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(Benton and Twitchett,2003) , [, Aa] 3545 ks
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(Hinnov, 2013 ; Huang, 2018 ; Huang et al.,2020) , #
FH RS [m A v b o A4 R ) 2 SCAE T AN RT LA
e M ST AR A RS B2, AT BT B b o A
*%E@*ﬂfﬂ(Huang et al.,2011)

4 34CAF 2 AT 0 SR B 20—k BR 20 e T 101 02 b o
Py s AR G RI B , ak b s A T
A P8 R A T E AR A, o i BRBL 7 A Y
(IR R R i) AL e LB R T A ) 2R ) ROK e
PEFTK N A 0 S RIAIL TR o 4.4 A2 4F i 58 P 20 2K 4
KA T Mk A L b AR RO R4 A — IR
PR K A i, 249 859% WY K 2t , HCJE PRIAL ) 22
LAl g — ik B o 8 SR R RO S T T AR
b BRIF LR RS RS AE MR 3 Kbk
T AN 5 £ 55 25 22 F i B¢ (Sheehan, 2001 ; Brenchley
et al.,2003 ; Trotter et al. ,2008; Yan et al.,2010; Elrick
et al., 2013; Bartlett et al., 2018; Bond and Grasby,
2020; Rong et al.,2020; Saupe et al.,2020; Hu et al.,
2021) , HEAR B J5U R AL A2 57 0 R s —
N

BT &) 2 TR 1 [ b 22 2 AR SCARA
ST , RSCH 18R Bl Y e 28 Ak B EIE R 2 T
A AU R GE R ST 5 53 WA S I [E] s RUA
Ji AR G B 2 fill (Hinnov, 20185 Westerhold er al.,
2020) , 101 FiFFr A AR SCEEA A IS IA I 4 k= A=
Yy 2 ORAEAS S8 B ik = HORG S M )2 TR Lk
J3E b S5 A A B AN JE B e D T A ) RS S AR Y
518 Z PR (Hinnov, 2013) . B Fig 22 K SCIR 8 19 <
AR AR 2 5 0 K| P T AN A ) 2 AP S
AR R TR BB R A [0 b 2 2 A R A5 v o A
{18 TR S e T A6 2R 00 4 A S 1 9 24 1 280 ) A
R, LA B BT B8R 20 vy PR 5 1 A8 1k R0 A W AL
(Sinnesael ,2023) .
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J2 T JRE T [ Mt )22 2 5, 308 8 X Al O DU A B oy
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PR REAL A R A BILR B[R] 057 32 BCHE K BE A XU
T8 BCAE AT HE 171 43 B G ST Bl R SCARARER I, 3145
A58 T A A R A3 SR 5] R D 0.45 My 3] 1.74+0.4 Myr AN
& (Fang et al., 2016; Lu et al., 2019; Zhong et al.,
20205 Jin et al., 2020a, 2024 ; Li et al., 2021 ; Zhang et
al.,2021; Xiong et al.,2023,2025; Wu et al.,2024; Xu
et al.,2025; Yong et al.,2025; Ouyang et al., 2026) .
(ERGIIPEYNE A5 N T ik €778 I Ko e W)
(A A b )2 29T A B A R A3 AN T DR
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JHE Il 3t J22 27 23 A T LA ST i B 22 i PR B R
SCEAAR RS, T mhis 2 14 TR 457 2 DA 580 D) A g [m]
JR AR AR 0, T2 AT AR T A
RN EE K M S 4 ) A6 X6 AR (Kuiper et al., 2008;
Hilgen,2010; Meyers et al.,2012; Thibault et al.,2016;
Hilgen et al.,2020; Harrigan et al.,2022; Abdeldaim et
al.,2025) BB A ) KK o A A b R e B )
M. extraordinarius 1 M. persculptus Wi T2 47 , H K
KA Bk [l 3R A B vk A0 A A RS st 1), <
et A2 (1Y 1 AR AN AR DL R BT AR 25
BT SE T Ay i i A A 0 A4 K 48 ) 4R 82 P ] DA
0.2~2.2 Myr AN 55, 101 #6551 45 B 19 457 2 1 1] 13 DA 0.4
Myr #)2.14 Myr N4 (Suteliffe et al.,2000; Hu et al.,
2008; Gradstein et al., 2012, 2020; Crampton et al.,
2016; Ling et al. ,2019; Deng et al.,2021; Zhang et al.,
2025) , WP 28—k B 0 AR AR IR Al DA 442.33+0.34
Ma %] 443.83+1.5 Ma (Gradstein et al., 2012; Zhang et
al.,2025) , A1 IR R R AFTETE 2P, 1
ity LA T 22 P S BT ST SRS 1 ) B
i BE A EEARR ROR AR DRk S48

AR S 3 7 B Pl 20— AR B 40 =2 A ) TH 7 8L
T H PR VLR RN AL B 50 3 AP A R
A o HEAR A SRS A K L BRE i, 1 FTE ] 34
JR2E BTN I BN R SCARARR R, 456 K LR B A )
T B e M PR RS ) 7 2% A 8 A ) b 2 A A RAE SR
FAENT PR R S 7 e R H— LA R 1 08 RS
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1.1 P GAEIE

VO R LT ) T 5 A LT ) ) ) B g 47
T )T RS G DR AN T ) HE T K
T EL O AL AR T LR A 3, 2 AR
R R ITTIA R /B N D P S = P A [T
TP AP 5 ) i — 24 L 8 A 18 0L R S e
N, 7 P A e — P T AR 32 ) T L T K —
TR K R A X, OAR TR O TR ) M 2 (T 1)
XU T AR ) o S SR A | T A SR
=AM AR EA TCAB(1-7)2) , Hoa
2 B hy B T 0T A RIS TR A K L B
W AR BT A, JREREZY 10 m, P2 KR A
AIGE RSk R . W E A B (8 2 ) i Ak
F B K B AT A VR 0.9 m, 77 R i A
A e BRA R AR A E A TUA IR
RIS RS B R B DR K G —
SRR ORI SO A FUR B il —rp 2R
PRI A, R —rhE R R B A, BAR R
B2 A 2 A DIRRREE S 308 m, A F
FEAL K AE T &8 61.7 m 19 1 2 2 ¥ (Wang et al.,
2017).

K RGBT 2B A DU B R A, Hal A4
2l , #1260l LU S Metabolograptus persculptus (MP)
Wi Metabolograptus extraordinarius(ME) Dicellograptus
complexus (DC)41i Fl Paraorthograptus pacificus (PP) 47
#J Tangyagraptus typicus (TT) MEAt5 , W35 4 BLr= Koim

i fE 2, KB Hirnantia D1 o 452 X000 50 T 5
B4 REEA, Hilifi 24, 00 ST (B
SCHF, 20115 R A il AR A ) o
12 ERFIZREIE

HPRES YT 22 A H T (TR PR 22 A7) 1D 6 T 5 JRAR
P92 100 km FOEEVL DXL RSB, i I B T Eh i
LR BT (Y T AR 0 BB A DU BOA L
TRE e IR ALE AR R O A U B B R
Br—& PHGH IR 2 5 1A T HROR—2F K 1 Bl
PR % AR BRI S IX (1) o T4 (2~4
J2) WA U B A 32 O ORI DU U
JEIR K A — T JZ AR BB e, ke At
D DL RE BT v B 1.7 m, P R A, TR
HJZO 1 m BRI U AR RIZ, P AR
A, WEBFBL(S R ) ATk RO A=)
it UUa  JR 0.7 m, 7= KA 2 R M Z B A A
T Eh R ZH 1 O R S A A SRR R Ak
WO A K K A —r Z AR BB e,
T bt IR A — v JZ AR I KPR K 5 5
R, kEZ)Z KK, T—hi- REEAfn, b
R R L B A AT J5 158.7 m, ABFSEAL
KA LA T 433 m )2 B0 (Wang et al.,
2017).

2R L L 2 A U B R A, H
B R 43 A Metabolograptus persculptus (MP)
Y | Parakidograptus acuminatus (PA) 45 | Cystograptus
vesiculosus (CV) 75 | Coronograptus cyphus (CC) 77 o I

e BUHRZE (445 Ma, RRRIEMY) b
/]\
0 200
£
X
H_
%
£
, PR
0 40 80 120
B KR m
BT R0 DXl A IR

(a)445 Ma ] i I ] (B8 Scotese , 2023 8240 5 (b) 5 i SRR D URR Y A8 0T 22 B2 112 5338 — A0 1 A9 i Mo B (45 Zhang et al. ,2014; Wang et al., 2017 ; Wang et

al.,20241&%0)
Fig.1

Paleogeographic map of the study area

(a) paleoceanographic map at 445 Ma (modified from Scotese, 2023); (b) paleogeographic map showing the Shuanghe section, Anwen section, and Wangjiawan section (modified

from Zhang et al.,2014; Wang et al.,2017; Wang et al.,2024)
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Hb W By B K i A2 2Rk A (Wang et al., 2017
TR ER R ) o
13 HtESEXRERE

5 A E AL T AL S AR AL D7 1] 42 km
A E S R, g 4x Bk B )2 B I MR (Global
Stratotype Section and Point, GSSP) , 7F ¥ b 75 #H 19 4
M, 328 i LG 2E UL B2 e SH R A, B Sk o
FUNA AR, 26 A0 A0 12 3 J2 3R T8V ) WL
58 B AR B — & P B DR B 32 ) T 7 T 9 SR P K
T e M 2 TROK B 22 T8 22 0 R R 5
(1) T2 e B3 2 34 00 SR 0Us IR R
0 5T v FVRE 5 s, WL A 2 U R e 5K
DU R I dR e gk, B A a £, g4 g
A1 B F 1 A Dicellograptus complexus (DC) 7
Paraorthograptus pacificus(PP)i{i (4l  Tangyagraptus
typicus (TT) V. Fl Diceratograptus mirus (DM ) V.7 )
F1 Metabolograptus extraordinarius (ME )7 ; ¥ Hhi&E 21
HIZEA 7 H Rk Metabolograptus persculptus (MP)
W | Akidograptus ascensus (AA) i Fl Parakidograptus
acuminatus (PA) % (Chen et al.,2006) . AHFFEAL R
TN B e BB 2 3L 5.21 m B R Z 0 % .

2 WSS IR A s v

2.1 HREZERIERXRFEIENHRESIEREYX

FE R ) TN 1 B8 B e L 2R 3 B e
BN 293 m M2, B 5 bR 2 vk KUK A DURR
Yy it HhowT e 2 0, R TR 45 25 A T RO
(Tnnov-XRF) LA 2~5 em 14 2.7 em B R AL A HE
ASSRAE SR 3 U, BEIR 60 s, i BOH M, 4%
RT3 348 XRFBdln . 7ELRRHI M F 8 F el
it B 2 R 3 B SR BB A9 50.6 m R Sk ML 2 Y
6 cm RAEAEE I RAE T 987 N XRF BUlE . 7EE XKL
Fl N BB SR AR 5.2 m HUZ 1T XREF
Bl 09 B AN R AE L LISEE 2 em 19 SR AR ) FE 4L R 4R
281 B p, , IS A %) S A 262 13 1fT 2,52~
2.68 mAb.

AN Bk Ak 22T 2 il TR T ) 2 2
S OFEDURBLE R o 2 R B R [R] AG H EBR fb 2 2T P AN
SR R ITEMN T A AT 54k
SRy, AL A R, vT LR T
R . DU e R SiL Al Ca K.
Na.Fe Mn %5702 XS5 AR 10 52 0 72 80, 8 9 ok )2

Wy X e A2 Ak, Ho Si ALK Fe FITi S50 R
— Pt Sy 2 B VLR IS A B A DG S B AR AL
= 52 Wy XA P R DX 3 A K AR A Y B ) S
STy V- TR U8 S0 1 T MR Ak A AR FE AR (Clift et
al.,2014) . Rb 7EAL22 XUAK oA AU 1T Sr 78 U5 X
FAXF 2259 1045 , IR I Rb/Sre 7] LA BRJR X A4k 27 K
i 55, T REK 5 AR A i A A 45 T A (Jin et
al.,2020b) .
22 MEEISAEE

) FH i€ 71 43 BT 3K 24F AnalySeries2.08 (Paillard et
al., 1996) Fil Acycle2.8 (Li et al.,2019) XF B4l 47 2%
R AR S ] B AR (RN R A A TIUA 3L, AR %o 5
1122 80 RS 3 i A T 10 A7 o I FHAEOC R 8K
(COCO) AL & R E ik (eCOCO ) B AT RE UL
FRER , B I 5245 % (Monte Carlo )R 2 5291
TR Sel BCHRE 11 BE 2 A1 3 RN B3 K SCAR (AN Laskar er
al.,2004) Z [A]FH 56 2 EVC L )y 2R Al DU 2
OB (Li et al.,2018b) o B [ 45 i 7 (TimeOpt)
DUBHURAR SR L B SRR DR, RGTEAL T
FIE P10 i 2 0 AR () g 30 B R 3 3 % 2 0 B A7 i
Oy R IR S IR M ] o 5 2 dee L AR S R B A 2 22 5
Pt U ZRAT 3R T S A KR PR Hh B L A TR
2R (Meyers, 2019) . 3 iz APy 20 B A DT R %
T TR AU ARUE [ ok 07 118 b R I 300, %
XoF I T84 5E B9 405 kyr F1100 kyr A8 K % L 25 1 20
FRDTARUE [FT , X6 LA 7 i 0Tty 3 8 e (9 e vl
WA 209%~25% ) , S 1M1 HE ST I DRI A AR A A Y ¥
TR P S5 B30 A 40 Ry Wk TR S0 | ST 0% 8l R SCARAR
PR

S T AT AR AL, R Acycle2.8 FUFHLAY
DUFR M % #5780 (Dynamic Noise After Orbital Tuning,
DYNOT) , i & —Fhii i $E B AL Ok AR K SUF 5
DL K R s r b 5 43 T (Li et al.,2018a) o
PR AR R K AE s R TN R
TE RN o335, Iy AR X a8 B 5 7K A AR X
TR 22 1] A 5 B 6 AR, DA ITTASE 400 oy 1A P i 1 72 Ak
B ZIENEZ OB SN 8T (DYNOT) Ffil—
By B A R (p1) BB A2, 35 38 IR IR S0E 2R
GiAemtE S iR . E v VT T R
M KO LRI AR A DYNOT {58 = 1)
p UL 5 AL AP 1T B ST DU) R B Ay v M K, SR
PR I DYNOT (B SRR p1 {H
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FERCI] ) T AN R T BREE T 2242
LA i, FEAG S AR SR A R W Bk
FH i S5 1 [ 457 28 DA 1% 85 A 50K, 78 26 [ Boise
State 2% Mark Schmitz Z{ % 52 5 % % F ID-TIMS (1Y)
U-Ph M AEEEARARAT T 15K BE A IO R 3R AR .
K Bk A 100~300 pm A A1 B AT AR 85 A AR 43
BIYITRCE A A SRR T, TS 3R N 900 °C I IR
TRk 60 h, LUB S 2 8 S 45 . IR KA AR
fig 3 [ % 516 (CL) 58 & (Nasdala et al.,2002) , 2
FHEOGF T L BHE & 55 B AR BT (LA-LICPMS) 4347
o 2 A o0 & 43 18 09 FE B M (Allen and Campbell,
2012) , [6] i 0 J5 22 0 4k <% 31 i b 2R 4504 o 2%
(Mattinson,2005) . iR kK SERUE , T TPk B8
AR B L O, SR 5 R e R
PEAT IR & 6 (CL) W% . AR X L3 & 5 i R
Pk H B & A = — B0 H s A8 () ks, T e
MR ZR AT TR A A 2 BT 1) U-Ph 4R
27 J7 1 3 Davydov et al. (2010) 5 Schmitz and
Davydov (2012) F 7. AHEERE TR R G0 bt
W2, ARG T AR R BRI A
W

3 WA

31 HREHBERNSETETK

38 32 L TR 5 T ) o AR AR AR A, R
B3t [ i 30 B B A ORI, S e A T AR R AR
b, EIEH LUK ADIRN E, Ca & BARE , Mo LR
T AT, Si AL Fe 1 Rb/Sr{E X2 A% , AT LA
VBT 12 s 1 ) V9 A R ST AR Bl R G i AR
B NTFLIEZE TR Ca i Mn S5 B SEORARIG, BT
FRR SRS J5T 002 AR ST e, DORRA) i) 20 (6 B f A
T, Y AT LA W P DU R B & Ak T AR K AR Ak, i
JER 1) A8 AL A B3 2 28 SR i I ER 5, Si L AL Fe 1 Rb/Sr
E X IR 5, 8 T K ki KUAR B i ol VR A 344
Z . SifrafE WGBS TR 218 T R
L B JE T ERRIAE Py ME R, Bl S Sil ALAI
Rb/Sr (B 47 W5 A7 2 DUR S FFR4A T g, T2 Si &
AR AR, T Ca e &R F i SN i . 7EAE
YA MP A RN BR RS FERY BRI, Si FN Ca S 28K
FEAC, 1M Fe 1 Rb/Se{E 2 5483 1, Si | Ca 1 Mn 44
i — AN A B BB PA AR W ) R A

Rb/Sr{H %5 7& , {H Si . Ca F1 Mn B9 & 5 ARG, F2E0T
TR B8 TUA Je TR IR (L lfe 7, 8 A W22 et 30 7
UL IS SR IR R IR . PA A= W)7 2 5 Si AT AL
i L Rb/Sr ¥ BT 2 5 IS8 T kS 3
437 Ma 288 LTt 2 5 NP IR 848 T 1%, X BT Ca
JCR A IE AR, 1M Mn & 8 — B —
XK AT 2 A2 (] 2a) .
3.2 BUAEIEAR XRF H3EHER 947

X AT E T %) XRE $048 (Si Fe , Ca . Al Fl Rb/Sr
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Fig.2

Integrated stratigraphy and sedimentation rate estimation of the Shuanghe section

(a) chronostratigraphy of the Shuanghe section and XRF element data series, boundary ages from GTS2020; (b) COCO/eCOCO sedimentation rate estimation diagram of Si

element; (c) TimeOpt analysis diagram of Si element at —10~10 m
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Fig.3  Spectral analysis and filtering curves of four segments of Si element series from the Shuanghe section

(a-d) represent the spectral analysis diagrams and filtering curves in both depth domain and time domain for the four segments: =10 to 10 m, 10 to 25 m, 25 to 42 m, and 42 to

82.9 m, respectively; The filtering curves in the depth domain for the four segments are approximately 3.3 m (red) and 0.8 m (green), 2 m (red) and 0.56 m (green), 4 m (red) and

1 m (green), and 4.5 m (red) and 1.1 m (green). In the time domain, the filtering curves correspond to 405 kyr (red) and ~100 kyr (green). Bandwidth of the Gaussian bandpass

filter is 20%-25% of its corresponding center frequency
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Fig4 Depth-domain Si elemental series, floating and absolute astronomical time scales (anchored at 438.47 Ma U-Pb age of

SH-S1-1 at 54.02 m), and paleo-sea level reconstructed by sedimentary noise model from the Shuanghe section
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Fig.5 Integrated stratigraphy and sedimentation rate estimation of the Anwen section

(a) chronostratigraphy of the Anwen section and XRF element data series , boundary ages from GTS2020; (b) COCO/eCOCO sedimentation rate estimation diagram of Si element;

(c) TimeOpt analysis diagram of Si element at 25~35 m
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Fig.6  Spectral analysis and filtered curves of two segments of Si element series from the Anwen section

(a, b) show the spectral analysis and filtered output curves in depth domain and time domain for the two segments of 6-18.5 m and 18.5-56.75 m, respectively; The filtered curves

in depth domain for the two segments are approximately 1.6 m (red) and 0.56 m (green), and 2.5 m (red) and 0.6 m (green), respectively; The filtered curves in time domain are

405 kyr (red) and ~100 kyr (green); Bandwidth of the Gaussian bandpass filter is 20%-25% of its corresponding center frequency
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Fig.7 Depth-domain Si elemental series, floating and absolute astronomical time scales (anchored at 439.32 Ma U-Pb age of

QJ-S1-1 at 30.6 m), and paleo-sea level reconstructed by sedimentary noise model from the Anwen section
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Fig.8 Spectral analysis and filtering curves of Rb/Sr and Ti series from the Wangjiawan section
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Comparison of duration between cyclostratigraphic analysis results of Si elements and absolute dating ages
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from the Anwen section; Bandwidth of the Gaussian band-pass filter is 20%-25% of its corresponding center frequency
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Table 1 Comparison of durations of each biozone and mass extinction event obtained by U-Pb dating and cycle analysis
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Table 2 Astronomical time scale and U-Pb datings calibrated Ordovician/Silurian boundary ages

for the Shuanghe section and Anwen section
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Table 3 Cyclostratigraphic and U-Pb geochronological calibration of the top and bottom boundary ages

of the Hirnantian stage

T2 5 ) T Rb/Sr e [0 A AT/ Ma (ARBF5T )

HRE [ A VAT U/ M (AT )

R
2 TS ¢ ) (v 2 A2, \ N , RN . N .
ek CTS2020Ma  FIRLZAFEER ) \wiwor were BAWIWOR MR L WIWO03 Rl KA keI
(Zhanget al.,2025)Ma (443 65 1. (442.66 Ma) (442.18 Ma) HEN(43847 Ma)  A(439.32 Ma)

R FERY T5T

443075091 442.33+0.34/-0.33 44243 442,23 44239 44234 442.89

(P2 /ERAL)

BERREE 445212086 442.65+0.17/-0.23 442.82 44261 442.78 443.78 443.45

T« E [ 4% i U-Ph [H] 457 22 0 4F (1935 22 294 0.05% , Lk 442.33 Ma 4F % 8 1 3153 1 4% 2% 9 442.33 Max0.05%=0.22 Ma ( Hinnov , 2018 ) .

SR A AR P e e A o 1) B Pl 2/ S B 28
LRAT L, HAGT ) TR S iR M 4, B A
hg, FFH e 1145 45 TRl R U-Ph AR JAFR 5 1 R0 351 T
1) B Bl £/ 785 B8 20 LR AT IS 442.34+0.22 Ma 1] IFE R
AR [ s B A AR AR A
422 #ESFINIRF S W EHE 6 R &

XSUIAT ) THT R 22 e ) T € [ 43 A A 1Y 6 R
FEBY IS LR A % 49 ) A 443.78+0.22 Ma Fll 443.45+
0.22 Ma, Zhang et al. (2025) 7€ F 2% V5 1) 1 . AU
0T R R0 T TSR 00 R R R RS AR 15
5 Sk 442.65+0.17/-0.23 Ma,442.55+0.20/-0.40 Ma £lI
443.21+0.37/-0.28 Ma, Ling et al. (2019) 45 i 1Y J&
443.14+0.24 Ma, JL 5T 5 RINAR 49 MPIME WA~ 4p7
1) LR BT R AR Ky 442.8240.34 Ma, MR 124
0.3 m K 11K JZ AR 442.63+0.21 Ma HE%E, HF 5% 51 1
JEEHR=1.5 m BB 5 g 5 B I % = LA A TR )
AEIA 2N 443.8 Ma , IR ATE 2 T 65 e RER I A A 2k
() 4 1 N 12 L 443.8 Ma iR B2 3% I - 58 75 35 i
JEEHB 0 m Ak Y Kl K )2 WIWOL B I A5 /Y 4F 1§
443.62 Ma W55, Rb/SeAEUE [F1 50 1 R e 4

W TS LR AE 8 Ky 442.82+0.22 Ma; & LA 2 2
T 0.45 m (19 Kk K JZ WIW02 KE & I 45 1Y 4F i
442.66 Ma M 5, 1 Rb/Sr {8 5E [0 43 A b 5 10 6 T
Y TS PR AR I h 442.61£0.22 Ma 25 DL WL 35 45 J2
Z 10.67 m /) KK JZ WIWOT FE 5 I 75 79 4F 1§
442.18 Ma M5 5, 1 Rb/Sr B 5 [0 43 A7 b 5 04 6 1
BRI TR LR AR A Ny 442.78+0.22 Ma, JCi6 ] i3k £635]
T P 0 A 5040 3 P R P 0 i e G A 2 ) A%
15 GTS2020 1) 445.21+0.86 Ma £ 55K (F£3).,

ZEA = AN EITH R SCAE AR RURE HE 1% 765 7 e B
JEE SR AR, HLSUR] 1) 1T B4 )2 A J5 b BRI SR e
4, FR G TA Sk WU 50 TS R A ) B AR B I A 2
AE Y 443.78+0.22 Ma AJ AR A A K [ PR it 4R AR 1Y
Bt

LA 51 T T [l s %) O 255 A9 )2 A 00 95 (DD 0
ZH A TIIE) A% R 443.19+0.22 Ma, iX 55 Zhang et al.
(2025) 78 T 5215 i) 1 4F % 4 (B0 0F 5 10 19 442.42
+0.31/-0.36 Ma Az 76 o7 1) 7 08 2 )22 T8 K 1L AR
JZ AJTBO2 4EH# 442.63+0.21 Ma 22 15K, 5 Ling et al.
(2019) £ J7 F1 35 T8 9 KK 2 A7 i 4 (875 21 1Y



1232 A

S

5444

442.92+0.17 Ma HBHET ; g IRl bR UL & M 2 IG5t
A4 443.39+0.22 Ma, iX 5 Ling et al.(2019) 35511
442.96+0.17 Ma 2 Zhang et al.(2025) 7E At 7 1 1 ]
15 19 W& M 2 T #R LK 2 ATBOL AT i 442.82+
0.33 MatHZEH K,

AN, 75 BB B 2, Zhang et al. (2025) B XL
P TET 9 A ) Tl 2 22 SRR B SCHT (2011) g i - 2
P SC, A SCE AR FE 4 U] ) T ] — )
WSO 3-1 RN 4-1 6T 1l 2 Fn Ak s TR 1 R HL B
FEZNE BT FIEH 0 m FF 4R, AR BF 5T N
10.9 mFF45 , A Q& B 2R 0.9 m, Bk RS FER 19 E
B 6.8 m G 5AME 5T —2, {H Zhang et al. (2025) [
B4 51 6 K aE ST R L 1 38R Rl e R A TR A
2.2 m, X5 BESCH (2011) A5 5] T 119 76 B 4 B
FEFEAN 223K, M Zhang et al. (2025) BIMIE 2 &,
SHW-05 K 11K JZ2 I 32 s AE W& 477 J2 1 i (ELRH ] 6
HIARTE L )2 T 1 1.06 m 2247 B A7 5 A 2
F ,SHW-03 7£ SHW-05 T 1fi 1 m 2247 A &, {H B 1A
6 HNFRFEHTN 2.14 m WY ; SHW-01 7 SHW-03 2
252 m BYNLE, FEEL 6 45 AY SHW-01 f& 7E SHW-03
ZF22m M E, X5 MWE—3, H SHW-03 il
SHW-05 2 [] (A 25 22 5K
43 RXERRHFMSEFETUSEDEL
4.3.1 i BAIEA G AEAE ST T

R XSLTRT 51 1T R 2E R 0 T P A o AT 4 AR
RIS e R Fr AR AR R 1 S A L B B R
405 kyr Fl~100 kyr 4 %5 fh 0 22 J& 9] Bz 40 kyr A0
33 kyr BFR WA 21 kyr F1 17 kyr (9 2 22 5 391 14 9%
Bl. A, I8 K B Si TR ¥4 A s ] St ik ] A A
AE AR SR 1.2 Myr 1 2.4 Myr 194 J5 9725 4k (& 4,
7)Yl A DR A B P e — R R B b 2 DR
Z B ERPLIE ) % 25 A AR S O 25 ] 4
(RSl RIS, 22 BT AR M A OB ADL K A2 1 vy v
ST AR AL EA B A 1.2 My KRS0, ) H S
Haq and Schutter (2008 ) # 37, /1) 4= BR 45 7 1 - 11 25 Ak
LA AR 728 b A 70 00 P 5 B B S0 34 v T
KT B RRIE

A, Zhong et al. (2020 )38 $ 0H5Y 2 Fg J7 G THI
(A A 23 RN TR RS 5 91) R B2 sl 1 g b J22 DR A2
£ 405 kyr F1193~125 kyr f)4 56 O 2 B W 9K 8, [H]
I IR 57 31 33.8 kyr Fll 17~22 kyr (AR 1% 2% JH HA Y
IKZ) . Williams (1991) 38 2 B 5% M L Rl thE— . 35 B

TR 67 T IR 20 B ()RS P 3 T b & 7 Y
AH—RAE—AE—AsaBZEAITI, KT
FE 19 100 kyr J5 f 0o, Je 31 kyr . 19.6 kyr Fl
17.4 kyr BER AL 22 B, DA & 3612 /T8 B
WAL A2 % 22— U R B RS F 52K 3 . Hinnov and
Diecchio(2016,2020) i i A 57 5 ] BT T 137 52 37 23, b
B — 2 DAAT B R v R B b — e A
TURRP B A A 50 5 fh £k, & B2 B 30 A O RRVE
37 M BRBLTE JE 300 B oK 2 Rk A 2 e [l s i, O HL& B
RBES ERTRZERBEWART , HEBrH0HE
K B 118 A0 2 A SR B P O ) XD B AN A i & A K
JUAE 28 17 B0 2 oK ) | ARV T 41 957 , e rp b
JE) = SR T XA A T T T AR AL, JF HAOCK
Jb 22 AR TR X — ph Rk S 1 9K 8 1) ok 1 |- T A2 b
e, ATk AR ROKRE PG T G 4 2 0 2
8 B AU & AR A T AR R T 1) WG B B T BEALK 22
BL4EZ7 e 0] 5 3E 4T 4Bk H . Farouk et al. (2024)
T I 24 LR R SRR 20/ 7 BA 2 e 4
BTSN 0 Ar IR H 425 kyr F11100 kyr FK 6 0
O FJE, K 41 kyr.36 kyr. 31 kyr.21 kyr. 19 kyr I
16 kyr RPR AL 22 IS A A J5 12 0K 5l
I 2R R R

25 LA BT IS Hh A B0 G L Bl — R R B
TIOR3 5 a7 b BR YN T A 3K 3, 3 5 VR AE XL
T ) T A2 e T BT A R, TR e PR
(14 ey T T AR AL EAT FR B 114 1.2 Myr K S0
3J), iX 55 Zhong et al. (2020) A& BLHY 1.32 Myr Fl Xiong
et al.(2023) K BLAY 1.2 Myr R RER JE 4] 2 k) 1 AR
AR A IR S S A —E X5 Elvick
et al.(2013) 3H X5 I A7 9 E R R A Bk R aE
FRUBE ISR Ak S LR | K () RIS K AR e B Pl
20 IR = 2 VK E 1) sh S AR 155 7, I Herrmann et
al.(2003) 38 i VK 35 5 R A A TR A A BRI 45 5 5%
) 1t BRI A Ao o3 JR 3 7 9K sy b s = A A A AR i)
PR T IR J v e 2 A B (R A a5 34 02
—E . LIRS, MRk R A K Sl
BRAE SRR AR AL ) 32 R B0 7, M BRA AE 1Y) JE 3
PEAR b Sk — 25 0K sl T U Y- 1 AR £k A0 vk U TR 11
e
432 BRBRZRKAETREEMHFEL

XU TR i 1 ALt A A 1 280 6 i e B o A4
VAR 4 V- T A8 A JE T, oty e T 8 1 A1



o5 434

TR AR A < W L T — B A R PR R SCAR AR R O B g 20 A A W) R R A g i) 24 1233

IR ATE SiTER T A 444.2 Ma #1443 Ma X 7>
1.2 Myr KR SR 3 A ARAELAL , 33X P 301 O A T~ 1T 722
ALHRAE S 15 Finnegan et al. (2016) A48 A& A B
e 20 A A A L3 I SR 0 2 7 ) e S 1
WA KR A F A (LOME) AHXS R, Atk Sk d5e K —
U AR AE L B I 39, 35 00T 1) T b 5 i S A
LAt Iy G S R e e P S0 L e e 6 20 )
T T B MR B B R A 45 R — B, Ak, ARl ks B 1
RISCAEACER RTS8 HY 99 30 K 300 5 [~ 225 ) 3 2
1.2 Myr, iX 5 Crampton et al. (2016 ) 18 i #2451 BF 55 TA
“hy V4 B B 20 R 1 A e A BV AE s T Y AR B P[]
2470 1.1 Myr 09005 — 2, A e ] AT, i 1.2 Myr
FAR A A ST Bl Y A A8 At i S 2 T T T Y S
b, IF A FEA S RGN, T EYELRA S
AR — B AR AL RRE

Sheets et al. (2016 )48 HH 84 A V) #0958 R4
MRS A BR AU A A X A W i A s e, HGE o
ST R 2R AR AR S AL W B 28 A Sy K
AR T T T R IR BE AN R AR L R e
5 B P 20 W A R AR K e i) R f
UERYBIFFER I, 4.5 Myr (938030 Lo 28 S 19122 Ak i)
I 1 080 0 T 40 2 SR sl e A ) 7 2R A A iy 2 A
EVNTTECE SRR T SLE %l NG = N R 37 3R
Ak, 33X ol R ST 01 BIK 2l ) B g 20 A O A AL A G
FEORCAR SRR BT B AR S i) o2 R I RS
Bk — 25 il % 1 UK AE AT 12 09 42 3R 28 V8
(Sproson,2020) ., ity A FER i sh W 26 HE 28 40 28 1)
A TR AL AT AE 2 29 1.3 Myr 1 2.6 Myr 9 Ji 4]
A, X 5 1.2 Myr F1 2.4 Myr B9 48818 25— L
1R A2 A T o T S kg — B, AR R0 %)
N 4 BRAE ¥ MoK 35 97 5K B ] (Crampton et al. ,
2018) , 3 55 76 0GR D EE 2 (19 1.2 Myr F1 2.4 Myr
R JE I 443 Ma I AR 25 R — 2. T
i 20 R A= ) K 24 i S T8 AT R SRR Sk e vl DA gk AT
XSG, P, HOBE Ml A e 3 b AR TE Y
1.2 Myr H12.4 Myr i) Ji 3922 AR fiE FHE DBy B8 Flg 20K
1) A= ) K 4t ] R A2 31K TR K Bl 1 A fs AR Ak Y

.
5 4iie

(1) BT T i W 3 28 1) 2 0 R SCAR AR R
E A 0 LT ) AT 2 ) T A T 5 5 1T XRF T3

B e 1] 43 BT, U AR AE 1Y 405 kyr K D02 S
I Ry R SCAEARAR R B 838 R 4, 454 CA-ID-TIMS
B A U-Ph AR g7 T W R Bl T — R 3 B (447,66~
435.11 Ma) (L4 % R SCAFEARPR R o b R B
] 43 B AT A 4 kyr, W P2 10T M B4R AR AE
BRARE R .

(2) FFbRE T O R AR . A5
W BB 28—k BA 28 R AR IR R Ol 442.34+0.22 Ma
( X)) 17D ) FI 442.89+0.22 Ma (22 %4 5] 1) ) , 8¢
GTS2020 J7 % (443.07x091 Ma) 4F %% % 0.18~
0.73 Myr; B RS EEIY IS FLAE IS A 443.78+0.22 Ma, W3
Wi 2 T ALAE A 443.19+0.22 Ma, 215 GTS2020 77 %
AR 25 5, WL T A= W b 2 LR () 22 il 1 AN
IR TR i 22 57

(3) Wiuf b 29 o T AE Wl 5 KA AR ]
JHE [m1] i J2 27 A 65 S S s, T T ) 1 4% A 0 Y
FREEINA] A s AA 5 130~132 kyr . MP 45 158~178 kyr.,
ME 3 226~260 kyr DM 100~113 kyr, B0 K E
Py IR s 4 AR RS T[] 3330 Ry 379 ey (55— ) 11
89.5 kyr (55 4% ) , B F A BT B4R S N [B) 7 F 508 1)
I 29 A 0.41 Myr, 17 78 B[ F1 22 Fa ) 1 4 51 ok
1.44 Myr A1 0.56 Myr, $J3E . GTS2020 J5 % 1) 2.14
Myr ZRZ .

(4) #a7R T RSCFIAXS S — IR B Ak 1 3K 5y
YER . S H5 A5 (Si Rb/Sr(E 45 ) 5 i 1 28 1k 44
SR 1.2 Myr F12.4 Myr (94 53 37 8, 5 b BRPE
P Lo R A JE ) (~2.4 Myr) FIARPR K EH (~1.2 Myr) /&
FERRA o R RO TR T 1H T B B AR RO 4 =
A 35 5%65 7 T 2 A P R AR AR R 48, 3 2 B R SC A
BB S IR AL i A A T R

AR5 ST 10 RS B 446 3 SR SCARA R IRy B Pl
2 —k B e T I R R — IR — R Y AL o R
HET R AT REZR 48 78 T R SC ) B M 5 g s
KFMPRIKSME . AT LY RG22
BHEARE , TR KSR 51536 30 QLR A
(AR A G ZR , LB 4 T 1 L 7 B A 20 K 2B W R K 4
) fish K AL

Mt BORIR T TR IR IR A L
w@iF b, FIE3RE E K69 E AR BRI, 47
AXF b, BKE, TR, 448, L3
HLPER FE ORAER IHA, B K
R R B



1234 A

S

5444

2% 30 Hf (References)

Bec . 2011, PTG T G B Bl T — B A B T2 A A )22 T o
ZW)ZF5ED]. Jbat P E BT K2 (JE ) 4-21. [ Duan Wen-
zhe. 2011. Graptolite biostratigraphy and carbon isotope stratigra-
phy of the Upper Ordovician - Lower Silurian in Changning, Si-
chuan, China[D]. Beijing: China University of Geosciences (Bei-
jing): 4-21. ]

Tl Do, B AL 2025, IDTRLA BT BIRL % « T AR
B[] i 5 & R R (D). ULRL2E AR, 43(5) ¢ 1535-1554. [ Wang
Chengshan, Ma Yongsheng, Peng Ping’an, et al. 2025. A century
journey from sedimentology to sedimentosphere science: Review
and perspective[J]. Acta Sedimentologica Sinica, 43(5): 1535-
1554. ]

ARARE, BRHE . 2021, rp AR E R AR <A M <0

22 LA F (0], DURL2EIR, 39(1) £ 1-9. [Zou Caineng, Qiu
Zhen. 2021. Preface: New advances in unconventional petroleum
sedimentology in China[J]. Acta Sedimentologica Sinica, 39(1): 1-
9.]

Abdeldaim A, Farouk S, Ruebsam W, et al. 2025. Cenomanian-Turonian
astronomical calibration and orbital forcing in Central Tunisia[J].
Palacogeography, Palacoclimatology, Palacoecology, 666: 112838.

Allen C M, Campbell I H. 2012. Identification and elimination of a ma-
trix-induced systematic error in LA—ICP—MS **Pb/**U dating of
zircon[J]. Chemical Geology, 332/333: 157-165.

Bartlett R, Elrick M, Wheeley J R, et al. 2018. Abrupt global-ocean
anoxia during the Late Ordovician—Early Silurian detected using
uranium isotopes of marine carbonates[J]. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 115
(23): 5896-5901.

Benton M J, Twitchett R J. 2003. How to kill (almost) all life: The end-
Permian extinction event[J]. Trends in Ecology & Evolution, 18
(7): 358-365.

Bond D P G, Grasby S E. 2020. Late Ordovician mass extinction
caused by volcanism, warming, and anoxia, not cooling and glacia-
tion[J]. Geology, 48(8): 777-781.

Brenchley P J, Carden G A, Hints L, et al. 2003. High-resolution stable
isotope stratigraphy of Upper Ordovician sequences: Constraints on
the timing of bioevents and environmental changes associated with
mass extinction and glaciation[J]. Geological Society of America
Bulletin, 115(1): 89-104.

Chen X, Rong J, Fan J, et al. 2006. The Global Boundary Stratotype
Section and Point (GSSP) for the base of the Hirnantian stage
(the uppermost of the Ordovician System) [J]. Episodes, 29(3):
183-195.

Clift P D, Wan S M, Blusztajn J. 2014. Reconstructing chemical weath-
ering, physical erosion and monsoon intensity since 25 Ma in the
northern South China Sea: A review of competing proxies[J].
Earth-Science Reviews, 130: 86-102.

Crampton J S, Cooper R A, Sadler P M, et al. 2016. Greenhouse-

icehouse transition in the Late Ordovician marks a step change in
extinction regime in the marine plankton[J]. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 113
(6): 1498-1503.

Crampton J S, Meyers S R, Cooper R A, et al. 2018. Pacing of Paleozo-
ic macroevolutionary rates by Milankovitch grand cycles[J]. Pro-
ceedings of the National Academy of Sciences of the United States
of America, 115(22): 5686-5691.

Davydov V I, Crowley J L, Schmitz M D, et al. 2010. High-precision
U-Pb zircon age calibration of the global Carboniferous time scale
and Milankovitch band cyclicity in the Donets Basin, eastern
Ukraine[J].
QO0AA04.

DeConto R M, Galeotti S, Pagani M, et al. 2012. Past extreme warm-

Geochemistry, Geophysics, Geosystems, 11(2):

ing events linked to massive carbon release from thawing perma-
frost[J]. Nature, 484(7392): 87-91.

Deng Y'Y, Fan J X, Zhang S H, et al. 2021. Timing and patterns of the
great Ordovician biodiversification event and Late Ordovician
mass extinction: Perspectives from South China[J]. Earth-Science
Reviews, 220: 103743.

Elrick M, Reardon D, Labor W, et al. 2013. Orbital-scale climate
change and glacioeustasy during the early Late Ordovi-
cian (pre-Hirnantian) determined from ¢'*O values in marine apatite
[J]. Geology, 41(7): 775-778.

Fang Q, Wu H C, Hinnov L A, et al. 2016. A record of astronomically
forced climate change in a Late Ordovician (Sandbian) deep marine
sequence, Ordos Basin, North China[J]. Sedimentary Geology,
341: 163-174.

Farouk S, Abdeldaim A, Qteishat A, et al. 2024. Orbital forcing and
paleoenvironmental changes across the Upper Ordovician
glaciation-Lower Silurian hot shale in the Risha gas field, northeast
Jordan[J]. Marine and Petroleum Geology, 168: 107040.

Finnegan S, Rasmussen C M @, Harper D A T. 2016. Biogeographic
and bathymetric determinants of brachiopod extinction and survival
during the Late Ordovician mass extinction[J]. Proceedings of the
Royal Society B: Biological Sciences, 283(1829): 20160007.

Gradstein F M, Ogg J G, Schmitz M D, et al. 2012. The geologic time
scale 2012[M]. Amsterdam: Elsevier: 1-1040.

Gradstein F M, Ogg J G, Schmitz M D, et al. 2020. Geologic time
scale 2020[M]. Amsterdam: Elsevier: 1-1257.

Haq B U, Schutter S R. 2008. A chronology of Paleozoic sea-level
changes[J]. Science, 322(5898): 64-68.

Harrigan C O, Schmitz M D, Over D J, et al. 2022. Recalibrating the
Devonian time scale: A new method for integrating radioisotopic
and astrochronologic ages in a Bayesian framework[J]. GSA Bulle-
tin, 134(7/8): 1931-1948.

Herrmann A D, Patzkowsky M E, Pollard D. 2003. Obliquity forcing
with 8-12 times preindustrial levels of atmospheric pCO, during
the Late Ordovician glaciation[J]. Geology, 31(6): 485-488.

Hilgen F, Lourens L, Pdlike H, et al. 2020. Should unit-stratotypes and



o5 434

TR AR A < W L T — B A R PR R SCAR AR R O B g 20 A A W) R R A g i) 24 1235

astrochronozones be formally defined? A dual proposal (including
postscriptum)[J]. Newsletters on Stratigraphy, 53(1): 19-39.

Hilgen F J. 2010. Astronomical dating in the 19th century[J]. Earth-
Science Reviews, 98(1/2): 65-80.

Hinnov L A. 2013. Cyclostratigraphy and its revolutionizing applica-
tions in the earth and planetary sciences[J]. GSA Bulletin, 125(11/
12): 1703-1734.

Hinnov L A. 2018. Cyclostratigraphy and astrochronology[M]/
Michael Montenari. Stratigraphy & Timescales. Newecastle:
Academic Press: 1-80.

Hinnov L A, Diecchio R J. 2016. Milankovitch cycles in the Juniata
Formation, Late Ordovician, Central Appalachian Basin, USA[J].
Stratigraphy, 12(3/4): 287-296.

Hinnov L A, Diecchio, R J. 2020. Upper Ordovician Juniata Forma-
tion, Central Appalachian Basin, USA: A record of Milankovitch-
forced eustatic oscillations originating from glaciations in polar
Gondwana[J]. Geological Society of America Special Papers, 545,
https://doi. org/10. 1130/2020. 2545(01).

HuD P, Li M H, Chen J B, etal. 2021. Major volcanic eruptions linked
to the Late Ordovician mass extinction: Evidence from mercury en-
richment and Hg isotopes[J]. Global and Planetary Change, 196:
103374.

Hu Y H, Zhou J B, Song B, et al. 2008. SHRIMP zircon U-Pb dating
from K-bentonite in the top of Ordovician of Wangjiawan section,
Yichang, Hubei, China[J]. Science China Earth Sciences, 51(4):
493-498.

Huang C, Tong J, Hinnov L, et al. 2011. Did the great dying of life take
700 k. y. ? Evidence from global astronomical correlation of the
Permian-Triassic boundary interval[J]. Geology, 39(8): 779-782.

Huang C J. 2018. Astronomical time scale for the Mesozoic[M]//Mon-
tenari M. Stratigraphy & timescales. Amsterdam: Elsevier:
81-150.

Huang C J, Ogg J G, Kemp D B. 2020. Cyclostratigraphy and as-
trochronology: Case studies from China[J]. Palacogeography,
Palacoclimatology, Palacoecology, 560: 110017.

Jin SD, Cao HY, Hou M C, et al. 2024. Orbital and millennial-scale cy-
cles through the Hirnantian (Late Ordovician) in southern China[J].
Geochemistry, Geophysics, Geosystems, 25(1): €2023GC011127.

Jin S D, Deng H C, Zhu X, et al. 2020a. Orbital control on cyclical or-
ganic matter accumulation in Early Silurian Longmaxi Formation
shales[J]. Geoscience Frontiers, 11(2): 533-545.

Jin Z D, YuJ M, Zhang F, et al. 2020b. Glacial-interglacial variation in
catchment weathering and erosion paces the Indian summer mon-
soon during the Pleistocene[J]. Quaternary Science Reviews, 248:
106619.

Jones D S, Creel R C, Rios B A. 2016. Carbon isotope stratigraphy and
correlation of depositional sequences in the Upper Ordovician Ely
Springs Dolostone, eastern Great Basin, USA[J]. Palacogeography
Palaeoclimatology Palacoecology, 458: 85-101.

Kuiper K F, Deino A, Hilgen F J, et al. 2008. Synchronizing rock

clocks of Earth history[J]. Science, 320(5875): 500-504.

Laporte D F, Holmden C, Patterson W P, et al. 2009. Local and global
perspectives on carbon and nitrogen cycling during the Hirnantian
glaciation[J]. Palacogeography Palacoclimatology Palacoecology,
276(1/2/3/4): 182-195.

Laskar J. 2020. Astrochronology[M]//Gradstein F M, Ogg J D, Schmitz
M D, et al. Geologic time scale 2020. Amsterdam: Elsevier:
139-158.

Laskar J, Robutel P, Joutel F, et al. 2004. A long-term numerical solu-
tion for the insolation quantities of the Earth[J]. Astronomy & As-
trophysics, 428(1): 261-285.

Li C, Zhang J P, Li W J, et al. 2021. Multiple glacio-eustatic cycles and
associated environmental changes through the Hirnantian (Late Or-
dovician) in South China[J]. Global and Planetary Change, 207:
103668.

Li M S, Hinnov L A, Huang C J, et al. 2018a. Sedimentary noise and
sea levels linked to land—ocean water exchange and obliquity forc-
ing[J]. Nature Communications, 9: 1004.

Li M S, Hinnov L, Kump L. 2019. Acycle: Time-series analysis soft-
ware for paleoclimate research and education[J]. Computers &
Geosciences, 127: 12-22.

Li M S, Kump L R, Hinnov L A, et al. 2018b. Tracking variable sedi-
mentation rates and astronomical forcing in Phanerozoic paleo-
climate proxy series with evolutionary correlation coefficients and
hypothesis testing[J]. Earth and Planetary Science Letters, 501:
165-179.

Ling M X, Zhan R B, Wang G X, et al. 2019. An extremely brief end
Ordovician mass extinction linked to abrupt onset of glaciation[J].
Solid Earth Sciences, 4(4): 190-198.

Lu Y B, Huang C J, Jiang S, et al. 2019. Cyclic Late Katian through
Hirnantian glacioeustasy and its control of the development of the
organic-rich Wufeng and Longmaxi shales, South China[J]. Palaco-
geography, Palacoclimatology, Palacoecology, 526: 96-109.

Mattinson J M. 2005. Zircon U-Pb chemical abrasion (“CA-TIMS”)
method: Combined annealing and multi-step partial dissolution
analysis for improved precision and accuracy of zircon ages[J].
Chemical Geology, 220(1/2): 47-66.

Meyers S R. 2019. Cyclostratigraphy and the problem of astrochrono-
logic testing[J]. Earth-Science Reviews, 190: 190-223.

Meyers S R, Siewert S E, Singer B S, et al. 2012. Intercalibration of ra-
dioisotopic and astrochronologic time scales for the Cenomanian-
Turonian boundary interval, western Interior Basin, USA[J]. Ge-
ology, 40(1): 7-10.

Montafiez I P, Norris R D, Algeo T, et al. 2011. Understanding Earth’s
deep past: Lessons for our climate future[M]. Washington D. C.:
The National Academies Press: 194.

Nasdala L, Lengauer C L, Hanchar J M, et al. 2002. Annealing radia-
tion damage and the recovery of cathodoluminescence[J]. Chemi-
cal Geology, 191(1/2/3): 121-140.

Ouyang J W, Fang Q, Wu H C, et al. 2026. Astronomical calibration of



1236 A

¥ Ha4t

the Hirnantian Isotopic Carbon Excursion[J]. Palacogeography,
Palaeoclimatology, Palacoecology, 684: 113498.

Paillard D, Labeyrie L, Yiou P. 1996. Macintosh program performs
time-series analysis[J]. Eos, Transactions American Geophysical
Union, 77(39): 379.

Payne J L, Clapham M E. 2012. End-Permian mass extinction in the
oceans: An ancient analog for the twenty-first century?[J]. Annual
Review of Earth and Planetary Sciences, 40: 89-111.

Rong J Y, Harper D A T, Huang B, et al. 2020. The latest Ordovician
Hirnantian brachiopod faunas: New global insights[J]. Earth-
Science Reviews, 208: 103280.

Saupe E E, Qiao H J, Donnadieu Y, et al. 2020. Extinction intensity
during Ordovician and Cenozoic glaciations explained by cooling
and palacogeography[J]. Nature Geoscience, 13(1): 65-70.

Schmitz M D, Davydov V 1. 2012. Quantitative radiometric and bio-
stratigraphic calibration of the Pennsylvanian—Early Permian (Cis-
uralian) time scale and pan-Euramerican chronostratigraphic corre-
lation[J]. GSA Bulletin, 124(3/4): 549-577.

Scotese C R. 2023. Ordovician plate tectonic and palacogeographical
maps[M]//Harper D A T, Lefebvre B, Percival I G, et al. A global
synthesis of the Ordovician System: Part 1. London: Geological
Society, 91-109.

Sheehan P M. 2001. The Late Ordovician mass extinction[J]. Annual
Review of Earth and Planetary Sciences, 29: 331-364.

Sheets H D, Mitchell C E, Melchin M J, et al. 2016. Graptolite commu-
nity responses to global climate change and the Late Ordovician
mass extinction[J].
Sciences of the United States of America, 113(30): 8380-8385.

Sinnesael M. 2023. Ordovician cyclostratigraphy and astrochronology
[M]/Harper D A T, Lefebvre B, Percival I G, et al. A global synthe-

Proceedings of the National Academy of

sis of the Ordovician System: Part 1. London: Geological Society.

Sproson A D. 2020. Pacing of the latest Ordovician and Silurian carbon
cycle by a ~4.5 Myr orbital cycle[J]. Palacogeography, Palaco-
climatology, Palaecoecology, 540: 109543.

Sutcliffe O E, Dowdeswell J A, Whittington R J, et al. 2000. Calibrating
the Late Ordovician glaciation and mass extinction by the
eccentricity cycles of Earth’s orbit[J]. Geology, 28(11): 967-970.

Thibault N, Jarvis I, Voigt S, et al. 2016. Astronomical calibration and
global correlation of the Santonian (Cretaceous) based on the ma-
rine carbon isotope record[J]. Paleoceanography, 31(6): 847-865.

Trotter J A, Williams I S, Barnes C R, et al. 2008. Did cooling oceans
trigger Ordovician biodiversification? Evidence from conodont
thermometry[J]. Science, 321(5888): 550-554.

Wang X Q, Liu Z H, Shen J. 2024. Watermass architecture of the
Ordovician-Silurian Yangtze Sea (South China) and its palacogeo-
graphical implications[J]. Journal of the Geological Society, 181
(4): jgs2023-024.

Wang Y M, Li X J, Dong D Z, et al. 2017. Main factors controlling the
sedimentation of high-quality shale in the Wufeng—Longmaxi Fm,

Upper Yangtze region[J]. Natural Gas Industry B, 4(5): 327-339.

Westerhold T, Marwan N, Drury A J, et al. 2020. An astronomically
dated record of Earth’s climate and its predictability over the last
66 million years[J]. Science, 369(6509): 1383-1387.

Williams G E. 1991. Milankovitch-band cyclicity in bedded halite
deposits contemporaneous with Late Ordovician-Early Silurian
glaciation, Earth and
Planetary Science Letters, 103(1/2/3/4): 143-155.

Wu S C, Chen L, Xiong M, et al. 2024. Depositional conditions of

shale lithofacies during the Late Ordovician—Early Silurian in the

Canning Basin, western Australia[J].

Upper Yangtze area, SW China: Responses to sea-level changes[J].
Marine and Petroleum Geology, 161: 106696.

Xiong M, Chen L, Tan X C, et al. 2023. Effects of the astronomical
orbital cycle on organic matter accumulation during the Late
Ordovician-Early Silurian in the Upper Yangtze area, South China
[J]. Journal of Asian Earth Sciences, 242: 105496.

Xiong M, Chen L, Liao C J, et al. 2025. Astronomically forcing hydro-
logical controls on salinity variations during the Late Ordovician-
Early Silurian in the Upper Yangtze area: Responses to the mon-
soon climate and HICE[J]. Chemical Geology, 683: 122772.

Xu C G, Wang X, Wu H C, et al. 2025. Ordovician integrative stratigra-
phy of the HK-1 borehole in the South Yellow Sea and its geochro-
nological and paleoclimatic implications[J]. Palacogeography,
Palaeoclimatology, Palacoecology, 675: 113057.

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

Yan D T, Chen D Z, Wang Q C, et al. 2010. Large-scale climatic fluctu-
ations in the latest Ordovician on the Yangtze Block, South China
[J]. Geology, 38(7): 599-602.

Yong J J, Hu S Y, He J, et al. 2025. Astronomical control on Upper Or-
dovician—Lower Silurian organic matter enrichment in South China
[J]. Frontiers in Earth Science, 13: 1632300.

Zhang LN, Fan J X, Chen Q, et al. 2014. Reconstruction of the Hirnan-
tian (Late Ordovician) palaeotopography in the Upper Yangtze re-
gion[J]. Estonian Journal of Earth Sciences, 63(4): 329-334.

Zhang X, Zhang T S, Zhao X M, et al. 2021. Effects of astronomical or-
bital cycle and volcanic activity on organic carbon accumulation
during Late Ordovician—Early Silurian in the Upper Yangtze area,
South China[J]. Petroleum Exploration and Development, 48(4):
850-863.

Zhang Z T, Yang C, Sahy D, et al. 2025. Tempo of the Late Ordovician
mass extinction controlled by the rate of climate change[J].
Science Advances, 11(22): eadv6788.

Zhong Y'Y, Wu H C, Fan J X, et al. 2020. Late Ordovician obliquity-
forced glacio-eustasy recorded in the Yangtze Block, South China
[J]. Palacogeography, Palacoclimatology, Palacoecology, 540:

109520.



£ 410 TR AR A < W L T — B A R PR R SCAR AR R O B g 20 A A W) R R A g i) 24 1237

High-Precision Astronomical Time Scale for the Late Ordovician-
Early Silurian and Its Temporal Constraints on the End-Ordovician
Mass Extinction
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Abstract: [Objective] The Late Ordovician to Early Silurian represents a critical transition in Earth’s history, char-
acterized by the Hirnantian glaciation and the end-Ordovician mass extinction event. However, significant uncertain-
ties persist in the chronostratigraphic framework for this interval, limiting our understanding of the mechanisms driv-
ing biotic extinction and climatic evolution. This study aims to establish a high-resolution absolute astronomical time
scale for the Late Ordovician-Early Silurian through the integration of cyclostratigraphy and isotopic geochronology,
providing robust temporal constraints for major geological events. [ Methods] Three sections (Shuanghe in Chang-
ning, Sichuan; Anwen in Qijiang, Chongqing; and Wangjiawan in Yichang, Hubei) were selected as study sites.
High-resolution elemental data (Si, Fe, Ca, Al, Rb/Sr, etc.) were analyzed using AnalySeries and Acycle software
to identify Milankovitch cycle signals. Sedimentation rates were estimated using the COCO/eCOCO and TimeOpt
methods to construct floating astronomical time scales. CA-ID-TIMS zircon U-Pb dating was conducted on volcanic
ash beds to obtain absolute age anchors, enabling precise conversion from the depth domain to the time domain.
[Results] (1) Stable sedimentary cycles corresponding to 405-kyr and ~100-kyr long and short eccentricity cycles
were identified in the XRF elemental series. Floating astronomical time scales of 12.2 Myr, 10.3 Myr, and 2.75 Myr
were established for the Shuanghe section, Anwen section, and Wangjiawan section, respectively. (2) Given the
most complete geological record preserved in the Shuanghe section, the ages of the Ordovician/Silurian (0/S) bound-
ary and the base of the Hirnantian stage, calibrated to 442.34 + 0.22 Ma and 443.78 + 0.22 Ma respectively through
cyclostratigraphic analysis combined with U-Pb dating of volcanic ash beds (Shuanghe section: 438.47 + 0.17 Ma) ,
can serve as a candidate for future international chronostratigraphic standards. (3) The duration of the Hirnantian
stage is 1.44 Myr at the Shuanghe section, but only ~0.41 Myr at the Wangjiawan section, suggesting that a sedimen-
tary hiatus may exist in the Wangjiawan section. (4) Paleoclimatic proxies and sea-level changes exhibited long-peri-
od fluctuations of 1.2 Myr and 2.4 Myr.[ Conclusions ] The high-precision astronomical time scale established in this
study significantly improves the accuracy of the chronostratigraphic framework for the Late Ordovician-Early Silurian,
revealing the rapid onset of the end-Ordovician mass extinction. Astronomical cycles played a significant role in driv-
ing climate-environmental evolution during this interval, providing key temporal constraints for understanding the
triggering mechanisms of the end-Ordovician mass extinction.
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Foundation: National Natural Science Foundation of China, No. 42172039



