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한반도 남동부에 분포하는 에오세 경주 화강암체들은 양산단층과 울산단층을 따라 분포하며, 알칼리장석화강암(AGR),

흑운모화강암(BTGR), 각섬석흑운모화강섬록암으로 분류된다. 지화학적 특성에 따라 이들은 A-형 화강암 (AGR)과 I-형

화강암 (BTGR)로 분류되며, 상부맨틀 내의 같은 모마그마로부터 유래한 것으로 생각된다. AGR의 경우, 유색광물들 (각

섬석, 흑운모)이 간극상으로 관찰되는데 이는 AGR 마그마의 결정화 동안 Fluorine (F)이 풍부한 유체가 유입되었을 것

으로 생각된다. AGR은 친석원소와 (Sr, Ba 제외) 경희토류원소의 함량이 높으며, 이는 섭입대에서 유래한 유체의 영향

으로 생각된다. 에오세 경주 화강암체 중 AGR의 가장 높은 고장력원소 함량과 저어콘포화온도는 마그마 결정분화보다

는 부분용융의 영향으로 판단된다. 이들 특징들은 AGR의 높은 F 함량이 섭입슬랩에서 유래한 F이 풍부한 유체와 부분

용융의 영향을 나타내는 것으로 추정할 수 있다. 또한 이러한 결과는 이 연구에서 수행한 희토류원소와 Ba/Th 모델링과

도 일치한다. 따라서 이 연구에서는 AGR은 BTGR의 부분용융과 섭입슬랩에서 유래한 F이 풍부한 유체의 유입의 영향

이 합쳐져 형성된 것으로 판단하였다.

핵심어 : A-형 화강암, 불소, 부분용융, F이 풍부한 유체, 탈수 유체 요소

The Eocene Gyeongju granitoids in SE Korea are alkali feldspar granite (AGR), biotite granite (BTGR), and

hornblende biotite granodiorite (HBGD) along Yangsan fault and Ulsan fault. According to their geochemical

characteristics, these granitoids are classified as A-type (AGR) and I-type (BTGR and HBGD) granitoids, and regarded

that were derived from same parental magma in upper mantle. The hornblende and biotite of AGR as an interstitial phase

indicate that influx of F-rich fluid during the crystallization of AGR magma. AGR is enriched LILE (except Sr and Ba)

and LREE that indicate the influences for subduction released fluids. The highest HFSE contents and zircon saturation

temperature of AGR among the Eocene Gyeongju granitoids may indicate that it was affected by partial melting rather

than magma fractionation. These characteristics may represent that the high F contents of AGR was affected by F-rich

fluid derived from the subducted slab and partial melting. It corresponds with the results of the REE modeling and the
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dehydrated fluid component (Ba/Th) modeling showing that AGR (A-type) was formed by the partial melting of BTGR

(I-type) with the continual influx of F-rich fluid derived from the subducted slab.

Key words : A-type granite, fluorine, partial melting, F-rich fluid, dehydrated fluid components

1. Introduction

Since the A-type granite was reported by Loiselle

and Wones (1979), extensive studies on this granite

have been conducted because of its unusual non-

orogenic or post-orogenic settings (e.g., Collins et

al., 1982; Whalen et al., 1987; Creaser et al.,

1991; King et al., 1997; Bonin, 2007). A-type

granite has a unique chemical composition such as

higher HFSE and HREE and lower Al2O3 and

CaO compared with other granitoids (Whalen et

al., 1987; Creaser et al., 1991; King et al., 1997;

Mushkin et al., 2003; Bonin, 2007). A-type granite

is a good indicator of tectonic settings; thus, it

provides significant constraints on the origin of

magmatism and on the tectonic evolution of the

continental margin (Eby, 1992). However, the

petrogenesis of A-type granites is still a matter of

debate. In addition, the following several genetic

models have been proposed: (1) fractional crystalli-

zation of alkaline basaltic magma (Loiselle and

Wones, 1979; Turner et al., 1992; Anderson et al.,

2003; Mushkin et al., 2003); (2) partial melting of

lower crustal granulites (Collins et al., 1982; Whalen

et al., 1987; King et al., 1997); (3) partial melting

of charnockite, which is a non-melt depleted,

anhydrous, alkali feldspar-rich granulitic protolith

(Landenberger and Collins, 1996; Jiang et al.,

2005); and (4) high-temperature partial melting of

I-type granitoids (Anderson, 1983; Creaser et al.,

1991; King et al., 1997). Of these models, the I-

type granitoids model has been recently preferred

(Creaser et al., 1991; King et al., 1997; Patiño

Douce, 1997). In addition, according to Collins et

al. (1982), Charoy and Raimbault (1994), and Lee

(1995), the high F contents in A-type granite are

considered to be critical in determining its geo-

chemical characteristics because the F contents

can form stable compounds with HFSE better than

with Al and Ca. Likewise, the importance of F

contents in A-type granite has been well known in

geochemical society; however, its origin has not

been mainly discussed until present. 

Since the existence of the Eocene Gyeongju

A-type granite in SE Korea was first reported (Yun

and Hwang, 1990), some researchers have studied

the mineralogical classification of hornblende and

biotite (Lee, 1995; Lee et al., 1995), the petrological

and geochemical characteristics (Koh et al., 1996),

and the Rb−Sr geochronometry of the A-type

granite (Kim and Kim, 1997). In our study, we

primarily propose the origin of high F contents in

A-type granite, and on the basis of this origin, we

suggest a petrogenesis of the Eocene Gyeongju

A-type granite using the geochemical modeling.

2. Geological Settings

The Cretaceous-Tertiary Gyeongsang Arc proposed

by Chough and Sohn (2010) to collectively refer to

the arc platform and adjacent to Gyeongsang

Basin is located in the southeast part of the Korean

Peninsula. The study area is located in the south of

Gyeongju, which tectonically lies in the eastern

part of the Gyeongsang Arc along the Yangsan

fault and Ulsan fault. It is mainly composed of the

Cretaceous sedimentary rocks (called the Daegu

Formation), the late Cretaceous granitic rocks, the

early Tertiary granitic rocks (i.e., Eocene Gyeongju

granitoids) including hornblende biotite granodiorite

[HBGD], biotite granite [BTGR], and alkali feldspar

granite [AGR], the Tertiary volcanic rocks, and

Alluvium (Fig. 1). The Eocene Gyeongju granitoids

are classified as A-type (AGR) and I-types (BTGR

and HBGD) (Kim and Kim, 1997).

AGR is commonly medium- to coarse-grained,

and fine grained in some marginal phases with

miarolitic cavities that are partially filled with

quartz, fluorite, or calcite (Koh et al., 1996). Under

the microscope, it is composed of quartz, K-feldspar,

hornblende, and biotite with fluorite, zircon, apatite,

and opaque minerals as accessory minerals. The

quartz shows a subhedral to anhedral grain with a

micrographic texture. K-feldspar occurs as subhedral

to anhedral, consisting of mostly perthitic or

microperthitic orthoclase. Biotite and hornblende
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are interstitial minerals, indicating the build-up of

water contents during the crystallization of AGR

magma after the growth of quartz and K-feldspar

(Hwang et al., 2007). Biotite and hornblende are

classified as annite and arfvedsonite-riebeckite,

respectively (Lee, 1995; Lee et al., 1995).

BTGR is mostly medium-grained rock that con-

tains primarily quartz, K-feldspar, plagioclase, and

biotite, while zircon, apatite, magnetite, ilmenite,

and allanite are accessory minerals. Quartz is sub-

hedral to anhedral. K-feldspar is perthitic orthoclase,

showing carlsbad twins. Plagioclase has euhedral

to subhedral grains, a zonal structure, and albite

twins. Biotite usually shows an acicular form with

yellowish brown to brown color (Lee, 1995; Lee et

al., 1995). 

HBGD is mainly medium- to coarse-grained

granodiorite containing plagioclase, quartz, alkali

feldspar, biotite, and hornblende with minor amount

of zircon, apatite, allanite, magnetite, and ilmenite.

Quartz is subhedral to anhedral and plagioclase

usually occurs as euhedral to subhedral grains.

Hornblende with yellowish green to green in color

is euhedral to subhedral and biotite is euhedral to

subhedral (Lee, 1995; Lee et al., 1995). 

3. Analytical Methods

We collected the 20 rock samples of the Eocene

Gyeongju granitoids throughout the study area.

Selected 15 samples including 6 ones for AGR, 5

for BTGR, and 4 for HBGD were prepared for

thin sections. Polarizing microscope was used to

describe the petrological characteristics of the

rocks. The 4 samples of AGR for analysis were

crushed into chips, sonicated in distilled water,

dried, and powdered in a ball mill. The chemical

analysis, using an inductively coupled plasma

mass spectrometer (ICP-MS), was conducted in

the Activation Laboratory, Canada. The samples

were analyzed for major oxides and selected trace

elements (Sc, Be, V, Ba, Sr, Y, and Zr) using a

Varian Vista 735 ICP; other trace elements were

analyzed using a Perkin Elmer Sciex ELAN 6000.

Calibration was performed using seven USGS and

CANMET certified reference materials. One of the

seven standards was used during the analysis for

every group of 10 samples. The precision was

estimated within 3±% based on repeated analyses

of KN305 sample.

4. Geochemistry

The chemical compositions of the Eocene

Gyeongju granitoids are shown in Table 1. HBGD

has the widest variation range from 66.99 to 73.54%

whereas BTGR and AGR have more restricted

values ranging from 76.93 to 78.38% and from

77.34 to 79.65% of SiO2 contents, respectively. The

variation diagrams for major and trace elements

show the collinear trends of increasing K2O, Na2O,

Zr, Nb, Rb, and Th and decreasing Al2O3, Fe2O3(T),

MgO, CaO, Sr, and Ba contents with increasing

SiO2 contents (Fig. 2 and 3). AGR has higher SiO2,

K2O, Na2O, Zr, Nb, Rb, and Th and lower Al2O3,

Fe2O3(T), MgO, CaO, Sr, and Ba contents than

BTGR and HBGD (Fig. 2 and 3). It is known that

absolutely high abundances of HFSE (i.e., Zr, Nb)

and low concentrations of Al and Ca are formed

by the high F contents in A-type granite (Collins et

al., 1982; Charoy and Raimbault, 1994; Lee, 1995).

Fig. 1. Geological map of the study area. (1) Daegu

Formation, (2) Hornblende-biotite granodiorite (HBGD),

(3) Biotite granite (BTGR), (4) Alkali feldspar granite

(AGR), (5) Tertiary volcanic rocks, and (6) Alluvium. The

Eocene Gyeongju granitoids including HBGD, BTGR,

and AGR are located along the Yangsan fault and the

Ulsan fault. 
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Furthermore, the enriched LILE contents (except

for Sr and Ba) of AGR indicates that the influx of

the aqueous fluid released from subducted slab to

AGR magma although it is possible to affect by

the lower degree of partial melting. The low Sr

and Ba contents of AGR are attributed to the

plagioclase depletion of AGR magma. It is known

that A-type granite can be divided into A1 granite

which is similar to oceanic-island basalt at intra-

plate settings and A2 granite which is similar to

continental rocks or island-arc basalts at the

subduction-related extension settings (Eby, 1992).

Table 1. Chemical composition of major elements and trace elements of the Eocene Gyeongju granitoids

Sample no. KN303 KN305 KN43 KN45 NA-2 NA-5 NA-6 NA-8 N1-10 N1-14 N2-4 AP1-4

Rock Type AGR AGR AGR AGR AGR AGR AGR AGR AGR AGR AGR AGR

Reference (1) (1) (1) (1) (2) (2) (2) (2)

SiO2(%) 77.34 77.91 78.08 77.92 77.84 78.73 77.76 78.19 79.64 78.86 79.65 79.15

TiO2 0.058 0.056 0.051 0.059 0.07 0.06 0.05 0.05 0.05 0.07 0.06 0.06

Al2O3 12.37 11.62 11.97 12.06 12.05 11.66 12.44 11.72 11.15 11.25 11.1 11.85

Fe2O3 0.99 1.14 0.78 1.34 1.18 1.24 0.92 1.01 1.07 1.35 0.81 0.71

MgO 0.02 0.03 0.02 0.02 0 0.03 0.01 0 0.05 0.08 0.05 0.05

MnO 0.016 0.029 0.022 0.021 0.03 0.03 0.02 0.02 0.01 0.03 - -

CaO 0.04 0.06 0.02 0.27 0.28 0.28 0.1 0.13 0.18 0.21 0.05 0.03

Na2O 4.22 3.97 4.15 4.16 4.56 4.46 4.43 4.38 3.62 3.92 4.21 3.82

K2O 4.25 4.23 4.37 4.28 4.3 4.19 4.53 4.31 4.15 4.13 4.23 4.27

LOI 0.65 0.56 0.52 0.71 - - - - - - - -

Total 99.96 98.62 99.98 99.87 99.36 100.72 100.29 99.85 100 100 100.01 99.99

Rb 253 179 200 214 234 207 170 191 178 199 152 206

Ba 6 16 18 19 24 34 36 37 51 29 12 9

Th 26.8 21.9 21.9 23.6 22 28 20 21 23.69 35.59 32.3 31.19

U 8.2 5.5 5 4 - - - - 6.17 9.8 6.35 8.01

Nb 39 32 35 38 - - - - 54.9 55.1 46

Ta 4.1 3.7 4.1 4.5 - - - - 4.15 29.54 42.77 20.28

La 23.8 28.2 62.8 33.5 36.14 39.1 38.69 29 114.93 59.56 59.83 24.56

Ce 55.1 54.2 74.6 81.1 86.12 92.52 81.43 67.8 125.73 119.33 109.58 57

Pb 19 13 15 12 - - - - - - - -

Pr 5.17 6.68 14.6 8.6 11.27 10.87 11.32 8.69 27.41 15.85 14.69 5.48

Sr 2 4 2 3 4 3 8 3 12 7 3 3

Nd 16.4 22.7 50.1 29.8 38.35 40.45 38.43 29.06 97.07 57.86 50.69 18.08

Zr 304 209 221 252 217 252 165 212 190 264 183 213

Hf 2.8 1.7 9.2 9.7 - - - - - - - -

Sm 3.45 5.18 12.4 8.7 9.87 10.01 9.7 7.43 22.5 13.75 10.83 3.76

Eu 0.036 0.075 0.2 0.12 0.2 0.07 0.18 0.17 0.41 0.2 0.15 0.04

Gd 3.08 4.74 10.9 9 11.65 11.09 10.89 9.19 23.2 16.1 11.2 4.04

Tb 0.64 0.95 1.9 1.8 2.03 2.49 1.87 1.53 3.92 3.03 1.84 0.86

Dy - - 11.7 12.3 - - - - 22.65 20.51 11.85 6.66

Y 45 50 57 91 89 82 51 65 111 131 59 36

Ho 1.17 1.44 2.2 2.7 2.87 2.41 2.77 2.64 4.22 4.66 2.51 1.67

Er 4.32 4.68 6.2 8.6 8.23 9.15 7.96 8.33 11 14.07 7.73 5.95

Tm 0.925 0.879 1.05 1.47 1.08 1.45 1.13 1.12 1.63 2.31 1.34 1.17

Yb 6.98 6.58 7.4 10.8 6.98 8.51 7.52 8.37 9.93 15.07 9.36 8.75

Lu 1.2 1.19 1.11 1.58 0.85 1.02 0.99 1.07 1.38 2.15 1.42 1.33
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AGR mostly belongs to A2 granite with high Ga

and Y contents compared with A1 granite (Fig. 4).

In spider diagrams normalized to primitive mantle

suggested by Sun and McDonough (1989), AGR

shows the enrichment of Rb, Nb, Ga, U, Th, Zr, Ce,

Y contents and the depletion of Ba, Sr, Eu contents

compared with BTGR and HBGD (Fig. 5a).

AGR shows the high abundances of rare earth

elements (REEs) with larger negative Eu anomalies

relative to BTGR and HBGD in chondrite-normalized

Table 1. Continued

Sample no. BB-23 BB-25 N7-1 N8-1 N9-2 N10-3 AL-54A AL-36 AL-13 AL-29 H-80

Rock Type BTGR BTGR BTGR BTGR BTGR BTGR HBGD HBGD HBGD HBGD HBGD

Reference (1) (1) (2) (2) (2) (2) (2) (2) (2) (2) (2)

SiO2(%) 76.93 77.41 77.19 78.38 78.1 78.23 67.24 67.87 66.99 70.58 73.54

TiO2 0.13 0.12 0.18 0.12 0.12 0.13 0.49 0.4 0.42 0.35 0.22

Al2O3 12.33 12.02 12.43 11.98 11.71 11.89 15.36 14.95 15.2 14.3 13.38

Fe2O3 0.97 0.96 1.25 0.88 0.88 0.90 3.44 3.41 3.41 2.29 1.03

MgO 0.05 0.1 0.18 0.13 0.12 0.17 2.95 3.12 3.28 1.81 0.91

MnO 0.01 0.03 0.03 0.01 0.01 0.01 0.05 0.05 0.06 0.06 0.07

CaO 0.55 0.5 0.66 0.38 0.46 0.51 1.19 1.35 1.65 0.77 0.17

Na2O 3.78 3.75 3.46 3.3 3.1 3.35 2.55 2.78 2.57 3.09 3.53

K2O 4.56 4.73 4.39 4.76 4.71 4.74 4.18 3.76 3.72 4.32 4.28

LOI - - - - - - - - - - -

Total 99.36 99.67 100 100 100 100.01 98.68 98.45 98.4 98.48 97.87

Rb 162 164 160 146 160 134 151 152 160 138 135

Ba 334 332 379 358 323 311 479 472 405 479 523

Th 23 20 23.87 20.07 22.11 23.73 8.7 7.6 8.2 8.2 9.8

U - - 4.49 3.64 5.04 4.24 2.1 1.6 0.8 2.4 2.5

Nb - - 16.8 11.9 18.7 11.3 6.4 6.4 8.7 8.1 6.8

Ta - - 15.57 10.86 14.83 8.66 119.5 118.3 109.8 142.1 209.7

La 27.38 23.38 24.92 26.65 41.23 47.58 8.3 14.23 15.58 13.56 20.8

Ce 47.28 53.03 41.2 42.84 74.68 77.58 19.02 34.91 29.78 36.36 44.08

Pb - - - - - - - - - - -

Pr 5.57 4.22 5.14 5.23 9.56 9.3 2.27 3.28 3.73 3.18 4.55

Sr 44 35 73 39 45 42 384 395 433 253 171

Nd 17.63 15.22 18.66 17.64 32.58 31.48 8.73 11.38 14.27 12.23 16.16

Zr 131 107 97 60 61 35 37 22 13 42 16

Hf - - - - - - - - - - -

Sm 2.71 2.4 3.56 2.85 5.78 4.98 1.59 2.05 2.82 2.83 2.37

Eu 0.19 0.19 0.57 0.37 0.36 0.36 0.89 0.67 1.01 0.71 0.88

Gd 2.08 2.78 4.04 2.78 4.99 4.79 2.43 2.17 2.58 2.83 2.55

Tb 0.41 0.39 0.67 0.42 0.77 0.71 0.34 0.36 0.34 0.41 0.36

Dy - - 4.32 2.49 4.64 4.32 2.31 1.64 2.2 2.9 1.91

Y 29 33 27 13 24 27 17 13 12 19 12

Ho 0.59 0.5 0.96 0.52 0.92 0.92 0.47 0.31 0.44 0.5 0.44

Er 1.55 1.46 2.95 1.56 2.74 2.81 1.48 0.93 0.89 1.68 1.01

Tm 0.23 0.3 0.49 0.26 0.47 0.48 0.22 0.15 0.13 0.28 0.19

Yb 2.8 1.89 3.3 1.8 3.25 3.3 1.23 1.1 1.28 1.85 1.19

Lu 0.49 0.29 0.5 0.27 0.46 0.5 0.23 0.17 0.19 0.16 0.22

*Ref: (1) Kim and Kim (1997); (2) Koh et al., (1996)
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REE patterns based on Sun and McDonough (1989)

(Fig. 5b).

The tectonic discrimination diagram proposed

by Pearce et al. (1984) explained that HBGD and

BTGR belong to volcanic arc granites (VAG),

whereas AGR to with-in plate granites (WPG)

implying the tectonic deformation was occurred

during the emplacement of these granitoids (Fig. 6).

5. Discussions

5.1. High F contents of AGR

According to several studies for the mineralogical

characteristics of the Eocene Gyeongju granitoids,

AGR has higher F contents than BTGR and HBGD

(Lee, 1995; Lee et al., 1995). The origin of high F

contents in AGR is as follows: the F-rich minerals

in the mantle, F concentration caused by magma

fractionation or partial melting, and F-rich fluid

made by the dehydration of the subducted slab.

(1) The F-rich minerals in the mantle can cause

Fig. 2. Harker variation diagrams for major oxides of the

Eocene Gyeongju granitoids. These data in this study are

consistent with those in Koh et al. (1996) and Kim and

Kim (1997). 

Fig. 3. Harker variation diagrams for trace elements of the

Eocene Gyeongju granitoids. AGR has higher Zr, Nb, Rb,

and Th and lower Sr and Ba contents than BTGR and

HBGD. These data in this study are consistent with those

in Koh et al. (1996) and Kim and Kim (1997). The legend

is same as those in Fig. 2.

Fig. 4. Y-Nb-Ce plots and Y-Nb-3Ga plots suggested by

Eby (1992). AGR may have been originally introduced

through mantle metasomatism by subduction released

fluids (Li et al. 2012; Li et al. 2014). These data in this

study are consistent with those in Koh et al. (1996) and

Kim and Kim (1997). The legend is same as those in Fig. 2.
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the F contents in AGR to be high. F-rich minerals

are classified as hydrous minerals, such as horn-

blende, apatite, and phlogopite in the upper mantle

(Smith et al., 1981; Edgar et al., 1996), and

anhydrous minerals, such as olivine (Bromiley and

Kohn, 2007) in the upper mantle (Köhler et al.,

2009), and their modal proportion can determine

the F contents of the daughter pluton. However,

the F-rich minerals in the mantle cannot be a factor

to reflect that AGR has higher F contents than

others because these three plutons show the same

Rb−Sr isochron age (50 Ma), indicating that their

parental magma may be the same (Kim and Kim,

1997).

(2) The F contents can be concentrated in AGR

if the Eocene Gyeongju granitoids were formed by

magma fractionation or partial melting because F

contents increase with magma evolution (Agangi

et al., 2010). Although the chemical compositions

of the Eocene Gyeongju granitoids show a magma

fractionation trend with increasing SiO2 contents

(Figs. 2 and 3), these granitoids cannot be linked

by magma fractionation, considering that AGR has

the highest HFSE contents among the Eocene

Gyeongju granitoids (Fig. 3). The fractionation

process would significantly reduce the HFSE

contents in the magma, which means that AGR

would lose A-type geochemical characteristics (i.e.,

high HFSE contents) when fractionated (King et

al., 1997; Wu et al., 2002). Furthermore, Miller et

al. (2003) suggested zircon saturation temperature

(TZr) based on the fact that the zircon saturation

value of silicate magma is typically proportionate

to the temperature (Watson and Harrison, 1983).

Zircon is a common mineral typically found in

granitoids, and its saturation is sensitive to tempera-

ture and less affected by other variables including

pressure and composition. Zircon is hence efficiently

utilized as an indicator of the magma formation

temperature (Watson and Harrison, 1983). Therefore,

this study assumed that TZr could help induce the

early emplacement environment of Gyeongsang

Basin granitoids. A notable concept is that the

interpretation of the calculated zircon saturation

temperature varies, depending on whether or not

an inherited core within the zircon exists. If the

zircon has an inherited core, the calculated saturation

temperature signifies the maximum limit of magma

formation temperature because the Zr content

Fig. 5. (a) Primitive mantle-normalized Spider diagram

and (b) Chondrite-normalized REE patterns of the Eocene

Gyeongju granitoids. The normalization values are suggested

by Sun and McDonough (1989). AGR is enriched with

rare earth elements (REE), with the exception of strong

negative Eu anomalies, compared with BTGR and HBGD.

These data in this study are consistent with those in Koh et

al. (1996) and Kim and Kim (1997). 

Fig. 6. Rb versus Y+Nb tectonic discrimination plot

(Pearce et al., 1984). Symbols are the same as Fig. 2. syn-

COLG: syn-collision granite, WPG: within plate granite,

VAG: volcanic arc granite, ORG: ocean ridge granite.
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within the magma is overestimated, as some Zr

contents would be included in the undissolved

inherited core. By contrast, if it does not have an

inherited core, magma is unsaturated to the zircon

because the TZr gradually increases in the initial

magma formation stage, and the zircon crystals are

only formed after the magma is saturated to the

zircon. Naturally, the crystallized zircon does not

have an inherited core; that is, the calculated TZr in

this case denotes the initial temperature when the

zircon begins to crystallize from the magma, which

therefore refers to the minimum limit of magma

formation temperature. Three granitoids in the

study area have not inherited the core, inferring

that the magma is undersaturated by Zr (Cheong

and Jo, 2017), which indicates the minimum limit

of magma formation temperature. The results show

that AGR has the temperature ranging from 842 °C

to 972 °C using the equation of Watson and

Harrison (1983), whereas BTGR and HBGR have

the temperatures in the range of 757−878 °C and

681−772 °C, respectively (Fig. 7), representing the

reverse correlation with the tendency in SiO2

contents (Figs. 2 and 3). Given the higher TZr of

AGR than that of other granitoids, AGR has the

high-temperature origin, which may be attributed

to mantle upwelling derived from subducting slab

rollback during Paleocene to Eocene time (Imaoka

et al., 2011). For these reasons, the high F contents

of AGR may be acquired by partial melting rather

than magma fractionation.

3) The F contents can be accumulated by F-rich

fluid derived from subduction slab. AGR was

emplaced on the subduction-related environment

(i.e., extensive active continental margin; Lee et al.,

1995; Koh et al., 1996). According to experimental

works for mineral dehydration in subduction slab,

the pressure and temperature of the slab that

affected Gyeongsang Arc, which is part of the

island arc, are 2.8−3.6 GPa (90−100 km) and

750−1,000 °C, respectively (Hsu, 1968; Delany

and Helageson, 1978; Bohlen et al., 1983; Banno

et al., 1986). These works reported that hornblende

and biotite in the subducted slab are dehydrated in

the aforementioned range of temperature and

pressure and subsequently form the F-rich fluid.

AGR actually has the hornblende, biotite, and

fluorite with high F contents as the interstitial

minerals, indicating the effect of the F-rich fluid.

On the basis of AGR characteristics, AGR is

enriched with LILEs and LREEs (i.e., Rb, K, Th,

La, and Ce) although Ba and Sr are depleted

(Figs. 3 and 5). These characteristics indicate the

influence of the aqueous fluid released from the

subducted slab (Pearce et al., 2005. Pearce and

Stern, 2006), which is consistent with several

studies insisting that A2 granites may have been

originally introduced by subduction-released fluids

on the basis of their island arc basalt (IAB) signature

in tectonic discrimination diagrams proposed by

Eby (1990; Li et al., 2012; Li et al., 2014). Therefore,

this possibility explains well why F content in

AGR is high.

5.2. Geochemical modeling

The high F contents in AGR may be affected by

partial melting and the subduction-released fluid.

Therefore, considering these two geological pro-

cesses, we propose the petrogenetic quantitative

models using non-modal batch melting equation.

We first conduct REE modeling to obtain the

degree of partial melting, and then using these

extents, we model the Ba/Th ratio to present both

the effects of partial melting and the fluid input

derived from subduction slab, replacing the F

contents because they are difficult to be conducted

in the geochemical modeling.

We suggest that the HBGD derived from the

Fig. 7. Zircon saturation temperatures for the Eocene

Gyeongju granitoids. The diagram represents that AGR

magma is higher temperature than BTGR and HBGD. The

legend is same as those in Fig. 2.
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Table 2. REE modeling. The calculations were made using the mineral/melt partition coefficients of Arth (1976) and Nash

and Crecraft (1985)

Mineral Quartz Hornblende Biotite Plagioclase K-feldspar Bulk D

Ref* (2) (1) (1) (2) (2) HBGD BTGR AGR

Partition coefficients

La 0.015 0.38 0.08 0.1727 0.0928 0.0582
Ce 0.014 0.899 0.037 0.267 0.037 0.1375 0.0568 0.0352
Pr 0.0000 0.0000 0.0000
Nd 0.016 2.89 0.044 0.203 0.035 0.1110 0.0490 0.0439
Sm 0.014 3.99 0.058 0.165 0.025 0.0976 0.0387 0.0488
Eu 0.056 3.44 0.145 5.417 4.45 3.4042 3.1671 2.9989
Gd 5.48 0.082 0.125 0.0661 0.0152 0.0350
Tb 0.017 0.025 0.0117 0.0196 0.0222
Dy 0.015 6.2 0.097 0.112 0.055 0.0817 0.0500 0.0869
Ho 0.0000 0.0000 0.0000
Er 5.94 0.162 0.0228 0.0016 0.0420
Tm 0.0000 0.0000 0.0000
Yb 0.017 4.89 0.179 0.09 0.03 0.0763 0.0345 0.0554
Lu 0.014 4.53 0.185 0.092 0.033 0.0700 0.0350 0.0462

Weight fraction Degree of Melting

HBGD(AL-29) 0.2597 0.0000 0.0652 0.3827 0.2924 0.1-0.2

BTGR(N7-1) 0.3120 0.0000 0.0046 0.1115 0.5718 0.05-0.1

AGR(N1-14) 0.3285 0.0034 0.0024 0.0000 0.6657

BTGR Result

Concentration 
in parent
(HBGD)

Calculated 
contents of BTGR

magma(F=0.1)

Calculated 
contents of BTGR

magma(F=0.2)

Actual 
contents of

BTGR magma

La 14.49 27.06 20.21 35.10

Ce 32.83 63.77 46.67 59.08

Pr  3.40  8.51  5.67  7.31

Nd 12.55 25.55 18.42 25.09

Sm  2.33  4.84  3.46  4.29

Eu  0.83  0.33  0.40  0.42

Gd  2.51  5.46  3.82  4.15

Tb  0.36  0.90  0.60  0.64

Dy  2.19  4.75  3.36  3.94

Ho  0.43  1.08  0.72  0.83

Er  1.20  2.84  1.93  2.52

Tm  0.19  0.49  0.32  0.43

Yb  1.33  2.88  2.03  2.91

Lu  0.19  0.43  0.30  0.43

AGR Result

Concentration 
in parent
(BTGR)

Calculated 
contents of AGR 
magma(F=0.05)

Calculated 
contents of AGR 

magma(F=0.1)

Actual 
contents of 

AGR magma

La 35.10 124.82  83.08  78.11

Ce 59.08 236.55 149.76 118.21

Pr  7.31  36.54  20.88  19.32

Nd 25.09 104.45  65.40  68.54

Sm  4.29  18.75  11.55  15.69

Eu  0.42   0.15   0.17   0.25

Gd  4.15  19.93  11.76  16.83

Tb  0.64   2.99   1.78   2.93

Dy  3.94  16.95  10.67  18.34

Ho  0.83   4.15   2.37   3.80

Er  2.52  13.02   7.46  10.93

Tm  0.43   2.13   1.21   1.76

Yb  2.91  13.03   7.98  11.45

Lu  0.43   1.92   1.17   1.65

*Ref: (1) Arth (1976); (2) Nash and Crecraft (1985)
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parental magma in the upper mantle was partly

melted and then formed BTGR, and BTGR was

partly melted and subsequently formed AGR.

Therefore, we assume that the source rock for

modeling is HBGD. The weight fraction of HBGD,

BTGR, and AGR used in this study are referred

from the samples numbered AL-29, N7-1, and

N1-14, respectively (Table 2), which represent

the most felsic chemical compositions of these

granitoids in obtaining the minimum degree of

partial melting (Koh et al., 1996). The volumetric

value of HBGD is 26% in quartz, 7% in biotite,

38% in plagioclase, and 29% in K-feldspar. The

modal value of BTGR is 31% in quartz, 1% in

biotite, 11% in plagioclase, and 57% in K-feldspar.

AGR has the volumetric values showing 32% in

quartz, 1% in hornblende, 1% in biotite, and 66%

in K-feldspar. Partition coefficients (Kd) are adopted

in quartz, plagioclase, and K-feldspar from Nash

and Crecraft (1985) and in hornblende and biotite

from Arth (1976).

First, we calculate the chemical compositions as

BTGR was formed from HBGD by partial melting:

CBTGR/CHBGD = 1/[DHBGD + F(1 − P1)],

where CBTGR is the concentration of an element in

the melt, CHBGD
 is the weight content of HBGD,

DHBGD is the bulk distribution coefficient of HBGD,

F represents melt fraction, and P1 is the bulk

distribution coefficient of the elements that make up

a melt. We choose the bulk distribution coefficient

of BTGR as P1 because the partial melting of

HBGD formed the BTGR melt.

Second, when AGR was formed from BTGR by

partial melting, the chemical composition of the

rocks is calculated as follows:

CAGR/CBTGR = 1/[DBTGR + F(1 − P2)],

where CAGR
 is the concentration of an element in

the melt, CBTGR
 is the weight content of BTGR,

DBTGR is the bulk distribution coefficient of BTGR,

F is the melt fraction, and P2 is the bulk distribution

coefficient of the elements that make up a melt.

We select the bulk distribution coefficient of AGR

as P2 because the partial melting of BTGR formed

the AGR melt. 

The first modeling shows that BTGR magma

was generated by relatively high degrees of partial

melting (10-20%) of HBGD except for the actual

La contents that are higher than modeling value.

The actual BTGR magma has a higher modal

composition of apatite or zircon than the calculated

value of BTGR because La contents have a high

partition coefficient of apatite and zircon. The

second modeling presents that AGR magma was

generated by low degrees of partial melting (5–

10%) of BTGR except for the Ce contents and Eu

contents that are respectively lower and higher

than the modeling value of BTGR (Fig. 8; Table 2).

Actual AGR magma is estimated to have lower

modal composition of apatite or zircon and higher

modal composition of plagioclase than the modeling

value of AGR because Ce contents have a high

partition coefficient of apatite and zircon, and Eu

contents have a high partition coefficient of

plagioclase. These results are generally supported by

the highest HFSE contents of AGR and TZr among

the Eocene Gyeongju granitoids, as reported in

Fig. 8. REE modeling diagram. We assumed that HBGD

formed BTGR, and then BTGR formed AGR. (a) The

model result was estimated by the partial melting equation

using HBGD composition. (b) The modeled result was

estimated by the partial melting equation using BTGR

composition. These data in this study are consistent with

those in Koh et al. (1996) and Kim and Kim (1997). 
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Section 5.1. Therefore, the REE data of AGR are

well explained by the partial melting of BTGR

(i.e., I-type granite).

5.2.2. Dehydrated fluid component modeling

We estimate the extent of the dehydrated fluid

component using Ba/Th ratio, which is a proxy of

the dehydrated fluid input released by the partial

melting of the subducted slab. The Ba/Th modeling

is conducted using the same criteria in REE modeling

such as the mineral composition and the degree of

partial melting. Ba/Th is the suitable proxy for

dehydrated fluid input because Ba is mobile in

low-temperature aqueous fluids, whereas Th is

immobile (Pearce et al., 2005; Pearce and Stern,

2006). We only consider the effect of the partial

melting in calculating the Ba/Th ratio, which shows

that the actual value is higher than the modeling

value. Thus, Ba/Th ratio of AGR is affected by

fluid input and partial melting. We then assume

that subtracting the modeling value from the actual

Table 3. Trace element modeling for dehydration fluid components. The mineral/melt partition coefficients in these

calculations are same as Table 2

Mineral Quartz Hornblende Biotite Plagioclase K-feldspar Bulk D

Ref* (2) (1) (1) (2) (2) HBGD BTGR AGR

Partition 

coefficients used

Ba 0.022 0.044 9.7 1.515 11.45 4.5658 6.7683 7.6524 

Th 0.048 0.023 0.0067 0.0185 0.0153 

Weight fraction used Degree of Melting

HBGD(AL-29) 0.2597 0.0000 0.0652 0.3827 0.2924 0.1-0.2

BTGR(N7-1) 0.3120 0.0000 0.0046 0.1115 0.5718 0.05-0.1

AGR(N1-14) 0.3285 0.0034 0.0024 0.0000 0.6657 

BTGR Result

Concentration 

in parent

(HBGD)

Calculated 

contents of 

BTGR 

magma(F=0.4)

Calculated 

contents of 

BTGR 

magma(F=0.6)

Actual 

contents 

of BTGR 

magma

(Actual-calculated value)

/Actual*100

Ba 472.00 208.99 427.21 342.75

Th   7.60  19.03  12.76  22.45

Ba/Th  10.98  33.48  15.27 28% (maximum)

AGR Result

Concentration 

in parent

(BTGR)

Calculated 

contents of 

AGR 

magma(F=0.2)

Calculated 

contents of 

AGR 

magma(F=0.35)

Actual 

contents 

of AGR 

magma

(Actual-calculated value)

/Actual*100

Ba 342.75  63.03  77.20  30.67 

Th  22.45 104.18  61.81  30.49 

Ba/Th   0.61   1.25   1.01 40% (maximum)

*Ref: (1) Arth (1976); (2) Nash and Crecraft (1985)

Fig. 9. Trace element modeling diagram for the dehydrated

fluid component. The dehydrated fluid component (Ba/Th)

represents the effect of the fluid released by the partial

melting of the subducted slab. We first model Ba/Th

considering the effect of partial melting and the modeling

represents that the actual value is higher than the model

value. The results reveal that the dehydrated fluid component

contributed a maximum of 28% to BTGR and 40% to

AGR. In this diagram, we can recognize that AGR was

affected by the dehydrated fluid components as well as

partial melting.



450 Bora Myeong et al.

value has a quantitative implication of the

dehydrated fluid component (Pearce et al., 2005).

The ratio of the dehydrated fluid component in the

Eocene Gyeongju granitoids can be estimated from

the following equation:

Proportion of the implication of the dehydrated

fluid component = (actual value – modeling value)/

actual value × 100%.

The result reveals that the dehydrated fluid

component contributed a maximum of 28% to

BTGR and 40% to AGR (Fig. 9, Table 3). These

results are well supported by interstitial F-rich

minerals of AGR and the highest contents of LILE

(except for Sr and Ba) and LREE among the

Eocene Gyeongju granitoids as presented earlier.

Furthermore, according to Li et al. (2012; 2014),

A2 granites are affected by subduction-released

fluid based on their IAB signature in tectonic

discrimination diagrams proposed by Eby (1990).

Therefore, we conclude that AGR was formed by

partial melting of BTGR with a consistent influx

of F-rich fluid derived from subduction slab, rather

than partial melting of BTGR.

5.3. Petrogenetic model of AGR

As mentioned in the introduction, several mecha-

nisms have been proposed for the formation of A-

type granites. Among the petrogenesis of A-type

granites that have been reported, the fractionation

model is not appropriate for AGR as discussed

previous sections. Therefore, we only consider

partial melting models with several sources for

AGR. First, in the case of the residual granulitic

source model, Creaser et al., (1991) have shown

that the model is unlikely to generate A-type

granite. Furthermore, Rudnick and Taylor (1987)

reported that the residual granulite shows very low

SiO2 (43%) and K2O (0.2%) contents but high

Al2O3 (19%), MgO (7%), FeO (15%), and CaO

(9%) contents. The restite-contained granitic magmas

may have the geochemical characteristics of their

sources when restite separation is not extensive

(Chappell and Stephens, 1988). According to these

studies, if AGR is derived from a residual source,

it should exhibit the geochemical characteristics;

however, AGR has the opposite geochemical

characteristics (Fig. 2). In addition, if garnet is a

residual phase during I-type granite generation, the

melting event of this garnet-bearing residue may

produce A-type granite with a higher Fe/Mg ratio

than the host rock (Ellis, 1986). However, in the

case of the Eocene Gyeongju granitoids, neither the

AGR nor the I-type granites (BTGR and HBGD)

show geochemical evidence for residual garnet

(low Y and heavy REE contents; Table 1). Clemens

et al. (1986) suggested that the high (K + Na)/Ca

ratio of A-type granites may be derived from the

residual calcic plagioclase and mica breakdown

during partial melting of a residual source. However,

because calcic plagioclase will be a residual phase

in the first melting cycle and biotite is unlikely to

be a residual phase, we suggest that this model is

unlikely to generate AGR.

Second, A-type granites can be formed by

partial melting of charnockite that is produced by

dehydration melting of the tonalite-trondhjemite-

granodiorite (TTG; Zhao et al., 2008). However,

TTG rocks have not been reported in Gyeongsang

Arc including the study area. Finally, A-type

magma can be formed by partial melting of I-type

granitoids at low pressure (4 kbar) and high

temperature (900 °C; Patiño Douce, 1997), and

this model has been promoted by other researchers

(Creaser et al., 1991; King et al., 1997). Given the

high temperature origin of AGR and REE modeling,

we concluded that this model is applicable to

petrogenesis of AGR. However, with regard to the

probability that AGR may be affected by partial

melting and F-rich fluid derived from the dehydra-

tion of subduction slab in Sections 5.1 and 5.2, we

propose a new petrogenesis model in which the

A-type granite was formed by partial melting of

I-type granite with an influx of the F-rich fluid

derived from the subducted slab.

On the basis of the earlier discussions, we propose

the petrogenetic model of AGR (Fig. 10). In this

study, the mantle-derived parental magma of the

Eocene Gyeongju granitoids was underplated

beneath the continental crust of Eastern Eurasia

plate, and subsequently the parental magma formed

HBGD. Ongoing lithospheric extension and slab

rollback resulted in an upwelling of the hot

asthenospheric mantle and the continual influx of

heat through the upper mantle to the continental

crust, which caused the partial melting of the

granitoids in the study area. BTGR was subsequently

generated by partial melting of HBGD caused by



Origin of the Eocene Gyeongju A-type Granite, SE Korea: Implication for the High Fluorine Contents 451

the heat influx, and AGR was finally generated by

partial melting of BTGR caused by the heat influx

with the continued supply of F-rich fluid released

from the subducted slab, which is up to 100 km

beneath ground level by mineral dehydration (e.g.,

hornblende and biotite).

6. Conclusion

In this study, we focus on the origin of AGR

based on its high F contents. AGR has interstitial

hornblende and biotite indicating the implication

of F-rich fluid and it is enriched LILE (except Ba

and Sr) and LREE induced by subduction-released

fluids. The highest HFSE contents and zircon

saturation temperature of AGR among the Eocene

Gyeongju granitoids may indicate that it was

affected by partial melting rather than magma

fractionation. These characteristics may indicate

that the high F contents of AGR may be affected

by partial melting as well as F-rich fluid derived

from subducted slab. The geochemical modelings

in this study also support that AGR was then

formed by the partial melting (5-10%) of BTGR

with the F-rich fluid derived from the subducted

slab.
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