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ABSTRACT

The end-Permian event (EPE, ca. 252.3-251.9 Ma) led to the generalized collapse of
gymnosperm-supported ecosystems. They eventually recovered despite Early Triassic
suppression and became globally dominant for most of the Mesozoic. Understanding the
sequence and timing of gymnosperm reestablishment at different latitudes is therefore key to
explaining how they regained their foothold. Given the limited data on polar plant communities,
here we present the first high-resolution, age-controlled floristic trends from the high southern
latitudes (Sydney Basin, Australia; ~70°S) from the latest Permian to the Middle Triassic.
Sedimentological and biostratigraphic data and stable carbon isotope ratios of organic matter
were used to establish lithostratigraphic correlations, paleoenvironmental insights, and links to

the global chronostratigraphy.
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Non-metric multidimensional scaling of spore-pollen groupings confirmed that the late
Smithian thermal maximum (LSTM, ca. 250.3—249.6 Ma) and the Smithian-Spathian event
(SSE, ca. 249.6-249.2 Ma) were the primary drivers of significant Early Triassic ecosystem
changes in the Sydney Basin. Following the EPE, ecosystems supported by peltasperm seed
ferns were the first to establish, lasting for ~200,000 years. Voltzialean conifers were thereafter
dominant for ~1.5 million years until the LSTM. Stress-tolerant cosmopolitan pleuromeian
lycophytes then became the predominant flora, lasting ~800,000 years until SSE-associated
cooling allowed umkomasialean seed ferns to expand, which persisted and ultimately
characterized Middle-to-Late Triassic high-latitude Gondwanan ecosystems. Global comparisons
showed that pleuromeians surged under extreme post-EPE conditions, but their rise was delayed
by ~1.7 million years in the polar south. Our findings support the hypothesis that the post-EPE
interval was a staggered process rather than one of monotonic recovery, with gymnosperm and

lycophyte floral communities waxing and waning in succession until the early Middle Triassic.

Key words: palynology, floristics, stable carbon isotopes, geochronology, end-Permian

event, Smithian-Spathian event, Early-Middle Triassic event, Australia.

INTRODUCTION

There were several times in Earth's history when continental ecosystems were disturbed
or even destroyed by climate change (e.g., DiMichele et al., 2004; McElwain and Punyasena,
2007). Considering that plants form the foundations of terrestrial trophic webs and are
particularly sensitive to climate (Grimm et al., 2013), it is possible to recognize when life on land

was impacted by severe climatic changes (Boyce and Lee, 2017) by looking for shifts in fossil
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plant communities (e.g., Hochuli and Vigran, 2010; Hermann et al., 2011a; Mays et al., 2020,
2021a; Shu et al., 2023). Given the multitude of disruptive climatic events that punctuate the
Phanerozoic Eon (Bond and Grasby, 2017), here we will discuss those that followed in the wake
of the most impactful of all (Rojas et al., 2021): the end-Permian event (EPE). The EPE interval
occurred ca. 252.3-251.9 Ma (Burgess et al., 2014; Fielding et al., 2019; Gastaldo et al., 2020;
Wu et al., 2024). In the Southern Hemisphere, the start of the EPE interval (“EPE horizon” sensu
Fielding et al., 2019) is characterized by several key factors, most notably the collapse of
widespread, productive glossopterid gymnosperm forests (McLoughlin, 2011; Mays et al., 2020)
and the uppermost horizon of the last Permian coal formations, the last in the stratigraphic record
for several millions of years (Retallack et al., 1996; Fielding et al., 2019). Herein, we demarcate
the termination of the EPE interval as the Permian-Triassic boundary (Burgess et al., 2014),
which is marked by spikes in nickel and mercury abundance (Kaiho et al., 2001; Fielding et al.,
2019; Shen et al., 2023) and substantial variations in stable carbon isotopic ratios (Cao et al.,
2002; Korte and Kozur, 2010). Ecologically, the end of the EPE is linked to a mass extinction of
marine faunal species (>80%; Stanley, 2016). As for terrestrial floras, there is debate whether the
EPE constituted a “mass extinction” for plant species as well (McElwain and Punyasena, 2007,
Nowak et al., 2019). Nevertheless, the EPE is recognized as having the greatest global impact on
plant communities in the Phanerozoic (Cascales-Mifana et al., 2016). Mass extinction events are
typically followed by so-called “recovery phases,” times during which climatic conditions are
stable enough for plant communities to gradually reestablish in the landscape (e.g., Hochuli et
al., 2010a; Lowery et al., 2018; Lindstrom, 2021). This often involves a succession of dominant
plant groups being replaced by another (e.g., Barreda et al., 2012; Mays et al., 2020; Carvalho et

al., 2021). While the timing of ecosystem recovery may be shorter than the recovery of species
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richness—as seen in marine faunas (Song et al., 2018; Alvarez et al., 2019)—the length of these
recovery phases seems to correlate with the severity of the climatic disturbance (Erwin, 1998;
Bond and Grasby, 2017). The structures and functions of global ecosystems following the EPE,
for example, appear to have taken millions of years to reestablish themselves (Sahney and
Benton, 2008; Chen and Benton, 2012).

The literature on post-EPE plant communities has painted a comprehensive picture
regarding the trends and timeline of their recovery. However, an absence of polar/high latitude
localities (see fig. 8 in Lindstrom et al., 2020) emphasizes that there is still much to be known
about what transpired in these regions. For instance, polar regions were able to maintain complex
ecosystems throughout most of the Permian and Triassic, despite extreme light regimes (e.g.,
Taylor et al., 1992; Retallack and Krull, 1999; Gulbranson et al., 2012). Considering the modern
phenomenon of polar amplification, whereby temperature variations are more pronounced at the
poles (Stuecker et al., 2018), would paleopolar plant communities have been more vulnerable to
global temperature changes? Would a milder/flatter latitudinal gradient of diversity for terrestrial
biotas (as observed in the marine record; Song et al., 2020) mean that polar regions acted as
refugia for floras originating at lower latitudes during the late Permian to Early Triassic warming
events (e.g., Bomfleur et al., 2018)?

To assist in answering these questions, here we present the long-term shifts of the
paleopolar floral communities of the Sydney Basin (southeastern Australia), examined over an
~8-million-year interval, from the pre-EPE late Permian to the early Middle Triassic. With
regional biostratigraphic and global stable carbon chemostratigraphic correlations, these long-
term floristic trends were compared to coeval localities around the world to test whether the

observed changes were globally synchronous or regionally variable. We hypothesize that the
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Early to Middle Triassic polar gymnosperm forest communities: (1) were severely impacted by
global climate events and (2) experienced quicker recoveries following hyperthermal events,
relative to lower latitude communities, owing to generally cooler climates as a result of lower

insolation.

PALEOCLIMATIC AND GEOLOGICAL CONTEXT
Stable Carbon Isotope Ratios and Global Warming Events

Stable carbon isotope ratios (6'°C) are useful in paleoenvironmental studies, particularly
for global climate-driven ecosystem changes, since: (1) they assist in correlating local
lithostratigraphy to the global chronostratigraphy (Grocke, 2020), and (2) they are consistently
linked to major global warming/cooling events (e.g., Grocke, 1998, 2002; Hesselbo et al., 2003;
Hren et al., 2009; Korte and Kozur, 2010; Ruhl et al., 2011; Sun et al., 2012; Schobben et al.,
2019; Hesselbo et al., 2020). Given the high number of prominent global carbon isotope
excursions across the late Permian to Middle Triassic (Payne et al., 2004; Gradstein et al., 2020;
Ogg et al., 2020, p. 905), the 6'°C record of this interval is exceptionally suited for correlating
the associated climatic and biotic events to the global geochronology. These erratic §'>C
variations are probably owing, in large part, to a combination of intermittent intrusive magmatic
activity from the Siberian Traps and associated carbon cycle disruptions (Svensen et al., 2018;
Elkins-Tanton et al., 2020)—that persisted long after its main phase of action during the end-
Permian event (EPE; Burgess and Bowring, 2015; Augland et al., 2019)—and the absence of
stable, 5'3C-regulating land plant carbon sinks (e.g., peatlands) following their worldwide

devastation at the EPE (Xu et al., 2022).
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At least three globally recognizable episodes of carbon dioxide degassing are known for
the Early Triassic (Paton et al., 2010; Du et al., 2022), all of which have been linked to major,
near-concurrent negative 6'°C excursions (Zhang et al., 2018). Following the nomenclature
presented by Song et al. (2013), these correspond to the early Griesbachian “N1,” the
Griesbachian-Dienerian “N2,” and the Smithian “N3” (Fig. 1). The end of the N3 negative ¢'°C
excursion coincided with a hyperthermal episode called the “late Smithian thermal maximum”
(LSTM; Lindstrom et al., 2020; Du et al., 2022), when exceptional warming was present for over
half a million years (ca. 250.3-249.6 Ma; Widmann et al., 2020; Du et al., 2022) and
temperatures soared to levels similar to those observed during the EPE (Sun et al., 2012). Middle
and late Smithian fossil floras indicate a concurrent spread of opportunistic, herbaceous
isoétalean lycophytes (Retallack, 1997; Lindstrom et al., 2020; Schneebeli-Hermann, 2020;
Vajda and Kear, 2024), these being particularly represented by members of the Pleuromeiaceae
and Isoétaceae families (Looy et al., 2021).

Following the LSTM termination, a cooling trend began to manifest around the Smithian-
Spathian substage boundary (Sun et al., 2012; Widmann et al., 2020), which is
chemostratigraphically represented by the “P3” (Song et al., 2013) positive 6'*C excursion (Fig.
1). High-precision U-Pb zircon dating from the low paleolatitude marine deposits of southern
China reveal that the P3 lasted for ~400 thousand years (k.y.), starting at ca. 249.6 Ma and
ending at ca. 249.2 Ma (Widmann et al., 2020). Climatic responses simultaneously hindered and
fostered ecosystems during this time interval, the causes and effects of this event being hereafter
collectively referred to as the “Smithian-Spathian event” (SSE). For instance, in the marine
realm, the SSE negatively impacted the diversity of ammonoids and conodonts (Stanley, 2009;

Widmann et al., 2020). These impacts were apparently spatiotemporally distinct between
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regions, however, as disappearances of some of the same marine groups seem to have been
expressed during the preceding LSTM, rather than the SSE (Zhao et al., 2020; Leu et al., 2023).
In the terrestrial realm, the SSE allowed for the return of some gymnosperm forest communities
(e.g., Hermann et al., 2011a; Lindstrom et al., 2020; Mays et al., 2021a), with certain regions
(e.g., Europe), reflecting very little change during this event (Looy et al., 1999), which highlights
the complicated nature of regionally and temporally distinct climatic changes.

The boundary between the Early and Middle Triassic is chemostratigraphically identified
by the “P4” (Song et al., 2013) positive 6'*C excursion (Fig. 1). High-precision U-Pb zircon
dating places this boundary at ca. 247.2 Ma (Lehrmann et al., 2015), with younger ages being
proposed based on astrochronology (ca. 246.8 Ma; Li et al., 2018) and chemo-bio-magneto-
stratigraphy (ca. 246.7 Ma; Chen et al., 2020). The P4 has been linked to cooling temperatures,
with equatorial temperature reductions of ~3.5°C in south China (Sun et al., 2012), and of ~6°C
in Turkey (paleolatitude: ~20°N; Trotter et al., 2015). Herein, we refer to the biotic and climatic
trends that occurred during this P4 interval as the “Early-Middle Triassic event” (EMTE), which
sees gymnosperm fossil abundances remaining common in most known records, even after the
termination of this event (Looy et al., 1999; Lindstrom et al., 2017; Kustatscher et al., 2018;

Peng et al., 2019; Xu et al., 2022).

Geological and Stratigraphic Setting

The locality of interest—the Sydney Basin—is in the central-eastern portion of New
South Wales, Australia (Herbert and Helby, 1980). During the Early Triassic (ca. 250 Ma; Fig.
2A), it was within the south polar circle at ~70°S (Miiller et al., 2022). The basin includes a

southeast-plunging synclinorium composed of Permian to Triassic sedimentary rocks (Fielding et
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al., 2021) and presently (Fig. 2B) extends over an ~36,000 km? onshore area (Mayne et al., 1974,
p. 3). The basin opened during a time of crustal extension in the early Permian and became a
retroarc foreland basin by the late Permian following tectonic compression (Jessop et al., 2019).
This allowed for considerable amounts of sedimentary material to be deposited over tens of
millions of years, with the onshore central portion—informally known as the Central Coalfield
(Mayne et al., 1974, p. 5-7; Ward et al., 1995)—preserving a succession ~2.3 km thick today
(Mayne et al., 1974, p. 111).

The basin included marine environments throughout most of the Permian, but pulses of
orogenic uplift led to progressively more terrestrially influenced environments (Ward, 1972;
Goldbery and Holland, 1973; Herbert, 1997; Fielding et al., 2021): from coastal-deltaic in the
early late Permian, to a lowland alluvial plain by the latest Permian, and continuing into the
Early Triassic, with coastal and shallow marine influences higher in the section. Fluvial systems
transported and deposited sediments from the Lachlan Orogen in the west (Herbert, 1980;
Richard et al., 1983), the rising New England Orogen in the east (Herbert, 1980; Fielding et al.,
2021), and the rest of the Sydney-Gunnedah-Bowen Basin System to the north (Ward, 1972;
Cowan, 1993; Fielding et al., 2021). The youngest strata in the Sydney Basin belong to the shale-
rich Wianamatta Group, which has been assigned an Anisian Age (lower Middle Triassic;
Colquhoun et al., 2024), though it may be as young as Ladinian (upper Middle Triassic; Herbert,

1997).

MATERIALS AND METHODS

Core Sampling
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The examined strata (Table 1) are in the synclinal axis of the Sydney Basin, eastern
Australia (Fig. 2B), and were targeted for their (almost) complete stratigraphical continental
record of the upper Permian to Middle Triassic. The Permian strata correspond to the Illawarra
Coal Measures (Bowman, 1980; Ward et al., 1995; McLoughlin et al., 2021), with the Triassic
strata belonging to the Narrabeen Group and Hawkesbury Sandstone (Herbert, 1980, 1997;
Fielding et al., 2019). We collected data from two drillcores (Fig. S11): (1) Pacific Power
Hawkesbury Bunnerong DDH 1 (33°58'17.61"S, 151°13'43.52"E; hereafter shortened to
“Bunnerong-1”) and (2) Pacific Power Hawkesbury Eveleigh DDH 1 (33°53'42.89"S,
151°11'32.92"E; hereafter shortened to “Eveleigh-1"). These are housed at the W.B. Clarke
Geoscience Centre in Londonderry, New South Wales, Australia. The newly obtained data were
from strata belonging to Lower-and-Middle Triassic lithostratigraphic units, with the lowermost
and uppermost examined units being the Stanwell Park Claystone and the Hawkesbury
Sandstone, respectively (Herbert, 1997; Fielding et al., 2021; McLoughlin et al., 2021). Sediment
sample targets were principally organic-rich mudrocks (i.e., dominated by claystone and
siltstone). Additional samples were collected from coarser-grained sediments (i.e., sandstones
with mudrock laminae) when the spatial interval between mudrocks was >25 m. Each sample has
been given a simplified lithofacies description, provided as supplementary data in Table S1 (see
Footnote 1). Sampling depth targets were constrained by previously published works on the
Lower Triassic succession of the Sydney Basin (Metcalfe et al., 2015; Fielding et al., 2019), or
lithological logs in unpublished well completion reports (Bunnerong-1: Smith and Bocking,
1994, chap. 6.1; Eveleigh-1: Smith and Bocking, 1993, chap. 6.1). All depths are presented as

depth below the surface.
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Stable Carbon Isotopes and Total Organic Carbon

Stable carbon isotope ratios of bulk organic sediments (6'*Cor,) and total organic carbon
(TOC) were measured from 159 samples (Table S1): 91 from Bunnerong-1 and 68 from
Eveleigh-1. Most samples (132) were processed by Iso-Analytical Ltd. in Crewe, UK, with the
rest (27) being processed at the Stable Isotope and Organic Molecular Biogeochemistry
Laboratory, University of Connecticut, Storrs, Connecticut, USA. The full protocol used for
processing samples is described in Appendix 1. These new data were combined with previously
collected data from Fielding et al. (2019), Mays et al. (2020), and Shen et al. (2023). The global
chronostratigraphic correlations (and associated floristic and lithological trends) of the Sydney
Basin were calibrated following the global 6'°C signature (Gradstein et al., 2020, and references
therein). Nomenclature for the Early Triassic positive (P) and negative (N) carbon isotope
excursions follow Song et al. (2013). The carbon isotope excursion intervals expressed in this
paper terminate at the peaks indicated by Song et al. (2013), but also include the entire excursion
interval preceding each peak. Analyses of geochemical data were done with R version 4.4.1 (R
Core Team, 2025) using RStudio Desktop version 2024.04.2+764 (Posit Team, 2025). Graphical
representation, including three-point estimation lines, were obtained using the R packages

ggplot2 (Wickham, 2016) and dplyr (Wickham et al., 2023).

Palynology and Floristics

For palynological analyses, we retrieved ~20-35 g of sedimentary rock from 76 samples
(Table S1): 36 for Bunnerong-1 and 40 for Eveleigh-1. Processing of organic microfossils
(including palynofacies and palynomorph assemblages) was done at Global Geolab Ltd. in

Medicine Hat, Alberta, Canada, using traditional palynological techniques (see Riding, 2021,

10
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chaps. 7-10), with specific processing details being provided in Appendix 1. We conducted
palynofacies counts on pre-oxidized residues (=kerogen slides) with no lower or upper sieve.
Palynomorph counts were conducted on oxidized residues sieved with a lower sieve of 10 um
and with no upper sieve. We collected palynofacies data (Table S1) by counting each particle
over 10 um and categorizing them following an updated scheme by Tyson (1995, chap. 20.4): (1)
plant spores and pollen; (2) algae and probable algal acritarchs (sensu Mays et al., 2021b); (3)
phytoclasts; (4) fungi; and (5) amorphous organic matter (AOM), subdivided into resin and other
AOM (i.e., granular and gelified). Fungal spores and algal/acritarch cysts are here independently
considered due to their relevance as proxies for acute ecological changes (e.g., Vajda et al., 2020;
Mays et al., 2021a). A Zeiss Axioskop 2 Plus transmitted light microscope with differential
interference contrast was used to observe the prepared palynology slides.

All kerogen counts consisted of >500 discrete particles. For the palynomorph counts the
target count size was >300 specimens, with a minimum of 200 counts being accepted. We did
not include samples rendering fewer than 200 palynomorphs in statistical analyses. These count
sizes were deemed adequate for the floristic trends described herein, given the broad
palynological categories used—hence, large proportional abundances of each—which
significantly reduces the potential error rates (see Weng and Hooghiemstra, 2024). Considering
new and previous collected data together, this was the case for 26 samples in Bunnerong-1 and
two in Eveleigh-1 (depths in Table S1). Samples that appeared depleted of palynomorphs were
branded as barren. Land plant pollen and microspores (collectively “miospores’) were grouped
into seven broad morphological categories, following Mays et al. (2020): (1) acavate trilete
spores, (2) cavate trilete spores, (3) acavate monolete spores, (4) cavate monolete spores, (5)

non-taeniate bisaccate pollen, (6) taeniate bisaccate pollen, and (7) other pollen (e.g., non-

11
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saccate). For palynomorph identifications, we captured multiple photomicrographs of each
counted specimen at different focal depths with a Canon EOS 700D camera attached to the
microscope. We then “focus-stacked” photographs (five per specimen on average, more for
larger specimens) following the protocol outlined by Bercovici et al. (2009) using Helicon Focus
version 8.2.2 (Kozub et al., 2025). We combined palynological data for Bunnerong-1 with those
collected previously (Fielding et al., 2019; Mays et al., 2020). The identification of key index
taxa enabled the biostratigraphic correlation of assemblages to the schemes of Helby et al.
(1987), Price (1997), and Mays et al. (2020); additional details of these correlations are provided
in the Discussion section. In Appendix 2, we discuss the long-standing issue of distinguishing
Alisporites and Falcisporites; while we recognize that they are not synonymous, we conflated
these taxa herein with the broader diagnosis of Alisporites.

We rendered palynofacies and palynomorph compositional data plots in C2 version 1.8.0
(Juggins, 2025). All palynological slides are registered with the prefix “S” (Table S1) and are
housed at the Swedish Museum of Natural History, Stockholm, Sweden. Additional data for
figured specimens, including England Finder locations, are given in Table S2. All mentioned
taxon authorities (including sources) are given in Table S3. We do not present any new
macrofloral data, nor do we aim to provide a comprehensive systematic taxonomic review of the
macrofloral taxa mentioned herein. In our review of these occurrences and abundances, we have
utilized the taxonomic designations attributed to these taxa by the cited authors. The macrofloral
abundance data of the Sydney Basin are compiled from Retallack (1975, 1977, 1980, 1997,
1999), Fielding et al. (2019), and Mays et al. (2020); however, a standardized quantitative
analysis of macrofloral data from this region is presently lacking. Therefore, these trends should

be considered preliminary.
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Ordination and Cluster Data Analysis

We established temporal groupings (=clusters) of palynological assemblages for
Bunnerong-1 and Eveleigh-1 using compositional data of land plant palynomorph data
(expressed in percentages). These clusters (Fig. S2) were determined using constrained
incremental sum of squares (CONISS) cluster analysis (Grimm, 1987), and visualized with Tilia
version 3.0.3 (Grimm, 1991). We named each clustered microfloral assemblage according to
identified 5'°C excursions linked to global climatic events (Fig. 1). The clusters are (in
stratigraphic order): (1) pre-EPE, (2) post-EPE, (3) syn-LSTM, (4) post-SSE, and (5) post-
EMTE. The stratigraphic depths and intervals that correspond to these clusters/time bins are
specified in Table S1. From these clusters, we conducted ordination analysis and visualization
with non-metric multidimensional scaling (nMDS). This was performed to statistically determine
the primary spore and pollen contributors that characterize the assemblage groupings across time
and between climatic events in a two-dimensional plot. This non-parametric method has been
applied in ecological studies (Minchin, 1987) and has recently enjoyed increased usage by
palynologists (e.g., Broothaerts et al., 2018; Peng et al., 2018; Slater et al., 2019; Mays et al.,
2020, 2021a). Bray-Curtis was the chosen similarity index, as it allows for the ordination of
group abundance differences between sites (or sampled depths, in the present case). One of the
weaknesses of this index is its sensitivity to samples with group abundances of zero (Clarke et
al., 2006); however, the impact of this effect was mitigated by the broadness of the
morphological groups analyzed herein, therefore promoting larger group abundances. To
visualize the ordination goodness-of-fit, a Shepard plot is provided as supplementary in Figure

S3. Ordination analysis was performed with PAST version 4.17 (Hammer et al., 2001).
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RESULTS
Geochemical and Microfloral Trends

Below, we summarize in stratigraphic order the litho-, chemo- and biostratigraphical
trends that we observed. Owing to the similarity in these trends for both cores—Bunnerong-1
(Fig. 3) and Eveleigh-1 (Fig. 4)—these were considered together to minimize redundancy, but
we have drawn contrasts where the data diverged. Recovered index miospore taxa indicate that
the palynological assemblages of the newly processed samples range from the
Protohaploxypinus samoilovichii Palynozone to the Aratrisporites parvispinosus Palynozone
(Foster, 1982; Helby et al., 1987; Mays et al., 2020), which correspond to the informal, regional
APTI to APT3 zones of Price (1997). Unless specified, all fossil abundances presented as
percentages represent the mean values for the specified chronostratigraphic interval.
Supplementary material contains more exhaustive information on each sampled stratigraphic
depth (Table S1), in addition to the full statistical results for §'*Cory and total organic carbon
(Table S4). For the Lopingian and Induan, almost all data come from previously mentioned

published studies, which are here combined and recontextualized with the new data.

Lopingian

The Lopingian Series (late Permian) data corresponded to the upper Illawarra Coal
Measures, specifically the Wongawilli Coal (Wuchiapingian Stage) and Eckersley Formation
(Changhsingian Stage). Strata before the end-Permian event (EPE) exhibited fluctuations in

0"3Corg not exceeding +1.7%o from the mean. Total organic carbon displayed greater variability,
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with £4.02% for Bunnerong-1 (median = 2.68%, min = 0.22%, max = 6.83%) and £16.07% for
Eveleigh-1 (median = 2.39%, min = 0.49%, max = 31.57%)).

Palynofacies analysis revealed that phytoclasts were the predominant components (89%),
followed by spores/pollen (8%), and AOM (3%). Miospores were primarily acavate trilete spores
(77%): mainly laevigate (e.g., Leiotriletes), granulate (e.g., Osmundacidites), and baculate taxa
(e.g., Horriditriletes, Microbaculispora, Neoraistrickia, Raistrickia). Taeniate bisaccate pollen
were also commonly found (9%), which consisted of pollen typical of Glossopteridales (e.g.,
Protohaploxypinus, Figs. SF, 5G, 5J; Striatopodocarpites, Fig. 5L). Cavate trilete spores (7%),
and non-taeniate bisaccate pollen (6%) made up the rest of the assemblage.

The EPE interval (uppermost Lopingian) is characterized by a ¢'3Core excursion of
—1.6%o in Bunnerong-1 (Fig. 3) and —1.8%o in Eveleigh-1 (Fig. 4). The start of the EPE
coincided with the top of the Dulhuntyispora parvithola Palynozone (ca. 257.6-252.3 Ma;
Laurie et al., 2016; Mays et al., 2020) and the onset of a biostratigraphic “dead zone” (sensu
Vajda et al., 2020), characterized by negligible numbers of identifiable palynomorphs in addition
to a spike in charcoal abundance (from a high late Permian baseline; Mays and McLoughlin,
2022). Directly overlying the “dead zone” is the Playfordiaspora crenulata Palynozone (ca.
252.3-251.9 Ma), characterized by the co-occurrence of several distinctive trilete spore taxa
(Foster, 1982; Price, 1997), including the acavate rugulate Triplexisporites playfordii (Fig. 6A),
the cavate P. crenulata (Fig. 6U), and the acavate echinate/conate Brevitriletes bulliensis.
Lithostratigraphically, the EPE interval encompasses the short Frazer Beach Member—the
uppermost unit of the Illawarra Coal Measures (McLoughlin et al., 2021)—and most of the Coal
Cliff Sandstone (Fig. 1). Although phytoclasts still dominate the palynofacies assemblage (Fig.

3), there is a notable increase in AOM, accounting for ~27%. As noted by Mays et al. (2021a),
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an increase in algal content is observed commencing at 802.97 m in Bunnerong-1. Miospores
continued to be primarily acavate trilete spores (66%), but with acavate monolete spores (e.g.,
Thymospora) rising in abundance (18%). The proportion of taeniate bisaccate pollen decreased

by approximately half (4%), and non-taeniate bisaccate pollen remained relatively stable (5%).

Induan

The Griesbachian substage (lower Induan Stage, lowermost Lower Triassic) exhibited
notable fluctuations in §'*Core in comparison to the preceding Lopingian, with variations of up to
+4.0%o from the mean. Total organic carbon remained consistently low, with values of 0.19% +
0.21% in Bunnerong-1 (Fig. 3) and 0.23% =+ 0.34% in Eveleigh-1 (Fig. 4). Biostratigraphically,
this interval witnessed the establishment of a series of distinct palynofloral assemblages in
relatively rapid succession: the first being the Protohaploxypinus microcorpus Palynozone (ca.
251.9-251.8 Ma). This palynozone (Helby et al., 1987; Mays et al., 2020) is characterized by the
association of Playfordiaspora crenulata (Fig. 6U), the taeniate bisaccate pollen
Protohaploxypinus microcorpus (Fig. 5G), and by the first appearances of the trilete cavate
spores Rewanispora foveolata and Lundbladispora springsurensis (Fig. 6H). Other characteristic
features of this palynozone are: (1) persistently low palynomorph concentrations (Mays et al.,
2020, 2021a) and (2) an assemblage of non-taeniate bisaccate pollen mostly consisting of
Alisporites (Fig. 5D; Helby, 1970; Price, 1997). Probable freshwater leiospherid acritarchs and
the fern spore Brevitriletes bulliensis are present in this palynozone and are often very abundant
(Mays et al., 2020). The overlying upper Griesbachian Lunatisporites pellucidus Palynozone (ca.
251.8-7251.7 Ma) is characterized by high abundances of the taeniate bisaccate pollen L.

pellucidus (Figs. SH and 5K; Helby et al., 1987), L. noviaulensis (Fig. 51), and
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Protohaploxypinus samoilovichii (Figs. S5F and 5J; Helby, 1970, p. 312—-313). This palynozone is
also associated with the co-occurrence of Limatulasporites fossulatus (Fig. 6F) and L. limatulus
(Fig. 6G; Mays et al., 2020). The upper Griesbachian to lower Spathian Protohaploxypinus
samoilovichii Palynozone (ca. 7251.7-249.3 Ma) is defined by the first appearance of the cavate
monolete spore Aratrisporites (Figs. 61-6S; Helby et al., 1987; Mays et al., 2020). Price (1997,
p. 161) argues caution against using the first appearance of the Aratrisporites genus as a
correlatable bioevent, however, mentioning the fact that Aratrisporites can resemble the aborted
spores of Lundbladispora. Hence, the informal palynostratigraphy by Price (1997) differs here
from the formal scheme of the region for this interval in the Lower Triassic (Foster, 1982; Helby
et al., 1987) in the sense that the P. samoilovichii Palynozone is offset from the proposed APT2
of Price (1997). The latter palynozone is defined by the appearance of the species A. wollariensis
(Figs. 61-6K), which only appears in the middle Smithian of the Sydney Basin (mid—P.
samoilovichii Palynozone, mid—Bulgo Sandstone; Figs. 3 and 4). Compared to the pre-EPE
Lopingian, Induan palynofacies assemblages showed a relative decrease in phytoclasts (from
89% to 78%), and a corresponding increase in AOM (from 3% to 15%). Induan palynomorph
assemblages were predominantly acavate trilete spores (63%), followed by non-taeniate
bisaccate pollen (14%). Acavate monolete spores increased to 8% (from <1% in the pre-EPE
Lopingian), while taeniate bisaccate pollen maintained a relatively stable proportion (5%). Ten
assemblages were barren during the Griesbachian substage.

The Dienerian substage (upper Induan) did not exhibit major fluctuations in §'3Cor nor in
total organic carbon. Between the lower and upper Induan, palynofacies analysis indicated a
decrease in phytoclasts (from 82% to 70%) accompanied by an increase in AOM (from 10% to

26%), with spores/pollen proportions remaining stable (4%). Low sampling density could be the
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reason behind the substantial gap in palynomorphs between 661.09 m and 637.36 m in
Bunnerong-1 (Fig. 3), as only six depths (three barren) were sampled inside the Dienerian
substage (Table S1). With this caveat in mind, Dienerian plant microfossil assemblages showed
similar proportions to those in the preceding Griesbachian substage. There is an apparent trend
where non-taeniate bisaccate pollen decreased across the Dienerian (from 9% to 5%), and cavate
monolete spores emerged as uncommon members (2%). Within the apparently barren interval
(Fig. 3), palynofacies have AOM proportions reaching 49%, with scarce spores/pollen being

present (~1%).

Smithian (lower Olenekian)

The Smithian substage (lower Olenekian Stage, early-to-middle Lower Triassic) interval
is entirely encompassed within the Bulgo Sandstone: including ~245 m of strata in Bunnerong-1
(Fig. 3), and ~280 m in Eveleigh-1 (Fig. 4). Fluctuations in 6'*Cory values for the Smithian
reached +3.3%o from the mean in Bunnerong-1 (Eveleigh-1: £ 2.6%o), with TOC values
averaging 0.22% =+ 0.25% (Eveleigh-1: 0.33% = 0.67%). In the middle-to-upper Smithian, a
substantial but gradual negative excursion in §'*Corg was observed (= N3). Palynofacies
assemblages before the N3 excursion in Bunnerong-1 (Fig. 3; 587.47 m) revealed a
predominance of phytoclasts (78%), followed by spores/pollen (15%) and AOM (5%).
Palynomorphs were dominantly acavate trilete spores (57%), with common acavate monolete
spores (17%), cavate trilete spores (11%), and taeniate bisaccate pollen (8%). Palynological data
within the N3 excursion in Bunnerong-1 (559.60—477.20 m) showed a fourfold relative increase
of cavate trilete spore proportions (from 13% to 47%). Although the proportion of taeniate

bisaccate pollen and other pollen are similar throughout (~11%), non-taeniate bisaccate pollen
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decreased by more than half (from 7% to 2%). In the case of Eveleigh-1 (Fig. 4), the interval
before the N3 excursion saw taeniate bisaccate pollen attaining proportions as high as 46% at
613.63 m.

Plant palynomorph composition underwent a drastic shift after the end of the N3
excursion, now predominantly made up by cavate trilete spores (Bunnerong-1: 72%; Eveleigh-1:
64%), the majority of these being Densoisporites, particularly D. nejburgii (= D. narrabeenensis,
sensu Helby, 1970, p. 171-172; Figs. 6B—6E). Considering all spores/pollen, D. nejburgii made
up 71% of the assemblage in Bunnerong-1 (Fig. 3; ~87% between 420.25 m and 418.01 m) and
47% in Eveleigh-1 (Fig. 4). Acavate trilete spores accounted for 11% in Bunnerong-1 and 9% in
Eveleigh-1, with non-taeniate bisaccate pollen remaining rare at ~3% and taeniate bisaccate
pollen keeping their steady representation (8% in Bunnerong-1), although gradually reducing in
both cores until the end of the Smithian. Palynofacies data revealed similar substantial changes
(Bunnerong-1: 460.13—420.25 m; Eveleigh-1: 539.97 and 519.33 m), with phytoclasts reducing
from 78% to 45%, and spores/pollen increasing from 15% to 37%. Fungal microfossils became
more common throughout this interval in Bunnerong-1—although still in relatively low

abundances (<1%)—alongside the persistent but uncommon presence of algae in both cores.

Spathian (upper Olenekian)

The positive 6'*Corg excursion (= P3) marking the Smithian-Spathian substage boundary
(middle Olenekian) is expressed in the uppermost section of the Bulgo Sandstone (Fig. 1). In
Bunnerong-1 (Fig. 3), the P3 excursion is represented by an excursion of +4.4%o across ~26 m of
strata (418.01-391.88 m), with Eveleigh-1 (Fig. 4) experiencing +1.9%0 over ~35 m (490.54—

456.09 m). Palynofacies within this interval revealed a drastic reduction in spores/pollen
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representation: in Bunnerong-1 (Fig. 3) these dropped from 58% at 418.01 m to <1% at 410.14
m, averaging ~9% thereafter. In their stead, phytoclasts became the most common element
(55%), followed by AOM (27%); a similar pattern being noted for Eveleigh-1 (Fig. 4). These
broad proportions do not fully capture the extent of the palynofacies fluctuations occurring
during the P3, however. Focusing on Bunnerong-1 (Fig. 3), spores/pollen dominated the
palynofacies (66%) before the P3 onset at 420.25 m. By 410.14 m, however, their presence
drastically decreased (<1%) and they were replaced by a mixture of phytoclasts (44%) and AOM
(55%). Only toward the conclusion of the P3 (~391.88 m) do spores/pollen once again became
prominent components of the palynofacies (19%). Plant palynomorph assemblages have
consistently high abundances of cavate trilete spores (72%—87%) between the depths of 420.25
m and 408.20 m. However, near the conclusion of the P3 (393.18 m), their representation
declined sharply to 2% and non-taeniate bisaccate pollen became dominant, representing 61% of
the assemblage, followed by azonate trilete spores (31%). The most representative gymnosperm
pollen in this interval (393.18-391.88 m) are Alisporites australis (Fig. 5D) and Chordasporites
australiensis (Fig. 5C). In Eveleigh-1, a similar signal is revealed between 457.51 and 450.38 m
(Fig. 4). Here, Vitreisporites pallidus (Fig. 5A) and Pteruchipollenites indarraensis (Fig. 5B)
were a common occurrence, in addition to the aforementioned 4. australis and C. australiensis.
The P3 excursion, ending at ~391 m in Bunnerong-1 (Fig. 3) and ~457 m in Eveleigh-1
(Fig. 4), was immediately followed by the early Spathian negative 6'*Cor excursion (= N4). This
coincided with a substantial lithological shift, where facies transition from bluish gray mudrocks
of the uppermost Bulgo Sandstone to kaolinitic “red bed” mudrocks of the Bald Hill Claystone,
historically referred to as “red shales” (Clarke, 1878) or “chocolate shales” (Goldbery and

Holland, 1973). Relative to its initiation near the base of the primary red bed facies interval, the
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N4 culminated in a total negative excursion of —4.1%o in Bunnerong-1 and —4.4%o in Eveleigh-1.
The lower Spathian is correlated to the onset of the Aratrisporites tenuispinosus Palynozone (ca.
249.3-247.2 Ma), which is defined (Helby et al., 1987; Price, 1997) by the large relative
abundance increases of Alisporites australis (Fig. 5D) and the cavate monolete spore A.
tenuispinosus (Figs. 6M—60), the near-complete absence of Lunatisporites spp. (Figs. SH, 51,
and 5K), and the decline of cavate trilete spores (e.g., Densoisporites). The initial part of this
palynozone in the lower Spathian (ca. 249.0 Ma) comprised diverse Aratrisporites spp., with A4.
coryliseminis (Figs. 6Q and 6R), A. strigosus (Fig. 6L), and A. plicatus (Fig. 6P) being especially
common.

In Bunnerong-1 (Fig. 3), the palynofacies assemblages from 383.48 m to 370.32 m
(lower Spathian) revealed wildly variable AOM values (median: 12%; minimum: 6%;
maximum: 92%). Microfossils primarily consisted of cavate monolete spores (36%), peaking at
373.02 m (55%), with Aratrisporites consistently being the sole representative of this group.
Non-taeniate bisaccate pollen initially experienced a sharp decline between the P3 and N4
excursions, from a maximum of 60% at 391.88 m to a minimum of 10% at 387.99 m, before
rising to their previous dominance (60%) at 370.32 m. Assemblages remained rather consistent
for the remainder of the Spathian in both cores; however, taeniate bisaccate pollen, which

averaged ~5%, increased considerably around the middle Spathian, up to ~22%.

Anisian
The transition from the upper Bald Hill Claystone to the Garie Formation is accompanied
by a major positive 6'*Corg excursion (+6.1%o in Bunnerong-1, +4.8%o in Eveleigh-1).

Chronostratigraphically, the approximate midpoint of this positive excursion (= P4) indicates the
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boundary between the Olenekian and Anisian Stages (Lower-Middle Triassic boundary;
Gradstein et al., 2020). Total organic carbon showed a gradual increase—the first since the EPE,
but still far below pre-EPE levels—with Anisian sections in Bunnerong-1 showing a median of
0.81% (min = 0.13%, max = 1.75%) and in Eveleigh-1 of 1.02% (min = 0.51%, max = 2.41%)).
Biostratigraphically, the Aratrisporites parvispinosus Palynozone, which extends from the
Olenekian-Anisian boundary (247.2 Ma) to the Ladinian (Price, 1997), first appeared in the
Sydney Basin concurrent with the P4 excursion. This palynozone is defined by the first
consistent appearance of A. parvispinosus and lasts until the appearance of Craterisporites
rotundus (Helby et al., 1987). The same authors further described this palynozone as being
dominated by the non-taeniate bisaccate pollen Alisporites australis (Fig. 5D). Price (1997)
proposed a concurrent but alternate informal palynozone (designated APT3), the base of which is
defined by the first appearance of Striatella scanica and the top by the first appearance of
Annulispora folliculosa. Of these index taxa, we have only recorded the presence of
Aratrisporites parvispinosus and an increase in Alisporites australis for the Anisian sections of
Bunnerong-1 and Eveleigh-1, and none of the additional taxa reported by Helby et al. (1987) and
Price (1997) for the 4. parvispinosus Palynozone were identified in this study. Since most of
these accessory taxa occur above the base of the A. parvispinosus Palynozone, their absence
suggests that only the lower portion of this zone is preserved in both analyzed cores.
Palynofacies assemblages for the Anisian in Bunnerong-1 (Fig. 3; 301.11-26.34 m)
consisted of phytoclasts (72%), followed by AOM (19%), and spores/pollen (9%). The Anisian
strata in Eveleigh-1 (Fig. 4; 357.00-19.24 m) showed comparatively lower proportions of
phytoclasts (50%) and considerably more AOM (42%). Fungal and algal remains declined across

the Garie Formation to nearly 0% and remained rare until the top of the examined strata in both
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cores. Taeniate bisaccate pollen were rare (~1%), and non-taeniate bisaccate pollen showed a
steady increase throughout the Anisian, becoming the most common group in the uppermost
analyzed parts of both cores (from 19% to 58% in Bunnerong-1, and from 19% to 46% in
Eveleigh-1). Other pollen groups also increased in proportion, including monosaccate pollen,
such as Striomonosaccites morondavensis (Fig. 5SM), and non-saccate pollen, such as the colpate

Cycadopites follicularis (Fig. SE), and the polyplicate Praecolpatites sp. cf. P. sinuosus.

Ordination Data Analysis

Non-metric multidimensional scaling (nMDS) data ordination (Fig. 7A) resulted in a
stress value equal to 0.1082 (Fig. 7B). According to Clarke (1993), stress lower than 0.1 signifies
good ordination with negligible risk of drawing false inferences. Stresses lower than 0.2 are
considered usable; however, caution is needed if values tend toward 0.2.

The pre-EPE group of microfloral assemblages (Fig. 7A) displayed the lowest degree of
variation (i.e., smallest ordination plot area) of all considered time bins, reflecting the relatively
uniform climax floras of the “Glossopteris flora” (Mays et al., 2020). The post-EPE assemblage
group exhibited a broader range, with an overall shift toward a higher proportion of non-taeniate
bisaccate pollen (e.g., Alisporites, Vitreisporites). No overlap existed between post-EPE and syn-
LSTM microfloras, indicating a considerable turnover from an association made up mostly by
acavate trilete spores (e.g., Microbaculispora), taeniate bisaccate pollen (e.g., Protohaploxypinus
samoilovichii), and non-taeniate bisaccate pollen, to one with a major cavate trilete spore
component (most notably, Densoisporites nejburgii). Another substantial shift exists between
syn-LSTM and post-SSE microfloras, reflected by the absence of overlap in ordination space.

This is largely owing to cavate trilete spores losing their overwhelming influence on the
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assemblages. Although the post-SSE association skewed toward higher proportions of non-
taeniate bisaccate pollen, the large spread of values indicated microfloral composition instability.
The column scores (Fig. 5B) indicated that this was largely the result of variable levels of cavate
monolete spores (i.e., Aratrisporites). There is also an increased input of taeniate bisaccate
pollen—a portion of which may be reworked—that resulted in a degree of overlap with the post-
EPE association. Finally, the post-EMTE association (Fig. 7A) has a smaller area than that of the
preceding post-SSE, and it is almost entirely contained within the post-SSE region. This
indicates that similar, but more stable, floral assemblages had established themselves in the
Sydney Basin by the early Middle Triassic, with a slightly higher proportion of non-taeniate
bisaccate pollen. Correlations with the global chronostratigraphy (Fig. 7C) suggest that the post-
EPE palynoflora began at the start of the EPE interval and had a total duration of ~1.7 million
years, with the syn-LSTM and post-SSE palynofloras lasting ~0.7 million years and ~2.2 million

years, respectively.

DISCUSSION
Timing of Boundaries and Global Climatic Events

The ages we put forward for chronostratigraphic boundaries and climatic events are
largely the result of correlating key absolute dating studies (e.g., Metcalfe et al., 2015; Burgess
and Bowring, 2015; Fielding et al., 2019; Widmann et al., 2020; Fielding et al., 2021) with
globally recognized fluctuations in 5'3C values (Cramer and Jarvis, 2020). The values presented
by Cramer and Jarvis (2020) are a composite of various ¢'>C measurements done in organic
matter (6'2Core) and in inorganic carbonates (6'*Cearp), with Triassic data primarily represented by

813Cearb (Cramer and Jarvis, 2020, p. 331). Although 6"*Core and 6'*Ceary do not always match in
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magnitude (Bachan et al., 2012), they generally exhibit consistent temporal alignments. Notably,
for the Smithian-Spathian event (SSE) interval, the P3 positive ¢'3Cory excursion shows
variations in values of a similar magnitude to the 6'*Cca record (Hermann et al., 2011b; Shen et
al., 2019). Originally, floristic changes driven by the SSE, along with the P3, were dated to at
least 250.55 + 0.51 Ma (Galfetti et al., 2007b), based on the work by Ovtcharova et al. (2006).
However, updated U-Pb age models (e.g., the Permian-Triassic boundary type section at
Meishan, China; Burgess et al., 2014) reveal that the older methods for SSE age estimation likely
produced large error ranges and overestimated the age values (Condon et al., 2010). More recent
radiogenic isotope dating efforts by Widmann et al. (2020) using the EARTHTIME model
(Condon et al., 2015; McLean et al., 2015) on the same tuff beds studied by Ovtcharova et al.
(2006) enabled direct comparisons of the SSE age estimates to those of the Permian-Triassic
(Burgess et al., 2014) and Early-Middle Triassic boundaries (Ovtcharova et al., 2015). The end
of the SSE has now been interpreted as occurring between 249.29 + 0.06 Ma and 249.11 + 0.09
Ma (Widmann et al., 2020), approximately one million years later than previous estimates. If
based on astronomical tuning techniques, however, it would be ca. 248.1 Ma (Li et al., 2016;
Gradstein et al., 2020; Ogg et al., 2020, p. 927). Hence, the end of the SSE is likely within ca.
249.3-248.1 Ma; here, we follow the age-controlled chemostratigraphy presented by Widmann
et al. (2020) and place the Smithian-Spathian boundary at ca. 249.4 Ma, the midpoint of the SSE-
associated positive 5'°Cory excursion (P3). Considering the microfloral data presented herein, the
effects manifested by the SSE (e.g., cooling conditions) in the Sydney Basin lasted ~400 k.y.,
and only in the latter half (~200 k.y.) did plant communities begin to resemble those of post-EPE
times before the late Smithian thermal maximum (LSTM): i.e., a significant representation of

arborescent gymnosperms (Fig. 7).
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The distinctive positive ¢'*Corg excursion initiating toward the top of the Bald Hill
Claystone (upper 4. tenuispinosus Palynozone) that we have identified as P4 (Fig. 1) should peak
after the Early-Middle Triassic boundary (Galfetti et al., 2007a; Ovtcharova et al., 2015; Sun et
al., 2021). Radiogenic U-Pb absolute age estimates using the EARTHTIME model provide
constraints for the Early-Middle Triassic boundary (=Olenekian-Anisian boundary) in the
Sydney Basin (Metcalfe et al., 2015; Fielding et al., 2019, 2021). These suggest the Early-Middle
Triassic boundary is present in the stratigraphically short Garie Formation, dated to 248.23+0.13
Ma and 247.87+0.11 Ma (Metcalfe et al., 2015). These dates show a considerable discrepancy
with the dating provided for various marine deposits of the Early-Middle Triassic boundary. For
example, the latest Geologic Time Scale (Ogg et al., 2020, p. 927) considers an even younger
Early-Middle Triassic boundary date (ca. 246.7 Ma) based on marine chemo-, bio-, and
magnetostratigraphy by Chen et al. (2020). Integrated chronostratigraphic data sets from south
China instead provided an estimated age of ca. 247.2 Ma for this boundary (Lehrmann et al.,
2015; Ovtcharova et al., 2015), which is favored by the International Commission on
Stratigraphy (Cohen et al., 2013, updated). Owing to this absence of clear consensus on the
Early-Middle Triassic boundary, we tentatively ascribe the boundary age of 247.2 Ma in the
Sydney Basin, as this is closer to the previous minimum age estimate from the same region
(247.87 £0.11 Ma; Metcalfe et al., 2015).

There are important limitations to consider when comparing the durations and
magnitudes of carbon isotope excursions, particularly: (1) for continental successions, which are
prone to discontinuous deposition, and (2) in the absence of radiogenic age controls. Boundaries
without local absolute age controls were the Griesbachian-Dienerian (ca. 251.5 Ma) and the

Aegean-Bithynian (ca. 245.0 Ma) substage boundaries. The age ascribed herein for the
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Griesbachian-Dienerian boundary was based on sediment flux rates (Sanson-Barrera, 2016, chap.
3) and Induan astronomical tuning (Li et al., 2016); the Aegean-Bithynian boundary age is
supported by ammonoid biostratigraphy, cyclostratigraphy, and magnetostratigraphy (see

summary in Ogg et al., 2020, p. 927).

Unconformity in the Lower Induan

The 6'3Corg record did not closely match the global signature for the Griesbachian
substage (Fig. 1; Ogg et al., 2020, p. 905). Specifically, the N2 negative 6'*Corg excursion is not
clear in Bunnerong-1 (Fig. 3) nor in Eveleigh-1 (Fig. 4). Biostratigraphically, Mays et al. (2020)
reported a single depth for Bunnerong-1 (760.09 m) corresponding to the Lunatisporites
pellucidus Palynozone, inside the Wombarra Claystone. The next sampled depth (745.62 m), in
the lower Scarborough Sandstone, is shown to be part of the Protohaploxypinus samoilovichii
Palynozone. The very small stratigraphic range of this zone in the central Sydney Basin conflicts
with its thickness in other parts of the Sydney-Gunnedah-Bowen Basin System, eastern Australia
(e.g., >160 m; Foster, 1982). This discrepancy could be owing, in part, to insufficient sampling
density in the examined cores, but a sharp contact exists between the Wombarra Claystone and
Scarborough Sandstone at 747.16 m depth in Bunnerong-1 and in Eveleigh-1 at 832.32 m (Fig.
S5). Although localized circumstances (e.g., vegetation, bacteria) could have potentially resulted
in subdued 6'*Core variations in comparison to the global signature, the evidence suggests an
unconformity within the Griesbachian (L. pellucidus Palynozone) of the Sydney Basin is present,

at least in the Central Coalfield.

Late Permian to Middle Triassic Floristic Timeline of the Sydney Basin
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Below, the abundance trends of the palynological morphogroups are related to the rich,
well-established micro- and macrofossil records of the Sydney Basin. Likely botanical affinities
of key spore/pollen taxa are provided in Table 2. A more exhaustive taxon list including less
frequent microfloras is provided in Table S5. A recent, Gondwana-wide review of Early to
Middle Triassic macrofloral fossil occurrences was conducted by Turner et al. (2024), but
without indication of the abundances of each taxon. Here, we summarize the abundances of the

most common groups of micro- and macrofossils in the Sydney Basin (Fig. 8).

Uppermost Lopingian Floras and the End-Permian Event (EPE)

The uppermost recorded pre-EPE Lopingian microfloral assemblages were composed
predominantly of acavate trilete spores. These include Horriditriletes and Neoraistrickia—Ilikely
derived from Osmundales ferns (de Jersey and Raine, 1990, p. 30-31; Galtier and Taylor,
1994)—and the potentially fern-derived Microbaculispora. Common pollen forms included
taeniate gymnosperm pollen (e.g., Protohaploxypinus, Striatopodocarpites) typical of
Glossopteridales (Gould and Delevoryas, 1977; Lindstrom et al., 1997). The high abundance of
the deciduous, peat-forming glossopterids is supported by the macrofloral record of the Sydney
Basin (Fig. 8), which shows the last occurrences of assemblages dominated by the leaf-taxon
Glossopteris and root-taxon Vertebraria (Retallack, 1977, 1980; Fielding et al., 2019). Non-
taeniate bisaccate pollen were also present (e.g., Alisporites), which have been linked to
Peltaspermales (Retallack, 2002) and Umkomasiales (=Corystospermales; Osborn and Taylor,
1993; Blomenkemper et al., 2020) seed ferns, and Voltziales conifers (Bomfleur et al., 2013;

Nowak et al., 2024)
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The <5-m-thick Frazer Beach Member and its equivalents across eastern Australia
(McLoughlin et al., 2021) record the continental impacts of the EPE at the high southern
latitudes: wetland biotas were destroyed, most likely through some combination of extreme
warming and periods of drought (Frank et al., 2021), ozone depletion (Li et al., 2024),
widespread wildfires (Vajda et al., 2020; Mays and McLoughlin, 2022) and, possibly, phytotoxic
heavy metals (Fielding et al., 2019; Shen et al., 2023; Vajda et al., 2023a; Paterson et al., 2024).
When comparing pre-EPE assemblages with those immediately overlying the EPE “dead zone,”
proportions of taeniate bisaccate pollen (including those produced by glossopterids) were halved,
and concentrations of algal remains increased significantly, which likely represented microbial
blooms in freshwater ecosystems (Mays et al., 2021a). Although landscapes were essentially
depauperate in the “dead zone,” leaving a negligible macrofossil record, the intermittent presence
of Alisporites from the overlying Coal Cliff Sandstone and the prominence of the peltasperm
Lepidopteris callipteroides from lowermost Triassic strata (Retallack, 1977, 2002) suggest that
Peltaspermales were the first gymnosperms that attempted to occupy the devastated landscape
following the collapse of glossopterids from the onset of the EPE (ca. 252.3 Ma; Fielding et al.,

2019).

Induan Floras

The first appearance of the Protohaploxypinus microcorpus Palynozone in the Sydney
Basin is less than 100,000 years after the termination of the EPE interval (the upper boundary of
which we define at the Permian-Triassic boundary ca. 251.9 Ma; Fig. 8). The early Induan
(Griesbachian) microfossil assemblages are typically dominated by filicopsid acavate trilete

spores, with Osmundacidites wellmanii (Fig. 6T) forming a considerable portion (Fig. 8),
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followed by Microbaculispora. Lycophytic cavate trilete spores (e.g., Lundbladispora) were
common and Alisporites representation surged around this time, potentially tied to the spread of
the peltasperm Lepidopteris callipteroides (Retallack, 1977, 2002). Taeniate bisaccate pollen
typical of glossopterids (e.g., Protohaploxypinus) were deposited in significant abundances long
after the extirpation of glossopterid-dominated coal measures during the EPE (Fig. 8; Mays et
al., 2020). While there is some evidence of this group persisting in Gondwana and elsewhere into
the post-EPE interval (e.g., the Karoo Basin, South Africa; Gastaldo et al., 2017), there is an
absence of verified glossopterid macrofossils in this interval from eastern Australia (Fielding et
al., 2019; see review by Turner et al., 2024). There is also evidence that Protohaploxypinus may
also derive from other seed fern groups, like peltasperms—a group that includes Lepidopteris
callipteroides, which is well-known from the Lower Triassic of the Sydney Basin (Retallack,
2002). This is because Protohaploxypinus-type pollen has been identified in pollen sacs
associated with Permotheca (Gomankov and Meyen, 1986, p. 95; Zavialova and Karasev, 2015),
a polliniferous organ connected with L. callipteroides (Permotheca helbyi; Retallack, 2002).
However, in their attempt to emend the diagnosis of Permotheca, Foraponova and Karasev
(2021) considered P. helbyi potentially belonging to the seed ferns Pteruchus or Townrovia
instead, which are not known to produce taeniate bisaccate pollen (Osborn and Taylor, 1993;
Bomfleur et al., 2011). Hence, we tentatively attribute the persistence of these pollen forms in
Induan strata of the Sydney Basin to: (1) potential reworking (e.g., from the underlying Illawarra
Coal Measures), which can be a major contributor to a palynological assemblage under some
conditions (e.g., Moss et al., 2005; Gastaldo, 2012; Lopes et al., 2014); (2) an affinity to a
presently unknown non-glossopterid gymnosperm; and/or (3) an unverified relictual population

of glossopterids.
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The P. microcorpus Palynozone lasted ~100,000 years in this region until different plants
became commonplace (ca. 251.8 Ma). At this point, microfloras from the Lunatisporites
pellucidus Palynozone appear and surge in abundance, such as the conifer pollen Lunatisporites
(Nowak et al., 2024) and the pleuromeiacean spore Densoisporites nejburgii (Grauvogel-Stamm
and Lugardon, 2004). The macrofloras also reflected this change (Retallack, 1977; Mays et al.,
2020), which are characterized by abundant conifers (e.g., Voltziopsis africana, Podozamites)
and Isoétes-like lycophytes, in addition to equisetaleans (e.g., Schizoneura gondwanensis) and
Cladophlebis-like fern fronds. Some elements of this palynozone appear to have migrated from
the north (e.g., Limatulasporites, of probable bryophytic affinity; McLoughlin et al., 1997),
which made its first appearance in this palynozone in the Sydney Basin, but in the underlying P.
microcorpus Palynozone of the Bowen Basin (Price, 1997, p. 157). This, however, does not
preclude the migration of other floras to the Sydney Basin from the south or on a longitudinal
gradient, but could be owing to diachronous first appearances for individual taxa (Lindstroém and
McLoughlin, 2007; Barbolini et al., 2016). The base of the L. pellucidus Zone coincided with the
cessation of the N1 negative §'°C excursion (Fig. 1) and the final phase of a global warming
trend, which initiated at the onset of the EPE (Sun et al., 2012).

The general trend across the Dienerian (late Induan) hints toward a steady relative
decrease of non-taeniate bisaccate pollen, Alisporites included. This is reflected by the reduction
of peltasperm macrofossils (Fig. 8), likely because of the spread of voltzialean forests across the
Sydney Basin (Retallack, 1977). Persistently low abundances of charcoal occur within the
palynozone, possibly indicating low-density, sclerophyllous open vegetation throughout this time

(Retallack, 2019) limiting the spread of wildfires (Mays and McLoughlin, 2022).

31



709  Olenekian Floras

710 Forests of voltzialean conifers continued to dominate the landscape for most of the

711  Protohaploxypinus samoilovichii Palynozone (Fig. 8). However, warming and other climatic
712 changes (Retallack, 2013) likely led to their decline during the LSTM (ca. 250.3-249.6 Ma) as
713  demonstrated by their associated Lunatisporites taeniate bisaccate pollen dwindling in the

714 microfossil record during this interval. Their fall might have facilitated the further spread of

715  already-thriving Pleuromeiaceae lycophytes (e.g., Pleuromeia, Cylomeia), which is shown by
716  abundant fossil evidence of Densoisporites spores and other pleuromeian-associated

717  macrofossils, such as leaves/microphylls (Mays et al., 2020; Vajda and Kear, 2024), corms

718  (Vajda and Kear, 2024), and strobili (Retallack, 1975, 1977).

719 Following the LSTM (uppermost P. samoilovichii Palynozone, ca. 249.4 Ma),

720  umkomasialean seed ferns grew to dominate the formerly isoétalean landscape (Fig. 8). This is
721  evidenced by near-monospecific beds of Dicroidium zuberii (interpreted as “Dicroidium heaths”
722 by Retallack, 1980, p. 418) and associated increases in pollen of umkomasialean affinity, namely
723 Alisporites and Pteruchipollenites for ~200 k.y. This transition coincided with the prominent P3
724 positive 8'3C excursion (Fig. 1), which has been linked to global cooling conditions present

725  during the SSE (Widmann et al., 2020). According to Retallack (1977), this Dicroidium-

726  dominated ecosystem included other accessory taxa, such as: (1) D. narrabeenense and D.

727  odontopteroides (= lancifolium, Anderson and Anderson, 1983; see Holmes and Anderson,

728  2005b, p. 6-7); (2) peltasperms, especially Lepidopteris, and the possible peltasperm

729  Pachydermophyllum (Elgorriaga et al., 2019); (3) Taeniopteris (incertae sedis); (4) equisetaleans
730  (notably Neocalamites); and (5) rare ferns of probable osmundaceous affinity (e.g.,

731  Cladophlebis). While Dicroidium (Umkomasiales) first appeared in the Lopingian at the low- to
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mid-latitude Gondwanan regions of Jordan and Pakistan (Kerp et al., 2006; Abu Hamad et al.,
2008, 2017; Bomfleur et al., 2018), they only migrated southward after the EPE (Retallack,
1977; Anderson and Anderson, 1983; Bomfleur et al., 2018). The first known occurrence of
Dicroidium in Bunnerong-1 (and potentially in the Sydney Basin) is at a depth of 587.47 m in the
lower Bulgo Sandstone (Fielding et al., 2019, their fig. 2; Mays et al., 2020), indicating their
arrival around the beginning of the Olenekian, during the earliest Smithian (ca. 251.1 Ma). This
suggests that umkomasialean floras were already present in the Sydney Basin ~2 million years
before their upsurge during the SSE (Fig. 8). However, this SSE-linked, Dicroidium-dominated
flora did not persist as long as the voltzialean flora that preceded it. Once the SSE terminated (ca.
249.2 Ma), umkomasialean seed fern forests appeared to have decreased in dominance, giving
way to a resurgence of isoétaleans, namely Isoétaceae (e.g., Tomiostrobus; Retallack, 1997;
Holmes and Anderson, 2022).

This return of isoétaleans characterized the early parts of the Spathian substage (ca.
249.2-248.7 Ma) and is marked by the appearance of the Aratrisporites tenuispinosus
Palynozone in the Bald Hill Claystone (Fig. 8). Although not as dominant, the palynological
evidence suggests Umkomasiales remained relatively common in the basin, alongside Isoétales
throughout the entire substage. Midway through this palynozone (ca. 248.0 Ma), a proportional
increase in conifer-associated taeniate bisaccate pollen is noted (Figs. 3 and 4). Retallack (1980,
p- 389 and 417) considered this a reflection of resurgent coniferous floras in the Sydney Basin at
that time (represented by the Bald Hill Claystone). We found, however, that: (1) the taeniate
bisaccate pollen present in the Bald Hill Claystone are of the same type as those seen in the
Bulgo Sandstone (i.e., Lunatisporites noviaulensis and L. pellucidus), being potentially reworked

from older sediments (Fig. S4), and (2) while conifer shoots were present in Bunnerong-1, the
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most common macrofossils for this formation were umkomasialean seed fern leaves of
Dicroidium (Fielding et al., 2019; Vajda and Kear, 2024), which are contemporaneous with well-
preserved specimens of associated microfloras (Alisporites australis; Fig. 5D). Therefore, our
results do not corroborate that a return of conifers transpired, at least for the central part of the

Sydney Basin.

Anisian Floras

The Early-Middle Triassic boundary (ca. 247.2 Ma) is marked by the P4 positive §'*C
excursion (Fig. 1), which has been linked to cooling associated with the Early-Middle Triassic
event (EMTE; see Sun et al., 2012; Trotter et al., 2015). In the Sydney Basin, the onset of the
Anisian Stage coincided with a lithological change from red bed facies to the dark gray
mudrocks of the thin Garie Formation, and the beginning of the Aratrisporites parvispinosus
Palynozone. Levels of total organic carbon began to increase for the first time since the EPE,
albeit modestly (Figs. 3 and 4), and floral assemblages changed. Notably, there is a temporary
decline in isoétalean spores and a rebound of non-taeniate bisaccate pollen of probable
umkomasialean affinity at the end of the EMTE interval. This latter change is reflected by the
macrofossil assemblages of lower Anisian age (Newport Formation and lateral equivalents),
which reveal umkomasialeans as the primary group of arborescent plants (Fig. 8), as noted by the
increased abundance of Dicroidium zuberii, along with several other Dicroidium leaf taxa
(Retallack, 1977). Pleuromeian leaves and strobili (i.e., Cylostrobus sydneyensis) are also still
present (Retallack, 1980). Accessory fossils include: (1) the equisetaleans Neocalamites and
Schizoneura; (2) the ferns Cladophlebis (?0smundales), cf. Todites (?Gleicheniaceae), and

Asterotheca (Marattiales); (3) the peltasperm Lepidopteris and the possible peltasperm
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“Odontopteris” and Taeniopteris (incertae sedis); and (4) minor abundances of the conifer
Voltziopsis.

The uppermost interval examined herein was the Bithynian substage (lower middle
Anisian). Shale lenses within the Hawkesbury Sandstone indicated that the Sydney Basin
continued to be dominated by Dicroidium (primarily D. zuberii), but now accompanied by leaves
of the probable umkomasialean cf. Xylopteris (Retallack, 1980). By the time the lower
Hawkesbury Sandstone was buried, the abundances of the most common representative of the
Pleuromeiaceae in the Lower Triassic of the Sydney Basin (Densoisporites nejburgii) had
become negligible. This is concurrent with the decline of Pleuromeia and its associated
macrofossils during the Middle Triassic (Retallack, 1977). Moreover, non-bisaccate pollen
became more prevalent in the microfossil assemblages, including monosaccate (e.g.,
Striomonosaccites morondavensis), colpate (e.g., Cycadopites follicularis), and polyplicate (e.g.,
Praecolpatites sp. cf. P. sinuosus). Throughout the rest of the Anisian (Bithynian-Illyrian), the
region was dominated by diverse Dicroidium floral communities, although D. zuberii was
gradually supplanted by D. odontopteroides by the latest Anisian/?lower Ladinian (Wianamatta
Group; Retallack, 1980). Non-umkomasialean fossils included ginkgophytes (e.g.,
Sphenobaiera) and liverworts (e.g., Marchantites cyathoides; Retallack, 1980). The apparent
increase in pollen diversity by the early Middle Triassic (Anisian) is reflected in the macrofloral
record across eastern Australia, which shows rising species richness, particularly among
umkomasialeans (Holmes, 1982, 1987; Holmes and Anderson, 2005a; see review by Turner et
al., 2024), peltaspermaleans (Holmes, 1982; Holmes and Anderson, 2005b), cycadaleans

(Holmes and Anderson, 2008), and ginkgoaleans (Holmes and Anderson, 2007).
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The Two Primary Drivers of Early Triassic Floristic Changes at High Southern Latitudes
The LSTM and the SSE were two pivotal events that substantially influenced plant
communities worldwide (see “Floristic Timeline Comparisons” section). As visualized in nMDS
ordination for the Sydney Basin (Fig. 7), these occupy distinct regions in ordination space,
reflecting major compositional differences in the assemblages before and after each event.
Moreover, their large areas in ordination space suggest that the floristic variability during these
events was far greater than that following the final climatic transition examined herein: the
EMTE. The nMDS analysis showed only a general contraction in ordination space between pre-
and post-EMTE assemblages, suggesting a floristic stabilization. The floristic signatures of the
two dominant drivers of Early Triassic ecosystem changes (LSTM and SSE) are discussed in the

following section.

The Late Smithian Thermal Maximum

The LSTM marks a significant transition in the Early Triassic microfloral assemblages of
the Sydney Basin. In the nMDS analysis (Fig. 7A), the LSTM is clearly distinct from the
preceding floras in the region, which is driven by an acme of cavate trilete spores, mainly
Densoisporites (particularly D. nejburgii). This microfossil trend is supported by the macrofossil
record (Fig. 8), which shows that their producers Pleuromeia (and associated organ taxa)—
which have been consistently linked to Densoisporites (Balme, 1995, p. 104-107; Grauvogel-
Stamm and Lugardon, 2004; see review by Looy et al., 2021)—was the predominant floral group
in the region during the middle Early Triassic (Retallack, 1975, 1997). These findings contribute
to the existing evidence of the success isoétalean lycophytes enjoyed following the end-Permian

biotic crisis (Retallack, 1997; Looy et al., 2021). However, while global hyperthermal conditions
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concurrent with the LSTM (Sun et al., 2012; Widmann et al., 2020; Du et al., 2022) appear to
mark a global acme of isoétalean-dominated palynofloras, their rise was not globally
synchronous (see “Generalized Global Trends” section).

Further support for a climatic driver behind floral transition comes from the plants
themselves; Densoisporites-affiliated pleuromeians (e.g., P. sternbergii)—similar to their nearest
extant relatives (i.e., Isoétes; Keeley, 1998)—probably had remarkable tolerance to stress and
flourished in the absence of competitors (Looy et al., 2021). This may explain the (near-
)monogeneric pleuromeian plant assemblages following the latest Permian (e.g., Feng et al.,
2020) and Early Triassic (e.g., Naugolnykh, 2013a) hyperthermal events. However, the specific
climate-related ecosystem stressors that promoted their proliferation remain to be identified.
While increased temperatures have been indicated (Romano et al., 2013; Goudemand et al.,
2019), other proximate environmental related stressors may have played greater roles (e.g.,
precipitation seasonality, soil nutrient depletion). Although the abundances of some plant
macrofossil groups in the Sydney Basin (i.e., Dicroidium, Lepidopteris, Voltziopsis) undergo
drastic reductions during the LSTM, none entirely disappear (Fig. 8). This may not be the case
for rarer, poorly represented taxa (Table S5). While these abundances are suggestive of major
reductions of these plant groups in the late Smithian landscape, the macrofloral records may be
influenced by local taphonomic biases, which would limit their utility for gleaning regional floral
signals. Hence, a systematic, quantitative assessment of all taxa would need to account for

absolute diversity and abundance variations within the LSTM interval.

The Smithian-Spathian Event
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The SSE represents the second major event driving significant change in Early to Middle
Triassic floral assemblages within the Sydney Basin. This shift is reflected by the clear
differentiation of pre- and post-SSE microfloral assemblages in ordination space (Fig. 7), which
is largely owing to the replacement of the dominant spore types: from cavate trilete
Densoisporites spores (pre-SSE) to cavate monolete Aratrisporites spores (post-SSE). Both
groups were present in the region before and after the SSE (Fig. 8), so the influx of
Aratrisporites cannot be explained by its novel introduction. Instead, their near-mutually
exclusive relative abundances over time (Figs. 3 and 4) would seem to indicate a change in the
regional conditions that favored Aratrisporites-producing isoétaleans over Densoisporites-
producing isoétaleans. Expanding on the generalized palynology-climate model of Visscher and
van der Zwan (1981), Hochuli and Vigran (2010) interpreted Densoisporites (D. nejburgii, in
particular) as xerophytic (dry-adapted), and Aratrisporites as hygrophytic (wet-adapted). The co-
occurrence of the Aratrisporites (Isoétaceae) acme with the onset of red beds might therefore
indicate major precipitation changes in the Sydney Basin during the post-SSE warming interval.
Conversely, the cessation of red mudrock strata concurrent with a decrease in Aratrisporites (ca.
247.2 Ma; Fig. 8) seems to be linked to the global cooling experienced during the EMTE.
However, at present, there are no clear climatic inferences that can be made from the presence of
such red mudrock facies, since non-climatic factors may play a larger role in their formation
(Sheldon, 2005; Li et al., 2017). Moreover, the Aratrisporites acme might not be consistently
linked with red bed deposition, as Herbert (1997) highlights the transgressive and diachronous
nature of red beds throughout the Early Triassic in the Sydney Basin. Undoubtedly, the specific
climatic conditions and the tolerances of their associated isoétalean groups in the Sydney Basin

during these events remain an open question.
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Cooling during the SSE likely facilitated the resurgence of gymnosperm forests in the
latter phase of the event (ca. 249.4-249.2 Ma). This is evident from the increased abundances of
non-taeniate bisaccate pollen, primarily Alisporites (Fig. 8). The influence of gymnosperms is
reflected by the nMDS analysis (Fig. 7), which shows that the abundances of non-taeniate
bisaccate pollen is a principal factor in differentiating pre- and post-SSE assemblages (in
addition to the different groups of isoétaleans, as outlined in the previous paragraph). The
macrofloras of this interval exhibit a similar transition (Fig. 8): from isoétalean-dominated
lycophytic assemblages (e.g., Cylostrobus, Pleuromeia) to one dominated by umkomasialeans
(e.g., Dicroidium zuberii). Peltasperms, represented by Lepidopteris leaf remains, disappear from
the Bunnerong-1 core shortly after the cessation of the SSE (Fielding et al., 2019; Mays et al.,
2020). Since peltasperms are another potential producer of Alisporites-type pollen (Retallack,
2002), their absence from the macrofloral record in the Central Coalfield soon after the SSE (ca.
249.1 Ma) indicates that the increase in Alisporites was almost certainly due to the rise of
umkomasialean seed ferns.

These umkomasialean forests briefly flourished within the basin for ~200 k.y., until
temperatures began to rise once again (Fig. 8). However, unlike during the LSTM, gymnosperms
did not experience a collapse to the same extent, as their pollen and macrofossil remains have
been commonly observed throughout the relatively stable Spathian substage, before reemerging
as dominant following the EMTE. The significance of the post-EMTE rise of Dicroidium is
reflected in the Triassic coal measures of Gondwana, in which Dicroidium is typically the
primary coal-forming plant. The first post-EPE coal measures reappear in the global rock record
during the Middle Triassic (Retallack et al., 1996)—such as the ?late Anisian, Dicroidium-

dominated Nymboida Coal Measures of eastern Australia (Retallack et al., 1993; Wells, 1995;
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Holmes, 2000)—indicating a return of terrestrial wetland carbon sinks after >8 million years. We
therefore interpret that the major climatic fluctuations of the Early Triassic, specifically those

linked to the LSTM and SSE, were principal causes behind this delay.

Floristic Timeline Comparisons

To provide context of how the LSTM and SSE impacted floras beyond the Sydney Basin,
here we compare the responses of other age-controlled sites and their quantitative floristic
records with the eastern Australian floral communities (Fig. 9). Due to the paucity of well-
studied Lower to Middle Triassic continental records at present, most localities compared here
do not strictly reflect continental systems, as in the case for the Sydney Basin, which might result

in certain microfloras being under- or overrepresented (see Traverse, 2007, chap. 18.2).

Tulong, Tibet (Northern Gondwana; Paleolatitude: ~45°S)

Tulong, situated in present-day southern Tibet, holds a fossil-rich stratigraphic record
spanning the Permian to Upper Triassic (Brithwiler et al., 2009; Schneebeli-Hermann et al.,
2012a; Peng et al., 2019; Liu et al., 2020). Here, the LSTM and SSE are captured within Unit II1
and Unit IV of the nearshore Kangshare Formation (Fig. 1). Similar to the Sydney Basin (Fig. 9),
cavate trilete spores were common throughout the Smithian and early LSTM, with
Densoisporites comprising ~40% of the assemblage in this interval (Schneebeli-Hermann et al.,
2012a).

During the late LSTM and SSE, a marine transgression led to the deposition of limestone,
interbedded with small shale lenses. These shales predominantly contained lycophytic spores of

Endosporites papillatus (~70%; Peng et al., 2019), which have been considered potentially
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degraded forms of D. nejburgii (Grauvogel-Stamm and Lugardon, 2004). In contrast to the
Sydney Basin (Fig. 9), gymnosperm bisaccate pollen did not increase during the SSE but
afterward, during early Spathian warming (Schneebeli-Hermann et al., 2012a). Additionally,
while Densoisporites experienced a post-SSE increase in Tulong, this was not observed in the
Sydney Basin. In both regions, however, it became rare during the Spathian and negligible after

the EMTE.

Salt-Surghar Ranges, Pakistan (Northern Gondwana; Paleolatitude: ~35°S)

The Salt-Surghar Ranges, located in Punjab, Pakistan, stand out as one of the most
intensely studied succession among those compared (Hermann et al., 2011a, 2011b, 2012;
Schneebeli-Hermann et al., 2012b, 2015; Schneebeli-Hermann and Bucher, 2015; Schneebeli-
Hermann, 2020; Galasso et al., 2022). Its Early-to-Middle Triassic floras were formed under
shallow marine conditions and chronicle the floral changes occurring at the northern Indian
margin. The immediate post-EPE flora showed common (10%-20%) gymnosperm pollen,
similar to the Sydney Basin. Densoisporites surged to 60% of the assemblage during the lowest
Dienerian in the Salt-Surghar Ranges, maintaining a common presence (~30%) alongside
Lundbladispora throughout the Dienerian and up to the middle Spathian. While in the Sydney
Basin, Lundbladispora displayed a similar trend, Densoisporites only reached comparably high
abundances ~1.3 million years later (middle Smithian).

The LSTM record, as preserved within the Upper Ceratite Limestone (Fig. 1), is
analogous to the Sydney Basin, reflecting a surge in D. nejburgii and D. playfordii, with
Densoisporites collectively constituting up to 90% of the microfloral assemblages (Hermann et

al., 2012; Schneebeli-Hermann, 2020). This dominance persisted until the SSE, during which
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Densoisporites and other cavate trilete spores declined in both the Salt-Surghar Ranges and
Sydney Basin (Fig. 9). Although both regions experienced a surge in gymnosperm pollen during
the latter half of this event, taeniate bisaccate pollen became predominant in the Salt-Surghar
Ranges, while non-taeniate bisaccate pollen was more common in the Sydney Basin. After the
SSE, gymnosperm pollen lost their dominance in both regions, but with non-taeniate bisaccate
pollen remaining common during the Spathian. In the Salt-Surghar Ranges, Densoisporites was
the most prevalent microfloral element in the post-SSE Niveaux Intermédiaires interval (early-
to-middle Spathian), whereas in the Sydney Basin it was rare, with Aratrisporites being the most
common group instead (Hermann et al., 2012; Schneebeli-Hermann, 2020).

During the EMTE, Densoisporites became rare in both regions, and non-taeniate
bisaccate pollen reached abundances similar to those observed during the SSE (Schneebeli-

Hermann, 2020).

Greenland (Angara; Paleolatitude: ~40°N)

Peary Land, situated in northern Greenland, contains a shallow marine record from the
late Smithian to early Anisian (Lindstrom et al., 2020). Combining these data with the rich
information for Induan floras gathered from similarly shallow marine successions in Jameson
Land, eastern Greenland (Looy et al., 2001; Visscher et al., 2004; Hochuli et al., 2010b, 2016;
Sanson-Barrera, 2016), enabled a near-complete, composite timeline of plant community
changes in the Northern Hemisphere mid-latitudes from the latest Permian to Middle Triassic.

In eastern Greenland, the post-EPE Griesbachian interval presents a markedly different
pattern from that of the Sydney Basin. Here, taeniate bisaccate pollen (e.g., Lunatisporites)

dominated the microflora, accounting for 30%—70% of the assemblage, while cavate trilete
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spores increased to ~40% from less than 5% in the late Permian. This gymnosperm dominance
was disrupted at the Griesbachian-Dienerian boundary (Hochuli et al., 2016), as lycopsid cavate
trilete spores surged to 90% during the Dienerian. In contrast, the Sydney Basin maintained a
stable, gymnosperm-dominated microflora across the Griesbachian-Dienerian boundary and
throughout the Dienerian (Fig. 8). In Greenland, however, a gap in the record between the late
Dienerian and middle Smithian may obscure any potential rebound of gymnosperms following
Dienerian cooling (Fig. 9).

During the LSTM, spores accounted for ~80% of the microfloral assemblages in northern
Greenland, with D. nejburgii accounting for 30% (Lindstrom et al., 2020), whereas in the
Sydney Basin spores reached even higher proportions (averaging ~60%). The SSE triggered a
sharp decline in spore proportions in both regions, with D. nejburgii dropping to <1% in northern
Greenland, and bisaccate pollen surging to 90% of the assemblage (compared to an average of
~36% in the Sydney Basin). While gymnosperm pollen remained more prevalent during the
middle-to-late Spathian in northern Greenland, bisaccate pollen dominated in the Lower Anisian

of both sites, including during the EMTE (Lindstrom et al., 2020).

Barents Sea (Angara; Paleolatitude: ~45°N)

The Barents Sea succession of palynological assemblages comprises two proximal
localities: (1) Spitsbergen (Permian to Griesbachian), of the Svalbard archipelago (Galfetti et al.,
2007b; Hochuli and Vigran, 2010; Hochuli et al., 2010a; Leu et al., 2024), and (2) Svalis Dome
(Smithian to Anisian) in the southwestern Barents Sea, near Norway (Mangerud, 1994; Vigran et
al., 1998). Collectively, the assemblages from these marginal marine paleoenvironments

represent the northernmost extent of Early Triassic floristic data discussed here (Fig. 9).

43



984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

During the EPE, the abundances of taeniate and non-taeniate bisaccate pollen became
uncommon (from ~65% to <10%) and an abundance spike in lycophyte cavate trilete spores
occurred (>50%; Hochuli et al., 2010a), in contrast to the Sydney Basin, which did not
experience either. Comparable to the Sydney Basin, gymnosperms returned during the post-EPE
interval of Spitsbergen, comprising over 50% of microfloral assemblages in the early
Griesbachian. No detailed data are available from this region between the Dienerian to mid-
Smithian until the LSTM interval captured from the Svalis Dome (Galfetti et al., 2007b; Hochuli
and Vigran, 2010).

During the LSTM, as in the Sydney Basin, bisaccate pollen became rare, with lycophytic
spores making up ~60% of microfossil assemblages, and Densoisporites nejburgii accounting for
20% of the total (Galfetti et al., 2007b). A distinctive feature in the Barents Sea region, compared
to other localities, was the rise of the non-bisaccate pollen Cycadopites to around 25% before the
commencement of the SSE.

Similar to the Sydney Basin, gymnosperm pollen increased during the SSE, but both
taeniate and non-taeniate bisaccate pollen rose in the Barents Sea region from negligible
abundances to ~30% each, with coeval decreases of D. nejburgii to <5% in both the Sydney
Basin and the Barents Sea.

Toward the EMTE (Fig. 9), cavate trilete spores (e.g., D. nejburgii) became rare, with
non-taeniate and taeniate bisaccate pollen becoming increasingly common, alongside
Aratrisporites and, in the Barents Sea, Cycadopites. In the Anisian, both regions show
Aratrisporites remaining prevalent, and gymnosperms—which were increasingly represented by
non-taeniate bisaccate pollen in the Barents Sea—reached up to 70% of the assemblage there;

their high abundances persisted into the subsequent Ladinian (Hochuli and Vigran, 2010).
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1007

1008  Other Localities

1009 Lower Triassic plant communities are reported from several other localities around the
1010  world (see fig. 8 in Lindstrom et al., 2020; Turner et al., 2024). Above, we outlined the floristic
1011  trends from the successions with age-controlled, long-term palynological data to enable

1012 comparisons with the Sydney Basin. We did not discuss in detail several other localities that
1013 record some or all of the target interval but are of interest due to their potential for further

1014  comparisons (Fig. 2A). These include, from south to north: Antarctica, particularly the Alan
1015  Hills in the Transantarctic Mountains (Awatar et al., 2014; Valentina, 2021) and the Lambert
1016  Graben in the Prince Charles Mountains (Lindstrom et al., 1997; McLoughlin et al., 1997); the
1017  Godavari Graben in southern India (Jha et al., 2011, 2012; Jha and Aggarwal, 2012); south China
1018  (Feng et al., 2020; Shu et al., 2023); north China (Xu et al., 2022; Hua et al., 2023); Hungary
1019  (Looy et al., 1999); and Germany (Kiirschner and Herngreen, 2010; Scholze et al., 2017).

1020

1021  Generalized Global Trends

1022 Plant fossil records reveal major changes in floral community compositions due to

1023 impactful global climatic events during the late Permian to Middle Triassic (Fig. 9), without the
1024  same degree of species extinction seen in coeval animal fossil records (McElwain and

1025  Punyasena, 2007; Cascales-Mifiana and Cleal, 2014; Nowak et al., 2019; Xiong et al., 2021).
1026  Although we cannot assume the predicted behavior of plants under climatic changes, here we
1027  consider that the survival of certain groups was principally the result of physiological traits that
1028  promoted resilience to stress and/or latitudinal and altitudinal migration. The largest degree of

1029  floral change in the Early Triassic occurred during the LSTM (ca. 250.3-249.6 Ma). At all
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regions compared herein, landscapes remained or became dominated by associations of cavate
trilete spore-producing plants. The overwhelming majority of these are Densoisporites-producing
pleuromeian iso€taleans. While the environmental implications of this group have long been
discussed (Retallack, 1997; Grauvogel-Stamm and Ash, 2005), it is likely that at least some
pleuromeian species were adapted to intervals of enhanced environmental stress. For instance,
the physiology of Pleuromeia sternbergii—linked with its living relative Isoétes (Keeley,
1998)—indicates it was a slow-growing but hardy plant, capable of withstanding environmental
extremes at the expense of its competitors (e.g., intermittent flooding/drying; Looy et al., 2021).
In the Sydney Basin (Fig. 8), the increase of D. nejburgii during the LSTM does not
coincide with the prevalence of basin-wide, oxidized iron-rich mudrock red beds, which appear
earlier in the stratigraphic column in other parts of the basin (Herbert, 1997). This facies is
suggestive of major changes in precipitation regime and/or water table levels, although the
specific conditions these strata represent remain unclear. Therefore, the surge of likely
xerophytic Pleuromeiaceae isoétalean plants cannot be entirely explained by regional red bed
deposition, but instead owing to global climatic shifts. The LSTM interval also yielded lower-
than-usual proportions in phytoclasts (Figs. 3 and 4), suggesting a landscape depauperate of
woody remains. The relatively sparse vegetation of the region (Mays and McLoughlin, 2022)
would have favored the proliferation of pioneering pleuromeians by virtue of less competition.
The rise of isoétalean lycophytes seems to have occurred asynchronously across the
globe. At the low- to mid-latitudes (~35°-45°), Densoisporites became the most abundant group
during (or at the end) of the early Early Triassic (late Induan; ca. 251.5-251.2 Ma; Hermann et
al., 2011a, 2012; Schneebeli-Hermann et al., 2012b; Lindstrom et al., 2020). However, this group

did not rise to dominance until the LSTM at the high southern latitudes, approximately one
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million years later (ca. 250.2 Ma; this study, see Fig. 8). Further support for this diachronous,
low-to-high latitudinal expansion of isoétaleans comes from paleoequatorial south China, where
near-monotypic iso€talean macrofloral assemblages occur in the immediate aftermath of the EPE
(ca. 252.2 Ma; Feng et al., 2020), approximately two million years before their rise in the Sydney
Basin. This progressive emergence is complicated by the fact that different isoétalean groups
occur at the various Early Triassic localities: in China, the dominant isoétaleans are associated
with Aratrisporites-type spores and interpreted as iso€tacean (Feng et al., 2020), while
Densoisporites-type cavate trilete spores of probable pleuromeiacean isoétaleans appear in
greater abundance elsewhere (summarized in Fig. 9). A greater understanding of the
environmental preferences for these discrete isoétalean groups is needed before the full
implications can be drawn. Regardless, the delayed gymnosperm-to-pleuromeian overturn in the
Sydney Basin palynofloras seems to suggest that benign conditions—or milder climate—post-
EPE persisted longer at the southern high latitudes than at lower latitude regions of Gondwana
(e.g., Bomfleur et al., 2018). The worldwide acme of pleuromeiacean-derived Densoisporites
that occurred around the start of the LSTM that lasted until the midpoint of the SSE is
corroborated by the macrofossil record of the Sydney Basin, where Pleuromeia and its
lycophytic allies Cylomeia (=Cyclomeia) are found alongside rare gymnospermous floras
(Dicroidium zuberii) in the upper Bulgo Sandstone (Vajda and Kear, 2024). Densoisporites did
not experience a resurgence after the SSE in the Sydney Basin (Fig. 8), a trend not observed in
other Gondwanan regions, such as the Salt-Surghar Ranges, Pakistan (Schneebeli-Hermann,
2020), and Tulong, Tibet (Schneebeli-Hermann et al., 2012a; Peng et al., 2019). Therefore, not
only was the rise of pleuromeians apparently delayed at the southern polar regions, but it was

relatively short-lived (~800 k.y.).
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The cooling interval concurrent with the SSE (ca. 249.6-249.2 Ma) likely allowed
gymnosperms to regain their foothold. For example, forests of umkomasialean seed ferns became
predominant for ~200 k.y. in the Sydney Basin (Fig. 8). That is, until isoétalean lycophytes once
more became the dominant plant group—but this time represented in the palynofloral record by
Aratrisporites—for an additional two million years. Unlike the middle-to-late Smithian interval,
Spathian climates were stable enough to maintain umkomasialean seed ferns forests, as shown by
their macrofossil remains being regularly found alongside Aratrisporites-producing isoétaleans
(e.g., Cylostrobus, Tomiostrobus; Retallack, 1997). Umkomasialeans ultimately rose to persistent
prominence in the Sydney Basin during the EMTE (ca. 247.2 Ma). Worldwide, the SSE appears
to have resulted in an increase of bisaccate pollen-producing gymnosperms (Fig. 9), with their
proportions never consistently dropping to as low as during the LSTM (when they were often
<5%) and further increasing following the EMTE (Hochuli and Vigran, 2010; Peng et al., 2019;
Lindstrom et al., 2020; Schneebeli-Hermann, 2020). Considering that gymnospermous floras did
not constantly remain the dominant elements in landscapes following the SSE, the SSE itself
should not be regarded as the sole recovery phase, but rather a necessary step in an almost 3-
m.y.-long process of staggered ecosystem reestablishment between the LSTM (ca. 250.2 Ma)
and the EMTE (ca. 247.2 Ma), that culminated in these plants dominating Mesozoic landscapes

thereafter.

CONCLUSIONS AND SYNTHESIS
Primary Conclusions
1. The Sydney Basin provides a high southern paleolatitudinal record of plant community

responses to major climatic events of the late Permian to Middle Triassic.
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2. The distinctive signature of organic carbon isotope excursions for this interval provided
the floristic timeline with precise correlations to the global chronostratigraphy.

3. The pivotal drivers behind Early Triassic ecosystem shifts, and the transition between
landscapes dominated by gymnosperms or lycophytes, are the late Smithian thermal
maximum (LSTM, ca. 250.3-249.6 Ma) and the Smithian-Spathian event (SSE, ca.
249.6-249.2 Ma).

4. The LSTM allowed the dominance of opportunistic pleuromeian lycophytes (e.g.,
Pleuromeia) for ~800 k.y., while SSE cooling enabled gymnosperm forests, led by
umkomasialean seed ferns, mostly Dicroidium, to become established for ~200 k.y.

5. The post-SSE Early Triassic saw a mix of seed fern gymnosperms and lycophyte floras
for ~2 million years until the Early-Middle Triassic Event (EMTE, ca. 247.5-247.0 Ma),
after which Umkomasiales-dominated seed fern forests become dominant and stable for
several million years thereafter.

6. On a global scale, floral recovery was staggered and diachronous with latitude, reflecting

distinct regional climatic controls on floral responses to these major climatic events.

The presented data corroborates the first hypothesis, which stated that Early Triassic
polar gymnosperm forest communities were severely impacted by global climatic events.
Regarding the second hypothesis—that these communities experienced quicker recoveries
following hyperthermal events (relative to those of lower latitudes)—we found that this was
indeed the case following the end-Permian event (EPE, ca. 252.3-251.9 Ma); however,
following the LSTM (hence, during the SSE), global gymnosperm floras appear to have returned

almost simultaneously around the world ca. 249.4 Ma.
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Synthesis

The Early Triassic floristic trends in the Sydney Basin align broadly with global patterns
while exhibiting distinct regional characteristics. The iconic Gondwanan Glossopteris seed fern
flora collapsed simultaneously during the EPE across eastern Australia, including the Sydney
Basin. The prominence of pleuromeian lycophytes during the LSTM underscores their resilience
to hyperthermal conditions; however, their significant rise at polar latitudes was delayed ~1.7
million years later than equatorial regions. The SSE and EMTE facilitated a resurgence of
gymnosperm-dominated ecosystems, signaling that cooling phases were a critical component
that allowed their reestablishment. Gymnosperm populations, although greatly impacted by
hyperthermal intervals, likely persisted in refugia (e.g., distal or upland areas) before
recolonizing landscapes by outcompeting the reigning opportunistic lycophytic floras during
cooling intervals.

The recovery of terrestrial ecosystems following their end-Permian collapse was a
staggered process that occurred over a span of several million years in response to variable
climate, rather than being linked to any single “event.” The rise-to-dominance of iconic
Mesozoic gymnosperm groups, some of which first appeared in the Permian, represents the end

results of this process.

APPENDICES

Appendix 1: Expanded Methods

Age Calibrations, Duration of Global Climate Events, and Lithostratigraphic Correlations
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The following details apply to Figures 1, 3, 4, 7, 8, and 9. Chronostratigraphy is
correlated to the global §'*Cea by Ogg et al. (2020, p. 905). Stage boundary absolute ages are
from Cohen et al. (2013), with Smithian-Spathian substage boundary age (249.4 Ma) from
Widmann et al. (2020). Substages without well-established absolute ages are shown as dashed
lines; specifically, the Griesbachian-Dienerian boundary (251.5 Ma) is based on sediment flux
rates from Sanson-Barrera (2016, chap. 3), and the Aegean-Bithynian boundary (245.0 Ma) is
based on ammonoid biostratigraphic, cyclostratigraphic, and magnetostratigraphic proxies (see
Ogg et al., 2020, p. 927). Durations of global warming and cooling event intervals (Figs. 1, 3, 4,
7, 8, and 9) is as follows: end-Permian event (EPE, ~400 k.y.; Fielding et al., 2019), late
Smithian thermal maximum (LSTM, ~650 k.y.; Widmann et al., 2020), Smithian-Spathian event
(SSE, ~400 k.y.; Widmann et al., 2020), and Early-Middle Triassic event (EMTE, ~500 k.y.;
Chen et al., 2020).

The following is a list of sources for Figures 1 and 9 for the localities compared herein:
(1) Sydney Basin (Australia), correlations from this study, lithostratigraphy from Smith and
Bocking (1993, 1994); (2) Tulong (Tibet) from Schneebeli-Hermann et al. (2012a) and Peng et
al. (2019), lithostratigraphy from Briithwiler et al. (2009); (3) Salt-Surghar (Pakistan),
correlations from Hermann et al. (2011b) and Schneebeli-Hermann (2020); (4) Greenland
(composite of northern and eastern Greenland), correlations from Lindstrém et al. (2020),
lithostratigraphy from Hékansson (1979) and Stemmerik and Hikansson (1989); and (5) Barents
Sea (composite of Svalbard and Svalis Dome), correlations from Hochuli and Vigran (2010) and
Galfetti et al. (2007b), lithostratigraphy from Nilsson et al. (1996) and Merk and Elvebakk

(1999).
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Additional Details for Stable Carbon Isotopes and Total Organic Carbon Analyses

Prior to the analyses, all samples were crushed and ground to a fine powder in an agate
mortar and pestle. Material weights of ~0.5 g were then placed in individual 30 ml vials.
Hydrochloric acid 2 M (2N) was diluted to 10% then added and mixed with the residues. The
vials were oven-dried at 60 °C for 2 h then left overnight to allow all carbonate to be removed as
carbon dioxide (CO»). The acid was then decanted and the sub-samples washed twice using
distilled water. After drying again, they were ground once more in situ with a metal spatula.

The technique used for the analyses was Elemental Analyzer Isotope Ratio Mass
Spectrometry (EA-IRMS). First, tin capsules containing 1-5 mg of sample or reference material
were loaded into an auto-sampler. At Crewe, UK, samples were dropped in a PDZ Europa
ANCA-GSL/Geo 20-20 elemental analyzer manufactured by Sercon Ltd. At Storrs, Connecticut,
USA, the samples were dropped in a Costech ECS 4010 Elemental Analyzer. Samples were then
combusted at 1000 °C in an oxygen-rich environment. The gases produced on combustion were
swept in a helium stream over a chromic oxide (Cr203) combustion catalyst, followed by copper
oxide wires to oxidize hydrocarbons, and then through silver wool to remove sulfur and halides.
The resultant gases—N>, NOx, H20, Oz, and CO>—were swept through a reduction stage of pure
copper wires held at 600 °C. This step removes Oz and converts NOx species to Na. A
magnesium perchlorate chemical trap removed water, and CO» is separated from N> by a packed
column gas chromatograph held at an isothermal temperature of 100 °C. The resultant CO>
enters the ion source of the PDZ Europa EA-IRMS where it is ionized and accelerated. Gas
species of different mass are separated in a magnetic field, then simultaneously measured using a
Faraday cup collector array the isotopomers of CO> at mass-to-charge (m/z) ratios of 44, 45, and

46. The analyses proceeded in a batch process, whereby a reference is analyzed followed by
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1190  several samples and then another reference. 8'°C values are reported as per mil (%o) relative to
1191  the Vienna Peedee Belemnite (VPDB) standard (International Atomic Energy Agency, 1995, p.
1192 157). The reference material for the §'°Core analysis was IA-R001 (Iso-Analytical working
1193 standard wheat flour, §'*Cvppp = —26.44%o0 = 0.14%o, n = 20), IA-R080 (beet sugar, 5'*Cvpps =
1194 —25.56%0 + 0.15%o, n = 10), and IA-R006 (cane sugar, §"*Cvpps = —11.68%o + 0.17%o, n = 10).
1195 TA-ROO1, IA-R080, and IA-R006 have been calibrated against, and are traceable to, IAEA-CH-6
1196  (International Atomic Energy Agency reference standard sucrose, 8'*Cyvppg = —10.43%o).

1197 To calculate the TOC values, previously acid-washed sub-samples were weighed at
1198  microgram precision before being run through the EA-IRMS process. The total ion beam data
1199  was then used to determine the mass of carbon loss following combustion. These are expressed
1200  as percentages (%) of the total dried sediment mass. For valid §'3C isotopic values, TOC values
1201  needed to be above the detection limit of 0.01%. The reference material for the TOC analysis
1202  was IA-R0O01 (standard wheat flour, TOC = 40.43% + 1.35%, n = 20). The analytical precision
1203  for the geochemical measurements and statistical analyses are calculated to two standard

1204  deviations (20, i.e., within a 95% confidence level).

1205

1206  Processing Details for Palynological Samples

1207 Sub-samples were first ground and powdered with an agate mortar and pestle, followed
1208 by overnight digestion of carbonate minerals in 10% hydrochloric acid in vials. The acid was
1209  then decanted. The sub-samples were washed with distilled water, allowed to settle, and finally
1210 decanted; this rinsing process was repeated three times to remove any remaining calcium that can
1211  precipitate by the addition of hydrofluoric acid. Hydrofluoric acid (70%) was added to the sub-

1212 samples to remove silicates, which were then agitated for 4 h until acid digestion was completed.
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The digested sub-samples were then poured into 50 ml polypropylene test tubes and centrifuged
for five minutes at 2000 rpm. The hydrofluoric acid was then decanted while avoiding loss of
any of the solute. Distilled water was added followed by vortexing, then centrifuging for two
minutes and finally decanting; this dilution process was repeated four times. Approximately 25
ml of zinc bromide (ZnBr;) was then added to the sub-sample residues and vortexed. The tubes
were then placed in an ultrasonic bath for ~10 s. Residues were set aside for settling for 10 min,
before centrifuging for 15 min at 2000 rpm to enable better separation. The floating solute was
then poured into 50 ml test tubes, washed, and centrifuged for two minutes at 2000 rpm,
repeating this step three times. The residue was then transferred to a 20 ml glass tube. It is from
these pre-oxidized residues that the kerogen slides were made.

At this point, a portion of the residue was collected to determine the amount of oxidation
required with Schulze's solution (Schulze, 1855). The solution used was composed by 30 g of
potassium chlorate (KC103), 300 ml of H>O, and 600 ml of 70% nitric acid (NHO3). These
portions were fully submerged in Schultze's solution, vortexed, and placed in a hot water bath at
50 °C. For our samples, 2 min proved to be sufficient to remove most extraneous organic matter.
The oxidized sub-samples were then given 10% solution of ammonium hydroxide (NH4OH) and
placed in the hot water bath for two minutes, followed by centrifuging and washing three times.
The residue was then examined to determine if the desired level of oxidation was achieved. The
prepared sub-samples were then thoroughly washed and water-sieved with a 10 pm nylon mesh.
The oxidized-sieved residues were collected in glass tubes.

Several drops of each residue were pipetted onto glass coverslips, mixed with one drop of

polyvinyl alcohol embedding medium (which also acts as a dispersant; Riding, 2021, p. 49-50)
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with a glass-stirring rod, and allowed to dry. Finally, the coverslip was mounted on a glass slide

and clear casting resin was added to permanently hold the coverslip in place.

Appendix 2: The Elusive Alisporites-Falcisporites Complex

While identifying and counting palynomorphs, we had the issue of distinguishing
specimens of Alisporites and Falcisporites. As these taxa are common elements of the Sydney
Basin assemblages in most of the preserved Triassic strata, we felt it critical to clarify what is
known as the “Alisporites-Falcisporites complex” (sensu Magohe, 2019).

Alisporites and Falcisporites are essentially non-taeniate, haploxylonoid bisaccate pollen
grains, each with a distal colpus (see nomenclatural explanation in Punt et al., 2007). When
Balme (1970, p. 387-389) defined Falcisporites stabilis, he contrasted it to Alisporites australis,
noting that A. australis had a longitudinally elongated corpus, while the corpus of F. stabilis is
circular-to-transversally elongated. However, he acknowledged that distinguishing between the
two species in a random assemblage is challenging unless a sufficiently large number (i.e., 200)
of specimens are measured for their corpus length and breath. According to de Jersey and Raine
(1990, p. 46), Falcisporites is distinct from Alisporites by having a thicker cappa on the proximal
side of the corpus, by virtue of an expansion of structured exoexine that runs transversely across
the cappa. The problem, however, is that palynomorphs in Bunnerong-1 and Eveleigh-1 are often
not preserved well enough to see this distinctive marker. Thus, this created a bias whereby
Falcisporites specimens were instead counted as Alisporites. For this reason, we conflate these
taxa herein and prefer the broader diagnosis of Alisporites, but recognize that they are not

synonymous (Jansonius, 1971; Foster, 1979).
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Figure 1. Chronostratigraphic and lithostratigraphic comparisons between localities with high-

resolution microfloral and 6'*C data. The primary carbon isotope excursions (CIEs) provided

time anchors, with mean depositional rates of intervening strata assumed to be constant.

Nomenclature for the Early Triassic positive (P) and negative (N) carbon isotope excursions

follow Song et al. (2013). Asterisk (*) below P2 corresponds to N2. Global warming and cooling

events from Sun et al. (2012). Compared localities: 1—Sydney Basin (Australia); 2—Tulong
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(Tibet); 3—Salt-Surghar (Pakistan); 4—Greenland (composite of northern and eastern
Greenland); 5—Barents Sea (composite of Spitsbergen and Svalis Dome). Dashed lines with
question marks (?) denote boundaries where chronostratigraphic constrains are insufficient for
precise age determination. Sources used for age calibration, duration of global climate events,
and lithostratigraphic correlations can be found in Appendix 1. Bith.—Bithynian; CM—Coal
Measures; CST—Claystone; Die.—Dienerian; EMTE—Early-Middle Triassic event; EPE—end-
Permian event; Fm—Formation; Griesb.—Griesbachian; LSTM—Iate Smithian thermal

maximum; LST—Limestone; Mb—Member; P.—Park; SSE—Smithian-Spathian event; SST—

Sandstone.

1000 km 5]

Figure 2. (A) Paleogeographic map of Earth during the Early Triassic (Olenekian, ca. 250 Ma).

Paleocoastlines (black lines) modified from Kocsis and Scotese (2021), tectonic reconstructions

adapted from Merdith et al. (2021), and rendered in GPlates (Miiller et al., 2018) in Mollweide
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projection. Extent of the Angara, Euamerica, Cathaysia, and Gondwana floral provinces (white
dashes) are based on their Permian paleobiographic ranges, modified from Utting and Piasecki
(1995) and McLoughlin (2011). The green diamond (¢) represents the study region, and cited
localities as numbered circles: 1—Barents Sea (~45°N); 2—Greenland (~40°N); 3—North China
(~35°N); 4—Germany (~25°N); 5—Hungary (~15°N); 6—South China (~5°N); 7—Salt-Surghar
Ranges (~35°S); 8—Tulong (~45°S); 9—Godavari Graben (~50°S); 10—Lambert Graben
(~60°S); 11—Sydney (~70°S); 12—Allan Hills (~80°S). White circles correspond to localities
with high-resolution floristic information that can be temporally correlated with
chemostratigraphy (see Fig. 1). (B) Composite geological map of present-day Sydney Basin,
Australia, with Early Triassic drainage directions. Geographic position shown as a red rectangle
in the small inset map of modern Australia. Modern coastline, areas of Sydney and Gunnedah
basins, and bordering orogens are modified from Colquhoun et al. (2024). Additional geological
context from features 250 Ma, such as the present extent of the New England Orogen, alluvial
fan deposits (green lines), and paleocurrent directions (blue lines with black arrow heads), are
modified from Fielding et al. (2021). The red star (*) corresponds to the target locality (detailed

in Fig. S1; see text footnote 1).
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Figure 3. Synthesis of palynological and organic geochemical data for Bunnerong-1, Sydney
Basin, Australia. Dashed lines in chronostratigraphy signify tentative boundary positions.
Asterisks (*) in age column show sections containing trachytes from Jurassic diatremes. Sources
used for age calibration can be found in Appendix 1. Values of 6'°Cor and total organic carbon
(TOC) are plotted alongside a red three-point estimate line. Arrow to the right of the 6'*Corg

column represents a sample (267.55 m), whose value goes higher than the cut-off point of
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—21.5%o (see Table S1; see text footnote 1). Nomenclature for the Early Triassic positive (P) and
negative (N) carbon isotope excursions follow Song et al. (2013). Global warming and cooling
events from Sun et al. (2012). Cluster column refers to the results of the CONISS analysis (see
Fig. S2). Additional lithological data from Fielding et al. (2019), and previously published
organic geochemical and palynological data from Fielding et al. (2019) and Mays et al. (2020).
For specific data values, see Table S1. 4. tenuispi.—Aratrisporites tenuispinosus; AOM—
amorphous organic matter; Bald Hill CST—Bald Hill Claystone; C—Coal Cliff Sandstone; cg—
conglomerate; cl—claystone; CIE—carbon isotope excursion; CM—Coal Measures; D.
parvithola—Dulhuntyispora parvithola; EMTE—Early-Middle Triassic event; EPE—end-
Permian event; G—Garie Formation; Griesb.—Griesbachian; LSTM—Iate Smithian thermal
maximum; L.p.—Lunatisporites pellucidus; NF—Newport Formation; Palynostrat.—
palynostratigraphy; P—informal palynozones by Price (1997); P.c.—Playfordiaspora crenulata;
P.m.—Protohaploxypinus microcorpus; sd—sandstone; S—standardized eastern Australia
palynozones (Foster, 1982; Helby et al., 1987; Mays et al., 2020); Scar. SST—Scarborough
Sandstone; si—siltstone; SSE—Smithian-Spathian event; SP—Stanwell Park Claystone;

VPDB—Vienna Peedee Belemnite; W.—Wuchiapingian; Wb—Wombarra Claystone.
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Figure 4. Synthesis of palynological and organic geochemical data for Eveleigh-1, Sydney Basin,
Australia. Dashed lines in chronostratigraphy signify tentative boundary positions. Sources used
for age calibration can be found in Appendix 1. Values of 6'*Core and total organic carbon (TOC)
are plotted alongside a red three-point estimate line. Arrows to the right of the TOC column
represent samples whose values go higher than the cut-off point of 7% (see Table S1; see text

footnote 1). Nomenclature for the Early Triassic positive (P) and negative (N) carbon isotope
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excursions follow Song et al. (2013). Cluster column refers to the results of the CONISS analysis
(see Fig. S2). Global warming and cooling events from Sun et al. (2012). Previously published
organic geochemical data from Shen et al. (2023). For specific data values, see Table S1. 4.
tenuispi.—Aratrisporites tenuispinosus; AOM—amorphous organic matter, C—Coal CIliff
Sandstone; cg—conglomerate; cl—claystone; CIE—carbon isotope excursion; CM—Coal
Measures; D. parvithola—Dulhuntyispora parvithola; EMTE—Early-Middle Triassic event;
EPE—end-Permian event; G—Garie Formation; Griesb.—Griesbachian; LSTM—Iate Smithian
thermal maximum; L.p.—Lunatisporites pellucidus; NF—Newport Formation; Palynostrat.—
Palynostratigraphy; P.c.—Playfordiaspora crenulata; P—informal palynozones by Price (1997);
P.m.—Protohaploxypinus microcorpus; S—standardized palynozones for eastern Australia
(Foster, 1982; Helby et al., 1987; Mays et al., 2020); sd—sandstone; Scar. SST—Scarborough
Sandstone; si—siltstone; SSE—Smithian-Spathian event; SP—Stanwell Park Claystone;

VPDB—Vienna Peedee Belemnite; Wuch.—Wuchiapingian; Wb—Wombarra Claystone.
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Figure 5. Selected pollen of the Induan, Olenekian, and Anisian of the Sydney Basin, Australia.
All images are composed of focus-stacked photomicrographs taken with differential interference
contrast; scale bar applies to all figures. England Finder coordinates and sample numbers are
supplied in Table S2 (see text footnote 1), with taxon authorities in Table S3.1. (A) Vitreisporites

pallidus; (B) Pteruchipollenites indarraensis; (C) Chordasporites australiensis; (D) Alisporites
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australis; (E) Cycadopites follicularis; (F) Protohaploxypinus samoilovichii; (G)
Protohaploxypinus microcorpus; (H) Lunatisporites sp. cf. L. pellucidus; (1) Lunatisporites
noviaulensis; (J) Protohaploxypinus sp. cf. P. samoilovichii; (K) Lunatisporites pellucidus; (L)

Striatopodocarpites cancellatus; (M) Striomonosaccites morondavensis.
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1372 Figure 6. Selected spores of the Induan, Olenekian, and Anisian of the Sydney Basin, Australia.

1373 All images are composed of focus-stacked photomicrographs taken with differential interference
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contrast; scale bar applies to all figures. England Finder coordinates and sample numbers are
supplied in Table S2, with taxon authorities in Table S3.2. (A) Triplexisporites playfordii; (B)
Densoisporites nejburgii (proximal view); (C) Densoisporites nejburgii (oblique view); (D)
Densoisporites nejburgii (potentially adhering); (E) Densoisporites nejburgii (tetrad); (F)
Limatulasporites species (sp.) cf. L. fossulatus; (G) Limatulasporites limatulus; (H)
Lundbladispora springsurensis; (I-K) Aratrisporites wollariensis; (L) Aratrisporites strigosus,
(M-0) Aratrisporites tenuispinosus; (P) Aratrisporites plicatus; (Q) Aratrisporites coryliseminis
(proximal view); (R) Aratrisporites coryliseminis (lateral view); (S) Aratrisporites sp. cf. A.

parvispinosus; (T) Osmundacidites wellmanii; (U) Playfordiaspora crenulata.
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Figure 7. (A) Ordination data analysis of broad spores and pollen morphological groupings in

Bunnerong-1 and Eveleigh-1 by non-metric multidimensional scaling (nMDS). The two climatic

events responsible for the most significant changes in microfloral associations are the late

Smithian thermal maximum and the Smithian-Spathian event. Generalized progression through

time represented by a light gray arrow. (B) Column scores show the relative influences of each

group on the resulting two-dimensional plot. (C) Chronostratigraphic chart with the five

microfloral associations specified by cluster analysis with CONISS (see Fig. S2;

see text

footnote 1): 1—pre-EPE; 2—post-EPE; 3—syn-LSTM; 4—post-SSE; and 5—post-EMTE.
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Global warming and cooling events from Sun et al. (2012). Substages without well-established
absolute ages shown as dashed lines. Sources used for age calibration can be found in Appendix
1. Bith—Bithynian; CM—Coal Measures; CST—Claystone; Die.—Dienerian; EPE—end-
Permian event; EMTE—Early-Middle Triassic event; Griesb.—Griesbachian; LSTM—Ilate

Smithian thermal maximum; Mb—Member; SSE—Smithian-Spathian event.
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Figure 8. (A) Range chart of selected micro- and macrofloras that summarize the major floral



1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

(Changhsingian) to the lower Middle Triassic (Anisian). Global warming and cooling events
from Sun et al. (2012). Microfloral information derived from Helby (1970), Helby et al. (1987),
Mays et al. (2020), and this study. Palynostratigraphy from the standardized palynozones for
eastern Australia (Foster, 1982; Helby et al., 1987; Mays et al., 2020) on the left, and informal
palynozones from Price (1997) on the right. Macrofloral information adapted from Retallack
(1975, 1977, 1980, 1997, 1999), Fielding et al. (2019), and Mays et al. (2020). Fossil
stratigraphic ranges with dashed lines require further verification. Substages without well-
established absolute ages shown as dashed lines. Sources used for age calibration can be found in
Appendix 1. (B) Illustrations of selected micro- and macrofloras. Likely affinities are provided in
Table 2. Bith—Bithynian; CM—Coal Measures; CST—Claystone; D. parvi—Dulhuntyispora
parvithola; Die.—Dienerian; EMTE—Early-Middle Triassic event; EPE—end-Permian event;
Griesb.—Griesbachian; L. pellucidus—Lunatisporites pellucidus; LSTM—Iate Smithian thermal
maximum; Mb—Member; P. microcorpus—Protohaploxypinus microcorpus; P. crenulata—

Playfordiaspora crenulata; SSE—Smithian-Spathian event.
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Figure 9. Global floristic comparisons with selected localities. Localities that have sufficient
quantitative palynofloral data and §'*C sampling density are plotted, others are in gray on the
orthographic, paleogeographic map of Earth (ca. 250 Ma; Kocsis and Scotese, 2021; Merdith et
al., 2021). Abundances constrained to the global chronostratigraphy by chemostratigraphic
correlations are outlined in Figure 1. Global warming and cooling events from Sun et al. (2012).
Substages without well-established absolute ages shown as dashed lines. Sources used for age
calibration can be found in Appendix 1. References for chartered localities are: Barents Sea
(~45°N) from Mangerud (1994), Vigran et al. (1998), Galfetti et al. (2007b), Hochuli et al.
(2010a), and Hochuli and Vigran (2010); Greenland (~40°N) from Hochuli et al. (2010b, 2016)
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1427  and Lindstrom et al. (2020); Salt-Surghar Ranges, Pakistan (~35°S) from Hermann et al. (2011a,
1428  2012), Schneebeli-Hermann et al. (2015), and Schneebeli-Hermann (2020); Tulong, Tibet

1429  (~45°S) from Schneebeli-Hermann et al. (2012a), Peng et al. (2019), and Liu et al. (2020); and
1430  Sydney, eastern Australia (~70°S) from Fielding et al. (2019), Mays et al. (2020), and this study.
1431  Die.—Dienerian; EPE—end-Permian event; EMTE—Early-Middle Triassic event; Griesb.—
1432 Griesbachian; LSTM—Iate Smithian thermal maximum; SSE—Smithian—Spathian event.

1433

1434  TABLES

1435  Table 1. Lithological Descriptions

Description (Geoscience Australia and Australian Stratigraphy Commission,

Name 2024)

Medium to coarse-grained quartz sandstone with minor shale and laminite
lenses; secondary quartz cement.
Interbedded laminite, shale, quartz to lithic-quartz sandstone; minor red

Hawkesbury Sandstone

Newport Formation

claystone.
Garie Formation Clay pellet sandstone, dark lithic fine sandstone, chocolate claystone bands
Bald Hill Claystone Dominantly red shale and fine to medium-grained sandstone.
Bulgo Sandstone Fine to medium-grained quartz-lithic sandstone with lenticular shale interbeds.

Stanwell Park Claystone Red, green, and grey shale and quartz-lithic sandstone.

Narrabeen Group

Scarborough Sandstone Quartz-lithic sandstone, pebbly in parts.

Wombarra Claystone Grey shale, minor quartz-lithic sandstone.

Medium-grained quartz-lithic sandstone with calcareous-cement; contains
sideritic oolites.

Shale, quartz-lithic sandstone, conglomerate, chert, sporadically carbonaceous
mudstone, coal, and torbanite seams.

Coal Cliff Sandstone

Illawarra Coal Measures

1436
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1437

Table 2. Botanical Affinities of Mentioned Spore-Pollen Taxa With Sources

Taxon

Affinities and sources”

POLLEN

LNon-taeniate bisaccate
LAlisporites spp.
LChordasporites spp.
LPteruchipollenites spp.
LVitreisporites Spp.

LTaeniate bisaccate
LLunatisporites spp.-
LProtohaploxypinus spp.

LStriatopodocarpites spp.

LOther
LColpate

LCycadopites spp.

Lpolyplicate
LPraecolpatites spp.
LTaeniate monosaccate

LStriomonosaccites spp.

Conifer (Voltziales!?); fseed fern (Peltaspermales®*, Umkomasiales™®)
Seed fern (‘Peltaspermales, SUmkomasiales)

Seed fern (Umkomasiales®)

Seed fern (?Caytoniales’, "Peltaspermales®)

Conifer (Voltziales?)
Seed fern (*Glossopteridales®!?, Peltaspermales®!!)
Seed fern (Glossopteridales®)

13,14

Bennettitales'?, *Cycadales'>'4, Ginkgoales'>'*, Gnetales'>, Tseed fern

(Peltaspermales'®!7)
SGinkgoales'®, TGnetales'

Seed fern (Glossopteridales®)

SPORES

LAcavate trilete
LBrevitriletes spp.
LCraterisporites Spp.
LHorriditriletes spp.
LLeiotriletes spp.
LMicrobaculispora spp.
LNeoraistrickia Spp.
LOsmundacidites Spp.
LRaistrickia spp.
LRewanispora spp.-
LTriplexisporites spp.

LCavate trilete
LAnnulispora Spp.
LDensoisporiteS spp.
LEndosporites spp.
LKraeuselisporites spp.
LLimatulasporites spp-
LLundbladispom spp.
LPlayfordiaspora spp.

LStriatella spp.
LCavate monolete
L4 ratrisporites spp.

Fern (Zygopteridales'®)

SFern (incertae sedis)

Fern (Osmundales'®)

Fern (Zygopteridales?’, Botryopteridales?!)
SFern (incertae sedis)

Fern (Osmundales??)

Fern (Osmundales??)

Fern (Zygopteridales®*, Botryopteridales?')
SLycopod (incertae sedis)

Fern (?Schizaeales?, ?Polypodiales®®)

SBryophyte (incertae sedis)

Lycopod ("Isoétales?®?’, Selaginellales®®?")
Lycopod (?Isoétales®®, ?Lepidodendrales’!)
SLycopod (incertae sedis)

SBryophyte (incertae sedis>?)

Lycopod (Isoétales’?)

SLycopod (incertae sedis)

Fern (?Polypodiales®*)

Lycopod (Isoétales?>6)

Note: Listed affinities are in respect to macrofloras found in the Sydney Basin between the late Permian and Middle
Triassic (e.g., Retallack, 1977). Plant orders known outside this expected temporal range are shown with a question
mark (?) before their name. For taxonomic ranks below order, see cited sources herein. Sources: 1, Bomfleur et al.
(2013); 2, Nowak et al. (2024); 3, Retallack (2002); 4, Naugolnykh (2013b); 5, Blomenkemper et al. (2020); 6.
Osborn and Taylor (1993); 7, van Konijnenburg-van Cittert (1971); 8, Gomankov and Meyen (1986); 9, Lindstrom
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1464

1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

et al. (1997); 10, Gould and Delevoryas, (1977); 11, Zavialova and Karasev, (2015); 12, Pott et al. (2017); 13,
Tekleva et al. (2007); 14, Zavialova et al. (2016); 15, Krassilov and Bugdaeva (1988); 16, Vajda et al. (2023b); 17,
Vajda et al. (2024); 18, Galtier and Scott (1979); 19, Galtier and Taylor, (1994); 20, Chaphekar and Alvin (1972);
21, Potonié (1962); 22, see discussion by de Jersey and Raine (1990, pp. 30-31) regarding the status of
Neoraistrickia as a senior synonym of Horriditriletes; 23, Litwin (1985); 24, Mickle (1980); 25, tentative,
morphology (i.e. striae) of Anemia and Ceratopteris (Dettmann and Clifford, 1992) show similarities; 26, typically
associated with pleuromeians (Pleuromeiaceae), with D. nejburgii in particular being found in situ in Pleuromeia
sternbergii (Grauvogel-Stamm and Lugardon, 2004) and P. rossica (Lugardon et al., 1999); 27, Retallack (1997)
refers to D. playfordii being found in Tomiostrobus polaris; 28, spores morphologically similar with D. playfordii in
Lundblad (1948); 29, Zavialova et al. (2010); 30, Pigg and Rothwell (1983) report Endosporites spores in
Carboniferous-aged Chaloneria (Chaloneriaceae); 31, Chaloner (1953); 32, no in situ occurrences, but suggested by
McLoughlin et al. (1997) to be bryophytic; 33, Wood and Beeston (1979), with Retallack (1997) associating
Lundbladispora sp. cf. L. springsurensis to Isoetes beestonii (Isoétaceae); 34, no in situ occurrences, but suggested
by Filatoff and Price (1988); 35, Helby and Martin (1965) report Aratrisporites tenuispinosus in Cylostrobus
sydneyensis (Pleuromeiaceae); 36, Ash (1979) found Aratrisporites ?tenuispinosus in Skilliostrobus australis (junior
synonym of Tomiostrobus australis; Retallack, 1997).

* General sources based on the review by Balme (1995).

 Proposed principal affinity, considering regional co-eval macrofossils.

¥ No conclusive sources found, considering morphologically analogous taxa.
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FOOTNOTES

'Supplemental Material. Data repository can be found in Table S1. Additional
palynomorph specimen details (e.g., England Finder location) are in Table S2. Authorities of
mentioned plant microfossil taxa are in Table S3. Statistical summary of stable carbon isotopes
and total organic matter is in Table S4. Review of the expected microfloras found in the Sydney
Basin from the Lopingian to the Anisian is in Table S5. Location of analyzed borehole sites is in
Figure S1. Cluster analysis of floral groupings is in Figure S2. Shepard plot for ordination data
analysis goodness-of-fit is in Figure S3. Examples of putative reworked plant microfossils are in
Figure S4. Unconformity between the Wombarra Claystone and Scarborough Sandstone is in

Figure SS.
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