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Abstract

This thesis presents quantitative evidence for climatic and environmental changes, which char-
acterize the transition from the Palaeozoic into the Mesozoic. The study concentrates on better
resolving the causes and causal relationships, which are responsible for the end-Permian mass
extinction, the largest mass extinction of the Phanerozoic. This is achieved by investigating the
geochemical signatures locked in the sedimentary rocks and their fossil content of sections in
northwestern Iran.

The geochemistry of sedimentary rocks as well as fossil organisms and their shells is known
to archive information about the physical and chemical parameters of the ambient environment
in which the studied minerals were precipitated. Excursions in geochemical records visualized by
isotopic analysis of conodont apatite, carbonate-associated sulphate and bulk-sedimentary rock,
straddling the Permian-Triassic interval, are indicative of profound climatic and environmental
changes.

The oxygen isotope record from conodonts strongly supports an abrupt warming event par-
alleling the end-Permian mass extinction. This climate change is associated with synergistic
effects acting on global warming and corroborates with a scenario of a more active hydrological
cycle and subsequent increase of weathering fluxes from the continent, possibly documented as
a contemporaneous lithological change in the studied sections to more clay-rich deposits.

Simultaneous sulphur and oxygen isotope fluctuations measured in sulphate, which is struc-
turally substituted in carbonate, provides an insight into the sulphur biogeochemical cycle within
the extinction interval. A change towards increased organic matter production and consequen-
tial remineralization by sulphate-reducing bacteria is a scenario that can explain the patterns
observed in the isotope proxies from sulphate associated with carbonate. This is likely linked to
eutrophication of marine shelf settings by large fluxes of terrestrial material entering the ocean,
a potential effect of climatic warming.

These observations underline the interactions between Earth surface processes and imply
proximal causes, such as thermal stress and widespread marine anoxia as well as euxinia, as
drivers behind the mass extinction. The findings presented in this study cannot unequivocally
be assigned to an ultimate cause for the environmental and biotic catastrophe in the latest
Permian. However, large-scale volcanism related to time-equivalent emplacement of Siberian
trap basalts is a likely culprit that could have initiated this COs induced climate catastrophe.

A volcanic injection of isotopically depleted carbon into the ocean/atmosphere could explain
the long-term negative carbon isotope excursion of the studied marine bulk-carbonate rock. This
carbon isotope pattern is similar to that observed at other localities worldwide. However, the
observation of second-order variability among bulk-rock 63C curves at different localities and
spatial heterogeneity in diagenetic processes urges a critical view of the fidelity of these records.
This observation raises questions about the time-resolution at which palacodata can be reliably
read from carbon isotope records based on measurements from marine bulk-carbonate rock.
This later example demonstrates that all the physical and chemical processes that acted upon
these ancient rocks, before and after deposition, must be considered when interpreting their
geochemical signals. It is shown that obtaining a reliable palaeodata record requires sufficient
screening of the geochemical dataset for effects of post-depositional alteration. A good approach
used on the studied material was a comparison of different chemical species as well as different
mineralogical phases, such as conodont apatite and calcite brachiopod shells. In addition, it
is shown that palaeoenvironmental interpretations are strengthened by comparison with results
from numerical models.



Kurzfassung

Die vorliegende Arbeit befasst sich mit paldoklimatischen und paldodkologischen Verdnderun-
gen am Paldozoikum-Mesozoikum-Ubergang. Die Studie konzentriert sich auf Ursachen und
Wechselwirkungen, die fiir das grofite Massenaussterben des Phanerozoikums am Ende des
Perms verantwortlich gewesen sein konnten. Dafiir wurden Isotopenanalysen an Sediment-
gesteinen und Fossilien von nordwest-iranischen Sektionen durchgefithrt. Die geochemischen
Signaturen stellen, bei guter Erhaltung des Probenmaterials, ein Archiv fiir die physikalischen
und chemischen Eigenschaften des Paldomerwassers zur Zeit der Ausfallung dar. Die Charakter-
istik der Schwankungen im Isotopensignal zeigt, dass tiefgreifende klimatische und 6kologische
Verénderungen an der Perm/Trias-Grenze existierten.

Die Sauerstoffisotopen von Conodonten-Apatit zeigen eine abrupte Erwarmung unmittelbar
wahrend des Massenaussterbens. Dieser deutliche globale Klimawandel erzeugte Synergieeffekte,
die in einem verstarkten Wasserkreislauf und eine dadurch verursachte erhohte kontinentale Ver-
witterung resultierten. Der daraus folgende erhohte Eintrag von Siliziklastika ins Meerwasser
verursachte wahrscheinlich den voriibergehenden lithologischen Wechsel zu tonreicheren Sedi-
menten in den untersuchten Karbonatabfolgen.

Schwankungen im Schwefel- und Sauerstoffisotopensignal im karbonatsubstituiertem Sulfat
beweisen am und nach dem Aussterbeereignis eine erhéhte Produktion von organischem Material
im Meerwasser. Die daraus resultierende Remineralisierung durch sulfatreduzierende Bakterien
war wahrscheinlich gekoppelt mit einer Eutrophierung des Meeresbodens ausgelost durch den
verstarkten fluviatilen Eintrag von nahrstoffreichem, terrestrischen Material. Dieses Szenario
wurde wahrscheinich durch die Klimaerwarmung verursacht.

Die Ergebnisse und Interpretationen der vorliegenden Studie unterstreichen, wie das Zusam-
menspiel von Erdoberflachenprozessen mit globaler Erwarmung und daraus resultierender weit
verbreiteter mariner Anoxia/Euxinia das P/Tr-Massenaussterben verursacht haben kénnte. Die
neu generierten Daten kénnen noch nicht eindeutig die ultimative Ursache fiir die biotische
Krise erklaren. Es kann jedoch eine kausale Verbindung zwischen der zeitgleichen und um-
fangreichen COs-Injektion aus dem sibirischen Trap-Vulkanismus und der der Erderwarmung
erkannt werden. Die vulkanisch induzierte Injektion von isotopisch leichtem Kohlenstoff in
das Atmosphére/Ozean System kann die langfristige negative Kohlenstoffisotopenexkursion von
Karbonatsedimenten erkliaren. Ahnliche Kohlenstoffisotopenmuster wurden an verschiedenen
Sektionen unterschiedlicher Regionen fiir dasselbe Zeitintervall nachgewiesen. Fluktuationen
hoherer Ordnungen erfordern jedoch eine kritische Bewertung dieser Muster hinsichtlich dia-
genetischer Alteration. Hieraus resultieren Fragen nach der zeitlichen Auflésung, fiir welche
Palao-Daten verlasslich aus Isotopendaten interpretiert werden konnen, die aus Messungen an
marinem Karbonatgestein gewonnen wurden. Dieses Beispiel zeigt deutlich, dass bei der Inter-
pretation geochemischer Signale sémtliche physikalischen und chemischen Prozesse bertiksichtigt
werden miissen, die auf das Gestein gewirkt haben. Einen verldsslichen Ansatz bietet dabei ein
Vergleich der chemischen Proxies von unterschiedlichen, organisch produzierten Mineralen, wie
Conodontenapatit und Brachiopodenschalencalcit. Dariiberhinaus werden die Paldoumweltin-
terpretationen durch Ergebnisse numerischer Modelle unterstiitzt.
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1 Introduction

1.1 Background

The end-Permian mass extinction (EPME) is unique when compared with any other biodiversity
crisis of the Phanerozoic in terms of severity and impact on animal life. The mass extinction
erased many lineages of marine organisms typical for the Palaeozoic era, which in the aftermath
were replaced by a fauna composed of taxonomic groups that would dominate the oceans from
the Mesozoic onward (Sepkoski Jr., 1984; Erwin, 1994). On land the extinction event was marked
by a loss of many vertebrate species and major vegetation changes (Ward et al., 2005; Looy et al.,
1999).

The causes of this catastrophe had an immediate and abrupt effect on life (Jin et al., 1994)
and is confined to an interval of Nﬁlkyr based on radiometric dates (Burgess et al., 2014).
However, their effects reached possibly into the Triassic, as a full recovery of biodiversity only
commenced after 5 Myr (Erwin, 2001). In contrast to a generally depaupered Early Triassic
fauna, some taxa, e.g., ammonites and bivalves, were strongly affected but diversified relatively
soon after the catastrophe (Hautmann et al., 2011; Brayard et al., 2009). Trophic structures
and ecosystem functioning in the marine realm were affected with a dominance of only a few
genera (Chen and Benton, 2012). The extent of ecosystem impairment, however, varied among
regions and biomes with, for instance, metazoan reefs in tropical latitudes being unequally hard
hit (Foster and Twitchett, 2014).

The search for the trigger and kill mechanisms related to the EPME has been ongoing
since its recognition (e.g., Schindewolf, 1954). This led to many proposed killing agents and
identification of possible synergistic effects, with at its centre massive magma outpouring linked
to the synchronous emplacement of the Siberian Trap basalts (Renne and Basu, 1991; Campbell
et al., 1992; Erwin, 1993). Some examples of scenarios brought forward link massive volcanism
to the mass extinction are, e.g., release of toxic gasses (Black et al., 2012), short-term global
cooling caused by aerosols (Campbell et al., 1992) and COs induced global warming (Erwin,
1994; Sobolev et al., 2011).

Evidence for extraterrestrial perpetrators, such as those generally accepted for the K-Pg
boundary mass extinction, are existing for the EPME as well (Becker, 2001; Kaiho et al., 2001).
Supporting evidence for a time-equivalent bolide impact, however, are not convincing: (1) sup-
posed shocked quartz minerals found at sites in Australia appear to be falsely identified (Renne
et al., 2004). (2) No unequivocal impact structure has been found that matches temporally with
the end-Permian biotic crisis (Renne et al., 2004). (3) Globally recorded geochemical features
allegedly diagnostic for an impact, platinum group elements and a sulphur isotope excursion,
can as well be related to Earth-bound causes, such as volcanism an marine anoxia (Koeberl
et al., 2002, 2004).

Other workers, have looked for causes of the EPME in oceanic changes, such as sealevel
changes (e.g., Holser and Magaritz, 1987), but such a long-term process is hard to reconcile with
the presumed rapid mass extinction (Jin et al., 1994; Shen et al., 2012; Burgess et al., 2014).
Many arguments exist for widespread anoxia within deep and shallow marine settings, the latter
possibly in conjunction with a marine transgression (Wignall and Hallam, 1992; Wignall and
Twitchett, 1996; Isozaki, 1997). Lowered marine O2 levels would lead to asphyxia, possibly
exaggerated by higher Os demands of organisms under warmer temperatures (Wignall and
Twitchett, 1996). Hypotheses that included the different proposed mechanisms, such as marine
anoxia and volcanism, in a tangled web of interacting causes and effects are favoured (Erwin,
1994; Wignall and Twitchett, 1996; Wignall, 2007; Kidder and Worsley, 2004).

Recent advances in quantitative palaeontological and geochemical research, as well as mod-
elling exercises, strengthened especially the notion of climate change in a close association with
an atmospheric carbon injection by, volcanism, as first postulated by Erwin (1994). This is sup-
ported by better age constrains on the deposition of the Siberian trap basalts (Reichow et al.,



2009), knowledge of basalt interaction with country rock, such as evaporite and organic rich
shale (Svensen et al., 2009) and coal beds (Retallack and Krull, 2006; Retallack and Jahren,
2008), and proxy records suggestive of climate warming (Joachimski et al., 2012; Sun et al.,
2012) all in close temporal association with the EPME.

Such a COs induced catastrophe by a volcanic injection of isotopically depleted carbon could
account for a contemporaneous negative carbon isotope excursion recorded in marine carbon-
ate rock and terrestrial organic matter (Korte et al., 2010; Schneebeli-Hermann et al., 2013).
However, other mechanisms could account as well for at least a part of the carbon isotopic
excursions, such as sudden oceanic overturn of 13C depleted water, an influx of terrestrial or-
ganic matter or dissociation of methane clathrates (Kajiwara et al., 1994; Berner, 2002). Clues
suggestive for enhanced ocean uptake of COs can be found in the fossil record as thick-shelled
marine organisms (e.g., brachiopods as well as rugose and tabulate corals) experienced selective
extinction when compared with other marine organisms (e.g., conodonts) (Knoll et al., 2007).
Together with climate driven enhanced vertical water column stratification and subsequent sea-
water deoxygenation, these synergistic effects of global warming are referred to as the ’deadly
trio’ (Bijma et al., 2013).

Recently, the role of organisms interacting with their physical and chemical environment has
been put forward as a means to work out Earth system feedback mechanisms. Increased plank-
tonic organic matter production and subsequent Os consumption by carbon re-mineralization
is seen as the main agent responsible for marine anoxia (Algeo et al., 2013). This would have
been a consequence of increased weathering fluxes into ocean shelf settings, thereby fertilizing
these marine environments (Algeo and Twitchett, 2010; Sephton et al., 2005). Even novel evolu-
tionary events, such as a rapid expansion of a clade of methanogens' and consequential massive
methane release, have now been related to a major disruption of the carbon biogeochemical
cycle (Rothman et al., 2014).

The former summary explains that the time interval of the EPME is still a rapidly evolving
area of scientific research, with many new ideas and insight generated in a great pass. In addition,
it also shows that fundamental questions remain about cause and causal relationships among
the mass extinction, the large perturbations in the biogeochemical cycles and climate change.

1.2 Working hypothesis

This study considers the possible role of climate change caused by atmospheric greenhouse
gasses upon the EPME (Joachimski et al., 2012; Kidder and Worsley, 2004). In addition, the
close temporal link between this biotic crisis and magmatic outpouring as the Siberian Trap
basalt has been attested (Reichow et al., 2009). Siberian Trap volcanism is related to increased
input of COg3 to the atmosphere by direct magma-outgassing (Sobolev et al., 2011) and indirect
processes, such as interaction of magmas with the surrounding sedimentary deposits (Svensen
et al., 2009). I, therefore, hypothesize that the EPME is caused by greenhouse induced climate
change, which is an effect of contemporaneous massive volcanism.

This hypothesis, however, raises a number of research questions. I will discuss whether
climate warming is associated with the mass extinction from an oceanic perspective. To evaluate
this hypothesis it is also necessary to ascertain if time-equivalent atmospheric greenhouse levels
changed, or if a volcanic injection of COy occurred. Thermal stress by high ambient seawater
can induce physiological changes within an organism, e.g., protein denaturation and a reduced
capacity of oxygen uptake by tissues (Bijma et al., 2013). Besides this lethal effect of raised
temperatures on the organism, it is likely that a CO4 climate catastrophe would be accompanied
by synergistic effects such as ocean acidification and marine anoxia. These climate change side-
effects may be equally important for the EPME and are considered in this working hypothesis
as well.

LA clade of microbes that produce methane as a by-product of their metabolism



In order to answer these questions, I draw conclusions about the environment and climate of
this turbulent time interval, based upon newly collected palaeodata. This palacodata consist of
geochemical signatures of fossils and bulk carbonate rock, collected in outcrops of Late Permian
to Early Triassic marine successions located in the Julfa region (NW Iran).

In a first step, I generated stratigraphic profiles of the marine sedimentary successions.
Emphasis was placed on the construction of a litho- and biostratigraphic framework for the
studied localities. This allows for a regional and possibly even global correlation with other P-
Tr boundary sections. This is advantageous, as it enables a comparison of the geochemical data
among different parts of the region and potentially the rest of the world. Such a global correlation
is especially important as it provides a relative chronology for (1) the observed biotic crisis and
(2) the changes in environment and climate. Comparison of evidence for biotic, climatic and
environmental changes in a stratigraphic framework can also show whether these observations
are globally synchronous.

In a second step, I assessed the reliability of applying this geochemical data as a tool to
reconstruct the climate and environment of the study interval. This is important as the fossils
and carbonate rocks are mainly the product of biological process. Species-specific metabolic
effects, as well as habitat preferences, all assert a control on the chemical composition of the
biominerals that make up these samples. These biological and ecological signals may obscure
the investigated environmental signal. Highly relevant is also the potential chemical and struc-
tural alteration of the studied fossil and sedimentary rock by post-depositional processes during
lithification and subsequent burial.

In a third step, as the ultimate purpose of this study, I aimed to shed some light on the
possible cause and causal relationships among COs induced climate change on the end-Permian
biodiversity crisis. I compared proxy records designed to investigate different aspects of the
Earth system whereby I also took into consideration that many of the Earth surface processes
may act in concert as positive feedback loops or synergistic effects.

1.3 Relevance of the study

Anthropogenic carbon release has an eminent effect on Earth’s climate and its inhabitants.
This carbon release inflicted by humans, has measurably risen atmospheric COqy since pre-
industrial time and can be directly related to increased global surface temperatures as stated
in the fifth report of the Inter-governmental Panel on Climate Change (IPCC 2013). However,
global warming is not the sole problem of increasing atmospheric CO2 as absorption by oceans
of this anthropogenic carbon leads to ocean acidification (Caldeira and Wickett, 2003). This
uptake is a phenomenon that has been measured as a lowering of surface waters pH in today’s
oceans (Doney et al., 2009). Other directly observable effects related to COs induced global
warming are the expansion of anoxic ”dead” zones (Diaz and Rosenberg, 2008), thinning of sea-
ice sheets (Polyakov et al., 2010) and rising sea levels (Cazenave et al., 2008). These CO2 induced
(side)effects will grow under the predicted greenhouse gas emissions within the next decades
(Stocker et al., 2013). Even after cessation of carbon emissions these negative consequences will
not be reversed due to a large inertia of the climate and ocean system (Caldeira and Wickett,
2003; Doney et al., 2012)

The adverse effect from rising CO2 on biota has already been observed in the changing marine
populations and declining number of sensitive species (Hoegh-Guldberg and Bruno, 2010; Doney
et al., 2012; Bijma et al., 2013). The most evident and well-documented effect of climate change
upon biota is coral bleaching observed in modern tropical oceans (Hughes et al., 2003). Future
projections are suggestive of increased extinction risk in the coming decades to centuries (Harnik
et al., 2012; Barnosky et al., 2012). Biodiversity loss in the marine realm would be fuelled by
ocean acidification, hypoxia, thermal stress and a long list of potential other effects (Doney
et al., 2012; Bijma et al., 2013). Similarly, rising greenhouse gas concentrations and related
climate change will also drive changes in terrestrial communities, such as shifting vegetation



biomes (Brook et al., 2013).

Proximal causes acting in past extinction scenarios are likely to contribute to future ex-
tinctions, such as the leading role of greenhouse conditions in the end-Permian biodiversity
crisis (Harnik et al., 2012; Payne and Clapham, 2012). The former notion makes the study of
the Permian-Triassic (P-Tr) time interval important in the understanding of current effects of
anthropogenic induced climate warming by burning fossil fuel. The event does not allow quan-
titative inferences upon physical aspects of climate and current climate change, mainly by the
lack of resolution, time constrains and fundamentally different continental configuration, and,
as such is no perfect future analogue (e.g., Lunt et al., 2013). However, from the perspective
of the biotic response to an atmospheric carbon injection, lessons can be drawn form the rock
and fossil record encompassing this great mass extinction (also Payne and Clapham, 2012) and
gives weight to the working hypothesis (section 1.2).

2 Study area

2.1 Previous studies of Iranian and Azerbaijanian P-Tr sections

Pioneering studies of the outcrops near the towns of Dzhulfa, Azerbaijan and Julfa, Iran, began
in the late 19" Century and the beginning of the 20" century, are the first reports of the P-Tr
sections in this region. The studies include descriptions of invertebrate fossils, e.g., ammonites,
and propose a first lithological subdivisions (Abich, 1878; Frech and Arthaber, 1900; Stoyanow,
1910).

More detailed descriptions of the rock succession and its fossil content led to the assignments
of the outcrops near Dorasham in the Araxes gorge, as type locality of the latest Permian
Dorashamian Stage (Rostovtsev and Azaryan, 1973). This follows the Dzhulfian Stage, named
after its respective type locality in the Dzhulfa region (Schenck et al., 1941). Both stages,
however, were later abandoned for the respective Wuchiapingian and Changhsingian stages,
defined in their type localities in China (Furnish, 1973)

The first detailed description of the succession of conodont zones of P-Tr sections in the
Julfa region, among which the Dorasham sections played an important role (Kozur et al., 1980),
which led to the proposal of this section to be the stratotype section for the P-Tr boundary
(Kotlyar et al., 1983). However, the GSSP? was eventually assigned to the Meishan section in
South China (Yin et al., 2001). Zakharov (1992) placed the P-Tr boundary of the section within
a first limestone bed containing bivalves of the genus Claraia occurring 2m above the latest
Permian argillites. The interval he proposed resemblances the P-Tr transition facies observed
at the studied sites with the occurrence of the diagnostic marker for the base of the Triassic
system, the conodont species Hindeodus parvus (Kozur, 2007).

There discussed sections, Kuh-e-Ali Bashi and Zal, both discovered more recently Stepanov
et al. (1969) show a close resemblance with the Dorasham section. However, possibly erroneous
documentations of Teichert et al. (1973), both in the lithological descriptions of the members
as well as in the conodont descriptions mainly at the Kuh-e-Ali Bashi section 4, fuelled an
intense debate about their cross-correlation (Sweet and Mei, 1999; Kozur, 2004; Henderson
et al., 2008). Based on our high resolution sampling of these localities we proposed, based on
lithostratigraphic observations and conodont biozones, a new correlation, which might be useful
to solve open problems.

In the last decade the biostratigraphy of these sections was described in great detail (Kozur,
2004, 2005, 2007; Richoz et al., 2010; Shen and Mei, 2010). In addition, several geochemical
studies have been performed on samples from these localities (Baud et al., 1989; Korte et al.,

2The abbreviation GSSP stand for Global Stratotype Section and Point and defines the lower boundary of a
stage on the geological timescale. In its physical form it is a reference point in a section which has been chosen
by an international committee



2004a; Korte and Kozur, 2005; Kakuwa and Matsumoto, 2006; Horacek et al., 2007; Richoz
et al., 2010)

2.2 General lithostratigraphy

The descriptions of Stepanov et al. (1969) divided the lithology of the studied P-Tr sections
located in NW Iran, in 8 units (A to H). Of interest for this study were, in stratigraphic order,
units C and D, also known as the Julfa Beds (after Ruzhencev et al., 1965) of probable Wuchi-
apingian age, consisting of limestone, marls and shales rich in fossils, such as brachiopods and
ammonites. Unit E, a dominantly shaly unit with some intercalations of marl and limestone,
belonging to Ali Bashi formation. Unit F, is a conspicuous cliff forming red nodular limestone
unit, also known as the Paratirolites Limestone, after the ammonite genus Paratirolites. Both
unit E and F belong to the Changhsingian. Unit G, is part of the Elikah formation Stepanov
et al. (1969) consisting of thin bedded limestones and some thin shale beds. A further subdivi-
sion considers the lower part of the latter unit, separate, as the 'Boundary Clay’ (e.g., Kozur,
2004; Korte and Kozur, 2005). Based on conodont biostratigraphy this unit still belongs to the
Changhsingian, whereas the transition to the more dominant carbonate unit, referred to as the
Claraia Beds, after the dominant fauna of bivalves belonging to Claraia, contains at the base
the first occurrence of the Triassic marker, H. parvus (Kozur et al., 1980; Kozur, 2004, 2007).

2.3 Geological setting

The Iranian block consists of several crustal remains belonging to the Cimmerian microconti-
nents (Sengor, 1979; Besse et al., 1998). They detached from the eastern margin of Gondwana
during the Early Permian after opening of the Neotethys ocean, (Sengor, 1979; Muttoni et al.,
2009a). During the Permian until the Late Triassic the Cimmerian terranes drifted northwards,
and amalgamation of the Iranian block started when they reached the southern margin of the
Eurasian continent (Besse et al., 1998; Stampfli and Borel, 2002; Torsvik and Cocks, 2004; Mut-
toni et al., 2009a). At the P-Tr boundary, the Iranian plates were, based on palacomagnetic
data probably located close to or at an equatorial latitude (Besse et al., 1998; Muttoni et al.,
2009b). This reconstruction is similar to the simulated position by the plate tectonic model of
Stampfli and Borel (2002), as depicted in Figure 1.

2.4 Palaeogeographical setting

Geographic distributions of oceans and land is not only important for macro-evolutionary pro-
cesses (e.g., Murienne et al., 2014), but it is also relevant for palaeoceanographic dynamics and
distribution of climatic belts. The palaeogeographical reconstruction shown in Figure 1, dis-
plays the size of oceanic basins and position of continents at Permo-Triassic boundary. Such
maps may help to infer on marine or terrestrial sedimentation conditions and general oceanic
circulation patterns in time and space. It has for instance been postulated that the Pangaea
supercontinent formed at this time an almost closed meridional barrier preventing the formation
of a circumpolar circulation which established only some 220 Ma later in the Palacogene ocean
(Winguth et al., 2002). A restricted circulation has also been suggested for the Tethyian Ocean
and thereby could have hampered exchange with the large superocean, the Panthalassa. As a
result the former should have acted as a nutrient trap (Meyer et al., 2008; Meyer and Kump,
2008).



Figure 1 Palaeogeography during the P-Tr boundary interval adapted from Stampfli and Borel
(2002, and Stampfli pers. com.). Drawn is the palaeoposition of the studied sections (yellow star),
the Meishan P-Tr GSSP section (red star) and the general movement path which the Cimmerian
microcontinents followed through the Permian (white arrows), thereby creating the Neotethys ocean.

3 General methodology and materials

3.1 Localities

In the attempt to gain more knowledge on the causes and causal relationships between environ-
mental and climate change, perturbations of the major biogeochemical cycles and the EPME, the
fossiliferous marine carbonate successions located in NW Iran are investigated. During several
field expeditions, we studied six profiles of Late Permian to Early Triassic marine rock.

(1)Aras Valley (39.015°N, 45.434°E): This section has been described previously by Leda
et al. (2014); it is located about 19 km WNW of the towns of Dzhulfa (Azerbaijan) and Julfa
(Iran). The outcrop is exposed on the south side of a small hill immediately west of the Aras
(Araxes) River, which coincides with the political boundary between Iran and the province of
Nakhichevan; Azerbaijan. The Aras Valley section is approximately 2km north- west of the
classical Dorasham II section described by Ruzhencev et al. (1965).

(2-5) Kuh-e-Ali Bashi (9 km west of Julfa): P-Tr boundary beds crop out in parallel sections
over a range of about 1.5 km. Four of the numerous parallel sections were sampled: Kuh-e-Ali
Bashi 1 section (38.940°N, 45.520°E) and Kuh-e-Ali Bashi 4 section (38.942°N, 45.516°E) of
Teichert et al. (1973) as well as the Kuh-e-Ali Bashi N section (38.941°N, 45.516°E) of Leda
et al. (2014) and Kuh-e-Ali Bashi M section (38.935°N, 45.524 °E) sensu section I, from I-IV, of
Kozur (2005).



(6) Zal, located about 22 km SSW of Julfa and approximately 2.2 km NNW of the village
of Zal (38.733°N, 45.580°E). This section is considered as one of the best outcrops of P-Tr

transitional beds and is characterised by an extended Early Triassic succession (e.g., Horacek
et al., 2007; Richoz et al., 2010).
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Figure 2 Geographic setting of the P-Tr sections in the Julfa region (NW Iran). The white dots
represent, the locations of the sections studied and exception to this is the Dorasham 2 section on
Azerbaijan territory.

Careful documentation and high-resolution sampling of these sites provided an overview of
the changing lithologies and its respective fossil content and resulted in a high-resolution sample
sets. In the field the top of Paratirolites Limestone unit, equivalent to the ’extinction horizon’
(Kozur, 2007) was easily recognizable and served as a reference bed. All sample labels record
the relative distance to this horizon in m distance.

3.2 Sample preparation

In the lab, a 1-2 kg portion of the sampled rock was reserved to extract the microfossil content.
The remainder of the sample was trimmed for obvious diagenetic phases and subsequently ground
with a mechanic agate mill (Retsch RS 100) at the MfN, Berlin (Germany). To acquire a
homogeneous grain size, the ground samples were sieved with a 160 pm mesh.

3.3 Conodont extraction

One kilogram of bulk limestone or marl sample were dissolved in 8% formic acid to obtain the
conodont elements at MfN, Berlin (Germany). Clay rich samples were additionally treated with
hydrogen peroxide. The samples were subsequently dried at room temperature. These last two
steps were repeated until the sample disintegrated sufficiently to obtain conodont specimens.
The resulting residue, were then processed through an magnetic separator (Frants 1b-1). This
procedure increased the concentration of conodont elements in the sample by separating out the
predominant ferromagnetic clay particles. The extraction of conodonts was performed with the
help of Dieter Korn and Carina Klein.



3.4 Conodont micro-structure and mineralogy

I analysed a part of the conodont material for there micro-structure using the JEOL JSM-
6610LV Scanning Electron Microscopy (SEM) at the MfN, Berlin (Germany), with assistance
from Kirsten Born. The conodont samples were prepared by mounting them on a SEM stub.
This stub was subsequently placed into sample holder of the SEM upon which the whole sample
chamber is evacuated with a pump. When the required pressure was reached, an electron beam
of 60nA is emitted from a tungsten filament operating under a 15kV acceleration voltage. The
SEM can operate under low-vacuum, therefore the SEM stub was not sputter coated and enabled
successive Raman sceptroscopy measurements on these conodont specimens. The produced
images enable an evaluation of the preservation state of the conodont elements. For instance,
microreticulation is thought to represent the original surface structure (Fig. 4 A-F) whereas,
rough surface structures could be indicative of post-depositional recrystallization. In addition,
Raman spectroscopy (Dilor Labram), carried out at the MfN (Germany) under supervision of
Jorg Fritz, is used to analyse the mineralogy of the conodont elements. Precision is acquired by
calibrating the machine with pure silicon, which ensures an external reproducibility of better
than 1em™!. According to the method of Thomas et al. (2011) the peak position of the v1-POy
(phosphate symmetric stretching bound) and the FWHM (full width at half maximum) have
been measured (Fig. 3), to asses the degree of post-depositional re-crystallization. Internal
reproducibility was monitored by replicate analysis of the sample and was better than 0.6 cm™!
and 1.1cm™! for the v1-PO4 and FWHM. Magmatic apatite from the mineralogical collection
and a modern fish tooth sample from the ichthyology collection of the MfN, Berlin (Germany)
have been used to represent most and least diagenetically altered apatite.
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Figure 3 The v1-PO4 (phosphate symmetric stretching bound) of conodont apatite obtained by
Raman spectroscopy. Calculation of the FWHM (full width at half maximum) and peak position of
v1-PQOy are performed by the software provided with the machine.

3.5 Conodont oxygen isotopes

I handpicked conodont elements under a binocular microscope and the collected specimens were
weighted in a polyethyelene (PE) beaker on a micro-balance, at the MfN, Berlin (Germany).
A weight of 1mg was strived for each sample and elements were divided in platform (or P1)
elements of Hindeodus sp. and Clarkina sp. In post-extinction strata, the strived sample weight



Figure 4 (Left) SEM stub with adhered conodont samples. (Right) SEM images of P1 elements
of Clarkina sp. (A) Kuh-e-Ali Bashi -0.10m, (B) Kuh-e-Ali Bashi -0.30m, (E) Zal -1.25m, (F) Zal
-1.25m). P1 elements of Hindeodus sp. (C) Kuh-e-Ali Bashi -0.56 m, (D) Kuh-e-Ali Bashi -1.05m,
(G) Zal -13.70m, (H) Zal +14.50 m. ramiform elements (I) Kuh-e-Ali Bashi -0.80m, (J) Kuh-e-Ali
Bashi -1.40m, (k) Kuh-e-Ali Bashi 0.00m. Note, that the P1 elements of Clarkina sp. are marked
by a pitted surface or microreticulation, a sign of good preservation.

was difficult to attain due to low overall conodont element concentrations (Fig. 5) and ramiform
conodont elements were added to the sample when needed.

Conodonts consist of the biomineral carbonate—apatite (francolite). Francolite can be chem-
ically visualised by a non-stoichiometric formula approximating CasNag 14(CO3)0.16(PO4)3.01
(H20)p.85F0.73 (Pietzner et al., 1968). A large part of the oxygen (90%) resides in the diage-
netically stable phosphate. Following the protocol, outlined in Joachimski et al. (2009), the
POy is isolated from conodont francolite. As a first step, I added 33ul 2M HNO3 to the col-
lected conodont material contained in the PE beaker. This was left overnight to dissolve the
carbonate-apatite of the conodont specimens. Upon which, the resulting solution was neutral-
ized by addition of 33ul 2M KOH and Ca was removed from the supernatant by adding 33ul
4% HF. Successive centrifugation (Heraeus Megafuse 1.0) helped separate the residue from the
liquid, which was subsequently removed with a glass pipette. The solution containing the solu-
bilized PO4 was then transferred to a clean PE beaker. As a final step, a silver amine-solution
was added to the PO, containing supernatant. Upon successive heating this resulted in an
ionic reaction, producing tri-silver-phosphate crystals (AgsPOy4). The produced AgsPOy crys-
tals were thoroughly rinsed with ultra-pure water and subsequently put in a ultra-sonic bath
(Fisher FB15051). This step was repeated until the crystal surfaces were clean, in order to
obtain a primary O isotope signal of the PO4. Approximately 0.2 to 0.3 mg of the precipitated
AgsPOy was weighted of in silver foil cups.

Oxygen isotope measurements of AgsPOy precipitates was done at the University of Erlangen-
Nirnberg (Germany) by Michael M. Joachimski. The Ag3POy4 precipitates were converted to
CO by a High Temperature Conversion Elemental Analyzer (TC-EA) and mediated by reduction
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Figure 5 The abundance of P1 elements throughout the Kuh-e-Ali Bashi 1 section. Counts for large
quantities (>250) are estimates upon visual inspection.

with graphite. Carbon monoxide was subsequently measured for oxygen isotopic composition
using a coupled online to ThermoFinnigan Delta Plus mass spectrometer. Oxygen isotope ratios
are reported as %o in standard 0 notation relative to Vienna Standard Mean Ocean Water (VS-
MOW). To ensure best accuracy of the measurements, internal reproducibility was monitored
by triplicate measurements of samples and standards and was better than 0.18%o0. In addition,
external reproducibility of internationally distributed standard NBS 120c was £0.25%0 (20).
Measurement of this certified standard also documented a good precision, with a measured
value of 21.7%¢ (cf. Lécuyer et al., 1993).

3.6 Carbonate-associated sulphate (CAS) sulphur and oxygen isotopes

I prepared bulk-rock carbonate samples for isotopic analysis of CAS, at the MfN, Berlin (Ger-
many). In order to do so, 21 beaker glasses containing up to 0.7 kg pulverized rock samples were
leached in a 10% NaCl solution, according to the method described in Wotte et al. (2012a).
The resulting sediment slush was constantly stirred for approximately 24 h. This leaching step
is designed to eliminate the influence of sulphate phases other then CAS on the final isotope
measurements. These soluble sulphate phases are lumped under the name ”leachable non-CAS”.
The sediment slush was subsequently filtrated by a fluted filter (Fig. 8) and a cellulose nitrate
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Figure 6 Preparation of selected conodont samples for POy extraction procedure. (A) P1 elements
of Clarkina sp. within PE beaker. (B) P1 elements of Hindeodus sp. within PE beaker. (C) PE
beaker. Scale bars are 500 pm.

membrane filter (mesh 0.45 pm; Fig. 9). The latter method involved the use of a vacuum created
by an electric pump (Fig. 9). In a next step, 100ml of a 8.5% BaCl solution was added to the
filtered solution to invoke an ionic precipitation of BaSO4. The BaSOy4 precipitate was extracted
from solution by filtration with a cellulose nitrate membrane filter (mesh 0.45 ym). The con-
centration of non-CAS were determined relative to the final weight of precipitated BaSO4. The
before outlined steps were repeated until close to none non-CAS was detected, some samples
required up to four repetitions of this leaching step (Fig. 7).

Upon elimination of non-CAS the sample were acid digested in 25% HCI, which was added
slowly by a dropping funnel (Fig. 9). Exchange with the atmosphere was restricted by covering
the beaker glas with a plastic foil (Fig. 9). This step is to prevent the potential oxidation of
reduced sulphur species, such as pyrite or greigite. Insoluble residue was removed by the same
filtering as for the NaCl leaching procedure with the subsequent use of a fluted filter and cellulose
nitrate filter. The resulting solution contains the liberated CAS which is precipitated as BaSOy4
by addition of a 12% BaCl solution. The weight of CAS was determined gravimetrically, relative
to the precipitated BaSO, in this final step.

Oxygen and sulphur isotope measurements were performed at the University of Miinster
(Germany) by Harald Strauss. Sulphur isotopic composition of the BaSO4 precipitates was
analysed by an Elemental Analyzer connected to ThermoFinnigan Delta Plus mass spectrometer.
The sulphur isotope measurements are reported as standard ¢ notation in %o relative to Vienna
Canon Diablo Troilite (VCDT). The repeated measurements of international reference materials
for 63*Scas (IAEA-S-1, IAEA-S-2, TAEA-S-3, NBS127) and in-house standards (CdS, Ag2S)
yielded an accuracy on average better than 0.09%o0 and a reproducibility of on average better
than 0.40%0 (20), also Table 1.

Oxygen isotope composition of the BaSOy precipitates was determined by a TC/EA inter-
faced to a ThermoFinnigan Delta Plus XL mass spectrometer. The oxygen isotope composition
is denoted in standard § notation %o relative to VSMOW. The accuracy for 6'80c 49 was mon-
itored by repeated measurements on international reference material (IAEA-SO-5, IAEA-SO-6,
NBS127) and in-house reference material (BaSO,4) and was better than 0.40%o. The reproducibil-
ity of the repeated measurements on the standards for §'80¢ag is 40.80%0 (20), also Table 1.
Extraction and isotopic measurements of sulphide minerals, used in paper 4, are performed by
Alan Stebbins at the University of Massachusetts at Boston (US).

3.7 Bulk-carbonate carbon and oxygen isotopes

Samples for the carbon and oxygen isotope measurements were taken on fresh surfaces of car-
bonate bearing rocks using a microdrill at the MfN, Berlin (Germany), with the help of Lucyna
Leda. Cracks, veins, and stylolites were avoided. Small portions of the powdered bulk-rock
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Figure 7 Consecutive leaching steps to remove non-CAS compounds within all sample material.
Some samples required up to 4 repetitions of the leaching procedure. The non-CAS is markedly
reduced after the first leaching step.

Table 1 Results of S and O isotope measurements on reference material, compared with published
values (Brand et al., 2014).

TAEA -S-1 NBS 127
measured -0.35 0.20 measured 8.94 0.85
published -0.30 published 9.30

TAEA -S-2 TAEA-SO-5
measured 21.52 0.16 measured 11.97 0.70
published 21.55 published 12.00

TAEA -S-3 TAEA-SO-6
measured -31.31  0.44 measured -11.36  0.50
published -31.40 published -11.34

NBS 127 BaSO, (Lab.)
measured 20.38  0.17 measured 12.59 1.05
published 20.30

Ag2S (Lab.)
measured 247  0.39

CdS (Lab.)
measured 10.76  0.32

samples (100-400 pg) were placed in 10 ml vials that were sealed with rubber septum lids. After
flushing for 6 min with helium and adding H3POy, generated CO2 was measured for carbon and
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Figure 8 Fluted filters for extracting the coarse sample fraction from the sediment NaCl or HCI
slush. The set-up was designed to process four samples at once.

oxygen isotope composition on a Thermo Finnigan GASBENCH II linked online to a Thermo
Finnigan DELTA V mass spectrometer at the MfN, Berlin (Germany) by Ulrich Struck. The
isotope values were calibrated against Vienna Pee Dee Belemnite (VPDB) and are reported in
conventional § notation. The reproducibility (1o) of replicated standards (Pfeil STD; Solenhofen
Limestone) was better than 0.10%o for both §'3C and 6'0. Brachiopod shell preparation for
carbon and oxygen isotopes analysis and the isotope measurements used in paper 2, have been
performed by Christoph Korte at the University of Copenhagen (Denmark).

3.8 Bulk-carbonate element/Ca ratios

The protocol for the elemental analysis on the calcite fraction of bulk-rock material is inspired
on sequential extraction procedures, such as Kryc et al. (2003) and Brand and Veizer (1980) and
an adaptation of the procedure outlined in Wotte et al. (2012b). These extraction methods are
designed to dissolve the CaCOg part of sediment or sedimentary rock with a minimal contribution
of other mineral phases and elements to the final measured material. This preparation procedure
for element analysis was conducted at the MfN, Berlin (Germany). I weighted one gram of
powdered rock material in 50 ml Greiner tubes. Twenty ml of 2% acetic acid was added to the
sample material for approximately 48 h while constantly being agitated on a shaker (Edmund
Biihler ks 15). Subsequently, the suspension was filtered with a cellulose nitrate membrane filter
(mesh 0.45 ym). The solution was dried down and both the insoluble and soluble residues were
weighted. Gravimetric quantification of the weight loss, due to the acid digestion procedure,
enabled an approximate calculation of the CaCOg fraction dissolved. To prepare the acid-
soluble residue for ICP-OES measurement, the aliquots were transferred to 15 ml greiner tubes
and dissolved in a 0.2 M nitric acid solution. This last step creates a matrix-matched solution
for subsequent Element/Ca measurements.

Element/Ca measurements were performed at the University of Copenhagen (Denmark) with
the help of Clemens V. Ullmann. The previous quantification of CaCOs3 and thus Ca content
of the acid-soluble residue enabled creating a best possible matrix match for the used blank
solution and multi-element reference solutions. The reference solutions are used to create a
three-point calibration in the subsequent elemental/Ca measurements by Perkin Elmer Optima
7000 DV Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). Precision was
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Figure 9 (Left) The filtration device to separate the fine sample-fraction or BaSOy4 precipitates from
the solution. This is mediated by a vacuum created in the glass filtration flask by an electric pump.
(Right) A glass dropping funnel designed to titrate the 25% HCI on the sample to slowly dissolve
the carbonate fraction, thereby liberating CAS. The magnetic stirrer ensures that the sediment slush
and acid are well mixed during the procedure. The beaker glass is sealed with a plastic foil to restrict
exchange with the atmosphere thereby reducing the risk of oxidation of reduced sulphur species.

checked by the international standards JDo-1 and JLs-1. This yielded an accuracy for Sr/Ca,
Mn/Ca and Mg/Ca on average better than 5 % upon comparison with published values and a
reproducibility of on average better than 10% (20) (Imai et al., 1996, Table 2).

Table 2 Replicate element/Ca analysis by ICP-OES on certified reference material and comparison
to published values by Imai et al. (1996). Values are given in mmol/mol.

JDo-1 (n=3)
measured 0.21 0.04 0.14 0.02 750.11 21.04
published 0.22 0.15 761.21

JLs-1 (n=23)
measured 0.34 0.01 0.03 0.00 14.09 0.24
published 0.34 0.03 15.02

4 Synthesis

4.1 Stratigraphy

In paper 1, a detailed report is given about the litho- and biostratigraphy of the latest Permian in
the sections of the Julfa region. In this section, this is extended to include the complete studied
stratigraphic range, covering the upper part of the Permian system into the basal Triassic
system. Furthermore, some remarks are placed on the possible correlations with other P-Tr
sections located in Iran and in South China, in particular, the P-Tr GSSP defined at Meishan,
which is an important aspect of papers 2, 3 and 4.
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Leda et al. (2014) have shown that it is possible to correlate the P-Tr sections of the Julfa
region based on lithology, for the carbonate rock bracketing the boundary. In accordance with
Stepanov et al. (1969), lithological correlation is also possible for the rock approximately 20 m
below the P-Tr boundary. This rock unit, known as the Julfa Beds (Stepanov et al., 1969) found
throughout the Julfa region, contains conodont assemblages assigned to the Clarkina orientalis
biozone (Fig. 12).

The base of the Ali Bashi Formation consists of a shaly interval with minor intercalations
of marl and limestone bed, which has been named the Zal Member, measuring 13.50, 18.00,
12.50 and 16.00m in the Aras Valley, Kuh-e-Ali Bashi 4, Kuh-e-Ali Bashi 1 and Zal section,
respectively. The Changhsingian stage is defined in this study by the C. orientalis — C. subcar-
inata interval zone, which is taken as equivalent for the absent Changhsingian conodont marker
species C. wangi (Jin et al., 2006, Fig. 10). The stage boundary is located close to the base
of the Zal Member (Figs. 11 and 12). This biozone is followed by the C. subcarinata and C.
chanxingensis zone, which can be found as well in the South Chinese sections, although the
latter biozone is about 3 times more expanded in the Meishan section (Yuan et al., 2014, Fig.
12). The C. chanzingensis zone has not been reported from P-Tr localities in Iran by Kozur
(2005, 2007, Fig. 10) but was included in the scheme of Shen and Mei (2010).

This unit is followed by the Paratirolites Limestone unit, which is a characteristic unit
for the whole Julfa region (e.g., Leda et al., 2014). This cliff-forming carbonate unit of the
Changhsingian Stage has a thickness of roughly 5m (Aras Valley: 4.60 m, Kuh-e-Ali Bashi 4:
4.15m, Kuh-e-Ali Bashi 1: 4.15m, Zal: 5.10m). Similar lithological units can also be found in
central Iran (Leda et al., 2014; Kozur, 2007), although with a less developed nodular structure.
This unit is seemingly lithologically homogeneous. Leda et al. (2014) provided, however, a more
detailed subdivision based on microfacies analysis and showed that the upper 30 cm displays
signs of stratigraphic condensation in the form of hardgrounds. They relate these features to
submarine dissolution under carbonate under-saturated seawater. The lithological unit captures
4 conodont zones, in ascending order , C. bachmanni, C. nodosa, C. yini and C. hauschkei (Fig.
11). This zonation scheme deviates from interpretations of Kozur (2007) and Shen and Mei
(2010) as the former author did not describe the C. yini zone (Fig. 10), and the latter scheme
does not contain the C. hauschkei zone.

The top of this unit is marked by the cessation of limestone beds, and is conformably overlain
by a unit consisting dominantly of clay, here called the Aras Member (formerly 'Boundary Clay’,
e.g., Kozur, 2004; Korte and Kozur, 2005). The boundary between the Paratirolites Limestone
and Aras Member is referred to as the ’extinction horizon’ (e.g., Kozur, 2004; Korte and Kozur,
2005; Leda et al., 2014, Fig. 12). At this interval, all corals and brachiopods disappear as well
as substantial decreases in ammonite and conodont abundances (Fig. 5). However, ostracods,
foraminifera and sponge spiculae remain abundant (Kozur, 2007; Leda et al., 2014). This unit,
which varies markedly in thickness between sections (Zal: 0.50 m, Kuh-e-Ali Bashi 1: 1.18 m,
Aras valley: 3.00m; Fig. 12), harbours two conodont zones H. praeparvus-H. changzingensis and
M. ultima-S. ?mostleri. The former conodont zone is somewhat similar to the C. meishanensis-
H. praeparvus of Kozur (2005, 2007) reported in both central and NW Iran, whereas in this
study no representatives of C. meishanensis have been found in the Aras Member. The latter
biozone is also established in most P-Tr sections located in Iran Kozur (2005, 2007) but, at
least for the here studied sites, this zone is marked by a rather heterogeneous stratigraphic
distribution and is likely less useful as a correlation tool (Fig. 12).

The last lithological unit, is part of the Elikah formation, consisting of grey platy limestone
with abundant Claraia specimens, and is therefore also known as the Claraia Beds (Fig. 12).
Calcite of this unit has a tentative microbial origin (Leda et al., 2014; Richoz et al., 2010) and the
complete unit reaches up to 280 m in thickness (Stepanov et al., 1969). At the Kuh-e-Ali Bashi
sections, however, the lower 0.87m of this unit is constituted by nodular limestone, bearing
similarity to the pre-extinction Paratirolites Limestone unit (Fig. 12). The basal part of this
lithology is marked by the FAD of H. parvus, making it largely of Triassic age in agreement with
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C. orientalis (1)

Figure 10 A scheme for the conodont zones of NW Iran, central Iran (Abadeh section) and South
China (Meishan section). A correlation based on conodont zones between NW Iran and central
Iran follows paper 1. A correlation between South China and the P-Tr interval in Iran can only be
achieved, with great confidence, for the thick lined conodont zones and the ’extinction horizon’ (red
line).

Kozur (2007). The latter two lithological unit (Aras member and Claraia Beds can be found in
central Iran as well, as part of Unit 8 (and references therein, Korte et al., 2004b, Fig. 12) or
Unit a (Taraz et al., 1981). A regional correlation is further possible for the FAD of H. parvus
with the P-Tr sections in central Iran (Kozur, 2005, 2007, Fig. 12).

The Meishan section was located on the South Chinese microcontinent (Fig. 1), during
Late Permian and Early Triassic time, and differs substantially in lithology, as well as the
latest Permian conodont assemblages (for a discussion, see Kozur, 2007, Fig. 12). However,
a correlation of the Meishan section with the localities in Iran is possible for the ’extinction
horizon’ and the FAD of H. parvus and I. staeschei (Kozur, 2007, Fig. 10 and 12). In addition,
the Wuchiapingian-Changhsingian (Wu-Ch) boundary can be followed across the studied sections
(Figs. 10 and 12, paper 1).

The time constraint Wu-Ch boundary, ’extinction horizon” and the FAD of H. parvus and I.
isarcica (I. staeschei for NW Iran) at the Meishan section (Burgess et al., 2014; Shen et al., 2012)
and the correlation of these markers with sections in Iran, allow the construction of a timeframe
(Fig. 12). The Zal Member and the Paratirolites Limestone, have been related to a deepening of
the marine basin, accompanied by lower sediment accumulation rates for the later unit (Mohtat
Aghai et al., 2009; Richoz et al., 2010). To adjust for this change in accumulation rate of
the Julfa sections, a separate sedimentation rate for the nodular limestone unit of the Abadeh
section is calculated. This calculation can be achieved, as this locality has a near to homogeneous
nodular limestone lithology for the complete Changhsingian stage. Based on the datums for the
‘extinction horizon’ and Wu-Ch, this calculation equates to a 0.3 cm/kyr sedimentation rate
(Fig. 12), which is typical for these types of nodular limestone beds that undergo relative little
post-depositional compression (Fliigel, 2004). The near to identical Changhsingian lithologies
in NW Iran (e.g., Leda et al., 2014) allow an extrapolation of this obtained sedimentation rate
to these sites (Fig. 12), which also agrees with sedimentation rate estimates of Richoz et al.
(2010). This way the geochemical investigations can be put in an absolute chronology, which
gives insight about rate of change and time resolution of the geochemical studies.

To exemplify, this time frame results in a time-resolution for whole-rock §'3C of the most
intensively studied interval of the Kuh-e-Ali Bashi 1 section (5.00m below and above the ’ex-
tinction horizon’ and a sampling density of about 10cm) of 46 kyr, 2kyr and 1kyr, for the
Paratirolites Limestone, Aras Member and the Claraia Beds, respectively. In addition, con-
odont zones found at sites in Iran are between 50 to 300kyr for the Permian, but markedly
decrease to 10 -20 kyr duration after the extinction (Fig. 11).
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System Stage Formation Member Conodont zone (kyr)

I. isarcica
Triassic | Induan 'Claraia Beds' I. staeschei (19)
Elikah H. lobota (18)
251.902Mya }———— H. parvus (12)
Aras Member M. ultima - S. ?mostleri

H. preaparvus - H. changxingensis (39 *)
C. hauschkei (50)
C. abadehensis (103)

251.941 Mya p——————{extinction horizon')

Paratirolites "
_ Changhsingian Limestone C. yini. (503)
Permian Ali Bashi C. nodosa (193)
C. bachmanni (160)
C. chanxingensis (864)
Zal Member C. subcarinata (300)
554.140 Mya _ C. orientalis - C. subcarinata int. (47)
Wuchiapingian | Julfa Upper Julfa Beds C. orientalis

Figure 11 A scheme for the combined litho- and biostratigraphy of the P-Tr sections of the Julfa
region. Conodont zonation as in papers 1 and 4. Age durations for conodont bio-zones following an
updated scheme of interpolated datums similar as given in supplementary material from paper 4.
Radiometric and calculated datums for the Meishan P-Tr GSSP section for the Wu-Ch of Shen et al.
(2011) as well as the P-Tr boundary and the ’extinction horizon’ (South China) of Burgess et al.
(2014). # duration is for the combined H. praeparvus-H. changringensis as well as the M. ultima-S.
?mostleri conodont zones.

4.2 Uncovering palaeoclimatic and environmental information

Palaeontological and geological data have been used as qualitative and quantitative tools in
attempts to reconstruct the physical and chemical conditions of the geological past. Sediments
assumed to be diagnostic for certain climate regimes were used in the first qualitative palaeocli-
mate reconstructions (e.g., Blackett, 1961, and references therein). The chemical composition of
fossils help to constrain climatic fluctuations in a more quantitative way ,e.g., landmark studies
of Emiliani (1966) and Shackleton and Opdyke (1973), which helped constrain the cyclic nature
of the glacial-interglacial intervals of the Pleistocene. However, the quantitative application
of for instance oxygen isotope ratios in reconstructing ambient seawater temperatures is not
straight forward as offsets due to local seawater chemistry (6'%0y,,)3, vital effects and habitat
preferences can obscure this approach (e.g., Zachos et al., 1994)

Especially in the geologically deep time, such as the P-Tr boundary interval, climate and
environmental reconstructions become more uncertain, because fossil species have no close living
relatives. In addition, a large obstacle is the effect of diagenesis on the sedimentary pile (bulk-
carbonate rock and CAS) and fossil record (conodont elements), which can post-depositionally
affect their respective chemical composition (e.g., Al-Aasm and Veizer, 1986; Gill et al., 2008;
Barham et al., 2012). A careful examination of the signs of diagenetic alteration, which pos-
sibly impart on geochemical composition of the sedimentary record, is one way to increase the
confidence of relating these signatures to genuine environmental changes.

The application of multiple proxies in palaeoenvironmental studies can, as well, strengthen
interpretations if signals are consistent between the distinct geochemical records. This is shown
in paper 2 were oxygen isotope records of conodont apatite and brachiopod calcite reveal a
consistent signal, thereby increasing confidence in drawn climate reconstructions. Examination
of bulk-rock and conodont §'¥0, on the other hand, is suggestive of a diagenetic imprint on
the absolute oxygen isotope composition of bulk-rock, while retaining a partial climate signal
as a stratigraphic trend (paper 3). To further constrain the likelihood of palaeo-data contain-

30xygen isotope composition of seawater
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Figure 12 Combined litho- and biostratigraphy of the P-Tr sections of the Julfa region, Abadeh sec-
tion (central Iran) and Meishan section (South China). Lithology and conodont zones are according
to reports of Korte et al. (2004b) for the Abadeh section and Yuan et al. (2014, and pers. com. Shen
2014) for the Meishan section. The datums written in italic for conodont bio-zones are calculated
dates (Supplementary material: Paper 4). The other dates are radiometric and calculated datums
for the Meishan section from Shen et al. (2011); Burgess et al. (2014). Conodont zones NW Iran,

Abadeh and Meishan are numbered according to Fig. 10
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ing environmental information, proxy records have been constructed at multiple sites, e.g., the
Kuh-e-Ali Bashi and Zal section. The independent correlation scheme based on bio- and lithos-
tratigraphy, shown in paper 1 enables a comparison of the proxy data. This yielded reproducible
trends for whole-rock 6'3C, CAS- sulphur and oxygen isotopes, as well as conodont §'®O records
(papers 2—4), and ensures a higher degree of confidence in relating these observations to carbon
and sulphur biogeochemical cycle dynamics as well as climatic change, respectively.

A great hurdle in constructing calcite-based proxy records for the P-Tr sections in NW
Iran is a reduction of overall carbonate content and calcite biogens in the sedimentary rocks,
across the extinction interval, such as the complete absence of calcite brachiopod shells. The
cause of this absence of calcite fossils might be inherent to the mass extinction event, which
was possibly linked to a biocalcification crisis (Knoll et al., 2007). In paper 2, this particular
problem is circumvented by construction of palaeotemperatures based on oxygen isotope ratios
of conodont apatite, which remains available across this interval. In contrast, the development of
bulk-rock 6'3C records, remains the most straightforward method for producing high-resolution
§13C curves (paper 3). The alternative could be bulk-organic matter but the use of this proxy is
complicated by other mechanisms mainly related to the large kinetic isotope fractionation upon C
incorporation (Hayes et al., 1999) and mixing of organic carbon from different sources (Hermann
et al., 2010). The carbonate of the 'Boundary Clay’ has been suggested to be more prone to
diagenesis than the bracketing limestone beds; this is due to a higher clastic content (paper 3
and Korte and Kozur, 2010). Stratigraphic bulk-carbonate trace element distribution, presented
in paper 3, is suggestive of a late-stage dolimitization in this unit. This observation underlines
the possibility of post-depositional alteration of its constituent geochemistry. These findings
imply that fluctuations in 6'3C, as recorded in clay-rich intervals in particular, might represent
a higher degree of post-depositional alteration of this geochemical signal. In this respect, care
must be taken when using these small-scale carbon isotope fluctuations as stratigraphic markers
and interpreting them in terms of carbon cycle perturbations.

Another approach utilized to strengthen palaeoclimatic and environmental interpretations is
the qualitative comparison of proxy data and predictions made by numerical models (e.g., Lunt
et al., 2013). A good agreement between oxygen isotope palacothermometry and a modelling
study by Kiehl and Shields (2005) in paper 2 exemplifies this assumption and puts confidence in
both approaches to reconstruct climate around the P-Tr interval. Besides this comparative use of
palaeodata and model solutions, paper 2 shows that a complementary use of these data sources is
also insightful. Reconstructed palaeosalinity by Kiehl and Shields (2005, and Shields pers. com.
2013) are used to reconstruct seawater oxygen isotope values. This approach tries to resolve an
uncertainty in oxygen isotope palaeothermometry which is the oxygen isotopic composition of
the ambient water. This parameter is hard to constrain but possibly important due to regional
influence of precipitation/evaporation ratios on the oxygen isotopic composition of surface waters
and therefore constitutes a possible source of error in oxygen isotope palaeothermometry (for a
discussion, see Zachos et al., 1994).

In another approach, outlined in paper 4, a simple mass-balance box model is employed in an
attempt to reconcile the driving forces behind observed sulphur isotope excursions observed in
CAS. The use of such simple one-box model is tenable as spatial differences in seawater sulphate
are assumed to be limited (Strauss, 1999). This approach shows that changes in the amount
of microbial sulphate reduction is likely to explain the observed sulphur cycle perturbations,
rather than changes in other fluxes, such as mantle input of sulphur, that also regulate the
isotope composition of marine sulphate.

To summarize, the presented examples are just a few possibilities in a wide range of methods
to strengthen the reliability of palaeoclimatic and environmental reconstructions. The general
tenet is that the use of independent lines of evidence is profitable when trying to reconstruct
climates and environments in deep time. This can be achieved by construction of high-resolution
multi-proxy records of several localities bound in a rigid stratigraphic framework which can, in
addition, be compared with or complement model simulations.
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4.3 The Earth system and the EPME

The notion that Earth surface processes, such as climate changes, are driven by both forcing and
feedback mechanisms is important when invoking causal relationships for explaining the EPME.
An important forcing mechanism is thermal insulation by atmospheric CO2 (Lunt et al., 2013).
This is mainly controlled by the amount of volcanic outgassing and volume of spreading ridges
as well as long-term feedback mechanisms, such as weathering and organic carbon burial. These
mechanism are the drivers of the large cycles, which maintain long periods (Myr-scale) of climate
stasis (Berner et al., 1983; Lasaga et al., 1983), although the relative importance of the different
players is debated (e.g., Raymo et al., 1988; Berner, 1999)

The long-term §'3C trend straddling the P-Tr boundary, a reliable palacorecord (paper 3),
can be considered a long-term perturbation of the carbon cycle. The produced §'3C curve,
if interpreted as by Korte et al. (2010), would imply a ~1Myr period of volcanic outpouring
by the Siberian Trap basalts and associated outgassing of isotopic depleted carbon, mainly as
CO2. Burning of organic-rich shales, petroleum bearing evaporites and coal beds by sill and
dyke intrusions, related to Siberian Trap volcanism, have been interpreted to provide substan-
tial additional isotopic depleted carbon to the ocean/atmosphere system (Svensen et al., 2009;
Retallack and Krull, 2006; Retallack and Jahren, 2008). This could be an important driver
for environmental and climatic changes around this time interval, but the interpretation of this
long-term 6'3C trend is not unequivocal and can be related to other mechanisms, such as ero-
sion of organic matter from the continents (Holser and Magaritz, 1987) or reduced primary
productivity (Rampino and Caldeira, 2005).

The extinction event is possibly confined to less than 100 kyr (Burgess et al., 2014). Fur-
thermore, the biotic crisis appears to be linked with abrupt climatic warming, based on §'¥0
palaeothermometry at sites in Iran (paper 2) and South China (Joachimski et al., 2012) that
record an >5°C warming of seawater in ~ 20 kyr (paper 2 and section 4.1). These rapid perturba-
tions of climate and biosphere may suggest that the above mentioned normal long-term feedback
mechanisms could not cope, with the system being forced out of its equilibrium, and might im-
ply fast acting positive feedback mechanisms (paper 3). The runaway greenhouse scenario, in
which CH,4 emissions in the atmosphere by methane clathrate dissociation due to the crossing of
a thermal gradient, elegantly explains the rapidity of the extinction (Erwin, 1993; Benton and
Twitchett, 2003) and has also been invoked for climate change at the PETM* (Dickens et al.,
1995) and the end-Triassic mass extinction (Ruhl et al., 2011).

This scenario would also explain large negative fluctuation in §'3C, as recorded in the Meis-
han section (Cao et al., 2009), which is hard to explain by a volcanic injection of isotopic light
carbon (for an alternative opinion, see Sobolev et al., 2011). As outlined in paper 3, the studied
sections in NW Iran, although stratigraphically complete, do not display these short-term large
d13C fluctuations. At this stage, it remains an unanswered question if these short-term negative
carbon isotope excursions recorded at Meishan are really a global phenomenon and if whole-rock
d13C can directly be related to the isotopic composition of Late Permian marine DIC.

The importance for extinction scenarios of such rapid or fast feedback mechanisms acting to
cause perturbation to the Earth system and biosphere is reinforced by numerical models (e.g.,
Kiehl and Shields, 2005). These models cannot produce the low meridional thermal gradient as
invoked by palaeodata, that suggest high latitude warmth (e.g., Retallack, 1995). Creating this
reduced latitudinal gradient by numerical models often entails the incorporating large, possibly
unrealistic, atmospheric COs levels (Winguth and Winguth, 2013). Alternative mechanisms
that do not directly impart on the carbon cycle are changes in cloud optical depth, enhanced
ocean heat transport and polar stratospheric clouds (Kiehl and Shields, 2013) A more vigorous
hydrological cycle as invoked in paper 2 with larger portions of water vapour in the atmosphere,

4The Paleocene-Eocene thermal maximum (PETM) is a period signified by an abrupt global temperature
rise superimposed on already warm background conditions and is often associated with massive dissociation of
methane clathrates (Dickens et al., 1995)
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a potent greenhouse gas, might act as well as a positive feedback on global warming (Held and
Soden, 2000).

Besides these positive climate feedbacks, other feedback mechanisms could act as synergistic
killing agents in the EPME. In paper 4, a scenario of increased global water column anoxia
and euxinia, based on stratigraphic patterns in CAS-oxygen and sulphur isotopes, is related
to global warming, similar as hypothesized by Kump et al. (2005). The changes in ocean
chemistry, O2 draw down and HsS build-up, relate to increased marine organic matter production
and consequential (an)aerobic organic carbon re-mineralization. In turn, the increased marine
organic carbon pool is related to sharply increased continental weathering and associated fluxes
of terrestrial material, concomitant with the event horizon (e.g., Algeo and Twitchett, 2010) and
might be directly related to global warming (paper 2). This scenario of ocean eutrophication
received increasing attention in the last years and may be important in explaining the vast sum
of evidence of marine anoxia as well as euxinia in shelf settings during this time interval (e.g.,
Algeo et al., 2013).

The rapidness of changes in climate, ocean chemistry and biosphere is in stark contrast to the
aftermath of the EPME. This period, the Early Triassic, is characterised by a depaupered fauna,
repeated carbon and sulphur cycle perturbation, extreme warmth, widespread marine anoxia,
enhanced continental weathering and an absence of coal deposits as well as canopy forming
vegetation on land (Looy et al., 1999; Payne et al., 2004; Chen and Benton, 2012; Sun et al.,
2012; Algeo et al., 2013; Song et al., 2014). Besides the severity of the initial extinction, this
clearly distinguishes this event form other events associated with global warming and extended
stretches of ocean with anoxic conditions, such as the PETM and Mesozoic OAE’s® which show
a return to pre-disturbance conditions within a much shorter time-interval (paper 4). Another
feature is that, e.g., the carbon cycle perturbation and possibly first outporings of the Siberian
Trap basalt preceded the extinction (paper 3 and Shen et al., 2012). These observations
might suggest that some parts of the system were already deteriorating before the majority of
environmental changes and the mass extinction took place.

Combining these features, an abrupt mass extinction, pre-extinction environmental distur-
bances, a long recovery period for biota and a central role for climate change might point to
a phenomena known as planetary regime or state shift. Planetary state shift is an concept
that is related to causal chains, forced by initial drivers and feedback loops and describes how a
boundary condition or tipping point in the Earth system can be crossed, causing a shift from one
equilibrium state to another (Scheffer et al., 2009; Barnosky et al., 2012; Hughes et al., 2013, Fig.
13). Analogues scenarios have been suggested for the K-Pg boundary marked by the remarkable
transition/state shift between non-avian dinosaurs and mammals (Renne et al., 2013). However,
the exact mechanism behind this planetary state shift is illusive but elevated atmospheric COq
by a volcanic injection or other sources, such as methane clathrates remains a tempting expla-
nation. More certain is that global warmth, anoxia and euxinia have played a pivotal role in the
EPME (papers 2 and 4; also, see Wignall and Hallam, 1992; Wignall and Twitchett, 1996; Kump
et al., 2005; Joachimski et al., 2012). In contrast to the idea of a Strangelove Ocean, the latter
killing agents, are likely the effect of an increased marine biomass (mainly prokaryotes) which
might have directly imparted on Early Triassic biogeochemical cycles (paper 4). Therefore, the
EPME could have marked the transition towards a new equilibrium state which entails a world
inhabited by different biota and associated with long-term warmth (Sun et al., 2012; Price et al.,
2013).

In prospect of a pending planetary state shift in the near future, associated by a biotic crisis
mediated by climate change driven by the burning of fossil fuels (Scheffer et al., 2009; Barnosky
et al., 2012; Hughes et al., 2013) among other factors, stipulates the importance of studying
such mass extinction events.

SOAE stands for ocean anoxic event and is a returning feature of the Middle to Late Mesozoic, which is signified
by the deposition of organic rich strata in marine settings (Schlanger and Jenkyns, 1976)
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Figure 13 The idea of planetary state shift is somewhat analogues, but on a different scale, to
regime shifts observed in modern ecosystems, which are caused by the crossing of a tipping point by
destabilising disturbances (e.g., feedback mechanisms or drivers)(Barnosky et al., 2012; Hughes et al.,
2013). This scheme modified from Hughes et al. (2013) illustrates a hypothetical scenario describing
the transition from the Permian to the Triassic, through the EPME. In (A) this change can be
considered to unfold in three ways: smooth, stepwise or hysteretic. The two latter scenarios include
a threshold mechanism or tipping point. The sulphidic poisoning scenario, as outlined in paper
4 could be perceived as a threshold scenario. Disturbance on terrestrial communities induced by
CO; and associated feedback loops, disturb an initial global-scale equilibrium driven by outgassing
of the Siberian Trap Basalts. The initial driver would be acidification of terrestrial landscapes,
which eventually triggered a surge of weathered terrestrial material into the ocean, with continental
weathering rates possibly enhanced by global warming directly at the marine ’extinction horizon’
(paper 2). A positive feedback mechanism of ocean fertilization spawns large masses of marine
prokaryotic biomass and successively enhances (an)aerobic re-mineralization. This feedback results
in a cataclysmic event of greatly increased global extend of anoxia and euxina in marine settings.
Fundamental changes in biogeochemical cycles, possibly by a loss of biodiversity could usher a new
equilibrium state in the extinction aftermath. In (B), the response, leading into mass extinction
event, to the crossing of a certain threshold might as well post-date the initial trigger. For instance,
in the above described scenario, commencing Siberian Trap volcanism would have started to disrupt
terrestrial communities already before the EPME.

5 Conclusions and outlook

The findings from the P-Tr localities in NW Iran provide new insights about the strata at
the sites in NW Iran as well as into the nature of the environmental and climatic changes
of this time interval. The new correlation scheme for the Julfa region presented in paper 1
is the basis for this thesis as it allows the comparison of observed geochemical trends. In
addition, a temporal framework could be constructed for these sites by a correlation with the
radiometrically dated Meishan section (South China). However, a highly detailed correlation
for the latest Permian with the well-studied localities in South China is still hampered by
inconsistencies in the conodont stratigraphy and requires more investigation. The construct of
an absolute temporal framework for other P-Tr with a rigid biostratigraphy would be beneficial
in this respect.

Evidence for climatic warming across the P-Tr boundary interval as presented in paper 2 is
an encouraging results from this thesis as it acknowledges previous evidence of dramatic climate
change found at sites in South China. The downside is that all studied sections were located in
tropic or sub-tropic latitudes during the Late Permian and Early Triassic. This urges for similar
investigations at P-Tr localities outside of the tropics. It can be expected that a temperature
increase at higher latitudes would have been more severe then at the lower latitudes.

Exploring the functioning of the carbon cycle around the P-Tr interval, in high detail, and
identifying its relation to the mass extinction is of importance. This requires additional inves-
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tigations and can possibly not solely rely on carbon isotope measurements from bulk-marine
carbonate rock. The most straight forward solution to the before mentioned problem is possibly
simultaneous measurements of specific compounds of organic matter.

The combined geochemical signatures, bulk-carbonate carbon, conodont oxygen and CAS-
oxygen and sulphur isotopes sketch a scenario of a period associated with climate change and
global changes in ocean chemistry, such as more widespread marine anoxia and euxinia. The
operating of the 'Earth system’ and its associated feedback mechanism are likely mechanisms
that connect these disparate observations. The proximate causes of the mass extinction, at least
in the marine realm, lies likely in the combined effect of thermal stress, deficient oxygen and
sulphidic toxicity. The synchronous emplacement of the Siberian Trap basalt and the marine
mass extinction make volcanism a likely ultimate trigger of the EPME.

The way forward encompasses the correlation of many sites, spread globally, bound in a rigid
stratigraphic and temporal framework. Together with the use of quantitative palaeontological
as well as geochemical observations, incorporating many independent lines of evidence to pro-
duce high quality palaeodata records which can be compared with or complement outcomes of
numerical modelling studies.
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Abstract. The Permian—Triassic boundary sections in north- While time-equivalent sedimentary successions in othe
western Iran belong to the most complete successions, imegions such as South China have been studied in great ¢
which the largest mass extinction event in the history oftail (e.g. Sun et al., 2012; Romano et al., 2013, for mort
the Earth can be studied. We investigated the Changhsingialiterature), the Transcaucasian and NW Iranian sections a
stage in six sections in the area of Julfa (Aras Valley) for theirknown from fewer studies. Although sections in this re-
lithology, conodonts and ammonoids. Revision of the bios-gion have attracted scientists for a long time (Abich, 1878
tratigraphy led to the separation of 10 conodont zones (fromFrech and Arthaber, 1900; Bonnet and Bonnet, 1947), de
bottom to topClarkina orientalis-C. subcarinatainterval tailed lithostratigraphical and biostratigraphical studies o
zone, C. subcarinata C. changxingensisC. bachmanni  the Changhsingian sections in the Transcaucasus and N
C. nodosa C. yini, C. abadehensisC. hauschkeiHindeo- Iran have only rarely been carried out. An exception is thi
dus praeparvusH. changxingensigand Merrilina ultima— conodont succession in these outcrops, which has been st
Stepanovite®mostlerizones) and 8 ammonoid zones (from ied in greater detail by Kozur et al. (1980), Sweet and Me
bottom to toplranites transcaucasiuhisonites triangu-  (1999a, b), Partoazar (2002), Kozur (2004, 2005, 2007
lus, Dzhulfites nodosyshevyrevites shevyrefaratirolites Henderson et al. (2008) and Shen and Mei (2010). In add
trapezoidalis P. waageni Stoyanowites dieneriAbichites  tion, several investigations focused on the stable isotopes
stoyanowiand Arasella minutazones). The new ammonoid the NW Iranian sections, such 48°C (Baud et al., 1989;
generaStoyanowitesndArasellaare described. Korte et al., 2004; Richoz, 2006; Korte and Kozur, 2010;
Richoz et al., 2010)$180 (Schobben et al., 2013) and a
Ce anomaly (Kakuwa and Matsumoto, 2006). These stuc
ies demonstrate the high potential for a subdivision of thi
1 Introduction Changhsingian stage of sections in the Palaeotethys, comg
rable or even finer than in the more intensely studied sectior
Permian—Triassic boundary sections in the vicinity of Julfain South China.
(East Azerbaijan Province, NW Iran) play a key role in the In the following we present a correlation of lithostrati-
subdivision of the Late Permian sedimentary successions ofraphical data and the distribution of conodonts and arr
the Palaeotethyan realm (Figs. 1, 2). The Changhsingian (latmonoids. It will be shown that the Changhsingian stag:
est Permian) deposits were accumulated on an outer shetfannot only be subdivided into a number of zones b
(Leda et al., 2014); they display a continuous successionmeans of conodonts, but also of ammonoids. These tw
and contain a considerably rich pelagic fauna consisting obiostratigraphical subdivisions are supported by lithologi:
conodonts and cephalopods, allowing for the separation of @al characteristics.
number of biozones within this time unit.
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2 Localities ranging into the Elikah Formation. Unfortunately, the lower
shaly part of the Ali Bashi Formation is largely covered by

. . . scree and hence accessible only by trenching.
Sedimentary rocks representing the transition from the y By 9

Palaeozoic into the Mesozoic in uninterrupted successioC) Ali Bashi N section (38.945&N, 45.5137 E): the newly
are very well exposed in the regions of Transcaucasia irfliscovered section begins with poor outcrops in the lowe
Armenia, Azerbaijan and NW Iran (Fig. 1). The outcrops Part of the Ali Bashi Formation and ends in the Elikah For-
of Late Permian to Early Triassic successions studied bymation. TheParatirolites Limestone is well-exposed over a
the authors are located south of the Aras (Araxes) Riverdistance of 200 m.
which coincides with the political boundary between Iran (d) Ali Bashi M section (38.9354N, 45.5238 E) = Locality
and the province of Nakhichevan (Azerbaijan). The expo-1 with the sections I-IV of Kozur (2005): the outcrop in the
sures are located west or south of the two neighbouring townsnain valley of the Ali Bashi Mountains shows rather poor
Dzhulfa (or Culfa, Nakhichevan province; Azerbaijan) and outcrop conditions, but the complete Changhsingian interv:
Julfa (or Jolfa, East Azerbaijan Province, Iran). We investi- can be measured.
e ) Za i secon & sated 22km SSW o
and 2.2km NNW of the village of Zal (38.732R,

petrography and ca_rbonate rmcrofames as well as their CONz e sog E). Columnar sections have been published b
odont and ammonoid content:

Korte et al. (2004), Kozur (2005, 2007) and Shen and Me
(1) Aras Valley (39.0152N, 45.4345E): this section was  (2010). Lasemi et al. (2007) investigated the sedimentolog
described for the first time by Leda et al. (2014); it is situ- of the Wuchiapingian succession. It is one of the best ou
ated about 19 km WNW of the towns of Dzhulfa and Julfa crops of the Permian—Triassic transitional beds in NW Ira
in a dry small side valley west of the Aras (Araxes) River. and exposes the entire Late Permian and a large part of t
The new section has a position approximately 2km north-Early Triassic succession.
west of the Dorasham | section of Ruzhencev et al. (1965).
A nearly complete Wuchiapingian and Changhsingian suc-
cession is exposed at this locality with a considerably goo ; : :
outcrop of the lower, shale-dominated part of the Changhsind-3 Lithostratigraphy (Ghaderi, Leda, Schobben, Korn)
gian, a perfect outcrop of tHearatirolitesLimestone over an
extension of 200 m and a rather good exposure of the “bound
ary clay” (renamed Aras Member here).

Three lithological units represent the Changhsingian stac
in the Transcaucasus and NW Iran: from bottom to top
a so far unnamed shaly member (described as Zal Men
(2) P—Tr boundary beds crop out in several parallel sectionder here), theParatirolites Limestone (both together com-

over a range of about 1.5 km in the Ali Bashi Mountains (i.e. posing the Ali Bashi Formation), and the “boundary clay”
Kuh-e-Ali Bashi) 9 km west of Julfa (Fig. 1). The sedimen- (described here as the Aras Member and is the base of t
tary and faunal succession and the thickness of the varioumainly Triassic Elikah Formation). This lithological suc-
rock units principally parallel the section in the Aras Valley. cession has already been outlined by a number of prev
Four of the numerous sections were measured and sampleglis studies; Arakelyan et al. (1965) as well as Rostov
by us: sev and Azaryan (1973) described the sections in Armen

(a) Ali Bashi 1 section (38.939N, 45.5197 E) = Local- and the Nakhichevan province of Azerbaijan (including the

ity 1 of Teichert et al. (1973): it is the section described in Dorasham sections), and Stepanov et al. (1969) as well

detail by Teichert et al. (1973, p. 377). The section begmsTeichert et al. (1973) described the Ali Bashi section.

with red nodular marls and limestone beds of the upper part N the following, we discuss the three rock units in terms
of the Wuchiapingian Julfa Formationddioceradeds) and of their lithological features in ascending order (Fig. 3).

continues into the Early Triassic Elikah Formation. The en-1. Ali Bashi Formation — two members compose this forma
tire Changhsingian succession is exposed in this section antion: a lower shale-dominated and a so far unnamed memb
allows for a detailed study. described here as the Zal Member, and an upper carbona

(b) Ali Bashi 4 section (38.94P6N, 45.5158 E) = Locality dominated membgr, for which the nararatirolites Lime-

4 of Teichert et al. (1973): it is the section described in detailStoN€ has been coined.

by Stepanov et al. (1969) and Ghaderi et al. (2013); Teicherfa) Zal Member (with the type locality in the Zal section
et al. (1973, p. 380) gave a brief description of the lower part2.2 km NNW of the village of Zal) — the member has a thick-
of the section (for a discussion of the correlation of the Ali ness of 12.5 to 20m in the vicinity of Julfa, i.e. 20m in
Bashi 1 and Ali Bashi 4 sections, see Leda et al., 2014, andhe Dorasham section according to Arakelyan et al. (1965
particularly Ghaderi et al., 2013). It is the most complete of 13.5m in the Aras Valley section, 18 m in the Ali Bashi 4
all the sections in the Ali Bashi Mountains (Fig. 3), begin- section according to Stepanov et al. (1969), 12.5m in the A
ning with the early Wuchiapingia@odonofusielldbeds and  Bashi 1 section according Teichert et al. (1973) as well a
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Figure 3. Ali Bashi 4 section and columnar sections of the entire Changhsingian in Ali Bashi 4, Ali Bashi 1 and Ali Bashi M sections

their conodont zonation.
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new studies, and 16 m in the Zal section. All the mentioned A lithostratigraphical correlation of the sections of the
sections show a very similar rock succession, which is dom-ParatirolitesLimestone in NW Iran can be performed by the
inated by dark-grey shales at the base turning violet-reddistuse of limestone—clay alternations.

towards the top. Marly and nodular limestone beds are in- gjixan Formation — the majority of this formation belongs

tercalated and occur usually in packages; they are grey at thg, e Triassic, and only the lowermost portion, described &
base of the member and red to pink at the top. The member 'Eboundary clay” by Leda et al. (2014), is of Late Permian

only occasionally rich in macrofossils, of which ammonoids, age. This will be described here as the Aras Member.

nautiloids and small brachiopods are the most common. Aras Member (with the type locality in the Aras Valley
In the sections in Armenia and the northern part of section) — these beds represent the transition from the P
Nakhichevan, the member is extremely reduced in thicknessnian into the Triassic; the shale-dominated member marks
(Arakelyan et al., 1965). The shales are nearly absent therdrastic reduction of CaCg§)down to 15-30 weight %. A de-

with the result that the entire member has a thickness of onlytailed description of the occurrence in the Dorasham 2 se:
2-5m in the Armenian sections of Vedi, Zangakatun (i.e.tion was provided by Zakharov (1992), and conodont fauna
Khanakhchi or Sovetashen in the literature), and Ogbin (Rosfrom the unit in the Ali Bashi Mountains were described by
tovtsev and Azaryan, 1973). Kozur (2004, 2005, 2007). The carbonate microfacies and tt

(b) Paratirolites Limestone Member — theParatirolites ~ [0SSil inventory were outlined by Leda et al. (2014).

Limestone has a similar lithological appearance in all stud- 1€ member has a variable thickness in the investigate

ied sections; usually it shows thicknesses ranging betweeg€ctions and range from 0.50m in the Zal section to 3.001
about 4 and 5m (Aras Valley: 4.60m, Ali Bashi N: 4.50m in the Aras Valley section. It is largely composed of dark rec

Ali Bashi 4: 4.15m, Ali Bashi 1: 4.15m, Zal: 5.10m). The to brownish shales with occasionally occurring greenish-gre
unitis composed of,5 to 30 cm-thick red,nodular marly lime- intervals and thin marly limestone intercalations towards th

stone beds with a CaG@ontent ranging between 80 and 96 top of the unit. A 10-centimetre-thick grey nodular limestone
weight % (Fig. 4). It is typically developed in the Julfa area bed occurs as a Ienticulgr interca_lation in the Z_al section.
(Stepanov et al., 1969: Teichert et al., 1973), but similar sed- 1he Aras Member is poor in macrofossils. Leda e
imentary rocks occur in central Iran (e.g. Taraz, 1971, Tarazal' (2014) showed that cohcentra}tlong of sponge spycule
etal.,, 1981; Leda et al., 2014). and ostracods occur occasionally in thin carbonate-enriche
The carbonate microfacies of tiRaratirolites Limestone ~ 10rfizons in the middle and upper part of the member
has been intensely described by Leda et al. (2014); there further macrofossils are rare gastropods and bivalves. Z
was shown that the unit is largely uniform but can be Sepa_kharov (1992) investigated the unit, which is well-exposec

rated into two subunits because of microfacies characters: N the Dorasham section, in greater detail.

(1) The base of thdParatirolites Limestone shows some

rather compact limestone beds of 10-30 cm thickness; they Conodont stratigraphy (Ghaderi, Ashouri)

are clearly separated by red shale and marl horizons (gaCO

down to 54 weight %). Distinct limestone beds can easily beThe conodont biostratigraphy of the Changhsingian deposi
correlated between neighbouring sections. The shale interof north-western Iran has been published in several pionee
calations, which become much less prominent higher in theng papers (e.g. Sweet in Teichert et al., 1973; Kozur, 197*
section, occasionally contain limestone nodules. In the mid-1978). A more precise resolution followed thereafter by
dle of theParatirolites Limestone (i.e. about 1.90 to 2.00m Kozur (2004, 2005) and Shen and Mei (2010). Kozur (2005
below the top of the unit), a conspicuous limestone bed oc-subdivided the Changhsingian successions of north-west a
curs in the Aras and Ali Bashi sections. This bed differs, in its central Iran into 10 conodont biozones, in ascending orde
much lighter colour and denser matrix, from the other bedsthe Clarkina hambastensi<C. subcarinata C. bachmanni

of the Paratirolites Limestone. It works as a lithological in- C. nodosaC. changxingensisC. deflectaC. zhangjC. iran-
dex horizon in all studied sections around Julfa (Fig. 4). Theica, C. hauschkeiC. meishanensiglindeodus praeparvus
clear separation between limestone beds and shale intercalandMerrillina ultima—Stepanovite@mostlerzones (Fig. 5).
tions at the base of tHearatirolitesLimestone diminishes to- According to Kozur (2005), th€. hambastensiand C.
wards the top of the member, but here an alternation of moreubcarinatabiozones were recognized in the shaly unit (here
compact limestone beds and horizons richer in clay can belescribed as Zal Member) of the Ali Bashi Formation. The
recorded. Paratirolites Limestone includes the next six conodont bio-

(2) The upper part (0.30 m thick in the Ali Bashi 1 section) zones, and the upper two _b|ozon33. (me!shanensm.

of theParatirolitesLimestone shows evidence of stratigraph- praeparvusanq Merrlllma u|t|ma—StepanowteS?mqstler)
ical condensation; it contains isolated nodules, which occad'® situated within the boundary clay (here described as t
sionally possess black ferruginous and manganese coating%ras Member).

Later, Shen and Mei (2010) re-evaluated all collected an
d d as hard- d clasts (Leda et al., 2013). ’ . .
and are preserved as hard-ground clasts (Leda et a )reported conodont materials by Teichert et al. (1973), ICR(
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Figure 5. The correlation of the conodont schemes by Kozur (2005, 2007), Shen and Mei (2010) and own results with the ammr
stratigraphy by Shevyrev (1965) and own results.

(Iranian-Chinese Research Group) (1995), Yazdi and Shirandulfa by the last occurrence 6t orientalisuntil the first oc-
(2002) and Kozur (2004, 2005, 2007) based on the sampleeurrence ofC. subcarinata

population approach. They proposed eight biozones for the The equivalent strata with this interval in the Meishan
Changhsingian deposits of Iran, thus differing from Kozur’s section (Zhejiang, South China) are regardedCasvangi
zonation. Their conodont biozones in ascending order are agone by Mei et al. (2004) based on the first appearance «
follows: the Clarkina wangj C. subcarinataC. changxin-  C. wangj the base marker of Changhsingian stage. Jin ¢
gensisC. bachmanniC. nodosacC. yini, C. abadehensiand al. (2001) proposed the Global Boundary Stratotype Sectic
C. hauschketones (Fig. 5). and Point (GSSP) for the Wuchiapingian—Changhsingia

In their subdivision, theC. wangi and C. subcarinata  stage boundary by the first appearanceCofwangiwithin
zones are located in the Zal Member and the other biozonethe lineage fronC. longicuspidatao C. wangiat Meishan
are distinguishable in th@aratirolites Limestone and the section D above the flooding surface of the second paras
boundary clay (Aras Member). guence in the Changxing Limestone.

We studied four sections by bed-by-bed sampling: the This stage boundary was questioned by Kozur (2005
Aras Valley section as well as the Ali Bashi section 4, 1 andbecause he regarded. hambastensisozur 2004 as the
M. Our investigations, which apply the sample-population best index species for a definition of the Wuchiapingian-
taxonomic approach (Mei et al., 2004), led to the separationChanghsingian boundary. He therefore proposed theGew
of 10 conodont biozones for the Changhsingian sections ohambastensigone based on the first appearanc&oham-
the Julfa area (Fig. 5, Table 1). Characteristic conodont spechastensisfor the base of “Dorashamian” in the Hambast
imens are illustrated in Fig. 6. Mountains (Abadeh area, central Iran) insteadCofvangi
which was absent in his materials from Iran. However he re
ported the specie€. hambastensienly from the Shahreza

1. Clarkina orientalis-Clarkina subcarinatainterval zone  gection and from sections V and VI of the Hambast Moun
(equivalent to theC. wangiZone) — the newC. orientalis- tains. but not from the Julfa area.

C. subcarinatainterval zone is defined in the sections near

The zones are in ascending order:
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Figure 6.
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Figure 6. Characteristic Changhsingian conodonts from the Julfa region (scale bars equal to 100 um); all specimens stored in the co
of the Ferdowsi University, Mashha@®) Clarkina orientalis(Barskov and Koroleva, 1970); FUM#1J192.1; upper Julfa b¥ddifceras
beds), Ali Bashi 1 sectior(B) Clarkina subcarinatesSweet, 1973; FUM#4J142.8; Zal Member (Ali Bashi Formation), Ali Bashi 4 sectior
(C) Clarkina changxingensig/ang and Wang, 1981; FUM#4J153.1; Zal Member (Ali Bashi Formation), Ali Bashi 4 se@yClarkina
bachmannKozur, 2004; FUM#AJ185.2®aratirolitesLimestone (Ali Bashi Formation), Aras Valley sectidi) Clarkina nodosaozur,
2004; FUM#G249.16Paratirolites Limestone (Ali Bashi Formation), Ali Bashi M sectio(f) Clarkina yini Mei, 1998; FUM#AJ192.4;
Paratirolites Limestone (Ali Bashi Formation), Aras Valley sectiqi&) Clarkina abadehensiKozur, 2004; FUM#1J248.Paratirolites
Limestone (Ali Bashi Formation), Ali Bashi 1 sectidffd) Clarkina hauschkeKozur, 2004, FUM#1J249D.®aratirolites Limestone (Ali
Bashi Formation), Ali Bashi 1 sectiofl) Hindeodus eurypygiicoll, Metcalfe and Wang, 2002, FUM#1J255.7 (cusp broken); Zal Membe
(Ali Bashi Formation), Ali Bashi 1 sectiorfJ) Hindeodus typicaliSweet, 1970, FUM#G233.ParatirolitesLimestone (Ali Bashi Forma-
tion), Ali Bashi M section(K) Hindeodus typicaliSweet, 1970, FUM#4J200.5BaratirolitesLimestone (Ali Bashi Formation), Ali Bashi

4 section.(L) Hindeodus julfensiSweet, 1973, FUM#1J198.4; Zal Member (Ali Bashi Formation), Ali Bashi 4 sectMh.Hindeodus
praeparvuskozur, 1996, FUM#G274.6 (cusp broken); Aras Member (Elikah Formation), Ali Bashi M se@iprlindeodus changxingen-
sisWang, 1995, FUM#4J201.6 (cusp broken); Aras Member (Elikah Formation), Ali Bashi 4 s¢@iphlerrillina ultima Kozur, 2004,
FUM#AJ204.13; Aras Member (Elikah Formation), Aras Valley sect{® Hindeodus parvu&ozur and Pjatakova, 1976, FUM#4J213.1;
Elikah Formation; Ali Bashi 4 section.

Table 1. Thickness (in metres) of the conodont zones in sections in the area of Julfa.

Zone Ali Bashi section 1  Ali Bashi section 4  Ali Bashi section M  Aras Valley
M. ultima=S. ?mostleriZone 0.92 1.06 0.53 0.25
H. praeparvus-H. changxingensiZone 0.40 0.80 0.65 2.30
C. hauschkekZone 0.15 0.13 0.15 0.13
C. abadehensigone 0.31 0.30 0.35 0.18
C.yini Zone 1.51 1.55 1.50 1.95
C. nodosaZone 0.58 0.62 0.45 1.25
C. bachmannZone 0.48 0.51 0.35 0.38
C. changxingensiZone 6.70 6.72 6.95 4.30
C. subcarinataZone 5.40 5.20 5.20 458
C. orientalis—C. subcarinatmterval zone 0.85 1.10 0.90 1.65

Kozur (2005) suggested that a correlation of the hambastensisan be regarded as a subspecies or a geograr.
Wuchiapingian—Changhsingian stage boundary of sections itical cline ofC. wangi”
Iran and South China is possible becagsénambastensis Our new investigations indicate there are @ohambas-
also present in Changhsingian beds of the South Chinese inensisor C. wangispecimens in the four investigated sections
traplatform basins, where it was assigne€tavangiby Jin  of the Julfa area. In the Ali Bashi sections 1 and 4 and Ara
et al. (2003). However, in the Iranian sectigiishambasten-  Valley, theC. orientalisZone (equal td/edioceragZone ac-
sisappears somewhat earlier than tflievangij which isthe  cording to the classical ammonoid stratigraphy) is overlai
marker for the base of the Changhsingian in China. Thereby 1-2m of dark shale (base of the Ali Bashi Formation)
fore, he proposed that this biozone is more complete in Iranwith some intercalations of marly limestone. These are ba
and the largest part of th€. hambastensiZone is missing  ren of clarkinids, but with many specimens Bt typicalis
because of a gap in the Meishan section. H. julfensis Merrillina sp. and some chondrichthyan teeth

Henderson et al. (2008) confirmed tBe wangiZone in  in all sections. The first carbonate rock unit above the mer
the Zal section, but he did not provide any illustrations of thetioned shaly interval contains typicél. subcarinataspec-
conodonts. Th€. wangiZone was also confirmed by Shen imens and a few other conodonts, but it is not possible t
and Mei (2010) from sections in Iran, but again without any ascribe them t&. wangi
illustrations of the materials. In their paper (and in Nafi et We assume that there is 1@ wangior its probable syn-
al., 2006; Chen et al., 2008). hambastensisvas regarded onym C. hambastensif the sections of the Julfa area. At
as a probable synonym &@. wangi Shen and Mei (2010) the same time, there are no traces of a sedimentary gap |
indicated thatC. hambastensiss less common in the pop- tween theC. orientalisandC. subcarinatabiozones. Hence,
ulation of C. wangiin South China. They wrote “if it can it would be possible to explain the lack Gf wangiwith re-
be established that. hambastensiss more common in the placement by a hindeodid fauna due to changes in sedime
sample-population of. wangiin Iran than South Chinag. tary facies and environmental conditions.
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All sections in the Julfa area show that there are six short3. Clarkina changxingensigone — the first occurrence 6f.
intervals within the Changhsingian, in which the clarkinid changxingensimarks the base of this zone. Wang and Wan¢
conodont fauna is replaced or strongly influenced by a hin-n Zhao et al. (1981) first defined tli& changxingensigZone
deodid fauna oMerrillina sp. The first of these replacements in the Meishan section. Elements 6f changxingensigre
is situated above the uppermost part of the Wuchiapingiardifferentiated from those of its probable predecesSosub-
succession, where th@. orientalis Zone is replaced by. carinata, by the relatively more strongly reduced posterior
typicalis H. julfensisandMerrillina sp. in theC. orientalis- denticles of many individuals and, thus, by a more distinc
C. subcarinatainterval zone (equal t€. wangiZone). depression between the cusp and posterior denticles in t

Comparison of the replacement horizons with t1éC carina profile (Shen and Mei, 2010).
curve of the Ali Bashi section 1 (Schobben et al., 2013) The numbers ofA. typicalis and H. julfensisincreased
demonstrates minor to major accordance between the rise of the fourth H/C replacement in the upper part of tiie
hindeodid/ clarkinid ratio #/ C ratio) and a negative excur- changxingensiZone. TheC. bachmanniZone begins di-
sion of thes13C curve. Faunal changes in these intervals wererectly above this major replacement.

regarded as a replacement of a warm-water fauna by coolWgs cjarkina bachmannizone — in the Meishan section, the
ter forms (Kozur, 2005, 2007; Korte and Kozur, 2011). How- ~ changxingensiZone is succeeded by t@. yini Zone

ever, a correlation off/C ratio and thes'80 curve of the (Mei et al., 1998b). Kozur (2005) established tiebach-
Ali Bashi section 1 (Schobben et al., 2013) cannot supporiyannizone based on the full range of the nominate specie
this assur_nptmn. . C. bachmannifor the sections in central and north-western
According to Lai et al. (2001), the replacement of the |5 Because of the absence@fbachmannin the equiva-
Clarkina fauna by theHindeodusfauna in P—Tr boundary et interval of the Meishan section, Kozur (2005) interpretex
depos!ts ‘?f the Mel§han section Is c':a.used by the oxygen, gap in this section. Late€;. bachmanniwhich has a short
deplet_lon in the basin, because c_Iarklnlds C_OUId not 'nha_‘b'tand broad platform with posterior pointed protrusion of the
dysoxic—anoxic bottom waters. Lithology will support this ¢5ina was considered as a transitional morphotype betwe
idea, although at the moment we do not have enough meay,o round and narrow morphotypes 6f yini by Chen et
surements to state if anoxia or a change in the temperaturg (2008) and as a geographical variantofyini by Shen

from warm water to cool water in th€. orientalis-C. sub- 4 Mei (2010). Individuals of . bachmannare very com-
carlinatamt.erval zone caused.the faunal replacement. mon in the sections of the Julfa area, especially in the Al
Lithological and palaeoenvironmental differences may ex-g4shi Mountains.

plain the lack ofC. hambastensign the Julfa area and its )

appearance in the Shahreza and Hambast Mountain sections: Q'afkma npdosaane — the base of the. nodosaane,
which was reported by Kozur (2005). The lower shaly part of Which was first defined by Kozur (2005) from lranian sec-
the Ali Bashi Formation in the Julfa area has carbonate equivlions, is recognizable by the first occurrence of the nomi
alent intervals in the central Iran sections. Hence, there are nate species. This full range zone above thebachmanni
conspicuous changes in lithology and palaeoenvironmentaf-One yielded numerous specimens with wrinkled upper pla
conditions between theedioceraZone and the. hambas-  form surfaces and with nodes and broad ridges. These wri

tensisZone in the Wuchiapingian—Changhsingian boundarykled specimens were first illustrated by Sweet in Teichert €
interval in central Iran, and thus. hambastensisould be |- (1973) and were later naméd nodoseby Kozur (2004).
present. He interpreted the absence of tBe nodosaas well as the

C. bachmannizones in the Meishan section as an indicatior
of a gap. Later, Shen and Mei (2010) referred to this biozon
g . : ) 8 - as sample 22-14 (i.e. upper part of Bed 22) in the Meisha
carinata which was first recognized by Sweet in Teichert et section, which contains individuals whose platforms are onl

al. (1973). In north-westerp Iran and Meishan, this zone iSslightly wrinkled compared to those from Iran (unpublishec
succeeded by thé€. changxingensi€one. However, Kozur data).

(2005) placed theC. bachmanniZone directly on top of . . o ) ) ]
the C. subcarinataZone in Iran.C. subcarinatagradually ~ ©6- Clarkina yini Zone — this biozone is defined by the first
evolves intoC. changxingensiby reduction of posterior den-  0ccurrence ofC. yini, which in the Meishan section fol-
ticles and the gradual development of a gap between the cusgWs theC. changxingensione and is itself overlain by the
and posterior denticles (Mei et al., 1998a, and Shen and MeiC- MeishanensiZone (Mei et al., 1998b). The stratigraph-
2010). ical scheme is somewhat different in the sections in nortt
The second and third replacement instances of clarkiniddVestem Iran, where th€. bachmanniandC. nodosazones
by hindeodids occur in the lower and upper parts of¢he ~ &ré Very well preserved between t@e changxingensisind _
subcarinataZone. These replacements are supported by th€ - Yini zones. Kozur (2005, 2007) regarded representative

dominance off. typicalisand H. julfensisover C. subcari- ~ ©f the C. yini Zone as belonging to either hs. changxin-
natacommunities. gensisC. deflectaZone below or the. zhangiZone above,

2. Clarkina subcarinatazone — the base of this zone is de-
fined by the first occurrence of the nominal spedesub-
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which directly follow the C. nodosaZone. Although the 8. Clarkina hauschkeZone — theC. hauschkeiZone ends

boundary between hiS. changxingensisC. deflectaandC. at the end-Permian mass extinction horizon. Kozur (200%
zhangizones is not well defined, the mentioned species rangestablished the&. hauschkeiZzone based on the nominate
into the higher biozones. speciesC. hauschkeiwhich has a relatively flat platform,

Mei et al. (1998b) assigned. zhangito narrow morpho-  a narrowly rounded posterior end and a cusp that is separat
types ofC. yini based on the sample-population appro&th. from the widely spaced posterior denticles by a wider gag
changxingensisvas based originally on the round morpho- These features are comparable with thos€.afieishanensis
types, andC. deflectawas based on squared morphotypes. elements, which occur in the upper part of themeishanen-
Using this diagnosis and the sample-population approachsisZone. Therefore, we suppose that thehauschkeZone
Shen and Mei (2010) explained widy. changxingensiand  is equal to the upper part of thé. meishanensigZone of
C. deflectaof Kozur (2005) range into th€. yini Zone. We = Meishan. Shen and Mei (2010) stated thahauschkeprob-
confirm here the view of Shen and Mei and suggest that thebly represents a geographical varianttbfmeishanensis
C. changxingensisC. deflectaandC. zhangizones of Kozur ~ Both subspecies &'. meishanensjsC. meishanensis zhangi
(2004, 2005), which are the lower and upper equivalents ofand C. meishanensis meishanensige also present in the
theC. yini Zone, should be combined to a unique biozone. C. hauschkeiZone in our materials from north-western Iran.

The fifth replacement of clarkinid by hindeodid fauna oc- This co-occurrence may confirm the assumption by Shen ar
curs at about 0.50 m above the baseCofyini Zone in Ali Mei (2010) thatC. hauschkeis a geographical variant af.
Bashi Locality 1 and 4 sections and continues upwards tillmeishanensis
0.90m from the zonal base. This interval is characterized by The sixth and final replacement of clarkinids by hin-
a major invasion of small. typicalisand intense reduction deodids in the Changhsingian begins in the upger
of clarkinids. TheH/C ratio is associated with some fluc- hauschkeZone and continues to the basal Triaggigarvus
tuations inC. yini Zone and allow us to consider two ma- Zone. H. typicalis H. latidentatus H. changxingensisH.
jor amplifications inH/C ratio: first enrichment at about praeparvus H. eurypyge H. inflatug Merrillina ultima and
0.50m above the base @f. yini Zone and the second one Stepanovite@mostleriare the main hindeodid and ramiform
at 1.15m distance from the base in section 1 and 1.18 m diselements and dominate the latest Permian clarkinid-bast
tance from the base in section 4. Both horizons are equivalerbiozones.

with two unusual negative excursionss3fC in theParatiro- 9. Hindeodus praeparvusiindeodus changxingensZone

lites Limestone. — Kozur (2005) defined th€. meishanensisd. praeparvus
7. Clarkina abadehensigone — theC. yini Zone is followed ~ Zone in the boundary clay (lowermost Elikah Formation),
by theC. meishanensiZone in the South Chinese sections. with its lower boundary immediately at the mass extinc-
C. meishanensibas reduced posterior denticles and a widetion horizon.C. meishanensig already present at the base
gap between the usually reclined cusp and the first denticlef the C. hauschkeiZzone, but rarely continues into th@.
in many individuals of the sample population in South ChinameishanensisH. praeparvusZone (Kozur, 2005). Only a
(Mei et al., 1998b). The morphological evolution Gf yini few specimens ofC. meishanensisvere found at the top
is different in the Iranian material where the cusp and pos-of the extinction horizon in the four sections during the
terior carina is reduced and sank into the platform throughpresent study. Instead]. praeparvusand H. changxingen-
ontogeny. This different pattern has led Kozur (2004) to thesis which appear in the lowest samples of the “boundan
definition of the two new specie€. abadehensisand C. clay” for the first time, are very abundant. Thus, we nam
iranica. He usedC. abadehensifor the wedge-like speci- this interval theH. praeparvus-H. changxingensiZone.
mens with a deflected posterior carina ahdranicaforthe  The appearance ofl. changxingensisas a characteristic
slender to moderately wide specimens without deflected posmarker index fossil immediately above the extinction horizor
terior end and with a symmetrical or slightly asymmetrical has been reported previously from South China (Wang ar
rounded or narrowly rounded posterior margin. The brim isWang in Zhao et al., 1981; Mei et al., 1998b), Italy (Wang,
always very wide in both species. Henderson et al. (2008)L995; Nicoll et al., 2002), Iran (Kozur, 2004, 2005), Pakistar
regardedC. iranica as a junior synonym of'. abadehensis  (Perri and Farabegoli, 2003) and Tibet (Shen et al., 2006
and because of the page priority ©f abadehensighey ac-  In the Abadeh regionH. changxingensisccurs in the up-
cepted the name of. abadehensidor this species. Later, per part of the “boundary clay” — i.e. the upper part@f
Shen and Mei (2010) changed the name of ¢hdranica meishanensigd. praeparvusZone according to the zona-
Zone established by Kozur (2005) into tide abadehen-  tion of Kozur (2005). In the Zal section this species appear
sis Zone.C. abadehensidike specimens are present in the 30cm above the extinction horizon (Kozur, 2005). In the
lower part of theC. meishanensiZone in the Xifanli sec-  Ali Bashi sections 1, 4 and MH. changxingensisppears
tion (Hubei, South China) (Lai and Zhang, 1999) but havein the lower part of the “boundary clay”. We did not find
not been confirmed subsequently. specimens ofd. changxingensié the Aras Valley section,
but H. praeparvuds abundant thereH. praeparvushas the
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Figure 7.
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Figure 7. Characteristic Changhsingian ammonoids from the Julfa region (scale bars equal to 5 mm); all specimens stored in the colle:
the Museum fiir Naturkunde, BerlifA) Phisonites trianguluShevyrev, 1965 from the Aras Valley section, specimen MB.C.22Z0B0.

(B) Iranites transcaucasiugShevyrev, 1965) from the Aras Valley section, specimen MB.C.22%040.(C) Dzhulfites nodosuShevyreyv,
1965 from the Aras Valley section, specimen MB.C.2278%;.0. (D) Shevyrevites nodos@&hevyrev, 1965 from the Aras Valley section,
specimen MB.C.22706x 1.0. (E) Paratirolites trapezoidalisShevyrev, 1965 from the Ali Bashi 4 section, specimen MB.C.22%00J.75.

(F) Stoyanowites dienefStoyanow, 1910) from the Aras Valley section, specimen MB.C.22%080.(G) Paratirolites vediensiShevyrev,
1965 from the Ali Bashi N section, specimen MB.C.22709).75.(H) Abichites stoyanowKiparisova, 1947) from the Ali Bashi N section,
specimen MB.C.22710x 1.25.(l) Arasella minutgZakharov, 1983) from the Ali Bashi N section, specimen MB.C.22%11;25.

identical first occurrence in all sections in north-western Iran;which represents the shaly interval (“boundary clay” of Ledz
however its last occurrence appears to be heterochrofibus. et al., 2014) between the Late Permian and Early Triass
changxingensis limited to the “boundary clay” in the Julfa carbonates.

area sections, butf. praeparvusranges higher into théf. Up to now, a subdivision of th@aratirolites Limestone
parvusZone. has not been achieved. Bed-by-bed collections of more the
250 ammonoids from this interval during four field cam-
paigns between 2010 and 2013 offer the opportunity to subd
vide this rock unit by means of ammonoid species and gene

lished by Kozur (2005)M. ultima—S. 2mostlerizone is con- (Figs. 4,5). Sub_division of thig rock unitis part!cularly iqter—
sidered to be correlated with th@. zhejiangensiZone of esting because it has a very different composition (dominate

Mei et al. (1998a, b) in the Meishan section (Kozur, 2005). Py members of the family Dzhulfitidae) of ammonoids from
The presence of this biozone and tie meishanensig. the occurrences in South China (in which the Dzhulfitidas

praeparvusZone, which was defined by Kozur (2005), was '€ either rare or totally missing) (Zhao et al., 1978).

questioned by Shen and Mei (2010). However, these authors A total of eight biozones (in ascending order) of the

did not have any samples with the elements of this biozond=hanghsingian interval may be used for regional correlatior

10. Merrilina ultima—Stepanovites?mostleri Zone — This
biozone contains elementsderrilina ultima in association
with H. preparvusand rareC. zhejiangensignd was estab-

in their collections. Our sample populations of this interva

yield and confirm the presence of thé. ultima-S. ?most-

leri Zone in all sections of the Julfa area. As Kozur (2005
explained, this biozone includes cold water elements domi

nated byM. ultima, S. ?mostleriH. praeparvusand very rare
C. zhejiangensisbut without its Triassic component, which
can be separated by the first appearancl.qfarvus

| of which the lower three represent the lower shaly portior

(Zal Member) of the Ali Bashi Formation and the upper five

)the Paratirolites Limestone (characteristic ammonoid speci-

mens are illustrated in Fig. 7):

1. Iranites transcaucasiu$hisonites triangulusZone —
according to our collections, the zones separated k
Shevyrev (1965) cannot be separatkdnites transcauca-

The upper limits of these intervals are characterized by thesius (Shevyrev, 1965) was even collected belBhisonites

first appearance aff. parvus which indicates the adminis-

triangulus Shevyrev, 1965. The unit is 7.00 m thick in the

trative Permian—Triassic boundary. The first appearance oborasham 2 section after Arakelyan et al. (1965) and 6.501
H. parvusis situated at a distance 1.32m in the Ali Bashi thick in the Ali Bashi 4 section after Stepanov et al. (1969).

Locality 1, 1.86 m in the Ali Bashi Locality 4, 2.75m in the
Aras Valley section, 1.18 m in the main valley section.

5 Ammonoid stratigraphy (Korn)

The lowermost part of the Ali Bashi Formation contains
ammonoid faunas in low diversity, and the specimens ar
usually poorly preservedranites transcaucasiuéShevyrev,
1965) andPhisonites triangulusShevyrev, 1965 occur, to-
gether with other smooth ceratitic ammonoids, at the bas
of the Ali Bashi Formation in the Aras Valley section.

The frame for the subdivision of the Changhsingian depositsarakelyan et al. (1965) listed frequent specimensXeh-

in the area of Julfa was outlined by Ruzhencev and Shevyreydiscusand Xenaspisfrom this interval in the Dorasham
(1965); they separated five units now regarded as represeng section. A newly collected fragment dediocerassp. in
ing the Changhsingian (of which the upper four of thesethe shales at the base of the Ali Bashi Formation in the Al
were at that time placed into the Triassic), in ascending ordeBashi 1 section demonstrates the change fi@dioceras

the PhisonitesZzone, TompophiceragZone, DzhulfitesZone,
BernharditesZzone and théaratirolites Zone.

Stepanov et al. (1969) as well as Teichert et al. (1973) fol-
lowed this scheme, and the latter authors replaced the genus

nameslTompophiceraandBernharditeswhich originally re-
fer to Triassic ammonoids, byanites and Shevyrevitesre-
spectively. Zakharov (1992) added another zorgtiron-
odoceras occidental@one”) at the top of the succession,
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dominated faunas of the Wuchiapingian to the xenodiscic
dominated faunas of the Changhsingian in this interval.

2. Dzhulfites nodosuZone — it is 7.50 m thick in the Do-
rasham 2 section after Arakelyan et al. (1965) and 4.601
thick in the Ali Bashi 4 section after Stepanovet al. (1969)
Shevyrev (1965) described the two specles nodosus
and D. spinosus which they exclusively attributed to the



Dzhulfitesbeds. In our field work we found th&t. spinosus  Systematic descriptions, characterization of new taxa:
occurs also in the following zone. -
Order Ceratitida Hyatt, 1884

3. Shevyrevites shevyreXione — it is 5.50 m thick in the Do- .
Suborder Paraceltitina Shevyrev, 1968

rasham 2 section after Arakelyan et al. (1965) and 6.10m
thick in the Ali Bashi 4 section after Stepanov et al. (1969). Superfamily Xenodiscaceae Frech, 1902
Shevyrevitefias obviously only a very limited stratigraphi- Family Dzhulfitidae Shevyrev, 1965

cal range and characterizes a thin interval of the Ali Bashi

Formation below théaratirolites Limestone Dzhulfitesoc-

casionally occurs in this zone. Stoyanowites. gen.

4. Paratirolites trapezoidalisZone — this zone has a posi-
tion at the base of th@aratirolites Limestone, where the
taxonomic diversity of the ammonoid faunas is rather low.
This interval contains paratirolitid ammonoids with unsubdi- Type speciesParatirolites DieneriStoyanow, 1910.

vided or bifid prongs of the external lodearatirolites trape-  piagnosis: genus of the Dzhulfitidae with laterally compresset
zoidalis Shevyrev, 1965 best characterizes this interval, ofwnorl cross section. Ornament with small ventrolateral nodes an
which the base is difficult to recognize because of the scarcitysfien also dorsolateral nodes. Suture line with short external lob
of fossils at the base of tiearatirolites Limestone. which reaches only 60 % of the depth of the adventive lobe.

5. Paratirolites waagenZone — this interval is characterized Djscussion: the specimens of the new genus are easily sej
by the main occurrence of the geraratirolites, of which  rable from the generBzhulfites Paratirolites and Abichites
alsoParatirolites vediensisShevyrev, 1965 can be used as an by the |atera||y Compressed whorl cross section with a re
index fossil besides the nominate spedfesatirolites waa-  tio of whorl width/whorl height of less than 0.80 (usually
geni (Stoyanow, 1910). Even without distinct species attri- more than 1.00 and reaching more than 2.00 in the other thr:
bution, specimens of this zone are usually clearly assigned tgenera).

this zone because of the strongly serrated external, adventive,

and lateral lobes. This interval is, in the Aras Valley and Al

Bashi sections, often very fossiliferous and thus easily reC_AraseIIan en
ognizable. - gen.

Derivation of name: after A.A Stoyanow, who gave the first descrip
tion of paratirolitid ammonoids from the Aras Valley.

6. Stoyanowites dienerione —the entry of paratirolitids with  Derivation of name: after the Aras Valley, the locality of the type
laterally compressed whorl sections, of whidpatatirolites material.
dieneri Stoyanow, 1910” performs as the type species for

the new genustoyanowitescharacterizes the next biozone
within the Paratirolites Limestone. Diagnosis: genus of the Dzhulfitidae with small conch reaching

bichi 7 h . fth 30 mm diameter. Conch widely umbilicate with circular whorl cross
7. Abichites stoyanowZone — the upper portion of the section. Ornament with sharp ribs. Suture line with short externz

Paraurohte; Limestone is dqmlnated by paratirolitid am- lobe, which reaches only 50 % of the depth of the adventive lobe
monoids with quadrate or slightly compressed whorl CrOSSagventive lobe and lateral lobe rounded and unserrated.
sections. Such forms usually belong to the geAbihites ) _ ) _
which possesses a suture line with unsubdivided or bifigDiscussion: Zakharov (1983) described the species ¢
prongs of the external lobe. belonging toSinoceltites a genus belonging to the family

Tapashanitidae and known from occurrences in South Chin
The species has a particular position in two respects: (1)
is obviously the stratigraphically youngest ammonoid tc
appear before the end-Permian mass extinction event

the NW Iranian sections, and (2) it has a morphology
characterized by reduction of morphological characters suc
(9). (Pleuronodoceras occidentalone) — Zakharov (1992) as the suture line and thus is difficult to interpret in terms
attributed the lower 2m of the “boundary clay” of the Do- of phylogeny. Two possible phylogenetic origins may be
rasham Il section to thBleuronodoceras occidental(one,  discussed:

based on a finding of the nominate species in the basal 9¢ - C
of the interval. In our study, we did not find ammonoids inr?l) A xenodiscid origin
the Aras Member and thus cannot confirm this record.

Type speciesSinoceltites minutuZakharov, 1983.

8. Arasella minutaZone — at the top of théaratirolites
Limestone is a thin interval, about 30 cm thick, which is dom-
inated by very small ammonoids with simple suture lines.
Arasella minuta(Zakharov, 1983) is the most common of
these and can be used for the definition of this zone.

this would imply a ghost lineage
ranging through the higher part of the Changhsingian
Evidence of a xenodiscid origin is lacking.
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(2) A paratirolitid origin — this would imply a simplifica- Hyatt, A.: Genera of fossil cephalopods, Proceedings of the Bostc
tion of conch and suture morphology. Indeed, obvious phy- Society of Natural History, 253338, 1883-1884. .
logenetic relationships occur between the stratigraphically/CRG (Iranian-Chinese Research Group): Field work on the Lopin
older Paratirolites towards the youngeAbichitesin the re- ~_ gian stratigraphy in Iran, Permophiles, 27, 5-8, 1995.
duction of size, the change from trapezoidal towards quadraté'”'S:" Hesndersdo\’/‘\'/ C. M)'(’ Y\Srdlaw, IBf R't'helglnst’)telrls?. ':-'tMe"SS'=
whorl cross sections, the disappearance of strong nodes in the en, 5., and Wang, #.- Froposa for tne lobal Stratolype Se
sculpture and the reduction of sutural notchiAgasellahas tion and Point (GSSP) for the Guadalupian-Lopingian boundar
pture anc the re ; _ o _ Permophiles, 39, 32-42, 2001.
some similarities with the stratigraphically younger speciesy

et “Kakuwa, Y. and Matsumoto, R.: Cerium negative anomaly just be
of Abichitesand may thus be an advanced but morphologi-  ore the Permian and Triassic boundary event — The upward e:

cally simplified descendent. pansion of anoxia in the water column, Palaeogeogr. Palaeoc
229, 335-344, 2006.
Korte, C. and Kozur, H. W.: Carbon-isotope stratigraphy across th
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cover shows the Kuh-e-Ali Bashi section 1 (NW Iran) in the foreground and section 4 in the
background
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Permian-Triassic ‘Boundary Clay’ sections
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ABSTRACT

Sedimentary successions encompassing the end-Permian mass extinction are marked by a pro-
nounced negative carbon isotopic excursion recorded in bulk-carbonates. It is found at many
sites around the world and therefore generally considered to be related to a global carbon cy-
cle perturbation. This negative carbon isotope excursion has been found for the two studied
sections in northwestern Iran, with superimposed “second-order” §'3C fluctuations, which vary
in shape and magnitude. To improve our knowledge of how to interpret these latter excur-
sions we evaluate here the carbonate genesis and post-depositional alteration by discussing the
stable isotopes and elemental concentrations of bulk-rocks and fossils. The results show that
the common use of Mn and Sr concentrations as well as paired §'3C and §'®0O values are not
sufficient to identify diagenetic alteration of carbonates and the resetting of the §'3C; bed-by-
bed geochemical analyses are necessary. This is important because secondarily induced §'3C
fluctuations are often regarded as being primary in origin, and this can mislead when using as
stratigraphic markers. Our final evaluation suggests that palaeoenvironmental interpretations
based on small-scale carbon isotope deviations must be regarded with caution, especially when a
covariation with lithology or other geochemical signatures exists. The long-term §'3C decline of
P-Tr ‘Boundary Clay’ successions in NW Iran, however, can be related to palaecoenvironmental
changes with relatively high confidence.
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1 Introduction

The interval bracketing the Permian-Triassic
(P-Tr) boundary (251.902 £ 0.024 Ma; Burgess
et al., 2014) is associated with a large negative
d13C excursion that has been attributed to a
global carbon cycle perturbation (for a review,
see Korte and Kozur, 2010). Carbon isotope
records based on marine bulk-carbonate rock
have been assumed to be a faithful proxy for
the §13C of dissolved inorganic carbon (DIC)
in palacoseawater (Holser and Magaritz, 1987),
and C-isotopic excursions are regarded as suit-
able stratigraphic correlation markers
(Hermann et al., 2010; Korte and Kozur, 2010).
However, different opinions exist regarding the
reliability of bulk-carbonate §'3C as a recorder
of a primary palaecoseawater signal (for a dis-
cussion, see Brand et al., 2012a).

A long-term (~0.5-1.0 Myr) negative car-
bonate carbon isotope trend started in the lat-
est Permian and continued into the earliest Tri-
assic, a feature characteristic of many P-Tr suc-
cessions around the globe (e.g., Baud et al 1989;
Holser et al., 1989; Tong et al., 2007; Her-
mann et al., 2010; Korte and Kozur, 2010; Ko-
rte et al., 2010). This “first-order” §'3C trend
has been attributed to prolonged outgassing of
isotopically depleted carbon by contemporane-
ous Siberian Traps volcanism (Sobolev et al.,
2011), possibly in combination with related ef-
fects such as metamorphism of organic-rich sed-
iments (Retallack and Krull, 2006; Svensen et
al., 2009), erosion of organic matter from con-
tinents (Holser and Magaritz, 1987), and a re-
duction in marine primary productivity (Ram-
pino and Caldeira, 2005). Superimposed fluc-
tuations around the long-term carbon isotope
trend have been reported (e.g., Algeo et al.,
2007, 2008), and in the present study these
short-term fluctuations are referred to as “se-
cond-order excursions”. The latter have often
been employed to recognize short stratigraphic
intervals including individual lithological hori-
zons (e.g., Richoz et al., 2010). For exam-
ple, short-term (~2-20kyr) negative §3C ex-
cursions coincident with the ‘extinction hori-
zon’ at Meishan (South China) (Cao et al.,
2009; Burgess et al., 2014) have been attributed
to massive CHy release from methane clathrate
dissociation (Berner, 2002; Benton and Twitch-
ett. 2003) or rapid expansion of methanogens

(Rothman et al., 2014).

Two P-Tr bounday sections (Kuh-e-Ali
Bashi and Zal), located in NW Iran, were anal-
ysed in the present study. Both successions
comprise the Late Permian ‘Boundary Clay’
that includes the main marine extinction event
at its base (Stepanov et al., 1969; Teichert et
al., 1973; Korte and Kozur, 2005; Kozur, 2007;
Ghaderi et al., 2014; Leda et al., 2014). These
‘Boundary Clay’ sections differ from sites in
Japan, China and Turkey, which all show ero-
sional truncations within end-Permian strata
possibly caused by submarine dissolution (Pay-
ne et al., 2007) or subaerial exposure (Collin et
al., 2009). Local diagenetic alteration, implied
by lithological and facies changes, has been put
forward as an explanation for observed short-
term 0'3C trends confined to the ‘Boundary
Clay’ of some P-Tr sections found in Iran (Hey-
dari et al., 2001, 2003; Korte et al., 2004a,
2004b; Korte and Kozur, 2005) and elsewhere.
It has been suggested that calcareous clays,
such as those found in the ‘Boundary Clay’ of
these sections, are susceptible to post-depositio-
nal recrystallization that may alter the primary
carbonate 6'3C composition (Knauth and Ken-
nedy, 2009).

A better understanding of the genesis and
diagenesis of carbonate rock is needed to iso-
late the primary versus secondary influences on
bulk-rock 6'3C values. In attempts to evaluate
potential diagenetic overprint on bulk-carbona-
te rock and its effect on §'3C, sedimentological,
textural and chemical indices have been used
(Brand and Veizer, 1980; Al-Aasm and Veizer,
1986; Melim et al., 2002). Evaluations based
purely on textural changes, such as cementa-
tion and recrystallization features, give a gen-
eral idea about the diagenetic history. How-
ever, they are often insufficient for a detailed
reconstruction, as too little is known about the
exact timing and the physical conditions un-
der which these features developed (Munnecke
et al., 1997; Melim et al., 2002). The utility
of chemical tools for detecting diagenetic al-
teration, such as Sr and Mn ratios, has been
demonstrated (Pingitore, 1978; Brand and Vei-
zer, 1980; Middelburg et al., 1987; Pingitore
Jr et al., 1988; Banner and Hanson, 1990).
However, different diagenetic regimes and flu-
ids with spatially and temporally variable chem-
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ical properties at different scales make a true
quantification of these processes difficult.

We suggest that it is pertinent to better
constrain the nature of the obtained §'3C val-
ues; this is based on previous observations: (1)
The high degree of secondary variation in §'3C,
superimposed on the general trend when com-
paring different sections. (2) The notion of sec-
ondary alteration of calcite, and possibly such
overprint on §'3C within the ‘Boundary Clay’
low in CaCOgs and more generally in sections
dominated by clastic sediments (e.g., Knauth
and Kennedy, 2009). The implications of this
study extend beyond our analysed samples, as
doubt has been cast on the primary nature of
“second-order” §'3C fluctuations in other P-
Tr sections (Jin et al., 2000; Korte and Ko-
zur, 2010). Due to the inherent difficulties in
constraining diagenetic alteration on §'3C com-
pilations, we discuss the possibility that en-
vironmental data are contained within these
bulk-carbonate rock based geochemical prox-
ies. We undertook an integrated and compar-
ative fossil and bulk-rock geochemical inves-
tigation of P-Tr ‘Boundary Clay’ sections in
NW Iran. The chemical analysis encompasses
two whole-rock §'3C records together with car-
bonate rock trace elements. Our investigation
reveals a more accurate view on actual §'3C
changes in seawater DIC during one of the most
critical intervals in Earth’s history.

2 Localities investigated

The Kuh-e-Ali Bashi 1 (sensu Teichert et al.,
1973) (38.940°N, 45.520°E) and Zal (38.733°N,
45.580°E) sections of the Julfa region (NW Iran,
Fig. 1A) are located on the north-northeastern
margin of the NW Iranian Terrane, which be-
longed during the latest Permian to the Cim-
merian Microcontinents (Fig. 1B).

Carbonate rock successions in this area
spanning the P-Tr boundary interval can be
divided into three major lithological units (in
stratigraphic order): the Paratirolites Lime-
stone (which is the upper part of the Ali Bashi
Formation), the ‘Boundary Clay’ (Aras Mem-
ber sensu Ghaderi et al., 2014) and the ¢ Claraia’
Beds (which both compose the Elikah Forma-
tion).

The red nodular Paratirolites Limestone

beds have CaCQOg contents between 70 and 90
wt.% (Ghaderi et al., 2014), classifying them
as argillaceous limestone. The limestone beds
are separated by shale horizons, which become
thinner towards the top of the Paratirolites Li-
mestone. The individual limestone nodules have
a partly rounded surface and show a micritic
matrix of generally similar composition. The
rare macrofossil assemblages are comprised of
ammonites, nautiloids, rugose corals, fish re-
mains and brachiopod shells. Microfossils are
strikingly abundant, acid digestion reveals pecti-
noform and platform elements from conodonts
and actinopterygian teeth from the insoluble
residue. Calcareous green algae and radiolari-
ans have been identified from thin sections (Le-
da et al., 2014). Other features of the Paratiro-
lites Limestone are carbonate nodules coated
with Fe-Mn crusts, and Fe-Mn coatings of dis-
continuity surfaces accompanied by biogenic en-
crustations (Mohtat Aghai et al., 2011; Leda
et al., 2014). The matrix features, besides mi-
crite, some minor sparry cement and in-situ re-
crystallization (neomorphic spar).

The ‘Boundary Clay’, common in most of
the Iranian P-Tr sections (Taraz, 1971; Ezat
Heydari et al., 2003; Kozur, 2007; Ghaderi et
al., 2014; Leda et al., 2014), overlying the Para-
tirolites Limestone, reaching thicknesses of 1.2
m at Kuh-e-Ali Bashi and 0.6 m at Zal and con-
tain 18 and 35 wt.% CaCQOs, respectively (Gha-
deri et al., 2014). The lithology can be classi-
fied as red claystone and red/green argillaceous
marl for both sections and skeletal components
are less abundant. The base of the ‘Boundary
Clay’ is marked by the extinction event, but
ostracods, bellerophontids and sponge remains
occur frequently throughout this unit. The ma-
trix consists of microcrystalline spar and mi-
crite intersected by abundant anastomosing sty-
lolites.

From the overlying ‘ Claraia Beds’ the lower
5 to 10m were studied here. The base of this
unit is slightly below the conodont-defined P-
Tr boundary (Kozur, 2007; Ghaderi et al., 2014)
In contrast to the Zal section, the lower part of
the ‘Claraia Beds’ in Kuh-e-Ali Bashi has some
similarities in the carbonate facies with the pre-
extinction Paratirolites Limestone: argillaceous
nodular limestone intercalates with abundant
marl beds. Up section at Kuh-e-Ali Bashi, the
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Figure 1 — (A) Geographical location and (B) palaeogeographic setting of the studied P-Tr boundary
sections located in the Julfa region (NW Iran) (adapted from Stampfli and Borel (2002; also Stampfi,
pers. com. 2011). Note that the colouring of the continents in the palacogeographic map is not

representative for climate zones and biomes.

lithology of the ‘ Claraia Beds’ is similar to that
of the Zal consisting of grey, thick-bedded, platy
limestone. Leda et al. (2014) recognised that
these limestones exhibit a recrystallized tex-
ture, relating to microspar cementation and in-
situ recrystallization.

3 Methodology

Aliquots of the samples were taken from fresh
surfaces of carbonate rocks, using a micro drill.
Cracks, veins and stylolites were rejected to
avoid contamination of the samples. Stable
isotope measurements were carried out using
a Thermo Finnigan Gasbench II linked online
to a THERMO/Finnigan MAT V isotope ratio
mass spectrometer in the stable isotope labora-
tory of the Museum fiir Naturkunde in Berlin.
The accuracy of both, 63C and §'¥0 was de-
termined against laboratory standard material
and the precision determined by repeated mea-
surement was generally lower than 4+ 0.1 %o
(1o). Oxygen and carbon isotopes are reported
relative to Vienna Pee Dee Belemnite (VPDB)
in standard delta notation.

Bulk-rock samples, for elemental analysis,
were optically inspected and any altered part,
such as veins and weathering were cut off with
a saw. The samples were subsequently crushed
with the aid of a mechanical agate mill. Ali-
quots of one gram splits were used for elemental
analvsis of the acid soluble part: the remaining

powder was used for bulk-rock element mea-
surements. Acid digestion was carried out us-
ing 20ml 0.33M acetic acid and reacted over
48 hours, while constantly being agitated. The
insoluble and soluble fractions were separated
by filtration using a cellulose-nitrate membrane
(0.45um) and were then dried and weighed. A
part of the soluble fraction was dissolved with
a 0.2M nitric acid in order to obtain a ma-
trix matched solution for Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-
OES) analysis carried out at the University of
Copenhagen (Ullmann et al., 2013a). The Ca
concentration of the solution was approximated;
this allowed for a matrix match of the 0.2M
HNOj3 blank solution and multi-element refer-
ence solutions fabricated for a three-point cal-
ibration.

The precision was monitored by the inter-
national standards JDo-1 and JLs-1 yielding
accuracies for Sr/Ca, Mn/Ca and Mg/Ca ratios
with averages better than 5 % and reproducibil-
ity with averages better than 10% (20) (table
1) (Imai et al., 1996). Calcite (CaCOs3) con-
centrations of the samples were determined by
the weight loss-acid digestion method by using
a 2M HCI solution (e.g., Siesser and Rogers,
1971). The program R and the packages; grid-
Extra, gTable and ggplot2, have been used for
graphical plots and statistics (http://cran.
r-project.org/).
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Table 1 — Elemental ratios of the international certified standards JLs-1 and JDo-1 (published and

measured; element ratios are taken from Imai et al., 1996).
Sr/Ca 20 Mn/Ca 20 Mg/Ca 20
JDo-1 (n=3)
measured 0.21 0.04 0.14 0.02 750.11 21.04
published 0.22 0.15 761.21
JLs-1 (n=23)
measured 0.34 0.01 0.03 0.00 14.09 0.24
published 0.34 0.03 15.02
4 Results ary Clay’ the values decline to -7.0 and -8.0 %o,

4.1 Carbon and oxrygen isotopes

Carbon and oxygen isotopes of carbonate bear-
ing rocks from Kuh-e-Ali Bashi and Zal are -2.8
to 3.5 %o and -0.9 to 3.4 %o for §13C (VPDB),
and -8.1 to -4.0 %o and -8.3 to -3.0 %o for
5180 (VPDB), respectively (Figs. 2 and 3; Ta-
bles S2 and S3). We observed a general de-
cline in whole-rock §'3C upsection in both sec-
tions, starting within the C. bachmanni Zone.
The pre-extinction brachiopod §'3C values are
slightly heavier but follow the general bulk-rock
trend (Fig. 2; from Schobben et al., 2014). No
articulated brachiopods are present in the post-
extinction interval. The Kuh-e-Ali Bashi sec-
tion is marked by two bulk-rock 6'>C minima
of -1.4 and -0.7 %o at 1.70 and 0.71 m below the
‘extinction horizon’, respectively. An inflec-
tion to even lower bulk-rock values marks the
transition towards the ‘Boundary Clay’. How-
ever, this pattern is not observed at Zal, where
bulk-rock 63C fluctuates around 1.5 %o. Par-
allel bulk-rock 6'C minima are observed at
both sites within the H. parvus Zone. The
carbon isotope values here are ~ -3.0 and -0.1
%o for Kuh-e-Ali Bashi and Zal, respectively,
with a single sample in the latter section yield-
ing a lower '3C value (-0.9 %o at +2.00m).
Post-extinction bulk-rock §'3C of both sections
remains more depleted than in pre-extinction
strata, with values around -1 %o. At Kuh-e-Ali
Bashi, one additional negative §'3C excursion
(-1.4 %0) occurs at 3.50 m above the ‘extinction
horizon’.

The bulk-rock oxygen isotope values from
the lower Paratirolites Limestone of both sec-
tions are around -5.0 %o (Figs. 2 and 3; Tables
S2 and S3). With the transition to the ‘Bound-

although slight fluctuations occur. The bulk-
rock §'80 remains more depleted (~ -7.0 %o)
upsection compared to pre-extinction strata.
Calcite brachiopod shell 520, taken from
Schobben et al. (2014), are heavier than co-
eval bulk-rock data (-4.0 and -3.0 %0 VPDB).
A comparison of §'¥0 of oxygen bound to phos-
phate- and carbonate-molecules from conodont
apatite and bulk-rock carbonate, respectively,
is not straightforward. This is due to differ-
ent equilibrium fractionations between water
and the respective solid phases caused by differ-
ent temperature dependences constraining the
fractionation factors (Wenzel et al., 2000). Cor-
rections for conodont §'*0 (conodont %0 data
are taken from Schobben et al., 2014), can be
derived by two possibilities: (1) by comparing
the offset between pristine brachiopod and con-
odont oxygen isotope data, and (2) by back-
calculating conodont 680 derived palacotemp-
eratures (palaeotemperatures given in Schob-
ben et al., 2014, with a carbonate-water frac-
tionation equation, applying the equation of
Kim and O’Neil, 1997).

Comparing the adjusted conodont 680 de-
rived from these two methods reveal a discrep-
ancy of up to 0.5 %o (cf. Wenzel et al., 2000
and Fig. S3). This uncertainty is given as er-
ror bars on the VPDB scale in Figures 2 and
3. Pre-extinction conodont §'80, with the ap-
plied correction, ranges between -4.0 and -3.0
%o VPDB (conodont §'80 is often related to
VSMOW, but we prefer here to present the
data in the VPDB scale to simplify the carbon-
ate/apatite comparison), with an uncertainty
of about 0.5 %o. Post-extinction conodont 680
values are more depleted and around -5.0 %o
VPDB (uncertainty ~0.3 %o).
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range constrained by the two different conversion methods (see section 4.1.

Mn/Ca, Sr/Ca and Mg/Ca of bulk-carbonate fraction and brachiopod
calcite (Schobben et al., 2014) for the Kuh-e-Ali Bashi section. The conodont §'%0 taken from
Schobben et al. (2014) are converted to the VPDB scale for a better comparison to the carbonate
data. The widths of the bars of the conodont §'80 data represent the carbonate/phosphate offset

Carbon and oxygen

isotopes and Fig. S3 for calculation). Bulk-rock mineralogy, respectively CaCOs and insoluble
residue (IR), is depicted as percentage of total rock. A full explanation of the statistics for the trend
lines of bulk-rock 63C and 6*20 is given in the supplementary discussion. First- and second-order
carbon isotope trends are denoted next to the §'3C values, according to the intervals of Hermann

et al. (2010), isotope events (IE) of Richoz et al.

(2010) and short-term trends of Korte and

Kozur (2010). The brachiopod and bulk-rock §'3C as well as the conodont and bulk-rock §'¥0O show
similar “first-order” stratigraphic trends toward lighter values in the post-extinction strata. The
most outstanding features of bulk-rock element are the element enrichments within the ‘Boundary
Clay’. The red circles of the bulk-rock §*C and %0 are used to show elevated Mg/Ca (>mean +
standard deviation; 1o) Conodont zones are: (11) I. staeschei, (10) H. lobota, (9) H. parvus, (8) M.
ultima- S. ?mostleri, (7) H. praeparvus-H. changzingensis, (6) C. hauschkei, (5) C. abadehensis, (4)
C. yini, (3) C. nodosa, (2) C. bachmanni, (1) C. changzingensis (Kozur, 2007; Ghaderi et al., 2014).
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post-extinction strata. Element/Ca ratios are enriched in the ‘Boundary Clay’ unit with red circles
of bulk-rock '3C and 680 representing elevated Mg/Ca ratios (>mean + standard deviation; 10).
First- and “second-order” carbon isotope trends are denoted next to the §'3C values, according to the
intervals of Hermann et al. (2010), isotope events (IE) of Richoz et al. (2010) and short-term trends
of Korte and Kozur (2010). Conodont zones are (12) I. isarcica, (11) I. staeschei, (10) H. lobota, (9)
H.parvus, (8) M. ultima- S. ?mostleri, (7) H. praeparvus-H. changzingensis, (6) C. hauschkei, (5) C.
abadehensis, (4) C. yini, (3) C. nodosa, (2) C. bachmanni, (1) C. changzingensis (reinterpreted from
Kozur, 2007; Ghaderi et al., 2014).
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4.2 Element/Ca ratios

Manganese — The Paratirolites Limestone of
Kuh-e-Ali Bashi has relatively stable Mn/Ca
ratios averaging about 1.8 mmol/mol (n = 25)
for the calcite fraction (Fig. 2 and Table S2). A
prominent peak of 11.9 mmol/mol occurs within
the ‘Boundary Clay’ followed by a steady de-
crease, but remains higher than average pre-
extinction values (mean of 2.4 mmol/mol; n =
24) up to a height of 2.35m above the ‘ex-
tinction horizon’. The lowest values at Kuh-
e-Ali Bashi are recorded for the upper part
of the ‘Claraia Beds’, yielding an average of
0.9mmol/mol (n = 9). The Paratirolites Li-
mestone of Zal is marked by Mn/Ca ratios be-
tween 1.5 mmol/mol (n = 4) (Fig. 3 and Table
S3). Similar to Kuh-e-Ali Bashi, the Zal section
displays a marked positive excursion with a
Mn/Ca maximum of 5.3 mmol/mol within the
‘Boundary Clay’. Elevated Mn/Ca ratios be-
tween 1.1 and 3.3 mmol/mol occur within the
interval up to 2.00 m above the ‘extinction hori-
zon’. The upper part of the ‘Claraia Beds’ has
Mn/Ca ratios of 0.6 to 0.7 mmol/mol (n = 10),
and these are lowest ratios within the section.

Strontium — The Sr/Ca ratios are uniform
throughout the Paratirolites Limestone of the
Kuh-e-Ali Bashi section with an average 0.6
mmol/mol (n = 25) (Fig. 2 and Table S2).
From the base of the ‘Boundary Clay’ to 2.00 m
above, the Sr/Ca ratios are marked by some
small fluctuations with a mean value of 0.5
mmol/mol (n = 23). The Sr/Ca ratios display
an increase up to 0.9 mmol/mol in the ‘Claraia
Beds’ with a sharp positive excursion reaching
1.7mmol/mol at 3.07m above the ‘extinction
horizon’. The Sr/Ca ratios of the Paratirolites
Limestone in the Zal section show an average
of 0.7mmol/mol (n = 4) (Fig. 3 and Table
S3) with a peak of 1.4mmol/mol within the
‘Boundary Clay’. At 2.00 m above the ‘extinc-
tion horizon’, the Sr/Ca ratio displays large
fluctuations with maxima of 2.32, 2.62, 3.05
and 3.48 mmol/mol.

Magnesium — The Mg/Ca values at Kuh-e-
Ali Bashi and Zal are relatively stable for most
of the successions with averages of 19.1 mmol/
mol (sd = 6.3, n = 57) and 19.8 mmol/mol (sd
= 6.7, n = 17), respectively. Distinctly higher
Mg/Ca ratios occur in the ‘Boundary Clay’ of
Kuh-e-Ali Bashi and Zal reaching 590 and 420

mmol/mol (Figs 2 and 3; Tables S2 and S3).

5 Discussion

5.1 Comparison of P-Tr carbon iso-

tope records

The bulk-carbonate carbon isotope curves do
not deviate substantially from earlier records
(e.g., Korte et al., 2004c; Korte and Kozur,
2005; Richoz et al., 2010; Fig. 4). A long-
term negative trend through the P-Tr bound-
ary interval is clearly visible, resembling the
results from coeval P-Tr ‘Boundary Clay* sec-
tions (Abadeh and Meishan; Fig. 4) and shal-
low-water sections that lack a ‘Boundary Clay’
(Nhi Tao and Gartnerkofel; Fig. 4). The new
isotope curves as well as published curves can
be subdivided into intervals partly based on
smaller-scale secondary 6'2C fluctuations su-
perimposing the general long-term trend. This
subdivision is implemented in coherence with
previous interpretations of these curves, which
will allow an evaluation of the validity of these
views on stratigraphic importance as well as
proposed causal relation to the end-Permian
mass extinction (EPME) (e.g., Jin et al., 2000;
Korte et al., 2004c; Korte and Kozur, 2005;
Cao et al., 2009; Hermann et al., 2010; Richoz
et al., 2010). In accordance with e.g., Hermann
et al. (2010; cf. interval “b”), Richoz et al.
(20105 cf. IE 1) and Korte and Kozur (2010;
cf. short-term trend (a)) pre-extinction strata
from the here considered ‘Boundary Clay’ and
shallow-water sections are marked by a ~2 %q
decrease in 63C (Figs. 2, 3 and 4). This
excursion can be considered as the onset of
the long-term negative carbon isotope trend
which occurred before the EPME (Korte and
Kozur, 2010; Fig. 4). A synchronous occur-
rence of this carbon isotope excursion among
sites is likely but cannot be tested with the
biostratigraphic framework as conodont spec-
imens are lacking or difficulties exist when cor-
relating different localities, for the South Chi-
nese basin this is presumably due to endemism
of conodont species (Kozur, 2007, but for a dif-
ferent opinion see Shen and Mei, 2010). In
addition, pronounced secondary negative §'3C
spikes occur in the Paratirolites Limestone unit
of the Kuh-e-Ali Bashi section (Figs. 3 and 4).
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Figure 4 — §'3C records from whole-rock, Kuh-e-Ali Bashi and Zal (this study—white dots; Korte
and Kozur, 2005—grey dots), Abadeh (Korte et al., 2004a), Meishan D (Cao et al., 2009; Korte
et al., 2005), Meishan B (Jin et al., 2000), Gartnerkofel (Holser et al., 1989) and Nhi Tao (Algeo
et al., 2007, 2008). Note, that the y-axis partly represents stratigraphic heights and relative time.
A relative timescale has been constructed for the interval between the ‘extinction horizon’ and the
FAD H. parvus (post-extinction interval) and the H. parvus zone marked at the upper part by the
FAD of I. isarcica. Biostratigraphy and ‘extinction horizon’ for Kuh-e-Ali Bashi and Zal (Kozur,
2007; Ghaderi et al., 2014), Meishan D and B (Jin et al., 2000; Yuan et al., 2014), and Gartnerkofel
(Schonlaub, 1991; Korte and Kozur, 2010). Radiometric and interpolated ages are from Burgess et
al. (2014). The FAD of I. staeschei zone is not recognized in the sites considered here but is likely
analogous to the FAD of I. isarcica. A biostratigraphy for Nhi Tao is not available and correlation
lines are therefore less certain. Red dots stand for §'3C connected with significant Mg enrichment of
the carbonate fraction (>mean + standard deviation; 1o). The dark grey areas represent carbonate-
bearing clay beds or volcanic ash layers (for Meishan). The light grey areas represent argillaceous
limestone and limestone-clay alternations. Dotted vertical lines represent the pre-extinction baseline
value for bulk-rock §'3C.
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However, these “second-order” 63C peaks are
poorly supported by their surrounding values
and are not observed at other sites, therefore
they will not be further discussed.

The following interval, the ‘extinction hori-
zon’, is marked by enhanced heterogeneity in
stratigraphic whole-rock §'3C patterns between
the different sites due to small-scale secondary
§13C fluctuations (Fig. 4). A shift to more neg-
ative carbon isotope values directly at the ‘ex-
tinction horizon’ is recorded at the Kuh-e-Ali
Bashi, Abadeh and Meishan sections, possibly
equivalent to IE 2 of Richoz et al. (2010) or
interval “d” of Hermann et al. (2010). The
most depleted values (-3.2 %o) are reported by
Cao et al. (2009) from a drillcore at Meishan D
(Fig. 4). Many studies have placed an empha-
sis on large fluctuations in §'3C, when search-
ing for a causal relation with the EPME (for
a discussion, see Korte and Kozur, 2010), re-
cently, also the here considered 6'3C curve of
Meishan D. The rapid secondary negative '3C
fluctuation of ~7 %o of this record is possibly
contained in an interval of ~2-20 kyr based on
radiometric dates (Burgess et al., 2014) and
has been explained by carbon isotope injec-
tion of isotopically depleted methane produced
by newly evolved methanogens (Rothman et
al., 2014). It is, however, possible that these
clay-rich intervals have been affected by post-
depositional alteration, thus the light §'3C val-
ues might be the result of diagenetic alteration
(for a discussion, see Korte and Kozur 2010 and
Cao et al. 2009). These light, potentially sec-
ondary 63C values at the ’extinction horizon’,
have furthermore been related to local water-
column conditions such as stratification and el-
evated organic matter remineralization (Cao et
al.,, 2010). Similarly, the depleted 6'3C val-
ues at the ‘extinction horizon’ of the Kuh-e-
Ali Bashi and Abadeh section compared to the
Zal section (Fig. 4), is a feature that Korte
and Kozur (2005, 2010) assigned to submod-
ern weathering processes. In contrast, the §'3C
record of Zal, Nhi Tao, and Gartnerkofel show
either a gradual depletion or even a stagna-
tion (or plateau) across the ‘extinction horizon’
(Fig. 4). The latter feature, a §'3C plateau,
can be compared with interval “c” as described
in Hermann et al. (2010), and according to
Korte and Kozur (2010), these enriched §'3C

values are more likely to reflect primary sea-
water values (Figs. 2 and 3). Both Richoz et
al. (2010) and Korte and Kozur (2010) sug-
gested the existence of primary “second-order”
positive 6'3C excursion in this interval, marked
as respectively IE3 or short-term trend (b) for
Kuh-e-Ali Bashi and Zal, in Figure 2 and 3.

A minimum in the “first-order” 6'3C trend
at Kuh-e-Ali Bashi, Zal, Abadeh and Gartner-
kofel (possibly also Nhi Tao) closely corresponds
to the stratigraphic height of the FAD of H.
parvus (Fig. 4) and is considered an impor-
tant carbon isotope marker by Korte and Ko-
zur (2010; cf. short-term trend (c)). However,
clearly the FAD of H. parvus at the Meishan
section is located at a “second-order” positive
§13C excursion, and a minimum in the “first-
order” §'3C trend only follows up-section, which
led Hermann et al. (2010) to suggest that H.
parvus occurs diachronous at different sites. An
Early Triassic “second-order” negative 6'3C ex-
cursion is often recognized at the height of the
L isarcica zone (cf. interval “g” of Hermann
et al., 2010; Korte and Kozur, 2010) such as
in the Gartnerkofel core (~ -2 %o) and possi-
bly the Kuh-e-Ali Bashi section (~ -1 %o; Fig.
4). The intermediate stratigraphic 6'3C record
(between the H. parvus and I. isarcica zone)
represents a “second-order” positive §3C ex-
cursion at the Gartnerkofel and possibly Meis-
han and has been referred to as interval “f” by
Hermann et al (2010) and is also reported by
Korte and Kozur (2010). This has been postu-
lated to represent a double peaked §'3C curve
(Xie et al., 2007). This double peaked carbon
isotope excursion has been related two episodes
of increased environmental disturbances and a
second biodiversity crash (Jin et al., 2000; Xie
et al., 2007; Yin et al., 2012). This feature,
however, is difficult to extract from the new
d13C record of Kuh-e-Ali Bashi and Zal. In ad-
dition, repeated Early Triassic “second-order”
§13C excursions (<1 %o) at the Nhi Tao sec-
tion (Fig. 4) superimposed on the “first-order”
d13C trend, have been related to episodic up-
welling of sulphidic deep water on to the shelf
(Algeo et al., 2007, 2008), such a mechanism
might cause diachronous 63C fluctuations at
different sites (Korte and Kozur, 2010).

This comparison reveals the different pat-
terns and trends in bulk-rock §'3C between Kuh-
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e-Ali Bashi, Zal and other sections. The origin
of these §'3C wiggles in our bulk-rock dataset
will be discussed subsequently in relation to
palaeoenvironmental parameters. To facilitate
interpretation of their primary versus secondary
origin, the “first-order” long-term and “second-
order” short-term §'3C trends will be discussed
separately.

5.2 ”First-order”trend

Micritic carbonate is mainly the product of bio-
mineralization and carries geochemical signa-
tures of the producing organism’s metabolism
as well as the physical and chemical conditions
in the ambient water. In addition, metastable
biogenic carbonate, such as aragonite and high-
Mg calcite, is generally transformed into sec-
ondary low-Mg calcite or dolomite during dia-
genesis, during which its chemical and physical
properties can change (Veizer, 1983). Carbon
as well as oxygen isotope chemistry of bulk-
carbonate, however, can retain—at least to a
certain degree—primary palaeoenvironmental in-
formation, but this depends on the extent of di-
agenesis, the burial temperature, and whether
the diagenetic system was open or closed (Vei-
zer, 1983; Marshall, 1992).

5.2.1 Bulk-rock geochemical screening

Bulk-rock 6'3C values are often screened by
quantifying their correlation with §'*0 using
Pearson’s r correlation coefficients (e.g., Hey-
dari et al., 2001). Our data show a highly sig-
nificant positive correlation between §'3C and
5180 (p-value <0.001; Table 2). This pattern
is often ascribed to lithification of carbonate
rocks under the influence of meteoric water or
in phreatic lenses (Brand and Veizer, 1981).
Such an interpretation may be too simplistic
as a correlation can also represent a primary
environmental signal (Marshall, 1992). The
crossplots of the new as well as published iso-
tope data (Fig. 5B) underscore the potential
problem of using a correlation approach. The
carbon and oxygen isotope pairs are positioned
in a region of the plot that is not typical for
carbonate rock lithified in contact with me-
teoric or phreatic water. In this representa-
tion mainly the bulk-rock 680 of Kuh-e-Ali
Bashi, Zal and other P-Tr sections spread glob-

ally (southern Asia, southern Europe and Iran)
are skewed to lower values, whereas bulk-rock
carbon isotopes could constitute normal marine
values (Fig. 5b). This is based upon a compari-
son with carbon and oxygen isotope values nor-
mally recorded in Cenozoic lithified carbonates
not affected by late-stage diagenesis, reported
by Knauth and Kennedy (2009). Cenozoic ma-
rine carbonate deposits lithified in coastal re-
gions with exposure to meteoric water are often
marked by isotopic depleted carbon and oxygen
(Knauth and Kennedy, 2009). This covariant
link between 6'3C and §'30 has been related to
post-depositional incorporation of isotopically
light carbon from enzymatic decarboxylation
of organic matter absorbed in the groundwater,
which is recharged by low §'%O of meteoric wa-
ter. That lithification of our samples occurred
in a marine environment without influence of
meteoric water is in agreement with lithologi-
cal results of the studied sections (Leda et al.,
2014). In addition, the overlying >100m of
Triassic sediments contain no signs of subaerial
exposure (see also Horacek et al., 2007; Richoz
et al., 2010). Furthermore, brachiopod shell
calcite 63C and 6'80 values represent normal
marine values based on the screenings and on
the crossplot in Figure 5B that is in agreement
with interpretations of Schobben et al. (2014)
of these samples from NW Iran.

Besides textural and lithological examina-
tion (e.g., Al-Aasm and Veizer, 1986), elemen-
tal data, especially Mn and Sr, are frequently
utilized to identify diagenetic alteration in both
bulk-rocks (Denison et al., 1994; Brand et al.,
2012a, 2012b) and brachiopod shell calcite (Mii
et al., 1999; Korte et al., 2005; Brand et al.,
2012a). Manganese becomes normally enriched
during post-depositional dissolution and recrys-
tallization of carbonate (Pingitore, 1978; Brand
and Veizer, 1980; Denison et al., 1994) while
strontium, constrained by the initial primary
concentration (Korte and Hesselbo, 2011), is
lost due to dissolution of carbonate parts and
recrystallization of diagenetic calcite phases
(Veizer et al., 1971; Brand and Veizer, 1980).
In addition, Mg/Ca ratios in calcite can help
to distinguish between the different diagenetic
end-members of low-Mg carbonate and dolomite
(e.g., Brand and Veizer, 1980). Fixed elemental
concentrations or ratios are often used to dis-
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Figure 5 — Lumped stable isotope data and elemental concentrations. Diamonds represent bra-
chiopods and open circles represent bulk-rock samples. (A) Boundaries for static limit based on
calcite Mn and Sr concentrations as proposed for the selection of well-preserved bulk-rock samples
(Denison et al., 1994) and brachiopods (Korte et al., 2003;2005; van Geldern et al., 2006). Elemental
concentrations of brachiopod and whole-rock samples from Kuh-e-Ali Bashi, Zal (this study; Schob-
ben et al., 2014), Val Brutta and Sas de Putia (Brand et al., 2012b) and Meishan (Korte et al., 2005;
Riccardi et al., 2006). Note that most of the bulk-rock samples fall outside this range. (B) Plot of
the paired stable isotope values from South China and Vietnam (blue), Meishan D (Cao et al., 2009;
Korte et al., 2005), Meishan B (Jin et al., 2000), Nhi Tao (Algeo et al., 2007) and Cili (Luo et al.,
2010); southern Alps and Biikk mountains (green), Val Brutta (Kearsey et al., 2009; Brand et al.,
2012b), Sas de Putia (Korte and Kozur, 2005; Brand et al., 2012b), Tesero (Korte and Kozur, 2005),
Gartnerkofel (Holser et al., 1989), Bulla (Korte and Kozur, 2005), Gerennavar (Korte and Kozur,
2005), Bélvény (Haas et al., 2006); Iran (white), Kuh-e-Ali Bashi, Zal (this study; Korte and Kozur,
2005; Schobben et al., 2014), Abadeh (Korte et al., 2004a). Included is the range of Cenozoic carbon
and oxygen isotope values from rocks that lithified under influence of either marine or meteoric pore
water from Knauth and Kennedy (2009). The arrows indicate the direction of the combined isotope
signals normally followed during deep burial and metamorphic evolution. This representation shows
that mainly the oxygen isotope values of bulk-rock are skewed to lighter values, which is normally
not observed for calcite formed in a marine environment. In addition, the carbon isotope values
are generally more enriched in '>C than would be expected for lithification under the influence of
meteoric or phreatic water. (C and D) 6'3C vs. Sr/Ca and Mn/Ca, respectively, from the Kuh-e-Ali
Bashi and Zal sections.
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Table 2 — Results for linear model fit between different chemical proxies. The correlation is calculated
using Pearson’s correlation coefficient (r?), n = degrees of freedom, p = significance. High Pearson
r? values indicate a high correlation; low p-values indicate a statistically significant correlation. IR
= insoluble residue after acid digestion of a carbonate sample.

2

Section x (response) y (terms) coefficient Pearson r p-value n
Kuh-e-Ali Bashi s13C 5180 0.44 0.73 2.20E-16 78
Zal s13C 5180 0.51 0.34 5.64E-05 39
Kuh-e-Ali Bashi Sr/Ca  Mn/Ca -0.05 0.10 1.00E-02 58
Zal Sr/Ca  Mn/Ca -0.04 0.00 7.00E-01 33
Kuh-e-Ali Bashi Sr/Ca  Mg/Ca 0.00 0.00 6.20E-01 58
Zal Sr/Ca  Mg/Ca 0.00 0.00 7.80E-01 33
Kuh-e-Ali Bashi Mn/Ca si3¢C -0.18 0.02 2.93E-01 57
Zal Mn/Ca s3C 0.27 0.08 9.95E-02 32
Kuh-e-Ali Bashi Sr/Ca si3C 0.71 0.01 5.41E-01 57
Zal Sr/Ca s3C -0.55 0.11 5.77E-02 32
Kuh-e-Ali Bashi Mn/Ca IR 0.05 0.39 2.28E-07 55
Zal Mn/Ca IR 0.05 0.34 4.06E-04 31
Kuh-e-Ali Bashi Sr/Ca IR -37.46 0.17 1.43E-03 55
Zal Sr/Ca IR -2.87 0.02 4.59E-01 31

tinguish between altered and pristine carbon-
ate (Fig. 5A). Applying these limits (whole-
rock: Mn/Ca <0.22-0.51 mmol/mol and >Sr/
Ca 0.42mmol/mol, Denison et al., 1994; bra-
chiopod shell: Mn/Ca <0.07 or 0.18 mmol/mol
and Sr/Ca >0.18 or 0.23 mmol/mol, Korte et
al., 2003; 2005; van Geldern et al., 2006), es-
pecially the high Mn/Ca ratios of the present
dataset suggest clear post-depositional alter-
ation of the bulk-rocks, but well preservation
of the primary geochemical signal of the bra-
chiopod shells (Schobben et al., 2014). Some Sr
values of the brachiopods are relatively low but
this is expected because this element can vary
considerably through time, both within single
specimens and in different fossil groups and
were low in the latest Permian (for a discus-
sion, see Steuber and Veizer, 2002; Korte and
Hesselbo, 2011; Ullmann et al., 2013b). How-
ever, a number of arguments suggest, in this
case, that elemental proxies do not unequiv-
ocally identify post-depositional alteration in
bulk-rock samples:

(1) Correlations among the elemental prox-
ies (Mn, Sr and Mg) are non-existent, suggest-
ing that there is no common genetic link for
these elements for indicating alteration (Table
2). (2) Partial retention of the primary Sr con-
tent in bulk-rocks is likely as the carbonate
rock has comparatively higher Sr/Ca than bra-

chiopod calcite (Fig. 5A) and measured calcite
Sr/Ca is in the same range as that of modern
carbonate deposits (Fig. 6B).

The observed elemental distribution might
imply that the diagenetic history of the car-
bonate rock encompassed diagenetic fluids of
variable chemical composition originating from
differences in original mineralogy or sedimen-
tation style. This suggests that fixed limits for
elemental proxies can mislead in identifying al-
tered carbonate §'3C and §'%0. This is indi-
cated by the absence of correlations between
the elemental and isotopic data (Figs. 5C, D
and Table 2)

5.2.2 Comparative stable isotope
geochemistry

Calcite fossils, such as brachiopod shells, are
relatively resistant to post-depositional alter-
ation (Veizer et al., 1999; Korte et al., 2005).
Hence, a comparison of geochemical data from
whole-rock and fossils is potentially valuable
as it can yield information about the extent
of post-depositional alteration of the bulk-rock
(e.g., Brand et al., 2012a, 2012b). Our car-
bon isotope data reveal an average offset of
~1.6 %o between brachiopods and bulk-rock
samples (Fig. 2), which probably reflects per-
vasive weak alteration of bulk-rock §3C (cf.
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Brand et al., 2012b) as there is no evidence for a
general primary ®C-enrichment in brachiopods
compared to other carbonate fossils (Wefer and
Berger, 1991). Calcite and aragonite compo-
nents have typically different carbon isotope
values, approximately 1.85 %o (Rubinson and
Clayton, 1969), but a comparison of absolute
values in the study units is hampered by the
lack of knowledge about the original mineral-
ogy of the bulk-rock carbonate. Primary ma-
rine carbonate in the study sections is likely to
have been a mixture of different phases (Hey-
dari et al., 2013) as is common with micritic
carbonate rocks (Brand et al., 2012a, 2012b).
A correction for whole-rock 6'3C of Late Per-
mian carbonates was suggested by Brand et al.
(2012b) assuming a possible original aragonite
mineralogy.
This correction would result in a comparatively
larger offset between 6'2C obtained from bra-
chiopod shell and bulk-rock samples at the sites
in NW Iran. In another approach, comparable
relative changes in stratigraphic 6'3C trends for
the Kuh-e-Ali Bashi and section suggest a com-
mon forcing and therefore an at least partial
primary nature of bulk-rock carbon isotope val-
ues (Fig. 2). This suggests that at least parts
of the primary signal are still retained in the
bulk-carbonate rock (Ullmann et al., 2013a).
Recently, the application of oxygen isotopes
measured on phosphate of conodont apatite has
proven valuable for palaeoclimatic reconstruc-
tions of the latest Permian and Early Triassic
(Joachimski et al., 2012; Sun et al., 2012; Ro-
mano et al., 2013; Schobben et al., 2014). Bio-
genic phosphate of conodont elements has been
considered to be largely resistant to diagene-
sis, because of the highly impermeable nature
of this biomineral matter (Wenzel et al., 2000;
Pucéat et al., 2004; Joachimski et al., 2009).
In view of uncertainty in the conodont §'#O
correction factor (see section 4.1. Carbon and
ozygen isotopes), a 2 to 4 %o offset exists be-
tween the present conodont/brachiopod and
bulk-carbonate 60 (Figs 2 and 3) suggesting
strongly that the bulk-rock data are diagenet-
ically altered. However, because the general
decrease of the bulk-rock §'*0O matches across
the extinction interval with that of conodont
5180 (Joachimski et al., 2012; Schobben et al.,
2014) diagenetically altered bulk-rocks can re-

tain information about general palaeotempera-
ture trends, despite loss of information regard-
ing absolute palaecotemperatures (Figs 2 and 3).
Oxygen isotopes of carbonate rocks of the in-
vestigated sites thus contain the burial temper-
ature during recrystallization and/or the oxy-
gen isotope composition of the diagenetic fluid.
On the other hand, the retention of the palaeo-
environmental signal in the bulk-rock §'%0
would also suggest seawater warming across the
EPME, verifying the interpretation of Holser et
al. (1989), based on a bulk-rock 6'¥0 record
from the southern Alps. Note, however, that
the start of the bulk-rock oxygen isotope de-
crease is earlier than that of the conodonts (Fig.
2) and during a time when no trend is visi-
ble in the brachiopod data. This discrepancy
in stratigraphic trends cannot be resolved at
present.

Our observations imply a partial retention
of primary carbon and oxygen isotope values in
whole-rock samples - in both cases expressed as
a preservation of stratigraphic trends in isotope
composition. In contrast, comparisons of differ-
ent components (calcite brachiopod shells, con-
odont elements and bulk-rock) from one hori-
zon suggest an alteration of bulk-rock 6'3C and
§'80. A relatively closed diagenetic environ-
ment with low water/rock ratios can explain
the observed bulk-rock patterns (e.g., Banner
and Hanson, 1990; Knauth and Kennedy, 2009).
This further underscores that correlations of
bulk-rock §'3C and §'80 can mislead when used
to identify potential diagenetic alteration. In
turn, the strong positive correlation between
bulk-rock 60 and 63C at the P-Tr bound-
ary is partly related to the palaeoenvironmen-
tal evolution (Figs. 2, 3, 5B; Table 2). It sug-
gests that the often-ignored bulk-rock oxygen
isotope data can be incorporated in evaluating
diagenesis and palaeoenvironment.

5.3 “Second-order” excursions

An assessment of short-term carbon isotope ex-
cursions is complicated because of a lack of
high-resolution biogenic collection and the dif-
ficulty in applying elemental concentrations as
diagenetic tracers (see see section 5.2.1. Bulk-
rock geochemical screening and 5.2.2. Compar-
ative stable isotope geochemistry). The latter is
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mainly related to the spatial and temporal vari-
ation of both physical and chemical parameters
during the diagenesis and/or in the marine en-
vironment. This is emphasized by the distribu-
tion patterns of Mn and Sr which is linked to
lithological variation clearly visible at the unit
boundaries (Figs. 5A and B) changing from
nodular limestones (mainly Paratirolites Lime-
stone unit) to clay (‘Boundary Clay’, or Aras
Member) and platy limestones (mainly ‘ Claraia
Beds’, see Supplementary Tables). The signifi-
cance of this lithological subdivision in elemen-
tal data is further attested by a significant dif-
ference in Mn/Ca and Sr/Ca among lithologi-
cal units, based on a Kruskal-Wallis rank sum
test (p-value <0.001). This difference in ele-
mental ratios is also expressed when comparing
each of the lithological units, with each other,
by a Mann-Whitney U test (p-value <0.001),
except for Sr/Ca between the platy and clay
unit of Zal.

The red-coloured nodular Paratirolites Li-
mestone, which is the latest Permian pre-extinc-
tion lithology, is typified by hardground fea-
tures such as microbial encrustation and ferro-
manganese crusts (Fig. 7A). The development
of this sediment encompasses submarine car-
bonate dissolution, winnowing, and bio-erosion
processes that are indicative of early seafloor
lithification and diagenesis (Melim et al., 2002;
Fliigel, 2004). It is therefore tempting to relate
the high Mn/Ca ratios from this unit (Fig. 6A)
to a diagenetic fluid with high Mn concentra-
tions due to reductive dissolution of abundant
Mn-oxides and -hydroxides (Brand and Veizer,
1980; Banner and Hanson, 1990). A close cor-
relation between Mn locked in calcite and in
the clastic fraction (Table 2), especially in the
‘Boundary Clay’ (Fig. 2), may be attributable
to diagenetic uptake of clay-derived Mn or, pos-
sibly, to the carbonate dissolution procedure
that may have dissolved small quantities of Mn-
oxides. In a study by Kuhn et al. (2005), cal-
cite Mn was applied as a proxy to detect the
continental detritus input; although their mea-
sured values and observed fluctuations are dis-
tinctly lower than those in the present study.
Manganese enrichments by increased continen-
tal influx, however, fit also the interpretations
explaining the nature of the ‘Boundary Clay’
which is related to a temporarily increased in-

flux of weathered terrestrial material (Algeo
and Twitchett, 2010; Algeo et al., 2011; Richoz
et al.,, 2010; Leda et al., 2014). In addition,
Mn is also a redox-sensitive element solubilized
in oxygen-depleted water; it will be then in-
corporated in calcite during bio-mineralization
(Freitas et al., 2006; Korte and Hesselbo, 2011).
Mn enrichments can therefore be used as a tra-
cer for dysoxic conditions, but oceanic anoxia
are at odds with palaeoecological and facial in-
terpretations of this interval at these sites (Ko-
zur, 2007; Leda et al., 2014).

Strontium is highly enriched in the platy li-
mestone unit of both sections (Fig. 6B). High
Sr/Ca—almost equivalent to modern calcite de-
posits (Fig. 6B)—is a feature that has been
related to an aragonite precursor rock (Veizer
et al., 1971; Heydari et al., 2013). Cenozoic
limestone units that do not undergo lithifica-
tion under meteoric water influence are thought
to preserve high-Sr aragonite constituents to
some extent (Melim et al., 2002). Low Sr/Ca
calcite observed in the nodular units could, in
this view, relate to longer exposure to seawater
that is undersaturated with respect to arago-
nite. The possible microbial origin of the platy
limestone, possibly by authigenic aragonite pre-
cipitation, may also relate to higher carbonate
Sr/Ca (Richoz et al., 2010; Leda et al., 2014).
A higher degree of crystallization marks the
platy limestone (Leda et al., 2014 and Fig. 7B)
and is somewhat counter intuitive to the idea
of a relative better Sr preservation. However,
similar observations in Early Triassic rock have
been explained by recrystallization of meta-
stable high-Sr aragonite components (Heydari
et al., 2013).

A conspicuous feature of element distribu-
tion patterns is the enrichment of Mg/Ca in
calcite of the ‘Boundary Clay’ (Figs 2 and 3).
Magnesium displays a disproportional increase
when compared with increased clastic content
of the ‘Boundary Clay’, Mg enrichment being
ten times greater than the clastic content. In
addition, some of these enriched Mg/Ca values
are higher than normally observed in biological
calcite suggesting diagenetic enrichment. This
chemical signature is of importance, as it en-
compasses a critical interval within the stud-
ied section with respect to palaecoenvironmen-
tal studies dealing with the EPME. The high
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Figure 6 — Elemental data for the different lithological units (red: Kuh-e-Ali Bashi; blue: Zal),
yellow lines representing the average value of the brachiopod calcite. (A) Mn/Ca, the lowest levels
are seen in the platy limestone unit, the nodular limestone unit has slightly higher levels and the

‘Boundary Clay’ displays the highest and most

variable Mn/Ca values. (B) Sr/Ca values differ

substantially between the two limestone-dominated units (nodular and platy) for both sections,
whereas the ‘Boundary Clay’ is marked by a higher variability within and between the sections. The
range of Sr/Ca observed in modern carbonate deposits (Bathurst, 1976) is shown on the right hand

side in the box plot; diagenetic cements (Banner,

1995) are added. Note that bulk-rock Sr/Ca falls

in the range of values observed in modern carbonates.

Mg/Ca content, together with the occurrence
of rhombic crystals of dolomite in this interval,
suggests a localized process of dolomitization
(Leda et al., 2014 and Fig. 5C). This late-
stage dolomitization can occur due to the pres-
ence of Mg-enriched diagenetic fluids, with the
transformation of smectite to illite as a source
of Mg (Flugel, 2004, p. 330), and is a com-
mon type of late-stage dolomitization associ-
ated with argillaceous mudstones (McHargue

and Price, 1982; Sternbach and Friedman, 1986).

Furthermore, normal saline marine water and
the below wave-base deposition of these rocks
based on facies and faunal interpretations (Ko-
zur, 2007; Leda et al., 2014), likely opposes the
idea of an early-stage dolomite development.
We have demonstrated that ratios of Mn
and Sr are inconclusive with regards to diage-
netic alteration of carbonate rock in the inves-
tigated sections. Furthermore, the close corre-
spondence of Mn and Sr with lithology might
limit the common approach of using Mn/Sr ra-
tios to detect carbonate diagenesis. The indi-
cation of dolomitization in the ‘Boundary Clay’
is a significant sign of post-depositional alter-
ation of carbonate rock and is confined to a
short stratigraphic interval in these P-Tr suc-

cessions. We demonstrate with this observa-
tion that spatial heterogeneity in diagenesis ex-
ists, at a scale that is similar to the short-term
secondary carbon isotope fluctuations (see sec-
tion 5.1. Comparison of P-Tr carbon isotope
records). The significance of this is further ex-
pressed by the knowledge that dolomitization
and clastic-dominated sections show a larger
spread in both §3C and 60 (Knauth and
Kennedy, 2009; Brand et al., 2012a). Note,
however, that primary carbonate components
should have existed based on calcite fossil (e.g.,
ostracods) occurrences detected in thin sections
(Fig. 7D). In addition, a “second-order” §'3C
fluctuation is noted in the Early Triassic (I
staeschei conodont zone) of Kuh-e-Ali Bashi
and cannot be assigned to a post-depositional
overprint from the currently available geochem-
ical and lithological data (Fig. 2).

5.4 Relevance for the end-Permian
carbon cycle perturbation

The purpose of this section is to evaluate to
what extent the §'3C curves can be interpreted
as genuine seawater chemistry changes with im-
plications for commonlv nronosed causal rela-
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Figure 7 — Microphotographs of key lithological and textural observations (scale bars = 1 mm).
(A) Carbonate rock from the Paratirolites Limestone (nodular limestone). Hardground intraclasts
(‘subsolutionclasts’) with Fe-Mn crusts and biogenic encrustation around micrite clasts. Ali Bashi 1,
0.75m below ‘extinction horizon’, adapted from Leda et al. (2014). (B) Sample from the base of the
‘Claraia Beds’ (platy limestone) showing clear signs of recrystallization (e.g., sparry calcite spheres).
Ali Bashi 1, 4.15m above ‘extinction horizon’, adapted from Leda et al. (2014). (C) Example from
the ‘Boundary Clay’ with abundant rhombic crystals floating in a clay matrix, Ali Bashi 1, 0.40m
above ‘extinction horizon’. (D) Another example from the ‘Boundary Clay’ containing ostracods,
sponge remains, and signs of bioturbation. Ali Bashi 1, 0.75m above ‘extinction horizon’.
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tionships with the carbon cycle perturbation
and EPME. The broad long-term depletion of
carbon isotope ratios in marine carbonate suc-
cessions bracketing the P-Tr boundary has been
recognized in many sections worldwide (Korte
and Kozur, 2010), including the sites studied
here. This feature may be related with high
confidence to a primary environmental signal
based on comparative biogenic geochemistry.
Preservation of this trend is possibly governed
by marine lithification of the carbonate sedi-
ments, instead of lithification under the influ-
ence of meteoric water, as has been observed in
recent and ancient subaerially exposed carbon-
ates (Allan and Matthews, 1980; Algeo et al.,
1992). This type of lithification and diagenetic
pathway might be common for the preserva-
tion of an original geochemical signature, such
as 0'3C and 680 in calcite, from the P-Tr time
interval (Fig. 5B), and possibly other ancient
time-intervals as well (e.g., Veizer et al., 1999).
Contesting with Early P-Tr studies which com-
monly inferred a major sea-level fall owing to a
perceived biostratigraphic gap at the boundary
(references in Hallam and Wignall, 1999), and
some recent studies (Yin et al., 2013). How-
ever, sedimentologic evidence for a sea-level fall
remains weak: the karstic origin of bedding sur-
faces in South China carbonate sections (Payne
et al., 2007) has been challenged (Wignall et
al., 2009), and beds that were earlier inter-
preted as lowstand deposits at Guryul Ravine,
India (Algeo et al., 2007) have more recently
been re-interpreted as tsunamites (Brookfield
et al., 2013).

Superimposed on this §'3C trend are smaller-
scale secondary fluctuations, which in some in-
stances likely reflect original isotopic composi-
tions of marine DIC. However, localized dolomi-
tization in the ‘Boundary Clay’ may explain the
somewhat deviating pattern of §3C between
both sections (Figs. 2 and 3) and might sug-
gest that the more enriched values at Zal (the
plateau of 6'3C) are not as suggested by Korte
and Kozur,(2010) a more reliable representa-
tion of original seawater chemistry. More so,
it suggests that diagenetic alteration of calcite
is possible in confined stratigraphic intervals,
of perhaps 10 to 30cm and is not easily iden-
tified when lumping all whole-rock §'3C data
together (Fig. 5B) and requires more detailed

analysis. Thus, the isotope results should be
interpreted with these observations in mind,
at least for the P-Tr ‘Boundary Clay’ sections.
The prevalence of ‘Boundary Clay’ type litholo-
gies at other P-Tr sections, which has been ar-
gued to be the result of the selective extinction
of calcite secreting organisms or increased ter-
rigenous input (e.g., Knoll et al., 2007; Algeo
and Twitchett, 2010; Algeo et al., 2011; Richoz
et al., 2010; Leda et al., 2014), stands against
palaeoenvironmental interpretations of the as-
sociated §'3C signatures within these carbonate-
bearing rocks. Besides the here studied sites
elemental and isotope data from the Meishan
B section (Figs. 4 and S4; Jin et al., 2000; Ric-
cardi et al., 2006) might confirm a relation be-
tween dolomitization and more enriched §'3C
values at these sites as well. This makes the
positive “second-order” §'3C excursion con-

found to stratigraphic level of H. parvus at

Meishan (B and D) as well as the spurious
“second-order” negative carbon isotope excur-
sion at the ‘extinction horizon’ (Cao et al., 2009;
Korte and Kozur, 2010) a possible product of
diagenetic alteration. In addition, a relation
between dolomitization and more positive 63C
values for these beds has already been pointed
out by Xie and Wang (2011). This would sug-
gest that interval “f” of Hermann et al, at least
for bulk-carbonate rock 63C, is an artefact of
diagenesis and that H. parvus occurs likely syn-
chronous. Whereas, a “second-order” negative
§13C excursion in the Early Triassic (interval
“g”: Hermann et al., 2010 or IE 7; Richoz et
al., 2010) is likely a primary signal and sug-
gest that a second disturbance could relate to
a second extinction peak an intensified environ-
mental disturbances (Jin et al., 2000; Xie et al.,
2007; Yin et al., 2012) or alternatively episodic
upwelling of sulphidic deep water on to the shelf
(Algeo et al., 2007, 2008). The high-variability
in carbon isotope records from other P-Tr sec-
tions due to “second-order” §'3C fluctuations
of different shapes, stratigraphic positions, and
magnitudes (for a comparison, see Korte and
Kozur, 2010 and Fig. 4) require a pragmatic
approach in interpretation. Conclusively, these
P-Tr boundary “second-order” excursions are
probably not useful as stratigraphic markers as
seen when comparing the here discussed §'3C
records (Fig. 4). In addition the observed dif-
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ferences might be amplified by different sam-
pling densities of the Kuh-e-Ali Bashi and Zal
sections. Varying sampling strategies applied
in different studies are probably a common fac-
tor to contend with. In addition, short-term
differences in sedimentation rates between sec-
tions would result in a similar effect. This is, for
instance, important when comparing the P-Tr
localities in Iran and South China, as the lat-
ter are marked by higher sedimentation rates
around the ’extinction horizon’ (for a discus-
sion, see Kozur, 2007).

We consider for the studied sections that
the carbon isotope values connected with high
Mg/Ca should be disregarded, to enable a di-
rect comparison of the succession and in sup-
port of reliable palacoenvironmental interpre-
tations. Furthermore, a trend-line based on
subsampling at the level of the minimum sam-
pling density (see supplementary discussion)
helps to best visualize general §'3C changes
(Figs. 2 and3). Assuch, the sedimentary record
straddling the ‘extinction horizon’ from the C.
bachmanni Zone up to the P-Tr boundary is
distinct with decreasing §'3C (Figs. 2 and 3)
followed by a minimum of §'3C close to the
FAD of H. parvus , possibly followed by a
“second-order” negative 6'2C spike at the height
of the I. staeschei or I. isarcica zones. The
studied sections show both the biotic decline as
well as the lithological change: the ‘Boundary
Clay’ associated with environmental changes
precedes maximum depletion of whole-rock §'3C
(Figs. 2 and 3). This is the information that
can be extracted from §'3C of bulk-rock ma-
terial of the studied sections with the highest
likelihood of reflecting true ambient seawater
DIC. We suspect that “second-order” negative
as well as positive §'3C excursions superim-
posed on the “first-order” §'3C trend close to
the ‘extinction horizon’ in ‘Boundary Clay’ P-
Tr sections are influenced by diagenetic pro-
cesses. We suggest, however, that the long-
term “first-order” §'3C trend may also directly
be invoked in extinction scenarios. This long-
term excursion could be interpreted as a pro-
longed carbon cycle perturbation (e.g., caused
by accumulative volcanic outgassing and related
effects), triggering at some level a cascading
biological and environmental catastrophe or—
in other words—crossing a tipping point in the

Earth system, culminating in this rapid mass
extinction interval (0.061 + 0.048 Mya: Burgess
et al., 2014). This would necessitate positive
feedback loops or synergistic effects to initiate
a rapid warming event as recorded by conodont
oxygen isotope records (Joachimski et al., 2012;
Schobben et al., 2014). Climate warming may
trigger extinction mechanisms, such as water
column euxinia or bio-calcification crises (Wig-
nall, 2001; 2007; Kump et al., 2005; Knoll et
al. 2007). These climate feedback mechanisms
may constitute scenarios of dramatic carbon
cycle perturbation—such as methane clathrate
dissociation—which could have been recorded
in the isotopic composition of time-equivalent
marine DIC. However, this study highlights that
small-scale secondary changes in carbonate

d13C of bulk-rock cannot, on their own, be used
as the basis for recognition of these types of
carbon cycle perturbations. Consequently, we
urge the use of multiple proxies, such as the ap-
plication of carbon isotope analysis, on bulk or,
even better, compound specific organic matter.

6 Conclusions

The application of geochemical screening to
identify the extent of diagenetic alteration of
calcite is difficult because Mn and Sr, which
are often used as tracers for post-depositional
alteration, also record palaeoenvironmental in-
formation. In addition, varying chemical and
physical properties of diagenesis at different spa-
tial and temporal scales complicate the mat-
ters. For example, diagenetic resetting in bulk-
rock carbonate can overprint the palaeoclimatic
signal, but, in turn, past climate information
can be partially retained. The best evidence
for post-depositional alteration is obtained by
a bed-by-bed geochemical approach. Superim-
posed secondary 6'2C fluctuations that are con-
fined to small stratigraphic intervals should be
considered with caution when used for recon-
structing palaeoenvironmental conditions, es-
pecially when occurring in clay-rich intervals
such as the P-Tr ‘Boundary Clay’. The general
negative carbon isotope excursions across the
P-Tr boundary, however, are a secular feature
and caused by a strong and prolonged carbon
cycle perturbation.
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A flourishing ocean caused the
marine Late Permian mass
extinction

Martin Schobben!, Alan StebbinsZ, Abbas Ghaderi’, Har-
ald Strauss*, Dieter Korn', Robyn Hannigan?, Christoph
Korte’

The end-Permian mass extinction, the most severe
biotic crisis in the Phanerozoic, is accompanied by cli-
mate change and expansion of oceanic anoxic zones'.
Climate feedback mechanisms might have played an
important role in this biodiversity crisis>. The parti-
tioning of sulphur among different exogenic reservoirs
by biological and physical processes has been sugges-
ted to be of importance for this biodiversity crisis*>.
However, the exact role of bio-essential sulphur in the
mass extinction is still unclear. Here we show that
globally increased production of organic matter affec-
ted the seawater sulphate sulphur isotope signature
near the Permian-Triassic boundary. Furthermore,
the increase anaerobic organic matter degradation
with the use of sulphate as an electron acceptor was
not a consequence of adverse oceanic conditions, as
postulated in earlier studies* °. The new data demon-
strate that the expansion of euxinic and anoxic zones
are symptoms of increased biological carbon recycling
in the marine realm, initiated by global warming and
consequential fertilization of the oceans by large in-
fluxes of weathered material from the continents'?>7:8,
The results provide evidence that punctuate biodiver-
sity crises in Earth’s history do not necessarily im-
plicate a death world®, rather the demise of certain
multicellular life forms. It also emphasizes that, be-
sides the property of organisms to construct a habit-
able planet'?, they might as well govern as a catalyst
of destruction.

Sulphur isotopes in marine sediments provide impor-
tant information about biologically induced S transmis-
sions among different reservoirs, the biogeochemical S
cycle. A new high-resolution carbonate associated sul-
phate (CAS) and chromium-reducible sulphide (CRS) da-
taset for the Kuh-e-Ali Bashi and Zal sections (NW Iran)
presented here (Fig. 1) allows for a better understand-
ing of the S cycle across the end-Permian mass extinction
(EPME) enabling the assessment of its potential impact

"Museum fiir Naturkunde, Leibniz Institut fiir Evolutions- und
Biodiversititsforschung, Invalidenstr 43, D-10115 Berlin, Germany 2
School for the Environment, University of Massachusetts at Boston,
100 Morrissey Blvd, Boston, MA 02125, US 3 Department of
Geology, Faculty of Sciences, Ferdowsi University of Mashhad,
Azadi Square, 9177948974 Mashhad, Iran 4 Institut fiir Geologie
und Paldontologie, Westfilische Wilhelms, Universitidt Miinster, Cor-
rensstra3e 24, 48149 Miinster, Germany, Department of Geosciences
and Natural Resource Management, University of Copenhagen, @ster-
Voldgade 10, DK-1350, Copenhagen, Denmark

on biodiversity.

We identified samples likely to contain a primary sea-
water chemistry signal, as sources of contamination, such
as leachable non-CAS and sulphide minerals and their re-
spective isotope chemistry, have been quantified and cullec
out (Supplementary Information). This enables the con-
struction of the primary stratigraphic CAS oxygen and
sulphur isotopic record. The carbonate successions ac-
cumulated on a carbonate platform in the Palaeotethys
ocean; they establish a good stratigraphic correlation and
age assignment (Supplementary Information) and bear the
largest potential for obtaining secular changes of past oce-
an chemistry across the EPME (Extended data Figure 1).
In contrast to previous CAS studies of this time-interval*>.
the pre-extinction CAS isotope record (~2 Myr) is re-
markably stable and §3*Scas and §'80¢,s values are in
arange of ~1 and 2-3 %o, respectively (Fig. 1). A ~ 3 %o
negative 53*Scus excursion and a 5-7 %o positive shift in
880¢4s can be traced for both sites during a ~ 40kyr
period following the marine ‘extinction horizon’. The
834Scas excursion reaches slightly above the conodont-
defined P-Tr boundary ~ 2 %o heavier values compared
to pre-extinction strata.

A depleted sulphate reservoir, in comparison to mod-
ern values of 28 mM, has been implied for allowing rapid
changes of seawater 5345504 10 such as observed here for
the EPME (7.5 %o kyr—!)*. The constant 15-16 %o offset
in §°*S between CAS and CRS can be related to equally
reduced sulphate levels within sedimentary pore water, re-
sulting in a small fractionation during microbial sulphate
reduction (MSR) (cf. ref. 11). Anaerobic oxidation of
organic matter within modern shelf sediments is mainly
related to MSR!2; this serves as a connection to the bio-
geochemical carbon
cycle!!"13. The reduction of sulphate by microbe metabo-
lism is an important aspect in the S cycle and is associ-
ated with a large isotopic fractionation leading to **S and
180 enrichments in the residual sulphate pool*!'3. Most
of the MSR-produced H,S will be re-oxidized and only a
small fraction is buried as sedimentary sulphide serving
as a sink for 3S'*. The latter sulphide burial and con-
tinental oxidative weathering, evaporite burial as well as
mantle derived S determine the isotopic composition of
seawater sulphate4’11*13. In contrast, 6 18OSO4 is mainly
affected by microbial S cycling by MSR and sulphide ox-
idation and might lead to a dissimilar temporal evolution
of marine sulphate S and O isotope compostion*!3, such
as the deviating sulphate §3*S and §'30 at the ‘extinction
horizon’ in the present dataset (Fig. 1).

We applied a box-model calculation to delineate the
fluxes that determine the isotopic composition of the ma-
rine sulphate across the P-Tr transition. Palaeontological
and sedimentological evidence from the Iranian sections
show no indications of pervasive water column anoxia
(Supplementary Information); this is in contrast to the in-
ferred late Permian marine anoxia at sites in South China
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Figure 1 — Isotopic composition of CAS and CRS of carbonates from NW Iran. Significant changes in §3*Sc4s and
88045 mark the ‘extinction horizon’ and suggest substantial perturbation of the S cycle. 53*Scrs and 83*Scas have a con-
stant offset of 15-16%o. The temporal framework is constructed by interpolated ages for conodont biozones (Supplementary
Information). The error bars stand for external reproducibility of the isotope measurement (20) (Supplementary Informa-
tion). The size of individual CAS data points stand for the assigned confidence of representing true seawater chemistry, large
stands for high-confidence, low non-CAS/CAS and low CRS/CAS, medium stands for intermediate-confidence, either high
non-CAS/CAS or CRS/CAS and small stands for low-confidence, both high non-CAS/CAS and CRS/CAS (Supplementary
Information).
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Figure 2 — Numerical model and CAS isotope compar-
ison. The solid line in §3*Scys and §'80¢,s represents
the numerical solution when perturbing the system with
a 16 times increase in the global weathering flux and the
grey area represents a minimum (1lx) and maximum (64x)
perturbation. A good agreement exists with the geochem-
ical data. This would suggest that a 1.3 times larger OC
pool stimulates a 17 times increased MSR flux. A con-
comitant decrease in pyrite burial would be the result of
a globally increased extent of iron limited euxinic regions
and allows a negative §°*Sc,s excursion. Time-equivalent
seawater temperature rise, seen in 180,,;,05 taken from
ref. 7, can enforce an enhanced hydrological cycle and
would, among other processes, stimulate larger terrestrial
fluxes.

and Australia'®!”. This spatial heterogeneous pattern can
be best explained by increased nutrient influx only into
parts of the Tethys. This influx caused regional eutroph-
ication associated with the increasing extents of oxygen
minimum zones'® and euxinic conditions'® rather than
deep bottom water anoxia by a stagnant water column!®.
Widespread ocean fertilisation and drawdown of water
column O, levels have been related to increased fluxes of
terrigenously derived material'®!® from soil erosion® and
enhanced chemical weathering? initiated by acid precip-
itation and destabilization of vegetation and soils, global
warming and an associated intensified hydrological cycle
at that time!"’. The climax of this biogeochemical cascade
correlates with the greenhouse warming often associated
with coeval Siberian Trap volcanism?. The importance of
organic substrates for MSR justifies the incorporation of
the organic carbon (OC) pool with the link to continental
weathering in our box-model, particularly, as oxygenation
of seawater has likely a subordinate effect on the amount
of OC reaching the sediment'4

A best model fit, based on sensitivity experiments (Su-
pplementary Information), suggests a 16 times increased
weathering rate starting at the ‘extinction horizon’ and
lasting for a period of 40kyr (Fig. 2). This simulates
large MSR activity but also sulphur disproportionation,
although it has been suggested that the latter could not

explain an O isotope fractionation > 18 %o between water
and sulphatels. An average 880 ,amwater Of ~ -1 %o and
8'80¢4s excursion to values of over 20 %o make sulphur
disproportionation an unlikely candidate (Supplementary
Information). Increased OC degradation by MSR is a
strong and robust argument for the reconstructed scenario
and explains the observed 88045 excursion. Indepen-
dent numerical exercises with higher complexity models
suggest that > 4 times enhanced continental weathering
increases considerably the primary productivity in shelf
settings!*2!, followed by anoxic and sulphidic conditions
as a consequence of increased (an)aerobic OC remineral-
ization.

The negative §3*Ssp, excursion also suggests that py-
rite burial did not increase, according to the increased
MSR, as often assumed*!3, The main controlling factors
for pyrite formation are labile OC, sulphide formation,
oxygenation and reactive iron availability of the sediment
and water column'®. In sulphidic water column condi-
tions, such as in the modern Black Sea representing only
a fraction of the total modern ocean volume'?, pyrite for-
mation is a syngenetic process rather than a diagenetic
process>>23. This pyrite sedimentation style depletes re-
active iron already in the water column and inhibits largely
the pyrite formation within the sediment??. In such eux-
inic settings pyrite formation becomes iron-limited and
pyrite burial becomes sensitive to the supply of reactive
iron to the ocean**. Mechanisms for reactive iron sup-
ply are hydrothermal input, windblown dust, riverine in-
put and diagenetic Fe cycling on the shelf>>?°. Although
the iron flux from the continent is potentially large, 70-
90 % of the dissolved iron is already lost as particles in
estuaries”®. The iron, reaching the ocean, is especially
sensitive to water turbulence and grain concentrations de-
livered by rivers?®. Relating all this to the end-Permian
scenario, a situation under a high sea level? and with a
sudden influx of soils® accompanied by high physical ero-
sion rates’” due to an intensified hydrological cycle in a
warmer ocean’ would create an environment that already
depletes reactive iron before entering the ocean (Fig. 3).

We do not provide an estimation of the pyrite flux
change. However, under the Late Permian oceanic con-
ditions it was not necessary that pyrite burial increased
concomitantly with increasing MSR. The diverging CAS-
sulphur and oxygen isotope pattern can be best explained
by increased MSR, but decreased pyrite burial, compat-
ible with an enlarged global extend of iron-limited eu-
xinic seawater (Figs. 2 and 3). The presence of green
sulphur bacteria—which thrive in H,S rich surface wa-
ter—during the time interval of the S cycle perturbation,
evidenced by biomarker analyses'® suggests widespread
euxinia. Moreover, ocean fertilization is in concert with
an independent model for the Late Permian ocean, sug-
gesting 10 times higher nutrient levels to induce globally
pervasive water column H»S'®. The new CAS isotope
data and the related environmental conditions suggest that
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the euxinic zones expanded suddenly at the ‘extinction
horizon’ (Figs. 1 and 2), implying that the sulphidic toxi-
city caused the EPMES.

This scenario to explain the EPME enhances the no-
tion that life can influence seawater chemistry'# and the
relationship to OC remineralization!”. CAS isotopes pro-
vide a more direct view on biological productivity in past
oceans, suggesting a flourishing of life. It contrasts the
concept of decreased organic production, or ‘Strangelove
Ocean’, often implied in extinction scenarios’. However,
marine life might have been very different with mainly
prokaryotes dominating over eukaryotes®’. A return to
nearly pre-extinction 83#Scas, within 40 kyr, suggests re-
commencing pyrite burial; the disturbance was therefore
a rather transient event, which agrees with the postulated
short duration of soil erosion and local euxinic seawa-
ter conditions®'°. It argues either for enhanced supply
of iron, possibly under reduced detrital loading of river
discharge, or waning of the global extent of euxinic con-
ditions and consequential increase of diagenetic pyrite ac-
cumulation, or both.

The subsequent Early Triassic positive §>*Scys is ap-
parently not directly related to the biodiversity crisis (Fig.
1). Rather it records increased sequestration of S by au-
thigenic pyrite caused by the lack of organisms that nor-
mally irrigated sediments with O, by burrowing'* (Fig.
3). The relative stable high §'80¢,s in this period indi-
cates that MSR remained important during the Early Tri-
assic. The former suggests a prevailing large OC pool,
together with a long-lasting (~800 kyr) increase in conti-
nental weathering?, a perturbed C cycle and high global
temperatures the latter two returning in intervals through-
out a period of almost 4 Myr?®2°. These Earth surface
processes are regarded as an important negative feedback
loop of the carbon cycle, where enhanced production and
sequestration of OC is stimulated by global warming and
subsequent chemical weathering rates>!. The prolonged
disturbance after the EPME contradicts a fast return to
pre-disturbance climate and C cycle, enforced by C se-
questration, as suggested for other events marked by green-
house warming and widespread anoxia, such as the Ceno-
zoic hyperthermals®® (<100 kyr) and Mesozoic ocean an-
oxic events’!. Enhanced MSR, and its role in C cycling,
potentially had a crucial effect on the Early Triassic C-
cycle and would affect marine redox conditions (see ref.
21) and climate with an adverse effect on the biotic recov-
ery.

Methods

Isotope analysis

CAS and CRS were extracted according to standard protocols. Note,
that for CAS extraction, sediments were pre-treated with a NaCl so-
lution to clean the sediment of SO4 not bound to the calcite lattice.
Sulphur isotope ratios are reported in the standard (§3*S) notation rel-
ative to Vienna Carion Diablo Troilite (VCDT) in %o. Oxygen isotope
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Figure 3 — Conceptual model for environmental
changes around the P-Tr boundary. This cartoon de-
picts the shelf settings that are prone to be affected by a
scenario of intensified continental influx. Pre-extinction
time shows late Permian marine communities consisting
of multiple trophic levels. Authigenic pyrite formation
is restricted by oxygenation of sediments by burrowers.
The extinction event marks increased terrigenous influx
causing local eutrophication, aided by an active hydro-
logical cycle with increasing precipitation and evaporation
rates due to global warming. Increased sediment load and
turbulence of river discharge flocculates Fe(Ill) g in es-
tuaries, reducing the ocean Fe(Il)(,) inventory. Conse-
quential OC remineralization by MSR and Fe limitation
raises seawater H,S. Sulphide toxicity alongside marine
anoxia sustains a low diversity and primitive marine com-
munity. Pyrite sedimentation is limited to small amounts
of syngenetic pyrite precipitation. Relaxation of continen-
tal weathering reduces ocean input of nutrients and raises
Fe(Il)(,4) delivery to the post-extinction ocean, thereby
reducing sulphidic water column conditions and relocat-
ing pyrite sedimentation towards the sediments, where de-
creased O, irrigation due to a less active benthic commu-
nity stimulates authigenic pyrite formation. The enlarged
OC pool is sustained due to C recycling by an active mi-
crobial community.



ratios are reported in the standard (8'80) notation relative to Vienna
Standard Mean Ocean Water (VSMOW) in %o. A more detailed report
of the protocols and the analytical error margins of isotope values are
given in the Supplementary Information.

Box-model

A box-model was constructed, in order to delineate which fluxes could
be responsible for isotopic changes in marine sulphate and thus could
explain the stratigraphic CAS isotope record. Sulphate mass (Mso, )
and isotopic composition (Jsg, ) are estimated with the following equa-
tions, adapted from ref. 11:

dM
= 0wt Ot O — (Fp +Fe) (1)

d5504 _ Qw5w + Qvav + Qm‘sm - 5504 (Qw + Qv + Qm) - FpAMSR
e~ Mso,

@
Where, Q,, represents the weathering input flux, d,, is the isotopic
composition of weathering input, Q, is the volcanic input flux, 3, is
the isotopic composition of volcanic input, Q,, is the hydrothermal in-
put flux, J,, is the isotopic composition of the hydrothermal input flux,
F, is the evaporite burial flux, F), is the pyrite burial flux and Aysg is
the average isotopic fractionation associated with MSR. The O and
S isotopic compositions of marine sulphate are affected by different
processes. Two aspects are mainly responsible for this difference, mi-
crobial S cycling and the exchange and cycling through the oceanic
crust. Microbial S cycling results in the loss of O during MSR (Fysg),
whereas the product sulphide is oxidized and mainly via microbial
sulphur disproportionation!3 transformed back to sulphate (Q,,), both
with an effect on the isotopic composition. The surplus of these bac-
terial processes will be buried as sedimentary sulphide, mainly pyrite
and can be envisioned as:

3

Whereas marine sulphate-53*S is only affected by hydrothermal
S input in one direction, sulphate-8'30 is modified by oxidation of
sulphides at these hydrothermal vents (Q;) and acquire a 880 sim-
ilar to ocean water!>. On the other hand, anhydrite formation in the
oceanic crust is an effective sink for sulphate oxygen (Fj), without
fractionation'> and can be described by:

Fp = Fysgr — Qox

Om =0 —F C))
To adjust for these differences imposed upon the marine sulphate
8180, equations (3) and (4), are substituted in equation (2), yielding:

d6504 _
dt

Qwaw + Qv(sv + Qh6m + Qoxsox
Mso,

*85'04 (Qw + Qv + Qh + Qox) - FMSRAMSR
Mso,

Where 6, stands for the isotopic composition of sulphate orig-
inating from sulphur disproportionation. Steady state was achieved
by modifying Holocene reservoir and flux size and isotopic compo-
sition, to approximate the S cycle of the P-Tr interval (Supplemen-
tary Information). To exploit the important impact of MSR on OC
remineralization'2, an OC pool (M) was introduced to the model,
by linking Q,, linearly to ocean primary productivity (Qp,). OC burial
(Fp,) and OC remineralization (Fpc) are determined by the size of the
OC pool as first-order rate constants (k values). K values are deter-
mined by assuming that 99% of OC is remineralized of which part
by MSR (Fyssr: Supplementary Information),and according to stoi-
chiometry of the two biochemical reactions:

(&)

CH,0+ 0y <= CO, + H,0 (©6)

2CH,02+ S0y~ <= 2HCO3 +H,S ™
The size of the marine OC pool is described by:
Opoli)
M — =Pl
ocw <<k1 +k2)
_ Qpo(i) + Mo o~ (ki+k)r) +2Fysk 8)
k1 +ko @

where (i) stands for the initial pool and (¢) for the pool chang-
ing with time. First-order removal constants (k) are calculated by us-
ing initial Holocene values for the OC pool (Supplementary Informa-
tion).The relation between the OC pool and MSR is described in the
following equation, taken from ref. 14:

Fusg = aMoc[SO; ©)

which considers that the size of the OC pool has a direct impact
on the availability of OC for sulphate reduction. Factor « is calcu-
lated by solving the equation with the initial values and y has been
taken as 0.3, in accordance with ref. 14. The model was perturbed
by varying the weathering flux concomitant with the ‘extinction hori-
zon’ for a duration of 40kyr. Various simulations were performed
with the weathering flux changing from 2 to 64 times larger than the
background value. The Triassic weathering flux is taken to be 7 times
higher than the Permian as suggested in ref. 20. To simulate the effect
of a largely iron limited euxinic ocean the fraction of pyrite buried was
set to 10 times reduced for 20 kyr following the ‘extinction horizon’,
followed by a 2 times increase for another 20 kyr when compared to
the pre-perturbed value.
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SUPPLEMENTARY MATERIAL

Palaeotethys seawater temperature rise and an intensified hydro-
logical cycle following the end-Permian mass extinction

Martin Schobben, Michael M. Joachimski, Dieter Korn, Lucyna Leda, Christoph Korte

EVALUATION OF SAMPLE PRESERVATION

Conodonts

Conodonts with a conodont alteration index (CAI) of up to 5 and even with some surface re-
crystallization can record the primary seawater 620 signature at the time of growth (Barham
et al., 2012; Joachimski et al., 2009). The conodonts from the Iranian sections, Kuh-e-Ali Bashi
and Zal have a CAI between 1 and 1.5, indicating only low thermal maturation. Additional
analyzes were performed to evaluate the potential degree of alteration. Conodonts investigated
using the Scanning Electron Microscope (SEM) show no coarse surface structures, which indi-
cates minimum recrystallization. In addition, Raman spectroscopy was performed to obtain the
peak position of v1-PO, (phosphate symmetric-stretching bound) and its respective full width
at half maximum (FWHM) of conodont apatite. This is presumed to be a measure of ions sub-
stituting into (Sr?, F~) or out of the lattice (CO2™) and has been suggested as a proxy for the
diagenetic alteration of the oxygen isotopic composition of fossil apatite (Thomas et al., 2011).
This approach, however, can be used only as a qualitative check, because many more ions can be
incorporated post-depositionally (Katvala and Henderson, 2012; Trotter and Eggins, 2006) and
influence the peak position and FWHM of v1-PO,4. We used a modern fish tooth and magmatic
apatite standards as chemical end-members for biologically unaltered and most severely diage-
netically altered apatite, respectively. The peak of our conodonts and actinopterygian teeth,
v1-POy, and its FWHM plot around the values obtained for the modern fish tooth (Fig. S1),
which suggests no or minor alteration only.

Brachiopods

The secondary layers of the brachiopod shells show smooth fibrous and lamellar surfaces under
the binocular microscope and SEM. This is indicative of pristine calcite and therefore data from
these layers represent reliable 520 values reflecting past seawater composition and tempera-
tures. Mn and Sr concentrations are <250 and >400 ppm, respectively, and were used in earlier
studies to identify and exclude altered brachiopod shells (Korte et al., 2003; 2005a; 2005b; 2008;
see also Popp et al., 1986). It is, however, very difficult to set strict limits for the identification
of pristine samples by trace element concentrations. Manganese, for example, can vary consider-
ably in seawater because it depends on local redox conditions; higher concentrations occur under
more reducing environments and are subsequently incorporated into the calcite shells (Freitas et
al., 2006; Korte and Hesselbo, 2011). The Mn concentrations of our brachiopods, however, are
all below 250 ppm and hence match the limits used for pristine specimens in earlier Permian and
Triassic studies (Korte et al., 2003; 2005a; 2005b; 2008). Strontium on the other hand decreases
in calcite with progressive diagenesis (Brand and Veizer, 1980) and may vary considerably in
single specimens and in different fossil groups (discussion in Korte and Hesselbo, 2011). More-
over, seawater Sr concentrations have varied throughout Earth’s history with minimum values
at the Permian-Triassic boundary (Steuber and Veizer, 2002). The present study dataset (Table
S3) shows a clear trend to lower values towards the PTB (see also datasheet in Korte et al.,
2005b). Due to this clear trend, and because no additional indication for diagenetic alteration is
indicated bv the other methods (Mn. SEM. binocular microscone). we did not exclude isotone
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data measured on brachiopods with less than 400 ppm Sr. We consider these strontium-depleted
shells as pristine.

580 OF LATE PERMIAN SEAWATER

The establishment of regional 'O variations for ancient seawater is important to determine
reliable palacotemperatures from apatite and calcite 6'80. This is particularly challenging since
the recorded 630 is a reflection of surface seawater as most of the Permian and Triassic deposits
comprise palaecosettings of continental shelf or inter-continental oceans with only shallow water
depths and with different palaeolatitudes. Surface ocean water is affected by evaporation and
precipitation, influencing thed'®Oy,, to various degree in different regions (Zachos et al., 1994)
and evaporation-precipitation ratios depending on latitude lead to varying sea-surface §'%0
values at specific latitudes. The relation between Sea Surface Salinity (SSS) andd'®O,,, appears
to be roughly linear in at a global scale, based on modern ocean observations and modeling
experiments (Schmidt, 1999). Hence, we use SSS from the modeling study of Kiehl and Shields
(2005; also Shields, pers. com. 2013) to estimate the palaeco-§'%O0,, of the discussed sections.
The southern Chinese sections were deposited in an epicontinental location at about 23-25
°N (Liu, 1999) and on the margins of the Palaeotethys and the Panthalassa Oceans. The
corresponding salinity on the SSS world map (Fig. S2) is 35 %o. The Iranian sections are
located near the equator (Muttoni et al., 2009a; 2009b) in the western part of the Palaeotethys,
suggesting, salinities of 33 %ousing the SSS map from Kiehl and Shields (2005; also Shields,
pers. com. 2013) (Fig. S2). According to Schmidt (1999), a regional §'¥0-SSS line is more
appropriate for the tropics since the global linear §'®0-SSS line breaks down more at lower
latitudes than at the mid-latitudes. Hence, we consider that for the studied sections, equation 1
of Watanabe et al. (2001) would best represent the palaeooceanic conditions, since this equation
resembles a §'80-SSS relationship for the tropical latitudes and semi-enclosed basins (Craig and
Gordon, 1965; Rostek et al., 1993; Schmidt, 1999).

61804 = 2.04(£0.03)SSS — 6.54(+0.68) (1)

Applying equation 1 for the SSS values obtained from the model experiment of Kiehl and
Shields (2005) results in a 6'¥Os,, of -0.81%0(=£0.31) for NW Iran and -0.4%0(=£0.37) for South
China when corrected additionally with a value of -1 for the seawater of an ice-free world as
expected for the investigated time span (Lhomme et al., 2005).
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Figure S 1 — Raman spectroscopy of conodont and actinopterygian teeth from Kuh-e-Ali Bashi
and Zal. FWHM is plotted against the peak position of the v1-PO4 symmetric stretching bound
with chemical endmembers for unaltered (modern fish tooth) and most diagenetically altered apatite
(magmatic apatite).
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Figure S 2 — SSS world map for the late Permian modified from Kiehl and Shields (2005 and Shields
pers. com. 2013) with the locations of the Southern Chinese and NW Iranian sections marked by
stars.
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Table S 1 — Oxygen isotopes of conodonts from Kuh-e-Ali Bashi.

Sample Position (m) from base §*3Cq e, (VPDB)  Conodont taxa 6180phos (VSMOW) Internal reproducibility (1o) n
Elikah Formation

AB +450 24.50 -0.33 Hindeodus sp. (P1) + indet. (ramiform) 17.60 0.21 3
AB +435 24.35 -0.12 Hindeodus sp. (P1) + indet. (ramiform) 18.46 0.42 2
AB +412 24.12 -0.33 Hindeodus sp. (P1) + indet. (ramiform) 17.29 0.38 3
AB +390 23.90 -0.09 Hindeodus sp. (P1) + indet. (ramiform) 18.01 0.11 2
AB +285 22.85 Hindeodus sp. (P1) + indet. (ramiform) 17.67 - 1
AB +250 22.50 Hindeodus sp. (P1) + indet. (ramiform) 17.85 0.11 2
AB +170 21.70 -1.85 Hindeodus sp. (P1) + indet. (ramiform) 17.55 - 1
AB +151 21.51 Hindeodus sp. (P1) + indet. (ramiform) 17.79 - 1
AB +124 21.24 -1.10 Hindeodus sp. (P1) + indet. (ramiform) 19.75 - 1
'Boundary Clay’

AB+50 20.50 -1.32 Hindeodus sp. (P1) + indet. (ramiform) 17.52 - 1
AB+45 20.45 -0.43 Hindeodus sp. (P1) + indet. (ramiform) 17.6 - 1
AB-+40 20.40 0.41 Hindeodus sp. (P1) + indet. (ramiform) 18.09 0.60 2
ParatirolitesLimestone

AB-0 20.00 0.62 Clarkina sp. (P1) 19.31 0.19 3
AB-0 20.00 0.62 Hindeodus sp. (P1) 18.61 - 1
AB-5 19.95 1.25 Clarkina sp. (P1) 19.39 0.01 2
AB-10 19.90 1.78 Clarkina sp. (P1) 19.90 0.28 3
AB-15 19.85 1.37 Clarkina sp. (P1) 19.45 0.14 3
AB-30 19.70 1.51 Clarkina sp. (P1) 19.56 0.09 3
AB-56 19.44 2.40 Hindeodus sp. (P1) 20.04 - 1
AB-71 19.29 -0.72 Hindeodus sp. (P1) 20.18 - 1
AB-80 19.20 2.34 Clarkina sp. (P1) 19.81 0.05 3
AB-90 19.10 2.00 Clarkina sp. (P1) 19.41 0.32 2
AB-100 19.00 2.75 Hindeodus sp. (P1) 15.97 - 1
AB-115 18.85 2.95 Clarkina sp. (P1) 19.46 0.27 2
AB-140 18.60 3.05 Clarkina sp. (P1) 19.97 0.24 3
AB-148 18.52 2.71 Clarkina sp. (P1) 19.61 0.13 3
AB-155 18.45 1.76 Clarkina sp. (P1) 18.85 0.26 3
AB-170 18.30 -1.37 Clarkina sp. (P1) 19.36 0.06 3
AB-185 18.15 2.08 Clarkina sp. (P1) 19.37 0.18 3
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Table S 1 — Oxygen isotopes of conodonts from Kuh-e-Ali Bashi.

Sample Position (m) from base §3C.qry (VPDB)  Conodont taxa §'80ph0s (VSMOW)  Internal reproducibility (1o) n
AB-191 18.09 3.01 Clarkina sp. (P1) 19.56 0.01 2
AB-200 17.98 3.24 Clarkina sp. (P1) 19.98 0.03 2
AB-220 17.8 3.32 Clarkina sp. (P1) 19.92 0.09 3
AB-240 17.6 3.22 Clarkina sp. (P1) 18.63 0.21 2
AB-245 17.55 2.88 Clarkina sp. (P1) 19.34 0.25 3
AB-265 17.35 3.46 Clarkina sp. (P1) 19.71 0.16 3
AB-330 16.70 3.11 Clarkina sp. (P1) 18.94 0.12 3
AB-340 16.60 3.20 Clarkina sp. (P1) 19.87 0.09 3
AB-380 16.20 3.08 Clarkina sp. (P1) 19.39 0.04 3
Ali Bashi Formation

AB-440 15.60 3.21 Clarkina sp. (P1) 19.56 0.15 3
AB-480 15.20 3.10 Clarkina sp. (P1) 19.58 0.10 3
AB-570 14.30 3.15 Clarkina sp. (P1) 19.25 0.21 3
AB-690 13.10 2.84 Clarkina sp. (P1) 18.79 0.54 3
AB-895 11.05 3.8 Clarkina sp. (P1) 19.74 0.06 3
AB-1240 7.60 3.92 Clarkina sp. (P1) 20.04 0.18 3
AB-1290 7.10 3.89 Clarkina sp. (P1) 19.33 0.19 3
AB-1480 5.20 3.67 Clarkina sp. (P1) 18.82 0.04 2
AB-1605 3.95 3.27 Clarkina sp. (P1) 19.80 0.02 3
Julfa Beds

AB-1740 2.60 3.69 Clarkina sp. (P1) 19.07 0.21 3
AB-1815 1.85 3.33 Clarkina sp. (P1) 19.05 0.21 3
AB-1830 1.70 3.56 Clarkina sp. (P1) 19.01 0.35 3
AB-1905 0.95 3.52 Clarkina sp. (P1) 19.25 0.09 3
AB-1995 0.05 3.57 Clarkina sp. (P1) 18.70 0.14 2
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Table S 2 — Oxygen isotopes of conodonts from Zal.

Sample

Position (m) from base §'3Ceqp (VPDB)  Conodont taxa

5180105 (VSMOW)

Internal reproducibility (1o)

Elikah Formation

71 +940 29.40 0.31 Hindeodus sp. (P1) + indet. (ramiform) 17.40 - 1
71 +845 28.45 0.09 Hindeodus sp. (P1) + indet. (ramiform) 16.55 - 1
Z1 +715 27.15 -0.23 Hindeodus sp. (P1) + indet. (ramiform) 16.96 - 1
71 4685 26.85 -0.26 Hindeodus sp. (P1) 18.05 0.06 2
Z1 +480 24.80 -0.53 Hindeodus sp. (P1) 17.19 - 1
Z1 +415 24.15 -0.43 Hindeodus sp. (P1) + indet. (ramiform) 15.52 - 1
ZL 4360 23.60 -0.55 Hindeodus sp. (P1) 16.89 - 1
Z1 4200 22.00 -0.94 Hindeodus sp. (P1) 17.59 0.51 2
Z1 +70 20.70 -0.11 Hindeodus sp. (P1) + indet. (ramiform) 16.21 - 1
ZL+52 20.52 0.01 Hindeodus sp. (P1) + indet. (ramiform) 17.83 0.13 3
‘Boundary Clay’

Z1 +47 20.47 0.26 Hindeodus sp. (P1) + indet. (ramiform) 16.94 - 1
71 +45 20.45 0.51 Hindeodus sp. (P1) + indet. (ramiform) 17.58 0.21 3
Z1 +43 20.43 0.32 Hindeodus sp. (P1) + indet. (ramiform) 17.51 0.26 3
ZL +10 20.10 0.79 Clarkina sp. (P1) 19.33 0.17 3
ParatirolitesLimestone

ZL 0 20.00 1.17 Clarkina sp. (P1) 19.14 0.16 3
71 -65 19.35 2.10 Hindeodus sp. (P1) 17.45 - 1
71 -200 18.00 2.62 Clarkina sp. (P1) 19.78 0.18 3
Ali Bashi Formation

ZL -500 15.00 3.32 Clarkina sp. (P1) 18.73 0.06 2
ZL -500 15.00 3.32 Hindeodus sp. (P1) 18.24 0.17 3
ZL -630 13.70 3.03 Clarkina sp. (P1) 18.85 0.27 3
ZL -825 11.75 3.45 Clarkina sp. (P1) 19.63 0.07 3
ZL -1070 9.30 3.70 Clarkina sp. (P1) 19.12 0.17 3
ZL -1370 6.30 3.41 Clarkina sp. (P1) 19.15 0.11 3
ZL -1370 6.30 3.41 Hindeodus sp. (P1) 19.74 0.31 3
Julfa Beds

ZL -1680 3.20 Clarkina sp. (P1) 19.00 0.24 3
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Table S 2 — Oxygen isotopes of conodonts from Zal.

Sample Position (m) from base §3C.qry (VPDB)  Conodont taxa §'80ph0s (VSMOW)  Internal reproducibility (1o) n
ZL -1775 2.25 3.48 Clarkina sp. (P1) 19.74 0.20 3
ZL -1815 1.85 3.25 Clarkina sp. (P1) 19.65 0.01 2




Table S 3 — Oxygen and carbon isotope values and trace element concentrations of brachiopod
shells.

Sample 3Ceary (VPDB) 6800 (VPDB)  Locality Sr(ppm) Mn(ppm)
ParatirolitesLimestone

AB-10 2.55 -2.49 Ali Bashi1 303 31
AB-10 2.55 -2.84 Ali Bashi1 323 84
AB-70 3.56 -2.54 Ali Bashi N 315 49
AB-235 3.52 -2.51 Ali Bashi N 295 24
AB-235 3.47 -2.53 Ali Bashi N 337 158
AB-285 4.36 -3.1 Ali Bashi N 327 160
AB-285 4.35 -2.63 Ali Bashi N 294 18
AB-285 4.24 -2.57 Ali Bashi N 300 26
AB-285 3.81 -3.23 Ali Bashi N 413 136
AB-285 3.84 -3.25 Ali Bashi N 389 172
AB-400 4.73 -3.49 Ali Bashi B 416 38
AB-400 4.43 -3.84 Ali Bashi B 447 58
AB-400 4.65 -3.41 Ali Bashi B 431 41
AB-400 4.81 -3.24 Ali Bashi B 370 27
Ali Bashi Formation

AB-420 5.09 -2.76 Ali Bashi B 346 46
AB-420 4.2 -3.91 Ali Bashi B 456 81
AB-420 5.27 -2.67 Ali Bashi B 319 12
71-1060 4.23 -3.19 Zal 609 113
Z1-1060 4.36 -2.66 Zal 505 73
AB-1345 4.28 -3.11 Ali Bashi1 495 200
AB-1345 4.6 -3.05 Ali Bashi1 439 126
AB-1345 4.44 -3.17 Ali Bashil 514 161
AB-1345 4.26 -3.32 Ali Bashi 1 503 129
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Sequential extraction

(Weak) acid digestion has been a widely applied method to liberate trace elements from CaCOs,
in soil chemistry studies (Gleyzes et al., 2002) and studies of pelagic sediments (Chester and
Hughes, 1967; Kryc et al., 2003; Martin et al., 1987), but also for carbonate rock (Barber, 1974;
Brand and Veizer, 1980; Kryc et al., 2003; Neaman et al., 2004; Préat et al., 2006). To evaluate
the effectiveness of trace element partitioning between carbonate minerals and non-carbonate
detrital minerals, we measured the Al/Ca and Fe/Ca ratios in a subset of our samples. Aluminum
and Fe of the soluble fraction were proposed first by Brand and Veizer (1980) as a tracer for
contamination during the leaching procedure, because the acid could potentially etch parts of
the aluminosilicate lattice, although the use of acetic acid would largely prevent this (Barber,
1974; Chester and Hughes, 1967). When comparing the CaCO3 content with Al/Ca and Fe/Ca
ratios (Tables S2 and 3), an obvious enrichment in samples with a high non-carbonate detrital
component (clay and marl) becomes apparent (Fig. S1). A high Fe content can, however,
exist in CaCOgs with a possible hydrogenous (e.g., limonite or Fe-oolites; Kuhn et al., 2005) or
diagenetic incorporation of Fe (e.g., dolomite; Barber, 1974). As both Al/Ca and Fe/Ca show
a similar pattern of enrichment in low CaCQOs rock, a clastic origin of high Al and Fe in the
soluble fraction becomes a plausible explanation.

When comparing Al/Ca and Fe/Ca derived from two consecutive leaching stages on the
same sample, the results suggest that contribution from the clastic fraction to the first leach
is, on average, smaller than that of the second leach. Additionally, elevated Fe/Ca of the
second leach is paired with higher Al/Ca and is characterized by a linear relationship, suggesting
increased potential for contamination with the second leaching procedure (Fig. S1 and Table
S1). Reduced buffering capacity against acetic acid of initial low CaCOs3 rock or by consecutive
acid digestion, together with a high clastic content, results in leaching of the non-carbonate
compounds. Comparing Mn/Ca, Sr/Ca and Mg/Ca with Al/Ca of both leaching procedures
does not result in any linear relationship suggesting that etching of the non-carbonate detrital
fraction did not contribute to these elements (Table S1). In summary, lowered CaCQOg3 content

!Corresponding author: Phone: +49 (0) 3020938749, E-mail: martin.schobben@mfn-berlin.de, Postal address:
Museum fiir Naturkunde, Leibniz Institut fiir Evolutions- und Biodiversitatsforschung, Invalidenstr 43, D-10115
Berlin. Germanv
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increases the risk of contamination by the leaching procedure through dissolution of clastic
minerals; however, digestion with weak acetic acid has likely prevented alteration of Mn/Ca,
Sr/Ca and Mg/Ca by the dissolution of the clastic detrital fraction. Besides clastic minerals,
other bulk-rock constituents like Fe-oxides and Mn-oxides are dissolvable in acidic solutions
(Chester and Hughes, 1967; Martin et al., 1987; Neaman et al., 2004). The acetic acid solution
used in this study has an approximate pH of 2 and has particular implications for Mn/Ca, as
lignand promoted and reductive dissolution of Mn-oxide by organic acids enhances solubility of
Mn-oxides (Li and Schwartz, 2004). Fe-oxides, on the other hand, have a lower solubility in
dilute acetic acid (Chester and Hughes, 1967).

Stratigraphic fixed median and appropriate bandwidth selection

To obtain a coherent §'3C record throughout a specific interval sampling should be carried out in
a consistent way, with a fixed sampling density. This is often not possible, for practical reasons
such as absence of suitable limestone horizons. In addition, in the study of catastrophic events
such as the P-Tr boundary interval, sampling tends to be concentrated around the horizon of
interest (e.g., this study; Cao et al., 2009). This approach often results in a biased dataset from
a statistical point of view. Added to this is the possibility of local diagenetic overprinting, such
as in the here presented study, and the fact that bulk-rock carbonate samples are a mixture of
different compounds of possibly different 6'C. Subsampling and smoothing of these datasets
possibly enables meaningful inferences upon these 6'3C records in terms of palacoenvironmental
changes as well as creating a possibility to use §'3C as a stratigraphic tool. This procedure
inevitability reduces the amount of information that can be obtained from the data but it
also highlights the more significant changes within the studied interval that could possibly be
obscured by the aforementioned inferences upon the data.

The method subdivides the studied interval into fixed stratigraphic intervals or bandwidths.
The median is taken from the available §'3C data of this interval and is subsequently taken
as a representative value for the selected interval. The effect of bandwidth selection becomes
visible when plotting a derivative of the produced trend line for consecutive bandwidths (Fig.
S2). With this approach it becomes apparent that with increasing bandwidth less variability is
emphasized within the smoothed curve. For the studied sections, a bandwidth comparative to
one and half times the maximum distance between data points has been chosen, which logically
resulted in stratigraphic bins of at least one data point. This also ensures that a fair amount of
information can be extracted from the data at hand and the respective sampling distribution.
In this way potential local variation in 6'3C, which lies below the minimum sampling density,
caused by mechanisms as mentioned before and within the text, can be excluded. This method
does not take into account differences caused by varying sedimentation rates, which might also
have potential to create discrepancy between 6'3C curves of different sites.

The R source code is provided as a supplement (appendix).
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Appendix

The R source code for the function of the stratigraphic fixed median (or stratmedian):
stratmedian <- function(height, proxy, t){
fixi <- c(seq(range(height)[1], range(height)[2], t), head(height,1))
fixed_carb <- ¢()
er<-c()
for(i in 1:(length(fixi)-1))

if(i==1)

r <- which(height <= fixi[i+1])

fixed_carb <- c(fixed_carb, median(proxy[r], na.rm=TRUE))
er<-c(er, mad(proxy[r], na.rm=TRUE))

}

if(i>1){

r <- which(height <= fixi[i4+1] & fixi[i] <height)

fixed_carb <- c(fixed_carb, median(proxy[r], na.rm=TRUE))
er<-c(er, mad(proxy[r], na.rm=TRUE))

}
}

2 <- fixi+((1/2)*t)

height <- f2[-(length(fixi)-1)]

proxy <- fixed_carb

sdmar<-er

res <- data.frame(height, proxy, sdmar)
Good<-complete.cases(res$height,res§proxy)
res<-res[Good,]

res <- res[order(-res|[,1]), ]

}

The function stratmedian relies on three input parameters; height defines a variable which
stands for stratigraphic heights (alternatively time of a time-series). prozy defines a variable
which stands for the proxy (i.e. §'3C) which will be sub-sampled for the selected bandwidth and
smoothed by application of a median. ¢ stands for the bandwidth (the stratigraphic interval)
used to smooth the data. The smoothed proxy data will be printed as a data frame, containing a
column of new stratigraphic height, smoothed proxy data and the respective standard deviation.
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Figure S 1 — (A) Control experiment to evaluate the effect of CaCOg3 (wt. %) content on contam-
ination by Fe from leaching of the aluminosilicate lattice. (B) Control experiment for the effect of
CaCOg3 (wt. %) content on contamination by Al from leaching of the aluminosilicate lattice. (C)
The effect of artificially lowering CaCOg3 content by two consecutive leaches on the leaching potential
of Al and Fe from the aluminosilicate lattice. The black dots and red diamonds represent the first
and second leach, respectively, and the linear regression line of the second leach is shown in black
(see Table S1).
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Figure S 2 — (A and D) §'3C curves for Kuh-e-Ali Bashi and Zal, respectively. (B and C) These plots
represent the respective derivative calculated from the trend-line of §'3C between each consecutive
interval (stratigraphic height) relating to the chosen bandwidth (x-axis) for Kuh-e-Ali Bashi and
Zal data, respectively. The colors illustrate whether the derivative shows a significant change in
comparison with the derivatives throughout the studied interval of each consecutive bandwidth. The
red areas represent a significant decrease in §'3C as such that the respective derivative is smaller than
68 % (1 o) of all derivatives for each specific bandwidth. The purple area represents a significant
increase in 6'3C such that the respective derivative is larger than 68 % (1 o) of all derivatives for
each specific bandwidth. Light blue areas suggest no change and the derivative of this 63C lies
within the standard deviation (1 o). The solid or dotted lines of the §**C curve and derivative plots
represent the generalized trend for different bandwidths (stratigraphic fixed intervals).
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Figure S 3 — The conversion factor for conodont oxygen isotopes measured on phosphate. Com-
parison between conodont and brachiopod oxygen isotope compositions yields a conversion factor of
8.33 %o to be added to the conodont values relative to VSMOW, resulting in the stippled line. The
second approach constitutes a back-calculation from palaeotemperatures based on conodont oxygen
isotope composition by using the temperature equilibration of Kim and O’Neil (1997), resulting in
the solid line. The palaeotemperature from conodont isotope signatures were initially calculated by

the function of Pucéat et al. (2010). Note, the offset between the two different approaches, which
converge towards lower values.
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Figure S 4 — §13C, §'®0, Mn/ Ca, Sr/Ca and Mg/Ca of both bulk-carbonate fraction from the
Meishan B section (Jin et al., 2000; Riccardi et al., 2006). The red circles of the bulk-rock §'3C and
5180 are used to show elevated Mg/Ca (>mean + standard deviation; 1o). Note that elevated Mg
are linked to increased whole-rock §'®0, which is typical for dolomite. In addition, similar to the
Kuh-e-Ali Bashi 1 and Zal section enriched Mg are linked to higher Mn/Ca values. Conodont zones;
(I) C. changzingensis, (II) C. yini, (IIT) C. meishanensis, (IV) C. zhejiangensis — H. changzingensis,
(V) H. parvus (Yuan et al., 2014).
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Table S 1 — Results for a linear model fit of different chemical parameters and consecutive leaching
procedure, with Al/Ca indicating the degree of contamination by leaching from the aluminosilicate
lattice. Goodness of correlation is shown by Pearson 12, significance as the p-value, and the degrees
of freedom by n. High Pearson r? suggests a good correlation, whereas low p-values stand for a
significant correlation.

x (response) y (terms) Peasron1?  p-value n
1st leach Al/Ca Fe/Ca 0.16 2.00E-02 33
2nd leach 0.54 4.10E-05 22
1st leach Al/Ca Mn/Ca 0.10 1.00E-02 58
2nd leach 0.29 1.00E-02 22
1st leach Al/Ca Sr/Ca 0.01 3.70E-01 58
2nd leach 0.07 2.30E-01 22
1st leach Al/Ca Mg/Ca 0.05 9.00E-02 58
2nd leach 0.10 1.40E-01 22
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Table S 2 — Geochemical results for Kuh-e-Ali Bashi. CaCOg3 (wt. %) partly given in Ghaderi et al. (2014). 2"* stands for the order of consecutive elemental

analysis on the same sample.

Height Lithology 13Carp00 0y CaCO3*Sr/CagoMg/CagoMn/Cag Al/Cag Fe/Cage Sr/Cage 2ndMg/Cage 2ndMn/Cag,, 2ndAl/Cag,y 2ndFe/Cagy 2nd
4.50 platy limestone -0.4 -6.8 95 1.0 16.4 0.9 1.1 NA NA NA NA NA NA
4.35 platy limestone -0.1 -5.9 93 NA NA NA NA NA NA NA NA NA NA
4.12 platy limestone -0.3 -7.1 97 1.1 14.6 0.7 1.1 0.5 NA NA NA NA NA
4.05 platy limestone -0.2 -7.1 97 1.1 11.0 0.7 1.1 NA 1.1 14.7 0.7 1.3 2.1
3.90 platy limestone -0.1 -5.7 93 NA NA NA NA NA NA NA NA NA NA
3.85 platy limestone -0.4 -6.7 NA NA NA NA NA NA NA NA NA NA NA
3.65 platy limestone -1.1 -7.0 96 NA NA NA NA NA NA NA NA NA NA
3.50 platy limestone -1.4 -6.7 96 0.9 13.6 0.8 0.9 0.0 NA NA NA NA NA
3.30 platy limestone -0.5 -6.7 NA NA NA NA NA NA NA NA NA NA NA
3.15 platy limestone -1.1 -6.5 95 NA NA NA NA NA NA NA NA NA NA
3.07 platy limestone -0.5 -6.4 98 1.6 13.9 1.1 1.1 NA 1.4 11.3 0.8 1.2 0.6
3.01 platy limestone -0.8 -6.7 97 NA NA NA NA NA NA NA NA NA NA
2.91 platy limestone -0.5 -6.4 96 1.0 12.6 0.9 0.9 0.0 NA NA NA NA NA
2.80 platy limestone -0.4 -6.7 94 0.8 13.6 1.3 0.9 0.0 NA NA NA NA NA
2.65 platy limestone -0.4 -6.7 95 0.7 14.2 1.2 0.9 0.0 NA NA NA NA NA
2.35 platy limestone -0.4 -7.0 93 0.7 12.5 1.6 0.9 0.0 NA NA NA NA NA
2.30 platy limestone -0.9 -7.3 91 0.7 13.1 1.5 0.9 0.0 NA NA NA NA NA
2.20 platy limestone -1.4 -6.8 89 0.6 11.9 1.7 1.1 NA 0.6 10.7 1.7 1.3 1.1
2.05 nodular limestone -0.4 -6.7 96 0.7 14.3 1.8 1.2 NA 0.7 13.3 1.8 0.9 0.0
2.00 nodular limestone -1.2 -7.1 82 NA NA NA NA NA NA NA NA NA NA
1.94 nodular limestone -0.9 -8.1 88 NA NA NA NA NA NA NA NA NA NA
1.70 nodular limestone -1.9 -7.0 68 0.4 18.4 3.1 1.1 NA 0.3 30.3 3.6 1.8 1.2
1.61 nodular limestone -2.2 -7.3 56 0.6 12.8 2.5 1.0 NA 0.4 25.8 3.1 1.8 1.9
1.54 nodular limestone -2.6 -7.1 66 0.4 20.4 2.1 0.9 0.0 NA NA NA NA NA
1.48 nodular limestone -1.5 -7.3 85 0.6 17.4 2.4 0.9 0.0 NA NA NA NA NA
1.41 nodular limestone -2.1 -7.3 79 0.5 17.0 2.7 1.1 NA 0.7 12.6 2.8 1.4 1.1
1.37 nodular limestone -1.8 -7.4 88 0.5 15.4 2.4 0.9 0.0 NA NA NA NA NA
1.33 nodular limestone -1.7 -7.3 80 0.6 15.9 1.9 1.1 NA 0.6 13.6 2.0 1.3 0.4
1.29 nodular limestone -2.8 =77 73 0.5 30.8 2.4 1.9 0.0 NA NA NA NA NA
1.24 nodular limestone -1.1 -6.9 54 0.6 16.5 2.2 0.9 0.0 NA NA NA NA NA
1.21 nodular limestone -2.0 -7.5 53 NA NA NA NA NA NA NA NA NA NA
1.18 nodular limestone -1.6 -7.1 70 0.4 17.5 2.5 1.2 NA 0.4 13.3 3.0 1.4 0.4
0.90 clay -0.8 -7.0 7 0.5 17.8 2.3 1.0 0.1 NA NA NA NA NA
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Table S 2 — Geochemical results for Kuh-e-Ali Bashi. CaCOg3 (wt. %) partly given in Ghaderi et al. (2014). 2"* stands for the order of consecutive elemental
analysis on the same sample.

Height Lithology 13Carp00 0y CaCO3*Sr/CagoMg/CagoMn/Cag Al/Cag Fe/Cage Sr/Cage 2ndMg/Cage 2ndMn/Cag,, 2ndAl/Cag,y 2ndFe/Cagy 2nd
0.85 clay -0.6 -6.9 84 0.5 17.7 2.7 1.2 NA 0.5 18.1 3.1 1.4 0.8
0.75 clay -0.4 -6.8 70 0.4 18.8 3.4 1.0 0.0 NA NA NA NA NA
0.73 clay -1.3 -7.1 67 0.4 40.4 3.1 2.9 0.1 NA NA NA NA NA
0.56 clay -0.9 -6.3 50 0.3 16.5 2.4 1.0 0.0 NA NA NA NA NA
0.50 clay -1.3 -7.3 63 0.3 21.4 1.7 1.0 0.0 NA NA NA NA NA
0.45 clay -0.4 -7.0 80 0.4 18.0 2.4 1.0 0.0 NA NA NA NA NA
0.40 clay 0.4 -4.9 66 0.5 92.4 3.4 1.0 0.0 NA NA NA NA NA
0.35 clay -0.2 -5.2 25 0.6 592.1 11.9 2.6 3.3 NA NA NA NA NA
0.28 clay -1.1 -6.6 18 0.4 51.3 3.7 6.5 1.3 NA NA NA NA NA
0.20 clay -1.1 -4.3 19 0.5 40.1 3.2 3.7 0.3 NA NA NA NA NA
0.05 clay -0.9 -6.5 27 0.6 43.0 2.7 6.9 0.3 NA NA NA NA NA
0.00 clay 0.6 -6.7 92 0.7 21.1 2.3 1.0 0.0 NA NA NA NA NA
-0.05 nodular limestone 1.2 -6.6 92 0.7 21.3 2.3 1.1 0.2 NA NA NA NA NA
-0.10 nodular limestone 1.8 -5.5 86 0.6 20.4 1.6 1.1 NA 0.5 23.4 1.6 1.0 0.0
-0.15 nodular limestone 1.4 -6.1 86 0.6 17.4 1.9 1.1 0.1 NA NA NA NA NA
-0.30 nodular limestone 1.5 -6.2 88 0.6 13.9 1.5 1.0 0.0 NA NA NA NA NA
-0.48 nodular limestone 2.4 -5.2 91 0.6 20.2 1.2 1.2 NA 0.6 21.0 1.4 1.5 1.0
-0.56 nodular limestone 24 -5.2 92 0.6 20.6 1.3 1.0 NA 0.5 23.0 1.3 1.5 1.4
-0.65 nodular limestone 2.2 -5.1 90 NA NA NA NA NA NA NA NA NA NA
-0.71 nodular limestone -0.7 -6.2 91 0.5 11.7 1.1 0.9 0.0 NA NA NA NA NA
-0.80 nodular limestone 2.5 -5.3 97 0.6 21.7 1.4 1.1 NA 0.5 25.1 1.1 1.0 0.0
-0.90 nodular limestone 1.7 -5.8 93 0.5 12.1 1.2 1.2 NA 0.6 18.8 1.5 1.0 0.0
-1.00 nodular limestone 2.8 -4.8 90 NA NA NA NA NA NA NA NA NA NA
-1.05 nodular limestone 2.5 -5.9 NA NA NA NA NA NA NA NA NA NA NA
-1.07 nodular limestone 2.4 -5.7 96 0.6 16.7 1.4 1.2 NA 0.6 19.8 1.5 1.1 0.1
-1.15 nodular limestone 2.9 -4.8 97 NA NA NA NA NA NA NA NA NA NA
-1.30 nodular limestone 2.8 -5.1 90 0.7 19.4 1.6 1.1 NA 0.5 21.9 1.3 1.4 0.9
-1.40 nodular limestone 3.1 -4.0 93 0.7 19.7 1.6 1.1 NA 0.6 20.1 1.4 1.4 0.6
-1.48 nodular limestone 2.7 -5.1 89 0.6 20.0 1.8 1.0 0.0 NA NA NA NA NA
-1.55 nodular limestone 1.8 -5.8 89 NA NA NA NA NA NA NA NA NA NA
-1.70 nodular limestone -1.4 -6.1 92 0.5 13.7 1.5 1.1 NA 0.4 14.1 1.3 1.3 0.3
-1.85 nodular limestone 2.3 -5.8 98 0.6 13.7 1.5 1.1 NA 0.4 12.8 1.2 1.3 0.4

-2.00 nodular limestone 2.9 -5.1 NA NA NA NA NA NA NA NA NA NA NA
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Table S 2 — Geochemical results for Kuh-e-Ali Bashi. CaCOg3 (wt. %) partly given in Ghaderi et al. (2014). 2™ stands for the order of consecutive elemental
analysis on the same sample.

Height Lithology 13Carp00 0y CaCO3*Sr/CagoMg/CagoMn/Cag Al/Cag Fe/Cage Sr/Cage 2ndMg/Cage 2ndMn/Cag,, 2ndAl/Cag,y 2ndFe/Cagy 2nd
-2.02 nodular limestone 3.2 -4.9 90 0.6 20.3 1.7 1.0 0.0 NA NA NA NA NA
-2.20 nodular limestone 3.3 -4.9 93 0.6 16.0 1.5 1.1 NA 0.6 20.6 1.7 1.3 0.8
-2.40 nodular limestone 3.2 -4.9 96 0.6 17.0 1.8 1.1 NA 0.6 19.3 1.8 1.4 0.8
-2.45 nodular limestone 2.9 -4.2 96 NA NA NA NA NA NA NA NA NA NA
-2.65 nodular limestone 3.4 -5.1 92 0.6 23.2 1.6 1.0 0.0 NA NA NA NA NA
-2.95 nodular limestone 3.5 -4.7 90 NA NA NA NA NA NA NA NA NA NA
-3.10 nodular limestone 3.2 5.4 91 NA NA NA NA NA NA NA NA NA NA
-3.30 nodular limestone 3.1 -4.9 91 NA NA NA NA NA NA NA NA NA NA
-3.40 nodular limestone 3.2 -4.9 92 0.6 22.7 2.8 0.7 NA 0.5 20.9 1.9 1.4 0.6
-3.80 nodular limestone 3.1 -5.3 92 0.6 17.1 2.0 1.0 0.0 NA NA NA NA NA
-4.10 nodular limestone 3.4 -4.7 91 0.6 23.6 2.0 0.6 NA 0.5 22.4 1.9 1.2 0.3
-4.40 nodular limestone 3.2 -4.5 91 0.6 21.7 2.5 1.0 0.1 NA NA NA NA NA
-4.80 nodular limestone 2.6 -5.5 93 0.6 20.3 3.0 0.9 0.0 NA NA NA NA NA
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Table S 3 — Geochemical results for Zal. 2" stands for the order of consecutive elemental analysis on the same sample.

Height Lithology 13Carp0'8 0y CaCO3 (wt. %)Sr/CageMg/CagoMn/CageAl/CasySr/Cage 2ndMg/Cage 2ndMn/Cago 2ndAl/Cag,y 2nd
10.95  platy limestone 0.8 -6.5 98 0.69 14.99 0.63 0.63 0.67 16.16 0.68 1.32
10.05  platy limestone 04 -7.2 95 3.42 10.58 0.29 NA NA NA NA NA
9.40 platy limestone 0.3 -7.2 NA NA NA NA NA NA NA NA NA
8.45 platy limestone 0.1 -7.4 95 0.86 16.18 0.63 NA NA NA NA NA
7.15 platy limestone -0.3 -6.9 88 3.00 17.95 0.52 NA NA NA NA NA
6.85 platy limestone -0.3 -7.3 91 1.18 15.05 0.61 NA NA NA NA NA
5.30 platy limestone -0.5 -6.8 95 1.15 9.76 0.61 0.77 1.26 10.17 0.49 0.95
4.80 platy limestone -0.5 -6.2 94 0.84 17.48 0.59 NA NA NA NA NA
4.15 platy limestone -0.4 -6.8 96 2.57 11.10 0.59 NA NA NA NA NA
3.60 platy limestone -0.6 -7.8 NA NA NA NA NA NA NA NA NA
3.05 platy limestone -0.6 -6.7 91 1.01 16.83 0.98 NA NA NA NA NA
2.40 platy limestone -0.6 -6.7 94 0.92 21.64 0.99 NA NA NA NA NA
2.00 platy limestone -0.9 -6.4 7 2.28 22.01 3.29 NA NA NA NA NA
1.20 platy limestone 0.1 -8.3 84 0.62 37.78 1.72 NA NA NA NA NA
0.92 platy limestone -0.1 -7.2 88 0.71 20.83 2.50 0.63 0.53 34.72 3.08 1.61
0.76 platy limestone 0.0 -7.0 87 0.84 22.82 1.70 NA NA NA NA NA
0.74 platy limestone 0.1 -8.3 88 0.55 21.54 1.36 0.65 0.40 25.99 1.64 1.43
0.73 platy limestone 0.6 -3.0 NA NA NA NA NA NA NA NA NA
0.72 platy limestone 0.2 -7.0 79 0.85 33.59 2.24 NA NA NA NA NA
0.69 platy limestone 0.2 -7.3 84 0.69 24.50 1.65 NA NA NA NA NA
0.67 platy limestone 0.5 -6.8 87 0.75 55.77 1.33 NA NA NA NA NA
0.65 platy limestone 0.3 -6.7 85 1.05 41.78 1.10 NA NA NA NA NA
0.40 clay 0.9 -7.4 80 0.95 21.68 1.51 NA NA NA NA NA
0.35 clay 1.3 -6.3 81 1.10 252.38 341 NA NA NA NA NA
0.30 clay 1.5 -6.1 66 1.15 396.41 4.38 NA NA NA NA NA
0.25 clay 1.3 -6.4 55 1.38  423.19 5.25 NA NA NA NA NA
0.20 clay 1.4 -7.2 35 0.76 40.36 1.73 NA NA NA NA NA
0.16 clay 1.6 -6.1 70 1.33 218.38 3.79 NA NA NA NA NA
0.12 clay 1.4 -6.4 61 1.14  312.71 4.25 NA NA NA NA NA
0.10 clay 0.8 -7.0 49 0.68 20.47 1.49 0.80 0.52 23.06 2.02 0.96
0.08 clay 1.6 -6.1 87 0.71 26.38 1.38 NA NA NA NA NA
0.05 clay 1.6 -6.9 62 0.73 19.92 1.29 NA NA NA NA NA
0.04 clay 1.6 -6.4 84 NA NA NA NA NA NA NA NA
0.00 nodular limestone 1.3 -7.3 80 0.75 19.79 1.74 NA NA NA NA NA
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Table S 3 — Geochemical results for Zal. 2" stands for the order of consecutive elemental analysis on the same sample.

Height Lithology 13Carp0'8 0y CaCO3 (wt. %)Sr/CageMg/CagoMn/CageAl/CasySr/Cage 2ndMg/Cage 2ndMn/Cago 2ndAl/Cag,y 2nd
-0.03 nodular limestone 1.5 -5.5 72 NA NA NA NA NA NA NA NA
-0.65 nodular limestone 2.1 -5.6 72 NA NA NA NA NA NA NA NA
-1.15 nodular limestone 2.5 -5.5 89 0.58 20.92 1.14 0.71 0.43 20.57 1.12 0.97
-2.00 nodular limestone 2.5 -5.1 89 NA NA NA NA NA NA NA NA
-2.85 nodular limestone 3.4 -4.8 90 0.73 19.54 1.58 0.64 0.45 22.56 1.26 1.40
-3.70 nodular limestone 3.2 -5.3 93 0.64 22.24 1.58 NA NA NA NA NA
-5.00 nodular limestone 3.3 -5.0 NA NA NA NA NA NA NA NA NA
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A flourishing ocean caused the marine Late Permian mass extinction



SUPPLEMENTARY INFORMATION

1 Supplementary methods and materials

1.1 Localities

The Kuh-e-Ali Bashi 1, sensu ref.1, (38.940 °N, 45.520 °E) and Zal (38.733 °N, 45.580 °E) sections of
the Julfa region (NW Iran, Extended Data Fig. 1) are situated on the north-northeastern margin of the
NW Iranian Terrane, belonging to the Cimmerian Microcontinents during the latest Permian (Extended
Data Fig. 1). Carbonate rock successions in this area spanning the Permian-Triassic (P-Tr) boundary
interval can be divided into two major lithological units: the Ali Bashi Formation of which the Paratiro-
lites Limestone Member marks the upper part and the Zal Member the lower part. The Aras Member
sensu ref. 2 (or ‘Boundary Clay’) and the following limestone unit, belonging to the Elikah Formation
(Extended Data Figs. 2 and 3). The Zal Member consists, dominantly, of shales with some intercalations
of limestone and marls. CaCO3 contents of the red nodular Paratirolites Limestone beds ranges between
70 and 90 wt. % (ref. 2), and rocks are classified as argillaceous limestone. The latter unit contains
abundant hardground features, such as ferromanganese crusts, microbial encrustations and hardground
intraclasts. Macrofossil assemblages consist of rare ammonites, nautiloids, rugose corals and brachiopod
shells. Microfossil assemblages consist of abundant conodont elements and actinopterygian teeth. This
unit is conformably overlain by the Aras Member which records a marked reduction of CaCOj3 to about
18 wt. %?. Fossil remains become rare in this unit but ostracods, sponge remains, bellerophontids and
conodont elements can still be found. The Elikah Formation with predominant limestone beds follows
the clay-rich Aras Member. A slight difference between the two sections exists, where the lower part
of the latter unit at the Kuh-e-Ali Bashi section resembles the Paratirolites Limestone, the Zal section is
marked from the base onward with a platy limestone lithology.

1.2 Carbonate-associated sulphate (CAS) extraction and isotope analysis

The applied CAS extraction method minimizes the potential alteration of the CAS-sulphur or oxygen
isotope signal during the analytical procedure by the use of subsequent NaCl leaches?. The NaCl leaches
are precipitated with a BaCl, solution and, subsequently, the concentration of the sulphate fraction not
structurally substituted within the CaCOj3 lattice (leachable non-CAS) is determined gravimetrically.
These steps are repeated until no leachable non-CAS is observed. In follow up, acid digestion of the
sample is performed with 25 % HCI under restricted atmospheric exchange and in a time window in
generally not more than 3 hours to prevent oxidation of sulphide species*. The sulphate of the digested
carbonate rock (i.e. the CAS fraction) is also precipitated as barium sulphate and CAS concentrations
are gravimetrically determined. The sulphur isotopic composition of the leachable non-CAS and CAS
was obtained by an Elemental Analyzer connected to a ThermoFinnigan Delta Plus mass spectrometer.
Precision was confirmed by repeated measurements on the international standards (IAEA-S-1, IAEAS-2,
IAEA-S-3, NBS127) and internal lab standards (CdS, Ag2S). This yielded an accuracy of 0.09 %o and
a reproducibility on average better than 0.40 %o¢ (Supplementary Table 1). The oxygen isotopic compo-
sition of the leachable non-CAS and CAS was measured with a TC/EA interfaced to a ThermoFinnigan
Delta Plus XL mass spectrometer. International standards (IAEA-SO-5, IAEA-SO-6, NBS127) and an
in-house standard (BaSO,4) were used to determine the precision of the procedure. This resulted in an
accuracy of 0.40 %o and a reproducibility of &= 0.80 %o (Supplementary Table 2).

1.3 Chromium reducible sulphur (CRS) extraction and isotope analysis

The CRS content was extracted from the remaining residue after the CAS extraction by the chromium
reduction method?. Under continuous N, flow, samples were reacted with HCI and chromium powder to
produce acidic chromium chloride and were heated to a gentle boil for 1.5 hours. Sulphur was trapped
as zinc sulphide in a zinc acetate solution and converted to silver sulphide for filtrating and drying. The
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CRS concentrations were determined gravimetrically. For sulphur isotopic analyses (8°*Scgs), extracted
silver sulphide was weighed into tin capsules with added V;,Os to aid in combustion. Isotope measure-
ments were performed on a Costech Elemental Analyzer ECS 4010 connected to a Thermo Delta V+
Isotope Ratio Mass Spectrometer. Precision was confirmed by repeated measurements on the interna-
tional standards (IAEA-S-1, IAEAS-2, IAEA-S-3, NBS127) and resulted in an accuracy of 0.24 %o and
a reproducibility better than 0.40 %eo.

2 Supplementary discussion

2.1 Facies description

The successive lithological change from dominantly clastic to nodular Paratirolites limestone has been
related to drowning of the carbonate platform®’. This notion is enforced by lithological features, such
as frequent hardgrounds as well as the distinctive iron colour of the latter unit—plausibly related to au-
thigenic iron accumulation, and suggest a low rate of carbonate accumulation®®, and see ref. 10. The
Zal Member in contrast to the Paratirolites Limestone Member probably had a higher siliciclastic input
and, hence, higher sedimentation rates. Deposition of these units occurred at a depth below the storm
wave base in a well oxygenated environment by a productive skeletal carbonate factory®’-!!. The Aras
Member has been assigned to increased terrigenous input, based on the thickness of this unit®, express-
ing, possibly, high sediment accumulation rates''. Although concomitant reduced carbonate production
could have been equally important, e.g. see ref. 6,10. However, depth of deposition was likely still be-
low storm wave base in an oxic environment, based on ostracod assemblages“*u. Somewhat higher CRS
values in this unit might relate to a higher local production of sulphide by MSR (Supplementary Tables
3 and 4). Increased pyrite content, or other iron sulphides, in the sediment can be a function of lower
oxygenation or higher OC availability, but the two parameters are likely linked, e.g. see ref. 13. The
sulphide-oxygen front, at these sites, was most likely located within the sediments as a high resolution
microfacies analysis, by ref. 10, did not reveal framboidal pyrite, a sign of water column sulphide, see
ref. 14. A continuation of deep-water conditions, especially for the nodular lithology, which resembles
the pre-extinction strata—deep water facies, has been implied for the first few meters above the Aras
Member at the Kuh-e-Ali Bashi site. The platy limestone beds of the Elikah Formation might, however,
indicate a somewhat shallower depth'” but no high amplitude sea level changes®!°. Lithological indices
for pervasive anoxia and euxinia, such as framboidal pyrite or high OC accumulation, are absent. Assem-
blages of ostracods together with abundant bivalve specimens, Claraia, might, however, indicate slight
or episodic dysoxic bottom water conditions®!!.

2.2 Timescale

U-Pb geochronology has provided absolute dates for the chemo- and biostratigraphically well-resolved
P-Tr GSSP of Meishan'>~!7. Recent advances in U-Pb dating with ID TIMS and especially the use of a
more precisely calibrated tracer solution (EARTHTIME) resulted in dates with an analytical uncertainty
less than 100 kyr'8. We used the radiometric datums of ref. 18 to make linear interpolations for conodont
zones of the Meishan section, taken from ref. 19. Notably the top of H. hindeodus zone is 251.873
£ 0.004 Mya and the first occurrence datum (FAD) of C. yini is 252.046 Mya. In addition, the FAD
of H. hindeodus is 251.902 + 0.024 Mya, the ‘extinction horizon’ (base bed 25 Meishan) is 251.941+
0.037 Mya from ref. 18 FAD of C. wangi: 254.150 Mya from ref. 17, are used in the age model. The
linear interpolations have some inherent uncertainties, which can be potentially large as used sediment
accumulation rates may not account for hiatuses in the Meishan section. However, these datums present,
in our opinion, the best possibility to construct a timeframe for the studies sites in NW Iran. Recently
developed Late Permian high-resolution conodont zonation constructed by the sample-population taxo-
nomic approach for the Kuh-e-Ali Bashi sections as well as for Meishan, together with some new data
for the Early Triassic in Iran (Extended Data Fig. 4), tentatively enables to correlate these sections'®%’.
However, inconsistencies arise when correlating the base of the C. bachmanni zone of the P-Tr section
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in NW Iran with the base of the C. yini zone of the Meishan section as proposed by ref. 21. The resulting
sedimentation rates for the Paratirolites Limestone Member and the Zal Member seem to contradict with
the facies interpretation of these units (Extended Data Fig. 5 and section Facies). The inconsistency
relating to conodont biozones correlation, could possibly relate to endemism in the south Chinese basin
from the base of the H. changhxingensis zone up to the ‘extinction horizon’!!. The ‘extinction horizon’
and the marker species for the Triassic can be traced to the south Chinese sections with relative great
confidence!!. We consider a sedimentation rate of 0.3 cm kyr~! for the Paratirolites Limestone Mem-
ber. This is similar to sedimentation rates obtained, by using the same conodont dates, for the uniform
nodular limestone unit that spans the complete Changhsingian of the Abadeh section (central Iran, Ex-
tended Data Fig. 5). In addition, a sedimentation rate of about 0.3 cm kyr~!, is typical for these kind
of lithlogies?>** and agrees with inferences from ref. 6. The pre-extinction samples, belonging to the
Faratirolites Limestone Member, together with, the post-extinction samples, can in this way be placed
into a temporal framework for the sites in NW Iran with relative confidence.

2.3 Reliability of the CAS proxy

Sulphate is incorporated into the calcite lattice as an anion substitution with no apparent fractiona-
tion of the sulphur isotopes and would therefore record the §3*S composition of the ambient seawater
sulphate®*?>. The reliability of CAS oxygen isotopes in recording certain aspects of the global sulphur
cycle has been acknowledged in a recent study of ref. 26. However, they pointed out that questions re-
main about the influence of possible vital fractionation effects and specific microhabitats upon 8'3O¢s.
In contrast, other studies*?’, have shown that ancient CAS oxygen isotopes agree well with time equiv-
alent §'%0 from sulphate locked in evaporites, suggesting that §'80¢4s can be a proxy for seawater
chemistry. Multiple high amplitude variations in the isotopic composition of CAS - thought to repre-
sents original seawater chemistry - has been used to explain scenarios describing the end-Permian mass
extinction?”-?8. This large §3*Scas variability, however, may also reflect post-depositional alteration®s.

CRS, leachable non-CAS and CAS are marked with distinct isotopic values (Extended Data Fig.
6). Based on this observation we imply that leachable non-CAS and CRS could be potential sources to
alter the original isotopic composition of CAS. Hence, to identify possible alteration of the CAS isotope
signature, the relative abundance of CRS, leachable non-CAS and CAS for each sample is helpful in this
respect. More so, considering the evidence that initial large CAS concentrations buffer against diagenetic
overprinting of the isotope signal>®*?. To approximate the likelihood that our obtained isotope values
reflect ambient seawater sulphate-83*S and §'30, concentrations of CRS and non-CAS sulphate relative
to CAS are compared with §3*Sc4s of each sample (Extended Data Fig. 7).

Samples with comparatively high CRS seem to be prepositioned towards lower §3*Sc4s, whereas
both depleted and enriched values dominate the sample population marked by a relatively high amount of
leachable non-CAS (Extended Data Fig. 7). Noteworthy, is that depleted values of §3*S¢,s, accompanied
by high CRS/CAS or leachable non-CAS/CAS, are mainly found at a low CaCOs % interval around
the ‘extinction horizon’, especially for the Kuh-e Ali Bashi (Extended Data Figs. 2, 3 and 7). It is
therefore perceivable that these depleted §34Scys from low carbonate samples and consequentially low
CAS concentrations are in part an effect of the oxidation of sulphide species, such as H,S, or sulphide
minerals, such as pyrite or greigite, during the rock diagenesis*3!. These likely altered §3*Sc4s lie in
the same range as the low §>*S values of the CRS and leachable non-CAS fractions (Extended Data
Fig. 6). In addition, these low-carbonate rocks are also marked by some depleted §'30¢y4s relative to
values bracketing those (Extended Data Fig. 2 and 3). The concomitant low 53*Scas and 88045 of
this interval in the Kuh-e-Ali Bashi section results in a positive correlation with §3*SCAS (de-trended
r? =0.71). This observation suggests a common mechanism for these paired low 53*Scas and 8'80¢ug
for which oxidation of sulphide is the most likely one. This chemical reaction mainly uses H,O as an
oxygen source with a value close to VSMOW*32,

On the other hand, some of the samples, mainly from the Triassic part of the Zal section, with
relative high leachable non-CAS concentrations are marked by enriched o 34Sc4s. These enriched values
could be suggestive of an isotopic evolution reflecting progressing MSR in an evolving sulphate pool
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approaching closed system conditions*. This would also agree with the often enriched §'®Oc,s and

534S from leachable non-CAS and CRS, respectively (e.g., ZI 4.15 and 10.05m, see Supplementary
Tables 3 and 4). Enriched sulphate-83*S produced by the isotope fractionation associated with MSR
might be incorporated during authigenic carbonate formation. More so, as post-depositional carbonate
precipitation could be a direct result of increased pore water alkalinity due to sulphate reduction®®. As
such, we argue that the ratios of CRS and leachable non-CAS with CAS provide a good impression of
the likelihood that an actual seawater sulphate isotope signal is recorded in CAS. Based on the density
distribution (Extended Data Fig. 7), CRS/CAS of 0.1 and non-CAS/CAS of 0.4 are used as static cut-
off boundaries for the here-presented CAS isotope values. The resulting time series for §°*Sc4s and
5'80¢y4s, with the highest probability of capturing seawater sulphate, show close to identical isotope
patterns (Fig. 1).

2.4 Steady state P-Tr S cycle model

The observed lower background value for Late Permian marine sulphate is 17%o, considering the mea-
sured pre-extinction §°*Scg (Fig. 1). Low S isotope marine sulphate can be considered to reflect either
a change in S input, specifically the input of S with a lower isotopic composition or reduced global pyrite
burial, e.g. see ref. 34. We hypothesize that exposed Carboniferous and Permian strata on the continents
were rich in isotopically depleted pyrite sulphur®*. Hence, to achieve steady state, we solved the follow-
ing equation for 8,,, assuming that Aysr is 35 %o, e.g. ref. 36, 37, and taking Holocene values for the
other parameters (Supplementary Table 5.)

S — Fp(5504 + AMSR) +Fe6SO4 - Qv5v + Qmém
w = SDH
Ow

This calculation yielded a value of 1.9 %o for 8,,, which is in the lower range of presently observed
values®®3°. Low oxygen isotopic values for the weathering flux, normally assumed e.g. ref. 40 cannot,
however, equate for the Permian background o 180504 values of 17 %o, as observed in 8'80¢ug (Fig.
1). A different mechanism is required to explain this feature. The fluxes associated with anhydrite
formation (Fy) and subsequent sulphide oxidation (Q;) by cycling of seawater through oceanic crust at
hydrothermal systems, which only have a net effect on the S isotope part of S cycle by (Q,,)*°, present a
good candidate. We postulate that Fy and O, could have been more important during this time interval.
We estimated the difference in F; to Holocene values by solving the following equation:

Q0,6 + 016, + 010 + Qoxox) — Fusr(6s0, + Amsr) + Fe0so,

(
F,—
‘ 050,

(52)

Keeping Q,, constant, required for the S isotope part of the S cycle, necessitates a concomitant
change in Oy, seen in equation (5). The cycling of seawater to oceanic crust would be 5.2 times larger
than e.g. proposed by ref. 37 to sustain steady state with P-Tr background values. Initial steady state
between the OC (M, ) and sulphate (Mso,) reservoirs was reached by drawing a linear relation between
primary productivity (Q,,) and sulphate weathering flux (Q,,) and using initial values to calculate this
linear relation.

2.5 Sensitivity experiments

By conducting sensitivity experiments we determined if the solutions with a best fit to the data are
unique or can be explained in alternative scenarios. A critical aspect of the Permian and Triassic is
the necessity of lowered marine sulphate levels with respect to modern levels. A low oceanic sulphate
reservoir can explain sulphate isotope excursions constrained to short time intervals—shorter than the
residence time of marine sulphate (sub-million year)—without unrealistically large changes in fluxes*!.
This would be most appropriate for the excursions in the records of sulphate-sulphur and oxygen isotope
presented here which occur within an interval smaller than 40 kyr. This would require that estimates for

P-Tr sulphate levels ranging from 18 mM*? , based on fluid inclusion in marine late Permian halite, to
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<4 mM, based on rate variation of 100 % Myr~! in sulphur isotopes in the Early Triassic, and suggested
to be a consequence of, e.g., evaporite deposition during the Permian*! are valid. We test the influence of
the initial seawater sulphate concentration by performing each experiment with a spectrum of sulphate
concentrations between 2-18 mM (Extended Data Figs. 8 and 9).

A scenario to explain the observed S cycle perturbation is volcanism?’, besides scenarios associated
with the fluxes of MSR?®. Total volume of S released by volcanism outgassing of basalts produced by
the Siberian trap is estimated as 6300-7800 Gt*2, with S isotope values close to values for background
volcanism. Although crustal contamination of evaporite derived S has been suggested to enrich evolved
sulphate with 3*S, this mechanism does in general not drive S isotope values higher than 5 %¢*. The
main eruption phase of the Siberian Trap basalts has been constrained to a short magmatic event <2 Ma,
with the main phase correlated with bed 24 in Meishan®’. Based on conodont correlation, this is close
to the ‘extinction horizon” found at the studied sites in NW Iran. Volcanic pulses of less than 10* years
may have contributed to concentrated fluxes of volatiles into the atmosphere, in maybe as much as 25
pulses**#®, This would constitute a ~ 30 times bigger S flux then background volcanism, based on the
accumulative volatile release during these pulses. The sulphate oxygen isotope composition of this flux
could near 34 %o when considering that equilibrium between water and sulphate is faster in an acidic
medium??. Acidic meteoric water associated with Siberian trap volcanism could be realistic as concomi-
tant land-plant deconstruction has been related to acid rain*’. When constructing a model scenario with
these boundary conditions, however, an excursion as observed in the geochemical data requires unrealis-
tic large sulphate contributions from volcanism over an extended period of time (Extended Data Fig. 8).
Based on a set of analysis with our S-Cycle coupled to an OC pool, we consider an increased weathering
flux as most probable for producing a deviating pattern of sulphate-534S and §'80. This scenario does
not necessitate unrealistic changes in in the isotopic composition or sizes of fluxes. The simultaneous
reduction of S burial as pyrite, and S input via weathering can explain the negative sulphate S isotope
excursion as observed in CAS, without temporary sequestration of microbially produced H,S as pro-
posed by ref. 27, 28, which is unlikely as pre-extinction large-scale bottom water anoxia in a stagnant
ocean has been largely dismissed*®*°. A low marine sulphate level (2 mM) for the later Permian to Early
Triassic ocean, as proposed by ref. 41, 50, is, however necessary to allow fluctuations in §3*Sg,.
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Extended data Figure 2 — Stratigraphic column of the Kuh-e-Ali Bashi 1 section. Lithological column
and stratigraphic position of §3*Scgs, §3*Scas and 8'80csg. Conodont zones: (11) I staeschei, (10) H.
lobota, (9) H.parvus, (8) M. ultima - S. ?mostleri, (7) H. praeparvus-H. changxingensis, (6) C. hauschkei, (5)
C. abadehensis, (4) C. yini, (3) C. nodosa, (2) C. bachmanni, (1) C. changxingensis.
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Extended data Figure 3 — Stratigraphic column of the Kuh-e-Ali Bashi 1 section. Lithological column
and stratigraphic position of 83*Scgs, 83*Scas and §'80¢ss. Conodont zones: (11) I staeschei, (10) H.
lobota, (9) H.parvus, (8) M. ultima - S. ?mostleri, (7) H. praeparvus-H. changxingensis, (6) C. hauschkei, (5)
C. abadehensis, (4) C. yini, (3) C. nodosa, (2) C. bachmanni, (1) C. changxingensis.
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Extended data Figure 4 — Characteristic Late Changhsingian — Early Griesbachian conodonts from the
Julfa region (scale bars equal to 100 um). All specimens stored in the collection of the Ferdowsi University
of Mashhad. (A) Clarkina yini (Mei et al., 1998); FUM# G258-6, Ali Bashi Formation, Main Valley Section,
upper view. (B) Clarkina abadehensis abadehensis (Ghaderi et al., 2014); FUM# 1J248-6, Ali Bashi Forma-
tion, Ali Bashi 1 Section, upper view. (C) Clarkina hauschkei (Kozur, 2004); FUM# 1J249D-9, Ali Bashi
Formation, Ali Bashi 1 Section, upper view. (D) Hindeodus praeparvus (Kozur, 1996); FUM# G274-6, Elikah
Formation, Main Valley Section, lateral view. (E) Hindeodus changxingensis (Wang, 1995); FUM# 1J252-11,
Elikah Formation, Ali Bashi 1 Section, lateral view. (F) Stepanovites ?mostleri (Kozur, 2004); M element,
FUM# 1J253-16, Elikah Formation, Ali Bashi 1 Section, lateral view. (G) Merrillina ultima (Kozur, 2004); Pa
element, FUM# 4J203-7, Elikah Formation, Ali Bashi 4 Section, lateral view. (H) Hindeodus parvus (Kozur
and Pjatakova, 1976); FUM# G278-17, Elikah Formation, Main Valley Section, lateral view. (I) Hindeodus
parvus (Kozur and Pjatakova, 1976); FUM# AJ206-2, Elikah Formation, Aras Valley Section, lateral view.
(J) Hindeodus lobata (Ghaderi et al., 2014); FUM# 4J217-5, Elikah Formation, Ali Bashi 4 Section, upper
view. (K) Hindeodus lobata (Ghaderi et al., 2014); FUM# 1J265-4, Elikah Formation, Ali Bashi 1 Section,
lateral view. (L) Isarcicella staeschei (Dai and Zhang, 1989); FUM# 1J270-4, Elikah Formation, Ali Bashi
1 Section, lateral view. (M) Isarcicella staeschei (Dai and Zhang, 1989); FUM# 4J222-7, Elikah Formation,
Ali Bashi 4 Section, upper view. (N) Isarcicella isarcica (Huckriede, 1958); FUM# 1J281-1, Elikah Forma-
tion, Ali Bashi 1 Section, upper view. (O) Isarcicella isarcica (Huckriede, 1958); FUM# 4J225-4, Elikah
Formation, Ali Bashi 4 Section, upper view.
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Extended data Figure 5 — Age model for the Kuh-e-Ali Bashi 1 and the Abadeh P-Tr sections. Note the
high sedimentation rates for the Paratirolites Limestone unit when relying on age constrained conodont zones
of the latest Permian (dotted line). An alternative age model for the latest Permian represents the sedimenta-
tion rate calculated for nodular limestones of the Abadeh section (solid line). This latter sedimentation rate
has been calculated by dates of the ‘extinction horizon’ (EH) and the base of the Changhsingian system (C.
wangi) (Supplementary Information).
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Extended data Figure 6 — Sulphur isotope composition of the extracted sulphur species. CRS, leachable
non-CAS and CAS plotted against CAS-oxygen isotope values of both sections. Most §3*S from CRS, non-
CAS and CAS have distinctive values. However, some CAS are marked by §34S that fall in the region of
non-CAS §3*S values, and are often linked to comparatively high CRS/CAS or non-CAS/CAS ratios (red
dots). These anomalous values accompanied by lower §'80¢45 might represent oxidation of sulphide during
diagenesis. On the other hand some 83#Sc4s, mainly the Zal section, are enriched as well as paired with high
CRS/CAS or non-CAS/CAS ratios and high 83*Scgs, 83*S,0n—cas and 8'8O¢4s and could therefore constitute
post-depositional incorporation of CAS, from an evolved sulphate pool in a closed system (Supplementary

Information).
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Extended data Figure 8 — Sensitivity experiment for a volcanic induced S-cycle perturbation. This

scenario encompasses an influx of simultaneous isotopically depleted sulphur (5348504 = 3 %o) and isotopi-

cally enriched oxygen flux (§'0g0 , = 34 %o) from a volcanic source. Coloured time interval stands for the
perturbation (Supplementary Information)
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Extended data Figure 9 — Sensitivity experiment for a scenario of increased continental weathering
fluxes into the ocean basin. The fraction of sulphide buried as pyrite is lowered 10 times for an interval
of 20 kyr after the ‘extinction horizon’, where after the fraction of pyrite burial is increased 2 times for
an equivalent time period. Coloured time interval stands for the perturbation. Continental weathering is
maintained to 7 times the pre-extinction value from the P-Tr boundary till the end of the model run.
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Supplementary Table 1 — Sulphur isotope composition of international and in-house standards

83S (%0) 20

IAEA -S-1

measured -0.35 0.20
published -0.30

IAEA -S-2

measured 21.52 0.16
published 21.55

IAEA -S-3

measured -31.31 0.44
published -31.40

NBS 127

measured 20.38 0.17
published 20.30

Ag2S (Lab.)

measured 247 0.39
CdS (Lab.)

measured 10.76 0.32

Isotope values obtained by replicate analyses of standard material and published values for certified reference
material as given by ref. 50
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Supplementary Table 2 — Oxygen isotope composition of international and in-house standards

880 (%0) 20

NBS 127

measured 8.94 0.85
published 9.30

TAEA-SO-5

measured 11.97 0.70
published 12.00
TAEA-SO-6

measured -11.36 0.50
published -11.34

BaSO4 (Lab.)

measured 12.59 1.05

Isotope values obtained by replicate analyses of standard material and published values for certified reference
material as given by ref. 50
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Supplementary Table 3 — Data Kuh-e-Ali Bashi

Identifier Height (m)* Time (Mya) 83*Scks 5%*Scas 8Suon—cast  6MSuon—cas2  8'80cus 880u0n—cas1  CAS non-CAS  CRS
%oVCDT %oVCDT %oV CDT+ %oVCDTT %oV SMOW %oV SMOW (ugl/g) (ug/g) (ugl/g)
AB 4.12 251.860 -0.90 17.81 13.51 NA 23.11 16.29 1320 88 4
AB 3.50 251.870 -20.01 19.10 NA NA 23.53 NA 567 72 13
AB 3.30 251.870 2.98 18.59 11.15 NA 19.02 13.26 1 153 7
AB 3.07 251.880 3.07 21.38 NA NA 21.18 NA 439 305 3
AB 2.80 251.880 0.38 17.20 8.22 NA 22.60 11.47 775 137 4
AB 2.65 251.880 0.80 17.94 12.71 12.84 23.73 15.51 745 74 5
AB 2.35 251.890 0.47 18.13 11.22 NA 22.24 13.08 1128 25 7
AB 2.20 251.890 0.61 16.05 9.13 NA 21.87 13.92 565 46 6
AB 2.05 251.890 -0.09 16.34 13.00 NA 23.27 17.32 384 79 4
AB 1.94 251.890 2.18 17.90 NA NA 22.95 NA 327 11 6
AB 1.61 251.900 0.07 9.73 5.68 NA 19.10 6.61 168 197 1
AB 1.54 251.900 -0.64 943 5.66 NA 17.80 8.20 196 25 27
AB 1.41 251.900 -1.67 15.27 7.08 NA 21.45 10.40 1826 69 4
AB 1.33 251.900 -5.43 14.82 5.85 NA 22.47 7.61 284 92 14
AB 1.18 251.900 -0.66 14.81 NA NA 21.08 NA 156 205 44
AB 0.90 251.910 0.30 16.14 7.28 NA NA NA 292 25 25
AB 0.85 251.910 0.09 14.54 5.91 NA 20.01 6.80 246 138 12
AB 0.73 251.910 0.65 12.70 NA NA 18.43 NA 226 206 32
AB 0.56 251.910 -0.43 7.57 4.36 NA 15.65 4.94 111 152 39
AB 0.50 251.920 0.03 11.26 4.81 NA NA NA 108 128 15
AB 0.45 251.920 0.28 14.52 NA NA NA NA 224 51 14
AB 0.40 251.920 -0.63 12.79 NA NA 20.15 NA 524 39 20
AB 0.35 251.920 -0.49 10.28 NA NA 18.10 NA 111 12 50
AB 0.28 251.920 -0.14 NA NA NA NA NA 26 3 44
AB 0.20 251.920 1.23 NA NA NA 17.88 NA 89 1 87
AB 0.05 251.920 1.32 12.10 NA NA 17.95 NA 96 1 50
AB 0.00 251.940 3.22 17.80 NA NA 19.29 NA 557 47 17
AB -0.05 251.960 -0.18 17.50 NA NA 19.40 NA 555 145 5
AB -0.15 251.990 0.18 17.10 NA NA 18.45 NA 370 83 NA
AB -0.30 252.040 -0.02 16.73 10.20 NA 18.44 13.07 648 54 9
AB -0.48 252.100 -0.02 15.52 NA NA 15.44 NA 534 127 8
AB -0.56 252.130 0.96 15.90 11.53 NA 17.74 14.66 533 68 5
AB -0.65 252.160 0.07 15.30 NA NA 16.48 NA 444 50 7
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Supplementary Table 3 — Data Kuh-e-Ali Bashi

Identifier Height (m)* Time (Mya) 83*Scks 5%*Scas 8Suon—cast  6MSuon—cas2  8'80cus 880u0n—cas1  CAS non-CAS  CRS

%oVCDT %oVCDT %oV CDT+ %oVCDTT %oV SMOW %oV SMOW (ugl/g) (ug/g) (ugl/g)
AB -0.71 252.180 0.70 14.60 NA NA 15.97 NA 310 41 6
AB -0.80 252.210 -1.01 15.31 11.67 NA 17.48 13.29 537 29 5
AB -0.90 252.240 NA 15.93 10.86 NA NA NA 439 20 NA
AB -1.05 252.290 0.21 15.70 NA NA 16.05 NA 391 64 2
AB -1.15 252.320 0.74 15.40 NA NA 15.64 NA 571 89 2
AB -1.30 252.370 -0.23 15.96 10.30 NA 17.46 14.15 465 83 8
AB -1.40 252.410 0.62 15.60 NA NA 17.10 NA 476 67 8
AB -1.55 252.460 -0.40 15.60 NA NA 17.82 NA 418 25 5
AB -1.70 252.510 0.31 15.20 NA NA 16.09 NA 266 122 5
AB -1.85 252.560 0.10 15.30 NA NA 15.43 NA 342 83 1
AB -2.00 252.610 0.19 15.94 12.27 NA 17.83 15.21 430 70 5
AB -2.65 252.820 -0.09 15.50 NA NA 16.52 NA 415 98 9
AB -3.40 253.070 0.13 15.31 9.62 NA 17.20 14.53 628 62 5
AB -4.40 253.410 NA 15.58 12.00 NA 17.62 16.18 500 153 NA
AB -4.80 253.540 -1.01 16.04 9.32 NA 17.55 13.31 826 71 19
AB -19.95 NA NA 15.51 NA NA

Sample labels are composed of identifier and height (m). *Height is relative to the ‘extinction horizon’. fNumbering for non-CAS isotope values stand for the respective

leaching procedure.
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Supplementary Table 4 — Data Zal

~ - % Ty 33*Scrs 83Scas 33Spon—cast  880cus 8'80,n_casi CAS non-CAS  CRS
Identifier - Height (m)* Time Mya) g o pp %VCDT %VCDTT  %VSMOW  %~VSMOW+Y  (ig/g) (ug/e) (ug/e)
71 10.95 251.790 10.66 2434 17.18 NA NA 372 0 4
71 10.05 251.800 11.56 28.48 2434 2537 19.91 458 318 NA
71 8.45 251820 941 24.45 10.99 23.57 11.75 358 104 18
71 6.85 251840  2.84 2335 NA 2411 NA 515 63 34
71 5.30 251850  5.17 2043 8.81 NA NA 425 49 17
71 4.80 251860  7.87 19.71 12.10 25.10 15.45 830 78 26
71 4.15 251.870 10.15 2328 19.84 2235 15.11 493 295 2
71 3.05 251880  4.50 18.23 NA 23.27 NA 761 88 55
71 2.40 251800  6.64 18.58 NA NA NA 867 61 30
71 2.00 251800 374 18.15 935 23.15 10.60 755 222 69
71 0.92 251910  2.45 17.83 7.43 NA NA NA 261 31
71 0.76 251910 -0.08 16.17 11.03 21.84 14.50 467 50 11
71 0.74 251910 0.99 15.86 11.60 NA NA 483 45 10
71 0.69 251920  0.79 15.53 NA 2.9 NA 467 36 12
71 0.67 251920  0.64 15.34 9.36 21.59 1323 75 65 11
7l 0.65 251920 0.69 15.27 NA 22,63 NA 416 203 14
71 0.45 251930 0.49 14.98 4.82 2229 12.92 435 209 17
71 0.35 251.930 1.56 16,31 NA 21.44 NA 453 124 45
71 0.30 251930  0.79 16.38 NA 2173 NA 410 51 28
71 0.25 251.930 136 15.02 NA 21.12 NA 195 61 73
71 0.16 251.940 133 15.06 492 2042 4.04 775 97 39
71 0.10 251940  2.89 18.00 11.82 NA NA 666 73 61
71 0.05 251960 218 17.52 NA 17.39 NA 712 08 57
71 0.00 251970 248 17.62 12.26 17.36 15.76 551 75 18
71 115 252360 04l 17.61 10.59 NA NA 578 7 g
71 285 252.920 1.65 17.45 1227 18.65 NA 479 70 9
71 370 253210 1.93 18.01 NA 17.87 NA 391 100 17
71 21.00 NA 224 18.45 13.08 NA NA 540 40 8

Sample labels are composed of identifier and height (m). *Height is relative to the ‘extinction horizon’. TNumbering for non-CAS isotope values stand for the respective
leaching procedure.



Supplementary Table 5 — Boundary conditions for reservoirs and fluxes used in the box-model.

Reservoir/flux  Description Value Reference
Mso, Initial .51ze of sulphate Var. Sensitivity experiments
reservoir
Moc( IV‘:)‘itrlal size of OC reser- 10,17 o] kyr! Ref. 49
O Flux of SOi_ weathering 1.47¢"> mol kyr~! Ref. 36
0, Flux of SO?[ volcanism 0.33¢!'> mol kyr~! Ref. 36
2—
O Flux of SOy~ hydrother- (50,15 0] kyr—! Ref. 36
mal/mantle
Flux of microbial sul-
Qo phide oxidation Cale. Methods
0 Flux of hydrothermal sul- Calc Steady state P-Tr S cycle
h phide oxidation ) model
Opo Flux' of OC primary pro- 6 mol m~2 yr~! Ref. 49
duction
F, Flux of pyrite burial 0.90¢'5 mol kyr*1 Ref. 49
o .
F, Flu?( of SO; evaporite | 10,15 mol kyr—! Ref. 36
burial
. . 2
Fusg Flux gf microbial SO~ 40 00!5 mol kyr! Ref. 51
reduction
F Flux of mantle SO?[ an- 12 50015 mol kyr—! Steady state P-Tr S cycle
* hydrite formation ’ model
Frets Ell;x of OC remineraliza- 0.990,, - 2Fissr Methods
Fbo([) Flux Of OC burial Q[JO - FOC(i) Methods
Initial isotopic value of Steady state P-Tr S cycle
34Q _ 180) —
5S04 Soi— reservoir 5 S - 17%0, 6 O - 17%0 model
Isotopic value of SO3~ 3, _ 18 _ Steady state P-Tr S cycle
O weathering flux 078 = Calc., 6770 = 4% model and ref. 39
volcanic flux
s Isotopic value of SOi_ 534S = 3.5%0, 8180 = - Ref. 26. 36. 52
" mantle flux 1%o T
s Isotopic value of sulphide &80 = A!80(18%c) + Ref. 39, 53 and Permian
. oxidation 5lgoseawater 6180S€awater ‘1%054
Fractionation of MSR be-  A34g = 35%, §!80
Amsr tween SO%’ and sulphide —A345/4 Ref. 36,49
First order removal con- 1
k Moci /[ Foe(i -
! stant OC remineralization ( OC(’)/ oc()
First order removal con- _
ky (Moc(i)/Fro(i) ™ -

stant OC remineralization

Fluxes signified by Q are flowing into the reservoir and F out of the reservoir. Var. stands for varied as initial
value. Calc. stands for calculated value.
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