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ABSTRACT: Recently, Permo-Triassic eclogite was found in the Hongseong area, indicating the Permo-Triassic
continental collision within the Korean Peninsula and the Triassic post collisional igneous rocks were found
extensively in the Hongseong-Yangpyeong-Odaesan belt and in the region to the north of the belt. The Imjingang
belt was formed in the backarc basin and underwent a collision-related intermediate-P/T metamorphism together
with the Gyeonggi Massif and Okcheon Metamorphic Belt. It is also reported that the northern and southern
Gyeonggi Massifs, which is separated by the Hongseong-Yangpyeong-Odaesan belt, experienced different tectonic
evolution during Paleoproterozoic and Neoproterozoic times, and the Neoproterozoic rocks in the northern and
southern Gyeonggi Massifs can be correlated to those in the North and South China Cratons, respectively. From
the northern margin of the Yeongnam Massif, 2.0-1.7 Ga arc-related igneous activities were reported but these
activities were not observed in the eastern part of the North China Craton and the Nangrim and northern Gyeonggi
Massifs. Over the past 30 years, several tectonic models have been proposed to explain the Permo-Triassic tectonic
evolution of the Northeast Asia. Among them, many papers have referenced the tectonic models in which the
Qinling-Dabie-Sulu collision belt and Tanlu fault in China were correlated to the Imjingang belt and the Honam
Shear Zone (or the South Korea Tectonic Line (SKTL)) in the Korean Peninsula respectively. However, the Tanlu
fault started its fault movement from the Permian during which the North and South China Cratons began to collide,
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whereas the Honam Shear Zone and SKTL started their fault movement after the continental collision. Therefore
the Tanlu fault cannot be correlated with the Honam Shear Zone and SKTL. In the Imjingang belt, evidence of
collision boundaries is still not found. Along with the above models, the models which consider the whole Korean
Peninsula as a part of the North China Craton, do not agree in part or in whole with the recently reported results
of the Korea-China geological correlation. Among the proposed tectonic models, the tectonic model, which
considers the Hongseong-Yangpyeong-Odaesan belt as an extension of the Qinling-Dabi-Sulu collision belt in
China, is best matched with the recently reported geological information.
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Northeast Asia

(Chang Whan Oh and Yong Heon Kim, Department of Earth and Environmental Sciences, Jeonbuk National University,

Jeonju 54896, Republic of Korea)
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Fig. 1. (a) Tectonic map of the Northeast Asia and (b) Tectonic map of the Korean Peninsula and eastern China
(modified after Oh et al., 2019). Abbreviations are as follows: DB=Dumangang Belt; GB=Gyeongsang Basin;
GM=Gyeonggi Massif; HS=Hongseong Area; IB=Imjingang Belt; KM=Kwanmo Massif; MB=Macheonryeong
Belt; NM=Nangrim Massif; ODS=0Odesan Area; OMB=0kcheon Metamorphic Belt; PB=Pyeongnam Basin;
SS=Sangwon System; TB=Taebacksan Basin; YM=Yeongnam Massif.
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al., 2006b; Choi et al., 2009; Williams et al., 2009; Seo
et al., 2010; Kim et al., 2011; Yi et al., 2016). ©]& E
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Fig. 2. Tectonic models for the Northeast Asia during the Permo-Triassic time. Tectonic models suggested by (a)
Yin and Nie (1993), (b) Zhang (1997), (c) Ishiwatari and Tsujimori (2009), (d) Zhai et al. (2007). (e) Kim et al.

(2011). (modified after Oh ez al., 2019).
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Table 1. The summary of the Paleoproterozoic tectonic evolution of the Nangrim, Gyeonggi and Yeongnam massifs in the Korean Peninsula, the Jiao-Liao-Ji belt
in the eastern North China Craton and the Yangtze and Cathaysia Blocks in the South China Craton (modified after Oh et al., 2019).

Time Event Location
Nangrim Massif ~ Northern Southwestern ~ Southeastern  Northern Southwestern Jiao-Liao-Ji North Eastern
Gyeonggi Gyeonggi Gyeonggi Margin Yeongnam  Beltinthe  Yangtze Cathaysia
Massif Massif Massif Yeongnam  Massif eastern NCC Block Block in
Massif in the SCC the SCC
2.2-2.1 Ga Magmatism NR NR NR NR NR NR Arc or post-  Syn-collision ~ NR
collision
Metamorphism NR NR NR NR NR NR NR Intermediate-P/T NR
2.1-2.0 Ga Magmatism  Granite Granite NR NR NR NR Arc or post- NR NR
emplacement emplacement collision
Metamorphism NR NR NR NR NR NR NR NR NR
1.99-1.96 Ga Magmatism NR NR NR Granite Arc-related NR NR Arc or NR
emplacement Syn-collision
Metamorphism NR NR NR NR NR NR NR Low-P/T NR
1.94-1.90 Ga Magmatism S-type granite NR NR Arc-related  NR NR NR Arc-related Syn-
collision
Metamorphism Intermediate-P/T(?) Intermediate-P/T NR Migmatization NR Intermediate- Intermediate- Migmatization NR
P/T P/T
1.89-1.85 Ga Magmatism Post-collision Post-collision Arc-related NR Arc-related Post-collision Post- Post- Post-
collision collision or collision
Metamorphism Low-P/T Low-P/T Low-P/T NR Low-P/T Low-P/T Low-P/T Ultra High Granulite
Temperature  facies
1.84-1.83 Ga Magmatism Post-collision Within Plate NR NR NR NR Post- NR NR
collision (?)
Metamorphism Migmatization NR NR NR NR NR Low-P/T NR NR
1.80 Ga Magmatism NR NR NR Post-collision NR NR Unclear NR NR
Metamorphism NR NR NR NR NR NR Low-P/T Ultra High NR
Temperature

NR: not reported, the relevant references are mentioned in Lee ez al. (2016a) and Oh et al. (2019).
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Table 2. Simplified chart that show ages and tectonic environments of Neoproterozoic igneous rocks in the North
and South China Cratons in China and the Gyeonggi and southern Nangrim Massifs in the Korean Peninsula (modifed

after Lee, B.Y. et al., 2020).
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(a) The comparison between Neoproterozoic igneous rocks in the northern and southern Gyeoggi Massifs in the
Korean Peninsula. (b) The comparison between the Neoproterozoic rocks in the southern and southeastern margins
of the North China Craton and the northern margin of the South China Craton in China and the southern margin
of the Nangrim Massif and the northern and southern Gyeonggi Massif in the Korean Peninsula.
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Mael F4E AL eF4o] BuEgith(Kee et
al., 2019; Kim, W.J. et al., 2021).

ST BEEo| gulst BAoh dAE] &
AR At SHRAtE 22 18T
880-760 Maoll € (rifting) B FAAA S99 4
24 SMieh 9 HHe) o) S BAROR Y §)
= Y B3 go = A=k Lee et al., 1998;
Kim et al., 2006a, 2017, 2020). o]o]] ¥13] efufil &
A= s ol vehhs Be 2419 2o 1
Ad] 2710 BlRE 2423 1D F7) o 5
AE B er 45 Urk(Choi, 2019,
2019b). & efjulil EX]9F Hg HAAE 2=
H| A7) $7)0 A A7) 27] Atoof] A H =&
o] BFA %] %] 9F=th(Chough et al., 2000). A g]o}
7] A7) & F71°) didshs HEY Fo] LEE
H| 7] 5 9ol HAE itk 2art Ao o]
AHEE A = Foll Qlo] o] =RolAE AR
o}7] Zofl tial =34 P=tt. 2 Aol o) F
QEER| 9} e el i EA] Abo]of X7 XA} 2
A} 57191 tl27]o Tl 2R ol A & H & A
A} o] & BUT MU L Z o] R A 2ol Fel
) ith(Lee, B.Y. et al., 2019). ©| 2710 E & H 1Y
o HAAE]Z o] ARIZTHE ofe}t B71S53 A
5l 34, Higt A9} 7153 FHQ L4t #|
Aol = 22T 773 o] AX = T 2™ 3; Cho et
al., 2010; Cho, 2014; Kim et al., 2017).

A G A A oM E LEEH|IAY] 37
of| 470-450 Maol A 1} WA H 32T Lot
©m 450-390Mac]l B2 SHF WAzl I
5 UG HAAZ-GT A Do ThKim et al., 2011,
2015; Koh et al., 2013; Oh et al., 2014, 2017; Imayama
et al., 2021). o]= o] A|7]|e) BA-TAks Adt= A
oS ot 1Y F7] AU dEFE0] U
25 AAIFHKim ef al., 2011, 2015; Imayama et
al., 2021).

SN = 290-240 MaZ ol F4E o] A%
£2 igton HAE = FEFoli BAZ0R &
RN AFAHE AX AFA-ARNYE 5
7Fstm Ao Hu HAYRA-L 620C, 9 kbar
o]th(Oh et al., 2004; Kim et al., 2005). o]o]] H]3}|
273 = 250 Mao]| S48 9 ¥Ads Wgkom ¥Ay
Z7t BEZA &R AFRAYE e G

& A AR S7Hte 74 o] i3 v
A2 2 AR ko] st
AJ2F81(648-550C, 13-11 kbar)o| LofdthLee, BY.
et al., 2019). 3/3-4- 2 jARS Ak Aol A 250
-230 MaA|7]o]| gHRt=olA 71 733t ¥HAJZRg-0]
Aoyttt B4R 9 o F2A0| E= o EEAIIE
3e] 2L HAGARE o] Fof| P A FERAIZL
€S HA T2 F FFH o7 YA FEHEA
ZH8-5 wgton oA WYt MR-
o] 12|31 it A Ho|l A= 2a1& WAJZHgo] I
OJHTHOh et al., 2005, Kim et al., 2006b; Oh et al.,
2006a, 2015). Kwon et al. (2020)2 &4 JlE=2A}
o|Elfje] Y= S3tAo| E(omphacite) 7} ol &
E2}o|E WAl sfigste /g Agl osiAzt
oflzl 7] fdE fAIe 71& FELY w3
osf FAH AT FstTt A o] AT =
ZHd el TEHAYZAES HhE HAlS tite =
ATE 87| wiZoll ZH el T WAdE
& oA Lot AZEA|E WS B
7= ot AR SR Aol A Q1A E= HE
7]-EzfolotA7] WG A-g-0] fQ12 2 FL U
AR GFgket 2 2o o5 M= FHREE Yo
A ol BEIuT} yEa e tE 32 o3
dojt Ao 2 FdE 3 QITHOh, 2006; Lee, B.Y. et
al, 2019). HZ AFOIHE A Bx] BEzo]
TAY 7] HHLE 62 ErfolotAr]o] 2ot
O] HAQA-E-S WgkZo] B rH(Kim and Ree,
2010). o] AJ7]ofl A=A TG oA = 7
OfF-Z| o} R A]-2+7F 2 (Bureya-Jiamusi-Khanka
block)#} E5= Atolof] dojit F=7 TAEHS
= 202 AYZHE = 3 ERE-o] Lol th(Oh, 2006;
Oh and Kusky, 2007; Ma et al., 2017).

-4 E-2tibS dshs A Bl f1AIE A
7159 55, 437 221 FESY 34E 34
ol Egfo|ofAi7|(ca. 230 Ma) S5 5 S0l
FHH o2 BYsHASo] FRA=JTH(L™ 4, Ohet
al., 2006b; Choi et al., 2009; Williams et al., 2009; Seo
et al., 2010; Kim, T.S. et al., 2011; Yi et al., 2016). 1
213 %7183 B3 ol Zof ez Eejoloa
7] Al R, FA EaTefo| bt}
oE 5ol 25 F BRI BHHUST A
7143 BERo Yehis 84 2471 38 5 @
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rocks (modified after Kim et al., 2017).
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(modified after Kim et al., 2021).
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lithospheric mantle

asthenospheric mantle]

Fig. 11. Tectonic model for the Permo-Triassic post-collisional igneous activity (modified after Oh and Lee, 2018).
(a) During the subduction stage before collision, lithospheric mantle was enriched by crustal material derived from
the subducted oceanic slab and sediment. (b) During collision, the continental slab was subducted by the pulling
force of the previously subducted oceanic slab. (c) After collision, the oceanic slab broke off from the continental
slab due to buoyancy of the latter creating a gap between the continental and oceanic slabs. The heat supplied from
the asthenosphere uplifted through the gap, forming post-collisional igneous rocks. (d) In the later post-collision
stage, with more extension than the early post-collision stage, mafic magma intrusion occurred by partial melting
of the uplifted asthenospheric mantle with within-plate geochemical characteristics.
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Fig. 12. The 2D tectonic model for the collision between the North China Craton (NCC) and South China Craton
(SCC) (modified after Oh and Kusky, 2007). (a) An active margin formed by subduction around the NCC during
the mid-Paleozoic; at the same time, a passive margin developed along the northern boundary of the SCC. (b)
Collision started during the Permian in the area that is now modern-day Korea. (c¢) Collision propagated into the
area that is now the Shandong Peninsula, producing the sinistral Tan-Lu fault and a dextral fault in the Hida belt.
During collision, the Shandong and Korean peninsulas moved northward. (d) Collision ceased during the Late
Triassic. (¢) Until the Cretaceous, Japan moved southward. Abbreviations: BJK = Bureya-Jiamusi-Khanka block;
CB = Cathaysia block; HB = Hida belt; ISWJ = Inner zone of SW Japan; NK = northern Korean Peninsula; QB
= Qinling block; SK = southern Korean Peninsula; YB = Yangtze block.
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Fig. 13. Map showing the geologic and tectonic subdivisions of the southwestern Japan (from Oh and Kusky, 2007).
The timing of accretion generally gets younger oceanward. Abbreviations: MTL = Median Tectonic Line; I.S.T.L
= Itoigawa-Shizuoka tectonic time.
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Fig. 14. The systematic change of P-T-t paths along the Qinling-Sulu-Odesan collisional belt (modified after Oh
and Lee, 2018). The petrogenetic grid used in the study by Oh and Liou (1988). Abbreviations: AM = amphibolite
facies; Amp-EC = amphibole-eclogite facies; BS = blueschist facies; EA = epidote-amphibolite facies; GS = greens-
chist facies; HG = high-pressure granulite facies; HP EG = high-pressure eclogite facies; LG = low-pressure granulite

facies; UHP EG = ultrahigh pressure eclogite facies.

Table 3. The systematic change of metamorphic and post-collisional igneous activity along the Qingling-

Sulu-Odesan collision belt (from Oh and Lee, 2018).

Anzishan Wudang Tonbai Hong’an Dabie Sulu Hongseong  Odesan
Direction West < > East
P 657-772°C  505-550C  530-610C  620-690TC 630-850C  680-880°C  835-860°C 905-1160C
ea
metamorphism 9.7-13.2 10-13 17-20 26-31 28-40 29-43 17.0-20.9 9.0-10.6
kbar kbar kbar kbar kbar kbar kbar kbar
A 214 Ma ~237-216  ~257-216  ~240-220 ~240-220 ~240-220 >~243-230 ~247-245
&8¢ Ma Ma Ma Ma Ma Ma Ma
Depth of slab EA & BS
break-off GR depth depth HP depth UHP depth UHP depth UHPdepth HP depth  UHP depth
Retrograde HP eclogite HP eclogite
metamorphism AM BS AM AM AM GR-AM GR-AM GR-AM
.P OSt'COIhSlfmal 213+ 8 Ma none none none none 215 * 10 Ma 230+5Ma 230+5Ma
igneous activity (minor)
GR = granulite facies. The same abbreviations in the Fig. 14 are used.



TAYCA E2f0|0tAT [71R|2]

for

HA W ol 7108aL sfASHHTH T 15a). &
it A HefA= F2 Bitte] &) ti& 5= oA
of HUE siFHe Frof o] FhH oz Ao
58S oEF2A0|ES FAT TRl L7
AAAZ17] Aol FE=29] FEo] sfjfzto] ot
7= FEt AAA B E&(slab break-off) 7} A4
Aoz e X HoA dojitrh. I Ax & £
o oJsl| FAHH o= A5t Ad WEol 9
o v 733t Hol sHE 2| Zof| FHEoRA 2
& g A-go] doigth(Ld 1lc, 15b). F/d A Hell
A= it A9 Rk B W2 Bite] EA5% e
o o] oJsf F& ool AHH o2 o B2 Y
o] AU I A} FFaTe| oF2A0|E
B Ao7HA AYE ¥ & £ Lot d

(b) >250 Ma

D oceanic slab
%
<A E \
Y\
5
\ N
2
G

S K& | & HE-Ecj0jofAY| SSO0MA|ofF iFEE =29 Hlw ot

389

150). 223 4529} thi] Aol FE o|Ho
4 ATt Be e gl o) ¥E
sHabo] 2319} |ZRAC|ES FA4F Hol7i A
9% F WE7} dolurh L 15d). 552} T
Aol T H2)7} Lok o] S it AHE 4
Aol AAA Lolu wrelo] o) oz
we) 2ol dipmo) doe] o e yow 4
AsA 5 S0 et S a S 2
oful= 3lo] 7817 WAEH] AlRBt e o] = s
w82 Zol7t 2adt7] ARSATHIY 14, 15¢).
2 A3 FAH o)A 5-5-riu] Kool uls) 4
gA oz e ghelolq FA4E 2ue o2 =Rl
E7} @45 m Buto] o4 2eko] by 3
3 o2 Ao ES FASH Holol 4 Bt o

(c) 250 Ma

asthespheric mantle

S
|

Fig. 15. The palaeogeographical map showing the relative positions of the NCC (North China Craton) and SCC
(South China Craton) before collision and the schematic 3D tectonic model for the collision process along the
Qinling-Sulu-Odesan collision belt (modified after Oh and Lee, 2018). (a) Before the collision, the width of ocean
between the North Korea-China Craton (NKC) and South Korea-China Craton (SKC) increased towards the west;
(b) during the collision, SKC subducted beneath NKC and continental collision started from the east; (c) continental
collision propagated towards the west with increasing depth of slab break-off from 9 to 10 kbar in the Odesan area
to 17-21 kbar in the Hongseong area; (d) continental collision further propagated towards the west (the Sulu, Dabie
and Hong’an units) and depth of slab break-off increased up to 28-43 kbar; (e) after the slab break-off in the
Hong’an-Dabie-Sulu collisional belt, the depth of slab break-off decreased to 17-20 kbar in the Tongbai unit due
to strong lateral tearing of oceanic slab from the continental slab; (f) the slab break-off occurred at shallower depth
where granulite-facies metamorphism occurred in the western Qinling Unit. The dotted lines A-C indicate locations
of cross-sectional views shown in the Fig. 16a-c.
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Fig. 16. The change in the slab break-off depth along the Qinling-Sulu-Odesan collision belt during propagation
of continental collision towards the west (modified after Oh and Lee, 2018). (a) The slab break-off occurred at the
depth shallower than the HP eclogite forming depth during ca. 247-245 Ma in the Odesan area, (b) at the UHP eclogite
forming depth during ca. 240-220 Ma in the Sulu, Dabie and Hong’an units and (c) at the depth shallower than the
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Yol A9 Xu-Huai-Lv-Da G ue} 4

ca. 2.00-1.97 Ga

ca. 1.92-1.86 Ga

©)

Paleoequator

@ Orogens older than 1.7 Ga
> Subduction zone (ca. 2.00-1.85 Ga)
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Fig. 19. (a-b) Simplified tectonic model of the Yeongnam Massif during ca. 2.00-1.86 Ga. (c) Paleogeographic re-
construction of the Yeongnam Massif, Cathaysia Block, Laurentia and Siberian Cratons during ca. 2.00-1.86 Ga
and the orange, yellow and white circles represent locations measured by paleomagnetic data for the Yeongnam
Massif (14-16°S), Laurentia (2°S) and Siberia (5°S) (from Lee ez al., 2019).
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= Zujs] 2ol DuIalc 22 Lee, B.Y. ef al.
(2020)2 7183) o} QI7t) o)A 870-740
Ma Atolol] EIof S ollA FAE B8 AT 344
e Splstglon o5 A} ) BEaw
of Ruis] Fo] thulEle Ao ALY
8, 3 2). Choi (2019b)= XA E A T
|1 FHO FLAE ZFAIR L o] FA FEE o
7S Ae-rhil-4F FEY Ao A
QFstGATE sEAITE ¢Foll AFstgiRel e U
B AR 2-thil 52 SE0} opd B
Z=39] Xu-Huai-Lv-Da E3tfo] tiu|=] L gl
] FLANA = HF-thH-pF SEYlA YE
Uh A1) Tl A9 shgakgol Uehx) o
ot 53] X% = Y F7] EF ol =3tE
7] 2ol ALAE AN R sfAsk= A2 AE
7] 3.

At 7A7151 BReL e B AgR
ol §IRIe -4 ReelA L 900-820 Ma Zol
A FHEA FAE S 790-799 Ma e
I E7E0A FAE SHdetol §A vehdtHOh
et al., 2009; Kim et al., 2013, 2020; Lee, B.Y. et al.,
2020). o5 T A1719] Al LT 3282 W -tk
MR S5O Xk w22 B e

£ F A71Y A 338l & dinlEch
(19 8, 3 2; Oh et al., 2009; Lee, B.Y. et al., 2020).
22 7183 AR FAA 3 2 ozt
55 BARA G A |78 B
B3} JEae) sE-Eetololr] £54) hEw
A Y=o ERA| EZ HAIE AMY S
Z 3}t 1, 8; Kim et al., 2006b).

7151 Fi AA R Yehts 1A=
= 950-890 Mao] 4191731 shzhgo] dofsto
™ (Kee et al., 2019; Kim, W.J. et al., 2021) o]& 3}
AQRE Qo] Y Ao B A 2k
oA Lot Al AU 328t tiu|E
2= QJtH(® 8; Kim, W.J. et al., 2021). 12| 1 A7)
|19} Fe= Atolof] YA SHH/I ol Lt
Ehbs AT A S AES EA0] A
)&} A AJoFR| T Atolof] Yehh= ool F3F
o) QA A S fARR S TR 93
HAg e} dFotd Iz} thulE 720l AAH
AoH(Kim et al., 2006a). Fitches and Zhu (2006)=

B4 Y EAE SAR SHAALNI I
of @il thulE 4= ek AQrskTt. T4
TEO A= 7 HE S -2 AL HES Yol
BHA O oFgt WP S wigrom Etxrt 2 2
ZE = A9 HEE30] B2 H 1t Kim, WL
et al. (2021) o] &= o] -7} U3 o B3
oA EAEHoH FHEF2 SHUALY AL
o AU A GFol Ftoll tiHE The e
Altetact. E3] AdRAtg el dFotd I W 4l
A B Tom A#(0.9-1.9 Ga)o] ILFAE
=0t LAY W ML Tom A%(0.9-1.7 Ga)
I FARH o] o] A A5 Al Y]
e S ALY Sl A
o] FAE A2 AAIFHHKim et al., 2006a; Wu et
al., 2006; Zhang ef al., 2013; Wang et al., 2014: Kim,
W.J. et al., 2021). o= AFZAM] A o)A A
2 HEEo] Jd FRE o A A Ao &
F AN AL Y A @ HE S8
o A1 QAT 9] g Ak-go] Hofd Ax} o] L3
Al shol= S} Aol FAHE A
T AA AT TR SPo] EAE s
SHUAAN Y EZ3 & /AAE B71SY G
o FEEY E57F AL o] Aol EElE o U
= 7Fs /= AT

Aoy st= Tyl

Kl

7.

ok

ey I 27] HAYS dHSY W 3
g BRI FEST 559 gt Eo = F
Heoiet. ol5E AHEE W TeEE B4S 7]
2 BZ=1ko] diu] =21 QIth(Lee, 1987; Zhai et al.,
2007). SHAIRE Al 29| BjZoke TwEE 3t
A Hlg e R IR ESa0 di = 95T
o tjH]=7]= st (Kobayashi, 1966; Cluzel and
Cadet, 1992). S AHA Yol= AT 27]9] §
g 1A 2719 B& o] EA =0l )4
dA0}E A5 Fote] I ATHKIm et al., 2017
and references therein).

WA= A F7121 glE7]o S E £A
olAl BAEHIU F A7 Y B el 9
3l A= Uck(Lee, B.Y. et al., 2019). I3 A
3ot A HS whet hRE, A4HA S, Bt oA

He
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= 1A 5719 A o] HuEeH(Choi et al.,
2008; Cho et al., 2010). A 57] EH L2 20f
Ab 2| Fof| M= B3] It(Cho, 2014).

TAR G| M= Kim et al. (2015)°] 2J3f AP
37| El@e] Ba1E|$l 01} Oh et al. (2017)} Imayama
etal. (2021)& o5 AW thF& LA Aol ¥
dagolghs 74T A FAAFol] A F7I
(450-390 Ma)of A1 Werdo] HAgzhg-S ut
Yes W & SA8AGoA Hud a8l 5
7] ElA S B AR S A IE Ao g &
X A% Aol 71908t AE 7HsAdol ol FF o]
of gt =7} A7t Basieh 22ja HAZRE o]
Aol A oA dofd AT 57](470-450
Ma) 9] 3Hg2rg-at ¢ T g HAdZEo] Lo
F2o] R ch(Kim ef al., 2011, 2015; Koh et
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al., 2013; Oh et al., 2014, 2017; Imayama et al.,
2021). w4t oF o= A F719 Y B-
SHd2g-o] B ERIT Kim ef al. (2015)2 8434
Aol Yehts 2 A 3HdA8S 529
FF-the|-7 FE ol Uehths 28 ddad
3Hgzrgof dim|AlHT o]of B Oh et al. (2014,
2017)2} Imayama et al. (2021)-2 ¥rofl AAJE A
ZIE HIF L2 SR Gl 2T L==H]A
710l A7t gl en T @ 2T H| A4S
gol7]of| & FEo] Yot AFx BEdZ A5t
ATHZE 20). F=9 As|A|otma AdzAibto
AA BA ke g W SU-grto] Y =
Aol A= AT F71(440-390 Ma)of| ti&5=ll
oIt WA 9 3zl I o=t ol 3
AES diEo] 35 F A WS 7

(b) Sea—floor spreading

R~

(d) Late—Subduction (470—456 Ma)

(f) Post—collision stage (432—381 Ma)

Y

Fig. 20. Simplified tectonic model of the Neoproterozoic to early-middle Paleozoic in the Hongseong area, showing
(a) continental rifting, (b) formation of small ocean, (c) subduction, (d) continental collision, (¢) initial stage of
post-collision, and (f) later stage of post-collision (modified after Imayama et al., 2021).
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Aol AN QUTH(Yao et al., 2012; Xia et al., 2014;
Yan et al., 2017). 2281 SFE° 3t A&
0] Q1 460-440 Maofl= A Y&l &gt SHiH2H-E-
o] dolitth= A A: A|A=ATHLiu et al,
2018). whakA] FAJA Hol| A AT A BHE 3
g FAAGIES oyl RARR T
7| $y-g7to] ZANE wet dojd 1A
2450l vl 7Fs/d o] ik Aol dojdt
FY-&7to] 24kEFo) 93 FE5=1o FHI &
78t Ag|AoF 7S THELH o] A Fofl=
EEAE X3} o] @ 2rn|A7] ST HE EF &
£o] dojuhz] ekt (Rong et al., 2010; Guo et al.,
2019; Xu et al., 2019). o]= FE2H o] £-&
7ho| 24tdoll thu]E 7hsAdol e S8R9 1
A i E5ZF-=0l sl efuiit 23] X]Ho] -§7|stH
A Bl A Fof| LAY F7] hEFo] FAEHUE
7Fs/d0l AS= AAF shA|RE obF] o] & Eel
o5 Qe 83 A7 =R 1o ol

T 7] BA4E B 249 B 24
W A 27] EH Yol FAE BAR ==
Aok F A GoA Yehhs 1Y 2719 57] A
olof A% PAFL BT E FALsHA T
ZHe]7] wj 2o o]E AR eHEet B EX¢
AR S Z3et e HA| 7 B3] of
H|=]o] ot SRR = 24| Atole] digsh= 7|
<3 f AR, A8t Loiit X Fof AT 5
7] BAGEo| et o]&0] giEFEC 9t 5
U o MRS Wokthe AME o] Y 5
7] BA =] AF-th|-aF =Y E5=
G AAU = B8 AA A 34" 1A
o 571 EZ el tulE 7hsdE A Ag et
A B EX] 9} ek B2 o] A FThe = ShbE
AAE 5=l duA]7] Aoll= ZA7E &
Uck & eusE EX] 9] 2 F0] EF= siFst
A o oA AFEURC] SY-a70] A
£ met gojd diEF=0l 9ol 9= U= 74
T A 4= ik

8. HE-E2l0|0tAT| SHSCHH]

Eefolol7]o] ShtElA Yoltt $ULFE
F2 B3A Lofskn el G vl

2 mlerg o e Fi 2| GoflA= dojubA|
U Aoz gokE o] k. kAT 1990d ol ¢
AR, 47153, SHAHJN 2R E g E5-Edo|ot
27] WAgARgo] AR HHA $HF0] =
FA oA oA Lot 7HsAdol A= Uk
(e.g., Kim et al., 2005; Oh et al., 2005; Lee et al.,
2016b; Lee, B.Y. et al., 2019). £3] TR Gof| A ¥t
A9 H2-Edfojolrr] FRAC|EL S| &
FaP dEe) $E0) g8 FAH -2
ZEH7t = FAAH o2 AAES A
AZJTHO et al., 2005). 1 & 2 gjit | G4 E
ghojotA7] FF F MUl WA | BV AT
AL Fojo] TA-FF-2tjiks Ash= A 1
E&o| YA A71s3 BRoF 4 22 g
51| FHof| EgtolotiT] F& F o] B
HetHA x-S A= AHO ef al., 2006b; Peng
et al., 2008; Choi et al., 2009; Williams et al., 2009;
Seo et al., 2010; Kim, T.S. et al., 2011; Yi et al., 2016;
Hwang et al., 2017). Oh (2006)2} Oh and Kusky
(2007)= o2 2RI ESL 5 T MU HIF S
2 $4-P-2UhE At Ao Srhil 3
Srio) g oR AN olelet A7 At
FTHL T =S FAAT S Sa3 A2
Foln o] Al7]of gt tFF=0] Yol &
Ao gt P 7t ihEol f2-2 A ARt

o] Al7|efl 7H 733t WA AHgo] BA-4B-o
Ab Aol dojiton AR o= HAdZHE-
o] & o g FUFIAA SHHAAU A= HAAR
fo] B&0 2 2715t 21; Kim et al., 2005;
Lee et al., 2016b, Lee, B.Y. et al., 2019). o|= t}-2-3}
22 Atz M 7hssHA gtk SE AR
FAA A= FE 2T s Aol sk
VA AGo] Hojon FEH FHol X%
o

1773 der Sl Sl 23 28T
EAE ) FUF Y HAZ-ES LT ol
fEE0 5T Addel 34-FF-2dits
Ashz A FollA Lofiter o] Al7|of| diSa} g
A AdE F71440] ASZA | ER MAdS Ut
I PR SR Y = S50l o8 FEW
oM FAF 9 WHAaES WEe AT
(19 22). & RI=Y) ol F-EofolotLr] M2
w2 FH 9A T4-FB-2dit FEU7F ke
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Y BEaas yERne 54400 Atk
% FETY APAYL AT

SHHSAZ] FEFHolA= Addd 34
Zpgo] o1 Lofsteh. BT A2 gl
¥ M2 Edfolotr]of vl Edsigl o
o|& H|7HA] ALHATHKIm et al., 2021 and
references therein). Y& 3} ¢to] HAS W=
st out MAEg-& nj$- vloksiet. W ae) b
Z AR E B57] BRE AU sdEE
o] ol i-Zo] B x| QJrh(Li et al., 2006a; Li and
Li, 2007). Z18]31 o] A]7] o] FE=g i
ZA7E o] dojubA] -2 BlE/d FARAL HE
7] BRE A Y Mgl pitE S HA R
=] AL et al., 2006a; Li and Li, 2007). o] X}
252 HE7] 37159 H 95302 9F A 9
B3 Wow Jatge] AAHNEE At
1 AP FE A7 AL SARRS WETEo]
=9 o5 BZEOZ o]Fo] FEoAHA EZL
2 o) 5tel sjoratel dETe) U AARE o
o srzel 4elo] AAEUL M AS
Z| A|SFHOh, 2012).
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9. XAIFx2E Zko| Hjm

A7IA| AAE o2 AP BEES ol A
AE W8-S 3T T A ARE v R F
3 ke W82 or23 2t Yin and Nie (1993)
o BEe STl B2 B30 @ HE5-E
gtootA 7)o EEdt AL 7HSH AdEjollA AAI=
Ak SR 22 Ao WEH STt
A AE-Eetololir)7t obd FEo] £2
g 0]3:9] F2}7] Z(ca. 190 Ma)3lo] graiH e ¢
AR Qo A= TEHT7E Bes] BEAEA &
+=tHCho et al., 1999, 2007; Jeong et al., 2008; Jo et
al., 2013). 22]3 Yin and Nie (1993) A|7-x =&
e T8 FAE AASHA Z3t oA Y%
g FI=FAFE AASEL o]F Ree ef al
(1996)2 7ol Uehhs Aol dE=4

ok |
< Zolete 53 9 5-Eto]otrr] ¢
< 1 FAR AT 28]l Sajeev
et al. (201002 YNGR EE ndHd2E-S T
AstAcial B astglot. ST T Ax173 ol o

20

Pressure (kbar)
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Fig. 21. P-T paths reported for the Hongseong-Yangpyeong-Odesan collision belt (1-3; black), the other parts of
the GM (4, 5; Green), IB (6-10; Pink) and OB (11-15; Yellow) (modified after Lee ez al., 2016b). The dotted lines
are the inferred P/T paths. The petrogenetic grid used in the study is from Oh and Liou (1988). Abbreviation: BS
= blueschist facies; GS = greenschist facies; EA = epidote-amphibolite facies; AM = amphibolite facies; LG =
low-pressure granulite facies; HG = high-pressure granulite; EG = eclogite facies.
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(a) The back-arc basin forming stage during the Devonian (460-342 Ma)
Imjingang belt Nangrim

Okcheon belt Southern Gyeonggi Massif Northern Gyeonggi Massif back-arc basin Massif
Continental arc, -
— S S —)

Asthenospheric mantle

(b) The continental collision stage during the early Triassic (251-249 Ma)

Okeheon belt Southern Gyeonggi Massif N°"he;4”§syi§°“gg‘ Imjingang belt Nangrim Massif
mmmp  Intermediate-P/T Hongseong eclogite Intermediate-P/T G—

metamorphism High-P/T metamorphism metamorphism

Asthenospheric mantle

(c) The post-collision stage during the middle Triassic (230 Ma)

. .. Hongseong-Odesan Northern Gyeonggi .. . .
Southern Gyeonggi Massif collision boundary Massif Imjingang belt Nangrim Massif
Okcheon belt " . NI N T/

Post-collision Low-P/T

Hongseong eclogite — Igneous activity -—) metamorphism
High-P/T metamorphism

—

Asthenospheric mantle

Fig. 22. Tectonic evolution model for the Permo-Triassic collision in the Korean Peninsula (modified after Lee,
B.Y. etal., 2019): (a) the Devonian back-arc basin formation stage; a continental arc formed in the northern Gyeonggi
Massif, under which the oceanic slab subducted and the Imjin Group and Misan Formation formed by sedimentation
and igneous activities in the back-arc basin; (b) the Triassic continental collision stage; high-P/T metamorphism
occurred in the Hongseong area due to subduction of the southern Gyeonggi Massif during continental collision
and intermediate-P/T metamorphism occurred in the northern Gyeonggi Massif and Imjingang and Okcheon
Metamorphic Belt due to thrust movement caused by the collision; (c) the post-collision stage; eclogite uplifted
to shallow depth in the Hongseong area and regional post-collision igneous activities occurred with a low-P/T meta-
morphism in the northern Gyeonggi Massif, Imjingang belt and southern Nangrim Massif due to the heat supply
through the opening made by the slab break off between the continental and oceanic slabs. The deep part of the
Gyeonggi Massif was exposed to the surface with erosion of the ~45-23 km thick continental crust.
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gk At AT XA Y] 2P 1Y WA
H5FA] kO™ Sajeev et al. (2010)0] AJA| g+ HA
22948 202 F X AL Aol ERIE I
(Lee, B.Y. et al., 2019). ARAZNE= TAHAALA L
o] M 2 Zlo] oflgt BEFoA HEo= 4
FA A BN} AR E A Wyt
o2 HARET} STk SUHAARAE S M
ZH2-2 digko-0] EolE|Qtk(Lee, B.Y. et al., 2019).
& AN E 5= EAY A7 ERIEA &
@it} 2kA Yin and Nie (1993)9] |71z g
A A&k SR SA 7} oA 7R = A E A] X
Fa glom o] mele ZARHoA WAHE HE-
Egojotay] o 2RI EQ} 7|8 BR, ¢
7, FESg] Uehts Egtolotrr] S5 £
SHUES AT 5 TR 4). £T o] ZdojA
£ 71505 d5=80 EdSHE S5 5
ol thuA|7]aL Stk shA|RE B 7]53] FEof 1
B 2T e ALY A E0] BEaTel
= P9 BR A= 5= 5
Fo|A BEZA] ¢F=2.0-1.8 Ga A #HA 3%+
£o] B AR E3}Yin and Nie (1993) 22 o] F
A2 23hE AAJFE E3F Yin and Nie (1993)%2
42 7153 Woll 34-FF-LtiikE dAsiA
ERHE 7 B E-Eefolobay] MARHES Au
% gtk 721 H2 47187 BRolA Hud 3
£ 5 BolH THEolR BT HHEASeo e
al., 2015, 2016; Choi et al., 2020)E A E35}A] 3t

Yin and Nie (1993)¢] &g ¢F7F 4=3F Chough
et al. (2000) R A= St Mok Al Eebrx
AZ AASEL gl o] EF = 217-171 Ma Apo]
ol FAE ATt 351 Uth(Ree et al., 2001). ©]
ATz 2% Yin and Nie (1993)¢] mdo| zki1
Ue TARES BF A glom detxAol ¥
AE A7) GA| M=ol A EEaaa E5=aT
9] SEo| B o|F0]7] fiiZo] T o} mht
712 2 §F 3o tiH]E =71 glTh(3E 4). 122
o] B X 1000 kmE o]Fdl-2 EHfufitz]Ho]
SHRA Y} SESHTEAL sl o] X FolA F=
= Fgoke HAAAREo] JIAEA ¢ Stk Ak
7h @Rt 2L Wt o] AE AAIE F4bd
gt o]9] FeA= AFE B glo] tiEEe

AR Qs Q1WA Qx| FEhar glct. 51

_uoﬁl

o K

Ol

9} Yin and Nie (1993)3} Chough ef al. (2000) Z]5-
= 2R e kA ofo] e e %o] B3
ool Yehbs AFg 5ol & div] =AM} efulit
Aol Uetts L 2EH|A7] $7|04 Ae7] 5
7] Abolell Yehie tA o] BEZu} d253)
ol A = Uehdth= AR o &Jsf) XX €Tt

Zhang (1997)9] %9 9] QA =RE S5
AAE) FAZ AN Lok glom slg-set
olot27|e] 34 ol Z AL} TA-FB- 24k
& ool 7 AR, 27187 BE, A7
a3 Sy gl yehte Egtolotr] F
£ % 59 28)3 47183 ol et =
sololrr] 38  SolH AT Ak EHR
A& AET 4 UTHFE 4). 22]aL o] REoA= 7
71505 o=l tHIAZIAL )17] wiZell Yol
A B s 47143 Bre) ng
Aol A dAE AT 5 e SARE
731 9l

Kwon et al. (2009)¢} Kim et al. (2011)0] A|AJSt
ZA-YAHE SEHE Be 2EoX e 4%
e} ZAA Ho o SRR EE 233 YA
gFo] LehuThs ARTE 718 el M B4-0 A%
HE wepA T Ao AT F7] 0] 9] b4
o] Upehdth= A o] ZAZE EA|RE A Z173 o
R TS BRE ATt AM
o] ERI=| o H(Lee, B.Y. et al., 2019; Oh and Lee,
2019) Althet AT 7] o) 9] HHe ¥
3-FR7H # ohvE] 715 A Aol vet
FtH(Cho, 2014; Oh et al., 2018; Lee, B.Y. et al.,
2020). 121z o] Bl A= T3-AXAH Y] 5=
of YIX|&t th -2 A7 STt =l &=
dl ol 7183 HR} BgIue] 2 oz
neniel AP TR BHE AHes
the A& AR X3tth £33t o] Rdoxe &
A-4AZA T35 e A71s7 ds55=
A RS sl -7 AR Ao s
2 AJdstsiekar Bzt dioll 34- X% 5
Zof ke el 78T et 35
T 3 ArgstA] xEtt

T ARS BERw] ulA7IE gEdl
22 271x]o|t}. AR [shiwatari and Tsujimori
(2003)°]] &J3t A= Hdlo|t}, o] REofx= 27
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Table 4. Evaluation on the Permo-Triassic tectonic models for the northeast Asia by comparing suitability of each
tectonic model with the geological information in the Korean Peninsula from Precambrian to Triassic.

Oh and |Yin and | Zhang |Ishiwatari |Zhai et al.| Kim et al.
Kusky | Nie and
Tsujimori
2007 1993 1997 2003 2007 2011
Triassic Eclogite O O O
Triassic Post-collisional granitoid O
Permo-Triassic metamorphic pattern in the GM, 0O
IB, OME
No collision evidences in the IB O O O
Rift reated Neoproterozoic igneous rock in the
Norhem GM O O O
Arc and Rift related Neoproterozoic igneous rocks
in the Southern GM O O O O
Collision related Paleoproterozoic igneous and 0O O 0O
metamorphic events in the Northen GM
Arc related Paleoproterozoic igneous and meta-
morphic events in the Southern GM O O O O
Arc related Paleoproterozoic igneous and meta- A A A
morphic events in the northern margin of YM
Devonian-Carboniferous Sedimentary Gab A O A O O A
Devonian Sedimets in the IB O O O O
North China craton type
Trilobite, Conodont fossils A o A O o A
Jurassic Honam shear zone O O O O O
Post-collisional Triassic ore deposits O
Post-collisional Triassic basin O

[ Critical evidences for collision [_] Geologic evidences which need more study
[ 1 Geologic evidences which can not be explained by each tectonic model
Circles and triangles mean ‘well supported’ and ‘probably supported’ respectively.

U} Aol LR Agitie] 249l EefololA]
HATLFE TAZ WY-hi]2 B} 27)
uet Aol YAIZE ofellofuk(Yaeyama) =2 o] 4]
7}7](Ishigaki) o2 AZ2H & dRoz HZAH
o 2gska qlek. ShAE w2 Eatolotis]o]
dERua Gus3o] i 2o A3 Azt
ZAHT oIA717] Ale] Exfololrr] UL
o] AANE et Lolvt Helkgol s W4
QPHoz Boshs A HAsichY 5 Li et dl,
2006a; Li and Li, 2007; Oh, 2012; Kim et al., 2021
and references therein). Z18|1 o] Edof| A= 9F
o] F Az i} upR7RA = FAAH 9 HlE-
Egjo|of7] o Z2A|E, 3/-FF-2 4t A1Y
o] dojit 3t HlF-Etolopir] WA TE|aL

#7193 B8, QA7 FR K dio] theht
£ Edololrr] 3B F YL AYT 4 gk
(E 4). T3 o] AL H7]83) Aol Vet
AQAT G o] BFFE ol ekt A1
of TRl Sl bt AT BF T FHAA <)
AE|A) P 7183 FE AGA] Loldt 1.95
190 Ga®] AT 8 2§} FLY B57
Aol Uk 2018 Gae] A9 3h4 212
Asix] B3heh E ohE mele Zhai ef al. (2007)
o oJ) AAE B2 o] Bl Aot Ao
oA T st FEAT o 1)
o] S Shibe WMoz Ashay) v A}
AN 9T EYAE GSAGT G DR
ohat AL ik o] wel] A el A st A
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7o) g3l o FEAo|=rt Reluo] AEE wF
okl e 2183 ERAE B 252
F7tE A SEHTHE wet dojtie A
BataL Qlek o] BdlofA= A8 SRRt U
B Etojory] & 5 M8 B4
-Q oAk A o] Uehbe 73t WA ARg-o] A E A
U=THE 4). o] ZHlo| =W F5 3¢kl &
7153 5ol e X] ool Jit FRA 92 3
AsHA T stofopst 71 Zhgt Mg 280 A3
ot X HE et dojupopsit I¥ A= Hauw
vh gloh. 283 o] Belof= 753 Fie U
Bt wWEatoll )=l ALY ord et 1Ay
A £S5 FRoIA AR A = A78T T
5 A Hof| 4] 1.95-1.90 Ga A UYHA 3 283t
S ER7A N et 2.0-1.8 Ga JYHH
3Hg 2h8-S AstA] Zeltt 12 al o] mdojA=
A=go| F-A ke z 718 A]7] wZo Y273
o} LAYl A WA ED 212 Yt 2o
2 Z715H A2 A9 4 glon o] muolAq A
QFE) et o] QAgThet SAMAYA FEA 5
zoz Uz 8ok 3L Ha WAHA g
SHA|TE T MRS E5=wol tuAl7 e &
O] & el 2 gjulibA] Hof| Yeh= A g 3ol 55
o] Uehtbs A g5l 2 vl == AT} e
A Ao et LETH|A-AE7] $7] 23
o] E5=gol| = vehdth= AR o &Jsf X x| €t
Oh (2006)3+ Oh and Kusky (2007)7} A& gt #]
7% 29E F47) 3 B-Erjolota] dj22
Ao|, FA-FH-20)k o) 5t W E-Eetol
oba7) ARG J2)3 FA-E-ojake st
4 ol 8e] 371839 Q) 223 Y4
o] Uehts Edfololry] 25 ¥ SaES
2 HYY 5 YK ). 27 0] B 45
o] g-&5 W3Fe s 7tejzl7] ol 4273t
HAR=7 G o2 T8 SHUAAN Y HAAA
L7t BEO R Frlske A= 2 AWE 4= Qirt. o]
FAYE TA-FB-24ihE Adt=s A2 wet o
NG & SEA =Y AHEEA FAFY ¥
A2 "ok (3™ 21, 22; Kim et al., 2005; Lee
et al., 2016b; Lee, B.Y. et al., 2019). 18]1 2 tjAl-
A4 5-rhil- 2% FEUS et WA 247 A
A7k AR Wake @A SA-oFE-e ot

_,_

o
00
rol

=W F=Y JG-thul-5 F=eY 92
o] Qe AR 1 14, 15; £ 3). T1gjal o] &
92 A7|S1 SR FEST o 1Y 34 2
HAQZIs o] B 579 4he-25-49
Z=US 1A 3 2 RISt T & A
b AR FHeEy sy 5579 3
4 HAZsl Y o] =] sty at o=
=AM "ol EAI7F AR =t 17 A
7153 5o RO AU St B Qo] Z¢
7 By EE =] AldAdd s d 4
ol tivl == AM T & Y3t B3 o] B
2 A G dojd YA ST =L AHE 1
At F719] 34 & wAZHEo] EE=oll A A8
o 710 dold ti & 7 S22 s T A9
 5hg 2 AAAHE I} ol 4 ek s
e stk (Imayama et al., 2021).

ol AGe &2 B o o} o A7t d
238p7]= 8125t Oh (2006)2} Oh and Kusky (2007)
7h Akt Bdlo] 71 AAs)e} 1 o] f= o] A
z Bdo] FEWE AXSh= 22U FA(ZAA
o HE5-Egfolofry| o Z2A|E, TA4-FE-2
At Z=UE ot dold 7P 73t gl §-Extolot
7] AR, 34-E-2Hit SE 5ReE
5T FHof Uehts Egfolotry] &5 £ 34
hHE 7P & wrgstar glom 22 iR e
W 2o AT ATt S0 L dAY et
AL 7| Fhg djn] A ATES S
AR SASTE & YA517] glizelct. oo H]
8 ohE Az BRhE2 ool AAIRE AFAR] F
AL AstA] £ & oflzt AR SAEY
A -2 AgskA] Tt sk Oh (2006)
2} Oh and Kusky (2007)7} A|2F3t mEl-2 ejui At
EA e Yehhs A 27] 3H4¢] Zl=E9
A4S SH o] Bl Ut Z-EE9 4t
BZ 3T 2 LA RITh= AR T EEA XS4 11
Al 5719 8430 B U7 g4
250 & el == AMS A9 JETh ol £
Aol thsfi A= ohat 22 A7 FF asiet

FHSIY Hd Aok SHNY ik 2R
Uehhe 222827 37]-M'7] F7] 744 9 E
& AZol ZASH FHtE AAE E5=e] oy
Sk A oha 22 EA1% ] Aok ZAde &



THMCHoIIM E2f0j0fAT|7EKI2] Bl AR CHE| R HIZ-E210|01A7| SSOM(0F HISE= 22 Hlw T/t 403

ELH|A7] 37]-A'7] F7] Atelof B4 E EH
o] ghtol A HuER] ohgtont 2ofl= Y%
£ H|Eshe] FREE o7 oA Hl27] 9] B4
o] RIET ot EFITol M= T Y RofA=
dler1s Zaker 20 57] Hasto] e @
o BEIW YR AAS TR BERY FHE
oA Hlir1 Eake 2T BHere] ekt
(Dong et al., 2011). 1 A3} BEF=wk} 529
FEUHR JP-thul-F A FoA= gl27]o 3f
Foh= HA AT Mol vehdtt ol2g F=59
A& = o B AL} A 24 Afolof #)2]g
AR E 233t A7 Uehh= 248d 5
719] ElA¢e £ F £X7L &7 A= A
AEo] QA A 7S AATT 2Ea o)
S-Egfolofar| 3 9 WARRE E3 EEAT
Woll Al EAY51A] ghal Ba=wo] J& AAR e e
T BE FAE xost JP-the]-=F F=d
ol Avt A (Dong et al., 2011). webA] Fg &
A&} efjuAl EX] Abolof] Y27 AR, 715
T, SHARP A QoA Dol Bl F-Egto|ofAT]
3 9 HAdRRE ESE T EAI7 AR AZE 9
A k& 7Fs/de ANsHE A7 E = Ak E
gk SR 9] oZ 2Rl EQF YA HY Hl27]
3Hgeto] FHjZEA A FE2 F £ Atoell
A7 EA8HR S 7Hs 4= A AR Z1g|a H
HAE EA Y WA A717E AZERE A7) ol EE =
o SY-&7te] A4 HE SE0] 440-390
Mae] gojiton o2 Qlsf FF= a5l sf
Ik A GoA 7171 dojut o] Aol L2
H| A7)0 A AR2jolr|o) sjFst= tdFo] B4
=] ltHRong et al., 2010; Yao et al., 2012; Xia et al.,
2014; Yan et al., 2017, Guo et al., 2019; Xu et al.,
2019). ©U-&7to] At oA Y] 1A 5719 o
§ 3= A GoA Yofdt 445-392 Ma A]7] €]
5257 A2 5 o0 ol g A
EFE oA FHOA olut ths Sl o3 o
HAHR R 7L § 718 A BAE NS 7He S AA
gtoh. meba % o] 7Hs s Eelshy] gt A+
7Haast

22 0] 2w Au] W7lo) Ezfolols
7] 27174) A HF S e 7] B o

Yet-2Ae) 2Ale] 24 ¥A £E=o] 2lrk(Kim and

Lee, 2017). Kim and Lee (2017)& o]|&|3t A} o]
Yin and Nie (1993) X|F-22 23} Chough et al.
(2000) AR A AAE v} EE] LA}
sg-Eetolols ofdo] STt Wakra
o 3} L] AE THE A2 irold 4 ghe
< AARERaL 28T 18] grell AR E SR
o] k= HAI7F BF=ol tinlshe ZEo] B2
A de e 2EE o o|2T FAES =9
A BAE BERTO) ISR S 5 THsAS
ANSHE E T2 247} Hik. st o7k o
wiA 37} BgRgo] o BT thule 7}
S/l tiet A7F 3E Fo] 7] wiize] ol
de A7k 9 5 % e,

A B X= 2 HjulS2et dESEeE U
It Kobayashi (1966)+= EjiE7+2] 74H e]o}7]
2719 37 Ad o] BEZTO| 22 ehis ¢
31 Wt Hithol| A A S8ksE 4Fd S tiH
g % gl vl FAZ2e] Aueol) 2719}
719 A2 dEae] F2 Ush= A At
7k vfetoll AISkEl AE BT A5} dulEn
3 FA3IHt o5 ZA =R Cluzel and Cadet (1992)
< A7 BeS2a LS AlelE Ay
7ol SdAgE S0 B5) 9T U5
& Z3ete SAUet Arlsd e Rl &
AG O FEo] AT B ES 3T
SAYe} e FS=e] dnjdEr= oA
& A A Gt AT Choi et al. (1998)& & S
ezmu|AT|o) AR E0] A2 $AMO] Bl$ &
2 W olje} o|So] BERW U] 4YZTte SAF
Aol Ag3] 532 54381921 Jeong and Lee
(2000)% 5= 27 0 EEHAY] TEET A2
SA0] o olSo] YET A4S Hoi 1
ST AAS B AR A s kA
o H ATES JAFZY WEelol] 279}
%7]9] B3 S| BEATYe] ZAfohs L 5
Aol 22 Aol HHEHY T A3} Q3 A7k
slcoll AR WY QT T EET} ekt
okl 34 31aL Qlth(Jeong and Lee, 2000).

AR AAgo] BEZTYIHE B s T 9t
WE-119] 39 24K Zhuozhishan) ] &2} 7+Gansu)
9] g 2J}(Pingliang) 2|9 SF=te] &3}A|k
o] AHEL LEEH|AT] A7)0 =40] Z3U7] o
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o o] A YgE0] L3 BT BAZ FEA
9598 AxEE UBUe 208 HuEn
AtHWang et al., 1996). J18]1 BS54 A Zof 9
A gy olM = B5=0E 2 95113 2
L E=E7} 2% YePdth(Wang et al., 2007). H]5=3t
A7 g = WolAle EuEx Qo A2 &
ST FERol YT FA|(Jiangxi)2F BF 7
“(northern Jiangsu) | HolAE L2 EH|AY] &
71e] E5=9 ZxE=E7 YepdtiWang et al.,
1996). o]2|gt AMAE EF=ol e A 27
o B ¢Fo] T gFxr whEgt vtk 204
AP o= gstsEol sigste ArdEa 1o o
H 5= e EE7E 32 AT SR8 o2
231 7R vtk 27004 A o] EjZEaL o]
A Qo= FFaae] F2 e AdsE+
of AFsh= AHEET T 1ol vl Z==ETL Y
B3 A A5t FUE =2 2 S iolAE g
Al IAY] Z7]°] EjFQto] 2 2 ke vtk
oA FAENeH 1 AT 32 dFEaFU AdE
E7f gt AdET 2o dHE= Ze=E
7 F2 YA SXH 0 2= FEamoAE
Yol wHEEE Hitholl A A4 E B F o] RSt
ol& EA AN = FotsET HES5T Lo o
HE= ZeEZE7E Uehe 5 33 AR o]
23t AM S SH 2 TAEA B of et =
Al Ao ol FFS 2= AR
(Jeong and Lee, 2000; Wang et al., 2007). 12|31
2T GET ol Yes T 27)
SHol% % BolA £2 Uehie sh4o) A
o2 3H FHIE BT S5 AR EHgY] Hx
A9 9] Yol7} =) gjuliit EX T §&
ALt ol T2 AMIEL B0 HE o
SABHA Ut 3H4] SR/-E ©0]-8-5to] Hulil &
A& BFatolu =0 tiu|shs A2 2
7hs/dol AdFor & #olA 2 4 U=
A& ou|gitt 53] 5o A = 7h7ke-
FEA ol ARG A, FA A oA FeksE
of ohulEs FeEE} ek ek eui
BAH GERE ) A, A9 2 dERe)
A Ao dhujd 7HsAdel e A e s
@ a s,

ol =919 W& s & o ek B

_,_

o
00
rol

Uehte 8339 430 2eEE 843 o2
=H|27] $7)- HE] 37 GASLS Bt 21
B2 e BETH BE S ST AYA 5
A7t B4 EHe 1A FACIT B8 A9
3} B EL S SHo]7] uhe] 5L chuls}
Lo QAES A3 Glek. olel Wl %7153 )
Uehte ol2EdelEg 35 F oo Teln 3
£ BAE FYY AHL L hEFETH] et 4
HHQ FASolh. BFobAoF X728t szt
5 A Aok ol Ao AYAA FAV G
£ 7PHR FAE e Fasht 4YH $A7}

& A9ol P A FARGHE A1 FA7 5
202 MeEls Hlo] Y Heolck

r>~ ;Or

10 & &

1) Yin and Nie (1993)¢} Chough et al. (2000)<]
Atz BE2 PN FE2 SAY UEhd
A = As st oA E£AIE0] AT 53]
o] A SN HF-Edtojotir|o] FE BT &
S0 g Ao AEe dddte gk
A0 247t At oA fiF FE0] F2d 015
F27] (190 Ma)2t Ejofo]£7] Lo A F2h7]
571 Ae](217 Ma$} 177 Ma Afel)ofl ot Zlo]
7P 2 Aot a2a HeESstol S
A G b2 S-071 HlE-EgfolotL7] o]
Aol ARG} fjuiit ZX]7 STy o
PFEAS THOE AR Z2H A S
A A%t

2) =S BT BESIHo R Yt HdS
<= HZol EAE HE-Etolotrr]Y o7 &
T SASY A2 39 47150 el vehs
gEauo] s maAthet AT A
ukAz} ol7]atA) grer) wet o] mUSS Ha o
g5 57 FANA E5=8, $HSY, B7S
3] BRoAE Lreh) gk 2018 Ga S11S
2 sk ol Yol AL S A 4 gtk

3) Oh (2006) Oh and Kusky (2007)0] A A| %t
¥ 5-Eg}o|otL7] BE obA|of A7t HElo] oA
7HA A|AE H|F-ERto|oblT] HF oFAloF A=
23 7MY -t 1 o= et &t Oh
(2006)2+ Oh and Kusky (2007) A|7-= Zmdof| A=




Aolghar Iestal Qi ol HE-Egtolotiy]
AEZA|EZ HAHE T4 A He AR FY
AHS A ediito 2 dAEE Ao H5-E
ojotA7]of dofit 7H 73t MAd 2ol doft A
At TA-FH-20i4t olF A oA Erfolops
7] & F ol FH AT vthte S-S0
ofsf 2 XAt o] doj m2H 7S = &
4-FE-etiite FAHLE BRSO ERE Uie
b ol= et A2 Al2& 972 %E U
FHS S} F71S £ add 9 AlEAH
SHd B RG] B e e 3 Al
o) b0t 2 sk via) 47153 i
DAY B4 W WSS BERTRThs 1
ol o §AfaIe] AR SRS R
of A4 shgkgo) 2 chulEict.

4 PihEe} $2L Take BE-Ealololar] 5
BolrJof Xtz Z Oh (2006)2}F Oh and Kusky
(2007)7} ANFE A7Z Beo] ArhH o2 71 |
HoAg o] BEE S]] SalME o] B
ol et B B yel Yeht 8
=% g 4 e Y AdsH I==E
a3 2 F7] 2 S0l Yehd= 240 gt
sfdo] Fasirt.

5) HF=ae 1Y F7] $Y-a7to] 2atdle
b= TR go s AdE 4 gloy o] RS
w2l dofidt 445-390 Maf| & F-Eof o3l &5
2 ) B Ao FRo} Huiat 17} 87110
ezmuAY] 7150 Al AU THs
Aol 1o ool dhat ¥ Q77 Hasieh

SEIRe) S0 9T A%, A A 1
A 2719 F7] AP EE558 ZeeE 3
o] HHI Y52 A & wf At 2R =
A, B ol =R Y B3 e B
oF= T4 A9 7Fsdel o] ol et %
i oA

ZAe| =

o] =5 HAFEA AYH HABE A
18 BANLYT P BT AARE
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7 AR E-T} B3 o] =Fof Z3E oy A+
2SS 7] Y8l =83 B2 ALA=AE 7Y
3 uhgg Ak o] ATE AFATADE] A
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