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Abstract The Cretaceous period was characterized by numerous globally significant tectonic and
climatic events that are well preserved in the Liupanshan Basin, where the exceptionally continuous and
widely distributed Cretaceous strata, predominantly composed of fluvial-lacustrine deposits, host exqui-
sitely preserved Lycoptera fossils, making this basin an ideal site for studying paleoclimatic and
paleoenvironmental changes during the Cretaceous. Through an integrated approach combining sedimento-
logy, stratigraphy, paleontology, and geochemistry, this study investigates the Liwaxia Formation in the
Liupanshan Basin, employing organic carbon isotope (813C(,,,g) analysis, major and trace element geoche-
mistry, and X-ray fluorescence (XRF) to examine the paleoclimate and paleoenvironment of Lycoptera—
bearing intervals and to assess their relationship to global events. Geochemical results reveal three distinct
5'3(]0‘_g evolutionary stages: a significant negative excursion (from —30.21%0 to —27.19%0, amplitude
3.02%0) in intervals B3—B7, a sharp positive shift (from —28.05%0 to —24. 13%c, amplitude 3. 92%o0)
in intervals B11-B15, followed by an oscillatory positive trend in intervals B17-B25. The fossil-bearing
horizons exhibit notable geochemical anomalies, including marked fluctuations in major elements ( Ca,
Mg) and trace elements (Sr, Th) relative to adjacent strata, while micro-XRF analysis of fish fossil
bones reveals marked enrichments of heavy metals and toxic elements ( Mn, Cr, As, S). These
Lycoptera—bearing strata record lacustrine environmental conditions during the C3 stage of Oceanic Anoxic

Event la (OAEla), characterized by the diagnostic §"°C,,, negative excursion marking OAEla onset and

€
reflecting hot, arid, hypersaline, and anoxic conditions in the Liupanshan Basin. The mass mortality of
Lycoptera likely resulted from the combined effects of persistent bottom-water anoxia caused by Early
Cretaceous volcanic-induced greenhouse conditions and the toxicological impact of heavy metals and toxic
elements enriched in volcanic ash. This research not only sheds light on the response mechanisms of the
paleoclimate and paleoenvironment within the Liupanshan Basin to global events, but also provides crucial
biogeochemical evidence and paleontological records essential for understanding the climatic and
environmental evolution of Cretaceous terrestrial ecosystems and associated biological extinction events.
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HEL kA T 2R R, k5%
22y K 46 55 1 ( Brusatte et al., 2015), 14
™A KKk A (Bond and Grasby, 2017) ., K¥:
Ht48 ( Charbonnier and Follmi, 2017) ., K42
(Hu et al., 2005) ZZ3HM, KEBRAZFMH (Ocean-
ic Anoxic Events, fRi#R OAEs) &b 5t s f 2 BR ik
PEFR ) 2O 3 iy M R =R B A%, 2020) , H

WAL A 6 WL AR TR R AF A, 2R
& OAEla(Selli F{f). OAElb, OAElc., OAEId,
OAE2 ( Bonarelli 2 ). OAE3, H v OAEla fl
OAE2 43 5| & 4 7F Early Aptian #{l Cenomanian-Turo-
nian, O TR EN LB TR0 E A LR A
T A ( Schlanger and Jenkyns, 1976; Leckie et al.,
2002; A1 #E, 2005; Li et al., 2008) (F 1),
OAEla LA HLERIFIAZ R (87°C,,) 1835 33k b
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&, FRWEERBON I B sC m s, gk i ok By
229 1 Myr (9 IEMRFS (Li et al., 2024) , B [6] {0 R
Z AR A XA AR A, o RO R KO 4 R )
W, QLR 5 R bE K A W4 R & C
SR, S BR F LR U S A2 BRI (Svensen
et al., 2004) ; [FJBF, KR XA RIS B KOl #9857
AR R A, W IR KRS A Y I P 4
AHFE R AN, YR ImE R B A R TR A
B I, ARSI A A AT, R RELE
T XA B o A, (A SR T A R
JCEEAR ) T HURR B, e 5k i E CA HIL R K A
PR, T AR BR IR E A C o T W E WS CIE R
FriE  (F B3 MW A, 20055 4R HE R SE,
2008) .

X OAEs 1 BF 5% i T 16 A0 U0 AR (7 158 #E 45,
2003; FEALHEE, 2009), H OAElLa ) 8 F¢ Ak
Z—JE KB RME MR EES (Yang e al.,
2014) . RHEBEIE A, & B SR A B A M
JZ, JU R A A X RS R 2 1 Bl A A R
g m  (E%FR 4, 2012; Zhang and Li, 2020;
Song et al., 2024), # 40, Zhang &5 (2016) @it
N 3L PG AR AL A [R) 07 28 5000 5 I 0 Vg A TR E
SEXTEE, R B AL R Uk AL OAELa [ i
FHPCA R R o Xu 5§ (2023 ) T~ 507 4 i V0 i 20
55 FRB A1 A MIURK B it A S 25 U B RN A AL [ =
B IR R AR, B % S M )2 & Early Albian B
OAE1D 7 i 8 28 55 vh 0y U RR e 1, JF 48 3 =i A8
R R F R B R . Fan 28 (2021) Xt
CL)N AN E 2G0T ME B fa) 1 2H U A R i Y 0 B
W, KNG 51 k& CO, ¥R BEE B Tb, & Bk A £
REERRE, IR BT A bR
BTG FEMIHEET, WK IRZE R InE, F3
B EFA S EHERNG M, REIE AR

IS EE I A 2 R R T 2 (K1) S T D A e
JBE IR IZ K, KT Wi —win iR, R
FESEY A (KW RRSE, 20125 2R,
2019) , MATIfi % A 3t A 9F S S 20 3 A AR AR A
AR S RGN E 5. Wik, AR5
DURRSA . Mz W EY s VL ER L =2 DL A
P ER AL 27 v B9 A L [R) 2 K e M 8 05 T, 204 1
7NN FE M L 20 TTURR ) 0T R e A P )

1 WERE=x

ANE BT R S MR %, X
SRBF A I Lo B, A% SR b 2 3SR R
Z B | B 5 2R U — A0S R A ) T AR
MR ZE R (JE L0 %45, 20035 Ji 6 4%, 20065
WLEAE, 2013) ([ 1-a) o /N3 14 3 Ak AT
0538 2 4B Be: B 2R 2 KGR E-W ]
5K I 3 A P Ak A BT B, 8 A8 S B 1 B X A S
Wrbe 4 s L A B0 52 NW -SE [ $F 1 & A2 1
WL, WEELS . R HZ R TR O 2%,
2006; PR F-4%, 2014) (& 1-b), NI
HERMAA R BB, G i, A
M EALHE =A A R A . Ak . SRI0A
MTIZAAL, S PEARAE 7 wh AR — ] 3 AL A
DURL 5 35 900 A 40 kL 9y o =2 % Hh B CORS 78 S 4%,
2005; BRaxe, 2018) ([& 1-c). Hop, ZEyEik
L DURR I S fe iy A AT SR B R B R, Ak
R a S ale s IR AT, KbE . %
KA R A e, R R 1) bR R A A Y AR
JPIUREAE (2R A5, 2019) 5 0] WK J2 H5 v
QURMK LT, BEXARE, WZP" KNS
FEAEE SR 58 4k (B oF A,
2014) o Hb AR R mE T 5 ) 2R bk 2 AR A
TOE R IREE AL AT, XS S R4 A1 TR K

£ 1 KESREEEERISE (42 Leckie ef al., 2002; Li ef al., 2008; HEH)

Table 1 Basic characteristics of oceanic anoxic events ( modified from Leckie et al., 2002; Li et al., 2008)

e I 34 FEA/ Ma  $52E0F )/ Myr BRI R 2Bk S

OAEla Early Aptian 120 1.1~1.3 1E i = B KAFHY Cismon APTICORE
OAElDb Late Aptian—Late Albian 112 <15 1E A 7 Vocontian 73 I'Arboudeysse #|[f
OAElc Late Albian 102 >2.0 iE o FEE P b X 72 3 A
OAEld Late Albian 100 <5 E R % EIRE 7 (14 480 3k U 4
OAE2 Cenomanian—Turonian 94 <1.0 1E A 2 B4 HLR 735 b R v FE 4L
0AE3 Late Coniacian—Early Santonian 86 <1.0 1E 75 P I Z 3 7 L 4
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Fig. 1  Geological map of the Cretaceous and composite stratigraphic column for Liupanshan Basin

T 9 i Jo = A i B B I 1 R S g 2%
P, H R AR R Tl U PRI S 2
3 (5kF KRAF, 2017)

2 HmXESHH

AR B £ Ak A T AE 2 AL ) AL T H R 4 s T
WA £, B 2.5m, S hIKB AR
L, RIKERE, WL ZEET M LT
Z(E 2-a) . H)JE T8 e WK 2, 0
SRR TR 43 2 WA A A WG A VLR, oA TR
BV B AE %, A5 A% N RT UL A/ 1Y 8 B
Wi, BRERE L4 15~18cm Z ], DA R
10 cm, B ZAE XA LW S0, &1~
dmm, FirtwYEZERKAG, BT, B2
JERER 3~ 10 mm, 3RS O 5 AR e A
S IR AR T K o A, DURR R R
fe] b PR 3 A0 60 i el A2 Ak

b A 91 T AR i v 22 S kR 4 Oy 25 )%,
H M L BI-B25, BANEAL4SRE 1 A AR
at, XN RE i G5 o S1-S25 (1] 2-a) o HIHTR
WatdaFEIEARSE S D5 )2
(B 2-b) ., REEMAA T B5 )2, ZIZE M NG
T HORLEE B R 0 K R 0 A (B 2-¢) o FE AL A TR
FEIRPAE R S YA AR, B R Bidh F1-
F5, flE B At A A R aRAE N E, k2
file 218 BBk (18] 2-d)

BE A LB [ 62 % (87°C,, ) H b [ B 2 g H BR
MBS 5% T o 5 50 DU 20 b o R 5K N S 0 =
B, ALER SR R AL R TR A (MAT-251) o F i
AL BB B R BF BE 2 KL AR /N F 40 um, £
2mol/ L ) HCl AL B 24 h LBRERER L, Z )5 2K
BT 40CH T, 8 FHEHSAEE P (T
CuO/Cu/Pt), Jm# & 850°C ke 2.5h, 4
CO,; R R4tk (-80CBr H,0, -196C
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Fig. 2  Stratigraphic column and outcrop photographs of the Lower Cretaceous Liwaxia Formation

at Wangjiagou section, Liupanshan Basin

W CO,) H/AMARITEHRE (1. 4 mL) B, LI =
TELEE 20~25°C, VBB 40% . & KRR S I RS i
i S g 2 TARpRERHI, BN E D 1AL
VEVRAE, FRuERE S0 =2 BT iR 22/ F 0. 2%,

3 &R

TEEF WA W H T b, %8 B1, B3, BS
S 12 AR A RS EAT6C, K (] 2-a) o
PIRE S ATAL LS5, H% BL RO A FE s, 2K
a5 B o R Gh 6UC,, fH AE Ak 5 Bl £ -30.21%0 ~

~23.93%0 18], FHIMH K -25.89%0 (£ 2) . 4
T[] 1 96C,,, AL RRAE , 2 i 4 A HIL AR ) 132
BN R R RGO 3 AN A B 1 B BOW T
B3-B7 2, 8"C, ] -27.19%0 ~ -=30.21%0, %
A AL, U I BE IR 3. 02%0; 552 B BO T
FB1I-BI5Z{i, 8"C, 8} —28. 05%0 ~ —24. 13%o,
JH R E R K, IE A W Bk 3. 92%0; B 3 B B
Hp B17-B25 JZ 4, 8°C, ARG N IEME . X Fl
“ SR D — 3 IR — RS Bl T ALY 8 S
A OAETa (9 2 BRAR 7] £ 0 5% (Jenkyns,
2010) FIEWH .
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Table 2 Results of organic carbon isotope analysis for the

Liwaxia Formation at Wangjiagou section, Liupanshan Basin

HARE |=30a 8°C,, /%o FFAE H A B
S1 JiE A -24.10
S3 B3 -27.19
< L 229,07 LR £ A %1 BB
S7 B7 -30.21
S11 B11 -28.05
S13 B13 -25.14 B2 T 52 BB
S15 B15 -24.13
S17 B17 -24.23
S19 B19 -24.35
s21 B21 -24.50 AT AR %3 B
$23 B23 -23.93
S25 T 5t -23.94

4 tig

4.1 MR FIER
4.1.1 REKRBERLIAIER

Menegatti 28 (1998) 7 Cismon j Rotter Sattel
HIE B, ¥ OAELa 198°°C, HiZk4n 4 b 8 Bt
(C1-C8), OAEla 14T C3 B, L&A ML @1
HMSC,, B F AW bR, 1T C7T BURE. T
R ) ) T 2 Wk 2H A AL ) 67 3R 1 sk T Rl Ry S A
WrBe, BPC3 % C7HrBr, H B3-Bl1 Z2fipysfa

FERL R C3 Br, BLL-BI3 JZ AL A1 4E b il B
Oy C4 Br, BI3-B21 2709 a £ 8 bl fif Bl CS B,
B21-B23 JZ i 1A 41 FE MU O C6 Br, B23-B25
JERLH A AR IR Dy C7 B 28 TR W 4 B0 1 1
JZAE W N 121.00—113. 46 Ma (8 55 5%, 2009),
Hgmfiz (87°C,,) BARMAEE, #kikhE
SAA ) TRk 4 O R A OR i Bk R S
(OAElLa) MBEAPIRIC S, A 7™ hZ A7 % A 7
R BUR T OAELa ) C3 Bt

H Ao K 2% 1) ) T 2 T e 4 5 R 9 — il ) T
6 e () (07 38 M 2R X0 EE, AT L8 7 10 — ol 35 85 0F 42 2R
BRATE PR B A OB R ], 2R 187, 1 C3 Bt
JER R 2 KB FIEMEZHR (E 3-a), HIK
IEERLAET C4 B, f@BEIL 5. 70%; Fi)s 1E C6
Bl U5 2 WIETRFS , WHIE N 0. 64%0. Zi4 C3 =
C7 B fe, BMIEEEB R IK 3. 25%0 . X — B [F L
B AR 2 [R] QL 1 4 M T M B ) 4 i
Wi, J5 A B IE G B 06 2R 3. 40%0 (Fan et al.,
2021) ([ 3-b). EMEEME, 7ECUEI LR
OAEla [l M1 22 2 18], A HL I 2287°C,,,, 1F fit R
JEAFAE 3 25 v R B LR E A C4 Bk
2.15%0, C6 Bt IEMR 0.21%0, 34K F+ 1§ X 1. 62%0
(Zhang et al., 2021) (& 3-c), R 5%kEEL
F18 M O A% i E A7 AE 22 57, (R AT HILBR ] 437 3%
Y R B R R A S . Bk — 2%t i AT SR A

i AL 4 2

A 2

Hongmiaozi Basin
(Fanetal., 2021)
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Fig.3 Comparative 813(]org profiles of the Lower Cretaceous Liwaxia Formation at Wangjiagou section

in Liupanshan Basin with other strata
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B, ZEHR4167C,, HIZRIE 25 5 i A i A ) ) B
BA WZE ML FRA Cismon I /8 C4 BLiE
IRy 2. 00%0, C6 EZIiFEm 3.20%0, #AKT|IE 3. 00%0
(Menegatti et al., 1998) (K 3-d); P4 ¥4 Car-
bonero T C4 Bt 1F i 4. 00%0, C6 Bt IE 4k 4. 50%o,
AR TG 3. 00%0 ( Castro et al., 2019) (& 3-e).
X Ak [ 37 3R IE i 22 S IR T A AL ok 2 G 5 R Y Y
PN S N e I A K A e O i )
UIRTSEE i o S NI 1B = h = R IN K - AR O
{HTFE (Grocke et al., 1999)
4.1.2 FFFEARRHHALETSE. §0E

Shy AN A LA A A BB
b, FET RS (2024) /Y F 590 ) T 25 H: bk
HAER, MEITREIE (£ 3, K 4), EBOCHM
BRAL AR AR L R B FE M (OAEs) 5 fili AH W
FR N SR HRALE (= 5) . (1) RAE TSR
(St/Cu, MgO/Ca0) Jz i 1 92 48 1k 5 I % 3 3
(X)W B A& FF, 2007; Liang et al., 2020);

(2) W ERABE LB IME (m = 100 X
MgO/ ALO,) ML (31 =, 1988), Sr/Ba i
PR EITE CaO KT 20%, ZEMEE TIW W,
HOLAUERT N 2% (220548, 2017) . (3) K4EH
ik i fgbr (V/(V+Ni) . V/Cr, U/Th) 43#7K
WA 52> 2R (Rimmer, 2004; # #5455,
2004; AE/NVEEFDE K, 20115 APNEGEAE, 2024)

Ay ] Ak A W A7 2 07 A A AR (S5, Fl-
F5) St/ Cufli hy 41.64 ~75.50, #j{ti % 46.70,
MgO/ CaO fEH A" F 0.48~0.54 Z i), & F & F RN
TEAEAFE (>0.20), F5 75 B o & AT R
WEE . MR 20005 A FEd (S3. 87) BAK
fRySr/ Cufti (Sr/Cu<10), Jz Wy B2 1 0 24 5% .
AL A 207 St/ Ba (A A JE 4 1. 85~2.49,
B 2.23, m {HIEHE R 113.90 ~231.01, FH UL
BUKBNEOK SR, 5. TRIRKHEE (S/Ba
<0.6, m<20) JE A& B X H . AR R 3R AR B
R, ALHEGE U/Th{H (4.73~10.19, ¥{H 7.05)
5 V/Cr{ (2.65~3.57, ¥{H 2.92) s 5ies:

£33 AEUEMIRAIATEEZTERALTREFEMNEAEREIETREANER (B4 %)

Table 3 Major element content of fossil-bearing layers in the Lower Cretaceous Liwaxia Formation

at Wangjiagou section, Liupanshan Basin (units: %)

B 2 Si0, Na, O MgO AL, 0, K,0 a0 Ti0, MnO Fe,0, Bk U
1B3 53.05 2.14 2.88 15.16 3.41 5.30 0.68 0.08 3.82
BS 24.52 1.12 10.24 5.94 1.34 20.46 0.30 0.50 4.34
F1 21.33 0.92 11.62 5.03 1.12 21.73 0.26 0.59 3.92
F2 20.10 0.90 10.73 5.69 1.21 22.44 0.27 0.56 4.59
F3 22.34 0.99 11.28 5.30 1.16 21.28 0.28 0.57 4.04 B, 2024
F4 23.42 0.89 10.64 6.18 1.33 20.08 0.29 0.61 4.66
F5 30.22 1.34 8.61 7.56 1.70 17.64 0.38 0.43 4.26
B7 56.12 2.20 2.61 14.42 3.14 5.27 0.70 0.10 4.20

4 REUBMIRAITTEZZTERALAREFENEAHERBETREANER (B4 pg/g)

Table 4 Trace element concentration of fossil-bearing layers in the Lower Cretaceous Liwaxia Formation

at Wangjiagou section, Liupanshan Basin (units: pg/g)

55 Cu Cr Ni Co Sr Ba v U Th B o TR
B3 39.6 79.5 32.8 15.70 245 455 127 30.4 15.50
B5 16.4 38.9 18.7 8.07 1020 409 112 49.2 7.10
Fl1 15.1 33.5 15.2 6.05 1140 479 91 54.4 5.34
F2 15.3 30.5 18.6 6.92 888 372 109 40.5 6.90
F3 14.6 31.6 15.4 6.26 1040 456 88 45.6 5.68 RBUH 2024
F4 17.3 32.5 18.8 6.58 909 492 94 42.2 6.47
F5 21.3 47.1 21.9 9.38 887 439 125 44 .4 9.38
B7 35.3 72.3 37.1 12.20 227 542 111 25.3 15.30
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Table 5 Paleoclimatic and paleoenvironmental proxies of the Liwaxia Formation at Wangjiagou section, Liupanshan Basin

EZ:

F 5 bR

U A e R 4

AT A7 2 A3

Sr/ Cu

FR A, > 10
W 1~ 10

6.19~75.50/46.70

41.64~75.50/59.79

MgO/ CaO

TRRH,>02
il I 39 9, < 0.2

0.48~0.53/2.58

0.48~0.53/0.51

St/ Ba

#%7K,<0.6
K ,0.6~1.0
K, > 1.0

0.42~2.49/1.80

1.85~2.49/2.18

WK, 1~10
k7K, 10~ 500
K ,> 500

18.10~231.01/141.00

113.89~231.01/181.81

M 5 A

ot
#

V/(V+Ni)

TRy 2 B Z KA B
H,S By IR 4% ,0.84~0.89

IR 2 A5 PR 4, 0.54 ~0.82
K4 ,>0.54
#%,0.46~0.54
B4, <0.46

0.75~0.86/0.83

0.83~0.86/0.85

V/Cr

4, > 4.25
P4 ,2.0~4.25

WA ,<2.0
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Fig. 7 Micro—XRF elemental distribution mapping of skeletal fossils of Lycoptera in the Lower Cretaceous Liwaxia Formation

at Wangjiagou section, Liupanshan Basin ( modified from Liang et al., 2024)
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