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Abstract: The Jangsu-gun area in the central Southwestern South Korea consists of a well-preserved
Middle Paleoproterozoic gneissic basement, as well as the Late Triassic and Early Jurassic granitic
rocks. Here, we present the detailed zircon U-Pb age data and whole-rock chemical compositions,
including radioactive elements (e.g., U and Th) and activity concentrations of 22°Ra, 232Th and 4°K
for the Middle Paleoproterozoic gneisses, and Late Triassic and Early Jurassic granitic rocks of the
Jangsu-gun area. The Middle Paleoproterozoic gneissic basement, and the Late Triassic and Early
Jurassic granitic rocks have ages of ca. 1988 Ma and 1824 Ma, 230 Ma and 187-189 Ma, respectively.
Geochemically, the Middle Paleoproterozoic orthogneiss, Late Triassic granites and Early Jurassic
granitic rocks show typical arc-related metaluminous to weakly peraluminous fractionated granite
features with ASI (aluminum saturation index) values of 0.92 to 1.40. The mean values of U (ppm)
and Th (ppm) of the Middle Paleoproterozoic orthogneisses (6.4 and 20.5, respectively), Late Triassic
granites (1.5 and 10.9), and Early Jurassic granites (3.5 and 16.5) were similar to those (5 and 15)
of the granitic rocks in the Earth’s crust. The mean *?°Ra (Bq/kg), 2*Th (Bq/kg), and “°K (Bq/kg)
activity concentrations and radioactivity concentration index (RCI) are 62, 71, 1,214 and 0.96 for
the Middle Paleoproterozoic orthogneisses; 16, 39, 1,614 and 0.78 for the Late Triassic granites; and
56, 70, 1031 and 0.88 for the Early Jurassic granitic rocks, respectively. The U, Th, 226Ra, 232Th,
40K, and RCI of the Middle Paleoproterozoic biotite paragneisses are similar to those of the Middle
Paleoproterozoic orthogneisses. The trend of 226Ra, 232Th, and 40K activity concentrations, and the
composition of U and Th from the Precambrian and Mesozoic rocks in the Jangsu-gun area indicates
that monazite is the main accessory mineral controlling the concentration of natural radioactivity.
Based on a detailed examination of the natural radioactivity in the rocks of the Jangsu-gun area,
the Middle Paleoproterozoic orthogneisses and paragneisses, and Late Triassic and Early Jurassic
granitic rocks show average high mean RCI values of 0.88—0.96, such that 32% of the rocks exceeded
the recommended value of one in the guidelines for the RCI in South Korea. Especially, the RCI is
closely related to the radon levels in the rocks. As a result, the Jangsu-gun area in South Korea is a
relatively high radiological risk area, which exhibits higher indoor radon levels in the residences,
compared with residences in the other areas in South Korea.

Keywords: Middle Paleoproterozoic; Late Triassic; Early Jurassic; granitic rock; central Southwestern
South Korea; natural radioactivity

1. Introduction

All minerals and raw materials in the rocks present on Earth commonly contain
natural radioactive elements with radionuclides, but natural radioactivity exposures to
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humans are substantially lower than the normal background levels in human activity;
thus, there are no concerns regarding protection from radiation [1]. However, the natural
radioactivity in some rocks can also cause high radiation exposure [1-7]. These rocks
have been referred to as naturally occurring radioactive materials (NORMs). Among the
NORMs, radionuclides of the 233U and 2*2Th decay series, and “°K, which potentially occur
in the environment, are of the greatest interest. In addition, various social problems have
arisen because of long-lived radioactive elements (e.g., uranium [U], thorium [Th] and
potassium [K]) and their decay products (e.g., radium [Ra] and radon [Rn]) in household
goods and construction materials. In South Korea, NORMs, such as U and Rn in soil
or groundwater, have been investigated by the government for more than 20 years, and
their origins have been closely connected with geological factors, such as rock chemical
composition, deformation characteristics, and others [2-7].

In general, South Korea, in the southeastern part of the Asian continent (Figure 1A,B),
is likely to have been located near a boundary of the continental plates during the Pre-
cambrian to Phanerozoic, creating an environment in which various rocks (igneous rock,
metamorphic rock, and sedimentary rock) could form easily and be disrupted by igneous
activities [6,8-15]. The Precambrian to Phanerozoic granitic rocks generated by this igneous
activity occupy more than 40% of the land area in South Korea (Figure 1C) [11]. Consistent
with NORMs, U and Th are enriched from the mantle to the lower continental crust and
upper continental crust. Among the igneous rocks in the continental crust, U and Th are
more enriched in the granitic rocks. This enrichment is caused by the processes of partial
melting and fractional crystallization pertaining to granitic magma, which concentrate U
and Th in the liquid phase and then into more silica-rich granitic rocks [5,16-19].

In South Korea, the granitic rocks comprise more than 90% of the domestic stone
resources. Recently, natural rocks, in addition to building materials, have been presumed
to affect overall radioactivity. Therefore, in South Korea, a standard guideline for reducing
and managing radon in building materials has been applied since June of 2020, by a group
of government ministries (Ministry of Environment, Ministry of Land, Infrastructure and
Transport, and Nuclear Safety Committee) [20]. The essence of this guideline is to control
radon contamination from building materials, by introducing a standard value according to
the ‘radiation concentration index’, which is based on the radiological protection principles
pertaining to the natural radioactivity of building materials, established by the European
Union [21]. The target of management is natural stone-based materials that used as interior
materials for buildings and apartment houses. The radioactivity concentration index is
the ratio of the measured value to the combined radioactivity reference values of radium
(**%Ra), thorium (?*2Th), and potassium (49K), which are natural radioactive nuclides
included in building materials. When the three ratios are summed, the value is one or less.
The recommended standards for 22°Ra, 232Th, and 40K, which are natural radionuclides,
are 300 Bq/kg for radium, 200 Bq/kg for thorium, and 3000 Bq/kg for potassium [20].

Recently, the Jangsu-gun area in central Southwestern South Korea has higher indoor
radon levels in residential areas compared with other areas of South Korea. To understand
natural radioactivity from the granitic rocks in the Jangsu-gun area, we report the concen-
trations of radioactive elements, such as U, Th, and K, with the activity concentrations of
226Ra, 232Th and *’K for different Middle Paleoproterozoic, Late Triassic and Early Jurassic
granitic rock samples from the Jangsu-gun area. We also report the U-Pb zircon age and
geochemical data of the Middle Paleoproterozoic, Late Triassic and Early Jurassic granitic
rocks, to clarify the relationships between the concentration trends of natural radioactivity
and rock chemical composition.
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Figure 1. (A) Location map in the East Asian countries including South Korea, (B) tectonic map
of South Korea, and (C) geological map of South Korea showing the distribution of the Middle
Paleoproterozoic gneisses and Phanerozoic granitic rocks. HIB, Hongseong-Imjingang belt; GM,
Gyeonggi massif; OB, Okcheon belt; YM, Yeongnam massif; GB, Gyeongsang basin; YeB, Yeonil basin;
JVT, Jeju volcanic terrain.

2. Geological Setting

South Korea is located at the margin of the East Asian continent (Figure 1A). The
tectonic provinces of South Korea largely consist of Precambrian (mainly Middle Pale-
oproterozoic) basement rocks, such as those of the Gyeonggi and Yeongnam massifs.
The Precambrian basement rocks are separated by two narrow supracrustal units (the
Hongseong-Imjingang and Okcheon belts). These provinces also include the Cretaceous
Gyeongsang basin, Cenozoic Yeonil basin, and Jeju volcanic terrain, which formed after
East Asian continent—continent collision during the Mesozoic (Figure 1B).

The study area is located in the Jangsu-gun area of central Southwestern South Korea;
it is distributed within 35°28’ to 35°49’ N latitude and 127°22’ to 127°42’ E longitude,
and has a total area of approximately 533.43 km?. It is geologically located in the central-
western area of the Precambrian Yeongnam massif. In the Jangsu-gun area, there is a wide
distribution of the Middle Paleoproterozoic (2.02-1.96 Ga) basement gneisses, with minor
gneisses of ca. 1.82 Ga (Figure 2) [14]. The Middle Paleoproterozoic gneisses are mainly
intruded by the Late Triassic (ca. 230 Ma) and the Early Jurassic (187-180 Ma) granitic



Minerals 2021, 11, 684 40f17

rocks (Figure 2) [6,8-10,13,15,22-24]. The Middle Paleoproterozoic gneisses consist mainly
of paragneisses (biotite paragneiss) and orthogneisses (granite orthogneiss, leucogranite
orthogneiss, and porphyritic orthogneiss), with metasedimentary rocks (schist) and minor
pegmatitic dikes and amphibolites (Figure 3A-F). The Middle Paleoproterozoic parag-
neisses also include granite orthogneiss, and minor pegmatitic dikes and amphibolites. The
Middle Paleoproterozoic orthogneisses have well-developed gneissosity, with a K-feldspar
megacryst- or augen-bearing banded magmatic structure. They include mainly quartz,
plagioclase, biotite, and K-feldspar (microcline, and orthoclase), with or without horn-
blende and garnet. The Late Triassic granitic rocks are mainly porphyritic biotite granite,
with K-feldspar megacrysts (Figure 3G,H). The Early Jurassic granitic rocks are mainly
composed of hornblende-biotite granite, biotite granite, and two-mica granite with minor
diorite and gabbro (Figure 3I-L). The Late Triassic porphyritic biotite and the Early Jurassic
biotite, hornblende-biotite, and two-mica granites commonly include K-feldspar, plagio-
clase, quartz and biotite. However, the Early Jurassic hornblende-biotite and two-mica

granite are characterized by the occurrence of hornblende and muscovite, respectively.
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Figure 2. Sketch geologic maps of the Jangsu-gun area from the Southwestern Yeongnam massif, South Korea, showing the

locations of samples analyzed in the present study.



Minerals 2021, 11, 684 50f17

Middle Paleoproterozoic Middle Paleoproterozoic Middle Paleoproterozoic Middle Paleoproterozoic
Granite orthogneiss Granite orthogneiss Leucogranite orthogneiss Porphyritic orthogneiss

, (i
Middle Paleoproterozoic Late Triassic Late Triassic
Biotite paragneiss Porphyfitic biotite granite Porphyritic biotite granite

Early Jurassic Early Jurassic Early Jurassic Early Jurassic
Porphyritic biotite granite Biotite granite Porphyritic hornblende-bioti ite Two mica granite

L) )

Figure 3. Outcrop photographs showing (A,B) Middle Paleoproterozoic granite orthogneiss with magmatic flow struc-
ture, (C) Middle Paleoproterozoic leucogranite orthogneiss, (D) Middle Paleoproterozoic K-feldspar megacryst-bearing
porphyritic orthogneiss, (E,F) Middle Paleoproterozoic banded biotite paragneiss having alternation of biotite paragneiss
and granite orthogneiss, (G ,H) Late Triassic biotite granite with textures commonly characterized by K-feldspar megacrysts,
(L)) Early Jurassic porphyritic biotite granite, (K) hornblende-biotite granite with or without K-feldspar megacrysts, and (L)
Early Jurassic two-mica granite in the Jangsu-gun area.

3. Analytical Methods

Zircon Pb-Th-U isotopes were analyzed using a Nu Plasma II multi-collector in-
ductively coupled plasma mass spectrometer (LA-MC-ICPMS), equipped with a New
Wave Research 193-nm ArF excimer laser ablation system, at the Korea Basic Science
Institute (KBSI). For some samples, U-Pb dating was also performed using a sensitive
high-resolution ion microprobe (SHRIMP-Ile/MC) at the KBSI. Zircon grains were hand-
picked from heavy mineral concentrates and mounted in epoxy. Before analysis, the grains
were photographed under an optical microscope, and their internal zoning was imaged
by cathodoluminescence (CL) using a JEOL 6610LV scanning electron microscope at KBSI
(Figure 4). The conditions and data acquisition procedures were similar to those described
by Kim et al. [15]. All ages were calculated with 20 error, and data reduction was conducted
using Iolite 2.5 [25,26], SQUID 2.50 and Isoplot 3.71 [27,28]. The U-Pb results are listed in
Table S1, and are illustrated on concordia plots in Figure 5.

Seventy-seven whole-rock samples of the Middle Paleoproterozoic orthogneisses
and paragneisses, and Mesozoic granitic rocks were analyzed for major, trace, and rare
earth element (REE) abundances, using inductively coupled plasma atomic emission
spectrometry (ICP-AES) (ENVIRO II; Thermo Jarrel-Ash) and inductively coupled plasma
mass spectrometry (ICP-MS) (Optima 3000; Perkin-Elmer) at Activation Laboratories, Ltd.
(Ancaster, ON, Canada) (Table S2). The analytical uncertainties ranged from 1% to 3%.
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Figure 4. Scanning electron microscope (SEM) cathodoluminescence images of sectioned zircon
grains from (A,B) Middle Paleoproterozoic granite orthogneisses, (C) Late Triassic porphyritic
biotite granite, (D) Early Jurassic hornblende-biotite granite, (E,F) Early Jurassic biotite granites, and
(G) Early Jurassic two mica granite in the Jangsu-gun area.

Precise determination of the activity of naturally occurring radionuclides (*?°Ra, 2>2Th
and %K) was performed on seventy-seven whole-rock samples from the Jangsu-gun area,
and the radioactivity concentration index was calculated. Most of the nuclide analyses
were performed using a p-type high-purity germanium radiation detector (HPGe radiation
detector) at the Hanil Nuclear Power Co., Ltd. A multichannel spectrum analyzer (BSI
Hybrid, Latvia) was used for the measurement. The detector was calibrated through
self-absorption correction, according to the energy and efficiency calibration density of the
detector, using a geometrical standard source identical to the source used for the analysis
sample. Each analysis sample was subjected to sample pretreatment processes, such as
grinding, sieving, drying, mixing, and filling, using an aluminum mixing container; the
amount of the sealed sample was generally 300 g. In particular, the sample was sealed and
stored with consideration of the sample’s radial equilibrium time. The ?*°Ra in the sample
was measured after sealing and storing for more than three weeks, to prevent 2Rn from
escaping out of the measuring container. For 232Th, 228 Ac, a progeny of Th, was measured
immediately after sealing; “°K was also measured at that time. However, because it is
inefficient to perform several measurements per sample, the three nuclides were measured
concurrently using the p-type high-purity germanium (HPGe) radiation detector on the
radiation-equilibrated sample, after it had been sealed for 25 days. The ??°Ra, 23>Th, and
WK radioactivity concentrations obtained for each of the measured samples, together
with their corresponding total uncertainties, are summarized in Table S3. Importantly, no
radionuclides other than naturally occurring radionuclides were detected in the samples,
and the small contribution of the environmental y-ray background at the laboratory site
was subtracted from the spectra of the measured samples.
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Figure 5. Tera-Wasserburg concordia plots of LA-MC-ICPMS and SHRIMP U-Pb isotopic analyses
of zircons from the Middle Paleoproterozoic granite orthogneisses, Late Triassic and Early Jurassic
granites in the Jangsun-gun area. KJS-23-1 Middle Paleoproterozoic granite orthogneiss (A,B), JS-46
Middle Paleoproterozoic granite orthogneiss (C), JS-92 Late Triassic biotite granite (D), JS-53 and
KJS-04 Early Jurassic hornblende-biotite granites (E,F), K]S-24 Early Jurassic biotite granite (G), and
KJS-28 Early Jurassic two-mica granite (H).

4. Results
4.1. U-Pb Geochronology

Granite orthogneisses (KJ523-1 and JS-46) from the Middle Paleoproterozoic gneissic
rocks, one K-feldspar megacryst-bearing porphyritic biotite granite (JS-92) from the Late
Triassic granite, two hornblende-biotite granite (JS-53 and KJS-04), one biotite porphyritic
granite (KJS-24), and one two-mica granite (KJS-28) from the Early Jurassic granite in the
Jangsu-gun area were selected for dating (Figure 2). Zircons commonly had euhedral
shapes up to 50-350 um in diameter, with aspect ratios ranging from 1 to 4. All the grains
had strong oscillatory growth zoning, which is typical of magmatic origin (Figure 4).

Granite orthogneisses with biotite paragneiss are regionally exposed in the Jangsu-
gun area. Zircons from the granite orthogneisses in the biotite gneiss give dispersed ages
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along the discordance line, which projected to a Middle Paleoproterozoic upper concordia
intersection (Figure 5A,B). The precise estimate of the upper intersection age is obtained
if all of the data are combined in a single regression, yielding 1988.2 £ 3.0 Ma (n = 66 of
100, MSWD = 2.8). On the other hand, zircons from small stock-type granite orthogneiss
in granite orthogneiss and biotite paragneiss show younger Middle Paleoproterozoic
age, giving an upper intercept 2“Pb /2%Pb age of 1824.0 + 2.8 Ma (n = 29, MSWD = 2.2)
(Figure 5C). Late Triassic granite plutons are exposed as a dike type in the southern
part of the Jangsu-gun area. Zircons from the Late Triassic granite sample (KJS-24) give
a weighted mean 2%Pb /238U age of 230.4 & 1.2 Ma (Figure 5D). Early Jurassic granite
plutons are mainly exposed in the central part of the Jangsu-gun area. Zircons from the
hornblende-biotite granite samples (JS-53 and KJS-04) give weighted mean 2°Pb /23U
ages of 187.2 + 2.3 Ma and 181.8 & 0.4 Ma, respectively (Figure 5E,F). Zircons from the
biotite granite sample (KJS-24) give a weighted mean 2°°Pb /238U age of 184.8 + 0.4 Ma
(Figure 5G). Most of the analyzed zircons with oscillatory zoning from two-mica granite
give a weighted mean 2°°Pb /238U age of 180.3 + 1.6 Ma (Figure 5H).

4.2. Geochemistry

The Middle Paleoproterozoic granite orthogneisses, and Early Jurassic granitic rocks
from the Jangsu-gun area were mainly analyzed to determine their geochemical signatures
(Table S2). The Middle Paleoproterozoic biotite paragneisses and Late Triassic granites
were also analyzed to interpret geochemical characteristics in the Jangsu-gun area. On the
Si0O, versus NayO + K,O diagram, with fields defined by [29] (Figure 6), the ca. 1.99 Ga
Middle Paleoproterozoic samples mainly plotted in the diorite, quartz monzonite, quartz
diorite and granite fields. The ca. 1.82 Ga Middle Paleoproterozoic orthogneiss samples
are plotted in the quartz diorite and granite fields. The Late Triassic porphyritic granite
and Early Jurassic biotite granite samples are also plotted in the quartz diorite and granite
fields. The Early Jurassic hornblende-biotite granite samples are mainly plotted in quartz
diorite, and the Early Jurassic two-mica granite samples are plotted in the granite field.
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Figure 6. S5iO; wt.% versus NayO+K,;O wt.% diagram for the Middle Paleoproterozoic orthogneisses (A), and Late Triassic
granite and Early Jurassic granitic rocks (B) in the Jangsu-gun area.

The major element abundances plotted against SiO; of the orthogneisses (leucogranite
orthogneiss, porphyritic orthogneiss, and granite orthogneiss) with biotite paragneisses,
Late Triassic porphyritic granite and Early Jurassic granitic rocks show negative corre-
lations with Al,Os, Fe,O3*, MgO, CaO, P,0s5 and TiO;; they show no correlations with
K,O or NayO (Figure 7). The Middle Paleoproterozoic orthogneisses have most weakly
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peraluminous in an aluminum saturation index (ASI) defined by Shand [30], which ranged
from 0.95 to 1.20 (Figure 8). The Late Triassic porphyritic biotite granite and Early Jurassic
biotite, and two-mica granites are also weakly peraluminous (ASI = 1.00 to 1.39), with the
exception of one low ASI (0.7). The Early Jurassic hornblende-biotite granites ranged from
metaluminous to weakly peraluminous (ASI = 0.93 to 1.13).
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Figure 7. Plots of major elements (A) Al,O3, (B) Fe;O3%, (C) MgO, (D) CaO, (E) NayO, (F) K;O,
(G) P05, and (H) TiO, versus SiO, for the Middle Paleoproterozoic gneisses, Late Triassic granite,
and Early Jurassic granitic rocks in the Jangsu-gun area. Symbols are as in Figure 6.
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Figure 8. SiO; wt.% versus ASI diagram [30] for the Middle Paleoproterozoic orthogneisses
(A), and Late Triassic granite and Early Jurassic granitic rocks (B) in the Jangsu-gun area. ASI:
Al/(Ca—1.67P+Na+K). Symbols are as in Figure 6.

The chondrite-normalized rare earth elements (REE) distribution patterns of the
Middle Paleoproterozoic leucogranite orthogneiss, porphyritic orthogneiss, granite or-
thogneisses with biotite paragneisses, Late Triassic porphyritic granite and Early Jurassic
biotite granite, hornblende-biotite granite and two-mica granite have commonly light REE
enrichments (Figure 9). Most rock samples have moderately negative to strongly positive
Eu anomalies (0.4-2.86), but many Middle Paleoproterozoic granite orthogneiss samples
show strongly negative Eu anomalies (0.02-0.38). On the primitive mantle normalized
diagrams (Figure 9), the Middle Paleoproterozoic and Early Jurassic rock samples from
the Jangsu-gun area display large ion lithophile element (LILE) enrichment with Ta—Nb
troughs, as well as P and Ti depletions. The Middle Paleoproterozoic samples also show
Sr depletion, in comparison with the Late Triassic and Early Jurassic granite samples
(Figure 9).
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Figure 9. (A-D) Chondrite-normalized rare earth element (REE) patterns, and (E-H) primitive mantle-normalized trace
element distribution diagrams [31] for the Middle Paleoproterozoic orthogneisses, biotite gneisses, Late Triassic granite and
Early Jurassic granitic rocks in the Jangsu-gun area. Symbols are as in Figures 6 and 7.
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4.3. Gamma Nuclide Analysis

The activity concentrations of 2?°Ra, 222Th and “°K from the ca. 1.99 Ga orthogneisses
in the Jangsu-gun area are 19-42, 4667, and 1148-1621 Bq/kg for leucogranitic orthogneiss;
9-12, 3-86, and 929-1530 Bq/kg for porphyritic orthogneiss; and 21-241, 29-140, and
473-1857 Bq/kg for the granite orthogneiss, respectively. All the radiation concentration in-
dex (RCI) values are within the range of 0.48 to 1.98 (Figure 10A-C). Among the 21 samples,
10 samples showed a high RCI of 1.00 to 1.98 (Figure 10A-C). The concentrations of ?°Ra,
232Th, and K for the 2.02-1.96 Ga biotite gneisses with granite orthogneisses were 4-81,
4-94, and 421-1603 Bq/kg, respectively, and the RCI values are within an intermediate
range of 0.39 to 1.02 (Figure 10D). Two of the 21 samples show a value higher than 1.00.
In contrast, the concentrations of 22°Ra, 232Th, and *°K for the ca. 1.82 Ga small-stock-
type granite orthogneiss in the Jangsu-gun area are 6-16, 42-61, and 1083-1604 Bq/kg,
respectively; the RCI values are within the narrow range of 0.72 to 0.76 (Table S3).
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Figure 10. Plots of U and Th concentrations of geochemical analysis and the activity concentrations of 2°Ra, 232Th, 40K
and RCI values for (A-D) Middle Paleoproterozoic granite orthogneisses, (E) Late Triassic porphyritic biotite granite,
(F) Early Jurassic biotite granite, (G) Early Jurassic hornblende biotite granite, and (H) Early Jurassic two mica granite in the

Jangsu-gun area.

The concentrations of 22°Ra, 232Th and K for the Late Triassic (ca. 230 Ma) porphyritic
biotite granite are 5 to 19, 1 to 80, and 625 to 2,570 Bq/kg, respectively, and the RCI values
are within the intermediate range of 0.32 to 1.21 (Figure 10E). The concentrations of 226Ra,
232Th, and 4°K for the Early Jurassic (187-180 Ma) biotite granite are 13—422, 37-154, and
808-1,531 Bq/kg, respectively, and the RCI ranged from Middle to high values of 0.57 to
2.10 (Figure 10F). Six of the 13 samples have an RCI value higher than 1.00. The Early
Jurassic (187-180 Ma) hornblende-biotite granite has concentrations, for 2°Ra, 2*2Th and
40K, of 12-76, 43-173, and 630-960 Bq/kg, respectively; the RCI has a wide range of 0.56
to 1.12 (Figure 10G). Two among the eleven samples show a high activity concentration
index (1.02 and 1.12, respectively). The concentrations of 226Ra, 22Th, and %K of the
Early Jurassic (187-180 Ma) two-mica granite are 18-23, 16-46, and 1002-1191 Bq/kg,
respectively; the RCI had intermediate values of 0.54 to 0.69 (Figure 10H).
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5. Discussion
5.1. Petrogeneses of the Middle Paleoproterozoic Orthogneiss, Late Triassic Granite and Early
Jurassic Granitic Rocks of the Jangsu-gun Area

From the LA-MC-ICPMS and SHRIMP U-Pb zircon ages presented in this study, there
is the possibility to characterize the Middle Paleoproterozoic (ca. 1.99 Ga and ca. 1.82 Ga)
magmatic events, and Late Triassic (ca. 230 Ma) and Early Jurassic (187-180 Ma) magmatic
events in the Jangsu-gun area (Figure 8).

The trace elements and REE geochemical characteristics of them are similar to those of
subduction-related granitic rocks, with a subalkalic chemical trend. In the classification
established by Pearce et al. [32], they occupy the volcanic arc granitoid field (Figure 11).

(A) (B)
1000 Syn-COLG 1000 Syn-COLG
] ] WPG
_ ] _ ] ]
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2 3 = 3
s 7 o ] L
(h'd i (' ]
e L= VAG
3 3 ORG
1 T T lI\]IIl T T III\III T T III|H| 1 1 T T II[II|| T T IIIII\I T T IIIIIII 1
1 10 100 1000 1 10 100 1000
Y + Nb (ppm) Y + Nb (ppm)

Figure 11. Rb versus (Y + Nb) tectonic discrimination diagram for (A) the Middle Paleoproterozoic orthogneisses, and
(B) Late Triassic granite and Early Jurassic granitic rocks in the Jangsu-gun area. VAG, volcanic arc granites: ORG, ocean
ridge granites; WPG, within-plate granites; syn-COLG, syn-collision granites. Symbols are as in Figure 6.

The ASI values of the Middle Paleoproterozoic orthogneisses (1.0 to 1.1, except for
some samples with values 1.1 to 1.2) show the characteristics of weakly peraluminous
granites. Moreover, in many parts of the Jangsu-gun area, biotite gneiss (i.e., metasedimen-
tary rock) is widely distributed. The Late Triassic and Early Jurassic granitic rocks in the
Jangsu-gun area showed metaluminous to weakly peraluminous granite characteristics,
with an ASI of 0.9 to 1.1. In some rocks, the ASI values range from 1.1 to 1.4. An ASI value
change of 0.9 to 1.4 in the Middle Paleoproterozoic orthogneisses, and Late Triassic and
Early Jurassic granitic rocks in the Jangsu-gun area discriminates amphibole and pyroxene
formation during magma crystallization, which increases the ASI value of the residual
melt. This reveals the evolution process to peraluminous granites containing biotite and
muscovite. Therefore, tracking the degree of fractional crystallization or partial melting of
granitic rocks provides important information that is useful for explaining the petrogeneses
of granitic rocks distributed in the Jangsu-gun area [33].

The degree of fractional crystallization in the peraluminous granitic rocks can be
determined from the Nb/Ta ratio in the whole-rock chemistry (Figure 12) [34]. In gen-
eral, a decrease in the Nb/Ta ratio in evolved melts suggests effects of both fractional
crystallization and sub-solidus hydrothermal alteration. The extensively surveyed Middle
Paleoproterozoic orthogneiss and Early Jurassic granitic rocks in the Jangsu-gun area show
a degree of fractional crystallization of approximately 50%, with a maximum Nb/Ta of
five. However, most of these rocks in the Jangsu-gun area do not show Nb/Ta values much
lower than five, and therefore the role of sub-solidus hydrothermal alteration in their late
stages of evolution is considered to be insufficient.
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Figure 12. Nb versus Nb/Ta diagram for the Middle Paleoproterozoic orthogneisses and Early
Jurassic granitic rocks in the Jangsu-gun area. Grey-colored curves represent model of evolution of
Nb and Ta in liquid Ly (Nb = 12 ppm, Ta = 1.5 ppm, Nb/Ta = 8) during fractionation of assemblage
made of 10 wt.% biotite + 10 wt.% muscovite + 80 wt.% (quartz and feldspar). Numbers above
curves indicate amount of fractional crystallization. Black dashed line represents same model during
fractionation of assemblage composed of 10 wt.% biotite + 10 wt.% muscovite + 0.5 wt.% ilmenite +
79.5 wt.% (quartz and feldspar). Symbols are as in Figure 4.

Nevertheless, zircon Hf data of the Middle Paleoproterozoic (ca. 1.99 Ga) gneisses
in the Jangsu-gun area have been suggested to reflect ancient crustal material that may
have been extracted from the depleted mantle at ca. 3022-3670 Ma [14]. These subduction-
related Middle Paleoproterozoic (ca. 1.99 Ga) gneisses occur widely along the northern
margin of the Yeongnam massif [14]. The zircon Hf data of the Late Triassic (ca. 230 Ma)
and Early Jurassic (187-180 Ma) granitic rocks in the Jangsu-gun area, together with the
whole-rock Sr and Nd isotopic data [8-10], strongly reflect the mixing between primitive
melts originated from the lithospheric mantle and the arc-related Middle Paleoproterozoic
basement [13].

5.2. Tracking of NORMSs from the Granitic Rocks in the Jangsu-gun Area

The natural radioactivity levels from the Middle Paleoproterozoic orthogneisses and
paragneisses, and Late Triassic and Early Jurassic granitic samples in the Jangsu-gun area
may be related to the occurrence characteristics of radioactivity-related accessory minerals
(i.e., with high concentrations of radioactive elements), and feldspar in the intermediate to
felsic rocks. The Middle Paleoproterozoic orthogneisses and paragneisses, and Late Trias-
sic and Early Jurassic granitic samples in the Jangsu-gun area commonly include zircon,
uraninite and monazite of the accessory minerals, and K-feldspar of the main minerals.
The variations between 22°Ra, 232Th, and 4°K activity concentrations, and U, Th and K,O
contents in the whole-rock chemistry from the Middle Paleoproterozoic orthogneisses, and
Late Triassic and Early Jurassic granitic samples with continuously evolving smooth linear
positive trends well support the presences of them (Figure 13). On variation diagrams in be-
tween 226Ra, 232Th, and 40K activity concentrations and RCI (radiation concentration index)
value from the Middle Paleoproterozoic orthogneiss and paragneiss, and Early Jurassic
granitic samples (Figure 14), the RCI values of the peraluminous Early Jurassic granitic
rocks show a good positive correlation with 2°Ra and 2*2Th concentration. In contrast, the
Middle Paleoproterozoic paragneisses show rough positive linear trends between ?*°Ra,
232Th, and 49K activity concentrations, and U, Th and K,O contents (Figure 13). They also
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display a rough positive correlation between RCI values, and ?2°Ra and 2*’Th concentration
(Figure 14). The metaluminous Early Jurassic hornblende-biotite granite samples show
no correlation between 4°K activity concentration and K,O content, because they have an
insufficient amount of K-feldspar in the rocks (Figure 13).
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Figure 13. 22°Ra versus U, 232Th versus Th, and “°K versus KO, diagrams for the Middle Paleoproterozoic orthogneisses
(A,EI), Middle Paleoproterozoic paragneisses (B,F,J), Late Triassic granite (C,G,K), and Early Jurassic granites (D,H,L) in
the Jangsu-gun area. R? is value using linear regression for the number of analyzed samples in each rock unit. Symbols are

as in Figures 6 and 7.

In the present study, the Middle Paleoproterozoic granite orthogneisses and parag-
neisses, and Early Jurassic biotite and hornblende-biotite granites, with many analyzed
samples, are a good positive correlation between 232Th concentration and RCI values,
compared with 2°Ra and 4°K (Figure 14). This reason can be assumed to be that monazite
is the main accessory mineral controlling the concentrations of NORMs in Middle Paleo-
proterozoic and Early Jurassic rocks distributed in the Jangsu-gun area; although zircon,
apatite, and titanite can generally be produced as accessory minerals containing U and Th
in the rocks. Monazite exhibits strong compositional differences at a variety of scales in
the granitic rocks [35]. In addition, monazite in peraluminous granites is reported to be of
higher importance, of all the investigated elements, for the rock budget (e.g., U, Th and Y)
in peraluminous granites than zircon, as an important carrier of Y and U [36].
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Figure 14. Plots of the concentrations of 226Ra, 232Th, 49K, and RCI values for the Middle Paleoproterozoic orthogneisses
(A,EI), Middle Paleoproterozoic paragneisses (B,F,J), Late Triassic granite (C,G,K), and Early Jurassic granites (D,H,L) in
the Jangsu-gun area. RCI, radiation concentration index. Symbols are as in Figures 6 and 7.

The RCI values for the Middle Paleoproterozoic gneisses and the Early Jurassic granitic
rocks in the Jangsu area indicate that 32% of the rocks exceed the RCI guideline value of
one for natural stone construction materials in South Korea, and that 58% of the rocks have
a high RCI value of 0.8 or more (Table S3). Recently, in a preliminary study of natural
radioactivity levels of 72 samples of the representative Permian, Triassic, Jurassic and
Cretaceous granitic rocks in South Korea, 29% of the rocks have been reported to have a
high RCI value of 0.8 or more [6]. The 226Ra, 232Th, and 4K activity concentrations with
the high RCI values in the rocks are being reported, which can affect the lungs or organs of
the human body within an enclosed indoor space [21]. The RCI value must be reported in
the use of finishing materials for natural stone in South Korea’s apartment houses, and the
use of natural stone is beginning to be regulated [20]. Therefore, regional and systematical
studies on 22°Ra, 232Th, and *°K activity concentrations, and the RCI value of various rocks
in South Korea, are required.

6. Conclusions

The Middle Paleoproterozoic (ca. 1.99 Ga and ca. 1.82 Ga) gneisses form the basement
in the Jangsu-gun area, while the Late Triassic (ca. 230 Ma) and Early Jurassic granitic
rocks (187-180 Ma) mainly intrude the Middle Paleoproterozoic gneisses. The Middle
Paleoproterozoic orthogneiss, and Late Triassic and Early Jurassic granitic rocks show
arc-related granite features and have a weak to medium degree of fractional crystallization,
from metaluminous to weakly peraluminous granite, with ASI values of 0.92 to 1.40. The
Middle Paleoproterozoic orthogneisses and paragneisses, and Late Triassic and Early Juras-
sic granitic rocks commonly have high concentrations of natural radioactivity compared
with the other gneiss and granitic rocks in South Korea. The trend of 2°Ra, 2*2Th, and 4°K
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activity concentrations, and the composition of trace elements (e.g., U and Th) from the
Middle Paleoproterozoic orthogneisses, and Late Triassic and Early Jurassic granitic rocks
in the Jangsu-gun area, indicate that monazite is the main accessory mineral controlling the
concentration of NORMs. Based on a detailed examination of the concentration changes in
natural radioactivity in the granitic rocks of the Jangsu-gun area, 32% of the rocks exceed
the recommended value of one of the guidelines for the RCI in South Korea. Therefore,
the Jangsu-gun area presumably has a high concentration of NORMs, which results in
higher indoor radon levels in residences, compared with residences in the parts of South
Korea. Accordingly, careful tracking and management of natural radioactive substances
from rocks is required in the Jangsu area of central Southwestern South Korea.
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areas in South Korea, Table S3: natural radioactivity concentrations of 226Ra (238U), 232Th and 99K
in the Middle Paleoproterozoic, Late Triassic and Early Jurassic rocks in the Jangsu-gun areas in
South Korea.
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