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Abstract: Terrestrial wildfires are among the important driving forces in the evolution of global ecosystems. Studying paleowildfire

events and their control mechanisms during key periods in geological history helps reveal the intrinsic connections between climatic
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and environmental evolution and wildfire activity. A total of 268 paleowildfire records reported worldwide, including records of
charcoal, inertinite, and pyrogenic polycyclic aromatic hydrocarbons, were analyzed for the interval from Late Triassic to Early
Jurassic (237-174.7 Ma). The study reveals that the spatial distribution of paleowildfires from the Carnian of the Late Triassic to
the Norian-Rhaetian boundary was concentrated in tropical and warm-temperate zones at low to mid-latitudes in the Northern
Hemisphere, with only a small number of Carnian paleowildfires distributed in the warm-temperate zone of the Southern
Hemisphere. From the Rhaetian to the Rhaetian-Hettangian boundary (the Triassic-Jurassic /T-J boundary), paleowildfires were
uniformly distributed across multiple climatic belts at mid-latitudes in the Northern Hemisphere. Wildfires in the Early Jurassic were
concentrated in the warm-temperate and northern tropical zones at mid-latitudes in the Northern Hemisphere. Global paleowildfire
activity from the Late Triassic to the Early Jurassic was controlled by combined effects of pCO, (10°; atmospheric CO,
concentration) and pO, (vol% ; atmospheric O, volume fraction), vegetation change, and major geological events. The volcanic
activity of the Wrangellia Large Igneous Province (LIP) in the Early Late Triassic promoted a rapid rise in pCO,. This rise,
together with flourishing vegetation and high pO,, collectively drove the high frequency of wildfires during the Carnian. After pCO,
peaked in the Early Norian, it continued to decline, and this decline, together with the decrease in pO,, suppressed wildfire
activity during the Norian. Subsequently, volcanic activity associated with the Angayucham LIP and the Central Atlantic
Magmatic Province (CAMP) sequentially promoted the long-term recovery in pCO, across Triassic-Jurassic (T-J) boundary.
During this period, the structure of vegetation communities remained relatively stable, which contributed to an increase in wildfire
frequency at the Norian-Rhaetian boundary, during the Rhaetian, at the Rhaetian-Hettangian boundary, and during the Hettangian.
Negative carbon-isotope excursions recorded in multiple representative T-J boundary sections worldwide are interpreted as
responses to the high-frequency wildfire events at the Rhaetian-Hettangian boundary, which were mainly driven by CAMP
volcanism. With the continued decline in pO, and climatic cooling during the Sinemurian, wildfire frequency dropped sharply. In the
middle and late stages of the Early Jurassic, pCO, generally remained at a low level. Only the recovery of pO, during the Toarcian
resulted in a slightly higher number of wildfires than in the Pliensbachian, while wildfire frequency remained almost unchanged.
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Fig.1 Correlation map and temporal trend of publications on

Triassic - Jurassic paleowildfire and paleoclimate
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Fig.2 Global distribution of Late Triassic - Early Jurassic paleowildfire events through different geological time
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KO AR S Gl b R R AR B RSO AR A
KGR B Bl A A5 1) ROBE Ik — 2B 7K, B A B4 A
Bl R AR Tl 3y B KR R A R T L R R
B AR L B O R A S A K
T (e 1Y b DA 5 AR 3 1 3H b DX T i 5 R
by % ' (Scott, 20185 Bond, 2019). 4 T B 4f #
P ot BB A BE LA SR R BT Y AR 2 4R T
HWER. EHBESMAZ=MEET).

T8 52 B IF 5 H AT B B OG T ol B A AT R
pO. (BIHR AL ) BARECRT IR W Bt 25 ) B s ki (it
KAL) 2 3 A = 285 m P # (Scott, 2000,
2018; Glasspool et al., 2015; Bond, 2019; Baker,
2022; Du et al., 2024; & KI5, 2024).pO,1E N
R Be B N SRR R R e SRR R oK Y BE A O 1R
(Scott, 2018; Bond, 2019). & 4 4 pO, & Bl i &
W Bl , ok B2 L AE 1090 ~35% Z [a] 28 4k (5 7 28
&2 1996 Berner, 2006; Belcher and McElwain,
2008) R Be S5 3R B R SLPERR e pO.=>16%, 4
pO.=>21% W B & & B M 2 8% 42 71, T pO.>
239% ¥ T 2 k & 4% 3k L (Cope and Chaloner,
1980; Belcher ez al., 2010b; Belcher, 2013). Itk 4,
7o S B B 340 AT LA IR RE S R B Y 1A OF S
K Bh B 42w B (Diessel, 2010; Watson and
Lovelock, 2013 ; Xu et al., 2020).

PR 1 A 5 A W 28 1Y A W R R i AR
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Fig.6 Paleogeographic distribution of Early Jurassic paleowildfire events
AR R4 Boucot et al.(2013) ; Karoo-Ferrar LIP ## Ivanov ez al. (2017)

O #im4

B ( o
BT B e R A b

Fig.7 Factors controlling wildfire occurrence

A, Bz ] BRI R R 5 A 4R BE T (Scott,
2018; Bond, 2019). M1 5T ic 5% 7w |, i B2 0 1 1Y <
A 46 AP S A Il ot A 5 A R R T R, R T AR AR Y
TE A i B KON 2 B BR TR R T T A
(Shen er al., 2011b; Ik SCA S, 2012) , A 2K 3y
B R A AR R R R R R AR R Ak Cln R
HE W) 1) T A W e A ) TRl R AR R 2y R IR
BRBE oK & S BON B KO R T, AR 2 T
% (PAHs) F & % % JF & (Collinson ez al.,
2007 ; Denis et al., 2017). It &b, AR A= 25 458
3 — 5 UE 52 B R T 4 AL 78 Ak ]l B ok R R
R 2~3 A B W 2% 5 (Baker, 2022) .
RUCURAE R B Ml A 1 S B R LR 28 4 A
T 5% e B S 1 R AR A (Scott, 2018
Bond, 2019). b J5i B4 8 (4 [ 2% & K B 14 45 ok

30°S

C M A

@D Karoo-Ferrark K &4 4

I Ut 7

30°N

30°S

i 3 Bt fE e N L 55 (Bowman e al.,
2009; Scott, 2000) , H A [ AL PR 92 1 A 22
PR B R B F R KR (Glasspool et al., 2010).
[/ B, pCO, T 1R 23 3G 5 X 3t J2 K VAR 36, 38 T3
WK 5 A B % E (Price and Rind, 1994;
Belcher ez al., 2010a; Denis et al., 2017). 5 5 1E
Sk Ml 5T Dy Sl B 0 B R 32 B AR U TR R Y
B N W £ & (Cope and Chaloner, 1980;
Veraverbeke ez al., 2017; Du et al., 2024). 7 #ff
F A H KA CO, & AR AR R o 20 R 3% .

32 BM=Z=BHARAHNEEHTEASAHFLERE
#l E &=

321 FRH SS9 RJEWIZAT, b HAE 1 5
oM MR T O R A S & E A R
kg 5% & A i Bk (Scott, 20105 Abu Hamad et al.,
2012; Uhl et al., 2012a; Kustatscher et al., 2017).
R B SOl s R R AR e = S S AR 4%
A i 2 S0 5% B KRB A s 1 pO,
A & (Mills et al., 2023) , 75— J5 1 % Wrangellia X
KA (LIP) 2, pCO, 1Y 32 Wi T & 42 R JE 11 H
P IR 5 (/] 8) (Richards ez al., 1991; Svensen
et al., 2009; Dal Corso ez al., 2012, 2022; Trotter
et al., 2015; Sun et al., 2016; Capriolo et al.,
2021) , I B e A 232 0 TN R, Oy oty B B e A R R 52
BRI ol sk 3 A ARG BRI 2 B
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Kk B B Wk AR LS A Prokoph ez al. (2013) 5 A ¥ % & 51 [ Cleal and Cascales-Minana (2014 ) ; pCO, 5| H Foster ez al. (2017) ; pO,

5| { Mills et al. (2023)

s Hb X5 g 2 K e e 2 R R IR A M DX, T Al D
i oA (K da) , AT B 52 3] R Je B 4 5k 2= g5
(CPE) # W (Furin et al., 2006; Rigo et al., 2007;
Dal Corso er al., 2015, 2020; Sun et al., 2016;
Miller ez al., 2017).CPE B 4 BR /K 1 ¥4 1) i 35 4
S, A T B 4 190 S AR W R B AR G Y R il
(Simms and Ruffell, 1989; Dal Corso et al., 2018;
Baranyi ez al., 2019). {57 T B 2 3K 19 ] BL 44 K il K
RURE W) HF LABRR R 2R O 3, T By oy e 2 Eom )
ANF BT L % DX B R R e B (IR

da) AL TAEFER ST A BT AR P A A 5 1) 0 ) A
W AE AN R B ) B 5 A8 (Pott e al., 2008; Roghi er
al., 2010; Kustatscher ez al., 2017) ,# T HH Y % #f
T il s B 22 1) A A7 25 1], xR i R 00 o A 8 W 44 £
(I 8), ity BF ok S F 1 & A 4R 4L T =F 5 1 KL

322 EFE WA SRR JE A T R
A%, by B S B s ek /b (181 8) , R & AR AR L
PER AR L A B TR XS R Bk A
M2 1k iy X (P 4b) . 1 5 ol B kil st b 5 IR
RS S ERE LR X RS R S R S
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YA KA X (Boucot et al., 2013; Tanner, 2017;
Bahr ez al., 2020). B rhig FI ] pO, 8 m HARFRER E ,
M pCO, A JE 1 2= B v Al 4 S 4 2 BT 3, T2
A A B T (&) 8) , X o AR AR pCO, fi s 1Y
BF ) (Foster ez al., 2017). & pCO, i 15 #3H7 5 1% i
LIS NGRS S DIV R YN Y ¢

Hh ) 0 AE 2 B 0 3 A R AR — A Kk
20 7 AR e R, A R IR I R 24 6°C L g K
2 T i = R R 36 35°C (Trotter ef al., 2015;
Sun et al., 2020; Chen ez al., 2024) , W B 57 i fiff 5
A AR L S IR DA R 3 R S AE ) L A i A
Yy i) 3 B HL AR S B T (&1 8) Sl B
P11 e HE SR A T 2 k) B S e T N T B
B P2 6 A PR St XA B 3T AR P CO,, B2 BR
AU B T R )2 U B T PR R [ e =S AR T
R iR F 2R &N T — DI A%
B Bt ( Trotter ez al., 2015; Chen ez al., 2024 ).

M v AL pCO, 19 7t =5 5 Angayucham K K i,
A (LIP) iy 4 & A 2% (Courtillot and Renne,
2003; Prokoph ez al.,2013).pO,7E o i 345 1] 1 ) [A]
A B AR AT RE s 52 B PR AR ¥ B BE 5 Angayucham
LIP B 520 . 55 4, Angayucham LIP #% A & 2 i F)
LUR SRR TR I RITRER 2% e o 0 i oS b S R N ]
PR R e v R A S I R e SRR
I AR AR SR R A T 2 3 46 m (Ahlberg
et al., 2002; Hornung, 2005; Berra et al., 2010;
Haas et al., 2012; Fijalkowska-Mader, 2015; Sato
et al., 2023). Wit Al AR 7 AH W 5 R A W 1Y
o Wl T Ao, 1R 82 ol B oKy AR SR AR IRRL
323 EMHB-HEHLASHEH AN -Im
B 01 3 B B K B A A A i s AR
R A I 39 2 B LS kI s B (S IR T B
39, Y e ) P 4 R B OB R, B
A1 FE AL 2 BR A AR 25 B PG 5 R R b X (18] 4e) . R
21 R I R b DX B K SRR D R R KU
AE 12 1 DU 58, 5 350 DK S8 A AR ) 43 A5 00 A G (Ce-
sar and Grice, 2019; Zeng ez al., 2019).pO, & i #
Wi I 2, AT RE T 345 ) 20— A 40 i S R O R 2R
YTz K 4e 57 A4 52 (Orchard,, 20105 Rigo et
al., 2017) . #R R ZEHLY) Fh 2S5 LA X AR E , CAMP
A& v AR e 22 TR R KL TR Bl AT B AR 3 pC O, 4k
2K (18 8) (Capriolo ez al., 2022) , Fe5| % (4 & 4
IR HE A O ol B T 1 Y A R R R R R IR

Fi 5 91 B AR A B A A B T L
A Rt o A s A T R S 3 B e o (T
8) , FE A A AL 2 Bk b 4 B #hl ARG TR
5102 U A b X DA K e 2 BRI 45 B ARG b X T e 2
sk v 5 8 T b DX 20 A D (18 Ad) . Ity 3l 387
BOEORFE M EF R 32 A vh g3 A A BRI Al B
Jb 36t P | R 36 A e A PN AR B A 3 B X I (8T 5).
S SURTYOE &L & DU RN A EE IR
i SEAIN I I T £ S SR A Y R A TR
IR I 2 5 BT H R DI A W Y 8 T K 4 (L
cas, 2010, 2018; Rigo and Joachimski, 2010; Dal
Corso et al., 2014; Trotter et al., 2015; Todaro et
al., 2017,2018).pO, 7L B Ak 22 W Ji 25 1 J5 T F
L pCO, [ 2RI i H 4 BkiEE FIHI 5 CAMP X
SO A SRS R KE S A5G (181 8) (Calle-
garo et al., 2014; Capriolo et al., 2020, 2022;
Landwehrs ez al., 2020). /& pCO, T 2K 4 Bk &= 43
Ty 5 PR A X AR E AR 2R AR W oy S Rl Bk
A AR TR SR SRR
33 ZEBL-GhFLBRETHFEANSTHHFMERE
HEE
331 HHFASHEFEREFRIER K51 5
PR 2 A2, B i 2 109 - 0 0 0 Bl B o A
F O A A A 2R b g B G e Bl T Bl
5 R A b X, e 2 K A D (I 5) AR S A
Ak 401 1 300 S Al — A B ) B, o B ol SR i
550 3R AR A U W R I ) P 4 3R B o R
gyt A, HA RO B D sk iy Bl 5 A 1) 43 A T
Hb B AL E bR B 2 0RO RE AL, B B ok g AR
e b 2 Bk R A9 B e B X B pO, S
42 BROAE W) b 2R B R I R R AR S L TR AN AE S A Bk
W CHE AR R B P E R R (K 8). &
KVGVE KA A B k%, pCO, 1Y F¢ 2L E Tt
(Callegaro et al., 2014; Capriolo ez al., 2020,
2022 ; Landwehrs ez al., 2020) .

HOR T P KA B (CAMP) 58— 8 40 K 1
5 k% a9 W ((201.6440.03~201.36£0.02)
Ma) , & @ 1 25 1 000 J3 °F 77 2% B 1Y o a8 X
(Blackburn ez al., 2013; Davies et al., 2017, 2021;
Marzoli ez al., 2019). 31 2 7] 38 2o & i 4y 5 (4
LB B L T BRI R ) IR ] G A B
(Tunison et al., 2000; Abarzaa et al., 2016; Paus-
as, 2016) , 17 K 1L 2 7 A= 14 i v 5o o O AT RE fid
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RINHL, JE— 2P R KR Fl (Scott, 2010). 53 4h,
RS ST 20 B i 2 MR (I CO2 SO2) AT
AE 5 B DT il 5 R KA R kR O R B ZE Y
P 5 4 ROk 2 B8 M (Hinojosa ez al., 2015).
KB A R 1 SR B (AN Bl B o nT RE 2 HE
P K IR 2 O IR 2 R i B il
(Shen et al., 2011b; Cai et al., 2021b).

CAMP 1], & & CO,Fl SO, 1 KR A #H 3K LU
S Y bk e e, R L Y S SR 3 BT BE TE A
SRAE B A [) P 5 1 ) 70 i 3 L B b T 8 e BR
B W g oF — 2 AR B BF K 31 £ & (Knight et
al., 2004; Prokoph et al., 2013; Hinojosa et al.,
2015; Heimdal ez al., 2019; Marzoli et al., 2019;
Capriolo ez al., 2021). [FlBf 5] & T pCO, [ 2] 14 i
I 4x 5ROl B B e 08 R il S R R ] 4O 4 Bk
B 4R I R & R KU (8] 8) (Landwehrs er
al., 2020; Capriolo et al., 2022). 31 1 bt #5 /™ & /9
WE AL IR AT T B B AL LA T TR IR AL Bl
Hiy B0 S A T B BB K R Bl XA SR 4 R I
A+ HE R K % (McElwain e al., 1999; Greene et
al., 2012; Van De Schootbrugge and Wignall,
201635 Van De Schootbrugge et al., 2020; Fox et al.,
2022; Shen et al., 2022; Bond et al., 2023) , 554
165 CAMP 3L [l 42 i T = B 20 R W R K 4 S F
(ETE)((201.51£0.15~201.36£0.15) Ma) i & 4=
(Whiteside ez al., 2008, 2010; Schoene et al.,
2010; Wotzlaw et al., 2014; Zaffani et al., 2018).

P 5T 20 B 3 23R 5 5 (0 R,) AT A it BT MR e T
J& 5 8 kS 2R (Jones and Scott, 1991) , 45 ¥4 1 i 4
(f+sD 5 JE 15 B4 (i+m) 19 FAE 7T 48 78 S8 08 1l B
K7 (Scott, 1989). i it 2 G =F LR 4
(T-J, 29 2.0144C4F) R LMW 5T B, i W A=A
Jot V- 3 5 R A 1700, B R IX [H] 3.64~4.95% R,
XFRE 613~767 ‘CHIRRBEIREE , (1-+s0)/(i+m) HLAE A
0.40~0.69, 15 715 LLEF - PRA 5 A8 B8 A A 030 55 it e 2=
kM F (Petersen and Lindstrom, 2012). #F A i 3 1
J L AL 38 A BRI 5 66 %6 ~T75 %0, R R R
1.26~1.56 YR, X} Jif 332~368 “C 4 Ik & X 1] , (f+
sD)/(i+m) LB E 0.04~0.24 , F8 78 FEA W ARG b
B 5 A b 2 K (Petersen and Lindstrom, 2012). %A
PR3 1 B UG IE < 4% B 2 7R &8 Astartekloft &) i
0 I S A e T B8 5 i B 4 T S A i 2 [ 3 )2 [
WHC SR T AR IR W 5 BOR N 2 3657 ke, 9F — P ik 5

5% I 30 5 K3 Bl A 8 T i 2 3 (8] 85 Belcher er
al., 2010a). B KO3 BE T+ 32 252 W 7 K 3 . — 2
T-J L RV E KA LG 8 S BORR CO, ¥k
JEE A S 5 390 2 A 0 4R 2 B O, A RO R O R ik
4°C, FEX L ZE KRS i TN B T sl A e o
kTR 35 B0 (Price and Rind, 1994; Belcher ez
al., 2010a; Denis et al., 2017). —JEH 4 5y JR M 8 4k
BRI T 5K B A DA S e ) A SR
A AR A8 S AT TR) B R B T,
B By e A A A TR ORE B Al (Belcher ez al.,
2010a; Petersen and Lindstrém, 2012).

WG = 7 A S0 1% 34 ) B0 0 0 O e
191 B B 300 S A e Y B ) i B B Ok SR
s HE i £, £ W CAMP 78 4 b5 & il J5 ] B
3 A 9 BR A LI Bl R TR U MR, A A XA
A DA I Y 1 [ T 5 5 A A2 (Svensen ez al.,
2004, 2012; Dera et al., 2009; Hinojosa et al.,
2015; Lee and Dee, 2019) , {2 #F 7 B k5504 % &
Ht B 0 SRR o A TR 5 Gl SE IR
CAMP Ry b Bk b 4i 2+ 517 5 b gl ol A 1
a3 An (& 2¢ (K 5) ,ix A g 5 CAMP AHOCHY K 1T
By 3 3 R B Can ko BRSO R AT Ak
K ) Ok i M 88 A & (Tunison ez al., 20005
Abarzaa et al., 2016 ; Pausas, 2016) , 4 3R i B k
F AT fig %2 CAMP 5 Jay 38 05 47 1 28 7] 52 )
332 mEMNEAREBEESHFAESHEIE P
] 7 B R 23 b R % R 33 1 T IC s T TR A Y
fe [7) o7 & B 7% 35 14 CIEL9) |, H 0 4 1 O 2 (1-
NCIE) i BUAE | =B MEWAH , 5 =B L REY
KR4 (ETE) J2 0 — 5, 0°C AR B A 29 —0.7%.,
E i (M-NCIE) & 4 F TR e N AL, f
T=&F KPP ZRAL(TIB)Z &, i I8 ik
—1.7% (33 1 55, 20235 BRAEA, 2023). 5 BLIY
R R A B 4 T 2Bk 24> TIB A 265 ifi 4
& B, W & K A Pignola - Abriola i) T . B Hb A
Lorins #| M 5 Kuhjoch &) T | 2% #% 2% St. Audrie’s
Bay # 1fif f 3¢ [E Canyon i) i 55 (€] 9a~9e) , #8 7~ H
AT A BR85S R 3 (Zaffani er al., 20185
Wignall and Atkinson, 2020; 538 8 4, 2022).

fie [A) o7 R 1M 32 228 T RS Bk (PC) [ PR
BN, A K P8V KOs A (CAMP) g & BTt
Ef s YC Y CO, & 5 802 Bk i 4 284 sl A ) fi =
B0 1Y 322D FR . R il A AR A e RS iy 7 C
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Fig.9 Comparison of negative carbon isotope excursions in globally representative Triassic-Jurassic boundary sections

il 28 SR AT RE BE— 25 R0 g B (T 9) (Ruhl ez
al., 2011; Heimdal ez al., 2018; Song ez al., 2020).
We = B L OR 2 4 3 3k () 2 3% 9 fi 5 1
AL, A R AUM 5 B W T AR AR B R (oK
%, 2023).CAMP k1L i 3l B CO, 5 CH,
SRR SR TR O, SR AOR b TR ZE K
BB o3 M DX T 5T R A R S SR
] B &5 & AT A8 42 T+ I8 H A %8 (Price and Rind,
1994 ; Belcher et al., 2010a; 2017) ,
P AR O KU AR A T B KON B 2 & (Reeve
and Toumi, 1999; Thibodeau ez al., 2016; Song
. 2020) .ty B Jm ik R B A W A HLB, 7 A
CO, 5 CH, I Bl 2 K<, 51k 87C fH FE %, A
T A B[R] 62 2R 67 fw 7% (181 9) . 55 — J7 T, B 2k
E‘Fﬁ%ﬂﬂﬁ%ﬁ%iﬁ”‘ HI g5 1 O6 AR X PC
W W 5 1 E— 20 AL A BRI B . LR
%/J%IJE,I—NLIEEM—NLIEE&tWEﬁIM%
PR TS B R E s, B Sk ) R
ﬂ%i‘%ﬂtﬂ SR NP2 i T A A T
2 B b B SO sh o (R SF, 2023) .

TEA R Z A TIB & A0 B | v [ A B =
By, o BT KRR
%& (PAHs) 55 i BF K b ik

Denis et al.,

et al.

B A B

S I ESS
(K4~ 6), Hixseid

S & & S [ I VA v 20 P VA S T ¢
(Marynowski and Simoneit, 2009; Williford ez al.,
2014; Song et al., 20205 5B &4, 2022; 2
85, 2023) , 2 W [ A7 3% G0 A% A5 KL s Ay
O, o 4 RO R i R A BN [
DXk (] 57 2= B0 s A% i B2 A7 A B 8 22 5 (81 9) . S i
CAMP J 11X A B 4 F1] Loriins i) 1fif 55 Kuhjoch 1 1
I-NCIE I £ % 3% K F M-NCIE, A] G 5 e 1l B %
HERCER Bk 1) AR, I 2 CAMP B 8 /R 25 4
I M-NCIE i # 1 2 5K, Sz vty B Kk A8 b o) ¢ ]
7 2R 2 1Y B T ), e B AR 322 125 1 3 Y Xk
B 0 Bk [ 432 2R 67D 9 BT R BE O 2 2 (Ruhl
etal., 2010; Felber et al., 2015; Hu et al., 2020).

EZ S TR S = O 1 R R 1§ 12 o B ]
ik 7] 52 2% 970 fi B S 1F 32 2898 F CAMP K AR,
H Tk iE B g kAR R S T R
e JE 7t BB Ok R AR B R A HE R ik A
e VR AL Bl ¢ P2 F — 20 Jal 670 s B, DA TG 58 45 ik []
B2 7O 5 7l B il sk AR B R AR I S R
% % (Belcher ez al., 2010b; Glasspool et al., 2015;
Heimdal ez al., 2018) , 5 H Ath i BF K pr &%) (K
wOTEBH 25 L fE R T A kb B
KFEMHE="SLE5EKRP LB RLTZ kE.
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34 BEHRFHELREME ST NS AHMLERE
#ll B =
341 MIEHSEES/RE IR KOHRK
i 5 40 0 2 s HOA B A e = & - R Y
B KAE, AT fESZ B CAMP K 1LE 8 pCO, Fi 2k I+
5 pO, 2 1% [nl F+ 1y 2 [6] 52 me (&1 8) |, Ay oy B kA & A=
PE AL |47 Y 5 KOUR 5 B R % 1 (Landwehrs ez al. ,
2020; Capriolo et al., 2022). 7 B K F %0 5 &y
B BRI AR, R EE P AL BR P
4 i A6 B 5 0% R A b X, X s R IR A A
SRR iR R R TS S LNt S S R I ) i
SRR A A5 X (Lu et al., 20215 Baker, 2022; Vi-
tali ez al., 2022) . 75 5 2 2R T IR 26 B2 e T F4nT
X5 b 2 BRI 46 5 #0 b IX BF Joie b+ 5
i M DX B A (8] 6a) . I I T 10 9 <04 S A T
FEBE A AR IR G AR K B T A 5 R A
Ry BT Ml XK B R R A R R R AR,
T2 EARTHEDAK,FE ST 5
i DX 2 R A B R RE R T SR Al B R R AR
RAL T A 5 B8 IR H X (Ul ez al., 2012b; De-
nis et al., 2017 ; Baker, 2022; Vitali et al., 2022).
ST VL PRy 3 NN Y
%, ot BF okOid SR AE e = S 1 2 BLOR A B o
/b, B A AR AL 2 R b 2 B2 R IR A 5 AL G b
DX, B 2 BR b I 2 R ARG R IR X R R O A
(E6b). #FHEY) 5 MY A BB E AR
PR RF 2 A20E , DI W] R A S 52 i oy B ok SR AR
TR i e s PR R 2 (&1 8) . v 2 R R W] pC O, F5 42
B, o VR 2R WA B e (E, MR TR R
U R B2 ) (Hesselbo et al., 2000; Gomez et al.,
2016) , M WE A2 AH P 2 B AV HN P 42 vl B 58 KT T
A A RS I , A BR A DA i iR I A 7 Oy A
FE ¥ (Korte and Hesselbo, 2011; Du et al., 2024) ,
[f] Hif AN 2 R R pO, 522 8 3 I RS B IR 3
AT RETE A ] T R B R W B R R
342 EMHESFHER/ARE LM A
PEES ERE YIS B TSR R i R Lo oY
A3 AE AL 2 Bk b 2 B G A S B IR b X, R
BR b A B R IR Al X D iR e A, ol 5T R b
X B 43 A (& 6c) . BL 38 AR B B2 47 99 /9 & pCO,
A A8 SO B0 THE L, Ol B o AR &
A B R S S 1, AR ol SRR O A 0 B Ok i SR
o B E R 2R W B K (Gomez e al.,

2016). ki J5 pCO, 5 pO, t B 45 L2 FE AL, iX 7T A
B e BRSO AT 0 B A K MR R A T R
fi 5 bR S 1 A7 99 A B S PR A X AL D (Dera er
al., 2011; Gomez and Goy, 2011; Suan et al.,
2011; Fraguas et al., 2012; Gomez et al., 2016).

FE IR 01 55 KA R 5 o U 2R 1 RN bR T 1 Ay
WA [, ot BB o R B0 0 AR I L A A BT
B, 3 253 A e AL 2 Bkovb 45 B b B g IR A
DX, T 2 s P IR R B R IR Y DX/ AL T
By o X R oA (] 6d) . 6 /R ] Karoo-Ferrar
R A8 Hk , Ka l CO, AR BT A (CHL)
S B TR B pC O, H B e 4 KO # (Hes-
selbo et al., 2000; McElwain et al., 2005; Seton et
al., 2012; Burgess et al., 2015) , 5P #E K 49 pO,
I [6) M H, nT BB f8 K SCAR R 1 5R 5 FR kL R
g s, DA 8- 3k 3 38 A AR Ay I gk R B2 L A BE T BE IR
1 B8 5 ol B SR R 19 1S (Baker et al., 2017 ;
Xu et al., 2017; Slater et al., 2019; Lu et al.,
2021; Silva et al., 2021; Du et al., 2024). [§ ¥},
AR BE R LA E A S BT RAE R
T VE SR PR S A ) RO K 2 (Wignall
et al., 2005; Jenkyns, 2010; Ullmann ez al.,
2014 ; Them et al., 2017 ; Hesselbo et al., 2020).
35 BMEBHERGSIHEKHGTHEASTHSIGH
MREREEER

BAK bW =S BRI A Rl B Ok R
BB R R 5 pO, fil pCO, 5 R %], i = Bty
B Jod i B 2 T RS X 8508 5 H po,
B3 T RARE A 55 10 pCO, FEF KA HE IR
W — B tH 28 FLOR 2 0] 52 B0 1L R L A 2 Akt 3 (18]
8). 3 Aty il BHLZ AR W) AE A 0 W S5 B A T oy A S
S R 0 A ORI B A I I 2 R
B 5T g F R A8 T e =S - LR A Bk
B KA B A 0 A 1 e 5T 4 DR B B (151 8).
351 HMIE M S S ORI B ke
A G2 Bk A1 5 0 A AN X RR A B2 R (30°N~
60°N) it B Jid sk 2 T R 2E 3K (8 4~6) , ALK e
1t B 1 rE bR BR A AT B 2 2] (1R 2b
3a) . b2 BRI K 10 s 22 TR DL T A e I, AT
A S b 22 2K b 205 12 Ml DY Bl b i AR OR B i
F i BB KR AR ) o AR it BT 5 3 (Abu Hamad ez al.,
2012; Brown et al., 2012; Boucot et al., 2013). "
W] P i T R B S R A A K [ P AR ) A 8 AR
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PRI = ) AT LUJE OB 1 B e, e = & i 5 AR Y
AT AR 2 B B X H 3240 A fE dE R ek (n
R e S R R = ) ik
S BT b B O] sk 7R b R BR R 1Y 22 S M
(Boucot et al., 2013; Shao et al., 2020). X L&
RAE—ERE MR A ERFRiCR R EZ
THIERAL . D=L MEP 228 h
Y KR A2 B v R T VR KORCE 4 (CAMP)
K HHT G 2 8 0 K16 3h 52 S 5 s
09— R0 0 B (i = & - R R W i ) BT
KF AR A TR AT S G, B AR SR
CAMP B 4t 2 B T 54 AL 0l Hb X 3 43 A1
352 wWHEY N EOE SRR A [ A A
=S TR Ok AR ) B Y A RO A LA
=S R 0 A R A IR B X (A B
W ACSE) LI B 5 kB A m KRR TR IR ARl
F (Axsmith ez al., 2004) , H &5 J& X ( Q0BT AR 4 |
PG ) AL Fh Sy v B 5 /N BT AE Y, a0 sk B R
F i J& (Abu Hamad ez al., 2008; Mancuso, 2009),
o 20 B D (e A ) AE 0 RE DN LABR S A A SRS £
P D BT A Y (Cantrill et al., 1995; McLough-
lin ez al., 1997). W73 A #6850 55 W = B i A Bk
AR BT 52 T 5 e A R IR T i % D) A
X (Preto ez al., 2010), H. M = S oty B kid ¢ %
G341 AE IR 2 BE M DXCRT B8 592 DX B KR AR A
Py i) BB G 1 =S S RLOR 2 A% 45
DX R AT el 0 8 F2 00 1 54l L& I 7 A H] T Bl
A W A A B R v e R RORL R = R AR A T B
i iy B KR /D (Scotese, 20165 Li ez al., 2024). 7
P % AR 25 B LA ELJRE £ 5T )2 B A B O 8 2 R
FARAZE o F2, X0 2= 95 1 1 5l N P AL ok (Vakhra-
meev, 1991; Rees ez al., 2000) , i &5 & 47 6 ¢ i
WM, LLBRZE LS8 R B IR 28 AR R 2R R
RRAE S e i 1 0 3 3R T A 2 A BRAE W A 7
H 22 BE PR s 6 B2 T T DART g O v i A Y R
I YA R 26 VAR AY SO 5, P AGE I 2 T O R
A 5 EH IS % (Ziegler, 19965 Rees er al., 2000).
FLOR 2 i 25 A i 01 BF ko sk EEAR v T 4
by DT AT BRI R R R R B o R A G

353 WA T Boucot ez al. (2013) 1Y S A&
i R g, e =& R e I 2= R g I8k AL
Y JCUE 5 32 2 A v R B R S BT T B R S g
BRI 4 B A B JCSE R R IR L JB ARG

TR PR DU AS S R SR AR X A A AR
VAR S/ L o S (T - T i e A 2 R
2¢) . 1 B R TR B R R B = T
B T e 2 I R E R TR B, A R AT
AW . B 5| e KL A P B TE] BRCPE BF ok (UL et al.,
2012b; Denis et al., 2017; Baker, 2022; Vitali et
al., 2022) Ay F 2 A IR U, TN L 7R R I A
4 % (Cope and Chaloner, 1980; Renkin ez al.,
1992; Veraverbeke ez al., 2017; Brey et al., 2018).
R R W 7T R S e S R T AR B i 2 B i .
KR (Lueral., 2021) . PRI , W = 5 tH AT 2 3R
5 AR TR AL G D B OB,
ST AR P AR AT T = & Ak
X 20 A Y B 2 )5 B R 0T O A ALl B ok
A HAR PG 5 B IR e T B 5 b i
Hh R A DR AT, LR T B 2 CAMP AH G Y K
LU Bl 2 sURR 5 Ry R A 0 S [ 5 )

354 MUREM BTSSR R R Hh B
FAEX R AU 5O I A R ESEN L 2
UCH BB R KO A AR — S R R B A A s
SR A A A R T 2 A v I 3 RO A B
SR T o B K S R K A =R R Y & A (Dal Corso
et al., 2012, 2020; Prokoph ez al., 2013; Davies et
al., 2017; Cesar and Grice, 2019; Fox et al.,
2022 Chen et al., 2024). W =Z 18], 52 Wran-
gellia LIP i , K pCO, P b IHfff 42 3Kt 5
T, 5 PR R ) R A e ) R R
JE SRR A TR e 0 m T S R R R s R
pCO, T 1 1 191 315 ) de i (L, T 57 A9 B 1 400 B fm
B, Z )R pCO, H LU 16 15 375 F) 49 19 T B Bt
e v ) S 28 T A i iR R 2 N ) PR g A
A B B, 5 PR AR 0 pO, S R 1 T b R
KA B J5 Angayucham LIP F {5 CAMP 8 %
AH G 8 330 6 KL SR A 2 1 KA pCO, 1Y F BT
g W Tl pCO, Y b T By Beitss B 1 37 F) 4 S %
LUBUR R =S TR R R 7 8 P U R A Q=3
PRZ ) bS5 R R, TR R 2R
A 3K 3 de RAH % B By AR BE AR A 5 R R
FEW) B L T AR R HE T v R T i A
55 Fig B B O B TE I BUR L 32 CAMP 4R
Hh R K R Wi B R 00 A R U 32 R U 40 4 BR BT ok
AR R E R S [ T =S R K K A =
(ETE) W & A, 24> T-J &I 1 ik 7] 7 R 7w 35
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Wi 1T R AR K AR ER T pCO, T 2 R R )
T )T R A A BRI O R BRSO 5 KRR
pO, Ff 22 B AR, H M~ T 2R 1 4 2R A5 3k i
% 55 A8 A 3 b JE % A OC L M IS pCO, i T R 35
£ K46 Karoo-Ferrar LIP 8 %& A"t 3L 22 12 101 T,
FF 22 BE AR 1Y pCO, 5 KA pO, Ml T 3 Ak 37 2 A7
197 0% B kOB — AL TR A pCO, B FE R
KA pO, B K A VE F T 45 B R g &
R T N R 7 £

4 i HREHE

(D FE 2Bk = &t 2= Bk a2 ic 3¢
o SRR B IR 1 A B A R 22 B8 05 & BT R R Y
B JIE S 268 S5, B KO R g g B Ol LR
L7 S i IO = (7| B3 I [T
Ja b kB S E SR SRR ER .
IS R R iR U S S L e A 2
Bk AR A R AT LB TR X8, AR e I R
BRBE L AEFE A B e W I E & RS
R (T-J) i 5t B ko AE Jb 2Bk b 26 B G G
W2 T 5l S X A 4, w2 Bk R 0 IR Y
W SRAEL D BLOR B B ok A rh ooy A TRk b 4
B Y 5 b A X, A S T R A il R
(2) B = & A RL Ok 2y B kO3 3h 22 2 1
pCO, . pO, AE B A1 A B 1y it F 44 L W 5w . O =
Z W W32 & pCO,. i pO,. & 4 Bk 2= 55
(CPE) 3K 5l ) #H Bl %< % 2 [W] 42 11 1 Je 0 5 Il &
Bl J5 pCO,FESE T K5 pO, ] 25 FEAR, 306 T o 11 38
BY K& Bl 5 22 pCO, B T-J 30 B K i ) Rp 2
|l T+ By B, AH R 9 25 40 8 T R g H okl i gl
TR R - R 0T A R R I R
) 300 B R ok I B O R R T L R 2
IR 52 pCO, & A ] B B 56 A8 pO, FFEE L 5 <
i 5 ¥ 52 ) S OKOM R BR R R pR B b i
pCO, B A ik F AL A7 , ALHE K B pO, 71 T fiff 15 BF k
B0 W R bR T B A A OB R R E AN AR
(3)32 CAMP 4 8 & 5% W), i 25 01—k % 40 i1
BLCT-T 30 5 ) 5k 5 300 4 BR P KO S5 P 184 i,
Ew TR &S AR AR, 24 T-T35
THT Al 7] 437 2% 0 0 B B0 4 Wi o, T 2% R 300 R 0 BT K Y
A Bk B MR R A B b A B R G M
BORKW K KGR (ETE) #2488 T4 R & 04 .
AN T 4 BR g = 2 it A ROk 2 ol B ok

PR E 2 BUS 7K 2R g8 B 21 L
T ILAS J7 AT G O s AR AUHE LR
f Tt B O s A A R TIB O B kB L
A BRI P TR OG AR R R AR AR R B
e J H A Sy SRl IR G TIB 4 BRI AR b 2 R R
AH ML 2 R A B AR AR 2 O 5T B b 2 X AT 2 e R
TAE R AR AL b ST B O S kT
By B € 72 TR B R0 I ) HE 22, BT AR okl g
R s - R R HEEMILE .OZ
T b B IR AH B A2 S E o3 A B B 58 3 K
R e N B S R 22 B8 05 I8 = 2R R4 L (H AN [R]
6 b X B SR R N R CRE LR AF SR AR AR AE 2
ARk T B 5 R A LR BB A A RE R B R R
TIE 45 BT 2448 b, A S 2 48 b 22 SCIRIE 19 B KR )
TR, 32t B O R B R e S AT AR
& U https://doi.org/10.3799/dqkx.2026.194.
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