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Abstract : Stable i otopes of carbon and sulphur are fractionated during cycling between surface reservoirs and
geological reservoirs. The main processes that control the isotopic composition of various reservoirs are photo-
synthes s and equilibrium between oceanic dissolved inorganic carbon and atmospheric CO: for carbon, and bac-
terial sulphate reduction for sulphur. G S cycling from surface reservoirs and stored in geological reservoirs
provides a geological record of ancient isotopic compositions. These isotopic sgnals can be used to improve and
refine our understanding of historical changes in global geochemical cycles through geologica time, especialy
for some key trandtiona periods. A number of case studies with detailed applications of these principles have
been discussed to illustrate the causes and effects of ancient global environmental change.

Key words: carbon and sulphur cycles; isotope fractionation; photosynthes's; bacteria sulphate reduction; the

mass extinction

CO:2 )

1 X142 ; P597 A :1005 ~ 2321(2009) 06 ~ 003315

:2009-08-01; :2009-11-08
: ‘973" (2005CB422101) ; (40673013 ,40839907)

(977, , Email :wangjg @mail .igcas. ac. cn



34 , / (Earth Science Frontiers) 2009, 16 (6)
, , CO:
CO:2 HCOs
1 CO?% HCOs Ca Mg
( )
( )
CO; + HO=CH20+ 02 (1) ,
CH:0+ 0. =CO2 + H20 (2) ,
[2]
, (BSR) 12
2CH,0 + SO;” =2HCO; + H.S (3) ()
H.S FeS ( )
( ) (SOz ,H:29)
, 02 ( 2"
[r2] 0%
11 ane e | L%_ A \ B
w T
’ 1 R i i /// //‘i,«‘ i//éf
(G T ,// j;\-ﬁiw\\\
( ) Lm] KRN x

g
{omen
0%

Bottrell , 200721)
FHg 1 A schematicillustration of the global carbon cycle

( Newton

’ COZ

20%0

HAaErmme Y&
: i +vedbo R A

Newton , 2006!%1)
Fig 2 A schematicillustration of the globa sulphur cycle

( Bottrdl

H.S,H:S Fe
( FeS) , 75% 90%
( 4) [47]
( FeS)
[6,810]
( )



35

, , / (Earth Science Frontiers) 2009, 16 (6)
, SOi° 2Co:, CO:
CO?% Bc 20 %o 2l
, 90 %
(1l , C3 (Calvin ),
[14] C3
) c4
FeS +3 50; + H.O=Fe&’* +2S07" +2H" (4) ; C3
13
1 C
02 CO2
[15-18]
O, [3]
2 (CHa) ,
21
( 3=, ( 5 CO: ( 6
H;C—COOH -CH4 + CO: (5)
EHLR R CO; +2CH20 -CHa4 +2CO: (6)
8. 2%o0, 30°C 1. 2% ? i ’ COz
11. 6%, 0°( A
T S |
Sy CO \4 v l
o ¥ 130
‘ 1
! ’ Eroc =&, +4 = A - 110%0 - 60 %o,
- 65%0 - 509%™
A 22
Y. I‘{ = [20-21]
Lo - LB A1 L%
3 0 +2 4 %o,
( Hayes , 1999012]) [20,22:24]
Hg 3 The carbon isotope relationship between
different carbon reservoirs
(1) CO: <50
B CO; + H?CO; =%C0. + H®CO; (5 , SOF H:S,
y COZ ]
CO:> (2]
CO: (BSR) BSR Zs ¥s
Be( 0 %o/ PDB , CO: ,  *s , H2S
- 7. 8 %3/ PDB) (2 S0 34 7,21 26]
(2
) 2 CO.
B Co. : 4 %0 46 %o, 21 %47



36

31

, , / (Earth Science Frontiers) 2009, 16 (6)
A ¥ SO Saitae - 0> Suitice) 46 %o i} - t'Ma
[27] RlY HO( O -{7 200 100
’ =B} i v [
A*S> “’ i
46 %o | 1 | l‘ |
‘ r
() SO0% BSR H2S ! ,
SJ[29-32] l
H2S BSR H.S *s,
7 %0 20 %o, SO%” 5 5% Cors
H:S 46 %67 (1 4) ( Ripperdan, 2001%81)
Fig 5 Secular variation in carbonated**Cear
{ SO; values during the Phanerozoic
o0 T 20 -~
| T < ( ) (
HS 27 \UH.S ) '
— 4> S
— 35
4
( Canfield

,19941321)
Fig 4 Theoxidation and disproportionation during
bacterial sulfate reduction

(- 12%",

O C:(0£3) %y

[39-40]
« )
[41]
[3,27,3437] )
[42] [43]
[4445] [41,46]
[12] ’
13 Corg[47-48] ,

1 1 ( )

13 Corg[lz] 13 Corg
) CO: ,

) ’ B '
' AP CR™ Corg - 8" Caart)
p(COz) [48-51]
CO: ,
( o Cearb o Corg) [1517 52]
58 Caarb A c
( 5) [18]

p(CO2)



, / (Earth Science Frontiers) 2009, 16 (6)

[46]

ABC p(CO2)

1 Kump  Arthur (1999)

[46]

311

=(2)

(
)
( )
— (
)
¢
[53-54]
[5556]
[57-58]

) [40 55 ,59-62]

(542 0+0. 3) Ma*

(Strangelove ocean) |,

(oceanic overturn) ,

")

(1)

CO: ,
2

CO:

[64-67] . (3)

13C

[68-69]

lZC

CO: ,

(7 - (4) CH4

()

37

CO: (*CH4 +20: -2 CO2 +2H:0)
(1 (5)

13 C ,
12 C
13 C
[63]
Kump (1991)
(73]
Ma'"™

[67]

[62]

1 Ma

Tommotian

[61,66]

12C

1 Ma

CHa

CO. ,

[71-72]

3

[55,72]

(513+3 3)

3

’



38 , ) / (Earth Science Frontiers) 2009, 16 (6)
[77-79]
CH4 CO:2
[80]
4 ’
(erez] - 50 %o
el : - 25 %o
: : Bc :
[83]
L 3 3
76 . .
,Chen  (2009) '™ (the base of Nemakit-Dal di-
, nian) (N1) (the base of
, Tommotian) (N3)
-\ ’
13
C ( CHs4 CO: )
) N2
( 86, 3 ,
(N1 N2 N3), ABZC N2 )
1l
[76] Bc
: CO: CH. (621 ,
0"'Cpuron/ %0 BYS— AW B, XWTS—/hELIIBE. ZYCpifthf Bt DH KB, SYT i LB |
-36 -32 -28 -24 e
_ 0 Cyppp/ %0
7 128 40 4 8
- 14
5 g 3" Cupnu/ %o
= : B 40 4 8
il N3'%‘.I.“....__f; g v n
- *s P2 =1 v : -
:}T! i: y i ol . N--JT': ;'--
%/ - Sl ’
g / ! ‘: - - -~
Bl el Si035 ML [T 1w el
2 S —pl e £ . i E
g f 3 2% e
£ i . 3 o 3
™ ; £ 8 ‘._ *ey 3
& ¥ = g~ °
< B &
...... _1N1£’E‘_7_77L‘>_______ ;.-. %N- s s
R|_ T e ) n
e ;—‘. 5m Anabar Uplift, Oued Sdas,
;_ﬁ i » Zilie ) ,\..becl"‘l: Morocco
S y - JEfE A, 1997 Kaufman % | 1996 Magaritz 2§ , 1991
v 40 -36 -32-28 -24 B
W R b 0" C,,.vron’ %o
pidati LEIHZH\ Zone |: Anabarites-Protoherizina; Zone 2: Paragloborilus-Siphogonuchites;
Shen Ml Shidlowski, 2000L_Zone 3: Sinosachites-Tannuolina
6 —
( Chen ,2009L7)
Fg 6 Carbonisotopic variations across the Ediacaran- Cambrian successon at Ganziping and
their corrdation with those at Yunnan, Sberia and Morocco
24 © 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



, , / (Earth Science Frontiers) 2009, 16 (6) 39

. () .
®C CHs CO:
12 C [94,103] (
. ) ,
, ,p(CO2) , ,
[101,104]
, CO: , Chen
, (2005) 14 FF ;
- ] [} ] (
)
: , F F
el ( 7,
( Karatau) , F/ F
[55-56 ,90-92] [41]
, , w(C,,) /% 0"C ./ %0 oSr/0SE
FILL 4 30  -28" -26 -24 0.7080" " 0.77090
312 — ] S S, SRS IR
, — (F/ F)
( )
S B b i Pt e e
[41,93-97]
[95]
) Upper rhenana
Lower Kellwasser Horizon (L KW) (4]
F F triangularislinguif ormis : : F
; Upper Kellwasser Horizon ‘ A I B b
(U KW) [94] 0 'C,./ %o A"'C/%o
FIF ( 7 FIF 8% Carw §*Corg ,
) 87 S,/ 868,
( ) (  Chen , 2005!41)
Fig 7 Systematic variations of 8 Cea ,0 2 Corg, ¥ S/ ®¥S
! ’ valuesfrom micritic carbonates across F/ F transtion
[98-100]
CO: (p(COy)) et F/ F ( D, Upper
, Late Kell- Kellwasser Horizon (UKW) (o4
wasser (202) ( ) 3" Cearb §**Corg ,” St/ % Sr
,,

© 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



40 , ) / (Earth Science Frontiers) 2009, 16 (6)

600 ka ., ka) ,
0" Corg ( 4 5%V-PDB) 3" Cen el 3 A®C
( 25%V-PDB) (100 ka)
: 3 ( p(CO2) ) (o ass2l
(la—€) , F/I F — ,
200 ka, AP C=0" Ceanb - 0" Corg
(la, 1b) SFr . sr/®sr FI F
, 3" Corg
0% Ceanp ( ), , F F ,
Ic U KW real , : /
513Ccarb'613corg‘87 S/ seSr '
( — ) (200
(la, 1b) P%Cog  ka),
3™ Cearb : (SST) : ,
(49l CO: (p(CO2))
« ” [113]
CO:. ([COz2.4]) , (
3% Cug Fe Zn) ( )
[48,105] [ COz ]
(DIC) , F/ F (lc) p(CO2)
07 COz . ( 8" Corg ) : (
6 13 CDIC 6 13 Ccarb [46 ,49] , ) ,
3% Caap 0% Corg , ,
8% Corg , ,
87 S/ 86 Sr ( ’

- ) [106-107]

p(CO2) ( :
200 ka) [46.108]
p(COz) [114] ' ,
( b, <200 ka) , Ic

[99,109]

[104,110] CO,

[111] , p (COz)

[98,104]

[46 ,111-112]

[103] F/ F
( )
, [104] , 3 2
0" Ceav® B Carg'87 Sr/ % sr ,
(a6l , CO: , ( CaSO.)
COZ p ( COZ ) [ 3
0" Corg ( 0" Caar) ( 100 , Claypool  (1980)



. ) / (Earth Science Frontiers) 2009, 16 (6) 41
( PTr
)
, P ¥ Scas ,
+15%0 +20%«CDT) , (
+30%0 +35%«(CDT) , ) ,
, 11 %o(CDT) , 0% Seas
+21%(CDT) (8™ 3l P-Tr
( ; PTr
) ( ) 0% Seas
\ , 0% Seas P
[3,14 ,115] Tr
5 [119-123]
100
200 . (1)
300 (119 ,122-123] .
1400 _ ! (2)
{ = SO, (3) BSR
J i H, S[120121,124]
1700
L[ T ..
“ J » Newton  (2004) Suis
10 15 20 25 30 0TS 30 3s ( 9 0% Sas +
S J%, "0,
( 13 %o +27%(VCDT) ,
8 +15%«(VCDT) , + 18 %d +
3% (VCDT) , , +
( daypool , 1980[51) 0 )
Fig 8 Theisotope evolution of sulphate-sulphur and 16 %o +28%(VCDT) (1 7)
sulphate-oxygen derived from marine evaporites (250 Ma)
, 19 mM 22 mM ( 65 %
, 75 %) [125] , ,
, 634 &ZAS 634 S:AS
CO% , 0% Sas
(CAY9) , ( +27%0 +15%)
Ba. 1
0% Scas 11. 5 %o + 27 %o
, [3,116-118] 30 % ( 18 mM)
, , H:S 0% Seas
+ 27 %o + 15 %o H:S s
0% Sas BSR
, 0% Sas H.S



42 , / (Earth Science Frontiers) 2009, 16 (6)
10, 4520 2% 14 16 18 20 1 mM
110+ ) ( UM )2 Ber-
1 k ‘s ner (2005) PTr
100+ by =
5| |z 255 Ma 25% ( 21 % )
1 |2 2 126]
90 w 245 Ma 16%
e W T )
0 jﬂj\/\/\ﬂ [127] P Tr
IHERE
101%2|2|g[2 ' ’
e =[] H2S
=~ =lE(2)1E
30 ;3 3 s H:S
- , H2S
20 § c ,
{ZIET=
23| |°
10| 8| €] , H.S
] i , , Grice
oy 0 15 20 25 ' 14 16 18 20 (2005) Perth Hovea3
CAS 0"*Sy.cor/ %0 CASO Dy eun/ e
-1 , PTr
9 Suis — H2S
( ) ’
( Newton , 2004[10]) Hz2S (
Fg 9 Sulfur and oxygen isotopic variations across the ) ,
Permian- Triassc boundary at Suis , Itay(cross hatched [128]
band indicates the extinction interval) , PTr
H.S () H2S ,
, H2S , F/
) F !
534 Scas , H2S
, HzS : (
, Riccar- )
d (2006)
A34S 4
[121]
HZS ]
H2S
Kump  (2005) , H2S CO: ,
HZS ]
] HZS
20 mM , ,
,’

© 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



(Earth Science Frontiers) 2009, 16 (6)

43

(

)

References:

[1]

[2]

[3]

[4]

[5]

[6]

Berner R A. Buria of organic-carbon and pyrite sulfur in the
modern ocean —ts geochemical and environmental sgnifi-
cance[J]. American Journa of Science, 1982, 282: 451-473.
Newton R, Bottrell S. Stable isotopes of carbon and sulphur
asindicators of environmenta change: Past and present[J].
Geological Society of London, 2007, 164: 691-708.

Bottrell SH, Newton R J. Reconstruction of changes in
global sulfur cycling from marine sulfate isotopes[J]. Earth-
Science Reviews, 2006, 75: 59-83.

Jorgensen B B. Mineralisation of organic matter in the sea
bed —The role of sulphate reduction[J]. Nature, 1982, 296:
643-645.

Canfield D E. Sulfate reduction in deep-sea sediments[J]. A-
merican Journal of Science, 1991, 291: 177-188.

Lin S, MoresJ W. Sulfate reduction and iron sulfide mineral
formation in Gulf of Mexico anoxic sediments[J]. American
Journa of Science, 1991, 291: 55-89.

(7]

(8l

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Bottrell SH, Raiswell R. Sulphur isotopes and microbia sul-
phur cyclingin sedimentsfM] Riding R E, Awramik S M.
Microbial Sediments. Berlin: Springer , 2000: 96-104.
Berner R A. Sedimentary pyrite formation[J]. American
Journal of Science, 1970, 268: 1-23.

Snninghe Damste J S, de Leeuw J W. Analyss, structure
and geochemical sgnificance of organically-bound sulphur in
the geosphere: Sate of the art and future research[J]. Or-
ganic Geochemistry, 1990, 16: 1077-1101.

WerneJ P, Hollander DJ,Lyons T W, et a. Organic sulfur
biogeochemistry : Recent advances and future research direc
tionsfM] AmendJ P, Edwards KJ, Lyons T W. Sulfur
Biogeochmistry —Past and Present. Geological society of A-
merica, Secial Papers, 2004, 379: 135 150.

Strauss H. Geological evolution from isotope proxy sgnals
sulfur[J]. Chemical Geology, 1999, 161: 83-101.

HayesJ M, Strauss H, Kaufman, A J. The abundance of
13Cin marine organic matter and isotopic fractionation in the
globa biogeochemical cycle of carbon during the past 800 Ma
[J]. Chemical Geology, 1999, 161: 103-125.

Park R, Epstein S. Carbon isotope fractionation during pho-
tosynthess[J]. Geochimica et Cosmochimica Acta, 1960,
21: 110-126.

Zheng Y F, ChenJ F. The Sable Isotope Geochemistry[M].
Beijing: Science Press, 2000: 193-247(in Chinese) .

Rau G H, Takahashi T, Des Marais, et a. The relationship
betweend 13C of organic matter and [ COz2, «] in ocean surface
water : Data from a JGOFS ste in the northeast Atlantic
Ocean and a model [J]. Geochimica et Cosmochimica Acta,
1992, 56: 1413-1419.

Hinga K R, Arthur M A, Flson M EQ, et a. Carboniso-
tope fractionation by marine phytoplankton in culture: The
effects of CO2 concentration, pH , temperature, and species
[J]. Gobal Biogeochem Cycles, 1994, 8: 91-102.

Bidigare R R, Fluegge A, Freeman K H, et d. Consstent
fractionation of *Cin nature and in the laboratory: Growth
rate effectsin some haptophyte algae[J]. Aoba Biogeochem
Cycles, 1997, 11: 279-292.

Ripperdan R L. Stratigraphic variation in marine carbonate
carbon isotope ratios[J]. Reviews in Mineralogy and Geo-
chemistry, 2001, 43: 637-662.

Whiticar M J. Carbon and Hydrogen isotope systematics of
bacterial formation and oxidation of methane[J]. Chemical
Geology , 1999, 161: 291-314.

Thode H G, Monster J, Dunford H B. Sulphur isotope geo-
chemistry[J]. Geochimica et Cosmochimica Acta, 1961, 25:
159-174.

Kaplan | R, Rittenberge SC. Microbiological fractionation of
sulfur isotopes[J]. Journa of Genera Microbiology , 1964,
34: 195212.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

/ (Earth Science Frontiers) 2009, 16 (6)

Alut WU, KulpJ L. Isotopic geochemistry of sulphur[J].
Geochimica et Cosmochimica Acta, 1959, 16: 201-235.
Thode H G, Monster J. Sulfur isotope geochemistry of pe-
troleum, evaporates, and ancient seas[J]. Am Assoc Pet Ge
ol Mem, 1965, 4: 367-377.
Nielsen H. Sulfur isotopes] M] Wedepohl K H. Handbook
of Geochemistry. Berlin: Springer , 1978: 16-B-1-16-B-40.
Canfield D E, Raiswell R, WestrichJ T, et a. The use of
chromium reduction in the analyssof reduced inorganic sulfur
in sediments and shales[J]. Chemica Geology, 1986, 54:
149-155.
ChambersL A, Trudinger P A. Microbiologica fractionation
of stable sulfur isotopes: A review and critique[J]. Geomi-
crobiology J, 1979, 1: 249-293.
Canfield D E, Teske A. Late Proterozoic rise in atmospheric
oxygen concent ration inferred from phylogenetic and sulphur
isotope studies[J]. Nature, 1996, 382: 127-132.
Habicht K H, Canfield D E. Sulfur isotope fractionation dur-
ing bacteria sulfate reduction in organic rich sediments[J].
Geochimica et Cosmochimica Acta, 1997, 61 (24) : 5351-
5361.
Jorgensen B B. A thiosulfate shunt in the sulfur cycle of mar
rine sediments[J]. Science, 1990, 249: 152-154.
Jorgensen B B. The sulfur cycle of fresh water sediments:
Role of thiosulfate[J]. Limnol Oceanogr, 1990, 35: 1329
1343.
Jorgensen B B, Bak F. Pathways and microbiology of thiosul-
fate trandormations and sulfate reduction in a marine sedi-
ment ( Kattegat , Denmark) [J]. Appl Environ Microbiol ,
1991, 57: 847-856.
Canfidd D E, Thamdrup B. The production of **Sdepleted
sulfide during bacteria disproportionation of elemental sulfur
[J]. Scence, 1994, 266: 1973-1975.
Habicht K, Canfield D E, Rethemeer J. Sulfur isotope frac-
tionation during bacterial reduction and disproportionation of
thiosulfate and sulfite[J]. Geochimica et Cosmochimica Acta,
1998, 62(15) : 2585 2595.
Canfield D E. Biogeochmistry of sulfur isotopes[J]. Reviews
in Mineralogy and Geochemistry, 2001, 43: 607-636.
Habicht K, Canfield D E. Sulphur isotope fractionation in
modern microbial mats and the evol ution of the sulphur cycle
[J]. Nature, 1996, 382: 342-343.
Habicht K S, Canfield D E. Isotope fractionation by sulfate-
reducing natural populations and the isotopic compostion of
sulfide in marine sediments[J]. Geology, 2001, 29: 555
558.
Kleikemper J, Schroth M H , Bernasconi SM , et a. Sulfuri-
sotope fractionation during growth of sulfate-reducing bacteri-
aon various carbon sources[J]. Geochimica et Cosmochi mica
Acta, 2004 , 68(23) : 4891-4904.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Veizer J, HoefsJ. Nature of 80/ 0 and ¥C/ 2C secular
trends in sedimentary carbonate rocks[J]. Geochimica et
Cosmochimica Acta, 1976, 40: 1387-1395.

Magaritz M. *3C minima follow extinction events: A due to
faunal radiation[J]. Geology, 1989, 17: 337-340.

Magaritz M. Carbon isotopes, time boundaries, and evolu-
tion[J]. Terra Nova, 1991, 3: 251-256.

ChenD, Qing H, Li R. TheLate Devonian Frasnian- Famen-
nian (F/ F) biotic criss: Insghts from 8 Cean , 6% Corg and
87Sr/ 8Sr jsotopic systematics[J]. Earth and Planetary Sci-
ence Letters, 2005, 235: 151-166.

Arthur M A, Dean W E. Organicmatter production and
preservation and evolution of anoxia in the Holocene Black
Sea[J]. Paeoceanography, 1998, 13: 395-411.

KumpL R, Arthur M A, Patzkowsky M T, et a. A weathe
ring hypothesis for glaciation at high atmospheric p (COz2)
during the Late Ordovician[J]. Palaeogeography, Palaeocli-
matology , Palaeoecology , 1999, 152: 173-187.

Dickens GR, Castillo M M, Walker J C G. A blast of gasin
the latest Paleocene: Smulating first-order effects of massve
dissociation of oceanic methane hydrate[J]. Geology, 1997,
25: 259-262.

Kennett J P, Cannariato K G, Hendy I L , et a. Carboniso-
topic evidence for methane hydrate instability during Quater-
nary interstadials[J]. Science, 2000, 288: 128-133.

Kump L R, Arthur M A. Interpreting carbon-isotope excur-
sons: Carbonates and organic matter[J]. Chemical Geology ,
1999, 161: 181-198.

Arthur M A, Dean W E, Caypool G E. Anomaous 3C en-
richment in modern organic carbon[J]. Nature, 1985, 315:
216-218.

Dean ED, Arthur M A, Claypool G E. Depletion of *C Cre-
taceous marine organic matter: Source, diagenetic, or envi-
ronmenta sgnal[J] ?Marine Geology , 1986, 7: 119-157.
Freeman K H, HayesJ M. Fractionation of carbon isotopes
by phytoplankton and estimates of ancient p(COz) levels[J].
Qobal Biogeochemica cycles, 1992, 6: 629-644.

Jasper J P, HayesJ M. A carbon isotope record of CO: levels
during the Late Quaternary [J]. Nature, 1990, 347: 462-
464.

Hollander D J, McKenzicJ A. CO2 control on carbon isotope
fractionation during agueous photosynthess: A paleo-pCO2
barometer[J]. Geology, 1991, 19: 929-932.

Rau G H, Riebesdl U, Wolf- Jadrow D. COz2, « dependent
photosynthetic *Cfractionation in the ocean: A model versus
measurements[J]. Goba Biogeochemica cycles, 1997, 11:
267-278.

Knoll A H, Caroll SB. Early anima evolution: Emerging
views from comparative biology and geology [J]. Science,
1999, 284: 2129-2137.



(Earth Science Frontiers) 2009, 16 (6)

45

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Amthor J E, Grotzinger J P, Schroder S, et a. Extinction of
Cloudina and Namacalathus at the Precambrian-Cambrian
boundary in Oman[J]. Geology, 2003, 31: 431-434.
Kimura H, Watanabe Y. Ocean anoxia at the Precambrian-
Cambrian boundary[J]. Geology, 2001, 29: 995-998.
Schroder S, Grotzinger J P. Evidence for anoxia at the Edia
caran-Cambrian boundary : The record of redox-senstive trace
elements and rare earth elementsin Oman[J]. Geologica So-
ciety of London, 2007, 164: 175-187.

VeeversJ J, Walter M R, Schneiber E. Neoproterozoic tec
tonics of Australiar Antarctic and Laurentia and the 560 Ma
birth of the Pacific Ocean reflect the 400 Ma Pangean super-
cycle[J]. Journa of Geology, 1997, 105: 225242,

Doblas M, LopezRuizJ, CebriaJ M, et a. Mantle insula
tion beneath the West African craton during the Precambrian-
Cambrian trandtion[J]. Geology, 2002, 30: 839-842.

Zhou CM, ZhangJ M, Li G X, et d. Carbon and oxygen i-
sotopic record of the Early Cambrian from the Xiaotan sec-
tion, Yunnan, South China[J]. Scientia Geologica Snica,
1997, 32(2) : 201-211(in Chinese) .

Kaufman A J, Knoll A H, Semikhatov M A , et a. Integrat-
ed chronostratigraphy of Proterozoic- Cambrian boundary beds
in the western Anabar region, northern Sberia[J]. Geolog-
ical Magazine, 1996, 133: 509-533.

Shen Y, Shidowski M. New C isotope stratigraphy from
southwest China: Implication for the placement of the Pre-
cambrian- Cambrian boundary on the Yangtze Patform and
global correlations[J]. Geology , 2000, 28: 623-626.
Ishikawa T, Ueno Y, Komiya T, et al. Carbon isotope che
mostratigraphy of a Precambrian/ Cambrian boundary section
in the Three Gorge area, South China: Prominent global-
scale isotope excursons just before the Cambrian Exploson
[J]. Gondwana Research, 2008, 14: 193-208.

Hsu K J, Oherhandi H, Gao J Y, et al. Strangelove ocean
before the Cambrian exploson[J]. Nature, 1985, 316: 809
811.

Braser M D. The basa Cambrian transtion and Cambrian
bio-events(from terminal Proterozoic extinctions to Cambrian
biomeres) [M] Walliser O H. Goba Events and Event
Stratigraphy in the Phanerozoic. Berlin: Springer-Verlag,
1995: 73-88.

Knoll A H, Bambach R K, Carfield D E, et a. Comparative
Earth history and Late Permian mass extinction[J]. Science,
1996 , 273: 452-457.

Kimura H, Matsumoto R, Kakuwa Y, et a. The Vendian
Cambriand*3C record, North Iran: Evidence for overturning
of the ocean before the Cambrian exploson[J]. Earth and
Planetary Science Letters, 1997, 147: E1-E7.

Braser M D, Shields G, Kuleshov V N, et a. Integrated

chemo-and bio-stratigraphic calibration of early animal evolu-

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

tion: Neoproterozoic-early Cambrian of Southwest Mongolia
[J]. Geological Magazine, 1996, 133: 445-485.

Braser M D. On mass extinctions and fauna turnover near
the end of the Precambrian[ M] Donovan S K. Mass Extinc-
tions: Processes and Evidence. London: Belhaven Press,
1989: 73-88.

Hallam A, Wignall PB. Mass extinctions and sexlevel chan-
ges[J]. Earth-Science Reviews, 1999, 48: 217-250.

Li RW,LuJL, Zhang S K, et a. Organic carbon isotopes
the Snian and Early Cambrian black shales on Yangtze Fat-
form, China[J]. Sdence in China: Series D, 1999, 29(4) :
351-357(in Chinese) .

Grotzinger J P, Bowring S A, Saylor B Z, et a. Biostrati-
graphic and geochronologic constraints on early animal evol u-
tion[J]. Scdence, 1995, 270: 598-604.

Pelechaty SM, Kaufman A J, Grotzinger J P. Evauation of
613C chemostratigraphy for intrabasinal correlation: Vendian
strata of northeast Sbheria[J]. Geologica Society of America
Bulletin, 1996, 108: 992-1003.

Kump L R. Interpreting carbon-isotope excurson: Strange
love oceans[J]. Geology, 1991, 19: 299-302.

Hanley L M, Wingate M T D. SHRIMP zrcon age for an
Early Cambrian dolerite dyke: Anintrusive phase of the Ant-
rim Plateau volcanics of northern Austraia[J]. Austraian
Journal of Earth Sciences, 2000, 47: 1029-1040.

Shen Y. Cisotope variations and paleo-oceanographic chan-
ges during the Late Neoproterozoic on the Yangtze Platform,
China[J]. Precambrian Research, 2002, 113: 121-133.
Chen D, WangJ, Qing H, et a. Hydrothermal venting ac-
tivitiesin the Early Cambrian, South China: Petrologica , ge
ochronological and stable isotopic constraints[J]. Chemical
Geology , 2009, 258: 168-181.

CorlissJ B, DymondJ, ForgonL |, et a. Submarine thermal
grings on the Galapagos rift[J]. Science, 1979, 203: 1073
1083.

Humphris S E, Zierenberg R A, Mullineax L S, et a. Sear
floor hydrothermal systems: Physca , chemica , biologica ,
and geological interactions[J]. Amer Geophy Union Geophy
Monogr, 1995, 91: 466.

ResngJ A, LuptonJ E, Fedly R A, et a. COz and ®Hein
hydrothermal plumes: Implications for mid-ocean ridge CO2
flux[J]. Earth and Planetary Science Letters, 2004, 226:
449-464.

HoritaJ, Berndt M E. A biogenic methane formation and i-
sotopic fractionation under hydrothermal conditions[J]. Sci-
ence, 1999, 285: 1055-1057.

Vidd V M V, Vidal F V. Coastal submarine hydrothermal
activity off northern Bgja Californian. Evolutionary history
and isotope geochemistry [J]. Journal of Geophysca Re
search, 1981, 86: 9451-9468.



46

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

/ (Earth Science Frontiers) 2009, 16 (6)

Hunt J M. Petroleum Geochemistry and Geology[ M]. San
Francisco: W. H. Freeman, 1996: 743.

Svensen H, Panke S, Chevallier L, et a. Hydrothermal
venting of greenhouse gases triggering Early Jurassc global
warming[J]. Earth and Planetary Science Letters, 2007,
256 : 554-566.

Li Y Y. The geologica characteristics of seafloor exhalation-
sedimentary chert in Lower Cambrian black shalesin Dayong-
Gli Area, Hunan Province[J].
1997, 13(1) : 121-126(in Chinese) .

PengJ, TianJ C, Yi H S, et a. The Late Precambrian hot
water sedimentation of the Southeast Yangtze continental
margin[J]. Acta Sedimentologica Snica, 2000, 18(1) : 107-
113(in Chinese) .

Fang W X, HUR Z, SuW C, et a. Geochemica characteris
tics of Dahebian- Gongxi superlarge barite deposits and anay-

Acta Petrologica Snica,

sson its background of tectonic geology, China[J]. Acta
Petrologica Snica, 2002, 18(2) : 247-256(in Chinese) .
XiaF,MaD S, PanJ Y, et a. Srisotpe geochemistry of the
hydrothermal sedimentary geness of Dahebian and Yuping
barite depodts, Guizhou Province[J]. Chinese Science Bulle-
tin, 2004, 49(24) : 2592-2595(in Chinese) .

XiaF, MaD S, PanJ Y, et a. Lead isotope geochemistry
and lead source of the Dahebian barite deposits, Guizhou
Province[J]. Geochimica, 2005, 34 (5) : 501-507 (in Chi-
nese) .

Jiang Y H, Li SR. A study of the fluid environment of sli-
calite of transtional Precambrian-Cambrian age in Hunan and
Guizhou provinces[J]. Earth Science Frontiers, 2005, 12
(4) : 622-629(in Chinese) .

Banerjee D M, Shidlowski M, Sebert F, et al. Geochemical
changes across the Proterozoic Cambrian transtion in the
Durmala phosphorite mine section, Mussoorie Hills, Garhwal
Himalaya, India[J].
Palaeoecology , 1997, 132: 183-194.

Hicoteaux R, Trompette R. Cratonic and foreand Early

Palaeogeography , Palaeoclimatology ,

Cambrian phosphorites of West Africa: Palaeoceanographical
and climatic contexts[J]. Palaeogeography , Palaeoclimatolo-
gy , Palaeoecology , 1998, 139: 107-120.

Mazumdar A, Banerjee D M, Shidlowski M, et a. Rare
earth elements and stable i sotopic geochemistry of Early Cam-
brian chert-phosphorite assemblages—From the Lower Ta
Formation of the Krol Belt (Lesser Himalaya, India) [J].
Chemical Geology, 1999, 156: 275-297.

Bugguish W. The globa Frasnian- Famennian® Kellwasser E
vent”[J]. Geologische Rundschau, 1991, 80: 49-72.
Joachimski M M, Buggisch W. Anoxic events in the late
Frasnian-Cause of the Frasnian- Famennian Faunal criss[J] ?
Geology , 1993, 21: 675-678.

Joachimski M M, Pancost RD, Freeman K H, et al. Carbon

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

isotope geochemistry of the Frasnian- Famennian transtion
[J1].
2002, 181: 91-109.

Wang K, Geldsetzer H HJ, Goddfellow W D, et al. Carbon
and sulfur isotope anomalies across the Frasnian Famennian
extinction boundary, Alberta, Canada[J]. Geology, 1996,
24 187-191.

XuB, Gu Z,LiuQ, et a. Carbon isotopic record from Up-

Palacogeography , Paaeoclimatology, Palaeoecology ,

per Devonian carbonates at Dongcun in Guilin, southern Chi-
na, supporting the worldwide pattern of carbonisotope excur-
sons during Frasnian- Famennian transtion[J]. Chinese Sci-
ence Bulletin, 2003, 48: 1259-1264.
Berner R A. Theriseof plantsand ther efect on weathering
and atmospheric CO2[J]. Scence, 1997, 275: 544-546.
ChenD Z, Tucker M E, Shen Y A, et a. Carbonisotope ex-
cursons and searlevel change: Implications for the Frasnian
Famennian biotic criss[J]. Geological Society of London,
2002, 159: 623-626.
Copper P. Reef development at the Frasnian/ Famennian
mass extinction boundary[J]. Palaeogeography, Palaeocli-
matology , Palaeoecology , 2002, 181: 27-65.
dmonL , Godderis Y, Buggisch W, et al. Modeling the car-
bon and sulfur isotope compostions of marine sediments:
Climate evolution during the Devonian[J]. Chemical Geolo-
gy, 2007 , 246 19-38.
Ma X P, Ba SL. Biologica , depostiona , microspherule,
and geochemical recordsof the Frasnian/ Famennian bounda
ry beds, South China[J]. Palaeogeography , Palaeoclimatol-
ogy , Palaeoecology , 2002, 181: 325-346.
Murphy A E, Sageman B B, Hollander D J. Eutrophication
by decoupling of the marine biogeochemical cycle of C, N,
and P: A mechanismfor the Late Devonian mass extinction
[J]. Geology, 2000, 28: 427-430.
Algeo T J, Scheckler S E. Terrestrial-marine teleconnec
tionsin the Devonian: Links between the evolution of land
plants, weathering processes, and marine anoxic events[J].
Phil Trans R Soc Lond, 1998, B353: 113-130.
Popp B, Takigku R, HayesJ M. et a. The post- Paleozoic
chronology and mechanism of depletion in primary marine
organic matter [J]. American Journal of Sciences, 1989,
289: 436-454.
Elderfield H. Strontium isotope stratigraphy[J]. Paaeo-
geography , Palaeoclimatology , Paaeoecology, 1986, 57:
71-90.
Ingram B L , Coccioini R, Montanari A , et a. Strontium i-
sotopic compostion of MidCretaceous seawater [J]. Nar
ture, 1994 , 264 : 546-550.
Wignall P B. Large igneous provinces and mass extinction
[J]. Earth-Science Reviews, 2001, 53: 1-33.

Chen D Z, Tucker M E. The Frasnian- Famennian extinc-



(Earth Science Frontiers) 2009, 16 (6)

47

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

tions: Insghts from high-resolution sequence stratigraphy
and cyclostratigraphy in South China[J]. Palaeogeography ,
Palaeoclimatology , Palaeoecology , 2003, 193: 87-111.
Retallack GJ. Early forest soils and their role in Devonian
global change[J]. Science, 1997, 276: 583-585.

Clemens SC, Farrel J W, Gromet L P. Synchronous chan-
gesin seawater strontium isotope composition and global cli-
mate[J]. Nature, 1993, 363: 607-610.

BlumJ D, Ere Y. A slicate weathering mechanism linking
increases in marine 8 Sr/ 8Sr with global glaciation[J]. Na
ture, 1995, 373: 415418.

Clarke A. Temperature and extinction in the sea: A
physologist's view[J]. Palaeobiology , 1993, 19: 499-518.
McCook L J, Jompald, Diaz Pulido G. Competition between
coras and agae on coral reefs: A review of evidence and
mechanism[J]. Cora Reefs, 2001, 19: 400-417.

Claypool G E, Holser W T, Kaplan | R, et a. The age
curvesfor sulfur and oxygen isotopes in marine sulfate and
their mutual interpretation[J]. Chemical Geology, 1980,
28: 199-260.

Burdett J W, Arthur M A, Richardson M. A Neogene sea
water sulfur isotope age curve calcareous pelagic microfossis
[J]. Earth and Planetary Science Letters, 1989, 94: 189
198.

Paytan A, Kastner M, Campbell D, et a. Sulfur isotopic
composition of Cenozoic seawater sulfate[J]. Science, 1998,
282: 1459-1462.

Kampschulte A , Strauss H. The sulfur i sotopic evol ution of
Phanerozoic seawater based on the analyss of structuraly
substituted sulfate in carbonates[J]. Chemica Geology,
2004, 204 : 255-286.

Kaiho K, Kajiwara Y, Nakano T, et al. End-Permian catas
trophe by a bolide impact : Evidence of a gigantic release of
sulfur from the mantle[J]. Geology, 2001, 29: 815-818.
Newton RJ, Pevitt EL , Wignal PB, et a. Large shiftsin
the i sotopic composition of seawater sulphate across the Per-
mo- Triassc boundary in northern Italy[J]. Earth and Plane-
tary Science Letters, 2004, 218: 331-345.

Riccardi A L, Arthur M A, Kump L R. Sulfur isotopic evi-
dence for chemocline upward excursons during the end- Per-
mian mass extinction[J]. Geochimica et Cosmochimica Ac-
ta, 2006, 70: 5740-5752.

Kaiho K, Kajiwara Y, Chen Zh-Q. A sulfur isotope event at
the end of the Permian[J]. Chemical Geology, 2006, 235:
3347.

Kaiho K, Chen ZQ, Kawahata H. Close-up of the end- Per-

[124]

[125]

[126]

[127]

[128]

[14]

[59]

[70]

[84]

[85]

[86]

[87]

[88]

[89]

mian mass extinction horizon recorded in the Meshan Sec-
tion, South China: Sedimentary , elemental , and biotic char-
acterization and a negative shift of sulfate sulfur i sotope ratio
[J].
2006 , 239: 396-405.

Kump L R, Paviov A, Arthur M A. Massve release of hy-

Palaeogeography , Palaeoclimatology , Palaeoecology ,

drogen sulfide to the surface ocean and atmosphere during
intervals of oceanic anoxia[J]. Geology, 2005, 33: 397-
400.

HoritaJ, Zimmermann H, Holland H D. Chemica evolu-
tion of seawater during the Phanerozoic: Implication from
the record of marine evaporites[J]. Geochimica et Cosmo-
chimica Acta, 2002, 66: 3733-3756.

Berner R A. The carbon and sulfur cycles and atmospheric
oxygen from Middle Permian to Middle Triassc [J].
Geochimica et Cosmochimica Acta, 2005, 69: 3211.

Kiehl J T, Shields CA. Climate smulation of the latest Per-
mian: Implication for mass extinction[J]. Geology, 2005,
33: 757-760.

Grice K, Cao C, Love GD, et a. Photic zone euxinia dur-
ing the Permian- Triassc superanoxic event [J].
2005, 306: 706-709.

Science,

, . [M].
, 2000 193-247.
[J1.

[3]. :D

, 1997, 32(2) : 201-211.

, 1999, 29(4) : 351-
357.

, 1997, 13(1) : 121-126.

, 2000, 18(1) : 107-113.

[J1. , 2002,

18(2) : 247-256.

[3]. , 2004 , 49

(24) : 2592-2595.

[J]. , 2005, 34(5) : 501-507.

[J]. , 2005, 12(4) : 622-629.



