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WE  BOtR B RAEFE TS (LA-ICP-MS) 77 #ft H U-Pb & 4 & — 0 7 2% W 3 it 48 (X3 77 i, Rk —
FP xR E AT EA MONEANE. BT ABEFUMPLEER, RABRBERV R TELRBLEE T
R Ji 3% PL(SF-ICP-MS) bb I8 A% AT B &% 48 & 4 B T4 Ui PL(Q-ICP-MS) £ A ft #. # % K I % T Thermo Element
XRE! 5 HISF-ICP-MST 2%, 4% AlJet+ X4 4 AN, G G A B, UFPbII R E & f&. BB RHETNEAL K E
R TR, T R S A A T (<110pm) IR U< 1 pg g 2 Pb(tn<10Ma) 4 B A & g
Z MK, % FNIST SRM 614, ARM-3F1WC-13% = A5 47 5t & 1, 78 908 5 3E85um A 68 8 5 £ ~2.0] cm 8
£, BEEF M AP U AT B2 (<2.2%). ERENEBEAET, RSN T A% AW #EL
U-PbAR/E 47 i(WC-1. Duff Brown Tank. JTFASH-15). % £ 5 € % & 09 Bl & B #H 8 E A i (ID-TIMS) ¥ &
A A, BAET Ak M. AR E — B IR, & TLA-ICP-MS = %4 7T % R 45 R4 By e BURE & 2 48 XI5 7T 42
& 7 48 A U-PbE £ 1 k1 &

XH#A H A U-PbER ¥, SE-ICP-MS, LA-ICP-MS, & Z 40, Jet¥ t 4

1 B3 PIBGT FE (Roberts%, 2020). J5 A e it #E dr, &
(A (U AT BLEN T A, A RO — B 7E [ U-PbsE

T AR R AEFNR AW, AT DATE 22 i i o 24 X R (Moorbath®, 1987; Smith%, 1991; JahnAflICu-
R, BRERCESRE. EMER. A DA vellier, 1994; Woodhead%s, 2006). J7fi# A1 U-PbiEAR 2%

P35 AR 2k, HIE, Roberts N M W, B8, 3, il WAL, 22K 3, VFES, B0, WRUSC, Ailbig, 246 T, 2022, i R - BB U LA-SF-
ICP-MS AL AT U-PosE 4. Hh ERL 2 HEREHE, 52, doi: 10.1360/N072021-0165
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TE W 20 M 2 TR A ORI N AT, 0 AU
(Woodhead%%, 2006, 2012; WoodheadFIPetrus, 2019;
Kurumada%s, 2020). JTF%(Drost%, 2018; Montano
25 2021) CAAEA(SmithZ:, 1991). WiZEHR(Ro-
bertsFlWalker, 2016; Goodfellow4s, 2017; Nuriel4s,
2017; Hansman%%, 2018; Parrish%, 2018; YangZ%¥,
2021)s FH i FE(Burisch¥, 2017; Shens, 2019; Pan
25, 2020) A K 0K 18 F5 (HoldsworthZ, 2019; Rochelle-
Bates®¥, 2021)5F. 577 A1 U-PbsE 4 F 2234 T [F f7
FMBLID), AR5 A AR B B (TIMS ) 2 2 i
FHL R A 45 B T8 5 15 (MC-ICP-MS) 3£ 47 I 52 (Moor-
bath%%, 1987; Smith%%, 1991; JahnFlCuvellier, 1994;
Woodhead%, 2006). SR1, X Fh 73 H 775 FE G, 752
FE bV R LS URIPb AL 22 0 B85 s iR 22, A
EAHTEREARRBAES, BIFEaRa 2
ASER

H Ok L RS 5 55 5 1A 5T (LA-ICP-MS)
TN T A T 5 A IS5 P U-Ph g 4F LUK (LIS,
2014), EZEARCAEZA LI EF2] 7 HE F R H
(Coogan%s, 2016; RingFflGerdes, 2016; Goodfellow?¥,
2017; Drost%%, 2018; Pagel%:, 2018; Parrish%:, 2018;
Yokoyama%¥, 2018; Woodhead flPetrus, 2019; Cheng%s,
2020; Guillong%¥, 2020; KurumadaZf, 2020; LuoZs,
2020; Pan%%, 2020; Hoareau?%, 2021; Yang%¥, 2021). 5
ID-TIMS/MC-ICP-MSAH L, LA-ICP-MSH A % [a] 73 #%
B TR BEIRAEA AL, BETROETS BIU-POLL(E B3
BRI K ERAE. R, HEAUSETERIK, Ro-
berts®(2020) i & 1 54F >k H 78 SEAG % R IR £ )
FJURIPb & 4 HE, URIPbE = -F31E 7 75 8 1.9F1
0.003pg g ' Rk, A0Sl R AR (ICP-MS
{X %%, WISF-ICP-MS: Thermo Element 2/XR. Nu Plas-
ma 3FINu Attom ES(Li%%, 2014; Roberts®, 2017;
HansmanZ¥, 2018; Guillong%, 2020; Hoareau%%, 2021).
Thermo Element XRS5 HSF-ICM-MSH] L & 5 R K
FEJeURAFEHEFNXACHUHE, /30 R BB — D4,
HET S 20 Hroks B (Hu%:, 2012; HeZ%, 2018; WuZk,
2018; GuillongZs, 2020; WuZ%, 2020a; YangZs, 2020; 1
%%, 2021). Yokoyama5(2018) ¥ ¥R 7T 1 JethfE FIX
HEfFNeptune Plus MC-ICP-MSAX %% b JF & J5 fifi 47 U-
PoE FAEOL. HH TAXES AR, A FEACES A
[FHE SR T REAN—HE. B A v AR W E i JetdE

2

FIXHELE Element XRAX 2% IT & 7 i A1 U-Pb g £F 1) TAE.
AR T =R A (S+H. Tet+HAFNJet+X)7E
IS IAN AR IIN, 26 A R X URIPh R BUE 52, I &
GiVEAL T =ANFRAEYFR(NIST SRM 614, ARM-3 A1
WC-1) IO ™ Po/  UBh & M s ot SR —&
Al I AL S S H Jet- X AR I /D EN,), AHF 7
M T WUASH BT 8 A7 U-Pb E SEARHEY) R (WC-1.
Duff Brown Tank. JTHIASH-15), GiE T #raf il K
ARM-3 % 11 Y B AR v 4 5 AT T 7 A A 170 P/
2P b AE I, RN, 3E—4BE B T LA-ICP-MS — 4
T3 UG AR Bl e BURE ot 4 X3l P A 2 o 4
BRI, AN T EESE A R 43 B s Ta) A AR &

2 MEMETTE
2.1 KM

AR FILAE NS, BFE2ANEERR Sh I br
YOI AN AN T7 A U-POAE RS bRIEED . 2238 DX IX L
FREVI T T RSt MERAE T/EJochum?%, 2011; Ro-
berts%, 2017; Wu¥, 2019, 2021; Guillong%¥, 2020). 3%
L T oM tED I (R R4 S S

2.1.1 NIST SRM 614

AR N LA RN ES S b e i, Hof
BT E S EE0.8~3.0ug g (Jochum?Zs, 2011). £ %L
%35 SR HINIST SRM 61442 iIE 77 il £ Pb/ > Po > Pb/
PO BRI, B IRIZ I LR B B R T T
A, AR R o AN [R A4 10T Pb/ P U AR A LB
#1418 (GuillongZs, 2020; RobertsZE, 2020).

2.1.2 ARM-3

ZRE SR R I 2 LA SRR Y R, o E
TEGRNSuge . SERTRIANR BB AR X 54
Fh 3 B E T RIAT 7 RAE(WuEE, 2019). ik,
WuZE(2021) 8 F — R 5 5 102 bR HE ) 5 11 2 A [H)
A& EEAE(Lis By Siv O. Mg. Sr. Nd. HfRIPb[A]
L Z)HEAT T RAE. AL TR A ARM-3K 1E 77 fi#
£7Pb/ Pt dE F B

213 WC-1
AR R IR T R R EEY), RN kg A B
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F 1 AUE I BIRERR EL I Ph-POAR Y BRI B % A U-PbE S AR EYI R

=N
B BRI PR =ZACH R Ma)  ANHEE (Ma) (Egng%) RIEEAR 2 R
NIST SRM 614 G465 377 - - - 0.823 ICP-MS Jochum%&, 2011
ARM-3 ZIE P - - - 3.75 ICP-MS Wu%, 2019
. R ] PG 7 i A o
WC-1 WEAR T A %ﬁi ﬁ/“’ S 254 6.4 ~5 ID-TIMS Roberts®%, 2017
EORCITE
% [E WA INEIES
Duff Brown K %Eg Jifw HRHF 64.04 0.67 5~20 ID-MC-ICP-MS  Hill%%, 2016
B i S
JT-1 Vi) el AR A A 13.797 0.031 ~0.5 ID-TIMS  Guillong%%, 2020
X DL B E N i RV .
ASH-15D Ji fRAT VTR 7 2.965 0.011 2~5 ID-TIMS Nuriel &, 2021

H &4 (Capitanianf/") = VHERN, FIET B2 AR
G K, R ERAEAT T PG A 5 5 T M R L AR 7 v
] B T2 A5 ik . WC-1HIID-TIMS  U-Pb4E# Ay
(254.4+6.4)Ma(2s), JEUH I Pb & & 985~98%(Ro-
bertsZ, 2017), U%r& Nspg g ' /id. WC-142 H i
—— NEYHRAE . FETZ 50 K T LA-ICP-MS SR =
J7 AT U-Pb e SEARED .

2.1.4 Duff Brown Tank

ZFE & AEDuff Brown TankX£Ef(], Duff Brown
Tank )22 & i LM DA R KA RD B A S
Long Pointfi K% HJZ. Long Pointfi KA & — M T
STV 1) 3 S M 1 307 6 b 60k Ak R B JE ¥ s R _E
7 A £ 23 2R AR TR B 0. Duff Brown TankfID-
MC-ICP-MS U-Pb4f i 4(64.04+0.67)Ma(Hill %,
2016), US - H5-20ug g~

215 JT

AN TT A K, R T AR R A 7
HFIERES AL, 7= T =& GtMushelkal kiU &t A .
JTR 7 A K ) — 0 53, 1Mk I 5 Pk 20 e g R T
T i 110 5 S T P A 32 70 SR o T = A K. JTHYID-
TIMS U-Pb4E# N (13.797+0.031)Ma(Guillong%,
2020), UE&N0.5ug g KA.

2.1.6 ASH-15

AR H CLES R 3 PN 55 0B 30 ) s 40
Ashalimii 7¢. I 7N H A 414m, A7 T i 5

ARF§67kmik. ASH-15AKBATUA AT IEID-TIMS
U-Pb4EH#4 4(2.965+0.01 1)Ma(Nuriel %, 2021), &&id
7 fRATU-POE SEARIEY R, H AT CEIE ) LA =
BB TR, HHTHBE R POE &K, FUIbTR
BK v RABAL 2% (SF-ICP-MSE{MC-ICP-MS )33k 47 ]
. ASH-15HIU S &1 H 2~5ug g7

2.2 LA-Q-ICP-MS %0 %

LA-VYHRFF(Q)-ICP-MS —4E(2D) It K Hifg 73 Hr 2
8 R e 5T 5 o R BRI 5 T (IGGCAS) #EAT
(0. B e i 4% i B AR 2. 5081 .25 om R R AU i
B IR BRI . R S CE T Hel Ex-T1
WOERphith, KA Photo Machine Analyte G2 193nm
ArFUES T ORIl R Gt (Teledyne CETAC, Omaha,
USA) 5 Agilent 7500a Q-ICP-MS(Agilent Technologies,
Santa Clara, USA)IFHFILA-Q-ICP-MSHEHTIIA. K
#*Mg. *’Si. ¥Ca. Mn. Fe. “Ga. *’Rb.
88SI’\ 9OZI\ 137Ba\ 139La\ 140C6\ 141PI‘\ 146Nd\
]47811’1\ 153Eu\ ISSGd\ ]59Tb\ ]63Dy\ 165H0\ 166EI\
169Tm\ 173Yb\ 175Luu&206Pb\ 207Pb\ 208Pb\ 232Th
FIPSURISLZR 5 SR, SO 3 i 2 A g 3
S¥HI15HZFI~2.0] em™, BWOGHI PR BEA50um, 2R
A58 940~50pm s~ K FINIST SRM 614FIARM-
3 NI R T B AR HEY R, S EE Jochum
Z(011)AWuEE(2019). K Tolite A H () “Trace_E-
lement DRS”FI“¥- ¢ & K HET L, TR TR G E. &
Tlolite vAFR AR A= i — 4t 7t 2% BIZ (Paul 5%, 2012; Petrus
&, 2017). R2ILAE TGRS EFIEA S 4L
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2.3 LA-SF-ICP-MS U-PbE4H

LA-SF-ICP-MS JiE A7 J7 fi# A7 U-Pb jE 4F-1E 1 B 2
Bt H J53 5 3 Bk BEAHE 7T T IGGCAS) AT ). R H
Photo Machine Analyst G2¥t3|1h & 4t 5 Element
XR(Thermo Fisher Scientific, Bremen, Germany)Hk
fJLA-SF-ICP-MS. Element XRP: %% 1 K 43#E T-22(On-
Tool Booster 150, Asslar, Germany), AJ{i FH &1 ftJet
REEHE. ArA R N BN, AT R R, JF
PR = R (HuZs, 2008). AR T =FAH
(R4EZH & (S+H . Jet+H A Tet+X) ZE 7R I A1 A R NN, 2%
PERXFURIP R IR, D 7RI R % R fE, s
B0k FE AR AR T A BRI (WuE, 2020b). SR T £z
BN, G B AP (O F F ikt 5 ), FHMKS
GES507it f #%(Coastal instruments, Burgaw, NC, USA)
XN, HEA T .

SEEGAE A H A T 31T, 60~80F T 2N — A
STE. BRI ESSI T USSR 25sIFIh
55 R UL R 30s TS V. Bl RAEL R F, KRBk
7 AP Hg **(Hg+Pb). **Pb. *”’Pb. **Pb.
PETRAP UL B3R, SRR I 18] 050.27s, B4
AT IEHEAT 130U, ST AR AR, R A4
T s 4H AP SNIST SRM 614, B NARM-3F1=ANJ7
FRAARAEVI W C-1. BN R FIRE it HEAT30~40 5170 HT.
05 fRA AR EY) FiDuff Brown Tank. JTAIASH-15#41
DNARFNRE . FEAN AN S B S TR 2.

<« %A S EENEERS
038 EE7E0.85 (287.8+5.7)Ma
MSWD=2.8
e RIEGFEL
; (254.8+5.4)Ma
— \MSWD=3.5
Q0
&
5 o BRERF
0.2
0.0

0 < 8 12 16 20 24 28
238| ) /208Ppy

H kb3 )5 1% S5Roberts%:(2017) RingfGerdes
(2016)~ Hansman%(2018)FINuriel5(2021)28 4, X B
R ENA. KHICP-MS R IAEHE (A 515 T 5mE
) F A\ Fllolite 3.74bFRF AT (PatonZs, 2011). Zi—
A, KHINIST SRM 6141 bR #EY) 5 Fl Visual Age 2 5
AbFE S (Petrus FlKamber, 2012), 114 H*"Pb/*"°Pb
F2Po/ PP UL B e W A E . R Patons
(010) iR (7515, FETFNIST SRM 6147315 h £ %}
WC- LR HABRE 5 197 Po/ UM AT IR IE. 365 — 4,
K F 5 A4 U BC (9 W C - 1 b #E 9 J5 3 — 2B A% OF 7 il
F2UP PO LA (1 R Gifm 2. 3X — 4 & 7EMicrosoft
Excel 1 5E B 1. B BIR T J5 il A M BdE e 3 75 7. 18
AN ] 43 AT ) 1) B PN A2 1 TR BT A8 40 (1 L3671 1)
). £dE FH IsoplotRE A3 AT H Bl (Vermeesch, 2018).

3 #iREitie
3.1 WOLHIIE R BRSO

6 6 Z 43 18 (Laser induced element fractio-
nation, LIEF) & S A Bl 0GR T 8] 3G i, Pb/U ELAR )
A (Jeffries, 1998; JeffriesZ, 2003). LIEF 2 M U-
PbE T LI R BN R 2 — . (HAE B IR, AN AL
U2 FILIEF AT BeANAH R, I HLIEFth 2 BEEOES
A8 M A2k (Paton’, 2010). I8 AR AR HEY) 52
KA IE IR Fh 0 4318 % B (Woodhead 1 Petrus, 2019).

310[ 25T TEA)
300
290 1

280

77 RERS
11313

TRREE(Ma)

260

250 i

ID-TIMSE#5

240

Bl 1 F##AU-PbiE R < 5 B SR BE
LA Tera-Wasserburg & JE A EF R, b R AG IEARIR S 38 R FANIST SRM 6 144 AasAE Y IR 15 1E 43 31 17 P2 Po AP U PO, SR
Tolite# 4 FMicrosoft Excel S IURHE SRS, 44~ F Idh4T 7250032 401, BIEFRF AR 1.063~1.189. K IEFEFANIST SRM 6141

NFRHEY) BT AR B ARG 5 ID-TIMSHERZ 8 2 [ 2 R 4K
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#£ 2 LA-(Q, SF)-ICP-MS 4 T & BB fU-Pb EE B2 5 #

ZHE R U-PbELE
B MmAS
x5S Photon Machines Analyte G2 Photon Machines Analyte G2
WOLR b L5 HelEx F9dijth HelEx | ihith
Ol N 193nm 193nm
WGk ~5ns ~5ns
e ~3Jem™ ~2J em™
F kg e 158%20Hz 8Hz
WL B 50um 85H1110pm
RAFEAR LR RS 40~50m s BRIk, PSSO Bk v 7 ) ol
WA (He) ~0.75L min”" ~0.75L min™"
R ] SRR A 1 A 30s
ICP-MS
x5} S Agilent 7500a Thermo Element XR
RFYH 1350W 1320W
1B ik FAi FH B
RFEHE #LAT1001-Ni FRUEHE . Jet 4
AL HE £ AT1002-Ni H#E. X
A HI S (Ar) 15.00L min™' 15.00L min™"
B S E (Ar) 0.80L min”" 0.80L min™"
WAFIE(Ar) 1.15L min™" 0.95L min™"
S e 325 S S+H: 4mL min”;
S UATRIEN) AR Jet+HAJet+X: 6mL min ™"
AR B IR Rk ]
*Mg(6). Si(6). “Ca(6). *Mn(6). “Fe(6). “Ga(6). “Rb(6)-
531(6). *zr(6). "“"Ba(6). La(6). *'Ce(6). *'Pr(6). *°Nd(6)
[A 47 2 (m/z) Fl 147S\ 153, 158, 59, 163 165 A 202 Hg(2). 204Pb(2)~ 206Pb(15)\ 27ph
L m(6). "’Eu(6). *Gd(6). ’Tb(6). '“Dy(6). '“Ho(6). 308 =) %
AR5 B 1] (ms) %Er6). OTm(6). |"Yb(6). "Lu(6). “°Pb(15). (25). “"Pb(2). “"Th(2)~ ~U(10)
7pb(25). 2®Pb(2). **Th(2). **U(10)
JREH - 20%
AN R HORAE i A - 20
o 2% SEM(i# 54 SEM(HE R0 FVE Hr S5 47
JH S PEER(MIAM) ~300 ~300
LR T 1] 0.35s 0.27s

FE V8 (R B 261 (85 pumiot R BE. ~2.0] cm™R¢
% A8Hz R M ), AVEAL TNIST SRM
614. ARM-3FIWC-1fJLIEFAZ L. K24 T
NIST SRM 614, ARM-3FIWC-1[#**°Pb/**U LIEF4%
Tl ], o1 (0 i 25 2 12~184N B Ak () P 3 4,
ZELIBF R Ze MR H 45 21

12 [ 7 43 L AR R #8200 Ph/ 2 U LB 7E 0 3k

BT 5 AR AR 4K, 0% 7 78 3 i ik F2 o R % 28 70 1.
K2 5o, TE8SumIOGRI TR BE . ~2.0] om  HE &35
FISHZRF AR S 40T, NIST SRM 614, ARM-3f1
WC-1JLIEFZM AR, 25 2H0.7%. —2.2%F
—1.1%. LIEFANEFE, XA]fe 5 R HBOREOL R B
(85um) AR I BT (R FE20~30pum) B 55, — A
IR PR IR BE R B LU AR 51 S I LIEF L/, it
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0.90 1.05 0.08
NIST SRM 614 ARM-3 WC-1
007- ———————————————————————————————————
0.95 g-7==-p=======mmmmmmmmmee- 5597 ~1.1%
. 006. ______________________________________
m: 0'85-—' RN B | AL VAR AR BN Y~ 005. ______________________________________
NB 0.75 -~ ' A A'. .l.‘q. ...'.‘.,‘ ‘UU = 0.04+-k 2 ’.q 2 Y j _
g
& 065 [ . S | A 0.03 f=C=--m Tt e L RSB =
Y= ~0.0008X+0.7956 0.02 4-—mmmmmmmmee s |
055 f=mm == oo
0.0 fmmmmmmmmmmmmm s
0.30 T T T T 0.45 T T T T 0.00 . r - r
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

RIIRETIE)(S)

RIhETiE)(s)

RIRETE)(s)

B 2 NIST SRM 614. ARM-3FIWC-185""Pb/*U T E 4B (LIEF)E R

bR 35 J9~2.0] cm ™.

WOCTHRBE 85,

TR P R I B 2E(0.10~0.15um k!, HEWukk
(2017))3R LIS Gk 50200 fh HAF . & T AWC-
1H2Po/ P USHE 0L THE s, WTREIR R & B
WA I8, LIEFX"Pb/> U L AE 1 5t KA 58 7
BRA2.2%. XAMEEL/N T HABKIR A E BE, nfE
FIREMPE AL S, ESERNE, BT
WRBMPOCSEAR, ARSI ZIFILIEF ] B2 5
HADSEIG T A, FH H 2 Bl & 0 3 ik R B o2 i A2
1, Rl 5 A R BRI BT IR P AR B AL

3.2 AL REUE R

B3R T EARBINFIA N BN R, =i
YA (SHH. Jet+HATet+X) % > URIZ " Pb R 8 111 5%
Wi, 48 (O B 85 um, B 25 B ~2] em %, F
DA N8HZ, JUERAE 5 5 R TR x0T R ik
NIST SRM 612K& ). (EFE RN, AT E LK)
RBE RAARFFAL AR ThO /Th <1.0% A Th /Ut
HFE0.9~1. 136 Fl A 15 B i R U, 7R =FhEdL &
H, BN EN, RS B e, Hh S+HAEA
GE3fE A, JettHEm LSRG AL, Jet+ X105 A 4.
BATTR BUAEARIIN, 2 T Tet+XAELHL 1 B AL 0 77 R 4R
1 (ThO'/Th" >30%), {H7E 5| AN BEN, J5 A %R
BERBRIKHN.0%LL T, FERIINDENFZMAT, Jet+X
e & REPERAL EBINDENZM T, =
A R R N Tet+X>Tet+H > S+H.

LSSREEHEALL, JetRFEHERARARIFLE. HEL
ESUE AT B P F LA 220 80.8mm,  {EHAE N N [l FE
BT, H I\ B R, T XCHE ) 56 4 M\ Y 15
1T (Bouman®¥, 2009). Ft, 5HABHEL S, Jet+X

6

F A2 8 Hz, = FhbRvEY) B (ILIFE## LT — 3%, ZTE2.2% AN

400

350 P L0858
= I U S
. 300 %
o b1
2 250 06
2 13
S 200 s
= 0.4
S 150 2
x Lk
SN = e =
% 1o 0.2%
K 50 2
O o T a0

5 D 5 5 D 5

x‘z\d&%’ _\g’b x\z\(%%é"v x\z\d\%’ _\\é"v )g\(gf’% v x_\i&’ _\§¢ d{%ﬁ'@é'v
22 2N ¢ Y ¢ ¢
% ,3/)\\‘ * ,&)\\‘ ,&)\W‘

B 3 SHEEHASHH. Jet+HFIJet+X)ZEAR B AN FI 8]
ADENASE T PO URYE SR E
JCHEAS T IR R TR IR U N RIENIST SRM 612 REE M, i
JE R BESSum. AE BB FE9~2.00 cm . WOGHIE A8HZ, Jet+ X4k
FEBINB BN, EA TP P ULE S . RABUE 23 leps
(ng gy R I B BB THOS R T S B R R R

HEAH G BEON B T AR S R AL T O ). X AR A A
Jet+XHEA & AA &S R BUE. B3R, EE0E
WHEA8Sum. A BB A~2] em ™, FMfi%E A8Hz
ZHF, RN B AR R Tet+ XA A 175U R 5UE
H350,000cps (ng g~)~', S HSchalteggerZs(2015)42 H
RO )2 SR I3 ) B 7By TR T B 8, 1R
H 9 R B 090.76%.

KT 5 CIRERACE SO T, RATE B A
HansmanZ5(2018)A1Ring fGerdes(2016)4R & [ 54, A
IR K& Thermo Element 24X 28 FIS+HHEAL &, REK
53 731590.13%H10.17%. XA ASHE 78 R F Element
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XREZEA Tet+XHELH A 11120~30%. % FE 3 J5 fift 47 HUFIPD
TrEEmIC. I HRCKRE N EA SR A
AT %, DRI DRI ARG B RT3 T, MR Al RE
MR A /INRBE. AR Fide & 1 RBUE, XM ) LS
FEE/NPEOCREE, AR T46 & 75 f# A U-Po U F AR
SIS, T s O R RE AL BRI 45 P BT Fist A

3.3 Jet+XHEALA AN BHIARXT 73RS B B

ITJ5 f A R HERD R B U B A (~0.5pg g 7)., FFH.
CERS AT AR (~14Ma). (R, ARSCEBUTHRIGIE = R
XM B R A, EAthi T = M4 & (S+H
TEARGIAN, &M T . JTettHEE ARG AN, 4T, Jet+X
GNP EN, M TIITH MR, StHARGIA
Ny)« JettH(AN Gl AN,). Tet+X (5] A EN,) I F A8 A
FERSEE R, 9 (15.542.3), (14.4+1.6)F1(13.620.5)
Ma. HARFERE SID-TIMSHEFE G HS 7F 1% 2 Vu BBl ) — 5L
((13.797+0.031)Ma; Guillong®, 2020), {H = Jet+X4E4H
FRITING 184 50 A %o 50 P P G (DL TR o [ o ) R/ 3R
)RR A R AR RS FE B I R G . Jet+ XHELLAIN,
BB AR & TG R, X RGNS &
FE S RTINS 70, 3T 7 ARG B AN

3.4 RFINIST SRM 614FfIARM-351"""Pb/*"*Pb ¥
WRIE

Kl5a22%] TNIST SRM 614FIARM-317°"Pb/**Pb
MR 57 PbfE SR K55 R &l S5NIST SRM 614

[IPbE H(2.32ug g )AL, ARM-3IPb S & (12.7ug g7)
. EAFE AR S AT, Ph& & E AR,
Tpy s B R T R, FILARM-3 A RS EE & A TP/
20°ph L AH R E. EISBEIR T 20 5% FINIST SRM
614FTARM-3/ #EWC-1. Duff Brown Tank. JTAH
ASH-15(#>"Pb/*Po LU AE 45 . 45 B SR —# AEAE
B 22 5, REERIEPb/°Pb LERT, NIST SRM
6145 ARM-3 Z [M A AFAEHEAR LR ARM-31TU S = IS
th, ~3.75ug g, IX 5WC-1J7 A AL, S IRAHT 5T
KHIHElement XRARBE, 1ESSumBUGHREE, ~2.0]
cm CRER I8 Hz R MR R, ARM-310° U135
SEREERIZ KT 1H feps. 45 EPNA, ARM-3EE AT H
Y2 Pb/ P LR R v, SURT T 77 A7 U-Pb g 4R 23
SRk, HETARM-3 7P/ U LL 8 14 K 3# 4T 1D-
TIMSEAE. #—PRIME)G, ARM-3{ENIST SRM
614— P FAVEX Po/ A U LA KRR AE YR
35 Ok #onE i

BETBAM RS EAEBCKRE 2T
(Roberts%%, 2020; RasburyZ¥, 2021). Kk, — 40 HR &
GRE IR FTE A R N AR ot AR PR EEE R, R
A8 N BUE A 5 4F 19 5 U X 3842 it 5 22 2 2% (Ro-
berts5F, 2020). SEHl A ¥ EXNWC- 1T E T —4n®
Hi% (Roberts%%, 2017), HFFRA Z AR ANFE. 4
Guillong(2020)3 1, ARATHIWC-1HHELREH 53 1) U-
PbAE#S 45 R 5 HEFF AR IR ((254.4+6.4)Ma)— 3, 1M+

S+HH#EH Jet+Ht4A Jet+X A
KSIAN, U(ug g7) R3IAN, Uug g°) SIADEN, U(ug )
1:07 JT@110um @) Jf25 1 Jattoum O 1 JT@110um © |
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2.0 o0
s 064 n=36/40 |
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NB n=32/40 (14.411.(3)Ma . TRASRERS
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(a) StH, 3| ANy; (b) Jet+H, AR5 AN,; (c) Jet+X, 51 A EEN,. *Pb/ " Pbiili 4 [ 5E 90.839(GuillongZ%, 2020). i R B Je t+XHEALFIN,
OB AR I LD T A AT s SRR BRI . DB b Bl e R E AL B P n=alb, F e SRR 5 bR R R AE I EOE B4 <7 RR T
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B 5 NIST SRM 614 5ARM-34}Hras &
(a) NIST SRM 614FIARM-3{¥)*""Pb/ " Po /W5 i 527 Pl 5 5
[ 2 &, (b) 4> 3K HINIST SRM 614MIARM-3£Z 1IE (GWC-1. Duff
Brown Tank. JTHIASH-15/7Pb/ " Pb% . 1hi2E H(1~614%% IF 4L
#E/ARM-3REIESHE)*100. $iEEH, 7E347°Pb/ " Pb KIERS,
NIST SRM 6145 ARM-3 2 [A] R A7 7E S A4 35 vi

R BICIR B 73 A 08 70 8 IF B 4E#2((202.946.9)Ma).
Rlk, BN — W C- VRR Y B AT T (1R
M= n s UG R, X T ZR AT A A
JCER B AFEA R LE A — A, Duff Brown
Tank ¥ 15 b e T FF &K U-POAFEAR 2 045 R (Drost
%, 2018). ALRGHRTL T WC-1. Duff Brown TankFll
ITI TG 3 e A 1 .

WE6HTR, =AM AER I o R & B AEWOK RUE
FEHHEARY—. %TFWC-1F1Duff Brow Tank>& i,
UG E5REM tLaf IEAK, 1M5SrEiMgik. WC-1
R ESrE & B & 5 T Duff Brown Tank 1T, $87~rWC-1
AI e — N AE 1 B A S A AL 2 43 A1 br ) 5 (Ras-

8

bury%§, 2021). X FITHRUL, TCERRFHE &5 5% 7 P
oy, A NELE, Mg, Sty LafUS B R, 20
RTTRRANK, HAEFEFEN(13.797£0.031)Ma. Z5&
AR, FATVE VSN T7 A EYI T, RIEAT — 4
TCE AR S AT, X AT DAE G 1 5 0

3.6 WC-1. Duff Brown Tank. JTHIASH-150]
U-PbA i 45 2R
3.6.1 WC-1

FEARW LA, AFE AR U-PoE EAREVI IR,
WA RE ISR VPG T vE IR L. 7E4 H BRI, 3241
HXFWC-1HEAT T 2504007, 45 R a T 1. 7EiX
25 VRIMNT A3 AT R, 0 TR AR ) e A7 2 2 R — 2, 3R
TR BRI B 9F A 2 [ A AR, T & TE
1.063~1.18972 4k, X 1] B 54X 2% A BIRAS A L.

3.6.2 Duff Brown Tank

XANFE S FEEAT 7 PR AT (IR AE FH 85 pumils
WPE, —AEFH SOpumBOE R BE, Wil 7fR). 43 5 LA
B EAE RO E A2 RiZ: 1] T Tera-Wasserburg &
(BRI 28 iR B3R 1, http://earthen.scichina.com). X T
W5 52 AR, AT Pb/°Pb [ EFE0.738
(HillZE, 2016). %A 1) A 5 5 18.6%~86.7%.
X T4k 2 B S, PP UA PO TR A T
4.0%(2SE), *""Pb/ Pb/r M s 1 T3.0%(2SE). MUk
TR B US B P (15149 4)ug g A E
A R VY IR A8 25 B 53 0108 (62.1+1.5) (62.7+1.5),
(64.4£1.1)F1(63.8+1.7)Ma, X E Lt 2 A 1E FIID-TIMS
U4 ((64.04+0.67)Ma) FH M ImAK— 28, {H % EEH] 73 Hr iR
%, Bk R, A E Y P/ PbLL
{E.(0.662~0.698) /& B WAL T-# i {£(0.738+0.01; Hill
25, 2016). VYR SEIG IS R BLIX A m AR O BL S (E7).

g A S B DY R AR S5 F Ay BN (65.5%0.6)
(66.7£0.7)~ (66.6+0.6)1(65.8+0.5)Ma, XL Ak
T8 I ID-TIMSAE#2 ((64.04+0.67)Ma) il il 2 — L&, %
FE FLA-ICP-MS J5 fif /1 U-PbE £ IR #(3.5%), ik
A ET P A — . AE L TR E A AU,
i 5E F22 SUBIMSWDAE K 1. 3% T [l5E 28 s £,
111 52 BRI R 3 302U Po A Pb/*"Pb £
Gifim 72, 52K 2> 7 Tera-Wasserburg Bl 1478 21,
WHR YL, WERIRA TR AR E FAS AR 26 AT
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Bl 6 WC-1. Duff Brown TankFlIJTRIMg. Sr. LaflUR) =% T &S5 A
L ATRICH R . TR R g ¢ 4R, SREAMe. Sre LaMIUERCR UL A —

FFNYHIAE A2 Pb/ Pb=0.738, -4 MLEF I R4S S AE
WHs S8 (K B AE AR, X R I BA TSR 1 (77 Pb/ P
WIURAE (0.662~0.698) i K AN 72 PR Dy #8411 i) st
SEU. N TP, RATRFALA-MC-
ICP-MS(Hii M5S0 5 HOL R &R 48 5 Neptune  Plus
MC-ICP-MSHEt )X Duff Brown Tank#EAT T 27
(Zhang%, 2021). &5 F(LIN 4% b Bt B 1) RAHIT 75K
LA-SF-ICP-MSH 45—, IX K ] Duff Brown Tank 1]
WG P/ P LB W RS AN — . BRI,
X} T Duff Brown Tank, SARFAEFH FIBOLHBE M85
FISOpm, {HETHPOFIUS XA, 250 PR
A& 1] AR 2] 50pm LA R (7).

3.63 JT
R IEREAT T AT, BRI T 2 R

2, FE8Z | T HTera-Wasserburg&d. 25— 2
ITH AR, 232 A2 Pb/ " Pbld 2 T-0.839(Guillong
25 2020), AR N(13.76£0.43)Ma, X 5 Guil-
longZ5(2020) 38 (IID-TIMSHE#((13.797+0.03 1)Ma)
—H BRI RITH S, RNEEAENSEE, U
K[l AT 55, N AR N(151.5+13.7)Ma. 43R4
JITAN, I 2 RGBT T R I U-PoAE S 45 . an I8 T
TR, TR K BTU A R (0.56+1.00)ug g, Bl A
(U8 9(0.88+0.34)ug g A @AY 4% o5 1L
K, T 75 A ik P S E A o L AR A AR AR

3.6.4 ASH-15

RS HEAT T WA, BRI T % AR i R
3, K92 1 HTera-Wasserburgl&.  XF T 55 — IR,
2 b 58 S E R COPL/APh: 0.832), RAC AR N
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ERREFEE0.738 n=40/40 | N> ERREEA0.738 n=156/160 || 1al (15.149 4)ug g
N 22 |20
0.6 << 4 i
N i | 120
20
£ 34000 (*"Pb/Pb) =0.698+0.030 | | . (S7Pb/295Pb),=0.675:0.013 (15 10
g 044 TaaEs|rid Eod w8
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5 Jet+HiEE MSWD=1.7 {16 ~ mswp=27 |10 6
0ad | FIIAN, . D, A
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)
— MSWD19>\ Lo | o, MswD=41 o\‘\ I
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238U/206Pb 238U/206pb U/Z\%(UQ g%)
& 7 Duff Brown TankBJLA-SF-ICP-MS%{#E Tera-Wasserburg&]

W (e 28 9 b 32 7P/ 2" Ph [ 5 7E0. 738 (HilIZ,
AN [FIS 8] Y FE 3R AT T 4900 4y

2~4UCR et XHEA MR S AN IS 5615, DB Bl sl B in=a/b, Hrba 2R

4. tlsoplotRE A 1EAT i Bl (Vermeesch, 2018)

(2.947+0.063)Ma, 4 58 FUREER, F#84(2.987
+0.080)Ma, ¥4 "Pb/**Pb Lt AR 40.860+0.035. 1E 1% %
YEFE Y, T R A A R AR S HERE R ID-
TIMSAE#3((2.965+0.011)Ma; NurielZE, 2021)—5.
TR, 24 A A E I CUPb/A % Ph: 0.832), AL A
R N(3.037+0.067)Ma; 24 A7 SR EER, FERAN
(3.044+0.075)Ma, HI4""Pb/*°Pb LLAH $90.840+0.034.
X FHANE RS L ID-TIMSHESRE R K2.7% A 4. e
FERUTHC im0 FRAED) o (R 22 DA AN K R e
%, LA-ICP-MSJ7 i A1 %€ 4F [P AN 78 B AH 6 80K
(3.5%)(GuillongZs, 2020; Nuriel%%, 2019). FiXASH-
1SHIIR, I HTU S BT MR (1.6240.9)ug g

SRASH-15[J4FE#E /I, 1El US B, M ETIT,
ASH-15TJHEZ 5 — 25, A MR PO 5 N
~17.6¢ps, WC-l(SSum)\ ASH-I(I]Oum)*ﬂJT(llOpm)

10

2016) USRI 2k, MRSl Jy A AR I E SN 28, U S L IR R M (s, 18
T, F*%%M\E’Jﬁj‘tﬁﬁftsmm HARBOCRPEN50um. 55 1R HISHHHEA MR 5 AN, KIS 2% 1, 25

SR S A B B, <o R T IR

(12 PO KIS 2 % 5 43 WA 1295~3388 28~1871F1
136~591cps.

3.7 JiffAaU-PbEFERE R

3.7.1 ICP-MS{UEry%

HHT, A SCHERRE R = AR R R AT
R A U-PbsESF, FEQ-ICP-MS. SF-ICP-MSFIMC-
ICP-MS(Kylander-Clark, 2020; WLPIZERFTF ). 7EI1X
MR, MC-ICP-MS R #% £ =, ELSF-
ICP-MS#E3~51%, HQ-ICP-MSE10f5 LA . & REBUE
XTI E AR & U R IR B A L. MC-1CP-
MS 55— A SR [F AL Z A [F] E, XBRVEBR BT
ICPI B FHUIME S AT E. 1El;E, MC-ICP-MS1Y 3% &
B, MM FRE. MC-ICP-MSIHl H % %4 55 MAs I
KF5mV(ImV= 62500cps)E1’J{p.v, B U R /s
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US BRI ERE R, 347 7 PIRINR, BoeRBEN110pum. 55 1R((a). (b))2 7 A k(6 R IT R4 I A2 ) A 3 4)), b
22 R [ 52 250.839(GuillongZ%, 2020), K T Jet+XHEL AT 5] N BN, IS S8521((c)s (d)2 A (B6HhIT R BA MR i), %
HEE 38, R T SHHHEHRAR G AN, DB 8di A 2 FEH. B n=a/b, Hh“a” TR 5 bk 58 [ 0B L5, <b»k

IRHT IS REL. B IsoplotR KA+ 147 i ¥l (Vermeesch, 2018)

F-2,000,000cps 15 5.
IR, BRI — B 25 M AN e 58 A0 2 B A B .
WEAMERL A5 B T B 2 1A R A SR HE, X m]
Reox BN A E FE.
SF-ICP-MSHIQ-ICP-MSH /& K i B> B2 UL 28 It
FHRWAETRMES. WA R IR TR
(SEM), A XS ANER M. BT R —A ik
ML a8, AT EE R IR, X154
0 AL FHORE T 7 B0, AR RSP RO B B — e R
PR, IXREY KBNS EIYE . SF-ICP-MSHIQ-ICP-

K877 A T UAIPD & AR

MSI) 55— MILH 2, FEINE U-PoEEe 1 [F]Is, 34 5l
EME TR (Drost:, 2018). 5MC-ICP-MSHIEL, Q-
ICP-MSHISF-ICP-MSHJ R BUERAK, R ICAEREAT 7
A U-PbE I, F5 Z OGP, M 2% i b %4
AJ %, Q-ICP-MSHEOE R BEIE # K T200pum, SF-ICP-MS
4100~200um, MC-ICP-MS N 100pum /e 45, AHF 7536 W
LT 2R R ISF-ICP-MS{X #%(Element 2FINu  At-
tom), Element XRZFHJet+XAHERIN, B BELA, A LLE
L R, AT i 3 BT 1) 25 TR 23 23 (o) K 2 4
D5 84T, AT BASK I 50~110pm fF 306 SR BE).
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T e n=3giof| | % A EEEE0.832 m=asio] .
Lo 5 A i 12 Ti5iEL2s
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B9 ASH-ISHITREERMUEELRE
Forf R 38 AR RS 45 3 b Tera-Wasserburg Bl 275, U A8 (0 LA B 02, 16 62l 2 9 B i 32 57 Pb/ " Pb 40,832 (Nurriel 4%, 2021)
HISEI 28, BT AR T 122 mRISE 2, FEAR I 6], SEREAT T 2008 SZ 2007, B PO RBE N 110pm Al et XHELH A 51 A 8N, 11X
KM DER I BAE AR E. B n=a/b, Hh<aRm R kS A0S, bR S REL B B IsoplotRE ARk 4T i [

(Vermeesch, 2018).

372 YRS B U-PhE 4R

-5 = BB 5 i A U B A @A & =
PR, DRI AR M TR T 7 22 HH s U ARG 5 a8 P ) A it it
FTU-PbE £ M (Roberts%, 2020; Rasbury®%, 2021).
AR Z R IAEE T, AN 28 07 A U R A7 AL,
X 32 B RN 7 A R AR G R R AE A 2 A F
J1EAE 1), 1B %2 B HADSE R, B E TR T
WL M AEKESR, BE. pHME . Ehfi.
pCO,. WMRMICa™ /CO; Mt B TR R UL S
15 L5 (Roberts®%, 2020). H#f, —e25 O 2 Mk
B IR R AR B A B TR b e, 048 e 2 At
FAM R 6(CL). W fmfi&sy . B B T % (BSE)Fl
X 2852 6 1% (XRF) % (RobertsZF, 2020; Rasbury
SE2021). AN, XEEROR BRI AR
O3 A (AR KB B s AR A a5, 1 s DA SRR A R U
A E Pb[X 35,

O W70 e il i s 2 P USSR
SR FH p ok B 2 1 4 SR Uk m U RIS @ Pb X 3, I
X B X SkAR I TR, SRS 4T U-Ph e 4 (05 0 ik 5
). B F 5 R FHLA-ICP-MS — 4k o & g A
SRARB A FIFE SURIPOAALIX 3K, HAric HiE A e
Xk, B 40 2 R i B U-Pb g 427 )7 72 (Roberts
5, 2020). sUGRGEVE AT PRI 6 2 AR, T 4R
FRAGRENE A — IR R E RS R EAR
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W, FRATZE T —ARARES, PRE T IX RNk
AP ER BRI B T ML iR RS, Kl 10af110b {8
FH« pa e 752 g R, I 10c 10« —4E o &
BAZHBIU-PoE F iR s . WAR, 4R g
T BhU-PbE SF A 45 R, 31X 2 B At s U X 38
PIHER AL, FEDRUEZ A R ORISR T, RAHIRA
FIFOGEFI 22, 6T N Smmx Smm 1 [X 38 a8 A5 AL

T E60min.

3.7.3  hrEMI IR A

LA-ICP-MSJj fift 5 U-Pb 2 4F 75 LR AR UL L (1) b
HEM T SR IE 2P/ U R BS 0 . H Rl, — sz 3
BN bR A 2w AR HEY R, B F5Duff Brown
Tank. ASH-15. JTFMIAHX-1A. REASH-15317 T
ID-TIMSZRAE, Ik F|—L5LEK %=, WC-1(ID-
TIMSHEFFERY: (254.4+6.5)Ma) /552 M i %2 1) 5 i
FU-PosE FEFRAEYI . (HWC-1RAE IR AN 2 JE(2.5%)
AR, X845 24 R I WC- U bR e i, Hoxt ok
HIFE S U-PoAFE R IE ) B /NS 08 FE DTk ON2.5%. 75
FEENE, —HEERMWC- 1R AR —1
(Guillong%%, 2020); 1M H, HEEWC-1ARFEIPb/ULLE
A] B L Roberts%5(2017) il [ 25 FARM K. 28 fi bt
KO LT — 2w H 5 A U-PoC AR HEVI R, B
S = R 7 VAR L H B . X 4R Z
FE 5L #E A HEATID-TIMSRAE, H AT AE 5256 = N
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Abstract U-Pb geochronology of calcite using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) is
an emerging method, with potential applications to a vast array of geological problems. Due to the low levels of U and Pb in
calcite, measurement using higher-sensitivity instruments, such as sector field (SF) ICP-MS, have advantages over more
commonly used quadrupole (Q) ICP-MS instruments. Using a Thermo Element XR ICP-MS, we demonstrate that the Jet+X
cone combination with the N, enhancement technique provides the best sensitivity for measuring U and Pb isotopes. This higher
sensitivity improves the precision of calcite U-Pb isotope measurements, and permits dating at high spatial resolutions
(<110 pm) and for samples containing low contents of U (<1 pg gfl) and/or *”’Pb (i.e., young samples <10 Ma). Using a spot
size of 85 um with a low fluence (~2.0J cm’z), the laser-induced elemental fractionation of **Pb/”**U in the NIST SRM 614,
ARM-3 and WC-1 reference materials are insignificant (<2.2%). Adopting the optimized instrument parameters, we analysed
four commonly-used calcite U-Pb reference materials (WC-1, Duff Brown Tank, JT, and ASH-15). The results match well with
published isotope dilution data, demonstrating the reliability of our technique. ARM-3, an andesitic glass, is shown to be an
appropriate reference material for both *"Pb/**Pb calibration and instrument optimization because of its moderate contents of U
(~3.75 g gﬁl) and Pb (~12.7 pug gfl). We further demonstrate that the image-guided approach using LA-ICP-MS elemental

mapping is an efficient tool in obtaining robust ages.
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potentially suitable as a U-Pb chronometer (Moorbath et al.,

Calcite forms in a wide variety of geological environments as
both a primary and secondary mineral phase, including di-
agenetic, biogenic, igneous, metamorphic, and hydrothermal
settings (Roberts et al., 2020). Trace amounts of uranium (U)
can be incorporated in calcite during its formation, making it
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1987; Smith et al., 1991; Jahn and Cuvellier, 1994; Wood-
head et al., 2006). Calcite U-Pb geochronology has untapped
potential for providing better geochronological constraints
for a number of geological factors, including paleoclimate
(Woodhead et al., 2006; Woodhead et al., 2012; Woodhead
and Petrus, 2019; Kurumada et al., 2020), sedimentation
(Drost et al., 2018; Montano et al., 2021), diagenesis (Smith
et al., 1991), faulting (Roberts and Walker, 2016; Good-
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fellow et al., 2017; Nuriel et al., 2017; Hansman et al., 2018;
Parrish et al., 2018; Yang P et al., 2021), ore deposit for-
mation (Burisch et al., 2017; Shen et al., 2019; Pan et al.,
2020), and hydrocarbon migration (Holdsworth et al., 2019;
Rochelle-Bates et al., 2021). Traditionally, calcite U-Pb
dating has been carried out using isotope dilution (ID)
methods and measured by thermal ionization mass spectro-
metry (TIMS) or multi-collector inductively coupled plasma-
mass spectrometry (MC-ICP-MS) (Moorbath et al., 1987;
Smith et al., 1991; Jahn and Cuvellier, 1994; Woodhead et
al., 2006). However, this technique has not been used ex-
tensively, owing in part to the time-intensive nature of dis-
solution and column chemistry that necessitates sample
preparation within a specialised clean laboratory, and to the
poor spatial resolution that leads to an averaging of the
isotopic zonation within a single aliquot.

Since the first use of laser ablation (LA)-ICP-MS dating of
diagenetic calcite cement in fossils (Li et al., 2014), this
technique has successfully been used to date calcite in a
growing number of laboratories (Coogan et al., 2016; Ring
and Gerdes, 2016; Goodfellow et al., 2017; Drost et al.,
2018; Pagel et al., 2018; Parrish et al., 2018; Yokoyama et
al., 2018; Woodhead and Petrus, 2019; Cheng et al., 2020;
Guillong et al., 2020; Kurumada et al., 2020; Luo et al.,
2020; Pan et al., 2020; Hoareau et al., 2021; Yang P et al.,
2021). Compared with ID-TIMS, LA-ICP-MS has the ad-
vantages of high spatial resolution and the ability to rapidly
generate large datasets with significant variations in U-Pb
ratios. However, calcite is generally characterized by low U
contents. For example, Roberts et al. (2020) reported the U
and Pb content data of carbonate minerals generated in their
laboratory over several years, which have median U and
Pba contents of 1.9 and 0.003 ug gfl. Therefore, high
sensitivity ICP-MS instruments (e.g., sector field ICP-MS:
Thermo Element 2/XR, Nu Plasma and Nu Attom) have been
used in numerous laboratories (Li et al., 2014; Roberts et al.,
2017; Hansman et al., 2018; Guillong et al., 2020; Hoareau et
al., 2021). The high sensitivity of Jet sample (Jet) and X
version skimmer (X) cones that are compatible with the
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Thermal Element XR could potentially enhance sensitivity
(and possibly thereby analytical precision) of this sector field
single collector instrument (Hu et al., 2012; He et al., 2018;
Wu et al., 2018; Guillong et al., 2020; Wu et al., 2020a; Yang
et al., 2020; Yang Y et al., 2021). Yokoyama et al. (2018)
reported the use of Jet and X cones on the Neptune Plus MC-
ICP-MS for calcite U-Pb geochronology. However, the high
sensitivity capability of the Element XR has not been fully
explored for calcite U-Pb geochronology.

In this study, we investigate the sensitivity of three cone
combinations (S+H, Jet+H, and Jet+X) with and without the
addition of nitrogen on calcite U-Pb geochronology. The
laser-induced elemental fractionations of **Pb/***U in dif-
ferent reference materials (RMs) were evaluated. Using a set
of optimized instrument parameters, we analysed four
common-used calcite U-Pb RMs systematically (WC-1, Duff
Brown Tank, JT, and ASH-15). The accurate calibration of
*pb/*"Pb for calcite based on the newly developed ARM-3
glass was verified. We also demonstrate the image-guided
approach using LA-ICP-MS elemental mapping on an un-
known sample, and demonstrate that it can generate precise
analyse with only a limited increase in analytical time and
effort.

2. Materials and methods

2.1 Samples

A total of six samples were used in this study, two glasses
and four calcite U-Pb RMs, which have been well char-
acterized in previous studies (Jochum et al., 2011; Roberts et
al.,, 2017; Wu et al., 2019, 2021; Guillong et al., 2020).
Detailed information is given in Table 1. These RMs are used
for the validation of our technique.

2.1.1 NIST SRM 614

This is a synthetic soda lime glass with trace elements at
levels of ~0.8 to 3.0 ug g_1 (Jochum et al., 2011). This re-
ference glass is commonly used for the calibration of P/

Table 1 Silicate glass Pb-Pb and calcite U-Pb reference materials used in this study

Uncertainty U contents  Characterization

Name Matrix Locations Age (Ma) (Ma) (ue g’l) technique Reference

NIST SRM 614  Synthetic soda lime glass - - - 0.823 ICP-MS Jochum et al., 2011

ARM-3 Synthetic andesite glass - - - 3.75 ICP-MS Wu et al., 2019
WC-1 Marine calcite Delaware Basin of West 55, 6.4 -5 ID-TIMS  Roberts et al., 2017

Texas, USA
. Coconino Plateau, northwest .
Duff Brown Limestone of Williams, Arizona, USA 64.04 0.67 5-20 ID-MC-ICP-MS  Hill et al., 2016
. Northern Swiss Molasse -
JT-1 Calcite Basin, Switzerland 13.797 0.031 ~0.5 ID-TIMS Guillong et al., 2020
ASH-15D Calcite Central Negev Desert, 2.965 0.011 25 ID-TIMS ~ Nuriel et al., 2021

southern Israel
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205ph (and 208Pb/ZOGPb) ratios of calcite across all labora-
tories. Although NIST SRM 614 has a different matrix than
calcite, there is currently no evidence to suggest that the Pb-
Pb isotope ratios fractionate across different matrices
(Guillong et al., 2020; Roberts et al., 2020).

2.1.2 ARM-3

This newly developed andesitic glass RM has trace-element
contents of ~5 ug gfl. The 54 major and trace elements were
characterized via different techniques (Wu et al.,, 2019).
Recently, multiple isotope ratios (Li, B, Si, O, Mg, Sr, Nd, Hf
and Pb) were characterized using a range of techniques (Wu
et al., 2021). The capability of ARM-3 for calibration of the
*Pb/***Pb ratio of calcite is evaluated in this study.

2.1.3 WC-1

Walnut Canyon-1 (WC-1) is taken from a ~1 kg hand sample
of marine calcite cement from a fault-related discordant
neptunian dyke in a Permian (Capitanian) reef complex ex-
posed in the Guadalupe Mountains on the western side of the
Delaware Basin, West Texas, USA. ID-TIMS data from the
sample yield an age of 254.4+6.4 Ma (20) and it contains 85—
98% radiogenic lead (Roberts et al., 2017). WC-1 contains
~5ug g{1 U. WC-1 is currently the only well-characterized
RM used in most laboratories undertaking calcite U-Pb
geochronology.

2.1.4  Duff Brown Tank

This sample was collected at Duff Brown Tank, where lenses
of coarse-grained arkose sandstone within clay-rich siltstone
are interbedded with the Long Point limestone. The Long
Point limestone is a white to light-gray lacustrine unit located
on the Coconino Plateau, ~60 km northwest of Williams,
Arizona, USA. ID-MC-ICP-MS analyses of the sample yield
an age of 64.04+0.67 Ma (Hill et al., 2016). The Duff Brown
Tank contains 5-20 pug gf1 U.

2,15 JT

This sample is vein calcite from a deep borehole in the
northern Swiss Molasse Basin, where it is hosted by micritic
limestone of the Middle Triassic Mushelkalk Group. The
sample was obtained from part of a dense network of calcite
veins associated with a thrust fault that branches off from the
basal decollement of the Jura fold and thrust belt. JT has been
characterized by ID-TIMS, yielding an age of 13.797+0.031
Ma (Guillong et al., 2020). JT contains ~0.5 pg gf1 U.

2.1.6 ASH-15

ASH-15 is a flowstone found in Ashalim Cave in the central
Negev Desert, southern Israel. The cave entrance is 414 m
above sea level and 67 km SE of the coast of the Medi-
terranean Sea. The most recent ID-TIMS analyses of ASH-
15 yielded an age (uncorrected for disequilibrium) of 2.965
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+0.011 Ma (Nuriel et al., 2021). This calcite is used in sev-
eral laboratories, but it requires more-sensitive ICP-MS in-
strumentation due to its low contents of radiogenic Pb. The U
contents of ASH-15 range from 2 to 5 pg gﬁl.

2.2 LA-Q-ICP-MS element-image analysis

LA-quadrupole (Q)-ICP-MS elemental analyses were car-
ried out at the Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China (IGGCAS). The
samples were mounted into one- or half-inch (2.5 or 1.25 cm-
diameter) epoxy mounts then polished. The mounts were
assembled in the HelEx-II ablation cell for screening for
206Pb, 207Pb, 208Pb, “>Th and *U isotopes and trace ele-
ments (24Mg, 29Si, 43Ca, 55Mn, 57Fe, 69Ga, 85Rb, 88Sr, 9OZr,
mBa, mLa, 140Ce, mPr, 146Nd’ 147Sm, 153Eu, 158Gd, 159Tb,
163Dy, 165Ho, 16()Er, Tm, 173Yb, and 175Lu) using the Photo
Machine Analyte G2 193 nm ultraviolet (UV) ArF-Excimer
laser ablation system (Teledyne CETAC, Omaha, USA)
coupled with an Agilent 7500a Q-ICP-MS (Agilent Tech-
nologies, Santa Clara , USA). The laser repetition rate and
fluence were set to 15 Hz and 2.0 J cm . The laser spot size
used was 50 um and the line scan speed was 40-50 pm s
The NIST SRM 614 and ARM-3 RMs were used to quantify
elemental contents, assuming the values of Jochum et al.
(2011) and Wu et al. (2019), respectively. Trace element data
were reduced using lolite software with the “Trace_Element”
DRS and the “semi quantitative” standardization method. 2D
elemental image were generated using lolite software v4
(Paul et al., 2012; Petrus et al., 2017). The detailed analytical
procedures are given in Table 2.

169,

2.3 LA-SF-ICP-MS U-Pb analysis

In situ calcite U-Pb dating was carried out using LA-SF-ICP-
MS at the IGGCAS using a Photo Machine Analyst G2 laser
ablation system (Teledyne CETAC, Omaha, USA) coupled
to an Element XR (Thermo Fisher Scientific, Bremen, Ger-
many). The Element XR instrument is equipped with a high-
capacity vacuum pump (OnTool Booster 150, Asslar, Ger-
many), with which the high-performance Jet sample cone
can be used. A small amount of nitrogen added to the Ar
sample gas could lead to enhanced sensitivity and reduced
oxide production rates (Hu et al., 2008). Four types of cone
were used in this study, including a standard sample cone (S),
an H version skimmer cone (H), a Jet sample cone (Jet), and
an X-version skimmer cone (X). Three cone combinations (S
+H, Jet+H, and Jet+X) with and without the addition of ni-
trogen were investigated to test the sensitivity of U and Pb
isotope measurements. The guard electrode was used in all
experiments to improve sensitivity (Wu et al., 2020b). A T-
junction was used to add N, to the Ar sample gas flow after
the ablation cell using an MKS GE50 mass flow controller
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Instrumental parameters of LA-(Q, SF)-ICP-MS for elemental imaging and U-Pb geochronology

Parameters

Elemental mapping

U-Pb geochronology

Laser ablation system
Make, Model & type

Ablation cell & volume

Photon Machines Analyte G2

HelEx ablation cell

Photon Machines Analyte G2
HelEx ablation cell

Laser wavelength 193 nm 193 nm
Pulse width ~5ns ~5ns
Energy density/fluence ~3cem? ~2Jem”
Repetition rate 15 Hz, 20 Hz 8 Hz
Spot size 50 pm 85. 110 um
Sampling mode/pattern Line scaoning with a speed of 40-50 m s Single hole drilling, two cleaning pulse
Ablation gas flow (He) ~0.75 L min™" ~0.75 L min™"
Ablation duration variable 30 seconds

ICP-MS
Make, model & type Agilent 7500a
RF Power 1350 W
Guard electrode (Pt) Disconnected
nickel AT1001-Ni

nickel AT1002-Ni

Sample cone

Skimmer cone
1

Thermo Fisher Scientific Element XR
1320 W
Connected
nickel standard cone, Jet sample cone

nickel “H” skimmer cone, X-version skimmer cone
1

Coolant gas flow (Ar) 15.00 L min~ 15.00 L min~
Auxiliary gas flow (Ar) 0.80 L min”' 0.80 L min™'
Carrier gas flow (Ar) 1.15L min™' 0.95 L min'
Enhancement gas flow (N,) No 4mL min' for S+H; 6 mL min ' for Jet+H, Jet+X
Scan mode Peak jump E-scan
*Mg (6), 7’Si(6), PCa(6), *Mn(6), *'Fe(6), “Ga(6), “Rb(6),
Isotopes measured (m/z)+ 88812(768)7 9OZr(165g, 137Ba(165%, BgLa(?s)& Ce(6), 1411Jr(61):'§51461\1d(6)’ Hg(2), **Pb(2), *"Pb(15), *"Pb(25) ,
sample time (ms) 6 oo Ronr o) ot (15 Pb2), P The2), *U(10)
*pb (25) , *®Pb (2), *’Th (2), Z*U (10)
Mass window - 20%
Sample per peak - 20

Detection system

Resolution (M/AM) ~300

Total integration time per reading 0.35s

Single SEM in double mode, Counting and Analog

Single SEM detector in triple mode, Counting, Analog
and Faraday

~300
0.27s

(Coastal instruments, Burgaw, NC, USA).

Data were acquired in fully-automated mode in sequences
of 60 to 80 spot analyses. Each spot analysis consists of 8 s of
background acquisition followed by 25 s of sample ablation
and 30 s washout. During data acquisition, signal intensities
of 2Hg, *(Hg+Pb), 2°Pb, 2’Pb, b, 22Th, and 2*U
were measured in peak-jumping mode with a total intergra-
tion time of 0.27 s, resulting in 130 mass scans. The isotopic
abundances were collected using triple mode with auto-
matical switching between counting, analog and Faraday
cup. These different modes were calibrated prior to the
analysis of unknowns using the Ar peak. Two analyses of
soda-lime glass NIST SRM 614, two analyses of andesitic

glass ARM-3, and three analyses of the calcite RM WC-1
were used to bracket every ten analyses of unknown samples.
For each of the studied samples, 30—40 spot analyses were
collected; the Duff Brown Tank, JT and ASH-15 RMs were
treated as unknowns. Detailed
strumentation is given in Table 2.

The methods of data reduction largely follow those of
Roberts et al. (2017), Ring and Gerdes (2016), Hansman et
al. (2018), Nuriel et al. (2021), and are described here in
brief. The raw data (time-resolved intensities) from the
spectrometer were loaded into the Iolite 3.7 data reduction
software (Paton et al., 2011). For the first step, NIST SRM
614 was used as the RM to correct for instrument drift and to

information on the in-
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calculate the isotopic ratios of b/ ***Pb and **°Pb/***U and
their uncertainties. This was accomplished using the Vi-
sualAge data reduction scheme (Petrus and Kamber, 2012).
Any laser induced elemental fractionations of WC-1 and
other samples were corrected using the fractionation profile
derived from analysis of RM NIST SRM 614, using the
approach described by Paton et al. (2010). After initial cor-
rection, a matrix-matched sample of WC-1 was used to
correct for matrix-induced mass bias of “*U/*"°Pb ratios
between NIST SRM 614 and calcite using Microsoft Excel.
This two-step calibration is illustrated in Figure 1. The ad-
ditional offset factor varied during the different analytical
sessions (see details in section 3.6). The data were plotted
and evaluated using IsoplotR (Vermeesch, 2018).

3. Results and discussion

3.1 Laser induced elemental fractionation

Laser induced elemental fractionation (LIEF) is defined as
changes in Pb/U ratios during excavation of laser craters
(Jeffries et al., 1998, 2003) and is one of the main factors
affecting the precision of measured Pb/U ratios. It is im-
portant to note that the LIEFs can vary among different la-
boratories, or through using different laser parameters in a
single laboratory (Paton et al., 2010). It is always preferable
to correct for any LIEF effects using calibration of known
RMs (Woodhead and Petrus, 2019). We evaluated the LIEFs
of NIST SRM 614, ARM-3, and WC-1 under a specific set
of instrumental conditions. Figure 2 plots the 206ppy/
38U LIEF patterns of NIST SRM 614, ARM-3, and WC-1 as
a function of ablation time; the average of 12-18 individual
replicate measurements (red curves). The linear regression of
LIEF based on the average of individual measurements
(black lines).
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o8 \ 0.85 —— 287.845.7 Ma
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Figure 2 illustrates that the effects of LIEF are insignificant
for analyses of the NIST SRM 614, ARM-3, and WC-1 RMs
using laser spot size of 85 um, energy density of ~2.0 J cm
and laser frequency of 8 Hz. The number-% in Figure 2 was
the relative increment of signal intensity after the laser ab-
lation. A value of 0% means no LIEF was observed during
ablation. For the NIST SRM 614, ARM-3, and WC-1 RMs,
low values of 0.7%, —2.2%, and —1.1%, respectively, are
insignificant. Low degrees of LIEFs are explained by the
large laser spot sizes (85 um) and the shallow crater depth
(20-30 um), resulting in a small depth/diameter ratio. The
crater depth is estimated based on the calculation of 200 laser
pulses multiplied by ablation rates (0.10-0.15 pm pulsefl,
estimated from a previous study of Wu et al. (2017)). Several
individual measurements of WC-1 show scatter with ele-
vated Pb/U ratios, which are probably related to the high
common-Pb regions. The uncertainty on the normalization of
Pb/U ratios derived from LIEF alone is <2.2%. This is ty-
pically within analytical uncertainty of individual analyses,
which are propagated from both statistical analysis and the
natural heterogeneity of the material. We note that the pat-
terns of LIEFs observed here may differ from those in other
laboratories because of the different instrument types and
laser parameters used, and results will also vary as function
of the geometry of the laser pit, particularly the depth/dia-
meter ratio.

3.2 Sensitivity of different cone combinations

Figure 3 plots the sensitivity of U and **°Pb in three cone

combinations (S+H, Jet+H and Jet+X) with and without the
addition of nitrogen. Analyses used a laser spot size of 85 um
with an energy density of ~2 J cm 7, and a laser frequency of
8 Hz. Notably, the sensitivity defined here is the best sensi-
tivity under tuned instrument conditions of ThO"/Th "< 1.0%

310 N=25 sessions over four months

300
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Correction factor
11313

270
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Plots illustrating the two-step calibration strategy for calcite U-Pb geochronologzy using Tera-Wasserburg plots. Uncorrected ages were derived
directly from the Iolite software package using NIST SRM 614 as the primary RM for 0

27/ *®Pb and **U/**Pb ratio correction. A total of 25 sessions over

4 months yielded correction factors ranging from 1.063 to 1.189. Correction factors were calculated as the bias between the NIST SRM 614 as the primary

RM and the ID-TIMS values.



6 Wu S, et al.  Sci China Earth Sci
0.90 1.05 0.08
NIST SRM 614 ARM-3
0.80 T-F========g==m=mmmmmmm oo 0.95 f-f===pm==mmmmmmmmmmmmmmmmeo oo i
: 0.7% 22%| 9064
5 o7or-piciiackuite- dki e 005 UL IR SR 1 o o)
€ o0l etnopaiaaniisms | 075 ). MPAAroranasin 0.04]
o
V)10 R O 0.65 4=mmmmmmmmmmmmm e oo 0.031
Y= 0.0002X+0.6286 Y= -0.0008X+0.7956 0.024
DU f-im s s s e ] (- USRS
0.014=====m=mmmmmmmmm oo
0.30 T T T T 0.45 T T T T 0.00 . r - r
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Ablation time (s)

Ablation time (s)

Ablation time (s)

Figure 2 LIEF Wopp 2ty patterns for NIST SRM 614, ARM-3, WC-1. The laser spot size was 85 um with an energy density of ~2.0 J cm™ and a laser
frequency of 8 Hz. The LIEF patterns were simulated using a linear relationship. The percentage value is the calculated relative increment after laser ablation.
A value of 0% means no observed LIEF during ablation. The results indicate that the LIEF for the three RMs is insignificant (<2.2%).

and Th'/U" ratio in the range of 0.9 to 1.1. In all three cone
combinations, the addition of nitrogen provides better sen-
sitivity than that of without the addition of nitrogen by a
factor of ~3 for S+H, ~1.5 for Jet+H, and ~10 for Jet+X. We
observed a very high oxide production rate (ThO'/Th
>30%) for the Jet+X without the addition of nitrogen, but
this was significantly reduced to <1.0% with the addition of
nitrogen. Thus, the enhanced sensitivity of the addition of
nitrogen is partially attributable to a reduced oxide produc-
tion rate (Wu et al., 2020a). The sensitivity of the three cone
combinations are Jet+X>Jet+H>S+H, excluding the Jet+X
under the condition of without nitrogen. The low sensitivity
of Jet+X cones without the addition of nitrogen is attributed
mainly to extremely high oxide production, which is prob-
ably related to the design of the X version cones.

Compared with the S cones, the Jet cone has a large orifice.
The H and X cones both have orifices of 0.8 mm, but the H
cone has a cylindrical entrance and a trumpet-shaped exit,
whereas an X cone is completely trumpet-shaped (Bouman
et al., 2009). Thus, the Jet+X cone combination provides
more space for ion beams to enter the orifice than other cone
combinations. We attribute this feature to the improved
sensitivity for Jet+X cone combinations. As shown in Figure
3, the sensitivity of the Jet+X cones with the addition of
nitrogen is about 350,000 cps (ug gfl)fl for 2*U at 85 pm
laser spot size, ~2.0 J cm ” laser energy, and 8 Hz frequency
at a sensitivity (defined as #ions detected/#atoms measured)
of 0.76% (Schaltegger et al., 2015).

For comparison with other instrumentation, we re-
calculated the results of Hansman et al. (2018) and Ring and
Gerdes (2016) using a Thermo Element 2 instrument (S+H
cones with the addition of nitrogen) to yield sensitivity va-
lues of 0.13-0.17%. Thus, our data are compatible with a
three- to four-fold increase in the sensitivity of the Element
XR with Jet+X cones installed. This sensitivity is at least ten
times greater than that of Q-ICP-MS. Given the low U and
Pb contents of many calcite grains, the common composi-
tional zonation at the micron level, and the common occur-
rence of inclusions, it is preferable that analysts use as small
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Figure 3 Signal sensitivities of “*Pb and ***U in three cone combinations
(S+H, Jet+H and Jet+X) with and without the addition of nitrogen. Signal
data were collected using line-scanning mode with a spot size is 85 pum, an
energy density of ~2.0 ] cm *, and a laser frequency of 8 Hz. The ablated
sample is NIST SRM 612. The Jet+X cone combination with the addition

of nitrogen provides the best intensities for 2ph and **U isotopes. The

sensitivity is given as cps (ug g ') and by the #number of ions detected/
#number of atoms measured (Schaltegger et al., 2015).

a spot size as possible, while maintaining good precision.
The increased sensitivity shown here means that small spot
sizes are applicable, potentially opening up further applica-
tions of calcite geochronology, for example to investigate
fine-scale pore cements.

3.3 Improvements using Jet sample and X skimmer
cones with N, enhancement technique

The JT calcite RM has low U contents (~0.5 pg gfl) and is
young (ca. ~14 Ma); so it was selected to demonstrate the
advantages of the enhanced sensitivity of the instrument used
in this study. Figure 4a—4c compares the dating results for the
JT sample using three cone combinations (S+H without the
addition of nitrogen, Jet+H without the addition of nitrogen,
and Jet+X with the addition of nitrogen). The lower intercept
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Figure 4 Tera-Wasserburg diagrams of sample JT using three instrument conditions (S+H cones without the addition of nitrogen, Jet+H cones without the

addition of nitrogen and Jet+X cones with the addition of nitrogen). Lower intercept ages were calculated using an anchored ~ 'Pb/

27ph2%Pph value of 0.839

(Guillong et al., 2020). The accuracy and precision are significantly improved using high-sensitivity Jet+X cones with the addition of nitrogen. Several data

@
a

are identified as outliers. In n=a/b,
evaluated using IsoplotR (Vermeesch, 2018).

ages of 15.5£2.3, 14.4+1.6, and 13.6+0.5 Ma were obtained
using S+H without the addition of nitrogen, Jet+H without
the addition of nitrogen, and Jet+X with the addition of ni-
trogen, respectively. Although these ages are in broad
agreement with the ID-TIMS age (13.797+0.031 Ma; Guil-
long et al., 2020), both the data-point and the final ages using
the Jet+X cones with the addition of nitrogen have greater
precision. The internal precision that is the precision of in-
dividual spot analysis (2SE), is improved with the use of the
Jet+X cones with the addition of nitrogen, which is a result of
the better counting statistics facilitated by the enhanced
sensitivity.

3.4 Correction of’"’Pb/***Pb using NIST SRM 614 and
ARM-3

Figure 5a plots the precisions of measurements of *"pb/**Ph
in NIST SRM 614 and ARM-3 along with the signal in-
tensity of *’’Pb. Compared with NIST SRM 614, ARM-3
contains higher contents of Pb (12.7 ug gfl vs. 2.32 ug gfl),
thereby providing better counting statistics for the calibration
of ”’Pb/**Pb. The *”’Pb/**Pb results of WC-1, Duff Brown
Tank, JT and ASH-15 are in agreement for the calibration
using NIST SRM 614 and ARM-3 (Figure 5b), indicating a
negligible matrix-induced effect on *Pb/**Pb ratios for
NIST SRM 614 and ARM-3. These results indicate that
ARM-3 is a potential RM for *Pb/*"Pb corrections. ARM-
3 contains moderate U (~3.75 pg gfl), similar to that of the
calcite RM WC-1. Given the sensitivity of the Element XR
used here, this should provide a signal intensity of U in
ARM-3 of >1 million cps. Thus, ARM-3 is a suitable choice
for both instrument optimization and calculating the *Tppy/

2%py correction in calcite U-Pb geochronology. The 20p,

indicate the numbers used for plotting and “b” represents the total numbers of analyses. Data were plotted and
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Figure 5 (a) Plot illustrating the analytical precision of 27pb/*%Ph ratios

in NIST SRM 614 and ARM-3 along with the signal intensity of **'Pb. (b)
Plot comparing the measured *7pb/**Pb ratios of WC-1, Duff Brown Tank,
JT, and ASH-15 calibrated using NIST SRM 614 and ARM-3. The dis-
crepancy is calculated as (unity minus results from 614/results from ARM-
3) x100. The data indicate the negligible matrix-induced *”’Pb/***Pb bias

between RMs NIST SRM 614 and ARM-3.
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U ratio of ARM-3 has not yet been determined. However,

ARM-3 can be utilized as an additional Pb/U RM after fur-

ther characterization of the **Pb/***U ratio in the future.

3.5 LA elemental mapping

Trace-element contents in calcite can be variable at the um-
scale (Roberts et al., 2020; Rasbury et al., 2021). 2D ele-
mental images thus provide important information for un-
derstanding the petrogenesis and alteration of calcite, as well
as for locating the zones of highest U content that are pre-
ferable for U-Pb geochronology (Roberts et al., 2020). Al-
though WC-1 has been mapped for its trace-element contents
(Roberts et al., 2017), individual sample grains may be
compositionally heterogeneous. Guillong et al. (2020) re-
ported that the dark (in reflected light) part of their WC-1
yield results that were in agreement with the recommended
age (254.4£6.4 Ma; Roberts et al., 2017), whereas the
brighter vein-like part gave more scattered and younger ages.
Therefore, it is necessary to evaluate the compositional
variability of any RMs used for primary normalization, as all
calcite has the possibility for heterogeneous elemental and
isotopic compositions. The Duff Brown Tank sample has
been used as a case study for image-based dating (Drost et
al., 2018). Here we provide the results of compositional
mapping of WC-1, Duff Brown Tank, and JT.

As shown in Figure 6, the trace-element compositions of
the three RMs appear to be distributed heterogeneously at the
pm-scale. For WC-1 and Duff Brow Tank, U contents are
positively correlated with La, but not with Sr or Mg. The Sr
content of sample WC-1 is much higher than that of Duff
Brown Tank, indicating WC-1 as a potential RM for in situ Sr
isotope analysis (Rasbury et al., 2021). In sample JT, the trace
elements are clearly distributed in two separate areas. The
right-hand part is country rock with high contents of Mg, Sr,
La and U, whereas the left-hand part is the calcite vein with a
recommended age of 13.797+0.031 Ma. As a result, we re-
commend mapping trace elements individually for calcite
RMs to provide more robust information on sample quality.

3.6 U-Pb dating results for WC-1, Duff Brown Tank,
JT, and ASH-15

3.6.1 WC-1

As the WC-1 sample was used to calibrate Pb/U ratios, the
age results cannot be used to evaluate the accuracy of the
technique. A total of 25 analytical sequences were carried
out for sample WC-1 over four months; the results are
summarized in Figure 1. The laser spot size and frequency
are kept consistent in all 25 analytical sequences, but with
different cone combinations. The correction factor varied
from 1.063 to 1.189, owing mainly due to the daily settings
of the instrument. However, the matrix effect between NIST
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SRM 614 and calcite can be effectively corrected using the
derived correction factor.

3.6.2 Duff Brown Tank

We analysed the Duff Brown Tank sample over four sessions
(three using a laser beam diameter of 85 pm and one using
50 um; Figure 7). The data (Supplement Table S1, https://
link.springer.com) are plotted in Tera-Wasserburg diagrams
with both unconstrained and constrained discordia lines; for
the latter, the *’’Pb/***Pb ratio was anchored at 0.738 (Hill et
al., 2016). This sample contains 18.6-86.7% common Pb.
The precision of individual analyses is mostly < 3.0% (20)
for Z*U/*"Pb and < 4.0% (20) for *Pb/**Pb. The mean
values of the U contents obtained in the four sessions are
15.1£9.4 pg gﬁl. For the unconstrained discordia results, the
four sessions yielded lower intercept ages of 62.9+1.7, 62.7
+1.5, 64.4+1.1, and 63.8+1.7 Ma, respectively, which are
slightly younger than the reported ID-TIMS age (64.04+0.67
Ma), but in agreement within measurement uncertainty. The
*pb/*"Ph ratio (0.662—0.698) on the Y-intercept is sig-
nificantly lower than the reported value (0.738+0.01; Hill et
al., 2016), a phenomenon observed in all four analytical
sessions (Figure 7).

For the constrained discordia, four sessions yielded ages of
65.5%0.6, 66.7£0.7, 66.6%0.6, and 65.8+0.5 Ma, respectively,
which are sytematically older than the reported ID-TIMS age
(64.04+0.67 Ma), but still within 3.5% of the LA-ICP-MS
measurement uncertainty. Such systematically biased 2fus
*pb and *"Pb/*"Pb ratios would shift the discordia lines in
a parallel direction. This means that, if the unconstrained
lines were forced to “"’Pb/*"°Pb values of 0.738, the lower
intercept age would be even younger, indicating the lower Y-
intercept *Pb/**Pb ratio is not an artefact of either mea-
surement or calibration. To verify this, we carried out one
additional session using LA-MC-ICP-MS (a Resolution M50
laser coupled to a Neptune Plus MC-ICP-MS) from an in-
dependent laboratory (Zhang et al., 2021). The results
(Supplement Figure S1) are similar to our LA-SF-ICP-MS
data, perhaps indicating heterogeneity in the initial P/
*Pb ratio of the Duff Brown Tank RM. It should be em-
phasized that the spatial resolution may be reduced to 50 um
or less, owing to the high U contents.

363 JT

This JT sample was measured over two sessions. The data are
summarized in Supplement Table S2 and plotted in Figure 8.
The separate calcite vein and country rock parts were mea-
sured in sessions 1 and 2, respectively. Session 1 yielded an
intercept age of 13.76+0.43 Ma, which is in agreement with
the ID-TIMS age (13.797+0.031 Ma) reported by Guillong et
al. (2020). Session 2 yielded an intercept age of 151.5£13.7
Ma. To our knowledge, this is the first age constraint on the JT
country rock. As shown in Figure 8, the U content in the
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Figure 6 Elemental maps showing contents (in pg g_l) of Mg, Sr, La and U in WC-1, Duff Brown Tank, and JT. The images illustrate a heterogeneous
distribution of these elements at a micron scale. The corresponding pictures in optical reflected light are provided.

calcite vein is 0.56+1.00 pg g_l, and in the country rock is 0.88
+0.34 ug g_l. A common Pb component is dominant in the
country rock, whereas it is more variable in the calcite vein.

3.6.4 ASH-15

The data for the two analytical sessions for the ASH-15
sample are summarized in Supplement Table S3, and plotted
in Figure 9. Session 1 yielded an intercept ages of 2.947
+0.063 Ma (anchored in 0.832) and 2.987+0.080 Ma (un-
constrained, 207Pb/206Pb0: 0.860+0.035). Both ages overlap
with the accepted ID-TIMS age within analytical uncertainty
(2.965+0.011 Ma; Nuriel et al., 2021). Session 2 yielded an
intercept age of 3.037+0.067 Ma (anchored in 0.832) and
3.044+0.075 Ma (unconstrained, *’Pb/**Pby: 0.840+0.034).
Two ages have a positive offset of ~2.7% than the accepted
ID-TIMS age. This offset is within the expected uncertainty
associated with matrix-matching (2-3%) as demonstrated by
Guillong et al. (2020) and Nuriel et al. (2019). The U content
of the ASH-15 sample obtained from two sessions is 1.62+
0.91 pg gﬁl. This sample was slightly easier to measure with
JT because of the high U contents, despite the young age.

The background intensity of *pb is ~17.6 cps on our in-

strument, whereas the **’Pb signal intensities of WC-1
(85 um), ASH-1(110 pm) and JT (110 um) are 1295-3388
cps, 28—1871 cps, and 136591 cps, respectively.

3.7 Implications for in situ calcite U-Pb dating

3.7.1 Selection of ICP-MS instrumentations

Early studies focused on calcite U-Pb dating using the ID-
TIMS technique (Moorbath et al., 1987; Smith et al., 1991;
Woodhead et al., 2006; Woodhead et al., 2012; Woodhead and
Petrus, 2019; Engel et al., 2020). However, this technique
requires time-intensive sample dissolution and column
chemistry to produce reliable measurements. With the advent
of LA-ICP-MS, sample throughput has greatly increased and
the costs have been reduced substantially. All three types of
ICP-MS instrumentation (i.e. Q-ICP-MS, SF-ICP-MS, and
MC-ICP-MS) have been utilized for in situ calcite U-Pb dat-
ing (Kylander-Clark, 2020; Supplement Table S1). MC-ICP-
MS provides the highest sensitivity, and by a factor of 3-5
greater than SF-ICP-MS, and >10 than Q-ICP-MS. This al-
lows precise measurement of samples with low levels of Pb
(i.e. young and/or low Pb contents). A further advantage of
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n=alb, “a
(Vermeesch, 2018).

MC-ICP-MS is the simultaneous measurement of all isotopes,
improving the stability of transient signals owing to the
elimination of the ICP flicker. However, MC-ICP-MS in-
struments are expensive and require cross-calibration of the
multiple ion detectors. Because of the detection capabilities of
the Faraday collectors (>5 mV) and ion counters (< 2,000,000
cps), there are some limitation to the collector array arrange-
ment that can be used to measure U and Pb in calcite.
SF-ICP-MS and Q-ICP-MS instruments measure the ion
beam sequentially using a single detector, normally a sec-
ondary electron multiplier (SEM), although some instru-
ments utilize a Faraday cup. As only one SEM is typically
used, there is no need to cross-calibrate multiple detectors,
which yields a simpler data reduction and analysis routine.
The Faraday cup allows a greater dynamic range of mea-
surement, but its use can add additional uncertainty to the
final measurement. Another advantage of Q-ICP-MS and
SF-ICP-MS is the capability to collect trace-element data in
addition to U and Pb isotope data (Drost et al., 2018).
However, due to the low sensitivity relative to MC-ICP-MS,
a lager laser spot must be used to achieve the same mea-
surement precision for a Q-ICP-MS and SF-ICP-MS. As

indicate the numbers used for plotting and “b” represents the total numbers of analyses. Data were plotted and evaluated using IsoplotR

indicated in Supplement Table S4, the laser spot size is
generally >200 um for Q-ICP-MS, 100-200 pum for SF-ICP-
MS, and ~100 pm for MC-ICP-MS. However, our technique
using the high-sensitivity combinations (Jet+X) with the
addition of nitrogen permits a spot size of 50—110 um for U-
Pb dating of most calcites.

3.7.2  Importance of the image-guided approach

At present, there is lack of predictive criteria that can be
used in the field or laboratory to screen samples prior to
analysis for high U and low common Pb (as revealed by
204Pb) domains (Roberts et al., 2020; Rasbury et al., 2021).
Incorporation of U into calcite is not well understood in
many environments. This is because trace element in-
corporation in calcite is not only dominated by thermo-
dynamics, but also by a large number of phenomenological
factors including trace-element availability, calcite growth
rate, temperature, pH, Eh, pCO,, the Ca®": CO327 ratio in
solution, ionic radius, and U complexation (Roberts et al.,
2020). A range of non-destructive imaging techniques have
been used for sample screening, including optical micro-
scopy, cathodoluminescence (CL), charge contrast imaging,
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back-scattered electron imaging (BSE), and synchtron X-
ray florescence (XRF) mapping (Roberts et al., 2020;
Rasbury et al., 2021). Traditionally, these techniques were
used to identify and characterize calcite growth stages or
alterations, but not for the identification of high U and low
common-Pb domains.

Previous studies have applied spot or line scanning tra-
verses to screen out the high U and low common Pb domains
suitable for U-Pb dating, either by monitoring the *"Pb and
2y signal intensity, and making a note of suitable locations,

Sci China Earth Sci

then a second-step of U-Pb dating is carried out on these
domains (“spot traverse” approach). Alternatively, LA-ICP-
MS mapping technique was used to determine both the lo-
cation and nature of U and Pb zonation in unknown samples
(“imaging-guided dating” approach; Roberts et al., 2020,
2021). Spot traverses provide rapid screening of multiple
samples or aliquots, whereas mapping provides more detail
across complex heterogencous samples. In this study, we
compared these two strategies for an unknown sample.
Figure 10a—10b shows the data plotted using the spot tra-
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Figure 10 Plots comparing age data from an unknown sample using spot-traverses and imaging-guided dating strategies. Session 1 was carried out using S
+H cones with the addition of nitrogen, whereas Session 2 used Jet+X cones with the addition of nitrogen. No data were identified as outliers. Corresponding
images in optical light are provided as (e). Empty circles and Filled circles in (f) represent the locations analyzed using spot-traverses (Session 1) and the
locations analyzed using imaging-guided dating strategies (Session 2), respectively. Data were plotted and evaluated using IsoplotR (Vermeesch, 2018).
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verse approach, whereas Figure 10c—10d shows the results
obtained using “image-guided dating” (see also Supplement
Table S5). Clearly, the image-guided dating approach pro-
vides better results because of the more accurately targeting
the high U domains. Based on our laser parameters, imaging
of a 5 mmx5 mm area requires <60 mins, but provides a
useable level of spatial resolution.

3.7.3 Development of new calcite U-Pb reference materi-
als

Accurate LA-ICP-MS calcite U-Pb dating requires matrix-
matched RMs for the correction of instrumental mass bias of
Pb/U ratios. Several in-house materials are currently being
used as RMs, including Duff Brown Tank, ASH-15, JT, and
AHX-1A. Sample WC-1 (ID-TIMS age of 254.4+6.5 Ma;
Roberts et al., 2020) is the only well-characterized RM that is
distributed across most laboratories that date calcite. Sample
ASH-15 has also been characterized by ID-TIMS (Nuriel et
al., 2021) and has been shared with a growing number of
laboratories. The relatively high uncertainty (2.5%) on the
age of WC-1 sets a minimum uncertainty on any unknown
age determination. In addition, compositional heterogeneity
in WC-1 has been reported (Guillong et al., 2020), such that
some samples of WC-1 may have larger Pb/U isotopic
variability than described by Roberts et al. (2017). Supple-
ment Table S6 summarizes the commonly used calcite U-Pb
RMs, along with some additional materials characterized for
method development. Most of these RMs are not well
characterized using ID-TIMS technique, but are used as in-
house RMs.

The development of matrix-matched RMs remains a major
hurdle to accurate and precise LA analysis of carbonate
minerals because of the variable mineralogy (calcite, dolo-
mite, and aragonite) texture, composition (e.g., high-mag-
nesium calcite), and ages (e.g., >500 Ma). Textural
differences (e.g., microcrystalline) between the unknown
and RMs can contribute to high uncertainties due to differ-
ences in ablation efficiency, LIEF, and crater morphology
(Elisha et al., 2021). Observed deviations are potentially up
to 20% of the final intercept age depending on crater geo-
metry and/or matrix effects (Guillong et al., 2020). The
currently available RMs are unable to meet the requirements,
in particular for dolomite and aragonite.

4. Conclusions

U-Pb geochronology of calcite by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) is an
emerging field with potential to solve a vast array of geo-
logical problems. Owing to low contents of U and Pb,
measurement by more sensitive instruments, such as sector
field (SF)-ICP-MS is advantageous. We show that a Jet+X
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cone combination with the addition of nitrogen provides the
best sensitivity for measuring U-Pb isotopes using a Thermo
Element XR. This setup improves the precision on calcite U-
Pb data for samples with low U and radiogenic Pb, and in-
creases the spatial resolution below 100 um. LIEFs of *0%ppy/
U ratios when using shallow crater geometries in NIST
SRM 614, ARM-3 and WC-1 RMs are insignificant (<2.2%).
Adopting the optimized instrument parameters, results from
three commonly used calcite U-Pb reference materials (Duff
Brown Tank, JT, and ASH-15) match well with the published
ID-TIMS data, demonstrating the reliability of our techni-
que. In addition, we demonstrate that ARM-3 is an appro-
priate RM for *Pb/**Pb calibration and instrument tuning.
The image-guided approach is shown to be an efficient
method for obtaining robust ages.
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