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Summary

The Permian—Triassic environmental crisis, which occurred approximately 252 million years ago,
triggered the most severe mass extinction event of the Phanerozoic. A range of environmental
stressors are suggested to collectively have caused the extinction event. Despite the Permian—
Triassic transition has been studied for decades, the individual and combined effects on of these
stressors on biodiversity as well as the timing of the extinction event are still debated. The
understanding of the response of the marine microbial and photoautotrophic community in
particular is equivocal, with contradictory results obtained on primary productivity reconstructions

in the aftermath of the Permian—Triassic mass extinction.

Biogeochemical and ecological changes, that accompanied the extinction event and the
subsequent recovery, can be traced by the analysis of molecular fossils. Molecular fossils are
mostly derived from cell membrane lipids and photosynthetic pigments, that can be preserved
over geological timescales. They can provide insights into the various types of organisms that
synthesized the precursor molecules of the molecular fossils, as well as into the prevailing

environmental conditions during their deposition.

As organic material in the environment is constantly exposed to degradation processes, only a
few shallow marine sections reveal a sufficient preservation of lipid biomarkers, with only short
time intervals across the Permian/Triassic boundary thus far explored. To investigate changes in
the molecular fossil inventory that reflect changes in the marine microbial community structure
and environmental dynamics across the Permian—Triassic environmental crisis, novel molecular
fossil datasets were produced from shallow marine settings across paleolatitudes: the tropical
Neotethys (Taurus Mountains, Turkey), and both the western (Dolomites, Italy) and the eastern
Palaeotethys (Guizhou, China), and the Boreal Realm (Svalbard, Norway). The obtained
molecular fossil records thereby extent and complement existing datasets both spatially and

temporally.

A comparison of the distribution of the two molecular fossils Csz-n-alkylcyclohexane and phytanyl

toluene across paleolatitudes revealed that both record peak abundances following the extinction
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event, especially in higher-latitude settings away from the paleotropical Tethys Ocean, such as in
the Boreal Realm in Svalbard. Both extinction markers correlate with the content of chlorophyll-
derived biomarkers. Furthermore, paleoredox conditions return relatively rapidly from anoxic
conditions shortly below the extinction horizon to oxic conditions following the mass extinction
event. Hence, the two molecules could be assigned to oxygenic photoautotrophs thriving in the
extinction aftermath, that formed regional phytoplankton blooms in higher paleolatitude

ecosystems.

The multi-proxy analysis from Svalbard applying complementary redox-sensitive trace metal en-
richment patterns and lipid biomarker proxies, that unveiled these post-extinction paleoredox
patterns, additionally showed that the late Permian was characterized by intervals of deoxy-
genation pre-dating the extinction. Hence, the community was adapted to fluctuating redox-
conditions prior to the extinction, which questions anoxia, that is often hypothesized as one of the
main drivers of the Permian—Triassic mass extinction, at least as the sole driver of the extinction

at this site.

This highlights the importance of establishing pre-extinction baseline conditions, which is also
shown by the molecular fossil record from the Dolomites (northern Italy). At a more proximal site,
late Permian sea level changes unrelated to the mass extinction event are the main control on
the origin of organic matter, paleoredox conditions, and the composition of the photoautotrophic
community. During regressive intervals, marine conditions became more restricted than in a more
distal site with a deeper paleo-water depth and a more stable molecular fossil inventory. It is
therefore important to consider the regional environmental context, to gain a deeper under-
standing of the response of life to severe environmental stress, ecosystem resilience and the

adaptability of ecological communities during global environmental crises.
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Zusammenfassung

Die Umweltkrise am Ende des Perms vor etwa 252 Millionen Jahren flhrte zum gravierendsten
Massenaussterben des Phanerozoikums. Als potenzielle Ausloser werden unterschiedliche
Umweltfaktoren in Betracht gezogen. Deren Einzel- und Wechselwirkungen auf die Biodiversitét
sowie der zeitliche Verlauf des Aussterbegeschehens bleiben jedoch Gegenstand von
Kontroversen. Insbhesondere die Reaktion mariner mikrobieller und photoautotropher Lebens-
gemeinschaften ist bislang nicht eindeutig geklart, wie divergierende Rekonstruktionen der Pri-

marproduktion nach dem Massenaussterben aufzeigen.

Biogeochemische und 6kologische Veranderungen im Zusammenhang mit dem Massenaus-
sterben und der anschlieBenden Erholung lassen sich durch die Analyse von Lipid-Biomarkern
rekonstruieren. Lipid-Biomarker sind molekulare Fossilien aus dem Abbau von Zellmembranen
und photosynthetischen Pigmenten, die tiber geologische Zeitrdume hinweg erhalten bleiben. Sie
liefern Informationen sowohl tber die Produzenten der Vorlaufermolekdile als auch tGber die Um-

weltbedingungen zum Zeitpunkt der Ablagerung.

Geologische Aufschlisse mit flachmarinen Ablagerungen, die trotz kontinuierlichen Abbaus
organischen Materials einen hinreichenden Erhaltungsgrad von Lipid-Biomarkern aufweisen, sind
selten. Zudem beschranken sich bisherige Untersuchungen meist auf kurze Zeitintervalle tber
die Perm-Trias-Grenze hinweg. Vor diesem Hintergrund wurden neue Lipid-Biomarker-
Datenséatze aus flachmarinen Sedimentabfolgen unterschiedlicher paldaogeographischer Breiten
erhoben, um Veradnderungen im Lipid-Biomarker-Inventar zu erfassen, die Ruckschliisse auf die
Zusammensetzung mariner mikrobieller Gemeinschaften sowie auf die Dynamik der Umweltbe-
dingungen wahrend der Krise ermdglichen. Die hier vorgestellten Daten stammen aus der Neo-
tethys (Taurusgebirge, Tirkei), der westlichen Paldotethys (Dolomiten, Italien), der dstlichen Pa-
l&otethys (Guizhou, China) sowie aus dem Borealen Ozean (Svalbard, Norwegen). Damit werden

bestehende Datensatze sowohl in raumlicher als auch in zeitlicher Hinsicht erweitert.

Die Verteilung von Csz-n-Alkylcyclohexan und Phytanyltoluol zeigt insbesondere in hdheren

Paldobreiten aul3erhalb der Tethys, wie in Spitzbergen, deutlich erhéhte Konzentrationen nach
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dem Aussterbeereignis. Beide Lipid-Biomarker korrelieren mit dem Gehalt von Derivaten aus dem
Abbau von Chlorophyll. Nach einer Phase der Sauerstoffarmut kurz vor und wéahrend des
Massenaussterbens wurde in Svalbard zudem eine fur geologische MaR3stabe rasche Rickkehr
zu sauerstoffreichen Bedingungen in der Wasserséule dokumentiert. Cs3-n-Alkylcyclohexan und
Phytanyltoluol werden daher Phytoplanktontaxa zugeordnet, die in héheren Breiten regionale

Bliten nach dem Massenaussterben ausbildeten.

Darlber hinaus weisen multiproxy-basierte Untersuchungen, die die Anreicherung von redox-
sensitive Spurenelementen und Lipid-Biomarker zur Rekonstruktion der Paldo-Redoxbedingun-
gen in Spitzbergen kombinieren, auf Intervalle wiederholter Sauerstoffarmut im Ozean bereits vor
dem Massenaussterben im spaten Perm hin. Dies legt nahe, dass die dortige 6kologische Ge-
meinschaft bereits vor dem Ereignis an schwankende Redoxbedingungen angepasst war. Eine
Abnahme des Sauerstoffgehalts und Ozean-Anoxie, haufig als Hauptursache fur das
Massenaussterben angenommen, erscheint daher als alleinige Erklarung fir das Aussterben in

Svalbard nicht ausreichend.

Diese Ergebnisse unterstreichen die Relevanz der Rekonstruktion der Ausgangsbedingungen im
spaten Perm vor dem Massenaussterben, wie auch die Lipid-Biomarker-Analyse aus den
Dolomiten (Norditalien) belegt. An einem Standort mit vergleichsweise geringer Paldowassertiefe
erwiesen sich natirliche Meeresspiegelschwankungen im spaten Perm, die unabhangig vom
Massenaussterben auftraten, als dominanter Faktor fiir die Herkunft des organischen Materials
(terrestrisch vs. marin), die Paldoredox-Bedingungen sowie die Zusammensetzung der marinen
photoautotrophen Gemeinschaft. Regressive Intervalle hatten dort einen starkeren Einfluss auf
die okologische Gemeinschaft und die Umweltbedingungen als an einem Standort mit grofRerer
Paldowassertiefe. Die Beriicksichtigung des regionalen Umweltkontextes ist daher entscheidend,
um die Reaktion der Biosphare auf massive Umweltveranderungen sowie die Resilienz von
Okosystemen und die Anpassungsfahigkeit 6kologischer Gemeinschaften wahrend globaler

Krisen adaquat zu erfassen.
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1. Introduction

1.1. The Permian—Triassic mass extinction

1.1.1 Biotic response

The Permian—Triassic mass extinction, which occurred approximately 252 million years ago, was
the most severe of the ‘big five’ mass extinction events of the Phanerozoic. The estimated duration
of the extinction event is very short within only 61 kyr + 48 ka as reconstructed from the sedimen-
tary record in South China (Burgess et al., 2014; Y. Wang et al., 2014), but affected both marine
and terrestrial ecosystems. In the marine realm, 81% of the species are estimated to have gone
extinct (Stanley, 2016). Due to a more incomplete record, the consequences of the mass
extinction event in terrestrial ecosystems are more challenging to infer. However, estimates
suggest that 89% of terrestrial tetrapod genera have gone extinct (Benton & Newell, 2014), and
also the terrestrial flora has experienced a major compositional restructuring from gymnosperm
forests and Glossopteris-dominated assemblages to mainly herbaceous plants and lycophytes
(e.g., Hermann et al., 2011; Hochuli et al., 2010). However, the severity of the impact of the

extinction event on terrestrial plants remains disputed (Nowak et al., 2019).

The Permian—Triassic mass extinction was selective, with substantial taxonomic turnover in
surviving groups such as ostracods and bivalves (e.g., Foster et al., 2024; Gliwa et al., 2021,
Prinoth & Posenato, 2023). Furthermore, extinction selectivity occurred not only on the taxonomic-
level, but on certain ecological or physiological traits. For example, benthic, non-mobile taxa, that
were unable to buffer against changes in ocean chemistry, suffered greater losses in species

richness than other groups (Clapham & Payne, 2011; Foster et al., 2023; Knoll et al., 2007a).

While such extinction patterns can be investigated when micro- and macrofossil assemblages are
well-preserved, the effect of deteriorating environmental conditions on the microbial community
during the Permian—Triassic environmental crisis can be challenging to observe directly. Microbes
are important members of marine ecosystems by providing diverse ecosystem services, with

photoautotrophic microbes at the base of the food web supplying energy and nutrients to higher



trophic levels, or by mediating several major elemental cycles such as the carbon, phosphorous
or nitrogen cycles (e.qg., Arrigo, 2005; Karl, 2014; Pajares & Ramos, 2019). Hence, understanding
the effect of the Permian—Triassic environmental crisis on the aquatic microbial community is

crucial for our understanding of the consequences of major environmental perturbations.

An obvious change in the rock record, indicative of an effect of the Permian—Triassic environ-
mental crisis on the marine microbial community, is the widespread appearance of thick micro-
bialites following the mass extinction event. Microbialites occurring on paleotropical carbonate
platforms in the Tethys Ocean (Kershaw et al., 2012) may have been able to proliferate due to
reduced metazoan grazing pressure in the extinction aftermath (Foster et al., 2020; Kershaw et
al., 1999). When formed by oxygenic cyanobacteria, these microbial mats are hypothesized to
have also directly affected extinction dynamics by providing oxygenated refugia for heterotrophic
benthic organisms, such as ostracods, to survive on an otherwise potentially anoxic sea floor
(Forel et al., 2013). However, subsequent studies showed that the observed co-occurrence of

microbial mats and ostracods was possibly a taphonomic signal (Wan et al., 2021).

Due to persisting unfavorable environmental conditions in the Early Triassic, ecosystem recovery
after the mass extinction took exceptionally long, and biodiversity did not reach pre-extinction
species richness until the Middle or Late Triassic in most regions (Benton & Twitchett, 2003; Chen
& Benton, 2012; Foster & Sebe, 2017; Song et al., 2018). Compositionally, however, the fauna
never recovered towards the pre-extinction community structure, but rather transitioned from the
Paleozoic into the Mesozoic evolutionary fauna (Sepkoski, 1981), which led to the interpretation
that ecosystems did not recover at all, but rather record a taxonomic and functional restructuring

following the mass extinction event (Jablonski & Edie, 2025).

1.1.2 Causes and drivers of the extinction event

The Permian—Triassic mass extinction coincided with the emplacement of the Siberian Traps
Large Igneous Province (e.g., Burgess et al., 2017; Burgess & Bowring, 2015; Reichow et al.,
2009). Igneous deposits from the Siberian Traps cover an area of 2.5 million km? in Siberia today
(Fedorenko et al., 1996), while reconstructions suggest that they extended over 5 million km? prior

2



to erosion during the initial deposition (e.g., Augland et al., 2019; Reichow et al., 2009). Several
phases of volcanic activity were recognized with the majority of deposits being emplaced within a
period of approximately one million years (Burgess et al., 2014, 2017). During this period, up to
36,000 gigatons of carbon (Gt C) (Cui et al., 2021) or > 100,000 Gt CO, (Svensen et al., 2009)
and other greenhouse gases were ejected into the atmosphere, causing a several-fold increase
in atmospheric pCO; (Joachimski et al., 2022; Wu et al., 2021). In addition, toxic substances like
heavy metals (Bond & Grasby, 2017) were released, that dispersed as fly ash over thousands of

kilometers, potentially globally (Grasby et al., 2011).

Due to the temporal correlation of the eruption of the Siberian Traps, and especially the initial
emplacement of sills intruding into organic-rich sedimentary rocks and evaporites, and the mass
extinction (Burgess et al., 2017), a causal relationship between mega-scale volcanism and the
mass extinction has been hypothesized (e.g., Grasby & Bond, 2023). Most commonly, the ejection
of vast amounts of CO; is thought to have induced the ‘deadly trio of carbon dioxide’ in marine
ecosystems, encompassing (1) thermal stress causing high absolute temperatures and a sea
surface temperature increase of 8-10°C (Gliwa et al., 2022; Joachimski et al., 2012; Sun et al.,
2012) at a high rate of up to 1°C/kyr (Song et al., 2021); (2) sea floor deoxygenation combined
with the expansion of oceanic oxygen minimum zones (Brennecka et al., 2011; Lau et al., 2016;
Takahashi et al., 2021); (3) and ocean acidification (Clarkson et al., 2015; Hinojosa et al., 2012;
Payne et al., 2010). However, several other environmental perturbations are frequently
hypothesized to have contributed to the severity of the mass extinction event, including increased
heavy metal loading in the environment (Grasby et al., 2013, 2017; Shen et al., 2023), which, if
present in a bioavailable form, would have had toxic effects on organisms (Galasso et al., 2025),
or changes in nutrient availability (Foster et al., 2024; Mller et al., 2022; Schobben et al., 2020).
Furthermore, the terrestrial ecosystem may have been additionally affected by a depletion of
ozone (Benca et al., 2018) as well as enhanced soil erosion (Sephton et al., 2005), wildfires (Jiao
et al., 2024; Nabbefeld et al., 2010a; Song et al., 2022), and acidic rain (Sephton et al., 2015).

Which of these drivers or which combination of drivers acted to which extent on local or regional



ecological communities is thus far not well constrained, and there are only few studies that directly

link the impact of extinction drivers on ecological communities (Foster et al., 2024).

Additionally, there is an ongoing debate about the timing of the environmental deterioration, with
some studies suggesting that the onset of several of the environmental conditions often linked to
the mass extinction pre-date the extinction event by several thousand up to hundreds of
thousands of years, as for example rising global temperatures (Gliwa et al., 2022; Sun et al.,
2018). Others have argued contrarily for rapid warming post-dating the extinction (Chen et al.,
2016), highlighting the need for constraining both the timing and causes of the extinction more

precisely.

1.2. Lipid biomarkers

1.2.1 Lipid biomarker preservation and alteration

Organic macromolecules enabling the investigation of microbial communities are so-called
biomarkers. They can be preserved over geological time scales in sediments, rocks, fossils and
oils after the degradation or fossilization of most biological material (Luo et al., 2019; Peters et
al., 2005; Summons et al., 2022) with varying preservation potential of different groups of organic
macromolecules. Nucleic acids such as RNA and DNA are usually degraded very quickly in the
environment, but under preferential conditions, DNA can be preserved over several thousand up
to hundreds of thousands of years (e.g., Armbrecht, 2020; Capo et al., 2022). Proteins can be
preserved over longer timescales up to a few million years (Demarchi et al., 2022; Stolarski et al.,
2023), with the oldest protein sequence extracted to date being 21-24 million years old (Paterson
et al., 2025). In contrast, the hydrocarbon skeletons of lipids, mainly derived from cell membranes
and photosynthetic pigments, are among the most resistant macromolecules withstanding
degradation. This property makes them suitable as molecular fossils over even longer geological
timescales. Among the oldest molecular fossils are lipid biomarkers derived from green and purple

sulfur bacteria extracted from rocks as old as 1.6 billion years (Brocks et al., 2005).



Lipid biomarkers preserve information about the original molecule and the organisms that
synthesized them with various degrees of specificity. Lipid biomarkers usually provide a relatively
low taxonomic resolution and are often rather indicative of certain metabolic activities, such as
anoxygenic photosynthesis or methane oxidation (e.g., Brocks & Grice, 2011; Luo et al., 2019).
They can thereby complement the micro- and macrofossil record by recording the metabolic
activity of their microbial producers. In addition, lipid biomarkers can be used to infer about the
paleoenvironmental conditions, for instance, the depositional environment and ocean redox state,
by tracing both the biogeochemical processes mediated by their producers and the composition
of the microbial paleo-community itself (e.g., Luo et al., 2019; Peters et al., 2005; Summons et

al., 2022).

The preservation of lipid biomarkers is highly selective. If the biomass of the source organism is
high and the environmental conditions are favorable, the preservation of a signal is more likely.
In an oxic environment, most organic matter is recycled rapidly, whereas anoxic or euxinic
environments may provide more suitable conditions for organic matter preservation (Canfield,
1994). Molecules originated from communities that inhabited passive continental margins, marine
and continental evaporitic environments, deltas and estuarine systems are best represented in
the lipid biomarker record as these depositional environments are less exposed to erosion, uplift,
subduction or other forms of destruction (Knoll et al., 2012). Also, in sulfur-rich environments,
sulfide can replace functional groups with C-S-cross-linkages, thereby enhancing organic matter
preservation in recalcitrant macromolecules, that can be cleaved to release the sulfur-bound

compounds (e.g., Sabino et al., 2021; Sinninghe Damsté et al., 1999, 2007; Wang et al., 2024).

Although lipids are more stable than other organic molecules, they are exposed to biodegradation.
Among the various lipid compounds, some are preferentially degraded, while others are more
resistant, resulting in a semi-sequential succession of biodegradation (Wenger et al., 2002). For
example, normal alkanes (n-alkanes) are more susceptible to microbial degradation and shorter
n-alkanes are degraded faster, while other compounds such as hopanoids or steroids degrade
only under more intense microbial activity (Soman et al., 2024; Wenger et al., 2002). With

proceeding biodegradation, a “baseline hump”, the so-called “unresolved complex mixture”



(UCM), is becoming increasingly prominent in chromatograms, which consists of bio-resistant

compounds (Peters et al., 2005).

Since lipids become defunctionalized during early diagenesis (Brocks & Grice, 2011), usually only
the hydrocarbon fraction is preserved in organic matter from the Permian—Triassic transition. With
hydrocarbons, the source rock depositional environment, biodegradation and maturation can be
analyzed (Peters et al., 2005). For example, thermal maturation of organic matter will result in
predictable stereochemical or structural modifications of lipid biomarkers. While often a specific
stereoisomer is biologically produced during biosynthesis, samples from the geological past often
contain a mixture of stereoisomers of the same precursor molecule. The analysis of such isomers
can be deduced by calculating empirically derived proxies, such as the homohopane index or the
methylphenanthrene index (Cassani et al., 1988; Mackenzie et al., 1984; Peters et al., 1996;
Radke et al., 1982). Such proxies allow for the reconstruction of the thermal history of a sample,
which is an important measure to determine to which degree the preservation of organic matter

and the primary lipid inventory is affected in their interpretative value.

1.2.2 Reconstruction of paleo-communities and environmental conditions

Apart from recording post-depositional processes, certain lipid biomarkers are source specific,
and hence inform about the composition of the ecological community, even in deep-time. For
example, steroids are membrane lipids that are, with only very few exceptions, produced by
eukaryotes for regulating the fluidity of their cell membrane (e.g., Dufourc, 2008). The alkylation
pattern of the side-chain is thereby principally characteristic for animal, plant or fungal membrane
physiology (Knoll et al., 2007b; Volkman, 2003). In contrast, hopanoids (Cso-35 pentacyclic
triterpenoids) are hypothesized to have a similar physiological function as steroids, but they are
only synthesized by bacteria (Sinninghe Damsté et al., 2017; Welander et al., 2010). Moreover,
unlike steroids that are required by all eukaryotes for correct membrane functioning, hopanoids
are not universally required by bacteria (Pearson et al., 2007). Their absence must, therefore, be
interpreted with caution. However, the ratio of the defunctionalized and saturated degradation

products of steroids and hopanoids, the sterane/hopane ratio, has been applied in studies across



the Permian—Triassic transition to infer about the relative abundance of eukaryotes and bacteria

in paleo-communities (Cao et al., 2009).

Other lipid biomarkers are less common than steroids and hopanoids, but are more specific.
Examples are lipid biomarkers of cyanobacteria, that have been shown to produce high quantities
of n-heptadecane compared to other n-alkanes, as well as accompanying mono-, di- and tri-
methylated short-chain alkanes (Coates et al., 2014; Gelpi et al., 1970; Heindel et al., 2018; Plet
et al., 2020). These compounds, extracted from Early Triassic microbialites in Turkey and Iran
(Heindel et al., 2018), enabled the identification of a cyanobacterial contribution to the build-up of
post-extinction microbial mats in association with other microbes such as anoxygenic phototrophic
bacteria, sulfate-reducing bacteria, and halophilic archaea. Other characteristic compounds ex-
tracted from sedimentary rocks are aryl-isoprenoids or derivatives of aromatic carotenoid pig-
ments such as isorenieratane and chlorobactane (e.g., Koopmans et al., 1996; Summons &
Powell, 1987). Their precursor molecules are synthesized by green sulfur bacteria, that inhabit
anoxic and sulfidic (euxinic) environments (e.g., Imhoff, 2014; Sousa Junior et al., 2013). These
compounds are, therefore, important for demonstrating the presence of green sulfur bacteria and
their required environmental conditions, i.e., photic zone euxinia. Photic zone euxinia has been
identified as common environmental stressor in shallow marine ecosystems across the Permian—
Triassic transition based on the presence of these biomarkers in Western Australia (Grice et al.,
2005a), Svalbard (Nabbefeld et al., 2010b), Turkey (Heindel et al., 2018) or South China (Cao et
al., 2009).

Water column redox conditions can also be reconstructed based on the ratio of the two regular
isoprenoids pristane (Cig-isoprenoid) and phytane (Cao-isoprenoid). Both isoprenoids can derive
from the degradation of the side-chain of chlorophyll, and are markers for the photoautotrophic
community (Didyk et al., 1978). Moreover, early diagenetic processes on chlorophyll are redox-
sensitive. Pristane results from the oxidation of the ester bond linking the phytol side chain of
chlorophyll and the porphyrin ring, whereas phytane is the product formed under reducing
conditions (Luo et al., 2019). Consequently, a ratio of pristane to phytane (Pr/Ph) > 1 indicates

deposition in an oxic environment, and Pr/Ph < 1 suggests an anoxic setting (Didyk et al., 1978).



However, pristane and phytane can also originate from other sources, such as the degradation of
archaeal membrane di- and tetraether lipids (Rontani & Bonin, 2011; Rowland, 1990; Vandier et
al., 2021). Thus, while utilizing pristane and phytane as indicators of photoautotrophs and
reconstructing paleo-redox conditions can be informative, a thorough exclusion of significant

contribution from Archean sources to the pristane and phytane pool should be conducted.

1.2.3 Limitations of lipid biomarkers

As for all groups of molecular fossils, the lipid biomarker inventory of a sample must be evaluated
with caution, especially in the deep-time record, to avoid misinterpretation caused by diagenetic
or thermal alteration. Generally, the likelihood of functional groups and unsaturated carbon bonds
being preserved decreases with increasing age of the material, although it is rather a function of
thermal maturation than age (Brocks & Grice, 2011). From Permian and Triassic sedimentary
rocks, only saturated aliphatic hydrocarbons and apolar aromatic compounds are preserved,
which prevents the analysis of compounds containing functional groups, such as fatty acids or
ketones. This loss of information is often challenging, especially for the phylogenetic assignment
of the extracted lipid biomarkers. The necessity of a manual identification and curation of peaks
in chromatograms, that can also be co-eluted or have only very low intensities due to low quan-
tities of lipid biomarkers in organic-lean or old material, further contributes to some uncertainty

and exacerbates reproducibility.

Furthermore, some groups of lipid biomarkers are not preserved at all over long geological
timescales, which limits the possibilities of compositional or environmental interpretations solely
based on lipid biomarkers. An example are the commonly reported glycerol dialkyl glycerol
tetraethers (GDGTSs) in modern environments, a group of archaeal membrane lipids, that show a
temperature-dependent cyclisation pattern of their isoprenoid side-chains, which can be used for
paleo-temperature reconstructions in marine settings when calculating the TEXgs proxy (Schouten
et al., 2002). Additionally, the abundance of branched GDGTs relative to crenarchaeol can be
used to reconstruct the terrestrial organic matter input into aquatic ecosystems by calculating the

Branched and Isoprenoid Tetraethers (BIT) index (Hopmans et al., 2004), and terrestrially derived



branched GDGT were used as proxies for soil pH (Peterse et al., 2012). However, GDGTs are
usually not preserved in material older than the Early Jurassic (Robinson et al., 2017), and even
their degradation products, biphytanes, are only poorly preserved in Paleozoic and Mesozoic
samples (Bentley et al., 2022). Another example is IP2s (Ice Proxy with 25 carbon atoms), that is
utilizing a highly branched isoprenoid alkene synthesized by sea ice associated diatoms to
reconstruct past sea ice distribution (Belt et al., 2007), but its preservation is restricted to the

Quaternary (Stein & Fahl, 2013), caused by the loss of the specific double bonds over time.

Additional challenges in the application of lipid biomarker studies are the knowledge gaps with
respect to the assignment of lipid biomarkers extracted from ancient organic matter to specific
biological sources. The attribution of a lipid biomarker to a taxonomic group or a metabolic path-
way depends on information about the association of the respective biomarker to this group or
pathway in modern organisms. Yet, only a fraction of organisms, especially microorganisms, are
investigated for their lipid inventory, and studies often rely on laboratory isolation and culturing of
the organisms (Brocks & Grice, 2011). However, the vast majority of microorganisms is, thus far,
uncultured or unculturable (e.g., Lloyd et al., 2018; Staley & Konopka, 1985), hence only sparse

information exists on their physiology and lipid inventory.

Some of these limitations may be overcome in the future, for example, if more detailed knowledge
about precursor molecules and the lipid inventory in extant organisms will be gained through
culture-independent techniques like metagenomic or metabolomic analyses (e.g., Kamble et al.,
2020; Segers et al., 2019), and the estimation of evolutionary rates in biosynthetic pathways
enable an assignment to an ancient biological source (e.g., Ho & Duchéne, 2014). Other
challenges, such as the diagenetic defunctionalization of organic molecules or low quantities of
lipids in millions of years old material, will remain. Hence, lipid biomarker analysis is a practical
tool to investigate the microbial community composition and track their metabolic activity in deep-
time; however, it is especially meaningful when complemented by independent signals such as

the fossil and sedimentary record or other geochemical proxies.



2. Thesis objectives

Despite decades of work, the timing of the Permian—Triassic mass extinction and the significance
of the numerous proposed causes for the event remain debated. Especially the role of
microorganisms, particularly the photoautotrophic community, in shallow marine ecosystems is

not well constrained.

This thesis aims to investigate the response of shallow marine ecosystems to severe and complex
environmental perturbations across the Permian—Triassic transition, and how the microbial
community structure was affected, emphasizing the community of primary producers. By analy-
zing newly derived lipid biomarker datasets from Permian—Triassic sedimentary successions

across paleolatitudes (Appendix Al), this research will address the following research questions:

1. Do lipid biomarker signatures associated with the Permian—Triassic environmental
crisis vary with paleolatitude, and what do these patterns reveal about the variability

in the phytoplankton community composition and primary productivity?

2. What are the baseline redox conditions prior to the Permian—Triassic environmental

crisis, and is anoxia the main extinction driver across paleolatitudes?

3. Did the microbial community respond to late Permian environmental stress culminating
in the mass extinction event, and is a recovery of the microbial ecosystem recorded

by molecular fossils?

Together, the three studies herein provide new insights into environmental baselines and
stressors, as well as microbial responses, that shaped shallow marine ecosystems before, during

and after the Permian—Triassic mass extinction event.

10



3. Overview of the manuscripts

This thesis contains three manuscripts. Manuscript | is accepted for publication in AGU Advances.
Manuscripts Il and Ill are submitted to Paleoceanography and Paleoclimatology and
Biogeosciences, respectively. For this thesis, the formatting of the accepted or submitted articles
was modified for consistency within this thesis. The following provides an overview of the content

and implications of the three studies, the manuscripts and related Supplementary Material.
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Manuscript |: Phytoplankton blooms on the Barents Shelf,

Svalbard, associated with the Permian—Triassic mass extinction

Accepted in AGU Advances

This manuscript focuses on two lipid biomarkers, Css-n-alkylcyclohexane (Css-n-ACH) and its
pseudohomologs, and phytanyl toluene, that are recognized to be enriched in the post-extinction
interval at several Permian/Triassic boundary sections in Svalbard. This record decouples the
lithological changes at the extinction horizon in Svalbard from biotic responses to environmental
stress across the Permian—Triassic environmental crisis by extending the sampling interval of
previous studies, thereby covering pre- and post-extinction strata recording a similar depositional
environment. Additionally, late Permian and Early Triassic samples from the Dolomites (Italy),
South China and the Taurus Mountains (Turkey) were analyzed, which combined provide a

perspective on the global distribution of these biomarkers.

The analysis revealed that the content of Cs3-n-ACH and phytanyl toluene was increased in higher
paleolatitude ecosystem (Svalbard) following the extinction event, whereas it was low in lower
paleolatitude settings, demonstrating heterogeneous ecosystem responses during the environ-
mental crisis. Furthermore, this study challenges previous hypotheses regarding the sources of
Cs3-n-ACH and phytanyl toluene, and proposes an alternative link to oxygenic phytoplankton, with
implications for marine ecosystem dynamics, including primary productivity, during a major
climate crisis. For the first time, also the diagenetic degradation products of Cs3-n-ACH were
guantified, expanding its use as an extinction marker in settings where only these degradation

products are preserved.

These findings enhance the understanding of ecosystem responses during the Permian—Triassic

environmental crisis across paleolatitudes, contributing to three key areas:

(1) The global distribution of molecular fossils that mark the Permian—Triassic mass extinction

event in the geological record;
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(2) Regional differences in marine microbial community responses to severe environmental

changes;

(3) A potential explanation for the altered latitudinal biodiversity gradient following the mass
extinction, as enhanced primary productivity may have stabilized higher latitude marine food webs

at higher latitudes.

The finding of regional post-extinction phytoplankton blooms is also relevant for understanding
how marine ecosystems respond to extreme environmental stress. This study thereby contributes
to ongoing discussions on the spatial variability in extinction survival and recovery dynamics, such
as the hypothesis of higher-latitude settings providing refugia for some taxa during and after
severe global environmental perturbations, and emphasizes the role of environmental conditions

in shaping ecosystem resilience following global environmental crises.

Manuscript |I: Reconstructing environmental and microbial
ecosystem changes across the Permian—Triassic mass extinction

at Lusitaniadalen, Svalbard

Submitted to Paleoceanography and Paleoclimatology

In this study, a multi-proxy approach was applied to reconstruct both the environmental conditions
and their effect on the microbial, primarily photosynthetic community, in a shallow marine
ecosystem across the Permian—Triassic mass extinction in Svalbard. It is the first study from a
higher paleolatitude region that also includes an extended pre- and post-extinction interval, which
allowed for the establishment of a baseline for paleoenvironmental conditions, and enables a
reassessment of environmental changes across the extinction event. This approach offers a new
perspective on the widely hypothesized role of expanding anoxia and photic zone euxinia as the

primary drivers of the Permian—Triassic mass extinction.

Using both enrichment patterns of redox-sensitive trace metals and lipid biomarkers, the record

reveals an intense, but relatively short-lived anoxic interval across the extinction horizon.
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However, episodes of fluctuating redox-conditions prior to the extinction event are also recorded,
yet without major ecosystem collapse or a distinct response of the phototrophic community,
suggesting anoxia not to be the sole driver of extinction. Furthermore, a pronounced post-
extinction increase in the content of chlorophyll-derived biomarkers indicates a restructuring of
the photoautotrophic community associated with the extinction event, and point towards regionally

enhanced primary productivity.

The new data advances the understanding of ecosystem changes and responses during the

Permian—Triassic environmental crisis by highlighting:

(1) the importance of establishing ecosystem baseline conditions to assess the impact of

environmental change on paleocommunities;

(2) the spatial heterogeneity of oxygen availability and the necessity of evaluating the regional

environmental context before inferring extinction drivers;

(3) a restructuring of the microbial community following the Permian—Triassic mass extinction,
with an increase in primary productivity that may reflect regional phytoplankton blooms due to

altered nutrient cycling in the wake of terrestrial and marine ecological collapse.

These findings underscore the complex interplay of environmental variables during episodes of
rapid environmental change, especially with respect to the heterogeneous response of paleopro-

ductivity and paleoredox evolution during major biotic crises.
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Manuscript Ill: Molecular fossils record marine and terrestrial
ecosystem changes prior to and across the Permian—Triassic

mass extinction in the Dolomites (ltaly)

Submitted to Biogeosciences

This study analyzes the lipid biomarker inventory from two sites on a late Permian shallow marine
carbonate ramp in northern lItaly, thereby providing a nuanced perspective on microbial eco-
system dynamics and the environmental conditions along a water depth gradient. To investigate
whether the microbial community, with an emphasis on the community of photoautotrophs,
responded to environmental conditions that were previously hypothesized to deteriorate pre-
ceding the Permian—Triassic mass extinction event by several hundred thousand years, the hy-
drocarbon inventory from the late Permian sedimentary record was analyzed. It therefore expands
on the sparse Permian—Triassic lipid biomarker record from this region, and provides new insights

into the dynamics of environmental stress.

A change in the lipid biomarker inventory associated with the environmental conditions that contri-
buted to the mass extinction event was identified, such as peak abundances of polycyclic aromatic
hydrocarbons (PAHSs) derived from the combustion of organic material coinciding with the extinct-
tion event. This increase was identified at both the shallower and the deeper site due to the aerial

transport of PAHSs into the marine environment.

In contrast, the abundance of other redox-sensitive and source-specific biomarkers rather
responds to previously identified third-order transgressive-regressive cycles in the late Permian,
which affected the shallower site, that potentially became episodically very restricted or even
subaerially exposed, more strongly than the deeper site. However, these sea level changes as
the main driver of variability in the lipid biomarker inventory at the shallower site compared to
more stable conditions at the deeper site indicate a naturally more stressed shallower environ-
ment, which is not related to environmental stress associated to the Permian—Triassic environ-

mental crisis.
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These results highlight the need of a careful evaluation when inferring extinction dynamics and
the identification of extinction drivers, as regional or even local baseline conditions can differ
notably between sites, with ecological communities adapted to these conditions being differently

affected by different environmental stressors of the Permian—Triassic environmental crisis.
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Key Points:

e On the Barents Shelf, uppermost Permian and Lower Triassic sedimentary rocks record

peak Css-n-alkylcyclohexane and phytanyl toluene content

e  Cas-n-alkylcyclohexane from phytoplankton indicates blooms of certain primary producers

during the Permian—Triassic environmental crisis

e  Phytanyl toluene and Css-n-alkylcyclohexane may be derived from organisms occupying a

similar ecological niche
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Abstract

Mid- to higher-latitude shallow marine environments are suggested to serve as refugia for
organisms during intervals of rapid environmental change associated with hyperthermals. To
understand the role of these environments during hyperthermals, we herein investigate the
Permian—Triassic environmental crisis, which led to the most severe mass extinction event in the
Phanerozoic. Our analysis of siliciclastic deposits from the Boreal Ocean from Lusitaniadalen,
Svalbard, reveals a distinct increase of the lipid biomarkers Css-n-alkylcyclohexane (Csz-n-ACH)
and phytanyl toluene following the extinction event. This increase does not appear to reflect facies
change. Rather, it coincides with the extinction horizon, and persists into the lowermost Triassic
(Griesbachian). Our findings suggest that neither Cs3-n-ACH nor phytanyl toluene are linked to
short periods of photic zone euxinia recorded at Lusitaniadalen, but rather are derived from a
specific group of phytoplankton. This indicates that higher-latitude ecosystems may have
supported regional blooms of unknown primary producers after the Permian—Triassic mass
extinction, thus explaining the selective survival of some marine organisms. We also identify
(albeit in lower abundance) Cs3-n-ACH and its pseudohomologs in northern Italy, which is the first
report of n-ACHs in the tropical Tethys region across the Permian—Triassic transition outside of
South China, highlighting the wide paleogeographic distribution of this biomarker. Phytanyl
toluene, however, is found exclusively in deposits recording higher-latitude ecosystems, and is
likely linked to organisms occupying a similar ecological niche as the source organism of Css-n-

ACH in these settings.
Plain Language Summary

Environmental changes can have detrimental effects on marine ecosystems. Studying Earth’s
history can help us to understand how ecosystems respond to environmental changes. The
Permian—Triassic mass extinction, the biggest mass extinction in Earth’s history, is linked to rapid
environmental changes. Here, we analyze two molecular fossils (lipid biomarkers), Css-n-
alkylcyclohexane (Cs3-n-ACH) and phytanyl toluene, that are associated with this mass extinction,

from samples from different paleolatitudes and paleo-oceans. These biomarkers increase
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several-fold in the aftermath of the extinction in higher-latitude settings, such as Svalbard, while
we detect only traces of Cs3-n-ACH in tropical settings, if any. Although the organisms producing
these biomarkers are unknown, they were likely synthesized by organisms able to survive the
harsh environmental conditions during this interval of Earth’s history. This is particularly true for
higher-latitude ecosystems, which may have experienced less severe environmental stress, such
as less extreme (though potentially greater changes in) temperatures, compared to tropical
ecosystems. Cs3-n-ACH mirrors patterns of other biomarkers indicative of increased primary
productivity during the same time interval, suggesting that it could be another molecule produced
by a specific group of phytoplankton. Phytanyl toluene was probably produced by different

phytoplankton found in the Boreal Ocean but not the tropical locations.
1 Introduction

Rapid environmental changes can lead to biodiversity crises and mass extinctions. To understand
the response of organisms to these changes, plasticity, adaptation or range shifts of modern
species or populations can be studied (e.g., Donelson et al., 2019). However, ecosystem
responses are highly complex and depend on multiple factors that are challenging to fully capture
through laboratory experiments. To better understand the long-term effects of rapid environmental
changes on communities, past hyperthermal events can be studied, such as the Paleocene—
Eocene Thermal Maximum (PETM) (e.g., Mclnerney & Wing, 2011) and the Permian—Triassic
environmental crisis; the latter triggered the most severe mass extinction in the Phanerozoic, often
referred to as the Permian—Triassic mass extinction or end-Permian mass extinction (e.g., Dal

Corso et al., 2022; Payne & Clapham, 2012).

During the Permian—Triassic mass extinction, ca. 252 million years ago, approximately 81% of
marine species went extinct globally (Stanley, 2016), but extinction patterns and functional
diversity were geographically variable (Foster & Twitchett, 2014). The mass extinction event in
marine ecosystems is constrained to 60 + 48 ka in well-dated sections in China (Burgess et al.,
2014), and was accompanied by a sharp negative carbon isotope (5*C) excursion, observed

globally (Korte & Kozur, 2010). This 3!3C excursion reflects a perturbation to the carbon cycle,
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which remained volatile for the following ca. 500 ka before 3*C values returned to pre-extinction
levels (Burgess et al., 2014). Hence, although the extinction event (i.e., elevation in extinction
rates) occurred in a geologically relatively short time interval, the environmental crisis culminating
in the mass extinction probably lasted much longer. A variety of environmental factors are
hypothesized to have acted as extinction drivers in marine ecosystems, such as global warming
(e.g., Gliwa et al., 2022; Joachimski et al.,, 2012; Schobben et al., 2014) and changes in
temperature gradients (Sun et al., 2024), the expansion of oxygen minimum zones (e.g., Cao et
al., 2009; Penn et al., 2018; Xiang et al., 2020; Zhang et al., 2020), and changes in nutrient cycling
(Grasby et al., 2020; Sun 2024; Sun et al., 2019). Several marine ecosystems are thought to have
acted as refugia for marine life during the environmental crisis, such as deep-water thermal
refugia (Foster et al., 2023; Godbold et al., 2017). Similarly, modern mid- to high-latitude
ecosystems may provide opportunities for equatorial taxa to escape (sub-)tropical thermal stress
(Poloczanska et al.,, 2016). Cool-water ecosystems can, therefore, exhibit characteristic
community compositions during past crises. These are reflected in the geological record, e.g., in
the aftermath of the Permian—Triassic mass extinction, when the northwestern shelf of Pangea
was characterized by a diverse ichnofauna (Beatty et al., 2008) and contained taxa that either
migrated to the Boreal Ocean or whose geographic ranges contracted to this ecosystem (Foster
et al.,, 2023; Nakrem & Mgrk, 1991), thereby flattening latitudinal diversity gradients in the
extinction aftermath (e.g., Beatty et al., 2008; Foster & Twitchett, 2014; Song et al., 2020;

Twitchett & Barras, 2004).

While previous studies have focused particularly on biomineralizing micro- and macrofossil
communities, this study exclusively investigates molecular fossils (lipid biomarkers), aiming to
enhance our understanding of ecosystem responses, particularly among primary producers, to
the Permian—Triassic environmental crisis. By assessing the appearance and prevalence of the
molecular fossils Csz-n-alkylcyclohexane (Css-n-ACH) and phytanyl toluene, we aim to document
differences across paleolatitudes, and determine their environmental significance in different
paleo-ocean basins. Our findings therefore offer new insights into the mechanisms underlying

ecosystem resilience and recovery after severe environmental perturbations.
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2 Materials and Methods

2.1 Geological Setting and Sample Acquisition

The molecular fossil inventories from different Permian—Triassic successions were investigated
across paleolatitudes including sites around the Tethys, with a focus on Boreal sites recorded by
the sedimentary succession of Svalbard (Fig. 1.1). These deposits are of special interest, because

Svalbard has been migrating north from the equator since the Devonian, currently occupying a
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Figure 1.1: Sample locations. a — Paleogeographic reconstruction of continental configuration
at the Permian/Triassic boundary (map modified from Blakey, 2012). Yellow: sections studied
here and summary of the findings (number of samples in parentheses after the section’s name,
and number of samples in which a compound was found is given); n-ACH — n-
alkylcyclohexane; phyt — phytanyl toluene; blue: Cs3-n-ACH findings from other studies
(Svalbard: Grotheer et al., 2017; Nabbefeld et al., 2010; East Greenland and Australia: Grice et
al., 2005; Hays et al., 2012; South China: Saito et al., 2022; Xie et al., 2017. b — Sampling
locations on Spitsbergen, Svalbard (Base map projection: WGS 84/Arctic Polar
Sterogeographic); 1: Lusitaniadalen; 2: Ledalen; 3: Hggskulefjellet; 4: Kongressfjellet; 5:
Selmaneset; 6: Festningen (Vardebukta); 7: Starostinaksla; 8: Bravaisberget; 9: Reinodden.
Green: Cs3-n-ACH and pseudohomologs detected; yellow: only pseudohomologs of Cs3-n-ACH

detected; Red point next to (1): Deltadalen.
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high-latitude position (74-81°N), whereas it was situated at a paleolatitude of approximately 45°N
during the Permian—Triassic transition (Elvevold et al., 2007, Smyrak-Sikora et al., 2025). Due to
its location on the Barents Shelf in the Boreal Ocean at the northern margin of Pangea, it was
isolated from the warm, equatorial water of the Tethys Ocean, thus representing a relatively cold-
water shallow-marine ecosystem (e.g., Beauchamp & Baud, 2002; Worsley, 2008) contrasting
with Permian—Triassic sections recording tropical settings in the Paleo- and Neotethys (Fig. 1.1a).
On the main island of Svalbard’s archipelago, Spitsbergen, the strata are tilted, folded and
thrusted in the West Spitsbergen Fold and Thrust Belt (Dallmann et al., 1993), which represents
a more proximal part of the shelf at that time (Mark et al., 1982). In contrast, the Permian—Triassic
sedimentary successions in the more distal part of the shelf in central Spitsbergen are horizontally

bedded and have undergone only small to moderate thermal alteration (Olaussen et al., 2023).

A key section for studying the Permian—Triassic transition from multiple perspectives is
Lusitaniadalen (Fig. 1.1b). The Kapp Starostin Formation and the lowermost overlying
Vikinghggda Formation record the Changhsingian, whereas most of the Vikinghggda Formation
represents the Early Triassic (Mgrk et al., 1999; Zuchuat et al., 2020). We place the Kapp
Starostin/Vikinghggda formation boundary according to the definition by Nagy et al. (2025) on top
of the last glauconitic sandstone bed. Due to the scarcity of macro- and microfossils in uppermost
Kapp Starostin Formation, the extinction horizon at Lusitaniadalen was previously determined
based on the absence of complex bioturbation in strata overlying the last glauconitic sandstone
bed (Foster et al., 2023; Nabbefeld et al., 2010; Uchman et al., 2016). The transition from the last
glauconitic sandstone to the very fine-grained sandstones of the Vikinghggda Formation also
records an abrupt negative organic carbon isotope excursion at Lusitaniadalen (Nabbefeld et al.,
2010), that has been observed globally to coincide with the extinction event (e.g., Cao et al., 2009;
Sephton et al., 2005; Xie et al., 2007). The Permian/Triassic boundary, however, is not well-
constrained in Lusitaniadalen, but in Deltadalen, the adjacent valley to the east (Fig. 1.1b), it is
placed approximately 2.40 m above the last glauconitic sandstone bed based on a tephra layer
dated to 252.13 + 0.62 Ma, deposited just above the local First Appearance Datum of the

conodont Hindeodus parvus (Zuchuat et al., 2020).
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Thirty-two samples were collected at Lusitaniadalen, Svalbard, from the succession of alternating
bioturbated mudstones and silica-rich fine-grained sandstones (-41.51 m to -30.58 m below the
formation boundary) and from the uppermost glauconitic sandstone beds (-0.86 m to -0.23 m) of
the Kapp Starostin Formation prior to the extinction, as well as from the overlying laminated
siltstones and very fine-grained sandstones from the post-extinction interval of the Vikinghggda
Formation (0.51 m to 29.70 m), in which abundant concretionary horizons can be found. Samples
were collected from unweathered outcrop exposures and wrapped in aluminum foil to avoid
contamination. In particular, we focused on intervals of the Kapp Starostin Formation below the
glauconitic sandstones, as the bioturbated mudstones deposited here represent conditions prior
to the Permian—Triassic environmental crisis, but are lithologically comparable to the lowermost
Vikinghggda Formation. This enabled us to better account for a potential bias in the biomarker
inventory introduced by the lithological change at the extinction horizon. In addition to
Lusitaniadalen, eight other sections in western and central Spitsbergen were sampled to identify
regional patterns in biomarker signals (Fig. 1.1b). Lastly, we compared data from Spitsbergen
with results from Tethyan sections, including data from northern Italy (western Paleotethys), the
Great Bank of Guizhou in South China (eastern Paleotethys), and the Taurus Mountains in
Turkiye (western Neotethys) (Fig. 1.1a). These tropical sections are predominantly carbonate
successions with thick microbialites formed in the post-extinction interval in Turkiye and South
China. A more detailed description of the geological setting in northern Italy (Broglio Loriga et al.,
1990; Farabegoli et al., 2007; Groves et al., 2007; Horacek et al., 2010; Massari et al., 1994; Noé,
1987; Posenato, 2010; Prinoth & Posenato, 2023), South China (Foster et al.,, 2018, 2019;
Lehrmann et al., 1998, 2001, 2003, 2005, 2007; Payne et al., 2006), and Turkiye (Angiolini et al.,
2007; Altiner & Zaninetti, 1980; Baud et al., 2005, 2007; Crasquin-Soleau et al., 2002, 2004; Lys
& Marcoux, 1978; Marcoux & Baud, 1988; Ozgtil 1984, 1997; Richoz, 2006; Sahin & Altiner, 2019;

Stampfli et al., 1991) can be found in the Supporting Information.
2.2 Sample Preparation and Data Processing

We analyzed molecular fossils from both carbonate (23 samples) and siliciclastic (66 samples)
settings. To extract molecular fossils from carbonates (the majority of the samples from the
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Tethys), the surfaces were cut off and samples were cleaned three times with acetone to remove
any contaminants from the surfaces prior to being dissolved by slowly pouring 10% hydrochloric
acid onto approximately 1 cm?3-sized pieces following the procedure by Birgel et al. (2006). The
siliciclastic samples were cleaned with acetone and then manually powdered in an agate mortar.
The total lipid extract was retrieved by extracting the samples four times with
dichloromethane:methanol (3:1, v:v) for 15 min in an ultrasonic bath, and separate them into
maltenes (n-hexane soluble fraction) and asphaltene (n-hexane insoluble fraction). The maltene
fraction was further separated by polarity (fractions F1-F4) using solid-phase column
chromatography with a NH>-modified silica gel column (Birgel & Peckmann, 2008). The
hydrocarbons (F1) were predominantly composed of n-alkanes. For a better identification and
quantification of the two compounds of interest (Czs-n-ACH and phytanyl toluene), the n-alkanes
were removed from the hydrocarbons with a molecular sieve (pore size of 5 A), following the
procedure described by Sabino et al. (2021). The compounds of interest were identified using
coupled gas chromatography-mass spectrometry (GC-MS; Thermo Scientific Trace Ultra GC and
Thermo Scientific DSQ Il MS), searching for m/z = 83 and m/z = 106 for identification of Cs3-n-
ACH and phytanyl toluene, respectively (Fig. 1.2), and comparison with published spectra
(Mclldowie & Alexander, 2005). The aromatic hydrocarbon fraction (F2) was also scanned for
phytanyl toluene, but it was not detected. For quantification, hydrocarbons were measured on a
gas chromatograph coupled to a flame ionization detector (GC-FID; Thermo Scientific Trace 1310
GC). Quantification was achieved using Chromeleon 7 (version 7.2.10; Thermo Fisher Dionex)
by calculating compound quantity in relation to 5a(H)-cholestane, the co-injection standard, and
normalizing it to the sample’s TOC content. For TOC determination (Supplementary Fig. S1),
samples were de-carbonated with 100 pL 1M HCI and analyzed with a Euro EA 3000 (Euro
Vector) elemental analyzer with a precision of £0.05% and standard deviations <0.08. C33-n-ACH
and phytanyl toluene could only be quantified in samples from Lusitaniadalen. In other sections

both targeted compounds either co-elute with other compounds or their content was too low to be
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Figure 1.2: Total ion chromatograms of molecular sieve-treated hydrocarbon samples from

Lusitaniadalen, Svalbard. a — post-extinction: 0.51 m above the extinction horizon; b — pre-
extinction: -36.87 m below the extinction horizon; orange triangles: Css-n-alkylcyclohexane (Css-
n-ACH) and its pseudohomologs; green star: phytanyl toluene; blue circles: pseudohomologous
series of head-to-tail linked C1s-25-isoprenoids; grey triangle: 5a(H)-cholestane standard (std).
The mass ranges of m/z = 83 to scan for C33-n-ACH and its pseudohomologs and m/z = 106 to

scan for phytanyl toluene are shown.

quantified. Where only trace amounts were identified, only the presence or absence is reported.
Correlations between the content of biomarkers were determined with the software R (version
4.3.2). The maturity of the samples was estimated with the methylphenanthrene index (MPI) after

Cassani et al. (1988) by using the peak areas of 1-, 2-, 3- and 9-methylphenanthrene (MP) from

26



m/z = 192, and phenanthrene (P) from m/z = 178 in the mass chromatogram of the F2 fraction,
following MPI = 1.89(2-MP + 3-MP)/[P + 1.26(1-MP + 9-MP)]. Due to incomplete chromatographic
separation, a proportion of phenanthrene and the methylphenanthrenes often co-eluted in the F1
fraction. However, a recalculation of the MPI from the F1 fraction revealed that
methylphenanthrene and phenanthrene co-eluted proportionally, and the general pattern per
region (central Svalbard, western Svalbard, northern Italy, South China, Turkiye) is preserved

(Supplementary Fig. S2).

3 Results and Discussion

3.1 Occurrence and paleogeographic distribution of Cs3-n-alkylcyclohexane and phytanyl toluene

The content of Cs3-n-ACH in samples from Lusitaniadalen, Svalbard, shows a more than ten-fold
increase from 8.1-43.3 pg/g TOC in the pre-extinction samples to values up to 513.5 pug/g TOC
right above the extinction horizon (Fig. 1.3a). Although the pre-extinction samples may have
experienced stronger microbial degradation than post-extinction samples as indicated by the
larger hump of the unresolved complex mixture (UCM; Fig. 1.2), the signal of increased post-
extinction abundance of Cs3-n-ACH is also preserved in the ratio of Cs3-n-ACH and n-Csq
(Supplementary Fig. S1). Since n-ACHs are more resistant to biodegradation than n-alkanes
(Koma et al., 2003; Perry & Gibson, 1977), the higher post-extinction ratios cannot be attributed
to differential degradation, but instead point to a genuine increase in Cs3-n-ACH. The content of
Cs3-n-ACH within the first 30 m above the extinction horizon remains elevated, which indicates
persistent favorable environmental conditions for the producers of Css-n-ACH or its unknown
precursor molecule during the Permian—Triassic environmental crisis. Furthermore, n-ACHs with
shorter (< Cs3) alkyl-chains are detected, and show a similar sharp increase in abundance from
156.0-710.7 pg/g TOC (sum of Cis—2s-n-ACH) before the environmental crisis to up to 4948 ug/g
TOC above the extinction horizon (Fig. 1.3b). Similar to the early diagenetic shortening of the
alkyl-chains of acyclic isoprenoids (Moldowan & Seifert, 1979) and hopanoids (Rohmer 1980),
microbial activity and early diagenetic fragmentation may result in a series of pseudohomologous

n-ACHs (Luo et al., 2013; Saito et al., 2022) that derived from the same precursor. We find a
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strong correlation between Cs3-n-ACH and shorter-chain Cq42s-n-ACH above the extinction
horizon (correlation coefficient r = 0.73-0.97, Supplementary Fig. S3). However, correlations are
generally weaker between Cs3-n-ACH and Cis28-n-ACH (correlation coefficient r = 0.60—-0.83),
and insignificant for C14-17-n-ACH below the extinction horizon (Supplementary Fig. S3). The

strong correlation above the extinction horizon suggests that Ci4-28-n-ACH are degradation
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Figure 1.3: Biomarker profiles across the siliciclastic Permian—Triassic succession at
Lusitaniadalen, Svalbard. a — content of Css-n-alkylcyclohexane (Cs3-n-ACH); b — sum of the
content of shorter-chain pseudohomologs of C33-n-ACH (C14-26-n-ACH quantified; C29_32-n-ACH
are present in the samples but co-elute with other compounds, and cannot be quantified); ¢ —
content of phytanyl toluene; d — content of pristane (head-to-tail linked C1g-isoprenoid) and
phytane (head-to-tail linked C2o-isoprenoid). The red dashed line marks the extinction horizon
(Foster et al., 2023; Nabbefeld et al., 2010; Uchman et al., 2016). Note that the y-axis is broken
(as indicated by parallel diagonal line segments) to focus on sampling intervals; similar pre- and
post-extinction lithologies were targeted to control for potential lithofacies bias on the biomarker
data. ¢ — claystone; s — siltstone; vf — very fine-grained sandstone; f — fine-grained sandstone; m

— medium-grained sandstone.
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products and pseudohomologs of Cs3-n-ACH. The weaker correlations below the extinction
horizon suggest that an additional source of n-ACHs potentially contributed to the n-ACH pool,
such as degraded fatty acids (e.g., Rubenstein & Strausz, 1979; Shimoyama & Johns, 1972).
Also, post-depositional carbon chain elongation may have contributed minor amounts of n-ACHs
originating from shorter-chain fatty acids, although shortening of the carbon chain is the dominant
reaction during diagenesis and thermal maturation, and carbon chain elongation has never been
observed for alkyl-chains longer than Czs (Shimoyama & Johns, 1972). However, even in pre-
crisis samples where both Cs3-n-ACH and shorter-chain n-ACHs are detected, a proportion of
these shorter-chain n-ACHs are likely pseudohomologs of Css-n-ACH. This implies that the
absence of Cs3-n-ACH does not necessarily indicate that the source organism(s) were absent,
but may suggest enhanced degradation of the precursor molecule for instances in which shorter

n-ACHSs are present.

Phytanyl toluene is absent in the samples taken from horizons preceding the onset of the
Permian—Triassic environmental crisis, except for the last sample below the extinction horizon at
-0.23 m with 75.9 pg/g TOC (Fig. 1.3c). Above the extinction horizon at Lusitaniadalen, phytanyl
toluene occurs with a maximum content of 425.4 ug/g TOC in the lowest post-extinction sample
at 0.51 m. Its content varies but, except for the sample at 13.73 m, remains elevated throughout
the section between 12.2 and 216.0 pg/g TOC, thereby resembling the Lower Triassic Cs3-n-ACH

content (correlation coefficient r = 0.75, Supplementary Fig. S3).

The occurrence of Cs3-n-ACH and its pseudohomologs at Lusitaniadalen is not restricted to
samples above the extinction horizon; it also occurs in uppermost Permian pre-crisis samples.
Compared to previous studies on lipid biomarkers at Lusitaniadalen (Grotheer et al., 2017,
Nabbefeld et al., 2010), this study provides a temporally extended record of the Lusitaniadalen
profile. This extended record into the Lower Triassic possibly accounts for the differences in the
absolute content of post-extinction Cs3-n-ACH compared to that reported by Nabbefeld et al.
(2010; Supplementary Fig. S4), who may have captured only the onset of the increase in the
content of this biomarker. Additionally, the extended sampling range of our study allows for the
establishment of a pre-extinction biomarker base line, and a decoupling of biotic from abiotic (e.qg.,
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facies-related) effects on the biomarker inventory, such as a lithological control on biomarker
preservation (Peters 1986; Peters et al., 2005), and the actual biotic change by comparing the
Cs3-n-ACH and phytanyl toluene content below and above the extinction horizon from similar
lithologies and depositional environments. Previously reported content changes of Czs-n-ACH and
phytanyl toluene across the extinction horizon at Lusitaniadalen were limited to the glauconitic
sandstones for the pre-crisis signal (Grotheer et al., 2017; Nabbefeld et al., 2010), raising the
possibility that the reported changes may have resulted from lithological rather than environmental
change. Our new data clearly support that lithology was not the main control on the Cs3-n-ACH
and phytanyl toluene content. Instead, the source organism(s) of Cs3-n-ACH showed resilience to
the significant environmental perturbations across the Permian/Triassic boundary, and the source

organisms of both Cs3-n-ACH and phytanyl toluene thrived in the post-extinction ecosystem.

Cs3-n-ACH and its pseudohomologs were not only detected in Lusitaniadalen, but also in other
Permian—Triassic sites from central Spitsbergen, including Kongressfjellet and Hggskulefjellet,
and in the Olenekian at Ledalen (Fig. 1.1b). From western Spitsbergen, at Starostinaksla and
Festningen (Fig. 1.1b), Cs3-n-ACH is only detected above the extinction horizon, but
pseudohomologs are nonetheless abundant in underlying strata prior to the environmental crisis.
Three other western Spitshergen sections (Reinodden, Bravaisberget, Selmaneset) contain only
trace amounts of pseudohomologs that are commonly co-eluted with other compounds in the
molecular sieve-treated samples. The apparently enhanced preservation of Cs3-n-ACH in central
Spitsbergen compared to western Spitsbergen is likely caused by the lower maturity of the
material in central Spitsbergen. In the western Spitsbergen sections, enhanced tectonic activity
during the formation of the West Spitsbergen Fold and Thrust Belt in the Eocene (Braathen et al.,
1999; Leever et al., 2011; Saalmann & Thiedig, 2001) led to higher temperature and pressure,
which in turn increased maturity and the degradation of sedimentary organic molecules (cf. Peters
et al., 2005). As the methylphenantrene index (MPI) exhibits a non-linear relationship with thermal
maturity with a maximum MPI at a vitrinite reflectance (Ro) of 1.35 % (Boreham et al., 1988; Radke
& Welte, 1983), we infer that the lower MPI in samples from central Spitsbergen, compared to the

higher MPI in western Spitsbergen sites reflects thermally less mature material (Fig. 1.4). Except
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for an outlier at 13.73 m, the MPI at Lusitaniadalen is within a relatively narrow range (MPI = 0.69—
0.98; Supplementary Fig. S1), indicating a similar thermal history across the section. However,
as the shorter-chain n-ACHs are likely derived from the degradation of Cs3-n-ACH (especially
above the extinction horizon), the source organism(s) appear to have thrived across a range of

depositional environments from the more distal area in central Spitsbergen to the more proximal
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Figure 1.4: Methylphenanthrene index (MPI) for an estimation of thermal maturity across all
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per section that contained all compounds required to calculate the MPI. MP| = 1.89(2-MP +
3-MP)/[P + 1.26(1-MP + 9-MP)]; MP = peak area of methylphenanthrene from m/z = 192 mass
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inserted example of mass chromatograms).

31



area in western Spitsbergen (Mark et al., 1982). Phytanyl toluene, however, was detected in
samples from all sites in central Spitsbergen (Lusitaniadalen, Kongressfjellet, Hagskulefjellet,
Ledalen; Fig. 1.1b), but could not be detected in western Spitsbergen samples. This absence may
suggest greater susceptibility to degradation during maturation of the host lithologies, or the

exclusion of the source organism(s) from the more proximal part of the basin.

The increased content of Css-n-ACH above the extinction horizon agrees with previous findings,
primarily from temperate settings like Western Australia and East Greenland (Grice et al., 2005;
Hays et al., 2012) and earlier work from Svalbard (Grotheer et al., 2017; Nabbefeld et al., 2010).
In contrast, phytanyl toluene was less frequently recognized across the Permian/Triassic
boundary than Css-n-ACH. It has thus far been detected in sections cropping out in Svalbard,
Western Australia and East Greenland, whereas it is absent in sites recording lower-paleolatitude
ecosystems like the Meishan section in South China (Cao et al., 2009; Grotheer et al., 2017) and
other tropical settings in the Tethys Ocean investigated in this study. Both compounds, therefore,
represent valuable geochemical markers of the Permian—Triassic environmental crisis and the
Early Triassic in higher-latitude ecosystems. However, the distinctly high abundance of the Css-
n-ACH homolog seems to be restricted to Permian—Triassic successions, whereas phytanyl
toluene is less temporally restricted and has also been recognized from deposits formed during
other geological intervals (e.g., Jurassic: Plet et al., 2020; Cretaceous: Moura et al., 2019;

Neogene: Sinninghe Damsté et al., 1993).

Existing reports of Cs3-n-ACH in paleo-(sub)tropical ecosystems are restricted to South China
(Shangsi section: Xie et al., 2017; Chaohu section: Saito et al., 2022). In this study,
pseudohomologs of Cs3-n-ACH in South China were only found in samples from Youjianzhai (Fig.
1.1a). However, the thermal maturity of the organic matter at Youjianzhai is rather high (mean
MPI = 0.96), and methylphenanthrenes were only present in one of the samples from Xinbaihou,
the second section in South China (Fig. 1.4). These samples may record a post-mature signal,
also reflected in the very low MPI of 0.25 of the sample from Xinbaihou. While neither Cs3-n-ACH
nor n-ACHs were recorded across the Permian/Triassic boundary in the Taurus Mountains in
Turkiye, we detected pseudohomologs of Cs3-n-ACH and minor traces of Css-n-ACH in pre-
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extinction samples from northern ltaly, which is the first report of late Permian n-ACHSs in the
Tethys region outside South China. However, contents were too low for quantification and the
pseudohomologs commonly co-elute with other compounds. Cs3-n-ACH has only been quantified
in the Tethys region at Shangsi, with an increase from 0 pg/g TOC prior to the Permian—Triassic
environmental crisis to up to 35.08 pg/g TOC above the extinction event (Xie et al., 2017). This
post-extinction content at Shangsi is within the same order of magnitude as the pre-crisis content
at Lusitaniadalen. Although no pseudohomologs are reported from Shangsi accounting for
degraded Cs3-n-ACH, the low Cs3-n-ACH content suggests less favorable conditions for the

source organism(s) to proliferate at this equatorial site.

While the studied sections from the Boreal Ocean are exclusively siliciclastic successions, the
Tethys sections analyzed for Css-n-ACH and phytanyl toluene are carbonate-dominated deposits.
Carbonate and clastic systems vary in their pore water chemistry, cementation or sedimentation
rate and adsorption of organic matter to minerals, which might affect the preservation of organic
compounds (e.g., Hemingway et al., 2019; Peters et al., 2005). Hence, a depositional control on
the preservation of biomolecules cannot be excluded. To fully understand factors controlling the
geographic variability in both C33-n-ACH and phytanyl toluene content, their abundance needs to
be further constrained in tropical siliciclastic deposits such as the Bdédvaszilas Sandstone
Formation in Hungary (Hips, 1996) or the Yinkeng Formation in Meishan, South China (Yin et al.,

2001).

3.2 Potential sources of the extinction markers

Although the absolute content of Cs3-n-ACH and its pseudohomologs is several-fold smaller in
the tropical Tethys region compared to the Boreal Ocean and higher-latitude regions, an increase
of this biomarker after the onset of the Permian—Triassic environmental crisis can be globally
observed, but its source organism(s) remain enigmatic. Dong et al. (1993) suggested that n-ACHs
were formed by cyclisation of long-chain (> Cjs) fatty acids during diagenesis. Long-chain fatty
acids and n-alkanes are important components of leaf waxes of land plants (Buschhaus & Jetter,

2011), and would therefore imply terrestrial plant material as the source of long-chain n-ACHSs. In
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such a case, the n-ACHs would originate from the same precursor molecules as n-alkanes with
the same carbon number, which would be reflected in a similar carbon number distribution of n-
ACHs and n-alkanes. However, unlike Cs3-n-ACH, the n-Cszz; alkane does not record peak
abundances compared to other n-alkanes above the extinction horizon (Supplementary Figs. S1,

S5). A terrestrial plant source is therefore unlikely.

Others have suggested a phytoplankton source of Css-n-ACH, as its content shows a similar
stratigraphic trend to that of the chlorophyll-derived biomarkers pristane and phytane, although
the absolute contents differ (Nabbefeld et al., 2010), as well as increased abundance of the
spinose acritarch genera Michrystridium and Veryhachium at the onset of the Cs3-n-ACH increase
(Grice et al., 2005). In addition, C3s-n-ACH exhibits a similar 3*C composition as phytane with
-33.4%0 and -32.7%., respectively (Grice et al., 2005). At Lusitaniadalen, strong correlations
between the content of pristane and Cs3-n-ACH (correlation coefficient r = 0.91; Supplementary
Fig. S3) and between phytane and Cz3-n-ACH (correlation coefficient r = 0.90; Supplementary
Fig. S3) are recorded. Both pristane and phytane contents increase several fold from 28.8 to
312.3 pg/g TOC prior to the environmental crisis to 1204 pg/g TOC and 1096 ug/g TOC,
respectively, immediately above the extinction horizon (Fig. 1.3d). Notably, the highest pre-crisis
content of pristane and phytane at Lusitaniadalen is recorded in the penultimate glauconitic
sandstone bed at -0.23 m below the extinction horizon. This aligns with the lowermost detection
of phytanyl toluene in the same bed, indicating a gradual increase in the presence of the source
organism(s) of phytanyl toluene, rather than an abrupt onset. In addition to chlorophyll and algal
tocopherols, pristane and phytane can also derive from the degradation of archaeal isoprenoid
compounds (Rontani & Bonin, 2011; Rowland, 1990). Indeed, head-to-tail linked isoprenoid
pseudohomologs from C, up to Cys were detected in the samples (Fig. 1.2), potentially
representing degradation products of extended archaeol (Vandier et al., 2021). However, the
abundance of pristane and phytane strongly exceeds the usual ratios of phytanyl to
sesterterpanyl-chains in archaea producing extended archaeol in seawater (cf. Vandier et al.,
2021) (Fig. 1.2). This suggests that the majority of pristane and phytane in our samples can be

interpreted as derived from phototrophic source organisms rather than from the degradation of
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membrane lipids of archaea, which might only partially contribute to the total pristane and phytane

pools.

Additionally, the source organism(s) of Cs3-n-ACH have been previously assumed to be
associated with euxinic conditions, based on increased content of green sulfur bacteria-derived
biomarkers, aryl isoprenoids, which indicate photic zone euxinia within two meters across the
extinction horizon at Lusitaniadalen (Nabbefeld et al., 2010). Instead of anoxygenic green sulfur
bacteria, we suggest phytoplankton as the source of Cs3-n-ACH, particularly in the post-extinction
interval at Lusitaniadalen. This interpretation is supported by the diverse pelagic and benthic
fauna, i.e., radiolarians, sponges, bivalves, gastropods, brachiopods and ammonoids preserved
in the basal Vikinghggda Formation (Foster et al., 2017, 2023). The presence of these aerobic,
heterotrophic organisms excludes persistently anoxic or euxinic conditions in either the water
column or bottom waters at Lusitaniadalen. Furthermore, redox conditions reconstructed from
independent geochemical proxies indicate that the persistence of anoxic and euxinic conditions
in Svalbard was comparatively short-lived; these signals disappear approximately 10 m above the
extinction horizon (Grasby et al., 2015; Zuchuat et al., 2020). In contrast, both C33-n-ACH and
phytanyl toluene contents generally remain elevated throughout the investigated interval up to
30 m above the extinction horizon, indicating the source organism(s) were able to grow in oxygen-
nated water. Nonetheless, waxing and waning of photic zone euxinia could have been an
important control during the environmental crisis, and the aryl isoprenoids detected by Nabbefeld
et al. (2010) as well as variability in extents and styles of burrowing (Rodriguez-Tovar et al., 2021)
could indicate intermittent pulses of oxygen stress. Even during episodes of expanding euxinia,
oxygenic phototrophs could have persisted and bloomed in an oxygenated surface water layer
(e.g., Kasprak et al., 2015; Stowakiewicz et al., 2015). Enhanced remobilization of phosphorus
from the seafloor during euxinic or anoxic periods during the Permian—Triassic environmental
crisis in Svalbard (Schobben et al., 2020) could have provided otherwise limited nutrients that
fertilized phytoplankton blooms. With specific (albeit of unknown affinity) photoautotrophic primary
producers able to cope with and even thrive under Early Triassic environmental conditions,

blooms of these organisms may have helped sustain planktic food webs and the comparatively
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less depauperate benthic communities recorded in the Svalbard fossil record (Foster et al., 2017,
2023) through sufficient organic carbon export to the seafloor. Yet, the small size of benthic
species and large number of premature and larval shells also suggest that the environmental

crisis persisted into the Griesbachian, preventing full ecological recovery.

A change in the composition of primary producers and an increased flux of marine algal material
to the sediment, potentially indicating increased primary productivity, was also recognized across
the extinction event in the Canadian Sverdrup basin (Algeo et al., 2012). In contrast, in South
China, in sections recording a tropical setting and in which we found Css-n-ACH and phytanyl
toluene to be less abundant or absent, an abrupt decline in primary productivity was observed
right before the onset of the extinction (Zhang et al., 2018). A follow-up meta-analysis has
identified this decline as a potential factor explaining the severe loss of biodiversity during the
Permian—Triassic environmental crisis (Foster et al., 2024). Hence, primary productivity was likely
geographically variable across a range of paleolatitudinal settings (Algeo et al., 2013). Productivity
and the community composition of primary producers are influenced by diverse factors, such as
nutrient availability, growth temperature, depth of the photic zone, or oxidant availability, as shown
by studies of modern primary productivity (e.g., Arrigo, 2005; Domingues & Barbosa, 2023;
Grimaud et al., 2017; Pajares & Ramos, 2019; Wong et al., 2023). An interplay of these factors
likely also affected the phototrophic community across the Permian—Triassic transition (e.g.,
Algeo et al., 2012; Grasby 2016, 2019; Schobben et al., 2020; Shen et al., 2015). Factors such
as global warming likely played a role in shaping the phototrophic community composition and
gross primary productivity during the Permian—Triassic environmental crisis (e.g., Gliwa et al.,
2022; Joachimski et al., 2012), but regional factors must also be considered. For example,
terrestrial erosion has been proposed to have increased during the Permian—Triassic
environmental crisis in the Paleotethys (Sephton et al., 2005; Wu et al., 2023) and a large delta
plain developed on the Early Triassic Barents Shelf, discharging massive amounts of terrestrial
material to the shelf (Eide et al., 2018; Gilmullina et al., 2022). Although these terrestrial inputs
could provide an important nutrient source and may fertilize phytoplankton (e.g., Putland et al.,

2014), increased turbidity may have alternatively impeded increased productivity or led to
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changes in the primary producer community composition (e.g., Domingues & Barbosa, 2023).
Hence, changes in past productivity remain challenging to reconstruct, due to a paucity of direct
proxy records and dependence on the complex interplay of many factors. Thus, although a
phytoplankton bloom is indicated in the Boreal Realm at Svalbard, we cannot directly infer a local
change in primary productivity. However, the post-extinction increases of the chlorophyll-derived
biomarkers pristane and phytane as well as relatively diverse higher trophic levels suggest that

regional primary productivity was maintained, if not even promoted.

While the tropical Tethys Ocean may have experienced a decrease in primary productivity (Algeo
et al., 2013; Zhang et al., 2018), tropical carbonate successions are often characterized by the
formation of microbialites (e.g., Foster et al., 2020; Kershaw et al., 2012). These have been
attributed to a cyanobacterial origin, e.g., in Turkiye, Iran (Heindel et al., 2018) and South China
(Xie et al., 2010), which suggests benthic microbial mats contributed to primary production.
Neither Cs3-n-ACH nor phytanyl toluene have been previously reported from these Lower Triassic
microbialites in Turkyie, Iran, and South China, but shorter-chain n-ACHs have been detected at
Cili, South China, by Luo et al. (2013), who found distinctly elevated relative abundances of Cz1-
n-ACH compared to Cx-n-ACH. Furthermore, an increase of characteristic cyanobacterial
biomarkers such as n-Ci; compared to other n-alkanes, or mono-, di- and trimethylated alkanes
(e.g., Coates et al., 2014; Gelpi et al., 1970; Heindel et al., 2018; Plet et al., 2020) was not found
in samples with increased contents of Czs-n-ACH or phytanyl toluene (this study). Consequently,

a cyanobacterial source of Cz3-n-ACH and phytanyl toluene is unlikely.

The source organism(s) of phytanyl toluene remains enigmatic. Phytanyl benzenes were
previously hypothesized to originate from diagenetically altered carotenoids (Gallegos, 1981;
Grotheer et al., 2017; Summons & Powell, 1987) or isoprenoid quinones (Sinninghe Damsté et
al.,, 1988). In the case of phytanyl toluene, this would suggest a defunctionalized and
demethylated benzoquinone (an isoprenoid quinone with a single benzene ring) as a potential
precursor molecule. However, quinones are ubiquitous across the domains of life, especially in
archaea and bacteria (Collins & Jones, 1981), but also in metazoans and plants (Nowicka & Kruk,
2010). The strong correlation of phytanyl toluene and Css-n-ACH observed at Lusitaniadalen
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supports that both compounds derived from organisms with similar ecological requirements.
However, phytanyl toluene is absent throughout most of the investigated interval prior to the
environmental crisis whereas Css-n-ACH was detected in pre-extinction strata at selected sites,
which suggests that although the source organisms of phytanyl toluene and Czs-n-ACH were likely
different, they may have occupied a similar ecological niche during the Permian—Triassic

environmental crisis. Both compounds were most likely derived from phototrophic algae.
5 Conclusions

The biomarker data for Cs3-n-ACH and phytanyl toluene presented here extend their record in
Svalbard temporally and spatially, enabling the decoupling of lithological change at the extinction
horizon from changes in the biomarker inventory. The increased content of both biomarkers above
the extinction horizon is interpreted as a response to the Permian—Triassic environmental crisis
rather than being driven by changes in the depositional environment. However, their preservation
is likely substantially influenced by enhanced degradation at thermally more altered sites,
underscoring the importance for careful evaluation when biomarkers are absent. Our findings
challenge the previous hypothesis that the source organism(s) of Cs3-n-ACH are associated with
photic zone euxinia as we found no evidence of extended euxinic conditions during the whole
interval of increased Css-n-ACH content. Instead, Cs3-n-ACH was likely produced during blooms
of specific planktonic oxygenic phototrophs in the Boreal Ocean and at higher paleolatitudes in
the Early Triassic, potentially forming the base of a resilient ecological community, reflected in the
diverse Early Triassic fossil assemblage in Svalbard. Phytanyl toluene, exclusively observed in
higher paleolatitude siliciclastic successions and absent in tropical carbonate deposits, appears
to have a different source than Cs3-n-ACH. The spatial disparity in their paleogeographic
distribution may reflect differences in environmental requirements, depositional settings, or the

distribution of their source organism(s).
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Text S1. Geological setting of the paleotropical sections
1. Dolomites (northern Italy)

During the Permian—Triassic transition, the Dolomites in northern Italy were located in a shallow
marine environment in the tropical western Paleotethys. The three sites Tramin (46.34307°N;
11.23453°E), Siusi (46.53280°N; 11.56213°E) and Seres (46.63990°N; 11.67433°E) record
deposition on a homoclinal carbonate ramp with a water depth gradient from the southwest toward
northeast (Noé, 1987), i.e., the Tramin section was deposited in the shallowest environment,
followed by Siusi (medium water depth on the carbonate ramp) and Seres (deepest section of the
three investigated sites). The Permian Bellerophon Formation is characterized by fossiliferous
limestones and dolostone, which are interbedded with marly mud- and siltstones (e.g., Massari et
al., 1994; Posenato, 2010; Prinoth & Posenato, 2023), and records transgressive-regressive
cycles with episodes of extremely shallow conditions with potentially subaerial exposure at
locations on the inner shelf (e.g., Massari et al.,, 1994; Prinoth & Posenato, 2023). The
Bellerophon Formation is overlain by the mixed carbonate/siliciclastic Werfen Formation (e.g.,
Broglio Loriga et al., 1990). The main phase of the Permian—Triassic mass extinction event is
recorded in the lowermost Werfen Formation within the oolitic bed of the Tesero Member
(Farabegoli et al., 2007; Groves et al., 2007; Posenato, 2010). It predates the Permian/Triassic
boundary as defined by the First Appearance Datum (FAD) of the conodont Hindeodus parvus at
the Global Stratotype Section and Point (GSSP) at Meishan, China (Yin et al., 2001), which is
located 1.45 m above the base of the Werfen Formation at Siusi (Horacek et al., 2010). The
Werfen Formation records the whole Early Triassic. In this study, however, we sampled only up

to the Mazzin Member at Siusi, and the upper Bellerophon Formation at Tramin and Seres.
2. Taurus Mountains (Turkiye)

Curdk Dag (36.70100°N; 30.45118°E) is a section in the Taurus Mountains in Turkiye southwest
of Antalya, which is part of the Antalya Nappes (Ozgil 1984, 1997, Sahin & Altiner, 2019). During
the Permian—Triassic transition, it was located in the tropical Neotethys and constituted an open

marine environment on a shallow shelf (e.g., Marcoux & Baud, 1988; Stampfli et al., 1991). The
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middle and late Permian is represented by fossiliferous packstones of the Pamucak Formation
(e.g., Angiolini et al., 2007; Crasquin-Soleau et al., 2004; Lys & Marcoux, 1978). They are overlain
by a thin oolitic layer that records the negative carbon isotope excursion coinciding with the
Permian—Triassic mass extinction (Richoz, 2006). Above, the Korkarkoyu Formation is expressed
in thick stromatolitic and thrombolitic beds (Altiner & Zaninetti, 1980; Baud et al., 2005, 2007),
which also contain the index fossil H. parvus, thus placing the Permian/Triassic boundary within
the lowermost microbialites (Crasquin-Soleau et al., 2002; Richoz, 2006). The samples

investigated here all derive from the uppermost Permian in the Pamucak Formation.

3. Great Bank of Guizhou (South China)

The Great Bank of Guizhou is the northernmost of several isolated carbonate platforms in the
Nanpanjiang Basin in South China, which was located in the tropical eastern Paleotethys during
the Permian—Triassic transition (Lehrmann et al., 2005, 2007). It evolved on the margin of the
former Yangtze platform during a late Permian regional transgression, and prevailed until the Late
Triassic (Lehrmann et al., 2005). Both upper Permian and Lower Triassic deposits record open
shallow-marine conditions (Lehrmann et al., 1998). The two sections Xinbaihou (25.58265°N;
106.74832°E) and Youjiangzhai (25.74803°N; 106.97622°E) host strata deposited on the inner
platform and closer to the platform margin, respectively (Foster et al., 2019; Lehrmann et al.,
2001). Upper Permian packstone deposits contain an abundant and diverse fossil assemblage
including foraminifera, calcareous sponges, calcareous algae, corals, and echinoderms (Payne
et al., 2006), and chert nodules (Lehrmann et al., 2003). They are overlain by thick stromatolitic
and thrombolitic beds (Foster et al., 2019, 2018; Lehrmann et al., 1998), intercalated with wacke-,
pack- and grainstones (Foster et al., 2018; Payne et al., 2006), that were deposited following the
extinction. The Xinbaihou section is represented by two post-extinction microbialite samples, and

Youjianzhai by one pre-extinction packstone sample and one post-extinction microbialite sample.
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Figures S1 to Sb.
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Figure S1. Lusitaniadalen profile with stratigraphic changes of (a) total organic carbon (TOC),
(b) methylphenanthrene index (MPI) after Cassani et al. (1988) with MPI1 = 1.89(2-MP +
3-MP)/[P + 1.26(1-MP + 9-MP)]; MP = peak area of methylphenanthrene from m/z = 192 mass
chromatogram; P = peak area of phenanthrene from m/z = 178 mass chromatogram, (c) n-Cio-
s3-alkanes, and (d) ratio of Cs3-n-ACH and n-Css. The red dashed line marks the extinction
horizon (Foster et al., 2023; Nabbefeld et al., 2010; Uchman et al., 2016). Note that the y-axis is
broken (as indicated by parallel diagonal line segments) to focus on sampling intervals; similar
pre- and post-extinction lithologies were targeted to control for potential lithofacies bias on the
biomarker data. ¢ — claystone; s — siltstone; vf — very fine-grained sandstone; f — fine-grained

sandstone; m — medium-grained sandstone.
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Figure S2. Methylphenanthrene index (MPI) from all investigated sections calculated from the
F1 fraction with MPI = 1.89(2 MP + 3 MP)/[P + 1.26(1 MP + 9 MP)]; MP = peak area of
methylphenanthrene from m/z = 192 mass chromatogram; P = peak area of phenanthrene from
m/z = 178 mass chromatogram (see inserted example of mass chromatograms). The numbers
on the boxes denote the total number of analyzed samples per section that contained all
required compounds to calculate the MPI. Note that methylphenanthrenes and phenanthrene

were absent at Xinbaihou.
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Figure S3. Scatterplots of Cs3-n-alkylcyclohexane (Css-n-ACH) and various biomarkers
including (a) pre-extinction short-chain n-ACHs, (b) post-extinction short-chain n-ACHs, (c)
phytanyl toluene, and (d) pristane (Pr) and phytane (Ph). Grey shaded areas mark confidence

intervals. Correlation coefficients (R) are indicated, and significance is assumed for p < 0.05.
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Figure S4. Comparison to (a) total organic carbon (TOC), (b) Css-n-alkylcyclohexane (Css-n-
ACH), and (c) pristane and phytane content from Nabbefeld et al. (2010), who investigated a
shorter interval across the extinction horizon. The red dashed line marks the extinction horizon

(Foster et al., 2023; Nabbefeld et al., 2010; Uchman et al., 2016).
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Figure S5. Scatterplots of Cs3-n-ACH and n-alkanes including (a) the abundance of n-Css
relative to all n-alkanes (100%), (b) the abundance of n-Ca4 relative to all n-alkanes (100%).

Correlation coefficients (R) are indicated, and significance is assumed for p < 0.05.
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Key Points:

¢ Inthe aftermath of the Permian—Triassic environmental crisis, increased input of

terrigenous organic matter is preserved in Svalbard

¢  Shallow marine environments were mainly oxic but occasionally punctuated by suboxic to

anoxic episodes

o Lipid biomarker assemblages change substantially in composition across the extinction

event and do not return to the pre-extinction baseline
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Abstract

The Permian—Triassic environmental crisis triggered fundamental changes in marine ecosystems,
culminating in the most severe biodiversity crisis of the Phanerozoic. Yet, the environmental and
geochemical conditions governing the crisis and ecosystem recovery remain debated. The
sedimentary succession at Lusitaniadalen, Svalbard, deposited in the Permo-Triassic Boreal
Realm, offers insights into mid-latitudinal, shallow marine ecosystem responses. In a multiproxy
study combining lipid biomarker and geochemical data, we reconstruct environmental conditions
and microbial ecosystem dynamics across the Permian—Triassic environmental crisis. Generally
low enrichments of the redox-sensitive trace elements Re, V, U and Mo, predominantly negative
Ce anomalies, and a pristane/phytane ratio > 1 suggest mainly oxic conditions in the investigated
interval. However, while transient dysoxic to anoxic episodes recorded across the extinction
horizon support that deoxygenation contributed to the severity of the mass extinction, the earlier
occurrence of similar episodes of deoxygenation in the late Permian challenges the hypothesis of
global anoxia as the sole extinction driver at this site. Lipid biomarkers reveal a post-extinction
increase in abundance of long-chain n-alkanes derived from terrestrial plants due to increased
terrigenous discharge into shallow marine settings across this interval. Pristane and phytane, lipid
biomarkers mainly derived from chlorophyll, reveal a pronounced regional increase in primary
productivity following the environmental crisis. The composition of the lipid biomarker inventory
recorded in early Griesbachian strata remains distinct from the pre-crisis composition, and did not

recover towards the pre-crisis state within the studied interval.
Plain Language Summary

The Permian—Triassic mass extinction (ca. 252 million years ago) was the most severe biodiver-
sity crisis in Earth's history, wiping out most marine and terrestrial species. However, the environ-
mental changes that led to this event, and shaped the recovery of life afterward, remain disputed.
Rocks from Lusitaniadalen, Svalbard, provide a marine record of this time from northern he-
misphere mid-paleolatitudes. In this study, we analyzed chemical elements and organic mole-
cules (lipid biomarkers) preserved in these rocks to reconstruct environmental conditions before

and after the extinction event. Chemical signatures indicate that the seawater was maostly
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oxygenated. The extinction event coincided with a short episode of low oxygen availability, but
similar low-oxygen episodes occurred prior to the extinction event and are not associated with
evidence for major losses in diversity, which questions whether oxygen loss alone was the
principal driver of this mass extinction. We find that, after the extinction event, more organic
material from land was washed into the ocean. Biomarkers from chlorophyll suggest a regional
marine primary productivity increase after the extinction. Finally, the post-extinction microbial
community remained different from the pre-crisis community, with no sign of recovery to pre-

extinction baselines in the ca. 136,000-year post-extinction interval covered by our study.
1 Introduction

The environmental crisis at the Permian/Triassic boundary, ca. 252 million years ago, led to the
most severe mass extinction event in the Phanerozoic. It recorded unprecedented extinction rates
and major changes in marine and terrestrial ecosystems (Rees, 2002; Stanley, 2016). The
Permian—Triassic environmental crisis is thought to have been triggered by extensive flood basalt
volcanism of the Siberian Traps, characterized by a massive release of greenhouse gases and
other volatiles into the atmosphere from both lava flows and the associated feeding intrusive
complex (Svensen et al., 2009). These gas releases are hypothesized to have had cascading
effects on environmental conditions, like an increase in sea surface temperatures (e.g.,
Joachimski et al., 2012, 2020; Schobben et al., 2014; Gliwa et al., 2022) and the expansion of
anoxic water masses (e.g., Cao et al., 2009; Nabbefeld et al., 2010a; Chen et al., 2011; Penn et
al., 2018; Xiang et al., 2020; Zhang et al., 2020), which would have caused the extinction of many
aqguatic organisms. However, such paleoredox reconstructions show pronounced heterogeneities
when comparing different proxy systems, as for example (I) redox-sensitive trace element
concentrations, (lI) redox-dependent isotope fractionation, or (Ill) lipid biomarker data. Such
heterogeneities may point to different proxy thresholds to environmental redox conditions,
different geochemical compositions of the mineral and organic phases of the host sediment, or
integration over different spatial and temporal scales (e.g., Algeo & Liu, 2020; Elrick et al., 2017;
Weyer et al., 2008). However, it also likely reflects spatial and temporal variability in the

distribution of seawater oxygen, with disparities between different ocean basins and paleo-water
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depths (Bond & Wignall, 2010; Schaal et al., 2015). Recent efforts to reassess regional patterns
in paleoredox state (e.g., Frank et al., 2025) suggest that the role of anoxia in shaping Permian—

Triassic extinction and post-extinction recovery dynamics merits further consideration.

Changes in redox conditions can significantly impact both benthic and pelagic ecological
communities, as deoxygenation leads to hypoxia in aerobic organisms, acting as a direct killing
mechanism. However, bottom-water anoxia can also support enhanced pelagic productivity by
increasing the availability of nutrients for phytoplankton and other autotrophic microbes, for
instance through phosphorus remobilization from anoxic seafloor sediments (e.g., Schobben et
al., 2020). The microbial community directly interacts with the inorganic environment and provides
nutrients and energy to other members of the ecosystem by mediating biogeochemical cycling,
for instance of carbon, nitrogen and phosphorus (e.g., Arrigo, 2005; Karl, 2014; Pajares & Ramos,
2019) and thus provides important ecosystem services. A better understanding of how microbial
communities responded to the severe environmental perturbations in the late Permian, and in the
aftermath of the Permian—Triassic mass extinction event, would provide valuable insights into

past ecosystem processes and functions.

While the effect of deteriorating environmental conditions during the Permian—Triassic crisis on
metazoan communities can be studied through preserved micro- and macrofossil assemblages
(e.g., Crasquin et al., 2010; Foster et al., 2019; Gliwa et al., 2021; Prinoth & Posenato, 2023),
studying the microbial community of ancient ecosystems can be challenging. Molecular fossils,
such as lipid biomarkers, provide an opportunity to investigate microbial communities. Like other
organic macromolecules such as DNA, RNA, and proteins, lipids are microbially degraded in the
water column during vertical transport to the seafloor, and further defunctionalized and degraded
during diagenesis (Luo et al., 2019; Summons et al., 2022). In ancient systems like the Permian—
Triassic transition, the lipid biomarker inventory of microbial communities is usually only preserved
in the hydrocarbon fraction, representing the final stage of degradation products of former organic
macromolecules (e.g., Brocks & Grice, 2011). Lipid biomarkers therefore preserve information
about their precursor molecules with various degrees of specificity over geological timescales.

They can be utilized to reconstruct past microbial communities including the community of both
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primary producers and abundant heterotrophic microbes (e.g., Chen et al., 2011; Jia et al., 2012;
Summons, 2014; Birgel et al., 2014; Heindel et al., 2018), and the depositional environment
including redox state or degree of terrestrial organic matter input (Cao et al., 2009; Nabbefeld et

al., 2010a; Xie et al., 2017), and provide metrics of thermal maturity (Sousa Janior et al., 2013).

Most previous work on lipid biomarkers across the Permian—Triassic mass extinction has focused
on samples from paleoequatorial to subtropical carbonate platforms of the Tethys Ocean (South
China: Cao etal., 2009; Chen et al., 2011; Luo et al., 2013; northern Italy: Jia et al., 2012; Sephton
et al., 2005, 2015; Iran and Turkey: Heindel et al., 2018), while mid- to higher-paleolatitude
settings are less represented (Svalbard: Nabbefeld et al., 2010a; Greenland: Grice et al., 2005a;
Hays et al.,, 2012; Canada: Hays et al.,, 2007; Australia: Grice et al., 2005b). However,
sedimentary successions from the Boreal Realm are of special interest, because of the
progressively increasing isolation of the Boreal Realm from the Tethys Ocean during the late
Permian due to the closing of the Uralian seaway (Reid et al., 2007). The Svalbard Archipelago
provides excellent archives from the Permian—Triassic transition due to well-exposed sedimentary
successions. In this study, we investigate sedimentary geochemical proxies as well as the lipid
biomarker inventory at Lusitaniadalen, Svalbard, across the Permian—Triassic environmental
crisis and into the early Griesbachian. These complementary approaches enable a more
comprehensive understanding of environmental changes, such as shifting redox conditions, that
culminated in the mass extinction event, as well as of the response of the microbial community to

these changes.
2 Materials and Methods
2.1 Geological setting

During the late Permian and the Early Triassic, the Svalbard Archipelago was located at the
northern margin of Pangea on the Barents Shelf in the Boreal Realm (Fig. 2.1a). Today,
Lusitaniadalen (N78° 17.845, E16° 44.000) is a valley located in the central part of the main island
of the archipelago, Spitsbergen (Fig. 2.1b). The Kapp Starostin Formation records the late
Permian and is characterized by a cyclic alternation between bioturbated silicified mud- and

siltstones, and fine-grained bioturbated sandstones with high silica content expressed in cherty
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Figure 2.1: (a) Paleogeographic location of Svalbard during the Permian—Triassic transition
(base map: Blakey et al., 2012); (b) location of Lusitaniadalen on the main island of Svalbard,
Spitsbergen (base map: Norwegian Polar Institute, projection: WGS 84/Arctic Polar
Stereographic); (c) view towards the extinction horizon in the digital 3D outcrop model of
Lusitaniadalen with concretionary horizons hosting conodonts marked with stars; (d) conodonts
from concretionary horizons in the lower Deltadalen Member of the Vikinghggda Formation
exhibit a relatively pristine color according to the conodont color alteration index (Epstein et al.,
1977): i: concretion 0.37 m above the formation boundary (right yellow star in c); ii—v: concretion

8.45 m above the formation boundary (left yellow star in c); scale bar = 100 pum.

lenses or beds, which are overlain by bioturbated glauconitic sandstones in the uppermost 20 m
of the formation (Figs. 2.1c, 2.2). Following the interpretation by Mark et al. (1999), the base of
the overlying Vikinghggda Formation is located at an irregular, brownish or yellowish weathering
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surface approximately 2 m below the top of the glauconitic sandstone beds. This surface,
however, was not observed by others re-visiting the outcrop (Nabbefeld et al., 2010a), and we
were also not able to identify this layer. Therefore, the interpretation of Nagy et al. (2025) is used,
who suggested the top of the glauconitic sandstone beds represents the Kapp
Starostin/Vikinghggda formation boundary. The top of the glauconitic sandstones also coincides
with the Permian—Triassic mass extinction horizon, which was previously defined as the loss of
bioturbation (Nabbefeld et al., 2010a; Foster et al., 2017, 2023; Zuchuat et al., 2020), and is

further supported by carbon isotopes (see below).

Based on the above definition, the glauconitic sandstones of the Kapp Starostin Formation are
overlain by laminated siltstones and very fine-grained sandstones of the Vikinghggda Formation.
They host carbonate concretions containing a diverse and exceptionally well-preserved silicified
fauna (Foster et al., 2017, 2023), as well as several tephra layers. At Deltadalen, a tephra layer
just above the First Appearance Datum of the conodont Hindeodus parvus, the index fossil
defining the base of the Triassic at the GSSP in Meishan (Yin et al., 2001), was dated to an age
of 252.13 + 0.62 Ma, placing the Permian/Triassic boundary ca. 2.40 m above the last glauconitic
sandstone bed (Zuchuat et al., 2020). The tephra layers and concretionary horizons at Deltadalen
(Zuchuat et al., 2020) and Lusitaniadalen can be used for correlating the two valleys, placing the
Permian/Triassic boundary at Lusitaniadalen at ca. 3 m above the base of the Vikinghggda
Formation. Additionally, the Neogondolella conodont assemblage in association with ammonoids
within the Otoceras boreale ammonoid zone at ca. 6 m above the base of the Vikinghggda
Formation confirms a Griesbachian age for the lower part of the Deltadalen Member (Nakrem et

al., 2008).

A digital outcrop model (Fig. 2.1c) of the Lusitaniadalen section was generated from 1,437 photo-
graphs acquired with an unmanned aerial vehicle (UAV; DJI Mavic 2 Pro,DJI Mavic 2 Pro camera
with a 1" CMOS sensor) following Senger et al. (2022). Structure from motion photogrammetry
was performed with Agisoft Metashape (version 1.8.6) with sparse cloud data filtered for
reconstruction uncertainty (level 10), projection accuracy (level 15) and projection error (level 0.3).

After building a dense cloud resulting in 271,711,738 points, it was further filtered by removing all
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points with a confidence below 5% and unconnected components. The model is available in an

online repository (Buchwald et al., 2025a).
2.2 Fieldwork methods and sample processing

For lipid biomarker analysis, 32 samples were collected. Sixty additional samples were collected
for geochemical analyses (92 samples in total). The lipid biomarker samples were immediately
wrapped in aluminium foil to avoid contamination, whereas samples for geochemical analysis
were stored in plastic bags to avoid metal contamination. To establish a late Permian pre-crisis
baseline of the lipid biomarker inventory, the lowest samples were taken from -41.51 m to
—-30.58 m relative to the Kapp Starostin/Vikinghggda formation boundary (eight samples). They
represent the penultimate and last cycles of mudstones in the Kapp Starostin Formation, which
are interpreted to reflect a similar depositional environment as the Deltadalen Member of the
Vikinghggda Formation (Blomeier et al., 2013; Zuchuat et al., 2020), enabling a comparison of
the pre- and post-extinction lipid biomarker composition while reducing the effect of environmental
variability on changes in the lipid biomarker inventory. Furthermore, the uppermost beds of the
glauconitic sandstones at the top of the Kapp Starostin Formation (three samples) as well as the
lowermost ca. 30 m of the Vikinghggda Formation (21 samples) were analyzed for their lipid
biomarker inventory. For geochemical analysis, samples were taken with higher resolution, also
across the interval of glauconitic sandstones (28 samples from the Kapp Starostin Formation;

64 samples from the Vikinghggda Formation).

For the bulk geochemistry, samples were powdered using an agate planetary ball mill. For stable
organic carbon isotope analysis (3!*Cory relative to the Vienna Pee-Dee Belemnite standard,
VPDB), 2 g of the powdered samples were decalcified with 2M HCI. From the residue, 50-70 mg
were used for measurements on a Thermo Fisher Delta V isotope ratio mass spectrometer
coupled to a Thermo Flash EA 1112 elemental analyzer via a Thermo Fisher Conflo I1V-interface.
The standard deviation based on measurements of lab standard material (peptone) is +0.15%o.
To determine major, minor and trace elemental compositions, the samples were digested in a
2:2:1:1 solution of H,O-HF-HCIO4-HNO3; and analyzed with a PerkinElmer Elan 9000 mass

spectrometer with a precision of £2%. Additionally, HAWK pyrolysis (£5 %) was used to evaluate
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rock maturity by measuring S: (free hydrocarbons), S, (kerogen-bound hydrocarbons) and Ss
(organic CO2 from function groups). Additionally, Tmax is recorded, which describes the
temperature during the maximum rate of S, generation. The Production Index (PI) and the
Hydrocarbon Index (HI) are calculated as Pl = S1/(S1+S>) and HI = (S2/TOC)*100 (Espitalie et al.,
1977; Peters, 1986). Total organic carbon (TOC) from Buchwald et al. (2025b) was used for lipid
biomarker quantification, determined by treating sample powders three times with 100 pL of
1M HCI for decarbonization, before analysis with a Euro EA 3000 (Euro Vector) elemental
analyzer with a precision of £0.05% and standard deviations <0.08. These TOC results were
compared to TOC values received from HAWK pyrolysis. Both methods are comparable with a
difference of 0.06 wt% to 0.30 wt% (average: 0.16 wt%), with HAWK pyrolysis providing
consistently slightly higher values, which is expected as a small amount of organics is usually lost

during the acid-washing procedure (Grasby et al., 2019).

For lipid biomarker analysis, 25-40 g per sample was ground into a homogenous powder with a
ceramic mortar and pestle. Lipid biomarker extraction was done for 15 min in an ultrasound bath
with a solvent mixture of dichloromethane:methanol (3+1). After extraction, samples were
centrifuged for 5 min at 2,000 rpm to collect the lipid biomarkers from the organic supernatant.
Each sample was extracted four times, and the supernatants were combined. The resulting total
lipid extract (TLE) was evaporated and dried using a NaSOj filter. The TLE was separated into a
maltene fraction (n-hexane soluble) and an asphaltene fraction (n-hexane insoluble). Maltenes
were further separated by solid phase chromatography (fraction 1, F1: hydrocarbons, F2: ketones
and aromatic compounds, F3: alcohols, F4: fatty acids) on a Chromabond NH. modified solid-
phase extraction column (500 mg) following Birgel and Peckmann (2008). In the following, only
saturated hydrocarbons are discussed, as functional groups are not preserved. Hydrocarbons
were quantified using a gas chromatograph coupled to a flame ionization detector (GC-FID;
Thermo Scientific Trace 1310 GC) with 5a(H)-cholestane (10 mg/L) co-injected as standard.
Compounds were identified using coupled gas chromatography-mass spectrometry (GC-MS;
Thermo Scientific Trace Ultra GC and Thermo Scientific DSQ Il MS). Both instruments were

equipped with a Thermo Scientific TG-5MS silica column (length = 30 m, diameter = 0.25 mm,
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film thickness = 0.25 pum) and use H; (GC-FID) and He (GC-MS) as carrier gases with a flow rate
of 2.0 mL/min. On both instruments, the temperature program was set to 50 °C (maintained for
3 min), followed by a temperature ramp to 325 °C (maintained for 25 min) at 6 °C/min. Because
the n-alkanes showed highest intensities in the chromatograms and caused co-elutions with other
compounds, for example acyclic and cyclic terpenoids, they were removed by treating an aliquot
of the hydrocarbon fraction with a molecular sieve (pore size of 5 A, dissolved in cyclohexane),

as detailed by Sabino et al. (2021).
2.3 Data analysis

Redox-sensitive metal (RSM) enrichment factors (EF) are a useful tool to identify redox-driven

metal transfer to the sediment (Algeo & Tribovillard, 2009) and are commonly calculated as:

RSMsample/Alsample

RSMgp =
EF RSMstandard/Alstandard

However, this method has been shown to commonly record artificially elevated EF in low-
aluminium lithologies (Krewer et al., 2024), which represents a challenge when comparing EF
across a significant lithological change, such as recorded across the Permian—Triassic transition
at Lusitaniadalen. To address this issue, an alternative method of calculating revised EF (EF*)
was proposed by Krewer et al. (2024) using excess redox-sensitive metal concentrations

(R S Mexcess) .

RSMstandard)

RSMexcess = RSMsample — (Alsample * Algtandard

RSMexcess + RSMstandard

RSMzr =
EF RSMstandard

Both traditional EF and revised EF* were calculated for rhenium (Re), vanadium (V), uranium (U)
and molybdenum (Mo) using the RSM and aluminium (Al) concentrations of the post-Archean
Australian shale (PAAS) as a standard (Taylor & McLennan, 1985). These RSM were chosen due
to their different redox potentials and thresholds for enrichment, with Re being most redox-

sensitive and enrichment starts under dysoxic conditions, whereas V and U enrichment occurs
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under both anoxic ferruginous and euxinic conditions, and Mo enrichment during euxinic

conditions (e.g., Li et al., 2025).

To investigate the rare earth elements and yttrium (REY) patterns of the investigated samples,
the REY concentrations were also normalized to PAAS. Further, cerium (Ce) anomalies were
calculated according to Lawrence et al. (2006) with PAAS-normalized (“shale-normalized”, SN)

concentrations of Ce, praseodymium (Pr) and neodymium (Nd):

N CeSN
Ce/Ce" = Pra

Pron * Nds

Lipid biomarkers measured on the GC-MS were identified with Xcalibur (version 3.1.66.10;
Thermo Fisher). Quantification of compounds was done on molecular sieve-treated samples
using Chromeleon 7 (version 7.2.10; Thermo Fisher Dionex). Compound quantity was calculated
against the 5a(H)-cholestane standard and normalized to the sample’s TOC content. The
contents of pristane, phytane and n-alkanes were obtained from Buchwald et al. (2025b), where

n-alkanes are quantified from the hydrocarbon fraction prior to molecular sieve treatment.

The thermal maturity of the samples was also estimated by calculating the homohopane
isomerization index (HHI) of the 17a(H),21B(H)-Cs:-hopane from the integrated peak areas of the

m/z = 191 of the respective 22S- and 22R-stereoisomers:

228

homohopane isomerization index (HHI) = 225 ¥ 22R
The carbon preference index (CPI) was calculated from the quantified n-alkanes in the untreated

hydrocarbon fraction:

nCys + nCy; + nCy9 + nC34 + nC33 | nCys +nCy; + nCyg + nC3q + nC33]
NnCyy + nCy + nCyg + nC3g9 + nC3,  nCyg + nCyg +nCzy + nCsz, + nC34/
2

CPI =

The Terrigenous/Aquatic Ratio (TAR) was calculated as followed:

nCy-, + nCyq + nC
TAR = 27 29 31
nCys + nCyy +nCyig
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3 Results
3.1 Sample Maturity

The overall low values of the production index (Pl < 0.30, except the samples at 0.51 m, 0.89 m
and 1.93 m), a hydrogen index (HI) < 200 for all samples except at 4.23 m, and a Tmax of 337—
346 °C derived by pyrolysis place the samples in the oil generation window (Table 2.1). The
thermal maturity calculations based on lipid biomarkers reveal an homohopane index (HHI) of
0.51-0.59. The color alteration index of conodonts (Epstein et al., 1977) found in carbonate
concretions 0.37 m and 8.45 m above the extinction horizon record values between 1 and 1.5
(Fig. 2.1d), suggesting burial temperatures not exceeding 90°C, indicating a similar maturity as

derived from the HHI and pyrolysis.
3.2 Geochemical proxies

The vertical distribution of geochemical proxies measured at Lusitaniadalen reveals a clear shift
across the Permian—Triassic transition (Fig. 2.2). The Al concentration is characterized by an
abrupt increase just below the extinction horizon. While the Kapp Starostin Formation generally
records [Al] < 3 wt% (-41.45 m to -1.82 m), the uppermost 1.24 m record increased [Al] of up to

5 wt%. [Al] remains high in the Vikinghggda Formation with a maximum of 8.9 wt% at 13.61 m.

The calculated RSM EF reveal similar results for the post-extinction siltstones and very fine-
grained sandstones of the Vikinghagda Formation, irrespective of whether they were calculated
using bulk or excess metal concentrations, suggesting that either method may be appropriate for
these strata (Fig. 2.2). However, in the Kapp Starostin Formation below the extinction horizon,
the traditional EF record higher enrichments compared to the revised EF*. Whereas pre-extinction
EF* are similar to post-extinction EF* and EF, the pre-extinction EF appear to be artificially
elevated due to the low [Al] in the Kapp Starostin Formation, suggesting a lithological rather than
a redox control on the RSM enrichments. Furthermore, unlike the traditional EF, EF* values are
consistently within typical ranges of RSM enrichments recorded for modern marine sediments (Li
et al., 2025). The revised EF*, therefore, seems to be less biased by the heterogeneous lithology
across the Kapp Starostin/Vikinghggda formation boundary. Hence, the following redox
interpretations are based on the revised EF*.
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Table 2.1: Sample maturity parameters from HAWK pyrolysis. The stratigraphic log height for
each sample is given relative to the Kapp Starostin/Vikinghggda formation boundary at 0 m.

Pl — Production Index; HI — Hydrocarbon Index; TOC — Total Organic Carbon.

. . S1 S, S;3
e ebI\® Tuw (C) (mgHCI (mgHCI (mgCOJ Pl SdSa  HI (O
grock) grock) grock)
14.11 441 0.08 0.22 0.40 0.27 0.55 66 0.33
13.61 441 0.03 0.22 0.49 0.12 0.45 55 0.39
9.53 441 0.05 0.22 0.46 0.19 0.48 57 0.37
8.77 441 0.04 0.13 0.48 0.24 0.27 28 0.45
8.01 444 0.19 0.88 0.36 0.18 2.44 123 0.72
7.27 443 0.23 0.78 0.37 0.23 2.11 94 0.82
6.49 443 0.64 2.06 0.58 0.24 3.55 174 1.18
5.75 443 1.00 3.33 0.48 0.23 6.94 192 1.73
4,99 445 0.80 2.17 0.48 0.27 452 161 1.34
4.23 443 0.97 3.04 0.48 0.24 6.33 209 1.45
3.49 443 0.57 1.30 0.41 0.30 3.17 122 1.07
2.71 446 0.70 2.78 0.31 0.20 8.97 161 1.73
1.93 444 0.69 1.10 0.63 0.39 1.75 94 1.17
1.15 437 0.02 0.10 0.66 0.17 0.15 35 0.28
0.89 444 0.18 0.41 0.83 0.31 0.49 40 1.03
0.51 440 0.59 1.04 0.38 0.36 2.74 109 0.95
-33.76 445 0.11 0.43 0.42 0.20 1.02 67 0.64
-34.73 444 0.11 0.61 0.43 0.15 1.42 78 0.78
-36.87 444 0.05 0.27 0.80 0.16 0.34 40 0.67

The Kapp Starostin Formation generally records elevated EF* except for Vee* (Fig. 2.2). The Vee*
is slightly enriched to values up to 1.21 between -41.51 m and -34.63 m and starting at
approximately —14 m with values up to 1.45. The enhanced Vee* in the uppermost 0.40 m of the
Kapp Starostin Formation coincide with some of the highest enrichments of the other RSM
(Uee* = 3.47, Moge* = 2.73, Rege* = 78.5). While the extinction horizon (0 m) is characterized by
comparatively low EF*, the trend of increased RSM enrichments otherwise continues above the
extinction horizon into the basal 3 m of the Vikinghggda Formation. Between 3.14 m and 19.54 m,

EF* of V, U and Mo are generally close to their respective PAAS baselines. Several samples are
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Figure 2.2: Al concentrations, redox-sensitive metal (RSM) enrichment factors (EF) and Ce
anomalies (Ce/Ce*) across the Permian—Triassic environmental crisis at Lusitaniadalen,
Svalbard. The solid gray circles denote the traditional EF, the open circles represent revised
EF*for Re, V, U and Mo. Heights are relative to the Kapp Starostin/Vikinghagda formation
boundary at 0 m, which also coincides with the extinction horizon (horizontal dashed line). The
vertical dashed lines indicate the threshold for RSM enrichment compared to the PAAS
standard. ¢ — claystone; s — siltstone; vf — very fine-grained sandstone; f — fine-grained

sandstone; m — medium-grained sandstone.
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found with Mo and Re concentrations below their respective detection limit. The uppermaost 10 m
of the investigated interval in the Vikinghggda Formation reveal recurring RSM enrichments, in

particular between 27.79 m and 28.70 m.

The standard-normalized REY patterns at Lusitaniadalen change throughout the investigated
interval (Fig. 2.3). The interval below —35 m is characterized by a comparatively flat shale-like
REY pattern, suggesting a predominantly detrital signal, and is very similar to the REY pattern in
the Vikinghggda Formation above the extinction horizon > 0 m. However, the former displays a
negative Ce anomaly with Ce/Ce* between 0.67 and 0.89 (Fig. 2.2). The overlying 21 m up to
-14 m covering the last cycle of silicified mudstones and cherty sandstones as well as the
transition to glauconitic sandstones reveal a similar pattern; the majority of twelve samples still
record negative Ce anomalies between 0.75 and 0.93, but three samples record Ce/Ce* > 1.
Negative Ce anomalies become especially pronounced in the overlying interval up to the
extinction horizon with Ce/Ce* values as low as 0.59, but unlike seawater-REY patterns, a
decrease rather than an increase in heavy REY/light REY is recorded (Fig. 2.3). This suggests
that these patterns may reflect diagenetic alteration or that the REY-hosting phases are

porewater-derived authigenic precipitates, rather than recording seawater values.
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Figure 2.3: PAAS-normalized rare earth elements and yttrium (REY) patterns averaged across

different intervals at Lusitaniadalen.
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3.3 Lipid biomarker inventory

The homologous series of n-alkanes are the most abundant compounds in the saturated
hydrocarbon fraction in all samples (Fig. 2.4). In the ten samples below —-0.46 m, the n-alkanes
comprise a unimodal distribution with a maximum at nCie20. The n-alkane distribution changes
from —0.23 m up-section to a bimodal distribution with two maxima at nCis_16 and nCzs—27. The
CPI ranges between 1.0 and 1.1 across the entire section. The relative amount of terrigenous n-
alkanes is highest at 0.51 m with a maximum TAR of 1.4 (Fig. 2.5). In the Vikingh@gda Formation,
the TAR remains slightly elevated, compared to pre-extinction levels in the Kapp Starostin
Formation (TAR between 0.3 to 0.6), until 24.89 m. A negative 3'*C.ry excursion coincides with
this shift in TAR, with 8'*Co. abruptly decreasing across the extinction horizon from -28.8%o

(-0.23 m) to —31.9%o (0.49 m) and —33.9%. (0.51 m) (Fig. 2.5).
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Figure 2.4: Total ion chromatogram of a post-extinction sample taken at 0.51 m (a) and a pre-
extinction sample taken at -36.87 m (b) before molecular sieve treatment. The series of n-
alkanes and regular isoprenoids are marked. i-C1s — Cys-isoprenoid (farnesane); Pr— pristane;
Ph — phytane; regular PMI —2,6,10, 14, 18-pentamethylicosane (Cazs-isoprenoid).
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Figure 2.5: Organic geochemical profiles recording *Corg and lipid biomarkers across the
Permian—Triassic transition at Lusitaniadalen. Aryl isoprenoids, biphytane and lycopane were
present in trace amounts or co-eluted with other compounds and could not be quantified. Where
present, they are marked with a black bar. Note the discontinuous scale of the y-axis as
sampling efforts focused on strata recording similar depositional environments prior to and after
the extinction event to reduce the effect of variability of the depositional environment on the lipid
biomarker inventory. Heights are relative to the Kapp Starostin/Vikinghggda formation boundary
at 0 m, which also coincides with the extinction horizon (horizontal dashed red line). TOC —
Total Organic Carbon; TAR — Terrigenous/Aquatic Ratio; CPI — Carbon Preference Index; Pr

— Pristane, Ph — Phytane; regular PMI —2,6,10,14,18-pentamethylicosane.

A pseudohomologous series of head-to-tail linked isoprenoids from C14 to C2s was detected in the

molecular sieve-treated hydrocarbon fraction. Pristane and phytane (head-to-tail linked C19- and
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Cao-isoprenoids, respectively) are the most abundant isoprenoids (Fig. 2.4). In the Kapp Starostin
Formation, pristane and phytane contents are low (28.8-178.4 ug/g TOC), but progressively
increase at —0.23 m to 312.3 pg/g TOC and 236.1 ug/g TOC, respectively (Fig. 2.5). The
lowermost post-extinction biomarker sample at 0.51 m is the first one with strongly elevated
contents of pristane and phytane (1204.4 pg/g TOC and 1096.1 pg/g TOC, respectively). Except
for an interval between 9.53 m and 13.73 m, pristane and phytane contents in the Vikinghggda
Formation are higher compared to the Kapp Starostin Formation and do not return to pre-
extinction levels, with a second peak at 19.54 m (1739.0 ug/g TOC and 1285.9 ug/g TOC,

respectively).

A further head-to-tail linked isoprenoid is 2,6,10,14,18-pentamethylicosane (regular PMI),
accompanied by head-to-tail linked C;:-24 pseudohomologs (Fig. 2.5). The regular PMI content
records a post-extinction increase from an average of 55.9 ug/g TOC in the Kapp Starostin
Formation to 192.9 pg/g TOC in the Vikinghggda Formation, with peak contents in the first post-
extinction sample at 0.51 m (449.4 pg/g TOC) and at 19.54 m (533.6 pg/g TOC).

Furthermore, we detected the isoprenoids biphytane (head-to-head linked Cao-isoprenoid),
lycopane (tail-to-tail linked Cao-isoprenoid) (Fig. 2.5), and their pseudohomologs until Css
(biphytane) and Cs7 (lycopane). However, these compounds were only present in trace amounts.
As biphytane, lycopane and their pseudohomologs commonly co-elute with other compounds
(e.g., hopanes), guantification was unfeasible. Still, it is noticeable that slightly higher intensities
of these compounds were detected in gas chromatograms from samples below —0.46 m, whereas
they have reduced intensities or are absent just below the extinction horizon and in post-extinction
samples. Further, we detected traces of a pseudohomologous series of Ci4-21 aryl isoprenoids in
samples below —30.58 m (Fig. 2.5). Aryl isoprenoids are absent from both the uppermost Kapp

Starostin Formation and the investigated interval of the Vikinghggda Formation.
4 Discussion
4.1 Thermal maturity and preservation of organic matter at Lusitaniadalen

Lusitaniadalen was chosen to compare signals from geochemical proxies and lipid biomarkers
across the Permian—Triassic transition due to minor tectonic reworking in central Svalbard, which
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likely explains the moderate thermal maturity of organic material, especially when compared to
successions from western Svalbard (Olaussen et al., 2025; Buchwald et al., 2025b), where
intense tectonic deformation (Dallmann et al., 1993) may have compromised organic matter
preservation (Knoll et al., 2012). The moderate thermal maturity at the Permian—Triassic transition
at Lusitaniadalen is indicated by pyrolysis data and the HHI, both indicating burial temperatures
between 80 and 100 °C (Mackenzie et al., 1984), and the conodont color alteration (Table 2.1,
Fig. 2.1d) indicating maturity in the early oil generation window with a maximum temperature
of <90 °C (Epstein et al., 1977). This result is consistent with previous maturity estimates
spanning the extinction horizon at Lusitaniadalen (Nabbefeld et al., 2010a), and from the adjacent
Deltadalen (Zuchuat et al., 2020). The Lower to Middle Triassic succession at Stensitfjellet,
24 km east of Lusitaniadalen, also yields conodonts with a conodont color alteration index of 1—

1.5 (Leu et al., 2024), confirming relatively low maturity across central Svalbard.

Due to the scarcity of body fossils in the uppermost Kapp Starostin Formation, the stratigraphic
position of the extinction event at Lusitaniadalen was formerly defined by the disappearance of
bioturbation (Nabbefeld et al., 2010a; Foster et al., 2017, 2023; Uchman et al., 2016; Zuchuat et
al., 2020). This aligns with a negative 8*Corq excursion across the Kapp Starostin/Vikinghggda
formation boundary (Fig. 2.5). This change in 8*3*C.yq inferred to record the onset of the Permian—
Triassic environmental crisis is observed globally (e.g., Cao et al., 2002, 2009; Sephton et al.,
2005; Xie et al., 2007; Schobben et al., 2020; Grasby et al., 2024). Hence, 56Corq corroborates
the position of the extinction horizon at Lusitaniadalen. Similar to sections at the northern margin
of the paleogeographically adjacent Sverdrup Basin in the Canadian Arctic or at the GSSP in
Meishan, the abrupt shift in 3*Coy (Fig. 2.5) may indicate a hiatus around the extinction event
(Grasby & Beauchamp, 2008). At Lusitaniadalen, the high-resolution 6*3C,q record by Nabbefeld
et al. (2010), however, reveals a gradual decline in 3C,rq, that decreases from —28.3%o in the
penultimate glauconitic sandstone bed to —31.5%. in the thin uppermost glauconitic bed, and
further to —33.7%0 at 0.13 m above the top of the glauconitic sandstones. Similarly, Dustira et al.
(2013) measured a gradual decline of d'3Coyq in the uppermost glauconitic sandstone bed at

Kongressfjellet. Furthermore, Reduviasporonites chalastus, an enigmatic microfossil known to be
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strongly increased in abundance during a short interval in the direct aftermath of the Permian—
Triassic mass extinction (e.g., Rampino & Eshet, 2018) is reported from the lowermost
Vikinghggda Formation from several sections in central Svalbard (Vigran et al., 2014).
Considering these data together with the gradual decline in 3%Cyy, we assume that at
Lusitaniadalen a relatively continuous succession is preserved without a major hiatus across the

formation boundary.
4.2 Terrestrial input

In the Induan, sedimentation accumulation in central Svalbard was increased by 4 to 20 times
compared to the late Permian sediment accumulation in the Kapp Starostin Formation (Zuchuat
et al., 2020). A global increase in terrestrial sediment fluxes into shallow marine ecosystems has
been observed, likely linked to enhanced physical and chemical continental erosion due to
increased temperatures, acidity of precipitation, and soil destabilization (Algeo & Twitchett, 2010).
Additionally, a large delta plain encompassing an area of >1.65 x 10 km? developed in the Early
Triassic and propagated onto the Barents Shelf, covering the entire area of the modern Barents
Sea shelf (Klausen et al., 2019). The catchment area of the rivers feeding into the delta covered
large parts of northern Pangaea, including the Western Urals, West Siberia and the Central Asian
Orogenic Belt with contributions also from Fennoscandia and the Siberian Traps Large Igneous
Province (Gilmullina et al.,, 2022). At Lusitaniadalen, the low Al concentrations in the Kapp
Starostin Formation compared to the overlying Vikinghggda Formation (Fig. 2.2) could be biased
by the high silica content in the Kapp Starostin Formation. However, the observed increase in
terrigenous material was likely a major source of Al (e.g., Tribovillard et al., 2006), enhancing its
concentrations in the Early Triassic. Similarly, the TAR as a proxy for the organic matter source
records distinctly elevated values above the extinction horizon (Fig. 2.5), as long-chain n-alkanes
(nC27-31) are among the main constituents of epicuticular waxes of terrestrial plants (Buschhaus

& Jetter, 2011; Eglington & Hamilton, 1967).

Additionally, the Permian-Triassic environmental crisis was marked by an intensification of
wildfire activity affecting terrestrial ecosystems across paleolatitudes, reflected in the increased

abundance of polyaromatic hydrocarbons derived from the high-temperature combustion of
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organic matter (South China: Kaiho et al., 2021; Nabbefeld et al., 2010b; Saito et al., 2023; Shen
W. et al.,, 2011; Northern Italy: Kaiho et al., 2021; eastern Greenland and western Canada:
Nabbefeld et al., 2010b; Lusitaniadalen, Svalbard: Nabbefeld et al., 2010a). In contrast to marine
biodiversity, no severe effect of the Permian—Triassic environmental crisis is recorded in the
terrestrial floral diversity in the Boreal Realm (Schneebeli-Hermann et al., 2017). However,
wildfires and the reduction of plant biomass could have still contributed to the destabilization of
terrestrial ecosystems and facilitated soil erosion, further increasing terrestrial input into the

marine realm.
4.3 Paleoredox conditions

The Permian-Triassic environmental crisis was marked by an expansion of oxygen minimum
zones (e.g., Brennecka et al., 2011; Zhang et al., 2018, 2020). In Svalbard, paleoredox
reconstructions argue for the development of dysoxic to anoxic conditions and even euxinia in the
latest Permian (Wignall et al., 1998, 2016; Nabbefeld et al., 2010a; Dustira et al., 2013; Schobben
et al., 2014, 2020; Grasby et al., 2015). The RSM EF* data from Lusitaniadalen reveal fluctuating
metal enrichments consistent with extended periods of oxic conditions disrupted by intervals of
reduced oxygen availability, which occurred prior, during and likely after the Permian—Triassic
environmental crisis. Between -41.51 m and -34.63 m below the extinction horizon in the
penultimate cycle of bioturbated mud- and siltstones and silica-rich fine-grained sandstones of
the Kapp Starostin Formation, the RSM EF* are consistent with sediments deposited under
dysoxic to anoxic conditions (Li et al., 2025). Hence, reducing conditions occurred prior to the
Permian—Triassic environmental crisis (Fig. 2.2). However, the same interval is also strongly
bioturbated (Beaty et al., 2025; Uchman et al., 2016), thus deoxygenation was not persistent.
These findings are indicative of dynamic redox fluctuations marked by episodic deoxygenation.
Similarly, negative Ce anomalies typical for oxic conditions are recorded persistently throughout
the same interval and appear to contradict the anoxic or dysoxic conditions indicated by RSM
enrichments, but REY patterns reveal a likely detrital origin of REY in this interval (Fig. 2.3) and

thus may not represent the seawater signal.
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The overlying ~20 m of the Kapp Starostin Formation comprising the last cycle of bioturbated
mud- and siltstones, and silica-rich fine-grained sandstones record consistently comparatively low
RSM EF*, suggesting a return to prevalently oxic conditions (Fig. 2.2). A decrease in oxygen
availability is indicated by recurring RSM enrichments in the uppermost ~14 m of the Kapp
Starostin Formation that eventually culminate in RSM EF* typical for anoxic, potentially even
euxinic conditions (Li et al., 2025) at —0.39 m below the extinction horizon. A similar gradual
development of anoxic conditions has been observed at Kongressfjellet by analyzing pyrite
framboid size (Dustira et al., 2013). The onset of more reducing conditions in the uppermost Kapp
Starostin Formation at Lusitaniadalen is further reflected by the lithological shift to glauconitic
sandstones, as authigenic glauconite formation on the continental shelf requires weakly reducing
or oscillating redox bottom-water or upper porewater conditions for iron to be present in both
valences Fe?" and Fe®*" (Tribovillard, 2024). At Lusitaniadalen, porewater redox conditions were
reducing enough to foster the formation of glauconite during early diagenesis, but the oxygen
supply to the sediment was, at least intermittently, sufficient to allow for seafloor inhabitation and
burrowing by infauna, as reflected by large ichnofossils within the glauconitic sandstones (Beaty
et al., 2025; Foster et al., 2017; Nabbefeld et al., 2010a; Rodriguez-Tovar et al., 2021; Uchman
et al., 2016; Zuchuat et al., 2020).

At -0.39 m below the formation boundary, the data support the development of full anoxia that
continues into the lowermost Vikinghggda Formation (Fig. 2.2). An episode of severe
deoxygenation right before the extinction has previously been identified as a potential Kill
mechanism in the eastern equatorial Paleotethys at the Nhi Tao section due to upwelling of sulfidic
deep water (Algeo et al., 2007). While the Ves* recorded between —0.39 m and -0.30 m are
compatible with modern sediments deposited under euxinic conditions, the Mogr* appear rather
low, in particular compared to Uee* (Fig. 2.6). This suggests that local water masses were reducing
but did not necessarily become euxinic (Algeo & Tribovillard, 2009; Li et al., 2025; Tribovillard et
al., 2012). Furthermore, the extinction horizon itself (O m) is characterized by low RSM EF* with
only U revealing an enrichment, which supports a local development of dysoxic conditions rather

than full anoxia. The only samples with an Ugs*-Moge* pair plotting along the particle shuttle
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trajectory are two Vikinghggda Formation samples at ~0.50 m shortly above the extinction horizon
(Fig. 2.6), suggesting that Mo might have been delivered to the sediment via upwelling of sulfidic
deep water (Algeo and Tribovillard, 2009). This is in accordance with an increase of short-chain
aryl isoprenoids reported by Nabbefeld et al. (2010a) up to 1.5 m above the extinction
horizon.Short-chain aryl isoprenoids are degradation products of carotenoid derivatives, for

example isorenieratane, chlorobacetane and okenane, and are commonly used as biomarkers
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Figure 2.6: Moge* plotted against Uge*. Different Mo accumulation pathways are indicated by

the red arrows, with the redox variation trajectory illustrating benthic deoxygenation from oxic,
through dysoxic and anoxic, to euxinic conditions, and the particle shuttle and uptake of Mo
through redox cycling of oxyhydroxides (Tribovillard et al., 2012). The diagonal dotted lines
represent proportions of modern seawater (SW) Mo/U molar ratio, and the blue box EFs

expected for fully oxic conditions.

for anoxygenic phototrophic bacteria, at least partially adapted to euxinic conditions (e.g.,
Sinninghe Damsté et al., 2001; Brocks and Schaeffer, 2008; Sousa Junior et al., 2013; El-Shafeiy

et al., 2014). However, Koopmans et al. (1996) have demonstrated that short-chain aryl
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isoprenoids can also derive from the degradation of 3-carotene, hence challenging interpretations
of photic zone euxinia solely based on the presence of short-chain aryl isoprenoids. While we
were not able to replicate the detection of short-chain aryl isoprenoids shortly above the extinction
horizon, short-chain aryl isoprenoids occurred below —-30.58 m, i.e., in the interval we identified
to have experienced fluctuations in oxygenation prior to the Permian—Triassic environmental crisis
(Figs. 2.2, 2.3, 2.5). However, at ~0.50 m above the extinction horizon, the Mogg* values are much
lower than those recorded for modern euxinic sediments (Li et al., 2025) and the same samples
still reveal slightly negative Ce anomalies, suggesting that if euxinic conditions occurred here,
they were only episodic. The RSM EF* data also support a return to prevailing oxic conditions
already ~3 m above the extinction horizon with only selected samples (e.g., at 28.70 m) indicating
reoccurring anoxic conditions, suggesting that although anoxic conditions continued into the Early

Triassic these were not persistent.

Complementary to redox-sensitive element enrichments, the ratio of pristane and phytane (Pr/Ph)
is often used as a proxy for exploring paleoredox conditions in deep time, including across the
Permian—Triassic environmental crisis (Cao et al., 2009; Chen et al., 2011; Jia et al., 2012;
Nabbefeld et al., 2010a), as the degradation of the chlorophyll or bacteriochlorophyll phytol chain
is redox-sensitive, producing pristane under oxic and phytane under anoxic conditions (Didyk et
al., 1978; Rontani & Volkman, 2003). However, other sources of these biomarkers have to be
considered before applying Pr/Ph as redox proxies. For example, the degradation of archaeal
membrane tetraether lipids (GDGTSs) can result in the preservation of biphytane and respective
pseudohomologs (Rontani & Bonin, 2011; Rowland, 1990). In the samples from Lusitaniadalen,
however, GDGTSs, respectively biphytanes, are rather unlikely precursors of pristane and phytane,
because the contents of both pristane and phytane strongly exceed the content of biphytane and
pseudohomologs. Furthermore, archaeol and extended archaeol, both archaeal membrane
diether lipids, must be considered as precursors of phytane and shorter pseudohomologs. Indeed,
we detected regular PMI as a degradation product of extended archaeol (De Rosa et al., 1982;
Fig. 2.5), which has regular PMI and phytane as isoprenoid chains. Hence, every molecule of

extended archaeol that contributes regular PMI during degradation also adds phytane to the
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biomarker pool. Additionally, extended archaeol is usually accompanied by archaeol, containing
two phytanyl chains (Birgel et al., 2014; Natalicchio et al., 2017; Vandier et al., 2021), which would
contribute two additional phytane molecules per archaeol molecule. An increase in the phytane
content from a source other than chlorophyll would decrease the Pr/Ph independently of redox
conditions. Anoxic conditions with Pr/Ph < 1 should therefore be interpreted with caution, and
should be complemented by independent redox proxies like RSM enrichments. However, Pr/Ph
> 1, and hence oxic conditions, require the pristane content to exceed the phytane content. In this

case, an additional source of phytane would not change the interpretation of an oxic environment.

Similar to the redox proxies discussed above, Pr/Ph from the Kapp Starostin Formation indicates
a mainly oxygenated water column prior to the environmental crisis, with Pr/Ph > 1 (Fig. 2.5).
However, at -30.58 m, Pr/Ph < 1 might reveal a late Permian episode of water column
deoxygenation prior to the extinction event, which is in accordance with RSM enrichments
observed below the glauconitic sandstones (Fig. 2.2). In strata overlying the extinction horizon in
the Vikinghggda Formation, Pr/Ph might suggest several short dysoxic to anoxic episodes, with
values < 1 that are in line with a previously reported decline in Pr/Ph in the lowermost Vikinghggda
Formation (Nabbefeld et al., 2010a). These data indicate a delay in the emergence of consistently
oxic conditions in the Early Triassic, as recorded from around 10 m above the Kapp
Starostin/Vikinghggda formation boundary. In this light, our biomarker data suggest that the
interval during which Early Triassic anoxic episodes occurred in the region may have been more
protracted than indicated by the RSM enrichments, which could be explained by the additional
sources of phytane discussed above, artificially decreasing Pr/Ph. However, like the RSM
enrichments, the biomarker data also support a return to prevailing oxic conditions in the early
Griesbachian at a similar stratigraphic height above the Kapp Starostin Formation, as observed

at the more proximal Festningen section (Grasby et al., 2015).

The combined lipid biomarker and other geochemical redox proxies reveal a dynamic redox
regime across the Permian—Triassic transition, with anoxia coinciding with the extinction event,
but likely no persistent anoxia over longer time periods. In fact, the ecological community at

Lusitaniadalen may have been exposed to fluctuating redox conditions throughout the late

91



Permian, prior to the mass extinction. Oxygen depletion was, therefore, likely not the sole driver
of the extinction event in Svalbard. Grasby et al. (2015) argued for heavy metal toxicity as the
primary extinction driver at Festningen, where the onset of anoxia post-dated the onset of the
extinction, but the bioavailability of potentially toxic heavy metal species has to be carefully
assessed before attributing the extinction event to increased heavy metal concentrations
(Galasso et al., 2025). However, short-lived dysoxic and anoxic periods could have contributed
to the severity of the extinction event. Deoxygenation of the water column coinciding with
increasing sea surface temperatures would have exacerbated the effects of thermal stress on an
organismal level, since oxygen solubility decreases and metabolic oxygen demand increases with
increasing temperature (Portner et al.,, 2023). Thermal stress associated with the Permian—
Triassic mass extinction (e.g., Sun et al., 2012; Joachimski et al., 2012, 2020; Schobben et al.,
2014; Gliwa et al., 2022; Foster et al., 2024) is therefore most catastrophic when oxygen

availability is reduced.
4.4 Biotic ecosystem response

The succession at Lusitaniadalen records a shift in the community of primary producers following
the Permian—Triassic environmental crisis (Buchwald et al., 2025b). This compositional shift
seems to be accompanied by an increase in primary productivity evident in the sharp increase in
the chlorophyll- and/or bacteriochlorophyll-derived biomarkers pristane and phytane (Fig. 2.5),
although additional archaeal sources should be considered (see section 4.3). The detected
shorter Cis-15 isoprenoids could represent additional degradation products of pristane and
phytane, but we cannot exclude contributions from other sources to the pool of shorter
isoprenoids. For example, it has been shown that farnesane (Cis-isoprenoid) may also be derived
directly from the side-chain of bacteriochlorophyll d from green sulfur bacteria (Grice et al., 1996).
However, since post-extinction redox conditions were mostly oxic, green sulfur bacteria are
unlikely the main source of farnesane. Furthermore, because peak contents of pristane and phy-
tane do not coincide with peak input from terrestrial plant material as recorded in TAR (Fig. 2.5),
chlorophyll of terrestrial plants is also not a major source of pristane and phytane, rendering

marine photosynthetic organisms the main source (Grice et al., 2005b).
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Regional primary productivity blooms or a restructuring of the community of primary producers
following the Permian—Triassic mass extinction have been reported across different
paleolatitudes and ocean basins (Grasby et al., 2024, Jia et al., 2012; Meyer et al., 2011; Saito et
al., 2022), and have been assumed to be triggered by enhanced nutrient influx from land, or the
remobilization of nutrients like phosphorus from the seafloor due to the expansion of bottom-water
anoxia (e.g., Grasby et al., 2024). Primary productivity across the Permian—Triassic transition was
likely highly variable, and other regions such as South China, which was located in the eastern
Tethys Ocean, may record a productivity collapse in the aftermath of the extinction (e.g., Algeo et
al., 2013; Shen J. et al., 2014). However, the quantification of primary productivity remains
challenging as enhanced organic matter recycling in the water column could also produce a signal
that may be interpreted as decrease in productivity (Shen J. et al., 2015). Nevertheless, in central
Svalbard, there is evidence for both increased terrestrial input (this study; Klausen et al., 2019;
Gilmullina et al., 2022) as well as an increase in the bioavailable phosphorus concentration in the
Early Triassic, due to its release from anoxic bottom water (Schobben et al., 2020), coinciding
with the Permian—Triassic environmental crisis. Enhanced nutrient loading from these sources
after the extinction could have facilitated the local proliferation of photosynthetic organisms during

the Griesbachian at Lusitaniadalen, causing the observed pulses in (bacterio)chlorophyll markers.

Alongside pristane and phytane, we detected regular PMI (Fig. 2.5). Although the more widely
known tail-to-tail linked structural isomer 2,6,10,15,19-pentamethylicosane is diagnostic for
methanogenic and methanotrophic archaea (Pancost et al., 2000; Risatti et al., 1984; Sakata et
al., 2024), regular PMI is often used as indicator for hypersaline conditions (Grice et al., 1998).
Regular PMI and shorter Cz0-24 regular isoprenoids can derive from the degradation of the
isoprenoid side chain of extended archaeol, characteristic for membrane lipids of Haloarchaea.
Haloarchaea have recently been shown to also occur under only moderately elevated salinity
(50 psu) (Vandier et al., 2021). The content of regular PMI and shorter head-to-tail linked
isoprenoids at Lusitaniadalen increases above the extinction horizon during a period of marine
transgression (Mark et al., 1989; 1999). This suggests that the elevated salinity signal was not

the result of restricted lagoonal conditions but rather linked to changes in water mass properties
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like water column stratification or episodic upwelling of more saline water masses onto the

Barents Shelf (Fig. 2.6).

Generally, the content of lipid biomarkers such as pristane, phytane, and regular PMI remains
elevated in the post-extinction compared to the pre-extinction interval (Fig. 2.5). Although the
silicified mudstones in the Kapp Starostin Formation and the mudstones of the Deltadalen
Member of the Vikinghggda Formation both record a similar distal outer ramp setting (Blomeier
et al., 2013; Zuchuat et al., 2020), the difference in silica content may bias the comparison of the
lipid biomarker composition between these facies. To account for the dilution of organic matter by
the high silica content in the Kapp Starostin Formation, the lipid biomarker content was normalized
to TOC (wt%). Hence, the extended sampling range into the Kapp Starostin Formation compared
to previous studies (Grotheer et al., 2017; Nabbefeld et al., 2010a) enables us to attribute these
changes in the lipid biomarker composition to the extinction event, while the lithological change

across the extinction horizon was likely not the main factor.

The lack of a return to the pre-crisis lipid biomarker composition within the first 30 m above the
extinction horizon suggests either that the sampled Lower Triassic interval records too short of an
interval to capture the microbial ecological recovery, or that the post-crisis microbial community
stabilized at a new equilibrium, corroborating observations from the fossil record (Jablonski &
Edie, 2025). However, based on a calculated linear sediment accumulation rate of 220 m/Myr in
the Induan from the adjacent site of Deltadalen (Zuchuat et al., 2020), the sampled 30 m above
the extinction horizon represent only approximately 136 kyr. Depending on the criteria used to
define ecosystem recovery, the earliest signs of biotic recovery from the Permian—Triassic mass
extinction are observed in the first substage of the Triassic, the middle to late Griesbachian
(Hofmann et al., 2011; Twitchett et al., 2004), while a complete reestablishment of biodiversity
and ecosystem complexity in most regions appears to have not occurred until the Middle or even
Late Triassic (Chen & Benton, 2012; Foster & Sebe, 2017; Song et al., 2018). Hence, even the
youngest sample we collected from Lusitaniadalen is most likely still too old to record a stable

post-crisis community.
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5 Conclusions

This multiproxy analysis from Lusitaniadalen provides new insights into environmental and
ecosystem responses to the Permian—Triassic environmental crisis at a temperate mid-latitude
site in the Boreal Realm. Building upon previous studies of geochemical proxies and lipid
biomarkers across the Permian—Triassic transition, we established a comprehensive baseline of
the redox-sensitive metal and lipid biomarker inventory from the late Permian at Lusitaniadalen,
Svalbard. To better understand ecosystem conditions prior to the environmental crisis, we

extended our sampling range to over 40 m below the extinction horizon.

Calculation of revised enrichment factors of Re, V, U and Mo enabled us to account for changes
in sedimentary Al concentrations associated with lithofacies changes across the Permian—
Triassic transition, and provide a more robust reconstruction of marine redox conditions. Redox
interpretations based on geochemical proxies were independently supported by the organic
biomarker pristane/phytane ratio, which together reveal complex redox conditions across the
Permian—Triassic transition. Short-lived episodes of deoxygenation also occurred prior to the
Permian—Triassic mass extinction, whereas redox conditions immediately preceding and
following the extinction event itself appear to have been characterized by more intense anoxic
episodes, potentially caused by upwelling of sulfidic deep water. Eventually, prevalent oxic
conditions were reestablished in the Early Triassic. Hence, in contrast to what has been
hypothesized for some coeval equatorial settings, persistent water column anoxia or euxinia might
not have been a dominant driver of the extinction event at this Boreal site, emphasizing spatial
variability in ocean redox conditions during the Permian—Triassic transition. Nevertheless,
transient dysoxic episodes, water column stratification and enhanced input of terrestrial organic
matter in the early to middle Griesbachian likely affected local ecosystem structure and function,
potentially providing beneficial conditions for some marine photosynthetic organisms to thrive and

form regional phytoplankton blooms.

Finally, our extended biomarker record demonstrates that changes in the biomarker inventory
across the extinction horizon do not simply reflect facies variability but likely record substantial

changes in local planktonic microbial communities. However, we do not detect indications for
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microbial ecosystem recovery such as a return towards a pre-crisis community composition within

this interval.
Acknowledgments

We would like to thank Sysselmesteren pa Svalbard for granting us the sampling permission
(Permit No. 23/00910-2 and 24/00386-4). We further thank Sabine Beckmann (UHH) for the
support in the lab, and Guillermo Molina and Adam Green (UHH) for their help picking conodonts.
This research was funded by the Deutsche Forschungsgemeinschaft (Project No. FO1297/1).
Fieldwork was co-funded by the Arctic Field Grant of the Research Council of Norway (Project

No. 342069 and 250229).
Open Research

The dataset for the the digital 3D model of the Lusitaniadalen section (Buchwald et al., 2025a:
https://doi.org/10.5281/zenodo.15981864) and data and R code used in this study (Buchwald et
al., 2025c: https://doi.org/10.5281/zenodo.16983603) are available in the Zenodo repository.

References

Algeo, T. J., & Liu, J. (2020). A re-assessment of elemental proxies for paleoredox analysis. Chemical

Geology, 540, 119549. https://doi.org/10.1016/j.chemge0.2020.119549

Algeo, T. J., & Tribovillard, N. (2009). Environmental analysis of paleoceanographic systems based on
molybdenum-uranium covariation. Chemical Geology, 268(3—-4), 211-225.

https://doi.org/10.1016/j.chemge0.2009.09.001

Algeo, T. J., & Twitchett, R. J. (2010). Anomalous Early Triassic sediment fluxes due to elevated
weathering rates and their biological consequences. Geology, 38(11), 1023-1026.
https://doi.org/10.1130/G31203.1

Algeo, T. J., Ellwood, B., Nguyen, T. K. T., Rowe, H., & Maynard, J. B. (2007). The Permian-Triassic
boundary at Nhi Tao, Vietnam: Evidence for recurrent influx of sulfidic watermasses to a shallow-
marine carbonate platform. Palaeogeography, Palaeoclimatology, Palaeoecology, 252(1-2), 304—

327. https://doi.org/10.1016/j.palaeo.2006.11.055

96


https://doi.org/10.1016/j.palaeo.2006.11.055
https://doi.org/10.1016/j.palaeo.2006.11.055

Algeo, T. J., Henderson, C. M., Tong, J., Feng, Q., Yin, H., & Tyson, R. V. (2013). Plankton and
productivity during the Permian—Triassic boundary crisis: An analysis of organic carbon fluxes.

Global and Planetary Change, 105, 52—-67. https://doi.org/10.1016/j.gloplacha.2012.02.008

Arrigo, K. R. (2005). Marine microorganisms and global nutrient cycles. Nature, 437(7057), 349-355.
https://doi.org/10.1038/nature04159

Beaty, B., Foster, W. J., Zuchuat, V., Moller, S. R., Buchwald, S. Z., Brooks, H., et al. (2025). Bioturbation
shapes marine biogeochemical cycling following the end-Permian mass extinction in northern

Pangea. Geobiology, 23(5), €70032. https://doi.org/10.1111/gbi.70032

Birgel, D., & Peckmann, J. (2008). Aerobic methanotrophy at ancient marine methane seeps: A synthesis.

Organic Geochemistry, 39(12), 1659-1667. https://doi.org/10.1016/j.orggeochem.2008.01.023

Birgel, D., Guido, A., Liu, X., Hinrichs, K.-U., Gier, S., & Peckmann, J. (2014). Hypersaline conditions
during deposition of the Calcare di Base revealed from archaeal di- and tetraether inventories.

Organic Geochemistry, 77, 11-21. https://doi.org/10.1016/j.orggeochem.2014.09.002

Blakey, R. (2012). Global paleogeography. Retrieved from http://www2.nau.edu/rcb7/globaltext2.html
[accessed July 2014]

Blomeier, D., Dustira, A. M., Forke, H., & Scheibner, C. (2013). Facies analysis and depositional
environments of a storm-dominated, temperate to cold, mixed siliceous—carbonate ramp: The

Permian Kapp Starostin Formation in NE Svalbard. Norwegian Journal of Geology, 93(2), 75-93.

Bond, D. P. G., & Wignall, P. B. (2010). Pyrite framboid study of marine Permian-Triassic boundary
sections: A complex anoxic event and its relationship to contemporaneous mass extinction. Bulletin

of the Geological Society of America, 122(7-8), 1265-1279. https://doi.org/10.1130/B30042.1

Brennecka, G. A., Herrmann, A. D., Algeo, T. J., & Anbar, A. D. (2011). Rapid expansion of oceanic
anoxia immediately before the end-Permian mass extinction. Proceedings of the National Academy

of Sciences, 43(108), 17631-17634. https://doi.org/10.1073/pnas.1106039108

Brocks, J. J., & Grice, K. (2011). Biomarkers (molecular fossils). In J. Reitner & V. Thiel (Eds.),

Encyclopedia of Geobiology (pp. 147-167). Springer.

Brocks, J. J., & Schaeffer, P. (2008). Okenane, a biomarker for purple sulfur bacteria (Chromatiaceae),
and other new carotenoid derivatives from the 1640 Ma Barney Creek Formation. Geochimica et

Cosmochimica Acta, 72(5), 1396—-1414. https://doi.org/10.1016/j.gca.2007.12.006

97


https://doi.org/10.1038/nature04159
https://doi.org/10.1038/nature04159
https://doi.org/10.1038/nature04159
https://doi.org/10.1016/j.orggeochem.2014.09.002
https://doi.org/10.1016/j.orggeochem.2014.09.002
http://www2.nau.edu/rcb7/globaltext2.html
http://www2.nau.edu/rcb7/globaltext2.html
https://doi.org/10.1073/pnas.1106039108
https://doi.org/10.1073/pnas.1106039108
https://doi.org/10.1016/j.gca.2007.12.006
https://doi.org/10.1016/j.gca.2007.12.006

Buchwald, S. Z., Birgel, D., Senger, K., Mosociova, T., Pei, Y., Frank, A. B., et al. (2025b). Primary
productivity blooms on the Barents Shelf, Svalbard, associated with the Permian-Triassic mass

extinction. Preprint at ESS Open Archive. https://doi.org/10.22541/essoar.174558961.14311943/v1

Buchwald, S. Z., Frank A. B., Birgel D., Senger K., Mosociova T., Pei Y., et al. (2025c). Reconstructing
environmental and microbial ecosystem changes across the Permian—Triassic mass extinction at
Lusitaniadalen, Svalbard. StellazBuchwald/Permian-Triassic_Lusitaniadalen, published Aug 28,

2025 [Dataset, Computational Notebook], Zenodo, https://doi.org/10.5281/zenodo.16983603

Buchwald, S. Z., Mosociova T., Gdmez Correa M. A., Foster W. J., & Senger K. (2025a). Digital outcrop
model Lusitaniadalen, published Sep 26, 2025 [Computational Notebook], Zenodo,

https://doi.org/10.5281/zenodo.15981864

Buschhaus, C., & Jetter, R. (2011). Composition differences between epicuticular and intracuticular wax
substructures: How do plants seal their epidermal surfaces? Journal of Experimental Botany, 62(3),

841-853. https://doi.org/10.1093/jxb/erq366

Cao, C., Love, G. D., Hays, L. E., Wang, W., Shen, S., & Summons, R. E. (2009). Biogeochemical
evidence for euxinic oceans and ecological disturbance presaging the end-Permian mass extinction
event. Earth and Planetary Science Letters, 281(3-4), 188-201.
https://doi.org/10.1016/j.epsl.2009.02.012

Cao, C., Wang, W., & Yugan, J. (2002). Carbon isotope excursions across the Permian-Triassic boundary
in the Meishan section, Zhejiang Province, China. Chinese Science Bulletin, 47, 1125-1129.
https://doi.org/10.1360/02th9252

Chen, L., Wang, Y., Xie, S., Kershaw, S., Dong, M., Yang, H., et al. (2011). Molecular records of
microbialites following the end-Permian mass extinction in Chongyang, Hubei Province, South
China. Palaeogeography, Palaeoclimatology, Palaeoecology, 308(1-2), 151-159.

https://doi.org/10.1016/j.palaeo.2010.09.010

Chen, Z. Q., & Benton, M. J. (2012). The timing and pattern of biotic recovery following the end-Permian

mass extinction. Nature Geoscience, 5(6), 375-383. https://doi.org/10.1038/ngeo1475

Crasquin, S., Forel, M. B., Qinglai, F., Aihua, Y., Baudin, F., & Collin, P. Y. (2010). Ostracods (Crustacea)
through the Permian-Triassic boundary in South China: The Meishan stratotype (Zhejiang Province).

Journal of Systematic Palaeontology, 8(3), 331-370. https://doi.org/10.1080/14772011003784992

98


https://doi.org/https:/doi.org/10.22541/essoar.174558961.14311943/v1
https://doi.org/https:/doi.org/10.22541/essoar.174558961.14311943/v1
https://doi.org/10.1093/jxb/erq366
https://doi.org/10.1093/jxb/erq366
https://doi.org/10.1016/j.epsl.2009.02.012
https://doi.org/10.1016/j.epsl.2009.02.012
https://doi.org/10.1016/j.epsl.2009.02.012
https://doi.org/10.1360/02tb9252
https://doi.org/10.1360/02tb9252
https://doi.org/10.1360/02tb9252
https://doi.org/10.1016/j.palaeo.2010.09.010
https://doi.org/10.1016/j.palaeo.2010.09.010
https://doi.org/10.1016/j.palaeo.2010.09.010
https://doi.org/10.1038/ngeo1475
https://doi.org/10.1038/ngeo1475
https://doi.org/10.1080/14772011003784992
https://doi.org/10.1080/14772011003784992

Dallmann, W. K., Andersen, A., Bergh, S. G., Maher Jr., H. D., & Ohta, Y. (1993). Tertiary fold-and-thrust

belt of Spitsbergen, Svalbard: compilation map, summary and bibliography. Norsk polarinstitutt.

Didyk, B. M., Simoneit, B. R. T., Brassell, S. C., & Eglinton, G. (1978). Organic geochemical indicators of
palaeoenvironmental conditions of sedimentation. Nature, 272(5650), 216-222.

https://doi.org/10.1038/272216a0

Dustira, A. M., Wignall, P. B., Joachimski, M., Blomeier, D., Hartkopf-Fréder, C., & Bond, D. P. G. (2013).
Gradual onset of anoxia across the Permian-Triassic boundary in Svalbard, Norway.
Palaeogeography, Palaeoclimatology, Palaeoecology, 374, 303—-313.
https://doi.org/10.1016/j.palae0.2013.02.004

Eglington, G., & Hamilton, R. J. (1967). Leaf epicuticular waxes. Science, 3780(156), 1322—-1335.

https://doi.org/10.1126/science.156.3780.1322

Elrick, M., Polyak, V., Algeo, T. J., Romaniello, S., Asmerom, Y., Herrmann, A. D., et al. (2017). Global-
ocean redox variation during the middle-late Permian through Early Triassic based on uranium
isotope and Th/U trends of marine carbonates. Geology, 45(2), 163-166.
https://doi.org/10.1130/G38585.1

El-Shafeiy, M., Birgel, D., EI-Kammar, A., EI-Barkooky, A., Wagreich, M., Mohamed, O., & Peckmann, J.
(2014). Palaeoecological and post-depositional changes recorded in Campanian-Maastrichtian
black shales, Abu Tartur plateau, Egypt. Cretaceous Research, 50, 38-51.
https://doi.org/10.1016/j.cretres.2014.03.022

Epstein, A. G., Epstein, J. B., & Harris, L. D. (1977). Conodont color alteration: An index to organic

metamorphism. Geological Survey Professional Paper, 995.

Espitalié, J., Madec, M., Tissot, B., Menning, J. J., & Leplat, P. (1977). Source rock characerization

method for petroleum exploration. In Offshore technology conference (p. OTC-2935).

Foster, W. J., & Sebe, K. (2017). Recovery and diversification of marine communities following the late
Permian mass extinction event in the western Palaeotethys. Global and Planetary Change, 155,

165-177. https://doi.org/10.1016/j.gloplacha.2017.07.009

Foster, W. J., Asatryan, G., Rauzi, S., Botting, J. P., Buchwald, S. Z., Lazarus, D. B., et al. (2023).
Response of siliceous marine organisms to the Permian-Triassic climate crisis based on new
findings from central Spitsbergen, Svalbard. Paleoceanography and Paleoclimatology, 38(12),

€2023PA004766. https://doi.org/10.1029/2023PA004766

99


https://doi.org/10.1038/272216a0
https://doi.org/10.1038/272216a0
https://doi.org/10.1038/272216a0
https://doi.org/10.1016/j.palaeo.2013.02.004
https://doi.org/10.1016/j.palaeo.2013.02.004
https://doi.org/10.1016/j.palaeo.2013.02.004
https://doi.org/10.1126/science.156.3780.1322
https://doi.org/10.1126/science.156.3780.1322
https://doi.org/10.1126/science.156.3780.1322
https://doi.org/10.1016/j.cretres.2014.03.022
https://doi.org/10.1016/j.cretres.2014.03.022
https://doi.org/10.1016/j.cretres.2014.03.022
https://doi.org/10.1016/j.gloplacha.2017.07.009
https://doi.org/10.1016/j.gloplacha.2017.07.009
https://doi.org/10.1029/2023PA004766
https://doi.org/10.1029/2023PA004766

Foster, W. J., Danise, S., & Twitchett, R. J. (2017). A silicified Early Triassic marine assemblage from
Svalbard. Journal of Systematic Palaeontology, 15(10), 851-877.
https://doi.org/10.1080/14772019.2016.1245680

Foster, W. J., Frank, A. B, Li, Q., Danise, S., Wang, X., & Peckmann, J. (2024). Thermal and nutrient
stress drove Permian-Triassic shallow marine extinctions. Cambridge Prisms: Extinction, 2, €9.

https://doi.org/10.1017/ext.2024.9

Foster, W. J., Lehrmann, D. J., Hirtz, J. A., White, M., Yu, M., Li, J., & Martindale, R. C. (2019). Early
Triassic benthic invertebrates from the Great Bank of Guizhou, South China: Systematic
palaeontology and palaeobiology. Papers in Palaeontology, 5(4), 613—-656.
https://doi.org/10.1002/spp2.1252

Frank, A. B., Warncke-Riiting, E. L., Grashy, S. E., Kustatscher, E., Prinoth, H., Poulton, S. W., et al.
(2025). Oxic conditions in shallow marine settings during the Permian-Triassic mass extinction.

Preprint at EarthArXiv. https://doi.org/10.31223/X5K135

Galasso, F., Frank, A. B., & Foster, W. J. (2025). Heavy metal toxicity: A major driver of past biodiversity
crises? Preprint at EarthArXiv. https://doi.org/10.31223/X5SX5R

Gilmullina, A., Klausen, T. G., Doré, A. G., Rossi, V. M., Suslova, A., & Eide, C. H. (2022). Linking
sediment supply variations and tectonic evolution in deep time, source-to-sink systems—The
Triassic Greater Barents Sea Basin. Bulletin of the Geological Society of America, 134(7-8), 1760—
1780. https://doi.org/10.1130/B36090.1

Gliwa, J., Forel, M. B., Crasquin, S., Ghaderi, A., & Korn, D. (2021). Ostracods from the end-Permian
mass extinction in the Aras Valley section (north-west Iran). Papers in Palaeontology, 7(2), 1003—
1042. https://doi.org/10.1002/spp2.1330

Gliwa, J., Wiedenbeck, M., Schobben, M., Ullmann, C. V., Kiessling, W., Ghaderi, A., et al. (2022).
Gradual warming prior to the end-Permian mass extinction. Palaeontology, 65(5), e12621.
https://doi.org/10.1111/pala.12621

Grasbhy, S. E., & Beauchamp, B. (2008). Intrabasin variability of the carbon-isotope record across the
Permian—Triassic transition, Sverdrup Basin, Arctic Canada. Chemical Geology, 253(3—4), 141-150.
https://doi.org/10.1016/j.chemge0.2008.05.005

Grasby, S. E., Beauchamp, B., Bond, D. P. G., Wignall, P., Talavera, C., Galloway, J. M., et al. (2015).
Progressive environmental deterioration in northwestern Pangea leading to the latest Permian

100


https://doi.org/10.1080/14772019.2016.1245680
https://doi.org/10.1080/14772019.2016.1245680
https://doi.org/10.1080/14772019.2016.1245680
https://doi.org/10.1017/ext.2024.9
https://doi.org/10.1017/ext.2024.9
https://doi.org/10.1017/ext.2024.9
https://doi.org/10.1002/spp2.1252
https://doi.org/10.1002/spp2.1252
https://doi.org/10.1002/spp2.1252
https://doi.org/10.1130/B36090.1
https://doi.org/10.1130/B36090.1
https://doi.org/10.1002/spp2.1330
https://doi.org/10.1002/spp2.1330
https://doi.org/10.1111/pala.12621
https://doi.org/10.1111/pala.12621
https://doi.org/10.1111/pala.12621
https://doi.org/10.1016/j.chemgeo.2008.05.005
https://doi.org/10.1016/j.chemgeo.2008.05.005
https://doi.org/10.1016/j.chemgeo.2008.05.005

extinction. Bulletin of the Geological Society of America, 127(9-10), 1331-1347.
https://doi.org/10.1130/B31197.1

Grasby, S. E., Them Il, T. R., Chen, Z,, Yin, R., & Ardakani, O. H. (2019). Mercury as a proxy for volcanic
emissions in the geologic record. Earth Science Reviews, 196, 102880.

https://doi.org/10.1016/j.earscirev.2019.102880

Grashy, S. E., Ardakani, O. H., Liu, X., Bond, D. P. G., Wignall, P. B., & Strachan, L. J. (2024). Marine
snowstorm during the Permian-Triassic mass extinction. Geology, 52(2), 120-124.

https://doi.org/10.1130/G51497.1

Grice, K., Cao, C., Love, G. D., Béttcher, M. E., Twitchett, R. J., Grosjean, E., et al. (2005b). Photic zone
euxinia during the Permian-Triassic superanoxic event. Science, 307(5710), 706—709.

https://doi.org/10.1126/science.1104323

Grice, K., Schaeffert, P., Schwark, L., & Maxwell, J. R. (1996). Molecular indicators of
palaeoenvironmental conditions in an immature Permian shale (Kupferschiefer, Lower Rhine Basin,
north-west Germany) from free and S-bound lipids. Organic Geochemistry, 25(314), 131-147.
https://doi.org/10.1016/S0146-6380(96)00130-1

Grice, K., Schouten, S., Nissenbaum, A., Charrach, J., & Sinninghe Damsté, J. S. (1998). Isotopically
heavy carbon in the C21 to Czs regular isoprenoids in halite-rich deposits from the Sdom Formation,
Dead Sea Basin, Israel. Organic Geochemistry, 6(28), 349-359. https://doi.org/10.1016/S0146-
6380(98)00006-0

Grice, K., Twitchett, R. J., Alexander, R., Foster, C. B., & Looy, C. (2005a). A potential biomarker for the
Permian-Triassic ecological crisis. Earth and Planetary Science Letters, 236(1-2), 315-321.
https://doi.org/10.1016/j.epsl.2005.05.008

Grotheer, H., Le Métayer, P., Piggott, M. J., Lindeboom, E. J., Holman, A. I., Twitchett, R. J., & Grice, K.
(2017). Occurrence and significance of phytanyl arenes across the Permian-Triassic boundary
interval. Organic Geochemistry, 104, 42-52. https://doi.org/10.1016/j.orggeochem.2016.12.002

Hays, L. E., Beatty, T., Henderson, C. M., Love, G. D., & Summons, R. E. (2007). Evidence for photic

zone euxinia through the end-Permian mass extinction in the Panthalassic Ocean (Peace River

Basin, Western Canada). Palaeoworld, 16(1-3), 39-50. https://doi.org/10.1016/j.palwor.2007.05.008

101


https://doi.org/10.1130/B31197.1
https://doi.org/10.1130/B31197.1
https://doi.org/10.1130/B31197.1
https://doi.org/10.1016/j.earscirev.2019.102880
https://doi.org/10.1016/j.earscirev.2019.102880
https://doi.org/10.1016/j.earscirev.2019.102880
https://doi.org/10.1130/G51497.1
https://doi.org/10.1130/G51497.1
https://doi.org/10.1130/G51497.1
https://doi.org/10.1126/science.1104323
https://doi.org/10.1126/science.1104323
https://doi.org/10.1126/science.1104323
https://doi.org/10.1016/S0146-6380(96)00130-1
https://doi.org/10.1016/S0146-6380(96)00130-1
https://doi.org/10.1016/S0146-6380(96)00130-1
https://doi.org/10.1016/S0146-6380(98)00006-0
https://doi.org/10.1016/S0146-6380(98)00006-0
https://doi.org/10.1016/S0146-6380(98)00006-0
https://doi.org/10.1016/j.epsl.2005.05.008
https://doi.org/10.1016/j.epsl.2005.05.008
https://doi.org/10.1016/j.epsl.2005.05.008
https://doi.org/10.1016/j.palwor.2007.05.008
https://doi.org/10.1016/j.palwor.2007.05.008

Hays, L. E., Grice, K., Foster, C. B., & Summons, R. E. (2012). Biomarker and isotopic trends in a
Permian-Triassic sedimentary section at Kap Stosch, Greenland. Organic Geochemistry, 43, 67—-82.

https://doi.org/10.1016/j.orggeochem.2011.10.010

Heindel, K., Foster, W. J., Richoz, S., Birgel, D., Roden, V. J., Baud, A., et al. (2018). The formation of
microbial-metazoan bioherms and biostromes following the latest Permian mass extinction.

Gondwana Research, 61, 187—-202. https://doi.org/10.1016/j.gr.2018.05.007

Hofmann, R., Goudemand, N., Wasmer, M., Bucher, H., & Hautmann, M. (2011). New trace fossil
evidence for an early recovery signal in the aftermath of the end-Permian mass extinction.
Palaeogeography, Palaeoclimatology, Palaeoecology, 310(3-4), 216—-226.
https://doi.org/10.1016/j.palae0.2011.07.014

Jablonski, D., & Edie, S. M. (2025). Mass extinctions and their rebounds: A macroevolutionary framework.

Paleobiology, 51, 83-96. https://doi.org/10.1017/pab.2024.13

Jia, C., Huang, J., Kershaw, S., Luo, G., Farabegoli, E., Perri, M. C., et al. (2012). Microbial response to
limited nutrients in shallow water immediately after the end-Permian mass extinction. Geobiology,

10(1), 60—71. https://doi.org/10.1111/j.1472-4669.2011.00310.x

Joachimski, M. M., Alekseev, A. S., Grigoryan, A., & Gatovsky, Y. A. (2020). Siberian Trap volcanism,
global warming and the Permian-Triassic mass extinction: New insights from Armenian Permian-
Triassic sections. Bulletin of the Geological Society of America, 132(1-2), 427-443.

https://doi.org/10.1130/B35108.1

Joachimski, M. M., Lai, X., Shen, S., Jiang, H., Luo, G., Chen, B., et al. (2012). Climate warming in the
latest Permian and the Permian-Triassic mass extinction. Geology, 40(3), 195-198.

https://doi.org/10.1130/G32707.1

Kaiho, K., Aftabuzzaman, M., Jones, D. S., & Tian, L. (2021). Pulsed volcanic combustion events
coincident with the end-Permian terrestrial disturbance and the following global crisis. Geology,

49(3), 289-293. https://doi.org/10.1130/G48022.1

Karl, D. M. (2014). Microbially mediated transformations of phosphorus in the sea: New views of an old
cycle. Annual Review of Marine Science, 6, 279-337. https://doi.org/10.1146/annurev-marine-

010213-135046

Klausen, T. G., Nyberg, B., & Helland-Hansen, W. (2019). The largest delta plain in Earth’s history.
Geology, 47(5), 470-474. https://doi.org/10.1130/G45507.1

102


https://doi.org/10.1016/j.orggeochem.2011.10.010
https://doi.org/10.1016/j.orggeochem.2011.10.010
https://doi.org/10.1016/j.orggeochem.2011.10.010
https://doi.org/10.1016/j.gr.2018.05.007
https://doi.org/10.1016/j.gr.2018.05.007
https://doi.org/10.1016/j.palaeo.2011.07.014
https://doi.org/10.1016/j.palaeo.2011.07.014
https://doi.org/10.1016/j.palaeo.2011.07.014
https://doi.org/10.1017/pab.2024.13
https://doi.org/10.1017/pab.2024.13
https://doi.org/10.1111/j.1472-4669.2011.00310.x
https://doi.org/10.1111/j.1472-4669.2011.00310.x
https://doi.org/10.1130/B35108.1
https://doi.org/10.1130/B35108.1
https://doi.org/10.1130/B35108.1
https://doi.org/10.1130/G32707.1
https://doi.org/10.1130/G32707.1
https://doi.org/10.1130/G32707.1
https://doi.org/10.1130/G48022.1
https://doi.org/10.1130/G48022.1
https://doi.org/10.1146/annurev-marine-010213-135046
https://doi.org/10.1146/annurev-marine-010213-135046
https://doi.org/10.1146/annurev-marine-010213-135046
https://doi.org/10.1130/G45507.1
https://doi.org/10.1130/G45507.1

Knoll, A. H., Canfield, D. E., & Konhauser, K. (2012). Fundamentals of geobiology. Wiely-Blackwell.
https://doi.org/10.1002/9781118280874

Koopmans, M. P., Schouten, S., Kohnen, M. E. L., & Sinninghe Damsté, J. S. (1996). Restricted utility of
aryl isoprenoids as indicators for photic zone anoxia. Geochimica et Cosmochimica Acta, 60(23),

4873-4876. https://doi.org/10.1016/S0016-7037(96)00303-1

Krewer, C., Poulton, S. W., Newton, R. J., Marz, C., Mills, B. J. W., & Wagner, T. (2024). Controls on the
termination of Cretaceous Oceanic Anoxic Event 2 in the Tarfaya Basin, Morocco. American Journal

of Science, 324, 11. https://doi.org/10.2475/001¢.118797

Lawrence, M. G., Greig, A., Collerson, K. D., & Kamber, B. S. (2006). Rare earth element and yttrium
variability in South East Queensland waterways. Aquatic Geochemistry, 12(1), 39-72.

https://doi.org/10.1007/s10498-005-4471-8

Leu, M., Schneebeli-Hermann, E., Hammer, &., Lindemann, F.-J., & Bucher, H. (2024). Spatiotemporal
dynamics of nektonic biodiversity and vegetation shifts during the Smithian—Spathian transition:
Conodont and palynomorph insights from Svalbard. Lethaia, 57(2), 1-19.
https://doi.org/10.18261/let.57.2.3

Li, S., Wignall, P. B., & Poulton, S. W. (2025). Co-application of rhenium, vanadium, uranium and
molybdenum as paleo-redox proxies: Insight from modern and ancient environments. Chemical

Geology, 674, 122565. https://doi.org/10.1016/j.chemge0.2024.122565

Luo, G., Wang, Y., Grice, K., Kershaw, S., Algeo, T. J., Ruan, X., et al. (2013). Microbial-algal community
changes during the latest Permian ecological crisis: Evidence from lipid biomarkers at Cili, South

China. Global and Planetary Change, 105, 36-51. https://doi.org/10.1016/j.gloplacha.2012.11.015

Luo, G., Yang, H., Algeo, T. J., Hallmann, C., & Xie, S. (2019). Lipid biomarkers for the reconstruction of
deep-time environmental conditions. Earth-Science Reviews, 189, 99-124.

https://doi.org/10.1016/j.earscirev.2018.03.005

Mackenzie, A. S., Beaumont, C., & McKenzie, D. P. (1984). Estimation of the kinetics of geochemical
reactions with geophysical models of sedimentary basins and applications. Organic Geochemistry,

6, 875-884. https://doi.org/10.1016/0146-6380(84)90110-4

Meyer, K. M., Yu, M., Jost, A. B., Kelley, B. M., & Payne, J. L. (2011). 8'3C evidence that high primary
productivity delayed recovery from end-Permian mass extinction. Earth and Planetary Science

Letters, 302(3—4), 378—384. https://doi.org/10.1016/j.epsl.2010.12.033

103


https://doi.org/10.1002/9781118280874
https://doi.org/10.1002/9781118280874
https://doi.org/10.1002/9781118280874
https://doi.org/10.1016/S0016-7037(96)00303-1
https://doi.org/10.1016/S0016-7037(96)00303-1
https://doi.org/10.2475/001c.118797
https://doi.org/10.2475/001c.118797
https://doi.org/10.1007/s10498-005-4471-8
https://doi.org/10.1007/s10498-005-4471-8
https://doi.org/10.1007/s10498-005-4471-8
https://doi.org/10.18261/let.57.2.3
https://doi.org/10.18261/let.57.2.3
https://doi.org/10.18261/let.57.2.3
https://doi.org/10.1016/j.chemgeo.2024.122565
https://doi.org/10.1016/j.chemgeo.2024.122565
https://doi.org/10.1016/j.gloplacha.2012.11.015
https://doi.org/10.1016/j.gloplacha.2012.11.015
https://doi.org/10.1016/j.earscirev.2018.03.005
https://doi.org/10.1016/j.earscirev.2018.03.005
https://doi.org/10.1016/j.earscirev.2018.03.005
https://doi.org/10.1016/0146-6380(84)90110-4
https://doi.org/10.1016/0146-6380(84)90110-4
https://doi.org/10.1016/j.epsl.2010.12.033
https://doi.org/10.1016/j.epsl.2010.12.033

Mark, A., Elvebakk, G., Forsberg, A. W., Hounslow, M. W., Nakrem, H. A., Vigran, J. O., & Weitschat, W.
(1999). The type section of the Vikinghggda formation: A new Lower Triassic unit in central and
eastern Svalbard. Polar Research, 18(1), 51-82. https://doi.org/10.1111/j.1751-
8369.1999.tb00277.x

Mgark, A., Embry, A. F., & Weitschat, W. (1989). Triassic transgressive-regressive cycles in the Sverdrup
Basin, Svalbard and the Barents Shelf. In J. D. Collins (Ed.), Correlation in Hydrocarbon Exploration

(pp. 113-130). Dordrecht: Springer Netherlands.

Mark, A., Knarud, R., & Worsley, D. (1982). Depositional and diagenetic environments of the Triassic and
Lower Jurassic succession of Svalbard. In A. F. Embry & H. R. Balkwill (Eds.), Arctic Geology and

Geophysics, Canadian Society of Petroleum Geologists (pp. 371-398).

Nabbefeld, B., Grice, K., Summons, R. E., Hays, L. E., & Cao, C. (2010b). Significance of polycyclic
aromatic hydrocarbons (PAHS) in Permian/Triassic boundary sections. Applied Geochemistry, 25(9),

1374-1382. https://doi.org/10.1016/j.apgeochem.2010.06.008

Nabbefeld, B., Grice, K., Twitchett, R. J., Summons, R. E., Hays, L., Bottcher, M. E., & Asif, M. (2010a).
An integrated biomarker, isotopic and palaeoenvironmental study through the late Permian event at
Lusitaniadalen, Spitsbergen. Earth and Planetary Science Letters, 291(1-4), 84-96.
https://doi.org/10.1016/j.epsl.2009.12.053

Nagy, J., Svensen, H. H., & Planke, S. (2025). Severe oxygen and carbonate depletion during the end-
Permian mass extinction and its aftermath in Boreal waters reflected by foraminifera from

Spitsbergen. Preprint at SSRN, 4460346. https://ssrn.com/abstract=4460346

Nakrem, H. A., Orchard, M. J., Weitschat, W., Hounslow, M. W., Beatty, T. W., & Mgrk, A. (2008). Triassic
conodonts from Svalbard and their Boreal correlations. Polar Research, 27(3), 523-539.

https://doi.org/10.1111/j.1751-8369.2008.00076.x

Natalicchio, M., Birgel, D., Peckmann, J., Lozar, F., Carnevale, G., Liu, X., et al. (2017). An archaeal
biomarker record of paleoenvironmental change across the onset of the Messinian salinity crisis in
the absence of evaporites (Piedmont Basin, Italy). Organic Geochemistry, 113, 242—253.

https://doi.org/10.1016/j.orggeochem.2017.08.014

Olaussen, S., Grundvag, S.-A., Senger, K., Anell, I., Betlem, P., Birchall, T., et al. (2025). Svalbard
composite tectono-sedimentary element, Barents Sea. Geological Society, London, Memoirs, 57(1),

M57-2021. https://doi.org/10.1144/M57-2021-36

104


https://doi.org/10.1111/j.1751-8369.1999.tb00277.x
https://doi.org/10.1111/j.1751-8369.1999.tb00277.x
https://doi.org/10.1111/j.1751-8369.1999.tb00277.x
https://doi.org/10.1016/j.apgeochem.2010.06.008
https://doi.org/10.1016/j.apgeochem.2010.06.008
https://doi.org/10.1016/j.epsl.2009.12.053
https://doi.org/10.1016/j.epsl.2009.12.053
https://doi.org/10.1016/j.epsl.2009.12.053
https://ssrn.com/abstract=4460346
https://ssrn.com/abstract=4460346
https://doi.org/10.1016/j.orggeochem.2017.08.014
https://doi.org/10.1016/j.orggeochem.2017.08.014
https://doi.org/10.1016/j.orggeochem.2017.08.014
https://doi.org/10.1144/M57-2021-36
https://doi.org/10.1144/M57-2021-36

Pajares, S., & Ramos, R. (2019). Processes and microorganisms involved in the marine nitrogen cycle:

Knowledge and gaps. Frontiers in Marine Science, 6, 739. https://doi.org/10.3389/fmars.2019.00739

Pancost, R. D., Sinninghe Damsté, J. S., De Lint, S., Van Der Maarel, M. J. E. C., Gottschal, J. C., Aloisi
de Larderel, G., et al. (2000). Biomarker evidence for widespread anaerobic methane oxidation in
Mediterranean sediments by a consortium of methanogenic Archaea and Bacteria. Applied and

Environmental Microbiology, 66(3), 1126-1132. https://doi.org/10.1128/AEM.66.3.1126-1132.2000

Penn, J. L., Deutsch, C., Payne, J. L., & Sperling, E. A. (2018). Temperature-dependent hypoxia explains
biogeography and severity of end-Permian marine mass extinction. Science, 362(6419), eaat1327.

https://doi.org/10.1126/science.aat1327

Peters, K. E. (1986). Guidelines for evaluating petroleum source rock using programmed pyrolysis.
American Association of Petroleum Geologists Bulletin, 70(3), 318—-329.

https://doi.org/10.1306/94885688-1704-11d7-8645000102c1865d

Portner, H. O., Scholes, R. J., Arneth, A., Barnes, D. K. A., Burrows, M. T., Diamond, S. E., et al. (2023).
Overcoming the coupled climate and biodiversity crises and their societal impacts. Science,

380(6642), eabl4881. https://doi.org/10.1126/science.abl4881

Prinoth, H., & Posenato, R. (2023). Bivalves from the Changhsingian (upper Permian) Bellerophon
Formation of the Dolomites (Italy): Ancestors of Lower Triassic post-extinction benthic communities.

Papers in Palaeontology, 9(2), €1486. https://doi.org/10.1002/spp2.1486

Rees, P. M. (2002). Land-plant diversity and the end-Permian mass extinction. Geology, 30(9), 827-830.
https://doi.org/10.1130/0091-7613(2002)030<0827:LPDATE>2.0.CO;2

R Core Team (2023). R: A language and environment for statistical computing. R foundation for statistical

computing, Vienna, Austria. URL: https://www.R-project.org/

Rampino, M. R., & Eshet, Y. (2018). The fungal and acritarch events as time markers for the latest
Permian mass extinction: An update. Geoscience Frontiers, 9(1), 147-154.

https://doi.org/10.1016/j.gsf.2017.06.005

Reid, C. M., James, N. P., Beauchamp, B., & Kyser, T. K. (2007). Faunal turnover and changing
oceanography: Late Palaeozoic warm-to-cool water carbonates, Sverdrup Basin, Canadian Arctic
Archipelago. Palaeogeography, Palaeoclimatology, Palaeoecology, 249(1-2), 128-159.
https://doi.org/10.1016/j.palaeo.2007.01.007

105


https://doi.org/10.3389/fmars.2019.00739
https://doi.org/10.3389/fmars.2019.00739
https://doi.org/10.1128/AEM.66.3.1126-1132.2000
https://doi.org/10.1128/AEM.66.3.1126-1132.2000
https://doi.org/10.1126/science.aat1327
https://doi.org/10.1126/science.aat1327
https://doi.org/10.1126/science.aat1327
https://doi.org/10.1126/science.abl4881
https://doi.org/10.1126/science.abl4881
https://doi.org/10.1002/spp2.1486
https://doi.org/10.1002/spp2.1486
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1016/j.palaeo.2007.01.007
https://doi.org/10.1016/j.palaeo.2007.01.007
https://doi.org/10.1016/j.palaeo.2007.01.007

Risatti, J. B., Rowland, S. J., Yon, D. A., & Maxwell, J. R. (1984). Stereochemical studies of acyclic
isoprenoids-XII. Lipids of methanogenic bacteria and possible contributions to sediments. Organic

Geochemistry, 6, 93—104. https://doi.org/10.1016/0146-6380(84)90030-5

Rodriguez-Tovar, F. J., Dorador, J., Zuchuat, V., Planke, S., & Hammer, @. (2021). Response of
macrobenthic trace maker community to the end-Permian mass extinction in central Spitsbergen,
Svalbard. Palaeogeography, Palaeoclimatology, Palaeoecology, 581, 110637.
https://doi.org/10.1016/j.palae0.2021.110637

Rontani, J. F., & Bonin, P. (2011). Production of pristane and phytane in the marine environment: Role of
prokaryotes. Research in Microbiology, 162(9), 923-933.
https://doi.org/10.1016/j.resmic.2011.01.012

De Rosa, M., Gambacorta, A., Nicolaus, B., Ross, H. N., Grant, W. D., & Bu’Lock, J. D. (1982). An
asymmetric archaebacterial diether lipid from alkaliphilic halophiles. Journal of General

Microbiology, 128(2), 343—348. https://doi.org/10.1099/00221287-128-2-343

Rowland, S. J. (1990). Production of acyclic isoprenoid hydrocarbons by laboratory maturation of
methanogenic bacteria. Organic Geochemistry, 15(15), 9-16. https://doi.org/10.1016/0146-
6380(90)90181-X

Sabino, M., Dela Pierre, F., Natalicchio, M., Birgel, D., Gier, S., & Peckmann, J. (2021). The response of
water column and sedimentary environments to the advent of the Messinian salinity crisis: Insights
from an onshore deep-water section (Govone, NW lItaly). Geological Magazine, 158(5), 825-841.

https://doi.org/10.1017/S0016756820000874

Saito, R., Tian, L., Kaiho, K., & Takahashi, S. (2022). Biomarker evidence for the prolongation of multiple
phytoplankton blooms in the aftermath of the end-Permian mass extinction. Palaeogeography,

Palaeoclimatology, Palaeoecology, 600, 111077. https://doi.org/10.1016/j.palae0.2022.111077

Saito, R., Wérmer, L., Taubner, H., Kaiho, K., Takahashi, S., Tian, L., et al. (2023). Centennial scale
sequences of environmental deterioration preceded the end-Permian mass extinction. Nature

Communications, 14(1), 2113. https://doi.org/10.1038/s41467-023-37717-0

Sakata, S., Tsunogai, U., Oba, M., Ujiie, T., & Tanahashi, M. (2024). Archaeal lipid biomarkers in near-
surface sediments at a giant colony of the bivalve Calyptogena: Molecular records of a massive
methane release event associated with methane hydrate dissociation. Organic Geochemistry, 188,

104739. https://doi.org/10.1016/j.orggeochem.2024.104739

106


https://doi.org/10.1016/0146-6380(84)90030-5
https://doi.org/10.1016/0146-6380(84)90030-5
https://doi.org/10.1016/j.palaeo.2021.110637
https://doi.org/10.1016/j.palaeo.2021.110637
https://doi.org/10.1016/j.palaeo.2021.110637
https://doi.org/10.1016/j.resmic.2011.01.012
https://doi.org/10.1016/j.resmic.2011.01.012
https://doi.org/10.1016/j.resmic.2011.01.012
https://doi.org/10.1099/00221287-128-2-343
https://doi.org/10.1099/00221287-128-2-343
https://doi.org/10.1016/0146-6380(90)90181-X
https://doi.org/10.1016/0146-6380(90)90181-X
https://doi.org/10.1016/0146-6380(90)90181-X
https://doi.org/10.1017/S0016756820000874
https://doi.org/10.1017/S0016756820000874
https://doi.org/10.1017/S0016756820000874
https://doi.org/10.1016/j.palaeo.2022.111077
https://doi.org/10.1016/j.palaeo.2022.111077
https://doi.org/10.1038/s41467-023-37717-0
https://doi.org/10.1038/s41467-023-37717-0
https://doi.org/10.1016/j.orggeochem.2024.104739
https://doi.org/10.1016/j.orggeochem.2024.104739

Schaal, E. K., Meyer, K. M., Lau, K. V., Silva-Tamayo, J. C., & Payne, J. L. (2015). Oceanic anoxia during
the Permian—Triassic transition and links to volcanism. In A. Schmidt, K. Fristad, & L. Elkins-Tanton
(Eds.), Volcanism and Global Environmental Change (pp. 275—-290). Cambridge University Press.
https://doi.org/10.1017/cb09781107415683.022

Schneebeli-Hermann, E., Hochuli, P. A., & Bucher, H. (2017). Palynofloral associations before and after
the Permian—Triassic mass extinction, Kap Stosch, East Greenland. Global and Planetary Change,

155, 178-195. https://doi.org/10.1016/j.gloplacha.2017.06.009

Schobben, M., Foster, W. J., Sleveland, A. R. N., Zuchuat, V., Svensen, H. H., Planke, S., et al. (2020). A
nutrient control on marine anoxia during the end-Permian mass extinction. Nature Geoscience,

13(9), 640—646. https://doi.org/10.1038/s41561-020-0622-1

Schobben, M., Joachimski, M. M., Korn, D., Leda, L., & Korte, C. (2014). Palaeotethys seawater
temperature rise and an intensified hydrological cycle following the end-Permian mass extinction.

Gondwana Research, 26(2), 675—683. https://doi.org/10.1016/j.gr.2013.07.019

Senger, K., Betlem, P., Birchall, T., Gonzaga, L., Grundvag, S. A., Horota, R. K., et al. (2022). Digitising
Svalbard’s geology: The Festningen digital outcrop model. First Break, 40(3), 47-55.
https://doi.org/10.3997/1365-2397.fb2022021

Sephton, M. A, Jiao, D., Engel, M. H., Looy, C. V., & Visscher, H. (2015). Terrestrial acidification during

the end-Permian biosphere crisis? Geology, 43(2), 159-162. https://doi.org/10.1130/G36227.1

Sephton, M. A., Looy, C. V., Brinkhuis, H., Wignall, P. B., de Leeuw, J. W., & Visscher, H. (2005).
Catastrophic soil erosion during the end-Permian biotic crisis. Geology, 33(12), 941-944.

https://doi.org/10.1130/G21784.1

Shen, J., Schoepfer, S. D., Feng, Q., Zhou, L., Yu, J., Song, H., et al. (2015). Marine productivity changes
during the end-Permian crisis and Early Triassic recovery. Earth-Science Reviews, 149, 136-162.

https://doi.org/10.1016/j.earscirev.2014.11.002

Shen, J., Zhou, L., Feng, Q., Zhang, M., Lei, Y. Zhang N., et al. (2014). Paleo-productivity evolution
across the Permian-Triassic boundary and quantitative calculation of primary productivity of black
rock series from the Dalong Formation, South China. Science China Earth Sciences, 57(7), 1583—

1594. https://doi.org/10.1007/s11430-013-4780-5

107


https://doi.org/10.1017/cbo9781107415683.022
https://doi.org/10.1017/cbo9781107415683.022
https://doi.org/10.1017/cbo9781107415683.022
https://doi.org/10.1016/j.gloplacha.2017.06.009
https://doi.org/10.1016/j.gloplacha.2017.06.009
https://doi.org/10.1038/s41561-020-0622-1
https://doi.org/10.1038/s41561-020-0622-1
https://doi.org/10.1016/j.gr.2013.07.019
https://doi.org/10.1016/j.gr.2013.07.019
https://doi.org/10.1130/G36227.1
https://doi.org/10.1130/G36227.1
https://doi.org/10.1130/G21784.1
https://doi.org/10.1130/G21784.1
https://doi.org/10.1130/G21784.1

Shen, W., Sun, Y., Lin, Y., Liu, D., & Chai, P. (2011). Evidence for wildfire in the Meishan section and
implications for Permian-Triassic events. Geochimica et Cosmochimica Acta, 75(7), 1992—2006.

https://doi.org/10.1016/j.gca.2011.01.027

Sinninghe Damsté, J. S., Schouten, S., & Van Duin, A. C. T. (2001). Isorenieratene derivatives in
sediments: Possible controls on their distribution. Geochimica et Cosmochimica Acta, 65(10), 1557—

1571. https://doi.org/10.1016/S0016-7037(01)00549-X

Song, H., Wignall, P. B., & Dunhill, A. M. (2018). Decoupled taxonomic and ecological recoveries from the
Permo-Triassic extinction. Science Advances, 4(10), eaat5091.

https://doi.org/10.1126/sciadv.aat5091

Sousa Junior, G. R., Santos, A. O. L. S., De Lima, S. G., Lopes, J. A. D., Reis, F. A. M., Santos Neto, E.
V., & Chang, H. K. (2013). Evidence for euphotic zone anoxia during the deposition of Aptian source
rocks based on aryl isoprenoids in petroleum, Sergipe-Alagoas Basin, northeastern Brazil. Organic

Geochemistry, 63, 94—-104. https://doi.org/10.1016/j.orggeochem.2013.07.009

Stanley, S. M. (2016). Estimates of the magnitudes of major marine mass extinctions in earth history.
Proceedings of the National Academy of Sciences, 113(42), E6325-E6334.

https://doi.org/10.1073/pnas.1613094113

Summons, R. E. (2014). The exceptional preservation of interesting and informative biomolecules. The

Paleontological Society Papers, 20, 217-236. https://doi.org/10.1017/s1089332600002862

Summons, R. E., Welander, P. V., & Gold, D. A. (2022). Lipid biomarkers: Molecular tools for illuminating
the history of microbial life. Nature Reviews Microbiology, 20(3), 174-185.
https://doi.org/10.1038/s41579-021-00636-2

Sun, Y., Joachimski, M. M., Wignall, P., Yan, C., Chen, Y., Jiang, H., et al. (2012). Lethally hot
temperatures during the Early Triassic greenhouse. Science, 338(6105), 363—366.
https://doi.org/10.1126/science.1224126

Svensen, H., Planke, S., Polozov, A. G., Schmidbauer, N., Corfu, F., Podladchikov, Y. Y., & Jamtveit, B.
(2009). Siberian gas venting and the end-Permian environmental crisis. Earth and Planetary

Science Letters, 277(3—-4), 490-500. https://doi.org/10.1016/j.epsl.2008.11.015

Taylor, S. R., & McLennan, S. M. (1985). The Continental Crust: Its Composition and Evolution. In A.

Hallam (Ed.), Blackwell Scientific Publications (Oxford).

108


https://doi.org/10.1016/j.gca.2011.01.027
https://doi.org/10.1016/j.gca.2011.01.027
https://doi.org/10.1016/j.gca.2011.01.027
https://doi.org/10.1016/S0016-7037(01)00549-X
https://doi.org/10.1016/S0016-7037(01)00549-X
https://doi.org/10.1126/sciadv.aat5091
https://doi.org/10.1126/sciadv.aat5091
https://doi.org/10.1126/sciadv.aat5091
https://doi.org/10.1016/j.orggeochem.2013.07.009
https://doi.org/10.1016/j.orggeochem.2013.07.009
https://doi.org/10.1073/pnas.1613094113
https://doi.org/10.1073/pnas.1613094113
https://doi.org/10.1073/pnas.1613094113
https://doi.org/10.1017/s1089332600002862
https://doi.org/10.1017/s1089332600002862
https://doi.org/10.1038/s41579-021-00636-2
https://doi.org/10.1038/s41579-021-00636-2
https://doi.org/10.1038/s41579-021-00636-2
https://doi.org/10.1126/science.1224126
https://doi.org/10.1126/science.1224126
https://doi.org/10.1126/science.1224126
https://doi.org/10.1016/j.epsl.2008.11.015
https://doi.org/10.1016/j.epsl.2008.11.015

Tribovillard, N. (2024). Revisiting shallow glauconite factories: Intertwined fates of glauconite and iron.
Comptes Rendus. Géoscience e — Sciences de La Planéte, 356(G1), 139-155.

https://doi.org/10.5802/crgeos.274

Tribovillard, N., Algeo, T. J., Baudin, F., & Riboulleau, A. (2012). Analysis of marine environmental
conditions based on molybdenum-uranium covariation-Applications to Mesozoic paleoceanography.

Chemical Geology, 324, 46-58. https://doi.org/10.1016/j.chemge0.2011.09.009

Tribovillard, N., Algeo, T. J., Lyons, T., & Riboulleau, A. (2006). Trace metals as paleoredox and
paleoproductivity proxies: An update. Chemical geology, 232(1-2), 12-32.
https://doi.org/10.1016/j.chemge0.2006.02.012

Twitchett, R. J., Krystyn, L., Baud, A., Wheeley, J. R., & Richoz, S. (2004). Rapid marine recovery after
the end-Permian mass-extinction event in the absence of marine anoxia. Geology, 32(9), 805-808.

https://doi.org/10.1130/G20585.1

Uchman, A., Hanken, N. M., Nielsen, J. K., Grundvag, S. A., & Piasecki, S. (2016). Depositional
environment, ichnological features and oxygenation of Permian to earliest Triassic marine
sediments in central Spitsbergen, Svalbard. Polar Research, 35(1), 24782.
https://doi.org/10.3402/polar.v35.24782

Vandier, F., Tourte, M., Doumbe-Kingue, C., Plancq, J., Schaeffer, P., Oger, P., & Grossi, V. (2021).
Reappraisal of archaeal C20-C2s diether lipid (extended archaeol) origin and use as a biomarker of
hypersalinity. Organic Geochemistry, 159, 104276.
https://doi.org/10.1016/j.orggeochem.2021.104276

Vigran, J. O. (2014). Palynology and geology of the Triassic succession of Svalbard and the Barents Sea.

In T. Slagstad (Ed.), 14th edition, Geological Survey of Norway.

Weyer, S., Anbar, A. D., Gerdes, A., Gordon, G. W., Algeo, T. J., & Boyle, E. A. (2008). Natural
fractionation of 238U/235U. Geochimica et Cosmochimica Acta, 72(2), 345—-359.

https://doi.org/10.1016/j.gca.2007.11.012

Wignall, P. B., Morante, R., & Newton, R. (1998). The Permo-Triassic transition in Spitsbergen: 813Corg
chemostratigraphy, Fe and S geochemistry, facies, fauna and trace fossils. Geological Magazine,

135(1), 47-62. https://doi.org/10.1017/S0016756897008121

109


https://doi.org/10.5802/crgeos.274
https://doi.org/10.5802/crgeos.274
https://doi.org/10.5802/crgeos.274
https://doi.org/10.1016/j.chemgeo.2011.09.009
https://doi.org/10.1016/j.chemgeo.2011.09.009
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1130/G20585.1
https://doi.org/10.1130/G20585.1
https://doi.org/10.1130/G20585.1
https://doi.org/10.3402/polar.v35.24782
https://doi.org/10.3402/polar.v35.24782
https://doi.org/10.3402/polar.v35.24782
https://doi.org/10.1016/j.orggeochem.2021.104276
https://doi.org/10.1016/j.orggeochem.2021.104276
https://doi.org/10.1016/j.orggeochem.2021.104276
https://doi.org/10.1017/S0016756897008121
https://doi.org/10.1017/S0016756897008121

Xiang, L., Zhang, H., Schoepfer, S. D., Cao, C., Zheng, Q., Yuan, D., et al. (2020). Oceanic redox
evolution around the end-Permian mass extinction at Meishan, South China. Palaeogeography,

Palaeoclimatology, Palaeoecology, 544, 109626. https://doi.org/10.1016/j.palae0.2020.109626

Xie, S., Algeo, T. J., Zhou, W., Ruan, X., Luo, G., Huang, J., & Yan, J. (2017). Contrasting microbial
community changes during mass extinctions at the middle/late Permian and Permian/Triassic
boundaries. Earth and Planetary Science Letters, 460, 180—191.

https://doi.org/10.1016/j.epsl.2016.12.015

Xie, S., Pancost, R. D., Huang, J., Wignall, P. B., Yu, J., Tang, X., et al. (2007). Changes in the global
carbon cycle occurred as two episodes during the Permian-Triassic crisis. Geology, 35(12), 1083—

1086. https://doi.org/10.1130/G24224A.1

Yin, H., Zhang, K., Tong, J., Yang, Z., & Wu, S. (2001). The Global Stratotype Section and Point (GSSP)

of the Permian-Triassic boundary. Episodes Journal of International Geoscience, 24(2), 102-114.

Zhang, F., Algeo, T. J., Romaniello, S. J., Cui, Y., Zhao, L., Chen, Z. Q., & Anbar, A. D. (2018).
Congruent Permian-Triassic 238U records at Panthalassic and Tethyan sites: Confirmation of
global-oceanic anoxia and validation of the U-isotope paleoredox proxy. Geology, 46(4), 327—-330.

https://doi.org/10.1130/G39695.1

Zhang, F., Shen, S., Cui, Y., Lenton, T. M., Dahl, T. W., Zhang, H., et al. (2020). Two distinct episodes of
marine anoxia during the Permian-Triassic crisis evidenced by uranium isotopes in marine
dolostones. Geochimica et Cosmochimica Acta, 287, 165-179.

https://doi.org/10.1016/j.gca.2020.01.032

Zuchuat, V., Sleveland, A. R. N., Twitchett, R. J., Svensen, H. H., Turner, H., Augland, L. E., et al. (2020).
A new high-resolution stratigraphic and palaeoenvironmental record spanning the end-Permian
mass extinction and its aftermath in central Spitsbergen, Svalbard. Palaeogeography,

Palaeoclimatology, Palaeoecology, 554, 109732. https://doi.org/10.1016/j.palae0.2020.109732

110


https://doi.org/10.1016/j.palaeo.2020.109626
https://doi.org/10.1016/j.palaeo.2020.109626
https://doi.org/10.1016/j.epsl.2016.12.015
https://doi.org/10.1016/j.epsl.2016.12.015
https://doi.org/10.1016/j.epsl.2016.12.015
https://doi.org/10.1130/G24224A.1
https://doi.org/10.1130/G24224A.1
https://doi.org/10.1130/G39695.1
https://doi.org/10.1130/G39695.1
https://doi.org/10.1130/G39695.1
https://doi.org/10.1016/j.gca.2020.01.032
https://doi.org/10.1016/j.gca.2020.01.032
https://doi.org/10.1016/j.gca.2020.01.032
https://doi.org/10.1016/j.palaeo.2020.109732
https://doi.org/10.1016/j.palaeo.2020.109732

Manuscript Il

Buchwald Sz, Birgel D, Kustatscher E, Prinoth H, Galasso F, Karapunar B, Frank AB, Gémez
Correa MA, Lahajnar N, Peckmann J, Foster WJ. Molecular fossils record marine and
terrestrial ecosystem changes prior to and across the Permian—Triassic mass extinction in
the Dolomites (Italy). Submitted to Biogeosciences.

SZB and WJF conceptualized the study; SZB curated the data and performed the formal
analysis; WJF acquired funding; SZB, EK, HP, FG, BK, ABF, MAGC and WJF were involved in
planning and conducting fieldwork; JP, DB and WJF provided institutional resources; SZB
conducted the lipid biomarker lab work; NL provided TOC data; SZB wrote and visualized the
original draft; all co-authors were involved in reviewing and editing.

111



Molecular fossils record shallow marine ecosystem changes prior to

and across the Permian—=Triassic mass extinction in the Dolomites

(Italy)

S. Z. Buchwald?, D. Birgel!, E. Kustatscher?, H. Prinoth?, F. Galasso!, B. Karapunar?, A. B.

Frank!, M. A. Gbmez Correa?!, N. Lahajnar?, J. Peckmann?, and W. J. Foster?!

! Department of Earth System Sciences, University of Hamburg, Hamburg, Germany
2 Department of Natural History, Tirolean State Museums, Hall in Tirol, Austria

8 Museum Ladin Ciastel de Tor, San Martino in Badia, Italy

4School of Earth and Environment, University of Leeds, Leeds, United Kingdom

Corresponding author: Stella Zora Buchwald (stella.buchwald@uni-hamburg.de)

Abstract

The Permian—Triassic mass extinction, the most severe biotic crisis of the Phanerozoic, has been
linked to environmental perturbations triggered by the eruptions of the Siberian Traps Large
Igneous Province. However, multiple of these perturbations have previously been demonstrated
to have started already several hundred thousand of years prior to the main extinction phase. To
explore this timing and its ecological implications, we analyzed molecular fossils across the
Permian—Triassic transition from two shallow marine carbonate ramp sections in the tropical
Tethys Ocean from the Dolomites (northern Italy). Both the shallower (Siusi/Seis) and the deeper
(Seres) setting record a sudden increase in polycyclic aromatic hydrocarbons (PAHs) such as
pyrene and coronene just above the extinction, probably deriving from the combustion of organic-
rich sedimentary rocks during Siberian Traps sill emplacement, and the subsequent distribution
of these compounds. Redox-sensitive and source-indicative molecular fossil indices such as
pristane/phytane (Pr/Ph), the terrigenous-aquatic ratio (TAR), and (Pr + Ph)/(n-C17 + n-Cas) reveal
that redox conditions, the amount of terrestrially derived organic matter, and relative abundance
of photoautotrophs were more variable in the shallower compared to the deeper setting. This

variability suggests that ecosystems in shallow restricted environments experienced greater
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stress than those in deeper settings. The shallower setting thereby records the effect of ubiquitous
sea level fluctuation rather than an early onset of the environmental crises preceding the
extinction event, highlighting spatial heterogeneity in ecosystem responses and underscoring the

importance of regional environmental context when interpreting extinction dynamics.
1 Introduction

The Permian—Triassic mass extinction, which occurred approximately 252 million years ago, was
the most severe biotic crisis of the Phanerozoic resulting in substantial loss of both marine and
terrestrial biodiversity (e.g., Benton & Newell, 2014, Stanley, 2016). In marine ecosystems, the
main environmental stressors hypothesized to have driven this crisis include thermal stress (e.qg.,
Joachimski et al., 2012, 2020; Schobben et al., 2014; Sun et al., 2012), expansion of ocean anoxia
(e.g., Brennecka et al., 2011; Cao et al., 2009; Grasby et al., 2013; Zhang et al., 2020), and ocean
acidification (e.g., Clarkson et al., 2015; Hinojosa et al., 2012; Jurikova et al., 2020; Payne et al.,
2010). The combined effects of these stressors are thought to have led to extreme environmental

perturbations causing the global collapse of ecosystems (Payne & Clapham, 2012).

A close temporal relationship exists between the Permian—Triassic mass extinction and the
emplacement of the Siberian Traps Large Igneous Province, which released massive amounts of
greenhouse gases and other volatiles into the atmosphere, and especially the initial emplacement
of sill intrusions likely triggered the extinction event (Burgess et al., 2017). However, while the
main extinction pulse occurred over a geologically brief interval of 61 ka + 48 ka, at least in the
well-dated Meishan section (Burgess et al., 2014), the onset of Siberian Traps volcanism began
several hundred thousand years earlier as evident from zircon dates (Burgess & Bowring, 2015)
as well as the detection of fly ash and the long-term trend of decreasing &'3C values in the late
Permian (Grasby et al., 2011). Consequently, environmental changes typically linked to the mass
extinction were initiated already well before the event, as demonstrated by increasing ocean
warming and intensified chemical weathering likely caused by enhanced atmospheric pCO.,, that
started already approximately 300 ka prior to the main extinction (Gliwa et al., 2022; Sun et al.,

2018).
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These gradual changes, eventually culminating in the Permian—Triassic mass extinction, are not
only recorded in the geochemical record, but there is also evidence for a biotic response
preceding the main extinction event. For instance, the decline of ammonoid diversity and
pedomorphism coincided with a loss in their morphological complexity several hundred thousand
years prior to the main extinction pulse (Kiessling et al., 2018; Korn et al., 2016), and a collapse
of equatorial terrestrial ecosystems predating the marine extinction by ca. 270 ka (Guo et al.,
2022; Zhang et al., 2023), and even ca. 370 ka in southern high latitudes (Fielding et al., 2019).
Taken together, abiotic and biotic records challenge a simple and direct causal link between
individual environmental stressors and the mass extinction, rather pointing toward a progressive
deterioration of environmental conditions, and eventually the crossing of a tipping point that
triggered global ecosystem collapse (Gliwa et al., 2022). Understanding the causes and
consequences of the Permian—Triassic mass extinction thus requires investigating not only the

extinction interval itself, but also its extended prelude.

Molecular fossils, the degradation products of biologically synthesized molecules, are a powerful
tool to study the environmental conditions during the time of deposition as well as the phylogenetic
affiliation of their source organisms (Luo et al., 2019). During biodegradation of organic matter,
diagenesis, and maturation of the host rock, molecular fossils experience chemical
transformations commonly resulting in the preservation of only the carbon skeleton of the parental
molecule over geological timescales (Summons et al., 2022). Depending on their structural
specificity, molecular fossils can be diagnostic for particular groups of organisms. For instance,
phototrophic organisms such as cyanobacteria can be identified based on the molecular fossil
inventory (Coates et al.,, 2014; Heindel et al.,, 2018), thereby offering the opportunity to
complement the micro- and macrofossil record by capturing changes also in microbial
ecosystems. Furthermore, molecular fossils can be specific for some environmental conditions,
like certain polycyclic aromatic hydrocarbons (PAHSs) that are indicative of high-temperature
combustion of organic matter (Kaiho et al., 2021a, b; Saito et al., 2023; Shen et al., 2011), and
the pristane/phytane (Pr/Ph) ratio (Didyk et al., 1978), which is used to assess redox conditions

at the time of deposition (e.g., Cao et al., 2009; Chen et al., 2011; Jia et al., 2012).
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The lithostratigraphy and fossil assemblages of the Permian-Triassic successions in the
Dolomites (northern Italy) are well-studied (e.g., Brandner et al., 2009; Broglio Loriga et al., 1988,
1990; Farabegoli et al., 2007; Kustatscher et al., 2017; Posenato, 2010; Prinoth & Posenato,
2023). However, only a few studies exist on molecular fossils with limited number of samples
(e.g., focusing on the biomarker inventory of a single sample), and a strong focus on the main
extinction interval, hence existing pre-extinction data is limited to only a few centimeters up to 1-
2 meters below the extinction, covering not enough strata to observe environmental and microbial
community changes preceding the extinction event (Jia et al., 2012; Sephton et al., 1999, 2005,
2015; Watson et al., 2005). Here, we introduce a new molecular fossil dataset from two sections
representing different water depths on a late Permian mixed carbonate-siliciclastic ramp setting
in the Dolomites. Our study aims to reconstruct environmental changes and microbial ecosystem
dynamics during the critical interval in the late Permian culminating in the Permian—Triassic mass

extinction.

2 Material and Methods

2.1 Geological Setting

During the Permian-Triassic transition, the Dolomites in northern Italy were located on the
continental shelf in the tropical western Tethys Ocean (Fig. 3.1a). Despite the opening of the
Neotethys Ocean since the middle Permian (Robertson et al., 2012), northern Italy was situated
on the same broad continental shelf of central Pangaea (Dercourt et al., 2000) as other well-
studied Permian-Triassic sites such as in Turkey (e.g., Altiner et al., 2000) and Hungary (e.g.,
Haas et al., 2007; Hips, 1998). A similar depositional environment between these sites can also
be inferred by the similar lithostratigraphy of sections that were hundreds of kilometers apart from

each other (Karapunar et al., 2025).

During the Permian—Triassic transition, the sediments of northern Italy were deposited on a mixed

siliciclastic-carbonate homoclinal ramp with increasing water depths from southwest to northeast
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Figure 3.1: a — Paleogeographic map at the Permian/Triassic boundary 252 Ma (after Blakey
et al., 2012) with the location of northern Italy in the western Paleotethys; b — Current location
of Siusi/Seis and Seres in northern Italy; paleo-shoreline indicated with yellow shade; ¢, d —
Stratigraphic columns of the Permian—Triassic transition at Siusi/Seis and Seres with 0 m
corresponding to the Bellerophon/Werfen Formation boundary. The position of the extinction
event is marked with the red bar. OU = Ostracod Unit; B = Bulla Member; T = Tesero Member;
C = claystone; S = siltstone; VF = very fine-grained sandstone; F = fine-grained sandstone; M =
medium-grained sandstone; m = mudstone; w = wackestone; p = packstone; g = grainstone; the

beds sampled for biomarker analysis are indicated with their corresponding height.
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(Noé, 1987). The two sites Siusi/Seis (46°32.024’'N; 11°33.685’E; also referred to as Seiser
Kamm) and Seres (46°38.395’'N; 11°50.465’E; also referred to as Misci-Seres or Val Badia)
thereby represent a more proximal and shallower environment, and a more distal and deeper
environment, respectively (Fig. 3.1b). Interactive, digital 3D outcrop models of the Siusi/Seis
(https://outcrop3d.deep-time.org/?model=e66bae4b-5b8b-eabf-bf99-be110b6559d7) and Seres
section (https://outcrop3d.deep-time.org/?model=837b9860-57ba-1bf5-0997-2a30e00d9efe) are
openly accessible (Wang et al., 2024). The Permian Bellerophon Formation records carbonate-
dominated deposits characterized by packstones interbedded with marly mud- and siltstones
(e.g., Massari et al., 1994; Posenato, 2010; Prinoth & Posenato, 2023; Fig. 3.1c, d). Dolomitization
is more frequently observed at the shallower Siusi/Seis section, and generally increases toward
the top of the Bellerophon Formation, especially within the Ostracod Unit. While the Bellerophon
Formation records an overall marine transgressive phase, several third-order transgressive-
regressive cycles are recognized. These cycles led to variations in sea level from restricted and
extremely shallow marine conditions with potentially subaerial exposure at locations on the inner

shelf to a shallow open shelf environment (e.g., Massari et al., 1994; Prinoth & Posenato, 2023).

The mixed carbonate-siliciclastic Werfen Formation (e.g., Broglio Loriga et al., 1990) overlies the
Bellerophon Formation and records the main phase of the Permian—Triassic mass extinction
event at its base in the Tesero Member (Farabegoli et al., 2007; Groves et al., 2007; Posenato,
2010). The conodont Hindeodus parvus was found 1.45 m above the base of the Werfen
Formation at Siusi/Seis (Horacek et al., 2010), and 1.30 m above the base of the Werfen
Formation at the nearby Bulla section (Farabegoli et al., 2007; Perri & Farabegoli, 2003), placing
the Permian/Triassic boundary slightly above the extinction. The Werfen Formation records the
entire Early Triassic; however, herein we focus on the late Permian and the Permian—Triassic
transition from the upper Bellerophon Formation (Casera Razzo Member, Ostracod Unit, Bulla
Member) to the lower Griesbachian layers of the Werfen Formation (Tesero Member, Mazzin

Member).
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2.2 Sample acquisition and laboratory processing

In total, 15 samples were taken across the Permian—Triassic transition at Siusi/Seis and ten
samples at Seres. For carbonate samples, large blocks with a weight of 2—4 kg were collected to
ensure sufficient material after cutting off the weathered surfaces to avoid contamination.
Samples were manually cleaned with acetone, and subsequently dissolved by slowly pouring
10% HCI on approximately 1 cm?3-sized pieces. Marly mud- and siltstone samples were manually
crushed into powder using an agate mortar. As an internal standard, 10-methylnonadecane was
added to the residue of the dissolved carbonate samples and the powdered samples,

respectively.

Molecular fossil extraction was achieved by repeated sonication with dichloromethane:methanol
(3:1, v:v) and centrifugation at 2,000 rpm for 5 min. The supernatants of each extraction step were
combined. The organic solvent was reduced by rotation evaporation, and the remaining solvent
was air-dried overnight to receive the total lipid extract (TLE). The TLE was split into an n-hexane
insoluble fraction (asphaltenes) and an n-hexane soluble fraction (maltenes). Activated copper
was added to the maltene fraction overnight to remove free sulfur. Maltenes were then further
polarity-separated by column chromatography on a Chromabond NH. column after Birgel &
Peckmann (2008). The fractions F1 (hydrocarbons) and F2 (aromatic compounds) were
measured on a gas chromatograph-mass spectrometer (GC-MS; Thermo Scientific Trace Ultra
GC and Thermo Scientific DSQ Il MS) for identification, and a gas chromatograph coupled to a
flame ionization detector (GC-FID; Thermo Scientific Trace 1310 GC) for quantification. The GC-
MS and GC-FID were both equipped with a Thermo Scientific TG-5MS silica column
(length = 30 m, diameter = 0.25 mm, film thickness = 0.25 um). Carrier gases with a flow rate of
2 mL/min were He (GC-MS) and H; (GC-FID). The temperature program was set to 3 min at 50°C,
followed by an increase of 6°C/min to 325°C, held for 25 min. Total organic carbon (TOC) was
determined by acidifying powdered samples three times with 1 M HCI, before analyzing them on

a Euro EA 3000 (Euro Vector) elemental analyzer (precision + 0.05%).
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2.3 Data analysis

Compound identification was achieved by analyzing their mass spectra with Xcalibur (version
3.1.66.10; Thermo Fisher). The integration of n-alkanes and the head-to-tail linked Cig- and Czo-
isoprenoids pristane and phytane was performed based on the GC-FID chromatograms using
Chromeleon 7 (version 7.2.10; Thermo Fisher Dionex). However, several compounds, mainly
hopanes (F1) and aromatic compounds (F2), were co-eluting with other compounds, and
therefore could only be identified when extracting their respective specific masses (m/z) from the
total ion current of the GC-MS chromatogram (Fig. 3.2). For these compounds, peak integration

was done on the respective base peak ion chromatogram in Xcalibur.

pristane phytane

R 3 @ @@

pyrene
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phenanthrene
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R = C2Hs
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Figure 3.2: Structures of investigated molecular fossils. Compounds were identified based on
their respective base peaks, molecular weight and relative retention times. Homohopanes: m/z
=191; M+ =426 (Cs1), 440 (Csz), 454 (C33), 468 (Css), 482 (Css), the methylation at C, for 2a-
methylhopanes (m/z = 205) is indicated; steranes: m/z = 217; M+ = 372 (regular C,7-steranes);
M+ = 386 (regular Cys-steranes); M+ = 400 (regular Cae-steranes); phenanthrene: m/z = 178;
M+ =178, with carbon numbers marked for 1-, 2-, 3- and 9-methylphenanthrene: m/z = 192; M+
=192; pyrene: m/z = 202; M+ = 202; coronene: m/z = 300; M+ = 300; perylene: m/z = 252; M+
=252.
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For an estimation of the thermal maturity of the material, the methylphenanthrene index (MPI)
was calculated after Cassani et al. (1988) as MPI = 1.89(2-MP + 3-MP)/[P + 1.26(1-MP + 9-MP)]
by using the peak areas from m/z = 178 for phenanthrene (P) and m/z = 192 for 1-, 2-, 3-, and 9-
methylphenanthrene (MP). The carbon preference index (CPI) as modified by Marzi et al. (1993)
was calculated from the peak areas of n-alkanes as CPIl = [(nCz1 + NC23+ NCas + NCy7 + NCyo +
NCs; + NCsz) + (NCas+ NCyos + NCy7 + NCog + NC31 + NCazt NCss)]/[2*(NCo2t+ NCos + NCoet NCog +
NCso+ nCs2 + NCs4)]. The homohopane isomerization index (HHI) was calculated from the peak
areas of the S- and R-stereoisomers of the 17a,213-Csi1-hopane and 17a,21B-Csz-hopane in the
m/z = 191 ion chromatogram as HHI = 22S/(22S + 22R). The 2a-methylhopane index (2-MHI)
was calculated from the peak areas in m/z = 191 of 2a-methyl-17a(H),21B8(H)-hopane and its
unmethylated homolog 17a(H),21B3(H)-hopane (Cso-hopane) as [2a-methylhopane/(Cso-hopane +
2a-methylhopane)]*100. The relative abundances of 5a(H),14a(H),17a(H)-22R-cholestane,
5a(H),14a(H),17a(H)-22R-24-methylcholestane and 5a(H),14a(H),17a(H)-22R-24-

ethylcholestane (regular Cz7—29-Steranes) were calculated from the m/z = 217 ion chromatogram.

Results

For estimating organic matter maturity, several indices were calculated (Fig. 3.3). The mean MPI
is lower in the Siusi/Seis than in the Seres section with a value of 0.42 and 0.65, respectively. For
Seres, homohopanes were only detected in post-extinction samples, but the HHI is in the same
range in both locations and within the homohopane series with HHIcs: = 0.54-0.59 and
HHIcs2 = 0.50-0.59. The CPI for Seres ranges from 0.97-1.03, while it is > 1 with values up to
1.62 in the Siusi/Seis section. The ratios Pr/n-Ci; and Ph/n-C;s are consistently higher for
Siusi/Seis than for Seres (Fig. 3.4), and their variability is highest in the Casera Razzo Member
of the Bellerophon Formation, whereas Pr/n-Ci7 and Ph/n-Cig are in a relatively narrow range

across the section in Seres (0.27-0.87 and 0.23-0.41, respectively).

The TOC content is generally low for both sites, and especially in the Seres section, it is in a
narrow range from 0.15 wt% to 0.61 wt% (Fig. 3.5). In the Siusi/Seis section, there are intervals
of increased TOC > 1.5wt% at —-15.47 m, —-12.46 m and -0.39 m, whereas all other samples

exhibit a TOC between 0.06 wt% and 0.65 wt%. For Siusi/Seis, several samples record TAR > 1
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with highest values up to 1.85 prior to the extinction event in the Casera Razzo Member and most
of the Ostracod Unit (Fig. 3.5). In the uppermost Ostracod Unit, the Bulla Member and the
lowermost Mazzin Member, a low TAR (0.46-0.85) is recorded. For Seres, TAR reaches values
as low as 0.38 at the base of the section (-22.17 m) and has a maximum value of only 0.72
(-4.30 m). Generally, the content of pristane exceeds that of phytane with Pr/Ph > 1 in both
sections, except for two intervals in the Siusi/Seis section, between -13.77 m and -12.19 m, and
just below the Bellerophon/Werfen formation boundary. The Pr/Ph ratio correlates with TOC

neither in Siusi/Seis (r = -0.21, p = 0.43) nor in Seres (r = -0.30, p = 0.40).
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Figure 3.3: Maturity indices methylphenanthrene index (MPI), carbon preference index (CPI),
and homohopane isomerization index (HHI) for the Cs:- and Cs2-homohopanes in the Siusi/Seis

and Seres section.
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Figure 3.4: Pristane (Pr)/n-Ci7 vs. phytane (Ph)/n-Cis crossplot after (Shanmugam, 1985).
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For Siusi/Seis, (Pr + Ph)/(n-C17 + n-Css) is generally higher compared to Seres (Fig. 3.5), with two
episodes between -13.59 m and -12.19 m in the Casera Razzo Member and -0.51 m and
-0.39 m in the uppermost Ostracod Unit recording peak values of 2.65 and 1.81, respectively. A
moderate positive correlation exists between (Pr + Ph)/(n-Ci7 + n-Cig) and TOC for Siusi/Seis
(r=10.59, p = 0.02). The 2a-methylhopane index (2-MHI) increases in a similar interval with up to
15.1%, and again shortly below the extinction in the Bulla Member with 14.0% (Fig. 3.5). Regular
aaa-R-steranes are strongly dominated by the Cys-sterane (Fig. 3.5), with intervals where only
Cao-sterane was detected (between —15.47 m and —14.20 m, and between —0.51 m and -0.39 m).
Above the extinction interval, steranes are not detected. In the Seres section, (Pr + Ph)/(n-Ci7
+ n-Css) is less variable between 0.26 and 0.62 across the section, whereas no 2a-methylhopanes

or steranes are detected. Also, (Pr + Ph)/(n-Ci7 + n-Cig) and TOC do not correlate in Seres

(r =

~0.28, p = 0.43).
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Figure 3.5: Total organic carbon (TOC) and hydrocarbon molecular fossils from the shallower
Siusi/Seis section (a) and the deeper Seres section (b) prior to and across the Permian—Triassic
mass extinction event. The extinction interval is marked with a red line next to the stratigraphic
column. OU = Ostracod Unit; B = Bulla Member; T = Tesero Member; C = claystone; S =
siltstone; VF = very fine-grained sandstone; F = fine-grained sandstone; M = medium-grained
sandstone; m = mudstone; w = wackestone; p = packstone; g = grainstone; TAR = terrigenous-
aquatic ratio; Pr = pristane; Ph = phytane; (Pr + Ph)/(n-C17 + n-C1g) as a proxy for
photoautotrophs; 2a-MHI: 2a-methylhopane index; Czr-sterane = 5a(H), 14a(H),17a(H)-22R-
cholestane; Cys-sterane = 5a(H), 14a(H), 17a(H)-22R-24-methylcholestane (ergosterane); Cao-
sterane = 5a(H), 14a(H),17a(H)-22R-24-ethylcholestane (stigmastane).
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In addition to saturated hydrocarbons, polycyclic aromatic hydrocarbons (PAHSs) are present
(Fig. 3.6). The two PAHSs coronene and pyrene reveal a similar trend across the Permian—Triassic
transition depending on the location. For Siusi/Seis, relative abundances of coronene and pyrene
increase across the extinction. For Seres, the relative abundance of these compounds is low
below the extinction level, increases abruptly in the first post-extinction sample, and subsequently
returns to pre-extinction levels. Furthermore, we detect trace amounts of perylene in the

Siusi/Seis section (Fig. 3.6), whereas perylene remains below detection limit in Seres.
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Figure 3.6: Polycyclic aromatic hydrocarbons (PAHSs) at the shallower Siusi/Seis section (a) and
the deeper Seres section (b) prior to and across the Permian—Triassic mass extinction event.
The extinction interval is marked with a red line next to the stratigraphic column. OU = Ostracod
Unit; B = Bulla Member; T = Tesero Member; C = claystone; S = siltstone; VF = very fine-
grained sandstone; F = fine-grained sandstone; M = medium-grained sandstone; m =

mudstone; w = wackestone; p = packstone; g = grainstone.
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The biomarker composition of the Siusi/Seis and Seres samples is well represented in two
dimensions in a NMDS plot, indicated by a good stress value of 0.08 (Fig. 3.7). Samples from
Siusi/Seis and Seres are separated by the diagonal, with samples from Siusi/Seis being
associated with enhanced input from photoautotrophs and higher TAR, whereas samples from
Seres are associated with enhanced Pr/Ph and MPI. Pre-extinction samples in the Bellerophon
Formation are separated from post-extinction samples in the Werfen Formation by the first MDS

axis, and are mainly associated with high coronene and pyrene contents.
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Figure 3.7: Non-metric multidimensional scaling (NMDS). Molecular fossils and resulting
indices found across the Permian—Triassic transition at the locations Siusi/Seis and Seres were
used as input variables marked with crosses in the NMDS plot. Pr/Ph = pristane/phytane; TAR =
terrigenous-aquatic ratio; CPI = carbon preference index; MPI = methylphenanthrene index;
photoautotrophs = (Pr +Ph)/(n-C17 + n-Cais); coronene = coronene/phenanthrene; pyrene =
pyrene/phenanthrene. Samples are color coded based on the member of the Bellerophon (pre-

extinction) and Werfen Formation (post-extinction); symbol shape refers to the section.
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4 Discussion

4.1 Maturity parameters

The preservation of molecular fossils strongly depends on the maturity of the rocks from which
organic matter is extracted. In both locations, Siusi/Seis and Seres, the extracted organic matter
is thermally mature (Fig. 3.3). However, while the HHI records a high rate of isomerization from
the biological 22R epimer to the 22S configuration within the homohopane series (Peters et al.,
1996), it does not show an overmature signature, which would be reflected in HHI = 0.6 at which
22S- and 22R- stereoisomers are at equilibrium (Mackenzie et al., 1984). Also, organic matter
from Siusi/Seis seems to be generally slightly less mature with lower mean MPI, and a CPI
indicating a preference of long-chain odd over even carbon-numbered n-alkanes, which can only
be preserved in lower-maturity rocks and when organic matter input by terrestrial plant was high
(Eglington & Hamilton, 1967). In contrast, the CPI records values close to 1 in the Seres section,
which is indicative of either a predominance of marine organic matter input or relatively high
thermal maturity. Combined with the MPI and the HHI, the latter is suggested. Furthermore,
hopanes and steranes constitute common molecular fossils in hydrocarbon extracts (e.g., Cao et
al., 2009; Hays et al., 2007; Zumberge et al., 2018). Because these compounds are usually more
resistant to biodegradation than n-alkanes and isoprenoids (Wenger et al., 2002), their absence
in Seres is possibly caused by the increased thermal maturity, which agrees with the Pr/n-Ci7-
Ph/n-Cys crossplot (Fig. 3.4). These maturity estimates are consistent with Rock Eval and vitrinite
reflectance data from the Permian Val Gardena Sandstone to the Middle Triassic Wengen
Formation in the Dolomites, that indicate burial temperatures in the early to peak oil generation

window (Grobe et al., 2015).

4.2 Source of molecular fossils

The molecular fossil content of the studies sections has been affected by alteration caused by the
locally relatively high maturity, for instance through defunctionalization and isomerization.
However, hydrocarbons, that represent the carbon skeleton of their precursor molecules (Luo et

al.,, 2019; Summons et al., 2022), persisted. These hydrocarbons yield information about the
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source of the organic matter. The Bellerophon Formation has been shown to record late Permian
sea level fluctuations, previously recognized based on sedimentological data (Massari et al.,
1994), and changes in the fossil assemblages (Prinoth & Posenato, 2023). The variability of the
source of molecular fossils ranging from predominantly marine algal to terrigenous organic matter
(Fig. 3.4) reflects these late Permian transgressive-regressive cycles. The organic matter source
variability is especially high in Siusi/Seis in the shallower part of the carbonate platform compared
to Seres (Fig. 3.1; Noé, 1987). The proximity to the shore is also reflected in the higher amplitude
and episodically higher TAR in the Casera Razzo Member and the Ostracod Unit in Siusi/Seis,
which records enhanced input of long-chain n-alkanes from terrestrial land plants. In contrast, the
TAR is more stable and rather low, indicative of a primarily marine origin of n-alkanes (Bush &
MclInerney, 2013) in the deeper Seres section (Fig. 3.5). These observations are in accordance
with reconstructions of episodically very restricted marine condition in both the Casera Razzo
Member, with also terrestrial plant remains preserved during regressive phases (Fig. 3.1; Mette
& Roozbahani, 2012), and the Ostracod Unit from Siusi/Seis and the nearby Bulla section, where
the ostracod and foraminifera assemblage records a community adapted to a potentially brackish
environment (Crasquin et al., 2008; Mette & Roozbahani, 2012). In contrast, the overlying Bulla
Member deposited during a transgressive phase and more open marine conditions favored a

more diverse heterotrophic fauna (Crasquin et al., 2008; Farabegoli et al., 2007).

4.3 The photosynthetic community

In the marine realm, global environmental stress during the late Permian is generally assumed to
have caused a major restructuring of the phototrophic community from the predominance of
eukaryatic algae to the proliferation prokaryotes such as green sulfur bacteria adapted to photic
zone euxinia (e.g., Cao et al., 2009; Grice et al., 2005; Hays et al., 2007, 2012). However, whether
this restructuring has led to an increase in primary productivity (e.g., Meyer et al., 2011; Schobben
et al., 2020; Woods et al., 2023) or whether primary productivity collapsed (e.g., Grashy et al.,
2016; Mdller et al., 2022) is still debated and was likely heterogenous across paleolatitudes and
oceans. Global meta-analyses suggest an overall increase in primary productivity across
paleolatitudes, with the exception of South China, where a rapid post-extinction decline in
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productivity is inferred (Algeo et al., 2013; Shen et al., 2015). These studies reveal geographic
variability in primary productivity across the Permian—Triassic transition, but they especially focus
on post-extinction successions: For example, in Algeo et al. (2013), northern Italy is represented
by the shallow marine Bulla section with at maximum 6 m covered below the Bellerophon/Werfen
Formation boundary, and the 'Uomo section, from which unpublished data without stratigraphic
information was presented. Hence, an extended record of changes in the photoautotrophic
community is necessary for evaluating regional patterns in the development of the inferred

increase in post-extinction productivity in the western Tethys.

Molecular fossils that derive from the degradation of photopigments are among the most
prominent biomarkers of phototrophic organisms (e.g., Brooks et al., 1969; Knoll et al., 2007).
Pristane and phytane can derive from the degradation of the phytol side chain of chlorophyill
(Didyk et al., 1978). Since no other major sources of pristane and phytane were recognized in the
Siusi/Seis and Seres sections, such as degradation products of archaeal tetraether lipids
(GDGTSs) or archaeols (De Rosa et al., 1982), their abundance relative to the amount of their
neighboring n-alkanes n-C;; and n-Cis indicates variations in the relative contribution from
photoautotrophs to the molecular fossil inventory (Chen et al., 2011; Xiaoyan et al., 2008). Input
from photoautotrophic organisms is generally enhanced in the Siusi/Seis section compared to
Seres with two episodes of potentially increased productivity between -13.59 m and -12.19 m,
and just below the onset of the extinction (Fig. 3.5). Also, TOC does not correlate with the redox
proxy Pr/Ph, therefore enhanced preservation of organic matter is apparently not related to
dysoxic or anoxic episodes, and rather point towards increased productivity, or at least increased
export production, reflected also in the moderate correlation between TOC and (Pr + Ph)/(n-Ci7
+ n-Cyg). For the Seres section, where both variables stay rather low and constant across the
investigated interval, no significant relationship between TOC and (Pr + Ph)/(n-C1i7 + n-Cig) is

detected (Fig. 3.5).

Compositionally, Cye-steranes dominate over Cy7- and Cpg-steranes (Fig. 3.5). Coe-Steranes can
be produced by a variety of organisms, with terrestrial plants (Akinsanpe et al., 2024; Volkman,

1986) and marine green algae (Kodner et al., 2008; Volkman, 2003; Volkman et al., 1994) as
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main sources. TAR and the relative contribution of Cye-steranes to the total pool of regular
steranes do not correlate (r = —0.26, p = 0.36) in Siusi/Seis. We therefore assume green algae,
which are common primary producers in Paleozoic marine ecosystems (Knoll et al., 2007), as the
main contributors of Cao-steranes and the dominant photoautotrophic group throughout the
investigated interval in the Bellerophon Formation. However, the loss of steranes in the strata
above the extinction event in the Werfen Formation may constitute a preservation bias or a decline
in eukaryotic biomass following the mass extinction as suggested by the biomarker inventory of
the Meishan section in South China (Cao et al., 2009), and the widespread proliferation of
microbial mats forming thick successions of microbialites across the Tethys in the Early Triassic

(Foster et al., 2020; Kershaw et al., 2012).
4.4 The 2a-methylhopane index as an indicator for environmental stress

To further investigate the response of the microbial community, we analyzed the 2-MHI, with
2a-methylhopanes (Fig. 3.2) only identified in Siusi/Seis, where it is increased in several intervals
including the uppermost Bellerophon Formation just prior to the extinction event, as well as further
below in the section in the Casera Razzo Member (Fig. 3.5). First culture experiments have shown
that high proportions of 2a-methylbacteriohopanepolyols can be extracted from cyanobacteria,
and their defunctionalized derivatives, 2a-methylhopanes, were assumed to be indicative of
cyanobacterial activity (Summons et al., 1999). Therefore, the 2-MHI has commonly been applied
as a proxy for the relative contribution of cyanobacteria to the photoautotrophic community with
elevated 2-MHI being associated with moderate 8'°N depletion (Cao et al., 2009; Kuypers et al.,
2004), which, for example, can result from atmospheric N> fixation by cyanobacteria (e.g.,
Bauersachs et al., 2009; Minagawa & Wada, 1984). However, there is no consensus which values
of the 2-MHI are considered as high, hence indicating a cyanobacterial bloom. For example, the
2-MHI has been used as a proxy for cyanobacterial blooms associated with the Permian—Triassic
mass extinction at Meishan in South China with a 2-MHI up to 6.6% in beds 26 and 29 (Xie et al.,
2005) and up to 32.54% in the Early Triassic (Cao et al., 2009), and at Bulla in northern Italy

where it increases from 1.4% to 5.1% (Jia et al., 2012). In contrast, 2-MHI values between 1-11%
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are also reported from the Permian—Triassic boundary in Kap Stosch, Greenland, where they are

interpreted to be not especially high for Phanerozoic sedimentary rocks (Hays et al., 2012).

However, the concept of cyanobacteria as the sole source of 2a-methylbacteriohopanepolyols in
the marine realm has been challenged by Talbot et al. (2008), because also alphaproteobacteria
have been found to produce 2a-methylbacteriohopanepolyols (e.g., Eickhoff et al.,, 2013;
Welander et al., 2010). Additionally, the gene regulating the expression of the methylase
catalyzing the C, methylation of bacteriohopanepolyols has been identified in both cyanobacteria
and alphaproteobacteria (Kulkarni et al., 2013; Ricci et al., 2015), as well as in one actionbac-
terium (Naafs et al.,, 2022; Sinninghe Damsté et al.,, 2017). Consequently, the widespread
production of 2a-methylbacteriohopanepolyols challenges the applicability of the 2-MHI as a
biomarker of cyanobacteria (Welander et al., 2010). Nonetheless, due to the scarcity of marine
strains of cultured alphaproteobacteria, also the known number of marine alphaproteobacteria

producing 2a-methylbacteriohopanepolyols is limited (Naafs et al., 2022).

Regardless of the producer of 2a-methylbacteriohopanepolyols, many studies suggest that an
increase in C, methylated bacteriohopanepolyols is indicative of a stress response of bacteria
exposed to changing environmental conditions (Saito et al., 2016), including high temperature,
osmotic and pH stress (Garby et al.,, 2017; Kulkarni et al., 2013), low oxygen and nitrogen
availability (Ricci et al., 2014), anoxic ferrous conditions (Eickhoff et al., 2013), or N cycle pertur-
bations (Naafs et al., 2022). Several mechanisms have been suggested to improve stress re-
sistance, such as increased 2a-methylbacteriohopanepolyol production in resting cells (Doughty
et al., 2009) or to enhance cell membrane rigidity (Wu et al., 2015). Following this argument, our
new record of high 2-MHI from the late Permian equatorial Tethys suggests that the microbial
community did respond to environmental stress preceding the actual mass extinction. Possible
stressors include enhanced global temperature (Gliwa et al., 2022; Sun et al., 2018), increased
terrestrial influx as reflected in episodically enhanced TAR (Fig. 3.5) due to sea level fluctuations
(Massatri et al., 1994), that might also have led to salinity fluctuations (Mette & Roozbahani, 2012),
and variable oxygen availability as shown by Pr/Ph fluctuations already in the Casera Razzo

Member (Fig. 3.5). Yet, which stressor or which combination of stressors in particular was
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responsible for the enhanced production of the precursor molecule of 2a-methylhopanes remains

undetermined.

4.5 Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) and their methylated derivatives are very common free
aromatic compounds in modern and ancient environments (e.g., Arinobu et al., 1999; Baumard
et al., 1998; Boitsov et al., 2009; Cheng et al., 2018). Several PAHs have been associated with
incomplete combustion of organic matter, such as pyrene and coronene (Fig. 3.2), which show
increased contents following the extinction event at both the Siusi/Seis and Seres section
(Fig. 3.6). Previous studies have suggested a link between increased PAH abundance and the
combustion of terrestrial plant material during wildfires (e.g., Jiao et al., 2024; Luo et al., 2019;
Nabbefeld et al., 2010; Song et al., 2022), hence inferring an increased wildfire activity associated
with the Permian—Triassic mass extinction, which may have contributed to soil destabilization and
terrestrial ecosystem collapse (Algeo & Twitchett, 2010; Benton & Newell, 2014; Lu et al., 2022;
Saito et al., 2023). Others have argued that the combustion temperature during wildfires is usually
not high enough to produce large PAHs such as coronene (Kaiho et al., 2021a, b; Norinaga et al.,
2009). It was therefore suggested that high abundances of coronene derive from the combustion
of organic-rich sedimentary rocks during phases of intense Siberian Traps volcanism (Kaiho,
2025; Kaiho et al., 2021a, b). Coronene and other PAHs were subsequently distributed in the
form of fly ashes (Grasby et al., 2011), with modelling of volcanic ash cloud formation suggesting
that ashes can disperse over thousands of kilometers or even globally during large-scale
eruptions (Baines et al., 2008). Hence, the increase of these combustion-derived biomarkers in
northern ltaly reflects deteriorating environmental conditions due to intense volcanism, which
directly caused environmental perturbations by the ejection of massive amounts of carbon dioxide
and other greenhouse gases into the atmosphere (Svensen et al., 2009), and the introduction of
potentially toxic heavy metals to marine and terrestrial ecosystems (Galasso et al., 2025; Grasby
et al., 2017). In contrast to the evidence deriving from the molecular fossils discussed above, the
increase in PAHs is independent from the late Permian sea level fluctuations and reflects
environmental stress associated with the mass extinction event itself. Furthermore, the high
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abundances of pyrene and coronene are also the key variables causing the separation of the pre-
and post-extinction cluster in the MNDS analysis (Fig. 3.7), emphasizing the significance of these

compounds in the overall inventory of the post-extinction molecular fossils.

Another PAH irregularly noted increasing in abundance across the Permian—Triassic mass
extinction is perylene (Fig. 3.2). This compound has been found to increase in the Bulla Member
at the Bulla section (Jia et al., 2012) as well as at the onset of the extinction event at Meishan,
South China (Nabbefeld et al., 2010). In contrast, perylene is absent in higher-latitude settings
such as Kap Stosch, Greenland (Nabbefeld et al., 2010), or Western Australia (Grice et al., 2007).
We only detected trace amounts of perylene in Siusi/Seis (Fig. 3.6); however, also the relative
abundance reported by Jia et al. (2012) from the nearby Bulla section is very low. Perylene has
been attributed to wood-degrading fungi, hypothesized to have flourished in a stressed and
vulnerable terrestrial ecosystem (Grice et al., 2009; Marynowski et al., 2013). We, therefore, do
not find supporting evidence for such a “fungi event” in the sedimentary record across the
carbonate ramp of northern lItaly, suggesting enhanced perylene deposition was rather a local

phenomenon in more proximal settings.

Conclusion

We present a molecular fossil dataset from the Permian—Triassic transition in the western
equatorial Tethys Ocean across a shallow marine carbonate ramp in northern Italy. The analysis
yields new insights into spatial heterogeneity of environmental stress and the response of the
microbial community. Both study sites, Siusi/Seis and Seres, record an increase in molecular
fossils derived from the high-temperature combustion of organic material above the main level of
extinction, probably derived from the combustion of organic-rich sedimentary rocks, related to
Siberian Traps sill emplacement. However, several molecular signatures differ between the
studied sections, reflecting different environmental conditions, microbial community responses,

and organic matter preservation histories along the carbonate ramp.

Some of the differences in the molecular fossil inventory are attributed to different thermal

maturities, with a less diverse molecular fossil inventory in the more thermally mature Seres
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section, where compounds such as steranes and methylhopanes were not detected. However,
several molecular fossils were detected at both sites and across the sections, revealing an
episodically stressed ecosystem in the shallower Siusi/Seis section, with greater variability in
redox conditions, terrestrial organic matter input, and the microbial community structure in the late
Permian. In contrast, the deeper Seres section is characterized by more stable conditions. Hence,
it is suggested that environmental stress was primarily linked to sea level fluctuations in the late
Permian, which had a stronger effect on the inner shelf that became episodically restricted or
even subaerially exposed. We therefore find no evidence for a stress response to globally
deteriorating environmental conditions preceding the mass extinction at these sites, but a
response to the local conditions. These findings emphasize the importance of a careful evaluation
of regional environmental variables for accurately interpreting biological responses to global

events.
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4. Conclusions and outlook

This thesis focused on different aspects of the effects of the Permian—Triassic environmental
crisis on shallow marine ecosystems with varying temporal and spatial scales: Manuscript Il is
covering the extinction prelude, whereas Manuscript | and Il cover late Permian to Griesbachian
strata. Manuscript Il is focusing on local processes, whereas Manuscript 11l and Manuscript | are
covering regional and global scales, respectively. In three studies, the following questions were

approached:

1. Do |lipid biomarker signatures associated with the Permian—Triassic
environmental crisis vary with paleolatitude, and what do these patterns reveal
about the variability in the phytoplankton community composition and primary

productivity?

Both Cs3-n-alkylcyclohexane (Css-n-ACH) and phytanyl toluene are biomarkers associated to the
Permian—Triassic environmental crisis. However, only Css-n-ACH provides an unambiguous
biomarker of the onset of the Permian—Triassic environmental crisis in mid- to higher-latitude
ecosystems, as peak contents of Cs3-n-ACH were found exclusively in latest Permian post-
extinction and Early Triassic strata thus far (e.g., Grice et al., 2005b; Grotheer et al., 2017; Hays
et al., 2012; Nabbefeld et al., 2010b; Saito et al., 2022; Xie et al., 2017). In contrast, phytanyl
toluene seems to have a wider stratigraphic distribution (Grotheer et al., 2017; Moura et al., 2019;
Plet et al., 2020; Sinninghe Damsté et al., 1993), and is restricted to higher paleolatitude
ecosystems across the Permian—Triassic transition, whereas traces of Cs3-n-ACH or its
pseudohomologs can be detected at least in some paleotropical settings. Both biomarkers were
assigned to oxygenic photoautotrophic source organisms occupying similar ecological niches,

that were thriving in the Early Triassic Boreal Realm.

The investigation of the photoautotrophic community in a paleotropical setting in the western
Paleotethys (Dolomites, norther Italy) revealed a pre-extinction community dominated by eukary-

otic algae. However, only traces of Cs3-n-ACH and its pseudohomologs could be detected, if any,
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and phytanyl toluene was absent. These algae were, therefore, phylogenetically distinct from the
source organisms of Cs3-n-ACH and phytanyl toluene. Furthermore, lowermost post-extinction
strata do not record an increase in the relative abundance of photoautotrophs at the paleotropical
site. Hence, the response of the photoautotrophic community was highly variable across paleo-
latitudes, with regional phytoplankton blooms in the aftermath of the extinction event in higher
paleolatitude settings such as the Boreal Realm, while neither a collapse of the photoautotrophic

community nor similar phytoplankton blooms were detected in lower paleolatitude settings.

2. What are the baseline redox conditions prior to the Permian—Triassic environ-

mental crisis, and is anoxia the main extinction driver across paleolatitudes?

The pre-extinction environmental conditions were investigated at both a higher paleolatitude site
(Svalbard) and a paleotropical site (Dolomites, northern Italy) to establish late Permian baseline
conditions. In the Lusitaniadalen section in central Svalbard, the lipid biomarker record was
complemented by independent geochemical proxies, such as redox sensitive trace metal
enrichments, to evaluate lithology-independent redox patterns. Both proxy systems indicate redox
variations in the late Permian with intervals of water column deoxygenation, that were temporally
not associated with the mass extinction event. Consequently, the pre-extinction biota was likely
adapted to fluctuating oxygen availability prior to the environmental crisis. While anoxia became
more intense immediately below the extinction horizon, redox-sensitive trace metal enrichment

and lipid biomarkers indicate a return to oxic conditions shortly above the extinction horizon.

In the Dolomites, the analysis of the late Permian lipid biomarker inventory from two sites along
a water depth gradient on the shallow marine carbonate ramp has revealed that the biomarker
composition at the more proximal sites mainly responded to sea level fluctuations, with regressive
episodes leading to naturally stressed ecosystem with variabile redox conditions. In contrast, the
more distal site was less affected by transgresssive/regressive cycles, and regressive episodes
did not record restricted marine conditions. Hence, lipid biomarker inventory was more stable over

time with oxic conditions throughout the invetigated pre-extinction interval.
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Taken together, these findings point towards the need for regional or even local assessments of
extinction drivers across various paleolatitudes. The ecosystem of both the higher paleolatitude
site and the shallower of the paleotropical sites was exposed to fluctuating redox conditions due
to local or regional environmental effects such as regional sea level changes, which were not
associated with a global environmental deterioration in the late Permian preceding the mass
extinction event. An ecological community regularly exposed to redox fluctuations is, therefore,
better adapted to these conditions, and responds differently to deoxygenation, than a community
previously exposed to more stable conditions. Consequently, although anoxia is often
hypothesized as the main driver of the Permian—Triassic mass extinction globally, the isolated
effect of anoxia in shallow marine ecosystems that were exposed to intervals of deoxygenation
throughout the late Permian was likely less severe. However, combined with other stressors, for

example thermal stress, anoxia remains a critical extinction driver.

3. Did the microbial community respond to late Permian environmental stress
culminating in the mass extinction event, and is a recovery of the microbial

ecosystem recorded by molecular fossils?

The analysis of the lipid biomarker inventory in the late Permian paleotropical Tethys Ocean
(Dolomites, northern Italy) revealed variability in the organic matter origin, redox conditions, and
composition of the photoautotrophic community especially at the more proximal of the investi-
gated sites. However, this variablilty appears to be mainly related to sea level changes rather than
representing a response to progressively deteriorating conditons culminating into the mass extinc-
tion event. In Lusitaniadalen (Svalbard), the lipid biomarker composition also changes relatively
abruptly across the extinction horizon, whereas the composition is more stable below the
extinction horizon, indicating that changes in the microbial ecosystem were rapid rather than
gradual. This emphasizes the need for carefully evaluating the local and regional environmental
context before assigning a change in the community composition and a stress response in an

ecological community to globally deteriorating environmental conditions.
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Finally, pre- and post-extinction lipid biomarker inventories differ distinctly both locations
Lusitaniadalen and the Dolomites. In the latter, the difference in the lipid biomarker composition
is mainly due to the sudden increase in the combustion-derived PAHs coronene and pyrene asso-
ciated with Siberian Traps emplacement. At Lusitaniadalen, an increase in chlorophyll-derived
biomarkers is accompanied by increased abundance other isoprenoid biomarkers following the
extinction event. However, the post-extinction signals do not return towards the pre-crisis baseline

values, hence no recovery is recorded within the investigated interval.

These results contribute to a better understanding of the extinction dynamics and microbial
ecosystem changes during a major environmental crisis. They emphasize the importance of
assessing ecosystem baseline conditions before inferring extinction drivers, and provide a new
perspective on the response of the photoautotrophic community to the Permian—Triassic environ-
mental crisis. Additionally, the application of revised enrichment factors of redox-sensitive metals
to the siliciclastic lithology at Lusitaniadalen highlights the possibility of a broader application of

this method, that was so far only applied to carbonate-rich facies (Krewer et al., 2024).

Based on the three studies presented in this thesis, also new questions arise. For example,
whether the paleogeographical pattern of the two biomarkers Cs3-n-ACH and phytanyl toluene
associated with the extinction event is caused by (a) unsuitable conditions for the source
organisms to proliferate in equatorial settings (e.g., thermal exclusion), or (b) a lithological bias
with differential preservation of these biomarkers in the studied paleotropical carbonate and
higher-latitude siliciclastic lithologies, needs further investigation. Low paleolatitude siliciclastic
Permian—Triassic successions should, therefore, be analyzed for their lipid biomarker inventory
and the presence of Cs3-n-ACH and phytanyl toluene, such as the late Permian pre-extinction
strata at the Mingtang section (South China), the post-extinction Yinkeng Formation in Meishan
(South China), the post-extinction mixed carbonate-siliciclastic Werfen Formation in northern Italy
or the Bbodvaszilas Sandstone Formation in Hungary, for broadening the understanding of the
phytoplankton community structure and responses, and primary productivity dynamics during

major environmental crises.

151



Furthermore, to better understand changes in the microbial community, the recovery dynamics,
and the temporal extent of regional phytoplankton blooms, as well as the consequences of
subsequent environmental events in the Early Triassic, such as the Smithian/Spathian event, a
longer record is required. Lusitaniadalen, Svalbard, provides excellent outcrop conditions for such
studies, as the stratigraphy is continuously exposed up to the Middle Triassic Botneheia
Formation. Also, the nearby Ledalen section could be targeted to study the Early Triassic and the
Smithian/Spathian boundary, as well as the Middle to Upper Triassic, which are exposed in the
Vikinghggda, Botneheia and Tschermakfjellet formations there. However, several sill intrusions
from the emplacement of the High Arctic Large Igneous Province in the Cretaceous (Senger et
al., 2014) in the area west of Vindodden may compromise preservation of organic matter and

affect the lipid biomarker preservation by a high thermal maturity at Ledalen.

Moreover, the stratigraphy at Lusitaniadalen is thus far not well constrained, and the position of
the Permian/Triassic boundary is not yet defined. The change in the lipid biomarker composition
starting shortly below the extinction horizon presented here represents evidence for a continuous
succession despite the sudden change in lithology at the extinction horizon. However, further
analysis of the conodont assemblage, which has been shown to be possible to be extracted at
Lusitaniadalen (Manuscript 1), could implement a biostratigraphic framework, and if H. parvus is
found, also determine the Permian/Triassic boundary. Additionally, dating of the ash beds in the
lower Vikinghgdga Formation could refine calculations of sediment accumulation rates and

provide absolute dates for a chronostratigraphic framework for future studies.

Finally, the example of the 2a-methylhopane index has shown how the interpretation of lipid
biomarker signals depends highly on studies on modern microbial communities, with technolo-
gical advances in metabolomic and metagenomic studies providing new findings that challenge
previously established phylogenetic assignments of lipid biomarkers to specific source organisms.
To fully explore ancient microbial ecosystems and the environmental conditions during major
global crises in Earth’s history, an interdisciplinary approach combining geological (e.g., sedimen-
tological, paleontological), chemical (both organic and inorganic) and biological (e.g., genomic,

metagenomic, metabolomic) evidences is, therefore, necessary.
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6. Appendix

Al.1 The Boreal Realm: Svalbard

- Vikinghagda Fm

wro.
-

Kapp Starostin Fm

Figure Al: Lusitaniadalen (78.29742°N; 16.73333°E) in central Svalbard. A — Virtual 3D
outcrop model composed out of 1,437 photographs acquired with a DJI Mavic 2 Pro and
computed with Agisoft Metashape Professional, the extinction horizon is marked with the red
line; B — View towards the extinction horizon (red line) at Lusitaniadalen, hammer is
approximately 30 cm; C — View towards the Early Triassic concretionary horizons in the

Vikinghggda Formation at Lusitaniadalen.
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Figure A2: Festningen (Vardebukta) (78.09377°N; 13.83455°E) and Starostinaksla

(78.08648°N; 13.85088°E) in western Svalbard. A — The bay Vardebukta with the red line
marking the extinction horizon on top of the heavily silicified Kapp Starostin Formation; the
Starostinaksla section is exposed in a river bed further away from the dyke, and is marked with
the green arrow; B — View towards the Kapp Starostin/Vardebukta formation boundary and the
extinction horizon (red line) at the Festningen (Vardebukta) section, where the dyke (shaded

grey) affects the preservation of organic matter in its proximity.
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Figure A3: Selmaneset (78.22882°N; 13.91818°E) in western Svalbard. A — Aerial picture of the

Selmaneset headland with the topography reflecting the change from the heavily silicified
Carboniferous and Permian strata forming the mountain, and the soft post-extinction strata
exposed along the beach towards the glacier (picture taken by Tereza Mosociova); B — View
towards the extinction horizon at the Selmaneset section (red line); hammer is approximately

30 cm.
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Vardebukta Fm

Figure A4: Bravaisberget (77.62205°N; 14.95542°E) in western Svalbard. The heavily silicified
Kapp Starostin Formation forms a cliff; the red arrows mark where the extinction horizon is

exposed at the Kapp Starostin/Vardebukta formation boundary.
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Figure A5: A — Hagskulefjellet (78.52250°N; 15.94325°E) in central Svalbard; B —
Kongressfjellet (78.54898°N; 15.24788°E) in central Svalbard; C — Reinodden (77.54353°N;
14.76448°E) in western Svalbard, with the extinction horizon marked with the red line; D —
Ledalen (78.33028°N; 16.48657°E) in central Svalbard; the extinction horizon is not exposed,
the yellow-weathering concretions are marking the base of the Vendomdalen Member of the

Vikinghggda Formation.
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Al.2: The western Paleotethys: Dolomites, Italy

Figure A6: Tramin (46.34307°N; 11.23453°E). Very shallow carbonate ramp setting with the
pre-extinction Ostracod Unit and Bulla Member of the uppermost Bellerophon Formation, and
the Tesero Member at the base of the Werfen Formation; the Permian—Triassic mass extinction
is recorded in the lowermost Werfen Formation; the formation boundary is marked (red line);

hammer is approximately 30 cm.
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Figure A7: Siusi (46.53280°N; 11.56213°E). The Bellerophon/Werfen formation boundary (red
line) with the Permian—Triassic mass extinction at the base of the Werfen Formation cropping

out in a river bed; person is approximately 1.60 m.
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Figure A8: Seres (46.63990°N; 11.67433°E). A — Bellerophon/Werfen formation boundary
marked with the red line; B — Tesero Member at the base of the Werfen Formation with ooids
and stylolitic contacts; the extinction event occurs within the oolitic bed; C — Late Permian
packstones of the Casera Razzo Member of the Bellerophon Formation; D — Dolomitized
mudstones of the lower Mazzin Member of the Werfen Formation; hammer in A, C, and D is

approximately 30 cm.
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Al.3: The western Neotethys: Taurus Mountains, Turkey

Figure A9: Ciriik Dag (36.70100°N; 30.45118°E). Pre-extinction Permian packstones of the
Pamucak Formation and post-extinction microbialites of the Kokarkuyu Formation forming the
cliff at Curiik Dag mountain; the formation boundary is marked with the red line; the succession
can be sampled at the base of the mountain in the valley (left side of the picture; mainly pre-
extinction due to a fault within the first post-extinction microbialites), on the crest (extinction

interval and post-extinction), and when climbing down the cliff (pre- and post-extinction).
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Al.4: The eastern Paleotethys: South China

Figure A10: Xinbaihou (25.58265°N; 106.74832°E). A — Formation boundary (red line) at the

contact of pre-extinction packstones of the Wujiaping Formation and post-extinction
microbialites of the Daye Formation; B — Thick microbialitic deposits following the Permian—
Triassic mass extinction; C — Domal microbial structures at the base of the Daye Formation;

hammer in all pictures is approximately 30 cm.
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Figure All: Youzjianzhai (25.74803°N; 106.97622°E). A — Formation contact (red line) of the

pre-extinction packstones of the Wujiaping Formation and post-extinction microbialites of the
Daye Formation; hammer is approximately 30 cm; B — Domal microbial structures at the base of

the Daye Formation; pencil is approximately 15 cm.
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