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3 hAREAEG, 58 Ph S B A deth ik M T T B R G AES U-Pb AniF 3y 8 5 R 4 .
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In situ U-Pb dating of apatite-titanite by LA-ICP-MS
ZHANG Yan, BAO Zhian, CHEN Kaiyun, LYU Nan, ZHANG Hong, YUAN Honglin

(State Key Laboratory of Continental Dynamics, Department of Geology, Northwest University, Xi’ an 710069, China)
Abstract The age of Sume, Durango, Otter Lake, AP1, MRC-1 standard apatites, and Ontario, T4, T3,
Pakistan standard titanites were determined simultaneously by using Agilent 7900 inductively coupled plasma
mass spectrometry and RESOLution S-155LR 193 nm ArF excimer laser ablation at the State Key Laboratory of
Continental Dynamics, Northwest University, with laser frequency of 6 Hz and laser ablation spot size of 67
pwm (apatite) and 43 wm(titanite). Using MAP-3 apatite as an external standard combined with *”’ Pb-correc-
tion method, the U-Pb weighted average ages of apatite samples, Sume(566.7 +5.3)Ma, Durango(31.2 +
0.6)Ma, Otter Lake(901.3 £9. 6)Ma,AP1(472.0 £3.9)Ma, MRC-1(155.4 +1. 8)Ma can be determined
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accurately. Using BLR-ltitanite as an external standard combined with *’Pb-correction method, the U-Pb
weighted average ages of titanite samples, Ontario(1 044.4 +4.2)Ma, T4 (1 096.2 £5.6) Ma, Pakistan
(20.74 £0.61)Ma, T3(1 102.9 £5.8)Ma can be determined accurately. These results are consistent with

the recommended values within a reasonable range of error. The research results indicate that the established

method can accurately determine the in-situ U-Pb dating of apatite and titanite, with high accuracy and relia-

bility of the data results. The establishment of in situ apatite U-Pb provides important age information for medi-

um temperature thermochronology studies. The establishment of in situ titanite U-Pb provides important evi-

dences for exploring age information related to metamorphic and hydrothermal processes, and identifying P-T-

t trajectories of geological bodies.
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AR RE it 8% o A O 80 el A 1 A T
b, ANE B RAE R o )5 5 AR A 5
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W /W 1
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7 Ph XK AT R A1 R4 T AR IE X
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TAREIS S (566.2 £3.3)Ma (20,0 =23) (A 1
(a) ), S ETASRAFRYAF I AR 22T Bl N — 2k, 23
AN B S B K A1 Sume™ Ph/** U AT 1 47 i
(*"Pb #51E) N (566.7 £5.3)Ma( & 1(b)], 5
Lana'* 45 573 9 ID-TIMS U-Pb 4E A HL IR 22 W
-0.2%

FATHME KA1 Durango FURLAL K, 1 B4k (7,
72 F 85 PG AR 2% 3 ( Durango ) T #ff /R < 22 1L ( Cer-
ro de Mercado ) BT AR R AR ERAT IR, HH 3T 224 Bt
WY, >8R/ NIk, Ar-Ar (RHS ) 2084
(31.4 £0.2) Ma"™ | Paul 27 F| ] ID-TIMS 3k
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Tab.2 Summary of apatite-titanite standard sample ages and error with recommended values

o ) Tera-Wasserburg 27 Ph AGIE R e e
BRI U5 BT 3 A PR o FAEFA E= BN
AE/Ma AHfERE/ Ma  4Fl/Ma e 2/ Ma
568 3.1 ID-TIMS Lana % (2022) 132
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- Durango P58 Durango 32.6 0.6 31.2 0.6 -4.6 LA-ICP-MS AR5
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Ontario JIEN 1056 5 LA-ICP-MS Sun %(2012) 13!
1053.3 3.1 ID-TIMS Spencer 25 (2013 ) 40
1044. 8 1.4 1044.4 4.2 -0.8 LA-ICP-MS AWFFE
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T3 #8, Bamble 1098 2.3 ID-TIMS f(2020) 3
1105.5 1.2 1102.9 5.8 0.4 LA-ICP-MS AHFFE
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H-0.8%



- 1036 - PAAb R 22 4R ( BARRL =R ERKE
§ - | (b)Ontario
(=]
° (1 044.4+4.2)Ma
8 1070_‘ MSWD 7.7, n=46
¥ i H L
=1 7e) <
S 3 = 1050 | ..I I|‘|
£ s ml .
R 41030 H ’ H H ’
S L
(=]
. 1010 [ ‘ ’
E - 207 corr. **Pb/**U age
. 990
4.0 45 50 55
(=1
S 1150 | (DT4
(1 096.2+5.6)Ma
. ;150 MSWD=4.4, n=28
2 2
g S 1110
g = ‘ || AT
£ 1 i
£ A | i HWH
o -
1070 |
5 ! 207 corr. *Pb/**U age
S 1 050
§ 26 | (DPakistan
o s 207 corr. T°Pb/**U age
2 24
8 -‘
£ 2 S uimimlininm
§Q—c 2 § -| | | | | | l | | ‘ | | |
= - 20 | ’
g2 RN
s S 18
Vel =
=
S 18 - (20.74+0.61)Ma
g | i MSWD=2.0, n=25
= 1 1 1 1
0 100 200 300
ZSSU/206Pb
S 1 150
2 F T3 h)T
= & ) 3207 *pPb/* U
L 400 i L corT. age
» L
1110 |
Eg| = ||_ ||H|||,
L3 1 200 1 '|||| "||H'|
~ #1090 |
= (1 105.5+1.2)Ma o
= (1 102.9+5.8)Ma
(=]
> L ! L ! MSWD=6.4, n=29
© 40 4.5 5.0 5.5 1050
238U/206Pb

P12 A4 Tera-Wasserburg U-Ph A I (Z2A0) A Ph A IEAY™ Ph/ ™ U AE R IIACT- 2 (£
Fig.2 Titanite Tera-Wasserburg U-Pb plots (left) and weighted averages of the * Pb _ corrected **Ph/** U ages (right)



F6 M

KU, 2% : LA-ICP-MS B JK A1~ 41 U-Pb %€ 4

- 1037 -

HEAT T4 7730l i 7 1) S iz A ) ( Kragero )
HuIX. Sjaen ReA137, PSS 46 0, T 3,
il R LA-ICP-MS Jl5°° Pb/™" U ALY 247
I (7 Pb A2 1E) A (1 131 £8) Ma, F 38 AR N
(1132 +7)Ma(20,n=20), LItEA BLR-1 K4p
B, XEAE A0 T4 HEAT 28 YOG & , X AR AT 1Y
Pb/ U H B £ 35 fi Tera-Wasserburg [& fi#, I AE 5
Ph [m] {3 28 4L /)N, ok AT LG d LA 2K
B B B 1 A AR B 3 SRS 21 B0 da B R L R A
JRE N AL AR A T4 BT S AR Y
(1095.0+2.4)Ma(20,n=28)(E2(c)), 5Hi
NARIB 25 RAE TR 220 BN — 2, 28 DY
WA T4 *°Pb/* U SITACE B4R R (7 Pb A2 1E) B
(1096.2 +5.6)Ma( & 2(d) ), 5 Tl 3Ky
LA-ICP-MS U-Pb FE A HHHLIRZE N -3.2% .,

Wifa Pakistan = FEAEMH , 549, R/N2Y)
Semx2.5 em x2 em, FER LG, DY FH
ID-TIMS {18 U-Pb & F4E# & (20.77 +0.05)
Ma(20,n =10) , #] ] LA-ICP-MS |15 Ph/** U
I 34488 (P Pb A2 IE) 4 (21.4 £0.4) Ma
(20,0 =22) ,F5 i 47 Pakistan A]4E Gl XA A7
ARERFE N U-Pb MARE bR MEYI BT, DAAE A1 BLR-1
NHMR, XA AT Pakistan FE4T 25 YHEOGINE , X
A2 Pb/U B BUHE A Tera-Wasserburg [K] fi#,
PIRE L P [ 2H A/, TEk AT 05, il
DL IR WO B Bl A B 545 B ) GG B [ 7
FHN R A s, WS A Pakistan 1) R 58 AR
#°4(20.15 £0.33)Ma (20,0 =25) (K 2(e) ],
TEDRZEVE N S5 AT A fRE 45 2R — 2, 25 S
fRIHE A7 Pakistan **°Pb/?* U fIACE-HI4E#% (27 Pb
TE) M (20.74 £0.61)Mal [ 2(f) ), 5 & 4k
#5319 ID-TIMS U-Pb ¥ AH LR 250 0. 1%

HEAT T3 7 T4 gl B BEA ) ( Bamble ) 4438
5 575 BT 48 3k /R ((Arendal ) #b [X f¢) Naresto % £
oy, Bie 2 B 0, DfES A ID-TIMS 75 U-
Pb M4 (1 098.0 £2.3)Ma(20,n=9) , ]
il LA-ICP-MS ] £3° Pb/®® U il A5 2 4F %
(1112 +24)Ma(20,n =16) , I35 B4 T3 1]
PIVE R iIX. U-Pb 4248 73 ROARTEER BT . LAAE A
BLR-1 &M, XA T3 54T 29 YOG & , %
PR Pb/U H (B B fi Tera-Wasserburg [K] f#,
BT A P [A 67 R A AR/, oIk TG
S A 3SR B P B BT AL B AU TSRS B A ) B s
[l (5 LR VRN b 38 A, BB AT T3 B R 58 1 AF

WA (1105.5+£1.2)Ma(20,n=29) (K 2(g)],
AT AMRIB SRR EZL BN 2 29 P3N
AIME AT T3 Pb/*° U A ¥4 0% (7 Pb AL IE)
N(1102.9 +5.8)Ma( [ 2(h) ), 5565 3518
19 ID-TIMS U-Pb 4E#5AH HL iR 224 0. 4%

4 Z5iE

ARSCHI I SE 3R % Fo A5 1 Agilent 7900 T PUARAT
EE B TR R RERL-A RESOLution 193 nm ArF i+
BWOCTEROCHRIE N 67 | BOGHAN 6 Hz 155
ET %5 A48 HE B JK 45 Sume, Durango, Otter
Lake . AP1 #l MRC-1 #£47 U-Pb [a] {ii 3 i, £
11 Ph AR B IO 547 5 4 W 4
w2509 R -02%, -4.6%., -1.3% .
-0.6% 1. 4% . TEWOCHRBEN 43 pum JFOEH
FH 6 He AT X 4 ARt A1 Ontario | T4 |
Pakistan 1 T3 #Ef7 U-Pb [A]f Z ik, 253 Pb
FEIETEARAT B AL P45 % 5 A 08 HEA (B A D 22
Syl -0.8% . -3.2% . —-0.1% F10.4% , L)
SRR A T T 5 R A N K A
U-Pb & 4E AR AT 58 , Dy e ™ 55 L £
PR BRI T 240

Bt B P B A F R S R AR
BT My A TAZ )R 32 4 69 48 & A=A BLR-1.T3 T4,
Ontario #= Pakistan, vA & & & & #7 4% Otter Lake.
Durango . AP1 ; % B 3 % % % ( X, ¥ % 891 %
NP B K G AR AF Sume MRC-1, YA & £ B ¥
REIFPLTHHET; PERARF(LT) K
5575 B AT IT T ARk 00 B G AR A MAP-3 ;o 1 A4
FIRHR L MR AT EHE £ M
HACF BRI BT AR A AR AT
EOE o

(L] ZFlkte, 245, FRkar, &5 RO R AR AU
PSR EEHE L], ek, 2022, 96 (1)
104-122.

LIX H, LI'Y, LI Q L, et al. Progress and prospects
of radiometric geochronology[ J]. Acta Geologica Sini-
ca, 2022, 96(1) . 104-122.

[2] ALEINIKOFF J N, SCHENCK W S, PLANK M O, et
al. Deciphering igneous and metamorphic events in
high-grade rocks of the Wilmington Complex, Dela-

ware: Morphology, cathodoluminescence and backscat-



- 1038 -

(LBl QSR S)

%53 %

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

(12]

[13]

tered electron zoning, and SHRIMP U-Pb geochronolo-
gy of zircon and monazite[ J]. Geological Society of A-
merica Bulletin, 2006, 118(1/2) : 39-64.

LING X X, HUYSKENS M H, LI Q L, et al. Mona-
zite RW-1: A homogenous natural reference material
for SIMS U-Pb and Th-Pb isotopic analysis[J]. Min-
eralogy and Petrology, 2017, 111(2); 163-172.
ALEINIKOFF J N, WINTSCH R P, TOLLO R P, et
al. Ages and origins of rocks of the Killingworth dome,
south-central Connecticut: Implications for the tectonic
evolution of southern New England [ J]. American
Journal of Science, 2007, 307(1) : 63-118.

MA Q, EVANS N J, LING X X, et al. Natural tita-
nite reference materials for in situ U-Pb and Sm-Nd i-
sotopic measurements by LA-( MC)-ICP-MS [ ] ].
Geostandards and Geoanalytical Research, 2019, 43
(3): 355-384.

THOMSON S N, GEHRELS G E, RUIZ J, et al.
Routine low-damage apatite U-Pb dating using laser
ablation-multicollector-ICPMS[ J ]. Geochemistry Ge-
ophysics Geosystems, 2012, 13. Q0OAA21.

YANG M, YANG Y H, WU ST, et al. Accurate and
precise in situ U-Pb isotope dating of wolframite series
minerals via LA-SF-ICP-MS[J]. Journal of Analytical
Atomic Spectrometry, 2020, 35(10) ; 2191-2203.
YANG M, ROMER R L, YANG Y H, et al. U-Pb i-
sotopic dating of cassiterite; Development of reference
materials and in situ applications by LA-SF-ICP-MS
[J]. Chemical Geology, 2022, 593 . 120754.

WEI Q D, YANG M, ROMER R L, et al. In situ U-
Pb geochronology of vesuvianite by LA-SF-ICP-MS
(]
2022, 37(1): 69-81.

B BRSO U-Pb 5 4F A Se-Nd [a] 7 R ARAEAIT
K VIS ERAR A R A A B[ D ] JEt: h E A
e KA ,2022.

AYSAL N, GUILLONG M, BAYANOVA T, et al. A

Journal of Analytical Atomic Spectrometry,

new natural secondary reference material for garnet U-
Pb dating by TIMS and LA-ICP-MS[ J]. Geostandards
and Geoanalytical Research, 2023, 47(2) . 297-310.
HUANG C, WANG H, YANG J H, et al. RKVO1
Rutile-A new potential archaean reference material for
microbeam U-Pb dating[ J]. Geostandards and Geoan-
alytical Research, 2023. DOI;10. 1111/ggr. 12528.
XIANG L, WANG R C, ROMER R L, et al. Colum-
bite SN3: A new potential reference material for U-Pb
dating by LA-ICP-MS[ J]. Geostandards and Geoana-
Iytical Research, 2023, 47(3) . 609-628.

[14]

[15]

[16]

[17]

[19]

[22]

TANG Y W, LANT G, GAO J F, et al. A new ap-
praisal of ilmenite U-Pb dating method by LA-SF-ICP-
MS[J]. Journal of Analytical Atomic Spectrometry,
2023. DOI:10. 1039/d3ja00209h.

LIU Y S, GAO S, HU Z C, et al. Continental and o-
ceanic crust recycling-induced melt-peridotite interac-
tions in the Trans-North China Orogen: U-Pb dating,
Hf isotopes and trace elements in zircons from mantle
xenoliths[ J]. Journal of Petrology, 2010, 51 (1/2):
537-571.

PATON C, WOODHEAD J D, HELLSTROM J C, et
al. Improved laser ablation U-Pb zircon geochronology
through robust downhole fractionation correction[ J].
Geochemistry, Geophysics, Geosystems, 2010, 11
(3): QOAA06.

AHE), TEROW, XIRE, & R LA-ICP-MS
U-Pb sg4£ 07 vE M i AT LT ] #bJ5i 274, 2015, 89
(12) : 2400-2418.

LIY G, WANG S S, LIUM W, et al. U-Pb dating
study of baddeleyite by LA-ICP-MS: Technique and
application [ J ]. Acta Geologica Sinica, 2015, 89
(12) : 2400-2418.

LIU G Q, ZHAO K D, ULRICH T, et al. Isoclock: A
free and novel routine for common Pb correction in
UThPb data reduction of LA-ICP-MS analysis [ J].
Journal of Analytical Atomic Spectrometry, 2023, 38
(10) : 2007-2018.

B IR WO b e SR 5 A5 B AR R
) U-Th-Pb i@ 4Rt T ]. HuBERBLSE, 2022, 47
(11): 4122-4144.

LUO T, HU Z C. Recent advances in U-Th-Pb dating
of accessory minerals by laser ablation inductively cou-
pled plasma mass spectrometry [ J ]. Earth Science,
2022, 47(11) ; 4122-4144.

HE C G, LIJ W, KONTAK D J, et al. An Early Cre-
taceous gold mineralization event in the Triassic West
Qinling orogen revealed from U-Pb titanite dating of the
Ma'anqiao gold deposit[ J]. Science China Earth Sci-
ences, 2023, 66(2) : 316-333.

VAFEAS N A, SLEZAK P, CHEW D, et al. U-Pb
Dating of apatite from silvermines deposit, Ireland; A
model for hydrothermal ore genesis[ J|. Economic Ge-
ology, 2023, 118(6) . 1521-1527.

LIB, XUD R, BAI D Y, et al. Structural deforma-
tion, metallogenic epoch and genetic mechanism of the
Woxi Au-Sb-W deposit, Western Hunan Province,
South China [ J ]. Science China Earth Sciences,
2022, 65(12) ; 2358-2384.



F6 M

KU, 2% : LA-ICP-MS B JK A1~ 41 U-Pb %€ 4

- 1039 -

(23]

[24]

[25]

[26]

[27]

(28]

(29]

(30]

[31]

(32]

(33]

ZHAO W W, ZHOU M F,DUDKA S. In situ U-Pb
dating of garnet and cassiterite from the kanbauk W-Sn
(-F) skarn deposit, Dawei region, southern Myan-
mar: new insights on the regional Sn-W metallogeny in
the southeast Asian Tin belt[ J]. Economic Geology,
2023, 118(5): 1219-1229.

PICCOLI P M,CANDELA P A. Apatite in igneous sys-
tems[ J ].
2002, 48(1) : 255-292.

SPEAR F S,PYLE ] M. Apatite, monazite, and xeno-

Reviews in Mineralogy and Geochemistry,

time in metamorphic rocks[ J]. Reviews in Mineralogy
and Geochemistry, 2002, 48(1) . 293-335.
MORTON A C,HALLSWORTH C R. Processes con-
trolling the composition of heavy mineral assemblages
in sandstones[ J]. Sedimentary Geology, 1999, 124,
3-29.

LASLETT G M, GREEN P F, DUDDY I R, et al.
Thermal annealing of fission tracks in apatite 1. A
quantitative analysis [ J ]. Chemical Geology, 1987,
65(1): 1-13.

FARLEY K A. Helium diffusion from apatite: General
behavior as illustrated by Durango fluorapatite [ J ].
Journal of Geophysical Research; Solid Earth, 2000,
105(B2) ; 2903-2914.

CHAMBERLAIN K R, BOWRING S A. Apatite-feld-
spar U-Pb thermochronometer: A reliable, mid-range
( ~ 450 °C) , diffusion-controlled system[ J]. Chemi-
cal Geology, 2001, 172(1/2) ; 173-200.

SCHOENE B, BOWRING S A. Determining accurate
temperature-time paths from U-Pb thermochronology .
An example from the Kaapvaal craton, southern Africa
[J]. Geochimica Et Cosmochimica Acta, 2007, 71
(1) 165-185.

B, EHAFE, WO/, % BHKA LA-ICP-MS
U-Pb & 4F B A E T ik E o [T ], & s,
2022, 41(5) . 744-753.

ZHAO L H, ZHAN X C, ZENG L S, et al. Direct
calibration method for LA-HR-ICP-MS apatite U-Pb
dating [ J]. Rock and Mineral Analysis, 2022, 41
(5): 744-753.

LANA C, GONCALVES G O, MAZOZ A, et al. As-
sessing the U-Pb, Sm-Nd and Sr-Sr Isotopic Composi-
tions of the Sume apatite as a reference material for
LA-ICP-MS analysis[ J]. Geostandards and Geoanalyt-
ical Research, 2022, 46(1) . 71-95.

BARFOD G H, KROGSTAD E J, FREI R, et al. Lu-
Hf and PbSL geochronology of apatites from Proterozoic

terranes ; A first look at Lu-Hf isotopic closure in meta-

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

morphic apatite[ J]. Geochimica et Cosmochimica Ac-
ta, 2005, 69(7) : 1847-1859.

MCDOWELL F W, MCINTOSH W C,FARLEY K A.
A precise * Ar-* Ar reference age for the Durango apa-
tite (U-Th)/He and fission-track dating standard[J].
Chemical Geology, 2005, 214(3/4) . 249-263.
APEN F E, WALL CJ, COTTLE J M, et al. Apatites
for destruction; Reference apatites from Morocco and
Brazil for U-Pb petrochronology and Nd and Sr isotope
geochemistry [ J ]. Chemical Geology, 2022, 590
120689.

DUAN L J, ZHANG L L, ZHU D C, et al. Apatite
MAP-3: A new homogeneous and low common lead
natural reference for laser in situ U-Pb dating and Nd
isotope analysis [ J ]. Journal of Analytical Atomic
Spectrometry, 2023, 38(7) : 1478-1493.

CHERNIAK D J. Lead diffusion in titanite and prelim-
inary results on the effects of radiation damage on Pb
transport [ J ]. Chemical Geology, 1993, 110; 177-
194.

SCOTT D J,STONGE M R. Constraints on Pb closure
temperature in titanite based on rocks from the Ungava
orogen, Canada: Implications for U-Pb geochronology
and P-T-t path determinations[ J]. Geology, 1995, 23
(12) . 1123-1126.

FROST B R, CHAMBERLAIN K R,SCHUMACHER J
C. Sphene (titanite): Phase relations and role as a
geochronometer [ J ]. Chemical Geology, 2001, 172
(1/2) . 131-148.

SPENCER K J, HACKER B R, KYLANDER-CLARK
A R C, et al. Campaign-style titanite U-Pb dating by
laser-ablation ICP: Implications for crustal flow, phase
transformations and titanite closure[ J]. Chemical Ge-
ology, 2013, 341. 84-101.

STEARNS M A, HACKER B R, RATSCHBACHER
L, et al. Titanite petrochronology of the Pamir gneiss
domes: Implications for middle to deep crust exhuma-
tion and titanite closure to Pb and Zr diffusion[ J].
Tectonics, 2015, 34(4) . 784-802.

RODIONOV N V, LEPEKHINA E N, ANTONOV A
V, et al. U-Pb SHRIMP-II ages of titanite and timing
constraints on apatite-nepheline mineralization in the
Khibiny and Lovozero alkaline massifs ( Kola Peninsu-
la)[J]. Russian Geology and Geophysics, 2018, 59
(8):962-974.

LI J W, DENG X D, ZHOU M F, et al. Laser abla-
tion ICP-MS titanite U-Th-Pb dating of hydrothermal
ore deposits: A case study of the Tonglushan Cu-Fe-Au



- 1040 -

(LBl QSR S)

$53 %

[44]

[45]

[46]

[47]

[48]

skarn deposit, SE Hubei Province, China[ J]. Chemi-
cal Geology, 2010, 270(1/2/3/4) . 56-617.

XI5 LA-ICP-MS #8A U-Pb & 4 Jy ikt b & Fo b
JER LD ] A st i E R (e st) , 2018.
e, KA, BRIEER, S B4 U-Pb AR AR i
P-T-t 3 g v [T ] R B2 3 i, 2007, 22
(12) . 1258-1267.

XIANG H, ZHANG L, ZHONG Z Q, et al. Titanite:
U-Pb dating and applications on defining P-T-t path of
metamorphic rocks [ J]. Advanced in Earth Science,
2007, 22(12) ; 1258-1267.

BEER, W, 2, %. LA-ICP-MS fif1 U-
Pb iEAET [ T]. A, 2022, 45(4) @ 53-59.
CUNYR, TUJR, LIGZ, et al. In situ U-Pb dating
of titanite by Laser Ablation-Inducitvely Coupled Plas-
ma-Mass Spectrometry [ J ]. North China Geology,
2022, 45(4) : 53-59.

HU Z C, ZHANG W, LIU Y S, et al. "Wave" Signal
smoothing and mercury removing device for laser abla-
tion quadrupole and multiple collector ICP-MS analy-
sis: Application to lead isotope analysis[ J]. Analyti-
cal Chemistry, 2015, 87(2): 1152-1157.
VERMEESCH P. IsoplotR: A free and open toolbox
for geochronology[ J]. Geoscience Frontiers, 2018, 9
(5): 1479-1493.

EE &I

R, EEEA2A,

[49]

[50]

[51]

[52]

(53]

[54]

STACEY J S,KRAMERS J D. Approximation of terres-
trial lead isotope evolution by a two-stage model[ J].
Earth and Planetary Science Letters, 1975, 26 (2) .
207-221.

PAUL A N, SPIKINGS R A,GAYNOR S P. U-Pb ID-
TIMS reference ages and initial Pb isotope composi-
tions for Durango and Wilberforce apatites| J ]. Chemi-
cal Geology, 2021, 586 120604.

Win i, RAETC, WEAC, 5. MR Sr AL
WO IR 2 8 T A B 1 ( LA-MC-ICP-MS) il %
[J]. AA%R, 2009, 25(12) ; 3431-3441.

YANG Y H, WUFY, XIELW, etal. In situ Sriso-
topic measurement of natural geological samples by
LA-MC-ICP-MS[ J]. Acta Petrologica Sinica, 2009,
25(12) : 3431-3441.

JRZE. B T EIE P R U-Pb A7 R 2 4E[D]. b
AU E R RS, 2013.

SUNJF, YANG J H, WU F Y, et al. In situ U-Pb
dating of titanite by LA-ICPMS[J]. Chinese Science
Bulletin, 2012, 57(20) : 2506-2516.

. BTG EAAL U-Ph 1 Sm-Nd [f] 3 3 73 4 K
HAE =0 OB AR AU e P Y B [ D] e
AU P E A BOR A (JEat) ,2020.

(% B/ # 1B

FERBURFURZ AR, ARG AFEREEER TS 244, L
AFF BEABEFFALRRE, IHSZABRAXMAFAen L TE5TA
Fo B R ERMAANEAHFAED , N ARFEHFRY W ABATHE”, RIKIND
WK KB XL FAL LF TR FEERHT Yo FFHFRE,
World Laboratory Wilhelm Simon Fellowships & # 5, £ 2R Fig LR 5 F
R X T2/ B2 M7 A8 R 89 TR (37 7 ik 09 T R AL R AL 5 o 84
FRBR ., B N SMEs R 4 B & % SCL X 200 4% ,H-index 3 43, SCI #
LG R 15000 A 0k;7 B IANEISI Z5AEBL, FERLAEH 8





