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Abstract: High-grade Zr–Nb–Y–rare earth element (REE) mineralization occurs as
zircon–allanite–magnetite bands in layered Paleozoic alkali rocks which intruded the Gyemyeongsan
Formation of the Chungju unit, South Korea. The mineralization period and genesis have been
controversial. We investigated the petrological and mineralogical properties of the newly discovered
zircon–allanite–magnetite bands and the geochronological properties of zircon within the bands in the
alkali granite. We analyzed the zircon with laser ablation multi-collector inductively coupled plasma
mass spectrometry (LA-MC-ICP-MS). The repeated quartz–feldspar-rich layers in the alkali granite
show grain-sized grading textures and equilibrium igneous textures. Magnetite and allanite grains in
these layers varied in size and exhibited isolated, aggregated, and coalesced textures. In addition,
the settling texture of zircon grains onto the other minerals was observed. These observations could
reasonably be explained by the process of gravitational accumulation during the solidification of
magma. The 206Pb/238U ages obtained from zircon from the zircon–allanite–magnetite-rich layer and
the alkali aplite were 331.1 ± 1.5 Ma and 334.5 ± 8.9 Ma, respectively. Therefore, we suggest that
the Zr–Y–Nb–REE mineralization developed in the alkali rocks and the Gyemyeongsan Formation
in the Chungju unit were formed by fractional crystallization of alkali magma and hydrothermal
fluids which evolved from alkali magma fractional crystallization, respectively. The correlation
between alkaline granite and REE mineralization found in this study could be used as a tool for REE
exploration in other regions where the permeable geological unit is intruded by the alkali granite.

Keywords: Zr–Nb–Y–REE mineralization; zircon–allanite–magnetite band; layered alkali granite;
fractional crystallization; coalescence; settling

1. Introduction

The Chungju deposit is located in the central part of the southern Korean Peninsula (Figure 1). The
deposit contains especially high grades of zirconium (ZrO2 = 9.6–25.3%), niobium (Nb2O5 = 1.2–2.3%),
yttrium (Y2O3 = 0.5–1.5%), and total rare earth elements (REE; REE2O3 = 1.07–2.7%) [1,2]. This
deposit is hosted in the Gyemyeongsan Formation [1–3], which belongs to the Chungju unit and is
located in the northwestern region of the Okcheon Metamorphic Belt (Figure 1). The presence of
REE mineralizations in the Chungju area, including geochemical data for some REE minerals, was
first reported in 1989 [3]; this was followed by reports on the genesis of REE mineralizations [1,2].
In addition, the chemical compositions of the alkali granite [4] and REE-bearing minerals [5,6], and the
associated uranium and thorium mineralization [7], have also been studied. Previous studies [1,2,4–7]
that have been carried out in the present study area report mineralized zones that were developed by
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alkaline hydrothermal alteration (330 ± 20 Ma; [1]) derived from alkali granitic rocks (331 ± 20 Ma; [2].
However, the Sm–Nd age of the whole rock is not widely accepted because of the wide error range of
the analytical method. Recently, mineral chemistry of some REE minerals [8] from the Gyemyeongsan
Formation in the Chungju REE deposit, as well as their ages of mineralization (allanite; 446 ± 8.0,
300–220, 199–183 Ma [9]), are reported. Studies were conducted on samples from Mt. Eorae, which is
located approximately 6 km to the west of the study area [3,8,9]. The REE contained in alkali volcanic
rocks, which were formed by the disruption of the supercontinent Rodinia, were concentrated by
episodic tectonothermal events [9]. Here, we investigated the petrological and mineralogical properties
of zircon–allanite–magnetite bands and the geochronological properties of zircon within the bands
in alkali granite using multi-collector inductively coupled plasma mass spectrometry (ICP-MS). In a
previous study, the zircon ages were not obtained because the grain size was too small to analyze. As a
result, we suggested that the Zr–Nb–Y–REE mineralization occurred within the alkali granite during
the fractional crystallization of alkali magma in the Paleozoic period. Furthermore, alkali fluid derived
from alkali magma mineralized the Gyemyeongsan Formation.
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Figure 1. The location of the Chungju deposit and its geological setting. (a) A simplified map showing
the tectonic provinces of East Asia, including the Korean Peninsula, modified from Reference [9]. (b) A
geological map showing the stratigraphic/lithotectonic units of the Okcheon Metamorphic Belt and the
Taebaeksan Basin, modified from Reference [9]. (c) A geological map of the studied area, modified
from Reference [1].
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2. Geological Setting

The Korean Peninsula comprises three major Precambrian massifs, namely, the Nangrim, Gyeonggi,
and Yeongnam massifs (Figure 1). The Gyeonggi and Yeongnam massifs are separated by the
Okcheon Belt that comprises the weakly metamorphosed Paleozoic Taebaeksan Basin and the Okcheon
Metamorphic Belt (OMB). The OMB mainly consists of metasedimentary and metavolcanic sequences
that range in metamorphic grade up to amphibolite facies conditions [10]. The OMB can be correlated
with the suture zone between the Yangtze and Cathaysia blocks [11] because the suture zone in the
South China Block was reactivated as a rift at 820–750 Ma during the breakup of the supercontinent
Rodinia [12], which caused rift-related bimodal volcanism (756 Ma) in the OMB [13]. The OMB has
been interpreted to represent a stack of syn-metamorphic nappes [14,15] that comprise, from bottom to
top, the Chungju, Turungsan, Pinbanryeong, Iwharyeong, and Poeun structural units (Figure 1). The
alkali granite and Zr–Nb–Y–REE mineralization are located within the Gyemyeongsan Formation in the
Chungju unit (Figure 1), which is mainly composed of schistose rocks and iron-bearing quartzites [1].
The schistose rocks are the dominant rock type of the Gyemyeongsan Formation, and they are derived
from lavas and tuffs [16]. The quartz–feldspar schist which is one of the schistose rocks contains
substantial amounts of REE-bearing minerals, such as allanite, sphene, pyrochlore, and zircon [1]. The
iron-bearing quartzite is commonly intercalated with schistose rocks. The granitic rocks that intruded
into the Gyemyeongsan Formation occur as plutons, stocks, and dikes (Figure 1). These granitic rocks
include Mesozoic biotite granite and hornblende granite, and the Paleozoic alkali granite (Figures 1c
and 2).
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Figure 2. Layered alkali rocks. (a) The alkali granite intruded into the Gyemyeongsan Formation.
(b) The quartz–feldspar (qz–fds)-rich layer and zircon–allanite–magnetite (zrn–aln–mag)-rich layer
of the layered granite have a gradational relationship with the layered aplite. Pencil magnet: 12.5
cm. (c) Discontinuous and fragmented quartz–feldspar-rich and zircon–allanite–magnetite-rich layers.
Pencil magnet: 12.5 cm. (d) Fluorite-rich (more than 1%) aggregate occur in the layered granite.
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3. Methods

Multi-Collector Laser Ablation (LA)-ICP-MS

Zircons collected for U–Pb isotopic analyses were mounted as rock chips in epoxy resin. We
analyzed the zircons with a Nu Plasma II Multi-collector ICP-MS coupled to a New Wave Research
193 nm ArF excimer Laser Ablation system at the Korea Basic Science Institute, Ochang (Cheongju,
Korea). This technique is very similar to that published by Paton et al. [17]. Samples were ablated
in helium (He) gas (with a flow rate of 970 mL/min). Prior to entering the plasma, the He aerosol
was mixed with Ar (flow rate = 600 mL/min). All analyses were completed in static ablation mode
under normal conditions, including a beam diameter of 7 to 15 µm, a pulse frequency of 5 Hz, and a
beam energy density of 2.81 J/cm2. A single U–Pb measurement included 30 s of on-mass background
measurement, followed by 30 s of ablation with a stationary beam. The masses of 202, 204, 206, 207,
and 208 were measured in secondary electron multipliers, and masses 232 and 238 were measured in an
extra-high-mass Faraday collector. 235U was calculated from the signal measured at mass 238, with the
238U/235U = 137.88. Mass 204 was used to monitor common 204Pb after discarding the 204Hg background.
In ICP-MS analyses, 204Hg mainly originates from the He supply. The background counting rate
on mass 204 was calculated on the basis of 202Hg. Age-related common lead correction [18] was
used when the analysis revealed common lead contents above the detection limit. Two calibration
standards were run in duplicate at the beginning and end of each analytical session, as well as at regular
intervals during each session. Raw data were corrected for background, laser-induced elemental
fractionation, mass discrimination, and drift in ion counter gains; they were then reduced to U–Pb
isotope ratios by their calibration to concordant reference zircons of known ages, with protocols
adapted from Andersen et al. [19]. The standard zircons (1065 Ma; [20]) and Plešovice (337 Ma; [21])
were used for this calibration. Data processing and age calculations were performed off-line with
the Iolite 2.5 [17] and Isoplot 3.71 [22] software programs. To minimize the effects of laser-induced
elemental fractionation, the depth-to-diameter ratio of the ablation pit was kept low, and isotopically
homogeneous segments of time-resolved traces were calibrated against the corresponding time interval
for each mass in the reference zircon. To compensate for drift in instrument sensitivity and Faraday
versus electron multiplier gain within an analytical session, a correlation of signal versus time was
assumed for the reference zircons. All ages were calculated with 2σ errors and without decay constant
errors. Datapoint error ellipses in all figures are presented at the 2σ level.

4. Results

4.1. Alkali Granites and Zr–Nb–Y–REE Mineralization

The Paleozoic alkali granites occur as small-scale stocks and dikes (Figure 1) that are closely
associated with iron and Zr–Nb–Y–REE mineralization in the Gyemyeongsan Formation [1]. The alkali
rocks that contain the Zr–Nb–Y–REE mineralization are 50–100 m thick and approximately 1.2 km
long, and they have a NE–SW-trending strike (Figure 1; [1]). Distinguishable parts that are especially
enriched in Zr, Nb, Y, and REE (i.e., zircon–allanite–magnetite-rich parts) have developed in the alkali
rocks (Figures 2 and 3). These parts are separated into six bodies by a N–S-trending fault (Figure 1; [1]).
In some parts of the alkali rocks (granite and aplite), fine- to medium-grained, layered textures are
observed (Figures 2 and 3).
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Figure 3. Representative Zr–Nb–Y–rare earth element (REE)-enriched alkali rocks from the Chungju
deposit. (a) Sharp contact between a zircon–allanite–magnetite-rich layer and layered alkali aplite. (b)
Sample in (a) under UV illumination. The yellow emission is attributed to uranium activation [23].
(c) Layered alkali granite showing repeated grain-size grading in quartz–feldspar-rich layers and
zircon–allanite–magnetite-rich layers. (d) Sample in (c) under UV illumination. Under UV radiation
(254 nm), zircon shows a distinctive yellow fluorescence color.

4.2. Layered Alkali Granite

Layered alkali granite was observed in the study area. The layered alkali granite (Figures 2
and 3) could be divided into two parts on the basis of mineral assemblage and texture (i.e.,
zircon–allanite–magnetite-rich layers and quartz–feldspar-rich layers). The layers were discontinuous
and varied in thickness from 1 cm to 50 cm (Figures 2 and 3).

4.2.1. Quartz–Feldspar-Rich Layer

The quartz–feldspar-rich layers exhibited repeated grain-size grading, in which K-feldspar (mostly
microcline), quartz, and rare albite (Figures 3 and 4) comprised a fine- to medium-grained fining upward
texture (Figure 3). Isolated microcrystalline zircon was distributed within the quartz, orthoclase, and
microcline as inclusions (Figure 4a). The quartz–feldspar-rich layers exhibited equilibrium igneous
textures such as euhedral and subhedral crystals with sharp boundaries (Figure 4a). In addition,
graphic textures were observed in microscopic observations (middle of Figure 4a). The repeating
quartz–feldspar-rich and zircon–allanite–magnetite-rich layers had sharp contacts (Figures 2 and 3).
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Figure 4. Representative Zr–Nb–Y–REE-enriched alkali rocks from the Chungju deposit. (a)
Quartz–feldspar-rich layer from layered granite. Zircon occurred as an inclusion within quartz
and K-feldspars, and a graphic texture was observed. (b) Zircon–allanite–magnetite-rich layer from
layered granite. Zircon, allanite, and magnetite were co-precipitated along with quartz and K-feldspar.
(c,d) Paragenetic association of zircon in a zircon–allanite–magnetite-rich layer. The white-colored
regions were mostly composed of zircon aggregates. Note that magnetite grains exhibited various
sizes and habits. (e,f) Shape preferred orientation of biotite grains, and ubiquitous zircon in layered
aplite. (g) Alkali aplite comprising allanite aggregates, K-feldspar, magnetite of variable grain size,
and microcrystalline zircon. (h) Zircon was ubiquitous as inclusions in quartz and K-feldspar grains
(poikilitic texture) in alkali aplite. Abbreviations: qz (quartz), kfs (K-feldspar), mag (magnetite), aln
(allanite), zrn (zircon), bt (biotite), chl (chlorite), eux (euxenite), fs (fergusonite), cb (columbite).

4.2.2. Zircon–Allanite–Magnetite-Rich Layer

Highly concentrated zones of zircon, allanite, and magnetite formed layers in the alkali granite
(Figures 2, 3 and 5). These parts mainly comprised aggregates of microcrystalline zircon and magnetite,
allanite, biotite, quartz, K-feldspar, and minor chlorite after biotite (Figure 4). The contents of quartz
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and K-feldspar were partially variable in the layer. In this layer, some REE minerals such as allanite,
fergusonite, columbite, and euxenite (which have not yet been named with an official nomenclature)
were observed (Figures 5 and 6). The magnetite present varied in grain size (from 1 µm to 1 mm)
and form (Figure 4c,d and Figure 6a–d). Isolated grains reached up to approximately 1 µm in size,
and aggregates varied in size up to 1 mm. Elongated aggregates of euhedral magnetite grains were
observed, and anhedral coarse grains exhibited coalesced textures (Figure 4c,d and Figure 6a–d). These
observations suggest that magnetite grains aggregated and coalesced during the solidification of
the melt.
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Figure 5. Photographs of part of an allanite-rich, zircon–allanite–magnetite-rich layer.
(a) Zircon–allanite–magnetite-rich layer, which mostly consisted of zircon, magnetite, and various
shaped allanite. (b) The zircon showed a distinctive yellow fluorescence color. (c) Euhedral laths of
allanite. (d,e) Euhedral and aggregated allanite. (f) Coalesced allanite. Note the systematic change of
texture of allanite grains from top to bottom in the sample.
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Figure 6. Photomicrographs of zircon aggregate from zircon–allanite–magnetite-rich layers in layered
granite and layered aplite. (a,b) Back-scattered electron (BSE) images of the zircon–allanite–magnetite
layer from layered granite. Note that aggregates of zircon showed crystal settling textures upon
magnetite, quartz, and K-feldspar grains. (c) BSE image of a zircon–allanite–magnetite-rich layer
in layered granite. (d) BSE image of alkali aplite showing a linear distribution of zircon grains.
(e) BSE image of zircon aggregates in a zircon–allanite–magnetite-rich layer. (f) Cathodoluminescence
(CL) image of same area as in (e), showing euhedral microcrystalline zircon aggregates. Note that
zircons showed very fine (several micrometers) oscillatory zoning. (g) BSE image of zircon aggregates
in a zircon–allanite–magnetite-rich layer. (h) Cathodoluminescence (CL) image of same area as in
(g), showing euhedral microcrystalline zircon aggregates. Again, zircons showed very fine (several
micrometers) oscillatory zoning.
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The allanite-rich parts of the zircon–allanite–magnetite-rich layers mainly consist of allanite,
zircon, and magnetite (Figure 5). In these parts, allanite showed various shapes and sizes, such as
lath-shaped euhedral allanite grains (1–6 mm in size; c axis), aggregated allanite (up to 1 cm), and
coalesced allanite (up to 2 cm). Microcrystalline zircon grains filled the space between aggregated
allanite (Figure 5c–e). These observations suggest that the allanite grains also aggregated and coalesced
during the fractional crystallization and solidification of melt.

The microcrystalline zircon grains that comprised the aggregates in zircon–allanite–magnetite-rich
layers exhibited fine (up to 2 µm) oscillatory zoning (Figure 6e–h) in cathodoluminescence (CL) and
back-scattered electron (BSE) images. In BSE images, microcrystalline zircon displayed crystal settling
textures upon magnetite, quartz, and K-feldspar grains (Figure 6a,b).

4.3. Layered Alkali Aplite

The linear texture in the layered aplite could be recognized by the distinctive yellow fluorescence
color of zircon under ultraviolet (UV) illumination (Figure 3a,b). The layered aplite was mainly
composed of fine-grained K-feldspar (major microcline and minor orthoclase), quartz, biotite,
magnetite, microcrystalline zircon, and REE minerals (Figure 4e–h). Zircon grains were ubiquitously
dispersed within the sample, and magnetite aggregates observed (Figures 4e–h and 6d). Zircon
grains also occurred as aggregates in the rock matrix and as inclusions in quartz and feldspar grains
(Figure 4h). Linear aggregates of microcrystalline zircon and biotite grains that are parallel to
zircon–allanite–magnetite-rich layers were also present (Figure 3a,b and Figure 4e,f).

4.4. Geochronology

Constraining the age of the Zr–Nb–Y–REE mineralization at Chungju is important for
understanding the genesis of the deposit. In previous studies, the zircon ages were not obtained
because the grain size was too small to analyze. In this study, we analyzed U–Th–Pb isotope
systematics (Table 1) in zircon from the zircon–allanite–magnetite-rich layers and the alkali aplite
(Figures 3 and 6) with a laser ablation multi-collector inductively coupled plasma mass spectrometry
(LA-MC-ICP-MS). The analysis of cathodoluminescence images (Figure 6f,h) revealed that the zircons
from the zircon–allanite–magnetite-rich layers comprised aggregated euhedral microcrystalline grains
with micron-sized oscillatory zoning (up to several micrometers in size). The 206Pb/238U ages obtained
from zircon from the zircon–allanite–magnetite-rich layer and the alkali aplite were 331.1 ± 1.5 Ma and
334.5 ± 8.9 Ma, respectively (Figure 7). Especially, the zircons from the zircon–allanite–magnetite-rich
layers recorded a narrow range of Th/U ratios (0.69 to 0.75).

Table 1. Laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS)
U–Pb–Th isotopic analytical data for zircon from zircon–allanite–magnetite-rich layers and alkali aplite.

Andersen Corr. Age [24]

Type No. U
(ppm)

Th
(ppm) Th/U 206Pb/238U 2σ 207Pb/206Pb 2σ 206Pb/238U 2σ

Zircon–allanite–
magnetite-rich

layer

1 308.0 218.0 0.71 0.052590 0.000760 0.053180 0.000900 330.4 4.7
2 272.2 201.4 0.74 0.052880 0.000440 0.050950 0.000820 332.2 2.7
3 258.0 190.9 0.74 0.052000 0.000750 0.050800 0.001000 326.8 4.6
4 271.0 199.0 0.73 0.052310 0.000530 0.049400 0.001000 328.7 3.2
5 270.3 193.3 0.72 0.053230 0.000590 0.051620 0.000930 334.3 3.6
6 257.5 188.1 0.73 0.053110 0.000740 0.048760 0.000780 333.6 4.5
7 247.7 178.5 0.72 0.052640 0.000550 0.048910 0.000780 330.7 3.4
8 253.9 189.9 0.75 0.052750 0.000430 0.052930 0.000720 331.4 2.6
9 254.1 181.9 0.72 0.052230 0.000380 0.048440 0.000770 328.2 2.3

10 265.5 191.2 0.72 0.053310 0.000490 0.053110 0.000610 334.8 3.0
11 250.1 183.0 0.74 0.053630 0.000660 0.051420 0.000920 336.8 4.0
12 259.2 190.7 0.74 0.052370 0.000410 0.051750 0.000930 329.0 2.5
13 253.6 184.8 0.72 0.052970 0.000580 0.050530 0.000930 332.7 3.5
14 281.9 194.5 0.69 0.052580 0.000400 0.047050 0.000540 330.3 2.4
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Table 1. Cont.

Andersen Corr. Age [24]

Type No. U
(ppm)

Th
(ppm) Th/U 206Pb/238U 2σ 207Pb/206Pb 2σ 206Pb/238U 2σ

Alkali aplite

1 164.0 79.5 0.51 0.053400 0.002400 0.046170 0.000190 335.0 15.0
2 112.0 67.0 0.45 0.050600 0.003800 0.048900 0.001300 318.0 24.0
3 178.0 75.4 0.41 0.050000 0.002000 0.049600 0.002100 315.0 13.0
4 150.8 89.9 0.59 0.051900 0.002300 0.048000 0.002500 326.0 14.0
5 78.0 48.2 0.60 0.052500 0.001400 0.047450 0.000760 329.0 8.0
6 36.3 19.4 0.48 0.053100 0.003800 0.049600 0.001200 333.0 23.0
7 145.0 108.0 0.71 0.051200 0.001800 0.046970 0.000660 322.0 11.0
8 189.0 131.0 0.68 0.054800 0.001500 0.048900 0.002400 344.0 9.0
9 240.7 120.5 0.51 0.052800 0.003600 0.046076 0.000005 332.0 22.0

10 198.0 136.0 0.68 0.055900 0.001300 0.046082 0.000012 351.0 8.0
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Figure 7. U–Pb isotope analyses. (a) Photomicrograph of zircon from a zircon–allanite–magnetite-rich
layer. (b) Tera–Wasserburg Concordia diagram. The open circles mark alkali aplite, and the red
ellipses mark zircon–allanite–magnetite-rich layers. (c) Weighted average zircon U–Pb ages of the
zircon–allanite–magnetite-rich layers. (d) Ages of the alkali aplite from the Chungju deposit.

5. Discussion and Conclusions

In this study, the microcrystalline zircons from the zircon–allanite–magnetite-rich layers exhibited
oscillatory zoning and aggregated textures up to several hundred micrometers in scale, and magnetite
crystals exhibited various sizes and textures, appearing as isolated, aggregated, and coalesced grains
(Figures 4 and 6). In addition, the settling textures of zircon onto magnetite, quartz, and feldspar grains
were observed in BSE images (Figure 6). Furthermore, in an allanite-rich region (Figure 5), lath-shaped
euhedral allanite, aggregated allanite, and coalesced allanite grains were systematically observed within
zircon–allanite–magnetite-rich layers. Layered textures have been reported in highly fractionated
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granites with low viscosity [25–30]. The observation that the grain size becomes finer at the top of the
layer and the alternating textures of the quartz–feldspar-rich and zircon–allanite–magnetite-rich layers
of the layered granite can most reasonably be explained by the process of gravitational accumulation
during a late magmatic stage [31–33].

Zirconium and other incompatible elements such as REE, Nb, Y, Th, and U can be highly mobile
in alkali- and fluorine-rich granitic systems [34–39] and can be concentrated in evolved granitic and
pegmatitic melts by fractional crystallization [40–42]. The occurrence of more than 1% fluorite, various
REE minerals, and high contents of K-feldspars in the Chungju alkali rocks match well with the results
of these studies.

The 238U/206Pb ages of the zircon from the zircon–allanite–magnetite-rich layers and the alkali
aplite were 331.1 ± 1.5 Ma and 334.5 ± 8.9 Ma, respectively. These ages were within the error of the
previously reported Sm–Nd ages of the REE mineralization (330 ± 20 Ma; [1]) and the alkali granite
(331 ± 20 Ma; [2]). This indicates that these ages are reliable and that Carboniferous alkali granite is
related with Zr–Nb–Y–REE mineralization in the Chungju area. The restricted range and high values
of their Th/U ratios (0.69–0.75) of zircon from zircon-allanite-magnetite-rich layers indicate that zircons
were formed during one magmatic event [43] and were not affected by epigenetic activities.

In conclusion, the layered part in the alkali granite found in the Chungju area, which contains
layers with especially high contents of zircon, allanite, and REE minerals, was formed during the
fractional crystallization of alkali magmas during the Carboniferous period. Further, evolved fluid
which formed during alkali magma fractional crystallization caused the Zr–Nb–Y–REE mineralization
in the Gyemyeongsan Formation [1,2]. Subsequently, it is assumed that Zr and REE were redistributed
in the Gyemyeongsan Formation in two metamorphic events (Permian to Triassic, ca. 300–220 Ma;
and Early Jurassic, 199–183 Ma; [9]). This study revealed that the Zr–Nb–Y–REE mineralization was
associated with alkali magmatism in the Chungju unit. The correlation between alkaline granite and
REE mineralization found in this study could be used as a tool for REE exploration in other regions
where an alkaline granite is intruded by a permeable geologic unit.
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