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Cretaceous Sindong Group, Gyeongsang Basin, Korea and its implication for provenance. Journal of
the Geological Society of Korea. v. 55, no. 5, p. 531-549

ABSTRACT: The Sindong Group is the lowest stratigraphic sequence in the Cretaceous Gyeongsang Basin and
comprises three stratigraphic units: the Nakdong, Hasandong, and Jinju formations in ascending order. A previous
study reported the presence of Cr-spinel grains in Jinju sandstones, having been derived from ultramafic source
rocks (Hisada et al., 2008). Ni and Cr show higher concentrations in mafic and ultramafic rocks. In this study the
variation in Cr and Ni geochemistry of Sindong Group sediments was examined to address the possible existence
of a source with an ultramafic component. Cr and Ni concentrations of the studied samples are slightly enriched
compared with those of upper continental crust and active margin sediments, but are much lower than those derived
from ultramafic rocks. The results of this study indicate that the Yeongnam Massif, the source area of the Sindong
Group, may have been partially comprised of mantle-wedge peridotite before its denudation to deep-seated
mountain roots, but the mass of peridotite seemed insignificant, resulting in the sediment trace-element
geochemistry largely influenced by basement-rock components.
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1. ME

e a5 Roll= Wolr| o) &4 A EX A
AEA7} EEZITHIE 1), B e 270 %
ST of 3 BR) 9 AZ 7P & wet A5
o] FH U AFFT FAE SHEERE 9
E2a} A2, AF20 2 JLRE ) Hisada et al.
(2008)2 AlE3t AR X5 X7 ARl Al
2E5-347%4(Cr-spinel) YA7 A=HE A A
Rusiglon, oS uigo g x5 FHE 7|
Aol T (peridotite) o] EARTHL T35 AT &
A Gl dehere] £32351A] g7 gzl o]
TR Z G2 FIIEAA A 2FZl FHES
FTBoIHE 7Fe = AT AL 2, A5 §
2Eo] P =HE fARichs 7129 sHd(Chang
and Kim, 1968; Koh, 1986)3}= th& g olc}. uw}
2h 2ol HAE B e R 283
Qo] FFY 4 A=A iR S YT Wt 9l
o, o]z AlE 3 EF A TREE S| X2

FTaNARE AT 5 Utk

A 2E3-FRA e B Eo AR &
A3} o] 3Eo| AAISRE M)A T2 S4o] EEa}
TH(Lee, 19999). 444 TZ-HHA YAk 187
A7 278 M4, 5] Alpine-type 73kl
719R] RAALZ G AT QIcH(Press, 1986; Arai and
Okada, 1991; Cookenboo et al., 1997 amongst others).
E3F HEA ZF-FBA A= o8 FFT 71
ollA "R g2 oA T2 4HEH7] "ol FF
= oA 25184 dA7HEAEH o] EHES
IS T 719 TR 3ol A ith
= A& Ymjgich

A2 A=A (Mg Fe):SiOu] 0] 7H¢ 55 4
FEolH, o2 3|40 I HE =tk ATt
24L& Goldich (1938)¢] F3t HA oA & T4
of sielt). wheha] skeha] F3lof| o Adejde=
w2 F3HE7] fzol S8 AhEel iR B
i, BAE e FRUlE $EER 97] olFeh ¢
T FHEE A Fo|| k2 H7] Ao BF AREAS

124°N “128°N

Cenozoic sedimentary/volcanic rocks E Hayang Group Road
ﬁ Upper Cretaceous to Paleogene plutonic rocks Jinju Formation (JJ) (e] Sampling location
_—_.-..- Yucheon Group | | Hasandong Formation (HSD)
Hayang Group Nakdong Formation (ND)
Sindong Group Pre-Cretaceous metamorphic/plutonic rocks
+ ++| Pre-Cretaceous metamorphic/plutonic rocks

Fig. 1. a) Simplified geologic map of the Gyeongsang Basin (after Lee and Lee, 2000). b) Geologic map of the study

area. Samples analyzed in this study are marked in yellow.
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w)7] ol AR Aol Zrean e B B
B oreth RS F31E vow B4 s
242 7HA)7) 9k o] Ao E ddingsite) 2} 5t
= AN ARET AEFE, AAEE, AeAE)
E(ferrihydrite) ] A2 HAH & JEFEZ
HHATh 314 AA| S5 F3kE ol ApAkeEat
AEFER WAH. ofo we} Zeheto] 38ty F
315 Wol vrow 2okl 7o) EA= 33kl H]
A 735t IE-H 0] 28K<2%; e.g., Lippard et
al., 1986) 2.2 A+&4d 73 gotE 4= Qltt(Arai and
Okada, 1991). o] $3E2 thFst =& 7R A9t
W=7} 7] qio] 8y 5402 5249
AH E|AEo| A BEE 5 Qo 2E-ARA EF
ol B FEE SOJUAT AR S01%=
AF-HAA Y A27]= Aol E018+= Al vlsh
At Arai, 1992).

21329 Cra}k Nig F3-2 2F 4,000 ppm
(Cr = 2,400 ppm, Ni = 1,500 ppm, Cr/Ni = 1.6;
Goles, 1967; Niu, 2004)0]] 0|2 A== S35} =
7] o] A1) HEol ke QST F3to] T
BT A S A2ke]) 24 W 47 ppme] Ni
2192 ppm] Cr2 g5k JthRudnick and Gao,
2003). 7o) dH TAFE] A (clinopyroxenes) ol =
Cro] gaFo] EAg1H0.58-1.58 wt.%; Furnes et al.,
1986). 22U Crg Sk 8 BB 2887
Aot ZE-HA A2 10~45 wt.% Y Cr 33t
=02 UBA glck 27U S0 ARAL NI
2 W ~2880 + 410 ppm 331 Nig $He3he
714 %8 g olrh(Warren, 2016). Ze4o] e
= WEEE Nig 53 49 3E7} Feel Mn
- S Aol &2 o2 FAETH(Beinlich et
al., 2018). Cri} Ni> o4 Aol R &3l=F 7t
A& Y& (Taylor and McLennan, 1995)2 E|H &
of So1%= Crat Ni 2 B2 E 7| 9A] o4 9
Z3He} 2] o] Yojitz B2t Y9 o] Fof T H
ARE AlFeich 2084 gL F3HE Wol Nidt
SiO,7} F58t RER-Eo] A= (Beinlich ef al., 2018),
20384 IS AL Q= AEAT 314, 1
I AHEA S-S Hagt HEel Zo] Goldich (1938) 9]
Z3HA gl st A& 27| A F3tol| ofF <k
3t k= EEF 08 EQFYs] o] 20 E
A gAorRE fEEEs HREEY Gt Nig ¢

o

5 208 do] BEsh= Aol 35 HE =27
O] A d EjHEoA TET 4= 3l Aot (Garver
et al, 1996). 71222] 2] gl wo]le] Aol
TH4lo] Qi Crak Ni gago] 719K)o) 2t
o] ZAgtcl= AR E-EE K 9l: Papavassiliou
and Cosgrove, 1982; Yucesoy and Ergin, 1992; Thiébault
and Clément, 1992; Garver and Scott, 1995; Asiedu
et al., 2000; Bracciali et al., 2007). Hiscott (1984)+=
E1| 552 Taconic ZAMHE whet B4 E2j4]
(flysch) EAZoA uch A9 HAE2 =2 O
A (up to 3,950 ppm)S UERH ¥ HEQl nj=
A9 9] g FEof= Cr 3ol 10-50 ppm o2 A
Yehdth= 2S WSk ol & vl e = Ayt
ZA BREL 7|9R 0 LuEeo|E &S 7
A= ¥ B EE EHELS 79X o] 2u]&Eo|E
o] EAISHA gtk s olele A7
£ WE 22 Garver et al. (1996)2 Taconic HA|&
Aol Bl M ds 2ALY A AEE EAEo] =
13 A9 7| HAE U o YA RS
Estglen, AYoA Cra Ni2 7| €A]of 213
2 dAo] gloke A WA Uetl= AAIAe]
Ak o] 59 S 7| YA of| HEZsH= 20 EE oF
A o] Fujof wheh, Ei= Crif Nio] ool #4] g2
A Sl o3t 34 9] FaFol whet EEprlvha 14
t}. Garver et al. (1996)2 MY &2 Cr}t Nig
F=F(Cr >150 ppm} Ni >100 ppm), Cr/Ni H]|7}
1.3-1.5 Ato], 18]3 Cra} Nio] =2 A TA|(r >
0.90)5 UehiH E2E2] 7] Ao 21Hd ¢4
o] Jlth= A& A ARttkaL 51T

ool A A E uke} Zro] 7] etetol &
Attt o| 2R e f == HAEA 1 234
= ZokE = vk A3t om =AY EHAHE
o= AT S AY AFEsHA] g W 1=
AR 2] A7 AFESIA U Arai and Okada, 1991),
H| 22 F3to]| 7t 2-3-HA A dAF =] 9
o 2 Crd dFs Uehlis A= A= 7]
s 58 5 Aok A=A 49 3 F
3tz A== HE FEo] G Nio] F2tE o] 9l
oo g Algd EHEA = 0|59 TS o83
of 7] ¥R Aol Aol B8kt 2 got
4 Uk

o] HALof| A= Hisada et al. (2008)0] AF3 A}
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ko)

ool o= HE fjd R FE0 AR
= A% At 29E v e R Y53 sHibsd
Aol M= HHd 284 YA 4HE AR E
FRlekaL, AsS EAEY v 4 2AS o8
slo] AF3] 71 9A = AR = Fe53(Chang
and Kim, 1968; Koh, 1986)°f Z&<te] B3 o8
£ AESHA 513t 719X ol Zakeel B $ist
A Ex3chd o] 27 E fE 455+ A=
2 Garver et al. (1996)0] AASt 7|1&AH &2 Cr
3} Nie] Fehe ek Zolck. s} whet 7)91%)
o Aeere] YAV AFEE BEHS Feols
At 099 7| U FF o2 7L B vl
of met Ao 2 RE fEE HAES 340
Elo] 22 Crat Nig] §4& UetliA] 35 4= 3ot
o|H gt & aEste] Ao A ZE-HAA
o] THrE HZ o g X739 7| LA o At
o] EEPctar HARIH, EFE] &%= Crt
Ni g2 7] Aol sk ] Hrof o

RS ATE 5 P Aolth
2. TR0 K|

21 dE=19 XA

ST E B55 0 A HultEg A9}
A0 A 24t HulE A 2 o] o KTk (Lee et al.,
1981). |24t Aol EA = AdE o] 9] &3
ulokfe} HwnlerRel si7 wulel, Wb woh
o, A Huket, v|antEo|E Huletyh S4F H
ulhe 2 22 o] oz en] ozke] Weke} 2ot
o] AFEH) o5 A EEoby] dAES WMPMA
7R WA 28-S whoFth(Lee et al., 1986). X|2)AF H
EA = 55 7FdAtE] o) A7 E o] F4t |-
2 ypaho 2 REale A-o1E sekasll ol
TS = 3L ohA] SOl WS A S AR, 8
7 O A EAC s TdE Aer &
A JUoHKim ef al., 1964, 1991; Jeong et al., 1991;
Kang et al., 1994; Park et al., 2006).

AU HARMERHAIE B4 3R Brlel, &
& HY, FUT cale-silicate A - A7 BE )
ob7le) v Baero TAEol glrk. Ezfoloks
7] B79HE Ltype AV A9k Hnlole gt
Aol A7FEZE BE3E31H, metaluminous to weakly

peraluminous 4% 7HA|H 57] F2H] 2 =
s o = QS in F2h] S 2 ARt
< o|FH A2 T4 =Y v S 3t
ZFeolth(Jwa, 2004). F2t7] 3PS thR2ol +F
A2 9] I-type, peraluminous 2/J 2 calc-alkaline
52 Sgelx AB/4dE ZolthCheong and Chang,
1996a, 1996b; Jwa, 2004). F2t7] sF3d2 I &
7o) 3% Wake et REs)H o] 5o vje) Awi
|3} 12-28 kmo]| S|F3tctar 3ok (Cho and Kwon,
1994; Hong, 2001).

F27] P2 A EA7E B E7] o] - o]
0] 2| 3of| §7|5ke] HESIPHE A o2 A Al
579 YA AoZ U-Pb dAdjo= A7]-%F7]
Fet7](ca. 193-167 Ma)2] 3 A7} AH&Esk= A
(Lee et al., 2017; Choi et al., unpublished data) <
2 Hol A5379] 7|¥A o= A7]-57] F27] 3
7o) k=g E o] Ao #E5FAT

22 BAEX XE

A= W7 of b= a2 ol A
H 54 HAEA I AdEA = ForAlor Hi= oF
=2 el g Y(Izanagi) B2} A Yol whet dojd &
4 i AR A4 A 22O R A
AEUT AERAE AT W) RS2 sk &
S AP Bl et o] ez et Chang,
1975). o] &2 FA4F o2 2 RE AFE, 3}
I TASTH ETAEYAFE FET-

Al5-5(Aptian-Albian; Lee ef al., 2010)2 7
HBAS) 42 VRS T Bo) B 27 A4
) @7j 2721 YEI8 (Chang, 1987)0] Btk A1
oo ARSRE 7N e RAY BAE 7
o, $E0 2= 455 foll stdsol AL
2RI A S22 FAPF 2F 2,300 mo]w(Chang,
1975), F2 At o] AY e &2 A Eon, At
o] Y o3| Yol e & Tt AeSTE T
ks AU e AT e SAe= 5
FREE AR5 BHEd 9T s BAE
Ql s SI H3HY] T HHE AFSe=
K=t Chang, 1975; Choi, 1981). Y538 F 550
m FAE A, BEo2 sex TV} S7he
o SEE o] Hohil S5 Aol 4l ok 1
AF1o] 42l h5 Aol 42 Atk oo] WA
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H A5G o] SAO JUE o]FojHTt A
A BA =2 AEE 7HAA s B EHER J
o|F o= Wsh=t], 5} B EHE T2 5P At
A} 5P Aol o] oFS A o]t HAEXAES| HHEZ]
2 o] FojRrt sHiHES-S e 1,100 m&| =
AE Hetn o2 B o b At HEd
O AIH A B Eo] fHEA o= Alrh= oA
oY AR A ARSI U AEE BEE
2 E9F 7| 9] vt Thaef ghalkd FE0] Wol
4SS 2A5-0] £40& UEhdtH(Lee, 1999b). |
A9 T BHE IF3E FA7F ¢F 1,200 m
of o]2m, 2 U3 Mol A ZAH2] o]}, =4lo] 7]
235 T S AY € T FYEE s
o ZQl Ao 2 o|RojHt) AFF+S =A T
o] oA S EHEo] dojubr] Ao EHER
A H

ARFe] AR BEE Bt A e HEE
< R AR MBI BAZ E2sks AT
Hejoly| Hnpety} S sPtte=RyE fR
otz 34 = Qth(Koh, 1974; Lee et al., 2010, 2015).
JPAGE JFZ A E R Eolle At & 3kt
o} 719 B8 o] E019)=d|(Choi, 1986; Noh and Park,
1990; Lee and Lim, 2008; Lee et al., 2015), 0|2t
371 EE Y AREE o] EAE0] B A4 3t
At SE o2 RE fE Rtk 2S A A5
T 1FFTY AR A EHHEY N e
o] &I} FHEY kS 7tk s1=H|(Chang
and Kim, 1968; Koh, 1986), Yg=-529] Z&Eto
Bol NEST HNBE BET} BAZH G
Zo 2 B EAck(Rhee et al., 2002).

AESZ ARFe) Pl RS Bl 2
e BRI A3t o] FRste B2l 4
QI FA(F), dHR)Y 2E 2L QsoFsRio
(Lee et al., 2015)%1 A2 BRIt EX| Ao
A7 490) e A% o) AR 7P dashe
Wb, Ao] WS A2 AR ThEA F71e)
£ AE wo] Qo] TR AR TFEA oRzt
F7oHE AL BT B A 02 Y533 it
52 Alotol] Sl HES WAL HAeke] o
How ool el B2 $A4 LS SIS
o2 $ele SHIGIRE 253 Aol ek, 53
e T50 TR} ol £25k= X

»
O:

4z
>
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HollM &3] A=) STl 29 A7) Hetr)
A AolZo T REE HIFO R Lee et al.
(2010)2 HE3°l HA == ¢t sKEES 9
3 o] BRep FRoA dojgon, spikssat J
F50] Bols Ttolle A S5} il
A SHit o] Aol iekar Fstit

748 = 2k 260C =] o mfj & 2% (Lim
et al., 20035 Z%lo0 = o A2 Wzt AR (Choi
and Lee, 2011)& AU} A3 Lot ¥ A
< -9 W= o=t o] Wk AR ol=}
U7]-ej e a g Aol e Aoz siA =Sl
tH(Choi and Lee, 2011).

3. 7 Wy

Ao AT oA uF Ha B4 A=
€ oln] BaE Rr(AH A= 2670, o] A A& 29
)&} o] Aol A Mz A7 A= (A A= 2971,
oA AR 2 E ol&SHHH. 7IEARE R
HEEEY A5 AT o] NS 24T
Roser et al. (1999)2 S5=r& AR o] A A&
£ E43} Lee and Lee (2003) A2 & o]-&319L
™, Roser et al. (1999)¢] A7) ARG-E AR SA
Pa-32940 WIS R} YRR Syan
AIEZE ARtol E4 =3t o] oA 47 Akt
oA A BELS FF e TEolA AHFHH>
H(E L 29 1), e T 208
AL A2AE o =2 Set=n QA =
E337](Cr, Sc, V; Jobin Yvon Ultima 2)¢} =2
3t Za}=o} AeFEA7)(Ni, Y, Th; Elan DRC I)E
ARgSHo] A48T dF 23 AR Crk Nid
24 A7 E AABHA] F=ThE 2).

4. 7 A1}

24P A5 E2Y) AR AR Crik Ni e
AZRPH 02 WBHE Bl v, o] dere] H 9
U455 dF AlRES AYstd et 22 gt
(3 3). AKY AR b|RFYa AL Ht Sc =55
ppm, V =40.7 ppm, Cr = 63.8 ppm, Ni = 28.6 ppm,
Y = 14.6 ppm, Th = 9.4 ppmo]|d, o]AY¢ A EE
Bt Sc =134 ppm, V =103 ppm, Cr = 91.3 ppm,
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Table 1. Locations of the Sindong Group sandstone and mudrock samples used in this study.

Formation Lithology Sample Code Latitude Longitude
mudrock GS0620-3-1 35°22'50.9"N 128°00'35.3"E
mudrock GS0619-9-2 omsren AN on1an
mudrock GS0619-9-1 35°26'59.3"N 128°01'39.0"E
mudrock GS0619-10-2 35°26'26.2"N 128°01'38.8"E

very fine sandstone GS0617-9-5
mudrock GS0617-9-2 35°2629.4"N 128°02'15.6"E

fine sandstone GS0617-9-1
very fine sandstone GS0617-7-1 35°26'29.3"N 128°02'50.7"E
medium sandstone GS0617-6-1 35°26'41.8"N 128°03'06.2"E

Nakdo sandstone GS0617-5-1 35°27'16.2"N 128°02'51.3"E

ne mudrock GS0617-4-2 e rem
Fm. mudrock GS0617-4-1 35°27'39.2"N 128°02'52.0"E
fine sandstone GS0617-3-4
mudrock GS0617-3-3 35°28'44.3"N 128°02'59.8"E
mudrock GS0617-3-1
fine sandstone GS0617-15-1 35°25'49.3"N 128°0425.2"E
medium sandstone GS0617-14-1 35°25'52.2"N 128°04'13.6"E
mudrock GS0617-13-1 35°25'52.5"N 128°03'59.6"E
fine sandstone GS0617-12-1 35°25'57.4"N 128°03'48.0"E
medium sandstone GS0617-10-2 om 1 " ot "
mudrock GS0617-10-1 35°26'15.8"N 128°03'19.0"E
fine sandstone GS0617-2-3
mudrock GS0617-2-4 35°2329.1"N 128°03'16.1"E
mudrock GS0617-2-6
medium sandstone GS0618-1-1 35°25'01.0"N 128°04'53.2"E
mudrock GS0618-2-1 35°24'50.8"N 128°05'05.2"E
mudrock GS0618-3-2 35°24'32.8"N 128°0524.0"E
fine sandstone GS0618-3.5-1 o 11 " oner "
mudrock GS0618-3.5.2 35°24'43.7"N 128°05'04.2"E
mudrock GS0618-4-1 35°25'01.2"N 128°06'03.2"E
medium sandstone GS0618-5-1 35°25'00.1"N 128°06'10.5"E
fine sandstone GS0619-7-1 omsimq A o en
Has;rrlli.long very fine sandstone GS0619-7-2 35°2631.0"N 128706'00.5"E
' mudrock GS0619-8-1 35°26'43.7"N 128°05'54.0"E
medium sandstone GS0620-1-2 om11an o on A on
mudrock GS0620-123 35°21'33.5"N 128°04'09.8"E
medium sandstone GS0620-2-1
fine sandstone GS0620-2-2 om11m e an N
mudrock GS0620-2-4 35°2126.9"N 128°0327.7"E
mudrock GS0620-2-5
fine sandstone GS0620-6-1 35°21'05.5"N 128°01'12.2"E
medium sandstone GS0620-7-3 omrm o AN on11m AN
very fine sandstone GS0620-7-5 35720128.3"N 128°0112.2°8
mudrock GS0620-9-1 35°20'44.6"N 128°03'41.5"E
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Table 1. continued.
Formation Lithology Sample Code Latitude Longitude
mudrock 20120915-8-1
35°23'04.4"N 128°07'01.1"E
fine sandstone 20120915-8-2
medium sandstone GS0618-11-1
35°23'52.6"N 128°08'25.6"E
mudrock GS0618-11-2
medium sandstone GS0618-13-1
35°23'05.2"N 128°10'15.8"E
mudrock GS0618-13-2
mudrock GS0618-6-2 35°24'54.1"N 128°06'40.1"E
o mudrock GS0618-8-1 35°24'15.8"N 128°07'32.2"E
Jinju fine sandstone GS0618-9-1
Fm. 35°23'55.3"N 128°07'34.4"E
mudrock GS0618-9-2
fine sandstone GS0619-4-1
35°22'57.2"N 128°06'43.9"E
mudrock GS0619-4-2
mudrock GS0619-6-1 35°22'18.2"N 128°05'46.7"E
medium sandstone GS0620-10-3
35°21'42.8"N 128°08'33.5"E
mudrock GS0620-10-4
very fine sandstone GS0620-12-2
35°20'36.5"N 128°06'36.5"E
mudrock GS0620-12-3

Table 2. Concentrations of selected trace elements of Sindong Group sandstone and mudstone samples used in this study.

Sc \Y% Cr Ni Y Th Cr/Ni
Sandstone
Jinju Fm.
CHI1* N 44.0 23.0 9.0 17.0 13.1 2.6
CH2* N 71.0 44.0 16.0 30.0 26.2 2.8
CH3* N 58.0 84.0 50.0 18.0 10.1 1.7
CH4* N 28.0 28.0 14.0 12.0 59 2.0
CHS5* N 36.0 43.0 16.0 16.0 7.9 2.7
CH6* N 27.0 14.0 8.0 12.0 6.8 1.8
CHT7* N 49.0 39.0 21.0 30.0 11.9 1.9
GS0619-4-1 S 59 43.2 69.9 29.7 13.8 9.2 24
20120915-8-2 S 6.3 45.2 72.1 472 18.4 9.1 1.5
GS0618-9-1 S 5.5 352 116.5 26.8 13.2 8.7 43
GS0620-12-2 S 8.7 553 60.7 20.9 14.7 11.5 29
GS0618-11-1 S 6.6 50.7 314 12.5 12.2 9.4 2.5
GS0620-10-3 S 4.9 379 29.0 11.5 10.0 8.0 2.5
GS0618-13-1 S 10.1 92.9 34.8 10.2 14.2 8.7 3.4
Hasandong Fm.
HA1* N 35.0 51.0 19.0 13.0 10.4 2.7
HA2* N 43.0 103.0 47.0 16.0 9.2 22
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Table 2. continued.

Q/i% - H|eal - 0|ZZ - O

20l
o=

Sc \% Cr Ni Y Th Cr/Ni

HA3* N 37.0 128.0 39.0 15.0 8.4 3.3
HA4* N 35.0 93.0 30.0 16.0 7.4 3.1
HA6* N 23.0 19.0 10.0 14.0 7.1 1.9
HAT7* N 33.0 12.0 8.0 11.0 7.3 1.5
HAS8* N 27.0 18.0 9.0 13.0 7.5 2.0
HA8A* N 58.0 37.0 17.0 24.0 18.4 2.2
HA9* N 106.0 71.0 38.0 29.0 16.9 1.9
HA10* N 78.0 38.0 20.0 15.0 7.9 1.9
HAI11* N 72.0 35.0 19.0 17.0 8.1 1.8
HAS5* N 35.0 19.0 11.0 14.0 7.1 1.7
GS0617-2-3 S 4.6 27.2 103.4 31.3 13.7 6.9 3.3
GS0620-2-1 S 52 29.6 83.3 51.0 8.5 5.9 1.6
GS0620-2-2 S 4.1 31.8 39.6 50.1 10.3 5.0 0.8
GS0618-1-1 S 5.5 40.1 58.4 39.5 11.7 9.0 1.5
GS0618-3.5-1 S 5.8 39.4 55.9 242 11.0 6.8 2.3
GS0619-7-1 S 4.6 26.6 45.5 23.2 9.6 6.8 2.0
GS0619-7-2 S 7.7 55.1 55.3 28.8 21.3 13.1 1.9
GS0620-1-2 S 3.8 26.3 27.0 13.8 7.8 6.9 2.0
GS0618-5-1 S 5.8 35.9 432 16.5 9.6 9.5 2.6
GS0620-6-1 S 43 33.7 49.2 33.7 11.3 6.2 1.5
GS0620-7-3 S 1.5 11.5 46.0 223 9.5 2.8 2.1
GS0620-7-5 S 7.7 65.5 80.8 48.9 17.4 10.2 1.7
Nakdong Fm.

NK2* N 21.0 74.0 25.0 16.0 5.3 3.0
NK3* N 29.0 25.0 19.0 14.0 8.2 1.3
NK4* N 31.0 93.0 26.0 13.0 7.4 3.6
NK8* N 34.0 96.0 43.0 14.0 50.0 22
NKS5* N 20.0 47.0 37.0 11.0 4.9 1.3
NK6* N 49.0 78.0 34.0 22.0 9.4 2.3
NK7* N 21.0 56.0 33.0 13.0 4.6 1.7
GS0617-12-1 S 42 31.1 60.8 29.1 9.3 5.7 2.1
GS0617-14-1 S 5.6 36.9 151.3 40.3 11.8 8.2 3.8
GS0617-15-1 S 6.0 38.0 139.4 28.2 14.2 9.8 5.0
GS0617-9-1 S 3.8 28.5 133.7 36.9 11.7 7.2 3.6
GS0617-9-5 S 11.2 90.3 96.9 55.8 26.5 14.3 1.7
GS0617-3-4 S 2.8 18.0 64.6 39.5 10.5 4.6 1.6
GS0617-5-1 S 3.0 18.6 57.3 30.3 11.9 5.0 1.9
GS0617-7-1 S 3.7 24.0 48.0 82.6 14.0 5.2 0.6
GS0617-6-1 S 6.1 48.5 212.3 51.8 7.6 12.2 4.1
GS0617-10-2 S 4.1 23.6 74.5 17.0 12.7 5.8 4.4
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Table 2. continued.

Sc \% Cr Ni Y Th Cr/Ni

Mudrock

Jinju Fm.

Q-11%** N 10.9 56.0 29.0 22.5 16.6 1.9
Q-42%* N 12.8 76.5 55.8 21.4 13.5 1.4
1102-6a* N 128.0 126.0 22.0 34.0 - 5.7
1102-6b* N 137.0 112.0 38.0 38.0 - 2.9
1103-2a* N 93.0 85.0 42.0 34.0 - 2.0
1103-2b* N 101.0 90.0 42.0 38.0 - 2.1
R-09** M 13.2 89.8 73.2 244 13.7 1.2
D-34%* S 12.4 59.1 63.9 21.3 12.1 0.9
GS0618-6-2 S 12.1 91.3 87.7 58.4 22.7 13.8 1.5
GS0619-6-1 S 19.6 171.4 82.9 232 30.6 20.7 3.6
GS0619-4-2 S 11.7 105.7 105.9 59.3 19.7 4.1 1.8
20120915-8-1 S 14.6 112.7 110.6 57.2 25.5 21.1 1.9
GS0618-8-1 S 13.3 102.7 117.2 59.5 26.1 17.3 2.0
GS0618-9-2 S 9.0 61.6 77.5 522 222 11.8 1.5
GS0620-12-3 S 13.3 104.1 106.3 59.1 325 19.2 1.8
GS0618-11-2 S 13.4 104.6 114.2 89.1 23.6 13.4 1.3
GS0620-10-4 S 16.5 121.7 96.2 54.0 26.2 19.9 1.8
GS0618-13-2 S 11.6 115.9 69.5 54.7 22.1 15.0 1.3
Hasandong Fm.

Q-16** N 10.4 70.3 27.0 18.1 13.9 2.6
Q-17** N 9.5 43.9 21.8 16.9 12.9 2.0
1102-4A%* N 75.0 130.0 93.0 19.0 - 1.4
1102-7a* N 92.0 74.0 32.0 28.0 - 2.3
1102-7b* N 85.0 88.0 40.0 17.0 - 2.2
1102-7¢c* N 83.0 71.0 30.0 21.0 - 2.4
1102-7d* N 65.0 62.0 27.0 34.0 - 2.3
1102-5a* N 115.0 151.0 59.0 50.0 - 2.6
D-42%* M 15.4 89.7 64.3 28.4 16.9 1.4
M-19** M 13.4 73.5 55.7 27.7 13.6 1.3
N-32%* S 12.7 74.2 63.4 19.1 13.0 1.2
GS0617-2-4 S 16.5 126.3 134.8 73.3 27.8 23.1 1.8
GS0617-2-6 S 17.9 135.3 92.9 74.9 26.7 22.8 1.2
GS0620-2-4 S 13.2 933 56.0 64.6 26.3 16.7 0.9
GS0620-2-5 S 12.3 108.3 95.8 71.0 25.3 16.2 1.3
GS0618-2-1 S 15.4 117.1 73.9 60.3 26.0 20.5 1.2
GS0619-8-1 S 14.9 113.6 104.0 56.5 34.9 19.4 1.8
GS0618-3.5-2 S 11.9 91.7 83.0 46.8 28.5 15.7 1.8
GS0620-9-1 S 11.8 99.3 61.8 53.6 24.8 14.2 1.2
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Table 2. continued.

Sc A% Cr Ni Y Th Cr/Ni
GS0620-1-3 S 11.5 90.6 54.7 49.7 23.6 16.3 1.1
GS0618-3-2 S 13.4 89.3 82.3 56.4 24.1 17.2 1.5
GS0618-4-1 S 13.4 100.2 97.0 54.1 23.8 19.4 1.8
Nakdong Fm.
H-42%* N 16.4 70.0 35.7 25.0 18.4 2.0
Q-29%* N 22.4 149.6 56.3 35.7 23.9 2.7
1102-1a* N 107.0 115.0 35.0 21.0 33
1102-1b* N 129.0 109.0 43.0 27.0 2.5
1102-2a* N 106.0 141.0 61.0 31.0 2.3
1102-2b* N 70.0 128.0 73.0 32.0 1.8
1102-2¢* N 90.0 117.0 63.0 32.0 1.9
E-01** M 9.7 64.3 18.9 21.1 16.0 34
D-50%** S 12.6 82.3 52.5 38.0 12.7 1.6
1-03** S 16.0 78.8 48.3 27.2 16.5 1.6
GS0617-13-1 S 13.4 107.1 119.3 80.7 39.2 17.2 1.5
GS0619-9-1 S 11.2 84.8 78.3 12.1 23.8 19.7 6.4
GS0619-9-2 S 12.1 90.2 82.3 13.8 24.0 19.1 6.0
GS0619-10-2 S 11.6 80.3 73.6 10.4 41.0 332 7.1
GS0620-3-1 S 7.7 58.9 26.6 6.3 14.7 14.2 4.2
GS0617-9-2 S 14.6 119.0 119.0 88.0 30.0 18.3 1.4
GS0617-3-1 S 15.1 128.5 113.2 88.3 32.6 18.0 1.3
GS0617-3-3 S 11.7 101.0 85.9 32.9 23.2 15.8 2.6
GS0617-4-1 S 14.3 118.0 83.4 79.2 33.6 17.3 1.1
GS0617-4-2 S 14.8 127.4 105.0 94.1 27.3 18.0 1.1
GS0617-10-1 S 14.4 93.1 102.5 57.8 28.1 17.8 1.8
*Roser et al. (1999)
**Lee and Lee (2003)

N: northern part of the Nakdong Trough; M: middle part of the Nakdong Trough; S: southern part of the Nakdong

Trough.

Ni = 51.8 ppm, Y = 27.3 ppm, Th = 17.0 ppm2]
Z/H.Q_ _\J—J_o]q_

F5 Al 2E-HA 4 2] £A(Hisada et al.,
2008>E Hlo 2 YEET PSS Aok oyl
AR 27} oI5 YB3 SIS Aol
E2A 35334 Aol BEEHAH (T 2).
ol tistod= F7HATE FHsI B =22
2 WESTA Bt o]o} Zol ABHE Aol 4
WY AEAH QAL AEH R AEST 7]
YA o g ol BEJ k= $71= B3t

A AR ScotV HFE FEFeIA AFF
o= FPRA HA 7S HUE VAR Cr
3 Ni ke A2 7ol 23S Yehich 1
3a). Sco} V ke AR t) &7} 2A(UCC: up-
per continental crust; Taylor and McLennan,
1995)0|u} SAAHE 2al] 2AJ(AMsand: active
continental margin sand; McLennan, 2001) 2.t}
L Aos| e ke Holx|gh Cri} Ni SR
UCCe] Hla] SEEolAt use gare ol
SAFEST} MFE S0 A E e ek ekt o
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Table 3. Comparison of average concentrations of Cr and Ni in Sindong Group sandstone and mudrock samples be-
tween the northern (N) and southern (S) parts of the Nakdong Trough.

Sandstone Mudrock
Formation Cr (ppm) Ni (ppm) Cr (ppm) Ni (ppm)
N S N S N S N S
Jinju 39.3 59.2 19.1 22.7 90.9 93.4 38.1 57.3
Hasandong 52.0 57.3 223 41.2 86.3 84.2 41.2 60.4
Nakdong 67.0 103.9 31.0 412 118.5 88.5 52.4 51.1

Fig. 2. Photomicrographs o
Hasandong sandstones.

(a) UCC-normalized, sandstones
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Fig. 3. UCC- and active margin sediment-normalized Sc, V, Cr, and Ni in Sindong Group sandstones (a, b) and
mudrocks (c, d). UCC composition is after Rudnick and Gao (2003). Active margin sand (AMsand) and active margin
mud (AMmud) compositions are from McLennan (2001).
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Ak AMsande]] H]s}ol= Crh Ni 25 |51
L F3tE o] Qltk AR AR 9] o]2|gt B4 A
WERZHe] 24T S AR EZsk= 7|HY
Sl vlste] Crat Nix oFF o ol gR3t 284
/ZIEE A o] 7| Ao 2R 8FAAY, Crk Ni
o]l w2 1HA/20HE G0 aqfEE E
A= 2 AR

o] ded A& Sc, V, Crt Ni 3H-2 Al X 5-ollA
BAo® F k= YA gou HYE3olA
Ni g ¥sp7} 718 who] #hzheth Seot V ke
UCCe} A AHE = 244(AMmud; McLennan,
2001)2} Bl=3t g Uetliu, Cra Ni 9k
o7k o B3}Elo] SIcH(1 3¢, 3d). o] ekak Ak
Azo| Craf Ni §F S4E 71 91o] o] 5 248
THe 288/ 2284 o] UCCH AMmud
9] 7|97 A Eot EH Hol EZsthE As

A|AVgHCE
5. E9

51 023a =4

5.1.1 Cra} Ni

bz o= ARk} o] etoll A Crit Nisl &
o] F2 A2 HAEY 7]gA o 2 Aol A
R e AAshs Ao siAEnt. o] d ool Cr
o] T2 A2 HEFTINA FE2E0] Lot

< A& 7RI, ol AEFEY 2o] Crg
ok FEAdol Ao FENEE udt
o HAE9] Crif Ni g2 ofvtE o]5 ¥450|
AE-ARA ARt Nig ot 14, AeAa A
R I S e R e Lo
A3t 474 ARl Sk A& 7Rl

Garver et al. (1996)2 21 HZAYS 7| QYA = 7}
A= Hds dotis 588 A= Cro] 9F >150
ppm, Nie] ¢ >100 ppme|™, Cr/Ni H]7} 1.3-1.5,
78] 3 Crif Nio] & AR (r 2090 o]
o, Cra} Ni9] &=fFo] uj7dgk(dl, NASC: North
American Shale Composite - Cr = 125 ppm, Ni =
58 ppm, Cr/Ni = 2.15; Gromet et al., 1984) Bt} &=
A e Aolak Fgakict. BlEEd] Crat
Nio] @o| Uehhs A& 23819 7|94 S 7h
Hohe A8 BaiA AR Cr/Ni Hle 2.9)

S0l 4 712 0] 2TUW FFHFIA 10 B
I ooz YUehr|x dlti(e.g., Jaques et al.,
1983). A1H AMF AR 9] Crak Ni2 2+ ot 64
ppm} 28.6 ppmo] = Cr/Ni H]= 0.6-5.0(8F 2.3)
o] 1% Fhict. o] 8gk 28] Crak Ni A} /]
20l u]s}e] o Rejejo] glom 217t H 91 ppm
3} 52 ppmo]H Cr/Ni H|&= 0.9-7.1(H4 2.2)9] &
AE 7RI ARl E0i%le o] Cr ofnf
T Aol EEA A HANE kR ez 509l
= A4 2834 R Sojgls Ao o
#71e}. olajgt shHL Crak Ni Afo]] A7}
%7t EO] 4056 el Aoz F1A
o S, B9l HEET 1530 A
T >0.72% o] F AFE Y539 0.179] H]s}o
Afeta) Sk olAgre) Craf Nie] Wl 4ZhE B4
2l UCC (Cr = 73 ppm, Ni = 34 ppm, Cr/Ni = 2.1;
Rudnick and Gao, 2003)¢} Post-Archean average
Australian Shale (PAAS: Cr = 100 ppm, Ni = 60
ppm, Cr/Ni = 1.7; McLennan, 2001)3} ZAY E
= o7 #3l= o] JAtHHE 3b). IHAT Garver
et al. (1996)°] AN 7)320] elahel 41557 7o)

289 Ag AR} ol NE 2HL o] H
AEo] 2uHA Moz RE SE HAE =
FeekA] greth ©A Cr o] 150 ppm o]l
AL 952 ARk 270(151 ppmi} 212 ppm) <} o]
2 170(150 ppm) A&, 283 A% o] 2 ¢ 1
(151 ppm)gto] o] 7|&S F535h, Ni & 7]
T2 S50k AT oY AlEE glth o= B
o} Bl A& 7| A of| 2 A Ex= A9 ¢lA
U AT stEEte ol AA EEFS Ae=
o AXIch

A2 7| x| of et 28 E SHikeke) #3E7h
QA Cr/Ni H]7} 2109 & Cr F& 7Hdoh
(cf., Garver et al., 1996). AA] = 3}AHF-2 Nik
the Cra 84 9 go] 3-(Gill, 1981)317] wiZo
Crol @AYo =RE FHEUS of 2ot vd
2 koA 719 ek Cr/Ni vl o AR
Al ot dE =9 SHISEEE fHE EHEY
785 Crif Nio] -2 & Holm Cr/Ni Bl:=2
ool E Ao =2 oAETHGarver and Scott, 1995).
McLennan (2001)°] $3%+3t AMsand+= 43 ppm Cr,
16 ppm NiZ g-3-3}¢] Cr/Ni = 2.70]H, AMmud
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o [ o

+ 57 ppm Cr, 25 ppm NiZ $H5-3}¢] Cr/Ni = 2.3
& VBt o] S ZoIE o) AlRF AR} o] A A
29| Cr/Ni Bl 71907) QHo] REaige 782
SRk Y= AE AL = S E

5.1.2 V-Ni-Th*10

B35 2uddge 2 iy fHd B0l &
oSle A& dob= 9| Sht= V-Ni-Th*10 4
A=RE o]&ste] IS & 4 Uk o] AR
ol 208, FAUI AL FYGo] F
go] FEEO EAETHH 4). o] =) ARGH
T3 TdAdE 24 (end-member composition)
© g Tle] xS Hep] serel 24(Kim
etal., 2005), LAY HYE 2L YT Y At
% Aol Fazshs WY 2/4d(Ko, 2006)2 ©1-83
th 21 - Y AL Hisada et al. (2008)o| A &
F3-9] 7]9¥R]¢f| supra-subduction zone Z11E 3
o] 27 7Fs/dS AlXISEE 71l supra-subduction
zone®] 2 AHAY ZA(Xia et al., 2003)2 o]-&3}
Atk Ak A|29] V-Ni-Th*10 Azt = #oll AL o
el Az THY 24T A 240 Aol
A ETH (T 4a). SHAIRE H5-53 HAES AMY
AR YRE= 21 2402 ALHA =AH
c}. o]o] ¥iaf o] ¢t A5 R ndd 243}
T 249 Atolo] A HTHH 4b). o] A=
Fol| A Alte] Aol 2n AL YA Eo] ot
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5.1.3 Cx/Th versus Th/Sc

A8 Sl HHB50] 1Y & 2
B0 BT A S4S okt UERiErE o
obi7] 9J5tef Cr/Thet Th/Scot Z-2 Ui HIE
E3l9ti(ad 5). Cr/Th v[7} Eod v EA-23
A7 &0l ol 50 &= w4, Th/Sc v)7t &
H g Aol Eol Soilltkes AE 71tk e g,
Hofmann et al., 2003). 19 50l = 1d A3} 73
A9 egatel 3 BAL E Abeke 208
ThgRol S5 BAle] EAIHo] Qo DAY}
TARAY, 20 A FYE 2AL Turekian and
Wedepohl (1961)¢] 2-& mit. o] SRS 2
g o}k ol g Blol] Rg Fg o] 2w
o= Y59 3F8F 24 (Cho and Nam, 1990; Kim,
1992; Ahn et al., 2001; Ko, 2006; Uchida et al., 2012;
Wee et al., 2013; Kim et al., 2014; Ok et al., 2015;
Kang et al, 2017)0] YU g Zol& Uehyy]
o]t o] EROA AlEFT o|AY ARE
A 1A IR EF JA Al Eold,
A2 A YR 2R o B2 20|
= SUch= AS 7T AT UR o)At Al

S AGY 20 AY AR Aol o] &3t
ITA FOoZ TA|F o] 2 HAG RO IS oF

o ng K

(b) Mudrocks
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Fig. 4. V-Ni-Th*10 plot of (a) sandstones and (b) mudrocks. Concentrations of elements are in ppm. Shaded areas
represent the composition of the felsic end member (Jurassic granite; Kim et al., 2005) and mafic end member (gabbro;
Ko, 2006). Ultramafic end member is from Xia et al. (2003). UCC (upper continental crust) is plotted for comparison.
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5.1.4 Cr/V versus Y/Ni

A5F oAU A RN 7] HAE & REPFS
njPAaEel Cr, V, YO Ni9] 94 H] (Cr/V
Y/N)E o]kl 71 9x9] ghe] EAS oo}
7] $15ke] 27 60l =AISHAT Cr, Nizh V2 Hnp
T BAE 0|5 YASE DAAT 2NA ¢
ol o] el glom, Hxgte] o|E Uart
Bo] Solglow ou ool =e} pisl mAW/ =
87 o] 7] 9x)o] EESITHE AL 71217
th(Bjorlykke, 1974; Hiscott, 1978, 1984; Garver ef
al., 1996). Cr/V ¥|&= Cro] o2 Hulad| v
a0 vlsf Aot B3k =7 yehH, Y/Ni
HE SIER 929 t#4E 7H= Yol v 2
o2l v)gd4d] EAS 7H) = Nizh duph
F3}E]o] Q= 715 R|AJSHHMcLennan et al., 1993).
1EFA-20EE GAL Hutdle 949 Tl
E7] g 2ol o]27t dHAlE 719A A o' TR =
EAEE 22 Y/Ni gk 7HIth §EH @ 1] &ato]
E A 7180 F2 Soi%e ZE5-JBMT 22
FEE G o E Artavls 940 His) A

5

L
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I o

2 o= ¢ gol Fgteh Cr/V Hl& AR Al &ollA]
0.2-1.79] HAE, 0|49t Al5o|A= 0.5-1.82] HE
£ 7M. SEA|RE AR Cr/V = diFE UCC
o] WH#7kQ1 0.8 (McLennan, 2001) ¥t} W 7hS
Holx|gt, o] A ¢Fe] Cr/ Vi UCCY vl ETh= A9
e =2 22 Uehdoh(2" 6). Y/Ni Hl= A
F A7 A oF 57%7}, o] A AlmolA= 41%7}
UCCY] vl K= 22 3H-S et v s ¢s)
oA FE-LH ALY vt -2 H
Z9te] H|E HAJE O = st 2 FA 0 & T AJS
act 7)o o|-&H e, nEAYT 2nHE
oto] B 2 AJ.2 78 50)|A2} ZHo| Turekian and
Wedepohl (1961)9] A2 5 ©]-838l5 om, 2ot
72 Eo= gAY 240 oget HE sty
TAY SR 242 Turekian and Wedepohl
(1961)9] o4& Q1 37et 24L& o] &3ttt YF
Z 2 Al&olA Y/Ni Bl&o] 37599 Y/Ni H]
2(2.3) 50} 24| (up to 4.0) R WjBo] Ca 12F
o] 2 3F7J9KY/Ni = 8.9; Turekian and Wedepohl,
1961) /39 7k o] &= Zo| HATF AR K
ok B2 4=9] oAt Al &= ¢F 50:50 HI-&9] 4
2ot 2ot T3t T4 AF| EAEEE (L
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Fig. 5. The plot of Th/Sc versus Cr/Th in mudrock samples. Two mixing curves have been calculated between a
felsic and a mafic end member. Element contents of end members are from Turekian and Wedepohl (1961).
Percentages reported in the mixing curves represent the mafic end-member contribution to the mixing products.
The large arrow indicates the shifting of some mudrock samples toward the ultramafic-felsic mixing line, suggesting
a contribution from ultramafic detrital material. UCC (upper continental crust) is plotted for comparison.
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