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Abstract: Time is a basic physical parameter to describe a geological process or geological event. Each radionu-
clide has a particular half-life, hence, they are applied to investigate different time scales of geological processes
according to their half-lives. The occurrence of geological events and the duration of geological processes can re-
strict their causes and mechanisms, which is the key to reconstruct the geological processes. Currently, many iso-
tope decay systems have been developed to achieve high-precision isotope dating, however, U-Pb chronology system
containing double decay system, which is the first tool that precisely restricted the exact age of the earth. From the
early solution analysis method to the present in-situ U-Pb geochronology analysis by laser ablation analysis or sec-
ondary ion mass spectrometry, U-Pb system has developed vigorously. The only tool for the calibration of all in-situ
U-Pb geochronology standards is the double-spike diluent method of thermal ionization mass spectrometry
(ID-TIMS). Therefore, this study reviewed the development of high-precision ID-TIMS U-Pb geochronology in
detail, where we focused on the milestone events in its development process. Finally, the potential applications of
high precision geochronology for ore deposit research are discussed.
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N AT ) B 2 L A 2 A A A A B Ph 4
[FE R B, 22 530 10 i s R R v A 2 S 30 5 1)
AN MAT R HE I Rk IR [E S A 5 ID-TIMS
U-Pb AFARE 40 AR ) 5 f5 — T ME DG, AR SO 7 22 1]
Jii U-Ph 4F A 27 L filt #8457 (1 3 72 L & ID-TIMS
U-Pb ARAR2E A AR 0 & T | S A R i e R 2k 12
BERNPUE A8, JT 4 0 VS A A e Ty [l AR RE (1) b 5
N .

1 5 BT ER W &I DL S AR i )
ST

AEVGARFE Y (Pb) B S B A BT 4,
i B YRR IC R R AN Y BB 2E Ay, TR
FET A A B AT 45 b 2 4 SCH R 2 20T R 1
B, EiEZ R e R T e A BH B = £
PSR S BT 96% (MFIE, 2004) , £
JUAT AR B 280 B T 5, Aston (1927, 1929)
ARAf & BT TR 206,207 F1 208 [Flf %, H /2
TR 9 T4, b 22 B 4 I B 7E 203,204,205 it i
QUL =2 A EIL VA=

1789 4E Martin Heinrich Klaproth N R
K TR (U), 19 HEKBH4FNEHT X

¥4, Henri Becquerel & SUHIR R B E S5 ARASN[A]
A — R ZURY SR 2 BRI Ok, L3k M A £ T e Ol IR
BT B & 724 (Becquerel, 1896) , Marie Curie ¥R A
WF9E T4, R AEL (Th) A B 5 1 20
SR, HAR U A Th DU 4 b & e 77
e, AT BA O BT A T iR S ok A
U-Th Y F AR5 (Curie, 1898) . AR, A
TA B U LGP TE L RR S U Pk, T
J& Marie Curie TAHE| KRG P iy “ 24 oz vl G

FURCRE 532 T X SR T, I A T R A 4
HIICZEEN (Po) F%E (Ra) ( Curie and Curie, 1898;
Curie, 1898) . ARPREE S H 00K 51 8 P F, B
a BiFF1 B ki T (Rutherford, 1899), ik, —37i¥
7 U-Th-Ra 3% 48 7 1K (19 55 38 14 SR 4 IF 7 4
( Crookes, 1900; Rutherford and Soddy, 1902) , #R#&
X AR TR A% R Y AR T R S B M
$2th (Rutherford, 1900) , e 588 55 AL & E X
57 (Rutherford, 1903) , Boltwood i kWM EE &
PUBEAE I 1R] A3 X SE U PR BT L Ph 3 B TE
B AR PR IR BN R R R R 2 W, O HL
BE& T 2200 0 TR S, R R A DL DR R S
(Boltwood, 1907) , k2% FAT A B8 HIE AT Ak 5 7 %
HRICIE 40 B8 A AR TR, T2 Soddy (1910,
1913) EASE T FAL R S IR R IR IR Z R
HSE TR —FIo R, BB RHAEAC K
g, XS IR DL K At AT Y [ = A ) 4 T
U-Th-Pb %8 K (19 42, T Q1 1 5 S 1 2 28 1Y

#5

2 U-Th-Pb AR 22 AR 55 1 5¢ 35 Fl 5
A B

KU U-Th-Pb 4F 2% 0 B R A9 2 B 4200 =
U.Th F1 Pb B9fb22 S S S 7 s (YT IR BT 2]
U M Ph 73 5IARALE) , LU B Th A8 EHICEK
W R BT A DSOS A R R X 4 B A
FAXEE /> (Holmes, 1911; Barrell, 1917 ; Holmes and
Lawson, 1927) . B SCHY B iESGREA: J ( Demp-
ster, 1918; Aston, 1919) , BT H () BEREN
PO R 2 LA R e IR BE A T AR 7, ot
EQIV WS S EE o d TR VA 975 TR R & A Al TR Uik = 22
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fefdi T o AR O R R B & P (Aston, 1922)
Aston (1927, 1929) H AT T Pb YA f R 4
W, R T Ph B H , Rutherford (1929) #EPh
B A RHAIR AT EJE U, IR HER U ATRERY 3
1, H 3 Dempster (1935) EIFFELK LM 77U
¥ & Nier (1938, 1939a, 1939h, 1941) 15 UK il
FET7U MU TR 2 A2 B DA 3 3 4 5 S
Pb R R, U-Pb R R AR — 2P 5838,
PEREE 2 AR B e, U-Th 248 8E T 2R
AR BT G R S W A S HOB W A i, - ) 2 R
Harrison Scott Brown Z:Jl15¢ & Wi )5 , )ik [ 2
TER R 24 4 B AT A b BR AL 22 W 5, 6 A A Y
4T, George Tilton Fll Clair Patterson % 1 i tk b
BRAFIB AR, 1946 4 3L H R FRe 2 A ST iR fe it
BN 2R W [R5 AR, 2 B AR B iz FH 2 b ST
F5EH, Inghram 45 (1950) RS F] Y Ca 7 B 52
T WERARY Ca &80T, %2 LIS & George Tilton Fl|
P U-2Th-""Pb # B 3 1 8 D EE T ID-TIMS
U-Th-Pb X5 %€ 45 )79 (Tilton et al. , 1955), 1525
FHi—1% TIMS BB % , BLEE Ph R 2 0B i 5/
RSN TR TR 2R T E
Pb BA K 5, Pb [RI57 2 A9 imokG B 3 I iR 20k L 3R
B, H3) Clair Patterson B3 S Uil Harrison Scott
Brown 7EMIMN B o2t sr T N EIEE L EA#
LR T AL A A LU P, Clair Patterson ]
FHHERAE it LA KA A R A [ 0 28 2 i o8 T
FRIGAERS R 45. 5 /24F (Patterson et al. , 1955) , i
PRI U e b2 92 5 %8 LA & ID-TIMS U-Pb 7 4F:
T3 1% B ST SR A AT AR AR SR s B R AL

3 EFE B ID-TIMS U-Pb 4FAX 543 By

J7 iR B ST

UZREDE FHFERZHEFHREZE, I
WU P'Pa P Th ™ Ra 55, X L R AL = HIE T
FERBJLHFHHERE (Robert et al. , 1969; Holden,
1990; Cheng et al. , 2000) , 7655 DU 28 #b it 2 i A
WE R U KPPU 32 W53 51 44. 6 12 4F i
TALAEFE AT (Jaffey et al. , 1971) , SABISE T EER
ACAEREETfINF A R A SR U-Ph KR

ftidg U-Pb i FE 19 5] A ( Wetherill, 1956),
U-Pb BUAR Z2AF I8 18 230 BT 50 B, 2 U-2° U XU AR
TR Z AT LU EAHEDIE, MR T A E R R 2R &
HETHEYESR, Tilton (1960) % By & B 85 A1 B &

S WY 0 b BT A O e 220 LR R R At A
T RE R 52 ; Wasserburg (1963) I Wetherill
(1963) il HCF B RO H RAE T XA LS, ML
FEAIM PbS A7 (Tilton et al. , 1955) , TIMS
PR Ot (CRE RS AR ) 645 Ph A9 {5 5 0 B2 3
Tt 3 1 4tiE Y% ( Cameron et al. , 1969) | iX Fh o #b K
Pb B AL F AR BRI 48 74 . Mattinson (1971)
S i X I b 7 0B R Ok 42 46 R, Krogh
(1973) fdi F R WU SR LA A4 Bk /N, SR S0 RUR
PRI A, T4 T R IR AR, 3k 2L R AR L T R
%) 4 2 108 K R R R 2 T A 7 =X, P AR B T
3R KRB i, Krogh Fll Davis (1975) A
TA R TP RO 2 A3 T I e 19> Ph W %
i B30, Ph Rl 28 IG5 #2647 W oA, A
HEE TR A BB T R Al A FoR 1 2k
RS U-Ph 4R QR Rt — PR R

SRR W Y U 2R I i (Jaffey et al.
1971) . i F 26 ) 51 A ( Tera and Wasserburg,
1972) /b A E LS B B ( Ludwig,
1980) | 15 2 1% i 55 e i+ A ME & i 51 A ( Davis,
1982) S5k RALAT 5S4 A 0 0 T e . B5A
A2 ok LA Bz SR F5 30 o 325 19 % W (Krogh and
Davis, 1974; Krogh, 1982) Z<Bf T A% 1w & A it
P BT VA (88 53, 4 e 1 R A8 FIAR I8 1 LBl 32
J5i K Mattinson (2005) XJfb2sgl ik b4 1 okt | #r
Bl v IR KD IR RO TR Ph 2%k i 1) i A
VUG O 5 v R E R & WP T SR AR
(Parrish, 1987) , WA A7 5280 = Ph AR g 45 il 78
2 B FC LA BUBORL S A1 AE e M As DL R, T
HEAE TARZ 2 L 1 I ZE 5], 4= 94 AF K-T F R &R
M AR R B € (Bohor et al. , 1993) ,P-T #t
LA Wy KK Hs I 18] 55 VYR R KO e 8 I T
W14 (Bowring et al. , 1998) %% ISOPLOT ( Ludwig,
1998) } ISOPLOT-R ( Vermeesch, 2018) &% 4 ib
PARRR B, B U-Pb AEARAA 1R 254538 B
SyPTAE RSB T AL AL

HI TOCR P RA [A], B3 %) T 6] —F o R iy
[l 2 L (B 23 A BE v T A8 ) ST 3R 2 1) LU (B3 T
JITLARG A NWE AT BSR4 B 78 R WA TR o
FPb-""Pb E - (Coppens et al. , 1965; Buchs
et al. , 1970; Kober, 1986; Chapman and Roddick,
1994; EFHWAE, 2006) , HJg JLPdfr 28 % 07 A ih
AR 2, O I B 7R e, 1205 1k BB AR A
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Ph-Pb 4F#% | % T 2R 1A 1 5T AE S AT i 58 56 Hb i
H X FPITETCRE R, Bok§E U-Pb 4R A2
S ML Rl s 52 B4 [R] A2 25 A U-Phb LU AR 7 T8/ 23
B o 43 B8 25 ANAASHE I Aok 7 o 174 15 22 A0 e )
R E 1% 22, 38 A T M R R RO B R 22
(Schoene et al. , 2006; Schoene and Bowring 2006;
McLean et al. , 2011) , X4 i e TR 28 515 1586 B
AWFSEJG , Tripoli A1 U-Pb_Redux $C¥E 40 3R 7 4 T
AR T AL D S iR R 25 R 15 (Bow-
ring et al. , 2011; McLean et al. , 2011) f23F T =k
J¥ U-Pb 4FAU AR R

AHEETF RS B BRI (Tilton et al. , 1955;
Krogh and Davis, 1975) , XU B (51 AL AT DA
MIEJCER & it B AERCIE TIMS 20Tt 77 A 4 o 43
1, AR EORME R B , LA EARTHTIME 3% 54
%% (Bowring et al. , 2005) (http://www. earth-time.
org) , oK U U-"Pb-(*"Pb) #i BEFI4H A ( Con-
don et al. , 2015; McLean et al. , 2015) , I N FF
AR ARSI T AR 5250 % Z B o T
REFIMC LA [8) 7 A 19 i 22 . 7 ID-TIMS U-Pb 448
FOTEFESL I 70 AE N, 28R B 20 AN Bt Oy v
Ak AAR HBMEE (45 TD-TIMS U-Pb ‘AR 73k 4
MG BE (LS A7 Ph/ U AR R f]) S5 51 0. 1% ~
0.05% ( HA~FRah)  IBCH A WA IR 5] 0. 02%
fidr, W 0. 03% ~ 0. 3% ( Cyril and Urs,
2023) , I e — R 38 9 2 ik o B A 6 1) Ok

4 K5 BEE ID-TIMS U-Pb EACE7E H
NI K '

20 422 50 4ECAK (1958 ~1960) , iy 5 5 b T B
PRSI R e L BT i LA BT =S
TERIELZAE BN AUk EE T T R 28 M T AR i 4
ZBE FEMHE VRO AR SO o 3R A S R AR AR 2
MEESTAR TN TRk, B OB R 5 R B
ML TR G X 4 i p ERER AR
Tri A A A X AR B e ) (B s MO R AR,
1960) SFiRE M &R, el & K [F A7 R AR
B ZF . 1963 4T i TR kb SR} 2 A 5% e b ST e 5 T fift
FHIR I BE A SE R T U-Pb 4EAR22 4007 | IS 4R
ah AR 1 g B A, Hird U 3 iR H ) 2
RS o KGR TC AR B, 1964 4R N 2% &K
4R KA EE N7 [R) 07 28 M T SE 80 28, 1969 4F i Ml
e b J5T i [R] o7 22 b O 5 5 2 MR ARG AT L MR

Wt BB T — B O 3R A e 4 BOR Ty i e i
MR R ML % 2 — 1977 4F [E PR bR o 2
TSR 2R 4322 IR Bill Compston 151€ | fih #8515
2 ] 2 2 AR IR ORI [ 7 R 2 A I 3R
] [l fo7 R AFAR S i A PR HUR S B B, 20 tiE4D 80 4F
AR HAH B Hb 5T T [+ A7 28 il o 552 390 % X1 80— 9 0 At
B PR ] b 2 400 55— R v S IR S T
AR U-Pb 4R0A 40 BT (FE SB0RLER ) 520 122 90
AEARAT, HA R O L T 2 AR 5T B R IR ROR 2
2 RIETEE N S T RBURL AL A U-Pb E AF 5 ik
(BEAMAESS, 1991 ZEER, 1997) ; Hh AR 27 B b 5
I T VFoR SEAIF 5 53 k25 1) B2 22 My R ) LA 5 T
23] TR OB B A U-Ph REAF L (VFaRAE,
1989) ; 8% Tl b 50 Hb B ff 52 ¢, TPl BE2# B ) N
HER AU A ST BT S B ARLREE 7 T 1ID-TIMS U-Pb
EAETTEE (kT4 1997, Zhong et al. , 2017)
L] [R5 B0 8 T 40 5 A R i vf U-Th-
Ph S (32 T, 1986) , 41} SE 56 45 14
PISEES 2= Ph ARJK — BN 10 ~ 50 pg (Rl A8 45 45,
1991; EMILEE, 2001; ZKEIHFSE | 2002) , 3T 10 4F
e, [l Al R S AN W O, BT P AR
HACE T B2 E bRk e, i85 2~ 3 pg (fEZF R,
2016) , EERERUE 4ERFTE 2 pg LT (Zhong et al. ,
2017) . JH 2 B it R 20 A kA AR I A 2
W gs py 22 5, AT SE B RS BE P WAL &R A (EAR
%, 2020) ;U [ 2 A TIMS 28T (— R &AL
JEAKLM V03 ) AR HPOU AE o # BRI, 75 2k
IR I, LI bR B T U0 o frr*ut0'°o*
XPEUCO; T (REERAE, 2022) , EAEREN
SLIGZE BB T ID-TIMS Jy ik S5 B ES A b ke AU &
(Ling et al. , 2022) FIRME A BT 84 %04
HEAE (JRLT3E4E | 2011; Tu et al. , 2019),

1997 4E 5Kk B XIS— T HFa S e E N
WSS 1 ARS T M A7 M A o R A87 22 b oA o
IYMTITEEY (DZ/T 0184-1997) , Horb 6™ 34 1l J5 i X1
F—EVT T O B A A () 467 38 b BT A7 9% 00 2 )
(DZ/T 0184.2-1997) , Hu ™ 8 R P 2 LR IT T
CURLES ATl TR0 25 Hb BT AR 0 22 ) ( DZ/'T 0184. 3-
1997) , PIE VRN R T A LR # . I AE ok b
R R B WA T AR R 38 Hb SRR 5t 43
Brorik) Biaa A, i A SR BEIRER 2024 4F5 35 548
o IET 2024 4 10 A 1 H IER PG S0, AT
F14) T A AR 0 1) TP 40 s v Pl DR b ) v o0 2
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R R AL S E RS I EREIT
AR AR R TR 2 AR A PR S i T I ) ( DZ/T
0184.2-2024 ) , 0 J5UA #R1E (DZ/T 0184. 2-1997)
HI(DZ/T 0184.3-1997) , 2= B R AJF 55 51 K H A A Ky
Hi[E ID-TIMS U-Pb 4FA2% 1 & R Al 1 788 th BTk,
JEIJEAE B A ID-TIMS AR 2 07 1 (IR 1E T 45,
2019) .

H AT, #2938 E ID-TIMS Ek5 #E U-Pb 452407
AR B S ) B A LA LA . O AT LLE
T FREE A [ 9 2 ] B v o mL7 P s R A 2 5 X
IR G E A E N L R R B A R, E4 2
Tt A AR R 5 (@ R TAE MR T
A, R TS A AR E P TIMS, 55 5%
FH AP — T B R RE ) TR B [ S
95 % AE T RE I Jy T EL BB 5 AL B, SR £ X b
TS5 5 T ) e B 9 355 1 S 30 AT T I AR A I 4
R, B TCIE T AL A1

5 S HERMIX AL U-Ph 4F 1%
FOMTHR 2%

21 AR IX AL 73 Brig AR, U-Pb 4R34
UGS LA A A bR B 18 46 X A E 8 AT i ID-TIMS 2%
HEATARAE , RO B T B R  — R IR FE 5 %S
(] 73 B3 0 F RS BN, FE AR SCALHE A7 2L
[B]J5, Anersen A1 Hinthorne (1972) & F{HiHE T
PRE T H BRGR FRE S AT T 854077 Ph/ 2 Ph AR 1% 14
I, R4S 5 Rl AT) S AF 22 itk 1% 77 1 (Andersen
and Hinthorne,, 1973) , {HJ2& i T & A B 19 R U
Lo sk o3 B A PR A 5 BT TG R A AR I, Bill
Compston 4515 Y MR HIE [ 37 K 2% AT A IR 15 1%
T U-Pb 4R A5 20 B 1Y % B0 85 1 #R 5
(SHRIMP) ( Matsuda, 1974), 20 42 80 4£{L#)
SHRIMP 1EATFIRIEAT, B 1 U-Pb AR Bl ko A
THIR R U T —Se bR AR OCR, N, i
MR G %5 41 ) & B8 ( Compston and Pidgeon, 1986)
45, 90 4EA0HI, SHRIMP 11 HYi/E: | Cs B TIR LU K %
Bl O o, S R AR W2 KA RE ), JL-F
[F]B} VG (Isolab 120) F1 Cameca ( Cameca 1270) 1
e A, B T IRE R U-Ph IR &
2R,

F 2001 48 v [y J52 B2 B b 5T F 5% B g | gk 1

Hu 2 US55 — B B TR EF (SHRIMP 11) (2007 48
rh R B B BR ) BT ST i 1 3 T Cameca
IMS-1280 J& , i & TR ETH X AT R A T 3
P, Gt ZAEFFSAMIAOC, HRTE AESE L 3 pum
AR #5440 (9 %€ 4F (Liu et al., 20205 25 Hk 4845
2022) LA M 2 wm HBEAG IS A E 4 (Chen et al.
2024) , Hozs (] 43 3 e B [R) 2R B A SRR

Houk 55 (1980) 13 P4 o v Sl & 45 5 1A
o U 0 WO AR AT B i ke R, W T L R
S5 B TR BGE (X (Q-ICP-MS) . Gray (1985) HI$
Hh AT DA RO G i A S R 7 205 1CP-MS B,
223 AW b 2 AT e I A AR RO R R B 5
HIDX T RRARREAIUN , 30 et 98 A= 2, U 0 255 )
ICP H, % ( Giinther et al. , 1997; Jefiries et al. ,
1998 ; Guillong and Giinther, 2002) ;K- 10 58 £ B F£
fit 2% T 455 1 BE o %85 B8 T R A AR 3¢ ek R B, SR
FI He UM AN Ar VR 20T DU oA B
W AERRCF H = (Eggins et al. , 1998) ;3 XU Y &
U A5 5 me W SR TR 1 6 000, 7T S8 B ey
ZE [ BER I IAT (Eggins et al. , 2005) ¥ FEdh
AL E 5 HOGIE 5 A VT L SE BT R/ R 2 1 48 45
# ( Woodhead et al. , 2007) ; KFMESEAI5] AR K
HuREAR T RSSO, KA 1 RE Al P on R/ R 2R 9
(Russo et al. , 2002) ., LA-ICP-MS #5435 U-Pb 4EA%;
2 ST (Fryer et al. , 1993; Feng et al. , 1993;
Hirata and Nesbitt, 1995; X¥ 4%, 1998; [E)iK5E,
1998; Li et al. , 2000, 2001) ffif3 4 BRAEA 250
Hmi AR R R I E &4 TIRZ h &
DT, Hep 2 3T 4 7 AR AR S A M B 1) R
I A %R X (Li et al., 2001) , [ 2
FALRKM A S B P O R T — R A I M A 91
fifi 22 B8 R RHEZE M U A Ph (4245 | 2009) |
O i R S A e K 28 AR R 2 T Y
HAR (Hu et al. , 2008; Liu et al. , 2014) Jizk i
A (Luo et al. , 2018) SEBBOLHIX T
R 5 AL R ARy [A] i 23 M (Yuan et al.
2008; HIFIICAE, 2008) AFE S A E Y & B] (Hu
et al. , 2015) SEPI/NRBESHT (Xie et al. , 2017) .
WG BOER Bl (Xie et al. , 2018) | H £ 445 Hds
ALFR I mapping M4 (Liu et al. , 2008 ; 7F 57 BR5E,
2017) %, ERARGHA TR EM AR, T
LA-ICP-MS U-Pb A=A R



2N}

388 Ee

i v W

Y,

2z Ju

& 5 44 %

—+=
s

6 T AR AR A i A R A
FIAY X
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P MHkﬁH%&IMﬁMHﬁ& RUEEES
EE, WG RREAEICE (LIUR U-Ph AR

BORBY i, 1 i A v R e i i 9wl ] 1 A 1
U-Pb 4EARZ2 01T, o AR HE 1 DR G ERTATL 1 A A 1%
Ry PRSI, Ban , /i 58 ok ok B2 i AR AR 4R
i, T 0 BE e A 7 T VR P AR 4 I 8] 5 A B R
BEEEASC (1), M VE B RRLE | Ma, fiff i 2y
K 4 000 Jifi ( Chiaradia and Caricchi, 2017) .

100 - g pk st 45 bR o
ElAbra EA WE b =k
g | EIT enient ET e L Al
RioBlanco RB R
Los Pelambres LP B
oL Escondida Es R fif ft/Mt = 40(Mt/Ma) * F52E [i]/Ma
Chuquicamata Chu o t - ”
El Salvador ES HIX AR E R=0.91
70 | Chaucha Cha Chu
Junin Ju ®
Batu Hijau BH
60 - Coroccohuayco Co
e Bayugo By
= Boyongan Bn
B g Bingha Bh 4
= 50 | B &
e Bt [
= Bajode la BjA [l 4
a0 | AlumbreraReko Dig  RD [E % I P
Bt L
[/ -
30 -
20 -
10 =
BiA .
0F %
Bn
S 1 1 1 Il 1 Il 1 1 1
0 0 0.4 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22
I F 4R (6] / Ma
P BRBEA A BT 1 PR L I 8] 5 LA it 5 5C & (242 A Chiaradia and Caricchi, 2017)
Fig. 1 Relationship between the duration of global porphyry copper mineralization process and its copper reserves

('modified after Chiaradia and Caricchi, 2017)
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Fig. 2 The closure temperature of different mineral systems ( modified after Chiaradia et al. , 2013)



390 A

i W

A
= % Gk

i 44 3%

R 20 eT BIR G PR RIS AR, SR RE T B I LAh T 0 114
SRR R BRI PRAEAR S R R

PEANITED IR P o0 A )z, ZE T 2 A R
Pt A — N E R U RO BT
TEMFVE LBOR IR ) S5 T TR, kb e s 4R 2
Wry U, BB TR E ( Courtney-
Davies et al. , 2020) , KA Z ATUUR B SR R
RS B i 2L S5 9F6 , HoORB™h U-Pb (A &
A3z 3 E O MO B T s BE A i F5 14 ( Courtney-
Davies et al. , 2024a) ; HERER SR L T DA 1Y
BT h AR ST IR B, 78 VKT Rl R O B
A TR ] HITHE s R A B9 LA K5 2Z A SC )
1 (Courtney-Davies et al. , 2024b) ; £ -5 H kA
FHORHV AR R IR T, Lo dn, ie g AR Rk 41
ERWERT 0 R h B AL AR AN B 4 U TE S rp gk
PEE R R A -0 KA 07 R (T0A) | k484
Vs 4 U BYRE ) 55 TBE KA, PRI 5 8l K Ay 2 A i
H U 2K (Neymark et al. , 2016) , #KTT, £k
B ERR R ALY R 5 (Bl 57 R (10C6) 1l g
KEES U (Ciobanu et al. , 2013) ;i KA 0 K
TR N, B A AT B 2l AT LTE , ARk
Y U Sl REIEH T 48, inali LR o 45 57 SR I
PVBE A A B U Y it it s B R B gt Homd Bk
UGEds s, E2a My ™ (B85 E%,
2021) s H =S 0" h B REERT, 2 VPR R
U F il 2 LLJEST U-Ph 4R34 5047,

BREMY A T2 a0 Y, © i R IR
NG5G EARZS 5y FI W e 15 -5 R AR ™ ) 3, e
Bt 29 1), Hop AR T3z S8 R s A
AR 8 YA Y U-Pb K 28 2 X0 1l
SR EE AT, MR BREAEY B U-Pb I4E H
HIRAAAE— L [A) R, Lb G0 3 PO B AN B i, (H R 45
B IR FRARHI WA ALY U-Pb 1K R 19 35 A iR i
AL T2 E LY ) U-Th-He 4 R (%) 3f 14 76 B
(B 2) , /T2 E R RRIR R,

PR & o PR RS U-Pb R0 A R Rk
A e o8 3% 1 2 AR AR, RS A M & sz
( Courtney-Davies et al. , 2021) ,{H 2 H ¥ — ki
Frife— oA, H A2 2 AR R4E I AR TR] U-Pb &%
T FRFE

8 /g

[ U-Pb RZAMK R E AL L, — ik
HBHES) T EKSEE ID TIMS U-Pb 4EfR22 10 & J ik A
X4y B AR ), SIMS B2 LA-( MC) -ICP-MS J7 ¥
U-Pb AR DLUHAICR | 25 1] 23 38 05 10 O o
FRENHET A, HAS B2 T ID-TIMS; ID-TIMS A
R = TR B s (R 25 (B BRI, A 4%
HRBFSE B AT, 2 A R X s briR . B, 1
W24 LIS AE SIMS i 2 LA-( MC) -ICP-MS X 4F
REETTIEWE R ARFERES 7 1, © 28 BRI 5230 T 9F:
B 2 O SR G PR 2 R S ID-TIMS 3E AT 4R
AT R B, HRTE N U-Pb 4R Ar B A 1E T
VEAB SR BE R F AN S = e T K kg, H
HIFRE ID-TIMS U-Pb 4FAR 22 1Y A i £ 232 BR T LA
IS O R A R A AR — e R
S EIRRS, R EAME R R E WA @ L
S HA R T AR S AL, B R 2RI O

kG B ID-TIMS A5 A 2= A b it 2= vh v iz,
JEHSEAEW PR2E D71, AR B U-Pb ARk R
AR A I HIRARF I B 510,

B AXFETHHEARLENERNYFIZ
FiVABNIBJG W TAEZ T % % % kR T Lk
TRFEEEMNEMNG IR RBEES, TRTH
FRA FERE R AR SR B (AR TR
FRFHERE ZRAR) b2 5 SR L F K
A 69 @ @R ] AL U-Ph 4k % 09 %k A 1) it
7T —RBFFAH, BB R TR EL & R
TEERETS,

References

Andersen C A and Hinthorne J R. 1972. U, Th, Pb and REE abun-
dances and *Ph/*Pb ages of individual minerals in returned lunar
material by ion microprobe mass analysis[ J]. Earth and Planetary
Science Letters, 14(2) . 195~200.

Andersen C A and Hinthorne J R. 1973. Thermodynamic approach to the
quantitative interpretation of sputtered ion mass spectra[ J]. Analyti-

cal Chemistry, 45(8): 1 421~1 438.



552 1

RAETE ., ID-TIMS Sk EE U-Pb 4ER2F1 & B 391

Aston F. 1919. LXXIV. A positive ray spectrograph[ J]. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of Sci-
ence, 38(228): 707~714.

Aston F ' W. 1927. The constitution of ordinary lead [ J]. Nature, 120
(3015) . 224.

Aston F W. 1929. The mass-spectrum of uranium lead and the atomic
weight of protactinium[ J]. Nature, 123(3 096) : 313.

Aston F. 1922. Isotopes[ C]. London: E. Arnold,. 152.

Barra ', Alcota H, Rivera S, et al. 2013. Timing and formation of por-
phyry Cu-Mo mineralization in the Chuquicamata district, northern
Chile; New constraints from the Toki cluster[ J]. Mineralium Depos-
ita, 48(5): 629~651.

Barrell J. 1917. Rhythms and the measurements of geologic time[J]. Ge-
ological Society of America Bulletin, 28(1) : 745~904.

Becquerel A. 1896. On the invisible rays emitted by phosphorescent
bodies[ J]. Comptes Rendus de Seances de 1’academie de Sciences,
122, 501~503.

Bohor B F, Betterton W J and Krogh T E. 1993. Impact-shocked zircons:
Discovery of shock-induced textures reflecting increasing degrees of
shock metamorphism[ J]. Earth and Planetary Science Letters, 119
(3): 419~424.

Boltwood B B. 1907. Note on a new radio-active element[ J]. American
Journal of Science, s4~24(142) . 370~372.

Bowring J F, Mcl.ean N M and Bowring S A. 2011. Engineering cyber in-
frastructure for U-Pb geochronology: Tripoli and U-Pb_Redux[J].
Geochemistry, Geophysics, Geosystems, 12(6) : QOAA19.

Bowring S A, Erwin D H, Martin YG J M W, et al. 1998. U/Pb zircon
geochronology and tempo of the end-Permian mass extinction[ J].
Science, 280(5 366) : 1 039~1 045.

Bowring S, Erwin D, Parrish R, et al. 2005. EARTHTIME: A commu-
nity-based effort towards high-precision calibration of earth history
[J]. Geochimica et Cosmochimica Acta, 69( Supplement) : A316.

Braxton D, Cooke D, Dunlap J, et al. 2012. From crucible to graben in
2.3 Ma: A high-resolution geochronological study of porphyry life
cycles, boyongan-bayugo copper-gold deposits, Philippines[ J]. Ge-
ology, 40 471~474.

Buchs A, Chessex R, Delaloye M, et al. 1970. U-Pb and Pb-Pb age de-
terminations on zircons-Results obtained with a direct ionization
method for the isotopic analysis of lead[ J]. Schweiz Mineral Petro-
gr. Mitt. , 50: 509~518.

Buret Y, von Quadt A, Heinrich C, et al. 2016. From a long-lived up-
per-crustal magma chamber to rapid porphyry copper emplacement

Reading the geochemistry of zircon crystals at Bajo de la Alumbrera

(NW Argentina) [ J]. Earth and Planetary Science Letters, 450
120~131.

Cai Jianhui, Yan Guohan, Mu Baolei, et al. 2002. U-Pb and Sm-Nd iso-
topic ages of an alkaline syenite complex body in Liangtun-Kuang-
dongguo, Gai County, Liaoning Province, China and their geological
significance[ J]. Acta Petrologica Sinica, 18(3) : 349~354(in Chi-
nese with English abstract) .

Cai J L, Su W C, Shen N P, et al. 2023. In situ trace element composi-
tions and UPb ages of cassiterite from tin-polymetallic deposits in the
Dachang district, Guangxi, China: Implications for ore genesis and
exploration[ J]. Journal of Geochemical Exploration, 247, 107173.

Cameron A E, Smith D H and Walker R L. 1969. Mass spectrometry of
nanogram-size samples of lead[ J]. Analytical Chemistry, 41(3):
525~526.

Cannell J, Cooke D R, Walshe J L, et al. 2005. Geology, mineraliza-
tion, alteration, and structural evolution of the el teniente porphyry
Cu-Mo deposit| J]. Economic Geology, 100(5): 979~1 003.

Cannell J, Cooke D, Walshe J, et al. 2022. Geology, mineralization, al-
teration, and structural evolution of the el teniente porphyry Cu-Mo
deposit[ J]. Economic Geology, 102: 979~1 003.

Chapman H J and Roddick J C. 1994. Kinetics of Pb release during the
zircon evaporation technique[ J]. Earth and Planetary Science Let-
ters, 121(3~4): 601~611.

Chen L, Hofstra H, Li X, et al. 2024. High resolution SIMS U-Th-Pb
geochronology of small size (< 5 pm) monazite;: Constraints on the
timing of Qiuling sediment-hosted gold deposit, South Qinling Oro-
gen, central China[ J/OL]. American Mineralogist, online. (15th
Mar 2024) https://doi. org/10. 2138/am-2023-9210.

Cheng H, Edwards R L, Hoff J, et al. 2000. The half-lives of uranium-
234 and thorium-230[ J]. Chemical Geology, 169(1~2); 17~33.

Cherniak D J and Watson E B. 2001. Pb diffusion in zircon[ J]. Chemi-
cal Geology, 172(1~2) . 5~24.

Chiaradia M and Caricchi L. 2017. Stochastic modelling of deep magmatic
controls on porphyry copper deposit endowment[ J]. Scientific Re-
ports, 7 44523.

Chiaradia M, Schaltegger U, Spikings R, et al. 2013. How accurately
can we date the duration of magmatic-hydrothermal events in porphy-
ry systems? —An invited paper[J]. Economic Geology, 108 (4) :
565~584.

Chiaradia M, Vallance J, Fontboté L, et al. 2009. U-Pb, Re-Os, and
40Ar/39Ar geochronology of the Nambija Au-skarn and Pangui por-
phyry Cu deposits, Ecuador: Implications for the Jurassic metallo-

genic belt of the Northern Andes[ J]. Mineralium Deposita, 44(4) ;



392 F=

PR N 7/ B /S

i 44 3%

371~387.

Chu Zhuyin, Xu Junjie, Chen Zhi, et al. 2016. Ultra-low blank analyti-
cal procedure for high precision CA-ID-TIMS U-Pb dating of single
grain zircons[ J]. Chinese Science Bulletin, 61(10): 1 121~1 129
(in Chinese with English abstract) .

Chu Zhuyin, Xu Junjie, Ling Xiaoxiao, et al. 2022. Precise ID-TIMS
U-Pb dating of single zircons using *®Pbh-?*U-"U tracers; Isobaric
oxide corrections for UO} with in-Run measured 0/'°0[J]. Acta
Petrologica Sinica, 38(12): 3 695~3 702(in Chinese with English
abstract) .

Ciobanu C L, Wade B P, Cook N J, et al. 2013. Uranium-bearing hema-
tite from the Olympic Dam Cu-U-Au deposit, south Australia;: A geo-
chemical tracer and reconnaissance Pb-Pb geochronometer[ J]. Pre-
cambrian Research, 238 129~147.

Compston W and Pidgeon R T. 1986. Jack Hills, evidence of more very
old detrital zircons in Western Australia[ J]. Nature, 321(6 072) .
766~769.

Condon D J, Schoene B, McLean N M, et al. 2015. Metrology and trace-
ability of U-Pb isotope dilution geochronology ( EARTHTIME Tracer
Calibration Part 1) [ J]. Geochimica et Cosmochimica Acta, 164;
464 ~480.

Coppens R, Durand G and Roubault M. 1965. Etude de 1’ age des zir-
cons par le rapport des plomhs 207 et 206[ J]. Sciences de la Terre,
10: 293 ~304.

Correa K J, Rabbia O M, Herndandez L B, et al. 2016. The timing of
magmatism and ore formation in the el abra porphyry copper deposit,
northern Chile: Implications for long-lived multiple-event magmatic-
hydrothermal porphyry systems[ J]. Economic Geology, 111(1):
1~28.

Courtney-Davies L, Ciobanu C L, Verdugo-Thl M R, et al. 2020. ~1 760
Ma magnetite-bearing protoliths in the Olympic Dam deposit, South
Australia: Implications for ore genesis and regional metallogeny[ J].
Ore Geology Reviews, 118: 103337.

Courtney-Davies L, Fiorentini M, Dalstra H, et al. 2024a. A billion-year
shift in the formation of Earth’ s largest ore deposits[ J]. Proceedings
of the National Academy of Sciences of the United States of America,
121(31) ; e2405741121.

Courtney-Davies L, Flowers R M, Siddoway C S, et al. 2024b. Hematite
U-Pb dating of Snowball Earth meltwater events[ J]. Proceedings of
the National Academy of Sciences of the United States of America,
121(47) ; e2410759121.

Courtney-Davies L, Gilbert S E, Ciobanu C L, et al. 2021. A synthetic

haematite reference material for LA-ICP-MS U-Pb geochronology and

application to iron oxide-Cu-Au systems[ J]. Geostandards and Geo-
analytical Research, 45(1): 143~159.

Crookes W. 1900. Radio-activity of Uranium[J]. Proc. R. Soc. Lon-
don, 66: 409 ~422.

Curie M. 1898. Rays emitted by compounds of uranium and thorium[ J].
Comptes Rendus de Seances de ’academie de Sciences, 126: 1 101
~1 103.

Curie P and Curie M. 1898. Sur une nouvelle substance radioactive, con-
tenue dans la pechblende[ J]. Comptes Rendus de Seances de 1”
academie de Sciences, 127 175~178.

Cyril C, Massimo C, David S, et al. 2015. High-resolution geochronology
of the coroccohuayco porphyry-skarn deposit, Peru: A rapid product
of the Incaic orogeny[ J]. Economic Geology, 110(2) . 423 ~443.

Cyril C and Urs S. 2023. U-Pb dating of mineral deposits: From age con-
straints to ore-forming processes [ C |//Isotopes in Economic Geolo-
gy, Metallogenesis and Exploration, Cham: Springer International
Publishing, 37 ~87.

Davis D W. 1982. Optimum linear regression and error estimation applied
to U-Pb data[ J]. Canadian Journal of Earth Sciences, 19 (11):
2 141~2 149.

Deckart K, Clark A H, Cuadra P, et al. 2013. Refinement of the time-
space evolution of the giant Mio-Pliocene Rio Blanco-Los Bronces
porphyry Cu-Mo cluster, Central Chile; New U-Pb ( SHRIMP 1II)
and Re-Os geochronology and 40Ar/39Ar thermochronology data
[J]. Mineralium Deposita, 48( 1) : 57~79.

Dempster A J. 1918. A new method of positive ray analysis[ J]. Physical
Review, 11(4): 316~325.

Dempster A J. 1935. Isotopic constitution of uranium[ J]. Nature, 136(3
431) . 180.

Dilles J, Stein H and Martin M. 2004. Re-Os and U-Pb ages for the dura-
tion of the giant Butte, Montana, porphyry Cu-Mo and Cordilleran
base metal lode ore deposit[ C]// TAVCEI General Assembly, Pu-
con, Chile.

Eggins S M, Griin R, McCulloch M T, et al. 2005. In situ U-series dat-
ing by laser-ablation multi-collector ICPMS: New prospects for Qua-
ternary geochronology [ J]. Quaternary Science Reviews, 24 (23 ~
24).2523~2538.

Eggins S M, Kinsley L P J and Shelley ] M G. 1998. Deposition and ele-
ment fractionation processes during atmospheric pressure laser sam-
pling for analysis by ICP-MS[J]. Applied Surface Science, 127:
278 ~286.

Feng R, Machado N and Ludden J. 1993. Lead geochronology of zircon

coupled plasma mass

by LaserProbe-inductively spectrometry



552 1

RAETE ., ID-TIMS Sk EE U-Pb 4ER2F1 & B 393

(LP-ICP-MS) [ J]. Geochimica et Cosmochimica Acta, 57 (14):
3 479~3 486.

Fryer B J, Jackson S E and Longerich H P. 1993. The application of laser
ablation microprobe-inductively coupled plasma-mass spectrometry
(LAM-ICP-MS) to in situ ( U)-Pb geochronology [ J]. Chemical
Geology, 109(1~4). 1~8.

Garwin S. 2022. The geologic setting of intrusion-related hydrothermal
systems near the Batu Hijau porphyry copper-gold deposit, Sumba-
wa, Indonesia[ J]. Society of Economic Geologists Special Publica-
tion, 9; 333~366.

Gray A L. 1985. Solid sample introduction by laser ablation for inductive-
ly coupled plasma source mass spectrometry[ J]. Analyst, 110(5) :
551~556.

Guillong M and Giinther D. 2002. Effect of particle size distribution on
ICP-induced elemental fractionation in laser ablation-inductively cou-
pled plasma-mass spectrometry [ J ]. Journal of Analytical Atomic
Spectrometry, 17(8) ; 831~837.

Guo J, Zhang R Q, Sun W D, et al. 2018. Genesis of tin-dominant poly-
metallic deposits in the Dachang district, South China; Insights {rom
cassiterite U-Pb ages and trace element compositions| J]. Ore Geolo-
gy Reviews, 95 863~879.

Giinther D, Frischknecht R, Heinrich C A, et al. 1997. Capabilities of
an argon fluoride 193 nm excimer laser for laser ablation inductively
coupled plasma mass spectomelry microanalysis of geological materi-
als[J]. J Anal At Spectrom, 12(9) ; 939~944.

Harrison T M, Duncan I and McDougall 1. 1985. Diffusion of 40Ar in bi-
otite; Temperature, pressure and compositional effects [ J ].
Geochimica et Cosmochimica Acta, 49(11): 2 461 ~2 468.

Hirata T and Nesbitt R W. 1995. U-Pb isotope geochronology of zircon:
Evaluation of the laser probe-inductively coupled plasma mass spec-
trometry technique [ J ]. Geochimica et Cosmochimica Acta, 59
(12):2491~2 500.

Holden N E. 1990. Total half-lives for selected nuclides[ J]. Pure and
Applied Chemistry, 62(5) : 941~958.

Holmes A. 1911. The association of lead with uranium in rock-minerals,
and its application to the measurement of geological time[ J]. Pro-
ceedings of the Royal Society of London Series A, Containing Papers
of a Mathematical and Physical Character, 85(578) : 248 ~256.

Holmes A and Lawson R W. 1927. Factors involved in the calculation of
radioactive minerals[ J]. American Journal of Science, s5~13(76) :
327~344.

Hou Kejun, Li Yanhe and Tian Yourong. 2009. In situ U-Pb zircon dat-

ing using laser ablation-multi ion counting-ICP-MS [ J]. Mineral

Deposits, 28(4) ; 481~492(in Chinese with English abstract).

Houk R S, Fassel V A, Flesch G D, et al. 1980. Inductively coupled
argon plasma as an ion source for mass spectrometric determination of
trace elements[ J]. Analytical Chemistry, 52(14) . 2 283~2 289.

HuZ C, Gao S, Liu Y S, et al. 2008. Signal enhancement in laser abla-
tion ICP-MS by addition of nitrogen in the central channel gas[ J].
Journal of Analytical Atomic Spectrometry, 23(8): 1 093~1 101.

Hu Z C, Zhang W, Liu Y S, et al. 2015. “Wave” signal-smoothing and
mercury-removing device for laser ablation quadrupole and multiple
collector ICPMS analysis: Application to lead isotope analysis[ J].
Analytical Chemistry, 87(2): 1 152~1 157.

Inghram M G, Brown H, Patterson C, et al. 1950. The branching ratio of
K40 radioactive decay[ J]. Physical Review, 80(5): 916~917.

Jaffey A, Flynn K, Glendenin L, et al. 1971. Precision measurement of
half-lives and specific acitivities of U and ?*U[J]. Physical Re-
view, C4. 1 889.

Jeffries T E, Jackson S E and Longerich H P. 1998. Application of a fre-
quency quintupled Nd: YAG source (A =213 nm) for laser ablation
inductively coupled plasma mass spectrometric analysis of minerals
[J]. Journal of Analytical Atomic Spectrometry, 13(9) : 935~940.

Kober B. 1986. Whole-grain evaporation for " Ph/?* Ph-age-investiga-
tions on single zircons using a double-filament thermal ion source
[J]. Contributions to Mineralogy and Petrology, 93(4) ; 482~490.

Krogh T E. 1973. A low-contamination method for hydrothermal decompo-
sition of zircon and extraction of U and Pb for isotopic age determina-
tions[ J]. Geochimica et Cosmochimica Acta, 37(3) ; 485~494.

Krogh T E. 1982. Improved accuracy of U-Ph zircon ages by the creation
of more concordant systems using an air abrasion technique [ J].
Geochimica et Cosmochimica Acta, 46(4) ; 637 ~649.

Krogh T and Davis G. 1974. Alteration in zircons with discordant U-Ph
ages[ J]. Carnegie Inst Washington Yearbook, 73: 560~567.
Krogh T and Davis G. 1975. The production and preparation of **>Pb for
use as a tracer for isotope dilution analyses[ J]. Carnegie Inst Wash-

ington Yearbook, 74 416~417.

Lee J KW, Williams I S and Ellis D J. 1997. Pb, U and Th diffusion in
natural zircon[ J]. Nature, 390(6 656) ;: 159~ 162.

Li X H, Liang X R, Sun M, ez al. 2000. Geochronology and geochemis-
try of single-grain zircons; Simultaneous in situ analysis of U-Pb age
and trace elements by LAM-ICP-MS[ J]. European Journal of Miner-
alogy, 12(5) . 1 015~1 024.

Li X H, Liang X R, Sun M, et al. 2001. Precise W6 p,/ 238y age deter-
mination on zircons by laser ablation microprobe-inductively coupled

plasma-mass spectrometry using continuous linear ablation [ J ].



394 F=

PR N 7/ B /S

i 44 3%

Chemical Geology, 175(3~4) . 209~219.

Li Xianhua, Li Yang, Li Qiuli, et al. 2022. Progress and prospects of
radiometric geochronology[ J]. Acta Geologica Sinica, 96(1); 104
~122(in Chinese with English abstract) .

LiY, LiJ W, Li X H, et al. 2017. An Early Cretaceous carbonate
replacement origin for the Xingiao stratabound massive sulfide depos-
it, Middle-Lower Yangtze Metallogenic Belt, China[ J]. Ore Geolo-
gy Reviews, 80: 985~1 003.

Li Y and Li X H. 2023. Quartz for all time[ J]. Nature Geoscience, 16
(2): 112.

LiY,PanJY, WuL G, et al. 2023. Transient tin mineralization from
cooling of magmatic fluids in a long-lived system[J]. Geology, 51
(3): 305~309.

Ling X X. 2022. Zircon ZS - A homogenous natural reference material for
U-Pb age and O-Hf isotope microanalyses[ J]. Atomic Spectroscopy,
43(2) . 134~144.

Liu Haichen, Zhu Bingquan, and Zhang Zhanxia. 1998. LAM-ICPMS
method for dating single zircon[ J]. Chinese Science Bulletin, 43
(10) :1 103~1 106 (in Chinese with English abstract) .

Liu S H, Hu Z C, Giinther D, et al. 2014. Signal cnhancement in laser
ablation inductively coupled plasma-mass spectrometry using water
and/or ethanol vapor in combination with a shielded torch[ J]. Jour-
nal of Analytical Atomic Spectrometry, 29(3) : 536~544.

LiuY S, HuZ C, Gao S, et al. 2008. In situ analysis of major and trace
elements of anlhiydrous minerals by LA-ICP-MS without applying an
internal standard[ J]. Chemical Geology, 257(1~2); 34~43.

LiuY, Li X H, Li Q L, et al. 2020. Breakthrough of 2- to 3-pm scale
U-Pb zircon dating using Cameca IMS-1280HR SIMS[ J]. Surface
and Interface Analysis, 52(5) : 214~223.

Love D A, Clark A H, Hodgson C J, et al. 1998. The timing of adularia-
sericite-type mineralization and alunite-kaolinite-type alteration
Mount Skukum epithermal gold deposit, Yukon Territory, Canada;
40 Ar-* Ar and U-Pb geochronology[ J]. Economic Geology, 93(4) :
437~462.

Lovera O M, Grove M, Mark Harrison T, et al. 1997. Systematic analysis
of K-feldspar “*Ar-* Ar step heating results: 1. Significance of acti-
vation energy determinations [ J ]. Geochimica et Cosmochimica
Acta, 61(15): 3 171~3 192.

Lu Songnian and Li Huimin. 1991. A precise u-Pb single zircon age
determina-tion for the volcanics of dahongyu formation, Changcheng
system in Jixian[ J]. Acta Geoscientica Sinica, 12(1): 137~ 146
(in Chinese with English abstract) .

Ludwig K R. 1980. Calculation of uncertainties of U-Pb isotope data[ J].

Earth and Planetary Science Letters, 46(2) ; 212~220.

Ludwig K R. 1998. On the treatment of concordant uranium-lead ages
[J]. Geochimica et Cosmochimica Acta, 62(4) : 665~676.

Luo T, HuZ C, Zhang W, et al. 2018. Water vapor-assisted “universal”
nonmatrix-matched analytical method for the in situ U-Pb dating of
zircon, monazite, titanite, and xenotime by laser ablation-inductively
coupled plasma mass spectrometry [ J ]. Analytical Chemistry, 90
(15):9016~9 024.

Maksaev V, Munizaga F, Mcwilliams M, et al. 2004. in Andean metal-
logeny: New discoveries, concepts and updates[ C]// Sillitoe R H,
Perello J and Vidal C E. Society of Economic Geologists, Special
Publication 11, Boulder, 15~54.

Matsuda H. 1974. Double focusing mass spectrometers of second order
[J]. International Journal of Mass Spectromeiry and Ion Physics, 14
(2):219~233.

Mattinson J. 1971. Preparation of ultra-pure HF, HCI, and HNO; [ J].
Carnegie Inst Washington Yearbook, 70; 266 ~268.

Mattinson J M. 2005. Zircon U-Pb chemical abrasion (“CA-TIMS”)
method ; Combined annealing and multi-step partial dissolution analy-
sis for improved precision and accuracy of zircon ages[ J]. Chemical
Geology, 220(1~2) : 47~66.

McLean N M, Bowring J F and Bowring S A. 2011. An algorithm for
U-Pb isotope dilution data reduction and uncertainty propagation[J].
Geochemistry, Geophysics, Geosystems, 12(6) : QOAA1S.

McLean N M, Condon D J, Schoene B, et al. 2015. Evaluating uncer-
tainties in the calibration of isotopic reference materials and multi-
element isotopic tracers ( EARTHTIME Tracer Calibration Part II )
[J]. Geochimica et Cosmochimica Acta, 164. 481~501.

Neymark L. A, Holm-Denoma C S, Pietruszka A J, et al. 2016. High
spatial resolution U-Pb geochronology and Pb isotope geochemistry of
magnetite-apatite ore from the pea ridge iron oxide-apatite deposit,
St. francois mountains, southeast Missouri, USA [ J]. Economic
Geology, 111(8): 1 915~1 933.

Nier A O. 1938. Variations in the relative abundances of the isotopes of
common lead from various sources [ J]. Journal of the American
Chemical Society, 60(7): 1 571~1 576.

Nier A O. 1939a. The isotopic constitution of uranium and the half-lives
of the uranium isotopes. 1 [J]. Physical Review, 55(2): 150 ~
153.

Nier A O. 1939b. The isotopic constitution of radiogenic leads and the
measurement of geological time. I [ J]. Physical Review, 55(2) :

153~163.

Nier A O, Thompson R W and Murphey B F. 1941. The isotopic constitu-



552 1

RAETE ., ID-TIMS Sk EE U-Pb 4ER2F1 & B 395

tion of lead and the measurement of geological time. T [J]. Physi-
cal Review, 60(2): 112~116.

Parrish R R. 1987. An improved micro-capsule for zircon dissolution in
U-Pb geochronology[ J]. Chemical Geology: Isotope Geoscience sec-
tion, 66(1~2): 99~102.

Patterson C, Tilton G and Inghram M. 1955. Age of the earth[J]. Sci-
ence, 121(3 134): 69~75.

Peng Zicheng and Kwak L. 1986. Determination of Pb isotopic ratios and
trace U, Th, Pb concentration of basalts[ J]. Rock and Mineral
Analysis, 5(2): 121~125(in Chinese with English abstract).

Qiu Z J, Fan H R, Goldfarb R, et al. 2021. Cobalt concentration in a
sulfidic sea and mobilization during orogenesis: Implications for tar-
geting epigenetic sediment-hosted Cu-Co deposits[ J]. Geochimica et
Cosmochimica Acta, 305: 1~18.

Razique A, Tosdal R M and Creaser R A. 2014. Temporal evolution of
the western porphyry Cu-Au systems at reko diq, balochistan, west-
ern Pakistan[ J]. Economic Geology, 109(7): 2 003~2 021.

Robert J, Miranda C F and Muxart R. 1969. Mesure de la période du
protactinium 231 par microcalorimétrie [ J]. Radiochim. Acta, 11
(2): 104~108.

Romero B, Kojima S, Wong C, er al. 2011. Molybdenite mineralization
and re-Os geochronology of the escondida and escondida Norte porphy-
ry deposits, northern Chile[ J |. Resource Geology, 61(1): 91~100.

Russo R E; Mao X L, Gonzalez J J, et al. 2002. Femtosecond laser abla-
tion ICP-MS [ J]. Journal of Analytical Atomic Spectrometry, 17
(9):1072~1075.

Rutherford E and Soddy F. 1902. XLI. The cause and nature of radioac-
tivity: Part I[J]. The London, Edinburgh, and Dublin Philosophi-
cal Magazine and Journal of Science, 4(21): 370~396.

Rutherford E. 1899. VIII. Uranium radiation and the electrical conduc-
tion produced by it[ J]. The London, Edinburgh, and Dublin Philo-
sophical Magazine and Journal of Science, 47(284) . 109~ 163.

Rutherford E. 1900. 1. A radio-active substance emitted from thorium
compounds[ J]. The London, Edinburgh, and Dublin Philosophical
Magazine and Journal of Science, 49(296) : 1~14.

Rutherford E. 1903. Radioactive change [ J]. Philosophical Magazine,
5: 576~591.

Rutherford E. 1929. Origin of actinium and age of the earth[ J]. Nature,
123(3 096) : 313~314.

Schaltegger U, Brack P, Ovtcharova M, et al. 2009. Zircon and titanite
recording 1. 5 million years of magma accretion, crystallization and
initial cooling in a composite pluton ( southern Adamello batholith,

northern Ttaly ) [ J]. Earth and Planetary Science Letters, 286

(1~2).208~218.

Schoene B and Bowring S A. 2006. U-Pb systematics of the McClure
Mountain syenite; Thermochronological constraints on the age of the
“Ar/¥ Ar standard MMhb [ J]. Contributions to Mineralogy and
Petrology, 151(5) : 615~630.

Schoene B, Crowley J L, Condon D J, et al. 2006. Reassessing the ura-
nium decay constants for geochronology using ID-TIMS U-Pb data
[J]. Geochimica et Cosmochimica Acta, 70(2) : 426~445.

Schiitte P, Chiaradia M, Barra F, et al. 2012. Metallogenic features of
Miocene porphyry Cu and porphyry-related mineral deposits in Ecua-
dor revealed by re-Os, “*Ar/*Ar, and U-Pb geochronology [ J].
Mineralium Deposita, 47(4) : 383~410.

Sillitoe R H and Mortensen J K. 2010. Longevity of porphyry copper for-
mation at quellaveco, Peru[ J]. Economic Geology, 105(6): 1 157
~1162.

Soddy F. 1910. Radioactivity [ C ]//Annual Reports on the Progress of
Chemistry, Vol. 7. The Chemical Society, London, 257 ~286.
Soddy F. 1913. Radioactivity [ J]. Annual Reports on the Progress of

Chemistry, 10; 262.

Stein H J, Markey R J, Morgan ] W, et al. 2001. The remarkable Re-Os
chronometer in molybdenite; How and why it works[ J]. Terra Nova,
13(6) ; 479~486.

Stein H, Markey R, Sillitoe R, et al. , 2002. Defining the lifespan of a
Giant Porphyry Cu Deposit: Re-Os Dating at Los Pelambres, Chile
[J]. Geochimica et Cosmochimica Acta, 66( Supplementl) : 738.

Tera F and Wasserburg G J. 1972. U-Th-Pb systematics in three Apollo
14 basalts and the problem of initial Pb in lunar rocks[ J]. Earth and
Planetary Science Letters, 14(3) : 281~304.

Tilton G R. 1960. Volume diffusion as a mechanism for discordant lead a-
ges[ J]. Journal of Geophysical Research, 65(9): 2 933~2 945,

Tilton G R, Patterson C, Brown H, et al. 1955. Isotopic composition and
distribution of lead, uranium, and thorium in a Precambrian granite
[J]. Geological Society of America Bulletin, 66(9): 1 131.

Tu Jiarun, Cui Yurong, Zhou Hongying, et al. 2019. Review of U-Pb
dating methods for cassiterite[ J]. Geological Survey and Research,
42(4) . 241~249(in Chinese with English abstract) .

Tu JR, Xiao Z B, Zhou HY, et al. 2019. U-Pb dating of single-grain u-
raninite by isotope dilution thermal ionization mass spectrometry[ J].
Ore Geology Reviews, 109: 407 ~412.

Valley J] W, Cavosie A J, Ushikubo T, et al. 2014. Hadean age for a
post-magma-ocean zircon confirmed by atom-probe tomography[ J].
Nature Geoscience, 7(3): 219~223.

Vermeesch P. 2018. IsoplotR: A free and open toolbox for geochronology



396 F=

PR N 7/ B /S

i 44 3%

[J]. Geoscience Frontiers, 9(5) : 1 479~1 493.

Verts L A, Chamberlain K R, Frost C D. 1996. U-Pb sphene dating of
metamorphism ; The importance of sphene growth in the contact aure-
ole of the Red Mountain pluton, Laramie Mountains, Wyoming[ J].
Contributions to Mineralogy and Petrology, 125 186~ 199.

von Quadt A, Emi M, Martinek K, et al. 2011. Zircon crystallization
and the lifetimes of ore-forming magmatic-hydrothermal systems[J].
Geology, 39(8): 731~734.

Wang Denghong, Chen Yuchuan, Chen Wen, et al. 2004. Dating the
Dachang giant tin-polymetal lic deposit in Nandan, Guangxi[J].
Acta Geologica Sinica, 78 (1): 132 ~ 138, 146 (in Chinese with
English abstract).

Wang Fangyue, Ge Can, Ning Siyuan, et al. 2017. A new approach to
LA-ICP-MS mapping and application in geology[ J]. Acta Petrologi-
ca Sinica, 33 (11): 3 422 ~3 436 (in Chinese with English ab-
stract ) .

Wang Songshan, Wang Yuanqing, Hu Huaguang, et al. 2001. Survival
age of vertebrates in sihetun, western Liaoning: Evidence of zircon
U-Pb age[ J]. Chinese Science Bulletin, 46(4) ; 330~333(in Chi-
nese) .

Wang Wei, Chu Zhuyin, Li Chaofeng, et al. 2020. High-precision Ph
isotope ratio determination of zircon by multi-ion counter TIMS with
multi-dynamic collection method[ J]. Earth Science, 45(6): 1 977
~1 985(in Chinese with English abstract) .

Wang Xiuli, Li Xianghui, Wang Fang, et al. 2006. Single-grain zircon
evaporation 2"’ Pb/*®Pb dating method with static measurement mode
[J]. Rock and Mineral Analysis, 25(3): 201 ~ 205 (in Chinese
with English abstract) .

Wasserburg G J. 1963. Diffusion processes in lead-uranium systems[ J].
Journal of Geophysical Research, 68(16) : 4 823 ~4 846.

Wetherill G W. 1956. Discordant uranium-lead ages, I[J]. Eos, Trans-
actions American Geophysical Union, 37(3) : 320~326.

Wetherill G W. 1963. Discordant uranium-lead ages: 2. disordant ages
resulting from diffusion of lead and uranium[ J]. Journal of Geophys-
ical Research, 68(10); 2 957~2 965.

Woodhead J D, Hellstrom J, Hergt ] M, et al. 2007. Isotopic and ele-
mental imaging of geological materials by laser ablation inductively
coupled plasma-mass spectrometry[ J]. Geostandards and Geoanalyt-
ical Research, 31(4): 331~343.

Xie LW, Xu L, Yin Q Z, et al. 2018. A novel sample cell for reducing
the “Position Effect” in laser ablation MC-ICP-MS isotopic measure-
ments[ J |. Journal of Analytical Atomic Spectrometry, 33 (9):
1571~1578.

Xie L W, Yang J H, Yin Q Z, et al. 2017. High spatial resolution in situ
U-Pb dating using laser ablation multiple ion counting inductively
coupled plasma mass spectrometry ( LA-MIC-ICP-MS) [J]. Journal
of Analytical Atomic Spectrometry, 32(5) : 975 ~986.

Xie Liewen, Zhang Yanbin, Zhang Huihuang, et al. 2008. Simultaneous
in situ determination of zircon/baddeleyite U-Pb and Lu-Hf isotopes
and trace element compositions [ J]. Chinese Science Bulletin, 53
(2):220~228(in Chinese).

Xu Ronghua. 1989. The single zircon u-Pb dating method[ J]. Acta Pet-
rologica Sinica, 5(2): 88~94(in Chinese with English abstract).

Yan Xin, Chu (ZheZhuZhuo) (Yin), Sun Min, et al. 1998. Attempt to
determine *"Pb/?®Pb in zircon microzone by laser probe plasma
mass spectrometry[ J]. Chinese Science Bulletin, 43(19); 2 101~
2 105(in Chinese).

Yuan H L, Gao S, Dai M N, et al. 2008. Simultancous determinations of
U-Pb age, Hf isotopes and trace element compositions of zircon by
excimer laser-ablation quadrupole and multiple-collector ICP-MS
[J]. Chemical Geology, 247(1~2): 100~118.

Zhao Yuting, Li Ziying, Guo Chunying. 2021. Metallogenic chronology of
Wengquangou Fe-B-U deposit in Liaoning[ J ]. Uranium Geology, 37
(3): 433~445(in Chinese with English abstract).

Zhong Y T, Mundil R, Xu Y G, et al. 2017. Development of CA-ID-
TIMS zircon U-Pb dating technique at Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences[ J]. Solid Earth Sciences,
2(2): 55~61.

Zhou Hongying and Li Huimin. 2011. U-Pb isotope dating technique and
potential prospects for applying in geology[ J]. Geological Survey and
Research, 34(1): 63~70(in Chinese with English abstract).

Zimmerman A, Stein H J, Morgan ] W, et al. 2014. Re-Os geochronolo-
gy of the El Salvador porphyry Cu-Mo deposit, Chile: Tracking ana-
lytical improvements in accuracy and precision over the past decade

[J]. Geochimica et Cosmochimica Acta, 131; 13~32.

Bt e 32 228 STk

GV, AR, AR, 4. 2002, L7 58 P57 E
KAIARE U-Pb F1 Sm-Nd 8 RO R & ()], A A%

i, 18(3): 349~354.

fEER, YFRA, BE O, 45 2016, EBARAS IS BRI 45 4 CA-ID-
TIMS U-Pb @B 4F 7 [J]. BR240Edk, 61(10): 1 121~
1129.

AR, VRRAR, WRBRDR, 5. 2022, SERMELRSAALIE Pb-P U-U



552 1

KBS, ID-TIMS EHEE U-Pb 4R & 397

T ) B R 485 1 ID-TIMS U-Pb 25 k5 BE AR W I 52 71 1].
T2, 38(12) : 3 695~3 702.

fER 2, 22585, A €. 2009. LA-MC-ICP-MS 57 i X 547 U-Pb
SEAEHEAR[T]. BRHLET, 28(4) : 481~492.

HR. 1997, WORLES A AT RO R b BTAR IR E [ ST
FE TR 7 AT AREE. DZ/T 0184.3-1997.

R, 58, JRAIIE, A 2024, A Al - HE AR AR AL 2 AR IR B

LB B [ ST, e A RILF E S 7= A5 bR . DZ/
T 0184, 2-2024.

kA, 25 3, BRar, % 2022, R RHRER SRS &
JREA[1]. M, 96(1)

. 1997, S B A1 AR ) (32 26 3 R 4 I 7 [ S .
HE R BT 747 bR iE. DZ/T 0184.2-1997.

XIERL, RAGIR, KA. 1998. LAM-ICPMS i A T B0k 4% A &2
AERFSEL )], BhEEEAR, 43(10) 1 103~1 106.

REFAAE, ZRE0R. 1991, @] B IR R K LLUR 4 Sl 1 SR
U-Ph IR MR AR )], HBERAIR, 12(1) .

T, Kwak L. 1986, % a4 v 4% Il 437 38 #0630 o A L 475 09 0

[J]. AWML, 5(2): 121~125.

BRI R AW, 2571k C 1, B IL, 45, 1960. OCT 4 4ax)
FERBITHEL)]. HBRE (3):

WFRM, BER, A%, % 2019, B4 U-Ph EAFE T IEER]T].
TR A ST, 42(4)

TBL, I, RS0, % 2004 JTRERESER) T RS £ 4R
B RE B CLT]. MR, 78(1) -

TEER, B R, TR, & 2017, —DHE W3

A R

104 ~122.
N

137~ 146.

111~121.

241~249.

132~138, 146.

TR =R 1], AA%E, 33(11) ;3 422~3 436.
EL, FEIOT, BIfEE, & 2001, 307G PYE T A HESh ) A AEHC
BiA U-Ph 4ERIEAR )], Bz, 46(4) . 330~333.

Foofl, B, e, 4 2020, 2 TR SIS Z BT
BEA Ph AL 3 L moRs B T IR [T]. M ERBLE, 45(6) .
1977~1 985.

FHEW, A, T35, 4. 2006, A7 300 PR 4 7E
KRR EFTE[T]. A, 25(3) @ 201~205.

RS, SR, TRMERL, 25 2008. 85 /#HE5 A U-Pb A1 Lu-Hf [7]
R UL R e ST R A i R AL (0] BRAEaR, 53(2)
220~228.

1989. foft ik S UKL ES 4 U-Ph B4R IR [T]. A 124,
5(2): 88~94.

Wk, BEEER, PN L, % 1998, HOGHEN SR FORRIA S A
X Ph/ 2 Ph W E 2 [, BHrEdR, 43(19) .
2 105.

HAETE, Aok, ITok R 1997, WURLES A Y U-Ph EAE T IR BT
[J]. kiR, 18(HETI) . 280~282.

WD, X, THF. 1997, RO R HbFAR G AT k[ S]. ik
B IEFIE BT ATk b ifE. DZ/T 0184-1997.

BWFE, BT, BWHEE. 2021, ILTHRIBK-T-T KRG 4R
ZEWEE[T]. BT, 37(3) ; 433~445.

MG 2004, 4 PHARIE ) + 75 B4 09 162 Lo o I 5 5[ C
WEAAETI(15). dbat SCih i, 243 ~268.

JRLrSE, Z2HR. 2011, U-Pb [6) {2 36 28 4F Fo AR K 3tb 7 1 W g
[J]. WpiiHE S5, 34(1) : 63~70.

Vro .

2 101 ~

21/ %





