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Abstract An essential control of both long-term ( > My) and short-term climate is the amount of carbon in the Earth’ s
atmosphere. Recent work has suggested a possible temporal coincidence between greenhouse intervals and enhanced magmatism,
motivating the hypothesis that CO, emissions from the volcanics and plutonism intersecting crustal carbonates may play a strong role in
modulating the long-term carbon budget of exogenic system. For example, during the dispersal of Pangea, the initiation of continental
arcs in the Neo-Tethys regime overlapped the culmination of circum-Pacific arcs in the Cretaceous. The pulses of CO, released during
periods of vigorous continental arc activity potentially contributed to the Cretaceous Thermal Maximum. In addition to these big-picture
hypotheses, many questions concerning the carbon fluxes from contact metamorphism remain to be solved by petrological studies.
Decarbonation reactions take place in response to magmatic heating as well as fluid infiltration. The infiltrating H,O-rich fluid
significantly lowers the activity of CO, or other carbon species and effectively remove the reaction product from the system. Thus, the
flux and pattern of infiltrating fluid, either magmatic or meteoric, is critical to the carbon flux. In this contribution, we review the heat
and fluid transport around a magmatic intrusion and the decarbonation chemistry of metacarbonate and carbonaceous metapelite
assemblages. Observations on modern arc volcanics suggest that the volcanic carbon fluxes are much higher if the magma interacts with
the carbonate sequence on the overriding place. Abundant skarn and calc-silicate formations in the Cretaceous continental arcs provide
diverse and ample field targets for quantifying carbon fluxes from outcrop to orogenic scales. In the end, we outline the technical
questions that future studies are to explore or address, including the fluid origin and flow pattern, phase equilibria with saline fluid,
and the timescales of decarbonation.

Key words Contact metamorphism; Carbon cycle; Continental igneous arc; Calc-silicate
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Fig. 1

Estimated continental arc lengths and CO, fluxes with geological time (modified after Chu et al. , 2019)

(a) global CO, fluxes mid-ocean ridges ( green curve) and continental arcs (red curve) in the Phanerozoic: Red and green bands represent the

uncertainties estimation; The CO, flux from mid-ocean ridges is estimated using mid-ocean ridge spreading rates ( Berner and Kothavala, 2001 ) and

present-day mid-ocean ridge CO, flux ( Dasgupta and Hirschmann, 2010) ; The contribution of continental arc CO, flux is comparable to that of mid-

ocean ridges in the Jurassic to Cretaceous. (b) continental arc lengths (blue curve; Cao et al. , 2017) and cumulative frequencies of young detrital

zircons ( purple curve; McKenzie et al. , 2016 ) : Longer continental arcs and the cumulation of young zircons suggest more active continental arc

activities. Blue and pink bands mark the major icehouse and greenhouse intervals in geological history
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Fig.2 The temperature profile adjacent to a granitic pluton

(modified after Ferry,1991)
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H1 TR 2078 JS Btk B I A= T 555 A TR R 0 4 1 A RN T
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, 2021a)

(a) FARA P ) 2 S AT ) SR IR B 2 (6] 35 3 55 (boe) PMRZ #4185 F IR A .
W Y4ES - Fo- BRI A1 5 SpL-JR A1 s Phl-r 75 B Cal-J5 i 471 ; Ch-BEBRAT s Bdy- R4 41

Fig.3 Polycrystalline mineral reaction zone (PMRZ) developed in a dolomitic marble (after Guo et al. ,

TR PMRZ 5 R BHAT 300 S R fik

2021a)

(a) hand specimen photo showing the sharp interface between PMRZ and marble; (b, c) thin section photos showing mineral assemblages in PMRZ.
Note the sharp interface between PMRZ and surrounding marble. Mineral abbreviation: Fo-fosterite; Spl-spinel; Phl-phlogopite; Cal-calcite; Gk-

geikielite ; Bdy-baddeleyite



1332
0.6
SR LT 2
= log,,iZiE% (m’)
—]
> L Sm— EE
= 0.4 / a7
L ~N
>Ei &
. 02}
B
£
>
o ; i i i
0 0.2 0.4 0.6 0.8 1

Van ! Vmg + Vi)

B4 BRI Al A o 5 = AR IR B LA B
Z5E 2 (F5 Ramos et al. , 2020 1&8)

Fig.4 Modelled relationships between the volume fractions
of contact aureole, volume fractions of the intrusion and the
permeabilities of the country rock (modified after Ramos et

al. , 2020)

ABIMIFLER . X AEMIBLE G LB B A RGN iR
PET RS ], XA RN AT 2 REERER W) I il AR
Jos A I AAE T 53 A 5 . A0, Guo et al. (2021a)
B T L T4 ) Mogok 1478 iy 3 A S22 kR 437 1 HR
FRERRER D WAL 2 SR Y R N (PMRZs) |, )BT i
5 Az 5T A A A IR SN o T IX e ) s B A =2 Ab
PRI IR LF R & B GERRER D (B 3) o Guo et al.
(2021 a) A XTHY - 5 b H A - S5 1 1 RS 0 #EAT I X
JRALREAE , & B X 05 W) SRl A0 B T = IR B TR 32
RAEM . o 58— iRss s i 5 A & AR A RO
Dol + Si0, =2Cal + Fo +2CO, 215 %29 9% BT 45 /1N .
B, BT 1 9% MFLIREE R B 0 TR RS T RSB B B
JHTE , A5 2P 1 AR B B BN AR LA R A

34h , Ramos et al. (2020 )0 K30, 248 Fr o iy =5 L
BR IR AL FE B 226 56, 78 LS IR AR B AR
PREHEE T, YR ARRBUNT B S RN, 67~ 4
UG R AR S IE AR DCOG AR 5 1T 2 4R AR IR TR T H
IRFREE, 557 A A R I 52 17 43 3 309 R 2 B D /)
(El4),

2 RERER AP A - A I

TR R B2 fl A8 o 4 v A8 BTk AR Jz b 37 55 F 2 i A
FLCAMREE(T) JETT (P) AR (Xeo, ) VAR H 0 UG
Lo BEARIRIRD YA A (BIANEE A KE) TR
WERE S T AR, kRS R R AN T E
SN :

Si0, + CaCO, = CaSiO, + CO,

XA RN AT DL PR AR AR 5 A RN A R K A I
TR CO, 5 B AT A — b AR RIS MR A AERR R 4 IR B A
TR £k A Bl A, I B A R ik 8 4R 7 ) TR) B R iR O,

ELFR 2022, 38(5)

Acta Petrologica Sinica

650 0
600 | 4152
550 | 4322
o g —ERETIEIPI A0 2 £
=4 (842: mol fluidlem’ &4 ) N
500 | Wo: B7&A 1618
Cc: &R
QAE
450 1737
400 L 1 1 1 1 1000
0 0.2 0.4 0.6 0.8 1.0
Xco:

Bl5 Jifgef + A = fEIRA + CO, 1y T-X o, A (4
Ferry, 1991 1&74)

HEE IR R B i B TAR B X o, 5 HEER 5 BB R B0 SC mUAB 7R
TAERIIIR Y T (Ko, ) TTARAT + 192 = K AT + CO, S ik
TSR T X oo,

Fig.5 T-X(, diagram of the reaction calcite + quartz =
wollastonite + CO, ( modified after Ferry, 1991)

Dash lines illustrate Xco, of different fluid flux. The intersections of
dash lines and solid reaction curve denote T and X, conditions at

the time when the reaction is finished
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Fig.6 Calculated T-X,, diagram in the system CaO-MgO-
$i0,-C0,-H,0 (P =0.4GPa) (modified after Chu et al. ,
2019)
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Bl FIRE TR CO, 1 B ZEAE ] (Ferry, 1978 Rumble 11T e
al. , 1982 ;Tracy et al. , 1983) , M FiRMAEB AT AR CO,
H SRS X R AR T B R Ge X R G R TR AL
CO, M 72 TR 2% B R ARK B R AL

R 1385 S A RIS T ek R R A S AR T L —
F50 B P A & b O T B ( pseudosections ) i 47 5
Stewart and Ague (2018) X} H 3¢ [E 7 JL 4% 2% Connecticut f]
Wepawaug Ji & W Y 78 I Bk BR #h & WE AT T B 2
pseudosection F5ifl], Stewart and Ague (2018) 4} X} Lk B
75 1435 P R G A 7 A3 1 1, 0-CO, i iR% 3% I T &R 52
X RN DU T AL, BRI LY pseudosection #RALE T
[FRREE A N T WA G o I XY 72 ST Bk R #6252 0T
BT 14 7317 L DAGZE B3 AR A AR (AR TRL) 1o 5 3 4R AR T 1) (e k)
WRIR F B Bl AR DN R A . R, 3 S N TR
KXo, TAEALLY pseudosection LRy RS Liag ] S UM ES FSE R Y]
A HEATRE LY, W] AR A2 2 X AR T R 5 A 78 ot B
FEXSRLIY X oo, TE M . MATTRIL, BT H M RELRIAKBEN
pseudosection A REBHDILIN B9 7378 ) 43 B IR
FEFFAAR A, 1 HA AR & TR G pseudosection
DS P S AU B 155 5 30K AL A X I ) X, 78
FI2h ~0.05 2 ~0. 15, ffi]if— B8 TR w4 45 B
o g 8 BBk £+ 0 PR A i B B R ik £ (50% ), o 1o
Tkm® [YRRERER 274 1 Tmol/ 5 J7 4F (BRI B . 145 ik
TETAR X oo, TRAARA Bl TR 3E 25 S50 B (1 & 26 5 75 & K AR Y
AELE T AR BT A A AT LA LG A AR )R 0 I B i 3t P &R 4 v
1A [] — A0 1728 B E T 2 B A LA By €O,

T W bR BT S Bt e R RS R Ak I 25 52 B S AY
M52, Carter and Dasgupta (2016 ) 38 33 5 7% 28 B f2 B AL
T T — ERESRMT (P =0.5GPa, T =900 ~
1200°C ) AN [} A B 43 %o JBE il B Ry 5 A A 52 m  SE 3G 1Y
I AP RHELAE K 16 2 (IR BN R E R ) (&
KA E G s (IRER T ERE I ) BRIRER LA S B 4 L)
(Si0, \TiO, AL, 0, ,MgO ,MnO, .K,CO, \Na,CO; ) , fifiTH &
it i RS2 58 ) P i CaO/Si0, PUEDR AR BRI EL v 55
RARGAE MR RS T W05 ORER R
TR, SRR, ZINTUE K SRR S K B IR
PR IE R F o A 3K i & 1) Ca0/Si0, LUfE > 1,1
JGHE W Ca0/Si0, WWHAN<O0.3, 3 4h, i xb B id & F
B R 2.9 x 10" g/yr, T J5 # 4F WM Bk G = L R
8.1 x10"g/yro SR, %8 1L T 3 S Tk Rk i e A TR e A
FAI A RS RERRER W) LU BN T IR B J  Ja AR
THTH M AR T E 2 MR . TR, B ERER 5 5 I b 2
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PR IR A AR LA F BB R ICE 22 A ik, 1 25 HL A 703 i )
A RRE S G AL Y IR e I B3 5 e RS R A

3 AR bR R

IR 278 5T A S o B 2 B A LR RDIE R
B 3% BB ML A 3k 52 v 228 8 0l Ay e B0, I
AE 650°C £ AT LA, di A1 28 o B B 5T ( BRIRT AL O 1 88 ) %
fift T K WA I COH JifA

2C +2H,0 =CO, + CH,

WA H O B E R 2 01 (X, =1/3) 4
CO, : CH, WYFE/RFLME A 1 2 153 I A7 88 A9 5 A B2 fie /)N (1
7)o WRRG T MAA T TIEE, AR b CO, 53 CH,
SETE, B A7 7 )2 T 5 (Connolly and Cesare, 1993 ;
Connolly, 1995) o Bl i BETH i , A7 S A R 3 1R,
EJE SR 20 R TR AR K 2R Y IS S 43 B, U TR e
FEAERBETRAAS A0 28, &0 B0 B B BUE A 7T LA
AU e Wit itk Oz ( Chu and: Ague, 2013)

V2 UL H & B )2 BBk R £h 5 2 A0 7% 5t Jfe i 58
TP E S 2. BRI AGE R vh 7 2R 1 K BUE 3 0 R
f7K T LA 3 8 (diffusion ) | 3% B ( dispersion ) | F- i
(advection) S5 Fl 41 & 77 B A % BR £ 4 JZ (Ague and
Rye, 1999; Ague, 2000, 2002) . 3K H T ¥ 5 H & K B9
BB IR B (I EEEAS A ) ——FE AT & K 9 4
L P IARAL TR DS - ZR AR CO, i —M . 2 S P TE
258 R B R R 5 2 ARSI, i T 5 22 K Ak DA ) L B
BEARWHEIE , AR COKE TRE, — BIKE N — 2% S
2R, DK PR IR, PR CO, o M LA R, XA G

Ca graphite

y v
0 1/3 Xs 1
7 &4 COH F % (GCOH) 7 (B
Connolly, 1995 &2k )
M AT 31 COH JATE X, = 1/3 RbFgraik
Fig. 7
(GCOH) (modified after Connolly, 1995)

Graphite-saturated COH {fluid is closest to pure water at X, =1/3

Phase diagram for graphite-bearing COH system
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(b){ % A\ n_t? l\w% I
e
HEHEEI

0 0.25 05 0.75

B8 ok B AR JTUE 1A /KU X FE B S I ) ) (
Philpotts and Ague, 2009 514 )

(a) T-Xeo, AP (Si Cat Mg=110.33 : 0.25), H i @3
S WA ok B L2 R BUA 1 B K AR AR Y T-X o, 224
(b)) o T2 R B A e 5 2 B4 L 44 A TS S B8 1A
SIRBEE . BT COL R, IR BRERER 2 Y X o, 2RI R —
8 [RIH CO, KA IA) T30 40 47 BRI R I A3 BT 6 Mk B o BE S 1y
)2, Hy O B HEAE B #h

Fig.8 The effect of metapelite-derived H,O-rich fluids on
the decarbonation reactions ( modified after Philpotts and
Ague, 2009)

(a) T-X¢o, diagram (Si: Ca: Mg=1:0.33:0.25): The purple
trajectory illustrates T and X(g, variations in response to the

infiltration of H, O-rich fluids coming from interbedded metapelite.
(b) fluid composition gradient established by the devolatilization of

interbedded metacarbonate and  metapelite units:  X¢o, in

metacarbonate unit is slightly higher than that in metapelite, because
of decarbonation reactions, therefore, CO, is removed from the

metacarbonate unit along the concentration gradient through diffusion
and dispersion; In the meantime, H,O enters the metacarbonate unit

DL B T-X oo, AL BT 15X (Ague and Rye, 1999;
P 8a) . 5)Z 9 L/ J HOE- - Ui Y il REAH 24, Y el i ok
FH 1 K ( Ague and Rye, 1999; Evans and Bickle, 1999;
Penniston-Dorland and Ferry, 2006; Ferry, 2007)

TEMPGI R, i B R 565 J2 vh 2 7 A2 CO,, Tl A LAY
P E T R AR o R, BRERER 5 2 v (4 3L 14k
R BUAE R A TEZ K CO,, JF HAEPIF A 126
T 27 [61) g P A g A N R B BE AR A X R I B
I, BB A O AR T o TR, 7KK 4 B 326 300 O Bk 1R 3h 5 2
LT COLKE B TT B IR £h o R E AR B J2 (181 8b) o 7K AN
CO, 73 3| 9% Sl 12 445 4 I8 B 52 1oz 108 5+ #9956 7K e
Mo SR FaR I, e 2 BUB A RSBk B FARAE HE o it
PRZCKEIT A Uner VR ST TS5 AL B TR R o BT LA R 1Y
JBE R SN m] DAE )2 TR 2 v B R R AR TS i 2 Ah
7 TMARIB A (Hewitt, 1973) o %A SR — B &A= H 2
— SN I E A TH G s MR AR T R BN — A I,
R PR LA RIE T AN AR TR B H, X A
TR YR R A A A PR SR T I (S T RUBE Lok &
JUA) , PR B R 7K 52 B 7T DA 43 i, T B A



WIS B AR TR T 8y BLBAE A

ARG R Tk R B M BT Y AL AR I B 1 R
(Ague, 2002 ; Penniston-Dorland and Ferry, 2006; Stewart and
Ague, 2018),

B T 5 H,0-CO, JARAHSCHIBIRR RN , & & A HLA I 5T
B MR B AR G ML 2 AR (thermal cracking )
] HEFE Az b (CH, ) S A& (Svensen et al. , 2004) , Aarnes et
al. (2010) WHEER I, 7E SR LR & & > 5% Wi s v, A
X F KN A ) Hy0(30 ~ 110kg/m® ) , CH, J2 3 52 45 L
WU R ) R ) (85 ~ 135kg/m’ ) o Ho i, HE AR
Karoo K K BUE A U R BT He fi A2 S5 P ok 1B 4% % 53
BB ARSFAR A4 T 2700 ~ 16200Gt 1) CH, ol T K KR
B (RO Wt R B B T R AR AETE 10 ~ 1000 yr (145 ] )R
BE B DA AR 0 Y g i T LA T4 W3 . Aames et all
(2011) #—2Ak 1,50 ,000km” [)25 FRAR A T B8 2 8% I
F ALY Z A T RE PR 235 > 11,6006t | CH, Al >
700Gt {1y CH, Cl, BUE/ BEPREE o i) 2 fih 42 B A I 3t 23 1o
KRB G Z 7 KA — DR R, B
T R 5 R A I I S N T SR 3 kA
Jo 5 B AR SRR 72 AR ) CO, I CHL BNk Bk 1 4 o
7R 2 S 1K (Svensen et al. , 2004; Svensen and Jamtveit,
2010; Pang et al. , 2013),

4 BUCEIR I YL

DA A I ] RUSE (T 48) R, sk B RYBRIEABR I 2
PREFFH 1 (Werner et al. , 2019) o BiUETE B DA L BR A 7R
T LB A E PR R 2 B = (R myad AR B 45
S R AR XA RIS O v A7 o 3t 2 81 U2 A i - I
A7 1] 2 IR R A e R S BB AR Ry — A~ BT HEA
NATTRRET H IR, o T B I A T RO B VR A
Z IR SE AR FATA 2K G PSR I B il i LS
XL, T RAH CO, BYE FEE R, TCHER R R
) CO, BEAT EHEIN & o BUACA HEIMBE i i 9 1 R 238
ROULIME S TR/ TR 3R AR S & A 7 U2 B, 4 4% €O,/
SO, F1 CO,/*He HUfE, EEATREN 1 il K —A~ kil
SO, il , HIR 45 & 2Bk CO,/S0, FIRITHAE 3] 2Bk A1l
s IR CO, IR, CO,/ He M7 55 €O,/
SO, ZEfbh, HH ER M T RFEH A HIX A CO, BEAE,
S He Sy v e 5 9 i 14 5 [R) 467 2R o EL R th A7 R 9 3L
AL AR A I CO, BEJE (Torgersen, 1989 ; Sano and
Williams, 1996) PR Sy K H A Hb X 14° He 58 5 0 A 2 AR T
HERT , T 228k 80% 1) KL 35 7 A A 6, 20% 553K
AT 5, JIT LA T AR 7 b 4 b IX (1) He G 12t 45 1 254K
PR IX 19° He 5 it , ITT45 & 423K 19 CO,/° He B A5 55
AR CO, BEE:

BT FIRARE R SRR R R JE R R
HE AN T9 £9Mt/yr (6.6 £0. 8Tmol/yr) (Plank and Manning,
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2019) (1Tmol =107 mol ) , H HAS[F] 44 7 75 5% 11 Bk 3 1k 4 31
M m AR ~23Mt/yr (=1.9Tmol/yr) (Werner et al. , 2019) |
KiEpH ~16Mt/yr( =1. 3Tmol/yr) (Le Voyer et al. , 2019) |
Mk PR T & ~ 40Mt/yr( =3. 3Tmol/yr) (Werner et al. ,
2019) o BRI Y RE 1k 3E N eV T E A2 3k
VAT Pl 0 e R B 0 AR — B0(82 + 14Mt/yr) (6.8 =
1. 2Tmol/yr) ( Plank and Manning, 2019) ,

i F kSRR CO,/80, HLEFFAE—BAZE , H L I
R ARBRE IR CO, BENCRAFEBRIREE . H1An, A [F] s
RBGPEBA ATREXT R TR FERY CO,/S0, Ul , Bl an s Jmi &k
AT A 5 ) — A M o5 AN [ B 390 0 44 B 0t BT BE S T
ol A1 22 19 J v SR i W 22 48 1) 18RRI A T T
Yy, e I AT BERY 23 BF SO, Rl i 7E I ) A9 AN 24 487 ,
> C0O,/80, HAER R 2, s R & Ak CO, i 4 /Y f
2z(Camn et al. , 2017) . RGN, B T &S LLFR
AT L e DA B3 7 AT AR J0 1 T IR 26 35 A <M UL
) K R R AEVERT . IR Aiuppa et al. (2019) 42 1Y, RXS
TARKEGEINE , KX EER N2 A METTR ETAS
IRBUAEAE o BRI ATD T O R i ) 2 5 B T R LB (N
CO,/S0, HAE 2 [] i fi A 48 5 1] U 2 2 T oA 1 DX 388 Y
CO,/80, e fif, 1 ¥ ik 76 % % 345 Ba/La I Se/Nb,
Aiuppa et al. (2019) R FPJ5 A0S B33k F 91 ik
R IR Bl b kL 7E 20052015 4 i) (14 1 1) B il & Oy
0. 88 +0. 06Tmol/yr, Feit iy ALl s & & i 2 (Y i 28 1>l
SACERIUK S T 18 A, U] CO, fif R 32 % i A 2N K
NSRS (AR )2, Aluppa et al. (2019) ZEit 92 07
K LAE 20052011 4F A a] g B 38 12, 97 LASICAC LU 2 3L B 474
F B AR T BB o N, L KR Etna 9Ll A 5],
Allard et al. (1991) i3 W AE 1975-1987 4F[a] S0 a8 SO,
RIS CO,/S0, HAH . HHEEAHEI T Eina K111 CO, ji it
13 £3Mt/yr ( ~0.3Tmol/yr) , L= F Aiuppa et al. (2019)
fEAY 20052011 4Ef8 0. 07 Tmol/yr( |8 9a)

S AR AR CO, Sl AR HIZEA
TERCR S R AR —B0 o FRATT LRSS, 2 /078 2 4 3 5T
g AL AR /Y CO, B AR IR LT 2E [ CO,
BHEED 1 ~2 MREYG I CO, MR/ 0.3 ~
3. 1Tmol/yr, MiAE YR K 1L ) CO, & A 0.03 ~ 0. 82Tmol/yr
(Marty and Tolstikhin, 1998) , B H#E {2, 5 CO, EEM k
IR Z 5370 T @ R b2 iy iR 2z |, HIL €O, ity
LR 87 C B i AT 96, i TRk AR AR A OB 87 C
(0%o) 7 T AR ( — 6%0) FIAHLIK ( < —20%0) , K 11T
PRATE R 81 C R T M e ik R 4 A TR e o AE R AR IR
B2 BRI R R 1 B R L (AnFT 8 |, [ 9b) , CO, 5l
ARG, FLACL ARG 7 it 8 b Bk Ak 7 R AE (Mason et al.
2017) o AHRINE S0 4R Bk 2] 7 OGR4 T, (H 2
Hb 5 s e R SR I R TR 4 1 AT



1336 Acta Petrologica Sinica %54k 2022, 38(5)
Tmol / yr
(@ 0 0.08 0.16 (®)
Popocatepet! ' I l
Etna
Bagnana
Tavurvur =ZhF
Manam
Soufriere Hills £ " %ﬁ)’LV\]H]Z/.’
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Raung + lien @L 0.01 F :
Karangetang 8»( ","’EUJE}EEE[]Z
Batu Tara + Lewotolo % y i
Ulawun ;‘;-',r 0:001 .—.—4
Langila TR —BhEMm
Stromboli '
Nevado del Huila o000t r 5 B &8
Sirung
-8 7 6 -5 4 -3 2.

6"°C (%o) PILE RATMEE

B9 KON CO, itk BRI A 3 43 (8" C) (4 Mason et al. , 2017)
(a) RFRIBSEIKINKILITE 2005-2015 4[] 7 He (B 7k ( Tmol/yr) + TGRSR B (1/d) h CO,/S0, A1 SO, il HET3k s €0,/80, H
TEAIR TSI CO,/S0, HLALFIARE CO,/S0,-42 ¢ Ba/La [ HIIAY CO,/S0, LLfi; Bk H Aiuppa et al. (2019). (b) - TKIN
KMy COp it S RAEH IR BRI LR AR 67 C A SC R I IR 95% E (5

Fig.9 CO, fluxes and their carbon isotope compositions (8”C) at arc volcanoes ( after Mason et al. , 2017)

(a) CO, fluxes (Tmol/yr) from selected earth arc volcanoes during the year 20052015 ; The raw CO, flux data (t/d) is obtained using CO,/SO,
ratio and SO, fluxes; The CO,/SO, ratios consist of measured values and values predicted by CO,/S0O,-whole rock Ba/La regression equation; Data

from Aiuppa et al. (2019). (b) plot of CO, flux per kilometer of arc length against median 8" C of arc volcano CO, ; Grey dash lines mark 95%

confident interval

SN E B2 VN iy a4 G ISP 1 SR (S

TR I 2 0 2 R S I gl fe o R 2
S0, ST IR R R A J IR B A 3t o D s i e i
f( ~35000km) ( Cao et al. , 2017) . Tiii£E BEHI ] , iy 3 2 &
AR HUER F A 8 0 R Rl a1 2 AR £ M Xl 5 K T
R BRIRER TR 81 58 (181 105 Lee and Lackey, 2015) ., 1
X B A T2 R B I S 6 B A T (1) AU S SE i
FHl LR, A BRI AE B 2= A 5 (2) RO KRS 9 24
PEFTHIE IR, 1 BEA 7R M r it 22 o ] P JCAE HY 2240 £ 5 71 (3)
W R AR 2%, H AR p et e HAR Z R PR AN i,
R e UAS RSt SRV BRI Ey & i ES PN M wN]
B R A DU S AR A AR 7 A ) 2 0 A B
Motk Chu et al. (2019) i 4 BRI Rl SO AY 1007
AP T DAY 32 b A2 R 0 gk 8 Y L D 0..06 ~
0. 9Tmol/yr, W] LAFE H , 1220 X I 307 o R oI fh 22 B A
7 A B e BUACOR R 2R 9IUR 24 , 55 i SCH 21 g BRACE

RS T L O 5k e e A R0 9 B AR (Marty and
Tolstikhin, 1998) . JX #6748 Jii il (A 3= 207 T b S Bh il #y i v
FEIARE BT A G o 5 I, LR FA D e AT # s s
5B T AR BRI A TR

5.1 dJesERbEEhhE RN

A 8y H IR BT B PR B ) 25 b S AR L
MERB = A AR A B gy 2 S Tl i A AR AR
PRI EL A 12 BTV Z A BAE . Hor DLy Ak 5 3
(Sierra Nevada) 6 R LR A MR N 45 o 1Za B L BE R4y
{1 T AL 100 ,000km” , J& Z2 3 A SR A F A 7= 40, T
AT FBLAE FAER D 40 D K 1 28 ( Gevedon et al. , 2021
FBHEBHEIHR) o %A T T4 (120 ~ 85Ma) B> H 75 18 Y
FRAB #F 35, 000km®, 84 {4 FH 4B 5 106km® ( Lackey et al. |
2008) o B T b 28 AR B AE B b A A BB AL T R TE Y O
(Kiessling et al. , 2003 ) , JE I FR LA B TR B IR 2L A 1Y)
DU, NARIR A JE R () U RLUA B A R i 10km,
PUBRBH N R 20 8] B 205, TURRA B LR AK TR R



MICF : BT F 6 BLARAE A

X

e

T o

B 10 20 Akt s 18] DL K R 3 )2 23 A5 (48 Lee
et al. , 2013)

(a) 22 b ly B 0 A0 7 5, b s Rl RV P AEDGS A7
L2168 = FIEACFR 140 ~60Ma 22 ] (1 KB I, 3222 43 7 75 31 K OF- 7
SRR T 6 XA FR R B AL 7K S T 1 4t X5 PR R XI5
REBELRES . (b) BT R0 A 7 R 2 0 o A
(HTFER LRI R A R )

Fig. 10 Cretaceous global paleographic map and distribution
of carbonate sequence before Cretaceous ( after Lee et al. ,
2013)

(a) Mid-Cretaceous paleographic map showing the relative locations of
continents and oceans: Red triangles mark continental arcs with ages
froml40Ma to 60Ma, and these arcs mostly appear in Circum Pacific
and Tethys domains; Blue regions illustrate flooded regions of
continents; Black regions are Cretaceous hydrocarbon source rocks.
(b) distribution of Phanerozoic carbonate-bearing sequence before
Cretaceous ( Precambrian carbonate rocks are not shown)

IKBRTRER & KRR TRy 3, Kol — 2R En ol
K M H = & (Stevens and Greene, 1999) . Lee et al.
(2013 ) b33 1 S 20 Bl 5 2 o0 5 il 1 25 4 i P 4 B2 3k
£y 13,000 +2000km,, AR ILIUT )2 B AR A2
T A R S R AR A B I R

T REMGE

omee
S ;s 7 \

Z REORERS -
& serFokain’ i’—j\'

BE () ‘o %!
500

1337

XA T A 1O SR T AN ()R R 2 TS S g, B T
AR FEE AR 14728 O M P B A AN TR R B 5 Ak RRER T M AL 5 (9
R o XA A 2R 7T AR 114 A SR B S R, K
T3 U R B BRAR LA CO, T BRI 5 A2 B 4555 1) A
Jo s A iR A A Y R B, X S S (A T L B 28 i it
Bk B RS , RFR 43 J5UE Hh I BR B DR AE T R oK o Lee et al.
(2013) HIE B3 ( CaWO, ) 11 2 2 i B (4 B 5 b (BRI S
It BRI ZL AR a4k ) |, & B AN AL 56} i B hir i
DX AR = AR B AR v o 73 T A 4 T SR BB AV T
UK INAAE] T H5E A5 (Lee et al. , 2013) o 58U K51k
FERAAERIBISE SRR T & PR R GE X
KW -RAEMN MY RE" . XLy R AR FELURER
TRAE(R (pendant ) JE ZAFAE , BIEY = 5 X B0 58 @ 442 AR
AR, EHERRT RENHRTES. B 1la BIRT W
183k A LT Empire 111/ Mineral King % & TR 5 A
BENKBUZ A G B AM S R . B 11d @R T 75 — ML
T Morrison [LAYRY = & TR A &1 o030 (A TH0RR 7 ) 4 A
A (Ce) FAa 9 (Q) , 4 & K AR AWK N i K0
(Wo) , A PRI RE S RE 28 ¢ R (1 1le, ),
UEWIR A B 1R 3 258 AR IR Eh A . TR A
PR PG P8 4 T R e R A A LS B 7 il A1 A A UE A R R A7 X
WA BRIR R B A H T & VRIS

Ferry et al. (2001) X§ Morrison [1] ¥ - & 7% ot i oF
177 A AT 7 4 + A9 = fEJK A + CO, A
B Y, 10 57 A /42 J5T S i F 451 2 560°C il 0. 15GPa,,
S ACT A A e CO, i H,0 41U H X, =0. 14, 15
W2 A i R 25 T 1) T A v K B B ET (X = 0..86) 6
XSGR AT IC R TR BE AR B (< Skm) SE[FEBEH TR

FLL YRR BE R RS I A st AT A R D R A AR A DA ) 7 2R 9] i

(a) AETRAEFEMHIE 1) Empire 1A R 55 TURA 5 A SN A I B AMEMDE R, CS AR RERREL T ( calesilicates) ; (b) B R A AT A1
Ji A 4 IR) (52 2R 70T 5 () 8L IR0 3R P TAT X L 1804 A0 1 S R A5 () PR 5 B Morrison L RS - 5 R 5 BB 3R AOG 3R 5 (e ) 3L
ARSI R B F . (a-¢) KIET D’ Errico et al. (2012) , (d-f) KT Lee and Lackey (2015)

Fig. 11

Field photos of skarn near the Sierra Nevada batholith and garnet in-situ oxygen isotope profile

(a) field relations of skarn roof pedants and quartz diorite at Mount Empire near Nevada batholith, CS stands for calcsilicates; (b) in-situ oxygen

isotope profiles analyzed in a skarn gamet; (c) back-scattered image of the analyzed garnet; (d) field relations of skarn and country rock at Mount
Morrison near Nevada batholith; (e, f) zoom-in photos of the interface shown in Fig. 11d. Figures (a-c) from D’ Errico et al. (2012) ; figures (d-

f) from Lee and Lackey (2015)
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AR B E AR AR IR IR A ST B

AR IR A R M X SN R e 22 I B T A S AR T
TR o % KA, Empire 1AL 8" 0 B K467 ([ 11b)
TRRHR KK S, M2 T2 kA A 2 e R 2B
DR] eI R AR MG RR . RS TR URAE 2 R (2
KEK) EIERNR, I H ARV i 8 AL B A 1 B O
TR, A R A AR B 57 (D Errico et al. , 2012) . D’ Errico
et al. (2012) i FIHOGRALIEF SIMS JF AL 3 BT 4T Empire 111
RS 5 AR A1 AU R 3 (8" 0) M Tt & BiZ 4t IX.
(A1 AR T AR 60 ARMK( <4%0, VSMOW) , Jf HLA #i
A1 FREA IR 254, 3R T AR 80 fEH (11, ),
D’ Errico et al. (2012) 5 MR I TERY -REME R BR T LA
R KK N EAA RSN E LA, 0 ]k B AR N
o MR R AR B I AR Y TR AR i I S TR 1R
ATEEE IR T K RN B, B AT R ROk 1%
BASSAAEASRAL T HIE . {H)2, Ramos er al. (2020) (1
AR TEART I AMBREAIE BT AL 8" 0 A48 A AT LA e
A M BRI B0 I AR B, EATMARSE & A1 i E®
O FEJS LB LA . HEAM , TETRTR 5 i R 38 301 i 14 3 %
TMRTE SRR AR 80 WA . %058 d A, TR
FLBRIALAR , Joie HOPARAR A5 Sl , #5 0T LABCA IO AIG 87 0 A
5. Ryan-Davis et al. (2019) X [R]—Hh X (KA [R] B A3 ( B 65 )
M RA AR AT T 80 140 (18 12) #5110
LA 5 58 AR AT X R T 155 8" O ( ~ 8%0) IR TR 54K,
R FH 5 55 I 2 €0 S5 4 A0 LA AR 1 8™ O ( - 6%0 ~ -
5%o) I A 80 MR KK B SR AT 3 48 = 1 1Y
AR A EA R 600 ~2%0) , AT RE5 Fl &1 32 11
DCBRAR BTV E P 2B B AR A OG . e Z, Bhil B s o h
SREUAY A A 22 T R 32 2 R PR R G B )
HIBE R o

BHHERLE I XY I — BB RE RN RE
KR R AR AR BIR IR JF H 2 AR AR AR IR
R o AR Btk 52N TT A ( Shen et al., 2013) PRI, 3X
Kty -RAETEE L AR AR NIL S, PSR E T WA LA
TIEAEMIEXAAAE T A5 a . B, ZERR b Ehin i
[X. Menifee Domenigoni W73 A9 z [N (A v Hh B8 T A8 ik
FRER A (1B 13) o 18] 13a g3 22 N E AR I Bk IR £6
EE TR ETE B N R 02 G B A R %
PIBBAR IRy 35 W5 A 4 (D1 JiE R A 2l (Wo ) LSS 48 4 4 4
(Grs) , KB A RN R R n N K a1 % . B 13b
R NG R o) — e B BR B Al B A, JOAZ S o ik
JKAT (Wo) , ] SMK IR A% A 375 ¥ 41 (Di) FFI A A7 (Hb) |, £ TN
058 FR AN AR, A5 L0, TE MR B R
8 RS R S X 2 B Bk 1 BRI A T 10— 28 IR o

5.2 $FRETHMIEE YA RN
FRBkHERCA I IASE , 75— 28 RO 82 43 A (1 3 IX
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Fig. 12 Oxygen isotope compositions of skarn garnet and other
igneous intrusions at White Chief canyon, Sierra Nevada
(modified after Ryan-Davis et al. , 2019)

Pink and blue bands mark the average oxygen isotope compositions of
magmatic fluids and Cretaceous meteoric water
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JEURR IR £h 4 B AR RN 25 N B S0 K 28 (4 Lee and
Lackey, 2015)

Fig. 13

Reaction zones between metacarbonate xenoliths

hosted in tonalite plutons from the Domenigoni Valley,

Menifee, California, USA (after Lee and Lackey, 2015)

SRR B P A SR, R AL 1 B R R A
FRIFY ¥ 375 30 7 92 (Zuza and Yin, 2017; Wan et al.
2019 ; 47 I0% 2020 ; Zhu et al. , 2022) , #J 660Ma B}, J5i G
HRHR TR AR RE R X BL AN R BE T M T . 2 )5 23R4
M REEET T ABBES REG, E3A KL ( ~350Ma)
TEILT ERrR I . BE S P W B 1 AR AR B ARt B AR
FAMRY LA B 2R X BLAN R Bt v 20 Sl e v 1 B 52 %, 76—
BB ~270Ma) & 1 T 5E U AR AU AR B 0 7 4R v AN
SEIEAR M AR TR . =B G, K E
PN RBEFF 16 2L BU , S BN AR E R T ARG R, =&
20 AR B 20 R (230 ~ 170Ma ) |, 55 R 2 30 v 1) T80 ARAS i
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Fig. 14 Simplified geological map of Gangdese batholith near Lhasa, showing igneous intrusions with various ages and Cretaceous

carbonate-bearing sequence (modified after Chu et al. , 2019)

Multiple skarn contact aureoles and marble aureoles are marked

PRI R T B ) TP o BB AR P I B ) 4k
TR (M A S DX, B G 7 AE T R Y R R E E TTUR
(Ke Aaem RBKea JRa55) (Garzanti, 1999; Kiessling et
al. , 2003) , B =B 4B R SO ] LR b 2 WG Al
R T5, B S r Pe 0 Th AR O b 1) HEA TS84 /N . 11
A A R L I IA] B AR A A O R B R h A TR
SV X 0 — R M A SR AR e . R R R
ER 2R 7/IDiEER ) S PN R UE S IPNG T SN VRS RIRTS A

W5 1 S - Bty T 2 B [B) , BT R S S 1) PR 5 R D -
AR AH B AR I 7E P4 6 e 73 48 = Vb DX 28 B B SR
IR VEROE T TR BIE R T T2 i 200 A
i (Zhang et al. , 2019; Wang et al. , 2022) , 1EPG#EXIIEHT,
EHAE ) = 20 WO AR BT S R 4 307 v Al e 1y LA o 5
K PR STIICE S S 1 B 1 ~ 120Ma) 09 () AF X -,
RS 5 S SR T AR TG BR . T2 (AL 38 A 3 SR L 3
TE -1 1 et ] (94 ~ 80Ma) , W REXS BL T T he & v A
RE b o BB S 2 50 R RO 0T (78 ~ 72Ma) | X A]
B T 00T R 4 20 I S A Bl AR A T R ol s
(Kapp and DeCelles, 2019) , 5B /5 & K A 5 0%
30, RS D EE AR SR e G AR oo OGS A Bl Y
VAR AE ~50Ma, If-7E ~38Ma 281k, i B HE A 3735 3
T EH LA DX TR B 1 I R R AR A, JFG o G i
P87 X RS 07 i R g R A A o 1500km, T AR Y
20,000km’® (Ji et al. , 2014)

E PN BUE LSSl PNV C e A C PN
HERRTE LR R ik Bk rh It R A e B B/ E T TR T R
JEE RS+ b4 (Xu et al. , 20165 Huang et al. , 2020 /%
LK) o TR E IR 6 A th A ARIEARE RS LUy o 2 2 XA ol
YEHI ( Groppo et al. , 2017 ; Rolfo et al. , 2017) , Chu et al.
(2019) BT Irfffr + A1 = i JKAT + CO, S X [ S48 X
UG5 R I A 7 A7 D ) ki ke DA B 52 L 1 3l ) 25 A

HEAT T BUE AR, 7E 1 2 250000 {14 X I b 5 B B fe A A
SRR B A I B L 0. 610°km, IR AR
JTA bR SR K ) ~20% (& 14) o R 10% ~40%
) RIS T S S IR £ A 2 A e b A8 ST A L B T SR 31
T AR A KRS ST 3 X, 1T A5 3] 9 S 20 XS 307 3
S A8 ST FH 1) SSURE #5734 0. 8Tmol/yr, {HJE, FRATT3F
— B B SNSRI, AR AT (0 T 55 B R 46 b J22 v 1 22
fib A8 B AR AR T R A (B RE IR SR 16 ) JBE B B v (1
14) o SR B M A IS 2 09 4 KA = B R R 0L,
X EELREIR Fh Al & R AE Kb U 2 AR K BHE &2 B
LI, A A b ot o T A 18 42 o 28 i o X i i o 1Y)
A RAEIE . B AT 45 FIRIRER A2 iy 4 il A8 J5 m] LA
TE IR FASAEE ek Rk DA 17 i 2 JBE R AT o e 225 o

6 [l

T A% il A v B IR AE T, AR TR A ) 0 3R AR B 85
AL AT BERZ N , 2 A P PN T3 A 5 1 2 A A
) — A G A, IR AR AL T R R I =S KR
(Lee et al. , 2013; McKenzie et al. , 2016; Burgess et al. ,
2017; Cao et al. , 2017) , Ffaj {4 Z& FP A 2256 ( Carter et al.
2016 ) s BE AU 5T 45 H S 1Y ( Aarnes et al. , 2010; Chu et
al. , 2019; Ramos et al. , 2020) ,{H 2 I F B FM1 SEBR A A1 4
4 W15 ( Nabelek et al. , 2014; Groppo et al. , 2017; Stewart
and Ague, 2018; Guo et al. , 2021a) AR REMEE B 2 R SE
ME AR . B TS BBk A SR A HE T R Z BR T R R
PORE SR, BT A T RS A G TR R & BN T
WFFEHR A8 (RIS RS IR0 Bt 5 3 AR S TR A 1) L) B
e fi A ST A e I e A X CBPAE Ary  A R TR R A W
e, B S E IR AR B R ) o (AR IR#h A b, DL
AT i A2 A B (Ague and Rye, 1999; Groppo et



1340

al. , 2013; Chu et al. , 2019 ) FI A4 i 8 4 il ( Lackey and
Valley, 2004 ; Ramos et al. , 2020; Guo et al. , 2021a) , [’ I,
XA AR B LA A A AR I SE B Y B, L
L FRATT T BB S T ST AP A A B 32 ) RN AT RE A R T
VE

6.1 TRITERIRME

— T, A TR PR R A A T B B 2 T AR B AR Bl
Ho TEMARFUTRE T, WA 2ok B F 45 s h a5, mfE
RSB FE R B AR AR BTS2 BB Sl A7 B A 3t 7K
(KK W RE W 1E R £ & AR TEIRZZ B ] ( Einaudi er
al. , 1981; Meinert, 1997) . RIK WA i 38 5 AT L i 2% 4
EH R, I H S BCEE R SV (D Errico et al. , 20125
Ramos et al. , 2020) ., A [FISRIEMFIABA RFEK 60
AiE, R A] DAl 33 28 G 9 (D Errico et al. , 2012; Gevedon
et al. , 2021) , 5§ & 7% it &= B8 1Y) [5] 137 25 ¥4 747 ( Lackey and
Valley, 2004 ) RAHED AR IR . 450, A48 40— AL 2R
BERERRER G W AR R B AR R AR AT 1Y 8 O BT T LA
SR AR A IR 1) 4 228k o A AR A B BT [R] B 3 S AR F-
KA GUXFEWE (WLFT6.3) , T LUEAT I 1 R #5875 742 5
Tl A% PR IRLRE - A AR - ) 77 58 F 9 7 o

B S G Ss AN E A, i A BE 3l 14 I S
o7 85 4R A58 i B R B O WS AR L
T, KES TR I A 5 A KA RN, BT LA (a7 5 s 420
(Chu et al. , 2019) Zxmiflifkim . BrEREL & #2003 BA
TRARI AL (BG2iE %) |, B LRI & 5 0 s b 2Kk 02
LG, BB RTERR AR A R B T & A X
PR AR B ATFAE K B80S B0 P, ik H T
T B Sy Y ECS PR AR A 3 =X B i
s, ANRE AT BB 15 Sy 1 &9 W FL B A B v 1 3t 3l S Al 3 Bl
o LA, B0 B S0 A A LS A R oK I 5T 2 0
H .

6.2 EHRRE-ZFAMNEEER

ot 25 RS B S AR TRAR R4 H,0-CO, — 5T
&, I HIl Sk CO, HyHkJE AR1% ( Nabelek et al. , 1984 ; Jamtveit
et al. , 1992 ; Heinrich et al. , 1995; Ferry et al. , 1998) , {H
e BRI R KA R IX A . — T T B AR IR
W Si Al Fe S0, 5L Ca Mg 2 F IR B B #h 52 A &
RO SRR W W AS i RR AR 2 & s — T, & L
JEE B A E S AR o i A ) R A R B Sk B it A v 2 b —
S A R R, L Z A AER 4y (M NaCl) (Heinrich, 1993;
Jamtveit and Andersen, 1993 ; Heinrich et al. , 2004) . Jif&kth
MEREERZ I H,0 Fil CO, MYTE EE, X &R SE H,0-CO,-NaCl %
F T-X AR PT84 03118 20 A 22 BT, 0 W I 0k 2 7 o e v 3 B2
FITEAALY X o, MR AR B B ILPR T 56 T M4 1 1 B (Skippen
and Trommsdorf, 1986; Heinrich et al. , 2004 ) , 1 FAR R 2R )&
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T E RIS W R )G oy RS . Heinrich et al.
(2004) %} Ca0-MgO-Si0,-CO,-H,0-NaCl {£ £ ) +H 1 43 #r
W, KA H,0-CO,-NaCl JiA AR , it 14 v 4k B2 1) /N i
T AT LA B T 58 4 Y I B SN, TR B TR g R R A
TR TE S Ak R AR PTG e il 2 oy o P A BB T 4, T A
O3 BN RE S R A o AN TRV I It Aok Bk B 3, g s
R 5 R A RO TE R AN TR] AR [R) o R A= ik
1A, Ferry and Gottschalk (2009 ) ifE— 2535 H, 0 5 20 i 44
R RE T 4T 2 2% ) TR A U M A T T R T A Y
2%

EZ, BB Ry e/ 40 T 2 RS TR 60 ik 2 s %) R ST A A 4047
SRAR 702 (B IR B Deep Earth Water ( DEW; Sverjensky et
al. , 2014) BERVELAE T UL A B gk B ROV o, HL BN TR
Hube 1) 52 AN ( Huang and Sverjensky, 2019) ARl i fA<
Ml 5 28X 5 B ( Galvez et al. , 2015, 2016; Debret and
Sverjensky, 2017 Li et al. , 2020) (A4, 254 DEW fE A
TR I 2H 5 T 22 A DL R A 1 ) 20 5 B 9 e i 2 o 3
FRIBE B 1420 R 2 B

6.3 WmE-ERHEEEANRERE

7L JETAE P 06 14 3 o 4 5 R RUOBEAROG . TEA M A
U & R EETR T AL U-Pb 8 4E 1A XY R 2 1Y
B ER-ES AR A R T AR , R DA SRR R 5 TR B 4 % AT
AR 5 G AR AR Z2 WP 3 1Y I ] ( Deng et al.
2017 ; Seman et al. , 2017 ; Gevedon et al. , 2018) . 7EFRAE
OUT AR Y U-Pb i@ 5203 BEARTT LA E] IMyr, IHeAh, F57k
FRARZH G A R 8 4F (AN . 4R BT, Stein et al. , 2003 ; B
4 ,Deng et al. , 2014 ;¥ 47 ,Rapa et al. , 2017 ;#5547 , Guo
et al. , 2021a;) G550 W LH G W43 BT au ] L 25 & s i
SARMLERT A o (HI2 , 5T RR A OC Y Bk AR 3 3l
FYFFLES 8] ( Han T4 3+ 07 48) T RR IR I /N T a8 R
PRI ), AN BERE [ o 2R 2 4F T BeibUil o 7E e Sk RUEE |, ik
BRI RS i ) e 3 448 i AT LLGE i 9 ) 41 (Skelton,
2011) & o0 2% 8f & [A] 1 2 ( Cartwright and Valley, 1991;
van Haren et al. , 1996; Bickle et al. , 1997 ) 193 1H 25 & Tk
BB T A, B Ry BE R 3R R AL
BT LA 43 B AR 2 1 3 A& 5 1F ( Graham et al. , 1998;
Clechenko and Valley, 2003) . f0E4 41 8 & Ze 04, WA
A RETEA W 2H S Wl 1) A 18 B30 ke k5 4R 8 I [] 22 1)
NIRRT

6.4 (i REMERM RS LB A EMT R ERE
X 53k
SRR DG H BT 7 T i Bl R R T b BT e o o e fi
78 ST TR, 30 A 475 52 A B i 7 £ 4 i 4 S Rl o
PRI , 15 B 5 e A1 18 o 732 Jo M0 k- e 8 o -t 4 2
fil 55— 25 14 #2 ( Kelemen and Manning, 2015) , Ft4i, Mason
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et al. (2017) Hiff K 1li CO, i HE 5 8" C (HISEE F (& 9b)
SRR RS ERE AR M TTER . (HUE, URFRIN R
B B A LA 89 Nb/Ta B AR I W 7 ik R A 38 AR ) T30
i ke IR T AN AAX SR R 1Y Ml 55 VR ¢ ( Bragagni et al.
2022) o AR COL/Sp ] ( ~2.5) 1 s ff b
TR IR IR, >F BIRFR IR W] BE & 24 4-E S SO LR
HEHH(19% ~32% ; Aiuppa et al. , 2017; >50% , Aiuppa
et al. , 2019), Guo et al. (2021b) R HE PG K 65Ma L)k A3
AR 5 IR A 2 R AE , 255 T Bl AR A M Bk 3l g 2 i
A B 5 5 X o 1 1) i 78 Ak, 4 s B R R il
PR ORT oo o 5 S50 i b R A R R R B S ARAE o o —
Dy EW Bz AT S A TR Gy 1 B 0K, 40 5 SR
Sy AnEhEIN, JOLUE [ 8% Mg JF A T f v TR (1 R AE
(Teng et al. , 2016;Hu et al. , 2020) , {EAF MRS, FBE
Hb7E 8 A2 SO T ' 5 00 el v DX Bk , 5 9
TEMFEIE i T (0 R e 5 4t 4 AR A od 2 vl ) ¢ PR 6
SR, AR e 2 v A Pl 2 R Rk R A DTk,
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