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A o] HAsat hAZ 20 AU AR AgoN WS RO AN T Yk WY HAss DAt B
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2 AR iR O AL AR B, AR Aust BelE BB 9 Ao Aru Sasolgich. Jeu HeSa
A S o] Tl M HES, AT, Aokt AR, FRAD, FAFE BUH P B 7t A7k Bastt,

ABSTRACT: In order to overcome natural disasters and environmental crises that have been aggravated with the development of civilization,
the international community is making efforts to reduce greenhouse gas emissions. As part of this, the use of fossil fuels is being reduced
and the use of new and renewable energy is being facilitated. Among new and renewable energy sources, hydrogen is considered to be an
eco-friendly energy source, and natural hydrogen in particular has many advantages in terms of environment and economy, and is expected
to play a role as a future alternative energy source to fossil fuels. In this study, we will review the current status of hydrogen resources that
have recently been in the spotlight, and examine the necessity and possibility of research on white hydrogen, which is drawing attention in
the field of geology. As a first step, we examine the domestic distribution and characteristics of ultramafic rocks that can serve as potential
source rocks for the production of significant amounts of natural hydrogen through serpentinization. Natural hydrogen is formed through
various mechanisms, but it is generally believed that large amounts of natural hydrogen are generated from the serpentinization of ultramafic
rocks. In Korea, potential source rocks for natural hydrogen, represented by ultramafic rock bodies, are primarily distributed in the Hongseong, Andong,
Ulsan, and Gapyeong areas. However, researches on these rock bodies have mainly focused on petrogenesis, tectonics, mineralogical and petrological
studies related to asbestos and serpentinization. In contrast, additional researches are required from the perspective of securing natural hydrogen
resources, including studies on mineralogy, petrology, geochemistry, geophysics, structural geology, exploration, and monitoring.
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FAAEE 715 91710 8571 flsl 201549 w2 g
A(the 21% Conference of the Parties: COP21)2 A Hs}
I, A BHF2E A2 2T oy & Yol 1.5C ofst=
AlRrsl7] 918l B ¥=Eo] 20208 7HK] 7] Agha A
Ak 71 2A7ES 45 BRE AlESsI2 3t
(United Nations, 2015). o]o] w=&}t tfgtel= A H= 2030
AR 2AZFAE 2018 thH] 40% 755t 51 E Al
L, COP26°) 4] TRt 53] e vjFa £olu
AR BlES s 2030 2A7FA viEEE
44.4% F=3h= AL BRE 313 Yok AR A=
7129 A ARE AT o]z AR, a4l T
9] 33t H-3-% Fdte] A7) Be G ©]&Sh= oA, 1
g1 P, &, A 4g, e, AE7 A 52 sk A4 7t
S oUAE HEH| 0|85t | A" E YRITHKEPCO,
2024). 1 F AU A oll= o4, ARHA], Aerls) 7k
o} 9 FAGAMH(vacuum residue) 7F28}, 2R of L Ao
= HEE, I, 38, 8, sl A, A E, viol 2o
YA, g7 EoHA] o] E2E

AR F i O AMTo] 2&F 02 7}
star Uz, vl olls AR ANURZA ANGFE Het 7
€ S7PF ABEH ™ la). 72 F HA52(natural
hydrogen)= Q17Fe] 7Y glo] AFAA ol A HAETE B4} B
Bo] a5 Tahe, 218 W AAA S o= Q) 22
= 2JEgk of gt Fjol A = H AL tigt BAlo] F7H
3}l It (1 1b, 1c) (Prinzhofer ef al., 2018; Boreham
et al., 2021; Frery et al., 2021; Lefeuvre et al., 2021;

Jeong et al., 2022; Kim, 2022; Mainson ef al., 2022; Cha
and Lee, 2023).

S AApa dts oA SAlA BHS 7R &

£ sk 5 271 dAl Aok A% dFE 2 7HA
27l8H, Kim (2022)2 HAe49] 38 U7 A
713 9 A AskE B4 thaH Heleta, ) Heles
23 9 B2 7Psdo] el 7hers] EolshuAl A5t &-
A Wkl et A9 B e ZEsttt E3L Jeong
et al. (2022)2 HYE7|Y HAAG29] A 7|2 9]
7] 1% =-A v AR 9] s AHlE avlskaL, S
oA thEHe] Aol A4 BadS Austqct Cha
and Lee (2023)= A A, W 9 712L R 5 HES
b A5} B oA HApao] FA R ARl Bofsh=
A4 9l x| 5}3H4 A o] o] F oS =T

T oF2] ] Aol A 2A; 4] A A
B ol gt it ofsl7t R, Sl Bl
A7t ARSE Aot} £ =RolAe g e F
& 774 B7HE S1E A HAE HAea] et HE
o £7] Hdpa A ZHY 98 e 21d
AAAHEY Z3hH 9 Tt Wf B3z} Adlol thsf) arzkst
= AqHETE AT ol FF e FE AY
HAE A3 712 R R E8E 4 Y& Aotk
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Fig. 1. (a) Evolution of hydrogen demand from 1990 to 2030, (b) comparison of carbon footprint for H2 production processes,
(c) comparison of global projected hydrogen production cost in 2060, and (d) hydrogen production by technology (2022) (modified

from IEA, 2023; Blay-Roger et al., 2024).
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HOl = BXRLEF 1

At Z]A 4=4(geological hydrogen)gtile it} 2 =
ZolA = IO|E 25 HAAPLaE FU) ARESE=S 5t
At AApae Ao A7 A (free gas)2 B
o] WA E =T, Tt AFx &7 T TSN LolA
3} 9F9] 4247} 9HE0] X 1(Worman et al., 2016), 23S
2}o] E(ophiolite) A| oA X E=Z EUsHA fE2EH= A
o7 &A Qh(Ellison et al., 2021; Leong et al., 2023).
e RS g o sl S IR i Raavd e o e e i s
Zom Aot AA7IAE AT & = T2 ovAd
o2 A olgd 4= Stk 1YY e w2 WD A
Aol A9 o] 54 EZ ulP- 7| o] FPH o= o]
£ W Fol FAE7] ookl oAAXIH
(Gaucher, 2020; Zgonnik, 2020; Truche et al., 2024). 1
Som Aabgo] g Helhat dhe 287 WA,
AR AU O B A8 4 Y A ML ¢
A njele] b @ A AL Hs A ko)) ¢
o chiwe] A7} a7t 53 Adsst 54 A=
7|8EO] g=4x Ak} vl wa o] ibsbetas o] vl Eo] Y55t
Al Zow, njgfoll= AL @7} ESF ol FS Ao oAt
Hth= HollA 2 s yehhzlof AA14 a9 28
g0l ATHZH 1b, lo).

e

2 1d).
npAeko 2 Slo|E Sk A HAE 5 ¥4 2.2, TIHHIM +49 gy
o] A 4 71A(Hy) 2 FHZE AEdhs 45 AAsaE gt HETH(H71E B3l L 28E B
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Fig. 2. Classification of Hydrogen Production Techniques. This figure provides a systematic overview of hydrogen production
methodologies, each classified by color (s) based on source and process. The use of these colors designations reflects an evolving
categorization of the sector, summarizing the technological and environmental implications associated with each production route

(modified from Hassanpouryouzband et al., 2024).
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DU AESA (YA 52t A HAR] 9 3 5) 1
S(39 3)= 53l BEE 5= AR I F AREUE A
(serpentinization)©] 7Hg SR A4 FA 7|ZHe
2 o AZ K Milkov, 2022). AHEYSH= S E F50]
Fet 2187 obAo] 3 vhgE o 'AY(Frost and Beard,
2007)st=d], 2 Ed M2 A Mo g 82 A
e AR HES 5k 2 e g E) vk
2 T2 FSME, HEeS, 1 Aol Z2 w34
oA &3] dojdrt. oA Y AHEUS}F oA 2dF
oA W 23 FE F 55 AEAY 3k} 4bE A S
ol A7F AAFE, BEg4lE ofgfel Zrh(Frost and
Beard, 2007).
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9k, A of| vl A= Ao A& Z3shal, SHAMA
A7k obd AR 7S 1A F2ACE B HHol] o
2ol 1} §hgAdo] Rol A2 ko] s AR met
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A Y F8 EAL F2 AYIKSIO,) FgFolw, AREA
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< HiAsH WA FES FA5] ol B9 4EE F
3] 4=4~2] & AJ(Schikorr reaction)©] 7F53lch ®eko] AL
B SR 2, 32, B-9r49] Aa), oheel 24,
9 B4 Tl Y3l Alojdrh. ARSI dojuh= F
o] && W 9F200-300°C (Berndt ef al., 1996)2 &
HA Ql=tl, B2 o 27(=500 bar)2] - o|Ho} W
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Fig. 3. Various hypotheses about the origin of natural hydrogen deposits (Zgonnik, 2020). The formation of natural hydrogen
appears to be primarily abiotic in origin, but other theories on its origin are also being considered (modified from Blay-Roger

et al., 2024).



=2 2roAe A o] HsHA f-AE 7o A= et
7} 2 LojuA] ga=tHMcCollom and Bach, 2009; Malvoisin
et al., 2012; McCollom et al., 2016). 12} 119t 24
(3-20 kbar)o A= AR ekshe] 22 L57} 27}k Al
ofsl &7} oF 4ull7kR] Z718E 4= It (Huang et al., 2020).

‘A A 2H"H(hydrogen system)’2 A-5-2] AT} o]F
= °J3fi5t= Hlof o] &5 A Al&8(petroleum sys-
tem; Magoon and Dow, 1994)3} F-AFSIARE &= 717 9] &
83k zpo]7} Stk A MR = ‘Af ALR A= 2EY
o] EJFEA] Wf EFYO|AIT, i ALH A= B
sl A= g E YR HAea] Aol 7
SEAGE UREA © 2 HAA] a3 TS EF o]
obd 23 HA 9 7|H¢tolgh= Hola(ad 4), F WA=
A Al L] 9 ehdkpa e ik Fol A 3Tk | o 4
2 oA WA= X9 Tissot and Welte, 2013), ‘424
A| 2]l oA T AREUEE QIRE o4 A2 AE
SHA AIZE PR STAAH R, 5 Hd A=) AZE R
of| A TAYZTHE AoIth 2™ 4). 1AL i A/ Al 2"
= 7129 A " 7k AR AL B wsHE, A A7
A|2]E AR AL PR HAR o2 favt SR
7tar ASAEE F4 A" Aem HuEH
(Maiga et al., 2023).
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T, 71 o) A TRe e WA S By U
7Vl th(Prinzhofer et al., 2018; Gaucher, 2020; Maiga
et al., 2023, 2024). =3t ANAHOZE AR ofxze]7},
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9 WA o] sl o] Fo x| 2L QQtk(Stalker et al., 2022;
Hand, 2023; Zhang et al., 2024). 181} o}2] AA| 2}
A AR S 2109 Aol B eke ottt
(Jackson et al., 2024). HA=40] TAF 9 AAtol| ] 714
Fash g S0l Y4 BT Aol Lot $101E )
a7 olsishs Aol ofm, $:27} oA HAEw e
2 5 U=AE ok= Aotk Maiga et al., 2024). 1=
27wl AAHE A Basae] BAT g
AL A 9 7R 55 S8l HAg2ol g ohH e A+t
HA&H oz Baste B3, AL P4l glof 2
TEE A EAT ZTUY L EA SR TS stE=
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£ F4atothDownes, 2021). o5& Hadae] 2t
©2A FRT G T Wk ohjet AW HLol Aok
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22 ASHHIY Sa, 5b). W 2HH Y42 AT
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3 72 B0l et $-8% ARE AT Urkee.
Lee, 1984; Kim, Y.K. et al., 1988b; Lee, 1995; Yun et al.,
1998; Choi, 2000, 2012; Arai et al., 2001; Choi et al.,
2001, 2002; Yang, 2004; Choi and Kwon, 2005; Kim,
S.W. et al., 2005; Kil and Lee, 2005; Shin et al., 2006;
Kil, 2006, 2007; Yang et al., 2009; Yu et al., 2010, 2012;
Yang, 2016; Seo et al., 2016; Kim, E. ef al., 2017; Park et
al., 2018; Kil et al., 2022; Kil, 2023). 12|31 2 A] EAt
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1A

EXl

H 35 ddiole F2br] 2Ed sl SRz
219%k0] A, oH U] Zrebat F1400] AR
oz 53] HdEo Sl A= EiEItHMoon ef al.,
2021). & GA9] 7]1€e HAUste sl e &
= & Al Q3 T off A WEe] F2 &5E Tt
JnbE ZA =9tk Moon ef al., 2021, 2022). E3F A
g v Lol A E oAt Hulet B3I S E
2fo|o}A7|(2F 223 Ma; Kim and Turek, 1996)°] )3t
obl SARIRHA(HeshE 49 e o2 Be
o il 28 AEag i 24 2 1 ARk 243
oJgt AR HRE T2 Sc, 5d) (Song et al., 2007).
opNEe o] 2AAGE $BAZ i 04 U]
ESE 4 &2 2o s =E5A B B }tHSong
et al., 2007). T2} A AE 2TRAIEL v}
o9~ 231 Al W HRA L2 AR FAE AY7]el
O] 44 AlBo] o2l g Ao )

3.2. 72 XNEZUH

Ul A Bl Z i A= AeEHE 2uEd
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Fig. 5. Photographs of the mantle xenoliths (red arrows) and feldspar megacryst (yellow arrow) (a) Jinchon Basalt in the
Baengnyeong Island and (b) Gyoraeri Basalt in the Jeju Island. (c and d) Photographs of the layered olivine gabbros in the Macheon

region (From Heo, 2008).
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B715Y FAR S A A 2o EASY B
HARZ A 7199] A 9l ZrAgAtol it Tt oA
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Fig. 6. Geologic map showing the distribution of the ultramafic rocks in South Korea. (a) Tectonic map of Korean Peninsula showing
locations of major ultramafic rocks, (b) enlarged map of the Hongseong-Imjingang Belt, (c-f) geological map of the (c) Hongseong,
(d) Andong, (e) Ulsan, and (f) Gapyeong areas (modified from Park and Yoon, 1968; Kim, B.G. et al., 1974a; Kim, O.J. et al.,

1974b; Kim, B.K. et al., 1988a; Kim, S.W. et al., 2014).
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Table 1. Magnesium numbers (Mg#) for whole rock, olivine, and pyroxene from the ultramafic rocks in the study areas.

Areas “r](?é)lie Olivine  Pyroxene References
Hongseong 87 90-91 91-96  Woo and Suh, 2000; Seo et al., 2013
Gwangcheon  86-87 90-92 91-95  Wee et al., 1994; Woo and Suh, 2000; Seo ef al., 2013
Baekdong 91 89-91 91-98  Seoetal., 2005; Oh et al., 2012
. Wee et al., 1994; Song et al., 1997; Woo and Suh, 2000; Seo
Hongseong  oioong 8993 9092 9199 1 2005; Oh er al.jéZOIO
area Gwangsi 89-90 89-91 89-93  Wee et al., 1994; Song et al., 1997; Woo and Suh, 2000
Singok 90-93 90-93 92-98 Song and Song, 2001; Seo et al., 2013
Gyeweol 90-93 88-94 94-96  Song and Song, 2001
Yugu 90 88-92 89-96 g(;(;jl;(i)zs;lh’ 2000; Woo and Lee, 2001; Arai et al., 2008; Kim
Andong 84-91 31-88 60-95 JDe;)\I,lagasitrezl;, zg}iézljlm and Choi, 2016; Song, 2019;
Ulsan 89-94 90-92 89-93  Kimetal., 1993; Seo et al., 2019
Gapyeong - 90-96 - Song and Kang, 2016; Oh et al., 2018

FEFS 2 Aoz AA R FHe T F9 7Rt
ol et K-Ar QS 2} FettSH( 2 AEA Ad
thell oJsf FeE= FF M= F=I(182-154
Ma), 7 FHollx= Eto|of27](227-198 Ma) Ath7}
=S, ol TR T Fool 44 5l &
7IAE S GAHEE RS Aol oFt FoldaA o A
BH)E WtFsks Ao = W= lth(Park et al., 2012).

5 YA E3HA|(Wolhyeonri complex)of A At
= WA= 27] dAtollA AL A Aol Hi
SEA 2R} Q7Y oA FAEE Ao Ao
(Oh et al., 2009), ©]3 Aol A A A7) A Z7]9]
°F 440 Ma o| Ao A o] Z=-odze] AE wiant st
o2 PAEIL oF 420-370 Ma Ft 11¢F WA 28-S
eren, Ag-rhHl-sR el fARIthL 2 EIrhKim
and Kee, 2010).

9 95 T 2LEAYANELAN = S5 19l
o Ao TR dde EFA WY vy aqEE 2
THol =P oz Bx3lal Qltke.g., Song et al., 1997,
2004; Woo and Suh, 2000; Seo et al., 2005; Arai et al.,
2008; Oh et al., 2009; Kee et al., 2011; Kim et al., 2011a,
2011b; Kwon ef al., 2013; Kim and Park, 2016). 9|& &
A, 1A FAloll= BlE, B, B, =4, ek diS,
7 RS, B8, dE, HY, 7o 50, €438 544
o= 84, BH, W, A=A, FA, AlY, A, 38 5ol
FIEZIHAE 6¢). 2T FHAUYA S A2 BE5 UF
© 2 ujgd 4&5A A2 AAEEA AU A= A2t
4 em~1 km®] Z3} 4= m~5 km9] Zo|2 2| Hof mat
ceralA Ukt 7199kl 2Tt Fjo]E(dunite)

32 32RO E(harzburgite) 2 AT AL, A o] 2F 30-40
km9| oF7t AP H A WEOA FAE gulg ez o
e, ARSI dASA B EE Y
& 2 2P ARk 600°C)at FHA Ay}
R G52l o3l Arz G A= A= UG
(Song et al., 1997; Woo and Suh, 2000; Song and Song,
2001).

ALY R A7 AA SN = oF 887-764 Ma2)
Aol =EE U=t o2t YHSH EEdto] FARRE 7]
= 7M1 Ao R SN E= 2uFAUYAE E3 AL
A ArE(supra-subduction zone)oA FAAH o
ol= B2Yol 259 53 A AU AF A= 873
(°F 890-860 Ma)2} £ 4 9] thF A7) A= S (oF
760 Ma)& Hhsk= Flojnl, 224 0 2 Y52 7)(o}
z7pw))e] B2 qldine} stk AlQkE v} glthoh
et al., 2009, 2012; Seo et al., 2013). T3t 0] $2] HA U
AEEtel disfiAl= BlE AREEA W 78 A(spinel) =
A& o8-8l e AT AREY S 2Hg-o] Egtolo}
271 E 55T 5= F 571 oA R A
2 S A43HATHON et al., 2010). BFHOY| Z/ Arhef A
ol gt AdiSAS ol 8t 34 2 5 A5 &
QIBHAA o= AT} Yot o] Q1AL o] E
gfootA7] 9] S 71EStAL Qe A|SsHH A BAo}
o] FAT} BX o] 2 HAUAY X7 =5 D AMREY
3t o]¢t #Elo] Sl ALE sjAs7|E StATHIH
7)(Kwon et al., 2009; Kim et al., 2011a, 2014, 2015; Park
et al., 2014). =3+ FAX 9] A=A (A A7 EEY
AgA717F AL LAEH(SF 815-770 Ma), IAHTH(SF 310 Ma),




<71 Egtolot27](9F 240 Ma)o]l o]=2& thefRl dAtE
Uehditk= AHE 2ARE 20EAAAEY AU AE
= R 2 gt Al7|(Z2H Yot R 2= =TS
o] 4 9 Edut wA)of| FAE NS 73 AAIEE vt
QIthKwon et al., 2013). ZAAX| 9 9] 7| ALAEL o]
&3t 20 HANY FAHAY] F5= AFTHAIE o] A9
2VHALAEY B4 A7) R A2 d4S o EA
ste, o] S&s17| Yo 2 FALA ] gt 252 <l
g Ao ASHE AT A A o= 2L
A A7t Y=, vlE, A Al (Kee er al., 2011)971A4]
£ Wot7] Aojo] HuEm YR 2 HAGA S| Wt
7)ol AFEAE} HAS e e ASEHNE TFe S
A AIBFHATHKIm and Park, 2016). 1831 HA 2=-9F
273 FAsA = vlE F71UA Y olEE2A|EA
| Z22R}0)| EAK(16.5-20 kbar®} 775-8507C), 119} et
AH(11.0-15.6 kbar@} 760-850C), ZHISFAK(7.7-9.2 kbare}
550-735C) HAdS A= HPe A2 BEQrHOh
et al., 2005; Kim et al., 2006; Kwon et al., 2013). W15 A}
A W AFA WP E=3F ) WPl 2

(AF22f) &Ml 2L 22 EY I 525

A} WAL 2|2 ERATHON ef al., 2004; Kwon et al.,
2013). S EdtolotAr] Bt 49, di, F4k 55
A H 9] Ao E 29 WMol S AA
SEA-ZM7IA 9 M-S 71EstaL glem, oF 240-
230 Mac]l FH WS 71 o] T E WS ot F=19
=5 A9 FARE A 02 tju]sEgIth(Kim and Koh, 2010;
Kwon et al., 2013).

ZA Qo] sk 21 FAGEY vtadlE Hl= o
A2 86-93 HAE Vb, 183 ZehAat flA o=
A2 712} 88-949} 89-99 M5 7HA| = v A =2 3L
& HAZTH(RE 1). oli= 34 ddl9 2 FHAA=EY
N A+ATES Qs

3.21.1. 88 XHIAAH

4 20 EAYA(TH 6¢0)= F 60-90 m, Zo] F 700
me] FRE BEZNI8-35°E)dgko g A&E|o] Q1 Y3t
I AR E AR} B R Akl Qe FUCIE =
2 St2BRLO|ER AAGH FE-2 tiA| = 52 9] Apo]
3 223} QYRR O] YRR B2 o 2= 24

(a) Late Permian - Middle Triasgic

200 km

Asthenosphere

(b) Middle Triassic - Late Triassic

removed part by erosion

Detached
lithosphere
Permo-Triassic

Asthenosphere

El ultrahigh- to high-P

metamorphic rocks

Devonian-Carboniferous
sedimentary rocks

Devonian-Carboniferous
metasedimentary rocks

Fig. 7. A detailed 3D sketches illustrating the geological processes involved in the formation and exhumation of the ultrahigh-
to high-pressure metamorphic rocks, associated with the exposure of the ultramafic rocks along the Sulu and the Korean collision

belt. (modified from Kwon et al., 2009).



526 fHee - s

HHERAS Holal = H oA ZHd o de] HAd(638-
780°C)7]2-& YEeRATHSong ef al., 2004). 21445+ ¢F 9]
AFE ARZU7A st AMEsi, 299 AR W
o] A|GtzA Ao o A ERE 53t duRIFgo=
X =] chSong et al., 2004). T3 A1R 3 AP1E &
3 FEm AT 5& AHFL} tiH|SEATHON ef al., 2009;
Seo et al., 2013).

3.2.1.2. M XNHEAUN

R 2TAYWN 6oy FLOLE B 3270l
Eo| £35}8 Z 50-80 m, Zo] o | km& N17-25°E9] &
55 Wker Easty vt HAENYRY} GFoR
A3HE QItHSong et al., 2004). 7] 9] HIEES] oFx7} A}
4 WA Aoz WdEo] Qlul, hRE FHEL =23t
0|2 23t YA ol AE AR o] FEH
o2 B SWPAIA 2] HH(638780C)
715-& 233K (Song et al., 2004). 2T HALA = AR
WEol A72A ] ola) ARE ST YsaFOR
FEE UK Song et al., 2004). EF FA| W 2F HAHA
9] Cr#(Cr/Cr+Al)o] =2 2H0.59-0.74) & LRl Ao
T2 AU Y AT e olfellA FPHA= BE
oFstrlal s &8 tH(Park et al., 2014). 12|31 &FA U] 3£
A S| HgFo] IAT(SF 328 Ma)E YERATH=
AHE B E 2 20 EENL oA R E S =
of o]2&= Aot} FAT HE AL S ASHFIrHKim
etal,2011a). 224 th& AFtolA= 2HYol 2| &
Aoy, olF TEGRG ZUEE A B ATE BAS
A A2 SR YE A 7)) B2 clvinol o
H)Ethat 3FFTHON et al., 2009; Seo et al., 2013).

3.2.1.3. g X AHAH

s 2D HAYA(TE 60)= = BA-9E HF
2 ujgE I 21 BAGAET= 2 AEA FHT
H-&5 S=et SAF B3E Seo ef al., 2005) 0.2 £ oF
100 m, Zo] ¢F 600 m FE2 QA dZejstedat
35 AAE o|FH ARFO R wEEH, A Y Fd §
B2 HAJ A7 d o] EEZTHON et al., 2002). A W
HAAE71/ 3ol Al 3t AR HAZZRg-o] QIA|(Oh et al.,
2002; Seo et al., 2005)F) 11, o] 12} | EZXJo| EAF-HY
ZYoFK(1123-9117C, >16.3 kb), 22} s AHAK(825-740C,
16.3-11.8 kb), 33} ZHdobak(782-718°C, 8.2-8.7 kb)<] &
AL AR BT Ao R FEFA 9] thH|-&F
AALo 2 A EAQTHSeo et al., 2005). g 2 HZY
9] 714e] dair= 5F AHF(passive margin) of=f
9] 4=3}5] WE(Seo ef al., 2005), ALY At Aol

o ulgato|E9] 2:3}5 WE(Oh ef al., 2010, 2012), 1]
1 37 3] As MR (Kim et al., 2011b)7}A] T}
gt 34 o] A= At SHH Park er al. (2014)2 5 A}
B9 37 HPH 9 =4S o] 83| o] AYEY vtk
7192 $7] A Bt AU AR @00 A WE
3 885 71 Asago] oJgt A3 2|9 ofeff x|zke] R
£ &80l o3t Ao 2 | 3t3ct

0|5 ztz}e Wk AHA|5] A &3P, Seo ef al. (2005)2)]
Z27] Aol Wiy 2 FAAA T FE=ATY =53
AR A2 A AR WE A HLS FE] oF
5% 82 &8l 93f 7|¥e Aoz st 1y
T4 Ao A= AP 2oYol 2UF 34 AA E
A2 & AHFA F4E AU AR eu)&et
O|ER N EH, 7|0 oF 10% vlgke] HE 8§, &
7] 9F 15-35%9] F-2 8§02 B} Z13tE npoiato) A
A% 02 F4(Oh et al., 2009, 2012)E ATt E= A
Yt ME H7]o A HAARA-EE AE WE 7|go=
YA W Bxdh= d714 Bote] dRol ¢k 310 Mag UrE}
Wk AHE 242 2 gAls YA RE S
Zo| o]2&= TWAlote] P4 TAH AR &=
SFATHKIm et al., 2011b). ¥HHo|| W% 2 HZLA U
3E AN Y A5e 244 TAR Cri#(Cr/CriAl)o] 5
oA 32 340.41-0.64) Y= A2 SFalF oA
A AR As ofef B o 29| Az 3 HolE Wt
G5t A= Ao A FEE Ao 2gt WA ozt
29 AL F 02 FAH v} QIrhPark er al., 2014).

3.2.1.4. HIS ZDHZAUH

HlE 20 HAGA (T 6c)= F55(N20-35°E)L3F
o2 A% oF 250 mé| FEE =251 o5 EE 1Y
A §TReIT F2 BEU2E BelthSong ef al.
1997). 20 HAGLE & FUO|EQ} st=rRlo|ER
F2 RAY, SUYAL, BAo|L 27 Tejm BpAo
2 ZERAL ehl 917o] me} 2RA 3o A
# o2 AHEeteh Hojglit] ol WE LUo| BEEE
2 A7} 4pso] HAE Quely 2nAAFeR 2Hn
(Song et al., 1997; Park, 2001; Park ef al., 2012). & A
A1 AHR ZHgkO A S Eekke] WA 7] o] B
= cH(Song et al., 1997; Park, 2001). Oh et al. (2010)]
wj2 e u% 2080M] AL At A BE
BpoT o SHUE el o] F U WHLE
= 73Ut AL 2 sAstqirh WA, A WA= v &R T
D 2719 G 45 o WE H7)oA 2FY FEE
ol o3t sHgehEoln, o] % A Wi EEA] 2 of
o Adake sl s SaE 24 Fo S8l B



37t W2 FE 889 S7HE o X3kE vkt 3
3t A0 2 A ABFHTHON et al., 2009, 2010). o] 3t 33
o] Aoj= AU F2HSF 890-860 Ma)2] |+ EZt
(trench roll back)el] &Jgt Ao|H, o] F FEF=A] 39| E
glojotAy] 5 T 87| Tl A AHEEHRE- T ZH o
o] WS AL AL R M EUTHON et al., 2010). E
gt Seo et al. (2005)+= vl 218 AYo] AR WES &
2 ol A oF 17-24%2) Fi 8-gollA 7|3l A AhollA
frefE FfrAl(hydrous fluids) = 4ol |3t w2t
£ APt Aoz Ak

3.2.1.5. ZAl, M, A5, HIE X OHEEAH

FA 20 HAYA(TE 6c)= FEFE(N20-40°E)4F
o2 oF 180 m o) A Elo] eha e Fifol=
o SfzuAolE R YT BUWA-TAo| TS
Holm o] 59| 7| A WEo] tE-Fol o
R Z}ol| A5t A o= gl ol &3}aL, ol what AR
A3}, U A3} A5t A LehdTHSong et al., 1997).

e 20 HEAAA(TE 60)Y B oA W 25 3
A9 et 2AE v e R F FRE FREY, 47
TSN/ SET = Y AR AZ ol B
A A= A2 A = th(Park et al., 2014).

A3 9 Al 20 HFAYA(TE 60)= EEF(N20-30°E)
Hreko 2 ZF7F Z 60-80 m, Z°] ¢F 600 m 183l = 50-
0 m, Z°] 400 m9] ;F 22 X[ leEHH FLUO|E E
= StEHAo|E R LA EtHSong and Song, 2001). 94
W 2402 E AR o] ST U AU
SYY-EAO|2E el L 2 5L HE o AR
3 9 FAstE o] glom, 7|92 duly =AY
OS2 PN 2LAE o&3l A4k HREEQl ¥
A2 A HAA oA P ol sttt Al
I AA7E 2F 650-820C 2 650C mjghel AE A Eck
=7 Yeldth(Song and Song, 2001). A1 A= 2oy
o P4 oA AU AR A= A FAHE I
WE9] 3t HE o 2 A} ItKSeo et al., 2013).

o

3.2.1.6. 7 XNEHEAM

ST 27 -HAYA (L 6c)= HAFH(horseshoe shape)
o A30] 2% A UL s=H 0|22} 2]
Zeto| Eo sigst FARE wet thA| = ZsHA ARE
3} Fo|lar YF o] WUTH ZH At AHE el A B4
= &4 A7) ZF2]gFciWoo and Lee, 2001; Kim et al.,
2023). 5= AREH3 282 GAI7F 5715k Aol ALY
Al f7meketo] e Hozeki 9 ZHadekare)
WAZET) S S B o3 AeE SE At

(Ar=22)

MO = 2R EZY TE 527

(Woo and Lee, 2001; Kim et al., 2023). 47 21382
o] 71¥E AslA Ao = oF 5-18% Y H& &85 7
R WE ARARA, MY WO RN $EE 4
52 &5=9 MFol o 22491 WA AL
o, I 34 9 BA Bl - EFIAYY =4 T
Ho] 9J= Ao 2 F|A5tHtH Arai et al., 2008; Kim et al.,
2023). 28U 47 2LFAYA = thil-&F SEHY
2 EAAA o] ]3] A BHS A AR Holir
ol th|-&R oo 2 EAY B4 2ol vls AiA
o= e AR MECIH BHEY) EoR 24}
(Arai et al., 2008).

v VYo —
o= SHeESA Y FERSF 0| 7IEA 2L o] SIS A
AR A=A 2 L2 H ANEUSHE 2 HAAA(F= 2
YT A FAe U g el BRE Wge R

{29 6d) (Kim, BK. et al., 1988a; Hwang ef al., 1993; Kang
and Lee, 2008; Whattam et al., 2011; Jeong et al., 2012;
Song, 2019). 7|&9]| HF 2 2 7]R|(Kim, B.K. ef al., 1988a)
S0 2HF ARESIAS] Rokel TR Ael) A e
) B0} 7]lo 7] E2jolokar|(oF 222 Ma, SHRIMP
Aol byt Ao W AFZAFN B A
© 2 s|4(Jeong et al., 2014)E 1L 0] 2 |2t 53]
4 WE(sub-continental lithospheric mantle) 242
7= ok 21 3AQ E3LA|(AUC: Andong Ultramafic
Complex)’ 2 HH 5} tH(Whattam ef al., 2011).

AUCY] g1t TRAste] oA W #]o]2 stz H(Hf) &
e B4 23 eHfgko] dtE 9 = F5 9] 418
WE Z3 o] A7 (primitive values)of H|3] A& o
2 R3ke EA4S Helths AS 2AE UHBEgHe =
7] AYEeE ARt A WSS woffA-g(metasomatism)
of oJ3t Ao =2 A5t tt(Jeong ef al., 2014). E3T Luf
9% 20 HAY 5 vkan £3KBodinier, 1988)0] &Jgt
3HY71 9 AL} AR S BRItk AA =7 = 519
TH(Song, 2019). A|3}e}A Ato| A= AUCT} =)zt &
Z)E w2a} W) F & (magmatic cumulates) 7]go|w], af
ks F2 0|34 FaARol Fxa 71 §520 o
37 thEA|Z BHRY] A WEA fET Aem
A9t Whattam et al., 2011; Kim and Choi, 2016). &
3| T Ee =AY SE TN WA s £
(detachment)o]] 9J3] FAH &3 A=L(slab window)E
ol &5 A gol nZHES A2 HE AL 5t
O] ohAd WHEY FE88S SR e, 1 23 Bt
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olofA7| ZF& F ulanpEE(post-collisional magma-
tism)Z oF7|8t A2 & 43}EtHKim and Choi, 2016).
oF meke] ALEQISHE ozl WAKEE ol BY
sizeksel A oF 214-187 Ma <t FHE o] wAlg
Ao2A, 9 U] Ni-Cr #ei2g-2 ALEQIS} 2Hgahs
Bksio) moke] Aot ol A SR Ao R A=Y
TH(Davassuren et al., 2024).

Heea9] FAT JATE Lo =A AUC YAIE
T S e A vdls vl 84-910]H, ZAlat
#42) ol 1l ] 212} 81883} 60-959] WelE Rl
CHGE 1), 91 M9 34 2 e 2jede] okl st vl
FE o wofl HA B2 G2 i A gl fEE 2
Y 241S 7Hl A o= wekE

3.2.3. St A

BAREA FEE A ol ANEYEE 20 EEed
A&t SHAFAUA7E st FA AASHHIE 6e). 0159
43910 T8 270l 1k T4-S ESH A sigte] 4
WAL ol AR FAE Ro2 2w gt Huang,
1963). L2t} 27} Qo)A AHESH= 22 FijolEs}
spzvizol =2 TAE 2T PN G4Ael
o3t Ao 2 A EATHChoi, 1983; Choi et al., 1990;
Kim et al., 1990, 1993; Seo et al., 2019). T3t 21 H A%
Aol A3 eZof BRshA = vkarte] B L2 AQHe.g.
Yang et al., 2003; Seo et al., 2019)3}FH o, o] 21 HZ
AA 2} FH AAE 7] BA O Qo= o]0l Tt gk
7] YHE 20 ZARATL BT W] HHFY
7|Rkre 2 Rp2skar Q1o S| el ojsf B 3
Sk Z(Seo et al., 2019)Q1 ¥HA oh 2 o)A 21387
ero] Wot7] B2 ¢t W s ekE B Jlth= Z(Yang
et al., 2003)°]t}. o] & 7175l7| fliA= oFdRAL L A

S WEE 7 A7 Das] Helr who| ghit
A= 271 AFtollA 2 A3k YRz HuFGL
th(Park, and Park, 1980; Choi, 1983; Kim et al., 1990).
o]% At BAIE Ao AJst27 27 FElE AN
2 A5} oF 650 m7HA = AAETHE AL B2 H27)9
o] obd TYIAFE A= AHIE A= e, WS4
23 5T Aol obd A2t WellA 4 E 2212 wi1mte
oJsf F/AE 7HEUE| EY 7HsAd o] Ath= o] AA|
EQth(Yang et al., 2001, 2003). E3] o] AL 2143
np2uke] FZ| & Folo] Agshe nkantrt x|2He) A3
A GAE Zole FIES 5o St mkankE 34
T AASH Ao =2 43 HHYang et al., 2001, 2003). 1
b S A S oA ZHEU Bl E
7h ofd SFEAEYS A Aor AL, F

SRR

S}aH-8-2] A (prograde stage)oll A= vkt 7] 919
Frof| 9J3) 2F 350-450C F= o] Bl a] LAgh 2ol A
A FIHE A5 3L FE DA (retrograde stage)oll A=
7124=(meteoric water)2] E3to 2 <ls] oF 340C oA
135°C o] A200|A] Zn-Pb-Ag A3/} LIS AL R =
)3}t Choi and Youm, 2000; Choi ef al., 2003). w2}
A AREEHE 20 EEAd W BAME A9 7] he S
9s]7] 913t 571 A7 2o Ao s Almdh 24t A
9| A 9 4 F=Y FATAE o&3t dfAolA=
At ol B/ = AL wiely] SpFete] Aol ofsf AREe
SIS A3 A3 A H(ATHER) 0l A HE A= A
AJ5FATHKoh ef al., 2006). EHAME 9HA| 9} 2 318 A 9FA 9]
B A7l vldelu 7 2@t eto] ol &2 Edehe A
© g Kol 7itig] sFHeETE eHE Ao AHsel
1, 53] AFA A7t ZE4A 9 K-Ar d=(9F 50.3+
1.7 Ma)3} 7} 2]sbte] &-8-1 K-Ar A (2F 50.8 Ma;
Lee et al., 1997)9] §-AM3 T} X|8FsHe] ABAS Hlg o g
S W 2712 FAl= 7hd =l el fste] A
Ao 2 3|45FH K Seo et al., 2019).

AP A Y AR 7HYE 2 AEY S 5=
HAP|ER & ulauls H](89-94)F Holn, At
1412 Z+2F 90-929F 89-93 8] W 9| E YEFHTHER 1).

3.2.4. 18 &l

715 S5l HXsh= 7HFEAIFoll= A8EA 43¢,
Zheh, 9% BAENro R THE H3)d Heke] AR
9Bk ABieh W 2t o) AR BRI 6f)
(Kim, B.G. et al., 1974a; Kim, O.J. et al., 1974b; Jeong et
al., 2016). AREYoll= 2| 2EHY, QHE|aIEolE, gRi=
Tho]E 5o] AREE= A o 2 SRR1ESIrtKJeong ef al., 2016).
718 AR Al 952 B8l AR R =S duly
ZUHANGEHS) 719 E A FEEE AHEAY
A S, W BEBRE 24, ARA, SUY 5L 3
$31 Fujols} slzmAol= 2 A X EdrkSong and
Kang, 2016). Z12]3 AFZAAIE ZF3E 71 A H 9] 41
AT SRR} HHURE B0 WS, HEE
= 9F 854 Maof| th& &7 AF28 A FH=H Ao
Baax)9)e] g& el tuls) 2ojuo} 2rjEe) 2
g A7)1¢F dx|gto] AGFEIQTHOh et al., 2018). 18]aL
oF 250 Macl| E5=A2} HF=A77t F=5h= &<t
AbE R 2] 0FrK816-882°C, 9-10.9 kbar)<] WA 28-S A
Hoha, olF AFRAOR 4 Aoz eutEe] Agt
4 et SEARS T FE5T AR HHSHTHON et
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