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ABSTRACT

The Permian-Triassic and Triassic—Jurassic critical intervals are among the
most significant ecological upheavals in the Phanerozoic. Both evolutionary
junctures are characterized by environmental deterioration associated with a
marked biodiversity decline. In this study, Permian-Triassic and Triassic—
Jurassic boundary sections from South China and the Northern Calcareous
Alps were investigated. In order to reconstruct the interplay between biotic
and abiotic processes, a multifaceted approach that included optical micro-
scopy, X-ray diffraction, Raman spectroscopy, stable carbon isotopes and lipid
biomarkers was employed. The lower parts of these two sections are similar as
both consist of limestone with abundant fossils of eukaryotic organisms. How-
ever, the Permian-Triassic record is dominated by dasyclad green algae and
fusulinid foraminifera, while the Triassic—Jurassic record is typified by corals
and coralline sponges. Moving upward, both sections consist mainly of micrite
and marl. Concerning the Permian-Triassic section, it transits to volcanic ash
intercalated by a distinct limestone bed with abundant calcispheres (tenta-
tively attributed to ancestors of dinoflagellates). The Triassic—Jurassic section
does not provide direct evidence for volcanic activity, but also becomes rich in
calcisphere-type cysts towards the top. Additionally, the section preserves
abundant 4-methyl sterenes (diagnostic for dinoflagellates) and Cs; 39 n-
alkanes (indicative for haptophytes). Hence, both critical intervals were associ-
ated with marked blooms of (ancestral) dinoflagellates and haptophytes (for
example, coccolithophorids). These blooms were followed by ecological lag-
phases, as indicated by low carbonate contents and scarce fossils which only
increased further up the sections. For both critical intervals, it is commonly
assumed that the formation of voluminous volcanic provinces (Siberian Traps
and Central Atlantic Magmatic Province, respectively), as well as associated
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processes (for example, burning of organic-rich sediments such as coal),
resulted in ecological devastation. However, results suggest that volcanism
also had a positive effect on certain planktonic primary producers such as
dinoflagellates and haptophytes, perhaps by delivering essential nutrients.

Keywords Calcispheres, dinoflagellates, haptophytes, lipid biomarkers,
mass extinctions, microfacies, stable carbon isotopes.

INTRODUCTION

Most Phanerozoic extinction events are identified
by quantitative analyses using databases of marine
fossil organisms (e.g. Raup, 1979; Sepkoski
et al., 1981; Raup & Sepkoski, 1982; Bambach, 2006;
Alroy et al., 2008; Fan et al., 2020). Two of the most
severe Phanerozoic mass extinctions coincide with
ecological upheavals during the Permian-—Triassic
(P-T) and Triassic-Jurassic (T-J) critical intervals.
Both events have been intimately associated with
the formation of large continental flood basalt pro-
vinces: the Siberian Traps and the Central Atlantic
Magmatic Province (CAMP), respectively (White-
side et al., 2010; Blackburn et al., 2013; Burgess &
Bowring, 2015; van de Schootbrugge & Wig-
nall, 2016; Burgess et al., 2017; Davies et al., 2017;
Broadley et al., 2018). In addition to the relative tim-
ing of the events, the potential relationship between
volcanism and ecosystem change is evidenced by
widespread occurrences of volcanic ash layers and
mercury anomalies in marine sedimentary rocks
(Thibodeau et al., 2016; Percival et al., 2017; Wang
et al., 2018).

Geochemical evidence encoded in sedimen-
tary rocks contributes to the understanding of
ecological upheavals during the P-T and T-J
intervals. For instance, significant shifts in the
stable carbon isotopic composition of P-T car-
bonates are proposed to reflect significant per-
turbances in the global carbon cycle at that time
(Payne et al., 2004). Similarly, profound shifts
in the stable sulphur isotopic composition of
sulphate and carbonate-associated sulphate
might indicate that the global biogeochemical
sulphur cycle was affected as well (Luo
et al., 2010; Song et al., 2014; Bernasconi
et al., 2017). During the T-J crisis, major biogeo-
chemical cycles were also strongly perturbed as
reflected by significant carbon and sulphur iso-
topic fluctuations (Williford et al.,, 2009; Ruhl
et al., 2010, 2011; Ruhl & Kirschner, 2011).

During the P-T and T-J crises, many parts of
the oceans perhaps became oxygen-poor or even
anoxic, also in the photic zone (Brennecka et al.,
2011; Richoz et al., 2012; Jaraula et al., 2013;

Blumenberg et al., 2016; Huang et al., 2017;
Zhang et al., 2018), and seawater pH decreased
(Payne et al., 2010; Greene et al., 2012; Hinojosa
et al., 2012; Clarkson et al., 2015). However, one
major difference between the two critical inter-
vals might have been seawater temperatures: P-T
oceans were suggested to be lethally hot (up to
36°C) based on the §'®Oapatite conodont record
(Joachimski et al., 2012; Sun et al., 2012), perhaps
driving the expansion of anoxic conditions (Penn
et al., 2018), whilst T-J oceans are characterized
by mild to warm temperatures (ca 13 to 30°C) as
indicated by clumped-isotope palaeothermome-
try studies on microbialites (Petryshyn et al.,
2020). During the P-T crisis, hypercapnia (i.e.
abnormally high CO, levels in the blood of organ-
isms, causing physiological problems) might have
also driven ecosystem change (Knoll et al., 2007),
which is supported by high atmospheric carbon
dioxide contents (Wu et al., 2021).

This study tracks ecosystem changes through
the P-T and T-J critical intervals in South China
and the Northern Calcareous Alps, respectively.
Following a geobiological approach, the study
combined techniques from sedimentology,
palaeontology and biogeochemistry, including
optical microscopy, X-ray diffraction, Raman
spectroscopy, stable carbon isotopes and lipid
biomarkers. The detailed comparison of records
from both localities allows identification of fun-
damental similarities and differences between
the P-T and T-J events, which is of great signifi-
cance to the ongoing discussion of possible
causes and triggers of mass extinctions.

GEOLOGICAL SETTINGS

South China

South China is a key area for investigating the P—
T critical interval because of the abundance of
easily accessible outcrops and sections compris-
ing well-preserved strata. This study focuses on
the Xiakou section (N 31°06.874’, E 110°48.209’),
close to Xiakou town, Hubei Province (Fig. 1A).
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Fig. 1. (A) Location of the Permian-Triassic (P-T) Xiakou section (modified from Pei et al., 2021), between the
town of Xiakou and the village of Jianyangping (Hubei province, South China). The strata were indicated after
Luo et al. (2009). (B) Location of the Triassic-Jurassic (T-J) Lahnewies Syncline section, the main part exposed
close to the Lahnewies creek near Garmisch-Partenkirchen, Southern Germany. J, Jurassic; T, Triassic; P, Permian;

D, Devonian; S, Silurian.

In this area, a marine transgression at the end of
the Permian resulted in a transition from shallow
open platform (Changhsingian, Late Permian) to
deeper shelf basin environments (Induan, Early
Triassic) (Fig. 1A; Feng et al, 1997; Luo
et al., 2009). Stratigraphically, the Xiakou section
comprises the Changxing and Dalong formations
(Changhsingian, Upper Permian) as well as the
Daye Formation (terminal Changhsingian, Upper
Permian to Induan, Lower Triassic). The lowest
occurrence of the conodont Hindeodus parvus at
the base of bed T, in the Daye Formation marks
the beginning of the Triassic (Fig. 2; Zhao
et al., 2013). The base of bed T, can thus be corre-
lated with the base of bed 27c¢ of Meishan Sec-
tion D (Changxing County, Zhejiang Province,
China), the Global Stratotype Section and Point
(GSSP) of the P-T boundary (Yin et al., 2001;
Zhang et al.,, 2009). The Meishan record com-
prises palaeontological evidence for two mass
extinction episodes (ME 1 and ME 2) across the
P-T boundary (Song et al., 2013), which are corre-
spondingly identified in the Xiakou section
(Fig. 2; Pei et al., 2021).

Northern calcareous Alps

During the T-J critical interval, the area of today’s
Northern Calcareous Alps was situated at the
margin of the Meliata Ocean, which was part of
the Neotethys (Stampfli & Borel, 2002). It is a key
region for studying the T-J boundary because sed-
imentary successions represent a variety of differ-
ent palaeoenvironments (e.g. Fabricius, 1966;
Kuss, 1983; Mandl, 2000; McRoberts et al., 2012).
The Lahnewies Syncline, located in the Ammer
Mountains near Garmisch-Partenkirchen,
Bavaria, belongs to the northern part of the upper
Austroalpine Lechtal nappe and is traversed by
various longitudinal and transverse faults (Kuhn-
ert, 1967; Karl et al., 2014; Hornung & Haas, 2017).
The stratigraphic section investigated herein is
composed of two parts that are both situated in
the western limb of the Lahnewies Syncline.
More precisely, the main part is exposed close to
the Lahnewies Creek (N 47°31.578’, E 11°04.002')
(Fig. 1B), while the second part is exposed in the
Nudelgraben Creek (N 47°29.045', E 10°56.542’).
The T-J Lahnewies Syncline section shares many
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Fig. 2. The Xiakou section, displaying the lithology, microfacies, fossils and minerals, biodiversity and field pho-
tographs (modified from Pei et al., 2021). ME 1, Mass extinction 1 (after Song ef al., 2013); PTB, Permian—Triassic
boundary (after Zhao et al., 2013); ME 2, Mass extinction 2 (after Song et al., 2013); C.m., Clarkina meishanensis;
C.t., Clarkina taylorae; H.p., Hindeodus parvus; Is., Isarcicella staeschei. White ruler = 50 cm. Yellow

ruler = 50 cm.

similarities with the GSSP section at Kuhjoch in
the Karwendel-Syncline (Hillebrandt et al., 2007,
2013).

Detailed descriptions on the stratigraphy of
the Upper Triassic in the Northern Calcareous
Alps have been provided elsewhere (Fig. 3;
Mandl, 2000; Krystyn et al., 2005; McRoberts
et al., 2012; Karl et al., 2014). Briefly, sections
across the T-J boundary typically begin with
dolomites of the Hauptdolomit Formation (mid-
dle to upper Norian, Upper Triassic), which rep-
resented inter-supratidal environments on the
Dachstein carbonate platform. The Norian—Rhae-
tian Dachstein Formation also includes ‘Ober-
rhaetkalk’ of the Kossen Basin and Sevatian
Plattenkalk unit as a shallow subtidal facies
between supratidal to subtidal back-reef facies
of the Dachstein Reef complex. The Haupt-
dolomit Formation is locally overlain by lime-
stones of the Plattenkalk unit (Sevatian/upper
Norian, Upper Triassic), which formed in
slightly deeper, shallow subtidal environments
on the platform. Both facies develop into the
Kossen Formation (Rhaetian, Upper Triassic),
which represents an open marine lagoonal back
reef environment — the bathymetrically deepest
part of the Dachstein carbonate platform. To the

Eiberg Basin

*
K- SFEn Lahnewies-Syncline

“Oberrhaetkalk”

south, the Dachstein carbonate platform was
bordered by deep water environments of the
Hallstatt Basin, which was part of the Meliata
Ocean. These environments are represented by
fore reef marls of the Zlambach Formation,
which is equivalent to the lagoonal Késsen For-
mation (Fig. 3; Fabricius, 1966).

The Kossen Formation can be subdivided into
the Hochalm and Eiberg members. The Eiberg
Member is terminated by ca 50 to 100 cm thick T-
Bed, which is strongly enriched in organic matter
at its top. The T-Bed is of crucial stratigraphic sig-
nificance because it can be traced throughout the
area and contains terminal Triassic index fossils
such as the ammonite Choristoceras marshi and
the conodont Misikella posthersteini (e.g. Kozur
& Mock, 1991; Krystyn, 2008).

The Eiberg Member is overlain by the Tiefen-
graben Member (Kendelbach Formation, terminal
Triassic to lowermost Jurassic) characterized by
carbonate-poor mudstones (for example, Schatt-
wald Bed). The stratigraphic boundary within the
Tiefengraben Member is indicated by occurrences
of the ammonite Psiloceras spelae, which is a
marker for the Hettangian (Hillebrandt & Krys-
tyn, 2009). In the study area, the Tiefengraben
Member is followed by deeper marine deposits of

Hallstatt Basin

Fig. 3. Lithostratigraphic chart of the Upper Triassic in the Northern Calcareous Alps. The Lahnewies Syncline
section was located within the Eiberg Basin (Mandl, 2000; Krystyn et al., 2005; McRoberts et al., 2012; Karl
et al., 2014). 1 = Dachstein reef facies of corals and sponges; 2 = open marine lagoonal Késsen facies; 3 = Plat-
tenkalk; 4 = ‘Oberrhaetkalk’; 5 = Dachstein back reef inter-supratidal loferite facies; 6 = Hauptdolomit facies repre-
senting distal back reef supra-intertidal facies; 7 = Rhaetian Zlambach fore reef facies; 8 = Norian Pétschen deep
water fore reef facies; 9 = Norian Hallstatt facies of reddish pelagic deep-water carbonates; 10 = Late Permian
evaporitic sequences (‘Haselgebirge’).
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the Breitenberg Member (Kendelbach Formation;
upper Hettangian, Lower Jurassic) and the
Scheibelberg Formation (upper Hettangian to
Sinemurian) (Figs 3 and 4; Hillebrandt et al.,
2013). The stratigraphic age of the Scheibelberg
Formation is indicated by ammonites such as

Angulaticeras cf. marmoreum and Vermiceras
sp. (Kment, 2000). The Scheibelberg Formation is
dominated by spiculitic limestones with chert
nodules characterized by abundant bioturbation,
representing a mid-shelf environment (Figs 3 and
4; Kuhnert, 1967; Bohm, 2003; Karl et al., 2014).
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Fig. 4. The Lahnewies Syncline section, reconstructed from various tectonically displaced parts. Displayed
together with profiles of bulk geochemical data, including carbonate (wt.%), TOC (wt.%) and profiles of stable iso-
topic data, including 8"°Ceam, (%,) and 8'°Corg (%,). Eight samples from X-ray diffraction (Xrd1-8) are also dis-
played. AE 1, Anoxic Event 1; AE 2, Anoxic Event 2; TJB, Triassic-Jurassic boundary.
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MATERIALS AND METHODS

Fieldwork and petrography

Field work in South China and the Northern
Calcareous Alps has been conducted over sev-
eral years and included careful observation of
geological, sedimentological and palaeontologi-
cal features as well as sampling. This was par-
ticularly important in the case of the Lahnewies
Syncline, as sections and stratigraphic units are
commonly tectonically separated. Details about
the Xiakou section can be found in Pei
et al. (2021).

Thin sections and smear slides were prepared
for the analysis of microfacies and
nannoplankton-type fossils (for more details on
the latter see Janofske, 1987). Microfacies analysis
was performed with a Zeiss SteREO Discov-
ery.V12 stereomicroscope and a Zeiss AXIO Ima-
ger. Z1 microscope (Carl Zeiss AG, Jena,
Germany). For fluorescence microscopy, the Zeiss
AXIO Imager. Z1 microscope was equipped with
a 10 AF488 filter (excitation wavelength = BP 450
to 490 nm, emission wavelength = BP 515 to
565 nm). Cathodoluminescence microscopy was
conducted with a Zeiss Axiolab microscope com-
bined with a Citl CCL 8200 Mk3A cold-cathode
system (operating voltage of ca 15 kV; electric cur-
rent of ca 250 to 300 pA) (Cambridge Image Tech-
nology Limited, Hatfield, UK). For field emission
scanning electron microscopy (FE-SEM), a Carl
Zeiss LEO 1530 Gemini system was used.

Raman spectroscopy was performed with a
WITec alpha300 R fibre-coupled ultra-high
throughput spectrometer (532 nm excitation
laser, operated at 20 mW, 100x long working
distance objective with numerical aperture of
0.75 and a 300 g mm " grating) (Oxford Instru-
ments Plc, Abingdon, UK). Centred at
2220 cm™ ', the spectrometer covered a spectral
range from 68 to 3914 cm ™' with a spectral reso-
lution of 2.2 cm™". Each spectrum was collected
by two accumulations, with an acquisition time
of 2 s. The Raman spectra were analysed via the
WITec Project software. Automated cosmic ray
correction, background subtraction and fitting
using a Lorentz function were performed.

Bulk analyses

X-ray diffraction analysis (XRD) was conducted
with a Philips PW 1800 (step size = 0.02°, 26 = 3
to 70°% 4 s per step) and an Orion Komet P2
(step size = 0.02°, 260 = 4 to 70° 8 s per step)

(XRD Eigenmann GmbH, Schnaittach-
Hormersdorf, Germany).

Total organic carbon (TOC) and total inorganic
carbon (TIC) contents were measured with a
Leco RC612, a Leco CS230 (Leco Corporation,
St. Joseph, MI, USA) and an Euro EA 3000 ele-
mental analyser (HEKAtech GmbH, Wegberg,
Germany). All values are reported in weight %
(wt.%) of bulk sedimentary rock. TOC and TIC
contents of P-T samples were partially pub-
lished in Pei et al. (2021).

Programmed pyrolysis of the P-T samples was
carried out at Applied Petroleum Technology
(Oslo, Norway), using a HAWK instrument (Wild-
cat Technologies, Humble, Texas, USA). The Late
Triassic samples were run at the Federal Institute
for Geosciences and Natural Resources (BGR) in
Hannover, Germany, on a Rock-Eval-6 analyser
(Vinci Technologies, Nanterre, France). Follow-
ing established protocols (Espitalié et al., 1977;
Lafargue et al., 1998), the temperature was
ramped from 300°C (held for 3 min) to 650°C at
25°C min . Initial sample weights were between
10 mg and 200 mg, depending on the expected
hydrocarbon yields from labile kerogen (S2, see
below) to prevent oversaturation of the flame ion-
ization detector (FID). The analyses included
quantities of free hydrocarbons (S1, mg HC g™*
rock), S2 (mg HC g~ rock), temperatures at maxi-
mum yields of S2 hydrocarbons (Tax. °C), and
the CO, generated from organic carbon at higher
temperatures up to 650°C (S3, mg CO, g~ " rock).
Based on these data and corresponding TOC data,
the hydrogen index (HI, S2/TOC x 100), the oxy-
gen index (OI, S3/TOC x 100) and the produc-
tion index [PI, S1/(S1 + S2)] were calculated. For
P-T samples, the data were already published in
Pei (2022).

Lipid biomarkers

Lipid biomarkers were extracted and analysed at
BGR. Only Late Triassic samples are considered
in this study, as organic matter in P-T samples
from Xiakou has a too high thermal maturity (for
more details see Discussion) (Pei, 2022).

Details on the extraction, fractionation and
subsequent analysis with gas chromatography
(GC) — FID or GC-mass spectrometry (MS) can be
found in Blumenberg et al. (2019). Briefly,
organic compounds were extracted with dichlor-
omethane (DCM) using an accelerated solvent
extraction device (Dionex ASE-350, Thermo
Fisher Scientific, Waltham, MA, USA). About
10 g of each sample was diluted with 22 g sea
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sand (Carl Roth GmbH + Co. KG, Karlsruhe, Ger-
many) and extracted and annealed, 4 h at 400°C
within an extraction cell. Organic extracts were
collected automatically, and elemental sulphur
was subsequently removed by granulated, acti-
vated copper (10% HCl at 60°C for approxi-
mately 1 h). The extracts were fractionated by
mid-pressure liquid chromatography into an ali-
phatic, an aromatic and a polar fraction using
isohexane, isohexane/dichloromethane (2/1; v/v)
and dichloromethane/methanol (1/1; v/v),
respectively. Only the aliphatic fraction was
analysed for this study.

The molecular inventory of the aliphatic frac-
tions was analysed with an Agilent 7890 GC
(Agilent, Santa Clara, CA, USA) equipped with
two 50 m Ultra 1 columns (Agilent; 0.2 mm
inner diameter; 0.11 pm film thickness) coupled
to either a FID or a triple-quadrupole MS (Agi-
lent 7000). Measurements were carried out as
multiple-reaction monitoring (MRM) using par-
ent—-daughter scans and in full scan mode (from
50 to 700 amu). The Carbon Preference Index
CPI = 0.5 x [(n-Cy5 + n-Cy; + n-Cyg + n-Cs4)/(n-
Cy6 + n-Cyg + n-Cyp + n-Csy) + (n-Cys + n-C,; +n-
Cazg + n-C31)/(n-Cy4 + n-Cye + n-Cug + n-Cy0)] was
calculated based on the obtained data.

Stable carbon isotope analyses (6'°Cg,., and
8"°Corg)

The stable carbon isotopic composition of carbon-
ates was analysed in the Isotope Geology Depart-
ment at the Geoscience Center at the Georg-
August-Universitdt Gottingen (Germany). Briefly,
ca 100 to 600 pug sample material was obtained
with a high-precision drill to ensure sampling of
individual carbonate microfacies and then mea-
sured with a Thermo Scientific Kiel IV carbonate
device coupled to a Finnigan DeltaPlus gas iso-
tope mass spectrometer (Thermo Fisher Scien-
tific). Results are reported as delta values relative
to Vienna Pee Dee Belemnite (VPDB) reference
standard (5'°Cgqm,). Reproducibility was repeat-
edly tested and generally better than 0.1%,. Please
note that §'°Cean, values of P-T samples were in
part already published in Pei et al. (2021).

The stable carbon isotopic composition of
organic matter was analysed in the Center for
Stable Isotope Research and Analysis (KOSI) at
the Georg-August-Universitdat Gottingen (Ger-
many). Briefly, ca 0.5 to 25 mg of decalcified sam-
ple material was measured with an Euro EA 3000
elemental analyser (HEKAtech GmbH, Wegberg,
Germany) coupled to a Finnigan Delta V

Advantage isotope mass spectrometer (Thermo
Fisher Scientific). Results are reported as delta
values relative to Vienna Pee Dee Belemnite
(VPDB) reference standard (8'°Coyg). Acetanilide
(8"3C = —29.6 %,; SD = 0.1) was used for internal
calibration. Average standard deviation of §'*Cy,,
values was 0.3%,. More information on the proto-
col is provided in Werner et al. (1999), and Langel
& Dyckmans (2014, 2017). It is important to note
that 8'°Cyg values of P-T samples reported in this
study are not identical to those reported in Pei
et al. (2021) because they were re-measured for
this study.

RESULTS

Sedimentological and geochemical
characteristics of the Xiakou section, South
China

Field observations and microfacies analyses
The studied interval of the Xiakou section is
about 9 m thick, and includes the Changxing,
Dalong and Daye formations (Fig. 2). As detailed
below, the section mainly comprises grey to black
limestones, intercalated with black mudstones
(Pei et al., 2021). Several volcanic ash beds/layers
occur throughout the section (for example, beds/
layers Py5.4, P15.3, T2, T4, T13 and Ty5) (Fig. 2). As
indicated by XRD analyses, the ash mainly con-
sists of quartz and illite—smectite, agreeing with
findings of previous studies (Table S1; Hong
et al., 2011; Gao et al., 2013). Notably, some of
the ash layers occur at the top of the Dalong For-
mation, close to the P-T boundary (layers Pi54
and P,5.3). These greenish-yellowish layers are
11 cm and 13 cm thick, respectively. Between
them, a 14 cm thick, black medium-bedded lime-
stone (layer P,5,) containing abundant calci-
spheres (Fig. 2) was intercalated.

In a previous study, microfacies types (MF) were
defined for the relevant part of the Xiakou section
(Pei et al., 2021). Briefly summarizing, the upper-
most part of the Changxing Formation consists of
grey grainstones containing dasyclad green algae
and fusulinid foraminifera (MF-1). The Dalong For-
mation mainly comprises black, laminated micrites
with either dolomite rhombs (MF-2) or calcite
pseudomorphs after gypsum and Rectocornuspira
foraminifera (MF-3) (Fig. 5A to C). In addition, the
Dalong Formation exhibits interlayers of black,
laminated marls with abundant fossil debris (MF-
4a) and black, non-laminated marls with calcite
and pyrite concretions (MF-4b) (Figs 5D and 6E), as
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Fig. 5. Thin section photomicrographs (plane polarized light) of microfacies (MF) at Xiakou. (A) MF-2, black,
laminated micrites with dolomite rhombs (Rh). (B) and (C) MF-3, black, laminated micrites with calcite pseudo-
morphs after gypsum (Gp) and Rectocornuspira foraminifera (Fo). Thin-shelled bivalves (Bi) were observed. (D)
MF-4a, black, laminated marls with abundant fossil debris, for example, thin-shelled bivalves (Bi) and small ben-
thic foraminifera (Fo). (E) MF-4b, black, non-laminated marls with calcite and pyrite concretions (Co). Fragmented
thin-shelled bivalves (Bi) and small benthic foraminifera (Fo) were noticed. (F) MF-7, grey floatstone to wacke-
stone containing ammonoids (Am). Gastropods (Ga) and radiolarians (Ra) were displayed.
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well as black, non-laminated micrites with abun- non-laminated micrite with dolomite rhombs (MF-
dant calcispheres at the top (MF-5) (Fig. 6A and B). 6) and grey, floatstones to wackestones containing
The overlying Daye Formation consists of grey, ammonoids (MF-7) (Fig. 5F).

Fig. 6. Thin section photomicrographs (plane polarized light) of MF-5 (black, non-laminated micrites with abun-
dant calcispheres: layer P,5.,) at Xiakou. (A) and (B) This facies is characterized by copious peloidal textures with
abundant calcispheres (Cs). Three types of calcispheres were observed. Each type exhibits thin micritic walls. (C)
Type A encloses sparite with clear grain boundaries. (D) Type B encloses sparite with indistinct grain boundaries.
(E) and (F) Calcispheres of type C are filled with micrite and their walls are encrusted by blocky calcite.
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Fig. 7. (A) Thin section photomicrograph (plane polarized light) and (B) corresponding epifluorescence micro-
scopy image of MF-5 (layer Py5.,) at Xiakou. The matrix exhibits a relatively strong green fluorescence. In contrast,
the sparite within calcispheres (Cs) of type B shows a relatively dull green fluorescence. (C) Thin section photomi-
crograph (plane polarized light) and (D) corresponding cathodoluminescence microscopy image of MF-5 (layer

Pi5.2). A patchy cathodoluminescence was observed.

The calcisphere-rich MF-5 is restricted to
layer P,5., of the Dalong Formation and appears
to be particularly interesting for several reasons.
First, the matrix of MF-5 is characterized by
copious peloidal textures (Fig. 6A and B), which
exhibits a relatively strong green fluorescence
(Fig. 7A and B) and a patchy cathodolumines-
cence (Fig. 7C and D). Raman spectroscopy
reveals that the matrix not only consists of cal-
cite, but also comprises organic matter (Fig. 8A
and B). Second, it contains abundant calci-
spheres, which range from ca 50 pm to 300 pm
in diameter and exhibit thin micritic walls.
Three calcisphere types (types A to C) can be
distinguished (Fig. 6C to F). Calcispheres of type
A and B enclose sparite with clear and indis-
tinct grain boundaries, respectively (Fig. 6C and

D). The sparite within calcispheres of type
B shows a relatively dull green fluorescence
(Fig. 7A and B) and a patchy cathodolumines-
cence (Fig. 7C and D). Calcispheres of type C, in
contrast, are filled with micrite and their walls
are encrusted by blocky calcite (Fig. 6E and F).
Raman spectroscopy revealed that the internal
fillings of all calcisphere types consist of calcite,
while their micritic walls additionally contain
organic matter (Fig. 8C and F).

Bulk geochemical characterization

The TIC and TOC contents are highly variable
(Table 1; Fig. 9; Pei et al., 2021, table 1, fig. 2). Car-
bonate contents vary between ca 11.3 wt.% and
91.9 wt.% (beds P,, and P4, respectively), with an
average value of 65.5 wt.%. TOC contents range
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Fig. 8. Thin section photomicrographs (plane polarized light) (A), (C) and (E) and Raman spectroscopy data (single
spectra) (B), (D) and (F) of MF-5 (layer P,5.,) at Xiakou. (A) and (B) The matrix mainly consists of calcite with organic
matter. (C) to (F) The internal fillings of all calcisphere types consist of calcite, while their micritic walls additionally
contain organic matter. The unmarked peaks in (B), (D) and (F) are attributed to fluorescence interference.
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Table 1.

1613

Bulk geochemical data, including carbonate (wt.%), total organic carbon (TOC, wt.%), temperature at

maximum yields of S2 hydrocarbons (T.y, °C), quantities of free hydrocarbons (S1, mg HC g™* rock), hydrocar-
bons yielded from labile kerogen (S2, mg HC g~ ' rock), the CO, generated from organic carbon at higher tempera-
tures up to 650°C (S3, mg CO, g * rock), the hydrogen index (HI; S2/TOC x 100), the oxygen index (OI; S3/TOC
x 100) and the production index (PI; S1/(S1 + S2)) (partially modified from Pei et al., 2021; Pei, 2022). Stable iso-
topic data, including carbonate carbon stable isotopic compositions (8"*Ceam, %) and organic carbon stable iso-
topic compositions (613C0rg, %o) (partially modified from Pei et al., 2021). P, Permian; T, Triassic; R, Rhaetian; S,

Sinemurian.

Section Sample Carbonate TOC Tyax S1 S2 S3 HI O PI 8"Cearb 8"°Corg

Xiakou P, 91.9 0.30 - — — — — — — 4.2 —26.5
P, 57.4 2.91 444 0.79 4.02 0.15 138 5 0.16 1.4 —26.5
P; 89.3 0.62 - — - — - - - 1.0 —26.4
P, 67.8 1.85 - — — — — — — — —26.5
Ps 80.1 0.74 447 0.25 0.76 0.20 103 27 0.25 24 —25.7
P, 83.5 0.82 - — — — — — — 2.0 —26.1
Pg 20.5 4.18 - - — - — — — 2.0 —26.1
Pq 80.8 0.92 - — — — — — — — —26.1
P.o 20.3 359 — - - - - - - 1.8 ~26.0
P11 81.2 0.81 - - — - — — 1.5 —26.1
Pis 17.6 3.76 449 2.08 5.79 0.10 154 3 0.26 1.5 —26.7
Pis 11.3 1.08 440 0.39 0.94 0.13 87 12 0.29 1.7 —25.8
Piss 87.1 011 - - - - - - 1.6 ~26.0
Pis 69.9 032 — - - - - - - 1.1 ~25.1
T, 67.1 0.21 - — - — - - - 0.9 —26.5
T; 71.0 0.44 - — — — — — — — —27.0
Ts 67.6 025 — - - - - - - —27.4
Te 69.9 0.23 - — — - — — — 0.8 —26.0
Ts 53.9 0.17 - - — - — — — — —23.9
T,y 74.6 0.16 — - - - - - - —25.7
Tyy 75.5 025 — - - - - - - 0.7 ~25.4
Tia 83.0 0.10 - — - — - - - — —26.3
Tie 68.8 0.30 - - - - - - - ~27.6
Ty 65.3 0.18 - - - - - - - 1.0 —25.9
Tia 82.0 019 — - - - - - 1.1 —27.4

Lahnewies-Syncline R, 69.9 1.24 - - - - - - - 0.9 —27.8
R, 71.2 1.52 427 0.05 6.06 0.47 439 34 0.01 - —29.6
R; 58.7 6.18 427 0.52 40.06 1.03 647 17 0.01 1.8 —-30.1
R, 79.7 0.69 - — - — - - - 0.9 —28.0
R5 70.2 4.73 426 0.35 31.87 1.12 590 21 0.01 0.6 —-30.0
Rg 78.9 3.33 425 0.11 17.16 0.93 515 28 0.01 - -
R, 75.3 5.66 426 0.26 33.44 1.39 591 25 0.01 - —
Rg 88.2 0.21 - - — - — — — —4.6 —26.5
Sq 90.0 — — — - — - — - 0.6 —

between 0.10 wt.% and 4.18 wt.% (beds T, and Pg,
respectively), with an average value of 0.98 wt.%.

Programmed pyrolysis (‘Rock-Eval’) derived
Tmax values vary between 440°C and 449°C
(Table 1). HI and OI values range from 87 to
154 mg HCg' TOC and from 3 to 27 mg
CO, g~ ' TOC, respectively. The production in-
dex (PI) values range between 0.16 and 0.29
(Table 1; Pei, 2022).

Stable carbon isotopes (6'°C,qp, and 51360rg)
8"3Ceamp, values range between 0.7%, and 4.29%,
(beds T,, and P, respectively), with an average

value of 1.6%,. 8"Cgap value is highest at the
base of the section (4.29, in bed P;) and then
decreases significantly towards the top (1.19,
in bed Tig). This trend is only interrupted by
bed Ps5, which shows a higher §'°Cg.m, value of
2.49, (Table 1; Fig. 9; Pei et al., 2021, table 2,
fig. 10).

8""Corg values range between —27.6%,
and —23.9%, (beds T,s and Tg, respectively),
with an average value of —26.29,. Section up-
wards, §'°C,,g generally shows a slightly increas-
ing trend (Table 1; Fig. 9; Pei et al., 2021, table
1, fig. 2).
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Fig. 9. Profiles of bulk geochemical and stable isotopic data at Xiakou (modified from Pei et al., 2021), including
Carbonate (wt.%), TOC (wt.%), §**Cgam (%,) and 613C0rg (%,)- ME 1, Mass extinction 1 (after Song et al., 2013);
PTB, Permian—Triassic boundary (after Zhao et al., 2013); ME 2, Mass extinction 2 (after Song et al., 2013); C.m.,
Clarkina meishanensis; C.t., Clarkina taylorae; H.p., Hindeodus parvus; Ls., Isarcicella staeschei.

Sedimentological and geochemical
characteristics of the Lahnewies Syncline
Section, Northern Calcareous Alps

Field observations and microfacies analyses
The combined Lahnewies Syncline section is
about 60 m thick. No volcanic ash beds/layers

were recorded, consistent with XRD data analy-
ses (Table S1; Fig. 4). The section begins with
the Hochalm Member, consisting of framestones
characterized by corals and coralline sponges
that are associated with green algae (Dasy-
cladaceae) and large molluscs (Neomegalodon)
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Fig. 10. (A) Choristoceras Bed and Eopsiloceras Bed in the upper part of the Eiberg Member, the Lahnewies Syn-
cline section (Lahnewies Creek part). Hammer for scale is ca 30 cm long. (B) The Choristoceras Bed is enriched in
juvenile individuals of the ammonoid Choristoceras (Giimbel, 1861; Reitner, 1978). (C) The Eopsiloceras Bed is
abundant in Eopsiloceras planorboides (Giimbel, 1861), unique for the section. (D) Enriched Zoophycos (ZPH)
burrowing traces are exhibited in the upper part of the Eopsiloceras Bed.

(Schéafer, 1979; Bernecker et al.,, 1999). The
above Eiberg Member is marked by two distinct
beds rich in organic matter (Choristoceras Bed
and Eopsiloceras Bed) (Figs 4 and 10A). The
lower bed is characterized by a mass occurrence
of juvenile individuals of the ammonoid Choris-
toceras (Fig. 10B; Glimbel, 1861; Reitner, 1978).
The upper bed contains the ammonoids Eopsilo-
ceras planorboides and Choristoceras ammoniti-
forme (Fig. 10C; Giimbel, 1861). Furthermore,
this bed also preserves a diverse bivalve commu-
nity, dominated by the thin-shelled pectinid
Agerchlamys. The ammonoid C. ammonitiforme
indicates a stratigraphic position below the C.
marshi zone (Wiedmann et al., 1979; Krys-
tyn, 1987; Karl et al., 2014; Galbrun et al., 2020).
The mass occurrence of relatively well-
preserved E. planorboides specimens in the
upper bed is also notable because this phyllocer-
atid ammonite is generally rare and restricted to
the Lahnewies Syncline. The originally arago-
nitic shells of E. planorboides individuals are
diagenetically dissolved and have not been
replaced, whereas the periostracum is mostly
preserved in its original form. If freshly exposed,
E. planorboides typically exhibits a golden

colour, while it appears white in specimens that
are exposed to air.

The Eopsiloceras Bed consists of mudstones
to wackestones. In the upper part, the bed
locally contains abundant framboidal pyrite
and shows evidence for significant bioturbation
by Zoophycos (Fig. 10D). The micrite mainly
contains globular nannofossils such as Prin-
siosphaera triassica (abundant) (Figs 11A, 11B
and 12A to C) and Orthopithonella (subordi-
nate), both of which were interpreted as
dinoflagellate cysts (Jafar, 1983; Janofske, 1987,
1992; Demangel et al., 2020). Coccolith remains
are also abundant but poorly preserved due to
diagenesis (Fig. 11A and B). However, most
coccoliths could be assigned to Archaeozy-
godiscus,  Crucirhabdus and  Cleospharea
(Janofske, 1987; Bown, 1987a,b; Bown
et al., 2004). Occasionally, other nannoliths
such as Conusphaera (Jafar, 1983;
Janofske, 1987, 1992) as well as spherical aggre-
gates of calcite crystal plates occurred, which
probably also represented mineralized hapto-
phytes. Taken together, calcified planktonic
algae are the major constituent of the carbonate
sediment.
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Fig. 11. Thin section photomicrographs (smear slides) of nannoplankton fossils, the Lahnewies Syncline section
(Lahnewies Creek part). (A) Various nannoplankton fossils in the Eopsiloceras Bed (samples R,, R3). The bed con-
tains abundant Prinsiosphaera triassica (PT), interpreted as dinoflagellate cysts (Jafar, 1983; Janofske, 1987, 1992;
Demangel et al., 2020) and diagenetically altered coccolith remains (C), assigned to Archaeozygodiscus, Crucirhab-
dus, and Cleospharea (Janofske, 1987; Bown, 1987a,b; Bown et al., 2004). (B) Same photograph as (A) under
crossed nicols. (C) Various nannoplankton fossils in the top layer of the T-Bed (sample Rg). The T-Bed contains
abundant Orthopithonella geometrica (OG), and diagenetically altered coccolith remains (C). (D) Same photograph

as (C) under crossed nicols.

A few metres above the Eopsiloceras Bed, the
ca 50 to 100 cm thick T-Bed follows, which
marks the top of the Eiberg Member (Figs 4 and
13) and consists of mudstones to wackestones
(Fig. 14A and B). Similar to the Eopsiloceras
Bed, the T-Bed contains Zoophycos burrows, but
these traces successively disappear towards the
top part (Fig. 13E). The T-Bed also contains the
ammonoid C. marshi in the top layer (Fig. 14C),
which  confirms a late Rhaetian age.

Furthermore, the T-Bed preserves diverse assem-
blages of epibyssate pectinid bivalves (Agerch-
lamys sp., Pseudolima sp.) (Fig. 14D and E),
similar to other locations in the Northern Cal-
careous Alps (McRoberts et al., 2008, 2012).
Notably, the thin shells of the bivalves are com-
monly intact and articulated, and often consist
of primary aragonite (Fig. 14A). The only abun-
dant infaunal organisms are undescribed lingu-
loid brachiopods (Lingularia?) (Fig. 14F; Sykora
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Fig. 12. Thin section photomicrographs (smear slides) (A, B, D, E, G, J and M) and (C, F, H and I) field emission
scanning electron microscopy (FE-SEM) images of nannoplankton fossils, the Lahnewies Syncline section (Lah-
newies Creek part). (A) to (C) Prinsiosphaera triassica in the Eopsiloceras Bed (samples R,, Rj). (A) Transmitted
light. (B) Crossed nicols. (C) FE-SEM. Filled spheres were composed of clusters of calcite plates arranged in a
cross lamellae structure. (D) to (F) Orthopithonella geometrica in the top layer of the T-Bed (sample Rg). (D) Trans-
mitted light, the inner part of the hollow sphere is an organic cyst. (E) Crossed nicols. (F) FE-SEM, the prismatic
calcite thombohedrons are shown. (G) to (I) Obliquipithonella rhombica in the top layer of the T-Bed (sample Rg).
(G) Crossed nicols, a clear apopyle is exhibited. (H) FE-SEM, a clear apopyle is also exhibited. (I) FE-SEM, paral-
lel, tangentially orientated calcite crystals are exhibited. (J) to (M) Coccoliths in the top layer of the T-Bed (sample
Re). (J) and (K) Circular heterococcolith, attributed to Cleosphaera tripartita. (J) Transmitted light. (K) Crossed
nicols. (L) and (M) Archaeozygodiscus sp. (L) Transmitted light. (M) Crossed nicols.
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Fig. 13. (A) and (B) T-Bed marks the top of the Eiberg Member, the Lahnewies Syncline section (Lahnewies Creek
part). It is followed by the Tiefengraben Member (TG-M). Pink coloured Schattwald Bed, belonging to the TG-M,
is exhibited. (C) and (D) Core of the top of T-Bed. (E) The T-Bed exhibits Zoophycos burrows (ZPH; sample R,),
but these traces successively disappear towards the top part. The upper part exhibits an enrichment of organic
matter and a decrease of Zoophycos (sample Rs). The top layer (sample Rg) contains abundant organic matter.

Hammer = 40 cm; people are ca 1.8 m tall.

et al.,, 2011). In the top layer of the T-Bed, fish
remains are preserved (Fig. 14G).

The top layer of the T-Bed contains abundant
nannofossils, particularly Orthopithonella geo-
metrica (dominant) (Figs 11C, 11D and 12D to F)
and Obliquipithonella rhombica (less abundant)
(Fig. 12G to I). Moreover, the micrites mainly
consist of diagenetically altered remains of calci-
fied planktonic algae such as calcispheres (for
example, Prinsiophera, Orthopithonella) and
coccoliths (for example, Cleosphaera tripartita,
Archaeozygodiscus sp.) (Figs 11C, 11D and 12]
to M).

The Tiefengraben Member begins above the
T-Bed and consists of black mudstones that
contain only few microfossils (for example, the
ostracod Bairdia sp., and the unusual foramini-
fer Praegubkinella sp.) but no nannofossils. In
the lower part, the Tiefengraben Member
locally exhibits organic-lean carbonate concre-
tions (Fig. 15A and B). The overlying Schatt-
wald Beds are characterized by pink colour,
carbonate-poor mudstones with an absence of
fossils (Fig. 15C). The Breitenberg Member
atop, in contrast, consists of wackestones and

contains abundant fossils of demosponges, radi-
olarians and benthic foraminifera (Fig. 15D and
E). Particularly noteworthy is the ammonoid
Psiloceras naumanni (Fig. 15F to H), which is
indicative for the Calliphyllum zone, and hence
a Hettangian age.

The following Scheibelberg Formation com-
prises grey bedded limestones with chert nod-
ules and contains abundant fossils, including
ammonites, radiolarians, foraminifera (for exam-
ple, Involutina sp.), and spicules of siliceous
sponges (Fig. 16A to D). The ammonoid
Schlotheimia sp. (Fig. 16B) indicates a late Het-
tangian age.

Bulk geochemical characterization

Total organic carbon contents of the analysed
samples vary between 0.21 wt.% and 6.18 wt.%,
while TIC contents range between ca 60 wt.%
and 90 wt.% (Table 1; Fig. 4). Programmed
pyrolysis yields Ty values <430°C (Table 1).
OI values are relatively low for all samples
(<35 mg CO, g~' TOC), while HI values are
mostly rather high (>435 mg HC g~' TOC). PI
values are around 0.01 (Table 1).
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Fig. 14. (A) and (B) T-Bed consists of mudstones to wackestone. Notably, the thin shells of the bivalves are com-
monly intact and articulated, and often consist of primary aragonite. (C) Ammonoid Choristoceras marshi, in the
top layer of the T-Bed (sample Rg), the Lahnewies Syncline section (Lahnewies Creek part), confirming a late
Rhaetian age. (D) to (E) Epibyssate pectinid bivalves Agerchlamys cf. textoria and Pseudolima cf. hettangiensis, in
the top layer of the T-Bed. (F) Undescribed linguloid brachiopods (Lingularia?) (Sykora et al., 2011), in the top
layer of the T-Bed. (G) Fish remains, in the top layer of the T-Bed.

Lipid biomarkers

The aliphatic fractions of all studied TOC-rich
samples contain abundant n-alkanes as well as
acyclic head-to-tail linked isoprenoids, such as
pristane and phytane (Fig. 17A). Furthermore, a
clear odd-over-even predominance is detected
between n-C,, and n-Cs, (CPI = 1.7-2.7; Table 2).
Samples Rs; and Rg from the T-Bed contain
remarkably high abundances of n-Cj; 39
(Fig. 17B).

The samples preserve abundant hopanes and
hopenes, which are dominated by 17p(H), 21p(H),
22R isomers. Among steroids, two series of
diaster-13(17)-enes and 4-methyldiaster-13(17)-
enes (Volkman et al., 2015) are most abundant.
The major diasterene was tentatively identified
as 4-methyl-24-ethyldiacholest-13(17)-ene. Because
standard compounds were not available, and
mass spectra might be similar (Volkman
et al., 2015), this compound may also represent
a 4,23,24-trimethylated equivalent, which is a
dinosterane transformation product. Indeed,

dinosteranes were identified by MRM analyses
and relative abundances among regular steranes
are highest in samples Rs-R; from the T-Bed
(Table 2; Fig. 17A).

Stable carbon isotopes (6'°Cquy, and 513Corg]
8"3Car, values vary from —4.6%, to 1.8%, (samples
Rg and Rg, respectively) (Table 1; Fig. 4). The Eop-
siloceras Bed and the T-Bed both exhibit §*3*Cea,
values of ca 19, while the Tiefengraben Member
is characterized by a significantly lower §"°Cgay,
value of —4.69%,, (sample Rg).

8"Corg values range between —30.1%, and
—26.5%, (samples Rz and Rg, respectively)
(Table 1; Fig. 4). Both the Eopsiloceras Bed and
T-Bed exhibit low 8'°C,y values of ca —30%,
(Table 1; Fig. 4), which is in the range of the
well-documented negative §'°C,,; excursion at
the T-J boundary (Ruhl et al., 2010, 2011; Ruhl
& Kiirschner, 2011). In the Tiefengraben Mem-
ber, 5'°Coy value is higher (—26.5%, in sample
Rg) (Table 1; Fig. 4).
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Fig. 15. (A) Tiefengraben Member (TG-M) locally exhibits organic-lean carbonate concretions (Sample Rg), the
Lahnewies Syncline section (Nudelgraben Creek part). (B) The carbonate part (TG-M) (Sample Rg) is mainly
micrite, devoid of fossils. (C) The overlying Schattwald Beds are characterized by pink carbonate-poor mudstones
with an absence of fossils, the Lahnewies Syncline section (Nudelgraben Creek part). (D) Breitenberg Member
atop, the Lahnewies Syncline section (Lahnewies Creek part). (E) Consists of wackestones and contains abundant
fossils of demosponges, radiolarians and benthic foraminifera. (F) to (H) Ammonoid Psiloceras naumanni, Calli-
phyllum Zone, Hettangian, in the Breitenberg Member. (H) External view of the same ammonoid as that in (G).

Hammer = 40 cm.
DISCUSSION

Organic matter preservation

Sedimentary organic records might be compro-
mised by post-depositional processes, particu-
larly through thermal degradation during burial
(Peters et al., 2005; MiBBbach et al., 2016). There-
fore, the thermal maturity of organic matter has
to be critically assessed prior to further geobio-
logical interpretations (Love & Zumberge, 2021).
Programmed pyrolysis data are powerful means
for such assessments, but can only be consid-
ered robust if TOC is >20.2 wt.% and S2 is
>0.2 mg HC g_1 rock (Peters, 1986; Peters &
Cassa, 1994). All samples analysed herein meet
these criteria and can be considered reliable
(Table 1; Pei, 2022).

At Xiakou, Tpax values (440°C to 449°C, mean
445°C; Table 1) indicate early to peak oil win-
dow maturity (Peters, 1986; Peters &

Cassa, 1994). However, HI and OI values (87 to
154 mg HC g' TOC and 3 to 27 mg CO, g '
TOC, respectively; Table 1) evidence a relatively
low hydrocarbon generation potential
(Peters, 1986; Peters & Cassa, 1994). Correspond-
ingly, PI ranged from 0.16 to 0.29. In a pseudo-
van Krevelen diagram (van Krevelen, 1961), the
samples are classified as type IV kerogen (iner-
tinite). Because of the high thermal maturity of
organic matter, samples from Xiakou are not
suitable for lipid biomarker analysis (Pei, 2022).
In the Lahnewies Syncline section, T« val-
ues (<430°C; Table 1) indicate thermally imma-
ture organic matter. HI and OI values (>435 mg
HC g ' TOC and <35 mg CO, g~ ' TOC, respec-
tively; Table 1) are indicative for type II kero-
gens that typically form in marine environments
(Peters, 1986; Peters & Cassa, 1994). The low
thermal maturity of organic matter is in good
accordance with PI <0.1 and CPIs >1 (Tables 1
and 2). Because of the low thermal maturity of

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists., Sedimentology, 70, 1601-1629



Ecosystem changes through the critical intervals 1621

Fig. 16. (A) Scheibelberg Formation, comprising grey bedded limestones with chert nodules and containing abun-
dant fossils, the Lahnewies Syncline section (Nudelgraben Creek part). (B) Ammonoid Schlotheimia sp., repre-
senting a late Hettangian age. (C) Chert nodules. (D) Abundant siliceous sponge spicules (S), radiolarians (Ra) and
foraminifera, for example, Involutina sp. (IN) are observed. Yellow stick = 2 m.

organic matter, samples from the Lahnewies
Syncline section were subsequently analysed for
lipid biomarkers.

Primary producers through the P-T and T-J
critical intervals

In the P-T boundary section in Xiakou, masses
of calcispheres occur in one distinct carbonate
layer Py5., (MF-5) that is interlayered between
volcanic ash interlayers (layers Py5, and Pi5.3)
and characterized by peloidal textures (Fig. 6A
and B). In the T-J boundary section, calci-
spheres are also quite abundant. The term ‘calci-
sphere’ derives from Calcisphaera, a genus
originally established for specific calcareous
microfossils in Carboniferous carbonates (Wil-
liamson, 1880), but is nowadays commonly used
for spherical calcareous microfossils of various
origins.

Calcispheres in Upper Triassic or younger
rocks were commonly interpreted as cysts of cal-
careous dinoflagellates (Keupp, 1991; Wendler &
Bown, 2013), perhaps reflecting the onset of sig-
nificant calcification of pelagic plankton (Corso
et al, 2021). The biological affinities of

calcispheres in Middle Triassic and older rocks,
in contrast, are disputed. For instance, it has
been proposed that some Silurian calcispheres
might represent ancestors of dinoflagellates (Ser-
vais et al., 2009), whilst specimens from the
Late Devonian were interpreted as radiolarians
(Antoshkina, 2006). Abundant calcispheres in
microbialites at the P-T boundary (e.g. Pei
et al., 2019; Zhang et al., 2020) perhaps repre-
sented coccoid cyanobacteria (Zhang
et al., 2020). In the light of these findings, the
biological affinity of calcispheres in layer Pi5.,
at Xiakou (Figs 6C to 6F, 7 and 8) remains
unclear, although it is tempting to speculate that
they represent ancestors of dinoflagellates.

In the T-J boundary section, calcisphere-rich
samples have high TOC contents (up to
6.18 wt.%; Table 1) and show a dominance of
eukaryotic steranes over bacterial hopanes (ster/
hop = 2.7 to 6.0; Table 2), pointing to a
eutrophic environment with an algae-dominated
primary production (e.g. Love & Zum-
berge, 2021). This is in good accordance with
relatively high amounts of pristane and phytane,
which are commonly sourced by phototrophic
primary producers (e.g. Peters et al, 2005).
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Fig. 17. (A) Exemplified total ion chromatogram of the aliphatic fraction of sample Rs in the top layer of the T-
Bed, the Lahnewies Syncline section (Lahnewies Creek part) with m/z 85 ion chromatogram. Diacholest-13(17)
enes and 4-methyl diacholest-13(17)-enes are the most abundant among steroids. Note that the major compound,
which is tentatively identified as (20R-100)-4-methyl-24-ethyldiacholest-13(17)-ene could also be 4-methyl-23,24-
dimethyldiacholest-13(17)-ene (e.g. Volkman et al., 2015). Pr, pristane; Ph, phytane; c, laboratory contaminants,
for example, 30HB,B22R = 17p(H),21B(H)-22R-hopane (Cjo). (B) Relative abundances of individual n-alkanes from
m/z 85 ion chromatograms, demonstrating the uncommon prevalence of n-Cj;, n-Csg and n-Czg n-alkanes particu-
larly in samples R5 and Re.

Table 2. Selected biomarker ratios, including the Carbon Preference Index CPI = 0.5 x ((n-Cys + n-Cy;
+ n-Cyg + n-C31)/(n-Cyg + n-Cpg + n-Cy9 + n-Cy) + (0-Cys5 + n-Cy7 + n-Cpg + n-C3q)/(n-Cas + n-Cpg + n-Cyg + n-Cyo)),
pristane/phytane (Pr/Ph), calculated from flame ionization detector (FID) responses, and steranes/hopanes (Ster/
Hop), dinosteranes/(steranes + dinosteranes), from multiple-reaction monitoring (MRM) analyses. R, Rhaetian.

Section Sample CPI Pr/Ph Ster/Hop Dinosteranes/(steranes + dinosteranes)
Lahnewies-Syncline R, 1.7 1.3 3.2 0.04

R; 1.8 0.9 6.0 0.05

Rs 2.7 1.0 3.8 0.33

Rg 1.7 1.2 2.7 0.11

R, 2.7 1.2 3.2 0.21
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However, parts of those compounds may also
derive from higher land plants, as indicated by a
prevalence of odd-numbered hydrocarbons
between n-C,, and n-C;, (CPIs = 1.7 to 2.7)
(Table 2; Fig. 17A; Eglinton et al., 1962).

Remarkably, n-alkanes in samples from the T—
] boundary section commonly show a marked
increase in abundance between Cj; and Csg, par-
ticularly in samples R5; and Ry (Fig. 17B). This
distinct feature requires explanation as the rela-
tive abundance of n-alkanes >n-Cs; usually
drops with increasing carbon number. N-alkanes
with carbon numbers between 37 and 39 might
derive from long-chain alkenones, which are
ubiquitous in recent haptophytes (Cran-
well, 1985; Brassell et al, 1986; Prahl
et al., 1988). Haptophytes became abundant in
the Triassic (De Vargas et al., 2007), but to the
best of present knowledge alkenones have not
been found in rocks older than the Jurassic
(Dumitrescu & Brassell, 2003). However, it was
experimentally demonstrated that the mild
reduction of alkenones, as to be expected during
diagenesis, results in the formation of n-alkanes
with identical chain lengths (Love et al., 2005),
supporting a precursor—product relationship
between these compounds. It thus appears plau-
sible that the observed n-Cs;; ;9 alkanes are dia-
genetic derivatives of alkenones that originated
from early haptophytes such as coccol-
ithophorids.

Notably, samples from the T-J boundary sec-
tion also contained dinosteranes and 4-methyl-
24-ethylcholestene (or possibly a dinosterane-
derived 4,23,24-trimethylcholestene) (Fig. 17A),
which both could be sourced by dinoflagellates
(Summons et al., 1987). This is in good agree-
ment with findings from Late Triassic rocks in
the Bristol Trough (UK) that also contained
abundant dinosteranes and other 4-methyl ster-
anes (Thomas et al., 1993). 4-methyl steranes
can also derive from methanotrophic bacteria,
but typically lack an alkylation at C-24 (e.g.
Bird et al., 1971; Jahnke, 1992; Volkman
et al., 2015), resulting in different mass spectra
(Birgel & Peckmann, 2008). 4-methyl-24-
ethylcholestane has previously been reported
from recent haptophyte algae of the order
Pavlovales (Volkman et al., 1990, 1997), some-
times co-occurring with alkenones
(Schoner, 2001). Together with the prominent
Cs7 39 n-alkanes, dinosteranes and 4-methyl-24-
ethylcholestene indicate major contributions by
dinoflagellates and haptophytes to the organic
matter in the T-J boundary section.

Ecosystem changes through the P-T and T-J
critical intervals — Is volcanism the common
driver?

The P-T and T-J crises both have been inti-
mately associated with large continental flood
basalt provinces (i.e. the Siberian Traps and
CAMP, respectively) (e.g. Whiteside et al., 2010;
Blackburn et al., 2013; Burgess & Bowring, 2015;
Thibodeau et al., 2016; Burgess et al., 2017;
Davies et al., 2017; Percival et al., 2017; Broad-
ley et al., 2018; Wang et al., 2018). The Siberian
Traps are one of the largest known continental
flood basalt provinces of the Phanerozoic, with
an estimated original volume of ca 3 x 10° km®
(Reichow et al., 2002). About two-thirds of the
total lava/pyroclastic volume erupted over a per-
iod of only ca 300 000 years, shortly before and
concurrent with the end-Permian mass extinc-
tion (Burgess & Bowring, 2015), and concurrent
with a massive emplacement of sill intrusions
(Burgess et al., 2017). Simultaneously, the vol-
canism liberated significant amounts of volatiles
such as halogens, carbon dioxide, sulphur diox-
ide and methane (Svensen et al., 2009; Ogden &
Sleep, 2012; Broadley et al., 2018; Clapham &
Renne, 2019), perhaps resulting in a six-fold
increase of atmospheric pCO2 during this crisis
(Wu et al., 2021).

Negative excursions of both §**#°Ca (in car-
bonates and hydroxyapatites) and §'*C (in car-
bonates and organic matter) indicated that the
elevated pCO2 levels may have caused ocean
acidification (Payne et al, 2010; Hinojosa
et al., 2012; Silva-Tamayo et al., 2018). Indeed,
shallow marine successions from that time com-
monly exhibit an erosional surface between lat-
est Permian carbonates and post-extinction
microbialites, perhaps reflecting a decreased sea-
water pH (Payne et al., 2007; Collin et al., 2009;
Lehrmann et al., 2015; Pei et al., 2019). Acidifi-
cation, together with physiological effects such
as hypercapnia, seems to be consistent with the
selective extinction of organisms with calcare-
ous shells and poorly buffered respiratory physi-
ology (Knoll et al, 2007; Clapham &
Payne, 2011; for an alternative view see Slater
et al., 2022).

At Xiakou, the calcisphere-rich layer Pi5.
(MF-5) is intercalated in volcanic ash (layers
Pis.1 and Py53) (Fig. 2), perhaps indicating a
direct relationship between volcanism and
planktonic primary production. One plausible
explanation is that high nutrition associated
with volcanism resulted in a fertilization of
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marine environments, thereby promoting pri-
mary production in the ecosystems. This
hypothesis is supported by studies that demon-
strated a positive impact of volcanic eruptions
on primary production in modern marine envi-
ronments such as the Korean coast and the west-
ern Pacific Ocean (Zhang et al, 2017;
Kim, 2020).

Like the Siberian Traps, CAMP classifies as one
of the largest known Phanerozoic continental
flood basalt provinces (Kravchinsky, 2012). The
formation of the CAMP and large-scale intrusive
processes are synchronous to the T-J extinction
event, possibly implying a direct connection
(Blackburn et al., 2013; Davies et al., 2017). Mar-
ine sedimentary successions show negative
8"Coap and 8'°Coyg excursions at the time of
CAMP (Ruhl et al., 2010, 2011; Whiteside
et al., 2010; Ruhl & Kirschner, 2011; Corso
et al., 2014). Furthermore, a biocalcification crisis
occurred during this time, which was likely
linked to ocean water acidification because organ-
isms with aragonitic or high-Mg calcite skeletons
and a weak physiological control on biomineral-
ization were particularly affected (Hautmann
et al., 2008; Ruhl et al., 2010).

The T-J Lahnewies Syncline section records
three regionally widespread anoxic events. The
first two events are characterized by mass
extinctions of certain ammonoids, as expressed
in the names of respective beds (Choristoceras
Bed and Eopsiloceras Bed) (Fig. 4; Reitner, 1978;
Karl et al., 2014). The third event is reflected by
the top layer of the T-Bed and almost results in
a collapse of carbonate production. Palaeonto-
logical and organic geochemical data evidence a
eutrophic ecosystem dominated by algae such as
calcified haptophytes (i.e. coccolithophores) and
dinoflagellates during the event (Figs 11C, 11D,
12D to 12M and 17; McRoberts et al., 2012;
Hillebrandt et al., 2013). Notably, biomarkers
indicative for water column stratification and
photic zone anoxia (for example, gammacerane,
isorenieratane), as detected in contemporaneous
sections from other regions (Richoz et al., 2012;
Blumenberg et al., 2016), have not been found.

The Lahnewies Syncline section provides no
evidence for a direct influence of CAMP-related
volcanic activity on uppermost Rhaetian environ-
ments. For instance, clay minerals that are com-
monly sourced by volcanic eruptions (for
example, montmorillonite, bentonite, possibly
smectite) have not been observed. The only
potential indication is clay spherules contained
in the topmost Kossen Formation of the

Kendelbach section, which perhaps represents
altered volcanic ash layers (Zajzon et al., 2012).
However, CAMP might have affected local envi-
ronments by supplying high quantities of fertiliz-
ing volatiles, carbon dioxide and sulphur dioxide
to the atmosphere, resulting in acidic rain, and
leading to ocean eutrophication (Davies et al.,
2017). Thus, a possible relationship between vol-
canism and abundant dinoflagellates and coccol-
ithophorids in the top layer of the T-Bed is
plausible and requires further investigation
(Figs 11C, 11D, 12D to 12M and 17).

CONCLUSIONS

This study focuses on ecological upheavals
through the Permian-Triassic (P-T) and Trias-
sic-Jurassic (T-J) critical intervals, which are
commonly assumed to be caused by voluminous
volcanic provinces [Siberian Traps and Central
Atlantic Magmatic Province (CAMP), respec-
tively]. Calcispheres, interpreted as dinoflagel-
lates and/or coccolithophorids, are abundant in
deposits from both intervals. Additionally, the
T-J section preserves abundant 4-methyl stere-
nes (diagnostic for dinoflagellates) and Cj; 39 n-
alkanes (indicative for haptophytes). In the P-T
boundary section from South China, calci-
spheres occur in a distinct limestone bed that is
intercalated in thick volcanic ash beds, which is
probably related to the Siberian Traps. Thus,
volcanism might have had a positive effect on
the planktonic primary producers, perhaps by
delivering essential nutrients. The studied T-J
boundary sections from Northern Calcareous
Alps, in contrast, preserve no sedimentological
evidence for volcanic activity. Thus, a possible
relationship between volcanism and blooms of
dinoflagellates and coccolithophorids remains
elusive and needs further investigation.
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