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He= AASH =0 117-84 Ma 1M SMIUR= 1 52 A2 3P 389 A& Bt o=
nRFda 52 50 @0 Hepr] sMIdRe nEgrda ST Ul AR ol el
117-84 Ma Wjo}7] 3V A77F 55833 F5=22 W7 st 2o ey Fae] 5218 719
o o s WSS A2 AT EForAlotoll A dofd I g FEEEof gt szt
82 145-110 Mao]| EF= 55704 Al2et & E-5&£ 0 2 0|53l 117-84 Maofli= k= 2| HojlA o
osttt. ol vt AEA|H 2 wiopy] s dF= s 87 st A FAEALT 128 MaF g Al2HE Qi
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evolution of the northeast Asia including the Korean Peninsula. Journal of the Geological Society of
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ABSTRACT: The Cretaceous mafic and intermediate rocks in the Korean Peninsula have high Ti/V and Zr,
indicating that they formed in a within-plate tectonic setting. The Cretaceous felsic igneous rocks show trace element
compositions comparable to I and A2 type granites. These geochemical features are similar to those of Cretaceous
igneous rocks in the northeastern North China Craton (NCC) and the southeastern South China Craton (SCC).
It may suggest that the Cretaceous igneous activity in the Korean Peninsula occurred by extension, caused by slab
roll back of the paleo-Pacific plate as in the NCC and SCC. The age of extension-related Cretaceous rocks in northeast
Asia became younger towards the southeast, from 145-140 Ma in the northwestern area of the NCC to 117-84 Ma
in the Korean Peninsula. On the other hand, the Cretaceous igneous rocks in Japan formed in the volcanic arc tectonic
setting and started from 128 Ma. These indicate that the extensional stress due to a trench retreat disconnected
the subducted oceanic slab in the location between the Korean Peninsula and Japan and then the subduction angle
of the oceanic slab under the Japan increased with an initiation of arc-related Cretaceous igneous activities in Japan
at ca. 128 Ma. Later, the Cretaceous igneous activities in southwest Japan became younger northward from 128
Mato 65 Ma. This trend may be caused by a decrease in subduction angle and may have caused arc-related igneous
activities in the southern margin of the Korean Peninsula including the Gyeongsang Basin after 80 Ma.

Key words: Cretaceous igneous rock, Korean Peninsula, Northeastern North China Cratons, Japan, tectonic evolu-
tion
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1. Mo

=S Z3HeE BFofA|of 2|92 Al
Coht 2o 2RE A&AHor B 98 X
Zt5o] S&sto] B39 HAlolth(Li and Powell,
2001). 53] EFokA|ok= HE-Egto]otAr|o I
gt By = & olF, SAY &
Qb Etskar ohekdt A2 23E FEstgen 1
A1}, A k=0l EaotAlof A Ho F9 A
o2 yepdth(Kee et al., 2010; Kim et al., 2016;
Zhai et al., 2016; Cheong and Jo, 2017; Lee et al.,
2020, 2021).

Hol7]of] P/ E MU= k= Eat opd
T A& Aol 24 @A EEsta Ao BF
ST 57 A Qo] EE5h= o] sHYR= o
2B 145-100 MaZ o] FAE 2™ 100-90 Maoj|
FAE 2 aF o= Yehdtt o] 5 wWoy] 3t
AT AU LRI RY] U= 752
ate] FEZMGO 2 Qlaf WAy 1= I AR
A G2 oA FAE A0 HAErH(Deng et
al., 2004, 2007; Yang and Li, 2008; Pei et al., 2011;
Tang et al., 2018; Wu et al., 2018; Keevil et al.,
2019). ARG wopr] sherRe] P
128-66 Mao|m 2= 4 &ad #AE St &
Zastoll A AR SHdAgolh(lida et al, 2015;
Tsuchiya et al., 2015; Skrzypek et al., 2016, 2018;
Kawaguchi et al., 2020).

QM wioky] Sk 117-66 Ma F¢tol &
Q=R om A =3 Aol oJstd, F2tr) 3t
AU R 2 T E S To] sk A E
2 Q1 3H4tT 2HA Stoll A FAE Ao HuEgith
(Yun et al., 1994, 1997; Kim et al., 1998; Sung et al.,
1998; Sung and Kim, 2012; Zhang et al., 2012). 1
U T Aol A= FEkEe] 117-84 Mao]| 374
H wot7] shd o] Thedt A J2Hg-oll gt gzt
&o] ofyzt Hdstd e B s FEZHE-
o 71%1gk 1ol o3 5t Aokl WEC] ¥

=3t Fofl s oA WE ¢ 7ol FHo B4
HA20] AA =L th(Sagong et al., 2005; Egawa
and Itoh, 2013; Kim et al., 2016; Lee et al., 2020;
Im et al., 2021). o]H3 M 2-& 34 B5=
51T SHA Qo U= Wotr] 3] 4
Qlofl gt 22 A+ Zxpe}t & dX|gek(Li, 2000;
Deng et al., 2004, 2007; Yang and Li, 2008; Pei et
al., 2011; Liu et al., 2012, 2014, 2016; Tang et al., 2018;
Wu et al., 2018; Keevil et al., 2019). 3}A]qF =
AR Uehh= 719k7] 117-100 Ma 31 ¢
of X172 7]9l0] tjg A= obd RaET Ak}
oltk. wat E23} gukwol wely] shgere] A3t
a4 9 Aojaby E4g ugo R ofy A7z
afjo] ANElo] grort Fa} s o] vehhs
ulol7] SHdehe BRet] ST ATE BET A
gho]o] o]of uje} ghik o} BEolAofe] wiok] 7|
T2 st gt aA E3F EEEE A¥oltt. 1
231 E-5ofA|ote] wiofy] 2|h2 ste] thEt a4
o] o] F-FotAo} FE AMF ] #23 2R
o] wiety] shgete] gt A W IA| a3}
o} 7| Atoll EH Yo A= 190 Ma o] F
7] A T 3P0l Pojubr] ghskar U A
2ol A= 128-66 Mao]| Wet7] 3Hd¢to] of
5 AR 3MtT 87 stollA] B rk(lida et al,,
2015; Tsuchiya et al., 2015; Skrzypek et al., 2016,
2018; Kawaguchi ef al., 2020). F= B-55 X g
A e X902 e QA A Woly] o] A
o7} 145-110 Maoj| Al 84 MaZ F o] R|= Ao B
TEeH 53] AARAE T e 5
A Yol A= 80-66 Ma®] wWe}7] SHd o] 9-A|5H
YePdth(Kim et al., 2016; Cheong and Jo, 2017; Li
et al., 2019). AT LE A 128 Ma FHE WAy
she wiot] Shgarg-e S5} Bl BERE
ulob7] Shgatg o) o] Folxl Aol Hatst
A) gpeth web wlely] BgotAobe) X7z Al
312 |45 SIS Shike, 23t due]
o17] M ehe B 83 B sljAlo] e sttt



eHI=E Z5I5H SSO0MA0fe] Bty

Hehy 2 AToldE B BE b,
F3 85, QB o0) uloly] Bhere] ohalaty
AT 5L FUT 0] F vhoR HEoAo}
of ulol] S4BE] 4L AN EFF 1
238 BFobrlobe] ek wety] shyere] 3
744 qirf Rxe} Fqste] BFoxlote] wel] 2|
T2 ASAE AT

2. ik XA

SIS L3 FFotiof A 92 Hl5-Eto]
ofA7|o] AT ES=0T dE=1o SE 9
3, S I GEC Yol FGH o= BT
(Kee et al., 2010; Kim et al., 2016; Zhai et al., 2016;
Cheong and Jo, 2017; Lee et al., 2020, 2021). g3t
9] Egfojofiy] Bk =2 230-220 Ma 79
TL3FH 2 (Oh, 2006; Kim et al., 2011; Yi et al.,
2016; Zhai et al., 2016; Kim et al., 2020 and refer-
ences therein) o]& EgtolotA7] 3¢ 5, T43-
FE-2HA SEHE} 1 o] "ol EXdk= SHUE
& 3% A72 BolN FAT Ao oJA
= dlof| ¥Esfi(Oh, 2006; Williams et al., 2009; Kim
et al., 2011; Oh and Lee, 2019 and references there-
in) SaMA ol SIS Faket 1 ol o] BE
Sh= SAYUES AU &7 stollA FAE A=
AA] F2L QJIeHKim et al., 2011, 2021; Lee et al., 2021).
DA =] Fottiel O AES 236ke 55T
555 A9 AGof| GA Eist= Egtoloprr] 3}
/392 255-200 Ma®] At REE HolFm] 2 5
= S (Syn-collisional) = F& F(Post-colli-
sional) 274 stollA] A= It Wu et al., 2011; Tang
etal., 2015).

F7lol= e SPARE Z3t ST
200-160 Mao]l = Aol A4 BYstglen A
7] 27l sjgshs 200-190 Ma 3HE 3=
= 7 ST A evt £ skar 190-180
Maof| B4 32 FE31 e} A SHA A
ool 2 vhehdth 180 Ma o] %o F/4H et
2 FESIE A Y e Ao HA Exgh
o} b= 9] Febr] MU= EiE S B A
AeET B AT SN FAEUS] B
nEen A Ad £2E 1859 o, 180

| SRS XTE B s o 591

Ma ©|Z X flat subductiono] A|ZE] AL 7F=A
o] A|A = A th(Kee et al., 2010; Lee et al., 2021). &
T 5E5F AQoA = ol EEA A7| F=2H]
of FAE Fr| IHdete] vehxRt A9 2e
=71 sPeol 71-371 Feh7]ol s st 175-
145 Maof| A=A Wu et al., 2011, 2018; Zhai
et al., 2016). Wu et al. (2018)2 o]& F=}7] s
o] BAKOR HolAE At HE 54E v
Selsteir). ol Y% b oA BER
2 Fep) kerel Ao Paske A
wobAo} SRR FHSA Hedsha neE
of FATH A% AT AT AT
t}(Lee et al., 2021).

27 o), Fkzo] FAH wely) ShIgrRE
117-66 Ma2] A AHSE Holr 117-100 Ma
o FH U= = Aol AA Bagitt
(Wu et al., 2007; Kim et al., 2012, 2016; Im et al.,
2021). o]o]l ®Fal 100-80 Ma 3Hg 92 F74kol| A
BER 9GS Y A2 RE FE5 Ao 9A5}
Al e AARAE e ks 95 R 7P
Agjof A= 80-66 Ma BHdeto] HFA o2 f25t
I JATHZ™ 1).

5
ox N o
flo |o e

o
7

0.
¢

3.1 ShEt=0o| Hioty| Qi BE

QI o] uio7] SHYoFe: R B X[ Hofl A
= FEEAY § AR FA R 2 Uehue £
2202 FSyel vhray o) BERA| Ao A= 4k
SEHEHE 1) = FF B FEA A=
o17] Bhggrel HARER Ulolx T gisiA Rst
5 7 ool BEuton WUt 304, 35
B3 OSUE wheh REsa glor 53 sk
2%, o5 Tatle] ulels] M4t £PoIE BE
5o o) FAH Atmel g BAS el
ek gt 1).

Wu et al. (2007)¢] 93} Ht= B8 FHdE |9}
SRR Yol Bxah= wepr] AekRr} 114109
Ma 7o YA = )-20] B =R, Zhai et al. (2016)
< YA e A7 1S R SHA Aol Bk
7] Y H SIAFEE5H 242 106 Ma, 90
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Fig. 1. Distribution map of the Cretaceous igneous rocks in the Korean Peninsula showing their emplacement age.
Data sources of Cretaceous igneous age are from Kim et al. (2016) and references therein, Cheong and Jo (2017),
Im et al. (2021). NM: Nangnim Massif; PB: Pyeongnam Basin; IB: Imjingang Belt; GM: Gyeonggi Massif; OB:
Okcheon metamorphic Belt; TB: Taecbacksan Basin; YM: Yeongnam Massif; GB: Gyeongsang Basin.



eHI=E Z5I5H SSO0MA0fe] Bty

Ma®] AN E Bttt 7|E A ARES
TS, ke BR A2 F2 7] #epr|9
F/4E 117-106 Ma®] SHUdFE A= $7] 9
oF7)of g I - A 0 2 et
olof ®tsff F74HL FHE Ale AY FEERole
7] wiel7| o stz 114-107 MaZ ol F/3€ 3t
AR ek ohet 97-84 Mag] $7] wjel] shy
A= T vepdti (3" 1, Hwang, 2011; Kim
et al., 2012, 2014, 2016; Koh et al., 2013; Cheong
and Jo, 2017; Im et al., 2021). £3] 80-66 Maof &
AE M UTF= A E T e 5 R
7] A Fe ghafj A et Uebdth flet 22 A
T At o] H7] ARG FREE Moo
A2 AASh £7] Wotr] 3282 &
Z3Ar HES Sl Ao EE i A FofRt HAYEkG
& AAIBH(TH 1).

o

32 B wob| sMotol XsiaE SN
HHE 9] wioly] HAASR= T2 P,
-3, PSS, E2RAES A
A e A= WS AR Lol
A FRAHoZ AZHTHKIm ef al., 2016). W 2}7]
MR+ T2 Y, KL fEYeE 4
T AR 9 §HA Wot7] RapF ool T
5ol ol FAE a7 Q1P BEAE el &
ESIAY GSUE =t ePdth(Lee, 1999; Sagong
et al., 2005; Chough and Sohn, 2010; Kwon et al.,
2013; Ryang, 2013; Hwang ef al., 2019; Lee et al.,
2020). BAEAlE = 7R R SRR E AE
ST, SIS, SR EREHE AR
29 SitEE T2 FHST EHA 7] T
7] ol thREY AAEA SR #4
S Wgsiti(Chang, 1975; Jeon and Sohn
2008; Chough and Sohn, 2010). o]} g7 AR
A shpEE HAA7IoE 2FH 9 Shaakol o
of gt A0 erelA qlizd] slokE WA vhel
HEAFERY, AR, T4 S3leo] theh}
v Qjopiia] vho] 241% BFgrol WAiska slck
(Chang, 1975; Jeon and Sohn, 2008; Hwang and
Woo, 2009).
ShkEe] woby] SR AN shieke
2 THEE B ERAE AT BN £ 44 B
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Sﬁn
i

I &R0 ZAIST Fol 4%E &
o} JER]| A 0] wioly] ek A
R ZASHAT gt wWety] sg et
Y¢ZE vs. SIO; tholoj 1 oA F7]/d &

P2 vk, e v s &
AEY ot s 7 FA4E 3
Z o] B9 HEQF AR sfigettt. 4 3t
= PHEEY WA Sl sigste =4
WolZTH(TH 2). 714 AR U
Slale BE Woly] SHMJUR7E AFM thol

TN Z2-Ge] FHo A=Y o]F HiF
HL 441 E(Shoshonitic) |4 Medium-K Z3-
2re) ALl SsHe KORES H4aha ek
(22 2b, 20). W] 44 SpAQFRE Hen)y
(Peraluminous) WA| HEFEZ 0|1 A (Metaluminous)
Qo] EXHHIY 2d). ZEo|E o2 X2
SHAX w4 tholol oA |7|4-F4d 33
UF= FIERF davt oha H3lE EAS Hoy
APEA o] HREAES AASh= Bu £9 o] = 1t
EUR] ¢F=tH( 29 3a, 3c). Z7|WE FOE FT
A1 k4 Thol o] T of| A= Nb, Ta, Ti A&
O] F9| o427} EHTHIH 3b, 3d). FHIE=2]
Ho}7] A MU= Eudl B9 o] A7 F3
A Jeh 27 ME ghe 2 237 v|gd
4 tolo]Z1gol A Nb, Sr, P, Ti 429 73t £9
o)A 7} UEhdTh( 1 3e, 3f). 3T Wol7] 314
Ao T 2 EE XY BHES F53517] Sl
nFed e A FHE ZAEE 2T,
4 3L tHFE-2 Y+Nb vs. Rb tho]o] 1
oA S& F TEE AN sk Y9 FA= A
3 37 99 WA =2 Rb FFo g QI3 Thfj i &
7 FYof| =AY = St 1™ 4a). FeOy/MgO vs.
Zr+Nb+Ce+Y tho]o] Il o] 4] 80 Ma o] & of 4
H uiohy] HYtE2 1, S P 2 A 3 3
PO AES Holm A o st SIS 2
T 3= 5 oA FA4E A2 Fo sigHTH T
4b, 4c). o] ¥F3f 80 Ma o] %o FAH S UF+=
FEAY G HHE 1 J PP A& S48
HolE)h b= 9] wioly] 4 9 Q7)1 ek
S5 Ti/1000 vs. V tho]o] 1ol A 2 o3|
AEYE WA FulE 23] @7 Gl ZAIHT
Nb*2-Zr/4-Y tho]o]Z1sioll 4 80 Ma o|H o] F4
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H3H 78 G F 5 IR dASel 4 AR 2ked(Liaoning) A9 Aoz} 3 QR &
Hog =0Y3eEro 2 9l3) Hiks S oA A Zofj(Yanshan fold belt)} =5 " E (Sulu belt), &
H R EAS Ho7|& i, iR TR F{(Liaodong) A9 ddje] =2 yrehb theket A
oA FHE AR A2 ARE ABer gl S HojErh RE AR 27191170
EAS HAEtHTE 4d, 4e). 80 Ma o]0 4 -136 Madl= 45 o] 285t EHAE T3t
234 9 97148 IPdUTF= Nb*2-Zr/4-Y tholo]  FFi7 FAEH o™ QR 245 5 7121 136
o B S 317 ol =AHr -90 Maclli= 172l o] 2hg-ste] 7] ®ef7|of 55
=0 555 Ao 231 2k B EX S A

4. BT S5 XA WY MU UthDonget al, 2018). Wot7] SYUEL o5 W
=X} X|Talety EM oF7] EA5 Wit I Yol #x3ttH(Zhai et al.,
2016; Tang et al., 2018). KAt S0 -5 =Fo Y

41 ESIW 2SS x99 wop| oirf B A wiol7] S3ekesh Bk (Tan Lu fault
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Fig. 2. Chemical classification using major elements of the Cretaceous igneous rocks in the Korean Peninsula in
the (a) total alkali (Na,O + K,0) vs. silica (SiO;) diagram (after Middlemost, 1994), (b) FeO-Na,O + K,0-MgO
diagram (after Irvine and Baragar, 1971), (c) KO vs. SiO, diagram (after Peccerillo and Taylor, 1976), and (d) A/NK
vs. A/CNK diagram (after Maniar and Piccoli, 1989). Data source of Cretaceous igneous rocks in the KP are from
Kim and Lee (1993); Hwang and Kim (1994a, 1994b); Yun et al. (1997); Kim et al. (1998, 2012, 2016); Sung et
al. (1998); Sagong et al. (2001); Lee et al. (2010, 2020); Sung and Kim (2012); Kwon et al. (2013); Cheong and
Jo (2017); Im et al. (2021). KP: Korean Peninsula.
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7] wjep7]of YAE S om vl EEA F7] B

o] FA = th(Tang et al., 2018). Sk
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Fig. 3. Chondrite-normalized REE and primitive mantle-normalized multi-element patterns for Cretaceous mafic
igneous rocks (a), (b), intermediate igneous rocks (c), (d), felsic igneous rocks (e), (f) in the Korean Peninsula. These
diagrams are normalized to the chondrite and primitive mantle compositions suggested by Sun and McDonough
(1989). Data sources are shown in figure 2.
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Fig. 4. Tectonic discrimination diagrams for the Cretaceous igneous rocks in the Korean Peninsula. (a) Rb vs. Y
+ Nb diagram after Pearce et al. (1984); (b) FeO/MgO vs. Zr + Nb + Ce + Y diagram after Whalen et al. (1987);
(c) Nb-Y-Ce diagram after Eby (1992); (d) V vs. Ti/1000 diagram after Shervais (1982); (¢) Nb*2-Zr/4-Y diagram
after Meschede (1986). MORB: mid-ocean ridge basalt, BABB: back-arc basin basalt, FG: fractionated felsic gran-
ite, OGT: unfractionated M-, I-, S-type granites, Al: within plate alkali basalt, AII: within plate alkali and tholeiitic
basalt, B: enriched mid ocean ridge basalt, C: within plate tholeiite or volcanic arc basalt, D: volcanic arc basalt.
Data sources: 117-80 Ma igneous rocks (Kim and Lee, 1993; Hwang and Kim, 1994a, 1994b; Yun et al., 1997; Sung
etal., 1998; Sagong et al., 2001; Lee et al., 2010, 2020; Kim et al., 2012, 2016; Sung and Kim, 2012; Kwon et al.,
2013; Cheong and Jo, 2017; Im et al., 2021); 80-66 Ma igneous rocks (Kim ez al., 1998; Cheong and Jo, 2017).
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diagram after Meschede (1986). Data sources are shown in the figure caption of figure 5. The abbreviations are
described in the figure caption of figure 4.
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Fig. 12. Variation plots for the Cretaceous mafic and intermediate igneous rocks in the Korean Peninsula in the (a)
Th/YDb vs. Ta/Yb (after Pearce, 1983); (b) (Th/Yb)pm vs. (Nb/Yb)pm (after Jowitt and Ernst, 2013).



606 0|48t - 22kt - Kenta Kawaguchi

EEoMotell A= 170-136 MaZoll =} &
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thH(Li et al., 2014; Dong et al., 2015, 2018).
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tH(Wu et al.,, 2005; Zhu et al., 2012; Deng et al.,
2017; Keevil et al., 2019).

o| 3t BF = H55ef b= 9| wioly) 314
ool Mokots B4 9y RERYY 4Y 5
U= FEorotell A dojid wioty] Rt XISkt

emplacement age
@ 145-140Ma igneous rocks
® 140-130Ma igneous rocks @ 130-120Ma igneous rocks
® 120-100Ma igneous rocks

Cretaceous igneous rock

100-66Ma igneous rocks

Liaoning

135121
Yanshan fold.Belt - \ee="

135121
139 *® 183

o [
143 1:5 127

135121
o

N40°
.
1% Beijing

130
0

N35°

70 200 km

Fig. 13. Distribution map of the Cretaceous igneous rocks in the northeast Asia including northeastern North China
Cratons, the Korean Peninsula and Japan. Distribution of the Cretaceous igneous rocks in the northeastern NCC
is from Tang et al. (2018). Data sources of the age of Cretaceous igneous rocks in the Korean Peninsula are shown
in figure caption from Figure 2. Data sources of the age of Cretaceous igneous rocks in the northeastern North China
Cratons are shown in figure caption from Figure 5. Data sources of the age of Cretaceous igneous rocks in the Japan
are shown in figure caption from Figure 8. The paleogeographic plate reconstruction of the Japanese island during
the Cretaceous is after Kojima (1989) and Teraoka and Okumura (2011).
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Fig. 14. Tectonic evolution model during Cretaceous in the northeast Asia including northeast North China Cratons,
Korean Peninsula and Japan. (a) before 145 Ma: flat subduction of the paleo-Pacific plate with arc related igneous
activity in the inland are of northeast North China Cratons, (b) 145-140 Ma: extension related 145-140 Ma igneous
activity in the northeast NCC occurred by the initial break-up of the front of the flat subducted oceanic slab due
to trench retreat, (c) 139-120 Ma: Southeastward propagation of the break-up of oceanic slab with mantle uplifting
may have propagated resulting 139-120 Ma igneous activity in the southeastern margin of the northeast NCC, (d)
117-100 Ma: extension related igneous activity in the northern Korean Peninsula due to extension which was caused
by slab roll back due to a continuous increasing subduction angle of the oceanic slab under Japan, (¢) 100-80 Ma:
Southeastward propagation of extension related igneous activity to the southern Korean Peninsula due to a con-
tinuous increasing oceanic subduction angle.
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