rocks or
gneiss resulting from strong deformation. (D) Continuous change from syenite to altered syenite. The left part of the photo shows an original igneous feldspar grain, while on the right
photo the original texture has been altered to resemble amphibolite by Ca alteration.
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syenites are strongly deformed and have a gneissic texture (Figs. 4C,
5A). The cataclastic syenites contain relatively unaltered crushed grains
of various sizes (from ~1 mm to 3 cm) (Fig. 4D, E). Some cataclastic sy-
enites contain brittle-fractured K-feldspar with mafic minerals and
mafic mineral veins formed among the clasts (Fig. 4D). The Yangyang
granite consists mainly of K-feldspar, quartz, plagioclase, biotite, and
minor amphibole, apatite. Some K-feldspars are partly sericitized.

2.2. Structural relationships and deformation history

The close spatial association of the Yangyang deposit iron minerali-
zation with the shear zone implies that the regional structure played
an important role in the mineralization. The major structural features
in this area are NNE–SSW and E–W-trending faults, and N–S-trending
shear zones (Figs. 1, 2). A N–S-trending extensional shear zone
(5–6 km wide) is developed within the Yangyang syenite (Fig. 1), and
the shear zone contains mylonite that has obliterated the original por-
phyritic texture of the syenite. Cataclastic syenite subsequently formed
along the shear zone by brittle reactivation of ductilely-deformed sye-
nite during exhumation. The resulting cataclastic overprint of mylonitic
textures in the syenite is visible at macroscopic and microscopic scales
(Figs. 4D, 5B). The undeformed and cataclastic syenite underwent
prophylitic alteration,whereasmultiple episodes of hydrothermal alter-
ation enriched the mylonitic syenite in Na, Ca, K, and Fe. After brittle
and/or ductile deformation, the hydrothermal alteration gradually
destroyed the original igneous textures of strongly altered syenites,
leaving a dark greenish rock with a mafic appearance (Fig. 2D). These
orebodies occur along the shear zone, within the Yangyang syenite.
The high-grade ores generally occur in highly brecciated areas as lenses
that are elongate parallel to the N–S-trending shear zones (Fig. 3).
Stretching lineations record the dip-slip fault movement that generated
the gently plunging ore body shape.
2.3. Hydrothermal alteration and mineralization

Large-scale hydrothermal alteration occurs along the shear
zones in the Yangyang area (Fig. 1B). We identified several main alter-
ation events affecting the Yangyang syenite, and we divide them into
Ca (–Na), Ca, Ca–K, K, and phyllic alterations on the basis of characteris-
tic mineral assemblages. These alterations occurred under conditions
close to those of the brittle–ductile transition. Secondary alterationmin-
erals such as albite, amphibole, and biotite are indicative of Na, Ca, and K
alteration, respectively. The early sodic alteration was weak, occurred
throughout a broad area within the Yangyang syenite, and was exten-
sively overprinted by calcic and later potassic alteration. Areas of Fe–P
mineralization are strongly associated with Ca–K and K alteration
zones near the center of the shear zone. An extensive Ca alteration
zone reveals that the Ca was sourced from multiple fluids that in turn
were derived fromhiddenmagmatic sources along the zone of structur-
al weakness.

The early Ca (–Na) alteration formed albite, clinopyroxene, amphi-
bole, apatite, sphene, and minor biotite. The presence of secondary al-
bite indicates pervasive sodic alteration in the study area. The foliation
in the Ca (–Na)-altered mylonitic syenites consists of alternating
millimeter-scale layers of mafic and felsic minerals. The felsic domains
are composed of fine-grained plagioclase with albite twins and apatite,
whereas the mafic domains contain medium-grained amphibole with
minor clinopyroxene, epidote, allanite, sphene, and sericite (Fig. 5C).

Ca-rich mineral assemblages have strongly overprinted the early
sodic alteration, resulting in a Ca-altered syenite consisting mainly
of magnetite, amphibole, clinopyroxene relicts, sphene, apatite,
epidote, K-feldspar and albite, with minor allanite and zircon (Figs. 4G,
5D). Two altered samples (YY1003-16 and YY1003-18) have anoma-
lously high concentrations of sphene (5–10 vol.%) as a result of Ca
alteration.



Fig. 3. Detailed geological map and cross-sections (A–A′ to D–D′) of the Yangyang ore deposit in South Korea modified from KORES (2010). For the location, see Fig. 1.
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The Ca–K alteration is evident by a mineral assemblage consisting of
magnetite, amphibole, biotite, sphene, apatite, and K-feldspar, with
minor quartz, sericite, allanite, zircon, and rutile (Fig. 5E). The Ca–K al-
teration products are dark green to black, and their original igneous tex-
tures have been obliterated by structural deformation and chemical
alteration. They contain fractured plagioclase crystals, which display al-
bite twinning and are sericitized, and disseminated anhedral sphene
and apatite. Amphiboles are cut by biotite veinlets, which indicate that
K alteration overprinted the Ca alteration. Fine-grained biotite also fills
the interstitial spaces between crushed amphibole and plagioclase, or
replaces amphibole.

Original mineral assemblages were not observed macroscopically in
the K alteration products because of strong deformation and chemical
alteration (Figs. 4H, 5E). Most apatites are anhedral and b1 mm in
size, and sphene is rare in the K alteration products. Locally, zones of
phyllic alteration still show the original igneous texture along with
some fracturing of grains and alteration (Fig. 4I). The K alteration zone
commonly consists ofmagnetite, biotite, apatite, K-feldspar, plagioclase,
muscovite, sericite, epidote, and quartz, with minor pyrite, hematite,
and carbonates. Most K-feldspar and plagioclase grains have been
micro-fractured and sericitized, and a few plagioclase grains display al-
bite twins.

Iron mineralization occurs as concordant to discordant layered, len-
ticular or massive ores that can be subdivided into two main types:
magnetite ore and magnetite–pyrite ore. The magnetite ore is typically
composed of magnetite, amphibole, biotite, apatite, and sphene, along
with minor albite, K-feldspar, diopside, fluorite, sericite, epidote,
allanite, zircon, carbonates, and sulfides. The magnetite–pyrite ore typ-
ically consists of magnetite, pyrite, apatite, sphene, amphibole, biotite,
chlorite, muscovite, monazite, carbonates, and sulfides (Figs. 4J, 5G).
The association of magnetite ores with amphibole, sphene, biotite,
fluorapatite, and muscovite indicates that the iron mineralization
was mainly related to Ca–K and/or K alterations along the shear
zone. The magnetite–pyrite ores have relatively high concentrations of
apatite compared with the magnetite ores (Fig. 5H). The sulfides in
the magnetite ore and in magnetite–pyrite ore, which consist of pyrite
with minor pyrrhotite, sphalerite, and chalcopyrite, clearly represent a
late-stage overprint on the early iron-oxide stage assemblages. Some



Fig. 4. Photographs of representative polished hand specimens of Triassic syenite and altered rocks from the Yangyang area. (A) Yangyang syenite showing prismatic feldspar crystals.
(B) Feldspar augen in a foliatedmylonitic syenite. (C) This mesomylonitic syenite resembles gneiss, with its elongate mafic minerals. (D) Cohesive brecciated feldspar with a foliation de-
fined by the preferred orientation of fine-grained mafic minerals. (E) Brecciated feldspar in cataclastic syenite, showing the in situ fracturing of grains. (F) Most syenite underwent
prophylitic alteration without physical deformation. (G) Ca alteration products with fine- to medium-grained sphene. (H) K alteration products are difficult to identify with the naked
eye, although the mineral texture can be discerned. (I) Phyllic alteration. (J) Layer of magnetite–pyrite ore showing alteration minerals such as biotite. Abbreviation: spn—sphene.
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apatites contain solid-bearing fluid inclusions such as halite, sylvite, py-
rite, and chalcopyrite (Fig. 6). The halite-bearing fluid inclusions in the
apatite indicate that the hydrothermal system evolved from saline
fluids.

3. Analytical methods

Whole-rock major, trace, and rare earth element (REE) concentra-
tions were determined using inductively coupled plasma-atomic
emission spectrometry (Termo JarrelAsh ENVIRO II), inductively
coupled plasma-mass spectrometry (Perkin Elmer Optima 3000), and
instrumental neutron activation analysis at Activation Laboratories
Ltd., Canada. Representative whole-rock elemental concentrations of
the Yangyang syenites, cataclastic syenites, and granites are presented
in Table 1, and for mylonitic syenites and altered rocks in Table 2.

Zirconswere separated from sample YY110715-1 of the undeformed
Yangyang syenite by crushing, water-based panning, and magnetic
techniques. Hand-picked zircon grains were then mounted in epoxy
along with chips of reference zircons FC1 (Duluth gabbro) and SL13
(Sri Lankan gem). The mounts were polished to reveal cross-sections
through the centers of the grains. The Pb–U–Th isotope concentrations
of the zircons were analyzed using a SHRIMP II ion microprobe housed



Fig. 5. Photomicrographs of host rocks from the Yangyang area (A–G: plane polarized light, H: reflected light). (A) Foliation inmylonitic syenite. (B) Brecciated feldspars in cataclastic sy-
enite. (C) Ca (–Na) alteration products. (D) Ca alteration products. (E) Ca–K alteration products. (F) K alteration products. (G)Magnetite ore. (H)Magnetite–pyrite ore. Abbreviations: aln—
allanite; amp—amphibole; apt—apatite; bt—biotite; cp—chalcopyrite; mc—marcasite; mt—magnetite; pl—plagioclase; py—pyrite; spn—sphene.
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at the Korea Basic Science Institute (KBSI) in Ochang, South Korea. For
details of the standard operating techniques, see Miao et al. (2002). In-
strumental conditions and data acquisition procedures were similar
to those described by Williams (1998). Circular to oval areas of
20–25 μm across were analyzed on morphologically distinct domains
selected from cathodoluminescence (CL) images. Each U–Pb analysis
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consisted of five scans through the mass range. The data were reduced
according to the method of Williams and Claesson (1987) and
Williams (1998) using the SQUID Excel Macro of Ludwig (2000). Ages
were calculated using constants recommended by the International
Union of Geological Sciences (IUGS) Subcommission on Geochronology
(Steiger and Jäger, 1977). Results are listed in Table 3.

Mineral compositions were determined using an electron micro-
probe (JEOL JXA-8600 SX) with energy dispersive spectroscopy (INCA-
6025, Oxford Instruments) at Korea University, Seoul, South Korea.
The microprobe was operated with an accelerating voltage = 15.0 kV,
beam current = 3.0 nA, live time = 100 s, and probe diameter =
3 μm. Results are listed in Table 4.
Trace elements of sphene and apatite were determined using laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
at the Research School of Earth Science, Australian National University
(ANU), Canberra, Australia. The system consists of an excimer laser
(Compex 110, Lambda Physik) operating with an Ar–F mixture at
λ = 193 nm and coupled to an ICP-MS (Agilent 7700). He and Ar
were used as the ablation gasmediumvia an ANU-designed HelEx abla-
tion cell. The LA-ICP-MS analyses were performed using a laser pulse
rate of 5 Hz and spot size of 47 μm. An external glass standard (NIST
610) was used to correct for yield differences in trace elements. 43Ca
obtained from the electron microprobe analysis was employed as an
internal standard. Data reduction was performed using an in-house



Table 1
Representative whole-rock chemical compositions of the syenite in the Yangyang area, South Korea.

Rock
type

Syenite Cataclastic syenite Yangyang granite

Sample Y16 Y38 YY110715-1 YY2010-7-24 YY201306-3-1 Y24 YY1001-1 YY1105-8C YY1105-8D YY1105-8E YY2010-7-13 YY2010-7-18A YY2010-7-21 YY2010-7-22 YY2010-7-25 YY-GR YY2010-7-18B

Major elements (wt.%)
SiO2 60.84 61.67 56.72 52.42 56.42 56.54 54.84 58.88 56.85 58.14 56.63 54.82 56.60 56.23 53.07 63.49 63.54
Al2O3 15.71 14.46 15.8 16.91 16.98 14.40 16.62 15.55 16.98 16.89 15.52 16.02 15.89 15.96 16.92 16.59 14.66
Fe2O3

tot 5.97 5.76 6.61 8.32 7.35 8.55 7.26 6.51 7.05 7.34 6.25 7.10 6.96 6.74 7.60 5.26 5.66
MnO 0.09 0.14 0.128 0.14 0.12 0.16 0.12 0.09 0.10 0.09 0.19 0.12 0.11 0.12 0.13 0.08 0.10
MgO 2.89 2.13 3.31 4.28 3.95 3.90 3.51 2.90 3.15 3.22 3.92 3.88 3.72 3.51 3.90 1.47 2.72
CaO 4.30 3.93 5.15 6.37 6.09 6.07 5.80 3.19 3.38 3.03 5.52 5.17 4.26 5.34 5.79 4.74 3.37
Na2O 3.69 3.45 3.33 3.67 3.69 4.22 3.89 3.25 3.56 3.79 4.38 3.05 3.78 3.59 3.20 3.30 3.62
K2O 4.37 6.66 4.27 4.09 3.79 3.18 4.00 5.33 4.98 4.21 4.49 5.34 4.70 4.42 5.11 2.50 3.18
TiO2 0.71 0.41 0.75 1.03 0.98 1.19 0.85 0.68 0.77 0.71 0.75 0.90 0.92 0.91 0.97 0.64 0.51
P2O5 0.35 0.28 0.42 0.56 0.47 0.51 0.46 0.29 0.38 0.38 0.46 0.47 0.47 0.45 0.51 0.16 0.36
LOI 0.89 1.69 2.24 1.53 0.99 1.11 1.01 2.31 3.67 2.99 0.97 3.31 2.57 1.80 2.40 0.70 2.02
Total 99.83 100.60 98.28 99.31 100.80 99.84 98.36 98.99 100.90 100.80 99.08 100.20 99.99 99.07 99.61 98.92 99.74
Na2O +
K2O

8.06 10.11 7.60 7.76 7.48 7.40 7.89 8.58 8.54 8.00 8.87 8.39 8.48 8.01 8.31 5.80 6.80

Mg# 49.0 42.3 49.8 50.5 51.6 47.5 48.9 46.9 47.0 46.5 55.4 52.0 51.4 50.8 50.4 35.6 48.8

Trace and rare earth elements (ppm)
Sc 10 12 16 18 16 14 16 11 14 15 14 16 15 13 14 9 17
Be 4 3 5 4 3 4 4 3 3 4 7 4 4 4 3 2 5
V 87 79 116 149 125 123 125 84 95 95 99 124 118 118 131 63 86
Cr 70 40 60 90 100 80 70 60 70 70 80 90 80 62 65 b.d. 60
Co 12 9 12 17 14 17 14 12 12 13 16 15 15 14 16 8 11
Ni 27 14 b.d. b.d. 20 22 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 19 19 b.d. b.d.
Cu 12 3 10 10 20 2 20 40 40 20 b.d. 10 b.d. 12 7 b.d. b.d.
Zn 71 82 90 130 90 146 80 70 90 100 170 120 120 84 85 70 110
Ga 22 18 21 25 21 21 25 19 23 25 26 23 22 23 23 21 22
Ge 1.6 1.8 1.7 1.9 1.3 1.7 1.5 1.6 1.6 2.3 1.9 2.0 1.7 2.1 1.9 b.d. 1.9
As b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.

(continued on next page)
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Table 1 (continued)

Rock
type

Syenite Cataclastic syenite Yangyang granite

Sample Y16 Y38 YY110715-1 YY2010-7-24 YY201306-3-1 Y24 YY1001-1 YY1105-8C YY1105-8D YY1105-8E YY2010-7-13 YY2010-7-18A YY2010-7-21 YY2010-7-22 YY2010-7-25 YY-GR YY2010-7-18B

Rb 122 136 118 133 104 63 118 125 139 130 110 140 141 86 141 92 114
Sr 946 564 1054 1188 1124 637 1113 916 917 1140 533 1060 912 1057 1281 500 858
Y 23.1 21.5 30.0 26.8 23.0 20.0 23.5 25.2 30.1 32.0 52.7 27.0 27.5 29.4 25.4 13.7 26.0
Zr 293 169 258 371 311 431 316 227 317 316 338 319 325 301 321 301 176
Nb 36.2 22.4 32.4 30.4 19.2 45.7 30.2 27.2 26.4 20.6 83.4 29.7 33.6 38.6 32.9 7.6 18.0
Mo b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Ag b.d. b.d. 0.6 0.8 0.8 b.d. 0.5 1.3 2.0 1.9 0.9 0.8 0.8 b.d. b.d. 2.7 0.5
In b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Sn 3 7 4 3 2 4 3 3 6 5 8 3 3 3 2 b.d. 4
Sb b.d. b.d. b.d. 0.5 b.d. b.d. 0.3 b.d. b.d. b.d. 0.4 0.4 0.4 b.d. 0.4 b.d. 0.4
Cs 3.3 0.7 1.6 2.2 1.8 0.2 1.8 1.3 2.7 4.8 1.1 3.1 3.1 1.0 1.6 1.9 2.0
Ba 1784 2753 1647 1821 2001 1993 1939 2143 2357 1803 2097 2345 1877 1787 2525 683 1087
La 87.8 86.0 46.9 57.5 60.0 64.1 60.7 72.4 87.5 79.5 99.6 59.6 56.2 70.1 52.8 85.1 110.0
Ce 160.0 115.0 100.0 116.0 110.0 110.0 109.0 135.0 153.0 136.0 189.0 120.0 113.0 142.0 103.0 143.0 186.0
Pr 15.6 10.2 11.8 12.9 12.6 10.5 12.2 14.7 15.7 14.1 20.2 13.1 12.5 15.7 11.5 13.8 17.9
Nd 54.3 36.8 46.3 50.1 45.9 40.0 48.0 53.8 55.6 50.1 77.2 51.0 47.7 60.9 46.0 45.9 60.6
Sm 8.08 6.52 8.75 9.78 7.97 6.87 8.69 9.20 9.39 9.15 14.70 9.39 8.71 10.90 8.77 6.34 10.90
Eu 2.11 1.51 2.10 2.59 2.34 2.27 2.49 2.17 2.23 2.03 2.93 2.55 2.32 2.60 2.47 1.44 1.75
Gd 6.19 5.28 6.39 7.47 6.18 5.75 6.88 5.94 6.85 7.07 11.80 7.38 6.99 8.17 7.01 4.88 7.91
Tb 0.83 0.78 0.96 1.07 0.90 0.78 0.97 0.89 0.99 1.04 1.79 1.07 1.02 1.15 0.98 0.50 1.10
Dy 4.43 4.26 5.43 5.63 4.62 4.05 5.10 4.66 5.36 5.75 9.83 5.65 5.33 6.15 5.26 2.58 5.77
Ho 0.84 0.82 1.05 1.00 0.86 0.75 0.99 0.90 1.04 1.13 1.90 1.06 0.98 1.13 0.94 0.47 1.03
Er 2.49 2.37 2.95 2.77 2.30 2.08 2.62 2.48 2.89 3.03 5.51 2.93 2.90 3.17 2.58 1.32 2.72
Tm 0.40 0.34 0.43 0.39 0.32 0.30 0.38 0.36 0.43 0.41 0.82 0.41 0.44 0.45 0.38 0.19 0.36
Yb 2.56 2.11 2.86 2.52 2.02 1.99 2.43 2.32 2.56 2.48 5.31 2.59 2.95 2.75 2.44 1.34 2.15
Lu 0.364 0.305 0.464 0.403 0.290 0.310 0.366 0.361 0.379 0.357 0.842 0.405 0.466 0.419 0.381 0.231 0.318
Hf 7.1 3.8 5.6 7.8 5.9 8.8 6.9 5.8 7.3 7.3 7.7 7.1 7.4 6.8 6.9 6.9 4.4
Ta 3.35 1.72 2.36 1.33 1.04 2.19 3.92 1.54 1.41 0.99 6.79 1.66 1.57 2.02 1.29 0.70 0.86
W b.d. b.d. 0.6 0.8 b.d. b.d. b.d. 1.6 1.1 0.8 1.0 0.6 b.d. 0.8 1.1 b.d. 0.8
Tl 0.5 0.4 0.6 0.6 0.6 0.2 0.6 0.7 0.7 0.8 0.3 0.6 0.7 0.4 0.5 0.5 0.6
Pb 22 17 22 17 18 20 19 20 13 14 67 31 22 20 21 23 18
Bi 0.1 0.3 b.d. b.d. 0.2 0.1 b.d. b.d. b.d. b.d. 0.7 0.1 b.d. 0.1 0.1 b.d. b.d.
Th 16.3 9.6 5.7 2.5 6.2 6.4 8.0 9.6 11.6 10.4 13.0 8.0 8.0 10.4 3.4 23.2 18.2
U 3.78 1.80 2.19 0.82 1.21 2.97 2.28 1.92 1.91 1.39 4.30 2.67 2.02 2.64 1.27 2.32 2.40
∑REE 346.0 272.3 236.4 270.1 256.3 249.8 260.8 305.2 343.9 312.1 441.4 277.1 261.5 325.6 244.5 307.1 408.5
Eu/Eu* 0.91 0.79 0.86 0.93 1.02 1.10 0.98 0.90 0.85 0.77 0.68 0.94 0.91 0.84 0.96 0.79 0.58
LaN/YbN 24.6 29.2 11.8 16.4 21.3 23.1 17.9 22.4 24.5 23.0 13.5 16.5 13.7 18.3 15.5 45.6 36.7

Note: b.d. = below detection limits, LOI = loss on ignition, Mg# = 100*molar MgO/(MgO + FeOtot), Eu/Eu* = EuN / √(SmN × GdN).
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Table 2
Representative chemical compositions of the mylonitic syenite and alteration in Yangyang area.

Alteration
type

Mylonitic syenite Ca
(–Na)

Ca Ca–K K Phyllic

Sample Y34 YY1006-
3

YY1204-
3

YY1204-
5

YY1205-
6

YY2010-
7-9

YY2010-
7-14

Y42 Y49 YY1003-
7

YY1003-
16

YY1003-
18

YY2010-
7-7A

YY2010-
7-12

Y47 Y50 YY1003-
10

YY2010-
7-7B

YY1006-
13

YY1203-
10

YY1203-
11

YY1004-
1

Major elements (wt.%)
SiO2 60.39 68.88 60.48 61.65 57.73 63.15 69.76 55.05 55.02 40.95 42.31 46.63 45.29 40.06 41.81 50.19 53.89 46.88 47.46 46.15 47.81 53.94
Al2O3 14.53 10.82 15.23 14.30 14.40 13.07 9.02 13.74 6.89 10.59 7.00 3.24 7.38 5.47 13.55 15.62 12.84 6.52 18.54 18.69 18.82 14.38
Fe2O3

tot 9.62 5.87 7.34 4.37 8.25 7.33 4.37 11.34 8.28 14.41 9.01 9.84 15.90 18.29 16.10 6.61 6.71 19.88 9.44 14.23 11.00 6.40
MnO 0.14 0.08 0.13 0.24 0.27 0.21 0.21 0.18 0.52 0.34 0.23 0.35 0.43 0.43 0.24 0.21 0.21 0.40 0.18 0.19 0.14 0.14
MgO 1.10 0.96 1.27 1.86 1.75 1.49 4.52 2.75 8.91 8.27 8.69 10.72 11.97 10.40 5.05 5.79 8.14 10.67 3.07 2.46 2.59 2.52
CaO 1.86 1.92 2.49 4.52 2.91 2.32 5.59 7.45 14.94 13.75 15.37 19.64 12.18 16.06 9.05 7.89 7.87 8.77 7.47 4.82 5.62 4.05
Na2O 3.16 1.82 4.69 3.93 4.39 2.93 4.36 3.34 1.52 1.49 0.68 0.49 0.85 0.80 3.91 4.44 3.78 0.94 4.05 4.45 4.80 2.54
K2O 6.52 5.32 3.71 5.66 4.07 5.37 0.47 3.65 3.01 1.82 3.31 1.13 1.14 0.96 2.75 3.06 2.64 1.61 3.11 2.79 2.88 4.58
TiO2 1.11 0.37 1.00 1.24 1.03 0.93 0.24 0.41 0.33 3.06 10.26 5.73 1.08 0.76 3.29 2.64 0.32 0.11 2.32 2.25 2.26 0.74
P2O5 0.25 0.02 0.21 0.46 0.22 0.25 0.01 0.02 0.40 1.79 0.02 0.05 0.37 2.79 2.74 2.13 0.06 0.03 1.17 1.09 1.06 0.36
LOI 0.69 2.39 0.94 1.47 3.71 1.80 1.76 1.69 0.85 3.11 2.05 1.06 2.36 4.18 1.37 1.27 3.69 3.02 2.82 1.49 2.62 9.36
Total 99.38 98.45 97.50 99.70 98.73 98.85 100.30 99.62 100.70 99.57 98.92 98.88 98.93 100.20 99.87 99.84 100.20 98.83 99.62 98.61 99.59 99.00
Na2O +
K2O

9.68 7.14 8.40 9.59 8.46 8.30 4.83 6.99 4.53 3.31 3.99 1.62 1.99 1.76 6.66 7.50 6.42 2.55 7.16 7.24 7.68 7.12

Mg# 18.5 24.5 25.5 45.7 29.6 28.7 67.2 32.5 68.1 53.2 65.6 68.3 59.9 53.0 38.3 63.4 70.6 51.5 39.2 25.5 31.8 43.8

Trace and rare earth elements (ppm)
Sc 6 3 7 7 5 4 2 8 2 32 21 19 27 9 18 23 7 1 15 12 12 12
Be 9 4 11 9 10 7 6 6 13 8 20 27 22 11 7 3 7 14 4 4 5 4
V 6 10 15 25 14 16 5 83 42 214 72 71 75 84 145 39 26 16 139 186 117 97
Cr b.d. b.d. b.d. b.d. b.d. b.d. 11 b.d. b.d. 25 b.d. 18 9 12 b.d. b.d. 6 b.d. 14 b.d. b.d. 70
Co 2 2 3 4 2 2 13 11 19 19 10 11 34 75 18 14 18 110 11 10 7 11
Ni 3 b.d. b.d. b.d. b.d. b.d. 5 7 6 9 4 9 20 47 3 5 6 24 13 b.d. b.d. b.d.
Cu 3 b.d. b.d. b.d. b.d. b.d. 4 b.d. 3 6 3 6 23 207 b.d. b.d. 2 172 7 b.d. b.d. b.d.
Zn 64 60 120 160 180 110 58 83 245 166 121 126 261 229 161 388 170 208 146 180 110 100
Ga 32 28 34 33 38 37 28 32 20 27 31 16 30 19 23 24 25 17 25 25 25 22
Ge 3.1 2.0 3.0 3.0 3.0 2.8 2.1 2.4 2.0 3.3 9.7 5.5 4.1 4.0 2.3 1.9 2.1 2.4 1.7 2.0 2.0 2.0

(continued on next page)
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Table 2 (continued)

Alteration
type

Mylonitic syenite Ca
(–Na)

Ca Ca–K K Phyllic

Sample Y34 YY1006-
3

YY1204-
3

YY1204-
5

YY1205-
6

YY2010-
7-9

YY2010-
7-14

Y42 Y49 YY1003-
7

YY1003-
16

YY1003-
18

YY2010-
7-7A

YY2010-
7-12

Y47 Y50 YY1003-
10

YY2010-
7-7B

YY1006-
13

YY1203-
10

YY1203-
11

YY1004-
1

As 5 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 8 b.d. b.d. 3 20 11 12 b.d. b.d. 4 b.d. b.d. b.d.
Rb 180 105 75 116 119 170 10 79 62 106 258 100 32 22 127 139 117 76 183 136 170 165
Sr 189 190 357 216 387 182 70 315 122 151 74 37 89 64 332 332 406 36 743 557 491 354
Y 86.2 120.0 88.0 115.0 99.0 101.0 83.6 64.7 62.3 83.6 795.0 464.0 91.7 174.0 54.0 106.0 38.5 73.2 27.2 33.0 87.0 38.0
Zr 1550 1647 1471 700 1481 1040 1340 2910 1300 237 633 468 334 1260 271 494 992 549 210 180 194 282
Nb 194.0 154.0 202.0 174.0 256.0 210.0 215.0 186.0 90.3 119.0 909.0 528.0 117.0 109.0 62.0 166.0 67.5 120.0 34.4 24.0 34.0 57
Mo b.d. b.d. b.d. 5 b.d. b.d. 7 b.d. b.d. 5 16 9 b.d. b.d. 9 11 13 9 b.d. b.d. b.d. b.d.
Ag b.d. b.d. b.d. 4.4 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.4 b.d. 1.1 0.9 1.2
In b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.1 0.1 0.2 0.2 0.2 0.2 b.d. b.d. b.d. 0.2 b.d. b.d. b.d. b.d.
Sn 11 14 9 12 11 14 6 14 6 23 100 60 27 45 11 13 7 22 12 7 8 5
Sb b.d. 0.5 b.d. b.d. b.d. 0.8 b.d. b.d. b.d. b.d. 1.6 0.8 b.d. b.d. b.d. b.d. b.d. b.d. 0.5 b.d. b.d. 12.4
Cs 0.9 1.4 1.2 0.7 1.5 2.6 0.3 0.2 0.1 3.5 6.3 3.3 1.3 0.6 4.0 2.4 3.7 1.6 5.8 3.7 3.7 8.6
Ba 808 274 767 793 794 401 18 788 279 117 184 65 69 31 334 558 501 262 759 728 294 950
La 190.0 247.0 166.0 200.0 188.0 148.0 46.2 68.8 92.5 207.0 945.0 477.0 212.0 446.0 244.0 262.0 46.3 100.0 66.6 168.0 172.0 61.8
Ce 391.0 470.0 329.0 431.0 365.0 315.0 104.0 147.0 174.0 392.0 2250.0 1190.0 407.0 749.0 434.0 484.0 90.4 186.0 107.0 248.0 283.0 127.0
Pr 41.9 52.1 36.6 47.2 37.5 34.2 13.1 16.3 18.2 42.9 258.0 145.0 40.9 71.4 33.0 50.8 10.8 19.8 12.8 21.1 25.6 13.3
Nd 156.0 186.0 127.0 170.0 131.0 129.0 58.0 65.8 71.5 159.0 936.0 572.0 141.0 253.0 122.0 195.0 43.6 75.6 55.4 66.9 83.8 44.7
Sm 25.40 34.00 23.70 31.20 23.40 25.70 15.90 15.50 14.30 28.90 189.00 118.00 24.20 44.10 20.90 34.70 8.94 17.70 11.00 10.90 14.40 7.90
Eu 4.75 3.42 5.20 5.82 5.04 4.07 2.12 1.90 1.85 5.70 30.10 18.40 3.44 5.88 7.12 9.18 1.34 2.32 3.58 3.40 4.67 1.90
Gd 20.90 28.30 18.70 23.80 18.60 22.10 15.50 14.50 13.10 23.10 159.00 103.00 20.00 39.50 18.20 29.30 8.18 15.70 9.44 8.60 12.30 6.30
Tb 3.34 4.60 3.00 3.90 3.30 3.53 2.82 2.55 2.23 3.57 27.00 17.40 3.06 5.78 2.37 4.19 1.37 2.52 1.30 1.20 2.20 1.00
Dy 18.30 24.90 16.90 21.70 19.60 20.50 17.00 15.30 12.30 19.20 153.00 97.70 17.50 32.70 11.70 22.00 7.79 14.30 6.47 6.50 13.30 6.30
Ho 3.37 4.60 3.30 4.10 3.90 3.83 3.28 3.08 2.30 3.62 29.80 19.00 3.40 6.31 2.04 4.07 1.59 2.62 1.16 1.10 2.80 1.30
Er 9.49 12.40 9.20 11.30 10.80 11.10 9.39 9.23 6.74 9.32 77.60 50.50 9.75 17.60 5.41 10.70 4.45 7.46 2.88 3.10 8.00 4.00
Tm 1.40 1.73 1.36 1.61 1.56 1.60 1.44 1.48 1.10 1.27 11.00 6.86 1.47 2.44 0.77 1.49 0.72 1.17 0.38 0.42 1.15 0.62
Yb 8.52 10.40 8.80 10.00 9.80 10.40 10.00 9.68 8.00 7.64 68.00 41.30 9.84 14.40 4.66 8.80 4.78 8.34 2.34 2.50 7.10 4.20
Lu 1.200 1.590 1.400 1.570 1.510 1.550 1.640 1.440 1.380 1.090 9.690 5.850 1.640 2.080 0.670 1.250 0.800 1.390 0.334 0.360 1.020 0.690
Hf 30.6 34.9 27.5 17.1 32.2 24.4 31.6 73.4 29.7 5.2 13.0 10.5 8.3 26.4 6.4 10.6 23.8 16.4 4.3 4.4 4.2 7.2
Ta 10.50 12.30 11.30 9.60 16.90 12.60 14.10 24.50 11.40 4.99 44.30 221.00 8.73 9.10 3.63 7.44 7.23 10.10 2.67 1.30 2.10 6.40
W 1.5 b.d. b.d. b.d. 2.0 1.2 3.9 b.d. b.d. 0.6 3.5 2.4 1.1 21.2 0.9 b.d. b.d. 1.5 b.d. b.d. 1.0 2
Tl 0.3 0.4 0.3 0.7 0.4 0.4 0.1 0.3 0.3 0.4 0.5 0.3 0.2 0.1 0.3 0.5 0.6 0.2 1.0 0.7 0.4 0.7
Pb 12.00 17 18.00 15.00 14.00 14.00 b.d. 20.00 9 12 12 9 b.d. 7 10 10 b.d. b.d. 17 22 11 16
Bi b.d. b.d. b.d. b.d. b.d. 0.1 b.d. 0.1 b.d. 0.2 0.4 0.6 0.3 0.4 0.1 0.1 b.d. 0.1 0.1 b.d. b.d. b.d.
Th 31.1 35.1 26.5 16.7 32.6 25.0 33.6 21.4 6.1 12.6 165.0 83.4 15.3 42.5 4.7 10.2 18.1 19.5 3.9 4.1 4.3 7.8
U 6.38 3.70 4.80 3.40 5.80 5.66 8.27 8.44 2.08 3.28 21.10 16.70 2.59 7.07 3.94 2.97 3.47 7.22 1.42 1.00 2.10 2.70
∑REE 875.6 1081.0 750.2 963.2 819.0 730.6 300.4 372.6 419.5 904.3 5143.2 2862.0 895.2 1690.2 906.8 1117.5 231.1 454.9 280.7 542.1 631.3 281.0
Eu/Eu* 0.63 0.34 0.76 0.65 0.74 0.52 0.41 0.39 0.41 0.67 0.53 0.51 0.48 0.43 1.12 0.88 0.48 0.43 1.07 1.07 1.07 0.82
LaN/YbN 16.0 17.0 13.5 14.3 13.8 10.2 3.3 5.1 8.3 19.4 10.0 8.3 15.5 22.2 37.6 21.4 6.9 8.6 20.4 48.2 17.4 10.6

Note: b.d. = below detection limits, LOI = loss on ignition, Mg# = 100*molar MgO/(MgO + FeOtot), Eu/Eu* = EuN / √(SmN × GdN).
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Table 3
SHRIMP U–Pb zircon age data from undeformed syenite in the Yangyang area, South Korea.

Sample: YY110715-1 Age (Ma)

Spot 206Pbc U Th U/Th 207Pb/206Pb ±% (1) Err. (2) Err. (1) (2) (%)

(%) (ppm) (ppm) Ratio 207Pb⁎/206Pb⁎ ±% Corr 207Pb⁎/206Pb⁎ ±% Corr 206Pb/238U 206Pb/238U Discordant

1 0.00 266.70 203.40 0.77 0.050 2.5 0.053 4.9 0.3 0.050 3.8 0.4 234 ±3 233 ±4 +33
2 0.28 255.80 240.80 0.94 0.053 2.5 0.053 7.3 0.3 0.051 5.9 0.4 232 ±5 231 ±6 +32
3 0.00 272.10 171.50 0.63 0.049 2.5 0.050 5.3 0.2 0.051 3.0 0.4 233 ±3 233 ±3 −32
4 0.00 225.30 138.30 0.61 0.051 2.9 0.048 9.9 0.2 0.050 3.7 0.4 230 ±4 231 ±5 −191
5 0.53 244.30 143.70 0.59 0.055 2.5 0.054 5.9 0.3 0.051 3.2 0.4 231 ±4 230 ±4 +41
6 0.00 142.30 140.00 0.99 0.051 3.4 0.051 10.0 0.2 0.045 9.4 0.4 238 ±4 237 ±4 −3
7 0.33 264.90 188.50 0.71 0.053 2.5 0.054 5.7 0.2 0.053 3.4 0.4 229 ±3 229 ±3 +41
8 0.00 257.10 175.30 0.68 0.050 2.6 0.051 6.4 0.3 0.049 3.7 0.4 236 ±4 236 ±5 −6
9 0.02 269.90 256.10 0.95 0.051 2.4 0.053 5.1 0.2 0.043 6.6 0.4 229 ±3 227 ±3 +26
10 0.00 215.50 131.30 0.61 0.050 2.8 0.050 8.6 0.2 0.045 3.7 0.4 238 ±3 236 ±4 −30

Errors are 1-sigma; Pbc and Pb⁎ indicate the common and radiogenic portions, respectively.
Error in standard calibration was 0.25% (not included in above errors but required when comparing data from different mounts).
(1) Common Pb corrected using measured 204Pb.
(2) Common Pb corrected by assuming 206Pb/238U–208Pb/232Th age-concordance.

Table 4
Representative chemical compositions of the biotite in Yangyang area, South Korea.

Rock type Syenite/cataclastic syenite Alterations Magnetite ore Magnetite–pyrite ore

Sample YYN1409-102B YY2010-7-21-2 YY1003-18 903-2 Domok 2 B-2 28 Y37 Y47 18 904-2 16 402 905-2 410-2

Analysis yy1545 yy1546 yy1547 yy1548 yy1056 yy1057 yy1119 yy754 yy1149 yy044 yy048 yy506 yy469 yy249 yy918 yy1531 yy447 yy402 yy095 yy096 yy025 yy300 yy345 yy352 yy108 yy106 yy480

SiO2 36.69 36.48 36.84 36.72 36.02 36.32 36.30 40.27 40.25 38.36 38.09 38.81 38.52 37.99 38.39 39.12 37.90 39.18 37.48 37.16 39.58 39.04 39.52 40.58 41.32 40.97 40.92
TiO2 2.78 2.71 2.72 2.76 1.88 1.93 1.58 0.43 0.68 1.05 1.08 0.68 0.88 1.18 0.92 0.72 1.15 0.61 1.96 1.99 1.00 0.73 0.73 0.56 0.43 0.37 0.53
Al2O3 13.75 13.82 13.61 13.62 15.98 16.05 15.46 12.28 11.79 12.72 13.41 12.66 13.44 13.37 13.38 12.07 13.74 12.20 14.04 14.16 12.80 12.65 12.34 11.92 10.86 11.07 11.17
FeO 19.80 20.13 20.27 19.92 19.09 19.35 21.87 12.55 13.79 15.04 14.98 13.98 15.21 15.58 14.20 13.41 17.58 14.67 18.22 18.53 12.17 11.70 10.78 10.36 9.16 9.33 9.16
MnO 0.34 b.d. 0.37 0.35 b.d. 0.30 0.29 0.28 b.d. 0.48 0.39 0.38 0.29 b.d. 0.35 0.58 b.d. 0.29 b.d. b.d. b.d. 0.33 b.d. b.d. b.d. b.d. b.d.
MgO 11.59 11.32 11.55 11.64 11.57 11.81 10.73 18.83 18.10 16.57 16.16 16.93 16.20 15.77 16.72 17.76 13.54 17.06 13.79 13.58 18.79 19.02 20.02 20.52 22.10 21.71 21.41
Na2O b.d. b.d. b.d. b.d. b.d. 0.31 b.d. b.d. b.d. b.d. 0.31 b.d. 0.29 0.34 b.d. b.d. b.d. b.d. 0.44 0.42 b.d. b.d. b.d. 0.30 b.d. b.d. 0.32
K2O 10.53 10.53 10.58 10.57 10.30 10.19 10.24 10.73 11.26 10.68 10.47 11.11 10.54 10.17 10.80 10.88 10.89 11.03 9.62 9.69 10.05 10.61 11.12 10.94 10.29 10.17 10.83
Total 95.48 94.99 95.94 95.58 94.84 96.26 96.47 95.37 95.87 94.90 94.89 94.55 95.37 94.40 94.76 94.54 94.80 95.04 95.55 95.53 94.39 94.08 94.51 95.18 94.16 93.94 94.34

Number of cations on the basis of 22 (O)
Si 5.66 5.66 5.67 5.66 5.55 5.52 5.57 5.96 5.98 5.81 5.76 5.87 5.79 5.77 5.79 5.90 5.80 5.91 5.68 5.65 5.89 5.85 5.88 5.97 6.07 6.05 6.03
AlIV 2.34 2.34 2.34 2.34 2.46 2.48 2.43 2.04 2.02 2.19 2.24 2.13 2.21 2.23 2.21 2.10 2.20 2.09 2.32 2.35 2.11 2.15 2.12 2.03 1.88 1.92 1.94
AlVI 0.15 0.18 0.13 0.13 0.44 0.39 0.36 0.11 0.04 0.08 0.15 0.13 0.18 0.17 0.17 0.05 0.28 0.08 0.19 0.19 0.13 0.09 0.04 0.03 0.00 0.00 0.00
Ti 0.32 0.32 0.32 0.32 0.22 0.22 0.18 0.05 0.08 0.12 0.12 0.08 0.10 0.14 0.10 0.08 0.13 0.07 0.22 0.23 0.11 0.08 0.08 0.06 0.05 0.04 0.06
Fe2+ 2.55 2.61 2.61 2.57 2.46 2.46 2.81 1.55 1.71 1.91 1.90 1.77 1.91 1.98 1.79 1.69 2.25 1.85 2.31 2.36 1.51 1.47 1.34 1.27 1.13 1.15 1.13
Mn 0.04 0.00 0.05 0.05 0.00 0.04 0.04 0.04 0.00 0.06 0.05 0.05 0.04 0.00 0.05 0.07 0.00 0.04 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
Mg 2.66 2.62 2.65 2.68 2.66 2.68 2.45 4.16 4.01 3.74 3.64 3.82 3.63 3.57 3.76 4.00 3.09 3.84 3.12 3.08 4.17 4.25 4.44 4.50 4.84 4.78 4.71
Na 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.09 0.00 0.09 0.10 0.00 0.00 0.00 0.00 0.13 0.12 0.00 0.00 0.00 0.09 0.00 0.00 0.09
K 2.07 2.08 2.08 2.08 2.02 1.98 2.00 2.03 2.13 2.06 2.02 2.15 2.02 1.97 2.08 2.10 2.13 2.12 1.86 1.88 1.91 2.03 2.11 2.05 1.93 1.92 2.04
Cations 15.81 15.80 15.82 15.82 15.80 15.85 15.85 15.93 15.98 15.97 15.97 15.99 15.97 15.93 15.95 15.99 15.88 16.00 15.83 15.85 15.83 15.96 16.01 16.00 15.90 15.95 16.00
Mg# 0.51 0.50 0.50 0.51 0.52 0.52 0.47 0.73 0.70 0.66 0.66 0.68 0.66 0.64 0.68 0.70 0.58 0.67 0.57 0.57 0.73 0.74 0.77 0.78 0.81 0.81 0.81

Note: b.d. = below detection limits, Mg# = Mg/(Mg + Fe2+).
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Table 5
Representative results of LA-ICP-MS analyses of trace elements within sphene in the Yangyang area, South Korea.

Rock type Cataclastic syenite Alteration Magnetite ore

Sample YY1001-1 YY2010-7-13 YY2010-7-22 Y47 Y50 Y37

Trace and rare earth elements (ppm) 6* 7* 1* 2*
Mg 309.9 258.2 198.7 1342.4 544.4 906.6 630.2 564.5 212.4 621.5 711.7 859.7 1901.3 3025.1 6789.6 801.2 738.4 615.6
P 312.2 311.3 313.9 89.3 276.4 55.4 249.3 407.0 267.9 143.2 172.3 183.2 73.0 222.7 212.7 105.5 96.2 111.2
V 669.8 670.5 662.3 738.6 710.3 664.1 703.7 644.0 677.4 220.3 231.5 242.4 164.2 197.7 215.6 332.7 406.6 348.2
Mn 848.7 852.9 898.4 790.3 1167.6 675.2 815.0 816.7 770.3 1629.5 1599.2 1564.6 1130.0 1851.2 1927.5 615.9 645.7 614.0
Sr 80.8 73.0 70.3 38.1 63.7 32.8 65.4 82.3 63.8 35.7 37.5 32.1 23.2 28.1 25.6 23.5 27.1 17.8
Y 1396.4 1309.3 1489.3 2553.5 3697.6 1625.0 1163.9 1175.2 1360.0 392.5 602.8 554.3 1131.7 2142.5 1746.9 945.1 742.7 803.1
Zr 579.8 523.7 572.5 306.7 839.9 166.9 474.5 511.9 459.0 540.8 760.9 547.3 676.9 672.0 654.9 1606.9 1574.1 1233.3
La 2429.8 2436.5 2453.0 1207.0 3900.1 247.2 1751.3 2756.3 2486.1 800.8 1323.5 1592.7 1292.8 3810.0 3279.0 1628.3 2251.9 1908.1
Ce 7525.9 6291.8 7839.4 3863.1 10979.8 1163.5 5255.3 7443.7 6475.8 1901.9 2824.3 3405.2 3072.2 8881.9 7618.8 3992.8 4851.9 4420.3
Pr 938.9 729.8 996.7 561.7 1401.9 216.3 632.5 853.4 776.8 168.2 241.6 278.1 357.7 972.5 853.1 459.4 516.7 481.1
Nd 3671.5 2744.4 3896.3 2571.4 5618.4 1140.3 2411.9 3186.2 3029.1 729.7 983.7 1081.0 1401.8 3627.1 3226.0 1694.8 1794.7 1701.8
Sm 630.5 459.7 677.2 648.7 1159.3 329.0 419.8 513.9 535.4 157.1 205.3 206.5 290.7 652.8 573.1 293.5 268.7 265.9
Eu 136.8 118.9 145.9 104.6 148.8 96.3 97.4 113.7 137.2 59.6 78.0 73.6 93.4 156.0 137.7 59.1 53.4 54.4
Gd 417.5 317.7 448.2 529.4 851.3 285.8 291.1 340.6 376.2 120.5 170.9 165.7 239.5 504.5 434.9 215.1 178.2 187.6
Tb 58.5 46.3 62.8 89.5 138.1 48.9 42.7 47.9 53.6 16.3 24.6 22.8 37.7 77.7 65.3 32.1 25.4 27.3
Dy 316.0 262.2 343.3 530.3 790.1 296.6 243.0 260.8 297.5 85.1 133.5 122.5 218.4 444.7 367.7 183.2 140.6 152.3
Ho 57.0 50.0 61.5 100.7 148.2 58.6 44.9 47.2 54.4 15.4 24.4 22.0 41.6 83.9 68.2 35.9 26.9 29.6
Er 141.5 133.1 153.4 266.9 388.5 165.1 118.9 119.1 139.3 38.9 60.2 54.2 111.4 218.6 176.8 93.5 71.5 79.6
Tm 19.0 19.2 20.5 37.2 54.4 25.0 17.0 16.1 18.9 5.2 7.9 7.2 15.8 29.2 23.5 12.6 9.8 10.8
Yb 126.5 137.5 137.8 247.3 350.9 182.4 120.5 107.2 127.8 35.0 52.2 47.5 109.9 187.1 151.1 81.8 63.5 71.0
Th 769.3 810.4 807.6 239.7 643.8 66.7 552.1 793.7 540.4 30.4 44.6 50.7 84.5 362.5 266.6 98.7 40.1 125.2
U 138.2 175.7 141.0 159.3 100.5 193.5 112.0 108.4 142.3 42.8 50.0 45.9 27.7 83.4 63.7 25.9 20.3 28.7
REE total 16469 13747 17236 10758 25930 4255 11446 15806 14508 4134 6130 7079 7283 19646 16975 8782 10253 9390
Eu/Eu* 0.82 0.95 0.81 0.55 0.46 0.96 0.85 0.83 0.93 1.32 1.27 1.22 1.08 0.83 0.84 0.72 0.75 0.74
LaN/YbN 13.8 12.7 12.8 3.5 8.0 1.0 10.4 18.4 14.0 16.4 18.2 24.0 8.4 14.6 15.6 14.3 25.4 19.3

Note: Eu/Eu⁎ = EuN / √(SmN × GdN); 1*–2* and 6*–7* show the Figs. 12A and 13A, respectively.
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Table 6
Representative results of LA-ICP-MS analyses of trace elements within apatite in the Yangyang area, South Korea.

Rock type Magnetite ore Magnetite–pyrite ore

Sample B1 Y37 Y35

3* 4* 5*
CaO (wt.%) 54.7 54.7 55.2 54.9 54.7 55.2 55.4 55.5 54.4 54.8 54.6 54.7 55.1 54.9 54.4 56.0 54.7 55.5 54.3 55.5 53.9 54.5 55.4 56.0
Trace and rare earth elements (ppm)
Mg 605.7 659.6 176.7 388.7 45.1 273.8 208.1 16.3 305.9 144.4 287.8 38.1 60.8 357.2 296.8 17.2 146.1 1444.6 908.7 123.5 667.1 292.0 12.3 15.1
Al 396.7 491.1 104.9 247.6 23.9 164.5 132.3 1.3 159.4 73.4 238.5 21.3 24.3 192.3 213.1 2.9 0.0 502.7 120.3 0.9 210.4 11.4 0.0 0.1
Si 3241.0 3739.1 2681.9 2718.8 2775.6 2274.5 2275.7 1411.6 6895.9 4011.6 5051.0 6748.4 5666.7 4312.4 3830.9 2314.7 4249.8 6416.1 8643.9 3127.9 8415.7 4775.4 2433.7 2108.2
S 506.5 616.2 540.3 549.0 631.5 541.4 536.8 472.8 1561.7 1281.3 1660.6 2204.8 1545.0 1365.9 1215.6 1011.2 1010.7 734.2 1284.4 1111.8 1365.0 855.2 976.1 1090.2
Mn 232.7 249.2 213.4 205.9 207.5 234.7 219.7 221.1 241.4 249.5 258.5 336.0 334.2 243.6 260.1 218.1 357.0 378.3 251.2 203.5 277.4 199.2 180.2 179.5
Sr 500.1 508.0 478.0 506.7 561.7 489.8 484.2 460.9 335.0 316.5 323.9 286.1 264.2 322.8 281.1 306.8 349.2 658.7 366.4 329.7 330.6 327.0 343.9 328.0
Y 1257.3 1245.6 1187.1 936.7 1230.2 901.8 959.5 375.7 400.5 280.5 319.2 409.6 324.0 159.1 90.7 56.2 773.8 625.7 850.0 482.8 1273.9 821.2 206.6 209.5
La 1054.5 1511.3 977.0 776.7 1545.3 453.3 553.3 150.6 3307.3 1970.6 2742.8 4084.7 3334.2 1462.8 952.5 366.6 3228.7 1379.8 3690.3 1200.2 4111.6 2462.9 510.4 690.7
Ce 2371.5 3119.6 2141.2 1697.2 3197.9 1135.6 1317.7 396.5 5164.5 3124.3 4085.8 6106.5 4506.4 2151.0 1376.3 577.9 4782.5 2209.2 5740.4 2256.4 6760.8 3959.1 906.2 1212.6
Nd 1089.6 1357.2 1074.5 849.9 1403.4 633.9 688.6 256.1 1235.1 813.5 989.7 1373.1 1073.8 474.4 311.9 151.4 1440.5 759.3 1707.7 785.4 2232.2 1374.2 350.0 398.9
Sm 209.2 253.1 215.4 168.6 249.7 131.9 144.7 55.6 124.5 93.7 113.0 149.7 121.2 50.1 30.2 16.7 217.8 131.6 256.4 124.4 351.4 217.6 56.5 60.7
Eu 20.6 24.8 20.9 16.1 24.8 13.4 13.9 5.3 25.3 14.4 18.1 24.1 21.0 9.8 6.2 2.8 20.7 14.1 24.5 12.5 33.7 20.9 5.4 5.8
Gd 219.4 248.0 227.1 177.0 242.6 148.7 164.0 65.9 98.1 76.3 89.4 115.1 95.0 38.7 23.8 14.1 188.2 137.4 216.7 111.9 306.1 192.4 49.7 53.2
Dy 197.8 206.8 193.5 150.8 203.1 138.8 149.6 58.2 54.8 43.0 52.0 64.7 54.0 22.7 12.5 7.8 133.0 108.9 150.0 82.1 223.5 140.8 35.5 36.3
Yb 96.2 89.4 83.3 65.3 86.2 71.2 70.0 25.8 29.6 18.3 21.3 27.5 21.6 11.1 6.2 3.6 45.7 32.8 49.6 29.1 80.4 50.6 11.2 11.9
Lu 13.5 12.4 11.4 8.9 11.6 10.2 9.6 3.6 5.4 3.1 3.4 4.6 3.3 2.0 1.2 0.6 5.8 3.8 6.3 3.8 10.2 6.3 1.5 1.5
Th 95.3 84.2 58.8 61.4 93.6 26.9 33.4 1.6 313.2 131.7 138.3 246.6 111.2 54.2 28.5 8.3 253.3 120.0 274.8 95.3 622.2 208.8 22.3 31.1
U 26.7 32.4 23.2 19.0 36.6 12.0 12.7 1.7 41.1 9.7 11.1 22.6 9.3 6.3 3.5 0.8 12.6 7.7 13.7 7.1 37.9 15.0 2.0 2.5
REE total 5272 6823 4944 3910 6965 2737 3111 1018 10045 6157 8115 11950 9230 4222 2721 1142 10063 4777 11842 4606 14110 8425 1926 2472
Eu/Eu* 0.29 0.30 0.29 0.29 0.31 0.29 0.28 0.27 0.70 0.52 0.55 0.56 0.60 0.68 0.71 0.56 0.31 0.32 0.32 0.32 0.31 0.31 0.31 0.31
LaN/YbN 7.9 12.1 8.4 8.5 12.9 4.6 5.7 4.2 80.0 77.3 92.5 106.6 110.7 94.8 109.4 73.5 50.6 30.2 53.4 29.6 36.7 34.9 32.7 41.8
Mineral assemblages Magnetite N amphibole + apatite + biotite + sphene (high-grade

magnetite ore with Ca, Ca–K alteration)
Biotite + amphibole + magnetite + sphene + apatite (low-grade
magnetite ore with Ca–K, K alteration)

Magnetite + pyrite + chalcopyrite + apatite + amphibole +
muscovite + biotite + chlorite (magnetite–pyrite ore with K, phyllic
alterations)

Note: High-grade magnetite ore (up to 60 wt.% Fe2O3
tot); Eu/Eu⁎ = EuN / √(SmN ∗ GdN); 3*–5* shows Fig. 12D.
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Microsoft Excel™ spreadsheet, following Longerich et al. (1996). Detec-
tion limits for the analyzed elementswere calculated using the relation-
ship described by Longerich et al. (1996) and Sylvester and Eggins
(1997). The analytical technique for sphene and apatite used in this
study is similar to the procedure described by Allen and Campbell
(2012), except that Mud Tank zircon (Black and Gulson, 1987) was
used as a primary standard. Raw count rates for 206Pb, 207Pb, 208Pb,
232Th, and 238U were recorded in time-resolved mode by peak hopping.
Data were acquired for 25 s with the laser off and 40 s with the laser on,
giving approximately 100 mass sweeps for a penetration depth of
~20 μm. Standards were analyzed before and after analysis of 10 un-
known sphene or apatite points in a 16-analysis rotation, as follows:
NIST 610 standard silicate glass, Mud Tank zircon standard, Mud Tank
apatite standard, unknown sphene or apatite, NIST 610 standard silicate
glass, Mud Tank zircon standard, and Mud Tank apatite standard. Trace
element concentrations of sphene and apatite are listed in Tables 5 and
6, respectively.

4. Geochemistry and age of the Triassic intrusion

4.1. Major and trace element geochemistry of the Yangyang syenites and
granites

The Yangyang syenites and cataclastic syenites have similar
compositions to each other, with 52.4–61.7 wt.% SiO2, 14.4–17.0 wt.%
Al2O3, 5.8–8.6 wt.% Fe2O3

tot, 3.0–6.4 wt.% CaO, 3.1–4.4 wt.% Na2O,
3.2–6.7 wt.% K2O, 0.4–1.2 wt.% TiO2, 0.3–0.6 wt.% P2O5, and a Mg# of
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42.3–55.4. The mylonitic syenites are strongly altered and deformed.
They have lost their magmatic compositions and are considered with
alteration products in Section 4.1. The Yangyang granites contain
about 63.5 wt.% SiO2, 14.7–16.6 wt.% Al2O3, 5.3–5.7 wt.% Fe2O3

tot,
3.4–4.7 wt.% CaO, 3.3–3.6 wt.% Na2O, 2.5–3.2 wt.% K2O, 0.5–0.6 wt.%
TiO2, 0.2–0.4 wt.% P2O5, and have a Mg# of 35.6–48.8 (Table 1). On
the total alkali (Na2O+K2O) vs. silica diagram (Cox et al., 1979), the sy-
enites and cataclastic syenites plot in the alkaline field (syenite to
syenodiorite), whereas the granites fall in the subalkaline granodiorite
field (Fig. 7A). On the SiO2 vs. K2O (wt.%) binary diagram (Peccerillo
and Taylor, 1976), the syenites and cataclastic syenites show
shoshonitic affinities, with K2O concentrations ranging from 7.4 to
10.1 wt.%; these syenites also have high Ba and Sr concentrations
(1647–2753 and 533–1281 ppm, respectively). The granites have a
high-K calc-alkaline signature, with Na2O + K2O of 5.8–6.8 wt.%, and
have Ba concentrations of 683–1087 ppm and Sr concentrations of
500–858 ppm (Table 1; Fig. 7B). On tectonic discrimination diagrams
(after Harris et al., 1986; Pearce, 1996; Pearce et al., 1984), the syenites,
cataclastic syenites, and granites plot in the post-collisional granite
(post-COLG) fields of Rb/Zr vs. SiO2 and Rb vs. Y+Nbdiagrams, respec-
tively (Fig. 7C, D). The syenites and cataclastic syenites have similar total
REE concentrations to the granites (236–441 and 307–409 ppm, respec-
tively; Table 1). The syenites and cataclastic syenites display similar
LREE-enriched chondrite-normalized (Sun and McDonough, 1989)
REE patterns; the granites display relatively more fractionated patterns,
with LaN/YbN ratios of 37–46 compared with 12–29 for the syenites and
cataclastic syenites (Fig. 8A, C, E). The Eu anomalies (Eu/Eu* = EuN /
1
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√[SmN × GdN]) of the syenites and cataclastic syenites (0.8–1.1; except
for sample YY2010-7-13 = 0.7) are less negative than those of the
granites (0.6–0.8; Table 1; Fig. 8A, C, E). All rocks have distinctive
negative high-field strength element (HFSE) anomalies (Nb, Ta, Ti)
on primitive-mantle-normalized multi-element plots, indicating a
subduction-related contribution to themagma (Fig. 8B, D, F). An excep-
tionally sphene-rich sample (YY2010-7-13) contains relatively high Nb
(83.4 ppm), Ta (6.8 ppm), and heavy REE (HREE) concentrations
(Fig. 8C, D).
4.2. SHRIMP U–Pb dating of zircon

Sample YY110715-1 is amedium- to coarse-grained syenite. The zir-
cons in this sample vary in size from 100 to 150 μm and have aspect ra-
tios of 1.2–1.8. CL images reveal that all the grains are concentrically
zoned (Fig. 9A). The zircon morphologies are prismatic without over-
growth rims. U–Pb isotope analyses of 10 spots are plotted on a Tera–
Wetherill concordia plot (Fig. 9B). The zircons have Th concentrations
of 131–256 ppm and U concentrations of 142–272 ppm, with Th/U
values of 0.61–0.99 (Table 3). The ten analyses give apparent
206Pb/238U ages of 229–238 Ma. The weighted mean age for all igneous
zircons is 232.9 ± 1.1 Ma (n= 10, MSWD= 1.2). The zircons from the
Yangyang syenite do not have older inherited cores and yield a single ig-
neous age.
5. Geochemistry of the syenite alteration products and ores

5.1. Geochemistry and mineral chemistry of mylonitic syenites and alter-
ation materials

The mylonitic syenites have slightly different major-element
compositions to the undeformed syenites and show a compositional
range as follows: SiO2 (57.7–68.9 wt.%), Al2O3 (10.8–14.5 wt.%),
Fe2O3 (4.4–9.6 wt.%), CaO (1.9–4.5 wt.%), Na2O (1.8–4.7 wt.%), K2O
(3.7–6.5 wt.%), TiO2 (0.4–1.2 wt.%), and P2O5 (0.02–0.5 wt.%); they
have relatively high concentrations of Zr (700–1647 ppm) (Table 2).
The mylonitic syenites are enriched in REE (750–1081 ppm) compared
with the undeformed syenites (236–346 ppm; Table 2; Fig. 10A). How-
ever, the mylonitic syenites have trace element compositions that are
quite different from those of the undeformed syenites. For example,
the chondrite-normalized REE patterns of the mylonitic syenites
are less fractionated (LaN/YbN = 10.2–17.0) than those of the
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undeformed syenites (12–29), and exhibit pronounced negative Eu
anomalies (Eu/Eu* = 0.3–0.8) (Fig. 10). Primitive-mantle-normalized
multi-element plots of themylonitic syenites exhibit distinctly negative
Ba, Sr and P anomalies, and enrichments in Nb, Ta, Zr, and Hf relative to
undeformed syenite (Fig. 10B).

Alteration products show a wide compositional range in SiO2

(40.1–70.0 wt.%), Al2O3 (3.2–18.8 wt.%), Fe2O3
tot (4.4–20.0 wt.%), CaO

(1.9–19.6 wt.%), Na2O (0.5–4.8 wt.%), K2O (0.5–6.5 wt.%), TiO2

(0.1–10.3 wt.%), P2O5 (0.01–2.8 wt.%), and Mg# (25.5–70.6) (Table 2).
WeakCa (–Na) alteration occurred over awide area of the cataclastic

and mylonitic syenite. Samples from these alteration products display
relative enrichment in HREE (LaN/YbN = 3.3) compared with the unal-
tered syenite and marked negative Eu anomalies (Eu/Eu* = 0.4;
Fig. 10C). All Ca alteration products have greater HREE enrichments
(LaN/YbN = 5.1–22.2) than the Ca (–Na) alteration products, and have
slightly less negative Eu anomalies (Eu/Eu* = 0.4–0.7). Ca–K alteration
products have LaN/YbN = 6.9–37.6 and variable Eu/Eu* (0.4–1.1;
Table 2; Fig. 10E). The K alteration products yield LaN/YbN =
17.4–48.2 and Eu/Eu* = 1.1. Phyllic alteration products yield LaN/
YbN = 10.6 and Eu/Eu* = 0.8 (Table 2; Fig. 10G). Total REE concentra-
tions are relatively high in the products of Ca alteration
(373–5143 ppm), Ca–K alteration (231–1118 ppm), and K alteration
(281–631 ppm), compared with lower total REE concentrations
in the products of Ca (–Na) alteration (300 ppm) and phyllic alteration
(281 ppm) (Table 2). The high total REE concentrations in altered
syenites are welled with the high REE in the sphenes and apatites
(Table 2).
The compositional variations of the altered rocks reflect the effects of
hydrothermal alteration after ductile and/or brittle deformation
(Fig. 11). Sphene and apatite are abundant in the alteration zones and
occur with amphibole and biotite; the sphene occurs mainly in Ca and
Ca–K alteration products, while the apatites are more abundant in the
Ca–K and K alteration products. The Ca and Ca–K alteration products
have variable TiO2 concentrations (0.1–10.3 wt.%) that are controlled
by their sphene content. The high Ca concentrations in Ca–K alteration
products are possibly controlled by a combination of amphibole and
sphene (Fig. 11A), whereas their high P2O5 concentrations
(0.02–2.74 wt.%) reflect abundant apatite (Fig. 11C). In particular, two
sphene-rich samples (YY1003-16 and YY1003-18) with obvious Ca al-
teration have extremely high TiO2 concentrations (5.7–10.3 wt.%;
Fig. 4G) and relatively high Nb (528–909 ppm), Ta (44–221 ppm), and
∑REE (2862–5143 ppm) (Table 2; Fig. 10D). This geochemistry is a re-
sult of the high REE concentration in sphene.

Biotite grains in the syenite are dark brown, while biotites are green
to pale yellow in the alteration zones and pale brown in the ores (Fig. 5E,
F, G). Dark brown biotites in the Yangyang syenites have a Mg# of
0.47–0.53, FeO = 18.4–21.9 wt.%, TiO2 = 1.6–1.9 wt.%, and Al2O3 =
15.5–16.1 wt.%. The green to pale yellow alteration-zone biotites have
a higher Mg# of 0.6–0.8 and low FeO (10.6–17.3 wt.%), TiO2

(0.4–1.3 wt.%), and Al2O3 (11.4–13.8 wt.%). The pale brown biotites in
the ores are chemically similar to those in the alteration zone, with
Mg# of 0.6–0.8, FeO = 10.4–18.5 wt.%, TiO2 = 0.3–2.0 wt.%, and
Al2O3=11.9–14.2wt.%. Thus, a decrease in Ti, Fe, and Al concentrations
corresponds to an increase in Mg and Si. This indicates that secondary
sphenewas generated by the dissolution of primary biotite during alter-
ation of the syenite and gneiss.
5.2. LA-ICP-MS U–Pb geochronology and trace element chemistry of sphene

Sphene with various morphologies is a common accessory mineral
within the syenites, their alteration products, and the ores in the
Yangyang deposit. The sphene ismostly euhedral to subhedral in the sy-
enite, whereas it occurs as aggregates or isolated rounded grains in the
alteration products (Figs. 5D, 12A) and as irregular grains surrounding
magnetite in the ores (Fig. 5G).

Sphene is most abundant in the Ca and Ca–K alteration products,
where it occurs in association with amphibole, biotite, and apatite.
These sphenes have enriched LREE patterns (LaN/YbN=8.4–25.4)with-
out distinct Eu anomalies (Eu/Eu* = 0.7–1.3; Table 5; Fig. 12B), al-
though they have variable total REE concentrations. Sphenes from the
alteration products, iron orebodies, and cataclastic syenite have dark
and bright domains in the backscattered electron (BSE) images
(Figs. 12A, 13A). The dark cores and bright rims of sphenes in the alter-
ation products and iron orebodies reflect differences in REE enrichment
(Fig. 12A); the bright domains are consistently enriched in LREE, V, Zr, Y,
Th, and U compared with neighboring dark domains (Table 5). The LA-
ICP-MS U–Pb age obtained from these sphenes records Fe mineraliza-
tion at 215.7 ± 2.8 Ma (Table 7; Fig. 12C).

BSE images of euhedral to subhedral sphenes in the cataclastic sye-
nites show bright cores and dark rims (Fig. 13A), which both display
similar patterns of LREE depletion (especially La and Ce) and variably
negative Eu anomalies (LaN/YbN = 1.0–18.4, Eu/Eu* = 0.5–1.0;
Table 5; Fig. 13B). Sphenes in the cataclastic syenite yield a LA-ICP-MS
U–Pb age of 207.6 ± 3.4 Ma (Table 8; Fig. 13C). We interpret this age
as having been reset as a result of elemental redistribution during alter-
ation by hydrothermal fluids, probably derived from younger Jurassic
and Cretaceous intrusions.

Kim (2014) reported an LA-ICP-MS U–Pb age of 220 ± 5.2 Ma for
euhedral sphene from the alteration zone, which is broadly consistent
with our igneous SHRIMP U–Pb zircon age of 232.9 ± 1.1 Ma from the
syenite. These older ages represent the timing of syenite emplacement,
prior to multiple deformation and hydrothermal events.
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5.3. LA-ICP-MS U–Pb geochronology and trace element chemistry of apatite

Apatite is closely related to the iron mineralization and can be
subdivided into two types based on its occurrence and chemical charac-
teristics: Type-I apatites occur with magnetite ores or magnetite–pyrite
ores (Figs. 6A, 12D), while Type-II apatites are rimmed by allanite and
occur in the magnetite ores or alteration zone (Figs. 6B, 13D). The
Type-I apatites can be further subdivided into Type-Ia and Type-Ib ac-
cording to textural features such as grain shape and the presence or
absence of inclusions. Type-Ia apatites are coarse grained (N1 mm)
and contain abundant inclusions of Th-poor monazite, allanite, magne-
tite, actinolite, sulfides, and fluid. The rims of Type-Ia apatites are
embayed and corroded (Fig. 6C, E). In comparison, Type-Ib apatites
are fine grained (b500 μm) and rarely contain inclusions. Most Type-I
apatite is fluorapatite with average and maximum F concentration of
3.7 and 6.5 wt.%, respectively. Both varieties of Type-I apatites have
enriched LREE patterns and negative Eu anomalies (LaN/YbN =
29.6–110.7, Eu/Eu* = 0.3–0.7; Table 6; Fig. 12E). Both Type-Ia and
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Type-Ib apatite exhibit dark and bright domains in BSE images (Figs. 6D,
12D). The dark domains are consistently depleted in REE, Si, Y, Th, andU
comparedwith adjacent bright domains (Table 6). The LA-ICP-MS U–Pb
age of Type-I apatites is 212 ± 13Ma, which records the age of Fe min-
eralization (Table 9; Fig. 12F). The halite-bearing fluid inclusions within
Type-Ia apatite provide evidence regarding the evolution of the hydro-
thermal system from saline fluids (Fig. 6E, F); however, the fluid inclu-
sions are too small to allow measurements of the homogenization
temperature and salinity.

Type-II apatites are mantled by allanite (Fig. 13D), which suggests
that REEs within the apatite were remobilized into the allanite. The
REE pattern of altered apatites is relatively low in LREE (LaN/YbN =
4.2–12.9) comparewith the unaltered Type-I apatites, and displays neg-
ative Eu anomalies (Eu/Eu* = 0.27–0.31; Table 6; Fig. 13E). It should be
noted that depletion relative to Type-I apatites is greater for LREE than
for HREE, which suggests an interaction between the apatites and hy-
drothermal fluids (Bonyadi et al., 2011; Harlov et al., 2002). These
Type-II apatites yield a LA-ICP-MS U–Pb age of 151 ± 13 Ma
(Table 10; Fig. 13F), which is younger than the age of the Type-I apatites
and indicates resetting of the isotope system. This age, combined
with the evidence for remobilization of hydrothermal fluids, suggests
a second hydrothermal episode during the intrusion of Jurassic
and Cretaceous plutonic rocks. Similar events have been described
elsewhere. For example, the mineral chemistry is recorded in apatites
by remobilized hydrothermal fluids in the Kiruna area of Sweden and
in the Bafq district of Iran (Harlov et al., 2002; Torab and Lehmann,
2007).

5.4. Geochemistry of ores and LA-ICP-MS trace element chemistry of
magnetite

The magnetites in these rocks are commonly recrystallized, have
triple-junction grain boundaries, and are locally partly martitized. The
Yangyang ores can be subdivided into two major groups based on min-
eralogy and geochemistry: 1) magnetite-type ore and 2) magnetite–
pyrite-type ore. Most ore samples have variable P2O5 and Fe2O3

tot con-
centrations (0.01–7.4 wt.% and ~20–90 wt.%, respectively). The whole-
rock Ti concentration of the magnetite-type ore ranges from 3437 to
20605 ppm, and V concentrations range from 130 to 404 ppm, while
the whole-rock Ti concentration of the magnetite–pyrite-type ore
ranges from 138 to 521 ppm and V concentrations range from 89 to
211 ppm (Fig. 14A).

Magnetite grains in the magnetite-type ore and in the magnetite–
pyrite-type ore generally contain much lower Ti (249–2409 ppm,
428–760 ppm) and V concentrations (367–1011 ppm, 208–252 ppm),
respectively (Table 11; Fig. 14B).

Generally,magnetite displays different trace element concentrations
depending on the environment in which it forms (Fig. 14). Therefore,
we compare the whole-rock (ore) geochemistry and ore mineral (mag-
netite) chemistry based on Ti and V contents (Fig. 14A, B; Loberg and
Horndahl, 1983). The whole-rock geochemistry of the magnetite-type
ores that lack sphene and themagnetite–pyrite-type ores plot in the ap-
atite–magnetite ores field on the compositional diagram; however,
sphene-bearing magnetite-type ores plot in the titaniferous iron-oxide
ore field (nelsonites) because of their abundance of sphene (Fig. 14A).
In keepingwith thiswhole-rock geochemistry, all of themagnetitemin-
erals from magnetite-type ore fall within the apatite–magnetite ore
field (Fig. 14B).

6. Discussion

6.1. Age of ironmineralization and alteration, and relation to the Yangyang
deposit

The LREE-rich sphenes and apatites in the Yangyang orebodies and
alteration products yield mineralization ages of 212–215 Ma. The
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LREE-depleted dark-rimmed sphene and alanite-rimmed apatite have
younger ages (207.6 ± 5.2 Ma and 151 ± 13 Ma), indicating remobili-
zation of their elements during secondary hydrothermal overprinting.
This is consistent with previous observations in other IOA deposits in-
cluding the Kiruna area of Sweden and the Bafq district of Iran (Harlov
et al., 2002; Torab and Lehmann, 2007). The younger ages of 207 and
151Ma suggest thatmultiple resetting events occurred as a result of hy-
drothermal alteration during the intrusion of the Jurassic Osaek granite
(189–199Ma) and the Cretaceous Sokcho-Seolak granite (84–90Ma) in
the Yangyang region (Song et al., 2011). These post-mineralization ig-
neous activities may have reset the U–Pb isotope system of sphene
and apatite to younger ages. The constraints on the ages of these events
are shown in Fig. 15.

Integration of the mineralogy, geochemistry, and fluid inclusion
datawith the geochronological data suggests that the Yangyangmagne-
tite–apatite ores formed by magmatic hydrothermal alteration in
a Triassic post-collisional tectonic setting. This interpretation is
inconsistent with previous studies (James et al., 2005; Kim, 1977; Lee,
1968; Lee andKim, 1968; Lee and Stout, 1989; So, 1978). Theparagenet-
ic sequence of the Yangyang deposit can be interpreted in terms
of the following alteration sequence: an early sodic alteration
(albite) → calcic alteration (amphibole) → potassic alteration
(biotite) → phyllic alteration (sericite). The iron-oxide mineralization
mainly accompanied the Ca andK alterations. These poly-alteration pat-
terns are equivalent to those of the Kiruna-IOA deposits in Sweden
(Romer, 1994) and the mineral assemblages are similar to those of
IOCG-type deposits in Chile (Edfelt et al., 2005; Williams et al., 2005).
Generally, IOCG (IOA)-type deposits record sodic alteration; however,
the Yangyang deposit experienced only weak sodic alteration and
strong calcic and potassic alterations. This suggests that there was no
source for Na, such as evaporites, whereas the Ca and K components
were supplied from syenites and hydrothermal fluids derived from
deeply hidden magmatic sources. The abundant sphene is also consis-
tent with a Ca-rich hydrothermal fluid, which was enriched with Ti
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that leached out from biotite-bearing country rocks such as syenite and/
or gneiss.

The apatite grains commonly contain inclusions of Th-poor
monazite, magnetite, and sulfides. They also exhibit patchy zoning
that formed by interaction between apatite and hydrothermal
fluid, resulting in lighter domains with high concentrations of REE
and some trace elements such as Si, S, Y, Pb, Th, and U. Furthermore,
the halite-bearing fluid inclusions in the apatite indicate that the hydro-
thermal system evolved from saline fluids. The Yangyang magnetite–
apatite ores probably precipitated from saline magmatic-hydrothermal
fluids. This hydrothermal overprint on apatite has been observed in
other IOA deposits, such as the Kiruna deposit in Sweden and the Bafq
deposit in Iran (Harlov et al., 2002; Torab and Lehmann, 2007).

6.2. Origin of the Yangyang iron-oxide–apatite (IOA) deposit

Studies over the past 50 years have suggested that the Yangyang
deposit formed by contact metasomatism (skarnification; James et al.,
2005), orthomagmatism (Lee, 1968), metamorphism of iron-rich
sediment (So, 1978), or alkali metasomatism (Kim, 1977; Lee
and Kim, 1968; Lee and Stout, 1989). However, previous studies
ignored the influence of structure and lithology on the location of
iron orebodies. An important point that has previously been overlooked
is that the ‘metasedimentary’ rocks or amphibolites reported in
previous studies are not the products of regional metamorphism.
Instead, they are syenites that have been deformed and altered
by ductile and brittle deformation, and subsequently hydrothermally al-
tered within the shear zone. The Yangyang iron orebodies occur within
a mylonitic shear zone in the syenite that has been overprinted by
cataclastic deformation. The orebodies resulted from a series of
alterations caused by the injection of hydrothermal fluid along the
shear zone. In many cases, the iron orebodies occur as structurally
controlled lenses along the shear zone. We therefore propose the
following model to explain the formation of the Yangyang IOA
deposit in association with multiple alteration episodes (Fig. 16):
(1) Triassic post-collisional intrusion of the syenite; (2) ductile



Table 7
LA-ICP-MS U–Pb age data for sphene from syenite and alteration products in the Yangyang area, South Korea.

Spot 206Pb/238U ±1σ 207Pb/235U ±1σ 207Pb/206Pb ±1σ 208Pb/232Th ±1σ Age (Ma)

Sample: Y37 215.7 ± 2.8
1 0.04813 0.00097 1.9400 0.0679 0.2923 0.0084 0.01798 0.00035
2 0.03794 0.00052 0.7728 0.0203 0.1478 0.0033 0.01371 0.00013
3 0.04135 0.00062 1.1468 0.0319 0.2012 0.0047 0.01582 0.00023
4 0.05541 0.00099 2.8141 0.0757 0.3684 0.0074 0.03600 0.00074
5 0.03953 0.00062 0.8664 0.0258 0.1590 0.0040 0.01340 0.00013
6 0.05926 0.00123 3.1162 0.1020 0.3814 0.0097 0.02841 0.00073
Sample: Y47
1 0.03947 0.00046 0.7758 0.0186 0.1426 0.0030 0.02805 0.00057
2 0.04148 0.00062 1.0437 0.0248 0.1825 0.0034 0.02486 0.00035
3 0.03871 0.00048 0.8138 0.0215 0.1525 0.0035 0.02134 0.00026
4 0.03700 0.00044 0.6151 0.0151 0.1206 0.0026 0.01784 0.00021
5 0.03897 0.00052 0.7651 0.0202 0.1424 0.0032 0.02214 0.00034
6 0.04172 0.00050 1.1645 0.0232 0.2024 0.0032 0.02749 0.00041
7 0.04344 0.00053 1.3935 0.0386 0.2327 0.0058 0.03690 0.00066
Sample: Y50
1 0.05481 0.00068 2.7717 0.0589 0.3668 0.0063 0.02763 0.00034
2 0.03781 0.00045 0.7566 0.0154 0.1451 0.0024 0.01377 0.00011
3 0.03907 0.00057 0.8838 0.0229 0.1641 0.0035 0.01482 0.00018

Table 8
LA-ICP-MS U–Pb age data for sphene from syenite in the Yangyang area, South Korea.

Spot 206Pb/238U ±1σ 207Pb/235U ±1σ 207Pb/206Pb ±1σ 208Pb/232Th ±1σ Age (Ma)

Sample: YY20107-13 207.6 ± 3.4
1 0.04693 0.00087 1.8099 0.0591 0.2797 0.0075 0.02183 0.00037
2 0.04266 0.00058 1.3946 0.0325 0.2371 0.0045 0.02004 0.00017
3 0.03574 0.00043 0.6263 0.0166 0.1271 0.0030 0.03251 0.00077
4 0.03951 0.00051 1.0045 0.0260 0.1844 0.0042 0.02090 0.00036
5 0.04210 0.00058 1.3189 0.0295 0.2272 0.0040 0.01469 0.00014
6 0.04216 0.00059 1.3917 0.0325 0.2394 0.0045 0.01479 0.00015
7 0.03744 0.00043 0.8125 0.0147 0.1574 0.0022 0.01282 0.00008
Sample: YY20107-22
1 0.04674 0.00057 1.9907 0.0321 0.3089 0.0032 0.01790 0.00025
2 0.04315 0.00054 1.5116 0.0243 0.2541 0.0026 0.01479 0.00012
3 0.03772 0.00042 0.8814 0.0143 0.1695 0.0020 0.01428 0.00010
4 0.03750 0.00042 0.8751 0.0141 0.1692 0.0020 0.01427 0.00010
5 0.04695 0.00058 2.1796 0.0369 0.3367 0.0039 0.01582 0.00017
6 0.04188 0.00049 1.3923 0.0239 0.2411 0.0031 0.01443 0.00011
Sample: YY1001-1
1 0.03626 0.00042 0.6649 0.0110 0.1330 0.0016 0.01328 0.00011
2 0.03695 0.00043 0.8426 0.0131 0.1654 0.0017 0.01357 0.00011
3 0.03714 0.00044 0.7676 0.0155 0.1499 0.0025 0.01260 0.00007
4 0.03655 0.00040 0.6650 0.0105 0.1320 0.0015 0.01285 0.00008
5 0.03509 0.00039 0.5787 0.0093 0.1196 0.0014 0.01245 0.00007
6 0.03738 0.00044 0.8273 0.0186 0.1605 0.0031 0.01304 0.00010

131
J.Seo

etal./O
re

G
eology

Review
s
70

(2015)
110

–135



Table 9
LA-ICP-MS U–Pb age data for apatites from ore and alteration products in the Yangyang area, South Korea.

Spot 206Pb/238U ±1σ 207Pb/235U ±1σ 207Pb/206Pb ±1σ 208Pb/232Th ±1σ Age (Ma)

Sample: Y35 212 ± 13
1 0.0590 0.0015 3.30 0.27 0.4080 0.0360 0.01430 0.00150
2 0.0967 0.0036 8.42 0.70 0.6410 0.0540 0.01670 0.00180
3 0.0649 0.0015 3.96 0.34 0.4410 0.0390 0.01420 0.00150
4 0.1195 0.0024 11.52 0.89 0.6910 0.0580 0.02370 0.00250
5 0.0689 0.0019 4.63 0.38 0.4870 0.0430 0.01560 0.00160
6 0.0948 0.0032 8.13 0.71 0.6230 0.0560 0.02150 0.00240
7 0.1074 0.0038 9.74 0.82 0.6600 0.0560 0.02000 0.00200
8 0.0874 0.0019 7.53 0.59 0.6240 0.0520 0.01720 0.00180
9 0.1221 0.0055 12.00 0.40 0.7050 0.0290 0.01828 0.00046
10 0.0589 0.0030 3.37 0.20 0.4080 0.0260 0.01431 0.00036
11 0.0574 0.0026 3.32 0.18 0.4230 0.0220 0.01414 0.00033
12 0.0467 0.0021 2.29 0.14 0.3630 0.0210 0.01148 0.00035
13 0.0593 0.0025 3.69 0.16 0.4520 0.0210 0.01387 0.00038
14 0.0590 0.0027 3.15 0.16 0.3900 0.0220 0.01324 0.00028
15 0.0837 0.0035 6.82 0.23 0.5820 0.0210 0.01617 0.00040
16 0.0654 0.0037 4.52 0.23 0.4920 0.0360 0.01546 0.00038
17 0.0697 0.0035 4.84 0.25 0.5040 0.0290 0.01454 0.00033
18 0.0736 0.0034 5.46 0.23 0.5410 0.0230 0.01540 0.00037
19 0.0666 0.0035 4.36 0.23 0.4760 0.0290 0.01420 0.00034
20 0.0658 0.0024 4.49 0.33 0.5030 0.0330 0.01420 0.00120
21 0.0683 0.0021 4.87 0.38 0.5370 0.0360 0.01460 0.00120
22 0.0689 0.0021 4.47 0.33 0.4740 0.0320 0.01520 0.00120
23 0.1027 0.0045 9.24 0.35 0.6440 0.0250 0.01692 0.00038
24 0.0847 0.0040 6.72 0.30 0.5690 0.0260 0.01581 0.00036
Sample: Y37
1 0.1190 0.0055 10.36 0.44 0.6240 0.0350 0.02514 0.00070
2 0.1169 0.0051 10.38 0.33 0.6420 0.0290 0.02362 0.00054
3 0.0897 0.0036 8.00 0.25 0.6440 0.0210 0.02153 0.00047
4 0.0844 0.0036 7.25 0.22 0.6210 0.0230 0.02059 0.00046
5 0.0706 0.0028 5.76 0.22 0.5880 0.0220 0.01907 0.00040
6 0.0997 0.0067 9.01 0.71 0.6470 0.0300 0.02370 0.00110
7 0.0951 0.0045 7.85 0.34 0.5990 0.0240 0.01822 0.00057
8 0.0537 0.0022 3.67 0.14 0.4880 0.0170 0.01648 0.00038
9 0.1958 0.0052 21.80 1.70 0.8070 0.0690 0.04480 0.00460
10 0.0843 0.0025 7.50 0.62 0.6540 0.0560 0.01640 0.00170
11 0.0793 0.0031 6.62 0.60 0.6020 0.0520 0.01480 0.00150
12 0.0778 0.0018 6.08 0.47 0.5660 0.0480 0.02010 0.00210
13 0.1162 0.0026 11.17 0.87 0.7160 0.0600 0.02510 0.00260
14 0.1115 0.0024 10.85 0.85 0.7130 0.0610 0.02330 0.00240
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deformation and mylonitization of the syenite in a deep-crustal shear
zone; (3) brittle deformationduring exhumation, resulting in cataclastic
overprinting of ductilely deformed syenite; and (4) repeated infiltration
of hydrothermal fluid along the brittle–ductile shear zone, resulting in
several stages of alteration. The injection of the ore-forming fluids
Table 10
LA-ICP-MS U–Pb age data for allanite-rimmed apatite from magnetite ore in the Yangyang are

Spot 206Pb/238U ±1σ 207Pb/235U ±1σ 20

Sample: B1
1 0.05750 0.00110 4.43 0.34 0.
2 0.06130 0.00180 4.77 0.41 0.
3 0.05800 0.00130 4.26 0.33 0.
4 0.04980 0.00100 3.45 0.29 0.
5 0.07590 0.00190 6.36 0.50 0.
6 0.09300 0.00200 8.60 0.70 0.
7 0.09160 0.00860 8.60 1.20 0.
8 0.06720 0.00190 5.66 0.45 0.
9 0.13300 0.01000 13.60 1.60 0.
10 0.06850 0.00150 5.61 0.46 0.
11 0.10060 0.00470 9.63 0.95 0.
12 0.05520 0.00120 3.85 0.31 0.
13 0.08740 0.00280 7.87 0.68 0.
14 0.07590 0.00130 6.33 0.49 0.
15 0.07450 0.00180 5.83 0.46 0.
16 0.05740 0.00140 4.35 0.35 0.
along a structurally weak zone with crushed particles enhanced the
fluid–rock interactions.

This first discovery of IOA-type mineralization on the Korean Penin-
sula is genetically related to Triassic post-collisional magmatismwithin
the Gyeonggi Massif, South Korea.
a, South Korea.

7Pb/206Pb ±1σ 208Pb/232Th ±1σ Age (Ma)

151 ± 13
5680 0.0480 0.03760 0.00410
5630 0.0480 0.03950 0.00440
5320 0.0440 0.03480 0.00360
5100 0.0440 0.03210 0.00360
6180 0.0520 0.04440 0.00480
6810 0.0570 0.06500 0.00720
6710 0.0620 0.06280 0.00890
5950 0.0510 0.04790 0.00520
7490 0.0630 0.10600 0.01600
6010 0.0500 0.04800 0.00530
6830 0.0580 0.08900 0.01100
5080 0.0430 0.02510 0.00270
6500 0.0540 0.04750 0.00560
6030 0.0500 0.05320 0.00560
5770 0.0490 0.04340 0.00440
5510 0.0470 0.02950 0.00320



100000

10000

1000

100

100 1000 10000

V
 (

pp
m

)

Ti (ppm)

BIFs

Titaniferous
Fe-oxide ores (nelsonites)

Apatite-magnetite ores

Bafq Fe-oxide deposits

 Kiruna deposits

10000

1000

V
 (

pp
m

)

Bafq Fe-oxide deposits

 Kiruna deposits

BIFs

Titaniferous
Fe-oxide ores (nelsonites)

Apatite-magnetite ores

(A) Whole rock composition 

(B) Magnetite composition 

magnetite ore
magnetite-pyrite ore

100000100 1000 10000

Ti (ppm)

magnetite in magnetite ore
magnetite in magnetite-pyrite ore

100

Fig. 14. Major and trace element discrimination diagrams for ore rocks and minerals
(referencefields are after Loberg andHorndahl, 1983), comparedwithfields for theKiruna
deposit in Sweden (Nystrom and Henriquez, 1994) and Fe-oxide deposits in the Bafq dis-
trict, Iran (Daliran, 1990; Mosavi, 1994). (A) Whole-rock concentrations of titanium and
vanadium for the Yangyang ores. (B) Titanium and vanadium concentrations ofmagnetite
minerals from Yangyang deposit ore rocks. BIFs—banded iron formation.

Ta
bl
e
11

Re
pr
es
en

ta
ti
ve

re
su

lt
s
of

LA
-I
CP

-M
S
an

al
ys
es

of
tr
ac
e
el
em

en
ts

w
it
hi
n
m
ag

ne
ti
te

in
th
e
Ya

ng
ya

ng
ar
ea

,S
ou

th
K
or
ea

.

Ro
ck

ty
pe

M
ag

ne
ti
te

or
e

M
ag

ne
ti
te
–
py

ri
te

or
e

Sa
m
pl
e

YY
20

12
06

-1
-1

Y3
0

Y5
4

31
20

Y4
7a

YY
22

YY
20

10
A

98

Tr
ac
e
an

d
ra
re

ea
rt
h
el
em

en
ts

(p
pm

)
Ti

28
7.
2

24
8.
5

56
4.
2

11
80

.8
95

2.
9

24
09

.4
22

7.
0

19
1.
2

60
8.
0

47
9.
0

20
84

.0
54

0.
0

62
4.
0

64
8.
0

42
7.
8

47
0.
8

76
0.
0

V
59

1.
9

36
6.
9

59
4.
2

58
5.
3

69
1.
1

69
8.
6

38
1.
2

37
2.
9

53
7.
7

47
0.
1

10
11

.0
99

4.
0

30
7.
0

28
0.
0

20
8.
6

21
8.
3

25
2.
0

Si
16

92
.9

17
34

.4
16

89
.7

17
82

.3
23

58
.3

27
68

.2
19

48
.6

20
50

.4
17

78
.9

17
14

.8
b.
d.

b.
d.

24
39

.0
21

66
.0

15
94

.9
16

16
.2

11
69

.0
A
l

99
1.
7

11
35

.0
73

3.
8

10
80

.7
18

36
.6

16
05

.6
15

81
.9

11
42

.1
95

9.
5

53
9.
4

30
17

.0
24

35
.0

23
2.
0

22
0.
0

14
1.
2

13
5.
4

58
2.
0

M
g

11
5.
8

18
9.
8

45
.4

23
3.
4

65
8.
0

33
5.
4

19
6.
0

15
2.
6

14
5.
7

39
.4

22
2.
0

19
4.
0

79
5.
0

70
2.
0

73
0.
4

78
9.
5

21
7.
0

M
n

14
18

.2
12

29
.7

15
66

.2
21

19
.8

15
37

.4
21

92
.2

14
49

.1
12

36
.7

15
82

.5
13

54
.5

12
75

.0
13

74
.0

15
13

.0
16

31
.0

18
11

.1
15

17
.2

13
37

.0
Zn

29
4.
0

21
6.
5

14
9.
2

31
8.
0

54
6.
2

70
8.
0

55
4.
3

77
7.
0

32
8.
7

30
6.
9

37
6.
0

10
0.
1

13
6.
0

20
9.
0

12
6.
7

10
3.
9

84
.0

Ca
b.
d.

27
.7

b.
d.

b.
d.

27
.7

86
2.
4

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

b.
d.

N
i

33
.0

28
.4

23
.0

20
.3

24
.1

22
.7

34
.5

24
.7

25
.7

23
.6

12
.5

12
.4

4.
0

7.
0

21
.6

22
.8

9.
0

Cr
4.
2

b.
d.

1.
4

1.
1

7.
4

8.
6

0.
7

0.
7

1.
6

2.
3

6.
0

4.
0

8.
0

6.
0

8.
6

3.
7

1.
0

N
ot
e:

b.
d.

=
be

lo
w

de
te
ct
io
n
lim

it
s.

a
D
is
se
m
in
at
ed

m
ag

ne
ti
te
.

133J. Seo et al. / Ore Geology Reviews 70 (2015) 110–135
7. Conclusions

Regional Fe–P mineralization in the Yangyang deposit resulted
from the injection of magmatic, saline hydrothermal fluids through
a shear zone within the host Triassic syenite. Multiple alteration
episodes clearly overprint the ductile and/or brittle structural features.
The alteration patterns show an evolutionary trend of overprinting
by Ca (–Na), Ca, Ca–K, K, and phyllic alteration events. Sphene occurs
mainly within the Ca and Ca–K alteration products, whereas apatite
occurs mainly within Ca–K and K alteration products, and is accompa-
nied by iron mineralization. The SHRIMP U–Pb zircon age and whole-
rock chemistry of the Yangyang syenite indicates that it was intruded
at 233 Ma in a post-collisional tectonic setting. After intrusion,
the syenite body was ductilely deformed, followed by exhumation and
brittle deformation. Fe–P mineralization developed along a weak
shear zone during multiple successive alterations. The LA-ICP-MS U–
Pb ages of sphene and apatite reveal that the Fe–P mineralization oc-
curred at 220–210 Ma. Subsequent resetting occurred at 208–151 Ma
when the U–Pb system was disturbed by Jurassic and Cretaceous
magmatism.
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