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ABSTRACT: Wildfire has been implicated as a potential driver of deforestation and continental biodiversity loss
during the end-Permian extinction event (EPE; ~ 252 Ma). However, it cannot be established whether wildfire
activity was anomalous during the EPE without valid pre- and post-EPE baselines. Here, we assess the changes in
wildfire activity in the high-latitude lowlands of eastern Gondwana by presenting new long-term, quantitative late
Permian (Lopingian) to Early Triassic records of dispersed fossil charcoal and inertinite from sediments of the Sydney
Basin, eastern Australia. We also document little-transported fossil charcoal occurrences in middle to late Permian
(Guadalupian to Lopingian) permineralized peats of the Lambert Graben, East Antarctica, and Sydney and Bowen
basins, eastern Australia, indicating that even vegetation of consistently moist high-latitude settings was prone to
regular fire events. Our records show that wildfires were consistently prevalent through the Lopingian, but the EPE
demonstrates a clear spike in activity. The relatively low charcoal and inertinite baseline for the Early Triassic is likely
due in part to the lower vegetation density, which would have limited fire spread. We review the evidence for middle
Permian to Lower Triassic charcoal in the geosphere, and the impacts of wildfires on sedimentation processes and the
evolution of landscapes. Moreover, we assess the evidence of continental extinction drivers during the EPE within
eastern Australia, and critically evaluate the role of wildfires as a cause and consequence of ecosystem collapse. The
initial intensification of the fire regime during the EPE likely played a role in the initial loss of wetland carbon sinks,
and contributed to increased greenhouse gas emissions and land and freshwater ecosystem changes. However, we
conclude that elevated wildfire frequency was a short-lived phenomenon; recurrent wildfire events were unlikely to be
the direct cause of the subsequent long-term absence of peat-forming wetland vegetation, and the associated ‘coal gap’
of the Early Triassic.

INTRODUCTION

Changes in modern fire regimes are providing unequivocal stress on

modern land ecosystems (Kelly et al. 2020). The impacts of wildfire have

been starkly illustrated by recent mass-killings of terrestrial animals and

plants (e.g., southeastern Australia, 2019–2020: Ward et al. 2020;

Gallagher et al. 2021; Geary et al. 2021) and unprecedented habitat loss

(e.g., Pantanal, South America, 2019–2021: Feng et al. 2021; Pivello et al.

2021). The climatic conditions that lead to such wildfire events are likely to

increase (Seneviratne et al. 2021). For example, the fire-prone climatic and

ecological conditions that promoted the southeast Australian megafires

(e.g., elevated air temperature maxima, low summer precipitation, and

regenerative success of fire-adapted plant taxa) are projected to be four

times more prevalent within the next 50 years (van Oldenborgh et al.

2021). In light of these recent findings, the potential for wildfires as a

direct extinction driver during hyperthermal events, rather than an

epiphenomenon of climatic changes (e.g., aridification, warming), deserves

further examination.

The end-Permian extinction event (c. 252 million years ago; Burgess et

al. 2014; Fielding et al. 2019) was the most severe mass extinction in

Earth’s history. This hyperthermal event has been linked to the extinction

of � 80% of ocean animal species (Stanley 2016) and the collapse of land

(Benton and Newell 2014; Feng et al. 2020a; Biswas et al. 2020) and

freshwater (Mays et al. 2021b) ecosystems. This event resulted in the

abrupt extirpation of the primary coal-forming carbon sinks, such as the

Glossopteris biome of Gondwana (Mays et al. 2020; Vajda et al. 2020) and

the tropical gigantopterid and conifer forests of east Asia (Chu et al. 2020).

Evidence is converging on the Siberian Traps Large Igneous Province

(Siberian Traps herein), a vast region of magmatic emplacement and

volcanic eruption in northern Eurasia, as the ultimate cause of this

extinction event (e.g., Reichow et al. 2009; Sobolev et al. 2011; Burgess et

al. 2017). As a result of the Siberian Traps, a series of plausible direct kill

mechanisms, or ‘extinction drivers’, have been proposed for the loss of

marine species (see review by Dal Corso et al. 2022). However, owing to a

relative paucity of continental successions with precise age-constraints, the

drivers of continental extinctions have received less attention.

Several Siberian Traps-related extinction drivers have been advanced for

continental ecological collapse during the EPE, including severe

temperature increase (Bernardi et al. 2018; Frank et al. 2021), freshwater

microbial blooms (Mays et al. 2021a), acid rain (Black et al. 2014; Sephton

et al. 2015), heavy metal toxicity (see review by Grasby et al. 2020) and

ozone depletion leading to enhanced UV-B radiation (Visscher et al. 2004;

Beerling et al. 2007; Black et al. 2014; Benca et al. 2018). Wildfire, the

combustion of land vegetation, has also been advanced as a potential EPE

extinction driver on land (Feng et al. 2020b; Cai et al. 2021b), supported by

an increase in fossil charcoal (Shen et al. 2011b; Zhang et al. 2016; Chu et

al. 2020; Cai et al. 2021a, 2021b), soot (Shen et al. 2011a), and polycyclic

aromatic hydrocarbons (PAHs; Grice et al. 2007; Nabbefeld et al. 2010;

Shen et al. 2011b; Zhou et al. 2021; see review by Baker 2022). However,
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wildfires were frequent and widespread throughout the late Permian

(Lopingian Epoch; 259.51–251.9 Ma), the interval leading up to the EPE,

without any accompanying major biodiversity loss or discernible

ecosystem disruption. Evidence for global fire-prone conditions during

the Lopingian has grown steadily in the last 20 years, such as abundant

macroscopic charcoal (or macro-charcoal) in Antarctica (Tewari et al.

2015), Australia (Glasspool 2000; McLoughlin et al. 2019), Europe (Uhl

and Kerp 2003; Uhl et al. 2012; Kustatscher et al. 2017), Brazil

(Kauffmann et al. 2016), China (Yan et al. 2019; Xiao et al. 2020), Jordan

(Uhl et al. 2007), and south Asia (Jasper et al. 2012, 2016a, 2016b;

Mahesh et al. 2015; Shivanna et al. 2017). Similarly, abundance trends of

‘inertinite’ (see Materials and Methods) have indicated significant

fluctuations in wildfire activity during the Lopingian, but upon a

background of relatively high fire activity (Diessel 2010; Glasspool and

Scott 2010; Glasspool et al. 2015). Hence, for wildfires to serve as a

causative agent for continental extinctions during the EPE, their prevalence

would need to have reached extreme levels above an already high

Lopingian baseline.

When assessing deep-time paleowildfires, dispersed fossil charcoal

(‘fusinite’ and ‘semi-fusinite’) is typically considered the most diagnostic

form of evidence (Scott and Glasspool 2007; Scott 2010). Fossil soot can

be derived from the combustion of hydrocarbons rather than vegetation

(Kaiho et al. 2016), while combustion-related PAHs can have various

sources (Whiteside and Grice 2016; Kaiho et al. 2021). By studying fossil

charcoal and plant records, the present study aims to critically evaluate the

prevalence of fire and evidence of fire adaptations in the pre-EPE Permian

wetlands of eastern Australia. Moreover, we aim to provide long-term

wildfire trends for the late Permian and Early Triassic to establish whether

the EPE was an interval of anomalous wildfire prevalence. Finally, we aim

to fill a conspicuous global gap in the evidence for post-EPE wildfires, and

test whether wildfire activity persisted, at least regionally, during the Early

Triassic.

GEOLOGICAL SETTING

The Sydney Basin was largely situated within or near the south polar

circle (~ 60–708S: Veevers 2006; or ~ 80–908S: Klootwijk 2016) during

the late Permian and Early Triassic (Fig. 1). The basin forms part of an

extensive continental foreland basin complex, bounded on its eastern side

by a subduction-related volcanic arc, the New England Orogen, which was

active from the Late Carboniferous until at least the Middle Triassic

(Waschbusch et al. 2009). Microscopic inertinite (~ micro-charcoal; see

Materials and Methods) counts were collected from strata of the upper

Illawarra Coal Measures (and coeval upper Newcastle Coal Measures) and

the overlying Narrabeen Group. These units were deposited within alluvial,

deltaic, lacustrine and/or mire settings on vast coastal/alluvial plain

systems (Fielding et al. 2021). Recent radiogenic isotope data have

constrained the age of the target strata to the Changhsingian–Olenekian

ages (late Lopingian–late Early Triassic, ~ 253–248 Ma; Metcalfe et al.

2015; Fielding et al. 2019, 2021). Sedimentary successions in the five

target sections (Fig. 2B) have been correlated to the regional spore-pollen

biostratigraphic scheme originally defined by Foster (1982), and later

correlated to the global chronostratigraphy (Mays et al. 2020). The spore-

pollen biozones can be categorized into two broad temporal intervals: the

pre-EPE (Dulhuntyispora parvithola Zone) and the post-EPE (in

ascending order: Playfordiaspora crenulata Zone, Protohaploxypinus

microcorpus Zone, Lunatisporites pellucidus Zone, Protohaploxypinus

samoilovichii Zone, and Aratrisporites tenuispinosus Zone; Fig. 3).

FIG. 1.—Permian–Triassic paleogeography (~ 250 Ma), map adapted from Muttoni et al. (2009), distributions of Glossopteris biome and Siberian Traps Large Igneous

Province from McLoughlin (2001) and Reichow et al. (2009), respectively.
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The continental end-Permian extinction horizon (EPE; ~ 252.2 Ma) has

been correlated across the basin and is concurrent with the upper surface of

the uppermost coal bed of the Illawarra/Newcastle Coal Measures

(Fielding et al. 2019; McLoughlin et al. 2021; Fig. 3). The EPE

corresponds to the contact between the D. parvithola and P. crenulata

zones (Mays et al. 2020); however, an informal biostratigraphic ‘dead

zone’ (sensu Vajda et al. 2020), characterized by an absence of identifiable

fossil index taxa, has been identified in a thin interval immediately above

the upper D. parvithola Zone boundary (¼ EPE), and is more or less

correlative with the Frazer Beach Member (uppermost Illawarra/Newcastle

Coal Measures; McLoughlin et al. 2021). The EPE also marks the last

undisputed occurrence of glossopterid macrofloral remains (e.g., Glossop-

teris, Plumsteadia, Vertebraria; McLoughlin et al. 2021).

The pre-EPE Lopingian fossil floras of the Sydney Basin are typical of

the glossopterid biome (Fig. 1), a widespread, low-diversity, forest-mire

vegetation (Mays et al. 2020) that developed in cool-temperate, high-

precipitation conditions (Frank et al. 2021). Today, these mire deposits are

represented by thick bituminous coal seams, or less commonly, siliceous

permineralized peats (Pigg and McLoughlin 1997; McLoughlin et al.

2019). At the onset of the EPE, the basin experienced an increase in

temperature (� 108C; Frank et al. 2021) and enhanced precipitation

seasonality (Fielding et al. 2019). Immediately following the EPE

(equivalent to the ‘dead zone’; lower Frazer Beach Member), the lowlands

experienced an interval of ponding, owing to the rapid deforestation of the

glossopterid biome, subsequent decrease in evapotranspiration, and

elevation of water tables (Vajda et al. 2020). From the post-EPE Lopingian

(c. 252.2 Ma) until the Spathian (late Early Triassic; ~ 249 Ma), the region

hosted a sparse vegetation dominated by sclerophyllous corystosperms,

peltasperms and conifers, with an understory of ferns and pleuromeian

lycophytes (Retallack 1980; Mays et al. 2020). A persistently hot and

seasonally dry climate (Frank et al. 2021) precluded the formation of peat-

forming conditions from eastern Australia in the Early Triassic (Retallack

et al. 1996). Instead, the Sydney Basin experienced intermittent inundation

of the floodbasins, forming lakes inhabited by thriving chlorophyte algal

and bacterial communities (Mays et al. 2021a).

In addition to evaluating meso- and micro-charcoal abundance from

bore-core samples, we also investigated macro- and meso-charcoal within

three deposits of Guadalupian to Lopingian permineralized peats from

eastern Gondwana to provide benchmarks for typical charcoal abundance

and associations in pre-EPE high-latitude, peat-forming ecosystems.

Vertical sections cut through permineralized blocks yielded profiles

through the relatively uncompressed detritus that made up the original

peat column and provide information on the spatial distribution of

autochthonous and allochthonous plant components, the abundance of

charcoal, and the types of plant organs most prone to charcoalification. The

permineralized peat samples derive from three deposits: the lower Wilton

Formation of the Sydney Basin, southeastern Australia; the Fort Cooper

Coal Measures of the northern Bowen Basin, northeastern Australia; and

the uppermost bed of the Toploje Member, Lambert Graben, East

Antarctica.

A silicified peat block collected from the southern end of Thirroul

Beach (34819044 00S, 150855034 00E; Fig. 2B) in the southern Sydney Basin

derives from the lower Wilton Formation, which was deposited mainly

within meandering fluvial channels and associated floodbasin settings

(Bamberry 1991; Shi and McLoughlin 1997). McMinn (1985) recognized

index taxa of the Dulhuntyispora parvithola Zone in the lower part of this

unit, denoting a Lopingian age. Radiogenic age constraints of zircons from

tuffs in units bracketing the Wilton Formation indicate a Wuchiapingian

FIG. 2.—Geological maps of eastern Australian fossil localities. A) Map of Australia. B) Simplified geological map of the Sydney Basin, with distributions of Permian and

Triassic strata; updated from Fielding et al. (2019). C) Geological map of the Homevale Locality, northern Bowen Basin, adapted from McLoughlin et al. (2018).
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(early late Permian) age for this unit (Huyskens 2014; Metcalfe et al.

2015). The fossil flora of the Wilton Formation permineralized peat,

described by McLoughlin et al. (2019), is dominated by glossopterid

remains.

The Fort Cooper Coal Measures constitute the middle coal-bearing unit

of the Lopingian Blackwater Group in the northeastern part of the Bowen

Basin, Queensland, Australia (Fig. 2C). The unit is dominated by fine-

grained siliciclastic rocks and includes thin coals and abundant tuffs

deposited predominantly in floodplain lakes and mires (Goscombe 1975;

Hutton et al. 1991). A silicified peat within this unit is exposed as a thin

erosion-resistant lens extending laterally over several meters and with a

vertical extent of , 1 m located at 218280 16.63 00S, 148825056.12 00E just

within the western limit of what is now the Homevale National Park. The

tuff-rich interval of the Blackwater Group throughout the Bowen Basin

contains a spore-pollen assemblage assigned to the Upper Stage 5b–5c

(Microreticulatispora bitriangularis–Triplexisporites playfordii) Palyno-

zone of Price (1983) or the APP5 Zone of Price (1997). Chemical Abrasion

Isotope Dilution Thermal Ionisation Mass Spectrometry (CA-ID-TIMS) U-

Pb dating of zircons from correlative tuffs in the southern Bowen Basin

indicate an early Changhsingian age range of 254.10 6 0.09 Ma to 252.54

6 0.05 Ma (Laurie et al. 2016). The fossil flora of the Fort Cooper Coal

Measures has not been documented in full but studies of specific

glossopterid and fern remains have been undertaken by Gould (1970,

1975), Gould and Delevoryas (1977), Pigg and McLoughlin (1997),

Nishida et al. (2007, 2013, 2018) and McLoughlin et al. (2018).

The Toploje Member is the lowermost unit of the Bainmedart Coal

Measures within the Amery Group (Fig. 4). The unit is exposed only in the

Radok Lake area, Prince Charles Mountains, East Antarctica, and

incorporates channel and floodbasin deposits of a sandy braided river

system. The stratigraphy and sedimentology of the Amery Group,

preserved within an intracratonic rift system (Lambert Graben: Harrow-

field et al. 2005), were described in detail by Webb and Fielding (1993),

Fielding and Webb (1995, 1996) and McLoughlin and Drinnan (1997a,

1997b). Although previously assigned to the Wordian (middle Guadalu-

FIG. 3.—Stratigraphic correlation chart for the studied Permian–Triassic successions in the Lambert Graben, East Antarctica and the Sydney and Bowen basins, eastern

Australia, showing the distribution of principal depositional settings and the occurrences of permineralized peat studied herein.
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FIG. 4.—Geological maps and lithostratigraphy of the Prince Charles Mountains, East Antarctica; geological maps from McLoughlin and Drinnan (1997a, 1997b),

lithostratigraphy from Lindström and McLoughlin (2007). Symbols: stars ¼ permineralized peat localities; circles ¼ other charcoalified fossil localities. A) Summary of

regional Permian–Triassic lithostratigraphy including stratigraphic placements of samples. Abbreviations: Changhsing.¼ Changhsingian; Cis. ¼ Cisuralian; Wuchiaping.¼
Wuchiapingian. B) Map of Antarctica. C) Map of the Amery Ice Shelf region. D) Geological map of the Beaver Lake area. E) Geological map of the Radok Lake area.
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pian) based on palynological criteria (McLoughlin et al. 1997; Lindström

and McLoughlin 2007), recent recalibration of the reference palynozones

in eastern Australia by CA-ID-TIMS U-Pb dating of zircons from tuffs

suggests that the uppermost bed of the Toploje Member may be as young

as mid-Capitanian (late Guadalupian, ~ 262 Ma; Laurie et al. 2016). The

Radok Lake area was located at ~ 65–708S during the Guadalupian

(Scotese and Langford 1995; Torsvik et al. 2012; Fig. 1). The plant fossil

assemblage from the Toploje Member peat has been documented by Neish

et al. (1993), McLoughlin and Drinnan (1996), Weaver et al. (1997),

McLoughlin et al. (2015), and Slater et al. (2011, 2012, 2013, 2015). The

associated palynoflora has been documented by McLoughlin et al. (1997)

and Lindström and McLoughlin (2007).

MATERIAL AND METHODS

Terminology

Following Scott (2010), fossil charcoal was identified by its black color,

silky luster, very high reflectivity, general lath-shaped form, and splintery

texture. These grains commonly have well-preserved cellular structure with

homogenized walls, and a tendency to fracture longitudinally owing to

contraction of cell walls away from the middle lamella (Jones and Chaloner

1991). The term ‘inertinite’ is utilized following the International

Committee for Coal and Organic Petrology (ICCP 2001), which

circumscribes a microscopic maceral group with high reflectance and,

when derived from woody plant remains, typically preserves cellular

structures (e.g., the coal macerals ‘fusinite’ and ‘semifusinite’). In

bituminous coals and associated sediments, such as those of the Lopingian

Sydney Basin (% mean maximum reflectance of vitrinite ¼ 0.6–1.1;

Huleatt 1991), inertinite can be differentiated by its higher reflectance than

vitrinite (ICCP 2001). Despite some documented cases to the contrary

(Hower et al. 2011; Richardson et al. 2012), the pyrogenic nature of almost

all inertinite in the geological record has been established by taphonomic

experiments (Scott 2000; Scott and Glasspool 2006), geochemical analyses

(Moroeng et al. 2018), and modern analogues (Scott et al. 2000). Hence,

relative inertinite abundances are employed herein as a proxy for wildfire

activity. However, owing to the relatively high thermal maturity of these

sediments, some misidentification of vitrinite as inertinite is possible. If so,

this would lead to a systematic, but consistent (given the relatively uniform

thermal maturity across the basin), overestimation of inertinite abundances.

Hence, we employ only the relative (rather than absolute) abundance of

inertinite in this study for gauging changes in wildfire prevalence.

Inertinite from Shale and Coal Palynological Preparations

Quantitative plant microfossil and inertinite data were collected from

palynological samples recovered from the following five successions spanning

the Permian–Triassic transition (Fig. 5): (1) AGL Bootleg DDH 8 bore core

(Bootleg-8), central Sydney Basin (33859056.62"S, 150844013.43"E); (2)

Coalcliff outcrop, southern Sydney Basin (34815018.9000S, 150858022.2000E);

(3) Coal Cliff Colliery DDH 27 bore core (Coalcliff-27), southern Sydney

Basin (34813025.2800S, 150856050.6700E); (4) Pacific Power Hawkesbury

Bunnerong DDH 1 bore core (Bunnerong-1), central Sydney Basin

(33858017.6100S, 151813043.5200E); and (5) Elecom Hawkesbury Lisarow

DDH 1 bore core (Lisarow-1), northern Sydney Basin (33822038.54"S,

15182300.53"E). In Bunnerong-1 and Coalcliff-27, most of the uppermost

Permian coal seam (Bulli Coal) and part of the overlying Frazer Beach

Member were removed for geotechnical analysis soon after drilling, so these

could not be analyzed herein (Fig. 5B). Samples were processed for organic

microfossils at Global Geolab, Medicine Hat, Canada. Inorganic mineral

content was removed from sediment samples using hydrochloric (HCl) and

hydrofluoric (HF) acids. Resultant organic residues were oxidized with

Schulze’s Solution, sieved (upper sieve 150 lm, lower sieve 5 lm [Bootleg-8,

Lisarow-1] or 10 lm [Coalcliff outcrop, Coalcliff-27, Bunnerong-1]),

mounted on glass slides, and glass coverslips were sealed with epoxy.

Transmitted light microscopy and photomicrography of plant microfos-

sils and inertinite specimens were conducted using a Zeiss Axioskop 2

transmitted light microscope with differential interference contrast and

equipped with a Canon EOS 700D DSLR camera.

As noted by Batten (1996, p. 1033), identifying charcoalified plant debris

with transmitted light microscopy alone is problematic. With this method, we

identified rare, semi-transparent tracheid specimens (Fig. 6B, 6C) that

exhibited features (e.g., fracturing, wall thinning, cell distortion, discoloration)

typical of high temperature burning under experimental conditions (Braad-

baart and Poole 2008; Hudspith and Belcher 2017). However, their rarity

precluded valid quantification. More commonly, micro-charcoal could not be

adequately distinguished under transmitted light from other opaque lath-

shaped wood fragments (Highton et al. 1991; Batten 1996; Glasspool and

Scott 2013; see Tyson 1995). To circumvent these issues, inertinite counts

were conducted using reflected light microscopy (Fig. 6D–6G) using a Nikon

SMZ25 stereomicroscope, equipped with a Nikon DS-Fi3 camera. These

counts were conducted on the same slides for which quantitative plant

microfossil analysis was undertaken. Specimens were illuminated by a pair of

orthogonal gooseneck spot lights directed at low angles (5–108) to the sample

stage, powered by a Nikon C-FLED2 LED light source. A total of 146

palynological samples were included: 31 from Bootleg-8, 14 from Coalcliff

outcrop, 23 from Coalcliff-27, 50 from Bunnerong-1, and 28 from Lisarow-1.

For each sample, all organically preserved grains (‘palynofacies’ sensu Tyson

1995) were counted, with a minimum count of 250 individual ‘phytoclasts’

(which includes all woody remains of land plants). Phytoclasts were

categorized as: (1) inertinite and (2) others. Inertinite abundances are provided

separately as proportions of total palynofacies grains (for comparison to other

studies, which have generally applied this approach as the standard procedure),

and as a proportion of total phytoclasts (Online Supplemental File Table S1).

In this study, the latter proportions were considered a more reliable gauge of

wildfire prevalence trends (Fig. 5B) than the former, since by examining only

the woody remains of plants, this controls for variations in other acid-resistant

organic remains. Previous studies have demonstrated that non-wood remains

(e.g., algal cells, microbially derived organic matter, spores/pollen) fluctuate

significantly throughout continental Permian–Triassic strata of the region (e.g.,

Vajda et al. 2020; Wheeler et al. 2020; Mays et al. 2021a). Therefore, relative

inertinite abundance statistics refer to proportions of phytoclasts, unless

otherwise stated.

To increase the internal validity of the inertinite trends and avoid

potential observer biases, two successions (Bootleg-8 and Lisarow-1) were

counted using the following blind protocol: (1) all slide labels were

masked; (2) slide order was randomized; and (3) sample counts were then

conducted, as outlined above. Other successions were counted unblinded

and in stratigraphic order. To minimize inter-sample depositional biases,

only inertinite data collected from fine grained lithofacies (claystone,

siltstone, or heterolithic [interbedded silt-/sandstone]) are included in all

statistics and Figure 5; all other lithofacies (such as coal, sandstone or tuff)

were excluded.

All palynological samples and slides are housed at the Department of

Palaeobiology, Swedish Museum of Natural History (Naturhistoriska

riksmuseet), Stockholm, Sweden; these are provided with the prefix ‘S’,

and slides are indicated by number suffixes. The sources for the spore-

pollen biostratigraphic correlations are as follows: Bootleg-8, Coalcliff

outcrop, and Lisarow-1 (Mays et al. 2021a); Bunnerong-1 (Fielding et al.

2019); Coalcliff-27 (Mays et al. 2020). Statistical confidence intervals are

equivalent to one standard deviation (s.d.).

For comparison of the present inertinite data to the regional trend,

previously published inertinite records from eastern Australia were compiled

(Online Supplemental File Table S2). Radiogenic age controls in this region

have permitted the correlation of these deposits to the calibrated

chronostratigraphy of eastern Australia, and placement into ~ 100 kyrs time
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bins. Age calibration sources: Huyskens (2014), Metcalfe et al. (2015), Ayaz

et al. (2016a), Laurie et al. (2016), Phillips et al. (2018), Fielding et al. (2019,

2021), Mays et al. (2020), and Todd et al. (2021).

Charcoal from Permineralized Peat

Samples of silicified peat from all three permineralized plant

assemblages outlined above were cut with a diamond saw, polished with

a lapidary wheel using 600 grade carborundum powder, and sectioned

using the acetate peel technique employing 50-lm-thick cellulose acetate

sheets (Hass and Rowe 1999), and standard petrographic thin-sectioning

protocols to thicknesses of 50 lm in order to obtain optimal clarity of cell

structures (Galtier and Phillips 1999). Portions of acetate peels were cut

and mounted on glass slides under a coverslip in Histomount (National

Diagnostics). Photomicrographs were taken with an Olympus BX-51

compound transmitted light microscope and an Olympus SZX10

FIG. 5.—Inertinite abundances, palynomorph concentrations and chronostratigraphy of the Sydney Basin, Australia; the continental end-Permian extinction event (EPE) is

equivalent to the top of the uppermost Permian coal beds. A) Biostratigraphy of the Sydney Basin correlated to the global chronostratigraphy. Abbreviations: Dien. ¼
Dienerian; Griesb. ¼ Griesbachian. B) Inertinite records of the Sydney Basin, as a proportion (%) of total phytoclasts; dotted line at 30% inertinite abundance for ease of

comparison between successions. Key: gray line (Bunnerong-1 only) ¼ 5-point average abundance; ? ¼ concentration estimates exceeded the maximum; * ¼ continuous

records for the uppermost Illawarra Coal Measures were unavailable from these successions; P. microcorpus Zone ¼ Protohaploxypinus microcorpus Zone. Palynomorph

concentrations (C) from Mays et al. (2020, 2021a).
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FIG. 6.—Light microscopy images of microscopic plant fossils from the Sydney Basin, Australia; EPE¼ continental end-Permian extinction event. A–C) Transmitted light

photomicrographs of gymnosperm (?glossopterid) tracheids with differing degrees of charcoalification, all specimens from one pre-EPE shale sample (Loddon Sandstone,

Coalcliff outcrop, 220–230 cm below the EPE horizon, S029702), all scales¼ 20 lm: A) well-preserved tracheid with biseriate, oval bordered pits. B) Partially charcoalified

tracheid, note: discolouration and fractured pit borders. C) Tracheid with high degree of charcoalification, note: the high friability and absence of color compared to an

unburned tracheid (white arrow); such specimens were very rarely observed under light microscopy. D–G) Reflected light photomicrographs of palynological assemblages, all

scales ¼ 100 lm: D) Post-EPE assemblage, note: the scarcity of highly reflective macerals, e.g., inertinite (Coalcliff-27, 470.30 m, S014161). E) Post-EPE assemblage

(Bunnerong-1, 778.57 m, S014114). F) Pre-EPE assemblage, note that the vitrinite exhibits conchoidal fracture with no discernible anatomical details, while inertinite is

distinctly lath-shaped (Coalcliff outcrop, 270–280 cm below the EPE horizon, S029700). G) Pre-EPE assemblage (Coalcliff outcrop, 170–180 cm below the EPE horizon,

S029703).
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stereomicroscope, each equipped with an Olympus DP-71 digital camera.

Quantitative analysis was undertaken by point-counting at increments of

200 lm along transects across 20 thin sections cut perpendicular to peat

bedding for both the Radok Lake and Homevale peats (total of 4000 points

each), and 14 thin sections (total of 1753 data points) for the thinner

Thirroul Beach peat. Compositional proportions from point counts include

void spaces (Online Supplemental File Table S3).

Several samples of permineralized peat were selected for bulk

maceration to isolate mesoscopic (0.18–5 mm) charcoalified plant remains

(‘meso-charcoal’) for scanning electron microscopy. These samples were

broken into ~ 2 cm3 blocks, immersed in cold 48% hydrofluoric acid for

two weeks to remove the silica, after which the coarse organic debris was

recovered using a 180 lm nylon sieve. Sieved organic remains were placed

into a petri dish of distilled water, studied with an optical stereomicroscope

and charcoalified remains were picked using a camel-hair brush, mounted

on aluminium stubs, sputter-coated with gold, and imaged with a Philips

FEI Quanta Field Emission Gun 650 scanning electron microscope at the

Swedish Museum of Natural History.

Permineralized peat and mesofossil samples are housed at the Swedish

Museum of Natural History (Stockholm) with the registration prefix S, the

Australian Museum (Sydney) with the registration prefix AMF, Museums

Victoria (Melbourne) with the registration prefix NMVP, and Geoscience

Australia (Canberra) with the registration prefix CPC. Portions of

individual permineralized peat blocks are labeled with separate lowercase

letter suffixes, and the thin sections, cellulose acetate peels, or SEM stubs

mounted with mesofossils from these portions are labeled with an

additional numerical suffix.

Mesofossils from Shales

Most techniques for the quantitative analysis of mesofossils are adapted

from the field of archeobotany but no single approach represents an error-

free methodology (Batten 1998; Figueiral and Willcox 1999), not least

because some delicate plant remains (e.g., thin cuticles, filamentous

trichomes, and fibrous wood) have a propensity to fragment during sample

preparation. For the purposes of this study, we were only interested in: (1)

the proportion of charcoal particles to other organic remains (dispersed

cuticle, seeds, sporangia, leaf fragments, non-charred wood, coal particles)

in the size fraction 0.18–5 mm, and (2) the variation in charcoal abundance

between samples. For this purpose, samples consisting of 30 g of shale

were selected from 43 levels in the Pacific Power Hawkesbury Bunnerong

DDH 1 bore core (Bunnerong-1), central Sydney Basin, and processed for

organic mesofossils in the same manner as for the bulk dissolution of

permineralized peats. The organic residues from each sample were

transferred to a petri dish and scanned for charcoalified remains using

an Olympus SZX10 stereomicroscope. Yields of mesofossils were highly

variable (ranging from negligible to many thousands of organic grains), so

quantitative data is based on counts of 300 particles and represented as

percentages.

RESULTS

Inertinite and Spore-Pollen Records from Palynological Samples

In all examined successions, pre-EPE assemblages generally have higher

relative abundances of inertinite compared to those of the post-EPE

interval (Fig. 6D–6G). Pre-EPE mean relative abundances were between 34

6 1.1% (Coalcliff-27) and 49 6 4.8% (Bootleg-8; Fig. 5B). The siltstone-

hosted inertinite assemblages revealed abundance peaks just above the EPE

horizon in three successions: Bootleg-8 (þ1.8 m: 65.2%), Coalcliff outcrop

(þ0 to 10 cm: 62.4%), and Lisarow-1 (þ1.43 m: 63.4%). These inertinite

peaks were all from samples of the Frazer Beach Member. In the two

successions where this peak was absent (Bunnerong-1, Coalcliff-27), part

or all of the Frazer Beach Member was unavailable for analysis (see

methods and materials), precluding meaningful comparisons. The two coal

samples of the Bulli Coal (the uppermost Permian coal seam of the

southern Sydney Basin) from Coalcliff outcrop also revealed high inertinite

abundances: 63.1% and 64.5% from -80 to -70 cm and -30 to -20 cm,

respectively.

Stratigraphically above these inertinite peaks (or the EPE, where no

peak was identified), each succession reveals a reduction in mean relative

abundance to below their respective pre-EPE values; post-peak (or post-

EPE) means: 38.5 6 9.9% (Bootleg-8), 19.3 6 5.2% (Bunnerong-1), 16.7

6 4.2% (Coalcliff-27), and 23.7 6 8.3% (Lisarow-1). The only exception

was the Coalcliff outcrop; owing to the short stratigraphic interval that this

outcrop represents, valid long-term pre- and post-EPE comparisons could

not be made. Severe post-EPE reductions in spore-pollen concentrations

were observed at the Coalcliff outcrop and Coalcliff-27 (Fig. 5).

To gauge the long-term Early Triassic baseline of inertinite abundance

in the Sydney Basin, the post-Playfordiaspora crenulata Zone assem-

blages of the three longest successions were examined. These showed

relatively low inertinite abundances: 30.6 6 6.0% (Bootleg-8), 18.6 6

5.4% (Bunnerong-1), and 14.8 6 2.1% (Coalcliff-27). These abundances

correspond to relative reductions of 37%, 48%, and 56% from pre-EPE

baselines, respectively.

Charcoal in Permian Permineralized Peats

Each of the three studied permineralized peats contains the remains of a

relatively low diversity macroflora that includes various organs of

glossopterid gymnosperms, cordaitaleans, ferns, diminutive heterosporous

lycopsids, together with fossils of algae, fungi, oomycetes, and arthropod

exoskeletons and coprolites. The Fort Cooper Coal Measures peat has

undergone notably more compression (~ 30% pore volume loss) before

silicification compared to the , 10% volume loss of the other studied

permineralized peats.

Quantitative analysis via point counts of vertical sections reveals that

each peat assemblage is overwhelming dominated by glossopterid remains,

especially leaves (~ 17–31.8%) and (non-charcoalified) wood (~ 6.8–

29%). Compositional differences between the three assemblages are

modest (Fig. 7) and relate to both the representation of minor floristic

elements and taphonomic features.

The Radok Lake (Toploje Member) peat assemblage is differentiated by

the notable proportion of Noeggerathiopsis (cordaitalean) leaves (~ 6.8%;

Fig. 8F) and Vertebraria (glossopterid) roots (~ 28%; Fig. 8C), the

presence of lycopsids (~ 0.6%; Figs. 8H, 9N), and the higher proportion of

fungi (~ 2.2%) and coprolites (~ 2.8%; Fig. 8I). The Radok Lake

assemblage represents a relatively uncompressed, root-dominated peat with

a high representation of saprotrophic and detritivorous microbiota. It is

representative of a floodbasin peat developed in a continent-interior rift

setting dominated by braided fluvial systems.

The Thirroul (Wilton Formation) assemblage has a high representation

of glossopterid leaves (almost 30%), contains numerous seeds (~ 7%; Fig.

9A, 9B) and fern leaves (~ 7.6%), few (, 1%) roots, and has a high

proportion of indeterminate finely macerated plant detritus (~ 25%). This

peat is predominantly composed of subaerial components (leaves and

seeds) of mostly deciduous plants. This leaf-mat peat accumulated in

coastal plain settings of the Sydney (foreland) Basin.

The Homevale (Fort Cooper Coal Measures) assemblage has high

proportions of glossopterid leaves (~ 31%) and wood (~ 29%). This peat

is especially notable for its abundant (~ 13%) seeds (Fig. 9I), a more

compressed texture (and consequent reduced original pore space), and the

presence of numerous silica-filled fractures (Fig. 9E, 9I) that likely derive

from post-Permian tectonic activity. This peat is also depauperate in roots

and primarily represents an accumulation of shed leaves, twigs and seeds.

The proportion of charcoalified remains (of all plant types) is relatively

consistent between the three assemblages (~ 4.5–7%). However, it should
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be noted that these values represent the total plant assemblage. In each

deposit, certain peat microfacies are enriched in charcoal to levels of ~
50% (Slater et al. 2015; McLoughlin et al. 2019). Moreover, charcoalified

plant components suffered notably less compression than other plant

remains (Fig. 9C, 9E, 9H). Hence, the volumetric representation of

charcoal in the strongly compressed Homevale peat probably represents an

overestimate compared to the less-compressed Radok Lake and Thirroul

Beach peats.

Charcoalified material in all of the peat assemblages is dominated by

woody remains (Figs. 7, 8K–8M, 9L). However, bulk dissolution of peat

and associated shale samples in hydrofluoric acid also yields charcoalified

remains of very delicate plant components including leaves with fine hairs

and epidermal details (Fig. 8A, 8B, 8D–8F, 8N–8P), seeds (Fig. 8J, 8R),

pollen sacs (Fig. 8G, 8T), and even coprolites (Figs. 8I, 9M). Retention of

such delicate cellular details is generally indicative of combustion in low-

intensity wildfires with temperatures in the range of 240–3708C (Scott and

Jones 1991; McParland et al. 2007). In addition, homogenization of cell

walls (Fig. 8R), en echelon and brittle conchoidal fracturing (Fig. 8S, 5U),

local blistering (Fig. 8Q), and cracking along the middle lamella to

segregate cells (Fig. 8T) are all features that develop within experimental

charring of woods at temperatures of 230–4008C (Jones and Chaloner

1991). All of the permineralized peats contain macro-charcoal, both as

isolated clasts and as rich concentrations along certain laminae (Fig. 10D,

10E). Small, isolated charcoal grains (Fig. 9F, 9K) tend to be relatively

angular and may represent components blown into the peat deposit and

incorporated rapidly in the matrix. Where macro-charcoal occurs in bands,

the individual particles are commonly subrounded (Fig. 9B, 9D, 9I),

although not in all cases (Fig. 9G). Only rare examples of allochthonous

woody axes show gradation from charred outer surfaces to non-charred

interiors (Fig. 9J).

FIG. 7.—Graph of the major components of siliceous permineralized peats from: the Radok Lake area, Prince Charles Mountains, East Antarctica (Toploje Member,

Bainmedart Coal Measures: Wordian to mid-Capitanian); Thirroul Beach, southern Sydney Basin, New South Wales, Australia (lower Wilton Formation: Wuchiapingian); and

Homevale, northern Bowen Basin, Queensland, Australia (lower Changhsingian).
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FIG. 8.—SEM images of Permian charcoalified mesofossils from the Amery Group, Radok Lake to Beaver Lake area, Lambert Graben, East Antarctica. A) Glossopteris

leaf fragment with epidermis removed showing veins separating ranks of palisade mesophyll cells (S088062A-15). B) Adaxial surface of Glossopteris leaf fragment showing

slightly sinuous epidermal cells (S087833A-2). C) Chambered Vertebraria (glossopterid) root (S088043-02). D) Exterior of Glossopteris leaf fragment showing weakly

papillate epidermal cells (S089603-04). E) Paradermal section through epidermis of glossopterid leaf showing sinuous-walled cells infilled by homogenous gels (S090230-

03). F) Abaxial surface of Noeggerathiopsis (Cordaitales) leaf fragment showing stomatiferous grooves (NMVP200002A). G) Ruptured glossopterid pollen sac (Arberiella)

with very elongate cells (S087833A-03). H) Isolated lycopsid (Paurodendron stellatum) microphyll (CPC34970). I) Oblong coprolite with pollen and detrital contents

(S089603-01). J) Isolated seed (S087857-2). K) Wood fragment with monoseriate pitting (S088005-2). L) Wood fragment in radial longitudinal view with monoseriate
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Mesofossil Charcoal in the Bunnerong-1 Well

The measured abundance (percentage) of charcoalified versus non-

charcoalified mesofossils per sample and a visual estimate of the relative

abundance of charcoal between samples is illustrated graphically (Fig. 11)

against a log of the Bunnerong-1 well adapted from Fielding et al. (2019).

Although ‘organic-rich shale’ samples were selected throughout the core,

most acid-extracted residues yielded low abundances of mesofossils.

Mesofossils are of sparse to moderate abundance in the Changhsingian

samples. Mesofossil representation is generally negligible to sparse in the

Lower Triassic from the EPE horizon (¼ base of the P. crenulata

Palynozone: 805.08 m) to the top of the P. samoilovichii Palynozone

(413.72 m). Above this level, i.e., within the A. tenuispinosus Palynozone,

mesofossils are of moderate to high abundance (Fig. 11).

In almost all cases where . 300 organic particles were recovered,

charcoal is the dominant mesofossil component. The exceptions are a few

samples in the A. tenuispinosus Palynozone, in which cuticle fragments

and lycopsid megaspores are especially abundant (Fig. 11). Charcoalified

plant components throughout the core are represented, in order of

decreasing abundance, by wood, megaphyllous leaf fragments, isoetalean

microphyll fragments and indeterminate detritus. Sporadic examples of

charcoalified unidentifiable seeds, pollen sacs and megaspores are also

present. Non-charcoalified mesofossils are represented primarily by leaf

cuticle, woody particles, megaspores, and reworked coal fragments.

Megaspores increase noticeably in abundance above 587.47 m. Above

the base of the A. tenuispinosus Palynozone, charcoal levels in these

organic-rich samples are commonly only 30–40% compared to . 80% in

the pre-EPE Lopingian.

DISCUSSION

Interpreting the Charcoal and Inertinite Records of Eastern Gondwana

As noted by Clark and Patterson (1997), the size profile of charcoal

particles in sediments is remarkably consistent, with a ~ 2% decrease in

frequency for each 1% increase in grain diameter. Since the three

approaches used here to evaluate charcoal representation in Permian–

Triassic strata of eastern Australia and East Antarctica employ grains of

contrasting size range, they provide notably different results. Point-

counting of thin-sections cut through permineralized peat generally

yields low values (, 8%) of charcoal as a proportion of peat volume.

Counts of inertinite particles in palynological strew slides (with grain

sizes of 10–150 lm) predominantly yields values of 10–60% relative

abundance for the Lopingian and Lower Triassic. By contrast, charcoal

can constitute up to 95% of organic particles in mesofossil residues from

the same beds as those sampled for palynology. Nevertheless, each

method has its utility.

Permineralized peat or coal ball analysis has the advantage of revealing

the proportions of large and minimally transported organic components

that contributed to the peat profile and the spatial relationship of plant

components within the mire. These studies can also detect discrete fire

events and, potentially, their regularity through the interval of peat

accumulation. However, permineralized peats are rare and depend on

specialized diagenetic conditions for their formation. Palynological

analysis has the advantage of surveying a large population of organic

particles derived from a broad catchment area, which should provide

more robust statistical results of fire frequency in the region. However,

because these particles are small and highly fragmented, they are difficult

to identify to specific plant groups or organs. Mesofossils are commonly

readily identifiable with light microscopy or SEM but acid-extracted

residues of this size fraction tend to yield relatively low populations of

particles that may not provide statistically robust results. Moreover,

depending on the fragility and shape of the organic remains, some

particles in this size fraction (both charcoalified and non-charcoalified)

may be lost through folding and fragmentation during the sieving

process. Our analyses show that all three approaches add value to

understanding the frequency of burning and the types of vegetation

affected by wildfires through the Permian–Triassic transition. Providing

that future studies employ a consistent approach, comparisons of charcoal

abundance from other regions and ages with our studied successions

should be meaningful.

The Role of Charcoal in Sediments

Charcoal is a relatively inert organic material. It suffers only slow

degradation by fungi and bacteria (Saito 1990; Oliver 2011), hence there

is probably a taphonomic bias towards its long-term preservation over

other plant remains. Long residence times in sediment mean that charcoal

probably represents an important carbon sink (Seiler and Crutzen 1980;

Bird et al. 2015), although little work has been done to accurately

quantify this on a global, long-term basis (Lehmann et al. 2006; Tilston et

al. 2016). Various workers have also suggested that charring of peat

surfaces or burial of charred particles may be significant in reducing

overall methane release from high-latitude wetland and agricultural

ecosystems (Dong et al. 2013; Sun et al. 2021). Natural charcoal and

modern artificial combustion products (commonly known as biochar) are

widely used as additives for remediation of agricultural soils and are said

to enhance water retention, raise pH, stimulate microbe activity, improve

soil structure and enhance crop yields (Pietikäinen et al. 2000; Jeffery et

al. 2011; Tan et al. 2017; Fischer et al. 2018; Palansooriya et al. 2019).

However, Brtnicky et al. (2021) noted that the value of such material in

some soils is negated by increases in soil salinity, decreased fertility

owing to nutrient precipitation in alkaline soils, and changes in the

composition of the soil microbiome, among other factors. In the absence

of meaningful quantification of charcoal burial through the Permian and

Triassic on a global basis, it is difficult to judge the relative role of such

material in carbon sequestration in comparison to other processes.

Nevertheless, our results suggest that levels of carbon sequestration via

burial of charcoal or other terrestrial plant matter were very low in the

Early Triassic compared to the Guadalupian–Lopingian in southern

Gondwana.

At a much smaller scale, charcoal may have an important role in

providing fluid pathways in sedimentary rocks during the early stages of

diagenesis. Apart from its relatively inert chemical properties, charcoal is

 
bordered pitting and longitudinal fracturing (S087774-07). M) Wood fragment in tangential longitudinal view with rays consisting of a few monoseriate cells (S088062A-02).

N) Conifer (Voltziopsis?) cuticle with prominent trichomes along the margin (S089603-20). O) Details of a brachyparacytic stomate on the abaxial surface of a possible

Umkomasiaceae leaf fragment (S089574-06). P) Heavily papillate epidermal cells and stomata on abaxial surface of a possible peltasperm leaf fragment (S089719). Q) Pith

cells of a gymnosperm with one blistered cell lining (S088043-2). R) Transverse fracture of seed coat showing homogenized cell walls (S087838-02). S) Fern or lycopsid

tracheids with scalariform pitting and homogenized cell walls (S088072-19). T) Pollen sac wall showing contractional separation of cell walls along middle lamellae

(S090233-10). U) Wood with remnants of cross-field pitting and en echelon contractional fracturing of tracheids (S089891-02). Note: A–C, E–G, J–M uppermost bed of the

Toploje Member, at sites PCM92/1 (E, J, U), PCM92/2 (B, C, G, Q, R), PCM92/3 (F, K), PCM92/8 (A, M), PCM 92/9 (L), PCM 92/15 (S), see Fig. 4; D, N from top of

Glossopteris Gully Member (level PCM95/26A), H from upper McKinnon Member (level 95/12), O from middle Grainger Member (level PCM95/20), P from uppermost

McKinnon Member (level 95/4), and T from McKelvey Member (level PCM95/88): sampling levels are those of McLoughlin and Drinnan (1997a; 1997b) and Lindström and

McLoughlin (2007). Scale bars ¼ 1 mm for M; 500 lm for J; 100 lm for A–D, F–I, K, L, N, T, U; 10 lm for E, O, P–S.
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FIG. 9.—Charcoal in thin-sections of Permian permineralized peat from eastern Gondwana. A) Subrounded charcoal fragments in seed-rich microfacies (AMF12048g-2).

B) Subangular charcoal fragments in seed-rich microfacies bracketed by leaf-rich microfacies (AMF92048k-2). C) Large charcoalified wood fragment retaining growth rings
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physically robust and resists compaction to a much greater degree than

other buried plant matter (Fig. 9C, 9H). Charcoal (or fusinite) particles

retain an open cellular structure even up to the higher grades of bituminous

coalification (Stach 1982), which, depending on the geothermal gradient,

generally requires burial to depths of . 1500 m (Teichmüller and

Teichmüller 1982). Thus, charcoal provides porosity, pathways for fluid

migration, and sites for deposition of authigenic minerals, such as pyrite

and kaolinite, within much of the shallow sedimentary column. Moreover,

in the Permian permineralized peats of Antarctica and eastern Australia,

the differential compaction around charcoal particles in tandem with their

retention of high porosity has led to the focusing of fractures around such

grains that act as pathways for the movement of subsequent silica-rich

fluids and sites for chalcedony precipitation (Fig. 9E, 9I).

The Role of Fire in Late Permian Glossopterid-Dominated Ecosystems

Fire was clearly common in Gondwanan forest ecosystems throughout

the Permian Period, based on the distribution of dispersed charcoal in

continental siliciclastic strata (Jasper et al. 2013, 2017; Degani-Schmidt et

al. 2015). Macro-charcoal, either as isolated clasts or thick bands, is

common in a range of continental sedimentary facies in eastern Gondwana.

Macro-charcoal accumulations are particularly abundant in some fluvial

channel and splay sandstones (Fig. 10A, 10B), and in beds bracketed by

tuffaceous deposits (Fig. 10C). The numerous bands of charcoal identified

in permineralized peats of Gondwana (Holdgate et al. 2005; Slater et al.

2015; McLoughlin et al. 2019; Figs. 9A–9G, 9I, 10D, 10E) and inertinite

particles in bituminous coal (Glasspool 2000; Ayaz et al. 2016b; Jasper et

al. 2017; Benicio et al. 2019) suggest that wildfires were regular events

FIG. 10.—Examples of macroscopic charcoal occurrences in Guadalupian–Lopingian continental strata of eastern Gondwana. A) Poorly sorted band of large, mostly

angular, charcoalified wood fragments within a channel sandstone above the Pollux coal seam, Rangal Coal Measures, South Blackwater Mine, central Bowen Basin,

Australia. B) Thick accumulation of subrounded charcoal fragments in a splay deposit above the Wallarah coal seam, Moon Island Beach Formation, at Ghosties Beach,

northern Sydney Basin, Australia. C) Mostly rounded and isolated charcoal clasts within volcanigenic channel sandstones between the lower and upper Pilot coal seams,

Boolaroo Subgroup, Newcastle Coal Measures, at Swansea Heads, northern Sydney Basin, Australia. D, E) Large charcoalified wood fragments within leaf-rich and

laminated detrital permineralized peat blocks from the top of the Toploje Member, Bainmedart Coal Measures, Radok Lake area, East Antarctica (S087819 and S087817,

respectively; site PCM92/9, see Fig. 4). Scale bars ¼ 30 cm for A, 10 mm for B–E.

 
in leaf-rich microfacies (S089948-01). D) Large fractured charcoalified wood fragment in microfacies dominated by coarse organic detritus (S090232-01). E) Large porous

charcoalified wood fragment forming the focus of radial chalcedony-filled fractures (S124952-02). F) Small angular charcoalified wood fragments embedded in finely

macerated organic debris (S090231-08). G) Large charcoalified wood fragment embedded in matrix dominated by roots and coarse organic debris (S089945-01). H)

Subrounded charcoalified wood fragment draped by strongly compacted leaf mats (S089950-03). I) Band of woody charcoal forming the focus of extensive chalcedony-filled

fracturing (S089828-04). J) Transverse section of permineralized wood with charcoalified and fractured outermost layers (lower) grading into non-charcoalified xylem tissue

(upper) (S124927-05). K) Angular charcoalified leaf and wood fragments (S089959-02). L) Charcoalified Agathoxylon or Australoxylon (glossopterid) wood in radial

longitudinal section showing multiseriate bordered pitting (AMF92048k-1). M) Charcoalified invertebrate coprolite (S089862-03). N) Oblique section through a charcoalified

lycopsid (Paurodendron stellatum) axis (S089946-01). Notes: A, B, L from lower Wilton Formation (Wuchiapingian), Thirroul Beach, southern Sydney Basin, eastern

Australia. C, D, F–H, K, N from uppermost Toploje Member, Bainmedart Coal Measures (Guadalupian), Radok Lake area, Lambert Graben, East Antarctica (C, D, G, H, K,

N from site PCM92/9; F from site PCM92/3, see Fig. 4). E, I, J, M from Fort Cooper Coal Measures (lower Changhsingian), Homevale, northern Basin, eastern Australia.

Scale bars ¼ 2 mm for A–D, F–I; 1 mm for E, K, M, N; 50 lm for L.
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FIG. 11.—Graphic log of Pacific Power Hawkesbury Bunnerong DDH-1 (Bunnerong-1) bore core (after Fielding et al. 2019) indicating the stratigraphic positions of

mesofossil samples, and showing (in columns progressively to the right): the relative abundance of charcoal as a percentage of organic particles; the relative abundance of

organic particles (based on qualitative visual estimates according to the images at the base of the diagram); images of representative suites of organic particles; the

palynostratigraphic zones of the core; and the ranges of key plant macrofossil taxa and floristic stages. Abbreviations: P.c. ¼ Playfordiaspora crenulata; P.m. ¼
Protohaploxypinus microcorpus; L.p. ¼ Lunatisporites pellucidus.
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even in high-latitude glossopterid-dominated Permian mire systems of

consistently humid environments. The subrounded to angular nature of

much of the charcoal within the permineralized peats of this study suggest

only a modest degree of transport before incorporation in the peat profile.

These grains may have been winnowed, abraded, and transported by water

to form local accumulations on the peat surface. We did not find any cases

of gradational charring of the peat laminae or sharply incised charred

surfaces of the peat matrix that would indicate burning of the local peat

profile in situ. Most of the charcoalified remains appear to represent either

charred subaerial plant components of, e.g., canopy fires, or material rafted

into the peatland setting from adjacent areas.

Although we cannot exclude widespread burning of the in situ peat

surface as an ecological process in Gondwanan mires, there seems to be

little evidence for this in the three permineralized deposits studied here.

One example of a charcoalified glossopterid root (Fig. 8C) indicates at

least some burning of subterranean plant components. Given that

glossopterids were specifically adapted to growth in consistently

waterlogged substrates via the possession of aeration systems in their

chambered roots (Neish et al. 1993), mires were probably less subject to

fires than vegetation growing on better-drained mineral soils adjacent to

the peatland. Nevertheless, the generally consistent representation of

charcoal among the three peat profiles suggests that fire was a regular

factor within or adjacent to mires that developed in the Permian cool,

humid, high-latitude settings of southern Gondwana. Middle to upper

Permian bituminous coals of eastern Australia and Antarctica generally

have high representations of inertinite macerals compared to Paleozoic

coals of the Northern Hemisphere (Hunt 1982, 1989). As in the

permineralized peat samples studied here, fusinite and semifusinite

particles commonly occur in bands of discrete particles within these coals

(Diessel and Smyth 1995), indicating an origin as transported charcoal

rather than representing charred peat surfaces.

Coal deposits show a distinct global increase in inertinite from the

middle to late Permian (Diessel 2010; Glasspool and Scott 2010; Glasspool

et al. 2015) indicating increasing wildfire prevalence in or around the peat-

forming wetlands. The eastern Australia compilation of coal-derived

inertinite (Fig. 12; Online Supplemental File Table S2) reflects the general

increase from the Capitanian (mean¼ 23.7%) through the Wuchiapingian

(28.9%) and into the Changhsingian Stage (37.7%). At present, there are

insufficient data to confidently infer the inertinite trends prior to the mid-

Wuchiapingian; after this interval, however, rather than a monotonic

increase, there is a distinct inertinite dip during the late Wuchiapingian–

early Changhsingian (Fig. 12). This dip may be supported by the low

abundance of charcoal (5%) from the early Changhsingian Homevale

permineralized peat, but we caution that the measured proportions of

charcoal are generally lower in permineralized peats than in mesofossil or

palynofloral assemblages macerated from mudrocks. For example,

although macro-charcoal fragments are obvious in the Wuchiapingian

Thirroul Beach permineralized peat, the measured relative abundance is

low (4.5%) for this interval based on other sampling methods. A fire-prone

Changhsingian interval is supported here by high inertinite relative

abundances (34–49%) from the shale assemblages (pre-EPE Changhsin-

gian means, range of all successions), with a general increase throughout

the stage. This rising inertinite trend is reflected by the coal-derived

compilation of eastern Australia, suggesting that shale/siltstone- and coal-

derived assemblages provide consistent and complementary records of

wildfire activity. The very high inertinite abundances (63–64.5%) from the

uppermost Permian coal (Bulli Coal) indicate regular wildfires in the

humid lowlands (Fielding et al. 2021) immediately prior to the EPE.

The regional increase in wildfire prevalence throughout the late Permian

was likely due to significant changes in climate but catalyzed by

intermittent local ignition sources. The Permian volcanic arc along the

continent’s eastern margin, the New England Orogen (Jones et al. 1987;

Jessop et al., 2019), would likely have played a role in initiating late

Permian wildfires in the region. This has been suggested as an ignition

source for a major wetland wildfire event recorded from Wuchiapingian

coal measures of the Sydney Basin (Glasspool 2000). Permian volcanism

in this region peaked slightly before the end of the period (Jones et al.

1984; Veevers et al. 1994; Jessop et al. 2019), as evident by the numerous

and voluminous volcaniclastic deposits (Fig. 3). These would have

provided ample opportunities for initiating wildfires in the region, above

the background occurrence of lightning strikes, which have likely served as

perennial wildfire triggers since the evolution of the first land plants (Cope

and Chaloner 1985; Scott and Jones 1994).

The climate has a decisive role in both the flammability of the vegetation

and, once ignited, determining the spread and duration of wildfires (Jolly et

al. 2015). At sufficiently high atmospheric oxygen concentrations (pO2),

even vegetation with high-moisture content is susceptible to burning

(Watson et al. 1978; Wildman et al. 2004; Belcher et al. 2010; Watson and

Lovelock 2013); hence, elevated pO2 has been proposed as a leading cause

for high wildfire prevalence in the coal-forming wetlands of the late

Permian (Glasspool et al. 2015). Most model- and proxy-based estimates

of late Permian pO2 infer levels above the modern value of 21% (Krause et

al. 2018; Brand et al. 2021, and references therein). Taking the inertinite

record as a proxy for pO2 (Glasspool and Scott 2010; Glasspool et al.

2015), the age-calibrated records of eastern Australia (Fig. 4) would

indicate increasing levels of atmospheric oxygen throughout the

Changhsingian. However, there may have been regional climatic (e.g.,

seasonal drought) or volcanic influences that affected this inertinite trend.

There is no irrefutable evidence that glossopterid gymnosperms, the

dominant plants of eastern Gondwana during the late Permian, had

reproductive strategies specifically tied to fire events, such as is the case for

various modern plant taxa and vegetation types (Kruger 1983; Williams

2000; Marod et al. 2002; Rowe et al. 2017). Although some gymnosperm

groups may have had traits for fire-triggered seed dispersal since the

Carboniferous (He et al. 2016), the oldest direct fossil evidence of this fire-

adaptive strategy is from the mid-Cretaceous (Mays et al. 2017).

Nevertheless, the production of large numbers of small seeds by many

glossopterid taxa, and vegetative regeneration from epicormic buds and

FIG. 12.—Mid- to late Permian charcoal/inertinite abundances of eastern Australia

(relative to total organic content). Line indicates coal inertinite 5-point running mean

of 100k year time bins. Abbreviations and symbols: Chang.¼Changhsingian Stage;

EPE¼ terrestrial end-Permian extinction event; crossed circle¼micro-charcoal peak

from the northern Sydney Basin (Vajda et al. 2020); empty circles¼ inertinite from

siliciclastic samples (Bunnerong-1, this study); stars¼ charcoal from permineralized

peats (this study, error ranges reflect the uncertain stratigraphic placement of these

assemblages); dashed line indicates an interval of sparse data coverage. Data

compiled by Diessel (2010), Glasspool and Scott (2010), Glasspool et al. (2015) and

this study (see Online Supplemental File Table S2).
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possibly lignotubers (Decombeix et al. 2010; McLoughlin and Prevec

2021) were strategies that may have aided rapid recovery after fires and led

to the growth of uniform-age cohorts of trees in the vegetation, as is the

case for various modern tree taxa adapted to regular fire cycles (Gill 1981;

Pausas et al. 2004). Similarly, the thick layer of insulating bark found on

some Antarctic glossopterids has been postulated as an adaptation to

abiotic environmental factors, including fire (Decombeix et al. 2016).

Almost all glossopterids were deciduous (McLoughlin 2011, 2021;

Gulbranson et al. 2014), and this regular foliar shedding resulted in

seasonal leaf litter build-up, reflected by near-monospecific leaf-mats

(Gould and Delevoryas 1977; Retallack 1980; McLoughlin 2011). This

would likely ‘‘have promoted regular surface fires but without resulting in

tree mortality’’ (Glasspool et al. 2015, p. 8). The occurrence of low-

intensity fires is supported by the presence of at least one small axis

preserved in the Homevale permineralized peat having an outer rim of

charcoalified tissues enveloping non-charred interior wood (Fig. 9J). The

above combination of characteristics likely provided selective advantages

to glossopterids during the regular fire events of the late Permian and may

in part explain the longevity of the Glossopteris biome within the humid

but fire-prone high southern latitudes. However, studies of modern

vegetation show that an increase in fire frequency can severely deplete

seed set and seedling recruitment, ultimately leading to marked changes in

vegetation structure (Cury et al. 2020).

Wildfires of the End-Permian Ecosystem Collapse: A Cause, a

Consequence, or a Combination?

The Siberian Traps Large Igneous Province is consistently implicated as

the ultimate cause of continental biodiversity loss during the end-Permian

extinction event (Wignall 2001; Bond and Grasby 2017). A cornerstone of

this consensus is that changing climate (sensu lato, including atmospheric

composition), as a result of igneous activity, served as the intermediate

cause of the global extinctions. Acid rain, driven by voluminous magma-

derived emissions of sulphur dioxide (SO2) and carbon dioxide (CO2;

Black et al. 2018), has been proposed as a cause of additional stress on late

Permian continental biotas (Sephton et al. 2015). However, this may not

have played a large role in Gondwana since the distribution of acid rain

was likely restricted to the Northern Hemisphere (Black et al. 2014). The

copious release of halocarbons (e.g., chloromethane, CH3Cl) from Siberian

Traps contact metamorphism (Svensen et al. 2009, 2018) may have

weakened the ozone layer, leading to dangerous levels of radiative stress

from UV-B (280 to 315 nm) for organisms on the Earth’s surface (Beerling

et al. 2007). UV-B experiments on plant reproductive organs have

demonstrated reduced fertility in gymnosperms (Benca et al. 2018), and

relatively high proportions (above background levels of about 3%:

Lindström et al. 1997) of deformed pollen or plant spores from the end-

Permian extinction interval have been interpreted as the teratological

effects of elevated UV-B on land plants (Visscher et al. 2004; Foster and

Afonin 2005). However, while the degree of ozone depletion was likely

highest at polar latitudes (Black et al. 2014), it is not clear whether the

increased radiative stress was sufficient to biologically impact the

Glossopteris biome, as these regions also receive the lowest doses of

incident UV-B, particularly at low altitudes (Beckmann et al. 2014), such

as those of the late Permian coastal wetlands of eastern Australia. Toxicity

by metals has been proposed as another stressor on EPE terrestrial

ecosystems (Grasby et al. 2020; Chu et al. 2021). Anomalously high

concentrations of mercury (Hg) and other potential metal toxins have been

reported from continental sections encompassing the EPE (Shen et al.

2019; Chu et al. 2020), the sources of which were likely Siberian Traps

volcanic emissions (Sanei et al. 2012), destabilization of soils (Grasby et

al. 2020), and/or oxidation of terrestrial biomass (Dal Corso et al. 2020).

Such toxicity has been indicated as another potential source of the increase

in deformed spores/pollen from various EPE successions (Chu et al. 2021).

Regardless of the cause(s), deformed spores/pollen are rare in the Southern

Hemisphere (Visscher et al. 2004) and no anomalous abundances of these

have yet been reported from Australia, although not for lack of searching.

This suggests that UV-B- or toxin-induced stress in late Permian plants was

not: (1) universally expressed as pollen or spore teratogenesis and/or (2) a

global phenomenon.

Greenhouse gases are another class of climatic stressors derived from

the Siberian Traps that likely contributed to the collapse of late Permian

Gondwanan ecosystems (Fig. 13). Their global distribution and effects on

other climate variables (e.g., temperature, precipitation) have been long-

established (e.g., Arrhenius 1896; see Fleming 1998). Climate reconstruc-

tions of the EPE consistently indicate enormous emissions of greenhouse

gases from the Siberian Traps via both contact metamorphism with

hydrocarbon-rich sedimentary strata (Black et al. 2018) and direct volcanic

outgassing (Svensen et al. 2018). Recent estimates of atmospheric CO2

concentrations revealed an increase in the earliest Triassic by a factor of six

from pre-EPE levels (Wu et al. 2021). This increase in CO2 is estimated to

have occurred within tens of millennia (Burgess et al. 2014; Wu et al.

2021), and would have been the primary force behind the inferred rise in

temperature of 6–128C in the tropics (Sun et al. 2012; Chen et al. 2020)

and 10–148C in the high-latitude basins of eastern Australia (Frank et al.

2021). The EPE temperature increase has been linked to enhanced

seasonality in precipitation across eastern Gondwana (Fielding et al. 2019;

Frank et al. 2021). Elsewhere in Gondwana, EPE precipitation regime

changes have been inferred from the occurrence of continental Fe-rich

mudrock (‘red-bed’) deposits in India (Dutta 2002; Shah 2021) and

southern Africa (Smith and Botha-Brink 2014; Gastaldo et al. 2015). The

rapid onset of seasonally dry conditions, combined with elevated

temperatures and high late Permian oxygen levels, would have greatly

enhanced the potential flammability of the peat-forming wetland vegetation

of Gondwana.

The near-synchronous peaks in inertinite abundances across the Sydney

Basin immediately following the extirpation of peat-forming vegetation

(62–65%) support an increase in wildfire activity in eastern Gondwana

during or immediately after the EPE (Vajda et al. 2020). Elevated

occurrences of wildfire concurrent with, or soon after, the EPE have also

been inferred from the low-latitude peat-forming alluvial plains of China

(Shen et al. 2011b; Zhang et al. 2016; Chu et al. 2020; Cai et al. 2021b),

suggesting that, given the regional differences in climates and biotas, this

fire-prone interval was caused by a global shift in climate (e.g., greenhouse

gas-driven warming). However, the fossil records of Australia (this study)

FIG. 13.—Proposed conceptual model of continental biodiversity loss during the

end-Permian extinction event. Widespread wildfires and deforestation serve as the

catalysts for a series of deleterious events, including soil nutrient loss and harmful

freshwater microbial blooms. Red boxes and black arrows indicate drivers and causal

pathways that have been identified from the basins of eastern Australia. Arrow from

‘land mass extinction’ to ‘soil nutrient mobilization’ represents the impacts of

deforestation. Adapted from Wignall (2001) and Bond and Grasby (2017).
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and China (Chu et al. 2020; Cai et al. 2021a) both reveal high inertinite/

charcoal abundances up to several meters above the uppermost Permian

coals, representing a substantial duration after the primary phase of

ecosystem collapse. Rather than indicating a direct cause of extinctions,

high abundances of charcoal in the aftermath of the EPE may partly derive

from the combustion of peat biomass that had died from other causes. The

burn probability of this biomass would have been enhanced owing to the

high pO2 of the late Permian (Yan et al. 2019), and increased temperature

and seasonally dry conditions. Furthermore, the inert nature of charcoal

(Jones and Chaloner 1991) makes it resistant to chemical breakdown,

enhancing its longevity in the sedimentary cycle. The detection of

reworked micro-charcoal is confounded by its tendency to splinter into

lath-shaped fragments (Scott 2010) rather than become rounded like many

other common sedimentary particles. The sparse vegetation in the

immediate aftermath of the EPE (Mays et al. 2020) led to a paucity of

autochthonous plant remains (McLoughlin et al. 2021); hence, reworked

pre-EPE charcoal could be over-represented in this interval. More highly

resolved age controls on strata around the EPE horizon would build a much

stronger case for the causal relationship and timing between wildfire

activity and continental ecosystem collapse.

Today, changes in fire regimes, expressed by an increase in fire

frequency or intensity, threaten thousands of plant and animal species with

extinction (Kelly et al. 2020). In regions of high rainfall, a reduction in

seasonal precipitation has led to a synergistic increase in direct tree

mortality and fire frequency (Brando et al. 2014, 2019). A recent rise in

fire activity in the Brazilian Pantanal region, South America, demonstrates

that anomalous warming and short-term reduction in precipitation is

sufficient to significantly promote and sustain wetland wildfires (Marengo

et al. 2021). Moreover, fires in modern peat-forming swamps have resulted

in total tree cover loss (Goldammer and Seibert 1990) and mortality rates

of � 98% (Johnson 1984). Increased fire frequency has also provided

intolerable stress on the reproductive cycles of trees with fire-adaptive

traits (sensu Keeley et al. 2011) leading to forest structure changes in

Australia (Fairman et al. 2016), Canada (Whitman et al. 2019), Russia

(Barrett et al. 2020) and the USA (Turner et al. 2019). These recent

examples demonstrate that changes in wildfire regime can act as a threat to

wetland vegetation and can directly impose rapid ecosystem changes

during warming intervals. Furthermore, modern climate-related fire regime

changes are occurring across disparate localities (Kelly et al. 2020),

indicating an apparent global distribution of this biodiversity stressor, and

mirroring the enhanced wildfire prevalence in both the low- and high-

latitude wetland basins of the late Permian.

Enhanced fire activity and the occurrence of sporadic megafire events

also impact the structure of animal communities. Recent megafires have

witnessed catastrophic animal losses in Australia (Lewis 2020) and central

South America (Tomas et al. 2021). In these communities, survival is

favored for animals with a fossorial lifestyle, since temperature changes are

negligible in burrows that extend more than 5 cm below the soil surface

(Recher et al. 2009; Costa et al. 2013). In addition, modern observational

studies of echidnas (Tachyglossidae), semi-fossorial monotremes, have

revealed high wildfire survival rates, owing largely to their heterothermy,

whereby they undergo an interval of energy-conserving torpor following a

fire (Nowack et al. 2016). By inference, abruptly enhanced land surface

temperatures, sharp changes in moisture levels and elevated fire

occurrences around the EPE may have collectively favored the survival

of (semi-)fossorial and heterothermic vertebrates through this biotic crisis.

In support of this hypothesis, it is noteworthy that many (and perhaps a

majority) of taxa in the rich vertebrate faunas of the Permian–Triassic

transition in the Karoo Basin (South Africa) and in surrounding regions of

Gondwana adopted a fossorial habit (Groenewald et al. 2001; Smith and

Botha 2005; Gastaldo and Rolerson 2008; Sidor et al. 2008; Bordy et al.

2011; Bordy and Krummeck 2016; Botha-Brink 2017; Botha et al. 2020).

Such behaviors may have provided access to more stable micro-

environments and reduced rates of juvenile mortality in brood chambers

(McLoughlin et al. 2020; Smith et al. 2021).

In addition to direct ecological stress to life on land during the end-

Permian event, enhanced wildfire would have influenced the atmosphere

and hydrosphere. Wildfires contribute the equivalent of 22% of modern

CO2 emissions from burning fossil fuels (van der Werf et al. 2017) and

CO2 emissions from one recent extreme fire event were more than double

the predicted estimate (van der Velde et al. 2021). Peat burning has been

suggested as a significant contributor to CO2 release during the EPE

(Glasspool et al. 2015) and other hyperthermal events (e.g., Paleocene–

Eocene thermal maximum, Kurtz et al. 2003; Toarcian oceanic anoxic

event, Finkelstein et al. 2006). These fire-driven greenhouse gas emissions

would be an important climatic feedback element during hyperthermal

events, such as the EPE (Fig. 13). Fires also greatly enhance nutrient influx

into regional freshwater or marine environments via soil runoff and

dispersal of suspended ash (Smith et al. 2011). Based on studies of recent

marine and riverine/lacustrine algal blooms in the wake of major modern

wildfire events (Ranalli 2004; Tang et al. 2021), we hypothesize that the

elevated fire regime at the close of the Permian and subsequent nutrient

influx may have contributed to eutrophication and the proliferation of

micro-organisms (e.g., bacteria and algae) in aquatic ecosystems (Fig. 13).

In turn, these microbial ‘blooms’ may have suppressed the recovery of

freshwater ecosystems from the end-Permian extinction event until well

into the Early Triassic (Mays et al. 2021a).

The impact of enhanced wildfire on the broader end-Permian landscape

and sedimentation processes can only be inferred in broad terms. Muir et

al. (2015) noted that there is generally a poor understanding of how fires

have affected the geological record over long timescales. At short

timescales, however, inferences can be drawn from studies of modern

settings. The impacts of fires on modern landscape and sedimentation

processes depend strongly on the local geomorphology and the magnitude

of, and interval between, the wildfire and subsequent precipitation events

(Vieira et al. 2015; Wu et al. 2020). Vegetation loss by fires in modern

continental settings, generally leads to altered moisture infiltration regimes

(Wieting et al. 2017), increased runoff (De Bano 2000), destabilization and

erosion of soils (Meyer et al. 2001; Shakesby and Doerr 2006; Vieira et al.

2015), and changes in sedimentation dynamics, such as alluvial fan

accretion, channel bar aggradation, and activation of debris flows

(Florsheim et al. 1991; Benda et al. 2003; Ryan et al. 2011; Rengers et

al. 2017). The notable concentrations of charcoal in many sandy to gravelly

channel and crevasse splay deposits throughout the Lopingian alluvial

systems of eastern Australia (Fig. 10A–10C; Vajda et al. 2020; Fielding et

al. 2021) probably reflect locally enhanced soil erosion and charred litter

transport after episodic fire events.

A Depressed Early Triassic Fire Regime

Owing to its anomalously low charcoal and inertinite abundances,

Lower Triassic sedimentary records have been described as exhibiting a

‘charcoal gap’ (Uhl et al. 2010). Reports of charcoal are exceptionally rare

(Uhl et al. 2008), and when found, tend to be restricted to single

stratigraphic horizons (Wan et al. 2021). Historically, a contributor to this

gap was an absence of data. Since inertinite abundances are primarily

derived from coal measures (e.g., Diessel 2010; Glasspool and Scott 2010;

Online Supplemental File Table S2), these data have been extremely scarce

from Lower Triassic deposits, caused by a near-total absence of coal in the

global stratigraphic record for several million years following the EPE (the

‘coal gap’; Veevers et al. 1994; Retallack et al. 1996). Similarly, no

permineralized peats are available from the studied basins to assess in situ

charcoal content of wetland settings, owing to the dearth of Early Triassic

peat-forming ecosystems. However, the concordant pre-EPE Lopingian

coal and shale inertinite records from the Sydney Basin indicate that shale-

derived inertinite abundances suffice in the absence of coal. As such, the
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present study helps to fill the gap in our knowledge of Early Triassic

wildfire activity.

Despite the apparently warm and seasonally dry conditions affecting

both East Antarctica and eastern Australia during the Early Triassic

(McLoughlin and Drinnan 1997b; McLoughlin et al. 1997; Cantrill and

Webb 1998; Retallack et al. 2011), the relatively low Lower Triassic meso-

charcoal and inertinite abundances suggest that the fire regime was

suppressed relative to that of the Lopingian. Although the mesofossil

record from the Bunnerong-1 core reveals generally low abundances of

organic matter in strata from the EPE horizon to near the Smithian–

Spathian boundary (~ base of the Bald Hill Claystone; ~ base of the

Aratrisporites tenuispinosus Palynozone), charcoal was recovered from

every sample. Although the relative proportion of charcoal in this interval

remains high, the small number of organic particles in general (, 300 in

many samples) means that absolute charcoal concentrations are low for this

interval. Similarly, the low post-EPE inertinite abundances (pre-EPE mean

¼ 34–49%; post-P. crenulata Zone mean ¼ 18.6–31%; Fig. 5) indicate a

reduction in wildfire activity for at least three million years (until the

Spathian substage) following the collapse of continental ecosystems.

Collectively, these data support an Early Triassic ‘charcoal depression’.

In addition to the historic lack of attention, three additional reasons have

been advanced for the paucity of Early Triassic charcoal (Uhl et al. 2010;

Abu Hamad et al. 2012): (1) preservation biases; (2) low atmospheric

oxygen concentrations; and (3) a scarcity of biomass to act as fuel. The

earliest Triassic climatic conditions may have led to continental

environments with low potential for the preservation of charcoal. The

post-EPE formation of ‘red-beds’ in some regions may have decreased the

preservational potential of charcoal (Belcher and McElwain 2008).

Although eastern Australia underwent a change in precipitation regime,

it was spared the intensity of drought conditions that have been inferred for

some regions (e.g., Smith and Botha-Brink 2014; but also see Gastaldo et

al. 2020). Instead, organic (micro)fossils, including inertinite and meso-

charcoal, are well-preserved in the dark, carbonaceous shales of eastern

Australia, and red-bed deposits are absent until the mid-Olenekian (c. 250–

249 Ma; Fig. 3).

Low atmospheric oxygen concentration (pO2) has been proposed as a

contributor to the apparent reduction in wildfire activity during the Early

Triassic. Early climate models estimated Early Triassic pO2 levels similar to

(Bergman et al. 2004) or lower (Berner 2005, 2006, 2009) than today. A

consequence of reduced pO2 for the Early Triassic would be lower wildfire

activity (Glasspool and Scott 2010; Glasspool et al. 2015) as this would

reduce the probability of ignition and propagation (Belcher et al. 2010).

Proxy-based approaches have generally noted the sparse records for this

interval (e.g., Glasspool and Scott 2010) that, nevertheless, generally

indicate low Early Triassic charcoal abundances, which have been inferred to

imply a reduction in pO2. More recent climate models, however, generally

estimate only a modest reduction in pO2 from pre-EPE levels, and retention

at consistently higher values than modern pO2 for the Early Triassic (Krause

et al. 2018; Lenton et al. 2018; Mills et al. 2021), suggesting that oxygen

was not the primary limiting factor to fire ignition and spread.

We propose that a scarcity of flammable biomass, as a function of the

vegetation type, likely played a pivotal role in the low charcoal/inertinite

abundances for the Early Triassic. In contrast to the dense, deciduous,

broad-leafed, peat-forming mire vegetation of the Lopingian, eastern

Gondwana was characterized by sparse, open woodlands for millions of

years following the EPE (Mays et al. 2020; McLoughlin et al. 2021). This

is supported by the significant drop in plant spore-pollen concentrations

(Fig. 5) and weakly developed root systems in paleosols of the Sydney

Basin (Retallack 1999). Early Triassic floras of both studied regions were

initially dominated by Lepidopteris (Peltaspermales) and Voltziopteris

(Voltziales) gymnosperms (Retallack 1980, 2002; McLoughlin et al. 1997),

which likely formed a low woody sclerophyllous vegetation of open

character (Retallack 2018). With few intervening ground-stratum plants,

and low total biomass, the earliest Triassic vegetation may have endured

lower frequencies of wildfires compared with the high-biomass Permian

forests, albeit that the glossopterid communities grew under cooler and

more consistently humid conditions. Once ignited, the sparseness of the

vegetation would have severely limited the spread of these fires

(Alexandridis et al. 2008). Later in the Early Triassic, the low herbaceous

to shrubby vegetation dominated by opportunistic cormose pleuromeian

lycopsids that occupied seasonal wetlands may, similarly, have been

affected by only intermittent fire events. It is likely that fire only regained

prominence in the landscape as denser complex multi-tiered vegetation

dominated by woody umkomasialean gymnosperms (e.g., Dicroidium)

developed near the end of the Early Triassic and diversified through the

remainder of that period. Indeed, possible fire scars (and cambial recovery)

have been reported on gymnosperm woods from the Fremouw Formation

of the Transantarctic Mountains (Jefferson and Taylor 1983; Putz and

Taylor 1996), and macro-charcoal bands become obvious in sandstone

bodies of eastern Australia in the Nymboida Coal Measures (Holmes and

Anderson 2013) indicating a return to more fire-prone vegetation in the

region by the Middle Triassic.

CONCLUSIONS

Long-term wildfire trends of the late Permian (Lopingian) to Early

Triassic were compiled for the high southern latitudes of eastern

Gondwana (Antarctica and eastern Australia) based on charcoal and

inertinite occurrences in palynological, mesofossil, and macrofossil

assemblages. Each data set yielded different quantitative results but

provided complementary information on the distributions and botanical

origins of macro- and micro-charcoalified fossil remains.

Late Permian assemblages consistently indicated fire-prone conditions

in the peat-forming mire ecosystems, fueled by dense biomass and

promoted by high atmospheric oxygen. The primary wetland plants of the

region, the glossopterids, apparently had fire-adaptive traits that may have

served to sustain their dominance in the Permian high southern latitudes

throughout the interval. A compilation of age-calibrated inertinite records

from across eastern Australia shows a distinctive increase during the final

stage of the Paleozoic (Changhsingian) until the end-Permian extinction

event (EPE).

A peak in charcoal and inertinite abundances supports increased wildfire

activity concurrent with, or soon after, the continental EPE (c. 252.2 Ma).

Evidence for enhanced wildfires in both high- and low-latitude regions

(Australia and China, respectively) suggests that it was caused by a shift in

global climate, ultimately driven by the Siberian Traps Large Igneous

Province. Enhanced burning, in concert with abruptly altered precipitation

and land-surface temperature regimes, likely contributed to vegetation

dieback and the inhibition of seedling recruitment. Modern analogues in

changing fire regimes indicate that increased fire frequency may have

played a decisive role in the collapse of continental ecosystems during the

EPE, even those populated by fire-tolerant wetland plants (Fig. 14). In

addition to direct ecological stress for life on land, fires would have served

as a positive feedback mechanism for greenhouse gas-driven warming, and

a nutrient vector that catalyzed toxic microbial blooms in regional aquatic

ecosystems.

Following the EPE, the micro- and mesofossil records confirm a

‘charcoal depression’ for at least the first three million years of the Early

Triassic. The open vegetation of the Early Triassic had low biomass and

was not conducive to extensive burning, despite initial atmospheric oxygen

levels equal to or higher than today. Reduced drawdown of CO2 (owing to

reduced burial of terrestrial organic matter) in the Early Triassic likely

contributed to prolonged greenhouse conditions until at least the Spathian

Stage (c. 249 Ma). Fire returned as a major environmental process only

with the re-establishment of complex forest ecosystems in the Middle

Triassic.
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Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to

the Sixth Assessment Report of the Intergovernmental Panel on Climate Change:

Cambridge University Press, Cambridge, p. 345.

SEPHTON, M.A., JIAO, D., ENGEL, M.H., LOOY, C.V., AND VISSCHER, H., 2015, Terrestrial

acidification during the end-Permian biosphere crisis?: Geology, v. 43, p. 159–162.

SHAH, B.A., 2021, Diagenesis and genesis of clay minerals in the Triassic sandstones of the

Panchet and Parsora formations, Damodar-Son Basin, India: Journal of Sedimentary

Environments, v. 6, p. 255–265.

SHAKESBY, R.A. AND DOERR, S.H., 2006, Wildfire as a hydrological and geomorphological

agent: Earth-Science Reviews, v. 74, p. 269–307, doi: 10.1016/j.earscirev.2005.10.006.

SHEN, J., YU, J., CHEN, J., ALGEO, T.J., XU, G., FENG, Q., SHI, X., PLANAVSKY, N.J., SHU, W.,

AND XIE, S., 2019, Mercury evidence of intense volcanic effects on land during the

Permian–Triassic transition: Geology, v. 47, p. 1117–1121.

SHEN, S.-Z., CROWLEY, J.L., WANG, Y., BOWRING, S.A., ERWIN, D.H., SADLER, P.M., CAO, C.-

Q., ROTHMAN, D.H., HENDERSON, C.M., RAMEZANI, J., ZHANG, H., SHEN, Y., WANG, X.-D.,

WANG, W., MU, L., LI, W.-Z., TANG, Y.-G., LIU, X.-L., LIU, L.-J., ZENG, Y., JIANG, Y.-F.,

AND JIN, Y.-G., 2011a, Calibrating the end-Permian mass extinction: Science, v. 334, p.

1367–1372.

SHEN, W., SUN, Y., LIN, Y., LIU, D., AND CHAI, P., 2011b, Evidence for wildfire in the

Meishan section and implications for Permian–Triassic events: Geochimica et

Cosmochimica Acta, v. 75, p. 1992–2006.

SHI, G.R. AND MCLOUGHLIN, S., 1997, Permian stratigraphy, sedimentology and

palaeontology of the southern Sydney Basin, eastern Australia—a field excursion

guide: Deakin University, School of Aquatic Science and Natural Resources

Management, Melbourne, 59 p.

SHIVANNA, M., MURTHY, S., GAUTAM, S., SOUZA, P.A., KAVALI, P.S., CERRUTI BERNARDES-DE-
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oenvironmental changes recorded in the palynology and palynofacies of a Late Permian

Marker Mudstone (Galilee Basin, Australia): Palaeoworld, v. 29, p. 439–452, doi: 10.101

6/j.palwor.2018.10.005.

WHITESIDE, J.H. AND GRICE, K., 2016, Biomarker records associated with mass extinction

events: Annual Review of Earth and Planetary Sciences, v. 44, p. 581–612.

WHITMAN, E., PARISIEN, M.-A., THOMPSON, D.K., AND FLANNIGAN, M.D., 2019, Short-interval

wildfire and drought overwhelm boreal forest resilience: Scientific Reports, v. 9, article

18796, doi: 10.1038/s41598-019-55036-7.

WIETING, C., EBEL, B.A., AND SINGHA, K., 2017, Quantifying the effects of wildfire on

changes in soil properties by surface burning of soils from the Boulder Creek Critical

Zone Observatory: Journal of Hydrology: Regional Studies, v. 13, p. 43–57, doi: 10.101

6/j.ejrh.2017.07.006.

WIGNALL, P.B., 2001, Large igneous provinces and mass extinctions: Earth-Science

Reviews, v. 53, p. 1–33.

WILDMAN, R.A., HICKEY, L.J., DICKINSON, M.B., BERNER, R.A., ROBINSON, J.M., DIETRICH,

M., ESSENHIGH, R.H., AND WILDMAN, C.B., 2004, Burning of forest materials under late

Paleozoic high atmospheric oxygen levels: Geology, v. 32, p. 457–460, doi: 10.1130/G20

255.1.

WILLIAMS, P.R., 2000, Fire-stimulated rainforest seedling recruitment and vegetative

regeneration in a densely grassed wet sclerophyll forest of north-eastern Australia:

Australian Journal of Botany, v. 48, p. 651–658, doi: 10.1071/BT99020.

WU, J., BAARTMAN, J.E.M., AND NUNES, J.P., 2020, Comparing the impacts of wildfire and

meteorological variability on hydrological and erosion responses in a Mediterranean

catchment: Land Degradation and Development, v. 32, p. 640–653, doi: 10.1002/ldr.

3732.

WU, Y., CHU, D., TONG, J., SONG, H., DAL CORSO, J., WIGNALL, P.B., SONG, H., DU, Y., AND

CUI, Y., 2021, Six-fold increase of atmospheric pCO2 during the Permian–Triassic mass

extinction: Nature Communications, v. 12, article 2137.

XIAO, L., ZHAO, Q., WANG, J., MISHRA, V., ARBUZOV, S.I., AND ZHANG, M., 2020, Wildfire

evidence from the Middle and Late Permian Hanxing Coalfield, North China Basin:

Geologica Acta, v. 18, p. 1–11.

YAN, Z.M., SHAO, L.Y., GLASSPOOL, I.J., WANG, J., WANG, X.T., AND WANG, H., 2019,

Frequent and intense fires in the final coals of the Paleozoic indicate elevated

atmospheric oxygen levels at the onset of the end-Permian Mass Extinction Event:

International Journal of Coal Geology, v. 207, p. 75–83.

ZHANG, H., CAO, C.-Q., LIU, X.-L., MU, L., ZHENG, Q.-F., LIU, F., XIANG, L., LIU, L.-J., AND

SHEN, S.-Z., 2016, The terrestrial end-Permian mass extinction in South China:

Palaeogeography, Palaeoclimatology, Palaeoecology, v. 448, p. 108–124.

ZHOU, W., ALGEO, T.J., LUO, G., XIAOYAN, R., CHEN, Z.-Q., AND XIE, S., 2021, Hydrocarbon

compound evidence in marine successions of South China for frequent wildfires during

the Permian–Triassic transition: Global and Planetary Change, v. 200, article 103472,

doi: 10.1016/j.gloplacha.2021.103472.

Received 17 October 2021; accepted 14 March 2022.

Allen Press, Inc. � 11 April 2022 � 6:18 am Page 26

//titan/Production/p/palo/live_jobs/palo-37/palo-37-s1/palo-37-s1-02/layouts/palo-37-s1-02.3d RaNgE#?!1-26#?!

C. MAYS AND S. MCLOUGHLIN26 P A L A I O S

www.allenpress.com

