1000-0569,2022/038 (05 ) -1345-59 Acta Petrologica Sinica %% 4R doi ; 10. 18654,/1000-0569/2022. 05. 05

e B B KL 2T AR

ZRE” R EHA BER EEA
LI JiLei"? ,GAO Jun"* ,HUANG GaoFeng' > ,MA ZhiPei'** and WANG XinShui’

LB S MR BRI, VIR B T A SR %, Jbat 100029

TR R BEH R R E DTS RE , dbat 100029

TR (IR0 Bk Rl e, I 430074

Key Laboratory of Mineral Resources, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China
Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing 100029, China

School of Earth Sciences, China University of Geosciences, Wuhan 430074, China

2021-11-02 ¥%A45, 2022-01-19 #% = .

el A i

Li JL, Gao J, Huang GF, Ma ZP and Wang XS. 2022. Geochemical behavior and recycling of sulfur in subduction zones.
Acta Petrologica Sinica, 38(5) :1345 - 1359, doi:10. 18654/1000-0569/2022. 05. 05

Abstract Subduction zone is the largest material recycling system on the Earth, mediating the sulfur exchange between Earth’s
interior and surface. Sulfur is one of the key elements that connects the atmo-, hydro-, bio-, and lithosphere and plays a critical role in
Earth habitability. Knowing the behavior and recycling of S in the subduction zone is critical to understand the redox state of geological
reservoirs, arc magmatism and ore metallogenesis, as well as change and evolution of Earth’s atmosphere. This paper first presents the
sulfur structure in the pre-subduction oceanic lithosphere, reviewing the occurrences of S-bearing phases and their geochemical
compositions. Then, this study systematically reviews the S behavior during the metamorphic and dehydration processes in the
subducted slab recorded by high-pressure and ultrahigh-pressure (HP-UHP) metamorphic rocks. Petrologic investigation shows that S
in the subducting slab occurs mostly in the form of sulfide, and that sulfate is mostly dissolved or broken down at the fore-arc depths.
Sulfur solubility in slab fluids is much higher in comparison to melts, suggesting that fluid is the more effective agent for transferring S
from the slab to the mantle wedge. DEW (Deep Earth Water) modeling indicates that S concentration in slab fluids is generally low;
however, it reveals a distinct [ S] peak (0.5% ~1.0% ) at ~90km depth. All evidence from petrologic observations, chemical
analyses, apatite S-XANES (X-ray Absorption Near Edge Structure) characteristics, and DEW modeling show that S species in slab
fluids are dominated by reduced HS™ and H,S at given subduction zone P-T+f,, conditions, without significant S0,>” or sulfate.
Medium-f;, fluids can transport S and thus are effective in transferring S out of the slab, whereas high-f;, fluids cause S sequestration
along fluid pathways and considerably reduce long-distance S transfer. Mass-balance calculations demonstrate that the global S influx is
estimated at 4. 65 x 10" g/yr, slab outflux at 2. 91 x 10" g/yr at sub-arc depth, resulting in a slab-arc S recycling efficiency of ~6.3%
. A major S release window is constrained at depths of 70 ~100km, during which the released slab fluid has a negative 8**S value of
—2.1+£3.0%c. Based on researches of HP-UHP metamorphic rocks, the recent studies shed light on the S behavior in the subduction
zone, and for the first time from the slab perspective, reveal the slab desulfuration flux and efficiency, sulfur species and isotopic
composition during the slab-arc S recycling. It is suggested that slab S is not an oxidant accounting for the high f;,, of arc magmas and
also not related to the heavy §*S signature observed in arc volcanic rocks. The study sheds light on S recycling in subduction zone and
long-term global S cycle. At the end, this paper proposes some research directions in the future that will likely be fruitful in
understanding subduction zone S recycling, including redox state of slab fluids (fate of sulfate), controls of metasediment on sulfur
cycle, multiple sulfur isotope fractionation in subduction environment, the coupling/decoupling recycling between S and other volatiles
(C and ete. ), and deep sulfur cycle through geological time.

Key words Subduction zone; Sulfur recycling; HP-UHP metamorphic rocks; Slab fluids; Arc f;,
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AR v 1Y) 48 7K OF ( Canfield and Farquhar, 2009; Lyons et
al. , 2014) ,S AR BT 53 1R A 2 48 7R H RO AL 2 1 1 i
A S1EYE ( Farquhar et al. , 2000; Farquhar and Wing, 2003) ,
A DA, FEFE 75 400 A 0 B8 7 S8 A R A i B ) 8 T
B M EITENEARRM S IS (Lyons and Gill,
2010; Canfield and Farquhar, 2012) . 7£ 1Bk i) 14 15 {4 ) 5%
AR AR YA 1 5, S 1 D s B R KR R
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(Mandeville, 2010; Behrens and Webster, 2011; Li et al. ,
2020) ,
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2001a; Cervantes and Wallace, 2003 ) ; # % F MORB (& S:
~0%o) , SR K1l HA W A =5 1 S [ 07 KK (8™ S: 0%
~11%o0) (Ueda and Sakai, 1984; Alt et al. , 1993; de Hoog et
al. , 2001b; Gurenko et al. , 2018) . T kILESIEFAAL
e AN E B S 1E 1 ( Mandeville et al. , 1998; Mandeville
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B (Pons et al. , 2016; Bénard et al. , 2018) , g 7 4[] i
WE AR BT R AR 5 T L2 1) 5 40 B (f,, ) P AIE ( Wood
et al. , 1990; Kelley and Cottrell, 2009 ; Evans et al. , 2012)
R, — LR 5l 4 52 WL o BRI, AT JLAE 7 % A WL A
N B R IR G J U B T AN 5 T MORB 538 N5 A R
s A AL T BN (Lee et al. , 20105 Tollan and Hermann,
2019; Tang et al. , 2020) , i XF GEIRHE i 1 6™ S WFSE L 3
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2018) , K APALGE ML A T PR
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JCE B BEXTARF iy S A HLBR AL "2 47 O e S R ERIT e 1A
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Table 1  Sulfur structure in the pre-subduction oceanic lithosphere
o N JERE W S &k %8s N .
}?7’7 ﬂﬁﬁ’@mﬁﬁf?ﬂ (m) (g/cmg,) ( X10_6) (%0) Z%iﬁk
1 LR SE-5300 2.50 6000 ( i) -17.0 Goldhaber, 2003
2 ZREKIEF SEHJ 600 2.76 940 (H{i1) -6.0 Alt and Shanks, 2011
3 TRERER K (R4 F) AV =T 2 56 i RS & 1% Alt, 1995
4 R G RI% ) 15 2.80 9740 +6900 +3.0 Alt, 1995
5 FOR)-Xitd 100 2.80 3150 +4300 +3.0 Alt, 1995
6 FEAR R (_EFR) SEH 300 2.92 610 +300 +0.6 Alt, 1995
7 JHEAR R (R ) SEHJ 500 2.92 620 +340 +2.0 Alt, 1995
8 Y (AR ) 500 2.98 230 +190 +0.4 Alt, 1995
9 W 5000 2.98 620 +180 +0.1 Alt, 1995
10 I SUA L 2000 2.80 200 =180 +7.3 Schwarzenbach et al. , 2016
ST 9315 *4.65x 10" g/yr -3.6 Li et al. , 2020
T BB AR I A o A S ERMROR S5 Y S Sl it
FAT IR S PRIREAT T BN RGBS AXE R 0) (b) RRS T (©) BH.0R% %
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ARF b, 455 3 AT 1 ) DR ORF e 0 il o 00 o 14 B
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FUA B R SO R VAR ity . SEAR ST ool TR S 1t
BRAL S FAEFITC RGN , 15 Je X e AN bl Z /i R 4%
WY S FHMEZA HEAN, FETEFR AR S(& & 500 x
107" ~ 1000 x 10 ™) Z AR 5 1 A 2 B Ak 1 (Rl 3k %
R R4 i R AEAE (Patten et al. , 2012 ; Tomkins
and Evans, 2015) . & HRERERIE/K 2 5 M TR IR 23 3 I
5o R A TS G AE AL, ARG AR R AL B R, L R
A B UTHE (Alt, 1995; Tomkins and Evans, 2015) . 7EVE)E
M SCA AL R T WA K S LIS A sl B2 2k i T8 =
AB 5 B H e = 5 (Al et al. , 2012b; Debret et al. |,
2017) o Zeid RGN , A SCHE S T R A7 Pl ) Tl Y
[STHFELR WU AL, Q& Ta AR 1 7R %) L T
Penrose 231 (1972 ) 47 (14 L 78U I 2 A1 B8l ) 17, 4F 1oz 1 B
AR 18 - T K P T R RV A
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Fig. 1
lithosphere (a) and their mass (b) , water (c), sulfur (d)

Schematic lithologic successions of typical oceanic

proportions categorized by source
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BRER B S FIH AL A 2R R AL #) 55 ( Goldhaber, 2003 ) ; 5% it
Jin, e RZEGURYI I [ST/NT 1% , D REA] 3K 2% , -1
[S1%)40.6% (Goldhaber, 2003 ) ; [F1{3 2 J7 i , LR 4 ik
B 8™S (HAEMML K, #E - 50%0 | + 10%0 2 1], We {F 2
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PR W™ (Alt and Shanks, 2011) , {1 i /K (28 3o P Hh
PR R AN R A SR R e i rp e A B ik, 3 87S
fEZ - 12. 8%0( Rouxel et al. , 2008) . % %F K EE4LFL 1256D
HER R EITR R, TREZE S ~20% mmREh 4
IS LR ~ 80% 3 S, 224 3 [ ST 2452 940 x
1078 44 6 S fH K — 6. 0%c( Alt and Shanks, 2011) , XK
AL 801C A IR R AR BRI, &8 P (ST
900 x 10 % ,6™S {2 — 6. 8%0( Rouxel et al. , 2008) ,

BR TR BRI LIET HORGE 5 R0 A S
HRRAELE R 24 100 ~200m B3 )2, 763X HL T 5 1 i K R
IR R OROIR A R 20Tz B9 B AR W DO TE AR T (AL,
1995; Alt et al. , 2010; Patten et al. , 2016) . F#E B 1k
A2 10 ~20m JE ( Patten et al. , 2016) ,[ S] 4 9740 + 6900 x
107 5F-249 8™ S fH Ny +3. 0%, FHH 180m 3 7 [ STy 3150
+£4300 x 10 °° SF-3 6™ S {HH +3. 0%0( Alt, 1995) , L JEHF S
HISRIR S PR 53, 14% K B T #E K (86% K IR T T i K
o FRIGAICE A SR T0Z ] REIE & 4 2 il R R R
AT IS B AT B KA, B S SRS S 19 1% ,8™S {E i
TG KA +21. 0%o( Alt, 1995) .

JRRBIER RAED WA G AL AT 43 B
FE(E 1a), BHAKRE, KEEAE B P RIRE SR S
CPHI[STFEZE 610 x 107° ~620 x 107, 1) ; il il 28 51k
TRLRR £k 1 3k 2 38 5, 1 25 0 87 S B R 1E ( + 0. 6%0 ~
+2.0%0; Alt, 1995) ,3X 5 FE T I 3 g 455 vh M 425 T A5 1
) 8*SH( +1.9 £8.2%0) #H—F (Alt, 1994) ,

HR RS R I S B A AT S e
(Bl la) , EHOER S (JE2) 300m) 78 HOR il AR i F rp &
HESIERCEW[SIKZE ~230x107°, 32 1), ks n 8°S
B ( +0. 1%0 ~ +0.4%0) R & F MORB(Alt, 1995) , [k 58
T e 4 o KA AT IR 87 S B ( + 1.4 = 4. 9%0;
Alt, 1994) (H BN 22 T = E R AR Y 1k, AN Reft
ZE MR PR R Hi (Al and Teagle, 2000)

WA PR TR TR B ST T AR A
M 0 TO RS FLAE AL, IR BE s I dw a0 fe e i
= Al 3k 20% ( Grevemeyer et al. , 2018) . 5% R HE AR
AR R ( >250°C) , A AH BV A AT R D B R &k 1 # b
SRR E, WRGEHETAC KRR S 8, MR
A AR 25 07 21 ST R (1290 +2238) x 107° 37 678 fH
K +T.4 6. T%o, AXAE T K& HFVEH AT HE
7 T K BRI S & AR BRI AR TR 1 ME BUA ( Bach e
al. , 2004 ; Schwarzenbach et al. , 2018b) , NREAC LY TR
AT N7 T AR SCE b . IEH BB VESE T
I SO AT A 1 B AR 3R B R B B iA 2N Y Santa Elena
I 2f A ( Madrigal et al. , 2015; Schwarzenbach et al. , 2016) ,
R 5 B (1 - 4 [ S ( ~ 120 x 107°) , g 7 fh s 7
SEOMME A F [ STHEA B FH((230 £180) x 107°) fRdE
SUSHH N +7.3 +7.1%0( 32 1;Alt et al. , 2007)
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SET ST AP A R T Y S Z5A RS R (18] 1a 3R
D) ZE G & A TERE BIEES (R D), TR RS S 18
FeR AR A 9 AR (& 1h-d) o SR, i T
KA ok T i (( ~55% [ 1b) 3L S 2y &4~
RIEMT S 19— (48.8% [ 1d) s DA AR ok R i
2. 8% ,th T [STWLE & THABE A1 50, B 5TMk AR A %
(AT 23% (19 SCIE 1d) 5 ¥ I8 P A2 B AR 7E 322 1 K
g S K B TR (H,0 (5 FEiE 18% , 18] Te) fHZ2 X S
19 TTRR LA 5 R EUAR 2 5 e 20 A s O o o o
ORI K RS A (R TS BT e s
AT, BT LR TR T2 5. 7% B S 1d) s B A o,
U RE G P AR S BRIRAE BT AR A AR
KA BRI TTRRERAL T AL (] 1h-d) .

2 firoivk Kb R AIKAFIR A B e

PR 38 3 TORRAY) TR 5 € R S0 AU 5 85 4
S JEAM i Z 5, B R T T g, & S A2 & A AR
FRIUAS o e s -8 TR (HP-UHP) 28 B0 s 1 iy 3R
BRARTEARAS , X R ERACF M HP-UHP HufA i) A2 50 2
W, a0 S M2 R Z 80 & IR Ak vy, He b s g I
R, O RGBT BT AT B A4 (Li e
al. , 2013, 2016, 2021c; Brown et al. , 2014; Evans et al. ,
2014 ; Giacometti et al. , 2014; Crossley et al. , 2018; Su et
al. , 2019; Walters et al. , 2019) , DIMRFE MBI FESER oty 1)
PR K 1L HP-UHP 228 e g 91, A8 iR AL R (TR
P/ RN ) e RS0 T A R R A (18 2)
(Liet al. , 2013, 2016, 2020, 2021b, c; Su et al. , 2019),
R e RO S R SRR OB N A —, ARE
(0. Tmm) ZHDRL(Tem) B4 H (] 2a, b) o BB a1
/R AIPEE PSR- 3 VAN AN PN S R AN 2 1 S e i 7 R
LA A5 R R SO ) A0 AR (18] 2b) A7 48 A 5578 T B
Al ) R A S A A R A BEOR I R AR A ) 45 T
et v H 7 AR P A o, AR AR 2K T o Z 1 19 v SE Ak
Yy(Liet al. , 2013, 2016, 2021c) ., Ypars PR fbY) DA Bt
BRE R A BRI/ (/N T 30pm, [ 2¢) , 1] E I g A A
AR (Crossley et al. , 2018; Li et al. , 2021c) ,

S PRI DU AT LAl — 5 B A B R #h ) ( Holser
et al. , 1988) FEVEVESE AT LLHEH D R B BREL KR (] 1a) |
WL YR LAEHT S°T B (Debret et al. , 2017) #f Afffuh
A B R ITER phail h i A B AR EAVERE . TR IR
W AR A B HE AR H = 7K M ( Newton and Manning,
2005 ) , A R 45T 8 R 20 R R T B T L B e S A R R
K AR e B BE A A B b o A A S 50 B TR U
R T D ER EL W) ( Zhang et al. , 2008 ; Chen et al. |
2014 ; Frezzotti and Ferrando, 2015; Wang et al. , 2016; Rielli
et al. , 2017) fHEHHTA Ik, 728858 HP-UHP 22 B A1
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P2 e o g - o T A e v 3 AT B o AR 27 R

VLR S B 25 SO/ G IR . Ao iR 1 PG T R L o T o SRS Tty , B AR A R L Li et al. (2021c). Ahy-REA7H ; Atg-H i
2011 5 Cal-Jy fif 47 3 Chl-2RYE AT 5 Dol- 1 247 5 Ep-4R5 41 5 Grt- 11 A A7 s Mag-fli B 5 Mus- 4 25 B ; Omp-S#E 47 3 Ph-2 ik 1 25 1 s Po-BL 8 4™ ; Po-

B 5 Py- B4R 0™ 5 Qz- A1 9% s R-B 4147 5 Ten-A 41

Fig.2  Photomicrographs of sulfides in oceanic HP-UHP metamorphic rocks

Superposed transmitted and reflected light photomicrographs. Samples were collected from Southwestern Tianshan HP-UHP metamorphic belt, and their
petrologic characteristics were given in Li et al. (2021c). Ahy-anhydrite; Atg-antigorite; Cal-calcite; Chl-chlorite; Dol-dolomite; Ep-epidote; Grt-

garnet; Mag-magnetite; Mus-muscovite; Omp-omphacite; Ph-phengite; Pn-pentlandite; Po-pyrrhotite; Py-pyrite; Qz-quartz; Rt-rutile; Tin-titanite

Hh, R B e R SR ERRER A P AR A AR R B )
(Liet al. , 2013, 2016, 2020, 2021c; Brown et al. , 2014;
Evans et al. , 2014 ; Giacometti et al. , 2014; Crossley et al. ,
2018; Su et al. , 2019; Walters et al. , 2019) , 7EPY Alps V5%
AR SR AR HP-UHP 51 (4 £1 18 A1 (B WE A 75 A1 5500 I
A, 22 A T Ay 27— SR R R AR T 4 ((Frezzotti and
Ferrando, 2015) , R , 3X 265 £ 88 TR UUFRY) ( Frezzotti et
al. , 2011) | 5%l #3 #% & 24 B2 35 78 ik /& ( Philippot and
Selverstone, 1991 ) By 455k /3 BE 1A ( Selverstone et al. , 1992) ,
FERRRARIMBI W A0 . HHEDRE , MBITE e s & h
R IR RSORL AR /N R 0 ) 249 R A el T 1 A 0 SR T
BRAT AR (Su et al., 2019) sE AR IR AR B 4177 A8 B gk
JEl i (Walters et al. , 2019) . R, kT R IAAE il B 5 A1 2
WEFEAT UL, A0 oAl R 48 PR B R 0™ 0 v R AEART vty ¥4 7
CIRATIRRE ) i © 9V A 7 U K sl 5 900 D 1 T it AL )
(Lee et al. , 2018; Schwarzenbach et al. , 2018a; Li et al. ,
2020) , {EAFERER A, VYR K 1L HP-UHP 78 B4 i1 4
HHRT PR T AT ER(E 2, L e d,
2021b) , 7 i R -3 A0 1) 348 L 1 T RE A A TE DI F) £
S E R B, B R A T 2R TR B4 AR 10 A R R - Ak
W AR e AR W e - o i A2 B B ( Tomkins and Evans,

2015) o 4, W I 5 K AR ik & B EL AT 6 S i ik
+25%ol I FER A, X 4 H R 4Bk HP-UHP 7% i %5 o fig 5 1)
8 ST 7 , W57~ IRF Wi F v 28 /0 A5 3B 70 B Rk W JEU ik, 1
ALY I K Y 67 S BN A A B Mo b TR (Li et al. |
2021b)

HERAL 25 00 25 SR s AR TR ITCRRE I [ S ] Jeis, o 1000
x107° ~ 6000 x 107, A8 Ko Pk 5 [ S] &, 25 500 x 10°° ~
1000 x 10 = B FRMESUA [ ST Fefff, HAT 200 x 10 ~° Z2 47 (Li
et al. , 2020) ;3% SR FAERI[S] (£ 1) FeA—3, FETP
R 1L HP-UHP 728 s P 45 2 A P i 87 ik, 45
A BB A 4Bk HP-UHP 28 stk p e Jsir 87 S Bl
A48 AR SE R A A W [ A AN R i (L et al.
2021¢) : 1) AFFRUTEVA 9 8™S fHAE —33%0 ~ —6%0;2) 2% i Sk
AR 8™ S M AE — 4%0 ~ +4%0;3) A8 FRIEBUA ) 8°S
TE +2%0 ~ +18%oc, [F I, HP-UHP A8 i ik 7 Ho 4 o Ay S AR
P58 T A [ ST 67 HRAE , IR /% 26 M O fr 3ok 7 v 9
KEAEW BRI EMENS (Lie al. , 2021c) , X—&5
WHRH AT 8™S (HIEAT IR IR AR L T JER

3 Phrabbih i PR BER LA T

A MW 51X 5 45 24 250 x 10 ¢ ~500 x 10~ iy [ S]
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(Métrich et al. , 1999; de Hoog et al. , 2001a), B i & F
MORB JB X = 31 #1182 80 x 10™° ~ 300 x 10 ° 4y [S]
( Chaussidon et al. , 1989 ; Saal et al. , 2002) , I 7S PP AR
FTRENIN T MR TTRR T S — kv, A P REAEAS [F] R i
AR FEHLE EEK S (Tomkins and Evans, 2015) , 15 %4 it
AIRB AL K TR BRI U A R IR AR A

3.1 WRABEPERRE

1129 S IEHRL B PR3 1) foe o B R 2 Ui A T S Y
VAL T 2 0 B TR ) 8 A I o) AR B A S B0 B
(Baker and Moretti, 2011) . GEERER WA S F VA R B A0 45
TRERER AN S F B9 [ ST (SCAS) LU B B Ab Wi i 45 12 R 1
[ST(SCSS) , SEub 177 CLTE S Vi fifk B AH O Y b e A i 1 ok
Wit A8 5 mIRAS T F 5B B8R (£5 38 WL Baker and Moretti,
2011) o AR, LU A 0 SR A B R e o ek R AR
YRR S ¥ B 7] 8 (Jégo and Dasgupta, 2013, 2014;
Prouteau and Scaillet, 2013; Canil and Fellows, 2017;
Chowdhury and Dasgupta, 2019; Li et al. , 2021a; Pelleter et
al. , 2021; Xu and Li, 2021) ,

A T) v R g T SIS B R R B A S T A RE R HC M 2
SCEBUL B RAAR— 3k X SCSS, A R g R R SR
B WIRTE fo, < FMQ 50 AR v ik BRER ISR [ S 1R %A%
(2550 x 107" ~150 x 107°) , WG/ FEH3E S5 1A 4 140 AR - 445
RN S Bz %% R AR # % (Jégo and Dasgupta, 2013, 2014;
Prouteau and Scaillet, 2013) . {H 553 XHRF o AR 4 10 S5 56 AfF
FERWIC AT SCSS b E S, BB f,, AR % i
THE (7E FMQ-7. 5 250 F ISR [ ST ik 1900 x 107°) , A ik
JEAAE MR S R T AR S 9ICA 9K S w48 W3 Tumk (L
et al. , 2021a) . AHXS T SCSS, AL SAT T 14 SCAS & 4 1]
IR, ATk 10° x 107° 5 & H 4 2 JLH 2 (Jégo and
Dasgupta, 2013, 2014; Prouteau and Scaillet, 2013; Xu and
Li, 2021 ), Prouteau and Scaillet (2013 ) 1A & ¥ F 4% &
SCAS &1 98 =, v] W 2 NN Mg fr 35 19 =5 [ S, 1iif Jego
and Dasgupta(2013, 2014 ) F1 Xu and Li(2021) WA R4 F &
WL TR0 S, BB AR 7 I A AE T AL 2 i S
Ao WA 7 2 IR vs. RLAAR) VR SR A0 i B 16 3 e A2
e S AR 7 A AFLE G+ (Jégo and Dasgupta, 2013,
2014 ; Prouteau and Scaillet, 2013)

MR A T S Vi B 114 22 S BRI T XA p i B 2 1
B RR WA, I AR 2 T X TR
RS b, DR SRR R TOURR A RS SRR ) kA 0 0 s o e
1 B8 4K ( Hermann and Spandler, 2008 ; Plank et al. , 2009) ,,
SR, FRAT: i IR 455 B 4L S 7S 42 BR 268 R 22 B0 vy, 7
ST TR BEHEAE T3¢ (9 L BE AR IR AN B B 204 i 254 s LA TEAR
SE /D RAEH AR i, B e DR RS VR 5E 1 P-T Bl A
T GV 78 5 A0 B AHZE ( Hernandez-Uribe et al. , 2020) , I,
H X 7908 2 240 o 3 19 2% )2 U0 AR 4 (Hermann and
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Spandler, 2008 ; Plank et al. , 2009) 5% & K& 45 FE B BIRF oifT
FUH7 ( Marschall and Schumacher, 2012) , ¥ F #&4K 7 0] fE i
oA e BRAGEA ) £ BT AR, RT3 A S
FEVR IR AT | S TR R RE S oo A AR e Y AR I S RS i el B AV
PRERIEY S

3.2 WA REPRAHBKLZEITA

AR R 1 258 T3 58 7K AR L R b 42 S5 06 B 174 O i B
7, U B B K R R TR 1 A T Ok €A,
20165 Z=4k%, 2021) , HEE T HP-UHP 78 57 & o 1 & &
Jik AR RS bty A4 T Bl S AR08, PE RS K 1L HP-UHP 75 5
AR 2 TP KR B Ak A AR M AR R PR KA (L et
al. , 2013, 2016, 2020, 2021b) , 77 S FEIR vl 7 A S
BEE R JERT LABE IR A5 S AR A2 . 1 58 A T
e[S ] R AN R L A ofoy Xof 5 9K S 00N 1 OG5, {HL H
FTIR A EERTR ol 55 A v I AR A 2 A [0S ] e DU 7 17
Fo T LR 0 T o P S0 25 5 i o i 55k
755 00F ¥ 56 e 1A AR - 1 A [ S ] 24 2.5% (Jégo and
Dasgupta, 2013) ;3@ 1 P HE A Cerro del Almirez Hb A4 ¥l i{if
WESCE S I i S SR MERE S b B KRR S T X
HESR e 20 AR TR K 3R [ S 144 0.52% (Al et al.
2012a) ; Dora-Maira HifA&rf UHP [ 15 T /R A0 2 1A 11 2 5
M 58 7R UHP 2544 08 ol i 52 B B A [ S ] AT 3k 3. 2%
(Ferrando et al. , 2009 ) ; & 2 5IUG fill L2 R 1) [0 o P A A
TR B AR UL K AR (ST R 1.5% ~ 6.0%
( Cervantes and Wallace, 2003) . f I A] UL, Bif A A9 AF 98 BB 2
T I PR 4 2 B T B SR AR [ ST TR A B B
D E R TR TRAR ST B, TR E R 2 T X e S
TEEE B BSCR MRE I R o

EEXX— [l B, Li et al. (2020 ) 5% i A& #4 J 2 Deep
Earth Water( DEW ) 157455 #10k 7 12 B8 AN [W) 3R 244 T 0
WHILST, # & & H) DEW BB nf D340 36 & R (0 ~
6GPa) £ T A WL/ HLE 4 A R P L5 TR 7
K i /) V7 fik B ( Sverjensky et al. , 2014; Huang and
Sverjensky, 2019) , T EUR FEREHE T WA b LB 7 45
TR R 40 H,S,,, . H,S,,, . HS™ | HSO; ™, SO,*" | HSO, ™,
S0,>" | CaS0,’, MgSO,”, KSO, ™| NaSO, ™, S, SO, K&
SO, (o %o Liet al. (2020) 1557 #y ML TRYARE wfr ol TRLASE B2
(D80, Syracuse et al. , 2010) FARIREALFAAFRI[S] (E
3) 45 WRFEAF b < 70km & > 100km B IR B, i 1A Y
[STHBAEHAR; SR AE ~ 90km VREEAL, Wik i [ S4B B
MFHET, SRR 0.5% ~1% ([&13) s 7E ~90km TREEAL I &
[ STHRAIE 5 25 IAHOC , A 32 5 3 MOF-#  2r b s o X
AR JE TR R LA 1 DEW BEIBIZE5 Fth, R 548 RV
— WA S VR EERHIE (Li et al. , 2020) 3X MR [ S AT
RE LRI AL A A — 4k

VENZEMICE S HIFRRYZ TR £, R0 B 5 AR o A
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K3 A DEW BRI A IR wh L e B A T A [ S ] S AR L5 (46 Li et al. , 2020 f&150)
155 WS B T RARXS T FMQ 19 fo, B ( AFMQ s log F437 ) s T RILRACE 1T P-T 45 1F T Bk P75 AT RE fo, 65 AR RO U1K

[STHTFAR A S i i bk i3

Fig.3  Sulfur concentration and species in slab fluids calculated by the DEW model ( modified after Li es al. , 2020)

Numbers in brackets refer to f, shifts relative to the FMQ buffer. Underlined numbers refer to the estimated f,, of subduction zone rocks at defined P-

T conditions; the related [ S] ;4 values were used for sulfur outflux calculations

So, WFRAE A B, {HL G A 52 20 L I 2 O v % 2 g 38 T, Al
Fafm 2 FEBH (L et al, 2016; Tao et al. , 2020)
DEW BRI 7R TR E /) P-Tfo, 5 T (HEW Li et al.
2020 K EAEL S 2 DURRAS ) HS ™ J H, S JE U AE,
SO,”" B F R BRIRER A A A W AR (18 3) o X 5 AR A A
i e A2 B A1 Mk A eh 22 S B A H IS Bt IR 6 7 B
S—, ATIIEX —453, Li et al. (2020) XF P4 Rg K 1l
HP-UHP 72 5y ob AN 5] 25 M 1) g 722 o B ki i 47 T 1
A 42 [ ST, 25 5 TR i AR B v iy S°° 1o o e
FAR, S /3S A ZALT 0. 06, bk S° Al LIt AR
A1 B TR JEERY S°7 R ST MR RE, BT AR A [ ST iR
FRAAE g it/ s 1A b S AR 250 S, B9 46 bR (Konecke et al.
2017) . Li et al. (2021b) #F— 25X 3 B Ak 4y 2 e 722 Jo ik 4%
PR RATHEAT T S 1Y X LRI 1 45K 3% (S-XANES ) il
T, 45 R TR R A B S ST I (181 4) L B
MR IEAR & RN S°7 . B AR k1L
2R EE A W KA S-XANES F#IE L) K DEW #4845 SRR
SESE R AR S 22 LU RS HS ™ ¢ H,S B\
TE, I AR & K& S0, B F KB £ (Li et al., 2020,
2021b) .

PO RER S A 2R 3 WALV 3 L K ) o, pH E
ESRFE I I K, 0 R AR AR IR 25 18 T sAR R $h-Br 1k
WIS T o (Ohmoto, 1972) . 75 fo, 5 pH. 75 fo, 1%
pH A& fo, <5 pH BLEAR /o, K pH PUFPZE1F T HOB0 A S Fh
435I SO, (HSO, ~ (HS™ \H,S £%., P#&M4TF SHY
[ oL 2R M 1] T AR AE A R B AL S P el s 3

#5 L098-3

| T R i BIFARKE TR A
A S-XANES3#i
AL TR
| B
P EEE
PN Na,SOs
_J\Nbf\ BE T —

FRAEL IR i

2460 2470 2480 2490 2500 2510 2520 2530 2540
fEE (eV)

B4 s kA i A7 1 S-XANES St 3% (45 Li

et al. , 2021b &)

RGBT IS SRR SO fikig

Fig. 4

facies vein( modified after Li et al. , 2021b)

Sulfur XANES spectra of apatite in the eclogite-

No sulfate (S®*) peak was detected above the background

R ,6™ S UK FEAR. At ARIRRES R SO,° -H,S fR &R 43
TR, M A SO,° ™ S UTVE MR #R 7 % H,S/HS ™ 5l
AL Z A1) 7308 R BRI (Li et al. |, 2020) o $A )27
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Fig.5 Schematic illustration of the sulfide transformation and redistribution during fluid-rock interaction caused by Fe-rich medium

Jfs, fluid (a, b) and Fe-poor high f;, fluid (¢, d) (modified after Li et al. , 2021b)

WR TR ERTEST b P-T( > 40km) fo, ( <FMQ, Li et
al. , 2016) F1 pH {& (pH,, #] pH, +2, Galvez et al. , 2016) %%
PR, & HS ™ K H, S JAARLEm ALY 4S i e b R A1 S TR
O AR/IN( < 1.3%0) (Evans et al. , 2014; Crossley et al. ,
20185 Li et al. , 2020) , [ 3 3 Bk 1 6™ S 5 AE m] HE 7 3L
AR S AL R, A2 BTUTBUE HoA 7y
AESEME BT TR M BCE B TR 87'S fH. 25 BRI 5
i 8™S (EMFALE 5L, HEWT 888k m 8™S fH - 8. 0%o iy ik AR,
F T IFoP TR R A, Bk 87 0 0. 0% ik A
AT T IRF IR SE PSS B M P AR, BAK A 67S {2 + 8. 0%0
M RAAARER T AR e SCE BRI AR (Li et al. , 2020)

B AR S iYL RS RE T AT BB Z P-T o, s, -pH fH.|
TR 5 Z P SR R0 . X LB ) 35 R/ M-l
AR - KR R DE SR W] f, T 20 S BT F% BE ) 07 T 49y
A HE A O AR T S, AR TS B KB BT
B, f, A HF T S IR (Li et al. , 2021b) o A4 £, BF
FUCR, AAE BT R A 2 (Li et al. , 2021b) . —2H
w0 Fe 1T f, UK, 588 -RE 80 SLAF 5 Fe MU
B LR SRR 5 - A4 o R v S Al B Bk A
) B I AL (18] Sa, b) , BV R[ST FINBeA & A B i
ARl AH S A R ASH MR i % s R - e e i R v BOA S
PR, & Fe b f, TAAA FIT S i AR AR -, T (2 2
KA ohly S JEFR . o3 — KA F Fe (R [, WA, AT
WETRR FaE , TR AE - 5 4 ok 8 v Sy v 1 Bk

I SR AL IR AP BEE S T P B B R B DTIE L K S
[ R R 2ci (18] Se, d) o PR A A2 vh A T 1) o
BRAT S i, PR R B4 S T AL 36 A O B I 3 AT
Fe & fo, MATCIEHEAT S (9 B RS 3EF , oF 0 BELAS-ORF ooy S
3o

4 RFPe R AR e e B IRl o 3

4.1 P RIEREISNEERE AR

SRR b A R BRAE B ) IR RS, b 25T EEAT THE AR e
HHY S A (S-input) Sl (Fo) FE N RERL, fEHEN T S8R
KA B AR (18 1.3 1) BRI T, il ad 5t a1
TR LIRS ot S A4 AR i (Li et al. , 2020)

Fo=S(L-R-1-p-Cy

Forb Lo A BOp ety K B, RO R oh i 0 SR Ao Fll p
I3 A R 2 T I JE B L B, G AR 4% 5 1k
JERFEILS] o i L =38500km (A 5 1 425k 90% FifF
VA& van Keken et al. , 2011) ,R =6. 2em/yr( H R4 FEk 17
ZRE SR TT IR haly 4 -F- 2 s A< Syracuse et al. , 2010) ,
1o Co HILZF 1 IR I AGE & F 465 x 107 g/yr
(Lietal ,2020), X—%IE57 A EEfEE 2.62 ~13.2
x 10" g/yr (Hilton et al. , 2002; Canfield, 2004; Alt and
Shanks, 2011; Alt et al. , 2012a; Evans, 2012; Kagoshima et
al. , 2015) TELR2E G N A — 2, (HIRATTRTHIEEE T H Al
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Fig.6 Subduction sulfur input (a) and output (b) categorized by source, and estimated slab sulfur outflux categorized by depth

(c)

FOE MR A B A BR8] 1 3% 1), R Al 31
F AT BRI . R T B R T SR, AT
[IAE 1A A BROR pP AR A S A B K 5 B 1,06 x 107
o/vr, GHT MG THAIK & 1.0 x 10” g/yr (van Keken et al. |
2001 ) AEFHE . MU 225 S PR AGE 5 1) STk R T
G T 1d Hr B R S0 ot i) S s A (LR S0)
Xt EG FRATPRE AR A (DU B LA CE RS R
KA 8UE) 1Y S STk L BB bR Ak 5 3 T 6a,

SEGRIFAR 2 S R 24 67S, (% 1) 3t
THNARIRATIE AT e AR bl 22 i S A Y 87°S

8S=3(8"S, *LR-t-p+C)/X(L-R-t+p-Cy)

AR R A AR 8% S {H )y - 3. 6% (Liet al. ,

2020) , 33X — G {E 1 B AZ 0 TR I

4.2 iR AmeE L REREAR

TECHIB R TR S W1 ( Conu) RITTHR T, IRF b S
PR 4 (S-output ) i (fs ) S JTIE 42 R b R A K
Saia s BP

S5 = Csqaia * S

R R AR P 4 BRAR 7 R i A [ 3% B 1 st 7K e
Kodie (f# FH D8O Jff iy #4244 ) (van Keken et al. , 2011) 4%
BFAT] DEW AT I ety AN o) TR BE i i AR [ S T (181 3)
AT RATHEE R R h ey AN ) R BE BT S ik (1 7) o BTk
AR BN (Li et al. , 2020)

(ORI KL 0 70 It A R0 B BT A, ARG 2k i
1) S-input TTRAZR (8. 4% ), FH X S-output 7T Mk R H ik 41%
(Bl 6a, b) s qniim LA 5B Y 31% R A 1) 10% , 4 o
AL SRR GTRR T S-output 9 82% (] 6b) ;48 R LAY
TR 129 15% (& 6b) 5 i TRESUETE > 100km FREEA TF4h
2218 7K ( Ulmer and Trommsdorff, 1995) , i 80 A X 4k -5

I ARG IR STk 35 ( ~3% , & 6b) .

(2) B H £ B BT R BE & 2 7E 70 ~ 100km, 8 33 4 A
BB R 80% (B 6¢) o X525 T7E ~90km Ay A& S]1H
BETE (T 3) | LA BRI S BRI 2% 1oz - 0F b - A g il
EEHA (van Keken et al. , 2011) o X —4518 W5 s vl AR H 78
T TR EE P BB AR AL — B Rl S BRI ET 11 o

(3) AERINFoh A S iy 3 24 2.91 x 10" g/yr (30 ~
230km VEBE) , HD TR SO A A BRAF ohAly S 4y A 5
(4.65 x10"g/yr) A 2 6.3% [1) S BB F) L3 b e ;
RN i& DEW AU 05 22, R 7E 90 TR HE I I 480%
WAL 20% (&1 7) 6

G4 R SR B S ARAS A0 oA AR [R)  k RR EA 1
&S M (MLETSC) Ll i A A

634Snel = 2(5345 'fs)/zfs

TR AT ARG bR AR [l R B R A 1 6™ S (L (B 7)o
LER R, FBRET 1170 ~ 100km Y B HOR ARG 84S (i
=2.5%0; KTIZIRIE , W25 e S0 7K 52 10 38 i, AR 37 14k
) 8%S AH 1) 1F (9 J5 1) 1F 8% 5 10 25 & 8 AN 90T B (30 ~
230km ) T BB AR 6% SN - 2.1 £ 3. 0%0 (&
7) (Lietal ,2020),

S (RO TR SO DSy A B D 3
BRI R X

UT P4 HP-UHP 48 5 B I8 8 O A A BE S 41t T
ELEE GERAGI R S IR ERRAT, 008 I TR e AR A S
AR 21T O, S WF TR b afy 2 1 B A ) (9 2 S 1Y
RS GUCHE S AL A He A5 i R P 44t 1 5 2210 K AR A il 52
), o BRAFA -5 9K S AR 798 2 S TR o AT T B0 R
o VEERAY S Gl T3 MR o AR R A T TR BE 1 R
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Fig.7 Diagram illustrating fluid-mediated sulfur cycle in the subduction zone( modified after Li es al. , 2020)

Rectangles refer to §**S values and sulfur losses (in % ) of slab fluids at different depths; Cycle inset shows the calculation method and key parameters

(color coding see these for serpentinite)

BRERAN 6. 3% , B2 pEIH AR 22 , AN AT 20% (Li et al.
2020) o X —H A AR TR A 5 SIAA A S 0 07 i Jid
MHET. 7% ~17.1% (Hilton et al. , 2002; Wallace, 2005;
Evans, 2012) HAEDR2E N Bl A A — 2, ST il A B
TRACEAN Y, AELAN R 25 JE T ] 48 B2, A R 38 A4 G X 4 425 &% 9K
H R DA e [ S TP MEAR SR FA o 2008 3L, IR AR A e A 14
PR A A AT (Jégo and Dasgupta, 2013, 2014) , [
T2 B TR 2 5 1R, 5 IO 199 350 % AN % ( Chowdury and
Dasgupta, 2020) ,,

ARF bl B T PR A T 0T R T M o A 8
By ICE S ARXT T MORB HLA7 B 5 0% i (Kelley and Cottrell,
2009; Evans et al. , 2012) fHH G fo, KRR A FR P,
X T EE R Rl K, A0 AR R 2 5 S8 oI 8 3 A X R S8
S, 0 JEE R I 3t 7 42 1 36 S 0w B i A ) B2 2 e, Mg
BRI R 1A 0 46 & I 9K JF A AL PE Y (Chin et al. ,
2018; Foden et al. , 2018 ; Tang et al. , 2018, 2020) ; [fij X}
B PR (i b R RO ) A0 PG RT3 5 IR, b AR
PRt 430 B R U — P8 U1 TR 00 o 52 R TSR A W T (
SO,27) 25 42 5 45 S (Pons et al., 2016; Debret and
Sverjensky, 2017 ; Bénard et al. , 2018 ; Foden et al. , 2018)
SR, X ML AIYESE HP-UHP 8B (1 S RGEWETE R W ER
W WICEART s AR R v i il I o BRAR ), 7R3 I
BEF oA R SRS Y S FERIRRAS HST I H,S, AN E

SO,> BT Kbk (Li et al. , 2020, 2021b) ; P AR wh AR A
FEIN T IR ANRELL SO,” ™ I8 3 Mg A 3 1L Ak o, B
et S AN S 9IUE A AR (Li et al. , 2020) o B 39RHY
e A B R IE T R IE IR T 3 B AR 44 R 43 W s an H,0.CO,
AN ( Malaspina et al. , 2010; Tollan and Hermann, 2019) ,
IR ARI 1R E I v & K ICE AR TR T fE b - I
VLA 3 B K B AR 5, H, B S AR A R AT R A
KA (Tollan and Hermann, 2019) o BeAh, A Al Jr 78
IR BRI £ 8™ S fH.( - 2. 5%0) BT , 3% —FEAE 1 575 K
TP IUCA AT R B IE 8™S (E4FAE (Alt et al. , 19935 de
Hoog et al. , 2001b; Bénard et al. , 2018) AHF J& . B, fffuf
BRI S 58I E S A IE 8™S {8 th JC B B2 R K 2R (L et
al. , 2020) . SRS 8™S fH 7 B M 1k T R TR T
BRI PH e S REH IR Y (Lee et al. , 2018) 5 L
T, 7E B3R B - 52V K A 25 3 A2 (Tollan and Hermann,
2019) H AT RER) A K AR T B RS 28 2048, H, B i ] vl 7
Bl P LTE T 467 S I BRAL A , DT 5 B0 3 LAk 11 ]
I} 6%S {H T} o

Tt B AR 2 R Z 50 S (> 80% ) #RBEART Al A
PEA T HEHABA L (K 7) o B s, i 7 2%
SARFIRICRR P RS2, T8 e W HE AR bty (8 I A P AR
F8™S( = 3.5%0) IR IT YT I E E A S T b 114 4
F8™S (< =3.5%0) ¥4y 97 M8, 330 X FER gt AR A ORF oot i e



FYk B R F R B M ERAL F AT A B ER

FRANAER S IF PR 52 ) B B8R A L (Li et al.
2020; Rollinson and Pease, 2021) . B4 K 1E A A B 1K1
(fF s 23 MR b 67 S (R HREEE TSR X B 249 3 i AR
AP i BB 8™ S (930 AIE ( Hutchison et al. , 2019) 5
Kot S ik FE 8™S fHAYFFEL 1Tt ( Canfield, 2004 ) . ff shiff
S DB ARG A8 AR X fa s MRS Y S e LA A 22
fERE X,

6 M BRIGIAIFSAT TR ) 5 e 22

6.1 (M HERENENERER(FREBHEGIE)

AR bt R AR 1 A SR B TR E T S AR IR K,
WPTE TR R T B R £k (4 iz Rt S v i R e
R R 5 B SR AR A A SRS (R B i, 4 T 1Ay 4 A O
MR IE A G BE B R BTN LRSS AR vh R B P R R
Ll HP-UHP 225y , %2 7 1 3 5 AH 2 3k Ak 22 0 1SR 4
AEAUSE T BOIE SEAR P AR A AU T B R T & HST A
H,S W JEPETRAR (Li et al. , 2020, 2021b) . Z&5 6 HAF5]
HP-UHP 547 1 & A CH, (H, 45 i A 22 1 )¢ Fe Al i R
I 37 ( Vitale Brovarone et al. , 2017 ; Tao et al. , 2018 ; Chen
et al. , 2019b; Peng et al. , 2021) , $X 1, X 4Bk H &2 HP-
UHP 72 B BIRFTE , MR A W B A P A 1 e SR AT
(Chen et al. , 2019a; Gerrits et al. , 2019; Konig et al. ,
2021) o HetEAESE I 2B R TEINT B2 5E AT iy
TRMR T L HS T Ay A SR I AR R 7 5 U O L S0, A
HSO, =y ERYEALIE TR (Walters et al. , 2020) . 35 &% 5>
4 D P AT B AE T il 5 0 ety AR 58 A0 vty o e ) O A
A AT AS TR, AR ot b M B (G T i e B0 AR
JEAE) JBEAK TR BE L AT BE XS AR A A P BT A TR E R AR R
Mij ( Evans and Powell, 2015; Evans and Frost, 2021) , FF24k
XTI ol (8 P-T-f, 260 AR wi iy S5 K AR R A3 2 5+
MRS E | LAGE— D4R i 0 vl B A0 B 5 ) 4 BRI
JHYE o FRGEIE IR vhoAz R T 4% S A 38 D P J5 X B A A1 o Al
BB ER Wiz AR T B A0 B 1) R AR | B IR A 1Y
ol AL JBE DR U DA B A O 48 J T IR B i PR R LA T R

6.2 i T RR 4 X R 1B ER B 5 29

AR TR oAl r o 1 i 2 4% i e XA T
S PERFAE S AN AE B, 10T EL 2 e 3T A 88 00 i A
Fr ZHT T B I e — A A PR OT, B R DI L & S,
AR SRR ORF iy UL 1A A 208 0 A S PR AR vty B A0
PRI Z— o F—, UURRY AT BE B35 MU A (A Y
MR IFRZS o AE Franciscan 2 (A A2 UMW) & K41
(rk UE (Wakabayashi, 2015) , i JfF 2 & 1A v 8 i 25K
o AR B BRSO BT VR Fe-Mn {13855 %5, £, Wl i
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K FMQ +9 (Ague et al. , 2022) o R mpETe B A9 38 A
PRTEZF b J2 X S S PR DURR Y (AT SRR LA K ) I Al g
i B B B SR AR A (Ague et al. | 2022) , BOFf 2
FUUE S AR R A R AT SO R . 5 DU
X ety R B A 5 T e HAM AR T A B9 R ORI TE
AF ity e T A A DR R B UK, B AR o TR B iR 2 R
TR ARTE T Lz 88 5 B b T BE AT AR P FE R A (van
Keken et al. , 2011) , 10K X I (A< B Sl 14 0 o 4 708 2 2]
BRI 3 00 HE R fs, AL 22 A A 298 B2 1 L AR W I, 3 -
LA LA TP ULIEKR I B AL (Li et al. | 2021b) 51X
XA RIS EE W B AE, mAR A S BE— 2P 1
T UL, 7 ZXHA ehair ORI S T2 A% (4 1 29 77 H AR
AWIETE , LASEORS T 16 BRORE DR v B 08 A 940 30/ 00 A b o
Dy PR T ST M S P R AL AR R

6.3 REHIRE T SHEME (57S.AVSA™S) M58

i

EZ2TACIE DA ARRAY 350N 3 S NP K N
JF A1 50T B (Johnston, 2011) ,S fydE Ttk 4348 (A¥'S
#0) TEFR 7R IR LA A Ak AR ety 388 1 TR R A B
SRR % 7 1 % 46 75 % 2 15 T 10 P ( Farqubar et al.
2000, 2002; Ono, 2017 ; Smit et al. , 2019) , —BVh, B3FH
1 A¥S#£0 WA K A AP (>25 24F) g T kR
SAALFFZHT KL AR SO, FEAR K TR AT Z10F T 2 5 5
LRSS R R S AR B 7018 (Farquhar et al. , 2000) o H Al
TFEAR AR A b M 1L 5 B B30 S 1 AT S #0 i
5 AR R T Ry B A TR G B R B ) B 5 R A
kA B FG 2 ( Cabral et al. , 20135 Delavault et al. , 2016,
Farquhar and Jackson, 2016; LaFlamme et al. , 2018) , #XTfi,
JUEAFERO N B AT REE , (H AR i bl R A2 5T K - R
PSR RE S A S MR A 1R e — AN AR R EAR IR R W
], 2B RIRTEANE ST O & A8 > it HP-UHP 728 5 op 2 31
TIEH AT S#0, %05 S 4k R T A 5 ol B 4 T A oh
e S R e IR ST ISR | 0T 7 et = s W 7 N1
SRAE Wty A2 B - SOnL i Fe b e A TR Y S AR B RE
SRR RS x B T ST K A SSTR IR v | 22 BB SR AR B 1Y
B A B R A bt , BA AR R B

6.4 MHHEFREASHEEZPBEIRZENBEEXR
B C A 31 2 24 4 27 BF 52 19 1 95 4 R (Plank and
Manning, 2019) , VT 453 XHFF 7 Fl S #E4 (Li et al. , 2020)
MIFTE A T R . SR FTIN phal C LS G R A BIFTE
FARSAST , 1 AR AT R AR vy C-S Wb [R] AL ML A B BF 5 o C-S
[F) A% 4 oe 3R EARF PR I B e At A7 I 1) 52 3t 45 1% 2 )
e, e e T RE R ARG A (I RIEAL I S R . C-S Rl
N TCER , 524650 B 5 W WY S, AT BE EL A AR B0 Y b IR Ak 2%
Bt C-S TURLEM A IR AL SR b, AT RE ] 2D gF A T s
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PESC (AL B K A v, C-S n] RE AT ik IR] A9 1 442 42 7 ok
s AR A AR R A AL i i vp, C-S ATRE A VIR &
KF o N, v I e A JB R i 8 1 s TR R R SR, B
PPITEAE ™ A S BRIRER O W B K A, o ey MOk 4 7
WTEA = A W BER X UL bl i A X C-S 9IE RS AL
] RESE A IR Y, LR AC ) FBR R ER 67 4 A LT AL A ol REAR 2
VIS o DN R AE 2 — A0 J 7 A ol i R v C-S Bk ik
SEAT I HERE b T J C-S PR AL HLE FI C-S R 3R 5/
FEFRESC AR TR ABITFE , 05 BRAR I whlf NG 3R 70 S/ 36 7
FAELAE F A BORSSoms A AR RAT F 2

6.5 IR SE LIRFRRIEIFEIRUL

AT S A O e B 40 P A Bl T Al e A 3 PR A
DRFNFE A B A, ORI, A BT T i A L A4 ) el Bk
FIABBOF A G . 2T S 1R 45 78 Bk 5018 AL L U
S A i R IR A T TS A 2 OC T 2L/ T (Lyons and Gill,
2010) , A 0 B4 AL 3 M Bk Iy 2 b PRFR B A B A AL i
M T FERT I R o, KA S 1F WA 1
Ja 8l KB 7T B R £ 19 3l A ik I (BSRO) 1 H B
S5 Rl S H RT BE S AR AT PR U AT B8 S B
M S K GRRRER & R 67 S ARkl DU Bk
BRI 8™ AR ARIIZE S BRoZ HARV F BUN P 72 I AR o
AT A A A AR T SR AR PR L I o S LR Y
REEFRNY o A By S b B AT PR , Xof PR 2R Ak
HERR B /R HUERIZAT AL | FI R R R IR AL A SR A
HEE R E

st SHMEERIAR A B RAE Y Timm John Z(HZF Esther
Schwarzenbach Z{ #% . £ [E 52 /R B HE-A 18 £& K 2% B Reiner
Klemd ##% .3 EHREG K21 Jay Ague ZUZAERTIE AN K SC ik
FErPA 45 BT TN SRS SR AR TT R 1 A AR B
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