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The origin of the Moon and its isotopic geochemical constraints
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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) , JEAF 5% Hi Bk S K FH 2R B Al 5 7
R E 2 “ARA” R FRATI MoK R 2 2 %5
CHUMEE” .

F Bk e — R SR Bl R, Bk
A YR A B 2 AT 2R A A R R Al 4 2 1
(Hartmann and Davis, 1975;Wood, 1986 ;Canup and
Esposito, 1996;Canup et al.,2001). Ff&E B2 B M
8938 1T LA K 43 B 3 AR K- 82 w1 =28 R S
HBRANH BRI HERY B AL R R AR T TRl 2
VB RCR FE 00 o B A 27 U D) RE S AR G b e e ) Bk okt
Bk AT R T A DL R A sl i AR AL, R 19844F 1Y
CHEGERE” S B zEZ, 25, H ERE R
10 2 e AT 95l A A A ) (B AUL T i 1 £
X R Al A U AR B S S HF (Benz et al., 1986a,
1986b,1987,1989;Kipp and Melosh,1986), 2001
4, Canup Ml Asphaug (2001) FEERELE T 12 $552Z -
ZEARIPLFR A PR AERE SR (Canonical impact) , AR
Tilf 48 44 (4 F% A il W Theia ) A9 K/ 5 k2 AL
(0.13~0.2Mg) , Rl I B 1Y H BRIEARSF & H R0
TR PRRAE , AN 1 (a) Bz o s TR 13 455 25 0 A
By EORIE TR A th T E TR &R AN R R
508 T3 A it 118 O 55 [8) 57 2% 2H )i AN [, 48 o AR AR 7T g
55 I 06 b R ELAT A () 6 [ 6 2R 20 7, PRt ipe A 40 B
T 10— 5 b 3K [ 57 25 41 A [ #9 H 2K (Clayton  and
Mayeda, 1996 ;Canup and Asphaug,2001;Canup,
2004a;2004b) . SR, I 4F (Y RS EE () (07 28 00 B 5%
B, A Bk SRR R T R WA (70 OTi
SHCr) g BEARL, 33 Ay b off il 4B A5 R A SR T kK (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-

BREREESS . A BRI B IR 3 HuBR L2 24

wartz et al.,2014;Touboul et al.,2015;Young et al.,
2016) . fEJGRBIBIZET, N T ot — 20 Dh g i A A 7 5
b 1 [V 7 28 2H G AR RLE | 2 28 DR A o Al 4 A 2 3
17 TABIE S T A M A A | A Rt - AR Al
PRI v RE A BRI | 20 T A AR e A (H 2 IX SE AR AY
S AEVF 250, %% A FEFE B BE (Asphaug, 2014
Barr,2016) . F i i AA 18 5 G BE A8 5 4 B b
H RGHE 75— PR A BRI Y 1 29 5
A AL S R

B8 3 B R LT S RE T AR R &, O |
W . Ca ,Cr K&K 19 4 F (6457 2R 20 ) B8 0 A 8
B, 22 P [ i o SRS Bl d R A B R AL, L)L B T g
H PR Rl 5 ] RGELY IR (Kruijer et al.,2015;
Wang and Jacobsen,2016; Young et al.,2016;Cano et
al.,2020;Fu et al.,2023). A 3R] H BRE PR R A
e p B 5E E JE R0 R 2R R A 270 H sk
2 4 ) 24 e X il 4 AR 114 5 i A 3R ) sk kS Y E 5
A BRAR R A5, DA% 5| K DU ot A Bk 5 34
PR RS , SR 31 B4 ) BRAIE ST U AT 45 B R

1 EEWARARRER R LK

TEVF I A BRI RN, DA Z5TH SRz A AL A 5 T
AE % & PIAR RE LA T OC T 4l 22 G2 A9 WL = 512 01 BR
(Ringwood and Kesson,1977;Ringwood, 1986; Shu-
kolyukov et al.,1998;Shearer et al.,2006; Ward and
Canup,2010;Cuk et al.,2016) ;

(1) H Ry BT i AR BUERAR R, H 3Ry 12 208
Hb IR DY 53 22—, it 24 R M K 119.0.012348% , 5T 1t
PRAR B HE ARG R TR BH & v At TR 5 AT B A T
o ABRB, AR /N (A8 A BRBR1%) , £
AN, MHAZ 2 8 K BT 30%

(a) (b)
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Fig. 1 Sketches of the canonical collision model (a) ,the planet-disc equilibration theory (b) ,and the formation of the Moon after the
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(2) M H RS sh AR K, H Bk 7 34 b
A RZGRE 0y fashi, H A BRPUGEM A 5w E A
2951 22 5

(3) A BOE UG Al BEAR 7, BB 0 (L =478 ) 1
fill, WTREZE TN 1A AR E KPR O EREA TR R A
KL RL;

(4) SRERRER MU BRAR L, H BRA S5 9 Mo R
(WK . Zn Cu) A Z 4, MR 5 A BRAEA R KL
PETCER R R LA AR

T THE AR e L A A5l ) T[] 7 2 R0 ) it
J& , A BRI AL I TAE F R T . — 2
XPRIERFEA AL T IE , R iR IR R A . 3R
G T 0 A BRI AR DL S HAL 2 5
1.1 FRAERERERRIEIE

vl A S TR DT 12 70 0 gk R ) [ 7 2R 4l ) A
LI, PRI 1 3 1 il 4 1 S A LA T8 IE . Ta-
cobsenZ¥ (2013) . DauphasZ (2014 ) flDauphas(2017) &
B, — LKA BRI A B S M BRAR LR E W) 2
RN, AP T 4 T PR T BB 5 0 i A sk v 4y it
K A [l YR EAL i EA AR BLAY [ 3R ik A AR
SRINT , 55T AN -body M AT S5 R i | AR 5 46
HiERAYOIRIN FEAE |A'70|<0.015%0 M5 FHILUAIHER
U A5%~10% , il (15 i b BR O[] (37 2 AHAUL 7T 2
— /MR A (Kaib and Cowan,2015a;2015b; Mastro-
buono-Battisti et al.,2015;Nakajima and Stevenson,2015;
Mastrobuono-Battisti and Perets,2017). Ak, iZ{ix
ME LA R 2 2R AN 3Kk 8] W IR 7 2R B AR . S E [R]
(LR A FANR], WML 28 32 A% O U 18] RURE A 3 2%
{45200 (Kruijer et al.,2015;Touboul et al.,2015;Kruijer
and Kleine,2017) , H5 Ol 2 A AR ALIE A% 1T 52 971
AHSG , PR A T R LT AN o] B [ AR A5 5 J5t i b 3sRoRH o)
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AIOFWIE . Z 40 i (Fischer and Nimmo,2018;Fischer
et al.,2021),

Pahlevan#lIStevenson (2007 )42 H A4 7 &2 -FHIK 7%
SF-fff (Planet-disc equilibration) FEiS AN, Al J5 B K
Y e 2 {0 R G 0 Rl RS Rk, 2 0 K T
(100~10004F ) AL f) fi L T R o AC ke, H Bk
TR 5 Rk R R b 3R 3k B[R] 67 221 A7, e 208 i ek
() (52 AR H 3K, an 511 (b) Biros o SR BIR A7 7E
ANHfE R B AU H RO BT 75 B A A
RGP, 17 R -SRI RE TOR MR B
Ti , Ca5 XMERE 02 1 HB Y B E 1Y 293000 K i JE T
DIRAL LR &, %5 2 K A P B (3] (Zhang et al.,
2012) . oAk, A2 4 Y B Bk R Y
3K W FR IS TE U A B BR A 9 ) ot 23 7E — 4F N 58 L
AN S R R A R B 100 ) TR SR Ta) (B
TAEBE ) FEA TR A, AT BB A A R IR TR
4 (Salmon and Canup,2012;Lock et al.,2018), #4&
AN AN IR Y A BRI AR, R P Y P 2 B
TEUH BRA1)Z , W] BRIE A& W 24 SR H Bk, 184S
T R AR AR, B B TR A= BRRE Y
FA) T 57 2R AR v AN T A X — IR B RE B A & S
SN RIS TN AT K A 43 7 SO 0 N W R e = i
e 2 KRR 1 ) B 52 48k , AT i 2 02 W B 48 R it 2
BRI AR Bh i, (W RR S B TE e LA AERR | I 4340 I 3 4
[0l 1 Bk (Stevenson, 1990 ; Melosh,2014) , —EEHEE
23 B b BR b ] BB AR TR A 4d (Willbold et al.,2011;
Mukhopadhyay, 2012 ; Touboul et al.,2012;Rizo et al.,
2016;Mundl et al.,2017;Nakajima and Stevenson,
2018) o HI T = 5836 1 P MR G AL 5 ) BRI
RIS R AT ER AT IR 1 2 8 J& 541 . Hosono
A (2019 )46, An S D 4 b 2K 7E 98 o B A AR S

F1 RANERMERIE R

Tables1 Comparison of Giant Impact models of the lunar origin

Tl AEA Mrhicd/Ma T (Vege) Rz E
BRI R 0.13~0.2 1~1.2 FEE 244 H BRI S 3k S RAE AFF £ 37 O [ 2 AR
55 i BRAR DR 1A 0.13~0.2 1~1.2 P H T AR L3R MELAFRAS S HBRARL RO WA 3
HhERE S 0.13~0.2 1~1.2 FB 31k e Wb R 3 2 S TR s, RAEHAL T AR
1= A TR Al AR Y 0.03~0.1 1.5~3 FE 3t H R AR B2 3R TR £ 2
Xl B AR A2 0.4~0.5 1~1.5 F6 3t H R AR Bl 2o AR £ 2
AL 0.03-0.5 1-3 R PR A
fi il -k iR 0.2~0.3 1.2~14 A A R R 2y SRR B LR TR, 7 A 1 ) By ik
Z AR 0.01~0.1 1~3 5 A R RAR 25 AT A IFHERAR, ATREMEA K
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7, it HAE IE AU SPH (smoothed particle hydrody-
namic) J7 A, B 5 Y BRI AR A 8 R o)
P15 (70%~80% ) Kf A 1 J5L AR e o (H EIEE80% Y 1
FREE B R E A6 b | vT BEATD AN W6 2 BUAT 1 [ 157 &
Z7 (Wissing and Hobbs,2020) . Ak, b TR 25
RAZRTH 5wk AR TE HAL TAE 15 3 2 3 (Me-
losh,2019),
1.2 SHAEENSXRAHERIE

F T A A TR A LA L () o R 29O, — L6
FIR il R AS TR 2 1 G o o - e A 2l B I AR A R £ A2
Kk

= E e BR A fE 4% AU (Fast-spinning Earth im-
pact) H1 Cuk FllStewart (2012) 45 H . %A 0 i 5 46 i
BRBAT AR S 1Y A R, R G s LA
REMAEELEM KN ZE 2 2~3 gy Bl A AR T
B/IN(0.03~0. 1M ) , {ELlE AR R BE H MR (1.5~3Vese) o ill
AR B AR LR P BB 3R H T AR b
P T LA 23 A R A AL R LR . Asphaug
(2014) TNy, ALY 1% S o 2 v S @ e 1) e e ok R
il A e o T A T SRR R AN A T S
BA M A RGN SR B A 3h i (£91.9~2.8 Lem), B
it iR R S M R 2 3 R v e (Kokubo
and Genda,2010;Canup,2014;Jacobson and Morbi-
delli,2014), Canup(2012)% & T —~ 8 KA dr 1A
f1E 5 (0.4~0.5M@ ) , TEMR BRI B0 T 4 5 A KN 5
Ji iy b 3K AH ) DR S 45 PR Jhg ) R il 4455 B (Hal f-earth
impact) . MR HEELE1~1.5 Ve Z 0], I HATE B4
HMBEE T by b R A o A B BRI AR A B S BT
T T A R A TN | 20 A i I b s A 4Ll A
i) , 755 3R BT i 58 A AH S A AR BR AR PF N, RT3 5 B AL
10 W AR A5 D 0 Bk EL AT 58 4 — BN ) 067 R K, A
WA G ISR RAR ., A7E N, KRR
LR RO R GE AT RE R i — YO FR Al 1 P R
(Canup,2005) . SR, ZAR R A 25 A=A T o )
i, 291E1.8~2.TLpmZ [H] o

AR RS R TR DR A B B RE S A
s, B R = BE (High-energy ) 3% /1 8h it
(High-angular-momentum ) Rl LAY 33 LU AT B SR
AE A R T [F) 037 2% ZH RUAR BL A8 2 2R, (EL S T v it o )
f sl R me . ok 238 A 7E ] R G008
J5 S Sl B K ERAR AR W47 AR BH A5 % b
RG0SR ] REAN 2 S A S Y 10% (Lev-
rard and Laskar,2003;Canup,2004a;2004b;Bottke et
al.,2010;Peale and Canup,2015). [, Wfa] 75 55 5
g5 TP 22 ff Sl R e RE A R RO T I 09 32 2 10)

BT . BRI BRI 2 R L2 24

W, CukMIStewart(2012) 75 @7 5 [ T Hh R A5 7
Bf, $EH T H 22 RS (Evection resonance) , il i3
SRR Rt A R G sh R 2 HaOo B0l o
MAT R BR 4 H RG2 23 ny Mmah . 4R,
2 HIRIS AR R R AT EM . #lan, Tianss
(2017) 45 i, 22 IR 42 ] 58 T B0 gk, AT
S2 F SR fot R I s R ARIR S | e LA B it
RGNS . RufuflCanup(2020) WA Ky, i 253t
Y1z 2h BRI shid (e Al E 1Y, I &3 ] Ry
F Bl (R AT BEAH 2R . — S A WL A 5 R
SRR T (X T E RIS S RE R R R 2 R
ghig AR IANIH (Wisdom and Tian,2015;Tian et
al.,2017;Rufu and Canup,2020),

Cuk % (2016)#H T —FhHT 9 B3 /A 2h = 1 Bl
il « 7 0 BRIP4 e BE Al 8 A 5, 3R Py £ AR K
(65°~75°) o J BRAEWMN W 8 A aod 72 vh 2o i fir 35 371
T ANFESE , BT BRUTE i Co SRR G0 [ e i
INT MR ARG A it X LIS LA
THER RGEH A B, 8 7T DU RS >4 4 H BRI i £y
[}, SR, TianF1Wisdom (2020) 4§ Hi | 3% F =k 5
1650 £ b R 1) s RE AR AN A5 G 3 1T B T A A
gl sy FE, JCIE I S an A L 2 4 b A R 45

Gammie® (2016 ) #2138 i fh Ak W25 B A ol
HMEC B, (H TR AT 2 A, PRI AR B Y T A5 H
H M AN . S, G LR ] RS S R AL
il BBtk & i A Sl i Y BR 1 , 0 A i BE— 5 £ 3 ik
AR P E SR AR, HRIT R A Rz e
AL S5 IS, BB S ] EBR 2RI A sh i )R —
232 B )

1.3 E E(synestia)i&EE!

T 1A b R G 4R AR TR DX R 4 A TR i 5 BE
BRI P AR IR AR R . Lock % (2018) 21 1
— AN ) B A S A A — — B 8L (synestia) B
B ZREAE TR ZE BRSO . R SR — b
R 4 e BE A2 J Y 45 R A4, 1 2 b B, He i BE VR
Ao o R IE A I ) B K S Ry — > AL T R R AR 1
KA, TER BN AFAE R LR A i i 1R G DA
KPR G R R e A BRIE v A D Bl
R R BEERIR BE R KRR BT, — L BERY
VB TF I A AR, S H BRIE . R A A
EA IR Z AN W AUE A Bk, BRI S 2
A B W AR Y- R ) — T AR A M i U VR 6 R
FRAG AV 25 2H BRR BL A Bk 5 H BRER T, 14 oA B g 2
HAY LT e X7 78 70 1R B I S RIS P-4 (Naka-
jima and Stevenson,2015;Canup et al.,2023). IL4h,
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E2 B 5 (synestia) iR AR E (18 H Lock et al.,2018)
Fig. 2 Diagram of the synestia model(modified from Lock et al.,2018)

R T E R LB 2 R A B R TR R
1.4 HAER R FFE R

B T AR R AR IR ()8 1 RN = RERLFERR A A iR
HoAb A B R . AReuferds (2012 ) $2 H A4 filf 4 -
ki (Hit-and-run ) BRY | SARMERG AR LE XY Y
ilf 48 4 5 R AT R (0.2~0.3M g ) |, filf 4 3 3 A b
(1.2~1.4ve.) , Rl A EE /N (30°~40°) . RilfA8E S5 300l
KPS 1A R Ge, JFE TR gl . I
TR 2T 10 H BRI B840 5 K 2940%~60% 18 o 1A )
i ARATANAF G M A R GE 0 R 21 2y, Hogs = A il i
5l (Reufer et al.,2012; Asphaug et al.,2021),

Z Bl fE (Multiple impacts )45 8 12— FRlf
B B H B — RN . X — A e
HRingwood (1989) 42 , {H E # i1 HRufu (2017) 4
X AT TR o AR | 7E M 3K 0 A S5
U B, IR b ek 22 Yk 32 31 88/l FE 442 (0.01~0. IM gy )
R G o BRI A s A — BN A BAT1 32 W
ERIE s Bk, 2 J5 X s /N DR G A Bk BEE
Al 48 R EHE i, A Bk 5 bR B 2 4 25 S EOR BN
Rufu§ (2017 ) ARELEE S B 7R, 20 2 30 UK Al 18 AT B 1
AR/ H 3R, BRI 2R A AL, SR /MT B A
FHME R AT A (Citron et al.,2018) , H .22 B filf fi AR Y
TE R A BRAE T 25 41 AR A5 Rk (8RR DL A A7 A
4+ (Canup et al.,2023),

Z LB AR BUE R 5T Rl S E U B 2
Z BN A ERE IR A RIS . HOl ST s, ek
L JFE 8 ) R TR A (LLVP) AT AEJR Tl IE, $241
TR AR AE AR B B EAE | 2F — 2P 3 T Al S

(Yuan et al.,2023) . {H HR[FTA i f# BRI A ELL5E 4
76 1T R G0 BRI 29, T B2 0 A0 RS VR b s A

“IDET R UL, X R AR A ] BRGE IR A A AT
ALk o (HAR TR, VR AT AL Y In) R i B
R 7R R R 28 T B S Al 26 b Bk b2 29 A 3R
ARl AR BB i Rk SR, M A R SR H] Y
A7 28 2 A sl 10 5 HAth ] BRIE 1 5 1 AR DG R ) 384k
SR G, A BROE R R A AR AR T HAAEIR R Y
AHEYE . I, IRATFHZEX L H RGN RN R RS
AT RS

2 ABGRIFARA MY E AL MR 2

21 O, Ti. Cr¥ttt AHEEITER

B [R5 28 A K 3R T 2R R A R
S A EGEIRERHE T B 25, ISR BE# s T H 3k
EIE S R . RSB B R R o R R IR A
HEO 2 . 04 '°0 oo =FffaE RN %, Ha
B FHE AR HAE (70/1°0, B0/ 0 ) 5 SR Y
T MR 2% (670, 0'%0) kK #7R (Rosman and  Taylor,
1998 ;Treland et al.,2020). PyFfb2Ed R AI RN
JH 52 17 o7 A o B AR S R W, RIAES' 00" PO Ak bR I,
BRI R AR R BN 0,521 B2 (6'70=0.52%6"%0) ,
K ZHH R S B O R 7 28 41 1V 7 3K 45 JoT £ 43T 2k
e AT R ) B O [z 3R 4 T AN TE [l — BT £
MLk b XA R ER S AT DA BT A A )
22 A0 271 (Clayton et al., 1973 ;Clayton and Maye-
da, 19881996 ; Miller,2002) .

20014 Wiechert35 (2001 ) FUINE 1K H B 41
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Rl 1 kG B =R R A . AT Rl e H Bk
A AT OIEAL HHBBRAE S B 55 (3+5)x107°, 1R
5 AR ORI R ILT- 5 A6 R — S5 it 43 4k 1 ik
B A A AR Y = AR TRI A R AR S bR A
FEAE L MR 22 o XA AR /R T HUBR A 3R EAT &
ARARL A O T3 32 2H A8, Xof W A a7 A b v A AR AL 4t s 1
Pk o JE kR B = AR R R it — 20 SRR T
BRANH BR EL A AH ORI R AW A5 . WISpicuzza®s
(200715 H BRAG = SR ZALLA 0K (8£10)x107°,
Hallis%: (2010) 45 547 (8+21)x107°, #RTMT , Herwartz2%:
(2014)T5E (9 A BR A ARERIIATORy (1243) x10°°,
Ji%E T Z A A ORI ZAHFI YT . {HHerwartz45 1)
INVHBERI5Z 3] T Young45 (2016) B S 5% . YoungZ¥
(2016) R FH o A B2 (4 [R5 R AR AR, Xt 1440 H BREE
At R — ZR G MR R R AT T . A5 IR R LA RS
) = AR R R ZE A OfUN (—1£5)x10°°, X —
g L EE A T HER R A BRAE ORI 28 7 T A AR ABLE:
Fifi 5 Greenwood 55 (2018 ) 175 21 5 Young % (2016 ) AHAL)
M2 . Cano (2020) 41 T —4~5 Z HiAS [A] 1 0L
Mo AT KON Z AT fE-5 H Bk 28 BIAHE i A
BRAEE S P VLT-glass MR EL 2 A A AR R TR H 849 5
FIATT O 41201070, AT RE T REAC R H BREC MR = 4RI
RN 3K — UL A FRAR A BRI i AR A TR Y
WA B SRS EE TR 2 Tl B AR AW 20 R
S (R RIF K R A% SRS 1 b 22 b A R G2 ORI R 4
J, DT A ) SRR U B AL T AR i T 5 (9 24030

— A5 Hb R [R] 47 28 2H A AL Y Rl i 4R 1 T LA
ft B AL IR ORI 28 7 PN Y M 28 4 [ 7 2% 10 B8 ALY
[}, SR, —LEN-body B8l 25 5 o | Ml Ak 517
B HA AR R A R LT 2 MR A, TR TR

BT . BRI BRI 2 R L2 24

WF5E B A A O [A) 32 2R 4 2H I AE P K B 4% Bl B 25
R BH ) 2 35T 1 5 B 4% 18] 22 46 (Rubin  and Wasson,
1995;Kallemeyn et al.,1996). {HH FHt= HALIT 2
4 TR0 2% A A, T A BSC(E A A0 38 ik R Y 3 3K
KRR Z ) A 22 S R AR A K BH 2% O [R) 32 2% A A8 1) A6
B o AEAHTE RS, HuBR- KR B O[] 7 3K 22 57 AT fig
JEANHE R e HE A KA 2 A9 O [R5 2% 2H LA G, AR/ 3
AN BN KR (A R R B 5% ) BA 7
R EALZRAE, T A R BH AR A9 HAB B8 0 A O [ 32 3R 2
X —f) (Walsh et al.,2011; Walsh et al.,2012),
PG, o o LIk R B AR SBT i 41 % R 4 2 AT E

AE A AR R N R R W R A2 R 4 (Canup,
2013) . BRI, FET I AR C T & R A A R A
W RS o #7 AR BEHEIE S 4 B Y [ R 24 S
HOERAHARL K S FAT T4 A T g e AR AN 2 51 il
i A 5L 28 (00 b 3ok (] 457 28 2 1) AT e RS
2 ARAS B AR F A0S A R BH A8 [l 2 28 2 ) b H Bk
FL YR A A IAIR (Torres and Fressin, 2018 ; Greenwood
and Anand,2020),

HAhFf A FR , WNCr  Ca Ti% 75 M Bk H Bk
s Bl e AT v BE AR LAY R 3R 4 (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), Tif&
MU R A YOTiI(8.25%) 4T Ti(7.44%) *3Ti
(73.72%) . *°Ti(5.41%) F1°°Ti(5.18% ) 5N & [Alfir &
(Berglund and Wieser,2011), 7 &5 FETH
FHEZ M TIRNL R . Zhang™ (2012) % F BR
d O TR AT T2 o ZEHERR 7250 L iy T4k
J& A E)H BRAG TR0 R P B2 e Ti=—0.03+0.04
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Fig. 3 Isotopic composition and comparison of A'70 &°°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
HERAE S (e2°Ti=0) B AL, Ca 5 TiZEqL, {H 5 X
5., Cafi*°Ca(96.941%) .*?Ca(0.647%) .**Ca
(0.135%) .**Ca(2.086%) .*°Ca(0.004% ) Ff1*3Ca
(0.187%) 62 € [F {7 % (Berglund and Wieser,
2011) . EAEEE Calrl 7 28 e 25 R R W, H BRBA 1Y
Calrl {7 Z2H Jile*®Ca=0.037+0.019, 5 LR Eh HiBRFEA
A9 2H A HE DL X 43 (Mougel et al.,2018;Fu et al.,
2023) . S AT AL S W AR A A Y I TR A T sk
Al DL i R A G ] ] 57 2 ARARLAY R] R, {H TiFN Cass:
MESE TC ZEAE LAZESUH hy J2 19 T DT TR B rhonT B LA 3k 2]
V- (Zhang et al.,2012;Melosh,2014), K, 755
E— 2B AN A b A R SE R B TiA Calb 2 AL, LR
% H BR8] 45 ] R

g5 LTI R BE A TR 28 Al R, H R
ATRE it P RS 7T 2 RO A R 22 20 B 5 M BRAE T 8 2
ARRL, MELAIX 43 XS [ 6 A 2 H BRI A A 4 4iE
TR 29, SR, X L L AT AR AN A 1
KR BB 5 g B T H BR IR 2 4L AR ) 25 57 2 75
AR G A Bk PE AL BRI R R A A Y
ZH A B K B 2R B 4 TR 28 2 R A 2R G, X g
AN PR 2T e s X T BRAEE 4 [) 57 Z BRI, DA T DA
FRAS b PR TR ATT X6 A BRI ) 50 P
2.2 K. Rb, Zn, SnEHEEXZMETE

X H BRFEA R BIF ST 2RI, H BRARRE Tk 2 6 b 3k
BFEZ R M EE KM ITE (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) % ([Kl4) . H BRI
RAMETCER 7 A0 BROR TSI i — A S 29 [
2 EE NS HBGEE AR AR, XA
BRAE A PSR R VTR BT B S L ERA L
HeERAArEMPEEERERMER(KS). Wangfil
Jacobsen(2016) & B H BRA AWK EEET Y
0.4%o 1T ZE V15 K PATR] 18 P48 708 X L fige 0 ok
KA R AR, A BR3P0 3R A E R 1 3R W 4R
AR B S e T 528 B 0 30 F1 2 42 18 (Herzog
et al.,2009;Paniello et al.,2012;Kato et al.,2015;
Wang and Jacobsen,2016;Kato and Moynier,2017;
Nie and Dauphas,2019), Sn#Hpik, WangZ¥ (2019)
K BRFEAS R T R AR T BT 0" 2 Sni e 4R
JER L B 25750 SnO 5 Sn iy -5 4018 . SR,
TR T MVER ) 20 BT v A BTE | O B32 3 7 Bk
Mo A S o A A B AT R R s, H X L
K IX Be a1 5 BREE A 04 () 6 2R A RN H B0 1 2% A
AT E R R

XF T Bk SR R TR L — T i R
TR ER M BRZE IR AN 58 2% Bk . Canup55 (2015) F I H
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Fig. 4 Concentrations of elements in the bulk silicate Earth and the bulk silicate Moon
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BRWEFARAY | 455 3 1 2 AR D) 2 R A 2 A
BRAETE ik 72 0 P B W R A (L e W AR T AN o8 4 18 ik
1 ARG B A S BOD SR LA E R A TCR 1Yk
o Lock (2018) A % K 4451 2k ml LU 2 8 (sy-
nestia) ZE VAN TE 2V BER AR RE . SR, TE X L 8E Y
HOIREE T (293500 K), 31275018 ml Be (i n] T 17E12 B
Y ERITE,, SN R AT (Richter et al.,
2002,2007,2009; Richter,2004) .

NiefllDauphas(2019)#&H T —ASHr 194 & ot
R ZAAINR |, T R R TC R IR S
SIRACHY TR A B0 R B B HEK 20 o XA
RE A5 R R 2 WL 3] 1) v A 4 e MEoe R Rl R
LR ILG , FNMELLAR B H BKE A T Sni R IR 2= 5 4k
(Wang et al.,2019). [R5 2% 18 A BRE KT
A A R R A 5

HERE S oo R Y 3 7 A — T S B L =
BRI H AT . A
KA TC R R 2R 531 — A3 1 1 T B, R RJT R o
TR R 7 1) FIRE B RE 4 7 H BR 2 D7 19 45 A B RN 2518,
A Bl T 5 A R B A Bk A R A A D R . AR
M, [R50 R 4318 AT 2 Rl #8251 &, A4 A 2Kk i BT is
Bl KA A . B R U ] MV E 431
5 A BB B R R N ME . Ak, S5
ZXE LABEAUL T BRI W I B4 e L PR MIVETE 55 T
T BT S BH AR (Sossi et al.,2019), R34S

BT . BRI BRI 2 R L2 24

T R ATF R AH ST
2.3 Hf-W. Sm-Nd. Lu-HfEM8 4 TEELE

7R

WS PEITE  HE-W  Sm-Nd  Lu-Hf% | %
T H BRAEIE 5 H 3K 206 ] (Lugmair and
Carlson, 1978 ;Kleine et al.,2009 ; Sprung et al.,2013;
Gaffney and Borg,2014). HrrwEHAZE7EFR T A Bk
YT R A AR B T ERAEH

WA "W (0.1198%) . '82W (26.4985%) . '®3W
(14.3136%) . "3*W (30.6422% ) Fi1'80W (28.4259% ) 51~
FasE A7 2 (Volkening et al., 1991) , Hid 82w b A
WFgE bty E g, AW K A A R ST HEL IR B
FANTE A, H 2 10 (8.90+£0.09)Ma  (Vockenhuber
et al.,2004). HEFIWXJJE T & EEMEE TR, HHOZ R
AICER W REKIT R o 16K R F 0 & B -k iR
Ay it AR R AR PSP H AR B AERE TR SR A | T
ARSE R WA SR A . R, P HE P Wk R
X TR R BR AT B A% 53 S ok A8 K 43 S ) () 2L 22
KHEEM A L (Lee and Halliday, 1996 ;Halliday and
Lee, 1999;Kleine et al.,2002;Yin et al.,2002),

LI BRAE S 0 W IR A7 22 0 2 45 SR 6 BT, H Bk
HYW [F7 2R 20 15 b3k i 4 7] (Kleine et al.,2005;
Touboul et al.,2007;2009). T4 A=k EE WA {7 2
T 7, H BRA T RE AR R M ER A7 AE£920% 10 W
[ 3R IE S8 o X — 22 A S i3k A Bkl 32 A8
[F) 32 i 3 A A B2 0 () 45 R (Kruijer et al.,2015;
Touboul et al.,2015). B,k A H BRI W E7
RN IR BR 5 3 AR A R AR AT W IR 2 4
AR . HhER S H BERW IR Z AL AL AR A A
BRORIESR M T EE RS . 505 HALF A F KR A
], A7 B2 i W [ o7 2R 20 BB 22 b 32 B A1 53 S FAZ O
WA g AR T 2 R iRY . PRL, w44
JUPAA] g B 5 o koA [ (1) W IR 47 2 41 1 (Fischer
and Nimmo,2018;Fischer et al.,2021). TifE{# H Bk
KHR 5340 Jo 5 T M | 8 A 1) 4 i A% v (R WORT A
Tll 58 /5 YR ML Bt 0 A R AR A, AT 2 B A
AW )7 25 20 1 0 B 3 2% 5% (Halliday, 2004 ; Dahl
and Stevenson,2010;Rubie et al.,2011;Kruijer and
Kleine,2017). P, F Bk ay W IR 37 2R 20 B 304 ) T
SCRRRERE S TR A TR A #98 (Pahlevan and Steven-
son,2007;Lock et al.,2018;Pahlevan,2018). #Xif,
182w 2557 B T BT AU 52 (Leya et al.,2000;Lee et
al.,2002) , HJ5 34 4= VE FH 09 HAR 52 o 1 AS BB (Krui-
jer et al.,2015; Touboul et al.,2015) , H ERFLIH AT WIH]
BLR LI ATIFEAE — & AN 2



W E A BRI 2= 2024,43(5)

VBRI A DI fa) 2 — A G ), i T
S B A AR P AR S B0 B R - R ERR R 43 S 1
FHHE-WA Z KA & 19 H BRI ATIA AT E v, H BB
T HE7E K FH R T G £960~175 Ma(Jacobson et al.,
2014 ;Fischer and Nimmo,2018), 4RI, WA FHE R H
TR A BRIE S ], BDAE K BRI BUS 192950 Ma
(Thiemens et al.,2019), HERAYWEAEHS A (ferroan an-
orthosites ) A4 A1 47 % W i 7~ H BRIE B sk 1) 38 i, 249
(4.425+0.025)Ga, B K FH R IE 15 115~165 Ma(Nemchin
et al.,2009;Borg et al.,2011). HFTAIBFSE R, 8 Xt
Wi 26 0 i ) ol S B A 4G A T U-POINE |, 5 4 1
BRAF I 94.46 Ga, RIEKBH AR BUR 29110 Ma(Greer et
al.,2023). &2, A BRGEIREF ] ek AR A K B R IE I
JE f970~120 Ma, (LA SR BB T LR, BLR R 2R
IS TAMTE A il Ak, H BREA A3 Ak i ) 4 o oA B
B T AR R R B2, H BRCE SR 0 oA i
T AE2454210~200 Ma(Elkins—Tanton and Grove,2011;
Maurice et al.,2020). HIREHZMEE O Sm-"*Ndfs=;
AEIR R H BRAE 53 Ak 1 B PT RETE K B R IE WU 24
200 Ma5E i (Borg et al.,2019;Carlson,2019;Borg et al.,
2020) , X —AFERAE A 5 ] BRES A 1 Lu-HER AR IS (K
FHZRIE U 2960 Ma) A% J& (Barboni et al.,2017).
FFEINH , 200 Ma i) 4R 52 43 A 4F I 5 filf 18 20t 7R HY
(Carlson et al.,2014;Gross et al.,2014;McLeod et al.,
2014;Marks et al.,2019) 55 A 18 5 /£ (Li et al.,2019;
Borg et al.,2020;Sio et al.,2020;Xu et al.,2020;Zhang et
al.,2022) 3 HH5C (AT A HHSL

3 REERERZE

HERS R S8 AE , 1l W50 A BRR IR
FAT AT LA S iy BR AR IS A A . A BRI D M ER
TR, IFHE 2l s FA 1S T REA
BR APy B ER AL 2 it , 40T A BRI 2 R A7 B
TRATERA B AT R AR IR SR, H AT
T A ERGEITAN SRR AP o A Rl 43 PR 2
R SRR P A UL, (E B A B AR R 4TS TG vk
TR A R GT MR ELHOBT /M R
it B 5 ISR b BRORE AL P A A | R T
RAMERZARMA AL AKX BRI ]
FIFE 7 1) AT REALER . (1) T 4R 219 A BOR IR FF 11
HoER 1) EARRGE SR . T IWESE s Rk i
3 PG 35 119 K AR 3y (LLVP ) 1T i 2 Al 5 4 e I 11
BRAZ 5 (2) S i () AR A 20 5 B | AR i R e
R4 75 ORISR 5 (3) 2 — 20 JR AT R W B B
W, PG T IR i e AT AL (4) TR
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AW 22 SE R B FIHAL 25 BR i ] &R S sl i i) O
¥, VLSRR A sl ALY 5 (5) 3k — B BF S Al
{8 )5 A BRI RR L A A A, DL A IR AR i e ¢
HALIE B Bk

(EARE BRI, Bl o A L[R]3 I R 1
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PSR SR 2 fln, Bl S R ORI R
Mo ERAR AT, S 2 B $88 44 LA 2B M B [ 37 3% 4 i g T
RETEAS T2 1 (2) TRJZ e 55 H W il 1) [R) 0 3 5L
PERTFE o GRIZAE A B [l A7 3 B 0 TP 4T 2 AR 2
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(7R MBI . A5 AR OC R 15 45 T LLR I H
ERA) A ik e A BRI, SR AT AR T H BRA%E A 4
8 JL AT LA % e = 0 5 6 5 28 R[] 43 3R A L4 Y
Feo XH[E]— A 45 A 2 P A AP OT R R R IR AR
BEAT UM A5 0 AT, R A R RO — TR 1) S T
Bro Bt AR B 20 ity 18 [ % [ 7 2% 0 k12 AR 1)
— R, A BEGRIRBT A BEEUT R RA
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