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tigation using trace elemental compositions of the YC-1 stalagmite, Yeongcheon Cave, Jeju Island, Korea
for the past 600 years. Journal of the Geological Society of Korea. v. 49, no. 3, p. 325-337

ABSTRACT: Trace elements of the stalagmite (YC-1) in Yongcheon Cave (lime-decorated lava tube cave) were
investigated to delineate paleoclimatic history near the Korean Peninsula for about the past 600 years. Using excess
*1%pb dating method from the upper 2 cm interval of the stalagmite, the growth rate of 0.033 mm/yr was calculated
and the age of the YC-1 stalagmite is extrapolated. This rate coincides with the growth rate inferred from textural
data using annual growth laminae preserved within columar calcite with a spacing ranging from 0.02 to 0.07 mm.
Even though high-resolution trends of Mg/Ca, Sr/Ca and P/Ca ratios vary during growth of the YC-1, all of them
show the distinctive increase from late 19th century. This coeval increase should reflect the past climate change
from the Little Ice Age to the Current Warm Period. The trend is due to the increase in the supply of P from the
overlying paleosol layer and also due to more active corrosion of carbonate sands within the paleosol layer resulting
in the increase in Mg/Ca and Sr/Ca ratio in cave water. Therefore, this study indicates that trace element compositions
of the stalagmite in Korean natural caves can be used as a good proxy for paleoclimatic studies in the future.
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1. ME

| FEES sH AR AR o R A)dstet
HAIAZ QL 0] 4715 @Ado] At AsfAl= FA49
At LU A, 971 Sl L A= ¢S
517] ol 2%t BEY] A AQ] FFe T
ol A4k 9 I7g Hsfizt wis] wHEA o2 whayst
I ek AFt2dste] wE AAAsiE st
SR R e e i P R I R [ =] g o
a3}t o|F HeiA= A ohekdt Al719F 7|3t
gt oSt 7] 2k7 o] S o] o|FojA{of g
ot oA fojH 7% ARE 7|FRAH o]
&sto] FgA ol A= wgt 7|55 7] &0 7
HE|ojopgt 7hg3ttt. 2041719 o]28] ZEH o g
Aol & 71V R AA A+ 7] FSALe] v] %]
A Foh @2 100 doleh= vl B2 A7k A=
T Aled #o]7] wiizolt). o] FHA ARl 2
B2 0|9 7|$E AFH O Z A55t= A AY
E7Fssttt. wheba] gest njef o] 7] oS Ba
3 97 2) 7% AR A4 ol 1 thopst o
2 g ot gtk

HA 9 17|1%+= W3, THEAE, AHEAE,
A4S oL 27N, OBl a Ao B2 SAEHE 5
-9 Theket th el BEE o] §li= A X RHproxy)=
< o83t dt=]o] i Allen ef al., 1999; Bradley,
1999; Montagna ef al., 2006). ©] 5 F2HAES
ohe g4kl 171 MRS vla e Heet
G240] 7Psela, Ak 50%hd7IA) Theket 717 5
obe] DAY 718 AelE 4 9tk B3, 24
B Qe TAYES] 7158 ol HRH5te)
A 7| FuskE F48 4 glrks 39 7D
1014 F2 o] 1 AA) sHAle] e 22w 9]
tH(Henderson, 2006; Tan et al., 2006; Baker et al.,
2008). Henderson (2006)2 A\ 204 | 52t 117]
F3to] ubdo] 279 WalRol7} 71 Fa3t 7)o
2 sigkon, Wt 72 Qizke] BFahe Az}
£ gz Ao EAJstaL A Fe] F8 7|F Alx
Yol Eeth A ko] That 715 BEFA Rok

= o] &3t 1715 AF A7 E AS 7 sHT

TN ES |8 VT A4t A B/
7H7]2] ¥sKWinograd et al., 1992; Spotl et al.,
2002), Heinrich AFAT} ZH-8- 57] Zefo| AEA| 2]
7] E47|EHIK(Wang et al., 2001), E43} 2148
9] W3K(Dorale et al., 1992; Genty et al., 2003), 7+
9] WSKTreble et al., 2003; Bosato et al., 2007)
S Wi ohekst 71t 2719 7S dAE S
At FEALES o83 A= s Y
(At B E o838 AT diFEeluy
o o] =28 w|FPLE o83 A7 Es] =
1 Qth(e.g., Fairchild and Treble, 2009). 1 o]-F
£ TA 9 7|5R3Le Qo] A A HA oz x| Hut
o} ufj-¢- ThFStE = shto] AA RS ARE-She AN
o2& A A AA A4 Y9 17|¢E FHs}H
7)ol @A17} 917] wiiZolch

FOMA|o} E& 7] 5ol G oA e 7
w2ke] 7, oF 1,0009 7H o]9] F=o] A%,
AR, AGEE, AEES, AFE 5 HwA 4
2 Aol 2H4 FEZ3HL §lo] o] F o83t 7| %
ATE sl WS fEE 20S 2AFE QL
o} A= SHEL | £E5k= SR 24
ot BAME Y Yol B sk A3eE WY 2
AYEL AFE §52 oA GAHAESZOIH
BRI L2 A4 852 W Aed ol
37| $ A= F2of o] 28 v &S] X3
31 QIthWoo et al., 2008; Ji et al., 2010, 2011, Hong
et al., 2012). B0 Ji et al. (2010) LHEZ 1) A
&0 BT HBE 018510l THE Fulo)
2H7]7} AD 1870 o] B¢ A o2 Aetstich
Tt 2o Ao 21 B4 Wabr A AF
o] 7pgape ok B MR ANSHATH( et
al., 2011) Hong et al. (2012)& 231 5Z2] 220
Sl H<0) ZABAE o] §3}e] ALt 20009 Fok
FhikE F00) 7|97} 20t 247, 9F F7), 5
A £57], 245171, B4 £u)2 78 8 5 9t
7 2kt
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A= R FAE sl fAIskE St
O, A37] HFE AH47] Fte shitgol st
o AU F2 SAFE FAH e, &
T Y= Bt EJA o= 368719
EX3(cinder cone), -3 2Htuff ring), -5-F]F-(tuff
cone)7} B3 3cH(Yang et al., 1997). £45F2] o
w2 dEY AFACRA, 5ol Fob o X
o &E=ol Y= Ut SHT=S IS
SdFe 273 ¢4 ARG RA AFE S
o @A &2, 3529 A7 AG AR
AP W= E o] SebFoll os) A= U
(Won et al., 1993). 292 ¢8| @742 49 £
A2l @R EREHE Ao R siokS wet ¢t
AR} FAAAI T W2 o]l WA BEJTE ®
Az, B A7 A FolA 252 @7l dvls
L dzre] @Rete] K/Ar Athghe oF 0.63 Mag
B3 3 v Itk (Won et al., 1993).

SHEE2 AYH R AFE F5TFol HA
5t P 22 AR BAFT 725 dA 2
AAZFHTH 1). E-F=22] dol= 2470 mZ B
g v o, HAMEA] 32 FSEEZA A%t
P AAIZol= 3 km ool 8 Aoz FHsta
ATh 520 22 7~15mo|H, Fo|&=1.5~20m ¥
FIS Beloh AR A o2 g o At g
Soic) $AFBL BT FA7} Y8 (primary
lava flow)e] RO Hlo] glo] vliA B @
& ol Tk B 728 Uehit, §35
2 Hole 25 §de= HolA EdH= 843

A
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T &gAE 9 ST 22 sEAAE T
A=A G BAEEEO 2 o|Rol7 FIWEE T
AT QTHJi et al., 2010, 2011).

|HF2L sl I glem, o|= st
35l EFEo] §HF= el THE, FH=
o, o]2|gt BAIHE A2 A FE 2 o7 syl
A B3 v} Qeh(i and Woo, 1995). Ji ef al. (2008)
2 8HF2 A 92 Q= A Aol sietrt
oAl WELE 7hHA FojAH 1 A% <F 2000
~4500 9 Ao 2 A|Qkgt vt Qlt}. £H5=2 Y& 1
B3t Qe BRI EREL YET E] =o19)
£ At 93] g3fjE]o] T2 QPe R L o] 23} &
AHd o] 22 FuTkaL, 1 ANE §HEE ¢le
A3 EFoA YAE= oY F7Y F2HEE
A7k Itk (Woo et al., 2008). S-5Z o)A o
As= g7 sELES T8 895
A, A, F3AE, AE, 74, F4, 2150l A
ok 18y SH5 2 B Fa A 2 4
T BF A3EE A B s s A= FHet
7} ui-$- k2 cH(Woo et al., 2008).

3. Aty

20059 49 AF= SHF=OA sk A
(YC-1)& AFHA YC12 AH A A &4
IS YUY Aol Yl F-Y = o] ARE U
& T&Esto] Sk Al AFE s=2EE
BES A sl 2 ez ddsto, A
A AT S vk o 2 A|Zsto] 23S st
HUTHLH 2A). A8 SHRE He e U
% 7.5%5 cm +4 9] ¥ HE AZgE & S
sto] Faf Wi QAL S8 RI=E B7Ek3
o} E3H g o] A g X5s Agst]
AR o] 7HAS Sk E3 Ao 2R
o] Q= HES X2kA WA Y(DGL: zone of densed
growth laminae) 2, J&Alo] 3ju|gt FE-& %+
A BAXY(SGL: zone of spaced growth lami-
nae) 2 FLH3IFTHIH 2B).

YC12 A& AHFZA A6H Aol B 2 ex-
cess “'Pbef] 2J5t AHFEA o] 7HsT R o2 S E|
Qct. webA mho]l32 2 EE(micro-drill)& 0|83
of FHOZRE 2 cm o7 FYT 1HFH L
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ool Al 2E 87 AHSIATHLH 2A). vIF A=
ol gt 3Fet4 2] WhH-2 Flynn (1968)2} Baskaran
and liffe (1993)7+ A A3 2} S5k AP
ek 7°Pb BAL w77 A o2 ule- A
D49l *Po (FH17): 1389) 2] P02 o]Fo]
Ao, drel S4B AT Bgs
11 1= Alpha spectrometry (ORTEC 576A)E ©|
$oto] BTG FRANES o8 1 F
o] A AYel TAHAYE AT} RAG A
5t7] #15te] YC-19] O RHEE 2 em X7
30 um 7.0 2 vjeels BAjo] 2= gr). v
Ak BAe Yure] By Brfet ATTel) B e
S gl $EAT Eekmnt AFRA7|(CP-MS;
Inductively-Coupled Plasma Mass Spectrometer,
Thermo Finnigan, Element II)7} o]-83} %t} Z5F
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Fig. 1. Location map of the Yongcheon Cave on Jeju Islan

Jeju Island

4710 F2HE ] Q= oA Atul Al 2H)(laser
ablation system)Z o]-83}o] AME A5 &L 20|
olFo|frt. Z+ n|FFAa9 SAIE cps (counts
per second) 2 ¥-& th5 o|F Cadf i3t & H|=2
LR ik
4. & 1}
4.1 M&o| XXH £
ol oA A
3 A8 1= 0.01 mm
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AL QAo AL
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o
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d. Gray zones denote the distribution of carbonate sand

dunes. The passages of the Yongcheon and Dangcheomul caves are denoted by dotted and solid lines, respectively.
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EAZYC1Y YH oA REF o= A= thEn,
I EAL AR |, FA, sk, fAlER=E
o ZIAE SO TR 4 9ck. oleid 244
Q1 Aol 2o FHER | ThE He(YC) T &
Az B2 FAES=E U Ae(DC1)oA 71ed
Mol 2229l Aol AR 20 2 BEFETH(i
et al., 2011; Hong et al., 2012). A& o2 X5t A
Aol R YR E o Y= A3 2
o} 7o) B2 SlnlalA) thepbe A W
thel S4o] ol njet 1A o] w74+

~ |A measured track '
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=8 Z4stel A elAl T 2 TEshch
2 A3, YC1o4 13788 A Bithet 1270)
sl thE FRAAK2Y 2B). 4A B
AL 4R @ FES Agsha 012 oA
205 cmel] o] 2= W& H9hE Hol g, AL H
LAY FAL A e 3 HEe Agsha
0.05~0.30 cme] AjF o2 F31 A HYYE R
1Tk YC19] A4 Wicheh wl ) Sehs v
w7 ghe T A HRY 7L FAL HPA
B el BA=e] U Fehe Mol g

b

Fig. 2. (A) The YC-1 stalagmite slab used for this stuz(IIRI Two rectangles indicate the portions of the stalagmite made

for two thin sections. Microsampling sites for excess

Pb are also indicated as circles and the track for trace elements

is indicated. (B) The YC-1 stalagmite slab showing the calcite layers with densely spaced growth laminae (DSL).
The calcite layers with less spaced growth laminae are between DSL. Note that the two layers are alternating and
the DSL are thicker. (C) Columnar calcite crystals showing very few growth laminae. However, numerous annual
growth laminae at the tip of the YC-1 stalagmite are present at the upper left corner. Note that the calcites with few
growth laminae are inclusion-free. (D) Regularly spaced, annual growth laminae of calcite crystals with even
spacing.
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Table 1. Age dating results using excess 210

Pb. n.d.=no detection. Excess

210 210 226

Pb =measured “ "Pb - “"Ra. According

to the measured data, we assumed that the 26Ra value is 0.05+0.01.

210

mpl h mpl ighi m I P X 210p
R o S S I i
YC-1-Pb-1 0.13 0.3235 22.50 1.00 22.45 1.00
YC-1-Pb-2 0.38 0.3388 2.23 0.11 2.18 0.12
YC-1-Pb-3 0.63 0.3136 0.24 0.04 0.19 0.04
YC-1-Pb-4 0.88 0.3154 0.07 0.02 0.02 0.03
YC-1-Pb-5 1.13 0.3184 0.06 0.02 n.d. n.d
YC-1-Pb-6 1.38 0.3209 0.06 0.02 n.d. n.d.
YC-1-Pb-7 1.63 0.4004 0.05 0.01 n.d. n.d.
YC-1-Pb-8 1.88 0.3403 0.05 0.02 n.d. n.d.

U olefst S41E AR o] 10.75 cme] 4 Fof
A 45190 cm o|Sol g BEE ], JRA AL
BitjEE S4E melth 5 AR eyt 3
=2 SASARA W2 4A B B
= ge)g melch A3fet E40] AXH AR 2 em
oA F2 A ATt SAI5HE (1Y 2B),
o] H4% EARES 015 cmi A4 2
= A=) ek ol F WA Al = 6 A
SP7I obslAl s e S Bt

C=Coexp[(-M/9)/Z]

oJ7]A Z(ecm)= w]A]E2] Zo]o]1, C(dpm/g)
2 Zo] Zo| A9 excess “'Pbe] HARs HEo],
Cots A BRI CRlolh E, Mz 7Pbe] )
FarolH, S A9 AAE(ecm/yr)olch. A4kE
PFEE ol galo] o] mARE A= A1
Zololl ©2 YC-19] AFL AXSHALE 8 A
o] 247] Zol A 515 4 A Ho) A excess “Pbo]
257 ggron, o]= 'ppol uizly| 2234L
S o 223113 em FEAEE 2001 o149
< IS AAUHE 1). o] A7} Bk

R

e koo

K
olof w}e} #°Pbe] dleko| o AAFHA 7HAsl
3

+ 4
YC-19] AL ol AT AHI JAE2 A3

922 UERdth Excess “'Pb 24 B3 4&
&2 0.033 mm/yro|w, o] 23t AaH= 222

A A3t a9 A ER oA S8E A3
A7} 0.02~0.07 mmek= AT GARE Atz
TAETH 18 2D, 3; ® 1). WEkA] o] F At o
2A3to]| et YC-104 BA4E AAES =48
A2 A7 5 9lo, ZH AP E  dS A4
she Zoz 2AHEC) o] Heg AFHE Adivt
2005 0]7] wiZef o]2jgt A ANE EYE vl
Ui B4E AAIGE 77 AD 1401~20051 Afo]
o HAT o2 2T 5 Uk

o fr ox

43 O|2AAx 24 At

YC-12] A4 2 em 7ol A 45 Mg/ Ca2] 3k
& AHHOZ 0~3 mm, 10~17 mmof| A Atja o
Z =2 7S, U %] 3~10 mm, 17~20 mmof| 4] A
fHoR Wo ghe vhehich( ¥ 4). B8 oF 2~3
mm ZHH 22 RIEE= Yol FFH o2 e}
£ #3}S Holu glth Sr/Ca FHe AR H 2.2 0~3
mm7tR] AtjF o2 =2 kS Y4HZ] 3~20 mm
oA HiH oz e gks ®elrk Mg/Caoll Hl3|
71 ¥is}o] Zo| F o, Mg/Ca} THAE ¥}
A e o2 S Bltk s Mg/Cao] 4
Lol AAE 3 mm AN FA3] STVl BF
< Yehdch E3] 0~4 mm 77H A Mg/Ca%t
Sr/Caz ANFH o2 Aujeshs F3 Ad= &
oZh. o|23 Mg/Cag} Sr/Ca w4 2HE =7
2 Aot diuls & A3t oF 25 mm7HA] A"
47 LAY F3HolA Mg/Caes AHiFCE =



HFEe EMS=0M ddst M= W 0j2Ra

2 e YEhfH, Sr/Cax AiAos 22 gk
HoFT Q= Aol ERoITH1H 4).

YC-19] AR 2 em 77kl A B4 H P/Cad) gk
A4 22 0~2 mm, 4~9 mmof A A H O 2 o
ZE, 2~4 mm, 9~20 mm7}A] Aoz e zk
& UepAth 1Y 4). Mg/Ca®} Sr/Ca B4 AnE
227 At} tju]s] 2 Azte} npRix| 2, ok 2.5
mm7kx] ZR1E G4 AP FhellA P/Caes
dhFes w2 FE Ushia Qi Sr/Ca%t
Ba/Ca Atolofl 4| &3] TH T = w2 A4TTA = ©l
W A oAz Yelgth Mg/Ca, Sr/Cad} ulxk7}
A& A HFE Aot F7HEE grol &
23H= £ RHolth P/Cak Sr/Cax} o] 20
mme] A oF 15 mm7HA] sk 3 HolEth
(2 4).

5. E 9

7R A A A A T8 == T2 ES ©l
|3 178 A= T2 Ao B MY E e
of n|FULE o]83f o|FofX|aL glen, 53] 4t
25 YA AES o] &5t Wol o]FojRaL itk
(McDermott, 2004; Cruz et al., 2005; Mattey et al.,
2008). AAFolEA QRS2 T2 B9 AaFod
4 o] Wats whgaly] o) 29t 293

22 023 |t 6001 Sote] W|F Hak T 331

o] Htgdt= AEEEY =g HoEth(Wang et
al., 2001; Wang et al., 2005). AtAFHHAie =
o FEAGE U] BaE o elact visels 48
& 7%, 740} W Il M SIS BIAE) U
o4 FHEL BAFAL HE0) A9, gael
719o] B 57153 gt FEolH(Dorale et
al., 1992; Genty et al., 2003), n]ZFP 40| H9=
2o w1 FFEE 3o gh=th(Kober et al., 2007;
Fairchild and Treble, 2009). 524 E el =3
) Mgs} Sr, 12)7 P 4R TrjsHste] 24e
3 who] ARE-El= n]EFHAo|thRoberts et al., 1998;
Huang et al., 2001; Fuller et al., 2007; Zhou et al.,
2008). o]FollA Mg} Sr& HMH o= F= 2ol 9L
= HEZEZTEH SFHA PO Feols EF
Woll Z3tE]o] Sl= f71Eel dl 335 F97t
tjFEo|tiHeathwaite, 1997; Fairchild et al., 2001;
Huang et al., 2001; Treble et al., 2003).
TR AL T2 SaEE B X
o mlFao] o3 2HE7] g T2 EY
A% 717 S T2 A F71(vadose zone) 9
sEfehy] 2R8-& g6l | o 8%ItHe.g, Verheyden,
2005). 53], 3248859 Mg/Ca Hl= 2 =9
W3}, QkA "hafl4d 9] 27 (Prior Calcite Precipitation)
T E42)% &3l (incongruent dissolution) 5ol
o3 A== Ao = g F cH(Roberts et al., 1998;
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Fig. 3. Contents of excess

Pb with the microsampling depth of the YC-1 stalagmite from the surface.
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McDonald et al., 2004). Sr/Ca+= 571t W R|5k=2]
AAAZL, PCP = 2 EY A5 24
= o2 JeiA Yoh EF, P/Cak F2 AAe]
B8, 5 2ope] wagEo] o) 2As: 3
% 2 ®olth(Verheyden, 2005). 2134 &4 5=9]
SEETETERE S NP EERECIER
T+ o27] g el AEe A7E9 sidS
arj2 4 85)7] olgiTh A E ARl AHo
2 |13k SAYEREO| Ao w2t 2o 7} 9l
Ak of 4 ule) A BE3T o, B Afe] 1=
FF2 EZ3ela QIth(i et al., 2008). wehA A 3%

- Li, H.-C.

22 WZo] Fao| o] 27171 A7k wHge &

SP717} s ol Ae S HEE0] Aol 1 of
o] 7Rg 3tk ol A ool H7k el F 4= A
ZE ol gL F2o] =P 4= 9lek. neba A4
o RAlRtg Tt mope] we Amo| whet FEEE
P/Cas] B0l erheala Z4aro] gobals:
2 522 §YsE B4l ol 2D 4 Y= 2
& 2% 5= 9lrk. STk Mg/ Ca vl9k St/ Ca ¥l 9]
Aol thare Axel ek 4 glom o5
wishe Al 7hd AARo= A9d 4 otk AAE 5
2 9lo] Emrlo|=e} Haige] BE BuY A9,
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Fig. 4. High resolution P/Ca, Sr/Ca and Mg/Ca compositions with depth from the surface of the YC-1 stalagmite.
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Mg/Ca H]= oF 1500 -F-E 1600 7H4] =2 HE
A(variability)#} &7 AH o2 2 FHE B
F3 YA YR YAEL iR W2 Zhg o}
ER L Qlt}. o] gk YC-19] mi=fgda w3} gk
A EAAl AL Mg/Ca, Sr/Ca, P/Ca BT &2
T B3l AL 19417] FHkellA] Fhof| o] 2=
AFAE Y Al71 2 UEHT o] 23t B A
3P7h 7H453kE A Q= AA7IA] A&E L ek 2™
5). £3] P/Ca¥] Hizl= 229 it AE E
Fo) Wd Hr 9 ko] zpolof AP A0 FF

oz o]7jgt YC-1 W Al Y49 $7h= &4
5}7|(Little Ice Age)ollA SA|(F)2d7](Current
Warm Period) 2 HHE 5L 7| TR} Loyt
o= A& 78] AR &, A3t o] S B4t 7]
23} ] el AN 02 Fa AR B
=] Sl AEIRE Tl dA F3E gaiE
T e A4S AFAE Ao wadd |dx)
7HA] o] A5 FotAlot Ao as17] 9] g
gFo] 2 GAISHL St} EZE 7|7 Fetol= 4
Hol 9 e 54 S47)7F 2A%tcHe.g., Grove,

— PICa
—— Sr/Ca
Mg/Ca

SM

6.50 x 107" |
550x107" |

450 x 107" V\W

350x107" |

Sr/Ca (mmol/mol)

3.00
2.50
5
£
2.00 ]
£
£
1.50 ]
Q
o
1.00
0.50
1.30x1072
1.10x 102
g
9.00x10° &
£
Q
2
7.00x10° 8
Q
(=]
=
5.00x10°3

1400 1450 1500 1550 1600 1650 1700

1750 1800 1850 1900 1950 2000

Year AD

Fig. 5. High resolution P/Ca, Sr/Ca, and Mg/Ca compositions of the YC-1 stalagmite of the past 600 years.
GW=Global Warming, IR=Industrial Revolution, MM=Maunder Minimum, and SM=Spdrer Minimum.
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