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Carbon cycle in the early Earth and the great oxidation even
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Abstract: Carbon is an important element affecting the habitability of the Earth. The carbon cycle between the sur-
face and the deep of the Earth has a very important impact on the global climate change. Nowadays, the Earth reg-
ulates the global carbon cycle mainly through subduction and volcanism. However, there are significant differences
of carbon cycle between the early Earth and the present Earth. Based on the previous research results, this paper
comprehensively discusses the source of the Earth’s original carbon, the process of the Earth’s early carbon cycle
and its relationship with the great oxidation event. The Earth evolved from the solar nebula through the accretion of
planetesimals. Part of the carbon on the Earth comes from the initial composition of the Earth, and part is obtained
through giant impacts and late veneer. During the magma ocean period at the beginning of the Earth’s formation,

the differentiation between the Earth’s core and mantle made the Earth’s core enriched carbon and the mantle extremely
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depleted carbon; the interaction between the magma ocean and the Earth’s early atmosphere can bring atmospheric
carbon into the mantle. The collision between the proto-Earth and the planetary embryo with high C/N and C/S
values can increase the carbon content of the Earth. In addition, the late veneer of chondrites enriched in volatiles
can also bring additional carbon to the Earth. In the early stage of plate tectonics, the geothermal gradient of
ancient subduction is about 100°C higher than the modern subduction zone. The subducted altered ocean crust and
ocean floor sediments will completely decarburize through decarburization reaction or melting at very shallow depth,
and only a small amount of carbon can be brought into the deep mantle by carbonated peridotite. The resulting
greenhouse effect can offset the impact of early solar luminosity deficiency on surface climate. The early carbon
cycle process of the Earth is closely related to the great oxidation event. The increase of CO, content in the atmos-

phere, the burial of organic matter, and the difference of subduction efficiency between inorganic carbonate and

organic carbon are the key factors to form the great oxidation event.
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HuER R TR ME— 2 B A A i e SO
AR AL Rt 35k SC I A A v 473 38 3 DGR A9 5
WefER KBRS 6 A FEAMITE, B MN-4
F+4 ML i AR I 2, AT LURTHC B 80 £ Fh
TR BN HA R ER A L TG &
W, VERAD o3 1 Bl 2 BT 3 Beoxt M 3k B0
A iy RS VR RN R R EL A ZE A & L (Hazen and
Schiffries, 2013) , i HUERAS A 8 2 1 1) 5 e AE AE
BRI ZE 5, Hor sk R i o B A b ke 25 1 19
90% LA I ( Dasgupta and Hirschmann, 2010; Dasgup-
ta, 2013; Hazen and Schiffries, 2013; Marty et al. ,
2013) . bR FRGERIHE BRIRTR 5 G2 Z 18] 1 B A PR
FHOX T Ml e P05 0 v A0 B AT A o E B A S R 4
FERERAURRE bR BB HE K ZR (Berner,
1999, 2003) , —J7 1, HIERGEAR B B ] LU i il
VE BB R RAE R MU SR A W6 G AE TR
Pm IR 7 Az i 2 ROV I W AR A2 A 55— T
i, KA €O, 1T Rhid i & 1 AR AE F 2
I AT ML) B R+ i Wy DUAR 2 3%, 8 5 {0
MAE F HE A M BR PR 5B ( Berner, 2003; Dasgupta,
2013; Kelemen and Manning, 2015; 35K 3. K 4§,
2017; XSS 2019; Plank and Manning, 2019) .
AR ST B4 M BR AT 38 4 0FF b P a6 A i Bk
TR A B3 2 R T3 [ 3 1) i 3 i BEAS AR 45
RS CO, & fE BEARPRFR AL — M E 1Y X [H]
Hede 7 PR A ME M A2 E (Berner, 2003; Dasgupta,
2013; Kelemen and Manning, 2015; Plank and Man-
ning, 2019; ARHITE, 2021),

SRINT, M BROEIR BE A7 — LR B4 X Pl AR X
FE RS 7 HUER LI RRAR PRS2 X R A g 42
AN, BRAN HLERAS [7] 81 J2= sk 14 73 A1 LA 4 ] 75
oS f? Bk PR AT PR AL Y 7 HLBRAY
W AT AR AT 1Y) 7 M R IR BRI 1 2 490 21 B AE
ZP1 T IERERY AR R X S [ AR G AR T
ERAYZH B BRI HER BT i A | s BRI i
I 3 SRR A R B ), AR SORS A B ER IR Bk /Y
R BRI BRATE P A A AR A R 2 LA
3 T A AR TR 3 BRERAE PR i T B R A BRI

1 BRI IR R (1A

BEFEH IR IBUR TR R IR, B Jei 2 T R
FITEMIE Mk 7, &£ 718 (planetesimal theo-
ry) AR BH R AT B2 0 1R K BH R R = 38 v ik
W FUE 1% Y ( Chambers, 2004 ; Obrien et al. , 2006;
Papaloizou and Terquem, 2006; Wyatt, 2008; Al-
barede, 2009; Marty, 2012; Morbidelli et al. , 2012;
Marty et al. , 2013) , #&MRETFiE, 1TTEMIE T &
21 3 BB

%1 BB R R B T B, TER R
BRI B, 0 F =l T H S &= PR e O
TR A, FERFHZR BB UK H . AR f 2l s
i, HERRREZBRRSBEHHIIRE]—NEEF
1, WL K HE T 2 & (Obrien et al. , 2006;
Wyatt, 2008; Morbidelli et al. , 2012) , BE#&E 2 =i
JERRAR, B PARITR B R &K i e
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YKL, A R IIR ZHOT R MR BER & i
JEAETE I ( AT)R%E, AT=RT5/ AH,, HH R
NAEEEL, Ty WAETTRA PR BER G U S
AT, AH, AJEFAEES (Larimer, 1967; Gross-
man, 1972; Lodders, 2003) ., B& T 4 J& JLE . Eu
1 Yb ¥ BER B IR EEVE H R ( AT=150~200 K)
G, HETTRMERG IR S A LR IR 21
6 (Albarede, 2009) , ¥l 1a R/RAFICERTE AH,
=Ty, B RO E, Hrh s Ea i skt R VR
JUR ALTi Zr W FIR Z80H LT R BER 5 1 E
11600 K HUCHXER 954 T0R (Si P 1T
RAEEHRITER), XETENREREGHELE
1300 K 7647, HIRBERE 2 850~ 1 150 K i, i
HICZK (As . Ga . Ge Cu Fl Ag) B4 )8 CE (Li Na,
K. Rb I Cs) # C1 JF UGV BER & 5 76 HARIELE (530
~750 K), {34 TR (P, Bi Sn Zn Cd S #
Te) LA BRI HE 5 5 T0 R TT IR F G iU 2
n RAERGWZ 3 Pl R & ETTR (N .C A1 H)
LA & Hg ( Ganapathy and Anders, 1974; Davis and
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Richter, 2007; Albarede, 2009) ., X &0 % 75 % §E
AW R 2 R ELAE TR O B, dn Ak
Yy WA AT KA R B X ST R 2 R
FLF (] 1b, Lodders, 2003 ; Albarede, 2009) , [
1b flizs, BEAE IR AR, 7E R MEE R0 9 (Rt
KAFPRNEA) IR Z 5, AR5 2 i A 1 4
JRAT YA Rk R ER A ) (RO FIAR T HE A ) P
MEE = BES TUBE ok (I 1 iy ; BEJS
SR04 JR TR M IR TR A UIRE (K 1b Hhig
R Iy) 5 BB RARIR R M TR B ALY A K TR
REUIE(E 1b P @) waRHE AN ILR
N.C HHERGIIE, XEMNE TR EERAG I
HORABURLIC SR B —E W RLAL, th 51 I HRE M
S BRIE B KRB A 5= (Chiang and Youdin,
2010) , AEERIFEF U BT BRI EH 2
I FF>K (Johansen and Youdin, 2007; Cuzz et al. ,
2008, 2010; Morbidelli et al. , 2009; Chambers,
2010), WATH E N NE TR EZATAE/NT 1 km
( Weidenschilling, 2011)
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Fig. 1 Stepwise accretion of the elements (a) and minerals (b) on cooling of the solar nebula ( modified after Albarede, 2009)

2By RETFRIEMAERK B, fERRAK
AIRILG B B (kR IE A B ) , M — DR T KA
B B2 7~ R, T LAy R 4 T 05 | g 37 1) 48 o
HERT R bR 8 AR O JoT R /N L, AT AR
KM (Safronov and Zvjagina, 1969; Greenberg et
al. , 1978; Wetherill and Stewart, 1993; Chambers,
2004 ; Morbidelli et al. , 2012), 2R, HBEMKA K
B~ RN, TS P 20 LR
B AR IE g R AR, X — i R e g KT
R R DA R TR, R e /N B IR
PRER K, X — BB Sk A KB . X —Br

B e 445 A2 I R — > R/ INHITE] B R EOH 24 19 AT
BIRIG RS, X847 BIR R — S fi i KBS
MR A 2 T (Ida and Makino, 1992;
Kokubo and Ida, 1998; Obrien et al. , 2006; Mor-
bidelli et al. , 2012) ,

55 3 BrBON T RAE KB B, W), BRSO
SIAFTE TR b, IR 51 Ve A Sl ) EE 4
YER 4 ¢ 5 B R R 5 19 °F 7 ( Kokubo and Ida,
1998) , W& B =SRR D, 8 HE BT 25
Tesh, A LR IRE e s AT E , AT
e, BRI IT 46 AH B Al A8, 7 — B B i 2 IR 2 [H]
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FIR)AH EL flf e LA K W AR R A 1) & 7 T IE 1A T 2 (Keen-
yon and Bromley, 2006; Morbidelli et al. , 2012) ,
R T1E, HIKIE H— RO T H Rz F H
B LAY BRI AR T AT R, R B ZH R U
AL TR SR G BRI A6 T, KRR R
BT 5 HAL TR BH & R A 09 47 B A7 5C (Ste-
venson and Lunine, 1988; Ciesla and Cuzzi, 2006;
Wyatt, 2008) . &l 2 g KA & #5151, Horh
BEAR AR AT B BIRBH O A BE S (AU, 1 AR SCHR
A7, BUHBERAIR BHZ 6] 9 2 B ) AR AR o I
J&, L1 SEER AR 2 Sy P AR AUL 89 AR B s o A1
{14 L o T2 75 £ 1 2 ( Albarede, 2009 ) , AN [ B (1
DI ] 1a th 4 HEAARR Ty, (TR, “HL”
(snow line ) AbF/IMT RO &, 72 FL” 194 M
AR LIV BERR oK, T HZE M A RE, KB
e BEAR STV T 200 2 2 SRR AN IR R, IR AR B K
BH AR ARG IR DX BE AR T IR SIS b A7 2 DX Il U B
AT 42 F 4 V2 BE AR B B (800~ 1 000 K) ( Ganap-
athy and Anders, 1974; Wanke, 1981; Ebel and
Grossman, 2000) , PRt, ity 5Ll 5 7 M4 41
JCER, T Bk AR T4 Z AT R & A
VI BN Yo S s S TR 0 iR & BN B el D
[B]3 70, A2FE T 2R (soot line ) HE/& (Kress
et al., 2010), “JREE" & N RE LH)— K TRRAFAE
YN BRI R 271575 Y 22 b NI BULE A3 F VA ]
AL FEZIRERH(T~=500 K, Liet al., 2021),
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Fig. 2 The thermal structure of the planetary solar nebula
(modified after Albarede, 2009)

IR BH ZR P B IR e O g Tk DX = 2 DS Y
CO.CO, fl CH, JEAAFAE, 15 K A MR X 35K
AT LU SOMESE (A BIL o7 B BT B ORE 5 78 SE IR X
5 CO.CO, Fl CH, "] LAVKIIE X AEAE (Kress et al. ,
2010) .,

KT HUBRIF IR IAD A TE L, AN
IR G B SR B R ok A T LR 1)
LRAH R o, g A R AR AR S A IE B (Wood et
al. , 2010, 2013; Boujibar et al., 2014; Rubie et
al., 2015; Li et al., 2016) . ST, )1 # R0«
WP i3k i) 2 5 B IRTE R — ol sk, e
TORIAE BRI, A 3 5 A AR e i) Jd B T
&R 4 5 ME LI AR B ( Raymond e al., 2006; Mu-
ralidharan et al. , 2008) . Li 5 (2021) Bl FR LK
PHE =R (<1 Ma) , “JRZ 7 T H B K PH
JUHAS AU BINLE, Z )5 A K BH RIS F e 7
IR BHT NS S EI AN T 1 AU IR, X
U1k 20 K WY M R AETE B AL 0] 2 B 2 Bk T R
Y, I ISR AR 46 W AN 2 LA 3k B 4 1 3K )
i ( Albarede, 2009; Mikhail and Fiiri, 2019; Hir-
schmann et al. , 2021; Li et al. , 2021)

AIFFER A BRSOl A A P 2 BR R4
) — A~ B B 42 (Tsuno et al. , 2018; Grewal et
al. , 2019) o BT WBBE A BE R B, T b K i
50% ot Fe O ESE Y, JF HAE K M R U i L
AHERTER T, TEZJRHIRZ) 100 Ma WZET 1L
YRR A 438 A, o8 b 3K 5 4k 58 SR 48 0 ( Canup
and Asphaug, 2001; Kleine et al. , 2009; Cuk and
Stewart, 2012; Rubie et al. , 2015; Grewal et al. ,
2019) . ZBIA R R G M BR A 28 5 0 S 0 R R
A AR, R AR AR 2 N LA M BRAZ
FlE , AN GG M IR AE 1R £85I A - 43 TR AR
FH BV B e S U] 2 4 R i e b R 1 2 Sl
AN A A%~ 3 S A T A8 A 1) e SR Y 2R 3
M (18 35 Deguen et al. , 2011, 2014; Grewal et
al. , 2019) . FiE A SLEHFSE R, 17 A B IR ER
PG RE S S A s, W LB REA S C/N Al
C/SAAMIEHE (Li et al. , 2016; Tsuno et al. , 2018;
Grewal et al. , 2019) , FIRIEHE £, HA 5 C/
N 1 C/S fE, FNHUBRAL A5 T LA 5K 3 0 575 4%
KPEILE C SN, NI, SHAR C/N I C/S H1
2RI BRI s e b R 0 S R I, AT AR R b R
Wit (B 3) . Grewal %5 (2019) #0340
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FAESCHA B RUERR B A 543 1 kORI 2L R
(220 0. 1 AHIERTR: ) AR Bk AR ] DU B2
A IS M e % 1 1 A RERR SR S HbER (BSE ) , i8N
SR R R R B T 48 M Bk Ok T & Y R
Gh, WIER T HER, (15 H BREAA A1 BSE A BLH b
BRALSRE

B 3 JER BRI A 1 Bl A B [ Grewal 25
(2019) &2k ]

Fig. 3 A schematic depiction of the giant impact of proto-

Earth and planetary embryos (modified after Grewal
et al. , 2019)

I3 — A HCRRAT RO A D Bk B Y S d a3
FOR FVE R 4 1 EROSLR A J5 138 4 (late veneer )
YEF ( Albarede, 2009; Rose-Weston et al., 2009;
Walker, 2009; Mann et al. , 2012; Wang and Becker,
2013) o Jr IS AR GA K FE BRI - 18 0 S 45 R 2
J&, LTI/ Z AN IR S W BRI A T 32
FEATRARKIB RS, BUIE & A AR AT ) K
RNERIZ D, A LEP BRI AR, DR K 4 A
HiEK ( Albarede, 2009; Rose-Weston et al. , 2009;
Walsh et al. , 2011; Wang and Becker, 2013; Ray-
mond and Izidoro, 2017) . X —# i B 4% AV UEHE >k
TRk R ER s HAT FRORL R A7 15 B AR BL Y 2% Bk T
Z (HSEs: Re,Os Ir.Ru,Pt Rh Pd 1 Au) & &
(Becker et al. , 2006; Walker, 2009; Fischer-Godde
et al. , 2011; Fischer-Godde and Becker, 2012), 7F
HERAZ — 18 43 S i B2 b, HSEs KH o2k A %,
iRk RRER M =5 51 HSEs JCZ, PRt 304> b 1R b i
i HSEs % fE55 ZLAM R Y A A (Albarede,
2009; Wang and Becker, 2013 ; Dasgupta and Grewal ,
2019; Mikhail and Fiiri, 2019), tAh, Huig H A
itk Jo BRI B A7 AHALL Y S/Se T Se/Te {EL 3 — 3
B i S04 A e b R LA A D s R b iy i T AR

) A {4 ( Rose-Weston et al. , 2009; Wang and
Becker, 2013) , #R1fi, Dasgupta Fl Grewal (2019)7E
S5 M BRI [ 2 AR BORE B3 A e 1% fi SN Rl 4 K P
TCRZIAIMHLE (R 1) IR B, B ASE I 2010 A=
VE N REAR A bR B A 1 e 7 i A e 48 &
PEIJCR (H N S) WHZ E R C R, K& 2% &
Hi BRI BRAE R i R X B A M R B 5 i B 20

®1 FEMIKMEERKNRSG C &8.C/S.C/N
C/H LL1E
Table 1 C content and C/S, C/N, and C/H ratios of
major terrestrial reservoirs and chondrite

fEEZRL w(C) /% w(C)/ w(S) w(C)/w(N) W(C)/w(H)
HhERAH
BSE 0.011£0.002  0.49+0. 14 40. 00+8. 00 1.13+£0.20
Hii 0.008+£0.002  0.36+0.10  72.73+37.72 ~ 2.00+0.70
fﬂ%@;ﬁf 0.002+0.000 ~ 8.89+2.22  12.50+3.22  0.510.04
A% 0.50 (7) 0.32 (7) 85.00 (?) 8.40 (7)
TR BTERRL AT
CO 0.63+0.24 0.32+0.12  21.74+19.16  10.40+0.00
CvV 0.92+0.43 0.42+0.20  23.96+24.16  10.20+0.00
CM 1. 89+0. 48 0.58+0. 15 21.01+8.35 3.20+0. 00
CI 4.24+0.77 0.72+0. 13 19.66+£11.69  4.80+0.00
KA BB A
EH 0.36+0. 13 0. 06+0. 02 13.73£7.26  11.00+0. 00
EL 0.48+0. 16 0.15+0. 05 24.43+9.40  11.00+0. 00
HmERRLI AT
H 0.11 0.06 >104. 00 2.50+0.70
L 0.09 0.04 46.10+1.00 3.00£1.0
LL 0.09 0.05 51.22+1.20 2. 60+0. 50

FP BT H Dasgupta il Grewal (2019) ; BSE 103 a2 i
ER; CO.CV ., CM,Cl Jyfi sk A 09 JLAS S s EH L EL St 2k
WEAT BRI B PN S H L LL g3 BRoBL B AT A LA IS

2 MUBEREIBE A I

HBR S HARRAE P4 35 b o B T2 A 4 R A -
O3St CHRSFIR) LA KBk K5 B 2 5 (53K
MFESEZ )5, HAR AL 1 K 1A A B i B B ) 1Y
WRAEIR AR o B AL 3 R A1 B 2o i v 1 ULk 57
KEE(2017) KB R (2019) REITEE(2021), A
AR RIFIEIA
2.1 EKiZ-185 RAT (AR B BREIRTIE

FEJF bR LT | R R IRR 38 A s b BR Y ) 3
T30 1 e R P I RE B B, bk A 4
A B, A A 2 & R 4 TR RN R TR
RS, BWTE A g A%
BRESEITELIN, Wig FE NG Y, E
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HAZIE it A b 46 8 A% 5 R R ER i 2 Rl Y ST R
(AIZRERTTER) 0, EAR KRR ok 1 L b ek
ANFIHIZ FTCER B 231, O i 0T 58 R e 1 2R Ak
FUHALBE 1AL, [FAERY R R e T
HOERFE R ) BRI A, R R A8 SR 73 A1 ( Das-
gupta, 2013; Dasgupta and Grewal, 2019) ., #f 21
JUTHERL 1R 258 8 X e 5 508 P i 4 54
JH#EFT T W78 ( Kuramoto and Matsui, 1996; Kuramo-
to, 1997; Dasgupta and Walker, 2008; Hirschmann
and Dasgupta, 2009;
2010; Hirschmann, 2012; Dasgupta, 2013; Dasgupta
et al., 2013; Chi et al. , 2014; Li et al., 2015,
2016; Dalou et al. , 2017; Tsuno et al. , 2018 ; Grewal
et al. , 2019) , Hovh i SCHE A4 /2 B0 7 B 7E A [] %
J, o B e A AG RZ IA) Y 2 Sead E

30 S A B A 4 R AR R Fh =2 [] 1 P-4 O 1 AR
AT LA FR E Bk 7E M A% 0 Hb 0 22 18] Y 3 A O
( Kuramoto and Matsui, 1996; Kuramoto, 1997; Das-
gupta and Walker, 2008 ; Dasgupta et al. , 2013 ; Das-
gupta and Grewal, 2019) , fRBEAIKIGHT, 43k
W Z 5T &R - o Eg R, R
Dyt (BiAE 4 Ja AR R 3L Z A1 20 R 80 < 1,
ARk FZ AL THME A RERR IR 5 ISR pyee/stiee
>> 1, JUj Ml B K FE o7 ik 1 1 A Hb A%, Dasgupta 55
(2013) (525 KB, 7E 1~5 GPa.1 500~2 100°C %
P fo, =IW-1.5~TW-2 Z0F T, BREBLH I A9 28
Btk (Dpee e = 150 ~ 5 500) , F ELRR B 3 8k 1k B
TR, B R T AR, 4 B
7N R B3R 28 T A% — W8 S e BT A R 4 ik TR R
BK(BSE) Z I py A ke Ak, THA g R R W e 2> Lo
A B, HitE AT, ¢ =(C.-0.677
Cr)/0.323, €™ = CL/(0. 323 DRl +0.677)
TR HT P B A% (5T R 55 T 04 M Bk B A 1
32. 3% ) FEE A1k R £ W K B, o Ci
Co SR F R B AE A A b T i B €L A A
HbERRR 5 5, DEettet Sy B e 4 e R R R 2 [
W58 28, B AR B D = 500, 1000,
2500, 5500, K4 FOBLULREN], WY I HBER
RS EARTHT 0.4%~3.5 %, Wid k% - i 1
Mo, P T LA A A5 2304 5 450 e 1) ik
iy T AR e 0k ) TR A 0 Y
(50x107°~1 000x107°) , U752 Hb 3K (1) 977 463 filk 7% 12

Dasgupta and Hirschmann,

KT 3.5%, SR, V520058 3% B R ) 46 il 5 it
/T 1 000% 107°( McDonough, 2003 ; Marty, 2012) ,
WA U bR 1 Bk 55 5 K29 A 730%107°°( McDon-
ough, 2003) , £yt #1873 AR, Mg bk H e
T 0.4x10°~4.5x10° C, HIAHMEAY 0. 3% ~ 3.
8% , FIUf HhIK B KB 34 1 A 4 Jm A%, B )
IR HEREA 3. 5% Mtk & &, l i % -85 R AN GE
f#i BSE EL A (765+300) x10™° C( Marty, 2012), It
Fb, BRIeRUI ek v B A R r iR, il
PRLH L ER P 46 0 AR ME ) B 4 R Al 4y, Wl TR b
BROYRR S AT RETEAIR, DA A 5 L ) 1 R R A
PRI A HiER BSE B =F 1

H B k=32, 30 M B

BRAE B B A b LI
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B 4 i b 4R R RERR S A A P ik B S 43 T X b
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Fig. 4

tween metallic and silicate melt in a magma ocean on the in-

100000

The effect of equilibrium partitioning of carbon be-

ventory of mantle and core carbon (modified after Dasgupta et

al. , 2013)

TEMAZIE 2 S5, Mg AR ik i) — 4> 7T BE AL
B T A b KL O 2 1) Y AE LA T (Hir-
schmann, 2012; Dasgupta et al. , 2013) ., FEA1 851
AT, GERRER A ik (CO, B CH,) TRl B2
I 73 B2 B ( Holloway et al. , 1992; Hirschmann
and Withers, 2008 ; Dasgupta et al. , 2013) , K It 241y
e R SR o Bl ) RS BRI, A — 20 K
SRR AT USRI G IR, R e 1) e ORI
HEAMBIERERFRIS , TRV A B2 AR, 5 5 b i ik
N2z DA Wi sk A & WL AQ000e T ok, did
X—EFR R, AR LUZ R S i ety A
g, b s & 5 S ( Dasgupta et al. , 2013)
WA, A7 2 5 R 4 SR A 58 42 U 7T DL
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S b SRR TG 2 ik % 5 1Y 7+ 5 (Jones and Drake,
1986; Newsom and Sims, 1991; Dasgupta et al. ,
2013) , ZMEEALA N TE AL it #E b, A — )
GRS TR B T, XS S SR A AT DL A M
s P LA A1 109 B U B XE A M 2% 8k ST %R ( Dasgupta et
al. , 2013) ,
2.2 MIBkKAMEEAZE(ERBEERE)WKE

WL

BEA BRI AL AR BT, 5 O K A v B2
mn, WAL R e, IR IR — 2D AR AR R
Mz g, & T Hu sk R O il ath 7 T A R AR R AR oo
BRI, BT 24 7 KEpise, BaRnr 20
SCHR (XA SCAE, 2015 28 = 4%, 2015a, 2015b;
INTAREE, 2021) o HRHAL 3 (A il 2 ] B 8 A9 7
AR, HEMIEARKA G, KA EH AR
Hera i IF ah F K A 80 oo AR (Condie and Kro-
ner, 2008; Shirey and Richardson, 2011; Dhuime et
al. , 2012, 2015; Tang et al. , 2016; Greber et al. ,
2017 ; Bindeman et al. , 2018; Cawood et al. , 2018;
Brown and Johnson, 2019; Holder et al. , 2019), /b
T3 27 2 A AR B A 3 T B T 8T o0 i AR (Stern,
2005; Stern et al. , 2016) . FH AR (2021) N K=
S bk P AR G R R[] A U R R 3 Y
TE A8 80

Cawood (2020 ) K Al He A 3 43 Ay 1if A e 44 3 By
B = Rt A B B B - ol AU I AR A
1 B B A A AR ek i B

TERTARERAR 38 B B (il RS ), b i Yt 3 mT
AEtt B4 5 i 250°C #£ 45 ( Herzberg et al. , 2010;
Korenaga, 2013) , X & i g 5445 Bl iR M1
PRSI L W FEREARR, BELAS 1 Ak B b VR T B9 & 2R
(van Hunen and van den Berg, 2008; Sizova et al. ,
2010) , IHCET b r Ay A 32 5 3 Ak R U Ml A B 7
e P M ) L 7 T RSO 2% ( Dasgupta, 2013)

H =R AR B B, L ERAA A A L B
i UL R B AR RARF PV, MELUE LR 227
FIAREANT I VEFH (Liu et al. , 2020; PhNBARZ, 2021) .,

dr=rhoe it AR IR A 38 B B, AR AR v i
HPAA B2 ] BB 2L LL B4 1 =5 87 ~ 100°C ( Dasgupta,
2013) , &5 R SRRSAR o p-T BB P, HErP R I
T2 S5 A ARG MO ER 31 1 2B LA K A 2
IR PETS H ( Dasgupta and Hirschmann, 2010; Tsu-
no and Dasgupta, 2011; Dasgupta, 2013) , X —Hf#

ARF A 5 Bl A1 28 BRI AT i 2 A 2 Y BRGE
DAL ABR AT A ke F) o A1 S BRI A AR B ARAL, DA
BRI RGO R TR B R £ 1k X A IR IR
A A (X B R e B IR ER A W O R A ) o
Kl 5a o, TEARME ST, BRIRER AL BT ITUER
WRAT B AR AW S e R IR, TR AT e T i e
WS oy SR IR E o 2 SRR S A B 1 0 e A
Hof Ll LA B A ) Al A v b A8 2 ( Cascadia) 5
29100°C , TR b A B ICAR W Hh Y B TE 100 ~ 150
ke 28 o it e o7 A A T A 25, AR
TSR — I S A D SR AR B AR AR T R LA o
R TR A, IR AUTRIIFE 80~ 100 km & &/ 5¢
BB . BRIR Eh 1 2 aa (SRR £h AR
) HAT AR A A SRR E (141 Sb) R
FLIIMR BRI LU Cascadia (57 100°C (14 HbFHAAS BE Jff o,
WRIRER AL 223 1E 125 ~ 170 km & A8 58 42 ) i di
YEH ( Dasgupta et al. , 2004, 2005; Gerbode and Das-
gupta, 2010) ; 41 2R L3 A B 15 2 Xof 7 A 3 A 722 Joie
AU SR AR EE TR BB AR e, IR A Bk R £h A X i
ESTEE R (80 ~ 120 km ) & Az 5E 4 Y B R S
(Yaxley and Green, 1994; Dasgupta et al., 2004;
Yaxley and Brey, 2004; Dasgupta et al. , 2005; Ger-
bode and Dasgupta, 2010; Kiseeva et al. , 2012) , B
PR 50 T OFF b B R B JIE 0, 52 1 5 i 482
PAL AN AL R BB A 2 RCA BT
T ML B SR (8] Se) , P, BRI AR e 45 1e
Cascadia 15 100°C A bFRABE BE T, X5 107 A b FAVEE B2
M A IR AN IR R 2, D 7E
AL 3 T B, B R Eh A RIORE A T LK 3 3% ) ik
A IR GEER 2

I LA B e T DU 7R R AR Al 3 B
B, T OR b RS B A TR, DR kAR e (B
PREAL X RA ) AR IR DA AR R 58 A TEAR VRl 2
B Aot s I s e R A D e A 58 A O R A
PR A S SR R AR 1 B B, A R CO, AT LA i
SRR M=, i 2 /D i Rk ] L 5 ik
FRERACHIRE 5 A IERIRTR

3 BRI ERAE PR AR A AL S F 22 1]
A PR B 2R

MR AALER T A2 HERBRAG IS, 1837 5]
KBHYGEE A2 (Tajika, 2003; Feulner, 2012; Dasgupta,
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Fig. 5 The p-T trajectory of ancient subduction( modified after Dasgupta, 2013)
a—WRIRER AL 2 50, RV Y94 ( Yaxley and Green, 1994), D04 DOS5 ( Dasgupta et al. , 2004, 2005), YBO4( Yaxley and Brey, 2004),
GD10( Gerbode and Dasgupta, 2010) , K12(Kiseeva et al. , 2012) ; b—ikEREL AL IR BT TR, £ K : TSO8 ( Thomsen and Schmidt, 2008) ,
TD11.TD12( Tsuno and Dasgupta, 2011, 2012) , T12(Tsuno et al. , 2012) ; c—MRFRELACHANE A, ik IF . WG88( Wallace and Green,
1988) , FG89( Falloon and Green, 1989), D06( Dasgupta and Hirschmann, 2006)
a—carbonated basalt, data source: Y94 ( Yaxley and Green, 1994) , D04 and D05 ( Dasgupta et al. , 2004, 2005) , YB04( Yaxley and Brey, 2004 ) ,
GDI10 ( Gerbode and Dasgupta, 2010), K12(Kiseeva et al. , 2012) ; b—carbonated pelitic sediments, data source: TSO8( Thomsen and Schmidt,
2008), TD11 and TD12( Tsuno and Dasgupta, 2011, 2012), T12( Tsuno et al. , 2012) ; c—carbonated (lithospheric) mantle peridotite,
data source; WG88 ( Wallace and Green, 1988) , FG89( Falloon and Green, 1989), D06( Dasgupta and Hirschmann, 2006)

2013; Catling and Zahnle, 2020) , 20 {42 50 4EAX LA
K, RN PR GO E AL 9 25 K8 RO AL B AR AR TR
BT, T A B BR A R T 20 24F,
SRR R BH DG BE R B4 89 70% ~ 80% ( Schwarzs-
child, 1958; Sagan and Mullen, 1972; Newman and
Rood, 1977; Gough, 1981; Feulner, 2012) , &40+
IR (Bt 2 R ) RS A —
B, M2 R E AR TR IR, R b sk 3R 1w
AEHAE WS 7K (Budyko, 1969; Kasting and Cat-
ling, 2003; Zahnle, 2006; Zahnle et al. , 2007) , #&
M, AVFZUEYE R R IR O AW As K, B

1 43 ZAF Y B A 48R 22 R AE 4 7S M R AE R
IHIAEAE 57K (Mojzsis et al. , 2001; Wilde et al.
2001) ; K K& 38 ~35 {24F B KR T I )
TURR At R B Ry i I 0T 1 3R € A7 70 R i WA K
(Lowe, 1980; Walker, 1982; Walker et al. , 1983;
Fowler et al. , 2002 ; Eriksson et al. , 2004; Benn et
al. , 2006) ; WAk, 35~25 fLAFH AP IURED A
240 1 e BEUE W 72 Tl B I 33 & AF T A= )
( Barghoorn and Schopf, 1966; Altermann and Ka-
zmierczak , 2003 ; Schopf, 2006) , K, HiER-FHHs
RREAZ—HIRTEE, 5% 24 H e RERK
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THRFDGEERSZI . A ##AN Fssk o<rb
& CO, YR BET] LU REX —F J& , M4 KRR,
MR AR B4, o i N T IS R A
THRNE T2 —, RimHER R KA Co, FE2
BLA KA 10~2 500 A7, H M B i 2 200 ] LA
T 7R PH G N ) 1l 8 A I 52 ) ( Owen et
al. , 1979; Walker et al. , 1981; Kuhn and Kasting,
1983; Zahnle, 2006; Feulner, 2012; Catling and
Zahnle, 2020)

HISCERERY], R E BB, g B
TR AR AE, DR e bl e o i B R A R sl
KBS B KA W, Nakamura Fl Kato (2004 ) X
PHIRR ] Y. B 7R L L e 437 388 AR 8 118 K7l 7 (3. 46
Ga) PRI AR L I FUA AW TR, X — I kA
Db (R 5 7T LASA B 454F 3. 8x 10" mol (44 HR4F
1.7x10" g CO, ), Shibuya % (2012 ) X 74 3 K F ¥
R R B R e Hiil Cleaverville Hi X8 H A AR Sk Ay
F AT T IRAORIESY, AR I 8 A 1 B Bk 1
FRACAE P AR AT 7 rb R AR S5 1 7 PR e
T/ (€O, +CaSi0, — CaCO, +Si0, ), FE4F K 2045
1.5%10" mol FYBRHEATETTH A1, IR X LERAE
SEARF e o 7 v 4 0 B 9K Ll B R R
Hh IR IR T BB 5 I e L T A T s L R
AR 1~2 AHUEESE, 3K M BRI Y I 2 800 £
HET A J1 W IEHE ( Dasgupta and Hirschmann, 2010;
Dasgupta, 2013)

O KEIEE R, Mk B R RS —
LR 2,45 Ga, MTE2.4~2.0 Ga 8], KAME
JR K AT IR PR I, /N T 1077 ~ 107
PAL( present atmospheric levels, B4 KA K ) B K
#] 10~ 107 PAL( Bekker et al. , 2004 ; Lyons et al. ,
2014; Lee et al. , 2016; Gumsley et al. , 2017) , X—
AR K E AL F A (GOE, great oxidation
event) , HUFTUESE AL %X I 0 2 FH21)Z (F CaSO,
FY SN (A ORe Y S /AR BT I A I KA SE | S
T 43488 P42 78 2 25 ( Chandler, 1980, 1988; El
Tabakh et al. , 1999; Farquhar et al. , 2000; Bekker
et al., 2004) , KT RS B HH DI H
BOAAAER L sk H AT & 8 R R A ET Y
S5, HRAMASHE ZCEAEHIF AR IR UEA —
AR, 27 ACFRTIUR b JZ 8 5 240 T 1) & 1
R A K R Z i b B 66 VR HIAEAE
( Canfield, 2005; Anbar et al., 2007; David and

Alm, 2011; Crowe et al., 2013; Planavsky et al. ,
2014) , SRIEA AR Hh BORBCA fRRUA  i
MG, AT E N FORAUE S CH, FlH,
SEI AU, AR I AR I AR A 2 bk
W JFEPEAUARTEAE, (AU K G218, MRS CH, #l
H, [u) 3Bk AP kiR, R A S8 A T A b 1
(Kasting et al. , 1993; Catling et al. , 2001; Catling
and Claire, 2005; Kadoya et al. , 2020) , #R1fi, 402
CH, 1 H, — EL AW i o] b BR AP P63, Hb e 1S,
B r Ok L, ER KRB 25 i — Bt
], RAES i PR O A AR IS (14 6a)
A —EHIE, Lee 55 (2016) 42 H — PR T
AP B AR RS, 5 1 BB, ORI o3 h
R W KT A TR R B A £
FHXT R BT A 5 4R Fe Rl 8™, 85 FIR T IR
B AR RSN, R I — e AR s T KB e
XFRAEEHIHEFE, X J2 AT IR RAUh B A 3R
AUETER AR % 2 BrBe, W& RBGbse sk, X
ARG R, SECEHLRIRER S 2, AP XALE
RDPSHRE a7/ b SN RS/ (A B e (E
FHP I, PRI, SR A Bk i (B AR R PR SR |
AR AN T AR ) K 2 d 3 i, b ik [l
FRBE R I H LORAT ALK o5 SRk 1Y 7 20 H AR
4yt [a) e 52 7F 20% 2245 ( Krissansen-Totton et al. |
2015) , At R B, A8 AR A
SR, A, DU BT Y IR AT L)
SRR HL X RAE AL, BRI R A S
TR F L (Berner, 1982) , SR, RAE K
A AU ST DU R AR PR N, {2k 2
A HLIRTE Z B A SR AR R e e i, AR5
HHT AT #E K% ( Ganino and Arndt, 2009) ,
W A HE LS A HLBR A AR R R, A BB
KAWL AR — D FRE X, Galvez %
(2020) BTN N A HLIEE 22 0 41 85 J5 n] AR WIS 2
TEA A B H, Duncan Fl Dasgupta (2017) (/5 & &
FE S50 R W 25 BILBRAE AR b A e I 805 945 Ak o )
VR EARMIR, S A LB A IR R AN 18 2 1 A AR
RF et PR B8 30 2 Ry i v T b At P AR o, G
A LR A AR A B8 73 23 38 0 5 9 LR B ] 3
e, KA HLER AT LA A MR IR, < 8] £
SETEGER G rp, e SRR B T i, TR LA
I, Eguchi % (2020) #E—20482¢ i T A HLAK F ICHLAK
25 SR ERECTL (18] 7) , FH R R v aly TR0 Bk A1
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PRI A T B 3ty BRI 4 Aok [R] 57 3R A8 Ak 22 1] 19
KA, AL R i 2 Bl ) S 2R 5 B Ik
i CO, Bk, SR H CO, Sl shn, nf LI
MR DU BRI R AT LAY 5 S e & 1, o i
SEOCURG T, 2R U sl B IR £8 5
Yok s A AL P B 2 AT A g 20, e
SR B, i 8 o R A e A B PR R
PAE By IR LTl A4 e b 25, i 0 28 A7 LAk
FUR A /D B BERRAE T, KT 0 5 i A i T

i, Z 5B BAIEIE R, B 5 B H e i
IR MTE By A R R T e PR B 1 R
ORI TEALBRIR ER il J5 1 AR 2o Ay, 33X T LA R it
K I NE =R =R LA TR SN B TN G R
(Lomaundi-Jatuli Event; Baker and Fallick, 1989a,
1989b; % fF LA BRYE 67 C,,,, IEEER NRFE, 5]
6b) F KK 1 A4 (Bekker et al. , 2004, 2008;
Bekker et al. , 2006; Luo et al. , 2016) , Ff H-2ERME:
8°C, ., IEEB R AN AR ERT M 2] TR A A,

[ a

log[p, (atm)]

o

(Tvd)

1.0
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20
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K6 MBS S R B () VA A [ a, 35 Lyons %5 (2014 ) B T b 5k R sk [ 437 2% Bt Ak [ 3k 2 0L
[ b, #& Krissansen-Totton %5 (2015) &1k ]
Fig. 6 Evolution of Earth’s atmospheric oxygen content through time (a, modified after Lyons et al. , 2014) and Earth’s

surface carbonate 8" C through time (b, modified after Krissansen-Totton et al. , 2015)

Li LRTIA, HuBR R RRAE B AT T AR S AL S
HARBNIRR, KA co, TmmMTmE ALY
F14 HLRR | JC ML B PR A A LB IR i 9 B 2003 1) 22 S
SRR R B TR B OCHE I R AR T, M Bk
WIS R S BOCE AL R BRI
BN B ERAE 5 S I AT A 3 - e - A% 2
[ AR e, EIFRCA L S R R, 75—
07 TR A A AU A RE R B B G PRI i 2 K A, R
AR PR E CO, MR RL, T 2k 5L A A 1Y
JCEVERT. M ERBRAE 26 AR S AL S 1 2 o)A 5 4k
EIFAR LS MR OC R o E BRI AN ) 38 AL i3
H A R E 22 5, 7RSO A 3,
BRI ARG A 2 2230 1 BRA% — 18 73 573 72 BEAT ( Das-
gupta, 2013) ; FERH A4, iR o 2000 0o PR VR

AT A S i P ) 7 9 3t R R P AR 1 3 =2 )
R B IRILFE ( Dasgupta, 2013) ; FEREH Z )5, #
BRIF MR A T M B A4 15 42 3l ( Cawood et al. , 2018;
Brown and Johnson, 2019; Holder et al. , 2019; #) 1.
AR, 2021) , BEREHbIR T2 AR AT 3R
FNHBBRGEER 2 (8] A B 1 24 4 72 ( Berner, 2003 ; Das-
gupta, 2013; Kelemen and Manning, 2015; 5K37 &
S, 2017; X 55 M4, 2019; Plank and Manning,
2019) . WML AR EOR A, RAMEF K&
HIRSE] (2.4~2.3 Ga, Bekker et al. , 2004; Lyons et
al. , 2014; Lee et al. , 2016; Gumsley et al. , 2017) 1E
T xR AR E T AR TR TE], Eguchi 45(2020) $
P BRAG IR 5 A R A R T R SR A =R R AR
PRI 5 22 1) B 2R o Al A A P 60 2 A st sk
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