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Fe-Cu-Zn-Mo isotopes as tracers of redox processes
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Abstract: The combination of non-traditional stable isotope (Fe-Cu-Zn-Mo) theory and data has enhanced the
understanding of redox processes in geological systems. This paper provides a comprehensive review of this relative-
ly new field, including theoretical and experimental constraints on isotope fractionation behavior related to redox
processes, oxygen fugacity at different spatial and temporal scales, and the use of isotopic tracers to study redox
processes. Stable isotope theory predicts that Fe-Cu-Zn-Mo isotopes should respond to changes in redox states. The
results indicate that Fe isotopes have promising applications as “oxybarometer” for magmatic processes, surface
processes, and fluid properties in subduction zones. Cu isotopes can effectively trace redox processes in magmatic,
hydrothermal, and terrestrial systems. Zn isotopes, due to their fractionation during complex chelation processes,
have been used as sensitive tracers for the migration of sulfur/carbon-bearing fluids in various environments. Mo
isotopes serve as paleo-oxybarometer and can be used to reconstruct the ancient ocean-atmosphere redox state effec-
tively.
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Eiﬁfﬁﬂ’%tp . %’fﬁﬁﬁ’lf(z} ( redox state) IEIL:—
AR E E AR AR R ZORTE Tz A8 A
P HLERY) R TR (A Fe (Cr C.S 45) MM 5%
AU B RE ) B R, AR AR AU (oxygen
fugacity ) K R IE, BT 5L X M LSEL,
2FAR LB R A I A AL S BR AL 2% ( Moretti and
Neuville, 2021) | % 4k i Ji& #b 2K 3 ) 2% ( Gaillard
et al. , 2015; Yang et al. , 2022) 52 ARME&, 11
FH IR AR LR, I MC-TICP-MS ( 22422050 i B A
SRR B AL ) | SIMS ( RS BTG 43 A ) S
TR S AT PR A AR B 3, A8 Bk AR
Gt [ R AE ey R Rt 7T B8 & AR 7318 ( RAEHh
4, 2013 Teng et al. , 2017; FHWIAESE, 2022), It
Hh SRR SAE X U (NRIXS) A B T+
(Dauphas et al. , 2012) FI&E— M JFH# T 5 [F] 37 % F
B o1 R E(XAS, 2013 ) 3B T [A) 2 3% ek Ak
o BT, AATHY SC T SN R AR FUIR AR EK Bl oT
28 A A S i 3 SR JEOR AR IR B[R] £ 2 Ja 1 2
b, IR IR SRS AZ A I 5 | /62 1Y [R] 2 2R 4518 4L
V. (Yang et al. , 2022) , HHI,%0%E 0F7E R A1 |
fFRA Fe Cu.Zn Mo Cr Ml V R E, HHd Fe Cu,
Zn i Mo [Al 27 B M I it i B WE S vl 47 HL AT
I FH T AH [R) 8 A (5] 3 (0] LITE 5T ( Prytulak et al.
2017; Ma et al. , 2022) . NI, AR SCHF Fe-Cu-Zn-Mo
[Fi) (o7 2R A4 3 s i 5 1 2R S AL I JRUIR 2 X — B
R FTHT T B 7 W AT T 28k,

1 AL RS

AACIRJFORAS N F AE L BR B2 2 & T2
X7t & By M A AR R B Y S IR ( McCammon,
2005) . SR (fo,) BOE LR KR (KT a A
85 ) BT AR Y AR FRAR R PE EA TR OE S B R R
& (Albarede, 2011) , HR /N2 ik & i) 48 A3k 5L e
J1(Frost, 1991) , HuekB}2z b bR BE R 1 2 46,
SRR e B T B R R AR 1 (- Eugster, 1957 ; Moretti
and Neuville, 2021) , HA] LI #5284 76 & ( Fe-Cu-
Zn-Mo C-H-O %) ) B BR L2247 4 ( Frost et al. ,
2004; Rohrbach et al., 2007; Luth and Stachel,
2014) FARZ W) BAL 271 00 I 22 2 M T, b 7 i o
fE P 8OME F i 5 %% ) ((Arculus, 1985; Bai and
Kohlstedt, 1992; Dai and Karato, 2014; Kolzenburg
et al. , 2018) , BETTRZ AL 7357 I i g 7

SRR A T | 4 TR T R U A i o g
(Wood et al. , 2006; Gaillard et al. , 2011; Stagno
and Fei, 2020)

T T4k 38 IR 25 10 5 4k, FHIFN 5138 i
FIFHAE M TCR AN RS Z 6] 09 LUAE ) — S AR 43 Tic
FEOR ) A0 ) At B8 A T Al R AR R . KR
TAEGEIRAL S 3 BT B FIREE B AR IR I X 2
AT T T S5 HA T (w-XANES ) 7 8 i 25 5 A
WY B A A 24 T R A AL ( Cottrell and
Kelley, 2011; Tang et al. , 2018; Berry et al. , 2018;
Zhang et al. , 2018) ; FET1E 2 R E AL F FHE F i
A RS BT B AT B HL A | R/ b 37 A5 i e P
RAE AR B 5 73 T AR B0 6] 7Y pR B G &R (Zou
et al. , 2019; Mallmann et al. , 2021) ; ETF A4 T
W8] (1) S8 A3 I VA8 s vy 5 SRR B T ARAE O &R A
AT ) B A3 TG BE AR AL, A Bl B ) 2 3 AR
(Stagno et al., 2013; Stagno et al., 2015; Davis
et al. , 2017 Birner et al. , 2018; Li et al. , 2019)

2 [RGB X S 2R

AR, ARE SRR E R AL 3R (4N Li Mg Si Ca,
Ti Fe Ni Cu.Zn Mo &5) i b i 7 9 F 52 H 4
HIN (Teng et al. , 2017) o F&5E A7 3 Hu 2R AL 2 40
B OGS R — 4R T AR ks 2
fih 2 S8 Ak 34 5 BURROT 2R WY W] 457 3R 43 18 ( Schauble,
2004) , FEE MR 28 4018 2 X PR AH 22 (8] 1 [R) 457 2
B A AR b SRS 22 S AR OCHY Bl e AR/
AL B ( Moretti and Neuville, 2021) , X — R BETE
M AR E )AL R AR R A A ARG IC 2, B a0 Fe
(Polyakov and Mineev, 2000; Williams et al. , 2004 ;
Rouxel et al. , 2005; Williams et al. , 2005; Dauphas
et al. , 2009; Hibbert et al. , 2012; Dauphas et al. ,
2014) .Mo( Barling et al. , 2001 ; Siebert et al. , 2003 ;
Chen et al., 2019a; Wei et al. , 2021) . Cu ( Zhao
et al. , 2022; Zheng et al. , 2023) 55, RN R
SR A2 43 8 ) 3 BEOK B [ % 2 — (Black et al.
2011a) A€ [A) 37 2R 43 I O E s B R 3L 5 i
— 7 F- Bz ( Wiederhold, 2015; Joe-Wong and Maher,
2020) , S SR B) A [R] 07 3R 5348 1) DU 70
W 1%, 82 —F 4 A (Beard et al.
2003) o T T BRI IS5 J2 TH T, #4138 Fe  Cu,
Zn Mo 3X 4 /™[R 2 0] b7 S8 A JL SR 8 2348
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2.1 Fe L&

Fe 57 Fe(5.84%) *Fe(91.76%) " Fe(2.12%) *Fe
(0.28%)4 PEEFIALER R [A 13- ) 73 4 21
I AR T E PRAREY) BT IRMM-014 19 T 73 22
8'Fe (%o) K F /R: 8Fe = [ 8Fe/ Feyy )/
("Fe/™Fepp) — 1] x 1 000 (x =57, 56) ( Johnson
et al., 2020) . FHARFHIERFEIN RAFG BTt 4318 .
8°Fe=0. 678 8 'Fe, BRVE N Z MY ZE M ITRK (Fe,
Fe® [ Fe ), H IR F 4318 322 32 25 Fh I I R i i
Jo 3 R v R AR A 3R S A L v K B A T R
AL DURE e HK o S AE D R o i R 4 B &
AEYIE L FRAR S I B Fe AR ALIE JEAE T, TS Ak
Wt Fe [RI07 2R ABAE & A W] W (9 4348, DRI AT
VE R 5 4% A AR R S B ) 2 T B (R FE B0 4
2013; {7 ESE, 2015)

BRIRSL 2R A8 3R R/ N 7 1] AARAR 1 by
AHZ 18] R IE 10 0 Ak 7 B 5 () #5400 <F > T e
(Hoefs, 2021),8,-6,=1 000 In B;—1 000 In B, =
2 853(<F>,—<F>,)/T*(Dauphas et al. , 2014 ) , E.
RN A AL (Williams et al. , 2004 , Dauphas
et al. , 2009) BCAOLEC( Young et al. , 2015; Sossi and
O'Neill, 2017 ) F Ay 2E B (Hill et al. , 2010; Fujii
et al. , 2014; Roskosz et al., 2015; Wawryk and
Foden, 2015; Sossi et al. , 2016) FyFEH . HEHEA
A ESE ERERIEAR S, & T EAMELE
SEAH TSI 1Y« a7 B 1 50728 ViR R 4 52 i DA Ak b 350
TE B4 AR X AR P A R A 2 5 B S AN [R] 1Y)
fo sTFURE, 1T Fe® B0 T 4N F R B9 T
&, e TR R DU AR ECAL, 1T Fe® ZEXE A FIG™
Py s e TN A AL B (Wilke, 2005) . 1A FR 1
S35 T R AR o RO AN [ )R e AR AR 1 28
(A, DRI A AT H vk i T AR 3R 41 v
(4 A 2H B ), DT[] 43 52 el 2% ) 437 3R 24 1l
W RS Fe [R) 37 2R 5318 R /NI 3 26 5 5 4N 5 2
%54 P8 (Schauble et al., 2001) . 3£ % ( Shahar
et al. , 2008) 1Y% 2% ( Dauphas et al. , 2012) J2,
DS A 24 b Dy 9 B SR

EZ?%‘EH‘ [ v F63+V1 ( Fe2* Fe3+) 04] —ﬁ(%%fﬂa
[VFe™ M (Fe* Ti*") 0,1 BkEH™ (' Fe* TiO,) -4k
B ("Fey 0,) SRR, HIBRECAL T8 v fif e
YAl 25 %0 S AL I8 I RS B 2 . 91 4, Polyakov
F1 Mineev (2000) $i2 18 £k 2R 8™ A9 1% 20 90 N/m,

43 A Fe, . . =4 284(235-90)/T°=0.61x10°/T*,
Sossi il O'Neill (2017 ) {47 FH 58 i 210 4R 45 55 55 4
flith 7 WG BT — BK B R A A o IR R B 15 R
AVFe,,...,=+0.32x10°/T°, Dauphas 55 (2014 ) B X
4 XANES 5 NRIXS M 456, i 0 35 1) A ik 5
L, TH3F 3 Fe-O J1# 80, DH9E T U3 X Fe™*/Fe,,
MISEIR , SEE0 & IR 4 L R 2 B B A
HHEEE Fe¥ /Fe,, M E LT —R i 52 A
199415 N/m H1 35129 N/m) , i 8CA PR E X T
ATRI R Fa 3 (% 51 R 24013 N/m 1 385424 N/m)
ESH A SR AR T, & @ T LI C1F .C™ .S
H1OH™ Bt A& 4% 4 ( Candela et al. , 1989; Burnham,
1997; Manning, 2004; Richards, 2011), % fbLif )5
I PR R A [T R R 57 AR TAA T A AR T Wl 43T K — A
PRI Bullen 2% (2001) 38 i 5256 1E B, A1 4351
FEEFANNSE I = BB N R LAY 5510 F Fe™ A Ak
BN TR R R v A T W AR R R S
T A RUE AT IA 1%0, Johnson 45 (2002) \Welch 55
(2003) Balci %5 (2006 ) #E—25Xf Fe* Fl Fe™ Z [A] )
AR AT TR SE IR g, S5 AR R, 1
22°C I}, A*Fe(Fe* —Fe™ )} 3. 0% A5, 1 5 W,
Fe® TEAEALTE B Fe™ (3 72 v 2 77 2F 1 25 1 Bk W] £3r
RO, AM, Kavner 45 (2005) W58 T W &M T
HL B S i A rp Fe™ I8 JFUAE Fe® AYI R, & BRAE X A
BN 1o R B A A5 N M T Fe'  Fe’ H
HERFENMER, Fujii 55 (2014) 7158 7T —RIEK &
BRANS WAL B K- (1 1) A5 BILIRIAR: 78
0~573 K JE I, 10°In B Fe B 25 275/, &R
BeR R Ah R 2 B R 1) 5 7 Fe™ A Fe® W Fh 22 [a] () [
24 B R 1 (Fujii et al. , 2010) ; E R R, &
[l o7 Z 2 A TP Ak i SR AL A I — NSRS
B, AE0 TR R 25 R 4k AS TR) A A% =2 8] 18 340 531 g
L

PSS LR 458, SEARET
SR 0T (AN 4 AR k) A EE , B IR B A P s (
W) M W E LRI R 5 R S ) T
A LE , BB 5 1 4 T (R ) 0 ) 1 4 T Y R TR
BigR ., SRCA 0 ki ) B A L, TC 457 28I Y
Wy A A LA T e ) PRI R T R R A
R, SEASEMAEA L, A A R AR 5 1)
BRfwim T HA E R IS S ERFN R, fEis
FHKR R 2 ff DR A B 1) B, T % e TN &
[R5 N E iV I 2 2N Y VA DY T3 At R AT i aval
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Fig. 1 Partition function ratios of Fe, Cu and Zn complexes at different temperatures ( Black et al. , 2011a; Fujii et al. , 2011,
2013, 2014; Pons et al. , 2011 ; Sherman, 2013; Moynier et al. , 2017
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2 & ISIQI AN = IS = =l = AN S N
RN 55 TE S0 2 T, 52 50 295 3R SR 04 (W] 87 22 47 2 i

2.2 CulEfIZ

Cu 7F A SRS Cu(30. 826% ) FI” Cu(69. 174% ) i
AFRGE RN 2, ] B AT - Prbrke NBS976 YT
G2 8 Cu (%o) o, BN 8% Cu=[ (" Cw/®Cu) g/
(P Cu/®Cu) yiar sy ons = 11 X1 000, Hi7E [ 98 Frb e
TLETEAEIE R Cut B Cu® , BS A SR A SRR
iR R A AT ReAE N E A R R s R A

TEPHISZ I, 55—k R By ik %o B 4 )
BLRAE H AR A 4T Ry s 7 5 K BT B (Fujii et
al. , 2013, 2014; Sherman, 2013; Télouk et al.
2014 ; Moynier et al. , 2017) XTI kB A
AR 2 55 A ARG P Z [ Y — R A A ]
F T LB PR B, T 1 SR T ORI T R R B A A
VI 2900 53 PREC X B (In B) o BARTE T Cu™ I
B Co® 7K ) Fh 22 o) A7 A W b ) [ or 28 4
{H 3 i 4R A RAR fnb SR 7 bR s ) I B LY (0 ~
300°C) S R R, SRIEST-AE RN 1/ T Z IR G
FRARMEZEN AE SRR G A IR E R, X
Tt 0 1 S A 3 SR 43 1R AR 1T BB AR /IMELAT il L5 5
SRIMAE 55 K R G A LRI WAHZ R B, T il

MR /MRZ

N BRI AR AL B X A BRI B ), 55— T 4 T AT ST
] [ 57 2R A TR A SR SR AR T ) pR A 9 02 Zha 55
(2002) , M THE K H ) Cu® FIA JR A Cu® YITE Z [8]
HEAT T — 187 5 1 4 AR A I8 DR DO UE B B, 45 R 3R
BT, A Cu™ ¥ W T8 H IR R Y Cu™ FRBE A R4 2R
AP HEMITHAH Co® A Cu® Z 18] A 4318 R E0R
aCu( I1)-Cu( T)=1.004 03+0.000 04, Cu™ &
Wi R A&, M Cu' &R R %, Ehrlich 4%
(2004) 7E UL SR 1 HEAT A SCBG R B, & Cu™ AR
Cu KSR BTt 4 R 47 2R A 20 iR AR X 3/, e ¢
TESE T R A0T A U A5, B AR 3 Dt ) 728 Ak fih e 1 4 [
(VA7 X IR N 3T SN RN 7/ S E 28 O WU S g 3
Y[R B SR Dk R AT LA B0 K 1 i ) Aoz
R, M B e EEREAMER, NS EY
EAEERNE,

FEXT FSRAE b 2 BT 5 T, Mark] 55 (2006 ) X 7
[ B &K Schwarzwald # X A& Cu” A1 Cu™ W9 A4 4 7]
I Z AR R 2 R R, & Cu® BT AR X Ca®
WY EEMER IR, Asael 55 (2007) X Timna
Valley B2 MRtk ih 34 1) Cu™ 579 F0 Cu™ 54 ik
177 [ 25 X L A3 BT, 25 3 S 7R TG 2 DA R Al
WAFER Cu™ B ik & LU 0 09 Co™ ), 1
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X T 5HAARN co T Y E SRR E, Hig
AR R IR JRAE R, Bk & &
A VS A P UL U I 1 BB B Cu A4 R 4318 ( Liu
et al. , 2015; Huang et al. , 2017)
2.3 Zn[EfI=E

Zn %70 (48. 63%) *Zn (27. 90%) .“Zn
(4.10%) \*7Zn(18.75% ) F1"°7Zn (0. 62% )5 T FE 7]
{7 & (Rosman and Taylor, 1998) , #£[F i & H{H KR
5 8%7Zn(%o) = [ (6GZH/64ZHFF‘5§ Y/ (*Zn/%Zn) IMC Lyon —
1]x1 000, SEHERER LR 7318 52 S A0 SR A 45
AR (HEE TR R Zn 56 S/C KL AT
(SR ATRSIGN S

SEEGEE LR, Wy BRI A Ak A R A T R
BERI R KA —— YW I A il Ak SE
BB AR 2R RS EESE AR (ORI AR, 20135 5
MRS, 2022) , BRZE K& EEId RE A1, FURL 9 e T
L0 R A 56 3 Al A )7 28 2 A 43 8 1) 91 R — A
INCINT 0. 50%0) o FETE H SR S bl & DL —Fh 4
B4 Zn™ FEAE UG A o B8 S 06 RN B 38 Il b
S 0@ 1 i A e s T AR K A A7 25 AR 4k ( Kavner
et al. , 2008) ,{HIX A4 AL AR AL 7E AR S0 dal DA
P2 A R AN AT R, A 10 5T SR 858 B 1%
BN AE M TR . B BRI R A & kA A Ak
ARSI 08 A AN, — S A — M SR O
AL A 550 B 2 To0 B[ 28 S B T DAESR A
SRS [R] A Ak 3 R SRR 0T 22 38 3l 1 1 A R0 B
., KEEHFIY R B, YR 5 B IR R A R R IO AR 4%
G, AR B R 2R AR Ak, DR B[R] 6 25 0] LA
YER7KH Zn-S 1 Zn-C 28 G4 19 58 K7 2557 ( Fujii
et al. , 2010, 2011; Black et al. , 2011b; Fujii and
Albarede, 2012), K 1 251 T AR[F] Zn-S F1 Zn-C BL
B 2 (R R i R pR AR B S R A R AT
(InB) . X B& 31535 48 Mo ik B T 420 Ak 38 i Uk 1Y
Zn-S 1 Zn-C 45 TE KR HIAEH]
2.4 Mo BfIx

Mo A 7 Mg RN E , I Mo ,** Mo ,” Mo ,*Mo ,
Mo ,”*Mo Fl'" Mo, HoF-34 F AR F=HE 43 31°R 14. 84% |
9. 25% . 15. 92% ., 16. 68% . 9. 55% . 24. 13% F
9.63% , — it filfi il 6% Mo K £ /R Mo [A] 17 K 4 1
(Hoefs, 2021), Mo 2Z M4 /E (V. V V), ik
JEFZAE N LA Mo(IV) Mo( V) FE7E, TESAAL SR AE T LA
Mo ( V) £E7E , FEVR W R 2L LA MoO; B NiE R,
A 57 28 53 1 A2 458 TR R I AR AR

TEE AL SEE0 R W T Mn S A0 0 W o
77AE R Mo [RIAE 2R 4 TRAE I B 72 Mn 469 11 Mo
BN MR Mo B & [RIfL %, H Mo
[ 2R 3 TR 3 8 R BULF A2 5 pH (H AR FE
(SE SRR B K0T IR 3 - 3%o., FEBRE AL T 4H
[ R BN T AR R AL 8 R A5 T kA4
MRz, FERALIS RS T, Mo BB &
Bifi 7 K AR B AL P B2 1) 38 0 1 3 A0 e Ak, IR AR Ak i
i & AR AS R R B 23 18 MoO3” — Mo0,S™ —
Mo0,S* — Mo0S> — MoS,”” — MoS, ( Erickson and
Helz, 2000; Tossell, 2005) ., Bg {44 /Y 28 e 5 240
[ R o8 A S R,

UL, H IR AT X L 7] 7 2% AR Ak I D 9K
SR SR HL BT L 2D | Jr DL e L B TE “ 7 B B
“HZy . AR 2 H MR B I N AR E] T
A, A TR S i B I PR X e [R] 6 2K 43
TRAILR a2t Wi us i B 207 A P RE

30 B R HYSAGRJE

R TR BRI SR AR R R IR R AR AR
A AT I R] 2 )2 B 5 ol b BT A R ARt
I JEE M 4R R AL, A B T B AR Fe 1 Cu
[l ZRAE A H A 2R A O 5 JEE i 5 SR JEE e i
AT HL# Fe FI Cu [FA7 2 78 2 A= AL 2 2 1019 1
FH 3 SV IR iy S8R B2, A7 B T B Fe ,Cu . Zn F1 Mo
[F) (o2 28 7 A S8 A 1 T3 0 53] %) 1 5 JEE S R AR
FE KAl , A B T 2# Fe  Zn A1 Mo [R5 & 7E 1 i
FE- KRR B SEAFRI N
3.1 HgFEREREN

FHXS T FMQ (RN A1 - WEAR D —f1 9 ) XA
HREGE o SR U, A T e AR O FMQ -4 F)
FMQ+2, ioF 7 U 2 FMQ—4, T b e Jig 2
FMQ -5 ( McCammon, 2005; Van Der Hilst et al. ,
2005) , FEHE L5 ] 5 OUL RUBE |- b e 430 88 Bl 9% 2
FEANTIN (ARVLAE, 2021) , 324 M ik, LT X H
WRATERR AR SR AE R EUs | s A
AR ITTRIIE, CEiE 1T g iy RS
T FMQ +2 {5l N (Kl 2) (Canil, 1997; Delano,
2001 ; Anser Li and Aeolus Lee, 2004; Trail et al. ,
2011) o AHELZT, Mol S DR 285 B A 8] £ 7 22 D Oy
HRA A L TR A= i i 2 95 A 5C (Holland,
1984 ; Lyons et al. , 2014) B R 28 A TE FIITF 5T 3405,
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Fig. 2 Redox state of atmosphere, crust, mantle and subduction zone ( McCammon, 2005; Rohrbach and Schmidt,
2011; Cannao and Malaspina, 2018)

(F3) . FETHWIERS V. Cr V/Sc {EAHIIE I
RS SR LXKt A7 LA (293 900 Ma) Mg
AR (FMQ+£2) FEALRFFAAE (Canil, 1997; Dela-
no, 2001; Canil, 2002; Anser Li and Aeolus Lee,
2004) . 1H Aulbach FlI Stagno (2016) #i& V/Sc {5 A HF
PR VAR HLIE T REAE 24 23 {CAFERT R AL, I
Hb B S A B BT F AR L AT S — e R
T FE R e e L 2 39 (LR B E Ak,
Nicklas 45 (2016 ) HR 48 Fir A =i I i He SE 30 AR5 (149
Y-SR T R BT FOR B Z B R R B T RS
P AR AR O R R SR A AR R TR
[ 1 5 AFAR 1Y 5% B ( Nicklas et al. , 2018 Nicklas
et al. , 2019) , Rollinson 5§ (2017 ) X} &£k BB 5%
R PRI b 4R34 32 T BB A S AE S 25 24 39 AR TR

Kz BEAA, Trail 558 (2011) H 4 X 8 K F]
() Jack Hills“ D& 5" &5 47 RIFST , B2 H Mg 4= 1b 5 14
FIRB R AAEL) 44 ACAETT A% 43 5 45 AR AR e 1) e
BN, Armstrong 55 (2019) X /& i & e 2570 F I 44k
PERT B W 5% & B0, H S SRR BB Y Fe™ & A
400 km BEEACTN (3 Fe™ =2 Fe®* +Fe) . k=
W4AE Fe J&—Fs IR R 0T, T2 B KIS
PR UHE A A, DTG B8 S A IR R (75 e A
TRASAFHE R A 5 FH VL -, DA A rp &5 i R A 1 b
AT ) 2 AR AR R Ry SR A R REAIE , DT S 350 T
RN E= N A A e AR 1] - Ji N = X o
e e kg, B

oS AR
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3.2 MEEREREWL

AH L 0 SR B BT 5T, Rl b e S A RS S
HAHH AR WA, e e sk GRS AR < Pl 2
Vi) F0) L TR, 7 92 o R 2% o b R R A1 S ]2 BB 5 4 =2
(1] 4 ot 0 R S 1) 52 48 T T 49 ¥ 2 T 2 £ £ ( Tureki-
an and Holland, 2013), McCammon (2005 ) ff i1 i
FEEGRE N FMQ-2 ] FMQ+5, JET KA H A Ce
Bz 45 R BE ARG B 45 o Y TR B Yang A5
(2014) fdi FH 5 1 Ce %R FE 1T In (Ce/Ce”™ ) gyup =
(0. 115 6+0.005 0)In £, +(13 860+708)/7-(6. 125+

JosIW-58

BIHAR

4.56 Ga

Trail et al., 2011
Armstrong ef al., 2019

%

Canil, 1997

Delano, 2001

Canil, 2002

Anser Li and Aeolus Lee, 2004
Rollinson et al., 2017

Yang ef al., 2014

3.2Ga

K 3

0. 484) X Kl e ik i Bl AL dEAT T 124, 7551 24
FiHEFE 0% BE £ AE FMQ-2 3] FMQ+8 1A, &
1 b 5 b7 ARt B2 1) LB Ak T BRI AS 2R A
FEZY 40 ACAFRT, Hhre ab T30 B RS 2GR Tl g
REZ FMQ-6, H 3124 35 {CAF-Fi A 35 £ B4 72 AH
XPEARRAS (1 3) o BlisTAE 40 ~ 35 AZAF ] i34 i
B R E ARSI, T e S BOVEA K ABIK (Liu
and Yang, 2020) , #1200 L S P A= K
3.3 EaRIRE

s s At B F) T 5 A 7 b e AR AR SN

JomIW-5.8

B fi=0%

JosTW-2.06

B 5 H=8%

fosIW-2.06

B S 4il=10%

Fe' Fe"
7k (H,, He)
PR S (CO, H,)
kalik A (Co,)

A (€O, Ny, O,)

HoBREER T 11k ( Gaillard and Scaillet, 2014; Yagi, 2016; Stagno and Fei, 2020; Palin et al. , 2020;

Young et al. , 2023)
Fig. 3 Evolution of the earth’s oxygen fugacity ( Gaillard and Scaillet, 2014; Yagi, 2016; Stagno and Fei, 2020;
Palin et al. , 2020; Young et al. , 2023)

1 I 5 AL R ety 38 AR 1 S Ak ads J P o 3 A
T3 (Wang et al. , 2020) , AT Hi i 42 42056 i G
T RUTE T R S0 B | U b 0 0 e A A5k 32
ZI e (B 4), s (2. 5£0. 4 km'/a)
(DePaolo, 1983) . FEHH (%) 20 km’/a) ( Searle,
2013) FHsEH: (29 1 km) ( White et al. , 2006) J&3
BR ARG B = R E T, 45 i i o b g ) ot
Bkl = A 0 % 3 A (OIBs . TABs . MORBs ) , B A
A TS O A -7 WA -2 fib A WA 5 T DAAE —
FERRRE b WA RS o B s 5 40 8 R
o, U5 E AR R R B A, R R

ERBR e LA A (K 4) .
FETICER R A 2 B A WL 92 A7 7E LA
TP G AR IR e M A )
RIICE A B S8R AN, 2 e A g Rl K
A b ( Gaetani, 2016; Tang et al., 2018; Tang
et al. , 2019; Tollan and Hermann, 2019) , Holycross
M Cottrell (2023) 5 Tang % (2018 ) Rl R W A5, A
HE AR T A 1o B A A e, AR AR IR
U P LBR 20% Fe, {EXTAE (A Fe™/ X Fe {H A%
So, BERZMAR/IN s FL WA/ S o SR SR I A
SRR TR wheiiy i (A S Al I BT AT 5 . A2 0 ol
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B 4 OR[RIFIE IR T IR 5GR BE ( Cottrell et al. , 2021)

Fig. 4 Oxygen fugacity across tectonic settings ( Cottrell et al. , 2021)

log( /o). AQFM

AR, IR hafy U A S A3 SR T 52 G T
FURT, X5 AT SEAAAE LR 58 Al R R WL A, - g 808
Ji B A S AR PE Y ( Debret er al. , 2014, 2015;
Pons et al. , 2016; Debret et al. , 2016; Merkulova
et al. , 2017; Debret and Sverjensky, 2017; Bénard
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et al. , 2018; Chen et al., 2019a; Gerrits et al. ,
2019; Maurice et al. , 2020; lacovino et al. , 2020;
Zhang et al. , 2021; Li et al. , 2022) ; M 8CA B H
WA P Y ( Peretti ef al. , 1992; Song et al. ,
2009; Galvez et al. , 2013a; Galvez et al. , 2013b;
Vitale Brovarone et al. , 2017; Piccoli et al. , 2019;
Chen et al. , 2019b; Li et al. , 2020; Vieira Duarte
et al., 2021) ; F Wi AR W MOt 1 18 A A4 2 AR AL 1 1
(Ague et al. , 2022; Song et al. , 2022; Padron-Na-
varta et al. , 2023) ; IRFERTRR P L B T A4 I 3 D
PER(Li et al. , 2020; Padron-Navarta et al. , 2023) ;
Tl A P e B A L A2 SR AR P B ( Frezzotti and Fer-
rando, 2015; Gerrits et al. , 2019; Walters et al. ,
2020; Li et al. , 2022) 5 G PESSIEH 103 AR I
P (Song et al. , 2009 ; Tao et al. , 2018; Li et al. ,
2020) ,

AR FE T3 v (R RS A A % LA A
5 R R R i R SR RS [R] R BIFSE RS i (I
P UCRRY) AR ST ISR ) 3 BB R A B4R
A S AN [a] 4 TS0 RS Dt PR S AR I DR Jo =2 44
TR AR BOATREE IR AR R B9 6 S A a4 SR
Aoy B 25 Z A % ( Evans and Frost, 2021)
3.4 HEFE-REREERENL

b TS AR AR D AR W e A R TORR S  RRE AT )
ITCER S fml 2 2R Ml SR A 27 8 AR Ak 1 7y K< ( Don-
ald, 2014) , WFFERAHER AT L2 —MEK
AR, RASEET 7ol AR E s
£(2.45~2.2 Ga) Froo i UG (0. 63~0. 54
Ga) Fhoo iy A e B S F 1 (29 15. 6 {24 (14
{CAE 11 ACAE) (R T A 453 LA UK P (PAL) , H:
SR —FRORL T FMQ+10, [ 5 I T R [l % 2
ST BT S AR A R A 2R (Holland
2006; Kump, 2008; Lyons et al. , 2014; Reinhard et
al. , 2017; Schachat et al., 2018; Cole et al.,
2020) , Tl (20 45 ~ 40 AZAFRT) I SR
W R D ABF IR SILF A 0,5 Kb i I (29
40~25 fCAERT) R 2 2 e EOL B R
AR IR BE R O, 5 TT 4 Y (29 25~ 5. 4 AC4F
A ), G P40 Ak ey 36 52 Bl SO R R e [l | 7 480
B VAN AR S S A S M B
BRKAR 0, B A0 B BT S BRI AR T I 0 S A
fERAMR B PERREEAL T — & I AR ; B4R
HHTI (29 5. 4 {CAERT RIS ) | Bl B Pz 2 Joi

RRIE AL AL RE 7 R R LB 0, i i
I, SR B R ACIRAS (A — R T N 3l

4 nEREAIE RIS AR

4.1 FeRfIEEZR

PRAE N EE RN ITR , H R AL R 8 5%
5 T TG 3R 0 e T B o A 3 i S Y 4 A
T AT AR A s 3 2% A A R itk B 1) o 2 T 2L (] U ik
S, 2015) , TEAE I FE D, BRI A R 45 & Oy e
K Fe WEAGIR JEAE T, AT LAh s |5 2% 4t i
WIFEHRBE Fe [RIAL R BRE ; 7R vhly 1, Fe [0 2 A]
AR TH BB AR E AR S5 0T AR AR i
T, 20T - R AR 4R KA FE R A id
AR AR,
4.1.1 adad e AR

ERA P R AR B E R 2 — RAE
BRAE (2016) DFRAMG fil 45 & 43 S P44 HH i 3 A~
J3 DN J G AR Tk R 3% B sk A e AT o i AT T
U 5 0 R R WA 8 AN ) | N P
A A A7 ) — B 53 78 S WA ) 3 2 (Asimow,
2016) , TR IR X — i R RE W] LA A A 5
AT UK A e i b A0SR e A - T 3 L
I3 W AT BE ) A HC A A 7 AR RS2 2R 7318 ( Moreet-
ti and Neuville, 2021) , 4% B 5514 35 70 45 mil R B
S MR TS 53 Je Tl it AR K ) 6 3R 7018 Y T2 4
R, AH RS- RIS (A e E AL
TRYe A A | Soret I HUHUBL ), BT A X 26 5 2
AT T RE A B i R R R AL R o0, R R
P LCE IR N o 2 4 o e R R TR 3R iR 2
BRI . AR A0 T R 8] 422 5 ) X [ 467 %
eSS A A S TS 1 0 S ad B b A o 1A T
Ji R 2 B A I SRR S R G 02 75 B 22 o S i e 4k vh
Fe' /Fe’ (B WG 45 i (Sossi et al. , 2012; Foden
et al., 2015) F & 1k Py 18 F1 B ( Williams et al. ,
2018; Peters et al. , 2019) . WIRABR A 0 F A0
PROME R RERS Fe [FIALR AR WA E Fe
[} 2R R E AN BEAE A H B Ry S8 AL SRR R

ST S 0 A S A A ARSI R DX
Ty s 8 SBT3 A i gk R A 3R A2 4k
— H WS W) E P 2 (Williams et al. , 2004,
2005, 2018 ; Dauphas et al. , 2009; Nebel et al. , 2015;
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KAEHALHH (Holland, 2006; Kump, 2008 ; Lyons et al. , 2014; Reinhard et al. , 2017; Schachat et al. , 2018; Cole et al. , 2020) ; HuJE s}
] Fe [Al 1, K 2H 1 ( Busigny et al. , 2014 ; Kurzweil et al. , 2015a; Stevenson et al. , 2017; Planavsky and Busigny, 2018) ; 3t i Mo [Rl43 2
20 % ( Duan et al. , 20105 Wen et al. , 2011; Planavsky et al. , 2014b; Kendall et al. , 2015; Zhou et al. , 2015; Kurzweil et al. , 2015b; Kurz
weil et al. , 2016; Diamond et al. , 2018; Dong et al. , 2019; Thoby et al. , 2019; Zhang et al. , 2019; Cheng et al. , 2020; Ye et al. , 2020; Tan
et al. , 20215 Luo et al. , 2021; Qin et al. , 2022)

atmospheric oxygen evolution trend ( Holland, 2006; Kump, 2008; Lyons et al. , 2014; Reinhard et al. , 2017; Schachat ez al. , 2018; Cole ez al. ,
2020) ; Fe isotopic composition in geological period ( Busigny et al. , 2014 ; Kurzweil et al. , 2015a; Stevenson et al. , 2017 ; Planavsky and Busigny,
2018) ; Mo isotopic composition of geological period ( Duan et al. , 2010; Wen et al. , 2011; Planavsky et al. , 2014b; Kendall et al. , 2015; Zhou
et al. , 2015; Kurzweil et al. , 2015b; Kurz weil et al. , 2016; Diamond et al. , 2018 ; Dong et al. , 2019 ; Thoby et al. , 2019; Zhang et al. , 2019;

Cheng et al. , 2020; Ye et al. , 2020; Tan et al. , 2021; Luo et al. , 2021; Qin et al. , 2022)
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Debret et al. , 2016; Foden et al., 2018; Huang
et al. , 2020) , YE I 5l 32 B b Ui A J fil At 2
(8, S IR A ST AR TRAL B B 7K AL BEICHT T J7 A3
Il 5 (Fernandez Paz et al. |, 2019) , A BN
Ry g R il M e Y 2B BT R BT
H XA (MORB) B 5 B %R JE (Evans, 2012) {H
XA R ST T Aok A T b AR DA R TEH B
T AL FE th B 2 P A KA E I8 (Aeolus Lee et
al. , 2005; Kelley and Cottrell, 2009) , Williams 5%
(2004 , 2005) 15 KB R B AL I A 23 52 M iR
EWAEF PR R AL R i, MTIE TR (R
il ¥4 2% FUAR N (A 18 A1 FHAR b A1 A ) ) 3 B 5 oy
TIE B S 1) L 2 AORSS o ROV A 5 R S R TR A2 3R, i
SR DR Fe'/SFe BYR A H A H /N
87/ Fe (6, XWARTHIE LMY 3 Mkl 2 ek
SR ] T R 2R A A R A v B Bk [ A R AR AT
(Weyer, 2008 ; Dauphas e: al. , 2014 ; Roskosz et al. ,
2015) . XFT Williams % (2004 ) T & I A9 Fh a3
PR 4515 s A 5 46 0 Cr (B, 45 2 7T B8 1Y A R
J2 , MU AN A 10 sf 1 FE TR O R rh s R 1 T
IR ES R E, T Fe RMZ R IY Fe™/
Fe B G AR v 0 18 . 4200 32 A 0 0 5 45 4 R T 4
FAMEIIY Fe'™*/Fe? [ 22 5t M 2R V- A K.
SRS T B PR AR s 25 5 BUR AR AR 1Y 67 Fe (H U,
MG A S R EREAI R, HUt, 710 8°Fe (E7]
RES R Fe' /3Fe fHA K, REMIRMA N Fe’'/
SFe 1H F1 Alog fo, A] BB £F 7E % #5 L 4 ( Delano,
2001) fHJE 87 /*Fe Fl Alog f, P fa#ALk 111K
A FHH (Williams et al. , 2004) , BEHIIR A Fe [F)
FBRRRELZ Fe™ /S Fe B UMM 5, Sy S0 B A 5
AL TR B Fe RO R ILE . TEHAF LS I,
VLA e e K S 43 Tl AR e i K S 67 Fe
(BB BROBE B A7 (2 0%o) ;5 [ 2238 5345 P2 3 e
R I X R E 8Fe {H B #2 3T MORBs/OIBs ( 24
+1%c) (Dauphas et al. , 2009) , 7FE[E Je V9 I PFik
9 ( Banda arc) H', MgO 7 2 & I RE fh ( >4% ) Y& AEHK
VoA + A B IR AL | L 8% Fe fH S MgO i
SEFUHSE; T MgO % B AE it 8”7 Fe fH5 MgO
& 5 F A 5¢ (Nebel et al., 2015), Foden 5§
(2018) FZRGEM & 1 FEAIN BERIN A EL i ik /)y
LAESV TR W T RIS 15 SIS PRI o k]
P F Ak, 45 R R IS 25 (8 Fe = +0. 075%0 +
0. 05%o0) A%} F MORB (8" Fe = +0. 15%0%0. 03%0) E.

ABERR RN R A, TEA R IR, ka8 A R
AT ASEL @, B rh A B4R I8 5 T i
R A, A (6 Fe=-0.002 2 ¢
+0.119 5, R*=0.54) . WA MSEHHT 5 AL IE )R
RS IEARSC VR BB (5 @) I RGEAAE B AT
BRMBRIRI AL R AL, I ZTRK

Bl LR 8°Fe 1955 7 U LR BIAh 5 =X
iR — 2 B I LR A s F IR TR AR SR B T
TE WL, TR 2 57 ) W 5 43 s Rl RV b A E S
) (o 28 7 ARAR /)N a8 3 o A o0 B 4 et S R 2 e
et A0 B2 3G T 5 Dy — AT B R B o X U TR IX 4
D T WA R T SRS R A A IR ) AR Y 67 Fe
{E#% 5l ( Nebel et al. , 2015; Foden et «l. , 2018) , 1
X AR 57 Fe 1A DX I it/ B LA T (AR H e, 7 A=
TR B R By I A 8% Fe fELIEARR B 5 —
U RS A AT T A 2R
FHE DT b 0% %) K 1) (57 22 ZH R XE S (H B AT T s T
RGN R A7 s 0 S A3 SRS R A i P
HI 5 K0 71 ( Dauphas et al. , 2017)
4.1.2  fRFmes AR A A JRUIR S

A bt A b e AR DR A P Y B T B0
IKW YA ANTEE , B AATEART b Al e A0 3
B2 6] % A2 55 %% ( Bouilhol et al. , 2015) , XK iik
T H WA TEN iy S AR BB 43 I e B vh
X8 VE H (Kelley and Cottrell, 2009; Evans and
Tomkins, 2011) , {E&HUI 59 AL L AL o 2 0
BT, 2R E L Fe [FALFR R BIR A iR A AL
JFPERT, Debret 55 (2016) &LV i /R BB g 4507
HER IR RN Fe® /SFe HA7TE UG, UE I g
BUATEBUK /AR K i R R 5% Fe AR 1
DA, IR i A B 2 75 | A % 0 s e 400 8 1) 34
Chen %% (2019b) XJ P4 Al /R L 15 11145 Dora-Maira Hb
KB R EHAT T Fe MR 00T, 5 R 38 " HHA
EEREIRA A PR D Fe R R 4K (8Fe Hik
1.22%o0) , H. Fe [AI R 4 MW AT & K CA B
R AT 58 TR b AR S AR R Y 5
B FeO, 7l Fe* /Y Fe 487, 80t B v iR
AAAERA A R Fe Srimfll Fe™*/ X Fe {HAR i 3 A,
1B Fe R RAM R E L, WER 8Fe [EARAR
) Fe’ / X Fe (HARRTERAASZ ARG FEH Fe 1975 3 LA
Fe* 3, [F A R 40 1R AL 40 48 75 HoFh A 3225 Fe
(ID)-Cl A Fe(I1)-(HS) 59 (8 1.8 6) , =Y
AR ey TR U A R B Ry R R B (HS A AE IR S
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i W

A
= % Gk

43 4%

AR . ANFVT IR o, SR AR b I i 1) 5 32 0 AR
WA A R R o 2 A AR G 35—, HL 5 L RA 2,
R AR AR 3 v ) = AN o A LU A LU B AR
(AR, 46 7 1R A8 T B g A AR A8 AR i v AR Y
Fh i, T FE AR FARF A 5 4o A8 o K (R A7 22 41 el
AR(LL et al. , 2016) , [FJAEE R AR T A1 FE 5
BT, Gerrits 45 (2019) fdi FH A # F — 2875 1 A
JETE, 5E T i Sifnos b X FRH7 IR A HE 56 B
SOE= VN i s T N B2 v = R 7] R v
o AR A R8T 4 (Gerrits et al. , 2019) F1fg
HLAHE T4 ( Malaspina et al. , 2010) HAH [ 1) %%
FEFRAT , L ARUR B R 48 7R A MR A N TR AR AR
AALIAME T AR, A i A 2 A T AR X ik
JEER) Z A RN ety 5 A AE A B K S R,
A 1 Sk 3 B AR 1S3 1 2 30 D RS T %o o, s A
A1 57 i W B A 0 N R A A R A . Huang 55
(2020) % BB 1L 5 28 Jo kAR A 6™ Fe (0. 04%o
~0.21%0) =6*Mg( =0. 08%0~0. 15%o) ¥ T = 1t i 2
(8°Fe=0.03%0%0. 03%0, Mg =-0. 25%0+0. 07%o0)
i 7 AR PSR IR B T AR AT R Y Fe-Mg [R] 40 %
RN, A SRR UE T e 80 K S8 PR IR S AR
T HIBE AR A 45 R Deng 25 (2022) DL L HLIE 44 0 v
A ICHIT b g A2 0 20 25 e 20 (RSO 5 4 A i 5 X6
% MBI 8 Fe Fe™ /ZFe {H 5 HE 5 8 Cl Al SO,
SR ARG S5 G H A Fe RS
AT m R IR A ARAE  F8 7 DICHIT H e B2 7 5
TR AR AW e s At B R AT Fe™
12 LS 2 1) Fe [RIA 2 4318 e 0% B2 1
T ML A s 50 T VO v 0 0T vl i 4 1) K
T b R I 3 i R TSR AR R AR, X I DI S 1)
FURIE P E BRI, Chen 25 (2023) XF 047 T
SEERN bl MR R B 2 R A Fe-Sr-Nd-B [A] {7 & Al
B/Nb {ELREE , WA 1 75 AR PER IR npaty 5 9K 2 ik
AR IS A | A A R O A b 5 K
ZRAHA R Fe R AL RUFRE ; & BLE R vhaiy £
A Sr-Nd [ R AFE R 30 R 52 LA K 4= BRART
WX B 8 Fe SN vivig U AR FE A~ 7 (8" B
B/Nb {8 ) FLAT AR G | 2R B i SO AR 2 4
BRAR bty o Fe [R)7 A1 — M) — I R &R
455 SRR VS BN, 2 BN b e 80 K B =
FRERER AR (SO —Fe™ ) AR T s #L B IS |- 2>
T A v 1B A I Fe [RI R w3 IF 4L 1% 9K
AR IX . He %5 (2019) % B 435058 AR

LA RA WER Fe [FALERE, 8 Fe (Y21
WHIAH0.10~0.29, ARG & TP B IR A, 4546
WALF ISy A6 R, 67 Fe (H LA & 53K 00 5+
XA o 7 25 J 0 o R A 85 R TG S BT s 25 S 1Y)
Wor 255 . Aie HABRAL 2R WAE, FA7E— 1ok B AR
MRS IR DX A BB R 2 2R o D3, IR DX SR AR IR o
I R0 12 T 1 2 52 AR A G, g TR AR 4
At Fe R RS

4. 1.3 R HRIET”

AR B AR A W R T, AR TE B
RS 1S UKL 38 3o it XA B i P FH 0 AT 5
AR A A8 R A KA 388 3o T 3 i 0 0 AR T 5 TEF
TR R i DT AR T A A B A (P0G 4
2015) . i e Az o B 2k W) o2 R 4018 (87°Fe Wik
6%o) 1) fix T E AL 2 A AL S i 0 A S 2
PERIA W PR 5 i AEIRES LR R i s i DTTE
TR AN SE I I R PRk R 2 2R 2 AR 25 A8 1R
Jim, PRI, Fe Rz 2% AT i 29 b ¥ - AR T
AN 78 A e P 48 A I S 2 R4

UTSEAE A MEE R A T 2 ek
A 2F SR B 11 ( Paleo-Oxybarometers ) |, HoA TR
A A EUERITER (BN, S, Cr 0s U, Mo Tl Fe,
Se ,Cu) F R B2 B [m o7 22 20 Jld P #4525 [] RUEE
i i) ] b AR S8 A i SR A5 A (Kendall, 2021) , k[
PR FR 32 B AR AR SR ey e BT T, S5 A,
SRR T FH RIS NS ) ) U B I AR KT
TEBARMYHEE 0, KV F BRI Fe [AA R 73185
BNREER Fe? Ak ™ A B 1 867 Fe, T FE 4 55 1Y
M 0, JKF R 4RI 58 2 ) Fe® F AL A AR Y
8°Fe fH., BHlRGit45 R Box, vUE B ALY S
A AP FBRFRER S DR 67 Fe (HHEA >4%01)
AL (18] 5) o URRAR R 28 30 7 v e ) I )
SRR T R A H7 (2 2.9~2.7 Ga) , NATZEAY |
HHH G BE T Y 8% Fe (E 1M B ALH/INGY BT 5T 1Y
8 Fe {H¥%78 (Rouxel et al. , 2005; Yamaguchi et al. ,
2005; Johnson et al. , 2008 ; Planavsky and Busigny,
2018) o A AT S Y kT 67 2R 67 A B AT
AES WA B A B KR (— MBI K B 23, AR
T — B HS , AL 4E e FiAR ) ) vh i o g4 Ak
FK B E AL A 1Y BIF ¥k oA ek &
8 Fe WAH FT LA 3K +2. 6%o , Ay i W 1 & 5 45 42k I
ALZR AR RSBk 0 I SRR DT TE o T 7K RER L 9] A
1%, /KA F %A ( Planavsky et al. , 2012) , 1ERZy
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2.4 Ga LI 2 Ak )15 28 A8 Ab i B2 s/ T g 5 12
WAL 5% ( Planavsky and Busigny, 2018) , I
TG H I DL R 2 AR KR | PR SR AL K R TR
TRERAE A AR B A I A7 R FEAE ( Canfield et al. , 2008;
Poulton et al. , 2010; Li et al. , 2010a; Planavsky et
al. , 2011; Lyons et al. , 2014) . JTily 1 WA h B2k
WRRIFI R 8 Fe il KT 0, S BB AL 4 75 43 )2 1
FEHF R EDTE (Rouxel et al. , 2005) o Joth i B
KA1 A T R R 1E 10 5 FE AR R Y 6°Fe {H 1
AHIRE I IS 2 1 /K FE JC oy B R R 2 B R Y, X &
Fe™ FIAG AR A3 B0 K (1 IR 38N 1 2R J2 K v
e VE F R SR B, AR 0 T R B R R A
(Fan et al. , 2014) . SAH DR FF R FERG K E
S Bk R R DU B T b SE AR Y
B[R 2R 4 A (Johnson et al. |, 2020) . WK, BRI[EI
EIDAN 2 2 2N R W AR i 1 ES NG =
KWl

AL T Fe JEATE ST R, W A L iE R
I E , HAE AL i R v il A R TR A A5 R
FI75 Ak (NI | 2022) o X7 1 O IFST 280
XA B8 T (2 oA T 2w RS D)
SER, EMEESE (2013) K, ZRAALEEH A T
(1 I S by N Sl [ K A =R
Fe’ FL B K, KL TERE Gl Th Fe Al R 8RR B
EIBHTE R EE, Lin 55 (2014) 35 1, 7R R
S AR T Wit KA 18 1 1 R 2 1A LA
T, 8 Fe (AL AT (0. 05%0~0. 14%0) , M TE 34
e AL 55 14 South Carolina XU I TAT R Tl Ji X 455,
8 Fe HAEALTE RN 0. 01%0~0. 92%0, H. 55 Fe™ /S Fe
HAIEAISE (R =0.90) ; FHEALIX I 8 Fe {HAE
fLE/IN, 5 Fe¥ /SFe (HE A (R =0.88) , XL
5 LA Rk R R XAk A rh Ak ) 7 38401 =2 S Ak
WEREH, Hu 58 (2019) & BLRRIR 2D + A7 7E 6 Fe
Wesh, & Fe 5@ 04 (0B Fe [F] 7 & i 5%
(—0. 021%0=0. 046%0) , i 7 Fe FARM I AL HE Fe
[ 37 KA (0. 345%0+0. 053%0) , $8 718 BALIA S5 451
() JE 301 Pk AR Ak, AF I - 50 T A B 5T 3 B ( Huang
et al. , 2018a, 2018b; Qi et al. , 2020) , & Fe & i
14 )2 07 T 5 S Fe [0 R AR ; 70 38 S P )2 007 [l 4oz
FMEEN Fe DL Fe™ IRIKIE 255, 2 S AL 207 LA
Fe S ALY UTTE ; EALIE AR RERT [B] A8 Ak, 5 il
BRINEEAL SR AL, T35 T 4 A Ak 1 1
AT 2 5 AT 2k [R 7 2R i

4.2 CuRfZfEH

TESE S BRI A7 iR 5 408 S 5C R 5T b 4[]
A2 ] LIRS 7R i il A8 3o A S A I R 28 ( Moreet-
ti and Neuville, 2021 ; Inglis and Moynier, 2021) , It
Hb AR A TR IR R A K R 48 FUR JE (Zhao

et al. , 2022) F Sz W fifi b 2B 25 2R 55 48 A0 30 D i B
(Zheng et al. , 2023) B9 77,
4.2.1 FRBBLH RS

PRI R 1 0 R (R4 237 20 B 1) 1 AR
iz —(Zhu et al. , 2000) , ¥4 HIHF 5T (9 H bRl
HPE ARG Cu R 2R RS, (HIX LR 55 1%
A B Co R R 58I FARS Z R R
Larson 4§ (2003) Fl1 Rouxel 5§ (2004 ) WF7E A N TE 4
KT 2T, SRR RS
JEAEGRALYIY Cu IR R AEE A B, — M 7E-0. 2%0
~0. 15%0=2 7] ; B 1A S0 Ak JRUA ok 28 00 D5 A At £ 40 P
IYBEIE B E ST ) 8 Cu (B AR A K, B T 3k
9%0; Larson % (2003) WAL IE B EERAERE T EA
AN AAS T T P X Z WA RG2S,
Mark] 45 (2006 ) %t I 4 1k 2 4t b A8 A id Jt ik 72 1)
SCMHEAT T ARSI R AR 2 5 1 3% A/
TER RS Cu RN E I, Asael 55(2007) W58 T
PIE51 Timna Valley ZARUTA BRI IR , AN Cu i
Wi s R A4S Cu (D) A= K3 1] /Y 4 )
MEFEA R, Cu( 1) A Cu( ) H ¥ 2 ] i 7 H7
BT 2R 2RO R

IR B EL T ) RIS SO IR R G
Cu [ 7 & B 2 i WF 55 &8 °F T 18 M., Mathur 55
(2009) P T4 [R143 ZRAEBEAH A PR A 4 T A
A R, B 2 B A 4 (0 R [ kA8 45 2 [ 47
TEARTRNA R ZRFAE . Li 55 (2010b) %R K H W AR
FAHR KA Northparkes BEA A Cu-Au #4347 T A AL
W ] [ 47 28 21 B ( AR A7 Tl AR 7 6% Cu =
0.29%0+ 0. 56%0; B AL 11 % 47 8 Cu = — 0. 25%0 +
0. 36%0; 1= fin o7 H o0 Bl S A 8% Cu = 0. 19%0 +
0. 14%o0) . EACRE 12846 7] fE W] LU RED IR AS[R]
AR Cu AR 225, FIMH 2 CuCl'+2 CI"+H,0=
2 CuCl, +2 H'+0.5 0, XA H &, GEi T8 H AN [H
A £, MEEE RPN Cu (1) /Cu( T) 1A,
gL  IEBEAT R Cu YLTE Ay S ) B A 2 2%
P, Cu( 1) &5 FFHAL MRS, Ca( 1)
S, PP TR E ACu( 1) -Cu( 1) Ay
JE T BAR AR R BE S R 48 A AR SR BR Bl 1Y Cu [F]
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P RABMHEATELEZ L, H5 Northparkes 45
NG , Bingham Canyon 4 [R) A6 22 4H B e PR A 8
J AR A i B, ) Y8 J5R 1ok AR A 3 i AF H ( Dendas,
2012) , Mathur % (2013) # 5% 1 B8 Pebble HE
F - - R AR T B R G
A TRV 25 8 118 2 s il R 3% S /K Hh A 1 T 28 i L
FE pH Fil £, A1,
4.2.2 AXRIEKR

SR R AL A AR R A5 B T AR A1
5% (Savage et al. , 2015) ,{HAE R &AL A g #E7R
EE ) 8y W AR 2 32 #) & 3 (Inglis and Moynier,
2021) , HAH]FAFGH Lachlan Fold Belt £ 5 )
3 Cu fHTE-0. 46 F] 1. 51%c 2 AIAFEAE B &8k, Li %5
(2009 ) HEM AT RES2: Fh T I A e KR R A 1 i H 4
TR J R 7 AR o VR DX 4 R) A 3R A RS B —
Huang %5 (2017 ) 38 32 X3 74 Bl ZR BT A MORG 5 0T 52 T
Sk L M R ) 437 2R B AN 28— PR T RE SR A il R
[R]85 BRI R B 485 LA K P Al A AR 5 1 /S 1)
HobE s ARANE T S BB AL B AL # A K Zhao 2§
(2017) BF5E T S8 A B AR 2 R AR A e P A
AATT A3 T A0 H P G B PR B SR R I A 4
PRIV 45 s — B Ak 4, 5 52 0 50 i 5K 3
{14 [R5 28 AR AL ) MURE TR R e A v 3 8 LA B
Je SRAE S B 18 B AV A0 05 A v D 50 43 8 30 T 1) 5 i
AT B, b 5 R A SRR, , R 3 4 0 S ) B
W S R 2 T 0 0 S TR v R A, T
I R RS AR R AR HE RRUAR i B T A B RS
i Cu™ Fe® S™ #7450 Cu™ Fe™ S, S 2L 6% Cu {H 1%
Ko Zhao 45 (2022) LAFK E A K 1L HL X 4 A4~ 327U {1y
HRI B RN BSR4 BT AN [R] 2%
BIRE A M2 FEEA TR T Cu R R 5T, Bds i
A B A R AR SO A Fo (R L, 5
Cu/Pd fHALIE Fb , 2 BH I 25 MRS 40 43 5 45 i A Ak
YIRS AR R EGR T 3 Al 3 1 25 0 Ak
S 8% Cu (AR IEASEE R, RIAMEE K0
ST e B AL A B W ST Cu R
B4 A R SR R A A TT B i A I R B A
R 2 58 R [ B B 25 I Ak ) 18 2 Cu [F)
MRMBNEERNE,
4.2.3 KAkt

5 Fe [A7 Z R R, Cu W4 BRI LA T
R B LR SR 25, Liu 55 (2014) 454,
FE R S A S T Wt WA B B ) ¥ R 2 o

WAL 6% Cu (HAETREE/NT 3 m BEM 0. 32%04K
UK/ NF 0. 12%0, TETRBE M 3 m I5F =0, 17%03
JNE] 0. 02%0 ; 76 3V s WAL #2559 1) South Carolina XU
AT R BB R X, 8% Cu LA | T E 4R
FEIX 38 8% Cu fHAR LK (4. 85%0) , H. & 4 H 4 [F]
&,

Li 55 (2016) XJ 3 LA B A 515 347 T Cu-Zn
[ 20 AT, & B0 A& AR RE 5 A XUAE AR A v Cu
Zn FrE Y ELEARSE B Cu I Zn 76 B A5 AT L
R AR P AT AR L, 5 R KRR S AH e, X
TS FRE A Cu A Zn B BEBCAIG  [R) 437 2% 20 i
g T i Ve 2 D A DN N A R o
H 22 B B i) B AR SR AIE 2

Zheng %5 (2023) XF Z& [E Mun {7 Jig k1 & £ X
fh it R Z IR A AR R A e B v Cu TR 2R 1
SMEHLERIEST T HR5E , Wkt A rp , 23k S ALA IR
AR - S8 A 4 R B S A A 3 R HL A
AR EL MIA () F1 8% Cu {22 8] H BRAL 5 A AH G
PR, Cu A7 28 4318 1) 2 B R ke 44k 3 D A2 1k 1Y
4.3 ZnBEIEKR

BEFE AR A TP AS R 20 1Y, R LA R 75 5
SR T A8 A o HE ] 47 28 A A R i, AR T
M1 Zn [F7 R TNA [ 2K FEAS 6] 1 3R 85 v 5 i/
e 4 3 7 1) B0 155 7 ( Black et al. , 2011a,
2011b) , H5 € 1 S B4 b & BRI 2 401,
H Zn [ 2 AT B AT L] 422 1) B S8 ALk St i
R, AR, Zn [R5 Bk N T IS o O
R =25 A FH B R A B8 o i v 45 B LAk 0 1Y
s,
4.3.1  ARF e AR A P T

KT Zn [F7 F R T LR 5% Hb 5 3t 1R 11
PR A B 5T 2 —J2 Pons 25 (2011) ,{H H%A
A AR SR R, AT TS TR AR B 22 5 Tsua
) — R RS |, 5 I T g 4 i £
FIY Rt BT HE R A T O YA Tsua A1
Mariana B¢ 20 B Zn B[R Z B B 7 5, ARk
T (Fujii et al. , 2011) ,#F Tsua Ay f7 FIEEAC 2 B
WG S H LSS B K 6%°Zn (EAR FT fE 2 e 20
SR SRR R 1 R pH (B 5 5 R RN I 25 5
Pons %5 (2016) #4473 A5 0 F1HB 43 7K 1) A Fr bt
BUEHY Zn R0 R, M 80 6°7Zn (R4 R B
RN REAR HL S S & & % YIAH 56, B 3 4
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Zn RN R AT . 5 BK e SCE L, &
R 20 5 RN A IS A1 e B0 B & AR 265 9K
T M AR DT RO G R A s S ALK
BTk B A5 | A AT 03X B W) A5 2 430 1Y AT
REALHZ S Zn-SO, ME8CA BK AR R (B 6)
PR, At AT TE B T 4 TR A7 28 O vt 3 AR 906 2 aod 7
7 B R ATl AR I Bl 1 UM, Debret 5§
(2018) LAX — & Bl R 3t /R T Zn Hl Fe F2E IR
IR Al AE AR R I & A3 B v P S AR e AR Y A
FHZR B, I ELAT DI K A B axX b A% 00 T A iR 26
HIFERS . Inglis 55 (2017) MK T —E WA T LR A
FAE B A T AR E AL 3R X 2878 TR 25

delal

T 5 A R DA A oty e £ TR A8 T 45 R T A 1Y
AR TR T AR ER o ATy BRIV AR 5 A
JEAS AR R I AR RS 6% Zn 2H %, , 33 22 BIART ity I 7k
ANsn| R T B RS 1 Zn TR0 2 20 R 284k, i K
SRR ) T AR VS A Zn-S0,/CO, Tt i iy 3 22
AR, Xu Al Lin (2023 ) W22 P4 K 11 A0 A0S 2 A
Ve 6%Zn 5 Zn S S EEMAE, 454 Sr-Nd [F
PR W7 S AR VG I LU R AR 34 AR 2 114 D 4 2K AL
TN Zn-HS /CU LA ; [ B 2 BAY #5401 )
BRI AL AR PG K Ll B A VE 7 32 21 & B ik 4
H1CL A SR PR A A (R B2 AR, 32 21 T8 g A ooty 1
AN AT g

Fe( Il )-S0, §#6"Fe

Fe( I 1-80, . Fe({ Il )-Cl. #46Fe

Fe(I1)-Cl. Fe(Il)-(HS) i[ié"Fe

Cu(ll)-S0O; #id*“Cu

Zn{11)-SO; Hid“Zn

Zn(11)-HS /CI /HCO, $:6"Zn
etk Hé"Mo

Kl 6 Fe-Cu-Zn-Mo [flfi Z /s B vhafi WA AL IR JUR 2SR B 14

Fig. 6 Schematic diagram of redox state of fluid in subduction zone traced by Fe-Cu-Zn-Mo isotopes

4.3.2  FEELRAEBRE R OAE2

TR Zn MEIF S FE, Zn IR C HA
TREEATIABE AL )T J1 (Chen et al. , 2020), 1
bn, BEVS BT Tarfaya 75 IR0 5% 6%Zn 15 & A
1E OAE2( ~94 Ma) 3 31% 200 ka 2 )i, HE P JE 4
BRI BT PR PR AL 30 OAR2 M1V RL I K =
WU o, BECHE 2 Zn 33 AW 2 P (Sweere et al. |
2020) . I, OAE2 HiJa] 6%Zn jHAkLiE /R T OAE2
SR 77 T B TR R FASEAT LS 38R () B %o T
S BRI AR P A S A R BRE

4.4 Mo FMIREZR
4.4.1 bl A At bt

Chen %5 (2019a) X & H V§ HE % Cabo Ortegal
Complex M JEJKZ /K Raspas Complex Ml X % 14 45 7
Ll R et i b AT T R GERY Mo [RI2 R 404, T i
TAHSC R TR SE g, PO I, IX BB Y Mo [F]
{2 A Mo/ Ce {H 52 ARSI ELER T 75 i s (e
BIREETE Mo [RIA R AEARF rhid e h R 4 T B3 71
G54 R RS 4878 T Mo [RI AR it 72 Y
SRPERAILAR A TR b A AR T ORI R SR T L T
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AL IR B, 3K SO i AEAR ok R rh ol K AR
AR AR, I H A8 75 3 6 3 Ak R T i 80 A
WG o ZF5E N A Mo [FI: 244 B R B0 vh i
PR AR T 4 L, X B A 5 IS A g
PR R BE SAF5E e i I E LA 2 S,

4.4.2 HEFEEE RS

B A KEIEHLHT K RS> Mo #F IR PR AFFE M 728
A B R BE ST, Mo FF Ui Bt 484k
BUEHRR R I B B B, ZJ5 Mo 7RI
) VA B 2 T 1 1) SR A SR B s o, A AR Ab R B
ARV UL 81 i = T 6% Mo fEL, 1T 7 B3t 4 1
b B ok BE AN 4% 8% Mo {H (Scott et al. , 2008;
Dahl et al. , 2010)

TR EE S5 Fe (6"Mo = = 1%0) . Mn (8" Mo =
=2.7%0) S FAE 2257 , Planavsky 45 (2014a) I Ossa
Z5(2018) f#i FH Fe/Mn E£AF VIRV G EALIE 5, 5
FEAFICAVERTE, 2.95 Ga B§iE Pongola At E
Mn 2 rE H 6% Mo 5 Fe/Mn Z[AIfEAEIEAHC R R,
P Y BRI IR B T AE LRV RS 1 MoO3 L i Mn
HABER Eh {8, IEW 0, R ME— ] LUK Mn™ 404k
i Mn™ B AR, BU 7 SE 6 A VR T E 2,95 Ga 5k
2B, MiXt 2.5 Ga PEEHIX Mt. McRae 4171
FHITFEE 6% Mo J T LIRS IIME (0. 7%0) , HH 5
M T 57 Mo 35 2] 1. 86%0( Duan et al. , 2010) , 7T
AR Y B (T FVESE 19 8H (Mo) AR
B AT Z (Ostrander et al. , 2019a) , F W] 25 12
AEFTAIERK KRR L E 2 E TR 0,, Thoby %
(2019) Wi T 2. 97 ~2. 53 Ga BkFREL A Mo [ 2,
2.64 Ga L ERFRER A1) 8 Mo 1HIE 1. 54%0 ~
1. 22%0 , il KT 1%0, 5 TUE MK Mo A7 2R
b4, 38 207 2. 93 Ga(8™ Mo, =—1%0) FFif , H
Mn 48 ALYIEL Fe EALYIRBIE TS AT Mo [R5 % 53
PRT S B ORE T K Mo [l Z4 R, 7F 2. 64 Ga,
Mo 7ES AL EREE T BTLAE B 283k 348 i 1 He

Asael %5 (2018) 1@t 2. 32~2. 06 Ga & A HLIK
BT Mo [R5 8 @i v LR B 7 2. 32 Ca,
KAEIRY ETE, 6% Mo {H (0. 32+0. 58%0) 7 W7
{5 THAECIRAS , 29 2. 06 Ga B, WK th Mo [A] {7 %
ZH I A5 52 (0. 70%0%0. 21%0) |, [ e AL BRI
CRE,

b i B R m T HE4L (4 1.56 Ga) F#iE
Fe-Mn kR 4 )2 07 Mo Rl RAR (b Kk H B A 5
IR 6 Mo B (IR Z - 4. 1%0) , 3X W iZ I 7 /K

AR RIS | 3 i Fe-Mn 480 fb40) S 35T, AT X6
157K Mo [R5 Z AR SR ZL A, eAh IR 36
Mo [Flv 2 R B oo AR R 7K 87 Mo £ 0. 85%0~
1. 41%0Z I8] , Ff- ik Mo [R5 22 50 5 4 A A 44 ) >4
B AL AR RS 35 3 30% ( Luo et al. , 2021) . [A]
Rk B Aedt e hiim N SIS (29 1.4 Ga) B TUE
49 Mo [F]437 2 AR 43 HiHiE 7 | g 7K 67 Mo
K 1. 7%, & T ot & AR 7K 8%Mo F ¥ {H
(291, 0%o) , FE /NI R P SR AL PR P TR 3 bE =2 i B
15 897K ( Diamond et al. , 2018; Zhang et al. , 2019) ,

HETE VK R K 21 (660 ~ 650 Ma) 2B €5 7T 74
Mo [R5 28I 245 SR 3¢ B B 1 i 7K 67 Mo (L 24
1%0, TFPEATIAL T 12 R ZS ( Cheng et al. , 2018;
Tan et al. , 2021) , WF5E N GUFEAE R 3500 R Fr R BE
I Z AR DL S Gk R T (LR | ] |
Bl 5 K R MR BT AR Mo [ R H
(<=2%0) , HLiflT] 8™ Mo {775 2 K 5 31 ( Chen et
al. , 2015; Ostrander et al., 2019b; Ye et al.
2020) ., bl R K B AR 87 Mo i U5 R T i 1 rh 55
KR K B Fe-Mn (%52, (HICIS 2 5551
KRR 5K i8S Fe-Mn #ia/E I & 5 , #8487~
T IV AR AL AR R iR 0 AR 3R R 43 TR K A
OB 22 AL T AL 5O SR AL SR 85 o, Sl 3%tk < i
20 % R A SR B T R B8 ( Ostrander et al. |
2019b) , BEAh, A pg Rl R A AR BE LB 2 1Y B TiAR
BT 8% Mo B 1K F +2. 08%0, i ILALHE K Mo
Al R AE (8™ Mo =2. 34%o) , X 4 7 i i A AL FE FE 75
e AU — W IR

g5 b Te B AL I BRI FSE R Fe (Cu Zn
I Mo R 28 AT fifp R[] — 28 hl o [l R A oo AR 40
I T AR R AR T - R AR
PERTAE A0 ey A S8 Ak 3 B v B0 ) v | e R A7
RN HRZ AR AST] G, AT 256 AR 4 [
DERRZIN LA 5 AE, 40 Fe Al Cu-Zn-Mo [A] 47 %
BCAMA, AR, Fe MM EZHTIUCAK
Cu R R ZHTH IR A #2 T  Fe Ml Cu [F7 F
HRIE T KA, b - R EGR ST Fe
) (37 R 18 F TR K, Zn [8) 07 208 T BrE 21
WFE, Z Ml AR BT IR A Bl 2 o 28 % e nl
B RAE K.

5 4

(1) B R3E  w-XANES 5 {28 (19 0 1 8
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Yy -J b AL R BUBOT R P I R B AR )
SR BT T O R B TR L T O e
SRR I T A RN A 2 [ (R A 3R S
MFEATE ], R TR R 585 5 R R RS
SR SRS CIk WA AN 23 ik =R S
SRR ZEE T A

(2) zS A ROEET 1 4% B B o I3k T 32 o ff
BE R BE 0 3 v BB VA 9L A7 A R BRIEUAR IR
AR ER LAY — AR EIR P E LA
AU I BRE A A3 S S R 40 W 3 I A 1 e )
FUBE T V0 e 48 A = 4 B2 0 | o 8 £ e RS s
&) KRR AL

(3) AR S B2 45 T b s v K IR BE
RS b 0 s BT D bR 285 RIS e o B 45 22 ol [
£ ffif4 Fe .Cu . Zn 1 Mo [RI{v ZAEM vhay AR Ak
S R 5T LA S ) LS

(4) Fe I Mo [A) i 28 AT A Jy ify 8000 B2 1, 4% 7
HAGR TR 45 A n R & &, A & H i
A S - KR A SRS Zn [F) 7 R AT F A
WL RIEBA ST

(5) Fe 1 Cu [AI 2 ZWAER &K fE RE
I R AR B T AR R T SR B | R PR R K AR
B Bl A= 2 R4 A Al R B

Bt OlkERAT R R Ak AR AT R LG F
5 Aot 7
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