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Fig.1 Paleogeographic Map of the Study Area
(a) Paleoceanographic map at 445 Ma (modified from Scotese,2023); (b) Paleogeographic map showing the Shuanghe, Anwen, and

Wangjiawan sections (modified from Zhang et al., 2014; Wang et al., 2017; Wang et al., 2024)

22 BRFIZIBHE

HPREFH LA AL T HPRARFTZ 100 22 2 BB T 22 A2 80, 135 10 ) e T~ S %3
CTRIFRZZ AT T ) o 22 A HI I A TLUEZH 40 70 I Ve B S M B e iR 4 i
MR TUE B R R —& PR ORI 33230 o TR K — 3K BRI X 12 2%, )1
KR (B 1D o TURHME (2~4 |2) MI2EA TUE B A M 308 B AR 5 17T
L TUE IR E RO R R S A, SR FAd DR IR EE B U S )R 1.7 m,

4



SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

FEREEANA, NRHERN 1 RIERR BT TUS IR, Pid 2E0R e, W
MrBt (5 B Bt FEORRKEAEYIR S TUE, B 0.7 m, F=RER 2R ZEAA.
0T R AL P SR 20 T JE IR B TR IR COM D TR DA R [ B K v 2 DR iR
PEf S, AR b B gl — b ARV B S R KA BB AR, RE 2 E KK, F—
W KEEAA, LEEREREZEMDEANA, JEE 1587 m, AT REZHAT
BRI 43.3 m HUZHHE (Wang et al., 2017) .

AT FEHEA TR B K EEA, B i BRI Metabolograptus
persculptus (JFF MP) i Parakidograptus acuminatus (PA) 7. Cystograptus vesiculosus
(CV) i~ Coronograptus cyphus (CC) 5. LAk, WEMr B KEMi £ 1A (Wang et al.,
2017; HAMAEBIRED .

23 EFREHE

F R AT AL T AL B B R A7 1 42 km B ESRRN, R4 BRID 5L R 3 T A A
(Global Stratotype Section and Point , f##% GSSP) , FEF LRI ARM, 328 H 75 FLlg4 .
W E AR DRI 2, B8k BIRER (8, A A e E SR TS 00T I AR Ry
B —E P B R S S 122350 T A7 T I8 58 Pl 7K Rgs b 5 2GR K Bt 1), b 2 R R e v (R
1) o TR BRI A TUE | SRR TUE FIRE R, WS B NI K% -
VIR R RS, EAWA T, T A A R L Dicellograptus complexus
(DC) i+ Paraorthograptus pacificus (PP) 5 ('NIL7 . Tangyagraptus typicus (TT) 7
Al Diceratograptus mirus (DO, V45 ) F Metabolograptus extraordinarius (ME) ifi; 18 5i&
A H BN Metabolograptus persculptus (MP) i+ Akidograptus ascensus (AA)
W AN Parakidograptus acuminatus (PA) 7 (Chen et al., 2006) o AHFFTH KA T M HIELH

P EEASL 521 m JEHHLZ D
3 BEFEARLS IR 5 B 7

3.1 HERBRIEIR XRF HIRANRESIERENX

E XS] F5 T B SE L i 1R S B SERAR R 20 93 m (3R, B e B ERR T X
WA i et 2 i, AR T A A T EO6IEX (Innov-XRF) BL 2~5 cm 18
2.7 cm FERAEIAIER, BEASRAE s 3 4K, BEK 60 s, fie)m BUOLIIE, JEREE T 3348 > XRF
Kol . FE AR A b B Sl B B R S B G IR R 1 50.6 m B2 SkHLZ, P34 6 cm K
FEREEICREE T 987 4> XRF #idfi . £ £ HIMM LIRS R T EH SN 5.2 m HUZFEAT
XRF i B AR AR, BT 2 em FSRFER]FEACR AR 281 DN £, 4G Bl L5 4 2



AT TH 2.52~2.68 m Ak

AN R 2 0 3 BT AR R ) 3 22 S, TEDTRUL AR b 23R B AN R] 1 Bk 4E
SR AR . R IR T A AU B A, K AR R R R
Vi, TSR RIR . IR R H Siv ALl Ca. K. Na. Fe. Mn 4%
TOEFARALA SN R, R S eV X R U A8 Ak, Forb Siv AL K. Fe I Ti 4%
TOER — BN R VR B TN AT %, e R AR A 3 B2 W B R R Y B X A ek A
MCRITEIE 2 S i vl H~F- THI e Bl 1 2 S R AL 22 B AR AR (Clift e al, 2014) . Rb 7E4L%:
JRAY, FR AR X 8 T St ZE IR DX AR X 25 551088, BRI Rb/Sr HUfE AT S iR X F 442 XU 5
55, HTFEKSSRME SR EEDE Jin ef al., 2020b) .
3.2 IR S A

I FH e [E] 43 B 844 AnalySeries2.08 (Paillard e al., 1996) Fl Acycle2.8 (Liefal., 2019)
XPBEBEAT EARAE SR B RN 25 55 A A B, AR5 X B R 4T 2 B B A AT
Ty #r . FIHAHK R % (COCO) /ALK REE (eCOCO) fliS H AT BEITTRUE
B i 52 K5 R % (Monte Carlo 51,77 12 SR FE A B 0 Iy B M A1 EE 10 R SO (A Laskar
etal., 2004) Z[EJAH I R EVCHC I 77 2Ok A H U ML Z TRNE = 1) 77 (Lietal., 2018b)
I R RAEVE (TimeOpt) PIRUEZANE 7, @ SR R DB, RGP0 AT R 2 T
I T R T 2, i % 22 A B2 O 22 DX ) 1) M 18 o 24 B B AL RS 8 B 2 22 45
SRR b S B A RO s BRI I URIE 36, (Meyers, 2019) o I8 I I 7 04l B (0 3T
PO, TH SRR R ORI [] 5 7 ) b BRI 31, 8 LB 6 TR 2 1) 405 kyr AT 100 kyr
R R o 23 SR R R e (e, 0 LR AT o i i ad ip. Al B a4 P AR 1 20%~25%)
T G ST VR AP AR, TR P I e o I R, @ SV 3l R SRR R

MY E R T T R HSRA R Acycle2.8 A BLIFIUTRA I 15 2 (dynamic noise after
orbital tuning, f&iFK DYNOT), )/, iX & —F i J2EITAC % H 3R R S5 5 DAER 2 vy K IR I
T 4T TR (Lieral,2018a) o 17V HIEA R B MG R A IS . MFRF R
TR U B o0 8, IR ST AR SR S KR AR XS T B 2 [ ) s OGRS o ¥
SRS . 12T AR O BAESIEEE S T (DYNOT) Al— BAHC R (pD)
BAAIZ L, P P R B0IE 2R Ge7E R ()PP 51 rp (R e o BT, v YA THD T 9 5 {1 g
KT, HRINEBALH DYNOT B 55 i Mpl Hs FH, i T 1 I 3 002 50 oo e i
K, HRIUNE ) DYNOT (B KX BURMpl fH.
3.3 ID-TIMS £ U-Pb 4

TE R A 22 R T 3 BSREE T 2 2R 4 2 KILIREE &, TEAL R4 AR AT PR
On ) k3 R ORI RS 2046 B 40 R, £ 3G [ Boise State K %% Mark Schmitz 2%
SE48 % K M ID-TIMS [ U-Pb (N ARIRAT 1 s B (R BOR P[RS 2 AR 6 o R Bk (14 2



SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

100~300 FHOK FRIA KA HRR B A7 SR 70 B VIO B AE A SRR, T 55 3557 9 900 °CRIME
TRk 60 /NS, DUMEE RIS 107 B KA RS IE SR RO (CL) 98/% (Nasdala
etal., 2002 %) , FETHHOGRI RS & 45 8 TR FUE (LA-ICPMS) 20 #rid R b o3 7018
PP (Allen and Campbell, 2012 45 , R R 5 42 540 2 R b A FR 500 #E % (Mattinson,
2005 ) o ARKTERUE, BFFUN T LR HY S B OORL, R E L oL, RJE A
FRE T RMEIATHINAOE (CL) g MRAEXLEREE 5 EIR, BTN Pk ti Bk
RIGHE — B B A RO, F TR 2R RN 240 Ar . [ Ar 2R R v B 3 1) U-Pb 424K
22779 184E Davydov et al. (2010) 5 Schmitz and Davydov (2012) HJ7¥%k. ANHfiE ML T
ERG I RE, O THEST. GER R REREIE AN .

4 BT R

4.1 HREEEERNSIERMEEN

(2) ® & Si (cocoflecoco)

| m|m| B e i | Sics) | Fe)| Al%)| Ca(%) | Mn(%)| Rbisr | 4
sl 204 302 s qrowuwagozosp 5 B
R0 1
70 ¥ E
|k : 3 N |
cc| NG
I 60 2
|5 i
19 jug 3
%) i 2
50 3 i
g |°® 3 2 = -10 —
il 3 _(_]‘,6\ 1.2 1.8 l?ﬂﬁ TE 1.2 1.8
] T LB (cmikyr) TUBUER (emikyr)
F3 = T
& - § ’ g 01 0 01 02 03 20 10 5432 15
i = 3 HIX A H, EEK %)
7BA AN F. - (c) Si (-10-10 m)TimeOpt
- ¢ T T ': l.ovgl ¢ AT VS WA (181 81099 ombye
1. i ‘,:: 0.02
44 30— ; ; t ; B 0015 m 2
o | P d 0.01
i P 3 t L 4 K. 3,
] v O = § - T [ 2
L e I 2 o 0.5 1 1.5 2 0 500 1000  |500
lasaf - PNERD - | it
Fosel 1| 7 FH 3 =
R | ~ |r7] [ B
1 ,:i X L
4 DC £
| 10} - =
. £ £
gy | 0 i ? »
: = = | =
# .
?
= - =
0% ? 3 :
B maik, R woes [ v R R ) # o mv?‘%ﬂ&mm o

P 2 XTI T 1 &35 1L J2 B R 2 4 B ]
Ca) XU FITH 4R AR B XRF JCREAR RS, Horh FERAER R T GTS20205  (b) Si TG COCO/eCOCO FARE S i FiI4;
(¢) Si JGF-10~10 m 1) TimeOpt 4347
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“filteting curves of four segments of Si element series from the Shuanghe Section

a, b, ¢, and 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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Fig. 6 Spectral analysis and filtered curves of two segments of Si element series from the Anwen Section

(a) and (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

12



SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

F (B | gL I e | smasouman | REEUALE %5 %F
% %
Fée F&
p. 5
= | B B
b
\ %
&3
ﬁ =
g £ 7+
B I B
2 |
! ot |
E i s 1073
ig%@_ 44345 S?SPO
E?\ig. ; e ﬁﬂ(é%:ym) B
H =) g 2 -*55’1?:- mawE i
i |3 B « v o
EJ AL i 3 < B e s 2 \
Bl 7 AT R S JuH RT3 405 kyr KROCURE 7 1T 30 R SCEARR RN 4 RSCEAAR R (B

30.6 mQJ-Si-1 [ U-Pb 4k 439.

FEREHM 5.21 R Rb/Sr il Ti 2504 77 51 1) % BSOS (178 AR AE B (TR i R AR
AN K 5 BRI T Xof 58 B 5 R A P 4 BT, A% P12 /s HE B 1) 0.83 m 25 AT AR [E0 (1] 8D,
R4 COCO/eCOCO A Timeopt fii ) Rb/Sr FIUTRUHE 2437124 0.2 F10.19 env/kyr, Ti [T
R R 55008 0.2 1020 em/kyr (B 9) , HBLHERT 0.83 m A2 A7 FITRLIE [ T 405 kyr
Kot Coe A o AR HE~0.83 m sk it 2 SRELUTAR I [m] 4 ] e i ) JRAF A AU AY, i 405
kyr Km0 28 A AR SRS, AT S pRn i JE S 0 ook () S 9 4 45, 4 57 Rb/Sr A Ti (1R[] /57
FIRPPR BN R SCAEARAR R (B 8) o B[] 2 51 (R % 7 A ] 52 B B 2 1 405 kyr+ ~100 kyr 1
33 kyr JA MR . Rb/Sr Al Ti 751 19K SC 53 12 B A CRR R 42 18143 51 A 2.66 Myr
A12.84 Myr, X5 Timeopt ALk 55 H R (K PTASEe bl Fr 71 A 15 2 ] TR] 25 2.8 Myr Al 2.6 Myr
ewn (B9 .

13



@ () : : ——
2 5 | ™~~83 33 cm (405 kyr) .
S, - 5
w = 2
g o =
A 1
-2 I L ) i
50 100 150 200 750 300 350 200 a50 500 0 0.08 0.16
BHEE (cm) A (EFBem)
© (d : v . .
405 kyr B o
3 0%
& =
1
0 0.02
i B (M)
(e)
0.02 | 783 cm (405 kyr) e U]
- 521 &m (100 kyr) - 95y
§ E : - 0%
E
@ ) g
0.02 |~ 405 kyr e
& = f\-momr ]
E 0.01
1 E- L ZUENSU ST
0 500 10 1500 2000 2500 0 0.02 0.04
B (kyr) i (R B yr)

K8 SV HIMK Rb/Sr Al Ti 76 3 Fp FUAIE 73 Bt J2 I8 th £ 14
(a, b) M (¢, d) B Rb/Sr FRIFEE IR (~0.83 m A1 0.2 m) FKHEIE (405 kyr F~100 kyr) € & HBEE; (e,
(g, h) 7302 Ti SCRIEREEL (~0.83 m F1 0.2 m) FIN 3 (405 kyr FA~1007kyr) FRJUE B S HATE ] o o 407717 308 i e oy 9
e Ho X R ) LR 1 20%~25%
Fig. 8 Spectral analysis and filtering curves of Rb/Sr and Ti
(a, b) and (¢, d) Depth-domain (~0.83 m and 0.2 m) and time-domain (405 kyr and ~1
analysis for Rb/Sr series; (e, f) and (g, h) Depth-domain (~0.83 m and 0.2 m) and time-

¢ Wangjiawan Section
iltering curves with corresponding spectral
main (405 kyr and ~100 kyr) filtering curves

with corresponding spectral analysis for Ti series. Bandwidth of the Gaussian bandpass filter is 25% of its corresponding center frequency

(a) Rb/Sr (cocofiecocp (b) Rb/Sr (timeopt)

~0.2 cm/kyr ~0.2 cmikyr S (ST@) VS, W (M2 @0.188 /iyt
o 4

% 04
W 0.02) b
02
i 0.01 =0
E o ; 12
3 2
3 0.3 0 500 1000 1500 2000 2500
fg s (cm/kyr) il (kyr)
m (L) Vs 12, (BR8] Taner I8 (B ) VS. SISE (K1) ©0.186 Cr/kyr
A 03 0.2 05
- - e .}:aﬂo - m
E3 = it g o
= 0.1 73
4 1
o o 14 o 05
a2 0.3 05 0 500 17000 1500 2000 2500
SRR (cm/kyr) i8] (kyr)
B VS, MEEIE (5) G0.186 iyt & LN (K1) P (R v KR (@A)
1 = 8001 T
= acall M no
K g " "o
02 06 # o 22 p00f| 11 "o
SBEE (cm/kyr) L olhk g
e T L 1 002 004 006 008
’ mEEL o SR (RIS #/kyr)
(d) Ti (imeopt)
| ~0-2 cmikyr WAL fitr? ath18 A1) V5. MRS (Ris) B0.201 cm/kyr
Lok 620 cmikyr %
001 o,
0.005 2 o
0 2
0.1 0.2 03 0 500 1000 1500 2000 2500
 ABURE (em/iyr) B sl (kyr)
. k1 (L) 5. 1y () Toner 183 (E@) VS S (18) 8020) cmykyr
015 1
0.01‘y
0.00!

0.1 02 . 500 1000 1500 2000 2500
SRR (cm/kyr) il (kyr)
St VS, M [} 0,201 crmyiyr & SEAEHE (c168) BRI (W) vs. X S (BT

7]

1
]
TUARRE (cm/iyr) :

B

10 s 3 1
H, BB ] (%) 2 004 006 008 0.1
® S (REEIER/kyr)

B9 EZEHIM Rb/Sr Al Ti #4817 41 i) COCO/eCOCO Al Timeopt TR H % ik 5 ]
(a) F1 (b) 43572 Rb/Sr (i1 COCO/eCOCO Fl Timeopt VIAH MBI AT () Hl (d) 43 Ti JTLH 74 [# COCO/eCOCO
I Timeopt YUAR I 264540 53 H7 ]
Fig. 9 Sedimentation rate estimation using COCO/eCOCO and Timeopt methods for Rb/Sr and Ti series from the

Wangjiawan Section
(a) and (b)COCO/eCOCO and Timeopt analysis diagrams for Rb/Sr series, respectively;(c) and (d)COCO/eCOCO and Timeopt analysis
diagrams for Ti elemental series, respectively

14



SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

4.5 XKL EHY U-Pb MEFLER
RIS R LT 5] T AR 22 A ) T SR B 114 K L 2 2 ¥ B A1 12EAT CA-ID-TIMS [¥) U-Pb [ Z
A, TSI & 3RAF 7 P ANE B R B AR (B 10D o RURHITHIZE 54.02 m ARSRAE [ K
K FE i SH-S1-1 W45 4R RS N 438.47+0.17/0.27/0.53 Ma CTFIARMERE W% (MSWD) =
0.46) , fF 56.92 m b RAE 1) K 1L K FE b SH-S1-2 M5 [ 4F#E A 438.42+0.21/0.30/0.55 Ma
(MSWD = 0.67) . “Z%a#| M 7E 30.6 m &b K £E /9 k1 K BE i QI-S1-1 I 43 B 4 ¢
439.324+0.13/0.25/0.52 Ma (MSWD =0.56) , 7E 36.5 m Ab>RAEM K Ll IKFE i QI-S1-4 AR 1)

HERE N 439.23+0.14/0.25/0.52 Ma (MSWD =0.51) &

(a) WiABIE (b) ZEHE

SH-S -1
438.47 +0.17/0.27/0.53 Mal
=8; MSWD =046

QJ-5-1
39,32 + 0.13/0.25/0.52 Mal
n =8 MSWD =0.56

i
(BA) @1BP NoxeMd e PENURS

T
(e) 218D Nuce/Odsce PONUEL

Q)84
439.23 £ 0.14/0.25/0.52 M
n=8; MSWD = 0.51

§H-§,-2 b g
1438.42 + 0.21/0.30/0.55 Ma, E &
n =8 MSWD = 0.67

007@ v 0groe Oove ooTm gy
(BN) 918D Mgeafd ooz PENUEL

i T T v
AEN) @eP Ny o POYURY
0

PRy 20ppy2s|

os% osn 0sM  osm s Ose oo oses L 2N a0 a2 054

K10 XUH (a) AR (b) Je iR Al S = F R & K KILKJZ i) CA-ID-TIMS ) U-Pb JIl4
WRIE () HERmMBCFEITE CRD
Fig. 10 Concordia diagrams (left) and weighted average age histograms (right) of CA-ID-TIMS U-Pb dating for
volcanic ash beds in the lower part of the Longmaxi Formation at the Shuanghe (a) and Anwen (b) sections

5 +f1e

5.1 K7k U-P 50 F 88 BRIE 40t B AR R AT 8] S HE[E 53 Hr 45 SR XTEE
5.1.1 U Fege A2 H AN @ 89 Bl 42 F 4 b 7e = 47 42 Rk

S A5 18 D A g ks FEE TR0 67 3 4 6% 43 315 19 A 50 T ) o /=M 000 10 e ] B 45 SR AT 0o
U o O] 0 THT P40 79 A 0 500 2 ) ) e 22 T P e 2.9 m, G [ B (1) R HRR 4 6F 1] 2 240 kyro
PIAN K LK JZ ) U-Pb 455 438.47+0.17/0.27/0.53 Ma 1 438.42+0.21/0.30/0.55 Ma 2 [H] [ 25 {8
N 50 kyr, WAEIRZER/N 170 kyr, FE Al 550 kyr (B 11a) , U-Pb FRA ML IX Bt )2
FIPTARIN 1] 220 kyr 2 600 kyr, B4 €170 Hr B 45 2R 240 kyr BAEMEIRZTIEN . 243
5 THT (T 790 4 K 2 [ R 2 SRR 5.9 m, € (BT F S PR AR R 2T T80 R 920 kyro AN K
R JZ 1) U-Pb fEle 2 [ I ZE{H A 90 kyr, MAFE R Z B/ 130 kyr, fe s Alik 520 kyr (& 11b),
F 04 57 143 Bt 2 (R ORI TRD Sl 210 kyr 21 610 kyr, 4R BA 5252 (1] 43 Hr ) 4 S Ak ) AR
%,

15



¥k

&
St
>

(a) IaIEIE (b) TRZE
o LR [ e e e s e T e e P e e P e B S 8III'IIJ‘I’I"S“'QJéJB‘G&III‘I
B SH-S,-1 (54.02 m) SH-8:-2 (56.92 m) N QJS-1(30.6 m -S4 (36.5 m) 1,
A l 438.47 £ 0.17/0.27/0.53 Ma 436.42 £0.21/0.30/0.55 Ma 1 6  439.32+0.13/0.25/0.52 Ma 439.23 £ 0.14/0.25/0.52 Ma
3 0.5 4
2 0
=1 2
2 05
= O 1 0
w4
1.5
&
-3 2
4l 2.5
5 P T M O o | sgloo I sspw v i s qnfhise e T ols o 55 130
45 50 55 60 65 20 25 30 35 40
REE (m) REE (m)
6 T T T T T T - | L L L L L L B |
U-Pb: 50 £ 550 kyr U-Pb: 90 % 520 kyr -4,
al ATS: 240 kyr A1 6 ATS: 920 kyr
4
2
0
k)
% s L g v gk v gl e e P (AT T SRR PR N SRl P ST I LU
8500 9000 9500 10000 10500 4000 4500 5000 5500 6000 6500 7000 7500 8000
B8] (kyr) B8] (kyr)

B 1T AT A 22 R THTH Si TG ZR e m] o3 A 45 SR 5 4iond B 47 2 T8 455 B2 I 18] B Ll
Ca) AT FITHD F) si TG 2 VR R 9 R EL O (~4.5 m A~1.1 m) HiZR (b A )ik 21 K HE it (405 kyr A1~100 kyr) i
& (F) 5 (b) LRFITR si TCR MITRIZ IR P9 Je gD (~2.5 m F1~0.6 m) #iZka( b R 1AIHK 7 51 2 HL D% (405 kyr Al
~100 kyr) HIZR (R o ey Sl R s 2 Hont IR SPROHTEE (1 20%~25%
Fig. 11 Comparison of duration between cyclostratigraphic analysis results.of,Si elements and absolute dating ages
from the Shuanghe and Anwen Sections

(a)Depth-domain Si elemental series with filtering curves (~4.5 m and 1.1 m) (upper)and time-domain series with filtering curves (405
kyr and ~100 kyr) (lower)from the Shuanghe Section;(b)Depth-domain Si elemental series with filtering curves (~2.5 m and ~0.6 m)
(upper)and time-domain series with filtering curves (405 kyr and,~100 kyr) (lower)from the Anwen Section. Bandwidth of the Gaussian

band-pass filter is 20%~25% of its corresponding center frequency,

FREFE (AEAR)
oz | TR (kyr) |F w2 | FREENT D (kyr)
a (EEERLN | ; 7 d
RE| B x| £ 52 (Refpm T e ELE
(m} | (m) » (kyn) | 312 ;:f i (m) |(m) 0 02 fkyn) Mﬁg ni
FHRAFE (Zhang$2025) 7 007 7 T — 777] -
S \
@ Rl % | Tmomion-ronm Bl /
= ST, REmuRe ' 5 ]
2 )
hars aint appd ay 35 2 1742 5] gt ¢ 19501
=4 P PAl | lowwge - a4z30e022d | 23] i 1082} - = SEEES BT m—
&8 | 3 w ¥ - 1 782
2| m| b [zdigan el dhaso| || e ’ 7 p (172
% | an 10043001400 0.26 132 0.26| = ) 130
“@ “ 234034030 3208 @ 1484 1448 3 12ss| § 4 1680 1642
[ ] b i T [ [ e [ laor] ™ s "TE /\ [ |1s02
WP, 480£320) 120,330420 | 60+310/-60 031 158 | g1 0.31 § 178/ o8
%= f124mp " e 2684 1o 4T 1326 268 3 1006 722 1504
4 (7] I | ladzaze03ii036] L__ B -
i i | 20 | 424540301035 2‘,?7 762 il [120 25 j'uz iwie] [1%64
‘ﬁi e -~ 1230 R5 1 as =\ [1384] | e
. 20340200 | 3404501340 I ER : 306
- ' W e st es L e ploss |l > y eos
—E‘j—-‘“ﬂ!‘@%- LA42.66£0.17_ | yypuasni10 F-| 207302 wig--=-100]  F-]amdo02 S wart--[11
= : \ Lo Jeseessaz | 2 80| |\ | e |2 >/ J1108] L. v
" 442.7640.3500.22 187 964 [137 £ 1091
] - i
Wl |= <
™ =
mEIRIE 960+22( RS 15 735 1.5 —_— 827
it " (1.56m - 5 =
) Q = 5 786 > 858
H —e— PLAEUES (20) 5 ;
BEMAKES 2 . i
05 | PR R 1 ;_ 498 14 ; 553
" PSRMIEE M | >Pbf E >
SUEE) S E
| 2 =
Ay ¥ / == /
ommvowor aase2e022G WY L[ . | 0z ] : sal L L. os ] < mal Y.
0.5 250 0.5 i 277i
¢
0 0 0 5 0

Kl 12 FZEH|HE U-Pb MI4ELE 5 (Zhang et al., 2025) SASHF 0% HH 19 Rb/Sr A1 Ti J5 41 g 18] 73 47 5 %
=4

16



SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

Fig.12 Comparison between U-Pb dating results (Zhang et al., 2025) and cyclostratigraphic analysis of Rb/Sr and

Ti series in this study for the Wangjiawan Section
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I3l 755 K1 858 kyr, “F¥J 806.5 kyr, #i/E U-Pb SR Z VR P . HRHE WIW02 Fl
WIWO03 52 KK ER TS HEATZ 0] 1.24 m JE1Z FUTRRER 4L 18] f& 4804320 kyr, 1
Rb/Sr Al Ti HHE (05 [0 23 B7 45 500 il & 647 A1 722 kyr, P34 684.5 kyr, iXtH7E U-Pb fE# 1R
HERREEA (B 12)

Zhang et al. (2025) £ F 88 8T = AN KL K2 W FR A VHE B AT 44 MP
ME 1 DM [¥) 45 8215 18] 73 5] 24 100+300/-100 kyr+ 120+330/<120 kyr. 200+340/-200 kyr Al
110+350/-110 kyr. Ling et al. (2019) 1E 2z J3 A5 10 B PUAY K 1L 2K 2 4 B8 4 (L v 550 eh 1)
WA DM TT. PP A1 DC [RHFEEI [A] 73501 9 2704240 kyry, 7604280 kyr 12404310 kyr £/l
460+310 kyr. Rb/Sr #8751 e Bl 73 it Bt A4 MP. ME F1 DM VYA A7 (R RF 22 I
[ 53705 132+ 158, 226 F11 100 kyr, 1M Ti Z03 7 51 B5E 7] 73 A v+ 55 4 DU AN AR P07 1R R 8 )
[ 4358 1304 178+ 260 Al 113 kyr (L2 W, WL el LA H, BARPIRN &S AEE bR e 5
M 25 S E ANE], S KA 22 34 kyr, {HIXEL U-Pb JI4E 25 iR /MR 22 100 kyr Al KR 2%
340 kyr ZORGHA— L8, W] OR SN [R] 73 47 76 S ARk 2 R A= W2y 0k 1 e 2 I T 77 TR R AT B0
RO

£ 1 U-Pb-WUE 5T [ 7 Bk i) &AW ROK R AR R L TR) 3T LG

Table 1 Comparison of durationsiof each biozone and Mass Extinction Event obtained by U-Pb dating and

cycle analysis

AHIE U ] 73 #r 4 R

FZFIEHIE U-Pb  JI A1 U-Pb Wl Zhong et al.,
GTS2012 GTS2020 . EFE (R/Sr 5 TD XUHHITE (S /kyr
At WA (Zhanget al.,  #F (Linget al., 2020 Ji 9] 53 Hr P o
2025)  (kyr) 2019)  (kyr) o o L5 (kyr) Effﬁ& ()/m i il kyr Eiﬁrz /Ji*fz I TE] /kyr
PA 860 3.19 31.6 1240
A4 100+300/-100 680 293 026 132130 254 62 1110
MP 120+330/-120 2704240 600 880 837 262 031 158178 203 5.1 1040
ME 200+340/-200 200240 730 1260 388 217 045  226/260 186 1.7 400
DM 110+350/-110 2704240 210 270 1.97 02 100/113
T 860+350/-220 7604280 970 937 0.52 145 964/1090 139 47 1120
T 210310 680 590 128 1l 230
DC 460+310 600 1272 109 19 470
LOMEI  340+460/-340 440 1.97 071 362396 1652 24 600
LOMENl  60+310/-60 540 268 0.18  81/98 2216 15 300

Zhang et al. (2025) F KWK )= U-Pb iS4 (A 1H 5 Hh 1 BB 20 R AE PR K48 (Late
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Ordovician mass extinction, fijFk LOME) % —%: (LOME DD [fIRF4ERT 0] 340+460/-340,
IXANANELARZE 1) 340 kyr (R SEI (8] 5 H Rb/Sr A1 Ti i [1] 43 8T 3545 11 LOME 1 [HRF 4L 7] 362
kyr A1 396 kyr 715 379 kyr {XAHZ 39 kyr, 5 Zhong et al. (2020) 1E Z a3 A1 T B [ 4
Hrit) LOME I FOFFS2RT 8] 440 kyr FHZE 100 kyr; 5 A 7876 XU 311 1 600 kyr A2 260 kyr.
U-Pb fE B 115 H 1) LOME 11 R RFEE (8] 60+310/-60, XANAFLRZE 1) 60 kyr HIFFEE
i} (8] 5 Rb/Sr A1 Ti B[R] 73 #3845 /) LOME 11 (1 3£ 826 18] 7373 81 kyr 1 98 kyr RISF-34) 89.5
kyr X AHZE 29.5 kyr, {H15 Zhong et al. (20200 7E J5 A1 T HE [ 43 BT ) LOME 11 ffIFF 226 (]
540 kyr #H 2 480 kyr; 5 AW FLAE BRI HI T ) 300 kyr £H2% 240 kyr.

Zhang et al. (2025) 7 5271 T30 1 W0 4 2500 6L U35 Hh 00 6 T R A PR e 452 ) B
ANMEYH MP (1204330/-120 kyr) A1 ME (200+340/-200 kyr) FFFEERSE], /N2 320 kyr,
KT LA 990 kyr, 1M HT Rb/Sr A1 Ti Hcds € [7] 73 B v 55 A e 45 B A R 22 ) 8] 23 79 O 384
F1 438 kyr BI-F#5 411 kyr, HSAENAE R ZVE P, (X 5000 H T 405 kyr KA 02 4 1)
VA VS SRAF 19 R SCEE AR ROV 5 S TR i AR B R 4 2 ) [P 44\Myr FT Zhong et al. (2020) 1E
73R TR FH K i o SR AR 2 ) 3308 45 9 e 1) 00 SR A T AR P R B PR 95 82 (1] 1.225 My 5
FHZERL 2, AESUTRTA 3 AR A ) T PR [ 23 A 66 R B Aseiis o AR EL R UG, 22 A 1T £ o 1] 43
TrEi R 0.56 Myr, X5 Ling er al. (2019) & /3 A1 [ A E 8 715511 4704340 kyr &5 R4
N—F, {H5 GTS2012 (The Geological Timé-Scale 2012, f&FK GTS2012) 1 GTS2020 (The
Geological Time Scale 2020, & #% GTS2020 ) HE £ % B FEBN I RF SRS 18] 1.33 Myr 1 2.13 Myr
#2482 (Gradstein et al., 2012, 2020) .

XS] 5] T ) R SRR RS 2 HOW 5 472 0.9 m (R FFEEIT 1] 24 195 kyr, 1X 5 Zhong
SR 3 AN T e 1] 43 v RO 35 240 0.7 m SRR 2 1) 191 kyr HEA —3f, Xt l5
Zhang et al. (2025) 7EAL 5T T A5 (0900 & A7F 2 T A T 35 0K 75 2 Ll 2K U-Pb 4582 [8] (1
ZEH N 190+300/210 kyr BN —5, H5 T 5 HI T Rb/Sr Jé =] 4 s & W& 22 0.2
m JE [RESEIT ] 82 kyr Al Ling et al. (2019) 7E 75 FH T FH K Ll AR AE R84 v 55 H (0 00 2
M2 FRELI (8] 4 40170 kyr M ZE K

Zhang et al. (2025) @i CA-ID-TIMS =ik B2 U-Pb MIAESRAT 1 B R UK R 45 22 B
)4 310+350/-200 Myr, 1fj Ling et al. (2019) it CA-ID-TIMS =k 1) U-Pb MI4E3RAS T
T T I S P 4R S IR 1] 29 9 200 kyr,  Zhong er al. (2020) 383 Jie [543 47 73 A0 31 T 31451
7k B R UK B0 8 RE S T Ty 830 Keyr, T A KU 1 TR 5% 380 P9 88 41 o 97 T R B £ 52 1 %
FUK AR LOME I il LOME 11 [ 3R 82HF 18] 4353 29 4 600 kyr AT 300 kyr (K 4) &

NI R I PR AN [ 4 2 A7 8 AN [ YRR PR 355 1 R S T 0k [0 7 3% L i B SR PO 0T
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SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

FURFEARE, i BX R FAE A (LaPortedeng e al., 2009; Jones et al.2016) , [Kitt
WA R B [ A7 36 TE A% FEARAR AR B AR UK R AR . Bbdh, AR T A5 (K AR 7
AR A i B R UK YR R R B F) 45 B2 S T AN TR] T — 777 T A B A2 Fi 3 BIF 57 30 T ) ot 4t
HA B RPURIAEAE (- D, s BRI BAS ], A58 1 TR A2 TEAN )
ST #RAS A, SR HT T A3 B 1 AR SR B SR, DRI T P 2B A5 S 5 7 e R A ) T 7
AN, 38 BT EE AR LE AN [R] 5] THT PR 4R 8 I TE] AN [

T IR AL B b, U] ) T E 7 P R — 85 P A DO B 3 87 R 7K — 2 TR 7K (¥ o
X, J&TIZREEHIGEIX, Ao KRERL) 60~120m (B 1D, KB TEREMNHIE—ET
BB O—KBOTUE, HrfmbEEEL 6.7m A4, WENHER0.9m (B,
2011; Wangetal., 2017; Zhangetal., 2014) . ‘& Fad| T 7E A iE R —& FF B TR IS 39167
THRR—LUKIIM X L%, BT NR GRS X, 500 AR, A KRR
H2130~80m (K1), KE I TLIE— e TR A 10 A F8 €5 T L U] 1 T (1) J2 1 1R 2,
FREAE I HLZ R FEAL ) 1.8 m, MEHTFIEEZ) 0.6 m (Wang enal, 2017) o 578 ¥ T 7
P R — P DURR IS AL T 50 P K R w5 2 R K R 2 18T, ARl KR /N T 30
m (Zhang et al., 2014) , HFFGHREHHZEENL) 1 m (Zhang et al., 2025) K2 FAUA 0.75
m &), MWENFEENL 02m (Yan et dh, 2009) , BhAh, AR %50 1 HU 2 47 B A
HARHENT, 1% R DA b TRFE I INIE, IR AR ORAF NS 588, 1X 5 Wang
et al. (2024) il H @47 715 10 3E E— I TR S5 M BITHT, A IIAE MR e R K 200 4 T 1
S A7 2 AE U] 5 T P9 P 4 MR K DX Az BB R A7 58 8, T 7 YA 1 VA M ) 382 5 1 5 A v R
A TR R —F

AN, DA A5 BRI P A5 A A DT 2 A R 50 4 T PT Re A CE AR R B,
FEZZARSHITE ) 11.3 m A1 13.3 m /e A5 IR FE S A0 11 b, T DAB] 2 AT DUAR g 3 A
PG, HEWCALAETRIRBIER (B 7D« EREHIH N Ti JCER 7511 eCOCO PURH i
B 9c BRI LA H, ERFRE4ERT (2.17~2.93 m) YIRREL, B A TTAR G 2 M L3 By 21755
FREY A — NURR B R AR, 4 W mT BB AZTE DURRE] KT, 7E Rb/Sr Al Ti JGER P41 eCOCO UL
FUE R AP 9a f1 9c EWI%E, f£0.8m. 2m. 22m. 28m. 3.3m. 4m. 43 m fl 4.6m
T HAFAEY IR R TR ISR, AT e YRR (B W A2 E (A7 B o 48 L HE T 22 R R 53 ) T
] REARATLE 22 RO UUAR R I, T SOUTRT 31 T £ 23 S M e, DRIt O] 350 T R SR
2% A A R R R ) e A8 T B At i A T B
5.2 BRI FRIFRREFRERNFLFR
521 R8w/EG &A%
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LAY ) THT 7 54.02 m Ak Kk 1l 7K JZ SH-S1-1 B U-Pb %% 47 il 75 (1 4E 5% 438.47 Ma
(438.47£0.17/0.27/0.53 Ma) Jyfii 51, REXGAFI T Si 763 AP 8) R SCEEA R R EEE 551
PNt RSCERIRR, RIS T M 447.66 Ma F| 435.47 Ma & S48 560 K SCHEARIR R,
FHZ I 2E A7 B B B PR 20/ 8 B 40 LR AL B 25.4 m (IUTRRR 4RI 8] 4.11 Myr, %24 U-Pb 4E
Wb P 20 B A R RSN 442.34 Ma (4, R 2) , #R4E Montenari (2018) KX
Jie I HE (R, 28 I A 47 6 IO AR 2208 0.05% KT 5L, i A EREF I IR Z 08 0.22 Ma, RIS 1
T bR 5E I B 40/ 3 B 40 AR AE R Y 442.3440.22 Ma. X5 Zhang et al. (2025) 7£F K155
THIE A 2 b = A LD R 2 AR 8 B A U] 3 THT SR THT 2R 1R = AN L 2 J 4 4 L 11
442.33+0.34/-0.33 Ma JLF—H . DLBURHITHZE 56.92 m A&k 1l Kz SH-S1-1 #fh U-Pb £ f
MFFHIEERS 438.42 Ma (438.42+0.21/0.30/0.55 Ma) A4, Hr e Y B Mg 40/ 35 B 40 SR Ay
N 442.53+0.22 Ma Ma, X 57E AL oTH A2 N B =AM 2 R — AN KL R
W46 (B 45 3 A AF % 442.55+0.21/-0.28 Ma #23lt, 5 Ling et al. (2019) 1E 2 B /3 FIHITHIF K Ll
TR Z AR A A B 1 AR 6 442.67+0.24 Ma A ZEAN K, (HILFIN U-Pb 4= 8445 HE i) B 42/ 74 '

LSRR AT L GTS2020 4} HL K 443.07+0.91 Ma 43 B 442 0.73 1 0.54 Myr.
2 2 R0 AN 22 R T ) R SCAEAAR R U-Pb 472 i 1Y) B PR 40/ 76 B 40 AR AP 0%
Table 2 Astronomical time scale and U-Pb datings calibrated Ordovician/Silurian boundary ages for the

Shuanghe and,Anwen sections

paemR: i) kT
PR G A R SH-S1-2(438.42 Ma) SH-S11(438.47 Ma) QJ-S1-4(439.23 Ma) QJ-S1-1(439.32 Ma)

ATS Myr) U-Pb(Myr) ATS (Myr) U-Pb(Myr) ATS(Myr) U-Pb(Myr) ATS (Myr) U-Pb (Myr)

443.8 + 1.5 Ma

4.11 5.38 3.87 5.33 4.52 457 3.57 4.48
(GTS2012)
443.07 +0.91 Ma
411 4.65 3.87 4.60 4.52 3.84 3.57 3.75
(GTS2020)
& U-Pb IAFE+JE R AE ) TR AR 442,53 442.34 443.75 442.89

W: R ATS N Astronomical tinte,scale 455, N THI 1IN 7] Dy BLPE 200/ 76 B7 40 48 B32% I 4 st (90 e 8] 3 A SR AR 820 (1]
U-Pb FTH A [E] Y GTS12 Hl GTS2020 9 P 20/ 36 B8 40 FL AR - B 1Z M 4F 21 U-Pb RIS I 241

PAZZAGHITHIAE 30.6 m ALK LK JZE QI-S1-1 BE i IIAF HI4FE6S 439.32 Ma Jyfii i, K 22 A2
Tl Si TC R VR BN R SCEAUR R 5 81 3 o 4606 ROSCEARR R, TTERAS 1M\ 445.38
Ma | 435.11 Ma FIEESER 280 ROSCEABR I, b€ B8P 20/ 5 B 22 AR IR 0 442.89+0.22
Ma( & 6,3 2),1X 5 Ling et al. (2019)1E J5 | [ 442.67+0.24 Ma 1 GTS2020 (1] 443.07+0.91
Ma LT, (AL Zhang ef al. (2025) 7T 55T = AN L K2 FERARE TH 5 H 10 48
% 442.33+0.34/-0.33 Ma % 560 kyr.

LA Zhang et al. (2025) £ T KIS HIHEEE 0 m 4L K LK JZ WIWO03 B 5 A5 [ 4 1%
443.62 Ma N4 i, ] Rb/Sr HUJE 170 A A A ) B g 20/ 35 B 40 R AR 9 442.43+0.22 Ma,

HUMEMEZ F0.67 m LK ZE WIWO01 B 545 (R 4E 8 442.18 Ma N4 2, FH Rb/Sr
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SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

BV 9] 73 BT AR HE 1 B Bl 40/ 75 B 20 TR AF e O 442.39+0.22 Ma, FEFR4l/ B A AL W
AR IR U-Pb AR5 A nSR AR 7 % R 2R I AR AR 22 40 kyro EA FH R E] 9

IR WIWO02 FE i AT 6 442.66 Ma it i, I Rb/Sr BUJE 0] 73 B A5 vEE P B M 40/ 76 B 42
FLERAEWE N 442.23+0.22 Ma, 1X5 HJEH WIWO1 Ff L FE R HEM B 2 160 kyr (R 3) . 1R
i FH = A KL K R A AR R R T I B 20/ 6 B D R4S, P M 442.3540.22 Ma.
3K 5 ST 5 T G [ 5 140 12% 2 RS UM 22 10 kyro

Lt AT R P I A o F) BRLP) 400/ 36 B8 4 AR AR RS bl 0001 3 T R i s e P
A, Uiy, R @] 45 45 RO 3 U-Pb 484 10 80T 5 THI ) B0 20/ 75 B 40 PR A I
442.34+0.22 Ma 7] AR AR [E B 57 A2 AR AR HE
5.2.2 e 4R B W EA A 6 R &S
XU TR] 1 22 R ) T R0 43 A7 4 5 (¥ 5 R AR B IR S 2R 4R 8 43 5y 443.78+0.22 Ma il

443.45+0.22 Ma, Zhang et al. (2025) £ F 5B EIHT XS A0 A T v 5 H R B o

B JEC SRS 40 iR 442.6540.17/-0.23 Ma442.55+0.20/-0:40 Ma T 443.210.37/-0.28 Ma, Ling
etal, 2019 Z5 T (A2 443.14+0.24 Ma, JLTTHIIHNI1S 9 MP/ME PIANA4075 1) SR 2R B O 4F
W 442.82+0.34 Ma, R#EH EIHZ) 0.3 m KILKZFEE 442.63+0.21 Ma HE5, #5851 T
#B-1.5 m B FE RN RES, %2 AL BT S R 2 443.8 Ma, T84 FE1Z5 T R B Rr b
JEE T LR R % S 1% LE 443.8 Ma 38 8 MU S8 B TR 6 0 m ALK K2 WIW01
P DI 43 (O 4E S 443.62 Ma A o5, F Rb/Sr EEBE A1 43 BT b 22 [0 76 1 R ) B 4R 4 8
442.82+0.22 Ma; #7 LW EWFZZ T 0.45 m 1 KILK)ZE WIWO02 F 5l 43 (£ 442.66 Ma
DR R, Rb/Sr FUE [ AT 8 1755 B RER G S 2R AR08y 442.6140.22 Mas 5 AL E 2
2 £ 0.67 m KL K JE WIWOL A A R 4F 6% 442.18 Ma D9 0, I Rb/Sr EERERI 53 #r b
ST TR R R I S T LR AF 4 442.78+0.22 Ma, TG W Sl I3 58 351 T P00 4 50488 T B L SR (¥ Ak e
R TR LR (AR I8 85 GTS2020 (17 445.21+0.86 Ma ZHIEIK (£ 3) .

2R 3 AN U-Pb AR A R A Y TR F 2R 47 0
Table 3 Cyclostratigraphic and U-Pb geochronological calibration of the top and bottom boundary ages of

the Hirnantian Stage

EFE FRBHE Rb/Sr e FRAEES Ma KRBT Wl B4R R Ma (ABFR)
GTS2020  [AJhr R IM4ELE R
78 N Mo EH BTy Mo kR By Mo EH ST 371 g R
ek Ma) (Zhang et al., 2025) UL WIWOL Joli s LA WIWO02 A% 5 L WIWO03 Jydl R R
(Ma) (443.62 Ma) (442.66 Ma) (442.18 Ma) 45 (438.47 Ma) A5 (439.32 Ma)

ik P RERY T
P B 443.07+0.91  442.33+0.34/-0.33 442.43 44223 442.39 442.34 442.89
SR 445.21£0.86  442.65+0.17/-0.23 442.82 442.61 442.78 443.78 443.45

VE: BEE K HE U-Pb [ 47 K I 46 19 3% 25 218 0.05%, DL 442.33 M EE 0% 6 1F 501 3% 254 442.33 Ma*0.05%=0.22 Ma
(Montenari, 2018) .

A =T R SCAR A FURSHE (R 755 i R JER F e £, | 00T 1) T ) 3t = 5 J52 3t st
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LR Rk

ORI A, HH A UG ) TR A A 58 [0 70 B R B i S 2R AF 1 443.7840.22 Ma FIAE AR R
] it o7 AR AR R b A o

U] T [ s o RO M 2 ) T (R LR TS ) 4R 185 443.1940.22 Ma, X5
Zhang et al. (2025) 7EF FE &I FREHEE 1 H H 1) 442.42 +0.31/-0.36 Ma S AE A6 57 &1 T W
HEWFETE K LK R ATBO2 456 442.63+0.21 Ma ZJI#K, 5 Ling et al. (2019) 1£ )3 Al
T 1) 2K L R J2 4 8 J 8 73 1) 442.92+0.17 Ma ECBCEEIT ;e (01 b 5E 1K 0 35 47 )2 i LA 08 M
443.39+0.22 Ma, XL Ling eral. (2019) 5[] 442.96+0.17 Ma }% Zhang et al. (2025) £
LTI T MAF W S 2 T K LK JE ATBOL 4F-1 442.82+0.33 Ma FHZEHIK

BhAh, TEEULHRISE, Zhang et al. (2025) (U I TH 9 A4 4 Hh 2 2528 SOk & Beosc
2011 fR - BENL I8 S, A S AR A B0 T (Rl — AT, @ SCh ] 3-1 ISR 4-1 %
THE A A R R RE RIS, BR T R 0 m AR, ARBEFCR A 10.9 m IF
i, HAR AW A7 2 )R 0.9 m, B RE IR B 6.8 m 25305 A 5t — 3K, {H Zhang er al.(2025)
IR b ] 6 R B ST B 1 SRR AR P AR Y 2.2 m B, X H BT (2011) FIAHETE
T T (105 P R Y P JEE AR 22 80K . {H Zhang er al. (2025)\FHHE] 2 &, SHW-05 K1LIK 2
POZFAE AT N, (A 6 ZIFR7EW &M 2 T 1.06 m A4 AL E; MK 2 F,
SHW-03 7£ SHW-05 N 1 m ZEA KA E, (HHE 6 ZARFEILT 2.14 m KA E: SHW-01 7£
SHW-03 Z T4 2m EAKINE, KK 6 EArr) SHW-01 &£ SHW-03 ZF 2.2 m HIALE,
XEMEE—E, {2 SHW-03 F1 SHW-05 e #5522 Bl K
53 RXAREHNHSIERETUSEIRK
5.3.1 #id Bl AR by & AEAeH B Fm T L

AR U] N 2 R T (R A0S o T 45 S, RBIL Si J0 3 & AR /R I SRR A0 LA I 2
] 405 kyr Fl~100 kyr K8 0GR & 1 K 40 kyr A1 33 kyr &R I 21 kyr A1 17 kyr (1% 2
JEARIE AT . BEAME R INST JCF P F1 1 A1 50 1% P A7 8 g AR 5 K 1.2 Myr #1 2.4 Myr
PR AR AL (I 4 AN 7D, 0 s T e B gt — L 35 B 3 S ORI 3, 52 B R
B0 2 KRR O 2 AR IR SN o« [FIR, R IR i A 2 DU 5211 oy i
AR B A BRI 1.2 Myr KJE B3, I H5 Haq and Shutter (2008) 37 1) 4= 3k i H
T A AT ARAL B AR A FA E 8 T 5 7 R U 08 1 T RO BB PR ARPALE

4t Zhong er al. (2020 IS 5 2 B 3 051 THI R Ak 22 156 Az e 37 o B2z B 34
(R 30 JEDTARAZ 31 405 kyr 1 93-125 kyr KK O 28 B SH IR, A0 3852 3] 33.8 kyr F1 17-22
kyr FIRFRAN % 2 B I3RS« 76 1991 4, Williams 38 3 7F 7 Bt B8 g 1 55 5 36 B ki 397
TR R KR IR TR A SRS A B —O s B ARETH, R T
R 1 100 kyr FERCRE W, 2 31 kyrs 19.6 kyr 1 17.4 kyr REFMG 2=, INNZEH
iy JZ 1R AR AL 52 % 25— o0 2 8 1 ) £ 7 3K 3 . Hinnov and Diecchio (Hinnov and
Diecchio, 2016; Hinnov ez al., 2020 i fiff 57 35 [ 0 4 5230 2 b b B S i) — B AZL
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SRS 5 Bt — 1 A5 R T TR R SR AR R 2 37 St Bl 0 A A R K 4 I 1] 24 3R

FLE [ J2 2 R b — VR S OB 0 AR 0 il 2, R BN A 0 U R 2 2 e R L
JESARDK =R e wr e ml i hl ), JFERBIREES L3 TRERBENERE, HERICAHE
JE SR ) PR <A 2 A 5 ORE B A ) X LM A A 0K N 1B 38 T 5 B30 R 0 )1 1 28 g~ T
Pz, Forb LR A R TR T X AN I T AR, R HAA N AESE AR X — d AR
RSN VK ) —iF ARG %, A5 A0aE ORI PALEE . sk gy 4 0~ & b AR AL
PSR R e DL thE B ALK = B e [ )7 41 kAT A BR XS LE . Farouk et al. (2024)
T 2 BAR G PR Bl I 1r BRE 20/ 36 B8 A0 3 A DR B0 40 BT, U Y 425 kyr A1 100
kyr (KGR A, K 41 kyr. 36 kyry 31 kyr. 21 kyr. 19 kyr F1 16 kyr [ M2 %
FERIME S, WCAHUE A 2 IR A E DU ) 4R R &R .

g5 BRIk, Wi AN A AR R A G B e — R R B U R b o B S i BRI S DK SN,
T 5 AT XU A 2 R ) T (O 7 45 SR — S50 [ IS R B0 A ) ok V1 T A8 A AT R B SR 1
1.2 Myr K %50, X5 Zhong ef al. (2020) KL 1.32 Myr Al Xiong et al. (2023) K
PLI 1.2 Myr [FK R 56 FE A2 0K )1 28991 T AR Ak 1 3 B IR B 1AW A — 3. 1X B 5 Elrick e al.
(201383 % T A7 1R 28 3 BTl A 0 FRUE 1 A e B L 51 R IR R S VK A8 A
B 20 R S IR = B AR 8, [ Herrmann erq/™ (2003) S8R0k 5 KRS
A A TR AU 25 TR M BRI 3 1 A} ) I 30K 5 b R A A8 A R 3 2 UK 6 T R R g v
R 0 B S A P 5 00 51 T — B0 o XSS T AR R B, BRI A 3 UK B R 1
HAMEAR A1 S BEOK B g, RS 0 R M M S — 25 3R )y T ¥~ T A A A0 UK e 1] 1
G
532 BERRAETIE L hiFK

MR 51 T F b 5 1 57 S0 M L ek oA 0 810 i e R U S R 2R T W BT K I g T T
AT R, o ST AR A AR A R AR AE ST e E T A1) 444.2 Ma F1 443 Ma iX 4> 1.2
Myr A% 2 ] IR AR ALK PR 3K 10t P T A2 AL O AICAE B 15 Finnegan et al. (2016) 5
OLA UL P B ) 20 A i A A S Lk I G R ARV i i 0 1) b 66 30 ) 8 TR A KK 48 A (LOMED
R E, A\ Ay B R — R A LE L i 39T, 33X -5 SO0 1) T e i % 7 1 ek 7 e 347 7 i
R S0 LA R R ) WG P VT T T PR PS8 BRI 25 R — B eAh, FRATT s BE R R SR
JEE T H T UK B e 0] 57 2 B 94 1.2 Myr, X 5 Crampton et al. (2016) IS FTINN
F1 R P 20 A1 A A s B A 0 B P SRR S TR0 1.1 My (R0 05— 55, TR AT USE T,
i 1.2 My KRE 2 IR BN I A AR A E T S 30 TP AR, JER A S BUES RS
W, AEAEYREAL BA 5 U5 — SO E AR AL

Sheets er al. (2016) & HAR/DAT T A4 2 HF 58 R e AR IS 4 BR R AR AU AR DAL 0 5
N, 88 3 A7F 7 e R 67 2% R AR Wb Ak S AR A A D B K S0 AR 1 51 A ol i i P R 77
Hh AR AL R R 24 5 B 48 R RS AR K e i) R R . B IIRF SR B, 4.5 Myr 1)
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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,
characterized by the Hirnantian glaciation and the end-Ordovician mass extinction event. However, significant
uncertainties persist in the chronostratigraphic framework for this integval, limiting our understanding of the
mechanisms driving biotic extinction and climatic evolution. This, study‘aims to establish a high-resolution
absolute astronomical time scale for the Late Ordovician-Early 4Silurian through the integration of
cyclostratigraphy and isotopic geochronology, providing robust temporal ‘conistraints for major geological events.
[Methods] Three sections (Shuanghe in Changning, 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 TimeOptymethods to construct floating astronomical time scales.
CA-ID-TIMS zircon U-Pb dating was conducted ongvolcanic ash beds to obtain absolute age anchors, enabling
precise conversion from the depth domain to the time domain. [Results] (D Stable sedimentary cycles
corresponding to 405-kyr and ~100-kyr long and short eccentricity cycles were identified in the XRF elemental
series. Floating astronomical timeyscales of 12.2 Myr, 10.3 Myr, and 2.75 Myr were established for the Shuanghe,
Anwen, and Wangjiawan sections,aespectively. @ Given the most complete geological record preserved in the
Shuanghe section, the ages ofithe *Ordovician/Silurian (O/S) boundary and the base of the Hirnantian Stage,
calibrated to 442.34 + 0.22 Ma and™43.78 + 0.22 Ma respectively through cyclostratigraphic analysis combined
with U-Pb dating of volcanic ash beds (Shuanghe section: 438.47 £+ (.17 Ma), can serve as a candidate for future
international chronostratigraphic standards. ) 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 sedimentary hiatus may exist in the
Wangjiawan section.. @ Paleoclimatic proxies and sea-level changes exhibited long-period 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 driving
climate-environmental evolution during this interval, providing key temporal constraints for understanding the
triggering mechanisms of the end-Ordovician mass extinction.

Key words: Cyclostratigraphy; Astronomical chronology; Ordovician-Silurian transition; Mass extinction; Zircon
U-Pb dating
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