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ARTICLE INFO ABSTRACT

ATfiC{EhistOW? ) Current large-scale deforestation poses a threat to ecosystems globally, and imposes substantial
Received 28 April 2019 and prolonged changes on the hydrological and carbon cycles. The tropical forests of the Amazon
ggig‘wd in revised form 29 September and Indonesia are currently undergoing deforestation with catastrophic ecological consequences but

widespread deforestation events have occurred several times in Earth’s history and these provide lessons
for the future. The end-Permian mass-extinction event (EPE; ~252 Ma) provides a global, deep-time
analogue for modern deforestation and diversity loss. We undertook centimeter-resolution palynological,
sedimentological, carbon stable-isotope and paleobotanical investigations of strata spanning the end-
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Keywords: Permian event at the Frazer Beach and Snapper Point localities, in the Sydney Basin, Australia. We show
Australia that the typical Permian temperate, coal-forming, forest communities disappeared abruptly, followed by
Triassic the accumulation of a 1-m-thick mudstone poor in organic matter that, in effect, represents a ‘dead
extinction zone’ hosting degraded wood fragments, charcoal and fungal spores. This signals a catastrophic scenario
g?;ﬂ?\;’;?gi’y of vegetation die-off and extinction in southern high-latitude terrestrial settings. Lake systems, expressed

by laterally extensive but generally less than a few-metres-thick laminated siltstones, generally lacking
bioturbation, hosting assemblages of algal cysts and freshwater acritarchs, developed soon after the
vegetation die-off. The first traces of vascular plant recovery occur ~1.6 m above the extinction horizon.
Based on analogies with modern deforestation, we propose that the global fungal and acritarch events
of the Permo-Triassic transition resulted directly from inundation of basinal areas following water-table
rise as a response to the abrupt disappearance of complex vegetation from the landscape. The 813C0rg
values reveal a significant excursion toward low isotopic values, down to —31%o (a shift of ~4%o), across
the end-Permian event. The magnitude of the shift at that time records a combination of changes in the
global carbon cycle that were enhanced by the local increase in microbial activity, possibly also involving
cyanobacterial proliferation. We envisage that elevated levels of organic and mineral nutrients delivered
from inundated dead forests, enhanced weathering and erosion of extra-basinal areas, together with local
contributions of volcanic ash, led to eutrophication and increased salinity of basinal lacustrine-lagoonal
environments. We propose that the change in acritarch communities recorded globally in nearshore
marine settings across the end-Permian event is to a great extent a consequence of the influx of
freshwater algae and nutrients from the continents. Although this event coincides with the Siberian
trap volcanic activity, we note that felsic-intermediate volcanism was extensively developed along the
convergent Panthalassan margin of Pangea at that time and might also have contributed to environmental

perturbations at the close of the Permian.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Deforestation threatens biodiversity and ecosystem stability at
all latitudes and has ensuing effects on the hydrological cycle and
climate systems (Aragdo et al., 2008). Forests are vital for stabiliz-
ing Earth’s systems as they buffer the landscape from soil erosion,
drought, and flooding, and also provide habitats for animals, under-
storey plants and microbes (Aragdo et al., 2008; Costa and Pires,
2010). Major deforestation events have occurred in tandem with
several biotic crises in Earth’s history and these may serve as eco-
logical analogues for future environmental change. The terrestrial
end-Permian mass-extinction event (EPE) provides a particularly
striking global, deep-time analogue for modern deforestation and
diversity loss.

Losses of marine animal species during the EPE have been esti-
mated at 80-96% (Stanley, 2016) and some authors argue that the
extinction in the oceans was coeval with that on land (Payne and
Clapham, 2012), whereas others have presented evidence of ex-
tinction on land preceding that in the oceans (Fielding et al., 2019;
Mays et al., in press). The EPE in southern high-latitude non-
marine successions has long been associated with the disappear-
ance of broad-leafed deciduous forests dominated by glossopterid
gymnosperms (Helby, 1970; Foster, 1979; Vajda and McLoughlin,
2007; McLoughlin, 2011; Van de Wetering et al., 2013a, 2013b).
Glossopterids supplied nutrition and living space for diverse net-
works of vertebrates, invertebrates and micro-organisms (Slater et
al,, 2015) and were the prime contributors of biomass to the vast
Permian coal deposits of Gondwana, hence their disappearance had
major implications for ecosystem structure.

The detailed biological signal following the EPE is marked by
two geographically widespread palynological events, the ‘algal/fun-
gal/acritarch event’ (a bloom of Reduviasporonites, and of acritarchs
in marine environments; Eshet et al, 1995; Looy et al., 2001;
Kar and Ghosh, 2018; Rampino and Eshet, 2018), and the ‘spore-
spike event’ (Schneebeli-Hermann et al., 2015). The presence of
abundant acritarchs in post-extinction continental deposits has
contributed to a continuing debate as to whether the EPE interval
was marked by eustatic sea-level rise (Thomas et al., 2004). Impor-
tantly, high-resolution data from marine settings, e.g. from Finn-
mark (Norway), Greenland, and Western Australia (Perth Basin)
document acritarch blooms of freshwater aspect in marine deposits
within the EPE (van Soelen et al., 2018; van Soelen and Kiirschner,
2018; Metcalfe et al., 2008; Haig et al., 2015). An understanding of
the turnover in terrestrial ecosystems calls for more detailed eval-
uation of biotic changes in stratigraphically complete continental
successions.

The end-Permian event is generally linked to Siberian trap mag-
matism (Burgess et al.,, 2017), with recent data revealing anoma-
lously high, probable volcanogenic, mercury (Hg) levels through
the EPE (Wang et al, 2019). Although most attention of causal
mechanisms for the EPE has focused on emissions from Siberian
Trap basaltic volcanism, the effects of the extensive circum-
Pangean felsic volcanism (Riel et al., 2018) have been largely
overlooked as potential contributors to the environmental crisis.

This study, based on continuous sedimentary successions in the
high-paleolatitude foreland Sydney Basin, Australia, documents the
highest-resolution palynological signal yet recovered from an end-
Permian succession in the Southern Hemisphere. The study aims
to identify the end-Permian event horizon and to resolve the eco-
logical changes by drawing analogies with modern deforestation
patterns and their consequences.

2. Geological setting, stratigraphy and paleoenvironment

The Sydney Basin was part of a large foreland basin system (the
Sydney-Gunnedah-Bowen basin complex) located at 65-75°S in SE

Gondwana at the end of the Permian (Fig. 1a-c) and hosted a large
southward-draining axial fluvial system to the west of a continen-
tal volcanic arc, the New England Orogen (Fielding et al., 2001;
Rosenbaum, 2018). The late Permian was characterized in this re-
gion by prolonged regression and, by the end of the period, few
marine depositional systems existed within Australia (Shi et al.,
2010; Frank et al, 2015). The region had a cool temperate and
consistently moist climate during the latest Permian (Lopingian)
but general circulation modeling and the chemical index of alter-
ation suggest that the Sydney Basin experienced enhanced sea-
sonality, including higher temperatures and higher precipitation
immediately following the EPE, particularly during the summer
months warmer and drier summers following the EPE (Fielding
et al., 2019). However, the longer term climatic trend shows pro-
gressive drying through the Early Triassic (Metcalfe et al., 2015;
Mays et al., in press).

This is consistent with the occurrence of numerous false (in-
traseasonal) rings in Early Triassic wood from this basin (Baker,
1931), together with an increase up-section of sedimentary fea-
tures indicative of seasonal drought, such as desiccation struc-
tures, ferruginous concretions, and microspherulitic siderite in
Narrabeen Group paleosols (Retallack, 1999). Paleoclimatic inter-
pretations across the EPE in the Sydney Basin based on paleosol
geochemistry (Retallack, 1999) have suggested mean annual pre-
cipitation of 1000-1300 mm during deposition of both the latest
Permian coal-bearing succession and the immediately succeeding
post-EPE charcoal-rich strata, but with reduction to 800-1200 mm
per annum during deposition of the upper part of the Dooralong
Shale (~1-11 m above the coal; Fig. 2a, b).

Volcanoes along the New England Orogen (Fig. 1c) supplied nu-
merous ash beds to the adjacent foreland basin from which zircon
CA-ID-TIMS radiogenic U-Pb age estimates have enabled recalibra-
tion of the eastern Australian Permian-Triassic palynostratigraphic
zones (Metcalfe et al.,, 2015; Laurie et al., 2016). These methods
have now tightly constrained the position and age of the terrestrial
EPE in the Sydney Basin succession to between 252.60 + 0.04 Ma
and 252.31 4+ 0.07 Ma (Fielding et al., 2019).

Upper Permian successions across the Sydney Basin comprise
multiple cycles of coastal plain fluvial channel sands, floodbasin
mudstones, coals and tuffs that are assigned to several units
within the upper Newcastle Coal Measures (Fig. 2a, b). The upper-
most unit of the coal measures, informally named the Vales Point
coal, represents peat accumulation immediately preceding the EPE
(Fig. 2a, b). The conformably overlying Dooralong Shale and Mun-
morah Conglomerate (Narrabeen Group) extend into the lowermost
Triassic (Fig. 2a, b).

The Global Stratotype Section and Point (GSSP) of the Permian-
Triassic Boundary (separating the Changhsingian and Induan stages)
was ratified in 2001 (Yin et al., 2001), whereby the boundary was
defined at the first occurrence of the conodont Hindeodus parvus,
i.e,, at the base of Bed 27c of the Meishan section D, in Changx-
ing County, Zhejiang Province, South China. As this conodont index
taxon represents a component of the recovery fauna that evolved
following the extinction, a significant lag time (of at least tens of
thousands of years) will always exist between the initial pulse of
the end-Permian extinction event (dated as 251.941 4+ 0.037 Ma:
Bed 25 at Meishan) and the subsequent appearance of H. parvus
defining the Permian-Triassic boundary in the marine successions
(dated as 251.902 + 0.024 Ma: Bed 27c at Meishan; Burgess et al.,
2014). No internationally recognized reference section exists for
the Permian-Triassic boundary in non-marine settings, although
several successions in the Sydney Basin have the potential to serve
as excellent continental stratotype sections. The major challenge
posed for determining global correspondence of events around the
PTB is the correlation between marine and non-marine realms and
their biotas. Therefore, we consistently refer to the terrestrial end-
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Fig. 1. Stratigraphic and palaeogeographic setting of the successions spanning the end-Permian event in the Sydney Basin, Australia. a) Map of the Sydney Basin showing the
distribution of Permian and Triassic strata. b) Late Permian paleogeographical map of eastern Gondwana with the study area marked immediately to the west of a continental
volcanic arc flanking the southeastern margin of Gondwana. At the end of the Permian, the Sydney Basin formed the southern part of a >2000-km-long, meridional,
asymmetrical foreland basin, the Bowen-Gunnedah-Sydney basin complex (outlined in red). It is likely that this foreland basin complex of ~240 000 km? was drained by a
common fluvial system that issued southward to enter the sea east of the current limits of the Sydney Basin. c) Global paleogeographic map for the Permian-Triassic transition
showing the location of the Siberian Traps Large Igneous Province, the distribution of subduction zones (yellow lines), and felsic magmatism (volcano symbols) forming the
Pangean ‘ring of fire’ (base maps adapted from Blakey, 2005, with additional information from Zhang et al., 2013; Amiruddin, 2014; Ye et al., 2014; Liao et al., 2016;
Riel et al.,, 2018; Spalletti and Limarino, 2017; Jessop et al., 2019). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Permian event herein (not to the Permian-Triassic boundary sensu
stricto) and use the EPE as the reference datum point in the stud-
ied sections.

3. Material and methods

Cliff sections at Snapper Point (33°11'13.35”S, 151°37/42.00"E)
and Frazer Beach (33°11/37.21”S, 151°37'22.34”E), Munmorah
State Conservation Area, New South Wales, Australia, were logged
and sampled in detail for the distribution of sedimentary facies,
geochemistry, palynomorphs and plant macrofossils (Figs. 1-7).

3.1. Palynology and paleobotany

Forty-nine palynological samples were collected through a
13.1-m-thick succession at Frazer Beach and 24 samples through a
2-m-thick section at Snapper Point, providing a composite profile
through the Vales Point coal seam and Dooralong Shale, and span-
ning the EPE (Figs. 1-3; Supplementary online Fig. S1). Samples
of ~15 grams were processed according to standard procedures at

Global Geolab Limited, Canada, incorporating treatment with hy-
drochloric (HCl) and hydrofluoric (HF) acids in order to remove
carbonates and silicates, and subsequent sieving of residues with a
5 pm nylon mesh. The organic residue was mounted in epoxy resin
on microscopy slides, and the organic matter was classified accord-
ing to the scheme developed by Batten (1996). The following paly-
nofacies categories were distinguished: charcoal, wood remains,
plant cuticles, bisaccate non-taeniate pollen, bisaccate taeniate
pollen, plant spores, algae, acritarchs and fungi. Biostratigraphic
analysis involved scanning two microscopy slides per sample for
key taxa. Quantitative evaluation involved palynofacies analysis by
scoring the relative abundance of organic particles based on 300
counts per slide; results shown in Supplementary Material (Table
S1). Plant macrofossils were prepared from bedding planes by dé-
gagement and photographed with low-angle light from the upper
left. The slides and residues and most macrofossils are stored in
the collections of the Swedish Museum of Natural History, Stock-
holm, Sweden (prefixed NRMS). One fossil leaf is held in the W.B.
Clarke Geoscience Centre, Londonderry, New South Wales, Aus-
tralia (prefixed MMF).
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Fig. 2. a) Chronostratigraphic, lithostratigraphic, and palynostratigraphic scheme for the Permian-Triassic transition of the northern Sydney Basin. b) Photograph of the Frazer
Beach section, ~16 m high. Note human scale Stephen McLoughlin, 176 cm. c) Details of the transition from coal to mudstone marking the EPE at Frazer Beach.

3.2. Geochemistry

C-N concentrations and isotopic compositions of bulk organic
matter were analyzed for 34 samples through the 13.1-m-thick
succession spanning the EPE at Frazer Beach and for 24 samples
through the 2-m-thick section at Snapper Point (Tables S2, S3). In
preparation for analysis, splits of samples used for the palynolog-
ical study were powdered, reacted for 24 h with 1N HCl at room
temperature to remove inorganic carbon, and rinsed three times
in ultra-pure water. In each case, the supernatant was separated
by centrifugation and discarded. Samples were then dried in an
oven at 40°C and re-crushed using an agate mortar and pestle.
Total organic carbon (TOC), total nitrogen (TN), and carbon and ni-
trogen isotope compositions were determined by high temperature
combustion using a Costech 4010 Element Analyzer connected to a
Thermo Finnigan MAT 253 stable-isotope gas-ratio mass spectrom-
eter in the W.M. Keck Paleoenvironmental and Environmental Sta-

ble Isotope Laboratory at the University of Kansas. Carbon isotope
compositions of bulk organic matter fractions are reported in per
mille (%o) relative to Vienna PeeDee Belemnite (VPDB), whereas ni-
trogen isotope compositions are reported in per mille (%) relative
to Air. Analyses of working standards (DORM, ATP) were repro-
ducible to better than £0.13%o (1o SD) for §'3C and +0.39 (1o
SD) for 815N.

4. Results and interpretation
4.1. The vegetation signal

The palynological results reveal a succession of abrupt events
at the close of the Permian. Rich and well-preserved miospore as-
semblages dominated by taeniate (striate) bisaccate pollen grains
(Figs. 3-4) assigned to the Dulhuntyispora parvithola Zone of lat-
est Permian age occur below and within the Vales Point coal
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Fig. 3. Graphical log of the Frazer Beach section. Stratigraphy is tied to the chronostratigraphic scale using CA-ID-TIMS U-Pb ages from Fielding et al. (2019). Selected
palynofacies/miospore groups recovered from outcrop samples reveal a major turnover in the floras at the top of the Vales Point coal inferred to represent the EPE. First
appearance datums of selected palynomorph taxa provide the basis for recognizing the local palynozones.

seam (both within the coal and in shale partings), denoting com-
plex glossopterid-dominated communities with high spore-pollen
productivity. The Vales Point coal is dominated by compressed
glossopterid wood and leaves (occurring as vitrinite), and the un-
derlying siltstones (paleosol) contain abundant glossopterid roots
(Vertebraria: Fig. 5f) denoting a forested mire ecosystem. Diverse
palyno-assemblages persist seemingly unaltered up to the top of
the Vales Point coal but overlying strata are devoid of glossopterid
pollen and leaves. The contact between the coal and the overly-
ing carbonaceous mudstone is marked by a layer rich in jarosite
(KFe§+(OH)6(SO4)2) at both sites. A sharp decrease in organic mat-
ter content occurs at this level, and assemblages from the succeed-
ing 20 cm are strongly dominated by woody debris—a significant
portion of which is charcoalified (Fig. 3). This major shift is evi-
dence of an abrupt die-off of the glossopterid mire communities
and is mirrored in the sedimentological record at the studied sites
by the abrupt change from coal to a muddy polymict micro-breccia
(containing quartz grains, amorphous siliceous possible pumice
clasts, and sub-angular clay-pellets and coal fragments) extending
0-20 cm above the coal. This grades upward into a grey siltstone
(20-55 cm above the coal) in which the palynological assemblages
are characterized by translucent phytodebris, algal thalli, fungal
spores and abundant phytoclasts degraded through bacterial activ-
ity, and this interval is herein designated ‘the dead-zone’. (Fig. 2c).
An overlying crevasse-splay sand lacks significant palynomorphs
apart from wood.

A succession of assemblages rich in fresh- or brackish-water al-
gae initiates in siltstones at 140 cm above the coal, above a thin
iron-stained tuffaceous layer (Figs. 3, 6a-n). These assemblages are
dominated by green algae, including the zygnematalean micro-
alga Circulisporites parvus (Fig. 6h, i, m, n), and leiospheres, which
are thin-walled, smooth to weakly ornamented, spherical cysts of

unknown algal affinity (Lindgren, 1981; Fig. 6f, g, k, 1), with subor-
dinate Quadrisporites horridus (Fig. 6j), attributed to the freshwater
green algae Scenedesmaceae; Batten, 1996), and sparse examples
of the spinose acritarch Micrhystridium sp.

Land vegetation (vascular plant) recovery is marked by the ap-
pearance of new spore/pollen taxa in a laminated sandy siltstone
~160 cm above the Vales Point coal at Frazer Beach (Figs. 3, 5a-e,
h-k). This palynoassemblage is dominated by fern and lycophyte
spores, spore clusters, and bisaccate non-taeniate pollen (Fig. 4a-n)
of typical Triassic seed-ferns and conifers (Fig. 5). These beds also
yield a macroflora (Fig. 5a-d, h-k) comprising leaves and stems
of a peltaspermalean seed-fern (Lepidopteris callipteroides: Fig. 5a,
b, h, i), voltzialean conifer (Voltziopsis spp.: Fig. 5j), a ginkgoalean
(Ginkgophytopsis sp.: Fig. 5k), isoetaleans (Isoetites sp.), equise-
taleans (Neocalamites sp.), together with various dispersed plant
cuticles (Fig. 5c—e). These are among the earliest post-EPE plants
yet documented globally, providing direct insights into the struc-
ture of the immediate recovery vegetation.

4.2. Geochemistry

The total organic carbon values (TOC) show a major change
through the sections, with average values of between 5 and 10%
C in the uppermost Permian siltstones below the Vales Point coal
(Fig. 3). The TOC within the coal averages ~56% at Frazer Beach
(range 23-71%), and ~40% at Snapper Point (range 7-69%) where
a larger variance is evident owing to more silty laminae (see Sup-
plementary Material, Tables S2, S3). The TOC drops to an aver-
age of 6% in the charcoal-dominated interval and drops sharply
above that to values consistently below 1% at both sites (range
0.53-0.05% at Frazer Beach, 0.22-0.62% at Snapper Point).
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C

d

Fig. 4. Light-micrographs of selected spores and pollen identified in the post-extinction mudstone at the Frazer Beach section. a) Brevitriletes bulliensis; b) B. bulliensis; c¢) Os-
mundacidites wellmanii; d) Retitriletes rugulatus e) Brevitriletes sp.; f) Thymospora ipsviciensis; g) Concavissimisporites sp.; h) Cyclogranisporites sp.; i) Foveosporites moretonensis;
j) Kraeuselisporites rallus; K) Vitreisporites pallidus; 1) Playfordiaspora crenulata; m) Falcisporites sp.; m) Protohaploxypinus jacobii.

The 8'3Corg values through the Frazer Beach section show a sig-
nificant range, from -31.1%o to -24.5%0 (average -25.9%o; Fig. 3;
Table S2). The lowest values occur in the sample from 4 cm above
the Vales Point coal and in the sample at 146 cm, in which the
organic matter is dominated by algae. Likewise, the most 13C
-depleted values (-27.4%¢) occur within the topmost sample of
the Snapper Point section associated with algal-rich assemblages
(Table S3). Algae discriminate against the heavier '3C isotope, pre-
ferring the lighter 12C isotope. Consequently, these low values are
consistent with high algal productivity (Torres et al., 2012) identi-
fied at the level of the initial algal spike. This relationship is decou-
pled higher in the section. This possibly reflects *C-enrichment of
dissolved inorganic carbon (DIC) in hyper-eutrophic lakes resulting
from very high primary productivity (Torres et al., 2012).

The C/N ratios range between 1.8 and 57.7 at Frazer Beach and
between 9.1 and 57.5 at Snapper Point (Fig. 3; Tables S2, S3). The
values at the two sites are very consistent, with C/N ratios de-
creasing significantly at ~25-40 cm above the coal and with the
lowest values at the very top of the Frazer Beach section). The
high C/N ratios within the coal and the charcoal-dominated sam-
ples are consistent with the prominence of lignin-rich terrestrial
plants, whereas the low C/N ratios in the overlying charcoal-rich
interval are consistent with the lacustrine algal source of the or-
ganic matter (Torres et al., 2012).

The 81°N values range from —1.7 to 5.0%¢ through the suc-
cession (Fig. 3, Tables S2, S3), with the higher values registered
consistently above the EPE and the lowest levels occurring in the
uppermost levels of the coal, and in the base of the charcoal-
dominated interval. !N values are generally difficult to interpret
but the systematic shifts towards higher values in the intervals
dominated by algae, possibly signals high nutrient availability (eu-
trophication) in the palaeo-lake system.

4.3. Ecological consequences of deforestation

The consequences of deforestation on the scale of entire sedi-
mentary basins are not known from modern systems, but examples
of extensive deforestation from early human settlements in New
Zealand and Australia (Woodward et al., 2014), and the ecolog-
ical impact of modern deforestation in such diverse settings as
Australian woodlands (Ruprecht and Schofield, 1991a, 1991b), Ti-
betan alpine forests (Cui et al., 2007), the Amazon Basin tropical
forests (Gentry and Lopez-Parodi, 1980; Marengo and Espinoza,
2015), southeast Asian raised mire systems (Wells et al., 2016), and
Siberian temperate forests (Burenina et al., 2014) are well known.
The ecological impacts of modern deforestation in these diverse
vegetation types typically include an abrupt decline in biodiver-
sity, increased soil erosion, and nutrient loading of watercourses
(Ruprecht and Schofield, 1991a, 1991b; Cui et al., 2007).
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Fig. 5. Plant macrofossils and dispersed cuticle fragments from the Permian-Triassic transition in the northern Sydney Basin. a, b, h, i) Lepidopteris callipteroides (peltasperm
seed-fern) pinna fragments showing the variation in pinnule morphology; 1.6-1.8 m above top of Vales Point coal seam at Frazer Beach; NRMS08794, NRMS08793,
NRMS08792-01, NRMS0872-02, respectively. c) Lepidopteris callipteroides dispersed cuticle fragment showing stoma with seven subsidiary cells and papillae overhanging
the aperture; NRMS. d) Dispersed cuticle of possible coniferous affinity with elongate rectangular cells; 1.59 m above top of Vales Point coal seam at Frazer Beach; NRMS. e)
Dispersed cuticle of possible corystosperm (Umkomasiaceae) affinity having short, polygonal, uni-papillate cells with slightly buttressed sinuous anticlinal cell walls; 1.76 m
above top of Vales Point coal seam at Frazer Beach; NRMS. f) Vertebraria australis, segmented glossopterid roots preserved in siltstone 2 m below the top of the Vales Point
coal seam at Frazer Beach. g) Glossopteris browniana leaf typical of uppermost Permian strata in the northern Sydney Basin; MMF2884. j) Voltziopsis africana conifer leaf from
1.6-1.8 m above top of Vales Point coal seam at Frazer Beach; NRMS089791. k)? Ginkgophytopsis sp. leaf fragment with divergent dichotomous venation from 1.6-1.8 m above
top of Vales Point coal seam at Frazer Beach; NRMS089790. Scale bars = 1 mm for a, b, g-i, 10 pm for ¢, 10 mm for e, f; j.

Importantly, the loss of forests dramatically disrupts the hydro-
logical cycle resulting in regional reduction of precipitation (Aragdo
et al, 2008; Costa and Pires, 2010; Haas et al., 2019). Roughly,
two-thirds of the water precipitated on modern forests is recy-
cled to the atmosphere via evapotranspiration and there are ma-
jor differences in evapotranspiration rates between bare soil and
areas covered by various vegetation types depending on foliar sur-
face area and the developmental stage of the plants (Stan et al.,
2014). Despite decreased rainfall in some areas, water-tables be-
come markedly elevated following deforestation with rises of up
to 25 m documented in some valleys, turning lowland areas into
swamps or salt marshes (Ruprecht and Schofield, 1991a, 1991b).
Flooding of the landscape following deforestation is caused by a
combination of reduced canopy interception of precipitation, lesser
groundwater uptake by plant roots, decreased evapotranspiration

and, on a seasonal basis, overbank flooding from increased peak
flow rates in watercourses (Diaz et al., 2007).

Upper Permian coals and permineralized peats of the Sydney-
Gunnedah-Bowen basin system are overwhelmingly dominated by
the remains of glossopterid gymnosperms (Diessel and Smyth,
1995; McLoughlin et al., 2019) suggesting these plants were the
main constituents of the immediate peat-forming ecosystems.
Seatearths beneath the coal seams are typically rich in Verte-
braria (glossopterid) roots with internal air chambers, interpreted
to be an adaptation for growth in waterlogged substrates. These
features attest to the growth of glossopterids within the mire
system proper. Permineralized and coalified stumps and logs pre-
served within the Upper Permian coals are up to 1 m in di-
ameter (McLoughlin, 1993), indicating that these trees probably
reached 30 m tall based on the scaling relationships of mod-
ern gymnosperm stems (Niklas, 1994; Gulbranson et al., 2012).
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Fig. 6. Light micrographs of fungi, algal thalli and algal cysts. a-e) Algal thalli and fungal colonies; a-b) Algal thalli; ¢) Fungal colonies; d-e) Enlargement of fungal colonies;
f) Reduviasporonites sp.; g) Leiosphaeridia sp.; h-i) Circulisporites parvus; j) Quadrisporites horridus; k-n) Scanning electron micrographs of selected algae; k) Leiosphaeridia sp.
with pockmarks from pyrite; 1) Enlargement of pockmarks; m-n) Circulisporites parvus; m) proximal side, n) distal side.

Glossopterids are interpreted to have been tall, relatively conical,
and moderately well-spaced in order to optimize interception of
low-angle light at high latitudes. They were deciduous trees with
reticulate-veined, spathulate leaves, typically around 10-15 cm
long and 2-3 cm wide (Fig. 5g). Boreal deciduous birch (Betula)
or larch (Larix) forests of swampy environments are considered
by some authors as modern analogues of Permian glossopterid
forests (Izart et al., 2015). Although no consensus has been reached
on the hydrology of the high-latitude late Permian peats, they
are commonly envisaged to have developed as laterally extensive,
low-gradient, forested, raised (ombrogenous) mires supported by
high precipitation rates and low evapotranspiration (Clymo, 1987;
Slater et al., 2015). Ground-cover elements of the Gondwanan
forests, and open plant communities along watercourses and lake
margins comprised mainly herbaceous ferns, sphenopsids, and ly-
cophytes (Holmes, 1995; McLoughlin et al., 2019).

Processes following modern deforestation provide a template
for the environmental changes related to the extinction of glos-
sopterid forests at the EPE. We identified four main phases (I-
IV) in this biotic turnover (Figs. 3, 7) that are outlined below.
The duration of each phase is a rough estimate based on accu-
mulation rates through the upper Permian and Triassic succes-
sion in the Sydney Basin. Based on the radiometrically calibrated
succession in the central Sydney Basin (Metcalfe et al., 2015;
Fielding et al., 2019), we calculated accumulation rates at ~13,000
yrs/m for the Upper Permian continental, delta plain deposits and
~7900 yrs/m for the post-extinction successions of the Narrabeen
Group. We also compared these values to calculations of sedimen-
tation rates of continental Cretaceous-Paleogene boundary strata
of the Fort Union Formation in North Dakota (Hicks et al., 2002;
Noorbergen et al.,, 2018) because the K-Pg boundary provides the
best-dated timeline for any mass extinction event (Schulte et al.,
2010; Renne et al., 2018). Moreover, the Paleogene terrestrial sedi-
ments accumulated following denudation of forests following the
Chicxulub impact event, providing a similar environmental sig-
nal. The calculated accumulation rates from the Sydney Basin are
fairly consistent with those from the Western Interior Williston

Basin (K-Pg boundary) for the pre-extinction depositional sys-
tems where an accumulation rate of ~10,465 yrs/m is evident
for the Maastrichtian Hell Creek Formation (Hicks et al., 2002).
A lower accumulation rate of ~13,275 yrs/m was calculated for
the lower Palaeocene Tullock Member of the Fort Union Formation
(Noorbergen et al., 2018)—a rate that is also substantially lower
than that calculated for the post-extinction succession in the Syd-
ney foreland basin system.

4.4. Stages of extinction and recovery

4.4.1. Phase I. Extinction of the Permian flora

Little change is evident in the Permian palyno- or macro-
floras preceding the EPE either in the studied sections or in other
parts of the Sydney Basin (Fielding et al., 2019). Low-diversity,
glossopterid-dominated mire communities incorporating a modest
range of understorey ferns, sphenophytes and lycophytes appear
to have been the norm through the entire late Permian. Sedi-
mentary successions record a gradual shift from coastal/deltaic to
fully alluvial (fluvio-lacustrine) conditions in the basin through the
Lopingian (Fielding et al., 2019), but there is no dramatic signal
of change in depositional style leading up to the EPE. Extinction
of the glossopterid forested mire ecosystems appears to have been
abrupt and is marked in the sedimentary record by the termina-
tion of peat accumulation in the Snapper Point and Frazer Beach
sections, and in other parts of southern Gondwana.

4.4.2. Phase II. ‘Dead zone’, wildfire, fungal, and bacterial activity
(0-140 cm above the coal)

This interval is represented at Frazer Beach and Snapper Point
by a basal ‘microbreccia’ bed (stratigraphic height: 0-20 cm) com-
prising angular intraclasts of coal and siltstone intermixed with
possible pumice and sub-angular quartz grains set in a muddy
matrix. This is overlain by a mudstone-dominated interval incorpo-
rating a single splay-sandstone bed. The basal microbreccia records
a brief interval of erosional reworking of the peat surface. A shal-
low lacustrine setting is inferred for the mudstone-dominated in-
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Fig. 7. Reconstruction of ecological successions, before and after the end-Permian event. Light-micrographs (right) show representative palynofacies for each phase. Phase I:
Thriving typical late Permian mires dominated by glossopterids. Phase: II-III: Devastated landscape, degrading organic matter, wildfires, enhanced microbial activity, ponding
with algal blooms. Phase IV: Open vegetation dominated by opportunistic (ruderal) herbaceous pteridophytes and small-leafed sclerophyllous gymnosperms, growing mainly

along water courses in otherwise dry landscape.

terval. The palynofacies in this interval lacks pollen and land plant
spores, and incorporates only wood fragments, charcoal, algal thalli
and fungal spores. This essentially represents a ‘dead zone’ in
the palaeobiota and is apparently equivalent to the fungal event
in the global EPE record outlined by Rampino and Eshet (2018).
The immediate effects of the abrupt vegetation die-off, thus, in-
cluded a large exposed biomass of dead woody plant matter and
peat surfaces prone to wildfires. Cessation of water-uptake by roots
and evapotranspiration by the canopy would have resulted in the
steady elevation of groundwater levels. Although enhanced vol-
canism and crustal loading characterized the New England Orogen
through much of the late Permian, we do not detect a tectonic sig-
nal specific to the brief post-EPE lacustrine interval investigated in
this study. The pulses of crustal loading occurred over time scales
that are one to two orders of magnitude longer than the ponding
episode identified following the EPE and are unlikely to represent
a causal mechanism for the development of short-lived lacustrine
conditions in diverse foreland and epicratonic basins spread across
a broad region of southern Gondwana.

Enhanced run-off and erosion likely affected upland areas
shortly after regional deforestation, and accumulations of large
woody debris, together with continuing compaction and subsi-
dence of the peat surface on floodplains and in valleys would have
changed sediment dispersal patterns on a local basis and facilitated
ponding in the landscape. The extensive dead biomass in flood-
basin settings would have nurtured enhanced fungal, saprotrophic
bacterial and cyanobacterial activity. Bacterial reduction of iron in
these stagnant lakes contributed to pyrite accumulation—later oxi-
dized to jarosite and iron-oxide staining above the Vales Point coal.
This microbial activity, possibly in combination with changes to
the global carbon cycle, likely accounts for the significantly lower
813C0rg values at the base of this interval (Fig. 3). An equivalent
thin unit of similar sedimentological aspect has been described in-
formally as the ‘marker mudstone’ in the adjacent Galilee Basin
(Wheeler et al., in press). Local erosional pulses contributed spo-
radic gravelly to sandy channel deposits within this otherwise

mudstone-dominated interval. Similar patterns of sedimentation
are recorded elsewhere across southern Gondwana in the form of
claystone breccias/conglomerates in the Transantarctic Mountains
and Karoo Basin (Retallack, 2005), and charcoal enrichment in both
continental (Brookfield et al,, 2018) and shallow marine (Thomas
et al., 2004; Tewari et al., 2015) settings immediately following the
EPE.
Estimated duration: 10,000-20,000 yrs.

4.4.3. Phase III. Ponding of the landscape—algae-dominated eutrophic
lake systems (140-400 cm above the coal)

The absence of tall woody vegetation, enhanced run-off from
upland settings, and decreased soil porosity caused by grain sort-
ing and bioclogging (Fig. 8) from soil microbes, together with rising
groundwaters, led to the development of initially detritus-rich lake
systems. The combination of intensified seasonality following the
EPE and increased nutrient loading, especially by iron and phos-
phorus from local volcanic sources in the New England Orogen,
generated strong fluctuations in water levels, salinity, nutrient sta-
tus, and pH in floodbasin wetlands.

Seasonal, eutrophic, brackish lake systems developed widely
on floodplains, reflected by the accumulation of laterally exten-
sive thin lacustrine facies initiating at 140 cm, and extending to
420 cm, above the coal in the Frazer Beach section. Develop-
ment of shallow lacustrine facies at this time was a basin-wide
phenomenon, as the uppermost Permian coal seam throughout
the Sydney and adjacent basins is typically overlain by laminated
grey siltstones lacking significant bioturbation. This basal inter-
val is absent at many sites across the basin owing to removal
by downcutting of Triassic fluvial systems. In the studied succes-
sion, the various brackish-freshwater algal taxa flourished under
the consumer-poor, eutrophic lacustrine conditions, as evidenced
by successive algae-dominated palyno-assemblages in laminated
mudstones 140-400 cm above the level of the EPE. Equivalent beds
elsewhere in the Sydney and adjacent basins host similar paly-
nofloras rich in leiospherid algae and acritarchs as evident from
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Fig. 8. Photomicrographs in non-polarized light of thin sections of sandstone/microbreccia from the ‘dead zone’ at Frazer Beach with organic-rich matrix filling pore spaces,
possibly the result of bioclogging. a) Quartz and feldspar grains in an organic matrix; b) Quartz grains, clay clasts and coal fragments bound by organic matrix. ¢) Angular
quartz and feldspar grains in organic matrix.

low-resolution sampling of successions in bore cores across the
region (Helby, 1970; de Jersey, 1979; Fielding et al., 2019). Im-
portantly, a recent study from the Galilee Basin, substantially more
remote from coastal settings, revealed a similar lithological and pa-
lynological succession with anomalously high algal abundances—in
that case interpreted to signify a possible marine incursion in re-
sponse to foreland loading (Wheeler et al., in press). Epicratonic
basins in the Australian continental interior (Cooper-Simpson basin
complex) are also characterized by a sharp transition from coal-
bearing sluggish fluvial to ephemeral lacustrine deposits (Radke,
2009) but the palynology of these successions has not been inves-
tigated in detail.

This early recovery phase is equivalent to the global al-
gal/acritarch event outlined by Rampino and Eshet (2018) and
possibly also equates to the acritarch blooms of freshwater aspect
in marine EPE deposits described by van Soelen et al. (2018) from
Greenland and van Soelen and Kiirschner (2018) from Finnmark,
Norway. Most of the algal cysts in the studied interval bear im-
prints of pyrite framboids (Fig. 6k-n)—a feature also documented
from marine EPE successions (China; Shen et al., 2007; Australia;
Bond and Wignall, 2010; Xie et al., 2017) and interpreted as signal-
ing enhanced microbial activity and degradation of organic matter
in anoxic and, in some cases also brackish, aqueous conditions
(Grice et al, 2005; Kershaw et al, 2012). Estimated duration:
20,000-30,000 yrs.

4.4.4. Phase 1V. Vegetation recovery—spore spike and the first vascular
plants (>160 cm above the coal)

Notable quantities of vascular plants reappear at 160 cm above
the level of the EPE, and a few centimeters above the upper-
most possible tuff band, in beds that still contain significant
numbers of algal cysts (Fig. 3). The palynological assemblages re-
veal a pulse in the abundance of fern and lycophyte spore taxa,
most notably Brevitriletes bulliensis, Playfordiaspora crenulata, Den-
soisporites playfordii, Apiculatisporites spp., Cyclogranulatisporites sp.,
together with various, first appearances (for this succession) of
non-taeniate gymnosperm pollen types (especially Vitreisporites
pallidus and Falcisporites australis). Fossil leaves and stems of eq-
uisetaleans, isoetalean lycophytes, voltzialean conifers, probable
ginkgoaleans, and peltaspermalean seed-ferns also appear at this
level (Fig. 5). These spore-pollen and macrofossil assemblages char-
acterize a pioneering open vegetation (Fig. 7) dominated by oppor-
tunistic (ruderal) herbaceous pteridophytes and small-leafed scle-
rophyllous gymnosperms.

Ruderal plants thrived in the aftermath of the EPE owing to
their ability to grow and reproduce rapidly (both sexually and
asexually) in disturbed conditions under a strongly seasonal cli-
mate (Grime, 2001). Their small disseminules also facilitated long-
distance dispersal, typically enabling taxa to occupy broad geo-

graphic ranges. Despite the resurgence of vascular plants at this
level in the studied succession, their diversity remained low and
their leaves tend to be diminutive with thick cuticles attesting to
continuing harsh environmental conditions. The short stratigraphic
interval/lag time (160 cm: 15,000-30,000 yrs) between the EPE
and the appearance of new vascular plant taxa shows that spe-
ciation in some surviving lineages occurred rapidly. This observa-
tion may also impact the interpretation of similar floras elsewhere
that contain typical Triassic elements interpreted to be of pre-EPE
age (Saxena et al., 2018; Blomenkemper et al., 2018). These might
instead represent early post-extinction (though still Permian) re-
covery floras with a few holdover taxa.

Estimated duration: initiating 15,000-20,000 yrs after the EPE
and persisting with increased diversity and variations in abun-
dance of plant groups for several million years.

4.4.5. Phase V: Recovery of peat-forming ecosystems (>700 m above the
coal)

Peat-forming ecosystems took a long time to re-establish in the
Sydney Basin, and palynofloras of fully recovered terrestrial veg-
etation were not detected in this high-resolution study as they
reappear ~700 m above the Vales Point coal (see Mays et al.,
in press). The youngest coaly strata globally, following the end-
Permian event, are thin beds of carbonaceous shale to paper coal,
dominated by the matted leaves of the seed-fern Dicroidium, iden-
tified in the Terrigal Formation (upper Spathian: ~248 Ma) of
the Sydney Basin (Retallack et al., 1996). Coals approaching eco-
nomic thicknesses appear only in the Anisian-Ladinian of south-
eastern Gondwana and western Europe some 10 Myrs after the
EPE (Retallack et al., 1996).

4.5. Taxonomic versus ecological crisis?

Eruption of the Siberian Traps through a thick sequence of
coal-bearing strata in the Tunguska Basin is generally inferred
to be the underlying cause of the EPE. We do not dispute the
remarkable scale or potential significance of that basaltic vol-
canism. However, we note that the convergent-margin volcanism
that more-or-less encircled the amalgamated continents at the
close of the Paleozoic (GeiRlle et al., 2008; Shen et al., 2013;
Liao et al., 2016; Riel et al., 2018; Jessop et al., 2019) essentially
formed a ‘Pangean ring of fire’ (Fig. 3c) that likely also impacted
ecosystems around the fringe of the supercontinent. Elevated lev-
els of activity along this volcanic belt in the late Permian, in-
cluding along the eastern Australian margin (Rosenbaum, 2018;
Jessop et al., 2019) may have strongly influenced environments and
biotas of continental-margin basins and contributed to the inten-
sity of the EPE in both terrestrial and shallow marine settings.

The sudden and Gondwanan-wide extinction of glossopterids
and cordaitaleans in the continental record of the EPE has been
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discussed mainly in terms of changes in taxonomic diversity, and
some authors have claimed that the EPE, instead of signaling a
decline in plant taxa, expresses no or little extinction (Schneebeli-
Hermann et al, 2015, 2017; Nowak et al., 2019). By focusing
exclusively on taxonomic diversity, one crucial aspect is over-
looked, namely the ecological impact caused by the disappearance
of forests. Although glossopterids overwhelmingly dominated the
vegetation and the fossil macrofloral record in terms of abundance,
they only represented a minor part of the overall end-Permian
diversity. Individual Australian late Permian leaf assemblages, typ-
ically contain less than 10 Glossopteris species (Sydney Basin:
Holmes, 1995; Bowen Basin: McLoughlin, 1994a, 1994b). It is ev-
ident that many of the taxonomically diverse, understorey spore-
producing, vascular plant families (of ferns, horsetails and club-
mosses) survived the EPE as noted in this study, but a mass-kill
of vegetation and removal of key-groups occurred similar to that
at the Cretaceous-Paleogene boundary event (Vajda and Bercovici,
2014). Secondly, erosion of older deposits following the collapse
of the glossopterid forests, resulted in some typical Permian paly-
nomorph taxa and dispersed cuticles being reworked into younger
sediments in many sections, thus blurring the signal of extinc-
tion in thick, sparsely sampled sections from ‘sharp’ to ‘attenuated’
(Nowak et al., 2019). We can now address this issue with our high-
resolution investigation of the palynological and macrofloral sig-
nals from a sedimentologically well-characterized succession that
reveal a sudden disappearance of the broad-leafed glossopterid
forests and their replacement by a vegetation dominated by scle-
rophyllous peltasperms and conifers together with various herba-
ceous pteridophytes.

The results show that although many plant groups disappeared
from the local ecosystems for a restricted interval, they return
to the post-event ecosystem reflected in the spore spike, where
these taxa (at least at family level) survived in regional refugia,
possibly at higher altitudes, or in coastal settings where condi-
tions were consistently cooler and/or wetter. Although some of
the survivors constituted the pioneer vegetation during the ear-
liest post-extinction (possibly earliest Triassic) recovery interval,
new species also emerged. We attribute the very rapid appearance
in the macroflora of the studied section of the new, low-diversity,
drought-tolerant plant associations (dominated by conifers and the
seed fern Lepidopteris) to represent immigration probably from rel-
atively warmer and better-drained regions, including upland set-
tings, that locally hosted taxa pre-adapted to drought-tolerance.
These drier-setting plants probably occurred in small populations
and had low preservational potential in the late Permian. Simi-
lar ecological patterns have been described from the Karoo Basin,
South Africa, with rapid radiations of new taxa after the main ex-
tinction phase that are partly attributed to waves of immigration
of drought-adapted biota from other regions of Pangea (Sahney and
Benton, 2008).

In contrast, glossopterids, which dominated the cool Permian
wetland forest communities in terms of biomass, became ex-
tinct, resulting in enormous consequences for landscape coverage,
ecosystem structure, food webs, and caused substantial perturba-
tions to the hydrological and carbon cycles of the entire biosphere.

5. Conclusions

We conclude that the end-Permian destruction of the Glos-
sopteris-dominated wetland forests in the cool high paleolatitudes
of southern Gondwana was probably linked to a tipping point
in atmospheric warmth and/or the availability of moisture asso-
ciated with intensified seasonality at the close of the Permian.
Similarities in the signature of the vegetation turnover between
the end-Permian and end-Cretaceous events even ask the question
whether short term lowering in light-levels may have influenced

the EPE. At high resolution, the EPE in the studied successions is
marked by a pronounced change from coal (floodbasin mire) to
a carbonaceous mudstone (lacustrine deposition) similar to that
described recently from the Galilee Basin in northern Australia.
The extinction was followed by a short ‘dead zone’ characterized
only by charcoal, wood fragments, and fungi that represents an
interval of wildfire and saprotrophic breakdown of organic mat-
ter. Ponding of floodplains initiated during this ‘fungal and wildfire
event’ and continued for an extended interval during which time
laminated sediments lacking bioturbation were deposited. Maxi-
mum expression of the ponding is evidenced by an ‘acritarch/algal
event’. We interpret most of these cysts to represent green algae of
freshwater conditions, although the variation in algal assemblages
through the succession probably reflects temporal variation in fac-
tors such as nutrient status, temperature, salinity and/or pH. The
surge in algal/acritarch abundance is similar to the peak in these
remains reported from Northern Hemisphere marine records. Our
study shows that the massive quantities of algae that flourished in
these floodplain lakes must have been flushed into marine envi-
ronments. We use our high-resolution succession as a template for
interpreting the global fungal/algal/acritarch events and propose
that the acritarch event reported in the marine EPE record else-
where in fact incorporated abundant continentally derived algae
(typified by acritarchs lacking or with reduced processes) com-
bined with marine algal blooms resulting from eutrophication of
nearshore marine environments.

Our discovery of an in situ macroflora of Triassic aspect in lam-
inated sediments just 1.6 m above the uppermost Permian coal
seam reveals the abruptness of the extinction and the local ra-
pidity in recovery of selected plant groups. Our study also re-
veals that a few components of the palynoflora encountered in
sandstones above this level are reworked, e.g. the Carboniferous
pollen Cannanoropolis) and possibly the Glossopteris-complex (tae-
niate pollen). This feature may obscure the pattern of vegetation
turnover in other studies (e.g. Nowak et al., 2019). Although plant
recovery is evident both in the macro- and microfloras at 1.6
m above the EPE, plant productivity remained exceedingly low
through the entire post-EPE succession at Frazer Beach. Productiv-
ity did not approach typical late Permian levels within the studied
succession. Our results show that lowland deforestation at the EPE
(loss of the Glossopteris forests) had enormous long-term effects
on biodiversity, terrestrial community structure, climate and conti-
nental landscapes, and also greatly influenced marine ecosystems.
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