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Abstract Serpentinization is the hydrothermal alteration of ultramafic rocks (e. g. , peridotite, komatiite) and mafic rocks (e. g. ,
basalt). Serpentinization occurs at different types of geological settings, e. g. , oceanic basins, spreading ocean ridges, and convergent
margins. One specialty of serpentinization that gained wide interests is: hydrogen gas is generated, which may help to explain the origin
of life during the early history of the Earth; magnetite usually forms; serpentine is rich in H,O, up to 13% . Some water-soluble
elements, e. g lithium, strontium and arsenic, are concentrated in serpentine. Serpentine dehydrates at temperatures above 700°C ,
releasing water and these water-soluble elements, which is significant for subduction processes. Such fluid metasomatises the mantle
wedge, resulting in composition changes of the mantle. Moreover, serpentinization may have some effect for the formation of different
deposits, e. g. , iron deposit, gold deposit and silver deposit. In this study, four aspects were discussed in order to understand the
mechanism of serpentinization; (1) the alteration products. This part includes five sections, hydrothermal fluid composition, hydrogen
generated during serpentinization, formation of lizardite, chrysotile and antigorite, brucite formation and magnetite formation. The fluid
composition is dependent on temperature and rock type. At high temperature ( >300°C ), e.g , Logachev hydrothermal field at
353°C, the fluid is acidic ( pH around 2.8) and is rich in Fe (2500pumol/kg) ; At low temperature, e. g. , Lost City hydrothermal
field at 40 ~75°C, fluid is alkaline ( pH around 8. 0) and contains almost no Fe (below detection limit). Serpentinization of ultramafic
rocks generates larger amounts of hydrogen gas than that of basalt. Logachev hydrothermal field is hosted by peridotite, which contains
12. Ommol/kg H,. By contrast, the host rock of TAG hydrothermal field is basalt and the concentration of H, is only 0. 18 ~ 0. 23mmol/
kg. In the following section, we discuss the formation of lizardite, chrysotile and antigorite. Lots of factors affect which type of
serpentine forms, e. g. , temperature, pressure, the amount of water, and MgO/SiO, ratio. The following section is about brucite
formation. Brucite usually contains some Fe and its Fe content decreases with increasing temperature. The next section is about
magnetite formation. The formation of magnetite depends on reaction progress, temperature and activity of Si0,. (2) Kinetic studies of
serpentinization. The speed of serpentinization is dependent on temperature, grain size and fluid type, etc. (3) Element migration
during serpentinization. Mg, Ca, Fe and Si could be leached into fluid. Al and Cr are also mobile. (4) The potential of
mineralization. Some Fe, Au, Ag deposits are associated with serpentinites, which may be the source for these ore elements.
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T, WRAAT AR IAERR R MEIRSL T, 6l de KFE R T IRFERF P, A GOHNZLE T LT
fd F AR, X THAERK T AP RGP R BILE RBEET A6 G K (TE 13%) ;34 6% ClLi Sr As
FAFE, AL EGET(>T700C) BLAKTE RMBE ,LiSr As FAE T EERKT, RAIKBEE TR LR GMEL
TR WO, hF F Folp B F TG TRECE T, 7RG R TRARESA IS BB LML, KALIHAT 4 A
@RI B A LI (1) B T, BN B AL B AR X 0 B AAR AR, S B AL R P A R AW
B AL HRSE Fert BEBUE T RS, R G W T R A AR 0T A (2) M B AL R B ik % (3) LB

R P A EG T, () WB GG R HE A,
KEBIE WAL BT AR B TS G RS
REGESEE P588. 124 P588. 125

WS AR e FE M (BN K s ) R M A (RO
PR A AR ) 1 — FhOK B AR 2 S ) O e S0
() KRB ()0 () SR AR, FtkalisE
w RSO E L BSOS 0 W N 2 SR A, e
srfiflad B b, MONE A7 FIRE A7 rRORS B 1 Fet gk A A
Fe' [tk o i S R A e MR R PR A
B, AR AT R I o e L S BE L PSESE (Berndt et al.
1996) . PRI, LARHNG i & o o 16 S A 18 96 IS PG
AEEENEASME B (Charlou et al. , 1998; Kelley et al. ,
2001) o VEENCHIRAEAT SCHEMURR (10 R )05 3 R G, TR Dy 20
~ >350°C 7RI pH o 3 ~ 11, WA &R RUEY) , A 283005
NI AR RSB (Kelley et al. , 2001) o MELUA flId i ™
A i SR B A T TR P AR R AR i, X T REARSAE HuBR
FIHABAT LA B A i fk (Schrenk er al. , 2013)

WESCE A RT LA BUAE N [ 4 15 SR 35 o, ) R 9
SREE AT il 45 (Mével , 2003 ) o IRIBMING 43 A ECL 24
KA T M8 H 1L (Allen and Seyfried, 2003) , &4 %
i) Lost City , Rainbow 55 IR IX 14 HE % 5 A1 12 S g 40 41 AL 1
RN S o RO 5 7T LAAEARIR ( < 100°C, fil 40 Lost City
POR X)) 504 i (> 300°C, #il 40 Rainbow R X)) 2514 T filt
AR AENS B R YT K EAE P, E R AR Sl
(Charlou et al. , 1998 ; Beard et al. , 2009) , ItAh, IEsl A ik
ozt BUAE TS sh R B i1 %, (9l AN 7E Tonga 76§ {4 Fl Mariana
WA TS LR S (Fisher and Engel, 1969;
Bloomer, 1983) . {ff iz e i, i 68 B AORYS 25 32 0 A B it 7k
TR B A2 ATE M 80 ( Maekawa et al. , 2001; Hyndman
and Peacock, 2003) , Izu-Bonin F{I Mariana [ 3§l i 77 7E i1 K
B IEEC A T IR LK (Fryer et al. , 1985)

WESAT I B KA, HOK S i m s 13% , iR <
650°C , [ J1/NT 5GPa {345 Fa %2 ( Ulmer and Trommsdorff,
1995) o B AR i 0 3064, e S0 i SR ER . e T I
WESUAT S 50 53 e, 72 ALK RO A1 5 o e B0 43 il 7 A A 7K
AIREXT & A H AP A H 2 A T (Hattori and Guillot,
2003) , WA, S & Cl, ] E ik 0. 6% ( Bonifacie et al. ,
2008 ; Anselmi et al. , 2000; Kodolanyi et al. , 2012), B Cl
Ah, W8 w42 B F Li, As Pb Sb il Sr %5 JG & ( Mével,
2003) . WFFERM, Mot b, B\ Li As F1 Pb S50 R 7EAGIR

W& ARG SCE T, NAE =R (>700°C) W& fesca K
HEABRAAR e 35 100 B 5 A S AR i A, A5 B A 2R
4E As f1 Pb %0 (Hattori and Guillot, 2003) ., {H15—1&#
R BRT AR AR R AT IRAE TS X R W e o AT
BB N TCR TR a4

25 bR, WF IS e SO0 1A BT TR AR v S PR ) 0 T
1, LRI 8 B TR T . ASCFEZENLUT 4 4
Ji R SCA AR I FLEE DL B I8 77 (1) e 8Ca A
FEY), EEA SO A AR PR AL, s 1k d R
HhE R R, RN SR 2R IS0 R I S0A TR B A
1 K BEA T AR 1, A KRR T B (2) SE8UA 6
S (3) WS R TR I8 5 (4) Mg 8Cr i)
AT

1 g nfen™

L1 iR AR

L5 56 P 5 M A A G I B IX, 1 40 Rainbow | Lost
City I Lucky Strike 4§ , JL 3 (4 il 43 AT B 52 21 i 800 16 19 5%
Wi, AAFR 1 W LAE ), @ (> 300°C) #ORIR A pH /N T
5, GRS (40 ~75°C) B AR pH 2 8.0, #1251 55
FW],50°CHFRMA Y pH 292 11,400°C B A4 19 pH 29 6
(McCollom and Bach, 2009) , 7K #3256 Y 25 5t 3 BH (K 7R
A A pH 485, 7110 200°C . 500bar Fif , AR 24 il 25 J5 7
1RH) pH Sk 12.2 (Seyfried et al. , 2007) . FifAAY pH FIVE K
H' Na K. Fe Mg Al FI Si {454 Ko NaCl,,, AT LUK A
NaOH #1 HCI( i 7 =(1) ), il B ( >300°C) ,NaOH [
HL B O T HCT A H B 8, NaCl (aq) S0P (£ E 505,
1981) , S£H;3RH,300°C \500bar B}, & Mg FV R FI L RA
RAFEAS AR pH BBILR 9 7. 72 BEARE 6. 62, AN Mg
MR A K B 14 SR A A5 VR 19 pHL B WA 1 6. 00 FH 15
% 6.31 ( Seyfried and Bischoff, 1981), MgCl, 7K fi# y Mg
(OH), F1 HCI(Jhi J5 A 2(2) ) , Mg (OH), 1y H 55 6 % b
R FHE MR, X B B AR AR pH A (McCollom
and Bach, 2009) . JitfAH Mg Fe 555 &2 FIR AR 50 1)
P IR AR AN R AR AR AR



4338 Acta Petrologica Sinica £ %53 2013, 29(12)
®1 ABREDAR
Table 1 Hydrothermal fluid composition
W Vg e bl Lt O DO sw ose e e
Tk M AE Zile ZilE s LA ML MR R
T(C) 353 365 185 324 40 ~75 363 300 200 300 2
pH 2.8 3.3 3.4 5.0 8.0 3.1 4.4 5.96 11. 46 7.8
H,S(mM) 0.8 1.0 0.6 3.4 0. 064 3.0~4 0.038 0.63 0
Mg(mM) 0 0 0 0 9.0~19 0 28.3 10.7 0. 008 53
Na(mM) 438 553 344 444 479 ~485 550 467 483 553 464
Fe( M) 2500 24000 70 920 — 5170 1590 56 0 0. 0045
Ca(mM) 28 67 31 42 10. 4 28 10. 6 25.3 0.29 10.2
Si(mM) 8.2 6.9 8.2 16 — 20 3.98 0.31 0. 055
Mn( puM) 330 2250 77 450 — 710 — — — 0.0013
CI(mM) 515 750 413 554 546 ~ 549 650 544 549 513 546
Co(uM) <2 13 <2 <2 — <2 — — — <2
Ni(puM) <2 3 <2 <2 — <2 — — — <2
S0, (mM) 0 0 0 0 5.9~12.9 — — 2.04 — 28.6
CH, (mM) 2.1 2.5 0. 50 0.97 0.13~0.28 0.15~0.16 — — 0. 066 4 %1077
H, (mM) 12.0 16 0.02 0.73 0.25~0.43 0.18~0.23 — — 0.33 4x107*
S . Douville Douville Douville et al. Douville et al.  Kelley et al. Douville et al. Jane(:k'}f and Janeck'}f and Janeck.}.f and
EEDTN et al. et al. 4 4 Seyfried Seyfried Seyfried
(2002)* (2003)  (2002) (2002) (2001) (2002) 19369 1369 1056)

1 mM J& 45 mmol/kg; uM J&48 pmol/kg. * CH, and H, 3 [ T Charlou et al. (1998). ** FIAEWA S Mg *CH, and H, 3 BT Charlou et al.

(2002)

NaCl + H,0 = NaOH + HCl (1)
MgCl, +2H,0 = Mg( OH), +2HCI (2)

PR P Fe & A pH BLGUARSC , BRIETRAK Y Fe 55
T, BN, Rainbow HWR XA pH Jy 3.3, Fe & 535
24mmol/ kg ; SHHRPETLAAR (1Y Fe & BEARMK, 4140, Lost City 4
WX AR R pH Jy 8, Fe & it AKX T 45 th PR (Kelley et al. ,
2001; Douville ez al. , 2002) ., I H 1) Fe & Fe* |, &
EHADREES T E Fe JLFH Fe** (Schmidt et al. , 2007) ,
Fe’ " LR B L FeCl,® 19 IE sUAF1E , FeCl,° (1 K i 7T LA
Z%ik N . 3FeCl,® +4H,0 = Fe, 0, + H, + 6HCl, 0] WL, gtk 4%
TFF FeCl, BARGE , MBS AF T FeCl,© 45 5) /Kl T UG Bk
W ORI Fe I R FIEIRNY pH A G IR T
WO Fe I & B, TPESE IR Fe 13 LT
., PR Fe/Mn L ARR B SOEARDG , MR Y pH U
5 (Douville et al. , 2002)

Hi 1B m] LA Y, Ca Mg 1 Si fERESUAT AL FE o2 6
g, Ca A& BAEWAA S, FER A T HRE A Mk,
400°C \500bar I, A HARHE A 1 W) 4 5 (60% 1 #LJ5 WE11
1 40% 1) BRI AT, 5 76% BIRRE A7 (17 % B R 7 W 41 il
7% [ BRI ) TR T A2 A AR Y Ca 7T 3K 40mmol/ kg
(Allen and Seyfried, 2003 ) , 33 HE RO A7 R 5 A7 722 iy 7
A:n Ca ZRAH 2 o AR IR R BE HE ) 2600, MO A i A2 s
TR Ca A BEAR T 0. 3mmol/ kg, &4 7 HE A7 1t A2 J5 it 145 o
Ca [ ¥ & fiz 5 4 7. 2mmol/kg ( Allen and Seyfried, 2003 ),

Mg ZE A 1) &5 5 F & Mg W0 45 i A G SE3m k1],
200°C \500bar i}, A MELCA LRI HERT , AR Y Mg i) 4
1 59mmol/ kg [ ZE A% T4 1 B, X J2 H T3 80 FK BEAT 1Y
ZENSTHFE AR 1) Mg ( Seyfried et al. , 2007 ), 400°C .
500bar B, HCHE A7 7h A2 5 AR P R Mg | B0 4R Y 48 ~
60mmol/ kg [ 2 27mmol/ kg ; B WEA1 AL 5 AR P Y Mg F
£ 5. lmmol/ kg ; MFPH™ Y4 A (7] 1) 12 5 FidA b i Mg [
% 1mmol/kg ( Allen and Seyfried, 2003) , Fii&H 1) Si %
ok AR WEAT FILERDEE A7 A7 A 400°C 500bar I, B4 20
A hhAE 5 (60% F 7 WA F 40% BRADEER ) AR Y Si0, Hk
FERy 4. 2mmol/ kg, RIS A7 1 A2 5 A4 T i) Si0, Yk FE AL
0. 2mmol/kg (Allen and Seyfried, 2003) .

1.2 mgANEEFESKNE
ISR R S 7 AR TR AR A
Fe’ " WA A Fe' ™, 7K v i S04 J5 i 40 300°C . 300bar
B e SCf s A S R RS ) Fe' ' /S Fe M IE A
X (Marcaillou et al. , 2011) , fIKIRET( <300°C) , AR EZkK
B T A 19 2% ( McCollom and Bach, 2009) ; 2475 & 45 4
300°C i, B 1 et A B e, 7 2E AU Bk B K (Malvoisin et
al. , 2012b) ; 1T b5 T B (0 36 0 , MOS0 1) B g SR AIG T
A, MO A ok A 7 A ) AR T A el A 7 A Y SR
(Allen and Seyfried, 2003) (£ 2) ., I BE LW (K&
el 1) ,50°C B Ao i A8 4™ £ Tmmol/ kg &5 315°C 1
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Table 2 The amount of hydrogen gas and methane generated during serpentinization experiments

as CH,

HIHY) R T(C) P(bar)  IK/EHLE (mmol/kg)  ( wmol/ke) 275 30k
Wi £ (Fo88) NaCl + NaHCO4 300 500 2.25 158 84 Berndt et al. (1996)
Gy e i 9y T 7K 200 500 1.1 76.7 — Seyfried et al. (2007)
W41 (Fo89) 0. 8mol/kg NaCl/MgCl, 400 500 4 1.2 — Allen and Seyfried (2003)
BITHEL A+ 400 500 4 25.6 — Allen and Seyfried (2003)
A 1 [7] E 400 500 4 15.5 — Allen and Seyfried (2003 )
WA 2 [a) | 400 500 2 6.8 — Allen and Seyfried (2003)
A 0. 5mol/kg NaCl 300 350 2.5 74 9.5 McCollom and Seewald (2001)
A NaCl/NaH' CO, 300 350 2.5 70 19.2 McCollom and Seewald (2001 )
Liigial NaCl/H" COOH 300 350 2.5 44 13.4 McCollom and Seewald (2001 )
RIRBL L it A 0. 5mol/kg NaCl 300 350 3.2 73.0 260 Lazar et al. (2012)
TR LA 1 Al - 300 350 2.7 74.1 360 Lazar et al. (2012)
£ OB T 4R Ak 300 350 3.7 74.1 40 Lazar et al. (2012)
AR A2 Al - 300 350 4.7 55.4 50 Lazar et al. (2012)
MR afik 300 300 1.5 76.7 — Marcaillou et al. (2011)

T WA 1:60% FE7 ¥R T 40% BARDVER 5 4HA 2:76% BN 17 % RIOTHEG R 7% BARIER . KRFEE A 1.81% KRB D44
F19% BN s A R LA 2:81% 4 BB 455 1 19% 5 BEAR Ak

A2 %9 360mmol/kg % 5 400°C I 77 A= H R BEAR T
70mmol/ kg, PLAT AT FEZ K A M4 1)1 ZE (McCollom and
Bach, 2009) . SR UL, A 7 AR B2 e 800 A6 U Bl
ML . SEI B, ME a4 SR B R SO Y
AT RGN A SR 7 A 8 DU B 7 4 TR A 28 7 K AT
(Allen and Seyfried, 2003) , TEE AR o, B A Y
I, I A BB K, T B 23 A SR 38

WFFE R o A e SO L B P A S AR T X
oA AR = 4R A Y (McCollom and Bach, 2009) , 4%
R KR ECT AL, 3By Fe® g ASRIR A AN A, il
AR Fe' ) B 0, f 20T 307 AR AUR R b
(McCollom and Bach, 2009) , 3 1 7 Rainbow 3L IE A4 12
W , P& 16mmol/kg (1Y H, F12. 5mmol/kg i CH, ; TAG
PRI a2 X i, PR H, A CH, B & B/
F Rainbow #K X, 43 51 4 0. 18 ~ 0. 23mmol/kg F1 0. 15 ~
0. 16mmol/kg,,

IRE, MESUATIY Fe' ™ il Fe’ 3 i 23 5 i A R Y
#(Evans et al. , 2009) . Q2R Fe 2H0 & 8 A RERRH™ v iy it
SIS Fe M B J7 #EAT LU (3) 3835, St Tmol
i) Fe,Si0, 584 AT LAAE AL 0. 67mol MY ANRIELCA
N TEHAN B 46k Fe? | B Fe’* B4R DU I A 1 Si
AN R 1 Mg, I 7 #X0T LLH (4) 3R, BLEE Tmol [
Fe,Si0, 5842 i AT Lh2E B8 0. 33mol ) H, o AJ WL, Fe® & 4E
FEMESU T 2 IR AE U . IR ST U Fe'™
Fe' " BERAC U TR Si OB AR/ I A ) Mg, 02 17 5 i X
ATLAR(5) o, BEET 1mol fy Fe, Si0, S84 W A2 A% 1. 25mol
MRS IO, Fe’* B 48 7 80 P 15 A Bl U i 3
o X BT, EUA b A Fe' R T L, 14

KRB, Evans et al. (2009) RBHIME LA P Fe't/
SFe f K0 0. 70, Marcaillou et al. (2011) R8s 4
() Fe'* /SFe H 0. 67, Frpig a0 7 i IVFe/SFe % 0. 12,

3Mg’" +3Fe,Si0, + 7H,0 = Mg,Si,0 (OH), +2H,, +
2Fe,0, +6H" +Si0,,, (3)
3Fe,Si0, + 3H,0 = Fe,Si,0, (OH), + H,, + Fe,0, +
8i0,,, (4)
2Mg** +2.5Fe,Si0, +6H,0 = (Mg}*, Fe’* ) (Fe’* | Si)
0,(OH), +2H,,, +Fe;0, +4H" +1.5Si0,,, (5)

AR P CO, 5 CO I, Bk AL B A IR, B
BCHE L LHE R e S5 A, IX it Fischer-Tropsch 27 ( %
FEAM) . SR, AL 1% 1 CO, HiL ha < Pl
SR FEALRIRME (Berndt et al. , 1996) . {H )&, Proskurowski
et al. (2008 )3d@5d % Lost City #R X i CO, FIHILE | £ he 55
BEke 1 43 B 2 W, 35% ~ 52% 1Y) CO, W] %% Ak A hE KR
McCollom and Seewald (2001 ) 3@ = B4 44 F1 NaCl,, Ay
FW LR R P RIA CO, B, 72425 9. 5pmol CH, , iX &
T NaCl,, B 723 Ry CO, s, SR, B m A T
NaH" CO; FIH"COOH, i Jf A~ i K i B $2 = CH, # &
(McCollom and Seewald, 2001) (F2) ., XFM, $HIL5 BT
FRA ) CH, ATRESZ CO, VR IAS B Y BRI

UEAER AR IR B, AR B I A1 24T 5 ™ A=
SR LEE, BN, Fe-Ni 54 B85 Co WRLERT 55
(Horita and Berndt, 1999 ; Foustoukos and Seyfried, 2004 ;Ji et
al. , 2008) ; Fe-Ni 44 1] LIJCUE BERS I CH, (1977 &, {HANRE
i C,Hg 1 C,Hg 197~ (Horita and Berndt, 1999) , 4#%4%k
B A P CH, ., C,H, #1 C;Hg 1 7= & ( Foustoukos and
Seyfried, 2004) , {HE B ERH A2 HEALH] . SEE KW,
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KRB TP AR I A 19% & 86 5840 375 B e i 7=
AR A BN RS S AN T 19% & BEARERAT 1 & R
IR AR P A B GE ) e JL T AR [RD 3 BB S SR B R AN 2
A U AL ( Lazar e al. , 2012) (£ 2), & Co HY#E
B AR LA CH, \C,Hg Fi CyHg B9 &, i n] LA
C,H o Fll CoH, B (Ji et al. , 2008) ,

1.3 Flipglh . Fiesla e sl AR &4

WESCAT R Z R, H Si-O P I A A Mg-O /\ i {4 41
Jio ALFI Fe’ AU AR DU (AL B A Si,Fe’ " Fe’™ (Cr ALNi
A Mn AP NEANL B 1Y Mg, SB80H FEFRIMEECH (4F
Igscn A g scn =F, gl Mg, Si,0, (OH) . BAR=
TP S R AL X ) (H ™ W 25 A AR R AN . Si-0
DU AT Mg-O JNIIARSE 12 1R, Flie S0 57 R, 2F
eSO AR, TS S0 T AR\ T AR 4 A
R VAR 2 G AN TR N VA W 17O SN R8T 2 N 1 0 N X
FWAr B =R SCO WA —E . i, FlieEcn W L
ZEYNTEZ 11 AL Fe s I s 2007 R Xk S5l 96 b g 80 B D0
Si %7 Mg (Uehara and Shirozu, 1985), F|kpELr A & 38% ~
40% Si0, (O’ Hanley and Dyar, 1993) , I #g 2 fy Si0, & &N
42% ~45% (Dugan, 1979)

SRS T AR AR B RO AT AR TR Y e S
YB3 AHXS 22 AL Cr, s Ni TT EROREAT 128 T2 I i e A A
XPE Al Fl Cr (Mével, 2003) . I8 fr By Me* 28 {45k, Mg*
ZENREZIM A A MR . SR B 23 B Wi B BUA 1Y Fe? ™/
Fe'* HUAE, T 23 R0 Mg” o BRAb, Y i 80A R & A F 45
I, A BRREAA 1) 22 / 23 R i g S0 ) Mg« AR IR Bk
I AU AR X T Fe, Mg" 5 m 5 A B R i i
BUAAIXT R Fe, Mg" 8K, 53 Ah, =R 8UF (1) FeO/Fe, 0,
AR . O’ Hanley and Dyar (1993) 33 X #8045 Y i)
HL TR E T R TR R B A BT 6, RIE S0 v Fe® ™ A
(FeO/Fe,0, = 0.28 = 0.21,5 P& Fe’ /Fe’™ =0.7 =
0.54,10 MEES) , g8 Fe' ™ i (FeO/Fe,0, =
2.9+1.7, 3 MEERF /R’ =3.25,1 MRER) i scy
i Fe Ji L B R S0 B P ] (FeO/Fe, 0, = 1.5 +
1.4,6 MEERF T /FS =0. 41,2 MESD o

FEEC TS A e 8o v R e T B N s ) X [E]
—H AP I RN, LA £ g 80 F
BB AT G EE 4350 125°C (180°C 1 235°C (O’ Hanley,
1996) . KT, X IR Fieacn REEEREIRT 125°C
BB VIR A B0 T B R e 80 41, 0 R
JERT 300°C (Mével, 2003) . hAb, KIS LB, 300C
500bar IAE AR 25 S BT 77 £ 1) e 80 22 24 ] e 80
1 (Seyfried and Dibble, 1980) , Al 11 Fe )l Affif5 ] Ll
AR X TRIRG K, Rt , ) e 80T 7T REAE AR AT 25 1) 1R T
S B (O Hanley, 1996) . [A) B, M- 80 47 1wl fE A&
235°C F ¥, Gunnarsson et al. (2005) Ril& T M- scf af
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1E 39 ~150°CTE R, Mg 8UA M b SUE BT Bz 2 Fh & 14
2y, Bn, i B 7 W EE Y MgO/Sio, BE R L fE # H,0
BRI (Tishi and Saito, 1973) o &5 HA FI) T i I8 A 1)
TE R, 10 13 A ) F 0 i 8CA AT A (Lishi and Saito, 1973)
Wunder et al. (2001)#¢3E T 350°C \1GPa W A7 M-S0 47 1
P, {HS, Moody (1976) il T 349°C 1. 99kbar I A% £7 il
IK I SNE =4 2 — R FIREECF

s A R BRI o 4 TR K o e SO TE
500°C 7. 0GPa FATy AT 4k 5 5 58 i F S i, DT o o — ol
FIKW ) (Phase A, fb2E20 8 Mg, Si, 05 (OH) ) ( Ulmer and
Trommsdorff, 1995) . {fff i ¥4 B #8 5 250km [}, Phase A {5 A]
PIEEAE (Schmidt and Poli, 1998) o & /K& i A™ A6 1 i 1R
ACAR ML, 3o 5 SIS AT e 4 FEAE H .

L4 KERHMEEY

AKEE 02 i a0 b A R b i R WL 1, e K
H (Mg, Fe) (OH),, KEEA T LAAFFREE A & 4R Feo 4
FIHRY AR ( <200°C) K BE A AR B AR (Mg” <
70) 5 W% i 1 TH i, KR A T Fe B ARG, Mg” T
(McCollom and Bach, 2009) . & #kn/KEEA 24 B, Fln,
RVGHETE o i e S0 A 7 R e A Ziaes , HOK B /Y
Mg" =75 ,Fe & &35 (Bach et al. , 2006) , SR , e £ Fi
K BB Ak S 56 90 7= A K B A I Mg” i, KT 90
(Okamoto et al. , 2011; Malvoisin et al. , 2012a), Moody
(1976) A s (181 1) , K EEATH Y Fe(OH), mol% B4
T FEE 4 3 T AR L AR 22K (138 £ 9mol % )

KA R B RRMR AT KB A I i S g R W,

=)
AT
]

Fe(OH),(mol%)

NY
|
[ ]

=)

3(|)0 I 310 I 3&0 ‘;r_ﬁo I 3)&0 I 35|0 I 3&0
/()

Bl R ET (SZE R RN 302 ~355C, K il

1. Olkbar) 7K 86 f7 ( (Mg, Fe) (OH), ) 3 JC 20 43 Fe

(OH), BE/RH 433 (B MR ZEK B T Moody, 1976)

Fig. 1

((Mg,Fe) (OH),), at 302 ~355°C and 1.0lkbar ( data

Mole percent of Fe ( OH ), in brucite

and error were from Moody, 1976)
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400°CHI K8 A HA IO &4 (Wang et al. , 1998),
Ulmer and Trommsdorff ( 1995) [ 5Z ¥ 1 3% W, 16 & Kk T
500°C B, 7K B A1 R g S0 BN 2B RO A Rk . SR
Wunder et al. (2001) 1% BKEEAT A 7E 500°C 4. 0GPa it &
&, T 7E 600°C i 2% A= 43

HBARIKEE A1 R e B0 A UL, AR S A S AT 0T b
H A H . 300°C 300bar B}, 2 i — HEAKAS 4 A4l 7K 14 52
FEARTEHE K EE AT (Marcaillou et al. , 2011) , 2l F 7 HEAT
M B I SCf bR A KA R B, T MRS o i s
A H A A K BE A (O Hanley, 1996) . T W8 — MEAK
WAZ A=A KEA M IREEHE . B, fik+ Sio, #kE
FIRESSE M K BE AT TR . M iy Si0, & i s i, 7k
BEAT 2R Si0, SN AR U S0, UK BEA TR Si0, MR
RARRE . M N 300°C | K S 24 500bar, 7K/ H A 10
B, ZRERORS AR 7 AR Y AR 3. 98 mmol/kg Si, {H 5
RO AR 7 A B TR A E 0. 055mmol/kg Si (Janecky and
Seyfried, 1986) , HIK IFWK Y pH H ] BB S5 MA/K A1 1R
EME. B 1 AIA, 258 R 300°C  J7 R 500bar JK/ 25 LY
S 10 B, RO A il AR = AR R AR G pH A 4. 4 T T RERR
Wo i A% J5 AR 19 pH g 11.46 ( Janecky and Seyfried,
1986) o USRI pH 5K EE A TE AL R 2 3B A 7K EE
A7 pH N 4.4 B R BEATRER. Sk, Wang et al.
(1998) 53y pH #HI7E 5 24 LA K BE A AT 0L, 7K
BEGTE pH 2285 BERRRER . I, TR AY pH A 25 R
KA R R . LAh, KA REFE pH = 13.5 [T
VWA E (Lafay er al. , 2012)

TKEEAT R RO, 8 R S0 K e —i , ELAFRIA kLA
RS i, E 400°C [ 1GPa B, B MO A7 56 4 ok 4% A= 1
78vol% HM Mg B0 Al 22vol% H KB A, {H R A 2 B B 7K 86
AREBOULINE (O Hanley, 1996) o KB A1 AT LUHBOGHL &
ASCRGI , 5 2 (Y 04 37 S 279em ™" (444cem ™" il 3650em !, /b i
FARE AT FROR. X S e i SRS Aar

®3 FREBETERBEKTHE

Table 3 The amount of magnetite formed at different temperatures
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L5 HESRE MIEEEH

XUESCE FRITR O A A 221 ) HaE 22 0 8K,
LTI A, RO A A L, 805 1 F 8T R (Ca0,
AL O, , FeO" F1 MgO 25) & /75 {LAR /N Mével , 2003) , 4L
Ak R e D B Y CaO AT HE A B AR Y, Ji A
H,O W Bk A SUE , 1M HAB TR & i JLF JE 42 4k ( Coleman
and Keith, 1971) , {H/Z,Costa et al. (2008) Ri& T (2% )5
(ORI 2 1) Fe, 0,7 ZRALAR K (5.21% ~19.77% ) , R W kAE
SeBCn A R RIE S . MESCh R FR Y Fe SR B HIHE
LRSS Fe T DLUE SRTEWAR e S0t KB FIRES
WG SR B0 A 18 UL, B JE A J2 AT ol B A 2
B HAEPEAERY Fe' W] R SR AEME B0 P TS IR IR G
o BB A 5 E i 20E I OA #EBR T B
(Evans et al. , 2009; F/ k%, 2009) . DAF M 4 S5
ARERRA ) HE LR A o

(1) a1 7 A g 800 AR 4G G (Bach et al.
2006 ; Beard et al. , 2009) , Bach et al. (2006 ) 38 1 WL vh
A SCA AL B 7 MR A R SR 2R W, b A LA G
BRI L B, i 0 1Y e 80 Bk A WL 2k, Bearder al.
(2009) #8155 — el v ol 2 R R A
I, Mg SO FKBE D TR B S R 55 (5535 10. 88% FeO)
TCRERRA 5 55 —Rb K ZE VIR —Rb K, il AR R B4R, e S f1
A 3.12% 11 FeO , A REERT . Bach et al. (2006) 1A Ryipar
A SETE s R I SUH MUK A, JE T k. X
RLT- 2R B 7 A 1 R B i e 80 A AR R Y S o g 4
HJR, eS8 kA B A5 I, WG R i 40 4 R
JE 3 i sk /> (O Hanley and Dyar, 1993) . i LB A 1
2, WO A7 K Y B T R AR A LN IS A AT AR R
(Okamoto et al. , 2011; Malvoisin et al. , 2012b) , X Z& B
A7 FIRE & S N AN TA] Y o Malvoisin et al. (2012a) ARy
ARG 2 e S R R (L3R 3) .

HAKR AL T(C) P(bar)  JK/ALE B (wi% ) 27 3k
WA HEK 300 500 10 0.013 Janecky and Seyfried (1986)
T K 300 500 30 0.03 Janecky and Seyfried (1986)
TR A K 200 500 10 <0.01 Janecky and Seyfried (1986)
afififs g7k 300 500 10 0.071 Janecky and Seyfried (1986)
5 WA A& Mg K 300 500 10 1.5 Janecky and Seyfried (1986)
T R K 300 500 10 1.79 Janecky and Seyfried (1986)
Liigial 7K 300 300 0.17 TR, (H B 2 5 Normand et al. (2002)
TN 7K 300 300 1.5 4. 14 Marcaillou et al. (2011)
Wt 4 (Fo9l) afiK 250 ~350 500 0.4 9mg ™" Malvoisin et al. (2012a)
M E K 200 500 1.1 <0.014% Seyfried et al. (2007)
A 1M NaOH 150 ~200 5~16 15 WAL, Lafay et al. (2012)
WA A7 (Fo88) aisk 347 1470 R ARF| 0. 66 Moody (1976)

FE: A Mg S0; .

AR AL B R R, TSR S AR IR Y A



4342

(2) B80T Y E 25 SRR [ R 2R g 80 22 8] 1Y) B e 25 52
Wi A JRCA R KA Y B (O Hanley, 1996) o Flig 8047 2 A=
S5, B T IR e B0, B B 4 Ry £ i S sl g A
11 O’ Hanley (1996) 4 T AN (1 Mg 8CE i 800 1 25 &
X A G RAT R SN o X T Woodreef MESUA T , i IELL
AR B 4 1 SRR e S Y B A N, AR R B RE , fg
IR R REA, I 8O0 TP B R 10 Jeffery BB SUE 1)
WERRA AR, R Mg 20n b i g m (O Hanley, 1996) . 7]
WL, BEBR A SR IR B O R B B 2

(3) M S = AR WA B o . 3R 3 B R] 925 4%
P AR RERR T 1 B o KIS 6 3R AR ( <200°C)
TCRERD 774 (Seyfried et al. , 2007 ; Lafay et al. , 2012)
[FIRE A2 R W] Fe® " ZEAR IR ( <200°C) BHR %5 5
HEATKEEATH B, 50°C 1, Mg® <70, 306 580 A= G k™
& [% % ( Foustoukos et al. , 2008; McCollom and Bach,
2009) . iR ( >300°C) A BT WL (Moody, 19765
Janecky and Seyfried, 1986) , 4R Jy 302 ~377°C, )1l
0.51 ~ 1.99kbar W, f £k & 1Y & B8 4 i B JH & i b oo
(Moody, 1976) , {H &, Evans (2010) A 7,400 ~ 600°C Ff g
SOOI s Mg 1 200 R BRI, TC G Bk
W, A, McCollom and Bach (2009 ) A fy ik B 4 400°C
I, WA PR P AR R P2 A AR o R IR T R SR R (7 AR
T AR T I TE. 73 8h, B3R 3 W LUE Y, Iy WA
MEa A8 J5 AE N G BT 1 1 DR T ZWRRIOE o ik % s g
7Y 8E (Janecky and Seyfried, 1986) . X Al fig 2 i1 T 5 #
M AR J5 IR A , T T ) Fe & AR, B0 4R
TERERRAT Fv s RO 5 T A% )5 7 AR TR PR A, At AR T (1 Fe
TR, BRI, MO A RS S AR
1. 59mmol/kg Fe , 5 it (A H1 ) Fe 24 iU g™, A0 24 T
0. 12% MYREZRT, X FEA RE MR MRS & 1 A8 J5 8 2 1Y)
W (1.79% ) .

(4) Si0, 3G ¥ (ago, ) W] RE 2 R WA BEBR AT 1Y A2 . 24
TRZ Y ago, BRI, B 1 Fe' " SBARIBSUA 1Y Si, 5
BOEERA BN (O Hanley and Dyar, 1993) o J7 #EHIHE
ER PR A B RE R R 0.35% ~0.57% , -3k 0. 44% , T
Al AR AR R 0. 15% ~0.37% , P-4 0. 22%
(Coleman and Keith, 1971) , XA REAE i T 5 WEAE & ik 2%
A ago, B B, [FAT:, Bach et al. (2006 ) WA Ky fif 4k
W HAER ago, WA R TIE L, {HJE, Frost and Beard (2007)
T E R R T AR R Y ago, B AH
KA TAEEAFIE— T I

WA ]I G 2% WROE L T OB L X S A S
AT A o e fad B b AR RGBT EL U,
#Z) 1pm ( Janecky and Seyfried, 1986 ), 8 #& < 1 ~ 20um
(Malvoisin et al. , 2012a) , X K/NIREZT 7T LA T 1
MEER . BTG FARERD 11 BN B8 EEAR AR,
BT AR MR — 2 X A . B ) DL B 205 A
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BB R TR AR M . X SR AT S AT DL E
B AR RO S R I RS A (> 2% ) o Bk DO Bk
B ARABURR (R AR B HIOHE 0 % A 20/ N R R L 2 1, X 2
THHE ML el B ™ A B REER AT 1) &t (Belley et al.
2009) ,

2 EUOTRIR R W A

(& 2 25 T AN R B T R A i AS FRE (Malvoision et
al. , 2012b) , MBI 9P AETE 300°C B fiesi , 350 °C I MR A1
TE 6000 /NEF NANAE 2 1. 5% 1 A%, 53X F1 Martin and Fyfe
(1970) )45 KA. WA FRE A AN [F], 7528 80 ~ 560°C 11
TREEDS [B] Y, BE 2 R B2 0 I o ok AR AR B2 3G 5 ( Martin and
Fyfe, 1970) .

(& 3 @45 TR 2 g i 5T i SCA A R R 32, R
SR A 28 T LU A LR O o ZE 48 AR £ . Martin and
Fyfe (1970) R G UM A A HIL6 9 , I Malvoision et al.
(2012b) AH Lt , Ay 35 119 1 A8 AR, 300°C I, 45 1l 11 B RO A
(58 ~79um) 7E 192 /NEF N A 60% ik A5 ( Martin and
Fyfe, 1970) ,1fij San Carlos #{#i 1 (50 ~ 63 wm ) 7E 10000 /NHsf
P A R 3 50% . Martin and Fyfe (1970 ) A Kl 8077
A R AT RE A2 o SR, 35 22 10 52 B W 28 B RO Ay 5
Y FEm B il (Lafay et al. , 2012; Malvoisin et al. ,
2012b), Lafay et al. (2012) % H g 807 10 B9 =448 9%
(1) BB A ey R s oy, O /2% 1T L 0 i Ao 2 0 1ol
FHOE , KB A FILF S SCA TITEAE RIS A i 3R 18 b ZFivach

40

300 °C
. 270°C
§3o-
w2
7] &
w 2
S
en
S20F
o
e
=
=
S 10
o~ -

350°C

0 - - S ! :
0 1000 2000 3000 4000 5000 6000 7000
Time (hour)

P2 AN [ B2 N MIOME A 10 ok A2 3 (4 Malvoisin er
al. , 2012b)

230 Iy 447 500bar, G AP I AT , FURL K /N A 38 ~ 55 pm
Fig. 2
(after Malvoisin et al. , 2012b)

Experiments were conducted at 500bar taking olivine as starting

Serpentinization progress at different temperatures

material with 38 ~55um grain size
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Time (hour)
1000 2000 3000 4000
; — ‘

5-15 1

Reaction Progress (%)

L 1 1 1
0 4000 8000 12000

Time (hour)
(SR 5 CER (AP ALE S
A XN Martin and Fyfe (1970) f9803 , 45 180 BEHIE
AT E R SR ARG 1 L K& SR A [, S 36 i B2 210 ~
245°C, 571 689.5 ~2758bar, i Y AL K /N 58 ~ 79 pum ; 4% 75 €4
TR Lafay et al. (2012) BRI, SEERAORT UG 0 404 San
Carlos BIHE AT , 500 /N3 31K < 30wm, 30 ~56um Fl 56 ~
150 wm , SEIR A I 2 1mol/L NaOH ¥, K/ %5 LA 15, SEI 3 BE
200°C , & /7 160bar; & #% (4,35 78 B2 Malvoisin et al. (2012b) Y
K, S BE D 250 ~ 350°C, [ 7 09 500bar, SE 564 #h W)
San Carlos i 1 ( Fo91) A1 7K 8, 0. 56mol/L NaCl, 7K/ & H 24l
2.5, O RIZ R Marcaillou er al. (2011) fYSZEER , S5 R
J 79 300°C, B J3J2 300bar, W1 UGY SR HIBE A BIAR , 49 Tum, K/
Fei 1 67 s LR KR Seyfried et al. (2007) (95250 5, i
2 200°C, 500bar, HI 4R 2R f — HERIE 543K ,50 ~ 100pm,
K/ B H 1
Fig.3 Kinetic studies on serpentinization
The light blue line represents data of Martin and Fyfe (1970). The
starting materials were synthetic forsterite and enstatite with grain
sizes of 58 ~ 79um, which interacted with distilled water at
temperatures at ranges of 80 ~ 560°C, pressures at 689 ~ 2758bar;
The orange lines represent the data shown in Lafay et al. (2012).
The experiments were conducted at 200°C and 160bar with San
Carlos olivine as the starting materials. The solution used in Lafay et
al. (2012) was lmol/L NaOH and water/rock ratio was 15; The
dark blue lines come from Malvoisin et al. (2012b). Experiments of
Malvoisin et al. (2012b) were conducted at temperatures at ranges
of 250 ~350°C, and pressure at 500bar. The starting materials were
San Carlos olivine (Fo91) and pure water, with water/rock mass
ratios around 2. 5. A few experiments used 0. 56mol/L NaCl instead
of distilled water. The green line represents the experimental work of
Marcaillou et al. (2011), which conducted experiments at 300°C
and 300bar with ground peridotite as starting material (1pm) and
water/rock ratio around 1. 67. Data of red line comes from Seyfried et
al. (2007). Experiments were conducted at 200°C and 500bar with
ground peridotite as starting material (50 ~100um) and water/rock

ratio around 1
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FZK A/ T 100nm, 45 5598 — R BiE & (e BN £ 221 1
FR 5 (2) £F 80 FIK AT A ARG 5 (3) BN A1 0RE Bl 2L B2 43
F U RPR G A SO0 A R — 2D AT . WL, i
U TR SO A RV T DA e e B0 K BE A T
WA ARG, 2 /0 AE 300°C K 300°C LT (9 3 B 1 4n
I 400 ~600°C [, Evans et al. (2010) ARS8 47 {224
I ), OS5 A i Mg YBT3 B AR 11
& Fe, WA WA H

BELSCAT A B S R ) 1 1 ) R R/ 52 B O,
BRI B8 (Malvoisin et al. , 2012b) , 300°C I, ki
K/ANH S ~ 15 pm PBIBEAT , SRS [E] 2 60 K, AR FL 3 Oy
80% ; [RIAF A AR AR BE , X F 0K K /NA 50 ~ 63 wm (1 ASG
A1, T 500 K5 R K /N 100 ~ 150wm RIS A7, 52 17 I
[f) 5 141 K, HAih AR /NF 1% (Malvoisin et al. , 2012b)
A BB 1 S 4 T BE S G N SCA ALY SV R4 . Lafay er
al. (2012) 2% H San Carlos ##{#%  #1 1 mol/L NaOH H 4] #h
W, KN 30 ~ 56 wm RN, 24 BN TR) D 72 R, fih s
FEE N 88. 9% s K/ 56 ~ 150 wm AYHEHE A7 , 24 SO I 8] Sy
90 K}, P ASFEE Ay 55. 4% , F11 Malvoisin et al. (2012b) Lt
B, Lafay et al. (2012) By AR Z (WK 3) o X 3R
W s 30 A P S5 3 S5 RS I 5 TR O o

PO A RO 5 A ok A2 5 32 (P 3) e B« 24 0RE K
INEY T~ S B ) i A R AR AR AR AR 2 0K K T Sm
N, RO 5 14 k722 3 32 T S A7 (Seyfried et al. , 2007
Marcaillou et al. , 2011; Malvoisin et al. , 2012b) , Malvoisin
et al. (2012b) LAMAE A AW R (38 ~ 50um), 250°C |
500bar H, 2 [ B [6] 29 215 K B ()l A8 #2 B Ry 26% , T
Seyfried et al. (2007 ) X J MM & 3 AR A w1 4a Y (50 ~
100pwm) ,200°C ,500bar B}, 215 K [ 52 07 Hif (7] X6f 107 f) ok A5 72
JER T 40% , FIHTEHALL 5 & MO R EE AR, X 2L R 3R
75 S I AR H RIVEE 40t , BORG 5 109 B 3 3247 K T
LI GEa

0 s 8 A A ol A8 R B ) 5 YA PR - — 2 RO 7 ) S
RN o TRESCA S A K BV HI [ AR5 S A3 in ey
PAFRIR S B Y K B BT, LS SO R o H2 sk Ay
ERNRZZ B K . I — P 5 0RO 5 e P G R A4 48
(Malvoisin et al. , 2012b) , X )5k 2L TSR B 2 A
R RE AT B i B AE PO X — SR SR R o X BV TR
A IR T (RS S 2 1) R T RS T A R,
S PR AR S R BR A 1) e SR 2R T IS P A R R

3 ipgcnfed B ocE TR

Ca Mg Si il Fe fERES0(1 fLid B 15 B 10, X 4E o0 %
AARAAER AR (2% 3% 1) o AL Cr Ni S50 R AR 1A
O B, (AL A R P i 2 6 S . i A AN
AL BTERESCAT AL I RIORE S o, by AOME A ok A 2 B g A
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4 0.3% ~2.5% ALO, iR R M AS KM SO &5 1. 5%
~4.7% Al,O;(Dugan, 1979) . $ii £1 2 7 4 Ay g 20 47 o
M) ALSR B T B AN AT o TEMEA AR S0 AR I, AL 1
SEHE A TARAR 05 7R M S0 45 T R AL SRS A . TR
SRR, B A i A B I SO R B VA (AR A A
SO ALO, MEJRARIY . H2&, NEIK &, BN
T AR U SCAA 1Y AL O 1 1 FU b RS A ok A8 A= Y
LA ALO; YRE R .

Cr (TG B PR AL 58 BRI A Pl A . R
BRI R JE TR R = R AR IR Fe M BE B0 BRATF (LR
A FBERR A #1F (Ulmer, 1974 ) o IR 1A% 1) 8% B A AH
L, & Fe MR ERAT b AL Cr 5 BRI, I Fe & & 1Y
Jine JC AR B 8% B W 53.0% Cr,0, ., 8.8% AlLO, #
21.6% FeO; & Fe MW B &4 3.3% Mg0.52. 1%
FeO 37.8% Cr,0, §10.3% ALO, ; BiikH" 545 88.0% FeO.
1.1% Mg0.3.6% Cr,0, il 0.1% ALO, ( Ulmer, 1974),
Saumur and Hattori (2013 ) W3R8 T2, phAR $RH7 5
4 1.58% Mg0 23.71% Fe,0, 29.26% FeO 41.86% Cr,0,
M 1.21% AL O,, FIA (S (1 92 & A A1 [ (6.19% MgO,
8.33% Fe,0;, 24.54% FeO, 44.68% Cr,0,., 15.22%
AL, 0,) ,Fe, 0, F FeO Ay HEIE I, AL Mg F1 Cr 35 B FRAR.
FHEERIE, Fe, 0, 2 iLdlE i 7 HREH I B AS 201Y , A
EME# K (Saumur and Hattori, 2013) . FIES4EkH ML, & Al
RiwAAT A (Burkhard, 1993) o BF5ERW], & ALRF A
BRI AT FR RGBT R e S R 2 0e A A, K e W ik AR Ay
PRI J AT RE A2 T 06 S0 A0 R 2R A A0 I g T IR Bk R 4 e
A (Mellini et al. , 2005), #£0 4 & 4> & Cr, 640,
Golightly and Arancibia (1979 ) #ii8 FHEA il A2 TE BT BE LA
4 0.83% Cr,0,,

Ni FEME SO it B PR TG S i, s b Ni 282
KA TR . measa A A I A A N — R, AR
F 2umol/kg, {H Rainbow #K X i A & 3 wmol/kg Ni ( W2
1) o Ni A& SR AEMELCA FIRERR A vp o el WSO A T 2 9 I i
YESCA 0. 28% NiO, |y M A il A8 7= A e 80F 75 0. 05%
NiO ( Golightly and Arancibia, 1979) ., Tehuitzingo ¢ £ &
WA E 0.03% ~0.79% NiO; Tso Morari i 23 4 W BG4 H
4 0.85% NiO, I B0 47 B 0.07% ~ 0.34% NiO ( Gonzdlz-
Mancera et al. , 2009 ; Deschamps et al. , 2010)

IS CL, 5 5 Bl R W 20 1 9 R BE A W) 1 A ]
(Beard et al. , 2009) , d28f AT Cl BFik 0. 6% ( Anselmi et
al. , 2000; Bonifacie et al. , 2008) . & K H] f7 #B 1% Elba .,
Monti Livornesi FI Murlo a2 Cl B9 & &4 185 x 10°°
~950 x 10 ~°(Anselmi et al. , 2000) . Cl ZEMESCA TP A 2L
MSTARAAAE MR e 8ca g OH, Cl 7 se 80 i &
TR — AR AR LR Y Cl & & (Anselmi er al. |
2000) , AR, MESCA CL A ERITTREA ML R, X%
Bl Y CL AL 2 3 TG (Kodolanyi et al. , 2012)
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TRBEA Hh— 3T CLEA A BFE R W & K B ik 0. 21%

~0.47% Cl (Kodolanyi et al. , 2012) , HHEIAEA FHF& 5L
I TAEREUE Cl 7E 080 A fhad B v dn ] 32 S T D
BT 143 4 5

St fERESCA L B 45 5 1 SR AE i 8UE T (Scambelluri
et al. , 2001 ; Scambelluri et al. , 2004 ; Kodolanyi et al. , 2012;
Lafay et al. , 2013), Erro-Tobbio W £ 2 1 ) Sr & & 5 i
38.8 x 10 ¢ T El 4 Y Sr & &) /NTF 8 x 10 ~° ( Scambelluri
et al. , 2001) . FHEA HH Sr A A% (0.002 x 10 ¢ ~0. 02
x107°) , BpbiE A7 P Y S B HL e S0 AR, e 8Us
0 Sr FEEEIERLSCA P (Kodolanyi et al. , 2012) , kgELL
A+ KER) P ST EHEHNO0.13 x107° ~23 x10°°
(Kodolényi er al. , 2012) , AHICHYSEER IR Sr fEIELSCA 1k
R G E AR, 300°C i, AR 5 S ROBEA Y Se % i TR AR
<8 x 10 8] 20 x 10 ™% ~ 60 x 10 ~° ( Menzies et al. ,
1993) . [, M 8O A= 2E i it & Sr, s aCE b h i ik
AR S A & ik 44 x 107° (Scambelluri et al. |
2004) ,

W2 AT & A2 As 1 Sb (Hattori and Guillot, 2003 ; Hattori
et al. , 2005 ; Gonzdalz-Mancera et al. , 2009 ; Deschamps et al. ,
2010; Lafay et al. , 2013) , p#OHE 4 A2 8 U e S0 &
18.49 x 10 ™° ~54.92 x 10 ™% As Fl14. 16 x 10~ ° ~18.37 x10~°
Sh; i # A7 1k 728 Ji T A e B0 A 5 4.34 x 107° ~ 11,89 x
10 As F10.17 x 10 ™% ~0.90 x 10 ~® Sb ( Deschamps et al. ,
2010) , AT I i BB A il AR TR ) B S0 B 5 | 4 As R Sh,
S At & A 5 E &1 As 1 Sb, Gonzdlz-Manceraet al.
(2009) $RIB I ME LAY As A 2.80 x 107° ~70. 6 x
1075 ,Sh 4 &4 <0.2x107° ~3.00 x10 "%, As i1 Sb B 1E
AT E S TS Y R R K PR As 5 AT K 100 x 10°°
( Nordstrom, 2002) ., As FEPL As™ Fl AS’T (U SHETE,
300°C H 5 R BE 441 R, Btk iR P i As 221 HASO,?”
WAL, MM R AR T B As ZZ DL HyAsO,° T XA 1
(Hattori et al. , 2005) , WS TPI As EFELL A H ¥, 5
ik 83% (Hattori et al. , 2005) , As’* BIEBE N K L0
MY A E 5, BUBSCh i As FTRE Bk A TUL
TR AR PR B (Hattori er al. , 2005) o As Fi Sh 2GR T
IHENMMICR . Lafay et al. (2013) B T MR IESCE
As 1 Sh ZEFT PUIIK B UE SUE H B W s 5 ( <480°C) , As 1Y
IR 3.97 x 107, Sh 1y & ik B35 0. 995 x 10 ¢, M 7E 4
TR I LCE 51 >480°C) , As [ & il 0.44 x 10°°
~0.90 x10 % ,Sh iy &} 0. 029 x 10 ™ ~0.049 x10 ¢, A
VIE th As F1 Sb (& SRR X,

Li f1 Cs 5 & S AE M 807 T (Scambelluri et al. , 2004 ;
Deschamps et al. , 2010; Lafay et al. , 2013) , PURGHED T
AL 0.1 x107° ~19 x 10 ~° Li (Decitre et al. , 2002) ,
Lafay et al. (2013 ) {3 By MES0E H Li F Cs (195 825000 R
0.05x107°~2.11 x10™°.0.01 x10™° ~3.03 x10°°, Hy#k
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M FRE G B AR TE 1) g 80F %F Li A1 Cs B9 & SR JE R R AY
(Deschamps et al. , 2010) . HI N A iR 77 A g g 80 oh
Liffai-A0.18 x10°° ~0.78 x 10, Cs 1y & WML T
1 BRE 0. 049 x 107 5 o MEA7 ol A8 7= A A E S0 7 2. 79 x
107 ~17.85 x 107° 1i,0.037 x 107™° ~ 0.194 x 107° Cs
(Deschamps et al. , 2010) , Li #1 Cs H7E 7R AL T 360°C B
WAL TR B S T 360°C (1 0 80 P Y S B AR T A R
(Lafay et al. , 2013)

IpaoA b 72 6 1 70 R LT A3 8 (Scambelluri et
al. , 2001 ; Scambelluri et al. , 2004) ., Erro-Tobbio I 4{ £ 4k
HIRISE A FH e SUBE e A i Lo R & AR, X R % 1T
& & e g A e R E LR R 7 & ARG SR
(Scambelluri et al. , 2001) , Wg S A0 A HE SR 5 FI R
PEA T 5 A AR i AR 8 S % A AE L (O Hanley,
1996) . HEMEA R FRIE TR ITRNZ >, i Lo
FEMESCA A AR P R Sl T RE R B T AR A Y AR
#/b . Scambelluri et al. (2001) fYHF5E R, b S0 A Bk 19 76
T, TRER B D Bk B M SR . SR, TR B AL
ERABEINK A iy, & Ca-Mg(Mn) JEAR A 32 ACAE T
TE R RS (rodingite) , RFEH AW/ LR G & S
TIsUE AT AN, RN R T srs fa
BLIRR A, T2 e S0 FLA B N KA 1 TR A (Leblane and
Lbouabi, 1988) . X it HIH™ #2245 1k AT BE <> U8 7 1250
I & o AEL A,

4 JEECOARNRY %)

W7 T BB o 0 B R 2 e R o e
— 2, BN KA Aosta Valley £k JK B2 ¥ #F Bou-Azzer i
S B TR 76 IS L 2B Fe-Ni-Cr 7 JK 2  Michailidis
1990; Gahlan et al. , 2006; Rossetti et al. , 2009) . & K F|
Aosta Valley B (& i G 2R B 5 HE 20 50% ~60% , —Fh 2K
R IRER A 73 FAE e 20 A v, S 30K RN 2 200m ; 75
— PR G BRI S0 AL R AERCs P 32 JORE K
/NK 1 ~2cem (Rossetti et al. , 2009) . ZW K ) L 4524
1, Zucchetti et al. (1988) I\ g A0 A1 S 1 5 R 358 o 14y g
SAA K H Diella et al. (1994) WA Ry 8 2™ R I T35
KSR BN M AR IS . FEVE B Bou-Azzer g2t v (11
B AN FERE /N T 20em , B RT3 1Y de 80 A Tk 7 HERRE
EEY) 4% 1Y FeO T RET 18 14w 800 1k Jr WERIOE 5 &
2y 8% FeO, X RUIEH Y Fe 2k A J BEHINE & (Gahlan et
al. , 2006) . i fi5LES Fe-Ni-Cr 7 Rt BUAE kg 28 5 1, 4% 4k
2 BB A 1 TR SSAR S A R B e R kA Y
ol (Michailidis, 1990) o {HAH KR ARELAT LSS0 R BT, BEBR
BRSO PR RECIR 370, K/AMNZ) 1 ~20pm ( Malvoisin et
al. , 2012) , HHIME A AR IAZ I, A 29 9. 25% WK IE
Ji.(Moody, 1976) , it/ it G IR MEIE BLim™ . (HJ2,
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WESAT ARSI T AR S A A A 2R o WS R P ) A5 A0 S R A A
Xof B5— , AT RE AN TS b BT A AN TR

— PR UL R R BRAL Y F L /INORL 23 A S S0 L X
SegPITE M ECE ) A R AU, BARDRE R AR A, XMELL L
NAEFN R PR (O Hanley, 1996) . SR, /54 #18™ IK
HOTE AT g F e 80 AR DG, )40, Dumont £ 8™ IR W 77 #£
SEBUET, 7 0.4% ~0.7% 4R, B F LR R T,
TR WS AR (Ni; Fe) BRE0AT (NiyFe) (GJ& Fe,
& )8 Ni BB (FeNi, S, ) FEHELE™ (NiS) 4% ( Eckstrand,
1975) o B0 R A PR ML RY (8 R AL 4, — Rl o 38 S 7 1Y
R[] 2S L, S B, o™ W) 20 R G R ERER AT At 1y
BB LT IR ) 5 53 — Tl AL TR g 8001
R /NG 1~ 100 wm , LA W) 2H BN 26 — T 35 B AR AL )
AATE], RAE IS H H BT E B AR A2 (8 RO 7 O Rt 3
(Eckstrand, 1975)

SR S04 A7 A B U AR P2 TG B . Buisson and
Leblanc (1985) 58 T &0 4L Mg A 22 86 45 (listwanite ) L &
LR A IOC R A 8ok B T AV B R . K
PR (F CO, T Ca) ZEARUBIEIEETE U A 288 0 . & 7F
TS PR E A A 1 x107° ~ 10 x 10 7% i 72 S 1
AT RN S x107° ~100 x 10 ™, 15 17 25588 A v il 5 4k
(10 x107° ~50 x 10 ™% Au) F4h 4L 4 (10 x 10 7° ~ 100
x 107 Au) & EE A9 459 ( Buisson and Leblanc, 1985)
IS A R A IR A R R FR AN T S ST R
TE LI Ni-Fe G Ab4) sl i 404 LARI 9 i T8 2 A7 A0 e R v
Arh, R S SCn AR R R IR, AT AR ALY s & FIIE
Wi CLS F1 As JE s 3 W EATIE 78 , B g 807 AR i ik
T MR AR 0 S BE WA, 465 DUTE I & SR TERE R RN 2E i Ak
Yy WA B S SUA R 2 A R R R AL TR B T 3 A Al
FRERA ), WO 4 32 % B SR AE B AL P 508 i AL 4 H (Buisson
and Leblanc, 1987) , %4, BEi%5; Bou Azzer & 5L ffi{b b
PR, T e S0 B AT, S AE R R i P28 & 5 5 x
1070 ~20 x 107", 4 EEEEAE S HT(CoAs, ), & it i ik
1200 x 10~ i A7 k™ (FeAs, ) 14 & ARG, AT 1 x
10 "% ( Leblanc and Fischer, 1990) ,

IESCE TR Ag BT R BE AN 800 163 B AH 5C (Leblanc
and Lbouabi, 1988) . Ag ik FE A& B SR Co-Fe fififk
Yo Ag MW b A& A7 A 98 N A RN S0E I 1 fil a7, i 40
A Ag W53 ( Leblanc and Lbouabi, 1988)

5 W

Lf EPTIR e s i B A i TIRAET, U TIT IR
AR LA D7 TS 3 TARA SRR

(1) il ( >400°C) FlH K ( > 1GPa) T, i 8rf1 fLid 2
RGBT AT L XX b R b Fe AOIE A% A 0 FE i
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(2)RIRET ( <300°C) e 20 A Ak I 75 AR I R A (E A5 1R
o B TARIRAS (AR 5218, S0 R K, S8 i AR R 22 1
AEEUHE Z (BT[], OB ME R R R o

(3) difis W s RO S X aE e s il
MRS AR EE RS 56400 T, B AN A i 2B 77 A 11 g 4
R M AR P AR R SR BT T 2 5, LRSI E
AR P T BUAELAS 56, X B T R R e 80 fhad B
AYHLE,

(MO oRERSCALIBETHER. A A
MESCA W 1 ICR BRI R . FEORSRAE fAH L, S50
FE AR, R R XA B T T AR e S0 Al AR R R
TIEMITH,

(5) A[FR A R T7 R R R K/ 8 B A 2R T e 4L
AWy Fe’ /Fe’ [, HAiMIE, B O Hanley and Dyar
(1993) M UELr£1 1) Fe** /Fe’ ™ By H A HEAT T WFST , (HX 265
2 AR BT R R T 5 30 A, AR 22 0 80 Ok - 35 Fe® /
Fe'* LU, AR R BB SA1 . 1Sk, Marcaillou et al.
(2011) 3853 X HHERRIBOEREF 2 T LT 58 &im A8 T /o
I Fe’t /SFe HAR, XA R AR MESCA i) Fe'* /SFe,
MRS TS0 G /D R BT Fe'* /S Fe.

(6)ipsrafuid #rp Cl T s Cl Y &t D
J Cl & Mg SCa bR C R .

Bugt AUl PR T EZ 0 oK HE e T
FRAE R By, A8 MR R R il o
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