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Fig.1 Reconstruction of Gondwana during Ordovician( derived from https://deeptimemaps.com/ )
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Fig.2 The variation of carbon isotope during O-S transition

kIR ER A T GOK IR T X, S 8OA HLER IR % 87C,,
SR 87 C,, MAFEAR— 3, 51 &%
JXT HICE Al -5 i B 0 1 B A BRAE )
2.2 IGEKEERIEIR

R RS rh S TC K Y HBR AL 08 R AT L e R 1
VB R B2 R 8S Weah' ' iR 1 i Ak
AL SRR A R T 4 A R W R R A TR
FH(MSR) ) Hnl LS| K IR AR BR 1 709% 9™ S
KA A0 MSR A I 8 T2 T T e R R R
R AT S WAL R B B AR IE, W 8P C, AE
foas—re s AESLE B R R E , 175 e
R & AR 2 T I T B e A AR TP
B BRI Z T K3 (| 3) S &R
Y5 ¢ R R MR A 1E R i Bz i I i i e — i <
AR BA 2 = X, Young et al. "3 B 7 23
BT SR TP —RE B C-S R KGR A T
PR BB 2y, B 8™ S H BT 25 (12%0) T M 1Y [F]
B 8™S, 1 (+10%0) Fl 87 C,,\ (+2%0) KA T IEIRE, X
T Ak 56 28 S e 1 R g 5 N 40 4 R B Ak 1 1 g
DA S K B EE S5 TR Bk A 1Y S [l 24y S A
JERRAK, 51 A RNRZ , —RIGTE RS S
e AL, WIS T A YR R RS JRAE T (MSR) |, i
TR T 8k g DisE &Y A e Bk UL
T AR AE T g i 2 — ST Be Y I H H ETIE

SO O I TR 2% 5 B K b 27 UE P BB % S HF X —
i .
2.3 BRI Os. Sr fEIR

7K B Os [FOL 2R 4L e T PRI IR Os B AH
XTSRS, — J2 b 7 R JE W 0 b s R Os (" 0s/
B 080 = 1.05, " 08/" 08 s = 1.05) , 73—
JEAUR T I b Pl b A% A AR ST P Os (7 0s/
08 s = 0.13) 7 0 0s TCR TE WG I — A7
TEZ) 10~40 D TAE  AHESEFETR G IR BE A R
i Re—0s 7K R A X WIUR Os [FI0 2R (Os, ) AR LA
SYBTETIETE Os ARFRUSCT | i B Wi 1 OB 4 ok TR
ARAR LSS A 2T IRME 22 Dob's Linn #11fi ( GSSP)
T Os [RIAEZMIAE , - FH K 43 A b B 4 100 oy <A A
BN (E 3) , &R Complanatushe T anceps 4= )5 B
11 Os fEH M 0.28 355 %] 1.08 , 3 A EL il 5 1 8 P Y
0s;(1.08) BAEA™ A 17 1 2 02 B4 1 R U A2
R (~1.06) % 1iG Os [FALEK (0s,) 17224
AEFA T e T g B R L S XA A BT 1 5 A
BOXARATRE S KA CO, 43 A, HE M 51 & vk
WM, T ZER R IG R Y Extraordinarius
FE IR REAR A AR ST P S DA 3 B A 8 A ol v e B K
VK 35 BT R T Al XA P iR 10T

R Sr [R5 2R 4 A2 R AR 4 BT 5 s
PR A AR R T BEARZ KT AT St/ Sr



322 IR S 536
o N (zhou (Yan (Yan (Yan Datianba Dob's Linn, Scotland
)z L etal.,2015) et al., 2009) et al., 2009) etal.,2012) (Liu (Finlay etal.,
etal 2016) 2010)
=} & & &
C.eyphus % o o 4 i £
o [ €n :W
Sl e .
Covesiculosus
0.3 0.7 1.1
B S—
P.acuminatus 5’
A.ascensus ;
. N.persculptus —
[ N.extraordi- <
% %&i narius ﬁ
= = N. ojsuensis =
D.mirus
xF
5{ % g.*:’; T. typicus
5 E P.sinensis L 1 1 L 1 ! 1
-SINCNSIS 0 1.2 0 04 08 12
0 3 %ol e
D.complexus Lol 30 -10 |20 5 % ] L
-0.5 1 2.5
K3 R —E R it kAo R il 5
Fig.3  The variation of geochemical proxies during O-S transition
JESEEN Ve Ve 87 /56Q
FCAEL T TS8R oA it P A b b i v A L Rty f e e Y Lo
BE KA AR 707 o R B 5 LR Y S e EEEE R

“Srml i F i won AR E KA B shu B ([ 4)
B BB 7 K Se/% Se {E T 46 F [ (0.709 0 ~
0.708 8) , 7£ B Byt L AR Ry 0.707 8, X AL IA
AR i A AR i R B — YR B B 7 g L B

H— Ak B e O G T T ) X
HEARY Se/ % Sr (HIE B R R —HE T KRB

BB 20 A S/ Sr B TR ZY 1 T b i T T R
I A 1A shnag , 91 51 & i K b KA AR F 3
5!%[75,78 -80] .
24 wEFKEEHEFRINE

Mo JCE M 1t ] DUgE R 4 Rt g v Ak
W JFARAE S A AME A Mo [ R b — 4R,
PR R AR S IR TR A AR % B R Rk Mo
[ AR B0 T LR sh (B 3) AP E R 5 i E R
IR A, KT S B 5 m 0 8% Mo fH, BT
TR AT TR R TR Ao 1 R S P — IR S A R T
— AR MR A0 U TR 2R TR AT LA
FHSRVTA vy Y P K M B4 S8 AR 38 SRR ) g L B
THE I 5 R B R K A 87U B K
#£-0.60%0 % - 0.85%0 2 [8] , T % B} AT 3 i) 87 U
5B A — B2 R - 0.3% ™™ il ik AT DL &
I, EREEUKIAR TR Y U S S AR TR R U 5

(-] o o <
o~ =] = 0
o o © o
= & B B
=) (=) (=] (=] [ ]
map |7
=
o
FHr
Se/fsese | g
= R | E
S <
3 &
A
iRy
ﬁ.{
\E
. £
HEAT ST S T | &

K 4 B —E R YT 2R S R Zp !

Fig.4 The variation of strontium isotope during

0-S transition!” 7"

B PEZI ] U &Y 46% ~ 63% 1 37% ~54% , 7 H.
BUEK AR U il R AR Y 4~ 9 %, Sk
VKIS T K A PR E A Fe 4 M R R
B P KRR BT () —Fh B BT B @RI N TR




55 2 1]

A 160 S 45 <l o KB oy VR R BB 4 A8 B L LB S BAR 323

W6 DL ) e s 35 L 55 B R 0T 2 IRV K 1Y Feyy/ Feq >
0.38 . Fe, /Fe,, <0.8, #78 T 4k AL 19 K A 1 855
T P 49 301 Y Feyyp/ Fey <0.38 S T 4204k A VA 1 34
BV 3) AN R R A R K ARG B AN TR], 7SR
BV T 7K A4 T ) 1 1 e 4R P B A K A (R ok
T 3k A A 18 YT A2 T i BN [R) A W58 R B
Fe ZH 73R AE AR B 1060 B Bl 16, 455 760 1 o o BT #8898 7
T A BT
25 BFEYRE

A R BT RO A Ry B B 28 e A AN B 2 Myr 1Y
— By J 107108 JMEFEIN R N. extraordinarius-N. ojsuen-
sis OB B T FR B A A IR A S N, ex-
traordinarius F1 N. ojsuensis [ B —E, 10 H 5 14
TR PIRPEE AT 1 BUIF A 58 Al ) 7E 5L
1 ( GSSP) N. ojsuensis W AL T N. extraordinarius
HIRLZT 4 em Ab, 33 6 5 I 24 AT 058 [ 4
Ak PR AR B R R i 5 B 4H R
E S T TR = A IR P ki 2 W A
traordinarius 1 , JFAE 95 F 1F BT RO R B, 6 B RE BT
AITIUA 5 5 B RIS R B R e B s 645 T 8
1 N. extraordinarius i F1_F 3 N. persculptus 7 ,

KN A K A f I B T TR TR HEAE
49% ~61% I J& LA K 2 86% [ Fpt S fifi HL sk
A LORAUR T P-T BEE KA R4 F A 73X IR
K i 52 3 58 ZU K i) A= ) A4S =k e e
B4 PR UM LT R, I AR
PERTR) 70 R WA B, 55—k KA R AR B R G
MR LG By B, XN T 445 Ma RBiiBY N. extraordinarius-
N. ojsuensis "EWAs  IFAESIR A A 12 A5 o2 |
F—F T N. extraordinarius 7 IS ) 4 BR G F
WA, e T XA BISE, L Mitchell e
al. "N Y B T KRB R T, ST
b DX T 2R B I 1 R R AR (H A DA S
PIRE ) o FATROR 250 T R I A8 (1) 3 345 T S A bk e
Bt I L — I 4 = e A 0 B R] R 2E Y
TRAK X 2 A 5 F T K DX U B 17121200 s g
RAHTEL) 444 Ma Tl N. persculptus =4 112 bk
e R R AR L i A DL 50 0 ) T K M 2 S
FAER B 24 JE R 4 D Hirnantia ARG fFELL
— SRR Sy TR AR S T bR R DL 3 A
FELES 1 DI B 20 2 10— R B 7 1, 5 LR LB
WL, SR A S i BIR GEOR B, T 22 R 1 B ok
R, DhIE) B LS T T A e A DL Sh A 2

R ph g I ERTE S TS 2 5 /K™ M ) 2 A P T
U015 S st B DS A T4 Y DB S A S e et
(AR JRRAS ) i e 4 DL Sl A X 17 T A [] )
VA AT SRR B R R B I, 9IS S
Pl s, T 55 1 R AR/ T, DR g it 1 2
W i A= R B IR BN Y AR S &)
TR JE A A ) L 00 7 2% PR 38 T AR A R Y
PRI (BEURZE) AR IR T A LR, SR T
XIS AR AR T A T B4 B SR RS
AR, SBCT B RRIE AR K RS
AR PR TR AL AL i S R PR 5 AT iR S U W)
JAa g S PR AR AT R AR A Y e A S
fith X P K PR I (LA 3 TR A R LAY
ARV e UK ) ELHASCR, | TV IR A SR SR P8 07 2 1Y
ARSI PRI T AR R %, PTG MR AL
ISy NtaERRY ST REI W NSRS PSR

3 bR KB G AL

31 KALEA

Mg T SRR CO, e BE A G248 T [ mT L i
R R 3 1132 B RS , S 1T R IG5 T Rk Rk
LR REPE N AR HE v K Y Se/* S 1 L
BT RL B CIA 850 R R AL 5 A F—rp
SR T o A AR Y (A G R g 4 o R Y
AR, (ISR, 7R VKT 3R Z B A L Y Os,
LI o 08 7 33— e A W O XA A T 448
58, LT DA RE S A 3 2 sl in a5 | & 9 B ke
FREh WAL VE RIS a8 . IF9 R B0 i T RE R k2 KL 5
FERIBY BB Ak, R ECR AP Y CO, 43 FRTEFE 4> 400 ~
360 Ma LA AV ZL 20 8L T W & 19 F B, e e 3 3
SRR T I LA KA M 1 vk ST S IR o — e
R Ry G BB T 5 A 1 XUk 3 e i 2
Sl Az 58 o AR KU B A AL IR R Y
T E A AT DA RE R R A Th AR FH B, 55
A1 24K Bt B Heiz 2l 2t AR T ool B, 70 R K Al
AT RABE R KRR AT R & A A AT AR S R
FRAE MG SR Y T A A A AR K R v 7
WY i — R BER L BT R ST R BT R MEgoT
R, Rk A A G BT LIRS A h A SR
JEORE T, U HE: i A A A 1 HH BR R  1 x
A BRI RERR SRS W A9 AL e An 45
JCE M KA T 3EAF) 2~ 10, Timothy et al.'™ 4}
FIEE T EEAR Y (BD A ) SRR IR E



324 TR A

%36 &

=)
T
N~
T
Q)
o
o
[ =
o)
m
(TVd)'0D
5 o

L
T T T

BEREERUIRR

T
480 470

T T
450 440

[ bispr KPR | R EUREY BT T
58 5 RS [EACES HER
472 460.5 443

Age/Ma

(& 5 WP 20— B 20 AT A XA A IS B (418 Yan et al.'™; Timothy et al.!™12k)
Horparaegk SRk 48 2R o B IR L RL ) (0 B R 50 UL A 00 Ay 2 BRI LKA CO, 43 K B IR v R AR b i 3

Fig.5 The intensity of weathering during O-S transition(based on Yan et al.''**!; Timothy e al.''*")

Model results, predicted Ordovician variations in red solid line, global temperature, green solid line, atmospheric CO, , and orange dotted line, 8'*C

of marine carbonates, for; baseline model with Ordovician adding transient enhancement of phosphorus weathering by early plants

il R A AL B A FZE L 8 A B IR SE T JE 4k
P AT LA S ek R R A 1 KUARAE T (T S) |, 5 LR
F COPSE #7756 480 Ma LIS CO, KLU K 42
BRARARE AT TR, & IUAE R AE 45 A ) 5 oA
BT T 152 458 Ma 1 444 Ma LIRTHPL T
PIARARAE, 20 BIXF B T GICE DL % HICE F44,
3.2 NWLEA

TF 5% 22 B3 8 1 37 3h 550 A8 I S 80 K
WY C kBN —S AR TR R B E SR
— ANl R B, i XACVE R s 2 AR Z i
B R RIEL g s TS| K&, Bk s & s ok
i CO, ML B T AR & 8 B e A i KBt XUk
PERATPONS AT Kl R G, W KRl L 4 0 A
SIS s Fh 44 e R A7 ) B FR 3R 40 i, DRI
PR T L CO, SRR =S, A% T4
b oy SRR AY CO, 1T IR A7 AE IR M , {0 BE A Y
Kt K ALIUBE LY CO, 1 K2R 150 tg C/ 4 TR
HG K AR 12~60 tg C/4F  REEMN JOLIBE 1~
30 tg C/AEM PR Bl L9 nT R 7 45 i 1 Bk
b 5T 77 S A ) S e A i R R i T A A
%5 JE I M R Bl 7E 29 900 T3 4 LA T BRI i, 7224
750 JTAELIRTL T T RE R BT , e A HE 2 600 J1 4T

RFF8A 0 2 30 3l S SV K i 4 77 7 ik S e
T RBE IR B T BE i 8 Ak st ok 1 R Bt 9K
KA, KA CO, B i 7R FE R 20 3K 3 T | iy
Jei XU BC A R Bt 7 v B Bl T R 1k, B A L i) £
FHRFEAR, S BORR Co, & 2 B AR J9F A
McKenzie et al.""*' K BUAE R HE S 55 A S i e sh 5
VIR I B — 2t 5 ZATY CO, Ml A LA ]
Buggisch et al. " I\ R KILTE BT SO, % i L plg
TH A B R KB AT S EAT BB T, 3 SO, 7E X IR
JEW G R AL E , TR 2 ) s e U 25 B
PHORBAFABE 7 | A b 33K 2 T8I 140 R B2 S e, ik A ke
5 SR T Ltk 30 LT Bl B U 55 B/ S Sl O K
AU OCERE SR AT
3.3 BHBIER

8 B AR I 55 A L e S 3 58 1 TN R A AE —
IR AR RIOKI FT PR A P Ae Tk 1 R A AL
B I SR €O, A FE R B
Rosenau et al.""™ £E 17 % U1 /R GICE W % B8 1 %%
Y 30 A, I IZINHY 80 (E34 N T 1.5%0, B J5
FEARA 19. 0%, F 15 J B3I 35 3, i 26 45 51 R W 1
GICE o 3 A 77 76 4 39 1 v 20 = 01, A1 ot 9L ekt I i
O R B A ) 8 B O B DLUR € Rl R OE



55 2 1]

A 160 S 45 <l o KB oy VR R BB 4 A8 B L LB S BAR 325

(GICE) %k rT RE &M e vk W 1 — a2 071 i
A Ht YIS 1 W S T, BRI R TTORR AR 1o 0 51
AU BRRR R A RE FRUTAE 2 Y  RGlpy 5
Bl [ AR BT Y GICE 44 ml At R T 2Bk
P AT URR SRR A i =27 i g L ) 8 ¢,
P18 W 78 S e I T B L P ok 5 T8 1 A 1
Bt pCO,BE " [ FEM, GICE W15 A Pl +5
ST, CO, o0 RARSEREAR , e 265 & T iRl B 5k
J3E B R A i 4 Bk ) 432 25 ik 3 HICE 50k, 78
AR AR r e B e 5 1 B Bl A AR — AR
WIAR -6 AR T CO, 0 TR AE T 18] R B i
SRR, BB i 9 IG AUE S | il & T Bk
S5 B R SR BE R SR HERR TIZ I
G sh5 ] & RS e sas ™
34 HftihREHS

Herrmann et al.'™ I\ 2k 6 B8 B tH: 7 Hb 3 A0 CO,
Ve BE (R DI RV R in 96 S T A o W e 9 A
% B0 T BOK 35 0B B, SR il T A R AR B
%, WA DL SR Bl DURR W AE B 25 L B o A d8 7
T UKIILA T b B R | TR HTAR 2 A S S AR
T 5 L e S R K A 1) VA AR AR (g A AR T
(ELJE: 33K Aol AR A7 A — 2 ) L PR A MR A oy S P
HEAN SAETE RS, 240 1 A0 T I 21 0 3R 1 4
JRE Y BTG L 1)) B 498 R 4 1) e A% 2 3t
TAAY R R AT RE 3L T KRR MG Rl e 45 &
T X ECA kI BT B el e > A 1 dn
BESRY AR PR B T SRS R m R R
BRI B R R R R M, (AT
JE BRI RGP AR AT 5 2 fih & vk B S AL 2
— , DX A [ AR R DL AR A A A AL R
XTI WAL Y AR (N,0) & —
FlsiRAT 1 B 2 MR, B & TR S S B R ) 4
it CO, M 300 1%, IF HAE RS ALt (Al i 2o 1
100 AR R B N, O 53X — =4 K R I gk
A BT ERIR AR H R R kI R 200k, R0 B
FRoKI B 25 AR 45 T KRR o, Sy LAY (E )
WA T BRI A EAG PR R X — F A rh a7 B0 A
el R SR T Gt S22 AT 4 8 R R VK 4 TR A
BRI T SUN MR X (55 e T
HARCEACAE FH 3 i, E T 20 2 09 N, O #E Bk
FIRA PR TR, FEKI S5,

4 A[EH AR R A OC R
HEBRIF: R DR 3R TR Sk 00 2 9

P B R A AR A B R R EL 2y, iR
Wit e LT 2l A R A B, Ll & R B Y CO, R
I X it B AT | & R B R Rl AR Ak R h Tk KA
FHET IR K LG B 2 J5 A I 38 580 55 7T LA
i TR M TR B s 9 DK i 7 R PR ™ Os Y St IR 3R
WK 138 7%, JE T 51 & %Y 0s/'% 0s 5Y S/
OSrfy TR (R AR F A KA AR A A K
HINFE CO,, 15 K CO, M TEAFLEEAL, fin b k1l
TG S 1) SO, 76 -T2 T B U e 25 BHLEY K FH
PEEN T RIB| & S ERSIR AR, SR MRS RE N
JEERVE R GG IR RV R 2 5 IR 2K ARG PR 23 i
HEFRY BRIEIR , SE A & R AR A T S AL
T LR , 3 — 3 FRAN BB — 2L BRI RS CO, 43 FRK
AR BRI RS, JF BA MLEK A Dl B ik 2s K
ST AR K 0 S0, T Bl AR TR R 4 1Y) TS JE K
PRUI R RE A MR 4 K AR A R
] B R, BN A A Rz i B PR BT AL K AR B S
R EEFEEYAE N B EEARE LA T K
oS T 22 1 2 2 K L 0A A% b R R AR
PVBRRE S & T A H LUOR S — IR AE Y K A e,

5 TR

Xof 3 b 5 2 A 3 oy A SR B S IR A AE
RE4E

R R 2 1) Tt A i BTG B A 010
S A R K 52 0 S 7 G R B A e A ik —
AN COL M ESAE (>8 PAL) |, {H A7 i 4 2 M HE 1T A
WITIE 2R R BRI R W] KA 2 CO, 40 T R 8
PAL B A 2551 % K0T 8998 B0 | 33 Bl oF I o 1 77
TE Rl BEZ BR T ALK CO, o0 £ ks B | B A
JR PR R E

Os, Sr [A] {37 25 B4l 8 7 i B Bl ek 300 e 55
$10s St Fr B W T R X AR 2 R KA
FHE T o577 H R IR XS % CTA {5 0s,
BRI U R B I R TR A AR T R A in 2z B
Vo 2 HGE 2 Kk B 22 )28 BB, i T RRASE i) 2k
LLE 2 % sl 07 T 4 W R g L3t e 0 0 7 K Ak v
JBUHE' Os 5 3 3 SR R T K L A 0
55, e AR A 3 58, 622 E A 2 B 3 R i XL
AR5 K I E TR G O &R JUHR K L St it
R A B B = HALHMEAF IR,

W5 A B L 0 ) <R BRI ( GICE ) J5 A Ul
G Il 140033t oA A LA SR G P st ) RUE 5 0k 30



326 IR S 536
Ll IR N N i OB S AP {7 3 IO R € U as Group, NE England[ J]. Geological Magazine , 2010, 147(2) ;
SRR KA1 A A6 2 0 e 131152, | |
Qﬁﬁ%?ﬁﬁ%?@&ﬁx Iﬁj B’Jﬁl’rﬁ ﬂeﬂ é;jq:i/[:\,, ﬁz%}fﬁz [11] Pope M C, Stefferf J B Wldespread,‘prolonged late middle to Lal‘e

Ordovician upwelling in North America: a proxy record of glaci-

A HEEVE IR AU 7 VAT AH B ) 5 1) 20 A AT ation? (1] Geology, 2003, 31(1) s 63-66.

%O Wﬁﬂnﬁtgﬂg%i%ﬁﬁég}ﬁ ’TE% s ttﬂnﬁkzjﬁj [12] Ainsaar L, Meidla T, Martma T. The middle Caradoc facies and

E@ﬁz%iﬂ%iﬁlﬁ]ﬁjﬁ%@zﬁﬂiu Jﬂz7j{ﬁi}%ﬁ§%ﬁ%&ﬁ%7j{ faunal turnover in the Late Ordovician Baltoscandian palaeobasin

j}éﬁ%g ,@%Q"%Tﬁﬁﬁ@ﬂ‘%%&f E/‘Ji‘ﬂ_j‘}j{’f'{ﬁi %“%\Ej [J]. Palaeogeography, Palaeoclimatology, Palaeoecology, 2004,

ARSI T A L LR il e et o

N N L Saltzman . Phosphorus, nitrogen, and the redox evolution o

mﬁ*ﬁﬁm%{¢x¢ﬁ@ﬁ5ﬁ%f@ﬁ%ﬁ¢ E]/‘J%:% ;X the Paleozoic oceans[ J]. Geology, 2005, 33(7) . 573-576.
mﬁjﬁ%g&ﬁ]é\ﬁﬁgE(Jj:/ﬁz%ﬁﬂ&ﬁ%}%BE‘@O [14] Elrick M, Reardon D, Labor W, et al. Orbital-scale climate
. change and glacioeustasy during the early Late Ordovician ( pre-

%%iﬁk (References) Hirnantian) determined from 3'® O values in marine apatite[ J].

[1] Kump L R, Arthur M A. Interpreting carbon-isotope excursions: Geology, 2013, 41(7) : 775-778.
carbonates and organic matter[ J]. Chemical Geology, 1999, 161 [15] Pohl A, Nardin E, Vandenbroucke T R A, et al. High dependence
(1/2/3) ; 181-198. of Ordovician ocean surface circulation on atmospheric CO, levels

[2] Brenchley P J, Carden G A, Hints L, et al. High-resolution stable [J]. Palacogeography, Palacoclimatology, Palaeoecology, 2016,
isotope stratigraphy of Upper Ordovician sequences: constraints on 458: 39-51.
the timing of bioevents and environmental changes associated with [16] Bemer R A. GEOCARBSULF: a combined model for Phanerozoic
mass extinction and glaciation[ J]. GSA Bulletin, 2003, 115(1): atmospheric O, and CO, [J]. Geochimica et Cosmochimica Acta,
89-104. 2006, 70(23) ; 5653-5664.

[3] Chen X, Rong J Y, Fan J X, et al. The global boundary stratotype [17]  Tobin K J, Bergstrom S M. Implications of Ordovician ( =460
section and point ( GSSP) for the base of the Hirnantian stage (the Myr) marine cement for constraining seawater temperature and at-
uppermost of the Ordovician system) [ J]. Episodes, 2006, 29(3) ; mospheric pCO, [ J]. Palaeogeography, Palaeoclimatology, Palaco-
183-196. ecology, 2002, 181(4) : 399-417.

[4] Fan]X, Peng P A, Melchin M J. Carbon isotopes and event stratig- [18] Tobin K J, Bergstrtom S M, De La Garza P. A mid-Caradocian
raphy near the Ordovician - Silurian boundary, Yichang, South (453 Ma) drawdown in atmospheric pCO, without ice sheet devel-
China [ J]. Palaeogeography, Palaeoclimatology, Palaeoecology, opment? [J]. Palacogeography, Palaeoclimatology, Palaeoecolo-
2009, 276(1/2/3/4) : 160-169. gy, 2005, 226(3/4) ; 187-204.

[5] Hammarlund E U, Dahl T W, Harper D A T, et al. A sulfidic driv- [19] Yapp C J, Poths H. Carbon isotopes in continental weathering en-
er for the end-Ordovician mass extinction[ J|. Earth and Planetary vironments and variations in ancient atmospheric CO, pressure[ J].
Science Letters, 2012, 331-332: 128-139. Earth and Planetary Science Letters, 1996, 137(1/2/3/4) . 71-

[6] Yan D, Wang H, Fu Q L, et al. Organic matter accumulation of 82.

Late Ordovician sediments in North Guizhou Province, China; sul- [20] Gibbs M T, Barron E J, Kump L R. An atmospheric pCO, thresh-
fur isotope and trace element evidence[ J]. Marine and Petroleum old for glaciation in the Late Ordovician[J]. Geology, 1997, 25
Geology, 2015, 59. 348-358. (5): 447-450.

[7] Yan D, Wang H, Fu Q L, et al. Geochemical characteristics in the [21] Herrmann A D, Patzkowsky M E, Pollard D. Obliquity forcing
Longmaxi Formation ( Early Silurian) of South China: Implications with 8-12 times preindustrial levels of atmospheric pCO, during the
for organic matter accumulation[ J]. Marine and Petroleum Geolo- Late Ordovician glaciation[ J]. Geology, 2003, 31(6) : 485-488.
gy, 2015, 65 290-301. [22] Saltzman M R, Ripperdan R L, Brasier M D, et al. A global car-

[8] Chen C, Mu C L, Zhou K K, et al. The geochemical characteristics bon isotope excursion ( SPICE) during the Late Cambrian; relation
and factors controlling the organic matter accumulation of the Late to trilobite extinctions, organic-matter burial and sea level [ J].
Ordovician-Early Silurian black shale in the Upper Yangtze Basin, Palaeogeography, Palaeoclimatology, Palaeoecology, 2000, 162
South China[ J]. Marine and Petroleum Geology, 2016, 76, 159- (3/4) . 211-223.

175. [23] Bergstrtom S M, Xu Chen, Schmitz B, et al. First documentation of

[9] Hambrey M J. The late Ordovician - Early Silurian glacial period the Ordovician Guttenberg 8'*C excursion (GICE) in Asia: chem-
[J]. Palaeogeography, Palaeoclimatology, Palaeoecology, 1985, ostratigraphy of the Pagoda and Yanwashan formations in southeast-
51(1/2/3/4) . 273-289. ern China[ J]. Geological Magazine, 2009, 146(1): 1-11.

[10] Littler K, Hesselbo S P, Jenkyns H C. A carbon-isotope perturba- [24] Hurtgen M T, Pruss S B, Knoll A H. Evaluating the relationship

tion at the Pliensbachian-Toarcian boundary: evidence from the Li-

between the carbon and sulfur cycles in the later Cambrian ocean .



55 2 1]

A 160 S 45 <l o KB oy VR R BB 4 A8 B L LB S BAR

327

[25]

[26]

[27]

[29]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

an example from the Port au Port Group, western Newfoundland
Canada[ J]. Earth and Planetary Science Letters, 2009, 281 (3/
4): 288-297.

Gill B C, Lyons T W, Young S A, et al. Geochemical evidence for
widespread euxinia in the Later Cambrian ocean [ J]. Nature,
2011, 469(7328) : 80-83.

Edwards C T, Saltzman M R. Carbon isotope (8"C,,,,) stratigra-
phy of the Lower — Middle Ordovician ( Tremadocian - Darriwil-
ian) in the Great Basin, western United States: implications for
global correlation[ J]. Palaeogeography, Palaeoclimatology, Palae-
oecology, 2014, 399. 1-20.

Saltzman M R, Young S A. Long-lived glaciation in the Late Ordo-
vician? Isotopic and sequence-stratigraphic evidence from western
Laurentia[ J]. Geology, 2005, 33(2): 109-112.

Pruss S B, Castagno K A, Fike D A, et al. Carbon isotope (3"
C.ap,) heterogeneity in deep-water Cambro-Ordovician carbonates,
western Newfoundland [ J ]. Palaeogeography, Palaeoclimatology,
Palaeoecology, 2016, 458. 52-62.

Ghienne J F. Late Ordovician sedimentary environments, glacial
cycles, and post-glacial transgression in the Taoudeni Basin, West
Africal J].
2003, 189(3/4): 117-145.

LaPorte D F, Holmden C, Patterson W P, et al. Local and global

Palaeogeography, Palaeoclimatology, Palaeoecology,

perspectives on carbon and nitrogen cycling during the Hirnantian
glaciation [ J]. Palaeogeography, Palaeoclimatology, Palaeoecolo-
gy, 2009, 276(1/2/3/4) . 182-195.

Yan D T, Chen D Z, Wang Q C, et al. Carbon and sulfur isotopic
anomalies across the Ordovician — Silurian boundary on the Yan-
gtze Platform, South China[J]. Palaeogeography, Palaeoclimatolo-
gy, Palaeoecology, 2009, 274(1/2) . 32-39.

Melchin M J, Holmden C. Carbon isotope chemostratigraphy in
Arctic Canada; sea-level forcing of carbonate platform weathering
and implications for Hirnantian global correlation[ J ]. Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology, 2006, 234 (2/3/4).
186-200.

Zhang T G, Shen Y A, Zhan R B, et al. Large perturbations of the
carbon and sulfur cycle associated with the Late Ordovician mass
extinction in South China[ J]. Geology, 2009, 37(4) : 299-302.
Zhang T G, Trela W, Jiang S Y, et al. Major oceanic redox condi-
tion change correlated with the rebound of marine animal diversity
during the Late Ordovician[ J]. Geology, 2011, 39(7) ; 675-678.
Jones D S, Fike D A, Finnegan S, et al. Terminal Ordovician car-
bon isotope stratigraphy and glacioeustatic sea-level change across
Anticosti Island ( Québec, Canada) [ J]. GSA Bulletin, 2011, 123
(7/8) : 1645-1664.

Holmden C, Panchuk K, Finney S C. Tightly coupled records of
Ca and C isotope changes during the Hirnantian glaciation event in
an epeiric sea setting [ J]. Geochimica et Cosmochimica Acta,
2012, 98 94-106.

Brenchley P J, Carden G A F, Marshall J D. Environmental chan-

ges associated with the “first strike” of the Late Ordovician mass

[38]

[39]

[40]

[42]

[43]

[44]

[45]

[46]

[47]

[49]

[50]

[52]

extinction[ J ]. Modern Geology, 1995, 20. 69-82.

Brenchley P J, Marshall ] D, Carden G A F, et al. Bathymetric
and isotopic evidence for a short — lived Late Ordovician glaciation
in a greenhouse period[ J]. Geology, 1994, 22(4) . 295-298.
Young S A, Salizman M R, Foland K A, et al. A major drop in
seawater > Sr/% Sr during the Middle Ordovician ( Darriwilian ) :
links to volcanism and climate? [J]. Geology, 2009, 37(10) .
951-954.

DesrochersA, Farley C, Achab A, et al. A far-field record of the
end Ordovician glaciation; the Ellis Bay formation, Anticosti Is-
land, eastern Canada[]].
Palaeoecology, 2010, 296(3/4) . 248-263.

Burdett ] W, Arthur M A, Richardson M. A Neogene seawater sul-

Palaeogeography, Palaeoclimatology,

fur isotope age curve from calcareous pelagic microfossils[ J]. Earth
and Planetary Science Letters, 1989, 94(3/4) . 189-198.

Strauss H. The isotopic composition of sedimentary sulfur through
time [ J].
1997, 132(1/2/3/4) : 97-118.

HoTY, Rogers M A, Drushel H V, et al. Evolution of sulfur com-
pounds in crude oils[ J]. AAPG Bulletin, 1974, 58(11) . 2338-
2348.

Palaeogeography, Palaeoclimatology, Palaeoecology,

Yang C, Hutcheon I, Krouse H R. Fluid inclusion and stable iso-
topic studies of thermochemical sulphate reduction from Burnt Tim-
ber and Crossfield East gas fields in Alberta, Canada[ J]. Bulletin
of Canadian Petroleum Geology, 2001, 49(1) . 149-164.

Yuan S D, Chou I M, Burruss R C. Disproportionation and thermo-
chemical sulfate reduction reactions in S - H,0 - CH, and S -
D,0 - CH, systems from 200 to 340°C at elevated pressures[J].
Geochimica et Cosmochimica Acta, 2013, 118, 263-275.

Xia X Y, Ellis G S, Ma Q S, et al. Compositional and stable car-
bon isotopic fractionation during non-autocatalytic thermochemical
sulfate reduction by gaseous hydrocarbons[ J|. Geochimica et Cos-
mochimica Acta, 2014, 139. 472-486.

Canfield D E, Thamdrup B. The production of **S-depleted sulfide
during bacterial disproportionation of elemental sulfur[ J]. Science,
1994, 266(5193) : 1973-1975.

Habicht K S, Canfield D E, Rethmeier J. Sulfur isotope fractiona-
tion during bacterial reduction and disproportionation of thiosulfate
and sulfite [ J].
(15): 2585-2595.

Geochimica et Cosmochimica Acta, 1998, 62

Strauss H. Geological evolution from isotope proxy signals-sulfur
[J]. Chemical Geology, 1999, 161(1/2/3) . 89-101.

Wortmann U G, Bernasconi S M, Béttcher M E. Hypersulfidic
deep biosphere indicates extreme sulfur isotope fractionation during
single-step microbial sulfate reduction [ J]. Geology, 2001, 29
(7). 647-650.

Canfield D E, Farquhar J, Zerkle A L. High isotope fractionations
during sulfate reduction in a low-sulfate euxinic ocean analog[ J].
Geology, 2010, 38(5) : 415-418.

Sim M S, Bosak T, Ono S. Large sulfur isotope fractionation does

not require disproportionation [ J ]. Science, 2011, 333 (6038) .



328 A AR S 5 36 45
74-71. [68] Selby D, Mutterlose J, Condon D J. U-Pb and Re-Os geochronolo-

[53] YoungS A, Gill BC, Edwards C T, et al. Middle-Late Ordovician gy of the Aptian/Albian and Cenomanian/Turonian stage bounda-
( Darriwilian-Sandbian) decoupling of global sulfur and carbon cy- ries: implications for timescale calibration, osmium isotope seawa-
cles: isotopic evidence from eastern and southern Laurentia[J]. ter composition and Re-Os systematics in organic-rich sediments
Palaeogeography, Palaeoclimatology, Palaeoecology, 2016, 458. [J]. Chemical Geology, 2009, 265(3/4) ; 394-409.

118-132. [69] Veizer J, Ala D, Azmy K, et al. ¥St/*Sr, $3C and 3'%0 evolu-

[54] Kah L C, Thompson C K, Henderson M A, et al. Behavior of ma- tion of Phanerozoic seawater[ J]. Chemical Geology, 1999, 161
rine sulfur in the Ordovician[ J]. Palaeogeography, Palaeoclimatol- (1/2/3) . 59-88.
ogy, Palaeoecology, 2016, 458, 133-153. [70] McArthur J M, Howarth R J, Bailey T R. Strontium isotope stratig-

[55] Pegram W J, Krishnaswami S, Ravizza G E, et al. The record of raphy: LOWESS version 3 best fit to the marine Sr-isotope curve
sea water '70s/1860s variation through the Cenozoic[J]. Earth for 0-509 Ma and accompanying look-up table for deriving numeri-
and Planetary Science Letters, 1992, 113(4) . 569-576. cal age[ J]. The Journal of Geology, 2001, 109(2) : 155-170.

[56] Esser B K, Turekian K K. The osmium isotopic composition of the [71] Veizer J, Compston W. "Sr/3¢Sr composition of seawater during
continental crust[ J]. Geochimica et Cosmochimica Acta, 1993, 57 the Phanerozoic[ J]. Geochimica et Cosmochimica Acta, 1974, 38
(13): 3093-3104. (9): 1461-1484.

[57] Peucker-Ehrenbrink B, Ravizza G. The marine osmium isotope re- [72] Burke W H, Denison R E, Hetherington E. A, et al. Variation of
cord[ J]. Terra Nova, 2000, 12(5): 205-219. seawater ¥ Sr/% Sr throughout Phanerozoic time [ J]. Geology,

[58] Cohen A S. The rhenium-osmium isotope system: applications to 1982, 10(10) ; 516-519.
geochronological and palaeoenvironmental problems[ J]. Journal of [73] Veizer J. Strontium isotopes in seawater through time[ J]. Annual
the Geological Society, 2004, 161(4) . 729-734. Review of Earth and Planetary Sciences, 1989, 17; 141-167.

[59] Kendall B, Creaser R A, Selby D. '8"Re-"*” Os geochronology of [74] Dennison R E, Koepnick R B, Burke W H, et al. Construction of
Precambrian organic-rich sedimentary rocks[ J]. Geological Socie- the Cambrian and Ordovician seawater ¥ Sr/%Sr curve[ J]. Chemi-
ty, London, Special Publications, 2009, 326(1) : 85-107. cal Geology, 1998, 152(3/4) . 325-340.

[60] Rooney A D, Macdonald F A, Strauss J V, et al. Re-Os geochro- [75] Shields G A, Carden G A F, Veizer J, et al. Sr, C, and O isotope
nology and coupled Os-Sr isotope constraints on the Sturtian snow- geochemistry of Ordovician brachiopods: a major isotopic event a-
ball Earth[ J]. Proceedings of the National Academy of Sciences of round the Middle - Late Ordovician transition[ J]. Geochimica et
the United States of America, 2014, 111(1); 51-56. Cosmochimica Acta, 2003, 67(11) ; 2005-2025.

[61] Tripathy G R, Hannah J L, Stein H J, et al. Re-Os age and depo- [76] Ruppel S C, James E W, Barrick J E, et al. High-resolution
sitional environment for black shales from the Cambrian-Ordovician St/%Sr chemostratigraphy of the Silurian; implications for event
boundary, Green Point, western Newfoundland[ J]. Geochemistry, correlation and strontium flux[ J]. Geology, 1996, 24(9) . 831-
Geophysics, Geosystems, 2014, 15(4) . 1021-1037. 834.

[62] Xu G P, Hannah J L, Stein H J, et al. Cause of Upper Triassic [77] Koepnick R B, Burke W H, Denison R E, et al. Construction of
climate crisis revealed by Re-Os geochemistry of Boreal black the seawater ¥ Sr® Sr curve for the Cenozoic and Cretaceous; sup-
shales [ J ]. Palaeogeography, Palaeoclimatology, Palaeoecology, porting data[ J]. Chemical Geology: Isotope Geoscience Section,
2014, 395, 222-232. 1985, 58(1/2) . 55-81.

[63] Turgeon S C, Creaser R A. Cretaceous oceanic anoxic event 2 trig- [78] Palmer M R, Elderfield H. Sr isotope composition of sea water over
gered by a massive magmatic episode [ J |. Nature, 2008, 454 the past 75 Myr[ J]. Nature, 1985, 314(6011) ; 526-528.
(7202) : 323-326. [79] Qing HR, Barnes C R, Buhl D, et al. The strontium isotopic com-

[64] Tejada M L G, Suzuki K, Kuroda J, et al. Ontong Java Plateau e- position of Ordovician and Silurian brachiopods and conodonts: re-
ruption as a trigger for the early Aptian oceanic anoxic event[ J]. lationships to geological events and implications for coeval seawater
Geology, 2009, 37(9) . 855-858. [J]. Geochimica et Cosmochimica Acta, 1998, 62(10): 1721-

[65] FinlayA J, Selby D, Grocke D R. Tracking the Hirnantian glaci- 1733.
ation using Os isotopes[ J|. Earth and Planetary Science Letters, [80] Hannigan R, Brookfield M E, Basu A R. A detailed 8" SR/*SR i-
2010, 293(3/4) . 339-348. sotopic curve for the mid-Cincinnatian ( Upper Katian - Lower

[66] Peucker-Ehrenbrink B, Hannigan R E. Effects of black shale Hirnantian, Upper Ordovician) , NE North American Shelf ( On-
weathering on the mobility of rhenium and platinum group elements tario, Canada) transition to the Hirnantian glaciation[ J]. Chemi-
[J]. Geology, 2000, 28(5) : 475-478. cal Geology, 2010, 277(3/4) : 336-344.

[67] Oxburgh R, Pierson-Wickmann A C, Reisherg L, et al. Climate- [81] Crusius J, Calvert S, Pedersen T, et al. Rhenium and molybde-

correlated variations in seawater "% 0s/1% s over the past 200,000
yr: Evidence from the Cariaco Basin, Venezuela[J]. Earth and

Planetary Science Letters, 2007, 263(3/4) . 246-258.

num enrichments in sediments as indicators of oxic, suboxic and
sulfidic conditions of deposition[ J]. Earth and Planetary Science
Letters, 1996, 145(1/2/3/4) . 65-78.



55 2 1]

A 160 S 45 <l o KB oy VR R BB 4 A8 B L LB S BAR

329

[82]

[83]

[84]

[85]

[88]

[89]

[90]

[91]

[92]

[93]

[95]

[96]

Algeo T J, Maynard J B. Trace-element behavior and redox facies
in core shales of Upper Pennsylvanian Kansas-type cyclothems[ J].
Chemical Geology, 2004, 206(3/4) . 289-318.

Scott C, Lyons T W, Bekker A, et al. Tracing the stepwise oxy-
genation of the Proterozoic ocean[ J]. Nature, 2008, 452(7186) :
456-459.

Scott C, Lyons T W. Contrasting molybdenum cycling and isotopic
properties in euxinic versus non-euxinic sediments and sedimentary
rocks: refining the paleoproxies [ J]. Chemical Geology, 2012,
324-325. 19-27.

Reinhard C T, Planavsky N J, Robbins L J, et al. Proterozoic o-
cean redox and biogeochemical stasis[ J]. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 2013,
110(14) ; 5357-5362.

Arnold G L, Anbar A D, Barling J, et al. Molybdenum isotope evi-
dence for widespread anoxia in Mid-Proterozoic oceans[ J]. Sci-
ence, 2004, 304(5667) : 87-90.

Dahl T W, Canfield D E, Rosing M T, et al. Molybdenum evi-
dence for expansive sulfidic water masses in ~ 750 Ma oceans[ J ].
Earth and Planetary Science Letters, 2011, 311(3/4) . 264-274.
Kendall B, Gordon G W, Poulton S W, et al. Molybdenum isotope
constraints on the extent of late Paleoproterozoic ocean euxinial J].
Earth and Planetary Science Letters, 2011, 307(3/4) ; 450-460.
Kendall B, Komiya T, Lyons T W, et al. Uranium and molybde-
num isotope evidence for an episode of widespread ocean oxygena-
tion during the late Ediacaran Period [ J]. Geochimica et Cosmo-
chimica Acta, 2015, 156 173-193.

Zhou L, Wignall P B, Su J, et al. U/Mo ratios and 3% /% Mo as
local and global redox proxies during mass extinction events[]J].
Chemical Geology, 2012, 324-325. 99-107.

Zhou L, Algeo T J, Shen J, et al. Changes in marine productivity
and redox conditions during the Late Ordovician Hirnantian glaci-
ation [ J ].
2015, 420. 223-234.

Lu X Z, Kendall B, Stein H J, et al. Marine redox conditions dur-

Palaeogeography, Palaeoclimatology, Palaeoecology,

ing deposition of Late Ordovician and Early Silurian organic-rich
mudrocks in the Siljan ring district, central Sweden[ J]. Chemical
Geology, 2017, 457 75-94.

Montoya-Pino C, Weyer S, Anbar A D, et al. Global enhancement
of ocean anoxia during Oceanic Anoxic Event 2: a quantitative ap-
proach using U isotopes[ J]. Geology, 2010, 38(4) . 315-318.
Brennecka G A, Herrmann A D, Algeo T J, et al. Rapid expan-
sion of oceanic anoxia immediately before the end-Permian mass
extinction[ J]. Proceedings of the National Academy of Sciences of
the United States of America, 2011, 108(43) : 17631-17634.
Partin C A, Bekker A, Planavsky N J, et al. Large-scale fluctua-
tions in Precambrian atmospheric and oceanic oxygen levels from
the record of U in shales[ J]. Earth and Planetary Science Letters,
2013, 369-370; 284-293.

Andersen M B, Romaniello S, Vance D, et al. A modern frame-

work for the interpretation of 22U/?3U in studies of ancient ocean

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

redox[ J]. Earth and Planetary Science Letters, 2014, 400 184-
194.
Stirling C H, Andersen M B, Warthmann R, et al. Isotope frac-
tionation of 28U and U during biologically-mediated uranium re-
duction[ J]. Geochimica et Cosmochimica Acta, 2015, 163; 200-
218.
Andersen M B, Elliott T, Freymuth H, et al. The terrestrial urani-
um isotope cycle[ J]. Nature, 2015, 517(7534) ; 356-359.
Dhuime B, Wuestefeld A, Hawkesworth C J. Emergence of modern
continental crust about 3 billion years ago[ J |. Nature Geoscience,
2015, 8(7) : 552-555.
Tang M, Chen K, Rudnick R L. Archean upper crust transition
from mafic to felsic marks the onset of plate tectonics[ J]. Sci-
ence, 2016, 351(6271) ; 372-375.
Raiswell R, Canfield D E. Sources of iron for pyrite formation in
marine sediments[ J ]. American Journal of Science, 1998, 298
(3): 219-245.
Lyons T W, Severmann S. A critical look at iron paleoredox prox-
ies; new insights from modern euxinic marine basins [ J].
Geochimica et Cosmochimica Acta, 2006, 70(23) ; 5698-5722.
Li C, Love G D, Lyons T W, et al. A stratified redox model for
the Ediacaran ocean[ J]. Science, 2010, 328(5974) . 80-83.
Yan DT, Chen D Z, Wang Q C, et al. Predominance of stratified
anoxic Yangtze Sea interrupted by short-term oxygenation during
the Ordo-Silurian transition[ J]. Chemical Geology, 2012, 291
69-78.
Liu Y, Li C, Algeo T J, et al. Global and regional controls on
marine redox changes across the Ordovician-Silurian boundary in
South China [ J]. Palaeogeography, Palaeoclimatology, Palaeo-
ecology, 2016, 463 180-191.
AhmA S C, Bjerrum C J, Hammarlund E U, et al. Disentangling
the record of diagenesis, local redox conditions, and global sea-
water chemistry during the latest Ordovician glaciation[ J]. Earth
and Planetary Science Letters, 2017, 459 145-156.
Williams S H. The Ordovician-Silurian Boundary graptolite fauna
of Dob’s linn, southern Scotland [ J]. Palaeontology, 198326
605-630.
Gradstein F M, Ogg J G, Smith A G, et al. A new geologic time
scale, with special reference to Precambrian and Neogene [ J].
Episodes, 2004, 27(2) : 83-100.
Rong J Y, Chen X, Harper D A T, et al. Proposal of a GSSP
candidate section in the Yangtze Platform region, S. China, for a
new Hirnantian boundary stratotype[ J]. Acta Universitatis Caroli-
nae Geologica, 1999, 43(1/2) . 77-80.
Chen X, Rong J Y, Mitchell C E, et al. Late Ordovician to earli-
est Silurian graptolite and brachiopod biozonation from the Yangtze
region, South China, with a global correlation [ J]. Geological
Magazine, 2000, 137(6) : 623-650.
Finney S C, Berry W B N, Cooper ] D, et al. Late Ordovician
mass extinction; a new perspective from stratigraphic sections in

central Nevada[ J]. Geology, 1999, 27(3) . 215-218.



330

ot M

E

%36 &

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Koren T N, Oradovskaya M M, Sobolevskaya R F. The Ordovi-
cian-Silurian boundary beds of the north-east USSR[ M ]//Cocks
L R M, Rickards R B. A Global Analysis of the Ordovician-Siluri-
an Boundary. Bulletin of British Museum ( Natural History) , Ge-
ology, 1988,43. 133-138.

Koren T N, Oradovskaya M M, Sobolevskaya R F, et al. The Or-
dovician and Silurian boundary in the Northeast of the USSR[J].
Trudy Mezhvedomstvennogo Stratigraficheskogo Komiteta SSSR,
1983, 11; 1-205. (in Russian)

Koren T N, Sobolevskaya R F, Mikhajlova N F, et al. New evi-
dence on graptolite succession across the Ordovician-Silurian
Boundary in the Asian part of the USSR[J]. Acta Palaeontologica
Polonica, 1979, 24(1): 125-136.

Apollonov M K, Bandaletov S M, Nikitin J F. The Ordovician-Si-
lurian Boundary in Kazakhstan [ M ]. Alma-ata: “ Nauka” Ka-
zakhstan SSR Publishing House, 1980; 1-232. (in Russian)
Jablonski D. Extinctions: a paleontological perspective[ J]. Sci-
ence, 1991, 253(5021) . 754-757.

Sheehan P M. The Late Ordovician mass extinction[ J]. Annual
Review of Earth and Planetary Sciences, 2001, 29; 331-364.
Harper D A T. The Ordovician brachiopod radiation; roles of al-
pha, beta, and gamma diversity[ M]//Finney S C, Berry W B
N. The Ordovician Earth System, Volume 466. Boulder, Colorad-
o: Geological Society of America, 2010: 69-83.

Rong J Y. Distribution of the Hirnantia fauna and its meaning
[M]//Bruton D L. Aspects of the Ordovician System. Palaeonto-
logical Contributions from the University of Oslo 295. Oslo: Uni-
versitetsforlaget, 1984 101-112.

Rong J Y, Chen X, Harper D A T. The latest Ordovician Hirnan-
tia fauna (Brachiopoda) in time and space[ J]. Lethaia, 2002,
35(3): 231-249.

Harper D A T, Hammarlund E U, Rasmussen C M @. End Ordo-
vician extinctions: a coincidence of causes[J]. Gondwana Re-
search, 2014, 25(4) : 1294-1307.

Zhan R B, Liu J B, Percival I G, et al. Biodiversification of Late
Ordovician Hirnantia Fauna on the upper Yangtze platform, South
China[ J]. Science China; Earth Sciences, 2010, 53 (12):
1800-1810.

Mitchell C E, Melchin M J, Sheets H D, et al. Was the Yangtze
Platform a refugium for graptolites during the Hirnantian ( Late
Ordovician) mass extinction? [ M|]//Albanesi G L, Beresi M S,
Peralta S H. Ordovician from the Andes. Tucuman, Argentina:
Universidad Nacional de Tucuman, 2003 . 523-526.

Chen X, Melchin M J, Sheets H D, et al. Patterns and processes
of latest Ordovician graptolite extinction and recovery based on da-
ta from South China[ J]. Journal of Paleontology, 2005, 79(5) :
842-861.

Brenchley P J, Pickerill P K. Animal-sediment relationships in
the Ordovician and Silurian of the Welsh Basin[ J]. Proceedings
of the Geologists” Association, 1993, 104(2) . 81-93.

Harper D A T, Rong J Y. Patterns of change in the brachiopod

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

faunas through the Ordovician-Silurian interface[ J ]. Modern Ge-
ology, 1995, 20 83-100.

AR, KA, Percival 1 G, %5, 16T 14T X 6 VL B {1 i plg
FRUUS R I s R (1], P E AR R RS, 2010, 40
(9) :1154-1163. [ Zhan Renbin, Liu Jianbo, Percival I G, et al.
Biodiversification of late Ordovician Himantia Fauna on the upper
Yangtze Platform, South China[J]. Science China: Earth Sci-
ences, 2010, 40(9): 1154-1163.]

Rohrssen M, Love G D, Fischer W, et al. Lipid biomarkers re-
cord fundamental changes in the microbial community structure of
tropical seas during the Late Ordovician Hirnantian glaciation[ J].
Geology, 2013, 41(2) . 127-130.

Melchin M J, Mitchell C E, Holmden C, et al. Environmental
changes in the Late Ordovician — Early Silurian: review and new
insights from black shales and nitrogen isotopes[ J]. GSA Bulle-
tin, 2013, 125(11/12) : 1635-1670.

Cooper R A, Sadler P M. The Ordovician period[ M ]//Gradstein
F M, Ogg J G, Schmitz M, et al. The Geologic Time Scale. Am-
sterdam; Elsevier, 2012 489-523.

Finnegan S, Heim N A, Peters S E, et al. Climate change and
the selective signature of the Late Ordovician mass extinction[ J].
Proceedings of the National Academy of Sciences of the United
States of America, 2012, 109(18) : 6829-6834.

Yan D T, Chen D Z, Wang Q C, et al. Large-scale climatic fluc-
tuations in the latest Ordovician on the Yangtze block, South Chi-
nalJ]. Geology, 2010, 38(7) : 599-602.

Trotter ] A, Williams I S, Barnes C R, et al. Did cooling oceans
trigger Ordovician biodiversification? Evidence from conodont
thermometry[ J ]. Science, 2008, 321(5888) : 550-554.
Moulton K, Berner R A. Quantification of the effect of plants on
weathering ; studies in Iceland [ J]. Geology, 1998, 26 (10) .
895-898.

Lenton T M, Crouch M, Johnson M, et al. First plants cooled the
Ordovician[ J ]. Nature Geoscience, 2012, 5(2) : 86-89.
Jenkyns H C. Geochemistry of oceanic anoxic events[ J]. Geo-
chemistry, Geophysics, Geosystems, 2010, 11(3) . Q03004.
Percival L M E, Witt M L I, Mather T A, et al. Globally en-
hanced mercury deposition during the end-Pliensbachian extinc-
tion and Toarcian OAE: a link to the Karoo-Ferrar Large Igneous
Province[ J]. Earth and Planetary Science Letters, 2015, 428
267-280.

Percival L M E, Cohen A S, Davies M K, et al. Osmium isotope
evidence for two pulses of increased continental weathering linked
to Early Jurassic volcanism and climate change [ J]. Geology,
2016, 44(9) . 759-762.

Dasgupta R. Ingassing, storage, and outgassing of terrestrial car-
bon through geologic time [ J]. Reviews in Mineralogy and Geo-
chemistry, 2013, 75(1) . 183-229.

Lee C T A, Shen B, Slotnick B S, et al. Continental arc - island
arc fluctuations, growth of crustal carbonates, and long-term cli-

mate change[ J]. Geosphere, 2013, 9(1) . 21-36.



55 2 1]

A 160 S 45 <l o KB oy VR R BB 4 A8 B L LB S BAR

331

[141]

[142]

[143]

[144]

[145]

[ 146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

Lee C T A, Lackey J S. Global continental arc flare-ups and their
relation to long-term greenhouse conditions[ J]. Elements, 2015,
11(2): 125-130.

McKenzie N R, Horton B K, Loomis S E, et al. Continental arc
volcanism as the principal driver of icehouse-greenhouse variabili-
ty[J]. Science, 2016, 352(6284) . 444-447.

EvansD A D. Reconstructing pre-Pangean supercontinents [ J].
GSA Bulletin, 2013, 125(11/12) ; 1735-1751.

Li Z X, Bogdanova S 'V, Collins A S, et al. Assembly, configura-
tion, and break-up history of Rodinia; a synthesis[ J]. Precam-
brian Research, 2008, 160(1/2) . 179-210.

McKenzie N R, Hughes N C, Gill B C, et al. Plate tectonic in-
fluences on Neoproterozoic — early Paleozoic climate and animal
evolution[ J]. Geology, 2014, 42(2) ; 127-130.

Buggisch W, Joachimski M M, Lehnert O, et al. Did intense vol-
canism trigger the first Late Ordovician icehouse? [ J]. Geology,
2010, 38(4): 327-330.

Qing H R, Veizer J. Oxygen and carbon isotopic composition of
Ordovician brachiopods; implications for coeval seawater [ J].
Geochimica et Cosmochimica Acta, 1994, 58(20) ; 4429-4442.

Patzkowsky M E, Holland S M. Patterns of turnover in Middle
and Upper Ordovician brachiopods of the eastern United States: a
test of coordinated stasis[ J]. Paleobiology, 1997, 23(4); 420-
443.

Herrmann A D, Patzkowsky M E, Pollard D. The impact of pa-
leogeography, pCO,, poleward ocean heat transport and sea level
change on global cooling during the Late Ordovician[ J]. Palaeo-
geography , Palaeoclimatology, Palaeoecology, 2004, 206(1/2) .
59-74.

Rosenau N A, Herrmann A D, Leslie S A. Conodont apatite 880
values from a platform margin setting, Oklahoma, USA; implica-
tions for initiation of Late Ordovician icehouse conditions [ J].
Palaeogeography, Palaeoclimatology, Palaeoecology, 2012, 315-
316 172-180.

Patzkowsky M E, Holland S M. Extinction, invasion, and se-
quence stratigraphy: patterns of faunal change in the Middle and
Upper Ordovician of the eastern United States[ M ]//Witzke B J,
Ludvigson G A, Day J. Paleozoic Sequence Stratigraphy; Views
from the North American Craton, Volume 306. Boulder, Colorad-
o: Geological Society of America, 1996; 131-142.

Herrmann A D, MacLeod K G, Leslie S A. Did a volcanic mega-
eruption cause global cooling during the Late Ordovician? [J].
Palaios, 2010, 25(11/12) ; 831-836.

Herrmann A D, Haupt B J, Patzkowsky M E, et al. Response of
Late Ordovician paleoceanography to changes in sea level, conti-
nental drift, and atmospheric pCO, potential causes for long-term
cooling and glaciation[ J]. Palaeogeography, Palaeoclimatology,

Palaeoecology, 2004, 210(2/3/4) . 385-401.

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

Frakes L. A, Francis J E, Syktus J I. Climate Modes of the Phan-
erozoic; The History of the Earth’ s Climate over the Past 600
Million Years [ M ]. Cambridge: Cambridge University Press,
1992, 274.

Brookfield M E. A mid-Ordovician temperate carbonate shelf-the
Black River and Trenton Limestone Groups of southern Ontario,
Canada[ J]. Sedimentary Geology, 1988, 60 (1/2/3/4) . 137-
153.

Holland S M, Patzkowsky M E. Distal orogenic effects on periph-
eral bulge sedimentation; middle and upper Ordovician of the
Nashville dome[ J]. Journal of Sedimentary Research, 1997, 67
(2): 250-263.

Armstrong H A, Coe A L. Deep-sea sediments record the geo-
physiology of the Late Ordovician glaciation[ J]. Journal of the
Geological Society, 1997, 154(6) : 929-934.

Ramstein G. Climates of the earth and cryosphere evolution[ J].
Surveys in Geophysics, 2011, 32(4/5) : 329-350.

Shaviv N J, Veizer J. Celestial driver of Phanerozoic climate?
[J]. GSA Today, 2003, 13(7): 4-10.

Luo G M, Algeo T J, Zhan R B, et al. Perturbation of the marine
nitrogen cycle during the Late Ordovician glaciation and mass ex-
tinction[ J]. Palacogeography, Palaeoclimatology, Palacoecology,
2016, 448 339-348.

Naqvi S W A, Yoshinari T, Jayakumar D A, et al. Budgetary and
biogeochemical implications of N, O isotope signatures in the Ara-
bian Sea[ J]. Nature, 1998, 394(6692) . 462-464.

Galloway J N. The global nitrogen cycle [ M ]//Holland H D,
Turekian K K. Treatise on Geochemistry: Volume 8, Biogeochem-
istry. Oxford: Pergamon, 2003, 557-583.

Mora C I, Driese S G, Colarusso L. A. Middle to late Paleozoic at-
mospheric CO, levels from soil carbonate and organic matter[ J].
Science, 1996, 271(5252) : 1105-1107.

Berner R A. A model for atmospheric CO, over Phanerozoic time
[J]. American Journal of Science, 1991, 291(4) : 339-376.
Berner R A. GEOCARB 1I; a revised model of atmospheric CO,
over Phanerozoic time[ J]. American Journal of Science, 1994,
294(1): 56-91.

Berner R A, Kothavala Z. GEOCARB TII; a revised model of at-
mospheric CO, over Phanerozoic time[ J]. American Journal of
Science, 2001, 301(2): 182-204.

PRI AT, kbR, . AR — 5 AR T b e
R EHR B A S m o B e )= [J]. hERE (D ),
2002,32(3) :207-219. [ Su Wenbo, He Longqging, Wang Yong-
biao, et al. K-bentonite beds and high-resolution integrated stra-
tigraphy of the uppermost Ordovician Wufeng and the lowest Silu-
rian Longmaxi formations in South China[ J]. Science in China

(Series D), 2002, 32(3): 207-209.]



332 BTN AN SO 4 %36 &

The Genesis of Hirnantian Glaciation and Paleo-Ocean Environment During
Ordovician-Silurian Transition

YANG XiangRong, YAN DeTian, ZHANG LiWei, ZHANG Bao, XU HanWen, LIU WenHui,
YUN JiaLin

Key Laboratory of Tectonics and Petroleum Resources Ministry of Education, China University of Geosciences, Wuhan 430070, China

Abstract; The Ordovician-Silurian transition was an interval which revealed major changes in the Earth’s biotic, cli-
matic, and environmental systems, triggering the Hirnantian glaciation and end-Ordovician mass extinctions. The pa-
leo-ocean environment experienced intense shift and exerted a crucial impact on the global cycles of carbon, molybde-
num and sulfur during O-S transition. In addition, the weakness of continental weathering reduced '’Os and ¥'Sr flux,
resulting in positive 8'¥ Os and 8" Sr excursions. This first ice age, since the late Neoproterozoic, was the culmination
of a cooling trend that had begun in the early or middle Ordovician, and was linked to some combination of reduced
volcanic arc outgassing, enhanced silicate weathering, increased organic carbon burial and so on. There exist many
problems about the genesis of Hirnantian glaciation, such as lacking in individual biostratigraphy which can control the
carbonate platform in shallow water and mudstone in deep water simultaneously, as well as the high-precision analysis
based on geochemical proxies and isochronous stratigraphic correlation. Meanwhile diagenesis, weathering and tecton-
ic-thermal events also exerted an important impact on reconstruction of Hirnantian glaciation, resulting in inaccurate
interpretation.

Key words: Hirnantian glaciation; paleo-ocean environment; end-Ordovician; mass extinctions



