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T 7S 283710 HAeHE A7) 171F 7| S22 A, IYL AHE 7N 2 goftt o AHE AlSshe b F8% 9
L T SeREAE AdiEA 712 1980 o 4t o] & Fo| 23HAFEA7I(TIMS) B F =2 3HSet=nba 24 7|(ICP-
MS)9| =S 71M o2 F7|2 Q1 HE o] R e, ofo wet FEYYELS 1eE B, s ek Ao 24 S o £
ofoll FEA L-EH L Utk T M= T2 EL FEEAIE AdSA 71 9] B8 AR7E tha BEShaL, £4 /1=
27h FEste] d A7t AlRPA e 2ut S EH T Q= Aol wekA, £ =ollAe fEheAd ddiSd 71 ol 24 Hl
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S8 1A, AF Ak AL Al AT TSR 2okR o] FE2 28] 7t

F20|: LEEAE AUEY, S YIS, Ml47| X2, nety, YA St

ABSTRACT: Uranium-series (**U-?*U->"Th) dating is one of the most precise and reliable dating methods for Quaternary research.
Speleothems, in particular, represent an ideal paleoclimatic archive for this method, providing high-precision ages that serve as a key tool
for reconstructing paleoenvironmental records. Since the late 1980s, the development of thermal ionization mass spectrometry (TIMS) and
inductively coupled plasma mass spectrometry (ICP-MS) has driven remarkable progress in U-series dating, leading to the widespread
application of speleothems to paleoclimate reconstruction, sea-level change, and age calibration. In Korea, however, the application of U-series
dating to speleothems remains limited, and research has been constrained by the absence of analytical infrastructure. In this review, we provide
a comprehensive overview of the theoretical background of U-series dating methods, the suitability of speleothems as dating materials, and
major case studies. We also discuss the potential for future applications of this dating method in Korea. The establishment of a dedicated

analytical infrastructure for U-series dating would not only advance Quaternary paleoenvironmental reconstruction, but also expand its
applications to paleoseismology, landscape evolution, and geoheritage studies in Korea.

Key words: Uranium-series dating, speleothem, quaternary geology, paleoclimate, radioactive isotope
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A47)(Quaternary) 112 HARE EHsk= AL A
o uj2 o] X HIE olsfist= H| BFo|th A|47]
+ FAE Z8k= 7l(period) 912 A A A=, s L
7] =ghs ZAT A A28 2] W22 H5/d(internal
variability) ¥} #|%= W3} 12|31 HjYE T oF A
g (external forcing)o] EgH# o= Zh-g-5to] Ws}r]-7HY
7] &% 4 G243 7| SHIE WHES) 2 A]7]o|th(Berger,
1978; Imbrie and Imbrie, 1980; Shackleton, 2000).

Al47) QS Am= ol2dt e JALE Bk |
A Fee dh= A2l Az ol). 32|21 Al47]
AdEA 7oz SehEAE AdSHCPU-2 U Th
dating), "WAMIEHA A=A (radiocarbon dating), o} =X
¥4 dl&A(argon-isotope dating), 3Foi7| Fnjd|A
2~ A=A (optically stimulated luminescence, OSL) S
o] 3t} o] T WAMITA AUSAL U, A& 7, o]
g5 AE 7Y gavt 23k AFEA FHLsHA A
& 7hsshH, AdiSA Y 4Rk oF 55,0008 H7HA 2 &
HA Stk i 712 1 |9 o] Y Almof| tishe] =2
AUEE Hol= ¥Hi, A|47] AA| 7|17t F 53] LFeqt
2§ 4= ke HollAl Al47] Aol izt 24 A7}
QItKLibby, 1955). of22 9l AA*K-Ar = “Ar-YAr)
AL ALY G 2719 ke A7 A
2740] h5ahAlT F2 sHIeke Alzo] Faelo] 48
Hol= HojlA] Al47] 12715 71Z2E(paleoclimatic archive)
of gt 24 2ol Ale] BA7E EAhMcDougall and
Harrison, 1999; Walker, 2005; Aitken, 2014). 3-o]7] 20|
AL ASE-E 448 8=l FHLlsH H8E=
o], 23 20& WSSk ARl Tl At AdE 4t
S 5 ok SHANE GRtA 0 2 oF 5-15%9] LAHE Ko
WAV e A W L2REAE AtSA vls) ok 2 E2
Ago] WAEth= ©go] SRt Wintle and Murray, 2006;
Bailey, 2020). o]} Zo] Al47] ANZ7A 7182 Auprto]
A S BRekaL o] W] i 241 A
T-=2of wet A ¢l ARgo] 87T

FEREAE AdiSHS dRtE e R ofF 1-3% LAPHE
SHESIHAE FAlo] ) oF 600-700 ka7}A], & F7] &
gZlo] AEA|(Middle Pleistocene)7[A| S AV 4= Q1= &
A& Ak o] AdiSA 712 A8 o] 2 24t
EAEE I3t the @xlo] AT, AFS(coral), 24
“dE(speleothem), FiKtufa) 5 F3 17|15 7|5E59]
gz &85 o] gt Edwards et al., 1987; Henderson and
Slowey, 2000; Garnett ef al., 2004). 3], A% U =AY
AELZ o] AdSA 7o) AGEWA L 529 ARt

rE

WIEE Hol= 54T AT HI ARE 85kt
FEHUL, EREAE ARSHS A47] 17)$ AR
ofol| A 41 A Q1 7 o2 2kars] A2 Rekth(Bard et al.,
1990; Wang et al., 2005; Cheng et al., 2016).

TR EE SEEAIE AUSAY Aol 7H A%
g AFEE FohUE, FEA A8 B9 L E 1)
T A= BE, o HE, ST W 2R3 A A
A, A#AF X3} F F2% ARE 57| sttt
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Wel, W2 Uold] 5o 7l 8Tk gel o viel Sa
2ng s AU e He REE Rl Fdol
Qithe.g., Henderson, 2006).

A TN SEhEAE dHSES 7N 2 JgE
SZAAEE d7= F2 U] University of Minnesota2)
Isotope Geochemistry Laboratory2}2] 35 A2 A], A4
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£3}9 2.0 (unpublished data), ©]+= Wendt et al. (2021)¢]
AXNE & Aol A 9] SeREAIE AHSH Y o 3 24}
#19)e] A2 0.1-1.0%0] =eret Zgfolc,

2 =0l S2UHR BFatod, BUUTh
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Y42 EA s, 0|52 Y1t B (a-decay)E &t B
WS FASI= B FYP2oltth o] F Pum PU
PAY B3] AREo] &3 Qe W, UL B
o] B3] A&E upet B oz Byjgict. PUL A7t
st it oy F2F AFE AA JF e s
Q1 **Pbo] o]2 = A=A | HIAM B3 AREE 7HAItH 1™
). & =FoA F1% otz $HHEAE dHSP(Es
U PHU-2Th disequilibrium, *°Th/?*U, #°Th, U-Th &
gi&4) 71HL 2ue] Baakg F Avkto] sgshe W
A AT AIHE 02 o] 85k Wy ot}
SeheAlE dUiSA 712 712 A o2 ALK st
= 2Ea 2 Ql8) P AT EEE H(activity
ratio) & EATO 2N A E AEshe 7ot S5 %
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& W9 2t ST=0] Wit ol vlel Y= o2 Ari(Jaffey
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clides)& ©|FH, o]&2 Al7to] ZHTgho] wet PAMS 5
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Tl : thallium
Hg : mercury

Fig. 1. Schematic diagram of the ***U decay chain. The t,,» denotes the half-life of each radioactive nuclide, and gray-colored
nuclides have relatively short half-lives (from Robert et al., 1969; Jaffey et al., 1971; Holden, 1990; Lide, 1998; Cheng et al., 2013).
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Fig. 2. Conceptual diagram illustrating the process of fractionation between daughter and parent nuclides approaching secular

equilibrium (modified from Dorale ef al., 2004).
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=5 TohEAE AdiSE 71Me] A8 2ad F8
A 255 S50 HEAA Ad 22 F SH=EHA,
et B 7He] 2] vle- Ao s sk A
TF=Zolth

SebEd AshEh 270 w32 47HUY) = 67}
(U) 413} AfeiE Wk 31 g3l 47 92Rg0] U(OH),
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Fig. 3. Isochron diagram of 6**Unneasurea versus 2°Th/?®U activity ratios. (a) Plot of analytical results for sub-samples of the speleo-
thems from Korea (Table 1). Enlarged views of the results from (b) the Holocene stalagmite By1, and (c) the Late Pleistocene

stalagmite Jm3 are shown.
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Table 1. 2*U-2*U-*Th dating results for speleothems from Baengnyong Cave and Joongmal Cave, Korea (data from Jo et al.,

2014). Errors are quoted at the 20 level.

Sample By B2Th Z0Th/*2Th §3U” Z0Th/A8y 20Th Age (ky, BP) 2°Th Age (ky, BP)  6***Uniia~

Number (ppb) (ppt) (atomic x 10®)  (measured) (activity) (uncorrected) (corrected) (corrected)
Byl-1 266.9 £0.7 7300 £150 78 £2 1804.1+5.7  0.1298 £0.0005 5.14+0.02 4.86+0.20 1829 6
Byl-2 222.2+0.6 10350 £210 35+1 1792.3+6.2  0.0985+0.0005 3.90 +0.02 3.42+0.34 1810 +6
Byl-3 308.8+1.0 2950 +60 84 +2 1800.4+7.7  0.0489 +0.0004 1.92+0.02 1.82+0.07 1810 £8
Byl-4 319.4+0.9 397 +8 234 45 1814.8+6.5  0.0177£0.0001 0.69 +0.01 0.67 +0.01 1818 £7
Jm3-1-1 343.0+£1.6 1670 +34 4170 +87 167.3+6.5 1.2292 +£0.0077 563.6+158.2 563.5+158.0 820 +455
Jm3-1-2 82.6+0.3 3880 +78 541 +11 407.6 £6.6 1.5402 +0.0075 454.1+33.8 453.5433.7 1466 +143
Jm3-1-3 118.4+0.4 3150 +64 72515 278.0+6.4 1.1687 +0.0059 219.7+4.9 219.2+4.9 516 +14
Jm3-1-4 129.4 £0.6 9240 £190 248 £5 295.0+8.3 1.0742 +0.0067 171.2+£3.7 169.7 £3.8 476 +14
Jm3-1-5 148.9 £0.5 6540 £130 264 £5 260.8 £6.1 0.7026 +0.0035 85.7+0.9 84.8+1.1 33148

U decay constants: hyg = 1.55125 x 107 (Jaffey et al., 1971) and Ay34 = 2.82206 x 10 (Cheng et al., 2013). Th decay constant: Ay =9.1705 x 10

(Cheng et al., 2013).

"§29U = (U Ulaetviny = 1) % 1000. " 8%*Uspia was calculated based on 2°Th age (T), i.c., §™*Usnita = 6**Uneasurea % € ™.
Corrected 2°Th ages assume the initial “*Th/>*Th atomic ratio of 4.4+2.2 x10°°. Those are the values for a material at secular equilibrium, with the bulk

earth **2Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

“B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

E=E Bolk Af £ (U0,™) o] E+= UOOH',
U0,(CO3);*, UO,HPO,, UO,S0, 5 $-etd & Zgst=
22 Yohg ATt olF SeRd B pHo| nef -
&N Yol A 3t slstgo] el

2R 9] 7I=2AE e EAfshe EdG= AlE
g 3% 4 e 5202 JAEE oliksletaof s
)7h pH 5 ©]3}2] AMA A& HQIth(Frisia and Borsato,
2010). o} 4 B FI}A B2 R BTE
FI22E A& (seepage water)= 7]9Hel A3]9ta}o]
83 W02 4 0} G 2wal] WEo] ANHHOR pH
L 7-8 W97HK] AbsEthSasowsky and Dalton, 2005).
24 pH 5 olste] Eekrol Az Ahg S-ahd ol 2ol 713
A Bt o 2 M RotE SHtER, £7] §& Bt
F33 pH 6 o1A39] AnkHel A5t 271o] EEHE <
2hd gAFE ZHE(uranyl carbonate complexes)o] X vl &
Ql BFekgo g2 ket o2t Bk 22 8
oA B9 =2 o} 5AdS Wt Langmuir and Herman, 1980;
Langmuir, 1997). pH7} 7-8 Y] o] G5t 2o 5
3 A AL, CaU0y(COs):’ 53 2 Zs-$-abd-gt
At 2= FE7E AA 2k 2 oF 80%E RIS 4
Ut wEhA, o|HEt Zg-9ebd-eAikE 2, T4
2 o7t B 20| WU 1) 15| 27 Apolo]
Z3te o] 3 A== FE= -2 4= Utk Bernhard
et al., 2001; Dong and Brooks, 2006; Fox et al., 2006). &
WHoE Wolo T FBAHELS | g of ~0.1-1
ugd SEhE= Tot, 243 o= EES AY
2SR btk A It Wagner, 1998). 929
FFE N S E AR 9 I59 FA Al7]l meh

Aol Holn, WiajA oz o|FojZl I F24EE Al
B2 A= F 0.025-1.1 ng/g HH Woll BEdh= A= &
Q1% th(unpublished data). )= HHFA 2= 0.032 ug/g
ol ERSEA|RE @A 9] ] A5 stoll A S5 A
gt At S 0] 7Hsgt H el sttt

et 22 ke sS4 2, AAA NG BEF
& A9 HH o R 47HTh) Alsh Aei 2 EAgict 258
EA5k= FHloll wek AL, F20l= a2jar 7|Rie 29
of| ZsHAl S&EAL Egjopto] E(ThO,) FEE ¢4 I
Ak YukaQl sk 2704 Th(OH),’, Th(SO4),’,
Th(HPO,);”, ThF;" 52| chefdt 2H2 Je|2 )51, o]
= 9A] pHell w2t 3lskg5 g gttt pH 7 o)) 54
A gz 2864 418 Th(OH), 7t 88 &
Y F 80% ol AAT A2 AujH ot} 4=
TRAOZ FAS 17 2o, 419 Efe 29 2
B3 A5l 2t 20S A5k, AsREE 1 A
E33E ) eHA 2 4 Q== ) EEL o2
Th(OH),’0] Z-&3] Z3}5|9L ] Egjopto|Ez o] A
o] APHrt. o] 5 pH 5 o] 274 Ao L=
U= B8 FELE, JIEAE HEST Y9 &E EES
AutA 6 2 w9 A YERITH Langmuir and Herman, 1980;
Gascoyne, 1982; Langmuir, 1997). AA|2 s}j¢] &8 XY
9 R|stpof| EAot= AFO FEE FHS 2, BAA
o2 2algo] EREC 9F 1,0008] =2 7S B tHPorcelli
and Swarzenski, 2003). WahA], EEL XFdS4 oA 9]
2 oot At F& AR ), 7IRAE Rk
2HE & FHZE 52 Wil fd=Ee A= A
o=z 323 =&t}
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=
1950t F4k, 2719] LeReAIE dHSE a2 A
A #F=2] FHE S48 YAl duhE-3H(a-spec-

trometry)< -85tk i 71H-E AR BT = o
HRE W= vHlgof et A EE H7] 430 21EL 7]
ot Ao, AU ARE FHEE| fsiMe Ha
10,000919] 53] o|HIES #S3sh= o] BZo)7] Y
of @& Alzto] 2 =ik A -f-of whah Yol A X &
FU7A G 24 Al7to] £2aH7 = shglen, £49 A4
S A7) flete] =2 S2hs S g Heell
Dol B2 FY ARE 87T o] WHE B8l s 7t
53 AdiEA Ak ¢F 350 kaoll iF3FA T

1980t THloll= Fol|-23F2lakRE A 7](thermo-ionization
mass spectrometry, TIMS)E £3+ A 7|&o] 7t
EHA, AN T 94 B4 Slo] & M-S 9HA H
o} BA s Ao 719 Bk JARE Wt
F717F AIEt=A 9] ARz FA] Al47] 1L7]% A Fof
A4S AHSA dFEokellA 7S A2 Aol e
U, gubEg S o]-8ste] 4AkES 7|E AdiAkE+= 70-150
ka®] 7]7to]| th3fl F 10 kad] A 2215 Ko o] ZAIE
s dsh= o A B 2y O A9, AFRATE
o]-§3 ANEA 7IHE A-&sHA ol=et AE &5
Al FtH(Chen et al., 1986; Edwards et al., 1987). TIMSE
o] g3t AFEA 712 51 oMIEE S4sh= WHAo] of
Yk A m25E o3t HAEY A 72 95
T AFH R = 7otk S 71eY =YL
2, a3t A7 a57o] 108] o4} sty en, oF 24
7t R=o] BA ARt R w2 BASHY JUeE 94
T 5= JEF FIGlH ool A&H L2 T o] o]Fof
F Lo H(Cheng et al., 2000), 53] A& AR 2| 7ol A
W2 A7k e @ 73tk Hat el ER RE *PTh
Lol AT = k= A T YR EAIR o] A5kt

o|%, A&AQ 7w AL Kot 1= £A4o] 7t
53 = AgE = ndERE A 7 (inductively coupled plas-
ma mass spectrometry, [CP-MS)7} =¢]% o) w2} =
A 71e2 As DA o3 st EH=rE
ARESHA Eofl wet TIMS 9] A1 & sh i 2t E
AL AR, *PTh FeFo] HL A|Ro| tis) ICP-MS
7} o1& 7HAA| E et &, B4 Alzto] oF 1417
o= WFHI, 975 = AR gl AaEHUSE Y
3t A=A 7Fs5HA 3HE Tk (Shen et al., 2002; Dorale
et al., 2004).

Shen ef al. (2002)%= TIMS9} ICP-MS 9] 29l v

Aste] 3719 FEA =S 22 5L A=l thsh
ST 2479 A s Hlwstch I A, e R
= Adle 2P WollA LAIsHH. vz st
At 235 4RSS AL TIMSE o]&3 &3olglon),
ICP-MS&= Az ez o] 23 9 Ad a&o] woF dF
S hH] 3% 9] FUEE 7|E 02 TIMSY] 1/4 =32
AEFTE 2RSHETE 0|23t Aol F2 o] 23} 1
X ¢ Set=nte] W54 vlETto|A(nebulizer)E &
3t A& A 2709 vlARE ¥3t o e RE 7|t 1
i, FZoll= sf2do] (Faraday cup) & ThRt H=
gH9] =Ql& F3l o] 27 ICP-MS 1179 B 4
T FE AR 7k itk A82 e g, A ICP-MS+=
0.1 ppm 0|2} **UL Z3FsH= S2 A Bl tiste] 10-
200 mg®] A|ZRFO 2= 0.5%9] At 225 5T 4= %
on, o]fgt A& ¥ i TENLEY v =E o
&5l F83 7] E skl itk

g Yol ool HolA ool $EATE=
ul2lgkR A 7] (Laser Ablation Inductively Coupled Plasma
Mass Spectrometry)E ©]-85t] $2hsAlE AdESAE -+
35t A7 ROV = 3T o] BPH-2 10-100 um&)
B =R A4 B4o) TRsstehs BE AU,
TIMS % 54 WO ICP-MSH o}t =9} =7t Wk
53], o5 o]-&sto] % LRkl = ES S
FE=w 9F 200 ppb osto] Eatstod, F2AY/dE-2 LA-ICP-
MSE 0|83t dtiEAE A-&sh7lole= AL e AL
2 7=t Eggins et al., 2005).

TN E FEEAIE A Y EET Y EHE
olfi= AlE 2 9 231A 2o B3t Zo|th Rosholt
and Antal (1962)= YoHE3HS E85to] F2EEY
AL AdUSES A A=kt s S-aheol
H|3te] 20Tho] A Z23He 22 A= UL, oof tigt
HeE M o] %9 kg EA = s T2 =0
FHEAE QUSE 2857 oot #sk: 1
©]%., Cherdyntsev (1971)+= TR T1E2] B4 4|7} 23K
T2 AAEY AA SA8HE 7S TS A AA
FEAAES o2 ek AE ddisdS A8 5
A=A ol gt ARE A=ttt & AF-SolA=
AV BT o]9)9] 7|He THE BAFY oF 1 5=
QIR A& ZF AiSA date] HAE ERlsklen, o uh
2HAlE o] 24 Debd 4= S Harsitk Cherdyntsev
et al., 1965; Fornaca-Rinaldi, 1968).

o] AY B2 B4 oI, R U $9 T
¥ 0T £4 R4S nefekel BUA i E A3
T} BUIHUS0ThIE PSS Pa o] v mrt AjekE]g]
tHDorale ef al., 2004). T L-2HsA|E A& 71HLS A

N
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2 o2 57 AREl| &3l glo, Th* 9 Pa’ = 4289 |
oA 7 F nF AT FUSHA= YriEhe e E2
|o=S HolB2 Yoz FARE A HHE AT
&= the Hofl 7INleket. ey UL PPue wlg) z}
AA ol ERsh= o] vl 27] Wiz, Al S A
Y7t Bok @3 e A Q7L avke S ealjof gtk
T3} Pag] Wi oF 32,760 0.2 POThg o] g38l=
ARt A 54 73 $A7E Ayt 7hrte] Frot 8- 7t
53t A W97t AlgHE Tk AAE Cheng et al. (1998)2
TLE A7)0l FAE Foll st 242 AYESAE &
gt A}, F A kY] & ZpolE B AR nEke &
u} gl

3 Duplessy et al. (1970)2 $2Hg 57 ¥2 A&
Aol =7ohal A= oiH] vl A2 LA et 5

o of

]3]

- =

[«

-

sto] 1% A S Az sttt o] FRE 27] &
T 71k SeEAlE AdS S 2R Aol
T AL, SR EN 22 A 22 dde=s
YA s HE, A 7] 5sE A 5 e AR
2 A 712ERA WU HBames e al., 1956;
Rosholt and Antal, 1962; Thompson et al., 1974; Harmon
etal., 1978).

T3, 27)ole FEAAEEC 3EE HEA 7199
Th o 87 LAY ARES 71HS HEshe
o] 83 olfr 2 hFEHUE AN EES HE S
A URtell F2tete] AF5)7] wiel, *That Ak
skeba AL 7HAE P*Tho| *'Thit g4 47get vl &2

_,,
2
2

Gypsum crust

0

Massive stalactite

(

Circulating . ' ’ =T
2\

air currents stalagmite

Massive tabluar

Limestone
bedrock

Flooded section

I

‘Soda-straw’
stalactites
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v stalagmite
Flowstone

Massive [——_|
stalagmite

Breakdown
covered with calcite

Fig. 4. Profile of a typical limestone cave, showing the distribution and types of speleothems according to their location (modified

from Latham and Schwarcz, 1992).
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FUESS Aol 7S S o ok @A=L &
Aofl 23 2| H=E F7I817] fisted, olEdt Hles 2
AH Q] AP Al W Ere 2 i8St qivk E3L SAE
That B4o] FAE FAIY 27] *'Th/  Th v|& & 5
Aohd, 27)9] *'ThE 4% 5= k= Y s 53 2
2 23 Wo] =& stk 2 AA A 24
(bulk earth)®] Bzl 7Y &2 7Y AA ¥4
(Hellstrom, 2006), S-A]4l(isochron) 7| 52 &3] 7|
o] PTh/Th ¥] 275 h= W Eo] AM-ETL QhLudwig
and Titterington, 1994; Dorale et al., 2004).

3.2 SEMME N2 EY

SRANEL oA AtiS el glof vl AR
AR BARAGL, BE SRS A2 i o
9l ¢lrf g AFSHE 2L otk 52 Uiol] ARS
AFSHe AR Ao 2ol Bast A7 47 B
929l THg ol % A Auto) HEA A=z 3

A S v 4= 7] wiZell, -3 A7 At 3
F AR AAH o= o|Fo| Ao} gttt

A3 A7 A 7|E 5 R, 52 TE5E A
9 T G ettt 32 EY 94 € A4S o]
3fj5H= A o] £ 9 38}tHLatham and Schwarcz, 1992). 9+
A YA E FEYLES R Sl sl A 2
=3, F2 d7] e8] ot TR U & ¢
T A = Qo] FydsiA| g, oA 229 524
AE2 vBESHE 9 35y wgtof k&g TheAdol &
Aereh ¥, T2 ARE 2 A=Y olitaiga B
&= A8 Hzoll, o] F&o F2AAES AtE e
2 PRl BAE BTk SPRAR) AR 2t
4 24E GAT, oS E2 oRarEe 44 2
Aol ofgt o.go] Hof 2T glo] AT YuE AL
% QITHe e UTH2d 4). S, 529 540 o}
2} Weho] 23t 24 2 (detrital layer)o] S22 B HE
E7)= 8= 9t (Denniston and Luetscher, 2017), {3

Fig. 5. Image of the stalagmite Jm2. (a) Polished section cut along the growth axis. (b) Textures and detrital layers within the
stalagmite, distinguishable by color. (¢c) Example of the proper sub-sampling strategy for precise dating.
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Al oA FYEE A8 EF tigt o7 B ast
ok e eid e g, A EEE SEANEY O
Aol Al gt oz Z2b iz A2 wn, EE9
o2 o3y 222 F5t= A EFET WS
el dizoll gt WA o)) EAE X3t
2 v A A A 781 E Sh).

E3 QS HolA= vAl =8 = HFE 23
ulo]Z 2 (computer controlled micro-mill)& o]-&3) &
T A2 g5sh= 2o Basitt o3t Al HFHE 5
P dioll= oL Ao Ut AdE AEst] st
of A 3} o] SHHA 2L WAL BB
AR =2 FI5HE Ro] FRITHIH So). ol
s A4 BAL Wsh] $I5 BAm ohe), 52
e W A FA17](hiatus) A5 A| 22 E3HS HAE
T Utk Iy 4 =Y AR ERolE E HEA E
A2 T3 A%t 447 (annual growth band) 343
of| 7lofstaL, FA7]ol JAE F= sk ol 783t Al

Z+A A F7} =7]1 = Sc(Shopov et al., 1994). AAZ -
FEAE dHSAS ZE s 53R AL
ke AL AR o= ofFar HlaEZo|7] wZel, Azt
WA A o] A dHE 28 5= Sl Ak AT
=588 Ay Bz gho] ot

HEo|, Al& Aol glo] 37H4 X 8gt op gt 5=
AAEY 79 E3F AdiSA Y AUre] F2% FF=
|2t F2AAEL F-H7-4X(stalactite), AJ<=(stalagmite),
4 (flowstone) 5 THt P = AR, YHzow
Algzo] A&7l 7 f-2fsitiar 7 thIvanovich and
Harmon, 1992; Wagner, 1998). A4S 32 ZH(AA=
712)0A SHor st TG g ARE T
ol sHo2 HHelne FAH A7 B Wl 7
g pot ofuiet 444 HEA Ao JR= ulmA
2 woluh. wahAl, 4% Felo] BT W84S A oy
of felota LHELY T 7T FolEtH1H 6).

Aoeg T BE FELE AEE FHSS T

older b

a younger
]

|

’ Thin growth zone ‘

|

Central hole
Calcite infilling

older
younger

growth direction
—)

» cross-section

younger

# Prominent growth zone ’

older

younger
growth direction

"older

l growth direction

Fig. 6. Sections of (a) a stalactite, (b) a stalagmite, and (c) a flowstone, depicting typical internal morphology with growth pattern

(modified from Latham and Schwarcz, 1992; Wagner, 1998).



SZHYS| 2U-PU-20Th HINSZH 25t Q| H6iE 363

Za3sich

dAdl A=}l AlgeFe] Ao tiste], Dorale er al.
(2004)2 2002 B-AA HUEE 57| $I5 Fas
o] WA A BekS R H 02 AAIGE B Th(4] 12). 9]
AR Aol Z3HE BEFa} TaFo] 7] B AE
of =ESIATH= 7S 7[Rk & 3, 20 oA 2%
) AUEES A7) YJ5te] F4 109749 24U UAE A3}
T2} SFATH(20 = 2/ total counts). EZL, o] Ao A= &
v]2] |23} & E(ionization efficiency)o] &) Hojx]=
ARke] =71 1078k 719319 20, 348k 4=&(chemical
yield)o] 100%<1 =7 3lollA A|= W U =7} 1 ppm
AL st o B R, o|F AA 2| et 245t 4]
& o2 48 5 ok 9 249 F$, 1079 0] 25}
LM F 10719 LAEZ AAB] YJaiA] £ 10749
U A FAE BB 2 st AR ZgE PUY B
=5 AESH| §J5te], 4] 5& 7|Hte g A7 Wy Ao
9] 2P0 ol BHAs H|E o] 31Tt oA Y AA|
2 o] gsl= g 27, BHE sk UL, B W &
he s Eske] 4 (12)8 383k, 0% 240
A 71 A3t Al RO S o] 2 02 AXFE 4= ik

samplesize(g) =

238
(10Matoms® 1) (238.051— 2 )
mole®* U (12)

238
_ U \, A t
6_9 )(ﬂ)(6-022 % 1023%)

1
(10 gcalcite” Aysy mole

AdSA o], 1 Aol W2 FAE &AE ERIFS
29 ol ek ol Tihets) P, W3 Aol
At AR ol g el AL AFT 4 Uk 214
0.2 AR o] Aol SolN AR 2es
QAcirh 29 YolH N2 HolAL ko2 )
QEjojo} 40(1 6), o] 2Ie o] SAFA] L AP
FEEAE Y 74 52 &4 AYd] 9T +
Qltt. Scholz et al. (2014)& SZAYAHES] HE o] EA}o|
= ZZ|(mosaic fabric)i} 22 ER A1 274 29| Z}o|
£ st siglon, we AgdtEL 2EAE
ASA oA 22 A Y] oS Agstar ek

4.1. HIZA Z(Devils Hole) =29| £

2R $eHEAY AjEAo] AEH olF, AV
s AE AT Hob 5 Shie PR EARLE of
231 1171% sfAJo|tiHendy and Wilson, 1968; Schwarcz
et al., 1976; Harmon et al., 1978; Gascoyne et al., 1979).
53] 2000 o]¥9] A1EL, FE FHLEC 715
H 7133} Al HE B e 2 Al47] Wl g
A= A" o] G2 vt 7HdE HEske o 23
= BRI} o] & fJa Al o] B YAt Hske ot
Gt 17| ZEA| 7he| A E vlastg e, 1 4
I A= A G Ao AA MEASE Y
(Wang et al., 2001; Fleitmann et al., 2003; Yuan et al.,
2004; Drysdale et al., 2009; Cheng et al., 2016). L&\t
FAO] LR ZEA] 7| FofA= 0|9t LAISHA] e S
o] ¥aE| o] =gho] A7 L, T A F tiEA ¢t Y
9 T2 E) s, ®aliA] W(calcite vein)of T
3t A dl&A AF-o|thWinograd et al., 1992).

Winograd et al. (1992)2 n|= yjujtlse] 5 5291
o2 E(Devils Hole)ollA] E53 -5 s=24E= o
Fo g2 oAl ddiSA 9 S E e #4S 43
5o, ©F 80-500 kaof| 3ot A%A 2 171 % 7155 Al
AleteiH). 2y, S ZEA| 7| S0l A= mRR|E 747
(Last Interglacial)2 A E%]+= A]7]Ql Termination I12] A
7] W 719] A& 717ke] A= Aol mHE YAl At
A G Ao E Yyt s =44 DH-11
of 7154, o 248t 7155 Aok AlaE 9l da 319
F7he "I GARE S7F AR 9F 10,0009 HA A7)
o M3lsl7] Al&kstlen, Mate] A& 7)7F B3 thE =
FA| 7|59 v oF = ulf 2A BHSH U

olfgt EUX| o FA| AAAES A He=
A A=, A GZ QL Zpo], ZEA] 7+ ¥kg- XA A T
cheFRt Aels st MA], A&7t 5ol 77 A H
7t AA fAEHE 5ol E£A)5H= *Tho] AlRo| FF
€ xR =tk BuE AINLudwig et al., 1993)9}
Sgof, 'Pa driele] QX BIstuA 71E drje] o
=27} 922 SAA Ut Edwards et al., 1997). o] o]9}
SARST Termination 11 A]7]2] EA7} AAJ1E AlElS(Henderson
and Slowey, 2000; Gallup et al., 2002; Spétl et al., 2002)
o] ZAFTA ARl 17| Wk B o ek ¢
glel Ao = AekeE gl

shAlEh g B S2YRBOIN BEE 7|t
Fol 2 Lehmen F=9] 7| FoA= AR g A
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S 2 HERHA, HEA 7|5 Tt A9 an=E
Arsl7] o2 YK (Shakun et al., 2011). o]2|3t EAIE
HRO 2 HiA & 7|82 AHSH] St 71&88 &
At A RS e E LeheAd dAdE ARSI
ok&d| H'dA &3} Lehmen F20| 217 =5 4 A
F 3ol HAZTh= ZpolHE s, gidA 29 E
A AstreH ASHEE 7S & o AEE 7 AF
3lal A4S 35t Moseley et al., 2016). 7L A1}, 3]
olo] WE At dERE YXAste FAE EHIou,
Termination I, II¢]| 3j38h= A7)0l &Ast &YX 7} et
£ Ao ERIFHAUHTE 7). 7P FEaoF & 521
Ais, 22 1= A B8YS4E HAXH R 32 Ad 3%
o] 4F& = lth= Fo|th Termination®] 7|7k E3F &2 L
ZO AN BT} 7 Z2 A& Blste] Abt 7l7to] BHA| A
£Eglon, o= g A e] A+ZZHBacon and
Anderson, 1982)2}9] H|w & F3f|, "ML Zo|A AdAstH
A WA o 3= 7] P'Tho] o]2jg YL 7]
7 Ao R 2F A5kt webA, olg Y7 sy
=3 Al R A= ZAIF tigt Wehr]-7H 7] =%
7HdE B ANs] sta, SEEAE AdSd 29E 8
oA Agrozy 23 7|7k o]ojRl =S s At 7t
7 722 AL 2 H7HE
4.2. 47| D&E 58

=
TEAEES A 7%, s WE AR % o

e A A7 4 7|92 eSS el 728
2 da] & A vf Itk(Richards ef al., 1994; Wang et al.,
2005; Zhang et al., 2008; Cheng et al., 2016). ©]5°] 1L
o] A F2A YuE 7HA)7] fEiAE, 18 78S
of| thgt A1 AHetstar Ut AYE wetst= Zo] I
2ol

53], $EEAIE ddE 7|Hte g 3 S EY
S22l 4haF ¥4 7152 17§ Aol e 4
S 32 Qi FIAAELS Al47] B2t e = W)
7] WE 22 71340 |3HETE oy} Heinrich
| E, Dansgaard-Oeschger <8k} 2+ F431 7|3
sl &= FZeHA WSSk o] EAIHA 172 78R
Z2A O 7 E AL QIti(Wang et al., 2001; Genty et
al., 2003; Burns et al., 2003). 0|3t 7|52 €|F LAl
3} 9l oot ZEA] 2h7 ot AAIE FE A AE 2
AGAR 715 A" I HE WAHUSSE 7185k Tl
37 7)oJstth(Fleitmann ef al., 2003; Wang, X. ef al.,
2004; Wang, Y. et al., 2005). ©]&3t 34 7| THSIE A
DA olsfstz] fls AA|= ook st A2, 7] TS}
UMY Al T 2] 7|17k Ho AU sHA| wfetsh= Aol

At FUEY 2 A G 7F ZFA] 7|5 v aof ozt
A2 o 71T AR AHHAE AAR =
ol 4= QI 31t} Dykoski ef al. (2005)+= %=+ Dongge
T2Y Heo2REH 1 29 1YY ddE AETe

ZH, 71E Hulu 52 22X A8E B} itz &

o

90000 120000 150000 180000
i 1 i i i L i " i " i J
G Il +2.1 m DH,-D
i e 0'8 m DHZE
-804 { ﬁ" 31mDHZ
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Fig. 7. Timing of Termination II and the last interglacial in speleothem record by depth from Moseley et al. (2016). The midpoints

of transitions are indicated with x mark.
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K315t 3L Cheng et al. (2009)= 5= Sanbao & Linzhu
529 SFNAHEZEE Termination I~V A]7]o] gt

20| 238| J-234| J_230T] CIIHZ=T( st 2[4

ofg s=E0A &=

-
i

_
ol

5}
=]

LA

365

S Z31sle] A 640 ka

B9 17)%

]“I = —v'C_O]'— }\—‘i’ = 0]_‘?‘_ 1'4’(Cheng et

7182 AT vt Ik ol /1B ES BEOR, B3] al, 2016) (1 8). 0|52 A47|9] A 7|7hE opg=i
Ia L e N B o o N B e e | T T T T T T T T T T T T T T, 8
H24 F
z /\/\/\/\/\/\/\/\/\/\/\/\/’\/\/\/\/ 2 £
8 005 422 3
Zoo3f b =
8 0.01F - -0.04
w c :‘D
3
-10.00 o
3
S
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Fig. 8. Asian monsoon variations in the context of Earth’s orbital parameters. The green line indicates the data from Cheng et

al. (2016).
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Fig. 9. Comparison of the Korean speleothem record with the Southern Hemisphere counterpart record from southeastern Australia
(black). The red curve represents growth frequency of the Korean speleothem data from Jo ef al. (2014).
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715 AHES HA AT A& 7k A d m
o] e 9] W= AlFsteled, o] 7152 17| |
of Qo] 712 A7} HE Fae QT SR Ak
oleIEt 9T ABBL A SRS Arf FA=s} H
) 0.5% =30 ©|2% .2 (Cheng et al., 2013), Termination
1L 101, TV A7)0l g3t ¢i] © 21 2l7} ZkzF £1004, £800
4, £1,500 8] =02kl B ISFHTHCheng et al., 2009).
ELL FHAE PEEAE AdiE 7o RS2
B9 A 7171 BEAA 0 2 B vt Qltk(Jo ef al., 2014).
e 2= Aot 224 Ql wEkE 7|Rke = A
W 550 ka 3210 SZRAE AR} Hlx(growth frequency)
TS ARSIl eH, 50] 7)o =2 4
ZHIEE Hol= s FRISHATHH 9). 4taF9d
7150 5930 ARE AlFdte, s 8EY AR
HE 3= At 225414 dugto g2 & 7|3 A| A"
Oﬂ gt &Ju] Q= A AT 4= k= FolA 27t

o) g

L

E] Uo7t 1A 7|15 3to] thgt 7182 s 2|99 ¢l
7 28] HWE Fo JAH- 18 Q] sA ol = 7]
ogl 2= it} oS Sol, n]= HWA|FZ2] Carlsbad Y
Hidden 529 852 ¢F 3 ka 7|71 7] S2A| 715
= AlFstien GAL 7183 tf-3shes AiE HolFqinh
(Polyak and Asmerom, 2001). o] &2 4]&9] Al45 A
2 71889 A5 ST A7 F AT A FeA Y F
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E3E F= Wanxiang 529 A2 Xt ¢F 1,810 7o}
Ko} Btoll w2 e WS} 37 2ol 9L 713
< Zo)gkal R 3}EtH Zhang et al., 2008) (1H 10). ©]
SARE 53 920l W A U Ao FAT 57 W
°] ’—‘4—-—01] 7158 A 57 A1719 ARk A Ko
on, Frgo] EHYstAE = w19 =4 del s
”O}h ANZ17h B s A ’\]719} UX|3h= A &
Bt ojet 22 At EE, AR £ w3kl glo] 7]
TR} 7P 7h gt shbe] YRl o ARk 7| R Fo]
SR FaT AUSE AN, 2] £HE
o I HAE
7|1% ?‘i:rl—.v:i 0}‘4 Eh o|ARY LEHEAE AU
Z-LQ_ 33:]-%—"}-74] 2;1,9_:11.9_ =] o]: = ‘5‘}-],]-}_-_ /K]-fi =i Eél
MBS Ao 2 Bt oH—,—% HE A to|cKLi et al., 1989;
Richards et al., 1994). AtS = A A|A| Q] €11 whE=3gl i}
o EXdt= EAS B8 AH FAIY S LEE A4

She. e} oS gl st Sl wat A
A3k AKE A A 2 Aol A4S el mhE et A

2} oA} B A3 9] 7|9 B, xjzhe] §] ° 3
7ol el WS}, o)7L 15 0] ek 4] e T
ol olsff &3t s YA E A8 ol 4= ltk
L 3HAIE A'dci(Neumann and Macintyre 1985; Henderson
et al., 1993; Lugwig et al., 1996; Edwards et al., 2003;
Hearty et al., 2007; Kench ef al., 2009) o] EE]-E]- ==

73 A D IR =] QI o] T} LA Rl AAEY s ¥ = T A=
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Fig. 10. Comparison of Chinese dynasties and climate events with oxygen isotope record (green line) from Zhang et al. (2008).
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FEO R o §E7| ARSI BB RS A5 vl
AR oz el Baxste, Ysol g 4% Foot =
sh) EHI MY HYYE, ShoF B EHL B3 A
s RS AAIBTaL g2 A QIEH(Onac et al., 2012).
53], 7|0l gubgiol otk Y7 A eyt
TIMS7} =¢) 0|32 FIYHES o83 Al47] siH
5 A= A AAR o2 357 AIASHITH Gascoyne
et al., 1979; Harmon et al., 1981; Li et al., 1989; Richards
et al., 1994). o|H3 I E ANSHY A= F
= &9 sl W AIZIE Hoh 5Es] ghofd 4= Qlgla,
o|F oj2] TFA| AREY H|WFOZH sl okl I
A o] Fo et

oA T AEL TR A AT IS HE
gt= 715 EEA, $EEAE ddie olE At 7P =
83 2AZE Hof A Q] AT 3Pstar Qiok wEkA,
SEREAE ddiEd 7MY 71ed AR F2E
7154 713 AR A9 HAYES 2ot gt o
B 5 3l 7Rk vhAgh
4.3. STHLE HZH HMO &5

| A @z a3 wstol gt 2shy ofszt 2
Holl @k, o] HE AUsHA AHdsh] A ddSA
719 o] R A= Alazt S8 EAL Q. o5 £3
S Ao 719 7o 3 FE5e e =N 4 4
o] Fede AL, 4T Hebs S At A=
FEA7IE = o] o]FoR1L Qirk. 53], £2hs4
AEH 7ol Aokt 43 et T dEol A TaE
A7 A= Al A A= =S HESL, olE
YA Hibehe o -85 ARz -85 o] frHEdwards
et al., 1988; Baker et al., 1993; Burr et al., 1998; Shen et

o e A 1

C)

al., 2013). o|2gt FBAAE] A7k = Lol
HE o]-83h= AF At (dendrochronology)a} --AFt v
Ho=, we] e 19 37| wrgste, 0|8 Hef Ay
o W7l AgFoRA TR A UG TEY 4
QIE=Z 3tcH(Tan ef al., 2006).

SR BaE Azt ARTE ol §7o
TF-EErh (1) 223 zto]of| &Jgt 7HA|3F (visible band)
(Genty and Quinif, 1996; Polyak and Asmerom, 2001; Shen
et al., 2013), (2) ¥ 49 FYoz =T 0
(luminescent band) (Baker ef al., 1993; Shopov et al., 1994),
(3) e st Wisfo] oJ3t Wa4)-olek Lol & Aealcite-
aragonite couplet) (Railsback et al., 1994; Denniston et al.,
2000), (4) A1 73tskAQ) Tkl 7|20 F7]Hel MEo
2 AHE)= n)gFY 4 w(trace element band) (Fairchild et
al., 2007)7} ©irg v QITh(™ 11). o2& 452 s
o] AA2 dA%t F7|& Wrgst=A AF3H7]| HsiA= 2
9 oo} ko] Barrolc,

Tt FEAAECIN Uehts RE 9% 727} 7
A AZE F719) 34 ANSAL GO, T AT

= o159 At IS AS5E o Qlth AN E T2
B A7 o] e BaE 919lo Lh(Allison,
1926), o|& AT At A=7} A=A Feh o] 5
WAL QUSRS ol 83t SRR At 4R
& HE53le= A7} o] Fo]F 2 (Broecker ef al., 1960),
FEEAE dRSA 7ol LA EHEA A Aot A7t
AR A= 7HY] YA A RE SIS 5= QA H AT dIE
E9], Baker et al. (1993)2 32 mm Z0]9] A& A2 oj
sfe] Th QAvhe AEehn B W) WAS vlwet v}
QU oI5 M Hpiel ek 7he) dlr) Aol 2y
600+1300 9] A7 717hE A5k, SeheAE dd =

100 um
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Fig. 11. Images of layer types from Baker et al. (2021). (a) Thin section showing calcite fabric/porosity bands. (b) Thin section
of optically visible colloidal organic matter. (c) Thin section of fluorescent organic matter bands under UV excitation. (d) Chemical

band (e.g., trace element) mapped by synchrotron radiation.
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W 7o AR AR 717 B YA ALES B9
< M3tk 0% 9% 1 AAES Bste] 8628

=5 | s
A% 717 AWl e, & e s R E Y At @
A 9] Woll A LA SEsksch

o]} -2 HhHLe of 2] X HoflA] T2 EL] 43T 7]
Hh A7t e 2pH 9] Woll A Ao A S7ggke] Fatea B
AFRAL, o] 50] SEEAE AdSE Y Aot F24
AEY dd 2d L= e 7198 5 Stk 2S5
B3G9 th(Polyak and Asmerom, 2001; Tan et al., 2006;
Shen et al., 2013; Cui et al., 2024) (24 12). FLojl= =
WollX = 2 AHEY SeheAd ddiet 38 o JAE
FAlel RdYste] o]5 At Ato] 9] Hehgt YA W =2 Al
2/d<& A5 ¥ Ut (unpublished data). w2hA], Ao &
et} HwE B A=Y AR 27F At =
7S Adths AME ST, 4F s284E82
AT =Y v At A E 2 Al 2dS AlF
g ok o Yot i d T o) s E A
ARE 7R 3 A47] 7| F EY A5 Ao R
A, AF7HA ERlst7] ol Hd A FAT 7|51 o]
HES A AIF, 717F, IS T Fof thet =& A4
= AT FA ol BL g Aoz 7| Hoh

4.4.VC Al EHZ M| 1%
AN FEAEES 2 =] dd 2

o

(@ (b)

TE5E = Sl W 8 BFE A EE, 10
A= FeheAE ddSH2 AEEHE Ao Adid
¢ AFHE AUSHA AT = Sltks dollA A-EH4 A
Alclock)2 FAE vHE A= =2 7|H 24 7127}
ith(Ivanovich and Harmon, 1992). oA ¥ S22 &L
F2 Wst -5 E(ice flow model)ofl 7]4ks}o] i &
& 4= Wst Zojeh= 2, SeheAE ddSA
< ZH A AtE Ve L2 A A ¥ 7152 A
Sz Alo] 2 ololty. 159 nade dAdiet 17|
A AR7E, A2 TE A9 7|F A2 AAA
BE3] otd 4= Uk WSt Hof Akw T A Al
7|8k A5 Ad] ddf 718k A=t A3 jxsks WA
o2 BAsH= g 9851t Wang er al. 2001). 0| X E, &
EAE ddSE A= e A47] S8 7Y =
7HA QLA 714 & 4= et

E3L AMS 9 SEAAES EHEAIE dUE 859
I+ FA o, A A ZJHE 279 “C/7C weS ST
S 2H 7|E PAE A AUSA 7Y RASAS 75
3= 9] 71993t v} Iti(Durand et al., 2013; Cheng et al.,
2018). ©]A7HA] WA ERA AUISAS 93 RAFALS
oF 14 ka7}4| ] FLfole] 7|2 ol 85t4ict. o] 2 ¢l3)
s 7Me AgHo R 1ae A YaEct AN He
w900l AU, olS 2P atol Mg B2
WAE 5, $55 5 B BARRE o] £ 0°C
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Fig. 12. Comparison of U-series ages and annual growth-band counts of the speleothem from Zhangjia Cave. (a) Image of the
stalagmite used in Cui et al. (2024). (b) Correspondence between U-series ages and annual growth bands. (c) Example of the

fluorescence image used for growth-band counting.



SZHYS| 2U-PU-20Th HINSZH 25t Q| H6iE 369

FFS 53k A7t ok o|F o] FtHEdwards et al.,
1993; Shackleton ef al., 2004; Southon ef al., 2012). o] &
2 7l wATARG Yo A Wslo) die napi=el
HCC Mg ZRTORM, HC AT)Y g s WS
£ A7 982 8ok

o]} Tl B0, BHAtE EAEA t7] 5 HaEda v
&= WHgstaL, A7)z 24 Ao s QAsi, 92
FAE ddiEA) At T EERY ERIAHAS
SN 7| AR} Sk A= BA7IA] 5] 3= o gt
(Hoffmann et al., 2010). S2XYAEL EJA A &
T Y uAE E5o FAE ] ©AE 23k JE
71 &2 WHE FUEHA 5=, o] Ask= 7]
HheRl A3jeks &8sk 1HgolA 1719 Bhax(dead car-
bon)E A EZ3slo] Gk HFAIXIth= A7 EA)%E
ot FIEAE X9 9] 7|9kek2 vl e #E o=, A7t
o 2 B3 o3 “CE AL EZFSIA| got “C/1*C H
&2 A7) et o2 Qg FEES] o/
HlE Y52 £, AT Adle AAET o9 3}t
S Yehd 5= glon, o582 B3] YsliA= DCF(dead
carbon fraction)o]] thgt HFA Q1 =4 o] =2 o|t}.

2y S Hulu 329 54 Aol o3 og 117]
Sa0] G A Y 7] o= PEA AlmYo] ¥EA
HA], 10.6-26.8 ka H7to]] Tt v Adsiar ekt o
AHErA: A EASAS S5O =N 1 7o) AE
7}=] it Southon ef al., 2012). ©]& FL3gt Hulu =9
A 2712 BAE Qi e ARE ET PH0|T e
37 g4 HlEE YERlen, o5 Bl WAM e &

5749 o] 24 AJ3el oF 54 ka7l HAZAS AT
v} QT Cheng ef al., 2018). o] A= A A|RE
233 F Al N9 Al 2HE oF 1704 =2 Al
A=E F53t9lon, 71 AollA ERlE ehEAE
theb AP RAs AT Abo] 9] OF 450+70 ROl & 7]ES
2 317) e8] RS BASHATE 1 A Al Az oA 9
C/PC vlgo] AAFH L, o]B0] BF U WY YoA
FgH o g 7] 'AE FekaL itk Aol ASEH U
Hulu 52 4¢E89 “O/PC 7|22 o2 EXaR 35
St 71250 fARI oo, E3| IntCall3 X A241(Reimer
et al., 2013)7}2] A¥EAQ] UA|= T 7159 FadS
ZaThad 13)

wabA, 31719 g4 vl go] B2 FEAALAES AFT
& e d7] 5 C/7C g ARE THFER ATt
o3t Ail= YAEEA A B4 (IntCal20; Reimer
et al., 2020)& A Aol Dk 7] A7)
= Ao, WAV R A AL=E FA7]= Hl 7]
ool T TN E e AE AdSE Y 92 &84

AGE glo, Adeas A
FEE o] o7 ATEAS o2 ZYA &8 7Fsst
THIvanovich and Harmon, 1992). T A= E3| 5ZAY
AELE $EREAE AHEAHCTU U Th o H2e of
Ao & e T 4 Az Y A B4V =
Yoz v sty Fegt AYE 5T = A =HA
o, o]3 A B3l s Qo= 7] F W3l dfH
HE, A7 278 78R ofygt s 4 A1, A7
A3} 5 ot 2o Aol s=EE e AE 4
e &85k Yt ol= FU A= T73] F& 7hs
57| gzoll, $2E Al ddiSd 71 =
W =2 3 ke Al47] At dAqtol] 24 382
T U AR ALRHTE

FIANES o183 W F dis A AAFeR &
W] g E|o] gom, abA ARk dof A% A A3 7]
TRISE A Bl ZA 71osigkeh. SWollA= Bl wA
A=l JA R, Al dHSHS 7IRe 2 3 524
AE A7 BuEy oy, sy S48 A A+
A 17|15 At Jopol| Fou|g AR E AlFdrhe A
o] ¥ X a1 QJth(Jo et al., 2010, 2011, 2014, 2017). o]8
TS TY s EC] o35 AR P&
7158+ ZA19] el 7198 4= U= YRR 53,
S A3dsE B9 ol AlFeo 3F=E, A=
TF T B FEo| AHEHE UYEE2 A AARL
2 mj$- o] Al 7 E A dt. o5 §dsE2 7P A
Ajoll 717k A1719] 11715 W3t JRE A|F3FEE(Woo
et al., 2013a, 2013b, 2015), X|&2 Q1 AFe] e Ado] 7
ZHh o]t dits A 7|1FRBe HAYE olsiE
ASA713L, Yozt u| 715 s}e] oS 9l of-g- A
THE A A 7S Al TE A= 7| e

E3L S ARZAAE 2L E ) L AR &
438 ol TATEA A7} AEE 5 L H(Choi ef
al., 2012), 37 Aol= SEhAlE AdSHS 2Rt
At A=t AR = A gdth= eHAZE 27 shAL
3Q] A toAs A AdSE AE LA A+
o HFH o2 AE3t Al E Harsgl e B2 (Kagan et al.,
2005), % U A= A XX LAY A7) = A
700l thet Hop Hekstal A=y 2 JRE 5T 5
QS Ao 7|hHE} E3, 20162 A3 XA} 2017
9 23 X3S BFE e 35850l thgk =71 o]
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o] FE3HEA, A7 TS AT Fage U g
=3 gek. ol iRt AT 9Pte] F2 HHEBS o
g+ OSLY} C Adi&3 7ML ol-§3taL glont, o]
F 712 B3 =9 7oy AHEF 7l ot £
1/do] 24 4= Qirt. oo Hef| TE2 e 8T L
A HE2 eEAE ddiS7gl Qs Agketa A
W AHEAES = Qlo B8R, 7|E9 & A7 A4S
H| w3tA U o] 5 Hebsh= o] 7|8 A S 2 7|
HEo, 334 EY SeHEAE ddESE2 A =
Holld AL o]Fo| 2| 7] g2 it 7IEAE 9 Q1Y A

< TN

>

P A3 Aol 24 71 4= Uk vl= AHE AYA
ol A= AskrHE Aok TN ES o= =
A E(U-Pb) AtiSHS S35k, Aste e sHES
AH=3t Bl $Iek(Polyak et al., 2008). o] AtollA= A3l
A sptEo] AP JAES RHEgtthE 7HY stell, o]
A7A =39 ol THE YA Aol 34
o gt s AlS AASETE ol FEE 3 =
e B8 AF X3} o= SE35] A8 7T
Ao g Hrtdt. 53], E-AA A5 wgt £E5k=
7} 49 oF 709] 7l S=ZFE(Park and Woo, 1999)2 =
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Fig. 13. Hulu speleothem "*C versus ***Th ages with comparison between Hulu record and IntCal13 "“C ages (from Cheng et al.,

2018).
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st o ol FAA Q] Z8 7HA7F = 0B %t T2
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et ek -gta 3] 7R E AT 4 deH, 3 S
SpAjet 22 AR o] Y Al 9 W= BYskes 1
e 282 4 Utk

FUelAE =712 A AT, T=A LA AT
o, SAETLE 5 o AF7IHANA FEEAE ddS
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