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Progress of research on graphitic carbon in subduction zones
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Abstract: Graphitic carbon is mainly transformed from organic compounds or carbonate minerals in nature, and can
exist stablly in sedimentary rocks, magmatic rocks and metamorphic rocks. With the development of research on the
carbon cycle in subduction zones, graphitic carbon, which usually occurs as accessory mineral in metamorphic
rocks, has increasingly attracted attention. Graphitic carbon can be stable in subduction zones as carbon sinks due
to its low solubility with respect to carbonate and the low mobility with respect to carbonic fluids. However, graphit-
ic carbon can be reactive under some special geological conditions (e. g., with the presence of aqueous fluids in
open systems), and becomes active and migrates. Therefore, graphitic carbon is one of the key subjects to trace
carbon cycle in subduction zones. Based on previous studies, this paper provides an overview of the properties, for-
mation, and decomposition of graphitic carbon in subduction zones, and comprehensively discusses the abiotic gen-
esis, the stability and the release of them, which can be a key participant in the carbon cycle in subduction zones.
There are three main genetics mechanisms of graphitic carbon in subduction zones: graphitization of biological or-
ganic matter, precipitation of saturated carbonic fluid, and reduction of carbonate minerals. Graphitic carbon in
subduction zones can be released through degassing and fluid-mediated dissolution. Subduction and weathering ero-

sion are the two main processes in the global cycle of graphitic carbon, with subduction having a greater impact on
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the internal circulation of graphitic carbon.
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Hb SEBlk FIRF tr E 4 R A B4 PO B A% O AE T,
TR EL A W 1 41 55 JF ik ( graphitic carbon ) A2 16 i1 A
FrH Bk B9 B AF 6 I A ( Hayes and Waldbauer,
2006; Plank, 2014) , 182 B3 7 45 I A B A
5 TRl S5 2H U B AR 22 RUBE A Y [ A 2 ik Ak
A% ( Buseck and Beyssac, 2014) ., if 22 JLT43k,
BT ORIRER A ) B B AL ] (451 st e Jse oz
Tl B I T B PR R 8 i SO ) B AR T R BT Y
(Gorman et al. , 2006; Ague and Nicolescu, 2014;
Cook-Kollars et al. , 2014; Facq et al. , 2014; Kele-
men and Manning, 2015; Poli, 2015), 45 f1 88 i
TS AR 7 A HLBK (organic carbon, JTERAH & A B
AT SRR , £33 A1 82 BTk A ik AL 59 1Y
T AR H G R B3l T 1) DT AR S A
F1( Hayes and Waldbauer, 2006; Beyssac and Rum-
ble, 2014; Plank, 2014) ,

TEARF b B S B B ( <300°C) |, A7 22 e
Tk )R HGE  2x B G A4 £2 (thermogenic hydro-
carbons) Fll CO, 7E W 1Y 5 ik Ak A ) 9B (Mullis et
al. , 1994 ; Tarantola et al. , 2007) . B#Z&E I v F2
Hhl BE B TR, B ) BOE A — 2R B T A AR Bk
1) ] By B 2 7% A% R 47 5% ( Buseck and Beyssac,
2014) o TEMRFHE Z&PE T 8 5 A h A7 52 TRk 1Y) B8 5
P R ER ER W) R Bl 1 22 (Frost, 1979 ; Connolly,
1995; Caciagli and Manning, 2003; Frezzotti et al. ,
2011) o FLR, T S5 o £ 48010 o gt i b B A
R 1 (A 8] LA SR A P Y A B R AR A )
( Hermann et al., 2006; Duncan and Dasgupta,
2017) , MBI RETE L AR 1 R, 7 s s (JL 2
A YA 5 ) AT R R B TR IR ety A

T, SRR ity b A 26 B ) B 5E TAEE
2SI e (Galvez et al. , 2013a, 2013b; Tumiati et
al. , 2017 ; Vitale Brovarone et al. , 2020; Zhu et al. ,
2020) , fHIZ X 07 vt mb A 88 S5 fe 1)l A1 L A A
FE, UHIEAR A W A 1 Ay 28 Bl , e T D AR 3
TESZEHT AN R B Bl b A48 T I oy b
SRR AT B 0 S A I B DR A S T AR ey
w7 25 TR O R L) B R, I XA 2 R A
A PP B AIE B rh 1 R SGHAT TR AR

1 A s Bk B PR

A1 S5 it BT Z R el i AL 2 R, A8 AT
FE AUf (amorphous carbon, 3§41 S5 L FR EARAG , T {0
ARSI E BRI, C/H JEF R T 10, WA |
RGUEE) | B HA TCEA i 5 2 IR 45 4 1 742 B Hh Y
S5 ) ( carbonaceous matter ) , 75 3| /57 B 45 Fh A0 A1 22
(graphite, 73 F 34 C) (Franklin, 1951; Buseck and
Beyssac, 2014) (1) , ASCREAIX 73X =&, 58
PR A A7 858 Tk

Wi ik
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Fig. 1

organic compounds into graphite through the carbonization

Schematic diagram of the transformation of

and graphitization stages ( modified after Buseck and
Beyssac, 2014)

MEATER BRI IR A R AL BE (15 3 000°C ) SR PRI 2219
HERUB , (BAE R AL AR R (4>700°C) ATHAL R £1 88, TEM
PR IR IR 10 nm,, B £ SAL R S8 AL IR A S5 AR TR R

Franklin( 1951)

Nongraphitizable carbon retains its poorly ordered stacking after labora-

tory heat treatment (up to 3 000°C ) , whereas it transforms into graph-

ite under high-grade metamorphism (#>700°C ). Scale bar for the TEM
images is 10 nm. Structural models of graphitizable and nongraphitiz-
able carbon are from Franklin (1951)

A1 S5 A S R R Wy s/ ) 5 R AR 4
DA IR} A2 B R A A v, 78 B A s dw
Hi Miyashiro( 1964 ) i if , B J5 7E1R 2 48 BT i BUA
A A 200 & P (Landis, 1971; Diessel and Offler
1975; Berglund and Touret 1976; Black, 1977) ., 1E
VFZ IR m R Tk 2 b A SR Bk R B 2 AR
sCbKCAR B A O, i n 3R A2 b TR AL 2% A
(Yang et al. , 2014; Zhong et al. , 2019) HrH 2Rk &
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15V VA
) R 978 i A &% (Radhika et al.

Jii( Dissanayake and Chandrajith, 1999 ) Fl1E[J &
WAL 2% A
1995) o

ke B AT WA 035 1 AR Ak BIRR I3 e 2 A
ﬂ?ﬁydﬂi TEDRF T 251, A 28 B Bk 1) ¥4 e B e
Tk R £ 17 ) 0 5 % B2 ( Frost, 19795 Connolly,
1995; Caciagli and Manning, 2003; Frezzotti et al. ,
2011) , - HHB s AR F & ik AR ( Evans et al. |

AN MR B2 B TR Pl T A A Bk O AR R TR
I DRI AL A4S 1 25 T, ik P DA 8 AR X R
A7 28 [E AFAE AR A H ( Vitale Brovarone et al. , 2017
Tao et al. , 2018; Zhu et al. , 2020) , 2 J5i B % AR
ik, jZ%ﬂi/\ lﬁi&'&?ﬁﬁéﬂ'ﬁﬂ’]ﬁ?ﬁ/}?(@ 2).

WRIRER ™ W E 5 F A 2581 08380 5 2 7 23 2 1
A1 S UGS558 J5ME 5 1A ( Vitale Brovarone et al.
2017; Tao et al. , 2018) ,iX— S I v] G245 i I vh

2002) , 3% PSR A57 28 R A0 A ORF iy o f) il %qﬂﬁﬁﬁ@ﬂﬁﬁ%ﬁu&ﬂkﬁz%ﬂﬂ%%f‘zﬁ TEABR
i (carbon sink) , Jff il HERTRERG™ DI ATRE TS WEEINEALX BB E 2 T AR,

SRR

&VHJO

CO,

-0 km
I =30 km
1 S A
............ Py I Az CO, fluids bk 4 (1) 1 J -60 km
2 M
‘ AR/ A 9 HaO fluids (O
W EBla <o CH, fluids
. -90 km
(4
i seck ¢ eyssac, 2014
@ {1441t (Buseck and Beyssac, 2014) A

(B OkifLfh + EEHEI R T KH0 — 1AL
(Vitale Brovarone et al., 2017; Zhu ef al., 2020)

@ T WA A —e A1 S450HE (Cao and Neubauer, 2019)
5

(©) b iM% 5L N — 47 H}(Galvez et al., 2013a, 2013b; Tao et al., 2018)
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© BT (Vitale Brovarone ef al., 2020)
© EBRN (URRREEIESY) (Zhang er al., 2018)
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fif wpr R 2R B IE ER Bl s B BLHE A 28 UK BT UM B K[ #E Beyssac and Rumble(2014) ; Cao and Neubauer

(2019) ; Tumiati et al. (2020)1&3; A B.C.D Fla b c & RO E ML E ]

Fig. 2 Sketch illustration of the carbon cycle in subduction zones including the formation and destruction of graphitic carbon ( mod-

ified after Beyssac and Rumble, 2014; Cao and Neubauer, 2019; Tumiati et al. ,

2020; the labels A, B, C, D and a, b, ¢ in the

figure just show the general location for these reaction processes )

2 fa R A R ER S A

A Bl TP T PR B 3 5 DA B Rl S5 A BILA 1Y
TEAFTE . 5 A B v A B JBTRik 1) A7 A o 7 [T
sk RN KA Wy Pl 2 1) ) B A1 B v ke 2 G B
YEFH ( Berner, 2003 ; Beyssac and Rumble, 2014; Cao

and Neubauer, 2019; Tumiati et al. , 2020; Galvez et

al. , 2020) , —H A4 A S Bk, A 200
%% T ]l 5 s R RUE I Sk 5 A 5 JOT Ak ) 7 3

MSZ 2 BREAE PR (& 2) « QO Wb VR, B 7E 3
%%Eimﬂzf%fszmmﬁ%; @ WAk AR, B 7E ] 14 b
BRE Rz,

FENF PR R, DU v Jor 4 A 38 Bk 1) i i
PR ERRAA, FE— AR R AR T G 3B R
] AR SRk i CO, I fE AR b (&1 2 rhad 2
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a) ARJEIR K I ESERITR B R, oAb, il T
B X VA PR RN BIES A — 00A0 Rl T L)
TRAETE A A T IR IR op ke A MR IR AL, A 28 J5T Atk ]
PR ER S AR v BE BN AR B T A Sk (1] 2
Hid R A) Ab IR R R R] B8 3 A TE LB At 2 A
FHURRAG JEE Z 18] ) 38, 512, Vitale Brovarone 55
(2017) 1 Zhu 45 (2020 ) 53 5178 2 F A B R 5307 4t
DX ) 288 J5 8 i e AR e T 9 T R L DX 72 o e e
LS IR RN B 5 Bk AR DT TE JE A B (1] 2 v
32 B) ; Galvez %5(2013a) 5 Tao 55 (2018) HI7E &
JE72 57 oML SR B ik R Eh 7 W) ik it kg 1 B (1 2 v
W C) o BRFRFRA W) SR SN B T A A s A
A%, Vitale Brovarone % (2017) il Tao %5 (2018) itk &
BT CH, TR, 3 35 R A= 4 1 R Je A+
KB FE IR, X5 s rh JE AL AR B AR — A8 B
PEBORF} 22 [n] AT 58 HAT B R B 96 78 2 5, Ak,
fE—Seir 2 b S s & Cco, Mk S & &
CH, MTAARIR A, NTLTE A 22 (8 2 hdfE D) .

7% P38 52 AR A Ik ) A b A B8 Bk 1Y i
IZ I )2 A AILA ) JCAI LB A Ak g Tt ( 181 2 v
W e) o AURHERYT, A 8 B a] DLRHTE 67 )AL,
FERS DL R B 32 i, i 2 A8 HE VR TR v AR B
(Galy et al. , 2008) , Iz, Jo /¥ A1 5 bk &) 9 A AL
(Bouchez et al. , 2010) , K WIRFE | X 0] G X KA
H CO, Fl O, WL A R

3 ARl AR R A A

ZHIFEATIA S HuBR B A A 8 TR i) >
F BRI . A 251k (graphitization) TRy A
WA DL T Bt A e 5 e iR 1) P o i i — R
HNTCIP A 28 Bt i vh ] By Bt A6 5 A 8 (I 1
Grew, 1974; Wang, 1989; Wada et al. , 1994; Bey-
ssac et al. , 2002; Rahl et al. , 2005; Buseck and
Beyssac, 2014) , LA KA FTGEER & i AR 7E TR ik &
o EF PR &R U 3E A B% ( Rumble and Hoering,
1986; Farquhar and Chacko, 1991; Wopenka and
Pasteris, 1993; Santosh and Wada, 1993; Luque et
al. , 1998; Pasteris, 1999; Evans et al. , 2002; Rum-
ble, 2014) , UTSEAE | Fifi 5 X A 55 OC T AR B B9 35
— BT B A7 SR L ) —— R B L WA AR A
% (Galvez et al., 2013a, 2013b) 3% ¥ # K %K
Bz,

A1 85 TR I 9 R U AT LA 53 S A AL PR (e
A=A ) FTCHL A (B HEE ) . A28
HCPR 46 A 88 f A AL 278 B % A8 1, 4 2
IR A SR T A A, AR AR W LR 45 T
Bl (IR ™) . CO, 55) b JiAE i &, B4R
YA B2 5 FER-AM G, BFAMILES (Evans et
al. , 2002) FIFIEHIFE ( Connolly, 1995 ) ¥R
YRR A 20T DIAER I AR R IE L, I AR TTTE T WL
() 85 S ik 2 A AL PR 2 TR ML AL Bk T 3 A
HBRIRIE . BRIRERE W03 J5 I A 55 i W) s
TEAL . T IS IX 3 Ao 8 B sk 4 8 UL 2R 1T
TEANf I
3.1 AERBNAZEN TR ( graphitization)

A HLIT T LS 3T A 55 10 5 R A A S P
BB (Oberlin, 1989) . M BkAk, BEIHER T KB4
YRR L3, T R R 7S 70 T ik 26 0 2% 41 8
AR BHHER @ A8k, EEENE
T SR ) A SRR AR E I ABAB 2 F R G S,
FEHE(E 1, Beyssac and Rumble, 2014 ) ,

H SRk A1 A 254k ] DA Van Krevelen [k 3%
N 3) IZERZ T H/C 5 0/C JRF H ik AR o
T, TR 3 AN [ R IR P o 2 B AN TR) A i A
(&M 1T .10 AT A 432252k H Vandenbroucke and
Largeau, 2007) . 7EIZEIH £ 55 B fk i KR il 76 5
it O A B XIS (] 3 W2 R AR o

REFH AL A A ARl A Ak
1B (L 3) A Sk AR R AN AT i S 07 BT
O3 Fe B AR b A ) B (LA A B ) Y TSR
EHICEK C YR 7] SRk 10 25 5 A 38 10 1% 40 %
2 IFFEREE H O N TR AR, Sy s a
sl e, 7E SR BEAR & BRI b £7 2595 B2 = A0
KR BE— HAEARFUA TR E 31 700°C IR 45 1F
(Harris et al. , 1993) . XFIEX AR HA L BT
R A REIR [0l 2] b 2, O B i it kT Co,
PEFRBY LA TT 4
3.2 A= RERKY TR T E AL ( fluid-deposited

graphite )

A7 S I TAATTIE IR P K 52 A BT L) B A [
AR (51 e e e, 728 Jo 3t Al B2 1z 7 A 19 €O,
FEVRI S A ) CO, %) B[R] It AR 2 (5]
CO, .CH, .CO %) (Weis et al. , 1981; Lamb and Val-
ley, 1984; Mattey, 1987; Pineau et al. , 1987; Luque
et al. , 1992, 1998, 2009; Farquhar et al. , 1999; Satish-
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Fig. 3 Van Krevelen diagram showing the chemical pathways
for the three classes of kerogens during carbonization and com-
positional data for graphitic carbon from selected metamorphic
rocks
T 100 I 700 i AR o L) 23] 20k i, TV B i R
AW AL, TR MR T, A ARR B i
&Y Z AT B £ (9 Buseck and Beyssac, 2014)

The organic matter in kerogen types I, II, and Il are mainly

derived, respectively, from lacustrine algae, marine microor-ganisms,
and terrestrial plants. Here, kerogen Ill corresponds to coal. The
immature zone represents conditions prior to the release of large

amounts of hydrocarbons (after Buseck and Beyssca, 2014)

Kumar et al. , 2002; Binu-lal et al. , 2003) . JAKUT
VEAE B ) A 55 0T filk IR ¢ 2 R BE 45 Y ( Pasteris,
1999) , 1 H &R Ge kb /s it L AR [R) IR BE TR A 854k A B
FA A 28 SO Bl B v 19 45 0 B (Galvez et al. , 2013a)
5T AR (RS UIRUE DR T R S A A
FRANAERR A MLV R A 20 oA AL, E % € H .0
A S (N ZH A, AH A [ 19 53 5 R E5 i Y )
A s (1 3) A E, AR TTTE /Y A 88 T ik — AT
TE T 32 A5 A 0 ZAH A 5% 1) 1) Jm) 60 b o 44
Hh T LA 5 B AR s (B B S AT R Ak A
14%) ( Rumble and Hoering, 1986; Luque et al. ,
2012, 1998; Galvez et al. , 2013a; Vitale Brovarone et
al. , 2017 ) 5 3¢ & 96 A0 7 Ui AR 1 22 AR T ( Cesare,

1995; Satish-Kumar, 2005; Zhu et al. , 2020)

SRR A A TUE AL S s, O 4
2 FAE A (R AR 27 250 T IR B A/ BUE T A2 4L
@ SRR R A AL (Luque et al. |, 1998)
55 O FRHLIE EZKAH T COH iAo 1R 5 T %
155 Fa E A9 1 K (Luque et al. , 1998; Pasteris,
1999) , A] FH 3 f# B 75 9% [E Borrowdale 1 1 K .5
Ik Stiliwater 24 7 I Kaapvaal A VB b s A PR AR
F P Hr Siberian o418 25 Hb X A7 B2 1) 1 A ( Mathez
et al. , 1989; Pearson et al., 1994; Luque et al.
2009; Ortega et al. , 2010) , 55— 7 [, il i /K AL 2
NSRRI A SRR H) C-0-H WA ) b2 b gl
S R EOH R A AT KM A S2 TR YT B 32 AL
(Rumble and Hoering, 1986)

Luque 55 (1998) TEAH IS T I A4 il A A 25 1 4
PERDBMILIE, 4000 (/) R (p) JRIE (1) .
TR B (FEMZE A H,0,C0,,CH, CO, 0, Fi
H, ) A= B3 i I i, 25 il A2 B it A AT LA CUE A
s, C-0-H —Jufigal AR AR k) Ot
Miﬁj(‘ﬁ}%%ﬁi?aﬂ/ﬁﬁﬁi( Huizenga, 2011; Huizen-
ga and Touret, 2012) (&l 4), I &4 15 B A&
A1 2 I R .

(1) R

G RREIR A 55 AR RN i Ze 2 1t 5 C 3 i 1Y
T sl (# 5a) , BT W AR B o A2 XA AT
JEAS AN A 60 P 3 A T R 2 728 U A I A4, B T DE
s,

(2) Wtk H,0 & BT

R EKT Y (AN A SRea A5 ) 1Y
eI, FEOR Z RIS Hy0, S iR 2 & A S
(1) RFFLLELHE H,0 5K YR K XFERAR AL
ST H AN O B EK A C M ER, B2k
8 L35 A 2 W ) S T i i € R 7 1] B8 5 (&1 5b
t A SHIE B 8 5h)  TTES Ea Ss i At £ =
HoA BTN

CO,+ CH,= 2C + 2H,0 (1)

(3) PR [RSo3 f83 B AR TR &

S B B DA IS 7 R AR T B B AR
A BWIIE, BIaE & CO, R A Fi'E & CH,
A B IRG , 2 BURG Z 5 WA T 22T
R A 5 AR E XM Bk &R R
(1), ULE A 86, B3GR B Fe 2 sX (K6
Evans et al. , 2002) , HILLFIR (1) (4 H,0 BT
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L L L L L L " s s H
10 09 08 07 06 05 04 03 02 01 0
H,0 — X,

K4 C-0-H =JCK R 0.5 GPa 600°C &M T L5
€O, .H,0 il CH, &P ARk Y F2
Fig. 4 Ternary C-O-H diagram showing the composition of
carbon species including CO,, H,0 and CH, at 0.5 GPa and
600°C
PRI 2R R BRI P RO RS FERRIR S DB A
PRI IR AN B S R AR UTE 5 AR, ZERR IR LI =2 A ARk
SYEFE . X, IR TS 0/(0+H) B9 JRF L (35 Zhang and
Santosh, 2019)
The black curve indicates the position of the
surface”. Above the carbon saturation surface curve, the carbon in the
fluid is supersaturated, graphite will be precipitated, while below this,
the graphite will be consumed. X : fluid O/(O+H) atomic ratio
(after Zhang and Santosh, 2019)

“ carbon saturation

0.1 GPa

CEREITAEY

(8] L L L L L L -l i I
1.0 09 08 07 06 05 04 03 02 01 0

W), E S Co, A S E & CH, Mk S 5
A H,0 BIFIRA Gk,

B R R B 50 1) e R BE & CO, MYTLAA , 5k ot
YRR S AR EGR E E CH, ITRIERATR A, X AR
BT R I 2E A1, R Re 2 R AR A SRR T
TERIB RN, X — S R HLERAS B T KSR 5B i
(IR, Evans (1998) % LS ik iR 45 1 ie S5 5 A il
TR W E e A SRR s 4 I HoA B 0 ik TR
N Z A T A VUG R 2 1] ( Rumble and Hoer-
ing, 1986) . WNHIX— e W ALHZE AR 2 W30,
TS 2 35k X b s A 2% ot g 004 A0 5 e 0 I £ B S 1] 1)
flii B EE A L

AHE TR S i i, AR A & & Co, 11
A B R TR DT VE I A B i £ ),
“E T CO, WARVTIEIE ifr 37 X —F5 4 i Lamb %
(1984) #2113k . J5 3K Santosh 45 (1993 ) X 1 45 48 3
17 THAE, Santosh 45 (1993) X} T E1 & Kerala Khon-
dalite Belt (A1 85347 T B [F A2 R W5, A W2 AE IR
JEPE IR F AR R IR B B B CO, R IARB B It
R BNDINE, %A SRR SRR 8" C
=—-8. 6%~ —13. 4%o. Jkt% A1 52 I UTVE A& 32 454
PEthlag R BB — B E & COo, MiRB &S
JTHEEM% E’Jiﬁﬁi%ﬁffé( 8"C = -34%o0) W%
fiE, B E & CO, MR AR RN BE , LR E

PR TR

SARTEL A

10 09 08 07 06 05 04 03 02 01 0

E'5 C-0-H = oK BRTESE R (a) SRR AR H,0 B (b) BHEA7BKsh A4 4 BYLTE
Fig. 5 Ternary C-O-H diagrams showing equilibrium-driven graphite precipitation from a fluid phase during isobaric
cooling (a) and H,0 leakage (b)
a—c O-H A5 7E 0.1 GPa JEF F /" REIEEL (1 6001 4001 2001 000,800,600 ,400°C. ) Xof 1 [ £ B2 4 FIAGE 2% ; e £ by AN ]
S0 7 A R HZE (Holloway , 1984) 3 b—C-O-H AR E 700°C 0. 7 GPa 0 7T B LA 2% (van Zuilen, 2019)

afC-O-H system at 0. 1 GPa total pressure showing graphite saturation isotherm corresponding to different temperatures (1 600, 1 400, 1 200,

1 000, 800, 600, 400°C )

; dashed lines represent graphite saturation curves at different temperatures ( after Holloway, 1984) ; b—C-O-H system

at 700°C and 0.7 GPa showing graphite saturation isotherm (after van Zuilen, 2019)



770 a" oA B

= 5 40 3

£ 8 + i

L

0 L L 'l L L L L L L
1.0 09 08 07 06 05 04 03 02 01 0
H,0 g

— H,0

Co,
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Fig. 6

Ternary C-O-H diagrams showing the formation of graphite with the mixing of CO, fluid and CH, fluid

C-O-H (AR SR B30 A B BPIRR AR & 2 20 SRt , IF FIR-S 5 BT A s sy 2o i i AR AR L 1 X B33l (R R I IRE
FE 14354 550°C 0. 7 GPa( Evans et al. , 2002)

C-0-H system shows the graphite precipitation resulting from mixing of two kinds of fluids with compositions of A and B, and the mixed fluid

composition will move towards stable composition at point X. The system under 550°C and 0.7 GPa condition ( after Evans et al. , 2002)

FESE R E (W2 BT Y], B0 A KEIE ) &, Zhu
Z5(2020) % H [ P4 R K LU S BRFRER AR M b ) 0 2
JKARBIFFE R, 1% A0 B ik i 27 3255 B EL R M
BB & CO, MMARTTVE B WL, b4k
R PR R IR EE R REAR At AR T H,0 Y &2 T3
C-O-H J R P i A AN B G BN 3 . Zhang 45 (2019)
RSO R ALK AT E T BN R AR TR
b S5 0 R B AR WA LB Y A B A (] R
A TE A ROR IR CO, WAKIIVITE, & &% CH, 1
DR AR DT UE A AR R AR R 3, Vitale
Brovarone %5 (2017 ) 4R 18 T & KR Baf /)% B 307 b [X 7E
TRIRER A SCA T R IR A 8502 e & CH, BTk
DURE T

X T IARDUTE T R A 28 It AR B 2 5 9 22 1k
TR HIAS A A 222 5 A9 35 2 [ & ( Barrenechea et
al. , 2009) . X}F Borrowdale A" J& , M\ H 258 B (19 Ui
1¢m¥ﬁﬁﬁ%ﬁ@ﬁ%%%ﬁﬁ%%ﬁf@ﬁ§(Luque et
al., 2009) , H4E 2880 1 B BEIE (Walton, 1969) ,
g AL I TR 2R 58 HP P LR i A2 B8 1o 1 1
T FRECREL X R MTE S A A T kA
A I 2T R /N RS 1 b T e At
PRLFIRE T S AR A I 251 /b B R RST 1
T, PRI, YAk B A [ R A% i 04 B 1 A
JEIS TR i 2 . FA n] A8 25 B Y e

A1 55 ORI U AN R B 3 7 I 1 A 8 AR
PR ILTE T LAAH 3 R PR AP I SE RS SR UTTE ( batch
precipitation ) 23 A BICFRHT A9 A1 88 & A 5 17 B A1) 250 0
7 ( Rayleigh-type precipitation ) 23 ¥ s 3R H7 B . i) A1
A& K ( Farquhar and Chacko, 1991)

3.3 WRERELA IRV R SR ( reduction of carbonate)

BFAN WL EE (Evans et al., 2002) F H ¢ B 5%
(Connolly, 1995) & W =E A Hy 1l K A7 85 ] DL AE 3 5
A TFIC AL, A2 — i B Y S HL ] — A 7
FIRGHMIT . SYBRIRERG W) hPOT R A Z Mot
2R, AT LR R G2 bR A A TE TR A0 S8 B2 2% A
T, PRUHEE BT S 2k B A R G AR vh ik R
R IR ) A A A 1Y) R AP SE 24K (van Zuilen e
al. , 2003; Tao et al. , 2014)

BRIRERAT WITEFE 3 0 S 25 A T /KIS A g, 7T LA
Tk S b & ek 1 25 (Perry and Ahmad, 1977; van
Zuilen et al. , 2002, 2003; McCollom and Seewald,
2003 ; Galvez et al. , 2013a; Milesi et al. , 2015) , 3
BRA (FeCO, ) HIZK 53 i 3 BURE R  (Fe,0,) BYIE
I, AARAEGR FE AN — A~ BRI 28 v X R TP A B
AT AT R, Milesi 55 (2015) 52560 3% B 75
J 200,300°C 1 50 MPa [ JEJ3 T, 228607 I /K #4503
il A LA P R A DAL S (AN R SR T
ST NBEFINER ) A 88 (BOwat 2) o ZEERAT K



5 4 1

B RS, ey oA B R RS 771

PO 1 20 A% PT LIRSS S AR — i S 1 ( MeCol-
lom and Seewald, 2003) .
FeCO,(Z28kH") + H,0 — Fe,0,( HAEEH") +
CO,+CO+H,+H LAY

al,™ B 3

(2)

7
Fig. 7 SEM images of MgMn-siderite-magnetite-graphite (after van Zuilen et al. , 2003)

6 FeCO,( 24k ) = 2 Fe,0,(HERRH™) +C (1 58)
+5 CO, (3)
SRR Oy i RO Y SE B B T AR 25 TAE
(KM IE S L van Zuilen et al. , 2003) ,3F HE
HIVF 2 R 223 52 WA 22 K0T 1 43 ik, 491 H 2 =20 B
(Mn B Fe) JE IR R G R AL TR
s ooy T SRAT IR TR R 18 SR A i A B AR
FNE TR AR i A BT BT R B B 76 3 S b X
Galvez %5 (2013a) XJ 7k E R 72 5 PR B9 le 8CH T
RS T bty (0 41 SR IEAT T B TR0 2 A7 2 6 1% 24 F
I, K DR 45 R A B8 TR BT IR A SR B B, Hh A
FEUt BUE T R A AR R A AR R R
(430°C,0.9~1.5 GPa, AQFM =0) & =38 J5 52 v A
BN 4) o 348 JEPE P05 bl R 3 2 1 e L
bRt B b oA Bk R RN 0. 8+
0. 1%o, FUTRE 546 J7 A ik [R)437 3 {E (0%0)
23, JF HoA7 SR AE S5 1 5 W] ik B2 0 BA # JK A1 A
Koo ARSI T TR B, S BT e SUE TR B
FEAlTE Z RIFEA 22 B (BN Si) EAEFE MR BERRRE
PR T ) 7 B g B HEAT TR T 3K A Y S Y
(FE KA +£ 2% ) (Malvoisin et al. , 2012) , [R5
il S5 T 1 55— A o PR 28 AR i
IR SR 1 22 IR T B 3 AN B U0 1l S5 3
G (7 FRAT R0 . AT A R A (AT o AR A 85 1Y)
TR B2 R
CaCO,( J7fiAT) +Si0, (£ H5) = CaSiO,(FEJKAT)

PRI, van Zuilen (2003 ) X% % % & Isua Supra-
crustal Belt(1SB) ity 28 Ut IR £h 3 W 58 A B, 228k
WTE R T 450°C 19 JC /K AR 51 5648 T 43 & A= 43 filk I
WA A R AR (B 7) , O CR
';ﬂé'ﬁﬁ"ﬂ&ﬁ" X

\ -

. ! .-_.:‘-..

BEER SR R — 1 B2 ) SEM FE A (van Zuilen et al. , 2003)

+C (A 3)+0,( i) (4)
T2 PR AR A5 N BFE C-0-H
A ARGV i R BB UL TR I B Rk S R e A
1) F K ( Galvez et al. , 2013b) . HI Galvez %
(2013a, 2013b) tA by 3% fis iy v A B8 AT Bt 72 o
T A A 3 TP A5 1 R A 3 D N T A BB T
B, AN J2& B DTRR ) A HIL BT B 15 422 38 3 A7 520
WA, X5 A5 SRR IRRLIE R 45 4 T i
A 38 3 3 TR N A A AR SRR s R AR R A
S I —FIE BLAIL] , I LA K i S 2R g
i A AR B DB TT Y 9% it 5T 4 5T (D
TR ITTRR 91 % +IAEA= Wtk 9% ) ok H T F iy 7 il
A SEAR R R, R, 7630 JR 258 R 1 e i £
EEAL N A B 0T DU S RTRR S A7 7E TR R %k Hh i e LA
A1 SRR R B o TR AL, SRt R AE AR
R 2 8 28 0, D0 St e e a0 A b A £ 0 A
O S8 R Tk S D) T LA 3 o S A Al ) 38 i e
142 78 R AR Rl 1) AR
AT S A LAt 2 I X AR A B R R B 0 3 TR A
A HRIE . Vitale Brovarone %5 (2017) 4318 T & KA
BT IR BT b IX PR B R R AL e SO v ) i A0 B A U
B CH, FIA B AR -1 Bl 2 A 38 AR R 38 i
PEE IR IIVE . Tao 55 (2018) 254 KIRFE I
o ek R S At T IV R L e e e R AR
JBs S B R R AR VA TP 1 4 SR AN CH, 2 B ke
ZATFE i R SR SR T T a3 TR AR AR
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I, BR T2 AN, AL R RER AN T R AT H s A TE
AF ety T JEL P 25 AT LA S5 R A ) 1 A
A1 s L = B

4 A S8 SRR B I

ELA AN 45 & B RN A SR AR E (0 8 AL B2 O e
TUR) Pl 1) R R, — B kg, I o 1) 5 e
A AR 3 AR R R A R B R A AT ((Cook-
Kollars et al. , 2014) , SR, = ik 5y He S5 36 45 2R 3%
B B4 25 i R A N A S8 T 8 o 2 A T (m
1~3 GPa, 800°C , AFMQ =~ - 0. 5) " J& T i 1k
(Tumiati et al. , 2017, 2020) ,fli 5.5 TUTHE B B
WIEHI TR R, X — SR EE e H R /R A
WrRHPG 5 5 U8 R A T ULER 2 A AR 0 A B
Ttk 1) BE i — 2 ( Vitale Brovarone et al. , 2020), H:
WK, A P4 A B8 RUTC 7 Wk il T HOR TR A #0022 1
JB, FEZK VA P 28 B AS TR) 0 A SRR P . R
JESEH A A RS R, 78 1 GPa 800°C 4144~ , #H
Fb 25 B 8 1 A B JC Y BB 45 AR s I B 2% )
PEAL IR €O, (HETE 3 GPa 800°C &41F K, —# 5
AR R = A ) CO, FH 25 AN K (Tumiati et al. |
2020) , T2, IR T IR AE IR s R 2
DUR Bl A S AR HH EL 485t B v 90 B, &85
JE 2T A B, A SR AL B J1 R sE g 2 R R
BH O A4 R v A A B8 R AR 38 B 9 IR
(<100 km) Z HiF, 38 1 PR 5 45 b R A% 2 40 725 o
YER 5E 54k h 5 BE A )7 19 4 85 ( Nakamura et al. |
2020; Tumiati et al. , 2020) . AL, &l T SL 56
PIERAZ A Y BRI C-0-H FiiA R 35k Sio,
TR, iR CO, & i i E I KO RpEA LR &
YITE AL ( Tumiati et al. , 2017; Tiraboschi et al. , 2018) .

5 b A S A R

5.1 BRI S K Rfx

SRR 14 748 5 1 45 & 3 FAR G 19 A7 28 TOTE
CRe A R IR i BT 8D ) AH T, 28 o v 9 0 A S e e
ST REAR F B {H B X — G T R 1 B 5 AR X
B/ (1N Holloway, 1984; Connolly and Cesare,
1993; Cesare, 1995; Pattison, 2006; Evans et al. ,
2008; Chu and Ague, 2013; Cook-Kollars et al.
2014) , AEFEALS AR B ik BB (& 1,181 3) J5

T AR R I A SRR B, TR e 1Y IR
RS TSR AR (O H N\ S) , e A AE R — I
Z\ %64k M 41 85 ( Bernard and Papineau, 2014; Buseck
and Beyssac, 2014) , 7E{f 728 g A2, A LR B
Jo e AR A RIAH DG (9 Bk [R5 3 4311 AT g 2 P — 2 i
MBI 7% X S B G IR A o BHAR R T 5
TCHLR IR 1 B ) (3 2R 52 48 | S Ak 3 St B 1 DL e 7
AN AT A= it AR v 5 i 19 [ 437 R A # ((Kraft and
Bebout, 2017) ,

5 i B v SR RIS AT LA A €O, (CH,
LAY, & A BRR D U RS A
A R ) AN AR B T A4S 4k ( Ohmoto and Ker-
rick, 1977; Graham et al., 1983;
Cesare, 1993; Chu and Ague, 2013),
5.2 AEFRREE X

TEARS ety v, 0 72 3 AT 5 G2 25 4 728 o i T AR
F AT R B AL 75% (R0 b AR e %) A7 55 S5l AT
PI— B AR 8 B E 25 100 km ( Cook-Kollars et al.
2014) o HZ AR A7 88 BB TE TF IR G 5540 T 1Y
11209 (BN AR 83 B A2 ) 2 BB 20
REBOCTE TR F I8 JBERRAT N YOS R S
1 BB UTHE ( Duke and Rumble, 1986; Evans et al. ,
2002; Luque et al., 2009; Galvez et al., 2013a,
2013b; Vitale Brovarone et al. , 2017) , Wi A4S 019
A7 S FORBEARAR D UL (Mori et al. , 2014) . 1
AT B AR A A AR ELAE AT RE 235 2
SO A A S AR BRSSP, A AR 2 S B ik
FR R W 0 Bt i )2 7 ( Gorman et al. , 2006)  Fifk4
TR Rl R R ) 0 5 ## U ( Ague and Nicolescu,
2014) FHAAA T 06 A 0 [ 5k S ( Piceoli et al.
2016, 2018) , FERXFHAL T, FHXS T H A R4, &
B TRE B 1) S5 T RE 215 B el ( Tumiati et
al. , 2017 ; Tumiati and Malaspina, 2019) , /{45 188
JRTRBAE A T (8 5 ik BEARAIG , H 2 28 e K 0/ B8
SWNEE , TR REZ 0 NS A S kY B i e A h
ZERA PR,

Vitale Brovarone 4§ (2020) X Bl /K B 307 B} 74 5%
5 RO PGB IR ST B W A AR b s B BIE TR A R R
BT FEAR b R I DI e AR IR 25 A, Je i R
o AR T AT LB R R R AR T 1B E A R
WA BB, IF B 7R3 3R EN I A2 325 52 0 B A
I 90% MM IR A 52 JBhs iT A A TR R, O
SER AN S BH 2 I ARG T e 445 i Y A 2

Connolly and
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TCIT 1047 28 JoT Bk B 25 o W e 6 1 b A A R BT
X — IG5 PR R S T e R S R — B
(Chu and Ague, 2013; Tumiati et al. , 2020) , 7ER
PRSI (A0 T 1 9 BRIE v i) i DX RUBE e
g 3 0 S ST b TR M THUS  FoUI0ORF e %) Ay A Jo
DRI AR L . R i R PT RE 2 A Ml
o B [ RUBE I XoF A RIS e 0 Py i A7 £ S A
FH, I1 B T ASIKEG DX I 0 b\ b B R A AR
[ 57 22 FFAE B 5k .

6 i AR B A AR TR A R X

BR T A= WA HILIBT PR 8 A 28 B e, IR A )l A
R A 25 o -, 32 T B 4T T D 52 3] BOR B 22 1 G T
(Rumble and Hoering, 1986; Galvez et al. , 2013a;
Tao et al. , 2018 ; Vitale Brovarone et al. , 2020; Zhu
et al. , 2020) . PR ER A IR AR DT UE X P AP E A
Wy R A A B B I HIL B, 45 ) 5 R oy b S BIL
W Il A LB SR 068 o SRy A8 BTk (9 L0 S AT LA
A AR A B A3 R 7S R B SRR, A SR T
YR JZ A ( Connolly and Cesare, 1993) FI#A A ( Ce-
sare, 1995) [ C-O-H R ICHESIMEH . —H A
A BT A 8 Bk IR 45 A A R R A
IR — 2 2 LAY . R, A 28 o e i)k ) o7 28 4
AEFT T 7s B3 Rk ORI, Bk 5 Bk M T R,
JEN o AR S AR E R w2 —, AR
ST AN BRARER ARG 1 2 JE A0 WA AR A
A B TR AR A, X Fha BB A A
Fe YA B AL A, BT RESZAE T B AL (A AR
TSN AR TR A5 ) R BR Ak 2% hAE (U 3R i 400 B ek
7Y ( Vitale Brovarone et al. , 2020) . BT FidMER,
A1 28 Bk nT LAV SR IR vty e 0 vh IR A s PR e
AR IR ( Vitale Brovarone et al. , 2017)
7 4iE

(1) Rty b S8 Btk 1) B R A A6 0 L
JBT A HLELTCHLA IR Y 2 Bk A4 LA S TE AL B PR R 4
Wy, AR VR P AU 452 ol 2 A B T 4 3K B 1)
A EEGE AR H PR O A 25 R Y 1 2K P
(RIS AL NS

(2) A vty o A 8 Jo ok 10 B PR PIL A 32 AT 3
i LE A LB A S5 CABLBR ) LR B AR T

UE (BEA A LSt A TCHLRL A, Ok T A e 9
HKIR) BRIRERH P38 S (TEHLALIA)

(3) WAATTIE A S LB 53 S 3 i, 554027 1A
ZA 114 3 T oA A A 2 14 R B TR 5 B AR 2 K
TS 55 3 7 A 2k 80 i A R0 98 e 2 PR SRR TR
TR T BRI B AR

(4) M ety e S T Rl e B ORI i B 7
BT

it MR RMELIETF SRR E A
A PR BAR S RS E A, 3T R
THRSRARH,
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