W A R TR
Bulletin of Mineralogy, Petrology and Geochemistry
Vol.44 No.1, Jan., 2025

AN
‘:|I:t

RS LR X U-Th-Pb-He X EE D FHiEHE

XU T I R X

LA 2R 2E HERBL 2 SR 2B, VTE%E 7100545 2. HARGERIRH GEIR ™~ 5 %R B TR ARAH .0, 75% 710054,
3. [ e T R A e M AT S T R A0 AR AR 22 5080 %, JE AT 100037

7 E: #0900 R L K U-Th-Pb-He X % 4 77 ik & — T 45 A 45 7 %ok B L% X (U-Th)/He FnU-Pb & 45 8 K 8y 7138 77 3%, % 7 & 8
9 LI E WA F WK LKA (U-Th)/He A U-Po 7 AF 7 L & 1K R 8 345, U-Th-Pb-He W & F£H A T B #4275 7 (U-Th)/He
AW AT E T A AR (U-Th)/HefnU-Po A E R B FEE N B HHMBERR, ATETT WRAEMAFE A HEFEWAEMST
FLHMBTXRAMEACEFRFERFHBEAENAEREE TEME., AXRAME T 4 F # R 4% X U-Th-Pb-He X E £ 7 %t
KEFRSAR KETELXNEXTERSE GRS HE A ZROMCANREFEF TR EENRRELFHRK., BT,
U-Th-Pb-He X E 7 Z R ABAGBC @ RE—EFEL S ZH 2 HENRMLEMFRBE REMAGES - LEAEE B
‘Het BWH M E U-ThI K A —F4U-ThE # 8 ZEMU-ThE R Z4 B BN WSS CAME NARR T E, B NI
X L % 4 X U-Th-Po-He W Z 4 7 s Wy EARFAR 9 B EAE S RENNIEIR 5 L1081 58, X 3 A 2R3 4 7 U-Th-Pb-He R E
FOMBEREEE THEESTHREE, A A FHA TN A RREE N EHTENRA L,

%X & #: (U-Th)/He;U-Pb; R Z 4 ;44 ; ot B X

hESHES. P597  XEHS: 1007-2802(2025)01-0162-16  doi: 10.3724/j.issn.1007-2802.20240104

A review on the zircon laser in-situ microanalytical U-Th-Pb-He double dating

LIU Wen-bo', TAO Ni'**, SUN Jing-bo’, WEN Han-jie'~
1. School of Earth Science and Resources, Chang'an University, Xi'an 710054, China;
2. Engineering Technology Innovation Center of New Energy Minerals and Resource Information, Ministry of Natural Resources, Xi’an
710054, China;

3. Laboratory of Isotope Thermochronology, Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China

Abstract: The zircon laser in-situ microanalytical U-Th-Pb-He double dating method is an innovative frontier method combined
with zircon laser in-situ (U-Th)/He and U-Pb dating techniques. It can be used to simultaneously obtain the in-sifu dating data of
both the (U-Th)/He and U-Pb two isotopic systems from microanalytical spots of zircons. This technique not only obviously
improves the (U-Th)/He dating analytical efficiency, but also offers a better coupling of two chronological datasets of the (U-Th)/He
and U-Pb isotopic systems. Thus, more plenty thermal evolution histories of minerals and their hosting rocks and strata can be
revealed, the efficiency and reliability of interpretations for dating data of these two isotopic systems can be enhanced. In this paper,
the development process and current status of the zircon laser in-situ microanalytical U-Th-Pb-He double dating method have been
systematically reviewed, the published results of both standards and natural samples have been collected, and the possible associated

technical difficulties and challenges in the existed test data have been attemptly analyzed. It also conducts in-depth analysis and
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discussion on the current difficulties and challenges. Up to now, the isotopic dating data with a certain precision and spatial
resolution are capably provided by application of the zircon laser in-situ microanalytical U-Th-Pb-He double dating method and its
technical process. Although there are still some technical difficulties and challenges, including precise measurement of “He content,
the influences of U-Th micro-heterogeneity and/or U-Th-bearing micro-inclusions of zircons on the quantitative analysis of contents
of U-Th isotopes, some relevant solutions are provided. The in-depth theoretical and experimental researches on the above-
mentioned technical difficulties of the zircon laser in-situ microanalytical U-Th-Pb-He double dating method are being actively and
continuously carried out by researchers in aboratories at home and abroad. It is expected that some relevant research progresses will

further improve the accuracy, reliability and interpretability of the zircon laser in-situ microanalytical U-Th-Pb-He double dating

data, and provide more accurate and reliable technical support for researches of earth sciences and related fields.
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BEATOG R IX U-Th-Pb-He WUE 4E /M 7 12,
R ] — 04 0 0 4 UKL L [R] Bsf A A b 4R A5 (U -
Th)/HeFIU-Pb P F [ 43 2 44 R (I FHX (20~100 pm ) 4F:
% (Evans et al.,2015; Horne et al.,2016). #%AU-Pb
AR S B 2 U-P IRl 6 32K X1 ~900 °C v i 1l 5 iof
FE A N7 (Mattinson, 1978 ; Cherniak , 1993 ; Burgess et
al.,2021;Wu et al.,2023), i %541 (U-Th)/He4EA
ZEN N B JE 160~200 °CHiRJE X 8] (Reiners et al.,2004;
Guenthner et al.,2013) A 2, X - EHMEEE R
PR LA (K4 ,2010; Wang et al.,2012; i3
L% 2014 ;Deng et al.,2016;Liu et al.,2017; Yang et
al.,2017;Tao et al.,2019) 8 A AT R THE S (255
45,2001 28145 2008 5 5 7 AF 2009 5 45
2011 ; B 204845 2013 ;#0155 ,2022 ) | LR 2 Hb B2
5 s O SC 4 2000 B3R A2 45,2010 Shi et
al.,2011;Wu et al.,2016;Tao et al.,2017 ; PN {HZE
2017;Fg%5,2017) IR HT (Xu et al.,2017; 4R ZANAN
FETENL,2019; Zawacki et al.,2022) B Kb 51817
(JH#H3E 4 2003 ;Mclnnes et al.,2009; % L% 2010,
Danisik et al.,2013; Tao et al., 2023 ; B{FHACH AT #t
2024) HIEHSRE L (Shen et al.,2016;Monteiro et
al., 2018 ; X &45 2018 ) LA K K4 3it 3f 2l Fi (g 7. 3%
85,2020 EVESE,2022) 4 Eth e i B AR5 o AR
A HE )79 (Yan et al.,2009; Tang et al.,2014; Wu et
al.,2016),

RECEAEGN 5 R R4 4 (U-Th)/HeF
W BN AE 55 PSR 275 5 (Reiners , 2005 ; Evans et al.,
2005; ¥ B % ,2021) fMU-PbAE I, 44 H 25 5 i
(TIMS#: ) | KB T IRET (SIMSE: ) HOGR il i JEHE
A AR TR (LA-ICP-MSHE ) &5 (1 47 A 4%
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A 3

B AR — AR LS R W, B A
(U) &L (Th) fl4Z (Sm) S o B AU, iB A &
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Iﬁl{ﬁ%mgU\z”U\232Th\147Sm7/€$a%/§}ti4He?
IR 2 KB, Mo 7 Smy™ A i He & i i
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al.,1996) . of 1k FE B i K AU RIWI iR s g ¢,
M H 5 PP BRI AL A B 53 TN %% B2 S5 40 OC (Farley
et al.,1996), **%U 2*°U 2**Th "4 Sm)afs: 1| FE 25
ANF L5 31415.55 pm  18.05 pm , 18.43 pm /% 4.76 pm
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2014) . FERZECGET , 8 A AR U  Thifk B8 &
AT R, P NS I 5 ok TR AT AT 1 ) 5 T
{UAEFETU | Th it 58 = B RRER I 00 F 7 DL AR
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85 (1996 ) 3 128 WF 5% aulltk J 2800 X TR AR AN ST O 1R
R Py AR T He CRAF I A 52 A, F Hh AR A 4 1) e /)
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B A LA-ICP-MS U-Th-Pb-He XUE4F J5 1k 75 B i i
B AT AR B RS | A B R B A e 45 B A A
JERI T R G, I T B2 PO R i s Y32 45 A [ a2
ROk X L Uy LA B T H FTU-Th-Pb-
HeBUE 4F 5 98 e i fE s S MERT .
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2.1 ESMARERSIIK
2.1.1 (U-Th)/HeMF X & m# (U-Th)/Helrl i
REEH AR R AT T 3B Bt (5 LA X it
2017):
D1987—20004F, 3 1k % FH L5 3 4 Xt 1™ 4y o s 2
A B He 5, 0 FH X5 4858 6 6% 7% (XRF)
B TIMSXU-Th & i #4750 41 (Zeitler et al.,1987;
Lippolt et al.,1994; Wolf et al.,1996;Tagami et al.,
2003) . ZITIEAERT (R GER 22K, HMELLFE A
R ANF T He A9 HIUWF5E ;
22000—20064F , House%: (2000 ) 1 ¥k K Ot
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Fig.1 A flow chart of the zircon laser in-situ microanalytical U-Th-Pb-He double dating method (after Tao,2017;Wu et al.,2023)
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R - (1) BT WESES A 0 W) 0RE | R AR BURL
FROE (BLFE B W | AL R A f R e 2 kL
KT8 IR AR ) 5 (2) 4 2 ad Pk i B A B B0k A
T2 e 2 B B 4 B A N i AR O AR I A 42
B He 2 5 (3) 45 2 il USSR 4 0 0k 7% i
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R E LA v Bl FIURE 371 2 1 23 0 S i P 3 7 (U-Th ) /He J5
U A 0 BB A LS AE " i /)N [R) R (Farley ,2002) o
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WAL X HET A B EOR SR X Ry
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T B A SRR LT (8 B BORL Y A B
BT (U-Th) /HedF i | X LURA 2 4F I8 B0 id 150
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Tian%5 (2017)A48 T —FhBrAYSri Lankafh 15
ZYFRLGC-1, HHF IR (U-Th)/HeE 4F | X Fp s £ )2
— VB AE AR IS 2 5 bR BLAT JEOK R/INY 520 i
B B 5 R H RS 2 5056 & JLE (Hourigan et
al.,2005;Dunkl et al.,2024), Tian%%(2017) 5 FALA-
ICP-MS 75 3k %E U-PbAF i | 76 B E K 2# AT IR A
(U-Th)/He E4F, HiEKBENEEvans® (2015) ) H
%o XTMFFE ME A (U-Th)/He i & LML T8 89
FRREP) BT S o v I i S b BB 9 T 1 2 8 ) 2 [
KA I X LGC- 143 U e 1 4% 48 o Jit
I X J5 223647 (U-Th) /He E4F (Hao et al.,2023).

Wuf (2023 ) X —Fff (1 R IR ES A bR ET P SA0L
HATIEAL(U-Th)/HeE 4 o X P RINEE A BAZ R AU |
Th SmA3 i 157, R R85 A B &6 (CL) G &t
FREERSIS VA 43 X, OGRS % R RE R A5 1)
P 25 M X S0 o I SEAE rp R B b 5T 5 M ek
Py BERFFE BT (U-Th)/He 32 55 % i A 2 5 Evans 55
(2015) 7 AL, SAOIEE A MRS R AA T EHE
HIAL 58 5 JFAL ) 1 (U-Th) /HeAE IS Th/UTH , BOGIRAL
X AT A3 2 A9 (U-Th) /He E 14 A Th/U{E 5 H #1550
ALAVEF IR (U-Th) /HedFE % Th/UME— 3%, RUIZ5H
FRIVZEL B ) X J5T P el JFC A A% 8 RO B AL R X (U -
Th)/HeMU-PbiE 4 1Y R bR o

BOE AL X (U-Th) /He W ARAE Sy — Ff i <7 4
R Hoy Al 48 H R, © & AR
SR ) B AR BT S AN OCHE £ 45 (Boyce et al., 2006,
2009 ; Vermeesch et al.,2012;Tripathy-Lang et al.,
2013; B985 ,2017) . WOLIEALHIX (U-Th)/HeE 4F-
TN T Al AR X A P N T SR, T e 45 A
A% A& 5 (CL) 44 v 5 RGO 40 0K P BB 435 4
B B B, SRR SR G IX AT A X L AR g
12, WOCE ALK (U-Th) /He EAE B AR LA FEAR
P (1) BESAER Py JORL PN 7 328 £ 5 DO o7 B, A B
A A3 R 5 (2) KKBEAR T i T8 kL N R 45
B (Cn A A Bl PR 4 ) AN AT L S AR
BRI T L DAL AR B A T BE ()L S e TP AFAE Y
SR 21 25 0 S I B 2 7 T L S 3k B S ) R
Lk K TF20 um K ECHUX 43 AT 55 07 K it (Boyce et
al.,2006; Tripathy-Lang et al.,2013), Xtk Jo 75 Bk
AT 4 OB AR BRI & A5 Z A S F oA OE  $ e T
(U-Th)/He’F: i %48 F0 I 46 7] 457 28 B4 =2 8] 1 AH 5
BE 5 ()8 7o A RCR A B s AR R B (5) o 58
0 N G4 HEA T 5 R S A R A

167

2.1.2 U-Th-Pb-He U Z F X R mA2 O HHIX
(U-Th)/He B EH AW ik % J'é A FF & U-Th-Pb-He L
FEAE AR T EE AR R A A SR . H A,
ELA K FI W RHE K24 (Evans et al.,2015) 3 F| SR
M7 K 2452862 (Horne et al.,2016;Zawacki et al.,
2022) A8 vi 527 K22 BT /3 K UTChron S8 50 %
(Malusa et al.,2022) 5 5256 % NI LA-ICP-MS#5 A1
U-Pb A1 (U-Th)/HeE M4 &K, 3645 T 7 —
B URL B AYU-PO AN (U-Th)/HedFE#%

EvansZ# (2015 ) f#f FIRESOlutionif 6315t £ 48 7
SVERBLE TTH T 50 B & 8 1 (W A AR B (AL-
phachron™) FIH M Agilent 7700sPUM AT BG4 , 5230
JHLA-ICP-MS H 5l & Sri - Lankaf f1 45+ A He
MU Th Sm Pbf¥ 5. RESOlutioniftih & 4L fic
£Compex 1024E5> T-HOGER , Ir & $119193 nmiot vl
AR5 A7 URL 2 T 7 A ok AR 4 30 S S kit [+)
AFAS B9 dol A5 R B A% A 5, A B T T D o e
W AT . Alphachron™& B3 A in 25> He #
T AN HeAr il S T B A B *He 5 &, O 41
B, HERRBE R B8 . Evans®E (2015) (& *He# i i 4
FUM G U | ThAd # ik fL A FLE A 45 %] (U-Th)/He
AR HOGCHELE T (U-Th) /Helk R REA & il T LA-
ICP-MSHlE 315 o WOGHRET i ke e ik b 20 OB 4 B
GO JE LA T 8 I AR e 55 /N B RT B AN T 15
B R FH T8 v HA R W He OB # b, XU Th Sm |
PoiFATEEZE B IR A Be i, X Fh 7 48 o T A iR R
Tt ) B 3K T A T S AR Y DGR TR R L R
T YR ) ol A B o 398 R A 3 g 158 2
MR G R 2, I DLV & IR0 B . x5 I K
TLA-ICP-MS 13 [X U-Th-Pb-He X iE 4 i J7 1% 4
T . (1) W 4 SRR R G IF UEA T CLAN I 4 e BE 41 R
I B UKL 3 S A0 S AR R 5 1) DX sk S 43 B A
(2) 1 FH 193 nmif 5330 #1122 48 RS2 R 28 0 i
{CZ A I Hee 5 (3) 52 B sk 0 A R 1 3 F 5 B A
“He & f i 1Y BAL 52 (mole/pum? Fimole) ; (4)fdi F
LA-ICP-MSiill £2°4Pb 2°°Pb 2°7Pb 2*°U >**U |
22Th 2°Th " Sm% R R & & (5) K Hlk-calibra-
tionZHM IE KT (U-Th)/He MIU-PHAE I

MalusaZ (2022) % B /R .47 1L Gonfolite Groupf
JE A TR T R0 ARt . LA R A 1
A AR 361 5 E — S H 0 R R 8 L (A7 8 A U-
POV B F) TH W 2 |, AR )5 2B A U-PoE AR TH Rl TT Y |
Ak LB B A R R T He A AT, FEXE 1 AU Th
Smif & {5 FH Thermo Fisher Element® I 4ERS ICP-
M S BEAT [l (5 2% i o ohe I 5, e 23 3 3345 1 U -Pb
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F(U-Th)/Hef4E#Y . U-PbAI(U-Th)/He X & & 4E4F
WA AR B AL T G 2 RN R i T 4 A ) ) 2 BR, IE B
T E G )R P AR A AR I S AT A Hr i
P, A JEAALBUE A 5 gk v T T AR AR A JR AT OE
iy S R 14 1y FH Y481

PO AT ) ik B R B 6% PR AR [ 25 2
TR 1y BRLSORE 19 330X U -POAE 2 F1 (U-Th ) /He4E 12 .
Horne%¥ (2016 ) R T I#OGH il MU E 4F 47 A (La-
ser Ablation Double Dating, LADD), LADDE R, T #
St # i S AR YR i (LA-GMS) HILA-ICP-MS , k5 &
B A1 T LU -Po R ][] 1S A il R 041K (140~200 °C) 1Y
(U-Th)/He#AEMR 224 . Horned5 (2016) i 1 K
LADDE AR FHFHHIE B 4FA9Fish Canyonl K A br i
B A AR S ARIER] T H AT A TME . Zawacki®F (2022)
i FHLADDHE A X # J8 £ A1 #4717 (U-Th)/He FIU-Pb
ST (E2) . BRI B5 A >k A T Northern
Awash(NA) K3 ib Bk + FlWest  Turkana(WTK) 4ik:
B PR AP DA, R P Frantz 5 8 AL ST B R 12570 55 HY
B AT AT S L BRAME20~30 pmE 4, HEE TE
W) UKL % o7 B8 PRI 2 07 T 0 T B T4 1A
TR IR R0 S e T 40 P AR B A R T/ A i
AT BT REAL ) b T He o X R0 7325 0 43 B T FR A8 1]
TR e T 6B 5 Y A9 U-Th-Pb-He BUE 4E AURCR , I8
DI THBRAESE (U-Th)/He s B 1 B T B Pk BE b A
T 325 8 ) SR A i 22

XUSCIGAE . B8 A O X U-Th-Pb-He S 443 BT 7 72 9

Lia UL, HATES A O 3% X U-Th-Pb-He 3
SEAFMNR B S M AR TN R ¢ 1 5 R H BABE T
Xof A R AT N TRk, HE 40O, dEfTCL
I F FRL BT BRI R T 0 O s A R PR S 1
J8L53 43 A FIAD R R S5 K | LAAE Ay 04 B 35 26 AL 4
it o FOUR PREEURUT  FRER EABOGAR FLAS RE IR
A, K O 2% 5 23 B 0 e 14 15 A A=A B3 AUAH
L (0 O BRE SR ol 4R P B R i R T R RS
SBEHR FLAR~20~50 pm , BEH L AR AR 4 J0RE K /N
T (U-Th)/He4E I F* He & 55 [N E HE AT %K ) . BE
SRS BN S A A I LI B O 1 2 K F20
i FH V4 1) R AR Ti- Z oW /208 8 % ) ol = 2 ) S AR
FT A 3, IF 1 e A0 5 B R TS AR I A He . He
515 AR B0 A B A T He/ He fH I i
WA [R5 AR BT, B4 B P R ik 19 * He 75 2 1] LA
W He R K & i B IR B  He AR bR AY 5 5
THRAF . BRSNS R — 2 H T (SR
st 1 K A% 0 2 B0IAE TR TR (EUAS ik 2 380% B ok
i) o REAASRE S AL I — A AR *He
SAMRFRRE . K, G B R R B R He# il T,
IHRR TR . 0Dl b BN 5 58 BUG K B
BWAA RGBS WS T ROCRH M RS, R 5 Y
AT R ALEEHL , AU . Th, Sm P& JC &K A Z A [l
,fﬁ?\:(ZSSU’235U’232Th’230Th’147Sm,204Pb’206Pb’
207Pb, 2OSPb A ) A S i . AT A R R B TE SRR Y

L O T R OUE 4F (LADD) $R % 2k

15 T AR R RE A Frantz i 4> &

LST B % &

PO R vh AR & S5 R TR BT AR

BSEMICL A %

&
it
fEm

U. Th. SmAIPb & &

T HU-Pb &4 fl U-Th-He 5%

P2 AL O RSUE 4F (LADD) $ R B2k 151 (51 Fl Horne et al.,2016; Zawacki et al.,2022)
Fig.2 The laser ablation double dating (LADD) technological roadmap for single crystal
(after Horne et al.,2016;Zawacki et al.,2022)
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THe iyt i, OB EE A 42 *He 2 phb 2 12
+~20 wm . 3RO R R Pl R O He st h bt
E+~20 pum., NST 610(27Si)VE N EAnkekitiEoc
ik, LB R RS A He (U  Th ,Sm
B [ 1o 2 K0 318 (U-Th) /He4E#% , Pb U, Thi [A) {3z
FEEIIT A U-POAERS

ORI R A HAE T — SR AR AR B L (H
HAE A (U-Th) /He F W47 1H B FH A% 58 7 1 (A B0kL 4
%) 3R15 (Campbell et al.,2005;Reiners,2005;
Mclnnes et al.,2009), &1 i A GEAL 0 B IE RO & A %
JEIFEAL X U-Th-Pb-He SUE 405 . 7EFRE , 34k
2 FRHIF eI 5 i BE BT 2225 8 (U-Th ) /He AR AR 2% 52 5
%, ALFE R b TR 2 e SR ST T | P R g b
55 b ER P P 5 BT | v ) R S S A T o A A
JCB) A1 i TR 5T | b R B b ER A2 5T BT v
FEL B 27 o b 3K PR S5 A 9 T v b K A (e
B N2 IR E R B AR K FE BRI B LR
HIL R UL 2 R AR B TR 2 5, XS 5
R HBCA ek iR Lz oL # MR g ATk, Y
W FFICP-MSAE AT | FHov v R 2% e b ot 5 Hb Bk
Yy BEAF ST BT Y (U-Th) /He 3256 %8 B & M Ih 857 T 30k
JEA (U-Th)/HeE 4775, S0 T SAO VBRI #E A1 1 i
{37 (U-Th)/HeE4FE (Wu et al.,2023).
22 EFERBEWEFRESH

R YT UMl B AR ON A X s S AR SR
WK 427575 (U-Th) /He T i 25 L (E13) , AR SO 4 2
S FM B A bR HERE SR SRBE S AR IR B (PR D)
AT T RGE UM HT

MR AE (2017 ) X5k A 18 0K 242 B i 3R Bl 2
ZK I LSt Lankabp i85 44 E4T T 1448 (U-
Th)/Helll 4F  AF {45l (446.6+16)~(489.5+
18.6) Ma([&3), INACFE-IIME N (479.0+8.0) Ma, 5%
LU WS (H (470£11) Ma(Tian et al.,2017)7EiR
LN B, PSS (2017) 38 18 B S8 05 12045
FCTH5 A 1Y (U-Th)/He 3 H R (25.81+1)~(30.72+
0.9) Ma, ALY M (28.18+0.51) Ma, 55 % 1{H
(28.48+0.03) Ma(Schmitz and Bowring,2001)—Z(,
Tian%5(2017) fHao% (2023) #XLGC-155 A 47 T
1R 58 5 B 4 43 AR (U-Th) /He S8 AT
{4 (462.0£21.0) Ma([&]3) F1(484.1£9.6) Ma([%13),
FER 20 A — 30, R T A% e 7 R R R B 3%
e P 7 R T B B

HRAEBoyceds (2006) i , X FUFThsr i ¥
SI A BIE AT W) GG T E A3 TATAE i
HIAE IS 431K (449+17) Ma(20, FIAl) . (450+17) Ma
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F1(450+18) Ma, F-¥J4E 1% 4 (449.6+9.8) Ma, /R i
AR 5 ARG BE o SR R — A it SR P O R A7 38 ki
ARAF I 284 S AR IS R N BT ), Ol (438.149.1) ~
(480.2+10) Ma, F-IJ4EH3 K (455.3+3.7) Ma([®I3), 4%
SUBL B A8 3 A 3R 3 B, 33X 3 WO SR 34 Tk 1y
(U-Th)/He4F WA BEARR L 5 7 i 22 . JRAF it
S50 07 15 R 2L R R oot 5 R SO A TE AR L, o
TR K (>200 pm) JERAFIN H & 5 U Thiy 8
A1 LA RV R A S WO TR A R AR SR SR —
ASTTAT I BE 4 R IR X T B 235950 1) R A0k 4 A
A A R T B2 T LA AR A Al A R
HFIYRIURL . WusE (2023 ) W A% 48 7 i Fniot A 7
257 BN SAO LARVE RS A 4F 18 Sy (325+17.2)~(400.4
+£21 Mafl1(328+19.5~(390.1+21.2) Ma([&l3) , AL F
YB3k (358.549.2) Ma'5(363.7+13.6) Ma, 7 1%
2230 PRl — B8, SO IR AN s W IR 35 A 3 152 25 4
XK . Tripathy-Lang?5(2013)%f % —#1Sri Lanka
i MBS At AT OGRS X e 4F |  (U-Th)/
HeF#3 J [}y (404+£18.5)~(460+17) Ma(lK3), 5
Evans (2015) FAFI4 5 Bl — 2, n] WA LU AE 5805 1%
PO A X T b U A A AT R A B B

AR A — LA TR O A X (U-Th) /He
7 R R [ AREESL . Tripathy-Lang% (2013 ) #F58 3k
HENE S DR A VYL ¥ Ladakh Rangeld)JH &5 41 B 2R kR
i A S8 O IR A7 (U-Th) /He INFCE S 4E 8543 51
(27+0.4) Ma (B HUE H14%) 5(29+0.9) Ma (& HE
H34%) (FI3) o WOEIRAILIX ¥k e B A e A HL
AN IS5 RS R G o SR, 4T
TREERE S RIREGE B 0, SR 18 1Y 5 AT AR
TEATIIR TG BELR 4 2% TEFE AR AE R 75 2K

A SO R4y O R R WS A AR HERE T 5 H SR AR
U-Th-Pb-HeXUE 4F 84 (KF R 1) HEAT 78 38 % e gy
BT T 304 5 AR R ) oA 1 N ] S (R14)

Evans%:(2015)%fSri Lankafn#fE%5 11 FllEllendale
T 5 A F AR R AT OGR4 X U-Th-Pb-He XL
EAE SRR, Sri LankabR RS A1 (920 Pb/Z B UAE I
JE N (536£7)~(582+9.5) Ma(lo; FIal) (El4), finAx
SE-HIE R (566+4.5) Ma, OGIEA I ik A8 I shie K,
JEE R (400+6.5)~(463+8) Ma, INALF- Y 1H K
(422+4.5) Ma. &R L5 )5 2045 (4 Sri Lankabp ifE
B AT 1344 UL (U-Th-Sm ) /He4E R AE# — 2, ¥k
(437+10) Ma([ff#1). EvansZs(2015) %45 T WK F)
WY HEllendaleff 8 &5 A HARFE M (17.1£0.6)
~(34.6+1.0)5 Mal#JJ5i {57 (U-Th-Sm)/He4E WS (&3) , 5k
Ji B (BB R 38 155% ), HPOPb/ 2 S UAE IR L
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Fig.3 Compilation of published (U-Th)/He dating data of zircons from standards and natural samples by using the laser in-situ

microanalytical and conventional crystal dissolution methods

(368+5.5)~(2757+24) Ma, 7% H1 48 K A0 B3 101 (2
HENS54%) .

ZawackiZ§ (2022) F| A OGN IX 0 5 AR AR
METIN FEH) A i Northern AwashF1West Tur-
kana T Ji& T T 14 8 85 0 #OL UL X U-Th-Pb-He
MUE R AR B 53H7T 5 2448 K F o BAF5E (K4) .
ZFFE 345 T Northern  Awash 73 #4495 379860 Al

West TurkanaZ i 1-~FE & 109K % JE 5 47 (U-Th)/He
FIU-PORUE FA4EHS . Northern AwashZi (U-Th)/He
MU-POAE WL B4 5 0 (0.62+0.02)~(40.01+
0.86) Mafil(2.87+0.07)~(35.39+0.35) Ma, Hr,
206pp /238 UAE IS 4R h A0 A 75 7~8 Ma (I&{EH7.75 Ma) .
<5 Ma(I§fH #3.7 Ma) DL K 46 7t i 49 3] o o i
], West Turkanaz it (U-Th)/HeFTU-PbA: 4 7i5 Fl 43
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Fig.4 Compilation of published U-Th-Pb-He double dating data of zircons from standards and natural samples

S8 (0.1140.05)~(196.9+4.2) MaFil(1.41+0.043)
~(2515.9+4.3) Ma, {5 H1.6 Ma, WA HLEE A
(U-Th)/He AR S e 1 75 2445 B s b, 1 J2 IR [R] 2
B FR P0G A L LU Bl R/ SRR Bl A DG At
Ay EE . RERZHE A (U-Th) /He F R B &/)N
TR —45 A 920 Pb/ PP UAERY  (E15 T AV, i 4L
b e AT o B B AR TR /4 B 2O Ph/ 2B UA
(U-Th)/He i, 22 BH 7 MR X 25 0BG A 245 it |) 5
Wt 2 A [B] [ B o TR IR SR AR b S B T 3806 SR o IXC

U-Th-Pb-He X iE 4F J7 % 0] LA B 8500 & K EAE S, U H:
JEWEE #E AR, X TR R DT IR 4 Rl B = Y
i J5 5 R A i AR T A B AR

3 QM E G ak#EA

B IO B A X U-Th-Pb-He X AE 4F J7 125 1 2k
HEZAFHBUS T BE R, B8, Bz ik
1 25 [B] 0 HE R0 R RG BE 0 BT, BB A% 1 o ff i BT b o
MR T8 R Bk S S 24y,
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YR, FLDC I 7 R e 5 (A5 R 8 A0 K S, R
SEREB R R PR B T T A T T i b B R
BUEIAISZ I ARl 2s o 3k 2L 0 O S AE M BT AR IR
SRPURREE S 2 A 20 T R B0 T8 R A
(MclInnes et al.,2009) , LI K& UTARP) IR A2 A (Xu et al.,
2017;Zawacki et al.,2022;Dunkl et al.,2024 )5 ¥ 35
fk.(Shen et al.,2016;Monteiro et al.,2018; XI55,
2018) YOG FR o IX LU Ak ) S 0 A5 45 T ek ny s
PR FIAE 25 0 SE SR | ) A s 0 R OB IR X
IIAITASCES LA KO EICHE A BRI R AN T4

TE AT 8 A WG IR A X U-Th-Pb-He BUE 4F- /)
AR AR — S ST N D AN TR R A
b, SR T Le R T AR L B A O R R IX U -
Th-Pb-He XU 4F 7 1k B9 ME S E A LT 34 T5
11 OEOEHIX (U-Th)/He A, B AT A8 7T LIOKS i
it 1) 0 d5t AR ) 037 3 T He R B[] (2 3 %0 222 Th |
TSmp) i, AR A A R T B A PO
F b ARAT | RS X P YOG pha] LUTE [a]— 6
AT, AEL P Y ol ) AN 2 58 A [ 19 ) 5 S A N
H LA U-Th IR 2544 1 He 78 fh 7R P93 35~20 pm
TEAR J P B X (U-Th) /Hel X AT A s i . #5
A UKL JZ I U-ThERAT/ 7341 45 H 48 75 U-ThBE AR 5
AT —. (U-Th)/Hefs DX I4F R F A HOGSE AR 42
A BRI AN 1E— AN U-Thl o7 s @8 A b A N 2
TS B AT [ 2R G X A T S5 SR 52 e o 5 AR I
WERAFAE R U This i A R AR, —J7 1, £ (U-Th)/
Hes{ U-Pb A {37 R 43 A i 2 Bl th 5 % 2 U | Thbk:
A 3 B IR 07 3R AR I B B S B AR /N o — D7 T, R U
Th A FE R A8 77 A 1 He 23 T 39 10F A3 X 38,
1 8 He T2 78 I o B B Y Bl N 1 " He B i SR 1 R,
B(U-Th)/He RSB R -

BEXT 3R XE A, ZEBOGIIX (U-Th)/He 3t b, 5
PRIFM 3 He BRI [ 4 335U 2 Th "7 Smp & &t
AN BEHE M Hb 7] A0 o 33— a5 AR A o 4 Rk
PR B OB BE R S BRI RS B R 3O R T IR] L i
BHARmAREM PSR (Tripathy-Lang et al.,
2013), CA L8 % R [ALOBOGHE ARy 2 5 AL 73 A
B A AWK A FER (U-Th) /Hefk & B F IR FIRE R &
i, AR SIS B AR R 22 N2 — 300, Ui R0
PR 1 Z ] 17 Y (Tripathy-Lang et al.,2013;Evans
etal.,2015;Horne et al.,2016), ¥EHE I & H R
RO R L T — b SR B A —— U
AL, AT, 5 EICP-MSAIH] , BA i 2% &
45, BRI E A o SR 28 35 B AR o1 ) P ok
TEEIRALER , LT o B AR A7 e AR . TR UKL

XUSCIGAE . B8 A O X U-Th-Pb-He S 443 BT 7 72 9

L4310 (A 0 T I 2 A H e [ 2 A S g ok
ZIN B 38 2 R H e 5 2 7 o v A ) ) S

WO P A A I 3 P b AR AL B AT AR (E TV 3R A
JE A Y He s 0 I ST VR I, 3l e 2 B B BULAR:
P AR B AR E R I i, R PR TR T S 2
A JEN X (U-Th)/He & FH AR KR N FE 2
— i I ST AR BT R A RR T2 IeAh Ok
S ot aod A v Y PRI 2 5 B0 ik 47 i DX SRS i He
SNTIFE M He M5 o PG, 76 SE B ad 7 b, R PEA
A 1] % I HLe XoF i 2 45 SR 0 R i A, O 210K * Hee [
A7 2 & i AR 22 2% (20) AR, HIS AT BB
SREAR AR 2 . X T80 22 Th 22Pb&s A 2 K 1L,
QO] PRAIE A IR i FIVRR VA it 10 4 b 470 1Y AR IR
FHAE R AR TR (R 2R & i Ok . dE AR AR
AV FHEFT27%0 222 Th 0P % [ 3 3
T2, DAL 5 3 235 R 0% o M 40 mT e DU AR AFICP-
MS  ZHZIKICP-MS K SIMS FillsE . 7E#E4T (U-Th)/
Heflt X3 i, 354 5 40 N5 WA U-Th R 4544
FI*He 75 St 1A P9 3B 44 ~20 wm 8 58 78 Fz o B 85 14 5%
M), e LR A 0 R P YR B0 R [ [ 2 A2
FL I 4 He 714 A9 B 5 )00 [5 2 42 K~20 um (U Th
SR 77 AR I He AR 55 A A A 1)1 180 28 I oo 2
(Farley et al., 1996) , [F] B 484 I8 S 5 i (e K30 o R
He/NBERR IR ~20 um(Boyce et al.,2006; Tripathy-Lang
et al.,2013;Horne et al.,2016) , XFERHAREOE R
T T SN S 80N AT R ) 9 L PN ) 4 R R A
AR TIET)  4 38 ] BE X R B P A9 Hee B AT ST R A0 B
TRA & 2R WA= 48 ) BURHAR (I R0
B PCHROCA) | RE 6 — i T2 B2 W 559 45 41 S IR
B (U Th & 55 ) o 2 R X W7 38 G IX 43 17 25
MR o AESEAT BRI 2 A0, 7 B ORI E 1Y
IO DX A3 BT i A7 5 AT AT 30 281 1 0 2 A ) B S R
20 pm(*He FEAR I 0P B ) o SR W B e — o
bR IR FOAE i M FH ) ok 5t BURE i SR T S0 1) 8 40
HEAHOR 38 HT T 4 - 5 R o 3R 180 04 43 B (0 428
4 2003;Yang et al.,2014) , A5 A2 OG0 0004
ELA P A5 B RN R A S R A A S A T
AL PR KRR B (White and Aoms, 1987 ; Minsky,
1988) . iH £ B A X6 L SR, AT DA AR Hb 220 0
FIPGUEAS | BEAAH D) 5T 5 5 5152 22, T ARAIE[R]
PR X AT 45 R e . A, B H e 1
ARG M He ks I BR 2 95 AT, iU Th = A5 4
HEATIF AL (U-Th)/HelR) 457 28 28 445 8k T B, X
B AR AR U 0 A R R B — (A5 LA R e
2017) o b S A 00 T8 b 2 R R i e 17 (] 2
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—o ARGE b B A RE AR AT B HI P A i (HOHA % R
43 AT BERT R UH e 0™ A 52 ) | 2 T B0 A 45 2R H
2% (Horne et al.,2016;Hao et al.,2023), REU®H
HoAb AT BN MU 3 £ 45 (Evans et al.,2015; Tian et al.
2017)F14H (Boyce et al.,2006,2009 ; Vermeesch et al.,
2012 5 5k 1L R SCIE , 2017 ) B A 1l £ A A, HL
BEMARFRA ILRBR . Hod 0B A a8 A A S, AT
DA AR X 9 11 9 20 A SR (LR 28 07 ik 52 2
B R DU O] AR ST WA 5 4, 3
BN UREL 1 W B 6 7 A i LA TS /N A . — T
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