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Abstract  With the continuous warming of the global climate, the frequency and extent of wildfires
have increased significantly. To gain a deeper understanding of the interactions between climate change and
wildfires, it is crucial to study wildfire activity patterns throughout geological history. The Permian marks a
pivotal transition from an icehouse to a greenhouse climate. Although extensive research has reported evi-
dence of the Permian wildfires, the global spatiotemporal distribution and controlling factors of the Early

Permian wildfire activity remain unclear. This study presents the first discovery of abundant fossil charcoal
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in the Lower Permian Taiyuan and Shanxi Formations in eastern North China, indicating frequent wildfire
occurrences during this period. Fossil charcoal reflectance ranges from 0. 61% to 2. 76% , suggesting that
wildfires were predominantly surface and ground fires. Additionally, this research systematically compiled
and analyzed 174 globally reported records of the Early Permian wildfire activity. The evidence includes
fossil charcoal, inertinite, and pyrolytic polycyclic aromatic hydrocarbons. Spatially, the Early Permian
wildfire activity was concentrated in tropical and cool temperate climate zones at mid- to high latitudes in
the southern hemisphere, primarily influenced by regional climate conditions and vegetation distribution.
Temporally, the frequency of the Early Permian wildfire events exhibited an initial ascending trend fol-
lowed by subsequent decline, potentially influenced by variations in atmospheric CO, concentraions and
modulated by fluctuations in atmospheric O, levels. This study provides critical insights into the global dis-
tribution and controlling factors of wildfire events during the Permian, contributing to a more comprehen-
sive understanding of their patterns and influences.
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Fig. 1  Geographic location and stratigraphic columnar section of Borehole ZK- 8351 in the Jining Area
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Fig.2 Hand-specimen photographs of fossil charcoal from Borehole ZK- 8351 in the Jining area
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Fig. 3 Microscopic images of fossil charcoal from Borehole ZK-8351 in the Jining area
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Fig. 4 Scanning Electron Microscope (SEM) images of fossil charcoal from Borehole ZK- 8351 in the Jining area
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Fig. 6 Comprehensive analysis of spatial distribution of wildfire activity during the Early Permian
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Fig. 7 Cumulative histogram of fossil charcoal reflectance
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Fig. 8 Palaeogeographic distribution of wildfire events during the Early Permian in published
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Fig. 9 Wildfire records and influencing factors during the Early Permian

Bl O, & FFLE KT 5% (] 9-C) o RiSCHEH,
O, TR, B KRR BRBOR, BRI 2
. T 39 2 B (9 A D e £ B A, BT
SRR BT W e B i B KIS S, E ' Z CO,
i T O RN 2 R R0,
i BT R

WT 0 v B & =S 4y B BF K sh 3 R D
(E 9-D) o MARRHAEZ B, W T M sw Bir 225 4
Brigm A YRR E , BRSO, BRI
Yo Lo b, EARE A A, DRl 28
AN E BB B KR B R o R KR
B M, WT W B B A B U E A CO, &
IR L BT, HAR R BT B (K 9-B),

BT REZ 250107, FRHI LI N 4 (R4
BRI D, TR B G S A O,
AT, T vk =S IR O, &t
TR, JE/ANEE ETE, (HEET R T REES 4k
Prik, T HrviBr B AR kg s e e, B
320 CO, 5 4 [ IR & B0y 7 o 0 5 0k 20 1 422 i) A
R0, R FEARR R .

3.5 L FMBHTRNIERHNEKENESHAR
RE

H 60 455 W TE 1 IS8 N D300 22 B DR AF 4% 1 PR 1

S5 TG BT T A A S AR, A BRI N T 2 X R

T I B OKCE R AF AE B 2R R AT RE R TGk R BR

(Brown et al., 2012; Du et al., 2024), 7E 7T 5



_

CM K

B21% H4AH

FORME S B A i JU ARl B K 8 S e Bkl % 1007

T, AT AL R AR Xty B AGE SRR RRE,
SRR EF KOO P AR TE T — A SQ B Y X KA
R o SEAU AT IR A D A BRI T 2 i EE A
BRI, AT A EREF K T R 5 R IR A A AL
fr, i TR CGIELBR IR ) xR LR
KEEAEHT o XA & T 12 0 30 B 3 3 g X
BOA, T 7R A BRRUEE b R G R R
B BRI A b 2 o R, ROR R AR 2
DOTJEERA . ) ZRIBEFE, LA s oy 4w
AT 5 f) 2 2R B AR I 5

4 Zig

) R T SRR RET TRZH
T AR, 1E BB SRR 2 ik,
22 Jifk . ANRMEF R FRZ 0K R, £Y
X — I B T Bl S A A

2) ARJUARERSE T H X TR P Ak AR R S
N 0.61%~2.76% , Hvh 82% WAt A1 A B S i
T 1% ~2%Z [0 o KBAEALAR R & i kR
UER S-SR INTTRL @B e a8

3) BECRER AR 174 555 S B K
Ficsr, M=(E BE BRI ARk, PR
P TR TR AT ML X, T B 52 DX I A AR ol R B
Wi o AR ] 7 B 358 R B 22 I T 34 v B BB oK gl
EIRES, WT B = A A B K S B T R
e, & CO, NRLEHM O, & HFIH .

% % 3L ( References)

BRI SR M, i L AL SO, SR B, EAR AR, 2024, 4K
L BREF K F AR B BB R TR, 98(6) ¢ 1893 -
1903. [Li D W,Xu J C,Zhang Z H,Gao J,Du W X, Zhang A C,
Wang D D. 2024. Distribution and controlling factors of the Carbon-
iferous global wildfies. Acta Geologica Sinica,98(6) : 1893-1903 ]

EARZR, W, Bk, B O 2024, 1LZR I 1 b XK Ji 20 25 8k T 4%
W R Bty BB R S M4 4, 26(5) ¢ 1185-1200. [ Wang
D D,Hu H C,Mao Q,Lii D W. 2024. Genesis and palaeoenviromen-
tal significance of siderite nodules in the Taiyuan Formation, Zibo ar-
ea of Shandong Province, China. Journal of Palaeogeography ( Chi-
nese Edition) ,26(5) : 1185-1200]

WL, £ X, B, AL A, X, S0, 2021, AEJE R
B Y8 A DU 5 T i b vl VL 3 R . DOARA AR ,39(3) ¢ 540-
549. [Yang J H,Wang Y, Liu J,Ma R,Du Y S,Liu C,Yu W C.
2021. Early Permian mudrock deposits and deep-time land surface

temperature reconstruction, southern North China. Acta Sedimento-

logica Sinica,39(3) : 540-549]

Baker S J. 2022. Fossil evidence that increased wildfire activity occurs in
tandem with periods of global warming in Earth’s past. Earth-Science
Reviews,224 . 103871.

Belcher C M, Yearsley ] M, Hadden R M, McElwain J C,Rein G. 2010.
Baseline intrinsic flammability of Earth’s ecosystems estimated from
paleoatmospheric oxygen over the past 350 million years. Proceed-
ings of the National Academy of Sciences, 107(52) : 22448-22453.

Benicio ] R W, Jasper A, Spiekermann R, Garavaglia L, Pires-Oliveira E
F,Machado N T G, Uhl D. 2019. Recurrent palaeo-wildfires in a
Cisuralian coal seam: a palaeobotanical view on high-inertinite coals
from the Lower Permian of the Parana Basin, Brazil. PloS One,
14(3) : €0213854.

Berner R A. 2006. GEOCARBSULF: a combined model for Phanerozoic
atmospheric O, and CO,. Geochimica et Cosmochimica Acta,
70(23) : 5653-5664.

Berner R A. 2009. Phanerozoic atmospheric oxygen: new results using the
GEOCARBSULF model. American Journal of Science,309(7) : 603
-606.

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

Blackford J J. 2000. Charcoal fragments in surface samples following a fire
and the implications for interpretation of subfossil charcoal data.
Palaeogeography , Palaeoclimatology , Palaeoecology, 164 (1-4) ; 33—
42.

Boucot A J,Xu C,Scotese C R, Morley R J. 2013. Phanerozoic paleocli-
mate; an atlas of lithologic indicators of climate. SEPM ( Society for
Sedimentary Geology) , Tulsa.

Brown S A, Scott A C, Glasspool I J, Collinson M E. 2012. Cretaceous
wildfires and their impact on the Earth system. Cretaceous Research,
36: 162-190.

Cleal C J, Cascales-Mifiana B. 2014. Composition and dynamics of the
great Phanerozoic evolutionary floras. Lethaia,47(4) : 469-484.
Cope M J, Chaloner W G. 1980. Fossil charcoal as evidence of past at-

mospheric composition. Nature,283(5748) ; 647-649.

DiMichele W A, Gastaldo R A, Pfefferkorn H W. 2005. Plant biodiversity
partitioning in the Late Carboniferous and Early Permian and its im-
plications for ecosystem assembly. Proceedings of the California A-
cademy of Sciences,56; 32-49.

Du W X,Lii D W,Zhang Z H,Lu M,Uhl D,Raji M,Wang L. J,Zhang A
C,Sun Y Z, Wang T T. 2024. Temporal and spatial evolution of
wildfires during the Jurassic: from regional to global scale. Palaeo-
geography , Palaeoclimatology , Palaeoecology ,650; 112359.

Foster G L, Royer D L, Lunt D J. 2017. Future climate forcing potentially
without precedent in the last 420 million years. Nature Communica-
tions,8( 1) : 14845.

Friis E M,Pedersen K R,Crane P R. 2006. Cretaceous angiosperm flow-

ers: innovation and evolution in plant reproduction. Palaeogeogra-



_

CM K

1008 + W E

% &

2025 4 8 A

phy, Palaeoclimatology , Palaeoecology,232(2-4) : 251-293.

Gastaldo R A, DiMichele W A, Pfefferkorn H W. 1996. Out of the ice-
house into the greenhouse: a late Paleozoic analogue for modern
global vegetational change. Gas Today,6: 1-7.

Glasspool T J,Scott A C. 2010. Phanerozoic concentrations of atmospheric
oxygen reconstructed from sedimentary charcoal. Nature Geoscience,
3(9): 627-630.

Glasspool T J, Gastaldo R A. 2022. Silurian wildfire proxies and atmos-
pheric oxygen. Geology,50(9) : 1048-1052.

Glasspool I J,Edwards D, Axe L. 2006. Charcoal in the Early Devonian:
a wildfire-derived Konservat-Lagerstiitte. Review of Palaeobotany and
Palynology,142(3-4) . 131-136.

Guerra-Sommer M, Cazzulo-Klepzig M, Jasper A, Kalkreuth W, Menegat
R, Barboza E G. 2008. Paleoecological patterns at the coal-roof shale
transition in an outcrop of the Permian Brazilian Gondwana. Revista
Brasileira de Paleontologia,11(1): 11-26.

Glasspool 1]J,Scott A C,Waltham D, Pronina N,Shao L Y. 2015. The im-
pact of fire on the Late Paleozoic Earth system. Frontiers in Plant
Science,6: 756.

Gulbranson E L, Ryberg P E,Decombeix A L, Taylor E L, Taylor T N, Is-
bell J L. 2014. Leaf habit of Late Permian Glossopteris trees from
high-palaeolatitude forests. Journal of the Geological Society,
171(4) . 493-507.

Hamad A M B A, Jasper A,Uhl D. 2012. The record of Triassic charcoal
and other evidence for palaeo-wildfires: signal for atmospheric oxy-
gen levels, taphonomic biases or lack of fuel? International Journal of
Coal Geology,96: 60-71.

Hua F H,Shao L Y,Wang X T,Jones T P,Zhang T C,Bond D P G, Yan
7 M, Hilton J. 2024. The impact of frequent wildfires during the Per-
mian—Triassic transition: floral change and terrestrial crisis in south-
western China. Palaeogeography, Palaeoclimatology, Palaeoecology,
641 112129.

Huang B C,Yan Y G,Piper ] D A,Zhang D H,Yi Z,Yu S,Zhou T H.
2018. Paleomagnetic constraints on the paleogeography of the East
Asian blocks during Late Paleozoic and Early Mesozoic times. Earth-
Science Reviews, 186 8-36.

ICCP. 2001. The new inertinite classification (ICCP system 1994). Fuel,
80: 459-471.

Jasper A Uhl D, Guerra-Sommer M, Mosbrugger V. 2008. Palaeobotanical
evidence of wildfires in the Late Paleozoic of South America-Early
Permian,rio Bonito Formation, Parana basin, Rio Grande do Sul,
Brazil. Journal of South American Earth Sciences, 26(4): 435 -
444.

Jones T P. 1994. New morphological and chemical evidence supporting a
wildfire origin for fusain from comparisons with modern charcoal.
Special Papers in Palaeontology,49: 113-123.

Jones T P. 1997. Fusain in Late Jurassic sediments from the Witch
Ground Graben, North Sea, UK. Inst voor Toegepaste Geoweten-
schappen TNO,58; 93-103.

Jones T P, Chaloner W G. 1991. Fossil charcoal, its recognition and

palaeoatmospheric significance. Palaeogeography , Palaeoclimatology,
Palaeoecology,97(1-2) ; 39-50.

Jasper A, Uhl D, Guerra-Sommer M, Abu Hamad A, Machado N T G.
2011. Charcoal remains from a tonstein layer in the Faxinal
Coalfield, Lower Permian, southern Parand Basin, Brazil. Anais da
Academia Brasileira de Ciéncias,83; 471-481.

Jasper A, Guerra-Sommer M, Abu Hamad A M B, Bamford M, Bernardes-
de-Oliveira M E C, Tewari R, Uhl D. 2013. The burning of Gond-
wana: Permian fires on the southern continent: a palaeobotanical
approach. Gondwana Research,24(1) ; 148-160.

Jones M W, Smith A J P, Betts R, Canadell J G, Prentice I C,Le Quéré C.
2020. Climate Change Increases the Risk of Wildfires: January
2020. ScienceBrief.

Jones M W, Kelley D I, Burton C A, Di Giuseppe F, Barbosa M L F,
Brambleby E,Hartley A J, Lombardi A, Mataveli G, McNorton J R.
2024. State of wildfires 2023 —2024. Earth System Science Data,
16(8) : 3601-3685.

Koplitz S N, Nolte C G,Pouliot G A, Vukovich J] M, Beidler J. 2018. In-
fluence of uncertainties in burned area estimates on modeled wild-
land fire PM2.5 and ozone pollution in the contiguous US. Atmos-
pheric Environment, 191 328-339.

Krawchuk M A, Moritz M A, Parisien M A, Van Dorn J, Hayhoe K. 2009.
Global pyrogeography : the current and future distribution of wildfire.
PloS One,4(4): e5102.

Liu B J,Zhao C L,Ma J L, Sun Y Z, Piittmann W. 2018. The origin of
pale and dark layers in Pliocene lignite deposits from Yunnan Prov-
ince, Southwest China: based on coal petrological and organic geo-
chemical analyses. International Journal of Coal Geology,195: 172-
188.

Lu M,Ikejiri T,Lu Y H. 2021. A synthesis of the Devonian wildfire re-
cord: implications for paleogeography, fossil flora, and paleoclimate.
Palaeogeography , Palaeoclimatology , Palaeoecology,571: 110321.

Li D W,Chen J T. 2014. Depositional environments and sequence stratig-
raphy of the Late Carboniferous—Early Permian coal-bearing succes-
sions ( Shandong Province, China) : sequence development in an epi-
continental basin. Journal of Asian Earth Sciences,79: 16-30.

Li D W,Du W X,Zhang Z H,Gao Y, Wang T T,Xu J C,Zhang A C,
Wang C S. 2024. A synthesis of the Cretaceous wildfire record relat-
ed to atmospheric oxygen levels? Journal of Palaeogeography,
13(1): 149-164.

Marynowski L,Scott A C, Zatot M, Parent H, Garrido A C. 2011. First
multi-proxy record of Jurassic wildfires from Gondwana: evidence
from the Middle Jurassic of the Neuquén Basin, Argentina. Palaeo-
geography , Palaeoclimatology , Palaecoecology,299(1-2) : 129-136.

Mills B J W,Krause A J,Jarvis I, Cramer B D. 2023. Evolution of atmos-
pheric O, through the Phanerozoic, revisited. Annual Review of
Earth and Planetary Sciences,51(1) : 253-276.

Mishra D P,Singh V P,Saxena A, Uhl D, Murthy S,Pandey B, Kumar R.
2022. Palaeoecology and depositional setting of an Early Permian

(Artinskian ) mire based on a multi-proxy study at the Jagannath coal



_

CM K

B21% H4AH

B K% B oS R B ks 3 e 2Bkl % 1009

mine( Talcher Coalfield ) , Mahanadi Basin, India. Palaeogeography,
Palaeoclimatology , Palaeoecology ,601: 111124.

Montaiiez I P, Poulsen C J. 2013. The Late Paleozoic ice age: an evolving
paradigm. Annual Review of Earth and Planetary Sciences,41(1):
629-656.

Murthy S,Uhl D, Jasper A, Sarate O S,Mishra D P. 2022. New evidence
for palaeo-wildfire in the Early Permian ( Artinskian) of Gondwana
from Wardha Valley Coalfield, India. Journal of the Geological Socie-
ty of India,98(3) : 395-401.

Murthy S, Agnihotri D, Uhl D, Jasper A, Singh R K. 2023a. Palaeoenvir-
onmental and stratigraphical implications of the palynoflora and mac-
ro-charcoal from the early Permian of the Chuperbhita Coalfield, Ra-
jmahal Basin, Jharkhand, India. Journal of Palaeosciences,72(2) :
141-151.

Murthy S,Saxena A,Khnagar R,Pillai S S K, Uhl D,Singh V P h Gupta
S, Borkar N. 2023b. Palynofloristics and wildfire evidence from Per-
mian deposits of the Satpura Gondwana Basin, India: a multiproxy
approach. Historical Biology: 1-22.

Scotese C R. 2014. Atlas of Permo-Carboniferous Paleogeographic Maps
( Mollweide Projection) ,Maps 53-64, Volumes 4. The Late Paleozo-
ic, PALEOMAP Atlas for ArcGIS. PALEOMAP Project, Evanston,
IL.

Scott A C. 2000. The Pre-Quaternary history of fire. Palaecogeography,
Palaeoclimatology , Palaeoecology, 164 ( 1-4) . 281-329.

Scott A C. 2010. Charcoal recognition, taphonomy and uses in palaeoen-
vironmental analysis. Palaeogeography, Palaeoclimatology, Palaeo-
ecology,291(1-2) . 11-39.

Scott A C,Bowman D M J S,Bond W J,Pyne S J, Alexander M E. 2014.
Fire on earth: an introduction. Fire Ecology, 10: 88-91. DOI. 10.
5860/ choice.52-0860.

Shao L Y,Zhou J M, Jones T P,Hua F H,Xu X T,Yan Z M,Hou H H,
Wang D D, Lu J. 2024. Inertinite in coal and its geoenvironmental
significance ; insights from AI and big data analysis. Science China
Earth Sciences: 1-23.

Shen W C,Zhao Q J,Uhl D, Wang J,Sun Y Z. 2023. Wildfire activity
and impacts on palaeoenvironments during the late Paleozoic Ice
Age: new data from the North China Basin. Palaeogeography,

Palaeoclimatology , Palaeoecology ,629. 111781.

Skjemstad J O, Clarke P, Taylor J A,Oades ] M,McClure S G. 1996. The
chemistry and nature of protected carbon in soil. Soil Research,
34(2) . 251-271.

Sun Y Z. 2024. Review and update on the applications of inertinite mac-
erals in coal geology, paleoclimatology, and paleoecology. Palaeo-
world, 162(2) : 193-200.

Tewari R, Chatterjee S, Agnihotri D, Pandita S K. 2015. Glossopteris flora
in the Permian Weller Formation of Allan Hills, South Victoria
Land, Antarctica; implications for paleogeography , paleoclimatology,
and biostratigraphic correlation. Gondwana Research,28(3) : 905-
932.

Uhl D, Lausberg S,Noll R, Stapf K R G. 2004. Wildfires in the late pa-
laeozoic of central Europe: an overview of the rotliegend (upper Car-
boniferous-lower Permian) of the Saar—Nahe Basin (SW-Germany ).
Palaeogeography , Palaeoclimatology , Palaeoecology ,207(1-2) ; 23—
3s5.

Uhl D,Butzmann R, Fischer T C, Meller B, Kustatscher E. 2012. Wild-
fires in the Late Palaeozoic and Mesozoic of the Southern Alps-the
late Permian of the Bletterbach-Butterloch area ( northern Ttaly ).
Rivista Italiana di Paleontologia e Stratigrafia, 118(2) ; 223-233.

Veraverbeke S,Rogers B M, Goulden M L, Jandt R R, Miller C E, Wig-
gins E B,Randerson J T. 2017. Lightning as a major driver of recent
large fire years in North American boreal forests. Nature Climate
Change,7(7) : 529-534.

Wildman Jr R A, Hickey L J, Dickinson M B, Berner R A, Robinson J M,
Dietrich M, Essenhigh R H, Wildman C B. 2004. Burning of forest
materials under late Paleozoic high atmospheric oxygen levels. Geo-

logy,32(5) : 457-460.

Yan M X,Wan M L,He X Z,Hou X D, Wang J. 2016. First report of

Cisuralian( early Permian ) charcoal layers within a coal bed from
Baode, North China with reference to global wildfire distribution.
Palaeogeography , Palaeoclimatology , Palaeoecology ,459 ;. 394-408.
Zhou J M,Shao L Y, Jones T P,Huang Y Y,Chen M,Hou H H,Lu J,
Hilton J’. 2024. Mechanisms of inertinite enrichment in Jurassic
coals: insights from a big data-driven review. Earth-Science Re-

views: 104889.

(REHE HBFE)



