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Abstract: The Moon, the only natural satellite of the Earth, has its formation and evolution that are closely related to those of the
Earth. At present, although the Giant Impact Hypothesis has become the dominant view of the origin of the Moon, this hypothesis
has difficulty explaining some isotope compositions, such as the similarity in oxygen isotope composition, between the Earth and the
Moon. A series of new collision models and theories have been proposed to reconcile these discrepancies, yet they remain ensnared
in controversy and imperfection. With the advancement of high-precision isotope analysis and numerical simulation techniques, a
large amount of new data on isotopic compositions of the Moon and the Earth continues to emerge, providing more possibilities for
understanding events related to the origin of the Moon. Therefore, this paper reviews the research progress on the origin of the Moon
and summarizes the current status of collision models and related theories. We focus on the isotope geochemical constraints that
shape the lunar origin events and discuss their implications in different models, aiming to deepen our understanding and knowledge
of the origin and evolution of the Moon, the Earth-Moon system, and the solar system.
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1987;Melosh,2011) , A58 #h Bk K K FH R IE i 1
R E 2 “ARA” MR ATIE M RS 022 5
BT

J BRI — A K SR Bl R, ) Bk
A YR B 2 AT R A AR R R R Al 4 2 1
(Hartmann and Davis, 1975;Wood, 1986 ;Canup and
Esposito, 1996; Canup et al.,2001) . PBfiZ5 Bl 2 ke b
4938 1T LA R 43 B e AR K- 82 i, 1 = 28RS
Hi IR AN BR A BR Y B A AR A AR P I T A 4 2
VB R T2 00 o A 27 U8 DR R AR G b it e ) Bk il
Bk R METCR T AL R sl i SRR 7E 19844F 1Y
CHERGER” W gz, 2, % H BRGEE
14 28 B B9 55 Al A S AR ) KBRS AU i J o 4
X Ry il 4 2 UL SRR P 3 (Benz et al.,1986a,
1986b,1987,1989;Kipp and Melosh,1986), 2001
4, Canup Ml Asphaug (2001 ) BYEUER IR 12 37 .
AP R A AR UERE AR A (Canonical impact) , IAH
Tlf 48 R (AR kB . Theia) B9 K/ 5 Kk B AH L
(0.13~0.2Mg) , Rl T B 1Y H BRIEARST S H 250
TR PRRAE , AN 1 (a) o o b A 1 A5 2 5 A
By B EOR IR T R, i T AR B AR R RDR
PR B3 A A o 19 O 25 W) 452 2R 2H )R A ) 48 5 AR AR 7T
55 I AR R EAT AN [ 14 () 57 2R 20 B, R o i A R 4 2
T S — i 55 M BR R0 2 4L AS [R] A9 H BR (Clayton and
Mayeda, 1996 ;Canup and Asphaug,2001;Canup,
2004a;2004b) . SR, 47 A4 A B[] o7 280 4 3%
Y, Bk SG ER AR PE T R AL 3 ("0 °OTi A
SACr) 1R BERHARL, 33 g s o Tl 48 4SR5 Ok T Bk K (Hu-
mayun and Clayton,1995a,1995b;Lugmair and Shu-
kolyukov, 1998 ; Wiechert et al.,2001;Georg et al.,
2007 ; Touboul et al.,2007;Zhang et al.,2012;Her-

BB . A ORISR 3R bR L2 1 24

wartz et al.,2014;Touboul et al.,2015;Young et al.,
2016) . TEFRBIBETEH N T — 2 phE R AR 5
b TR, 2R ZE 8P AR | 27 85 A1 X s o Al 4 A A i
17 TABIEEEE I T A RS A | AT R - AR A1 Al
FIE | RE AR S | 22 A R e A (H R X SR A
IAF ARV 2 48, % B AFTE 6B (Asphaug,2014;
Barr,2016) . I Hij i A A B8 5 B8 REAS 52 4 i e
HRGURHE 575 30— 25 AW 58 BRI 1 11 24 5%
PR AL e

Bl A 3 B B R ML T SR RE I AR T i &, O
W Ca ,Cr K& B i b A [R) 057 2% 20 R R 30 A B 1y
W, Z RS [F] fi A R g HhOF A B 4l LB BTy
M P Rl A SR 5 H ] R G200 (Kruijer et al.,2015;
Wang and Jacobsen,2016;Young et al.,2016;Cano et
al.,2020;Fu et al.,2023)., AS3C[a]J A BRE JEA A A
VSRR EHE S | SR [R5 3R R A 2% 3 BkGR J
A7 %) ) 24 K H X il i A R 114 5 ) A 3 ) KRS R 5
IR FIHE A5, LAIAL 51 ., LA % F sk b 1 =
HOBRAR | e [ 0 A BT ST U (AT 25 A E R

1 EZWARARREE R LK

TEDT 18 H BRI AL I | 0250 PR IZ A5 B 75 5 O
RE % 5 B AR B LU DG T M T 28 496 190 08 100 1 52 R R 11
(Ringwood and Kesson,1977;Ringwood, 1986; Shu-
kolyukov et al.,1998;Shearer et al.,2006; Ward and
Canup,2010;Cuk et al.,2016);

(1) A Ry BT i AR BRARAR R, H BR8240
HER B DU 53 22— | B i 29 S M BR 190.0123 4% , H BT Al
PRFR Y HE 2R3 TR BH & b A TR 5 AT B Y T
o HERFER, ARARR /N (o A BB 1%)
BEA AR, ML) 5B HER TR 30% ;

(a) (b)

IR "

il 7 ~45°

© HEk

K1 A ERBREREERA R B (a) AT - BER K (b) FIflEE 5 H BRIE R K (o)

Fig. 1 Sketches of the canonical collision model (a) ,the planet-disc equilibration theory (b) ,and the formation of the Moon after the

collision (c)
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()4 A RGEW M SRR K, H BRI T 34
ARG R WA sha, B ERPUE WA 5 A A
295° 1) 22 5

(3) H BT BUG AR BEAR &5, 3845 (B2 2 238 15
il ATREZR D T A H YR A SRR O HEREA TR )2
FEIE AL

(4) 5 HEmRER Bk A L, H BRI 53 T R
(UK . Zn Cu) 41, MidbER 5 H 3R ENAEL AR &
PETC R R R TR AR

T A VAR S 7R X L ik 88 s () [] 57 2R 0L )
Jei , A EREIEAR A SE TAE FERET A1 . —S2
XEBRIERE AT A TAEIE , IR H B RERA R . 1
G T ERE A BRETEER AR OGS SR 253
1.1 tREMEREREIE

o Al PR A8 TG 1ok 7 0 i 8 s ) [m]AS7 3R 20 1 ) A
RLPE , ERTIG B H 150 Al A7 S DA AT B TE . Ja-
cobsenZ¥ (2013) . Dauphas?s (2014 ) flDauphas(2017) &
IR, — S AT BRORL BT B sk RS R
RN, A 7 (A mT e 58 1805t i 2k 1) 4 e
e B Rl X i EA AR R [ 3R AR A TA TR
SR, B it AN -body W AL 28 R 7R | Rl 4 5 5L 4
HIERIHOINE 2 AE |A'70|<0.015%0 i FARMLI S
1 HR5%~10% , $ 5 14 5 J5 ii i 2R O [R] 457 22 AH L AT REJ2:
— /MR A (Kaib and Cowan,2015a;2015b; Mastro-
buono-Battisti et al.,2015 ;Nakajima and Stevenson,2015;
Mastrobuono-Battisti and Perets,2017), I4F, Bt
i DA i R 2K R T BRI W R 3R AR I . SRR R]
PR R AR, WIFIN R 2% 0T B ] JRUEE Ry 5%
{20 (Kruijer et al.,2015; Touboul et al.,2015;Kruijer
and Kleine,2017), H5O[RM 2 A A S50 i 42 1
ARG, PRt g o A JLF-AS BT g (R B 3RA5 5 i s b koA 10
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AIOFIWIHE) (v % 2H il (Fischer and Nimmo,2018;Fischer
et al.,2021),

Pahlevanf1Stevenson (2007 )& AU 47 & - AR 4%
SF-ffif (Planet-disc equilibration) ¥ 1A, Rif i J5 B K
SRR USSR AR T RV AN 2B U I N 5]
(100~10004F ) R HUA (14 i VL TE A5 R4 oL A 46, H Bk
TR 55 1k 1R 6 b Rk B ) 67 2217, e 208 1 ek
(6] 437 2 AR H 3k, A 1 (o) Bz o SRTTZ IS AA 1
AN EVER L TR EUR H BRE BURT I 7 RE 7T 4
RGP, 17 R -FR - A RE T O % B
Ti, CaS5MERE TC R 78 FA Y B 19 293000 K 2 T
PIRALFNR A, T Z A 9 - 1] (8] (Zhang et al.,
2012) . MEAL, A 2R B A B A BRI AR A R
7 BRI FR A TR 3 A i B A0 B ) JoT 25 7E —4F N 58 B
AR S 5 ARG R 5 TN TR A SE A I 8] (5K
AR FEA TR A T e T R B R S TR
4 (Salmon and Canup,2012;Lock et al.,2018), #4G
N SN IR B A BRI, RS 1 PR ) I
T BRAM 2, W AT BEIE AT LI 249 SR H 1K, (AT
i Z R RE, B H TR = H BKIR R W) i
B [ 5 R 0 ANTE A X — IR AL RE R A7 5 LS
o H R RN R, teAh, 5850 i i TR A1 £l
e SRR 1) ) o 52 48k, AT i 2 A0 R B A8 R i 2
BRI A Bl i, W RS U TE M LR | IS o4 o 4
[m] # R (Stevenson, 1990 ; Melosh,2014) , —EqEHE A
2% B 3K i o] B RS TR A4k (Willbold et al.,2011;
Mukhopadhyay,2012; Touboul et al.,2012;Rizo et al.,
2016;Mundl et al.,2017;Nakajima and Stevenson,
2018) . HHTH=Z 5838 0 PR GBI 5 H BRI
TR SR P B4R T 6 1 2 7 J& 54+ . Hosono
E(2019)HE Y, i S R aR Hh Bk AE 5 o B AFAE A R

F1 ANERMERIA LR

Tables1 Comparison of Giant Impact models of the lunar origin

Tl A Mryied/Ma AL (Vose) L &
FRERAR A 0.13~0.2 1~1.2 FEA 244 1 kil | A 3 i SRARAE AFFA b OFF M ZAR LA A
5 HBERAR (R AR A 0.13~0.2 1~1.2 FE6 1 H RIS ARBIZTER HMELASRAT S ERAR L0 WA (L3R
BRI 0.13~0.2 1~1.2 H 3 2 M Rl 2R 2y Z TR A AR HAD T AR 2 9
1R e R R A R 0.03~0.1 1.5~3 5 A R KA 25 RS TR £ e
X AR AR A 0.4~0.5 1~1.5 FFE i A R ARZ 5 FEA R Bl
frre 00305 13 R PR
LGS i 0.2~0.3 1.2~1.4 F 3t 2 M R 2R 2y PIARFFE LR, = A Rl
Z TR 0.01~0.1 1~3 T4t A RO AMZY 3R IMTEAATHERAL, iTREMEAR K
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7 8 o HAE IE ASPH (smoothed particle hydrody-
namic) 7 R, Rl IS I Y H BRS04 R )
P15 (70%~80% ) Re A F I h e o (H R 80% Y 1
TR B H 500 b, mT BEATS AN Bl A2 AT Y [ fi2 3R
25 (Wissing and Hobbs ,2020) . BtAh, b fi TR 45
RAZ R T H Iy AR TE HAL TAE 15 3 52 3 (Me-
losh,2019) .

1.2 SHEAEENSXRAEER

H T A S TR LA 6 L [ 6 3R 29 O, — 26
FIR) G R A 2R e B2 | G v v B - o A Bl i R AR AL 452
Kk

15 e i BR A A Y (Fast-spinning Earth im-
pact) HiCuk FlStewart (2012) 4 H o %A o 45
BRBATHEH S Ry A B, R G B i LA
RGN ELEM KN ZE 2 2~3 Lo BERERARXT
B/N(0.03~0. 1M ) , {ELAlf 8 3 B AT B (1.5~3Vege ) o il
AR A BRI AR P BB 3Rk H T G b
PRI AT LA 23 A R AR . Asphaug
(2014)TAR , B (1) S 5T 2 oy e 2 1) it 4 b R 1R
fll 428 A () 4 Th T A 1B AR R A A T
A R GEAH Lk R 1 2B (£91.9~2.8 Lpw), H
o i R i Gy b 3K 4 30T R4 1Y R E B E (Kokubo
and Genda,2010;Canup,2014;Jacobson and Morbi-
delli,2014) . Canup(2012)3% & 1 —A 5 K i o 14
A1 5% (0.4~0.5M@ ) , TEMR BRI B0 T 8 A4 1 KN 5
JE Ui M BRAH IR, BRI 9k 7R SR %o BRAlE #8AK AY (Half-earth
impact) . WTEREELEL1~1.5 Ve Z 0], I H AT Z450
AP E J IR b BR A o BT 00 B RS o R R Y 55 T
T T AR A IS | 2o X A i I b 3K 1) 2L 1 A
i), 725 1 R B i 2 4 AR A AR PR R AT, il 435 O 1
) W AR 55 T 2 b Kk B AT 58 4 — B [R) 67 R L,
WA G FRMLRAR ., Ar&E IR, RERP R
B R - R R RG] RE R — O PR A I A AY
(Canup,2005) . SR, %A G 25 5l 7= A T 2 6 119
frghit, A7E1.8~2.TLpmZ 1]

R PR Y TR AR AR B R B RE S A
sh& , IL g FR b & fE (High-energy ) B S A h B
(High-angular-momentum ) Rif AR AY . 3 BLAEL A B Ak
FEfiff % T[] o 3% 2 RUAR BL A8 2 o (R R T v it o )
f sl R ma . of 238 A 7E 3 H RGP
J5 B A B B A ELRAR AR W K BH 45 X6 L
F YL A SR B Al fEAS LB A B 10% (Lev-
rard and Laskar,2003;Canup,2004a;2004b;Bottke et
al.,2010;Peale and Canup,2015). FE I, Q] HER &
G v B9 22 4% ff Sl R e RE A A PO T i A4 32 2 )

BB . A ORISR 3R bR L2 1 24

. CukMIStewart(2012 )7 837 /5 [ HE i ER Alf 8 425 75
Af, T H 22 ¥R  (Evection resonance) , it
5RASR K H R 0 A sh 547 2 H.O B0 , i
M AT RETH BR S A1 H REe2 23500 M shit . SR,
2 LRI A AR A 2 . 1N, Tians
(2017) 45t , Hh 22 4Rz 3 vl e T BO@ % i, i
S BKUAA7 ol U I3 SRR A X LA T o5k )
ZE M shE . RufufllCanup(2020) AR, 24t
PRz B L BRI A B AE R AN 2 1, A RS
£ 80 1 (0090 BT REAR S R, — 265 WL 5 iR 1
st g i AR T 22 RIS B AR K BR 2 R A
i, AR AR (Wisdom and Tian,2015; Tian et
al.,2017;Rufu and Canup,2020).,

Cuk5 (2016 ) $2 1 T — B 4 25 5 £ 3l 4 1o bl
il 76 H BRIE BUAY 2 RE IR A A= IS Mbask (%) i £ A K
(65°~75°) o H BRAE T 1A ik 2 v 2 A hor 35 i 3071
T ANFRE , BT BRAUTE i Co ZE R 3G 0 (] B 9
JNT HIER A RN R GE R A s . XML AT L
THER RS0 M s, i v] DU RS 44 H BREILIE i 10
()85, SR, Tian Al Wisdom (2020) 38 i, X A= 2k &
6507 b 35K 1% 15 RE R ARE = (R AN A5 5 2 B T B T Y A
S SEE |, Jo I O an A 08 3 (4 b H R 55

GammieSF (2016 ) #2138 i 7 1 K25 B # ol i
AR, (TR AT i A, DR R B i AT 50 H
A AHE . B2, G LR H R M3 ENIL
il e 25 2 A sl i 0y BRI, 1A 2 RE— 5 A 20 B il
HAAR AL SIS R SR, BT R ARz 2
FIBLH S e BB A S el L BR 2 R g, T —
A28 32 A WL )

1.3 2 E(synestia)t&E!

TR 1T b, R A A TR R A A A 2R 2 R B Al
R R R A RIS 5t . Lock%E (2018) 484 T
— AT R AR AR — — B 8L (synestia)
R RS T R ZHCS ReRiR g O . B S —Fh
fBR 14 o B lE 5 J A 5 AR A Tl 2 v iR G v BE VR
A | R IR ZURE K R — A 2Rl T R R
KA TE B NER, AA A0 2L T i A0 i it VRS LA
SOPBRR A LR R BIRTE A BROY B0 e A X sk, B
B UREIR R BE B RARZ Wi as , — LR e
Yy IR R MR, B A BB S M AT
SR Z A B BUE ] Bk, B IR SC T o
A7 B - W AR A R () — P AR R MRS i TR 5>
FRAG A7 28 2 B AR L B BR 5 H BRER T, 1 A< B Ay 22
B e i DX e A5 78401 A I S IRV RS- 45 (Naka-
jima and Stevenson,2015;Canup et al.,2023). I4h,
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F2 B # (synestia) iR B (188X H Lock et al.,2018)
Fig. 2 Diagram of the synestia model(modified from Lock et al.,2018)

BRI T AR D K R 2 B Y )
1.4 HAER R FFE -

B 1 bR MR AR Y 98 1 R RE RS RS0 i A
HABRAE RS S 42 o AReuferds (2012) 35 H ) Rl -
b3 (Hit-and-run ) BAL, SHRAERE AR L , 2B
il 48 {5 T 3 R (0.2~0.3M g ), Filf J58 38 J&F 4 P
(1.2~1.4ve.) , RlEAEE A7 /N (30°~40°) o Filf 8 J v 23 lf
RIS 1 H R Ge, JFE T gl . I8
P 5 2T i1 H BRI AR AL 5 K 2940%~60% 18 di {4 )
BT ARG 1 R R R 29, BB
f5h&# (Reufer et al.,2012; Asphaug et al.,2021),

Z FE R (Multiple impacts ) #5812 —Fhflf 45
BERY EIA R H R — RPN B X — R i
FRingwood (1989) 42 i , {H E FIT R ufu (2017) 4
XPH AT TR AT o BRI 7 3K %) 55 5
TR B, It i M 3K 22 Y52 3 38/ MRliA# 4. (0.01~0. 1M @ )
R . BRSO A — BN A BAT 2 W
EHIE B Bk, Z J5 X S/ N TR G IR A Bk, &
Bl 48 U BCHG N, A BR S M BK ) 20 43 22 S ORI
Rufuf$ (2017) RIS S 7R | 20 22 30 KAl i T 1
WA KN A 3K, BRI R A AL, SR/ MT R A
FFAER AT AEHAIK (Citron et al.,2018) , H.22 5 filf i = 1Y
TV 1 ) 3R A 8 ()67 2R 2 B 5 b Bk 1 A ABL PR AT A7 7
4+ (Canup et al.,2023),

Z BT AR B E AU 5T, B E UL R 2
2 8O A BRERIE B FEE IS . Sl BFSR WoR |, HiEk
b JES T 19 R RIS A (LLVP) A BE IR T2 0 #2 HH
R AR AE B AR 2 — 2D SR TR

(Yuan et al.,2023) . {5 H i fr g il 48 8 SRR ME L 52 4
FF6 1T RGN IR 2, 75 B8 1 B R 7k b s A

“IGET RS DRI X AR AR AR R ) BRE UR Y B S
P ARk o (HAS T R, VR AT AL R U IR R fe 3
B 7R BR ) [F A7 3 T Be S (Al or 3R b sk b2 29 e
ARl R AR R R EE L RN, b ] RG] Y
R 37 28 24 A sl 1/ 55 At ] BRIE 1 5 T AR S Y 384k
SRR G, WA BRA IR A S JT HAFTEAR R Y
AHEYE . I, AT ZEXT A RN R RS
HATHEIRA BT

2 AEGRIFER G FE ORI EH Y

2.1 O, Ti. CrEAAMITE

W& [R5 R A3 A 3R T, 24N R R A &R
g BRI IR SR AL TR A 295, MO TR B H 7 T H 3Kk
ISR, R SR R IR R B IR A
MEOFNIHE . 040 "o o =Rk A %, HA
B H B ATEN A HAE (70/1°0, B0/ 00 ) B S tREY)
JEH T2 (670,6"%0) K # 7R (Rosman and Taylor,
1998;Ireland et al.,2020). PPt BErP BRI 2248
I 17 7 A AR S U, BIAE SO0 SO Ak bR |,
BRI A B AR AECR0.5209 2k (670=0.52x5"%0) .
K ZHCHERAE 5 1 ORI 22 41 1 v A 3K 4% 0T £ 43 TE 2
e i AM T B B O [l 2R 2H T AN FE [a) — B f 43
TR b o AR 2R S AT LA 5 o 6 S T 2 ) e L
22 A" 03 7R (Clayton et al., 1973 ;Clayton and Maye-
da, 19881996 ; Miller,2002) .

20014F Wiechert¥5 (2001 ) EUCINE 1 K4 H B £
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RS RS = SRR e . AT s 2 B, H R
F AT A OXIE AT FEHBERAE i ¥ 17 (345) <1070, Mgk
5 HERIGOTRIN R ILF-V5 76 [F] — - i 4 1 4k I, ik
B Kb B A A AR i = AR R 2R A A M BRI
FEE S MR 25 o RS R /R T HUBER A 3R LA =
FAAL A ORI 28 2H B, b I ST Ay s e AR AR R0 482 1 T
Pl Ja ok s B i = R R ATl — 25 SR T
ERAH BRE A A ORI 2R B WX o WiSpicuzzaF
(2007) J45 ] BR A =4 R R 4LRA 0 R (8£10)x10°,
Hallis% (2010) 945547 (8+21)x107°, 4R, Herwartz 5
(2014) 52 19 A BRA A RERRIIRIATTOR (1243) x107°,
JiBE T 2Z A H ORI ZAHFI LS . {HHerwartz35 1)
INRBERTSZ 3] T Young %% (2016) B % . YoungZ%
(2016 )R FH 5 A% B I [ R AT A, X 1440 A BRke
At R — ZR 51 MR B SR AT T . A5 R LA R 5
(1) = SR R AR R 22 AT O (—1£5)x107°, X —
g L E A T HER R A BRAE ORI 22 )7 T A AR AL
Fi J5 Greenwood 2 (2018 ) .45 2] 5 Young =¥ (2016 ) #H 1
2518 . Cano%F (2020) 3 T —A~5 Z A A [F 1 0L
Mo AN RO 2 F BE-5 H Bk P2 AR 5C , i A
BRAE S P VLT-glass IR ER 2 3 I AR 9 TR T 1849 5t
AT O 420x10°°, AT RETT REFCFE H BREL M) = & RINZ
RN X — U A R A BRI it AR A TR Y
LR VAT TRl i s NIUE N il 2l N
SR (R RIF 2 K 0% TEORS 1 o b A R G A ORI R 4
J, DT A ) SR 5 B A B SR RS T 5 ) 2403

— A5 Hb TR [R] 407 28 20 A AL 1 lf 4k 4 T LA
fif B ALFEOIR L R A6 N A b A R G R 28 i BE AR DL AY
), SR, —2EN-body A5 6l 45 5 i 7R | Bl 48 1k 5 17
A A A A7 22 20 AR /MR S . 74T &

BB . A ORISR 3R bR L2 1 24

WF5E A, i DA O R 38 A8 2H 1A P K FH &% Bl R 5
K BH ) 2 3T 7 42 B 4% 9] 28 46 (Rubin  and Wasson,
1995;Kallemeyn et al.,1996). {Hh FHt= HAbIT 2
4 )5 2% A RS A, T A (AR A0 38 3k R Y 3 3K
KRR Z 18] 4 28 S R AR R N R BH 2R O [ a7 3% A9 A28 1) o
B AR M, MR- R R A O fR] 2 3R 22 5 7T BE
FEARRE S WA KPR (1 O R 3 41 LIS 0, B 7F T
A AN KR (2 N OR B R B 5% ) B 5+
W [R) 2 3% AE, T PN K B 2% A9 A 758 73 B9 O [ 43 3% J2:
AHXF I —) (Walsh et al.,2011; Walsh et al.,2012).
PR, T3t o Lk AR BH R S o i 41 % Y 46 B2 ] E B
AE e B AR R N R PR 19 Rl R 4 (Canup,
2013) . sthkA S, H T AR T4 R AR R H
B UIEE . A AR BEASUE S 4 B 1Y R R A L 5
HBERARAL , 45 SR A T 5 AL BEAT g TR A 249 2544 , il
TR ELAT AR b K ] 57 2% 2L 18 A9 T g Mg R R
S MARAS b B FATTF P K FH AR TR 28 2 R L b 1] 3k
AR [A] )TN IR (Torres and Fressin, 2018 ; Greenwood
and Anand,2020),

Foftu R SR A ZR 40 Cr  Ca  Ti%E  7EHBR A H Bk
L e AT ALY [R) 62 R 2H A (Armytage et
al.,2012;Zhang et al.,2012;Sedaghatpour et al.,
2013 ;Poitrasson and Zambardi,2015;Mougel et al.,
2018;Schiller et al.,2018;Fu et al.,2023) (13) ., Tij&
EEMEE TR B OTiI(8.25%) 4T Ti(7.44%) . *3Ti
(73.72%) *°Ti(5.41%) F1°°Ti(5.18% ) 51 Fa i [ i &
(Berglund and Wieser,2011), 7 &5 HEETH
FHEZ R TIRNLR . Zhang™ (2012) %) F BRFE
at P OTiRI, R AT 7N E o ZEHERR T AR TR
Ja , A3 A BRAG TR AL 273 20 e Ti=—0.03+0.04
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Fig. 3 Isotopic composition and comparison of A0 &°°Ti £*®Ca .&>*Cr in the Moon, Earth, chondrites, and other meteorites and
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([&°Ti = COTi/*"Ti) pe/ COTi/ AT Ti) gppe—1 1x10%) , 55
HERFE R (2°Ti=0) F BEMIML. Calg TiZk L, {H T A
. Cafi*°Ca(96.941%) .*?Ca(0.647%) .**Ca
(0.135%) .**Ca(2.086%) .*°Ca(0.004%) F*3Ca
(0.187%) 6% € [l % (Berglund and Wieser,
2011), FIAEEECalml 7 2R e 25 R R, H BRBLA 1Y
Calflfi; Z 4 ie*®*Ca=0.037+0.019 , 5 LR 5 Hy BRAE 4
MY 4 B ME DL X 4> (Mougel et al.,2018;Fu et al.,
2023) . flfdE S5 AT AL S W AR A A] (4 i I TR A A ek
AT DS R b H R G ] ] 57 2% ARARLAY [R) L, {H TiFN Ca %%
MEKE TT R AE LAZE SN M im T TR A o] fe i L ik 3]
Ef47 (Zhang et al.,2012;Melosh,2014), K, fH5
HE— 25 WS FI E Hh H R GE ] TR Caf 4%, AR
5% ) BRI AR 0T A5 R A0 S s ) 452 ) A

g5 LTI R R A TR A7 28 A o, H R
AR MRS TC R RO [R5 3 2H A5 bk o v 2
FRABL, MELAIX 43 X Sfml i R AR R H BRI AR A S 1L
TR HCHER 295, SR, X A AT AETE A 2 1,
AR AT 5% o7 B PR H BRIRI 2 4R 114 25 5702 75 1
A A, G A BRSSP AT BRI AU R R4 A Y
2R LA B B 2R R I [ 07 28 4 A 5 R 38 A G, G sk
AN E PR 2R AT RS I o ) 3RS R ) [ 57 R BRI, DA T DA
FRAR [ ACAR TR AT H SR U [ R ) A
2.2 K. Rb. Zn, SnEHEELMETE

X H EREEAS (I GE 2 T, H BRAE XS T ik 2 6 Bk
BERZEEEYRAMDEHEEEITTE(MVE)
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(Righter et al.,2011;Palme and O'Neill,2014; Taylor
and Wieczorek,2014;Righter et al.,2018) , {K(Wang
and Jacobsen,2016;Tian et al.,2020) .Rb(Pringle and
Moynier,2017;Nie and Dauphas,2019) ,Zn(Paniello
et al.,2012;Kato et al.,2015) ,Cu(Herzog et al.,
2009) .Ga(Kato and Moynier,2017; Wimpenny et al.,
2022) ,Sn(Wang et al.,2019) %55 ([€]4) . H BRI b 5544
RAMETC R 7 40 BRGR IR B v 8 — A S B 29
IS H BRI FE  p EF A OE . X H
Boa A ARE R METCR 2 BT B, SR AR L,
AEaEarmh g EEFEAR(KS5). WangH
Jacobsen(2016) KM HERAAMKFEM K EE TH
0.4%o0. HH T 28735 S AR 18] 14 - 46 53 188 Mk L ik B 2 g
KA R AR, A BRAY P SR 45R P03 10 3R] 0 3R o 4R
ARV RE SR T 5 28 & i B AH e 10 3 J1 24 5018 (Herzog
et al.,2009;Panicllo et al.,2012;Kato et al.,2015;
Wang and Jacobsen,2016;Kato and Moynier,2017;
Nie and Dauphas,2019). Sn#4Fik, Wang%¥ (2019)
R BRFEA AR T HBRAE S AT 6" 2 Sni iR 4R
JERe Hofg B 2875 SnO 5 Snfy P-4 748 o SR, He
Tl N MVER T 22 57w A B, O H32 21 7 5k
Mo BT e A A B A R R A S, B i LA
KX 2318 5 H BRoa A 1 [R) 6 2R 41 SORT A 3RO LA 1
HEATE R

X T H Bk SR R METC R IR — i R i
TR 8 M BRZE IR AN 58 2% Bk . CanupS (2015) FHI H
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BRI BRI A F Palme F1O Neill (2014 ) ; H BREH K F Taylor(1982) , TaylorfllWieczorek (2014) , Righter®5 (2011,2018)
FEl4 rERRER IR S R RRER I ER T K

Fig. 4 Concentrations of elements in the bulk silicate Earth and the bulk silicate Moon
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Fig. 5 Isotopic composition of MVEs in the Moon and Earth

BRI ALY | 255 ) S 2 AT AR k& A
BRTE I L R 1 7 B i B v (R S W AR TR o 4 v B
1 AR R ST BE BRSO SR DL E R PETC R 1k
2o Lock (2018) WA ¥4 K& /345155l LU & 5 (sy-
nestia) 78V TE R EERFRE . SR, 73X L AR Y
FIRE R (293500 K), 3l 1274348 nl e fi in] T 7672 5t
Y E R R, SN E5 R P & (Richter et al.,
2002,2007,2009 ; Richter,2004) .

NiefllDauphas(2019) & H T —ANH7 4% & T
R 2RI, v A R TT R B R SR
SRR T ST ER A B HE K R 300 o ik AR
FIE 1% it 0 DR A O 38 7y v A5 4 R T R R R 3R
SEMBLG , HIME LR H BR A h Snf 42 R R 3 48
(Wang et al.,2019). [FIBS A575 25 8 A BkA
AR 55 R 2R

FERE KPR TR B 535 7 450 — 0 G H0L I
SE BN A RALE BB A, h &
RAETCR RN R — A T F B, AT R 5
TR 60 J7 1) RN JE e i 7 H BRZ D 4 4% P ok AR R0 45128
PETT A BT A AR A BRI A AR . R
1M, [ 28 4318 n] 2 Rk B 5| &, A 46 H Bk i I v
Bl A RS . TR, B W E] A MV E 431
55 BRE IR S5 ELEEIE R R R R . Ak, SE 5
S ME LASEADLUT BROE BCET fé) A v 1 PR 8 MIVEE i i
TSR R S (Sossi et al.,2019) , R4S

BB . A ORISR 3R bR L2 1 24

T R AT RAH T
2.3 Hf-W. Sm-Nd. Lu-HfE ST ERCE

R

B G R  IHE-W  Sm-Nd , Lu-Hf% , £ H
T A BRAEES 5 H BRE K PE53 0BT ] (Lugmair and
Carlson, 1978 ;Kleine et al.,2009; Sprung et al.,2013;
Gaffney and Borg,2014). H:HWIREIZE 7E R H BR
Y5 A Dy TR B 1 E R AEH]

WH'OW (0.1198%) .'%°W (26.4985%) ,'*3w
(14.3136%) ."%*W(30.6422% ) F1'%°W (28.4259%) 51>
Fasg A7 2 (Volkening et al., 1991) , Hi "2 wW1EHb H
WL B, "W KA R P HEZ A KB
FEASIE A, HEF 2 0 (8.9040.09)Ma  (Vockenhuber
et al.,2004). HFFIWIJE T @ EEMEE TR, HHER R
ATCER , WiE R EHIu R o 72K R P 4 8 ke L
oy St AR R AR A S TH PR B AR RERRER AR v T A
ARSE LA P WINE A S SR AR . Rk, P HE P W R
X TG AR AT R A o3 S a2 S S ek 1) LA 2=
KHEEAYE X (Lee and Halliday, 1996 ;Halliday and
Lee, 1999;Kleine et al.,2002;Yin et al.,2002),

TGS BRAE i B W IR 28 000 45 SRR B, T BR
W IR 7 28 41 5 Bk i AR ] (Kleine et al., 20055
Touboul et al.,2007;2009). I4F EAE Wl 73
Wi 887, ) ERAR RS T RERR R M BR A7 7E 2920 %107 [l W
[ 3R IE S8 o X — 22 A i R A kil 528
[F) P 32 i 34 AR A A2 i 1 45 5 (Kruijer et al.,2015;
Touboul et al.,2015). [Fitt, kAN A ERIWIE;
A e RRER IR 1 A AR & AR TR W IR 2 3R 20
BUR—F . Hb3k 5 BRW IR 28 4R A ALPE A H
B PR TR ERE . 505 HAME A RIARA
), A5 B2 B W ) 37 22 2H il B 22 Ml A2 B A% 08 70 S FAZ O
JE LA 52, TR T B B RTIR BT, PR Rl {4
JL-F-AS AT GE B AT 5 4 2RO 5] 9 W IR 32 38 4H i (Fischer
and Nimmo,2018;Fischer et al.,2021). mif&f# H Bk
AR 5340 BT UR T b il 98 1A 1) <6 A R W AT RETE
lf 88 i TR A b B s 2 A T B RRLAE S DT 350t )
AW [R] 25 28 1% B ) 35 2% 57 (Halliday, 2004 ; Dahl
and Stevenson,2010;Rubie et al.,2011;Kruijer and
Kleine,2017) . FEH, J 3R W R 3R 2H A o8 fi )
S FF R S ) AR AR A P18 (Pahlevan and Steven-
son,2007;Lock et al.,2018;Pahlevan,2018). #R1fi,
82W 2257 B T BT YL IR (Leya et al.,2000;Lee et
al.,2002), HJ7 34 26 A A BAR 2 i i A T (Krui-
jer et al.,2015; Touboul et al.,2015), A BREFHHIWIE]
1L R AT RAN A — 8 AR E TE
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HEGEIZ B DI A2 — DA S B0 R, T
Je B A FH AR A S S B0 6 R - R R 0 S 5
FHHE-WAR Z R E 59 ] BRAFAT A AT 2 1, H BRIE AL
] BETE K FH R IE B 5 £960~175 Ma(Jacobson et al.,
2014 ;Fischer and Nimmo,2018), #RiM, WA FEHE
TR A BRI S ], BIE K B R IE U 92950 Ma
(Thiemens et al.,2019), HBRAYWEEHS  (ferroan an-
orthosites ) FI4k A1 4584 W) 7= A BRIE I (A1 A e, 2492
(4.42520.025)Ga, B K FH & IE W5 115~165 Ma(Nemchin
et al.,2009;Borg et al.,2011) . HHTAIBFIE IR, 8 i %)
Buf3pie 5 it R B ol S S A G R EA T U-POIE , 75t A
ERAF 4 1446 Ga, B R FHRTE 529110 Ma(Greer et
al.,2023). &, ABREIREF ] ek A K B R L L
JF)70~120 Ma, A7 SRl S A A WL, B R AR
BT A s, AN, BRE SRR S AR B TRl 1 AR 1
Wi BT ISR R sz, A skE IR B A 7
T fE2x4%54210~200 Ma(Elkins—Tanton and Grove,2011;
Maurice et al.,2020). HERAEIMEAY*OSm-" >N
AR R B H BROA A A ad B m] RETE K FH R U 2
200 Ma5E i (Borg et al.,2019;Carlson,2019;Borg et al.,
2020) , i X—AFRRAFEWE 5 A BRES A I Lu-HEBE AR IS (R
FH AT WS 2960 Ma) A7 J& (Barboni et al.,2017). A
WFFEIN T, 200 Ma B 4R 52 73 A AT % 5 ilf 488 20 1
(Carlson et al.,2014;Gross et al.,2014;McLeod et al.,
2014 ;Marks et al.,2019) 5% H i B /EH (Li et al.,2019;
Borg et al.,2020;Sio et al.,2020; Xu et al.,2020;Zhang et
al.,2022) 555G, (B34 il

3 REE5RE

HERS M Bk 5% A i | 3l 1 0 5T H BRE IR AF
FeAT AT AT S bR A IR 5 A e . A BRI D M ER
AT JF HE 2l e il AT 13RS T ks m A
BRA ) B M ER AL 2 it | T BRI 2 R AT B
TRATERA M LA A7 R AR I SR, H A
TH ERGEIAN A AAAEAR IR o A Rl 13 PRS2
5T BRAE PR Y T2 (B B R A Y AT TGk
SR H RGBS, EARHT /MR
s 275 B UG M BRRH AL B B4 A | s T -
A MEERZ RN ERIHLE] . ARAXTF BRI R T
FBIFSE 5 T AT REALER « (1) TR 22 1Y A B IR R 1 1E
HOER b B IRGE SR . f il ST B 7S M Bk
3 G 35 119 KA A 3y (LLVP ) 1T Bl 2 Al 1 e 0 11
BRW 5 (2) J JRi (0 i R A8 5 B | LR i R A B
4l A3 75 ORISR 5 (3) 2 — 20 AT B W R P 2
W, PG AT AT ISP i R AT AL 5 (4) TR
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