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U-Th Isotopic Measurements by MC-ICP-MS with Multi-Static Method
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Abstract: This study presented a newly developed multi-static U-Th isotopic measure-
ment method. For U isotopes, firstly, the **U was measured on the SEM and simulta-

neously, the signals of **U, **U, *'U and **U were measured in Faraday cups. Sec-
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ondly, #"U was collected on the SEM, and the **U, #*'U, * U and **U were measured
in Faraday cups. The ratio of ** Ugpy/*** Upe (the ratio of SEM to Faraday cup measure-
ment corrected for mass fractionation) was used to monitor the SEM/Faraday cup
relative yield. The **U/** U ratio was used for instrumental mass fractionation correc-
tion by comparing the measured value with the natural value. For Th isotopes, the
#9Th and *°Th were alternately measured on SEM and **Th in a Faraday cup. Th
isotopic measurements were carried out immediately after the U measurements from a
same sample. The correction factors of SEM/Faraday cup relative yield and instrumental
mass fractionation determined in U measurements were used for Th isotopic data correc-
tions. The ideal ion beam intensities for measurements are 3-6 mV for **U, 5-15 V for
80U (equivalent to 10" Q amplifier), <C10° cps for **Th and *°Th. The U and Th
isotope data are usually acquired 200-400 cycles taking 20-30 min. To test the reliability
of this method, the U isotopic standard Harwell uraninite (HU-1) was repeatedly meas-
ured and yielded a mean § ** U value of (—0.48=+1.92)%, (+ 26, n=55), which is in
agreement with the data previously published by different laboratories. In this study,
the multi-static method was applied to six in-house secondary carbonate standards,
SB-530, SB-8600, SB-108K, SB-240K, SB-335K and SB-435K. The repeated measure-
ments suggest that the six standards have U content of 500-3 000 ng/g and Th content
of 0. 1-1. 0 ng/g. Their § *' U values range from 95 to 1 030, and " Th/**®*U ratios range
from 0. 01 to 1. 33. Their error weighted mean ages are (0.53+0.01), (8.6140.01),
(107.6£0.2), (239.4+0.8), (332.8%1.9) and (437 £5) ka, respectively. These
results were confirmed by the comparative study using the SEM method carried out in
the Institute of Geology and Geophysics, Chinese Academy of Sciences. This study
demonstrates that the newly developed U-Th isotopic measurement method can routine-
ly measure the ' U/*¥ U and *°Th/** U ratios at the precision of 1%:-3%0, but its relia-
bility needs to be further validated by more international standards.

Key words: multi-collector inductively coupled plasma mass spectrometry ( MC-ICP-
MS); U-Th isotopes; **Th/U dating; secondary carbonate
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Table 1 Neptune MC-ICP-MS instrument parameters

used for U-Th isotope measurements
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% 2 Neptune MC-ICP-MS # £5#9 %1 U-Th L & K HIE R E 7 %
Table 2 MC-ICP-MS cup configuration and U-Th isotopic data acquisition methods
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Isotope Sequence Faraday cups Integration ldle
L3 L2 L1 C H1 H2 Hs3 time/s time/s
u Uk — — — — — — — — —
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— — 20Th  20Th — 22Th — 0.524 X2 0.5
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Fig. 1 Data processing procedure of MC-ICP-MS U-Th data for *** Th/U chronology
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Fig. 2 Daily variations of SEM/Faraday cup yield
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Fig.3 Measurements of § >**U in HU-1 with different >*°U ion beam intensities
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Fig. 4 6 **U measured in U isotope standard of HU-1 by MC-ICP-MS
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BATR . LI

£ RPQ T Ji3 F1 G MY 45 10 T o JH W5 20
AW T WA R IR R A 92 5 = AR MEAE Y
U-Th [ %R . B4 50 % bnfEAE i 6 I
45 R S MACEBE S F 3£ 3. Bikm 5.
XZH S0 = AR ERE ALY U 3 & (500 ~3 000
ng/g)i KF Th & & (0.1~1.0 ng/g), ffifF

2 The il 2k 72 v #9422 2800 DA KWl 46 > Th
XHAERR IE B2 B/ . 78 RPQ )i i 56 4]
B2 AF T U-Th [a) A7 28 A9 00 0K BE AR 4B, He
BIU/PUAE WK BE R 1000~ 2%0, #° Th/** U
K 100~ 300 ABAEFEFE i SB-530 3Z*° Thg it
THECR BRI L2 Th/* U RE BE Ry 7%~ 9%
6 Y 1 25 A 1R 25 A BIE (£ 20) R
SB-530 ({8 ' UMy 1 02941,% Th/** UiF FF [t
S 0.011 4=0.000 1,548 K(0.5340.01) ka;
SB-8600 [ 8 #* UMy 1 018 £1,%° Th/** Ui i [t
A 0.155 520.000 2, 44K (8. 6140.01) ka;
SB-108K [y ¢ ' Uk 782+ 1,%°Th/** U Jif It
S 1,187 7£0.000 8, F4L K (107.640.2) ka;
SB-240K [ & ' Uk 389 +1,%°Th/** U Jif I
S 1.327 740.001 1, 4F4R Ky (239. 4£0. 8) ka;
SB-335K [y ¢ ' Uk 265+ 1,%°Th/** Ui Jif k.
1,289 640.000 9, 4FAR Hy (332. 8£1.9) ka;
SB-435K [ 6 2 Uy 96 +1,%° Th/* UK B ek
1. 111 740. 000 7,4F4R A (437£5) ka,

R b AR A A A W] SR L A E R
27 [oe H T 5 b BR P B 5T P Al R AR AR S
i MOZ S5 = 1 AL 2 40 B TR AT SEM Bk
WA 7 1B, 4y B T SB-530., SB-8600, SB-
108K, SB-240K, SB-330K #1 SB-435K [
“OTh/U ARG, S5 R LW, 2 A 505 % 19 & i
W 25 25 B KT BEAH Y EL7E R 22 V0 N — 3
6 NS IG S bR AERE 5L Th/U AR X B s
T 5,

£3 REBRBRBELEERAEHME MCICP-MS U-Th B Z 24 R
Table 3 Results of MC-ICP-MS U-Th isotopic analyses for the in-house secondary carbonate standards

, 230 Th/238 U 20Th/22Th S EAEAL Sy ReIEAEAL
TR T T o .

2387/ 232Th/ 0%t/ I L W Uncorrected WA Corrected
Sample Mass/ _ ) )

(pg/g) (ng/g) %o (#30Th/ (230 Th/ age/ka 02U age/ka
number mg - N

55 0) sty 22T serviry BP Tnitial /% BP

SB-530-1 109.4  0.83940.001  0.9540.01 1030+£2  0.0116+0. 0001 31+1 0.6240.01 1031+2 0.5440.01
SB-530-2 95. 1 0.86540. 001 1.05£0. 01 1029£2  0.0113£0. 0001 28+1 0.6140.01 1030£2 0.5340.01
SB-530-3 113.8  0.856+0.001 1.00£0. 01 10282 0.011340.0001 29+1 0.6140.01 1029+2 0.5240.01
SB-530-4 58. 2 0. 83440. 001 0.89+0.02 1028£3  0.0115£0. 0001 33+1 0.554+0.01 1030+3 0.54+0.01
SB-530-5 59.0  0.849£0.001 1.03£0. 02 1034+5  0.0114%0.0001 29+1 0.5540.01 1036+5 0.5340.01
SB-530-6 60.9  0.82840.001 0.944+0.02 103043 0.011540. 0001 3141 0.5540.01 1032+3 0.544+0.01
&S] 0.84640.001  0.9940.01 1029+£1  0.011420.0001 29+1 0.5940.01 1031£1 0.5340.01
SB-530-A 61.5 0.82240.001 1.0940. 02 102942  0.011340.0003 26+1 0.61+0.01 1031+£2 0.524+0.02
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ZR3

230’I‘h/238U 230’1‘1,1/232 'I‘h *&IE‘/EFT% 6\231U T/-‘:J‘_Eq:,fﬁ
HEHE R N

28U/ 232 Th/ 524y/ L THE L Uncorrected WA Corrected
Sample Mass/ ) ) )
(pe/e) (ng/g) %o (230Th/ (230Th/ age/ka 524U age/ka
number mg
Z380) activiey B2 Th) sedvity BP Initial/ % BP
SB-8600-1 94.9  0.859£0.001 .80£0.01 1017£2  0.1555£0. 0003 49947 8.6940.02 1042£2 8.6140.02
SB-8600-2 104.1  0.87140.001 .86+0.01 1014£2  0.1553£0. 0003 4685 8.6940.02 1039£2 8.6140.02
SB-8600-3 109.0  0.86540.001 . 784£0.01 1019£2  0.1553£0. 0003 5156 8.6740.02 1044£2 8.5940.02
SB-8600-4 43.1  0.83540.001 .83£0.02 1021£3  0.1558=£0. 0005 47613 8.6240.03 10463 8.6140.03
SB-8600-5 54.5  0.847£0.001 .85%+0.02 10184  0.1553£0. 0005 471+10 8.6140.03 1043+4 8.5940.03
SB-8600-6 43.9  0.89240.001 .87+£0.02 1021£3  0.1558£0. 0004 486113 8.6240.03 10463 8.6140.03
IR 0.86340.001 .82+0.01 1018+£1  0.1555£0. 0002 488+3 8.6640.01 1043£1 8.6140.01
SB-8600-A 51.3  0.840£0.001 .88+0.02 1021£2  0.1559£0. 0005 45749 8.7040.03 10462 8.6240.03

SB-108K-1 ~ 94.7  0.63240.001
SB-108K-2  100.0  0.63140.001

L17£0.01 779+£2
.18£0.01 783+£2

—_

1852£0. 0020 12814766 107.8%£0. 3 1055+£3  107.7%0.3
. 1879£0.0018  12182+662 107.7%£0. 3 1061£3  107.6%0.3

—_

S O O o O O o O O O o ©O O O O o o o oo o o o o

SB-108K-3  111.6  0.60740.001 .17£0.01 786+£2 1.1918%0.0020 125224657 108.0£0. 4 10663  107.9%0.4
SB-108K-4  45.2  0.60540.001 .1940.02 7843  1.1877+£0.0026 11360£1301 107.5£0.5 1062£4  107.5%£0.5
SB-108K-5  64.7  0.59440.001 .1840.02 78513 1.18784£0.0018 12169£1063 107.4%£0. 4 1063£4  107.4%0.4
SB-108K-6  56.8  0.55640.001 .1640.02 782+£4  1.18584£0.0020 12869+1446 107.5£0.5 1059£5  107.5%£0.5
JACE 0.601£0.001 .18£0.01 782+1 1.1877%£0.0008  12387+348 107.7%£0. 2 1060£1 107.6%0. 2
SB-108K-A 47.9  0.599+£0. 001 .24£0.01 782+2 1.1893£0.0029  9186E211 108.1%£0.5 1060£4  108.0%0.5
SB-240K-1  45.8  1.09340.002 .2240.01 386+£3  1.3261+0.0030 19968166 240.5+2.4 761+£5 240.4£2.4
SB-240K-2  47.6  1.10240.001 .14£0.01 387+£2  1.32744£0.0029  31499+137 240.7+2.2 763+£5 240.6+2.2
SB-240K-3  58.7  1.09640.001 .1540.01 390+£1  1.3286+0.0025 2945676 239.0+1.6 766+5 238.9+1.6
SB-240K-4  42.4  1.050%0.001 .2240.02 387+£2  1.3253+0.0022 18974£1997  239.2+1.9 760+6 239.2+1.9
SB-240K-5  34.2  1.00840.001 .0940.03 391+£2  1.3301+0.0027 43145+5321  239.6+2.2 7687 239.6+2.2
SB-240K-6  33.9  0.99240.001 .1540.03 39243 1.3292+0.0028 26894+2131  238.3£2.2 7687 238.3+2.2
TECE 1. 04440. 001 .16£0.01 389+£1  1.32774£0.0011  24881+47 239.5+0.8 764+2 239.4£0.8
SB-240K-A 58.0  1.081£0.001  0.14=0.01 39342 1.332740.0032  32195+818 239.6%2.0 77346 239.6+2.1
SB-335K-1  60.5  0.99020.001  0.1340.02 26542 1.2900%0.0025 29883+£3782  333.2%5.0 679411  333.2+£5.0
SB-335K-2 60.9  1.03420.001  0.10=0.02 26442 1.2890%0.0022 39462+£6274  334.9%+4.5  678+10  334.9+4.5
SB-335K-3  62.1  1.01120.001  0.0720.02 26442 1.2889+0.0020 54161£4647  334.0%+4.0 67849 334.0£4.0
SB-335K-4  40.6  1.02220.001  0.06=0.02 26642  1.2905%+0.0020 62475+£9545  332.8%5.1 680412  332.8+£5.1
SB-335K-5  54.5  1.002%0.001  0.08=+0.02 26742 1.2909%0.0020 501844674  330.8%+4.6 680410  330.8+4.6
SB-335K-6  35.6  1.05240.001  0.07=+0.03 2664+2  1.2885%+0.0021 57804+£9092  330.5+4.7  675+11 330.5+4.7
TR 1.021£0.001  0.0940. 01 26541  1.2896+0.0009 358412969  332.8%+1.9 67844 332.8+1.9
SB-335K-A 62.7 1.076£0.001  0.10%0.01 2682  1.2939£0.0029 43843E£1245  334.4£4.9  688x10  334.3%x4.9
SB-435K-1  57.9  2.98240.002  0.1040.01 951 1.1127£0. 0015 1048742117 148£11 33611 148£11

SB-435K-2  61.0  2.98440.002  0.0940.01 94+1 1.1092£0. 0018 1074252282 435%12 322%12 435%12

SB-435K-3  58.2  2.97620.002  0.1040.01 98+1 1. 1118£0. 0017 1030012148 428%10 32610 428£10

SB-435K-4  18.8  2.99040.003  0.3340.05 972 1. 1139£0. 0020 3083614963 138+16 335%16 138%16

SB-435K-5  21.2  2.89840.002  0.1240.05 9612 1.1120£0. 0018 8321313347 435%15 329L16 141%16

SB-435K-6  22.9  2.93620.002  0.06=0.04 9512 1. 1100£0. 0018 180429458000 434£13 32414 434£13

TR+ 2.960£0.001  0.100. 01 9611 1. 1117£0. 0007 1005121218 1365 329%£5 437£5

0

SB-435K-A 44.9  2.975+0.003 .19£0.01 9941 .1146£0. 0019 5349241323 433+12 335+12 433+12

—_

D T 0 S A 8 2050 = 9. 170 5X 1076 a1 255, =2.822 1X 1076 a= 101, 2555 =1. 551 25X 1071 a—1010)

3) BP /R before present (1950) ;
4) SMP-1.2.3 Jy RPQ-ON il & ,SMP-4.5.6 4 RPQ-OFF il & , SMP-A >y v [ B} 2% g 3th 5 5 3t Bk 4 BLAF 75 Fr 4l &R A AR
LI 5 I 45 R
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Fig. 5 Repeated measurements of *°Th/U ages for the in-house secondary carbonate standards
3 #Fig S BE AR R I K5 B RT3 90 3k ) 1060 ~ 2060 Al

AW HEST T MC-ICP-MS i 45 0 25 12 )
it U-Th [A] i 2% 0 3 B 20 B8 A5k 4l b 3 A2
TR ) AR AE TR 1 SEM. 5 ik hir 55 AR
97 Usen /*** Ure FAH (22 3 B2 B 90 A% 1ED
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HU-1 6 *' U, M A (—0. 48 £ 1. 92) %o (20,
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W—2 . i iR 28 = SR 1 A Al &S T — 4
WA ik R A 55 09 % b fEAE i SB-530, SB-
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K R A5 7 25 DN 26 0 A 52 36 =8 s oA it
U-Th A REEZ 4 T 6 K. IMBCE ¥ 3%
B 3k HBRERE Y U & &l 500~3 000 ng/g.
Th 4 0.1~1.0 ng/g,6 * UfE 95~1 030 Z [4],
20 Th/** ULE 0. 01~1. 33 Z ], Ef1#*° Th/U
AR A (0. 530, 01) (8. 6140. 01) . (107. 6+
0.2).(239.4740.8),(332.841.9),(437£5) ka,
25 v [ B2 g 1l BT 5 Bk ) BRAUE 5 Bt SEM i
LBk, R AR @57 19 U-Th [F 7 &
WA 2 0 4 v ] R kL P U /PP U AN Thy

1050~3%0. 2P A i 25 I3 12 1 AT RE PR IR A7 A
B2 11 [ PrAs AR dh BRI

B - 2O b [ B B B S M R ) BEAE 5 T

LS FR AN E AL A IT R U-Th [6) 7 R Y 52 50 %
Xf FE A5 4 B Bl 5 A S 56 % B B A B S A
FIZE il 4 97 Neptune [ IE # 32 47 B 09
%1,

S % 30k
[1] CHENG H., LAWRENCE EDWARDS R,
SHEN C C, POLYAK V J, ASMEROM Y,

WOODHEAD J, HELLSTROM J, WANG Y J,
KONG X G, SPOTL C, WANG X F, ALEX-
ANDER JR E C. Improvements in *° Th dating,
%0 Th and ' U half-life values, and U-Th isotopic
measurements by multi-collector inductively cou-
pled plasma mass spectrometry[J]. Earth and
Planetary Science Letters, 2013, 371/372.: 82-
91.

[2] SHEN C C, WU C C, CHENG H, LAW-
RENCE EDWARDS R, HSIEH Y T, GALLET
S, CHANG CC, LI T Y., LAM D D, KANO
A, HORI M, SPOTL C. High precision and
high-resolution carbonate *°Th dating by MC-
ICPMS with SEM protocols[J]. Geochimica et



534

A7 H %5 MC-ICP-MS B 4 # 245 12 01 i U-Th [ {3 %

219

[3]

(4]

(5]

[6]

[7]

[8]

(9]

(10]

(11]

[12]

Cosmochimica Acta, 2012, 99. 71-86.
IVANOVICH M, HARMON R S. Uranium-
series disequilibrium; applications to earth, ma-
rine, and environmental sciencel M]. Clarendon
Press, Oxford University Press, 1992.
BOURDON B, HENDERSON G M, LUNDS-
TOM C C, TURNER S P. Uranium-series geo-
chemistry[ J]. Reviews in Mineralogy and Geo-
chemistry, 2003, 52: 656.
BROECKER W S, THURBER D L. Uranium-
series dating of corals and oolites from Bahaman
and Florida Key limestones[ J]. Science, 1965,
149(3 679): 58-60.

LAWRENCEEDWARDSIL, CHEN ] H, WASS-
ERBURG G J. #¥U-#'U-#Th-*** Th systematics
and the precise measurement of time over the
past 500,000 years[J]. Earth and Planetary Sci-
ence Letters, 1987, 81(87). 175-192.

LUO X Z, REHKAMPER M, LEE D C, HAL-
LIDAY A N. High precision *°Th/**Th and
#1U/* U measurements using energy-filtered
ICP magnetic sector multiple collector mass spec-
trometry[ J]. International Journal of Mass Spec-
trometry and Ion Processes, 1997, 171(1/2/3):
105-117.

GOLDSTEIN S J, STIRLING C H. Techniques
for measuring uranium-series nuclides: 1992-
2002[J]. Reviews in Mineralogy and Geochemis-
try, 2003, 52(1) . 23-57.

SHEN C C, LAWRENCE EDWARDSR , CHENG
H, DORALE J] A, THOMAS R B, MORAN S
B, WEINSTEIN S E, SDMONDS H N. Urani-
um and thorium isotopic and concentration meas-
urements by magnetic sector inductively coupled
plasma mass spectrometry[J]. Chemical Geolo-
gy, 2002, 185(3): 165-178.

HELLSTROM J. Rapid and accurate U/Th dat-
ing using parallel ion-counting multi-collector
ICP-MS[]]. Journal of Analytical Atomic Spec-
trometry, 2003, 18(11): 1 346-1 351.
FIETZKE J, LIEBETRAU V, EISENHAUER
A, DULLO C. Determination of uranium isotope
ratios by multi-static MIC-ICP-MS: method and
implementation for precise U- and Th-series iso-
tope measurements[ J]. Journal of Analytical

Atomic Spectrometry, 2005, 20(5): 395-401.
MAKISHIMA A, CHEKOL T A, NAKAMU-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

RA E. Accurate determination of ***U/**U and
#0Th/** Th for U-Th disequilibria studies by
MC-ICP-MS with simple bracketing[ ]J]. Journal
of Analytical Atomic Spectrometry, 2007, 22
(11): 1 383-1 389.

MASON A J, HENDERSON G M. Correction
of multi-collector-ICP-MS instrumental biases in
high-precision uranium-thorium chronology [ J].
of Mass
2010, 295(1/2): 26-35.
ANDERSEN M B, STIRLING C H, POTTER
E K, HALLIDAY A N. Toward epsilon levels

International Journal Spectrometry,

of measurement precision on *'U/**U by using
MC-ICPMS[ J]. International Journal of Mass
Spectrometry, 2004, 237(2/3): 107-118.
POTTER E K, STIRLING C H, ANDERSEN
M B,HALLIDAY A N. High precision Faraday
collector MC-ICPMS thorium isotope ratio deter-
mination[J]. International Journal of Mass Spec-
trometry, 2005, 247(1/3): 10-17.

STIRLING C H, LEE D C, CHRISTENSEN
JN, HALLIDAY A N. High-precision in situ
#8J-21U-**Th isotopic analysis using laser abla-
tion multiple-collector ICPMS[J]. Geochim Cos-
mochim Acta, 2000, 64. 3 737-3 750.
ROBINSON L F, HENDERSON G M, SL-
OWEY N C. U-Th dating of marine isotope
stage 7 in Bahamas slope sediments[]J]. Earth
and Planetary Science Letters, 2002, 196(3/4)
175-187.

PIETRUSZKA A J,CARLSON R W, HAURI E
H. Precise and accurate measurement of **°Ra-
#0Th-U disequilibria in volcanic rocks using
plasma ionization multicollector mass spectrome-
try[J]. Chemical Geology, 2002, 188(3): 171-
191.

HOFFMANN D L, PRYTULAK J, RICH-
ARDS D A, ELLIOTT T, COATH C D.
SMART P L. SCHOLZ D. Procedures for accu-
rate U and Th isotope measurements by high pre-
cision MC-ICPMS[]J]. International Journal of
Mass Spectrometry, 2007, 264(2/3); 97-109.
BALL L, SIMS K WW, SCHWIETERS ].
Measurement of *'U/***¥U and **Th/**Th in
volcanic rocks using the Neptune MC-ICP-MS
[J]. Journal of Analytical Atomic Spectrometry,
2008, 23(2) . 173-180.



220

=

L I

a0t

[21]

(22]

[23]

[24]

[25]

[26]

(27]

[28]

POURMAND A, TISSOT F L H. ARIENZO
M, SHARIFI A. Introducing a comprehensive
data reduction and uncertainty propagation algo-
rithm for U-Thgeochronometry with extraction
chromatography and isotope dilution MC-1ICP-MS
[J]. Geostandards and Geoanalytical Research,
2013, 38(2): 129-148.

SHAO Q. PONS-BRANCHU E, ZHU Q P,
WANG W, VALLADAS H, FONTUGNE M.
High precision U/Th dating of the rock paintings
at Mt. Huashan, Guangxi, southern Chinal J].
Quaternary Research, 2017, 88(1): 1-13.
BB R F, AR AR FL N T TRk B MC-
ICP-MS HR FE-AF: ity 28 S I 32 0 A 59 K i 1
BOTh/UAERS[J]. Ji i % i, 2018, 39 (3) ; 295-
309.

LIAO Zebo, SHAO Qingfeng, LI Chunhua,
KONG Xinggong. WANG Yongjin. Measure-
ment of U/Th isotopic compositions in stalag-
mites of #*°Th/U geochronology using MC-ICP-
MS by standard-sample bracketing method [ ] ].
Journal of Chinese Mass Sepctrometry Society,
2018, 39(3): 295-309(in Chinese).

FRANK N, TURPIN L, CABIOCH G, BLAMART
D. TRESSENS-FEDOU M, COLIN C., JEAN-
BAPTISTE P. Open system U-series ages of
corals from a subsiding reef in New Caledonia:
implications for sea level changes, and subsidence
rate[ J].
2006, 249(3/4); 274-289.

HIESS J, CONDON D J, MCLEAN N, NOBLE
S R. #¥U/* U Systematics in terrestrial urani-

2012, 335

Earth & Planetary Science Letters,

um-bearing minerals[J]. Science,
(6 076): 1 610-1 614.

RUSSEL W A, PAPANASTASSIOU D A,
TOMBRELLO T A. Ca isotope fractionation on
the Earth and other solar system materials[J].
Geochimica et Cosmochimica Acta, 1978, 42(8) .
1 075-1 090.

KAUFMAN A, BROECKER W S. Comparison
of ® Th and "C ages for carbonate materials
from Lakes Lahontan and Bonneville[ J]. Journal
of Geophysical Research, 1965, 70: 4 039-4 054.
EDWARDS R L, GALLUP C D, CHENG H.
Uranium-series dating of marine and lacustrine
carbonates[ ] ]. Reviews in Mineralogy and Geo-

chemistry, 2003, 52 393-405.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

RICHARDS D A, DORALE J A. Uranium-se-
ries chronology and environmental applications of
speleothems[J]. Reviews in Mineralogy and Geo-
chemistry, 2003, 52(1): 407-460.

Fr M, B AR AR BN, 1 26 2k, MC-ICP-
MS 58 il R E AR ARAESC ThAR R [T ], Bk 27 3l
2016,37(3) :262-272.

WANG Lisheng, MA Zhibang, CHENG Hai,
DUAN Wuhui, XIAO Jule. Determination of
#0Th dating age of uranium-series standard sam-
ples by multiple collector inductively coupled
plasma mass spectrometry[ J]. Journal of Chinese
Mass Spectrometry Society, 2016, 37(3): 262-
272(in Chinese).

WANG Y J, CHENG H, EDWARDS R L., AN
ZS, WU J Y, SHEN C C, DORALE J A. A
high-resolution absolute-dated Late Pleistocene
monsoon record from Hulu Cave, Chinal[J]. Sci-
ence, 2001, 294(5 550) . 2 345-2 348.

WANG Y J, CHENG H, LAWRENCEED-
WARDS R, HE Y Q, KONG X G, AN Z S,
WU ]J Y, KELLY M J, DYKOSKI C A, LI X
D. The Holocene Asian monsoon: links to solar
changes and North Atlantic climate[J]. Science,
2005, 308(5 723): 854-857.

WANG Y J, CHENG H, LAWRENCEED-
WARDS R, KONG X G, SHAO X H, CHEN S
T, WUJ Y, JIANG X Y, AN Z S. Millennial-
and orbital-scale changes in the East Asian mon-
soon over the past 224, 000 years[J]. Nature,
2008, 451(7 182) . 1 090-1 093.
GENTY D, BAKER A, VOKAL B. Intra-and
inter-annual growth rate of modern stalagmites
[J]. Chemical Geology, 2001, 176 (1/2/3/4):
191-212.

PROCTOR CJ, BAKER A, BARNES W L. A
three thousand year record of North Atlantic
climate[J]. Climate Dynamics, 2002, 19(5/6):
449-453.

W K X B L SRR R, 8. 2 ka” AR
WAL AR B PR AE GUR A e [T ], S
2055 . 2013,33(5) 1 945-953

DENG Chao, WANG Yongjin, LIU Dianbing,
ZHANG Zhenqiu. The Asian monsoon variability
around 8. 2 ka B. P. recorded by an annually-lam-
inated stalagmite from Mt. shennongjia, Central

China[ J]. Quaternary Sciences, 2013, 33(5):



534

A7 H %5 MC-ICP-MS B 4 # 245 12 01 i U-Th [ {3 %

221

[37]

[38]

945-953(in Chinese).

AR AL AL WAL= SR U AR Ry
AR SCLT ] i 3t BT 5 5 I 4 BT, 2013,
33(1):130-135.

DONG Jinguo, DIAO Wei, KONG Xinggong.
Variation in uranium isotopes of stalagmites from
sanbao cave, hubei province; implications for
palaeoclimate[ J]. Marinegeology &. Quaternary
Geology, 2013, 33(1): 130-135(in Chinese).
CHENG H., EDWARDS R L, BROECKER W
S, DENTON G H, KONG X G, WANG Y J,
ZGANG R, WANG X F. Ice age terminations
[J]. Science, 2009, 326(5 950); 248-252.

[39] CHENG H. EDWARDS R L. SINHA A,

SPOTL C, YI L, CHEN S T, KELLY M,
KATHAYAT G. WANG X F, LI X L, KONG
X G, WANG Y J, NING Y F, ZHANG H W.
The Asian monsoon over the past 640,000 years
and ice age terminations[J]. Nature, 2016, 534
640-646.

[40] JAFFEY A H. FLYNN K F., GLENDENIN L

E, BENTLEY W C, ESSLING A M. Precision
measurement of half-lives and specific activities of
U and #®U[J]. Physical Review C, 1971,
4(5): 1 889-1 906.





