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Pyrite Framboid: Indicator of Environments and Life

YANG Xue-ying, GONG Yi-ming”
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Abstract: Pyrite framboid, the wonderful microcrystalline (0. 1—1 pm) mineral aggregate (5—50 um) , has been a study focus
in different disciplines since scientists first discovered (1923) and named it (1935). This paper reviews the progresses and ex-
isting problems of pyrite framboids studies during different study stages including the biogenesis’ theory stage (1923—1969),
abiogenesis’ theory stage (1969—2000) and multiple genesis’s theory stage (2000— present) in terms of formation mechanism
and the relationship with the environments. It also explores the prospects of pyrite framboid’ study, pointing out that pyrite
framboid has a great potential as the indicator of the surface and deep biospheres, the extraterrestrial environments and life;
and finally puts forward the proposal that we should further the study of pyrite framboid by integrating its studies in that of
earth science, life science, materials science, chemistry, nanotechnology and condensed matter physics.
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RECGH DTN LS, R EEIR BB X ol A0 5
TEER ARG 207 R SR AL R G0 L TE SR BORE oy 425
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Rust(1935) & F 2215 “ framboise (B Bk ) " —
TR T P R B P TN R O R A BRCIR B
B, BRRE Y& R A (10" ~107) KAz AH [R] T
A B BURR A At 3R AT ) 3R A BT R A 5
BB 5 pm ARDAH KT 50 pm; 2H AR
R 1 R R 1 B — RAE 0. 1~1 pm Z [
(Wilkin and Barnes, 1996; Butler and Rickard,
2000). FRIR BB 7E A RIS [F] ORISR A 844 b 1y
PR, HONOE i TR A IR Y 3k 2 55
T HA R BT IR AR HOR AR H i
L S E W5 B S (Wilkin and Barnes,
1997a; Grimes et al. s 2001). T HELREERT 1Y
T AL A TVF 2 ARG 5 AH AP A —F X
IX TPt A S 5 HAB A P 1 0GR 1 R X A
VFZAT IR ™ B 8] 40 4 ) A 40 1 PR s TS AL s 1A
DL R ORRER B HAT B S S, A A — T RE Y
A B IR ARG TR 5 R AT OCTE (Russell e
al., 1989, 1990). BB ML RFIERAL 1B kA
TE AL 15 B I AT BB B IR A8 SR I AR A K AT
HR BB AT TR AR X B[] AR 7 5 T A B % Ak
REAESR AL 1 b5 7 Sk A S o B A5 7 A i o ) B
BCSRE LA IS A BRER B R AR 2R I B R (Rai-
swell, 1982; Wilkin et al. , 1996; Passier et al. »
1997). A WR—FIT R Hmi T 2R AR 10 5% A 1 1l 40
AP AN A i AL O T R 19 /R AT B R (Lyons and
Gill, 2010). H SRS B[R] (57 28 4L A A I FRT AR
VFZFREEE A ] L5 | A 1) 457 28 2318, B Il 67 3% 70
TSRO AR EREAE B S Sk 1R
[FI7 2 LU, AT AR 7S 2R 40 TP i 1 R R 3 8 Fn
16 A B TR B 9K A b 25 B 25 40 Jo 9 3 A g B
SR 2 J2 A 0 R A 40 el vh AN (] ) 2 i 2l
i #E (Mayer et al. s 2001; Novdk et al., 2003;
Johnston et al. , 2008; Williford ez al. , 2009). 7
SCHE N ERR BT BB G A S X PR A
AR ERAER] 2 D05 TR TP e

1 BRI AT S

KRR, S FRpAR B BT N AT B “ AR

H”(Love, 1962; Love and Murray, 1963; Kalliokoski,
1966; Raiswell, 1982; Suits and Wilkin, 1998) 5“qE4:
WA (Vallentyne, 1963; Berner, 1969; Sweeney and
Kaplan, 1973; Graham and Ohmoto, 1994) 2 4. FL5E
e BEER B RFIR AN RN TR AR K T A= ) 2H 2R
TS (Schneiderhshn, 1923; Love, 1957; Kalliokoski
and Cathles, 1969) 5% K A A= 9y 0] 3235 8 E 1 1) (Pap-
unen, 1966; Kribek, 1975) , BB SR AAS 1 0
MUAVERITE LG BPAEAE . A= 0 i R 56 R B BRI
AR A ARSI AE Bl B S M s . X
AL S L AE 1923 4F (Schneiderhohn, 1923) 52 42 H,
— BAHFZER] 20 40 60 AR R R 5. ToHLAL
PRI DU LATE 5 AR A FHTC R ROB™ 0 vh R B %5
PFITE R 25 ToK BOK A 1 T g B K
I RN L.

SR TEVF Z I h AT R B IR Bk B
SEHR 2R L X A% AN [R) B AR ) A AR A W
(Popa et al. , 2004) , 835 A= Yyt #2 HARE Yo 72
SE[R) R T 28 3% G047 5 200 TR 50 40 T R A B ER
Ak (Schneiderhohn, 1923; Love, 1957) .40 4ME
BB A #2574k (Papunen, 1966; Kribek, 1975;
Raiswell ez al. , 1993) DL 8k —ffk & g dEAE Y
Ak (Rust, 1935; Berner, 1969; Sweeney and Ka-
plan, 1973; Wilkin and Barnes, 1997a).

11 FHREGY HWENEBEXEMH

H 1969 4ELUR AR A 10 205 SCERIRGE T 4%
IRIEERT (Berner, 1969; Farrand, 1970; Sweeney
e and Kaplan, 1973; Kribek, 1975; Luther, 1991;
Graham and Ohmoto ., 1994; Wang and Morse,
1996; Wilkin and Barnes, 1996; Morse and Wang,
1997; Butler and Rickard, 2000) , i By &£ 4R # 2k 7
(SR ARAATT LI ToHL i B E . 7E 5 BUAREIR 2 8k
WA AR AR S BT Y B I B (FeS) 38 i 2 )
Wi 7= 4. Goldhaber and Kaplan(1974)1A K, JE
s JOT )L 1 IV A A A R K 1 BRLE A A 2o e A Y
VA JSUAR o T B8 R0 DU 7 X R ) BB AL AN
YRR I TP T2 i 1. Sweeney and Kaplan(1973)
T 3 2 K PR it SRR A VR 2 4 T U B
07 (Fey S Ja X5 S H BT 7 AR Y G 38 B S 1
BT (Fey S, + S —FeS, ). X — it L AEH 2%
1, P FeS 1 S REME LA ] LAY ¥k B 76 DL A4 H
ILAE T BRSO BROE IS B A e 20y v ] 7
Yy, T FeS S [A] A4 SO Az BERY. kT, 3R0E
) TS B 2 AR 22 I e A IR s
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WA AP BRI S R R BT 645

an it — 2 S” ROV TR FeS, @l AR Z B8k
W AR AR ) A% B KRR U IR Bk 3RO 45 1
BARER (& D).

SR » Kalogeropoulos (1983) TA i &k B 2k 0™
SRR AL R B AL W) 52 OB LY. Bennett and
Graham(1980) A}y 7E &8 AR BB T8 J 2 WA 2K 46
VRREPED Wi B 2 G T L

Wilkin and Barnes(1997a) A &R 0 1Y
BT RES 4 MBS RS R (K 2) .

(D E 58 B B R G A 5 (2) 3% 28 FhA
HRSE BT R B (Fes SO 5 (3) i T IS B gk
FREPE IV T S BBk 0 Tt 2R R T8 RO 2 14k 5
() B A R R 28 AR IR B

ANEER BRI B 2R AIE X, BT
Z A — L[] i BB R e AR BRI
Hh R BB REAR BT AN 2 R HR DTSR MU,
I ip 3k A AT EE BN [R] A — b v B AL
BRI U B R 7 S AE 55 S AR BRI 2R 1 28
FER 4 D5 E AR I 25T 58 i (Raiswell, 1982;
Canfield and Thamdrup, 1994; Wilkin and Barnes,
1996). XA, BRAR B0 TR it Y B 558 50 4 FIR ) 3] 40
AR Ji S T

BN BRI R A 2 BB I TVE T A
& ) A BB P e A1 K (Sweeney and Ka-
plan, 1973; Schoonen and Barnes, 1991; Wang
and Morse, 1996) , X Ff A8 fk J& AH 24 P 19 (Rickard,
1989). YL el (1) ELHETTIE TR ) A R AR
B 20 (Raiswell, 1982; Canfield and Rai-
swell, 1991).

1.2 HREGH BEWKEREXNEG

AR KRR 45 R 2] 1 AR ek
WA DAFETCHLSE B A 2 b & 1l R AR A A R
F R ZE (Ohfuji and Rickard, 2005). k1, JL-F A7
A WA A 2 A ) R AL S PR BESE 2 TT AL S8 B
(975 4 . B ARHE (Yushkin, 2000) . 2 1 5 & 5
PR ER e H JCAIL K o3 76 1 25 45 & FN 3T 81 3 R R

+S' e
FesSaih TZ *FeS,
Bl 1 BRIkt AR AR B 78 7B (3 Sweeney and Kap-

lan, 1973 ¥ 4w D

Fig. 1 Schematic diagram of iron monosulphide transition

into pyrite framboid

FesS4 PR AR A
B 2 FRRIEERN L B B2 (i Wilkin and Barnes, 1997a %%

VX T
Fig. 2 Sketch showing the forming process of pyrite framboid

J. SEHAE B LT BT A BB IA by 2 2B s PR ) e i
FRHARRETE SCI A5 1F T AR 1, AR )27 b B SRR3R
AR B AL 22 A & ] fig 19 (Gusev and Mineeva,
1992). B LA I A RE B R 1 128 Tk MoK eh &
J T SR AR A R R A A W R WL

AR s ToALA BUAREIR B R0 1 S 90 25 A1 F0 B 98
FEIE B AEAR BOER A (1 BRBE AT AR AP TEAR R 22
SE. XS AR AE 60 °C LA FIREE AT, LK
U PR b i il BE R = L O HLICHLG Ry 2 L)
FHL 5 B AR B KA —H (Ohfuji and Rick-
ard, 2005). fEEIR M T .60~85 °C (Sweeney and
Kaplan, 1973)%] 150~350 °C (Graham and Ohmo-
to, 1994) . ToHL & MY AR BER ™ F B AR AL IE I
AOREIR B R AR AR AL, IR 75 A SR SR TRK A5
HARIR BRI TR L R A 1 ik — 2P AT (H
B TRRTCHLG IERIR B B B TP it R A S A 1)
TR B AR A B T AR R BT i
fR. [l BRARE B AR FU R BRR BT RO TE UL A B
TR A 1 B85 & & (Wilkin et al. , 1996; Ohfuji
and Rickard, 2005), 3 H A48 Bkl b b L
BRI A= AR HEA B E A A= DI hR ).

H HT SRS Tl A 0 6 e R B gk
A94R8 ,{H-Z Bontognali et al. (2008) 7L 3 IR B4 2%
4T 3E T AR I E (Desulfovibrio brasiliensis) 5 8°
YA EAE R S50 5 8 1 BRIR Bk R £ & 30 41 747
Sy ) 4 it 7b 3B A ¥ EPS (extracellular polymeric
substances) 7EA fL i FE i 3 2L AME L. 9K
MR RRLACER T EPS i iR £k 5 A% T8 i 10
B B » 5 J 3 W 1 BORR 485 ) 79 B K %) 3sKoBR ik
£ HEBR 1 Ik Rl i 0 20w A A 1 T REYE. R4 B0
AHEBR X AT BE P — AR A AR )t i 2ok [ Y
75 A AU B4, B e 2 0 b B
W A T A A B8 4. 110 : Maclean et
al. (2008) A BT A T de A= A 40 T 1Y A BILJEE o
o TR AR IR B R I R B TR Y 4 IR (Ma-
cLean ez al. , 2008). i1 % &g R 2L A e 1 AR YA
P S X 54k 0 s sE (STXMD Il £, & 30 7] fig
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4 DNA ITFAE.

M 2 BhI7 S0 R AL AR T
AN A 45 i 7 A A 2 (Lowenstam, 19815
Heywood et al. , 1990; Konhauser, 1997). 7E4: ¥
PR A P 0 I BUEE BRBE 25 A, S A )
BRI R . X R 7 A HUAR A
WAL S BRI B Y S TR AN A A Y L X
AV LA 1 JRy BB IR B S WA BT ) A6 A 1
pH [EF AR JF A4S S5 iy Er # pH H R
KU FEM B P TE 180 TE LR KL BE A T B2
ANGE AR PRI BB 3 A B AL A4 AT B SR Al (Dev-
ouard et al. , 1998; Zhang et al. , 1998). RAZ 2T
KRR T RGP TTVE » (H X Fh AL 2 4 3
(4 BT ™ W0 45 s X 5 TEHL UL TE B 7 A i
YAl (Lowenstam, 1981). KZE S5 AEYA k&
ERIR BT P BT S AR L AR A P A R AR B
W AR R DR 2 Gl AR 10~100 4>, R4
PR A ARIR B TP A RS BT 35 107 A~ (Popa
et al. , 2004) ; T A Wy U PR A9 B R R ke 3%
T, AU B AR BT T U R T A IR 2
&Hy (Folk, 2005). SR 1M B AEARRR BB 92 3
2 R X 32 TO LA PR 34 2 A AT R AS AT 5 b
IR A A 2 R PR R AT 0 — 25 RRS B I 5 L 20
T TCER 1 2 2 B[R] 6 25 R AE - DT B 4 b IX 43
A 1R A A 0 R T A

SR AW 1R AR DG AR B B
FG AL R 1R 38 )5 /E F (Berner, 1984) | i A R
I AAVE ] (Habicht et al. s 2002) . & i G HLYIH
R4 o it NI A FH (Cantfield et al. » 1998).

5 07 Ao A W R A X A O
TR UL 40 A i A DL BT b SO B
Ha R A PUARTE SR AR B A Tt
T R A DL A B e i M e i pH R ER fH
W WIE AR/ PR EE FARFE IR SH R M ARtk
PR AN SZ AR A2ty BEAM R 2R A I R ). 7R AR Y4
H VeI A A Tk T IR I M 28 L L AR
W Y — M B LRt T AN e
FEIR . Br FE Y B A2 AL 82 /)y (Lowenstam, 1981). 4R
T o 6 B AR W sl A T R AL o AR AR, — b
B A A YIRS B ST S TR 2 Y S B AT
S5k (Lowenstam, 1981). 749 6l & 1L AE
) s O AR R R S A R L R A
AV A P RS TR 67 2% 70 1R A B DT 3R AN P 1
(Lowenstam, 1981). & Ifij 4= 97 45 il & ol 1 450K ¥

B 5 AR U AR IR R Z A B ISR E
FE )25 S0 A Rk — P I BE 5 A — S Y
T AR BRI BN RE R 5 A R R BRI A2 AL

Kaplan ez al. (1963)#& i A6 2 A BE7E 42 @ it
AU E i R i i T A L A HLR R A
SO A R T AL ) O T . A IS I B
A VUTERRAR BTER A 19 25 [A] G & i 1 31 24 1 £
{2 (Grimes et al. , 2001; Large et al. s 2001),3fH.
W B 7R 2 1 Ho A 4 S B A ) 1 45 48 FE B (Bian-
coni et al. , 1991). %, KT A WAIX d iR TTE
ASHR/ING A AT ZA ) TTHR . [a] I 532 0 1 0k
B 4E (Bianconi et al. , 1991). BRR B2 W3 £k
Wi A K 2 AR R A T 52, BB SR (i Y
AR E R R TG R R VR e BE i A K Bl T
2EMEE R ) (Keller, 1964), 881, %k BIE2I4E BB
B TR A 2 BRI AR B H A B S i R 5
pn PR PR AR K B4 S o A A bR R it 7 G B
AA ok AR v g A RS e T AS 2 AR TR
(Wenk and Bulakh, 2004).

MacLean et al. (2008) #E i ZE IR AL . B
Fe AN TUE BUA s [ a7 BRI 22, SR 5
B T A K AR 2R 1 v s (Rl B 7 o, 2 BBk
AR AR A I T e 1 T B 25 ] A7 AL Jo i 25 4
PLA TR E) A BLY) BT AT Rew % D AR B ™
SCE A AL AR AR R . SR T A b s )
B A ARG SR S 2R Y s IR R AR B BR T T 22
AL (Bailey et al. » 2009 & 1R A 1% 31F.
JIF LA 9 B8 A2 e A L v s [B) B IR AR AR 22, PR A
BUERAGULAR » B S BUER AT it 2 o0 AR AR A BLAE
i SR T R SR AR TE AR R B R kL
B AR T S — 2B W5 AN A LA E 1R 2B )
B AR AR B R W] RE A0 R A DL BT 1T T AL
AERIR A TP A ] RE R A DL .
1.3 HRESY SHMER

B B IR R IR R T SRR B Y i R e
TE I HARTURRY) rh i A 0 S 2R A Bk
B[R] 2R 0 S AN Rl T R (Rl A AR Y El R AR
P B BAE R S 0 PR B AR AR Y 45 R 38 5 D A
PR PR R 2R AL AT DARE B FRAT TR A B R
W HRIERIREA, H 28 m] Ry e AR OC R SIE LA
B B A A I A A B TG R
AT S L 7R B AR S A R A A

i [F) 57 2R 53 PR A 5 o B A DG FR NI o B A G
3V AR BT SRR DG4 R S A R 3R 19 43 i A A6 48
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WA AP BRI S R R BT 647

AT SO 1B 1 DL A — A
1 A SRR -

A¥S = §%S—1000 X [(146%S/1000)*°" —1],
AP S [ RN KA 43488 vt 225 S5 12 4 1 1 VDN, 52
B AL 25 R L, B n) B3 1 2 ARG
KA AR AR SO AT DL A R BT R AH OG 3 R 4
(Farquhar er al., 2001). Pavlov and Kasting
(2002) NNy HATE G I RAEEKPAR T B AR
Y - RV N AR AVAE 36 | B0 T et BEe i =4
H TS MR L. Farquhar et al. (2000a) J $H 5t 26 4F
%2 F 2 450 Ma BYRE & FA W A &7 [) 037 28 3 o
BAHSE MR - A% S=—1. 29% 0~ 2. 04%0; 4E I
7E 2 090~2 450 Ma Z[A]FJFE L, A* S=+4-0. 0200~
0. 3450, [a) o7 R AR BT 5 AH G 3 IR RN AN R B i 5 4
/T 2 090 Ma L M, AP S= — 0. 11%, ~
+0. 0290, J& 5 BT AT Y[R AL 2R 2048, BIr LA, 72K
W Hf (Farquhar ez al., 2000a; Farquhar ez al. ,
2007b) 1 'k B & 4 (Farquhar et al., 2000b,
2007a) v, 3X AR 5 8 AH 3G Y AR5 28 4318 52 Wil
(BEESL7/RUE IRV T E =R

Jo R O 0 R AL AR R 2 KR W) A R 3R AR i
P BAREMES 2 A AR AT 5 R WY i R 7 R i
SAHICIMR  — R BB TR I R B AL i i 7 5
TRAEYAE TR 06 ER 88 I B B R R TG
BILIE I Ay A A 0 1 ) A2 2% 5l 3 2 0 U8 285 0 L 4 B
B HX - R SRS LR IE AR A R
£ 250 °C LA b AR v i JUR) 38 S AR R 8 » PRIt A7 55
PR S S 22 B HEAEZY 250 °C LB AR 1A 2R 5
HFE IR IRGE. — B OLT » KSCE B 2 8] ) i
A7 22 43 AR N 51 R 1 A2 A AN 3 = 5040 (Ohmoto
and Rye, 1979; Ohmoto, 1986). WERf. i#kia L K B
AR SR AL 0 B AR A A — 5 1R it [R] 6 3% 43 4 ™
AL B8N B 8 (Fry et al., 1986; Habicht
et al. s 1998; Norman et al. , 2002). A= WVEFHD|
(B IR R 30 S R A 45 A= Wy ] Ak I A S A A R AR
I WA LR B A A% AP S i AR i 7
(] BN 7 S A B R 0 J At P v A R R B Bl A A 1Y
A B A /E F] (Bak and Cypioinka, 1987; Tham-
drup et al. , 1993) (& 3). SZEGERH A 9y R 4 A H
T B )57 2R 23 PR AR /0N o G [] 437 2R 2 8 2L 2 g/
T MERBRER VAR 6% S (8 . A BRFh ik JF 2 5| i
B[Rl 7 2 43 i i 2R A (Rees, 1973; Krouse and
Grineneko, 1991; Novak et al., 1994, 2001;
Habicht and Canfield, 1997; Habicht et al. , 1998;

Kl 3 AW R SRR A

Fig. 3 Schematic diagram of sulfur cycling under biologi-

cal processes

Schroth et al., 2001; Kleikemper et al., 2004;
Canfield ez al. , 2006). fHERERERIE I ™ A4 B AL )
AT REY AL I St 2ok Ty DT 8 480k o v TR 2
AR AL 5 ¥ (Jorgensen, 1990) , HA A 25 AR AL 15 )
WS, 08 \SOF B S, ik 40 B B Ak A F e 78 1
B PR AR BE AL S0 LE W) 4R AR AL PRI RE 7 AR B S
WY R % 4 7 (Jorgensen, 1990; Canfield and
Thamdrup, 1994; Cypionka et al. , 1998). £33 %
AL ARG PR, 75 1 7K B 56 A 1 4 =22 8] 119
[R5 28 7 5 ] RE AR Wt S 184 .

TERRBRER I 1k A0 TR (1 1R A HIE iR AL B
R 2R AR I R IS 5 S ) A A& S TR
ESINF ST ESYY L TN SUP LTI G C) S
55, 2007). FREEHRLSOL il 29 40 BB IR ik )5t
MIBRIRIL R 3 R — D B R, YISO ik
JFEANSZ RIS o B Qe FE IR 2 v s 2 TR B R R348 i
BRI, R S S ILE 16200 46%0 2 [8] , 7E BRI
DU R EE AT LUK B 70%,. FEAR BLAR 22 5 T 46
HA )34 J A 475 26 13 72 (Canfield and Raiswell, 1999).
SR, 24 LSOF TR JE<C0. 2 mM IR, 20 B A7 R 538 Jit
(BRI 2" S 4348 <<10%0(Habicht et al. » 2002).
TEBS TR — BUAE IR Z b iy, By T K B
FLEK Fh i R SR 1 2552 2 B B IR R 340 S 72 FE
3G AR R TP [FAL R SR TR ) Bk
FMEAT AR AR A2 s TEIE R U R
HE BT P i S SRR TP B R (B 1 A [
A AR P EBRIR h O B, A1 AN AT LA SR A R &
A LEAN T L T LR AR A HAL A5 AR A AR R
(SO0 ) AR R ER (SO ) BB (S”) , [A] 7]
AS | REH IR 57 2 #9401, Habicht ez al. (1998) W58 %
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Fig. 4 Sulfur fractionation under biological processes

LSO (IR AR TS B A1k 9% 38 S/ i
BB A 2 A E 6%, 16 BIEZ544 F Chromati-
um vinosum FER BT T B R A A & 2 A )
MZE AN 0. 3% (Fry et al., 1984). Wi & 2.,
S, 05 \SO5 HIS (20 TR JR A FH e 1 e [+ 457 25
IR LB ERERARAS 2. A I H R (1) i Ak S A e s
BT RE B AL, SEER 9T & B HL S 75 A A ik
FEXTZ B S 19 SO Fi i) HAl Ak 9. ToHL Ak
TIPS 3k A%0~5%(Fry et al. , 1988), HMHEA T
S B F 5 ik 18% (Kaplan and Rittenberg, 1964)
(A 4.

25 L BT L AR R A R A P S R A
(DA T BAR B RR +, & W & R R AR
(07S), H 6™ S [ T fE W Fe. HLAYG]F U BLAR 2 A
T JE 07 5 1) R PP ot B AT TSR S Y
W DU R R AL P i 0 S Al ARk — 40 ~
—45%0. (2)8**S BB L TE. 78 i F 45 Je W5 S0 1)
KA, B 0 6% S NIEME (T2 L) &
—40%0 s FESRTG  BRALI Y 67 S (H MAK A 5 (T 43
Z I E—45%,.

MR BR T 5 AR A SRR LG 43R R L B
b R T BB AT I R 3 R 1R T BE A
. X B[R R 4B 7 2 R T R S b T
AL S TR Rk 2= uE AR 4G G

2 RPIREEER SRR G R
2.1 BRESH HRESHENXR

BEIR B A IE BUAIE 2506 S AL I8 2R P HAR B
J BT LA B VR DR R R OB PR R A 95 75 46 »

X g3 b KA vp B e PR (R AE R B LA A A5
(Wilkin et al., 1996; Suits and Wilkin, 1998;
Bottcher and Lepland, 2000; Wilkin and Arthur,
20015 Bond et al. » 2004). 48R X Rl 7 AU T4
Y5 S R ST HL R 1 B AR Bk, ROl X Fh s
AR5 PR EE MR K.

MR IS AR WU AH , PR TORR IR 73 Ry i S8 AH 3T
S A FRSEAH (Tyson and Pearson, 1991). &R &
B RLAR KNS Bl A SR HE D E KRR 2
(A ARGF AR S, B AR AR BBk I LA 0 A ]
DA B0 058 25 A0 T ORGP 2 B b i 48 7 VR
(Wilkin et al. , 1996). Wilkin ez al. (1996) & Fi1E
TR KR P ] U BE AR B R 1Y) 734 AR L s o4
2 PR R AF A AR LU TE B A KA TR i /. TR 2%
T A AR AR B R A KA T B 7E MUK AE
R IR Z T IOR HARZ) 5 pm, BRI X SRR
BRI TE DTS 2 IS FR 5 A 5 4E KO HLRE S #
G PR SR B AT P O 4R AR 3 it S T (Wilkin e
al. , 1996) i WA FEGR SR T IE U IRV E
BRIR BT 1B AR AR /N (Wilkin ez al.  1996),
M 2. 7~3. 2 pm, B ZRAR R AIR BT, St 1Y)
RRRE R R DU A AR rh A R s 2R T TR
ERIR B 2 7 A BT UK A E 2 T TR Y vh
JE 1 (Wilkin et al. , 1996; Wignall and Newton,
1998). FEABARM TSR T BRIR B 7E S
WK SRS K S BRI T IR R TR AR (>
10 o) ARR B BRI iy H B 5 78 48050500 1 33 480 2%
T R BUERIR B R AR R i, A S REAR Bk
W HRIAEE 2= KT 50 pm; 78 B E A T A
BRI B il (Wignall and Newton, 1998; Wig-
nall et al. , 2005) (& 5). Wilkin et al. (1996) & H}
FRAR BRI, (58 AN 52 1l 30 M e AR Y 52
Wiy, FOREAREAN 25 % A A8 Ak PRIk D 6y AT AR
HAERR B G IORLAR A E KA R 2 TR
H AT RESR AL AT 5 A DR IR BT AR IR 2 A ) 48 R
A FRATHUN B RS F T B i PR, SR 3
VR PR REIR B R A AN E e S 8 1 P A S S
B Z SR TR AN R A A B R B e (8
AR P AR R P RAR T — 2P B s
FEACIE A REBORAT TR, XA R ™ 11
KA 53 AT R i S AR 1) — > SRR L - RE AR %
A3t S IR R AE Ok (B2, TR B BT, TR
P R BRIR R 2 AR S R R BT RS Y T 1
BRALN AR R SR AR A J 5 T P B[R] G L 2 KA
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and Newton, 1998) %44 )
Fig. 5 Relations between dissolved oxygen content and size

of pyrite framboid

K (Wilkin ez al. . 1996).

TEDURRY P B AR I AR 28] B S5
B 1) B A8 AL AR 1 1) S 1R A 56 (Davison e
al., 1985). RZ B T HF M2 S AW AHIC % 121k
ARSI SRS S P B S ) A 2 P 0 A
ShWRE 5| 1) A BT Y T IS AR AR S 1 AN IS 3 I
(Hallam, 1980; Wignall and Myers, 1988). 7£3iX
FPAH A R 0 B AR B R R A oA L URR Y R
FE R AR/ N | R A BB R B E PR A i IR
ISR A D BORL AR R I AR Bk
(Wignall and Newton, 1998). [K It , M & KB %E
ARBPR R R A TR AT R T 2%
RIERR BB, & AT Re At 1 J B 8 Ak S5 R i
W IHE 7R . A R RS S A RRAIE ] BEBLTTT
TR Ik 4910 X2 =50 m] BB AE B /NVREAR Y
FERE R TR A AR A T T DT b oRLAR L
RAERR B AT BB PR Ay XUz gl ) S A i i
AkS A A, RIS TR i PR AR k™ 1 - 14
KA A AR ] o 471 0 B PR o AR B R 1 1 1
RifE A 5.0+ 1. 7 pm, MR ELAY Framvaren Fiord,
FLARRAR B R 1 7 A0 A A AR X /0N R U A T
Kimmeridge Clay H &g 4R 28 67 1 P 2R 42 0 3
pm ARZADAT AT 5.5 pm (1), 5 BGX AP 2E R AT BEA £
D DR A F) 158 22 o K Bl g 2 DURR R 3R 4
W% B 22 5 AN ) A B Sh R B2 | OR8] 4 A1
HAE R I3 45 HR 23 52w U AR 3 A8 (Wilkin e al.
1996).

FRR BT ] e HE 4G AR R NORE B P B
(Love and Amstutz, 1966; Merinero et al. ,
2008) , BRAR BB v L TR ORISR SR T AL
IIRIHR Y B, B S T AN BRI TR 25 SR 5 S BRI

T s s U Ao RV T £ NNANSTETR /NN £ i 1 N S E [ =
TEIE M2 HAREAR BBk, R B B N R 3
A DBE Z T R B0k S AR IR B
SERYSE AR o5 M P9 S ) A HL 58 A HE
(Merinero et al. ,» 2008) (& 6). ff LA, 78 i A i 7
Bl BRR R 1 — 2 A KRR R A G T g
AL BT . K2R gy B e R DI S
FER ] A B BOE ) (Wilkin ez al. . 1996) 8K 1M
TERCE W1EE 202 55 748 5T 199 S FROR 0 B B (Scott
etal. , 2009; Qian et al. s 201 1) A] DI a5 IR 35
BRAT  [F]EA FT RE A Rl A A0IR BBk 0 AR KR
4k 5 (Wilkin ez al. » 1997b).

W FE TR PR il RO B R0 I SRR I a6 51
T AT, GRS A & R AR R &
DB S T 45 A T IR 40 3R 3138 4 I i e
SEARME R 3 i P AR R R A2 R I T A AL i
Jr S5 A B T Bk 2 32 B BR . R RS AR RT R
TETURRIAEE th AN [l 437 T8 i (Wignall and New-
ton, 1998). HA W ANFEAE) IZMELSS RILE,
XTI A A 28 A B TR T e
AN
2.2 EREFEETHPHERZTEFRENXER

APIR R iR TR S 2 W — Rk
JE [RGB A A S g e &, iR Fe
) Co Ni JGRFIFAL S 1) As.Se.Te FHILEK; &
EHMIBAYIE AR TR H s R W Au,
Ag.Cu,Pb.Zn.Sb.Bi.W.Sn % 0 K. &Rk B
MR TC 3R E IR AR i A v B e AR 0, 5
() 22/ 2 58 BB A I3 8 43 ) BEAE 2 45 1 A
K. AR BI AT B3 S 2% » B P I i T R
O A5 2 W] B R R SR R A 2 7
TE BB ERT™ s 1 TR B AL 2 55 AN ) (7%
IR MBI AEAE I B i 22 5, UL X R T R
FRBVEFOESES 70T LU A3 AT ARG 0, TR AR B k™
S RO G v v o e 1 o I 11590 TR S LN R TN
HB A R ) R A 2 (R A, RIS, A Sl
TG E XA IR TR AR B Rk A8 4 L I R

F1 B BORE

wHE

AN T 2 7 ERAGERT &)

6 FRIRFEEE EHE AL (5] 8 Merinero ez al. , 2008)
Fig. 6 Textural evolution of pyrite framboid
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5 36 &

BRI S TR A — FRA I ) py e i A
SN K- 5 1.

AN ) B PRAS [) BR 58 Hp () B ™ ] BB e B A (] Y
R ILE (Craig et al. ,» 1998). fE B W &
JCHR W1 Ag.Pb.Cu,Mn, Ti I Ni ] g8 B 7 & B
AR, BT Co Al NiL JEHSE: Co/
Ni AE, EEW RS R E A A A 8 (Loftus-
Hills and Solomon, 1967; Govett and Pantazis ,
1971; Ryall, 1977; Bralia et al. , 1979; Giilec and
Erler,1983). AR LA B2k~ Co A1 Ni 5 #7281k
TR IEHE Co/Ni. ZEHCREBR AL IR Hh Y B2k B
Co/Ni WAETE 5~50 Z [ CF 2k 8. 7). Co & #AR
B CE 480X 10 ) 3 H Ni &K T 100X 10°°
(X8 56 X107°%) (Bralia er al. » 1979). WA H UL
R EET A 51 Ni & (Loftus-Hills and Solo-
mon, 1967) FMEK Co/Ni LL{E CGF#5 0. 63) (Bra-
lia ez al. , 1979). Ni #1 Co S5k R %Y, 2R1M
Zn F1 Mo 5N C R EH] JUH SRR BER
HREE BB w80 BE & %5 V) (Graham and Robert-
son, 1995; Mukhopadhyay et al. . 1998). Ifi &%k
B P R B R B T R R B AT RS HOE I
AR AL B AY IE $E. Sugawara et al. (2008) ]
Micro-PIXE J5 : 0 & AR B HEA T & 0 A, I
HEBIT A, K IAE R R R P H AR
FEAAY— TR A R W PIE AR
FRAR B A A R Y B G 8 R R A A AL 3R]
FRR BRI TEA R BB /A T & T 21 k.

B Mo iR Ag BE Zn B NiHi Cu g% Cr g V.
Bl U FVEATE 0 2Bk A B A A A OB A B
Je s Ft AR T AR X & 4 (Vine and Tourtelot,
1970; Calvert and Pederson, 1993). & & W 5% iE
W1, FEE DU LR i 508 42 TR 4 MoV,
U, Mn (9 5 fE R B 16 7 o5 1 7 4508 (Wignall
and Twitchett, 1996;
1999; Kimura and Watanabe, 2001; Yang et al. ,
20045 Guo etal. , 2007). XEETCR LG TR H
T2 v T AR T KA v A A R RS A AR AURR.
A S HURR A TR 1) vk B8 W B 5 v S R 1 1
J5 a1 8 0 (Morford and Emerson, 1999; Yarincik
et al. , 2000). 1 Mo k42 Bl 467 i S AL i I
SR —FIRER TR 18 & AR K, Mo DU Pk
g3 MoOi™ JE UM B, AR 1M, £ SR 28U 2K A
VAR BRACH) H BLRYH T Mo RTRELA -4 Hir B =
IAEAT] EAH H (Calvert and Pederson, 1993). £k

Morford and Emerson,

7T » TR B 52 UA B 7R BR T R & i 5 738 DU iy
HH R P il A I S A R R A TR . TR Oy S
e moc R F AT ek A T IO b o™ P i it
PR AL AT REJE T L Se ik o0 3R A 54 i UKL 1
. B ZAME R T — R 58w o R i e EfE
i AR I A B AR ) TEX A U P — T
B IAT WU AL IR S 25 A T o — A~ SRR AR T
R A T X AR, XA YR A I
FAFICRAETOR Y h DU B 33X A~ LA K 238 T
THRIFAIE FT A 19 42 8 J0 3R 1 LU A 0 I — 4 7T &
ft). Jones and Manning(1994) ¥4l T —FE L FE A
AR T A5 A G 75 700 1 AT S A 45 5 AN T R
EEJCE Hb{H: U/Th, V/Cr, Ni/Co, Ni/V 1 (Cu+
Mo) /Zn, Ik Hy e vl SRy J5 & U/ Th, V/Cr Ni/
Co. FEESCHRIAHESE T 5340 2 Foc RIS EL V/(V+
N1 (Lewan, 1984; Hatch and Leventhal, 1992) i
V/Sc(Kimura and Watanabe, 2001). %l U/Th #¥
PSRRI T PR DT vh 1 4R R BR 5, X5 U/ Th
FOAE <72 B sz e Bl 480 #7355 (Wignall and Twitchett,
1996; Kimura and Watanabe, 2001). 7£ &t 5 514
T,V # i de & 4E (Calvert and Pederson, 1993) .5
1 V/(VAEND (>6)F1 V/Cr(>>2) L fE B R TR 7R
B4 25 4 (Jones and Manning, 1994; Wignall,
1994 ; Rimmer, 2004).

JIF A AN [R] I AN [ 2R 45 P ) it e R T e 2
TEBERA™ FAE T ASTa] B ER 3 o i 32 65 AN [R] JE 25 Fh 45
PR B A T e A S A Bl ST 2R 40 T AT RE XS TR
TRy BREE Y AR JFUR S BT 19 A K B
AL A S B,

3 AFAER )

BRIR B — R ROKR B =R 4K H
HR B ) 2 R SE T BUR G 8 o R
Pl » AR AL BRI A P e, R S HIE A R
OBIETE. SR X REAR B BR AT 3 BR A ol ot (19 0 38
[l 37 2R ol DX i o A 2R A G — U X4
B BEA T HUER P2 23 T X AR AT AT RETR ¥
AN AN [RI PR I8 FIA [8] B AT 7 Bk ™ IR 6 3R K
[l 37 2R 2R A = R ik 45 AN 21 S A0 B T 1) 245
R RIS ARAR B B R SR BT B S LT AR
JNTHA FCAf -+ I ASE) HES 5 2 CILIU Fy S AN R
W B IR ELICE D BRAT A P B A O AT 2E.
FEXRSRPR B BRA™ AT JOHLAS B » Bk = B 43 F AR
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ZAFR TR RS e BRI T i e
FEH D, FUE— SO PR . 56 Tl ad B 3R 40
AHLE BERIR B R 1Y) 5250 2 4ok WL ARGE. A=
FR A= W 18 R R R R 22 ) SR A A (SR A X 1)
IWASEAR T B 7R S PRI b AR 25 50 W W 4 R
W FRATI 08 AEAR i A T A A RN AT U
PO T R/ IN GGk /N =8 N Gact 7/ N e
A=) G A W v v RS A W B SR A PR S
A i LAAE 2Z B85 R AS W] BB AT 72 SU2E $ 1
Viig B P R B IR R T BB TE ML Y L
A TR R VE . B A9 1 1 X X BIF S
HoER R AR A IR A B BRI TR
B AL S A M RN ERBE (R i V) 56 R IR AR SR H
FA. HETH B0 A F Brn 3 5 B T i EDS(X
SHRREREAD | i T4 4 LA-ICP-MS GO 3# pl 5
HE BRI B S5 1 PR TS ) 2538 TR R B AR v ik
T B R A T TORG B 20 BT 25K DA L R R [
S8 H R RN B (kAR A S 0 B
D5 A B NS 5 15 2 BE b BRRL 24 A A Bl2f b
REBRE ARG B F LA SR SR A W B2 | B 40
B CGRIZ AWy BE RERAE R A Ay AR
A4 MEEA R AE.

4 T HRER

BRI A — B b R SR S B4R
Ke—H AR R X BER B 1Y A IR A7 A
I3 ABAE YR g T R A HL S SRR DL KON
BT A R S PR B ke (P TR I 8
) BRIR B R L 2 — EHOA Y AR R EAR
DFRJE b 55 Bt 1R 1 D 40 T AR AR iy 8 A 40 T 119
1R 26, #EHEM (Skyring and Donnelly, 1982), 3%
ST A P R LA 1 (4 600~ 3 800 Ma) » Hi 7% i A4
SEFIR AN CAATE » A IRAE T K B SR A
W bt 7K CAllen and Hahn, 1994; Cook and
Stakes, 1995; Baker and Banfield, 2003). 4%y
YRR R vh ety 28 A R ARG 5 BT B L A A RSB AR X
R — RN Y EATRA R S AR D RE . H
RETEGR S B SR IR L 5 B Bl 21 8 7R S PR 5 T
AEAF  AEHBIR B AL 07 B IR 0 T8 I AR i R TN
A NRAEAF IR A S5 5 TR A AR B2
ST . Rk s kA T B FRATTEE 11
—AN T R ER B N UE S S E LA BT
AT 4R b R 00 A L 2 2 M A A A A SR

Ui PR 58 1A TRV S PR MBS 1 B i B R K I AR AR B
PR (Merinero et al. s 2008) , TR IR T 1 Sk b
BR SRt R B 5 AR A IR A AR 1Y AR YA
B M 5k 77 # (Lonsdale, 1977; Prieur e al.
1995) , JE 48 7 A AE T TRFR A W el 1) B 42k 4
(i) Iof 2 BB % 3 2 A4 ) Bl 5 R A ) L 1) L 45
TH. AR, RTINS T 08 A S AR AR G S i
T R HARUS i AR A PR AR s PR B rp 1 s )
VER I 7 ARG R B T A A B o 2 o i —
AR TAE. SR B e E IR G T8
LEYIAATE SR T BT R 2 7 s B H
IEORFFE GRS OB LATA 0 R A I
B P PR AR A 3 A A g P B A A i s BB sk
R HRUAE . JF R Al sl b g i Bk S L
HEIAATT EEAFE S o R 0 Je 0 5 00 A iy B 5 S HL
(AN

IRRTEEIR A A IO L2 R X 43T S ]
B OCHE. B LA BRI A R O 5 i 51
AR H AR O AR EOR 2 A X 5
LB SE A SR B & —4E X G4
W7 78 Al BRI MR A5 B = ZE ST AR B
AR K X LA A 5 53 B % G 1) M o A2 AL 25
DITHR 25 » LA [T ik e L 2 WL ot o & 30 AH G 32 i
2R NTE AR AR Xt R H TS S E R R R 1Y)
— IR H il A A X T RE IS (EDS)
R LR (SEMD J3 Fr RIR BT Y O ZH 2L &
X B 43 (Popa et al. . 2004). 7 5t oL F 2 45
(TEM) I X— BB BT EOR AR 255, 7T LLTES)
KRS AT O IE S WL 28 | it 1A 45 48 43 B o3
G317 » BE R A 5t i SC BRI 2. BITE [ —4F
ai - HEAIAH BT SR ER 5 2548 4 Hr B 2 02 LA 40T
B4R, T TCHIL R 40 R0 A ) B BR300 1)
PRGE A AN ] 38 40 325 S5 H 5 P A3 S 2 A B T X
53 AN T PR AR B R T X AR B R T A
T3 53 BT A B T A 1 LR AT B AUE U IR ]
He 419 B 58 (SEMD B 7 R AR B 1T R (FIB) LI B
XTSRRI T U] SR I T X S il X o BT B R
X IR AT 23 BT Q03 2ok 3R A 2 - RO A AR
BER HEAT VIR, AL XS B A W] L 1) B 2
FFUIX A7 (MacLean et al. » 2008). fxir il 138
1 TR ES T B U0 NanoSIMS BEA17 4 X 5 7] 17 %
1Mt (Wacey et al. , 20100, n] DA REAE X Fh e A
FNERR R b B 3 A 1 (W) 67 2R Ak DX 40 B
b B E AR UR S I RS S R ROK
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