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ARTICLE INFO ABSTRACT

Editor: Prof. S Shen High temporal resolution is of paramount importance in stratigraphic studies of major events in earth history
such as the end-Triassic extinction (ETE). Although it ranks among the most severe Phanerozoic mass extinctions,

Keywords: the precise timing and duration of the cascade of environmental and biotic changes across the Triassic-Jurassic

Triassic-Jurassic boundary boundary (TJB) interval remains controversial. Here we present a cyclostratigraphic study of the Csévar section

End-Triassic extinction (Hungary), a continuous carbonate succession from an intraplatform basin that yielded significant geochemical

Astrochronology and paleontological data from around the TJB. We analyzed ten elemental time series and stable isotope data

Depositional model series and detected cyclicities with periodicities similar to the orbital cycles of the ~405 kyr long and ~124 kyr

Aquifer eustasy short eccentricity, the ~34 kyr obliquity, and the ~17-21 kyr precession. The astrochronologic age model
suggests that the ~52 m thick section was deposited in 2.9-3 Myr, with an average sedimentation rate of
1.73-1.79 cm/kyr. We establish that the section contains the last ~1.3 million years of the Rhaetian and most of
the Hettangian, supporting a <2 Myr duration for this stage. The duration of the initial carbon isotope anomaly
(ICIE) is estimated at ~40-80 kyr. Previously recognised meter-scale sequences are in agreement with the long
eccentricity cycles up to the level of the ICIE but subsequently this relationship becomes less clear, possibly
reflecting the effects of the end-Triassic climatic/environmental perturbations and associated changes in the
depositional environment superimposed onto overarching astronomical forcing. We propose a cyclicity-based
environmental model for sedimentation in the CsGvar basin where the observed antiphase behaviour of the
carbonate accumulation and the terrigenous input and dissolved silica was driven by a combination of aquifer-
and limno-eustasy and the ‘megamonsoon’ system that dominated the climate of the peri-Tethyan realm. This
study highlights that intraplatform carbonate successions can be suitable archives to preserve orbital cyclicities
and the new astrochronological age model helps improve our understanding of the ETE and other events in the
TJB interval.

Milankovitch cycles

1. Introduction et al., 1999) and ocean acidification (Greene et al., 2012), linked to
perturbations in the carbon cycle (Pélfy et al., 2001; Ward et al., 2001;

The end-Triassic extinction (ETE) is one of the most severe Phaner- Hesselbo et al., 2002). Recognition of synchrony with volcanism in the
ozoic biotic crises (Sepkoski, 1996) that is related to major environ- Central Atlantic Magmatic Province (CAMP) (Marzoli et al., 1999) led to
mental changes associated with super greenhouse warming (McElwain an emerging consensus that CAMP activity triggered a complex cascade
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of environmental and biotic changes (Palfy and Kocsis, 2014). However,
nuanced understanding of the cause-and-effect relationships and
modeling of various aspects of Earth system changes require an accurate
temporal framework that has remained controversial across the Triassic-
Jurassic transition.

A timeframe using zircon U-Pb ages was developed in volcanic ash-
bearing marine successions of North and South America (Palfy et al.,
20005 Schaltegger et al., 2008; Guex et al., 2012) but problems remain in
ammonite-based biostratigraphic correlation with European sections.
Alternatively, cyclostratigraphic analyses were carried out leading to
development of astrochronologies in marine sections in the UK (Weedon
et al.,, 1999; Ruhl et al., 2010; Hiising et al., 2014; Xu et al., 2017;
Weedon et al., 2019; Storm et al., 2020), the GSSP in Austria at Kuhjoch
(Galbrun et al., 2020) and deep marine cherts in Japan (Ikeda and Tada,
2014), as well as in terrestrial sections from Pangean rift basins in
eastern North America (Olsen and Kent, 1996; Kent et al., 2017) and
Morocco (Deenen et al., 2010), and the Junggar Basin in China (Sha
et al., 2015). However, some of the marine successions are plagued with
problems of hiatuses and/or major facies changes near the Triassic-
Jurassic boundary (TJB). The terrestrial sections inherently present
correlation issues with the marine realm that have not yet been unam-
biguously resolved by magnetostratigraphy or other independent
methods including radiometric dating (Olsen and Kent, 1996; Blackburn
et al., 2013; Kent et al., 2017). In addition, the fossil record of biotic
change and geochemical proxy records of environmental change are
often derived from other sections whose correlation is challenging (e.g.
Jost et al., 2017; He et al., 2020). Nevertheless, these studies of suc-
cessions deposited in remarkably different environments suggest that
during the TJB interval, despite the severe effects of CAMP volcanism,
many sedimentary systems preserved the signal of the orbitally forced
cyclicity.

Here, we present the results of a cyclostratigraphic study of the Var-
hegy section at Csévar (Hungary) that straddles the TJB (Palfy and
Dosztaly, 2000). This succession was deposited in an intraplatform basin
and its carbonate sedimentology is well characterized (Haas and Tardy-
Filacz, 2004), with previous sequence stratigraphic analysis suggesting
the presence of decimeter- and meter-scale cycles (Haas et al., 2010).
The section is one of the first localities worldwide where the initial
carbon isotope excursion (ICIE) marking the end-Triassic carbon cycle
perturbation associated with the end-Triassic mass extinction, was
recognized (Palfy et al., 2001), and it has a robust biostratigraphic
framework based on ammonites, conodonts and radiolarians (Kozur and
Mock, 1991; Palfy et al., 2001, 2007; Karadi et al., 2019). Additional
signatures of the end-Triassic events include synchronous peaks of
spores and prasinophytes (Gotz et al., 2009) and the largest peak of
sedimentary mercury concentrations reported so far from the TJB in-
terval (Kovacs et al., 2020). The uniform lithology, the absence of major
facies changes throughout, including the TJB interval, and the lack of
conspicuous hiatuses (Haas and Tardy-Filacz, 2004; Palfy et al., 2007)
make this section potentially well-suited for a cyclostratigraphic and
astrochronologic study.

The aim of this study is to develop an astrochronological age model
to provide a high-resolution temporal framework for this time-interval,
and to facilitate correlation with other sections characterized by records
of global environmental change. We applied multiproxy cyclo-
stratigraphy that also allowed us to assess the environmental drivers of
the preserved cyclicity (Li et al., 2019a; Sinnesael et al., 2019). We have
detected dominant Milankovitch cycles and established the astronomi-
cal duration of the section, refined the placement of the Triassic-Jurassic
boundary here, and assessed the duration of the Initial Carbon Isotope
Excursion (ICIE). Our results bear on the timing and sequence of biotic
and geochemical events across this pivotal interval of Earth history. In
addition, we attempted to interpret the cyclic environmental variations
in the Cs6var basin and associated cyclic sedimentation in this intra-
platform carbonate system in a novel way, invoking the influence of a
“megamonsoon” climate regime as the driver of eustasy at the TJB.
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2. Geological and stratigraphic background
2.1. Geological setting

The village of Csévar is located about 40 km north-northeast of
Budapest in north-central Hungary. Exposures of the Triassic-Jurassic
boundary (TJB), the Pokol-volgy quarry and the section on the south
slope of the Var-hegy (Castle Hill) lie west-northwest of the village
(Fig. 1). Stratigraphic studies of the surface outcrops are complemented
by the 1200 m deep Csv-1 well drilled in 1968 in the lower yard of the
Pokol-volgy quarry (Haas et al., 1997).

The fault-bounded, uplifted Nézsa-Csovar block on the left side of the
Danube comprises the northeasternmost surface exposures of the
Transdanubian Range (TDR) tectonic unit that forms part of the Alcapa
mega-unit (Haas and Tardy-Filacz, 2004), a composite terrane within
the Alpine-Carpathian orogenic system. Overlain, following a major
unconformity, by Eocene and Oligocene strata, the Upper Triassic to
Lower Jurassic marine carbonates are assigned to the Cs6var Formation.
This unit is composed of slope, toe-of-slope and basinal sediments
deposited in one of the intraplatform basins developed in the outer part
of the Dachstein platform system, on the western shelf of the Neotethys
(Fig. 2) (Haas and Tardy-Filacz, 2004; Haas et al., 2010).

The Csv-1 well penetrated an Upper Carnian to Lower Rhaetian
succession (Karadi et al., 2013). Most of the strata exposed in the Pokol-
volgy quarry are Rhaetian in age based on ammonites and conodonts,
whereas the partially overlapping Var-hegy section on the opposite side
of the valley extends from the Upper Rhaetian to Sinemurian, on the
basis of observed conodonts, radiolarians and ammonites, and thus
contains the Triassic-Jurassic boundary (Kozur, 1993; Haas et al., 1997;
Palfy and Dosztdly, 2000; Haas and Tardy-Filacz, 2004; Haas et al.,
2010). Both measured stratigraphic sections in the Pokol-volgy quarry
and on the Var-hegy are assigned to the Csévar Formation (Haas et al.,
1997; Haas and Tardy-Filacz, 2004; Palfy and Haas, 2012).

Development of the Csévar basin started in the early Carnian when
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Fig. 1. Location of the Csdvar section and simplified geology of the south-
eastern part of the Csévar block. Abbreviations: TDR — Transdanubian Range,
Q. — Pokol-volgy quarry, Fm. — Formation, T3 — Upper Triassic (after Benké and
Fodor, 2002, Pélfy et al., 2001 and Pélfy et al., 2007).
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extension related to rifting in the westernmost Neotethys opened narrow
intraplatform basins at the northeastern end of the Dachstein platform
parallel to the platform margin. The Harmashatarhegy basin is another
similar but more restricted and hence oxygen-depleted intraplatform
basin nearby known from exposures and drill cores in Budapest. The
Csovar and Harmashatarhegy basins either formed a single intraplat-
form basin with parts of different degrees of restriction, or, existed as
individual basins separated by platforms and/or islands (Haas et al.,
2000; Haas, 2002). Common terrestrial plant remains that occur
throughout the succession at Cs6var, their variable size, and the abun-
dance of elongated phytoclasts, pollens and spores suggest that small
islands existed on the outer platform during the Triassic-Jurassic tran-
sition interval (Haas et al., 2010).

Late Carnian to Norian basinal sedimentation was gradually replaced
by a toe-of-slope depositional environment by the end of the Norian,
indicating progradation of an adjacent carbonate platform (Haas and
Budai, 1999; Haas, 2002; Benké and Fodor, 2002). The lowermost
Rhaetian basal part of the Pokol-volgy quarry section suggests a signif-
icant sea level drop wich may have resulted in subaerial exposure of the
nearby platform, increase in terrestrial plant debris, and oxygen-
depleted bottom waters in the basin (Haas and Budai, 1999; Haas and
Tardy-Filacz, 2004). The Lower Rhaetian layers contain proximal
calcareous turbidite layers with crinoid fragments. Common terrestrial
palynomorphs indicate that much of the adjacent platforms remained
emerged. The onset of transgression led to the establishment of small
buildups on the highest parts of the slope. Debris flow deposits and
synsedimentary slump structures became common, suggesting sediment
movement along the slope (Haas and Tardy-Filacz, 2004; Haas et al.,
2018). As recorded in the topmost part of the quarry and the lower part
of the Var-hegy section, continuing relative sea level rise in the Early
Jurassic controlled a gradual upward shift from predominantly proximal
to distal calcareous turbidites and then finally to the basinal deposits. At
32 m above the base of the Var-hegy section, lower Hettangian beds with
redeposited oncoids and grapestones occur which may have derived
from ambient submarine highs (Haas and Tardy-Filacz, 2004). Above
the measured section, near the top of Var-hegy cherty limestone be-
comes predominant and extends into the Sinemurian stage (Kozur,
1993).

2.2. Biostratigraphic framework

Although most fossil groups occur rather sparsely, the local record of
ammonoids, conodonts, radiolarians, foraminifera and palynomorphs
are adequate to construct a well-resolved biostratigraphic framework
and constrain the placement of the Triassic-Jurassic boundary to a
narrow stratigraphic interval. The primary marker for the definition of
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Fig. 2. Location of the Csoévar basin at the Triassic-
Jurassic transition, (A) in a global paleogeographic
context and (B) in the regional reconstruction of the
westernmost Neotethys (Haas et al., 2019). CAMP:
Central Atlantic Magmatic Province, LBM: London-
Brabant Massif, BM: Bohemian Massif, MM: Malo-
polska Massif, AA: Austroalpine Units, WC: Central
and Inner West Carpathian Units, TI: Tisza Unit, TR:
Transdanubian Range, SL: Slovenian basin, JU: Julian
Alps, B: Bukk Unit, ADCP: Adriatic-Dinaridic Car-
bonate Platform, BO: Bosnian Zone, D: Drina-Ivanjica
Unit, J: Jadar Block, SI: Sicilian Basin, L: Lagonegro
Basin, JEF: Jefra Basin, PI: Pindos Basin, PEL:
Pelagonian-Subpelagonian  Units. Adapted from
Kovacs et al. (2020).

the Triassic-Jurassic boundary and the key fossils for high-resolution
Jurassic biostratigraphy are ammonoids (Hillebrandt et al., 2013), but
in the Var-hegy section only a few poorly or moderately preserved
specimens have been found. The lowermost 10 m of the section (up to
Bed 27) yielded ammonites of Rhaetian age (Choristoceras spp., Cla-
discites sp.), which suggests that this part belongs to the upper Triassic
Marshi Zone (Palfy and Dosztaly, 2000). The first unambiguously
Jurassic ammonoid (Psiloceras sp.) was recovered at 29.5 m (Bed 66),
although one specimen of Nevadaphyllites psilomorphum (also Jurassic in
age) was found ex situ at 19 m (Palfy and Dosztaly, 2000; Palfy et al.,
2001). Waehneroceras sp. collected from the top of the section (~54 m)
indicates a middle Hettangian age (Palfy and Dosztaly, 2000), whereas
the most recent study reported the co-occurrence of Schlotheimia sp. and
Juraphyllitidae gen. et sp. indet. from ~52 m, indicating the base of the
upper Hettangian Marmorea Zone (Kovdcs et al., 2020).

Based on radiolarians, the uppermost Rhaetian Globolaxtorum tozeri
zone is identified at ~1.5 m (Bed 4), whereas the lower Hettangian
Relanus hettangicus zone is identified at ~26.5 m (Bed 62) (Palfy et al.,
2007).

Previously, the lowermost beds of the section were assigned to the
Misikella posthernsteini conodont zone (Kozur and Mock, 1991; Palfy
et al., 2007), but recent studies suggest that the entire lower 10.5 m of
the succession (up to Bed 29) can be assigned to the Misikella ultima zone
(Karadi et al., 2019). Single specimens of both Misikella ultima and
‘Neohindeodelld' sp. were found at 20.9 m (Bed 54) but their reworking
cannot be ruled out (Palfy et al., 2007). The highest conodont occur-
rence, Neohindeodella detrei was found at 31.7 m (Bed 74) and is
considered to be a sole survivor of the end-Triassic extinction (Kozur,
1993; Palfy et al., 2007; Du et al., 2020).

The lowermost 12.5 m of the section is characterised by a rich and
diverse fauna of Rhaetian foraminifera but only an impoverished
assemblage occurs above this level. The last specimens of certain
Triassic age were found at 14.5 m (Bed 36), whereas the first definitive
Jurassic species (Involutina liassica) appears at 52 m (Bed 119) (Palfy
et al., 2007).

Palynomorphs of Rhaetian age are present up to ~20 m (Bed 49). A
sudden increase in the abundance of prasinophytes (Tasmanites), and a
concomittant peak abundance of trilete spores (Concavisporites spp.,
Deltoidospora spp.) is recorded at ~19 m (Bed 47) (Gotz et al., 2009).

Thus, if the contentious find of Misikella ultima in Bed 54 (20.9 m) is
not considered, the palynomorphs from Bed 49 (~20 m) represent the
highest occurrence of Triassic fossils. On the other hand, the strati-
graphically lowest Jurassic fossils, radiolarians, originate from Bed 62
(~26 m). Thereby the TJB is biostratigraphically constrained to a 6 m
thick boundary interval between Beds 49 and 62 of the studied section.
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3. Material and methods
3.1. Sampling and hand-held XRF measurements

We sampled 51.8 m of the measured stratigraphic section at Var-
hegy near Cs6var that contains the Triassic-Jurassic boundary, and
which has been the subject of detailed studies previously (Haas and
Tardy-Filacz, 2004; Palfy et al., 2007; Kovacs et al., 2020). A total of 243
samples were collected with a uniform sample spacing of 20 cm except
for three short intervals at 15.2-15.8 m, 17.8-18.4 m and 21.8-24.6 m
(i.e. Beds 40, 45 and 59). There, the thickest slump beds were excluded
from the sampling as they are considered to result from instantaneous
sedimentation events that would adversely affect any cyclostratigraphic
analysis (Weedon, 2003).

For comprehensive elemental analyses, the entire suite of 243 sam-
ples was processed and ground in a tungsten carbide mortar, as the use
of tungsten carbide devices would exclude any contamination other than
tungsten and cobalt (Yamasaki, 2018). Calcite veins and weathered
surfaces were carefully removed from the rock fragments. Pulverization
was performed by a tungsten carbide Fritsch pulverisette 02102 type
pulverizer at the Department of Mineralogy of E6tvos Lorand University.
The mortar and the pulverizer were thoroughly cleaned and dried after
processing each sample.

XRF analyses were carried out using an Olympus Vanta C Series
hand-held X-Ray Fluorescence Analyzer with rhodium anode at the
University of Miskolc. During the measurement the factory-standard
Geochem (2) mode was used with analysis times of 30 and 60 s. For
the former the voltage was 40.01 kV and the amperage was 100.05 pA,
whereas for the latter the voltage was 9.98 kV and the amperage was
200 pA. Based on experience, this measurement time is sufficient for all
hand-held XRF instruments (Quye-Sawyer et al., 2015; Ruhl et al., 2016;
De Winter et al., 2017; Sinnesael et al., 2018; Saker-Clark et al., 2019).
6-7 g of rock powder was weighed, placed on a paper holder (which was
changed after every sample), and after leveling the surface, it was
covered with 2.5 pm thick Chemplex Mylar polyester film. The Mylar
film was cleaned after each sample and replaced after every tenth
sample or immediately after any damage was noticed to the film. Mylar
film was shown to have only a negligible effect on the measurements,
which was systematic for all samples, and it does not affect cyclo-
stratigraphic studies (Quye-Sawyer et al., 2015). The instrument aper-
ture was held tightly into the powder through the film during the
measurement, thus reducing the error due to the air content in the pore
space of the powder.

Hand-held XRF instruments are less accurate than benchtop models
as they have higher detection limits for most elements and their capa-
bility is limited to the measurement of fewer elements. However, there is
ample evidence that the accuracy of the hand-held XRF instruments is
adequate for cyclostratigraphic studies (Ruhl et al., 2016; Sinnesael
et al., 2018; Saker-Clark et al., 2019) and they allow for efficient data
collection for carbonate rocks (Quye-Sawyer et al., 2015; Ruhl et al.,
2016; De Winter et al., 2017; Sinnesael et al., 2018).

3.2. Time series analysis

A total of 34 elemental datasets were generated in oxide form by XRF
measurements, including: MgO, Al,Os, SiO5, PO, SO, K0, CaO, TiO,,
VO, CrO, MnO, FeO, CoO, NiO, CuO, ZnO, AsO, SeO, Rb,0, SrO, Y503,
ZrOy, NbO, MoO, Ag0O, CdO, SnO, SbO, WO, HgO, PbO, BiO, ThO, and
UO. For five of them, SiO9, PO, CaO, FeO and SrO, all samples yielded
measurable values, i.e. above the detection limit (Table S1). The con-
centration of five additional elements fell below the limit of detection
(LOD) in only a few samples, thus it was also possible to perform
cyclostratigraphic analysis on these datasets: TiO, (44 samples <LOD),
VO (68 samples <LOD), MnO (28 samples <LOD), ZnO (85 samples
<LOD), and ZrO, (68 samples <LOD). In addition, the 813Ccarb and §'%0
datasets with better than +0.1%o accuracy and reproducibility obtained
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by Kovacs et al. (2020) from the same suite of samples were also suitable
and utilized for time series analysis.

Thus, a total of 12 time series (see Fig. 3 for the best quality datasets)
from the Csévar section were available for analysis (Table S1), with each
of them interpreted as a uniformly spaced, continuous-signal record.
Details of the procedure for processing each time series for the analysis
are provided in the Supplementary material, except for the time series of
PO, SrO, ZnO, and ZrOs, that did not show any significant astronomical
signal after experimenting with every possible settings and data prepa-
ration options.

Time series analysis was performed using the Acycle software (v. 2.2)
(Li et al., 2019a). Power spectra were generated using zero-padding
(Bloomfield, 1976) and the Multi-taper Method (Thomson, 1982;
Mann and Lees, 1996). The confidence levels on power spectra were
generated using a robust autoregressive (robust AR (1) model (Mann and
Lees, 1996)). The evolutionary spectra were generated using 1500 cm
wide sliding windows and 20 cm steps (Kodama and Hinnov, 2015). To
test the hypothesis that observed cycles matched with Milankovitch
frequencies for that time-interval, we used the frequency ratio method
which compares the frequency ratios of the identified cycles and the
Milankovitch cycles. Subsequently observed dominant periodicities
were also compared to results of the more sophisticated COCO and
eCOCO methods in the Acycle software (Li et al., 2018b; Li et al., 2019a).
These methods simultaneously test the best match between the studied
power spectra and the power spectra of the La2004 astronomical solu-
tion (Laskar et al., 2004) for the studied time interval to determine the
most likely sedimentation rate and the number of Milankovitch cycles
present in the signal. These methods were applied to the SiO2 and CaO
time series (for details see chapter S3 in the Supplementary material). A
Gaussian bandpass filter (Kodama and Hinnov, 2015) was used for
filtering the 0.00133 + 0.00027 cycles/cm frequency in each time se-
ries. Assuming that this frequency corresponds to the long excentricity
cycle, an age model was created in which the age difference of succes-
sive maxima (and minima) of the filtered signal represents 405 kyr. In
addition, wavelet analysis was performed on the SiO; and CaO time
series (Torrence and Compo, 1998).

4. Results
4.1. Elemental geochemistry

There are no significant trends or conspicuous anomalies in the
elemental data series, which reflects the remarkably homogenous li-
thology of the Csévar Formation. The main characteristics of the six
successfully analyzed elemental data series (Fig. 3) are as follows: the
minimum of the SiO, content is 0.36 wt% (at 4.8 m), whereas its
maximum is 14.5 wt% (at 19.4 m), the average of the SiO, content is
2.56 wt%. The minimum of the CaO content is 20.66 wt% (at 50.2 m),
whereas its maximum is 40.32 wt% (at 0 m), the average is 35.47 wt%.
The minimum of the TiO5 content (where >LOD) is 0.025 wt% (at 10.8
m), whereas the maximum is 0.28 wt% (at 28.6 m), the average (without
<LOD) is 0.082 wt%. The minimum of the VO content (where >LOD) is
0.004 wt% (at 6.4 m), whereas the maximum is 0.025 wt% (at 1.4 m),
the average (without <LOD) is 0.0098 wt%. The minimum of the MnO
content (where >LOD) is 0.0043 wt% (at 32.2 m), whereas the
maximum is 0.048 wt% (at 30 m), the average (without <LOD) is 0.016
wt%. The minimum of the FeO content is 0.016 wt% (at 5.2 m), whereas
the maximum is 1.27 wt% (at 13.2 m), the average is 0.17 wt%.

4.2. Cyclostratigraphy

Three prominent periodicities were detected in the Csévar section,
which are present in the signal of almost every time series. The ampli-
tude of these cycles greatly exceeds the of analytical error (for more
detail see the Supplementary material). The range and mean value (in
parentheses) of their frequencies are as follows: 0.0011-0.00165
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(0.00133), 0.0033-0.0055 (0.00415), and 0.013-0.016 (0.015) cycles/
cm (Fig. 4). The validity of these periodicities and their frequencies was
confirmed by F-tests. The evolutionary spectra demonstrated that each
could be detected throughout most of the section, with the exception of
the frequency of 0.015 cycles/cm that is not traceable in the lower c. 25
m of the succession (Fig. 5). Cutting the time series into two equal, not
overlapping parts, and analysing them separately also results in the
recognition of the same three periodicities in both parts of the succession
in almost every analyzed time series, confirming their likely validity to
represent actual cycles. The generated power spectra and evolutionary
spectra reveal that the cycles change their frequencies but maintain their
relative period ratios at c¢. 25 m. From O to 25 m, cycle frequencies
decrease gradually, whereas at c. 25 m they become stable and remain
continuously expressed up to the top of the analyzed section at 51.8 m
(Fig. 5). Probably for the same reason, the frequency of 0.015 cannot be
observed below 25 m, because in order to maintain the period ratio
compared to the lower frequencies, it has to produce too large sideways
steps in terms of frequency and therefore its signal is weak and frag-
mented (Fig. 5).

At approx. 21-25 m, the evolutionary spectra of several proxy time
series display a shift towards lower frequencies while maintaining their
ratio. This phenomenon is likely an artifact caused by the lack of data in
the interval between 21.8 and 24.6 m that is dominated by slumps.

Changes in the frequency for a given cycle throughout the section
likely resulted from changes in the sedimentation rate. The continuous
decrease of frequencies up to 25 m indicates a continuous increase of the
sedimentation rate that peaks between 21 and 25 m. From here, both the
frequencies of cycles and the sedimentation rate remain nearly constant.
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Some proxy time series reveal additional periodicities with fre-
quencies of 0.007-0.0088 and 0.021-0.023 cycles/cm. Although the
results of the F-test would not exclude that these are real cycles, their
signal in the evolutionary spectra (Fig. 5) suggests that these frequencies
rather belong to the background noise. The periodicity with the fre-
quency range of 0.007-0.0088 cycles/cm does not appear in about half
of the time series, whereas in the power spectra and evolutionary spactra
it is common that noise peaks appear near the highest detectable fre-
quency, i.e. the Nyquist frequency (Weedon, 2003). Since the Nyquist
frequency for the time series of Var-hegy section is 0.025 cycles/cm, it
may explain the emergence of strong background noise in the
0.021-0.023 cycles/cm frequency range.

The results of pairing the observed cycles with Milankovitch cycles
using the frequency ratio method is presented in Table 1. The periods of
the three dominant frequencies (0.00133, 0.00415, and 0.015 cycles/
cm) are ~752, 241, and 67 cm. A comparison of their ratios with the
those of the periodicities of dominant Milankovitch cycles at that time
yields the best agreement by assigning the 752 cm cycle to the long
eccentricity, the 241 cm cycle to the short eccentricity, and the 67 cm
cycle to the obliquity cycle. It follows that if the period of the 752 cm
cycle is 405 kyr, then the period of the 241 cm cycle is 129 kyr, and the
period of the 67 cm cycle is 36 kyr. Comparing this with the periods of
the corresponding Milankovitch cycles as calculated by the La2004 as-
tronomical solution for the Triassic-Jurassic boundary (Table 1), there is
reasonable agreement to one characteristic period of short eccentricity
at 124 kyr and the dominant period of obliquity at 34 kyr (Laskar et al.,
2004). If the periodicity of 0.007-0.0088 cycles/cm is considered as a
real cycle, it would correspond to a period of 61-77 kyr, and the
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Fig. 4. The 21-MTM power spectra of the time series of the Var-hegy section with frequencies of the dominant periodicities. Green color denotes the frequencies of
real cycles, red denotes the frequencies of the questionable cycles, and black denotes those peaks which, as shown by other tests (e.g. evolutionary spectra), belong to
the background noise or appear shifted along the X-axis and do not represent the true frequency of the cycles. The power spectra of the 5'3C and 5'%0 time series were
generated after the first outlier removal, and the TiO, time series with data replacement. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. Evolutionary spectra of the SiO, time series. The dominant cycles are marked with black lines and their frequency ratio to the lowest frequency cycle is
indicated next to them. The frequency ratio of the 405, 124 and 34 kyr Milankovitch cycles is 1:3.2:11.9. Note the fragmentation of the highest frequency cycle that

nevertheless maintains the ratio.

Table 1

Suggested matching of the detected periodicities with the Milankovitch cycles
using the ratio method after equating the lowest frequency with the long ec-
centricity cycle.

Dominant Period Time Milankovitch Milankovitch

frequencies (cm) (kyr) cycle (kyr) cycle

(cycles/cm)

0.00133 751.8797 If 405 405 Long
eccentricity

0.00415 240.9639 129.7952 124 Short
eccentricity

0.015 66.6667 35.91 34 Obliquity

periodicity of 0.021-0.023 cycles/cm would translate to a period of
23.5-25.6 kyr. The former differs significantly from the 94 kyr short
eccentricity, so it is unlikely to represent a Milankovitch cycle, it may
arise from the 50-70 kyr modulation of precession (Yao and Hinnov,
2019). Although the latter one is close to the ~17-21 kyr precession
cycle, it is a rather weak signal that is unlikely to represent the preces-
sion. If it were a real cycle, then it would belong to a less dominant
obliquity cycle with an approx. 25 kyr period. Precession is probably
below the detection limit due to the 20 cm sample spacing. Accepting
that the frequency of 0.00133 cycles/cm represents the long eccentricity
cycle, then precession cycles should appear at approx. 0.026 and 0.032
cycles/cm frequencies, which are only marginally higher than the
Nyquist frequency (0.025 cycles/cm) in this study of the Var-hegy sec-
tion. As the Nyquist frequency is the reciprocal of twice the sample
spacing, precession would only be detectable using a sample spacing of
15 cm that would increase the detection limit to 0.033 cycles/cm. As the
precession remains undetectable, there is a risk of aliasing but the dif-
ference between the ideal and the actual sample spacing is so small that
its influence is negligible, effectively offset by the averaging effect of
bioturbation and homogenization during the pulverization of cm-sized
rock samples (Weedon, 2003).

The apparent lack of a cycle of ~95 kyr that would belong to the
short eccentricity is unexpected, since the commonly less dominant
short eccentricity cycle, with a period of ~124 kyr, is present in the
signal. If the frequency for long eccentricity is 0.00133 cycles/cm, then
the 95 kyr cycle is expected to appear at 0.0057 cycles/cm. There ap-
pears some weak and fragmented signal at this frequency but it cannot
be confidently identified as a real cycle. Notably, other studies of
Triassic-Jurassic boundary sections also found only one frequency peak
that belongs to the short eccentricity (Bonis et al., 2010; Deenen et al.,
2010; Weedon et al., 2019).

Filtering is based on the cycle and time series with the best-preserved
signal which here is identified as the frequency of 0.00133 cycles/cm in
the CaO and SiO; time series, that yielded the best results overall, and is
interpreted to represent the long eccentricity cycle. The FeO and TiO5
data series yielded similar but slightly noisier results. Even noisier is the
signal of the §!80 and 5'3C time series that may be accounted for their
sensitivity to diagenetic overprint (Weedon, 2003). The MnO and VO
time series yielded the lowest quality but still interpretable results,
where poor quality may be explained by the 28 and 68 missing data
points and the commonly almost one order of magnitude lower con-
centration of these two elements (Table S1). For this reason we refrained
from drawing exact conclusions from the results of the MnO and VO time
series.

The filtered signals of the highest quality CaO and SiO; time series
show good agreement, although in antiphase (Fig. 6). We fitted the 405
kyr cycle to the minima in the CaO and to the maxima in the SiO5 signal.
The resulting age models suggest 2901.455 kyr for the deposition of the
entire succession on the basis of the CaO signal and slightly more,
2950.254 kyr on the basis of the SiO; signal. In addition to these two
time series, filtering was also performed on the FeO, TiO5, and 580 time
series, whereas the other studied time series were too noisy for accept-
able results. The filtered FeO and TiO2 signals show good agreement
with SiO, but the filtered signal of §'%0 appear less reliable due to the
lower quality of its raw data. In addition, compared to FeO and TiO,
5120 is more in phase with CaO. These relationships are also supported
with coherence and phase analysis (Figs. S1-S8). In summary, all filtered
time series reveal a total duration of deposition of the studied succession
of between 2.9 and 3 Myr (Table 2).

The 2.9-3 Myr total duration of deposition for the entire 51.8 m thick
succession translates into an average sedimentation rate of 17.26-17.86
m/Myr (or 1.73-1.79 cm/kyr) for the Var-hegy section. In the lower part
of the succession the sedimentation rate is somewhat lower, e.g. the
thickness of the lowermost complete cycle in both the SiO and CaO
signal is 680 cm. Equating this to a period of 405 kyr yields a sedi-
mentation rate of 1.68 cm/kyr. In contrast, the thickness of the last
complete 405 kyr cycle in both signals is 760 cm which translates into a
sedimentation rate of 1.88 cm/kyr. Change in the sedimentation rate
detected in the evolutionary spectra is supported by the SiO5 time series.
In the lower part of the section, the distance of adjacent minima is
6.2-6.4 m, it increases to 7.6-7.8 m between 25 and 32 m, and higher up
it decreases slightly to 7.2-7.4 m.

COCO analysis also yields 1.7-1.9 cm/kyr as the most likely sedi-
mentation rate and confirms the presence of four Milankovitch cycles,
most likely the two eccentricity and two obliquity cycles detected (Fig. 7
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Table 2

Total duration of deposition of the studied section at Csévar calculated from the
filtered time series. The font of the top row indicates the quality of the results of
filtering: high (bold), acceptable (normal). The durations of the middle row
were calculated with the 405 kyr cycle fitted to maxima and the durations in the
lowest row were calculated with the 405 kyr cycle fitted to minima.

Time series:  CaO $i0, FeO TiO, 5180
Year: 2,901,614 2,950,254 3,008,864 2,906,471 2,815,074
Year: 2,901,455 2,972,850 2,995,147 2,924,519 2,880,091

and Fig. S9). The eCOCO analysis, whose strength is the detection of
changes in the sedimentation rate, also points to somewhat lower sedi-
mentation rate in the lower part of the succession relative to the upper
part (Fig. 7 and Fig. S9).

Wavelet analysis revealed 709 and 250 cm cycles in both the SiOy
and CaO time series and an additional 69 cm cycle in the SiO2. These are
in good agreement with the previously recognized cycles, considering
the overall less accurate results of this method. Wavelet analysis con-
firms a continuous decrease in the frequency associated with the pre-
sumed long eccentricity in the lower part of the succession and,
significantly, does not reveal any gaps in the succession (Fig. 8 and
Fig. S11).

4.3. Detection of precession in an auxiliary dataset

Although the original sample spacing in this study was proved to be
somewhat wider than required for unambiguous detection of the pre-
cession signal, additional spectral analysis was performed on a previ-
ously published, more densely spaced §!80 and 5'3C dataset from a short
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parallel section within the TJ transition interval, referred to as Section B
(see Palfy et al. (2007) for details and data). As the total thickness of this
section is only 3 m, obliquity is the largest cycle that can be detected
here. Interpolation to 10 cm spacing was necessary as the original
sampling was non-uniform. An additional complexity is that Section B
represents an interval near the ICIE where the sedimentation rate is not
constant. Nevertheless, the spectral analysis reveals two significant pe-
riodicities at ~0.013-0.015 cycles/cm and ~0.026 cycles/cm. In

addition, two weak periodicites occur at frequencies of ~0.034 and
~0.04 cycles/cm (Fig. 9).

As demonstrated by the results from the main section, the two pre-
cession cycles would be expected around 0.026 and 0.032 cycles/cm,
whereas the dominant frequency of obliquity is 0.015 cycles/cm. These
values are in broad agreement with the results obtained from Section B,
even though the expected frequency of precession was derived from an
interval in the main section above Section B where the sedimentation
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Fig. 9. Evolutionary spectra of the 5'0 time series from Section B at Var-hegy,
Csovar (Palfy et al., 2007), with the significant periodicities marked.

rate is stable. As the frequency of the long eccentricity cycle in the
correlative segment of the main section (Beds 42-55) does not differ
from that in the higher part (~0.0014 and 0.00133 cycles/cm), it is
reasonable to assume that the frequencies of ~0.026 and ~0.034 cycles/
cm in Section B indeed represent the two dominant cycles of precession,
i.e. ~21 and 17 kyr near the TJB.

5. Discussion

5.1. Environmental drivers of Milankovitch cycles preserved in the Csévar
sedimentary succession

As demonstrated by the detected slight differences in the cyclic
pattern of the CaO and the other elements, such as the weaker obliquity
signal in the CaO time series (Fig. 4), the other five elements are not only
passively respond to the dilution effect by the changing CaO content but
themselves actively respond to the orbital forcing. The elemental time
series of SiO, FeO, and TiO, represent proxies of terrigenous influx
(Westphal et al., 2010; Li et al., 2019b) and are clearly in phase with
each other. CaO is in antiphase with these terrigenous proxies and
thought to reflect carbonate production and export into the basin, and
thus an inverse proxy relative to the terrigenous elements (Sinnesael
et al., 2016). The maximum of a long eccentricity cycle is expected to

10

lead to large amplitude oscillations, and conversely, the minimum of a
long eccentricity cycle to small oscillations in the signal (Berger and
Loutre, 1994; Hinnov and Hilgen, 2012; Hinnov, 2013). Here, the long
eccentricity maxima of the filtered CaO time series show small ampli-
tude changes in the signal, whereas the long eccentricity minima of CaO
show much larger oscillations (Fig. 6). Consequently, the filtered SiO,
signal reveals the true phase of long eccentricity, whereas the CaO signal
is inverted.

The opposite but correlated changes of terrigenous influx and car-
bonate production and transportation played the largest role in the
preservation of the Milankovitch cycles in the Cs6évér time series. Cor-
relation is high between the terrigenous proxy elements and the results
of the coherence and phase analyses also confirm their similar behav-
iour. The correlation coefficient of CaO and these elements ranges from
—0.5 to —0.7 and thus points to an inverse response of carbonate pro-
duction and transportation and terrigenous influx to orbital forcing
(Table 3).

Remarkably, the difference in correlation coefficient values of SiO3
suggest that this proxy is not a simple recorder of terrigenous influx but
it may also reflect, to some degree, biogenic silica production (e.g. by
radiolarians) or diagenetic processes (e.g. silicification). However, high
correlation coefficient value with Al,O3 (Table 3) and the results of the
coherence and phase analyses (Figs. S1-S8) indicate that terrigenous
influx is nevertheless a major factor in the SiO, data series.

Thus the environmental interpretation of the observed Milankovitch
cycles must explain the alternating states of increase in detritally
derived elements with a synchronous decrease in Ca content and vice
versa. Coherence and phase analyses demonstrate that these two states
are in antiphase on the scales of long and short eccentricity and obliq-
uity, so in all likelihood they behave similarly at the scale of precession,
too. We speculate that the two alternating states are in fact linked to
precession and modulated by the longer cycles such as eccentricity.

During the maximum of seasonality, i.e. when the boreal summer

Table 3

Relative correlation coefficients of CaO and the elements considered as proxies
for terrigenous influx. Grey highlights denote the elements used in the cyclo-
stratigraphic analysis for their sufficient data density.

Al,03 1

Si0, | 0.75579 1

K;0 | 0.80892 0.60308 1

TiO; | 0.65885 0.42209 0.67376 1

FeO | 0.53208 0.44574 0.48685 0.49387 1

Rb,O | 0.76255 0.49852 0.83765 0.61417 0.51679 1

Ca0 | -0.61237 -0.82792 -0.50468 -0.39489 -0.53113 -0.51621 1
Al;03 Si0, K>0 TiO, FeO Rb,0 Ca0




Z. Vallner et al.

occurs at perihelion, the climate extremes become more pronounced
(Berger and Loutre, 1994; Hinnov and Hilgen, 2012; Hinnov, 2013), the
temperature difference between the continents and the oceans increases
and strengthens the “megamonsoon” system that characterized the
climate regime during the existence of Pangea (Fig. 10) (Crowley and
Baum, 1992; Parrish, 1993; Kutzbach, 1994; Kutzbach and Gallimore,
1989; Bonis et al., 2010). In Late Triassic time the entire peri-Tethyan
region was under the influence of the monsoon (Crowley and Baum,
1992; Kutzbach, 1994; Mutti and Weissert, 1995; De Wever et al., 2014)
that brought heavy rainfalls in the summer thus intensively flushed the
islands assumed to have existed around the Csévar basin (Haas et al.,
2010). However, in winters the wind from the dry interiors of the Pan-
gea supercontinent intensified and carried eolian terrigenous dust into
the basin (Kutzbach, 1994; Haas et al., 2010; Ruhl et al., 2010; Sinnesael
et al., 2016; Budai et al., 2017).

Cyclic thickness variations in early Mesozoic Panthalassan pelagic
radiolarites are thought to reflect cyclic changes in continental weath-
ering caused by orbitally forced variations in monsoon intensity (Ikeda
et al., 2017, 2020). During stronger monsoonal conditions, the conti-
nental weathering of silicate rocks intensifies, which increases the
riverine influx of dissolved silica into the ocean, where radiolarians and
other siliceous groups benefit from the increased availability. In the
present-day, volcanic rocks are exposed at ~10% of the continental
landmass experiencing monsoonal rainfalls, yet this area account for
70% of the dissolved silica delivery to the oceans (Hartmann et al.,
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2014). In the Late Triassic-Early Jurassic, the Emeishan, Siberian and
Wrangellia LIPs (and later the newly produced CAMP basalts) were
likely all exposed to monsoonal rainfalls so this proportion was likely
much higher at that time (Ikeda et al., 2017). In addition to primary
differences in biogenic silica content, the diagenetic effects of secondary
silica migration was found to enhance the cyclic signal in radiolarian
cherts (Ikeda et al., 2017, 2020). During diagenesis the beds with
already lower silica content lost silica that migrated into the beds with
an already high silica content. Also early diagenetic processes often
preserve the silica content in place, hindering the further migration of
silica (Hesse and Schacht, 2011). As for the Csévar basin, the main
biogenic silica producers were also radiolarians; therefore, similar pro-
cesses are thought to have controlled the cyclic signal in the SiO; time
series.

The biosiliceous sediment from radiolarian blooms and the terrige-
nous detritus could have passively diluted the carbonate content, but
carbonate production may also have reacted actively to these effects.
The carbonate accumulated in the Csévar basin was mainly derived from
the nearby platforms and upper slopes of adjacent islands and submarine
highs via calciturbidites (Haas and Tardy-Filacz, 2004; Haas et al.,
2010). Modern observations suggest that monsoon precipitation alone,
or amplified by increased terrestrial runoff, can reduce the salinity of the
surface waters by a few permil (Mutti and Weissert, 1995; Shankar and
Shetye, 1999). In concert with decreased light penetration due to the
abundance of suspended detritus and strongly changing sea surface
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Fig. 10. Conceptualized effects of an intensified monsoon system at the maximum of seasonality (A) and a significantly weakened monsoon system at the minimum

of seasonality (B) in the Cs6var basin and their preservation in proxy signals.
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temperatures, these may have led to a decrease in shallow marine car-
bonate production (Martinez-Braceras et al., 2017).

Maxima of seasonality thus may have coincided with maxima in
terrigenous element supply, including Si, while at these intervals the Ca
delivery was reduced. The maxima of the terrigenous components also
broadly coincide with the minima in §'%0; the latter possibly record the
effects of higher precipitation rates, more intense run-off and increased
freshwater input that slightly lowers the salinity in shallow marine areas
of carbonate precipitation (Martinez-Braceras et al., 2017).

During minimum seasonality (i.e. when the boreal summer occurs at
aphelion), the climate becomes more equitable (Berger and Loutre,
1994, Hinnov and Hilgen, 2012, Hinnov, 2013), which leads to signifi-
cant weakening of the monsoon system (Fig. 10) (Kutzbach, 1994; Bonis
et al., 2010). In turn, this can lead to reduced terrigenous and dissolved
silica influx from continental runoff (Kutzbach, 1994), hence failure of
the radiolarian blooms (De Wever et al., 2014). Lower accumulation
rates of biosiliceous sediment and terrigenous components passively
increased the relative carbonate content; this process was possibly
actively amplified by the warm, well-lit and normal salinity surface
waters that favored biogenic carbonate production (Martinez-Braceras
et al., 2017). Thus, the intervals of minimum seasonality coincide with
the minima of Si and terrestrial elements and the maxima of Ca, as well
as higher 5'80 values perhaps related to the balanced salinity of the
marine surface waters (Martinez-Braceras et al., 2017).

The Milankovitch cycles preserved in the signals of §'3C, MnO, and
VO are rather weak and noisy, making it difficult to compare them with
the other obtained time series. For the latter two, this is likely caused by
too many missing data points and lower overall concentration, whereas
noise in the carbon isotope record may be related to diagenetic overprint
as well as the carbon cycle perturbations in the TJB interval induced by
CAMP volcanism. 8'3C and VO probably also reach their maxima at the
minimum of seasonality, whereas MnO might be in antiphase with them.
The cyclic changes in 8'3C values may be driven by changes in the
nutrient supply and primary productivity (Kukert and Riebesell, 1998;
Niitzel et al., 2010; Martinez-Braceras et al., 2017). Mn and V are redox
sensitive elements that may be related to the grade of bottom water
oxygenation and, to some degree, may have been also sourced from
terrigenous influx (especially Mn). During times of minimum season-
ality, when possible monsoon-induced upwellings stalled (De Wever
et al.,, 2014), water column stratification may have developed more
easily, which could have facilitated the formation of oxygen-depleted

Table 4
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bottom waters. Weak preservation of the Milankovitch cycles in these
proxies may reflect differing degrees of water column stratification and
the extent of dysoxia during each minimum (Westphal et al., 2010;
Martinez-Braceras et al., 2017).

Filtering results are used here to determine where the long eccen-
tricity maxima and minima occur in the succession (Table 4). A com-
parison of their position with the results of microfacies analysis (Haas
and Tardy-Filacz, 2004) provides a sedimentological context to support
the model for the origin of cyclicity outlined above. Near long eccen-
tricity maxima, seasonality can reach its absolute maximum (Martinez-
Braceras et al., 2017), more argillaceous beds occur at several levels, as
in Beds 31, 52, 71, and 88. In proximity of three of the other four ec-
centricity maxima (in Beds 4, 101, 118 and 121), chert nodules are
present, reflecting the abundance of radiolarian-derived biogenic silica.
Twenty out of the 33 layers richest in radiolarians (Beds 1, 4-6, 17-20,
22, 31-32, 52, 59, 69, 72, 89, 104, 119, 122-123) also occur near such
maxima.

5.2. Sequence stratigraphic interpretation

Our cyclostratigraphic results allow for the refinement of a previ-
ously developed sequence stratigraphic framework (Haas and Tardy-
Filacz, 2004, Haas et al., 2010) (Fig. 11). The oldest four long eccen-
tricity maxima occur consistently close to the very beginning of the
transgressive phase of the meter-scale sequences, and the first three long
eccentricity minima also consistently appear near the maximum flood-
ing zones (mfz) or during the highstand systems tracts (HST). However,
this relationship appears to break down following the initial carbon
isotope anomaly (ICIE). Above the level of ICIE, the next long eccen-
tricity minimum (fourth minimum) appears associated with the middle
of the transgressive systems tract (TST) and the following maximum
(fifth maximum) is near to the level of maximum flooding. The fifth
minimum and the sixth maximum appear in similar positions as below
the ICIE, before the sixth minimum and the seventh maximum occurs
once again during the lower half of the TST and around the mfz. Lastly,
the youngest pair of long eccentricity minimum and maximum are in the
expected positions. We speculate that the loss of correlation may have
been caused by two pairs of missing beats in the sequence stratigraphic
record. This may have happened either due to the fundamental envi-
ronmental and climatic changes (including global warming) during the
end-Triassic events or the large-scale transgressive trend and basin

Stratigraphic position of maxima (in dark grey) and minima (in light grey) of long eccentricity derived from
the four best preserved proxy time series, with the first column showing the integrated results. Note the
stabilization of the sedimentation rate from c. 2500 cm that is reflected in less scatter in the results.

Most Ca0 SiO, FeO TiO,
probable min./max. Bed | min./max. Bed | min./max. Bed | min./max. Bed
Bed No. (cm) No. (cm) No. (cm) No. (cm) No.

1-3 40 1 120 3 120 3 20 1

9-12 380 9 460 12 440 12 340 9

18-22 720 20 800 22 760 21 680 18

29 1100 29 1100 29 1100 29 1000 27

33-38 1460 38 1380 34 1460 38 1340 33
43-46 1840 46 1720 44 1840 46 1700 43

55-59 2200 59 2080 56 2200 59 2060 55

60—61 2560 61 2480 60 2540 61 2460 60

70 2900 70 2880 70 2860 70 2880 70
80 3240 80 3260 80 3200 79 3280 80
87 3600 87 3620 87 3540 86 3660 87
91 3960 91 3980 91 3920 90 4020 92

102 4340 102 4340 102 4260 101 4360 102
106—-109 4720 109 4720 109 4640 106 4700 108
117-120 5100 120 5100 120 4980 117 5040 117
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Fig. 11. The lower 37 m of the Vér-hegy section. The figure shows the microfacies, the sea level changes sequence stratigraphically determined by facies changes, the
lithologic log (based on Haas and Tardy-Filacz, 2004, Haas et al., 2010), biostratigraphy (purple color denotes the Triassic whereas blue indicates the Jurassic fossils)
(Kozur and Mostler, 1990; Palfy and Dosztély, 2000; Palfy et al., 2001; Palfy et al., 2007; Gotz et al., 2009; Haas et al., 2010; Karadi, 2018; Karadi et al., 2019), the
405 kyr eccentricity curve filtered from the SiO, time series, and the carbon isotope and Hg curves (Kovacs et al., 2020). The gray area indicates the location and
length of the initial carbon isotope excursion (ICIE). Ft: fine-grained turbidite, Mt.: medium-grained turbidite, Rw: radiolarian wackestone, La: calcisiltite-calcilutite
laminate, Lb: lithoclastic-bioclastic grainstone/packstone, On: oncoid, grapestone, grainstone/packstone/wackestone. The key for lithology is the same as in Fig. 2 in
Haas et al. (2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deepening identified by Haas and Tardy-Filacz (2004) and Haas et al.
(2010).

Thus, sea level variations in the Csévar basin were clearly linked
with the long eccentricity cycle and possibly also with all other Milan-
kovitch cycles as Haas et al. (2010) also identified smaller-scale cycles in
radiolarian-rich pelagite-calciturbidite variations. However, a clear
relationship between sea level and orbitally-forced sedimentary cycles
should not necessarily be expected during the Triassic and Jurassic pe-
riods. According to Bonis et al. (2010), marked sea level changes at the
Triassic-Jurassic boundary have not been caused by either precession or
short eccentricity forcing, in line with the lack of polar ice caps at that
time (Olsen and Kent, 1996).

However, possible alternative mechanisms for Milankovitch forcing
of sea level changes in greenhouse periods have been proposed (Strasser
et al., 2007). Changes in the volume of mountain glaciers (Frakes et al.,
1992), thermally-induced volume changes in deep water circulations
(Schulz and Schafer-Neth, 1998), and thermal expansion of the upper-
most layer of ocean water (Gornitz et al., 1982) are all plausible ex-
planations but recently aquifer- and limno-eustasy is becoming
increasingly accepted as a potent driving force of sea level variations in
ice-free periods of our planet. Studies showed that the water-bearing
potential of groundwater aquifers and lakes is about equal to that of
polar ice caps (Southam and Hay, 1981; Hay and Leslie, 1990; Wagreich
et al., 2014; Peters and Husson, 2015; Wendler et al., 2016). Aquifer-

13

and limno-eustasy continuously redistributes water between the oceans
and continents. During maximum of seasonality the hydrological cycle
strengthens and the monsoon delivers water from the oceans to the
continents via precipitation. The continental surface and subsurface
reservoirs such as lakes and groundwater aquifers recharge, the water
level of the lakes rises while at the same time the global sea level falls.
During minimum of seasonality the hydrological cycle and the monsoon
weakens and the continental reservoirs discharge via fluvial runoff. This
may have led to a lowering of water level in lakes and sea level rise in
oceans throughout Earth’s past (Wagreich et al., 2014; Li et al., 2016;
Wendler et al., 2016; Li et al., 2018a). Several recent studies document
the antiphase relationship between sea level and lake water level vari-
ations (Wagreich et al., 2014; Li et al., 2018a; Hinnov and Cozzi, 2021),
or sea level and continental precipitation variations (Wendler et al.,
2016) linked by orbital forcing in the Mesozoic.

Aquifer- and limno-eustasy may not only explain the link between
sequence stratigraphy and the Milankovitch cycles but also help to un-
derstand the coupled cyclic behavior of CaO, carbonate sedimentology
and the depositional model described in 5.1. (Fig. 10). The carbonate
deposits in peri- and intraplatform basins such as the Csévar basin are
mainly derived from the adjacent platforms as calciturbidites. The fre-
quency, composition and thickness of these calciturbidites depend on
the sea level and its variations (Le Goff et al., 2020). The cyclic pattern of
the pelagite-calciturbidite alternation in Csévar is likely also linked with
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cyclic changes in calciturbidite frequency and thickness driven by cyclic
sea level variations (Haas and Tardy-Filacz, 2004; Haas et al., 2010).

High sea levels facilitate, whereas low sea levels hinder the transport
of platform-derived carbonate into the basins (Harris and Goldhammer,
1987; Reijmer et al., 1994; Le Goff et al., 2020). During high sea levels
the rate of carbonate production also rises (Schlager, 1992) and the
calciturbidites are more common but thinner (le Goff et al., 2020). When
the sea level falls, calciturbidites become more scarce but thicker.
Commonly these periods are characterized by basinal deposits in these
environments (le Goff et al., 2020).

According to the model described in 5.1., seasonality maxima were
associated with low CaO content and high terrigenous element and SiO,
content. The processes of aquifer- and limno-eustasy predicts that these
intervals were characterized by sea level lowstand that led to lower rates
of carbonate production and calciturbidite frequency. Also as the
coastline moved basinward, the terrigenous influx increased and con-
ditions for carbonate production deteriorated. Overall, seasonality
maxima corresponded to deposition of pelagites.

Seasonality minima, on the other hand, were characterized by
elevated CaO and reduced terrigenous element and SiOy content.
Aquifer- and limno-eustasy dictates that these intervals were associated
with sea level highstand and a higher rate of carbonate production and
increased calciturbidite frequency. As the coastline moved landward,
the terrigenous influx reaching the basin decreased. Overall, seasonality
minima were therefore characterized with the deposition of
calciturbidites.

In summary, the simple model outlined in 5.1. for the orbitally-
driven monsoonal climate cycles that control the geochemical signals
can be enhanced by the addition of sea level control on the sedimentary
record. Combining the results of cyclostratigraphy with sequence
stratigraphic interpretation provides new insights into the sedimentary
regime of this intraplatform basin and highlights the effects of the end-
Triassic events.

5.3. Ramifications of the astrochronologic age model

5.3.1. Duration of the initial carbon isotope anomaly

One of the unresolved issues of TJB studies is the duration of the
initial carbon isotope anomaly (ICIE) that is closely associated with the
ETE. The carbon isotope data reported by Kovacs et al. (2020) was ob-
tained from the same set of samples as used here. Kovacs et al. (2020)
identified the ICIE between 17 and 18.4 m in the studied section.
Although the carbon isotope values start to decrease at 17 m, the most
pronounced drop towards negative values appears only at 17.4 m. The
termination of the anomaly is also somewhat uncertain as the ICIE ap-
pears to end at 18.4 m but there is no sample at 18.0 and 18.2 m due to a
slump (Fig. 11). The rebound of the carbon cycle, as reflected by the
positive shift in carbon isotope values may therefore have occurred
earlier but is masked by the slump-related sampling deficiency. Taking a
conservative approach, we examined the length of the ICIE considering
the different possible start and end points, based on the results of the
filtered CaO and SiO, time series (Table 5).

Our data (Table 5) is compatible with a minimum duration estimate
of ~40 kyr, if the ICIE is located between 17.4 and 18.0/18.2 m in the
section. Following the opinion of Kovacs et al. (2020) and positioning

Table 5
Possible length of the initial carbon isotope anomaly at different stratigraphic
positions, based on the age model of the CaO and SiO, time series.

The position of the Initial carbon isotope anomaly (m) CaO (kyr) SiO, (kyr)
17-18 54.7 58
17-18.2 65.7 69.5
17-18.4 76.6 81
17.4-18 32.8 34.7
17.4-18.2 43.8 46.3
17.4-18.4 54.7 57
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the ICIE at 17-18.4 m results in a maximum duration estimate of ~80
kyr.

Constraints from Csévar can be compared with cyclostratigraphic
results for the length of the ICIE from other studied sections. Estimates
based on the St. Audrie’s Bay section (Bristol Channel Basin, UK; Ruhl
et al., 2010) and the Newark and Hartford basin successions (Whiteside
et al., 2010) suggest a 1-2 precession cycle duration (~21 and 42 kyr)
for the ICIE, whereas Deenen et al. (2010) based on Argana Basin
(Morocco) continental successions, and Blackburn et al. (2013) based on
the Newark and Fundy basin successions, suggest only a one precession
cycle duration (~21 kyr). Bonis et al. (2010) also estimate a ~20 kyr
duration for the ICIE based on the St. Audrie’s Bay succession, while
Yager et al. (2017) estimated a 85 + 25 kyr duration on the basis of
zircon U-Pb dates in the Levanto section in Peru.

5.3.2. Timing of other geochemical anomalies and biotic events

Current research has focused on understanding the causes of multiple
negative carbon isotope anomalies in the TJB interval, the purported
precursor CIE before, and the main CIE after the ICIE (Korte et al., 2019).
If NCIE-2 is identified to be the precursor CIE in the Csévar section
(Kovacs et al., 2020), the age model presented here suggests that it
precedes the ICIE (i.e. NCIE-3) by 413 kyr (see Supplementary material,
Table S2). The main CIE, as defined in the St. Audrie’s Bay section
(Hesselbo et al., 2002), is a prolonged anomaly with no analogue at
Cs6var. Of successive peaks of early Hettangian negative anomalies
here, NCIE-4 follows the ICIE by 1170 kyr, whereas elapsed time be-
tween both NCIE-4 and 5, and NCIE-5 and 6 is 317 kyr. The pacing of
carbon isotope anomalies may be influenced by flare-ups of CAMP
volcanic activity.

Elevated concentrations of mercury in sedimentary strata are
regarded as proxy for eruptive volcanism; a major peak of [Hg] was
indeed found between 17 and 21.8 m, immediately above the ICIE
(Kovdcs et al., 2020). Assuming that the major carbon cycle perturbation
was initiated by the first, intrusive phase of CAMP (Davies et al., 2017;
Ruhl et al., 2020) and the [Hg] peak resulted from the subsequent
eruptive climax, our age model suggests a 58 kyr lag between these
phases (Table S2). The major peak and five minor peaks of elevated [Hg]
in the lower Hettangian part of the section are separated by strata that
represent different intervals ranging from 197 to 317 kyr (Table S2),
pointing to irregular pacing of recurrent eruptive activity of CAMP.
Ongoing and future geochemical studies of the Csévar section will also
benefit from the time frame provided by our astrochronologic age
model.

Further insights can be gained from timing of the biotic events
recorded in the section. A unique feature is the occurrence of conodonts
in the lowermost Hettangian, known only at this locality (Palfy et al.,
2001; Du et al., 2020). Our age model suggests that the last occurrence
datum (LOD) of Misikella ultima postdates the peak of ICIE by 139 kyr,
whereas the LOD of Neohindeodella detrei follows the ICIE by 699 kyr
(Table S2). At several localities worldwide, including the GSSP at
Kuchjoch, the LOD of the last conodonts is correlative with the ICIE
(Hillebrandt et al., 2013; Du et al., 2020). Synchrony of marine and
terrestrial ecosystem collapse with the most severe carbon cycle
perturbation is evidenced by the spore and prasinophyte spike correla-
tive with the ICIE at Csévar (Gotz et al., 2009). Our age model constrains
the duration of both palynological events to 52 kyr (Table S2). While the
Neohindeodella detrei conodont biozone can be regarded as the survival
interval after the ETE, onset of recovery may be signaled by renewed
import of redeposited bioclasts recorded by oncoidal grapestones from
31.2 m that occurred 710 kyr after the peak of the ICIE (Table S2).
Furthermore, gradual ecosystem deterioration and the onset of the biotic
crisis prior to the ETE may be heralded by the last occurrence of abun-
dant platform-derived carbonate components in the latest Triassic, at 12
m, or 311 kyr prior to the onset of the ICIE, with the LOD of Rhaetian
foraminifera (Palfy et al., 2007) 162 kyr before this datum (Table S2).
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5.3.3. Position of the Triassic-Jurassic boundary

The position of the TJB in the Cs6var section is only loosely con-
strained biostratigraphically, to a ~ 6 m interval between Beds 49 and
62, i.e. the LOD of Triassic palynomorphs (Gotz et al., 2009) and the
FOD of Jurassic radiolarians (Palfy et al., 2001). The astrochronology
developed here is applied for placement of the system boundary by
comparison with the GSSP at Kuhjoch and correlation of the ICIE. A
recently published cyclostratigraphic analysis uses precession and ec-
centricity signals in the stratotype section to estimate the duration of the
interval between the ICIE (equivalent with the ETE) and the TJB as
defined by the FOD of Psiloceras spelae, as 270 kyr (Galbrun et al., 2020).
Projecting the duration of this interval to the Csévar section from the
onset of the ICIE (i.e. locally the NCIE-3), the base of the Jurassic should
thus be located between 21.8 and 22.2 m or Bed 58-59, immediately
above the end of the major Hg anomaly and within the biostratigraphic
constraints described above (Fig. 11).

5.3.4. Duration of the Hettangian stage

Our results bear on the debated duration of the Hettangian, the first
stage of the Jurassic. The latest edition ot the most widely used
Geological Time Scale (Hesselbo et al., 2020) establishes a stage dura-
tion of 1.9 Myr, on the basis of supplementing the 1.8 Myr
cyclostratigraphy-based estimate from the St. Audrie’s Bay section (Ruhl
et al., 2010) with 0.1 Myr for the earliest ammonite zone of the Het-
tangian. A re-analysis of the same dataset suggests a 1.97 Myr duration
(Huang, 2018). These estimates are in agreement with U-Pb calibration
of ammonite-constrained sections in Peru (Schaltegger et al., 2008; Guex
et al., 2012). However, completeness of the St. Audrie’s Bay record was
recently questioned and an alternative stage duration estimate of >4.1
Myr was proposed (Weedon et al., 2019), i.e. more than twice the
duration suggested by others.

Adopting the position of the TJB at Cs6var as advocated in section
5.3.3., our astrochronology allocates 1.24-1.255 Myr based on the CaO
time series and 1.34-1.36 Myr based on the SiO, time series to the
Triassic, and 1.65-1.66 Myr based on the results of the (based on CaO
time series) or 1.6-1.61 Myr (based on SiO, time series) to the Jurassic
segments of the section. Although the occurrence of Waehneroceras near
the top of the section was previously used to suggest a middle Hettan-
gian age (Palfy and Dosztaly, 2000), more recent finds including
Schlotheimia sp. from the the top of the section suggests that it likely
extends into the late Hettangian (Kovacs et al., 2020). Thus our results
are in good agreement with a short (i.e. <2 Myr) Hettangian but would
be hard to reconcile with a doubled stage duration. Additionaly, our age
model allows a calculation of the average rate of sedimentation as
17.3-17.9 m/Myr. This is comparable to an analogous Middle Triassic
intraplatform basin characterized by calciturbidites in the Dolomites
where calibration by U-Pb zircon ages led to calculation of average
sedimentation rate of 13.5 m/Myr (Maurer et al., 2004).

6. Conclusions

The continuous marine TJB section at Csévar is of international
significance as it has already produced a wealth of important paleon-
tological and geochemical data that helped elucidate the ETE and
related environmental change. However, an accurate age model has
been lacking so far. Here we used newly obtained high-resolution time
series of ten elements and existing stable isotope data for multiproxy
cyclostratigraphic analysis that led to the detection of Milankovitch
cycles. The ~405 kyr long and ~124 kyr short eccentricity, the ~34 kyr
obliquity and later the ~17 and ~21 kyr precession cycles were all
identified. Weaker ~61-77 kyr and ~23.5-25.6 kyr cycles were also
detected, but the possibility that they arise from the background noise
cannot be excluded. If real, the longer cycle most likely corresponds to
the 50-70 kyr modulation of precession, whereas the former corre-
sponds to a less dominant obliquity cycle with a ~25 kyr period.

Based on these identified cycles, our astrochronological age model

15

Palaeogeography, Palaeoclimatology, Palaeoecology 617 (2023) 111493

suggests that the ~52 m thick succession was deposited in 2.9-3 Myr
that includes the last ~1.3 Myr of the Rhaetian and most of the Het-
tangian, in agreement with a <2 Myr duration of the first stage of the
Jurassic. The average sedimentation rate was 1.73-1.79 cm/kyr that
increased gradually and peaked near the TJB, and then remained stable.
The age model suggests that the duration of the ICIE is between ~40-80
kyr and allows to place time constraints on various records of biotic and
environmental change in the TJB interval, thereby helping to elucidate
Earth systems feedbacks within the cascade of events likely triggered by
CAMP volcanism.

Our results are in agreement with previous sequence stratigraphic
studies. Up to the ICIE, the meter-scale sequences correspond to the
~405 kyr long eccentricity cycles. The transgressive phases of the se-
quences consistently occur at long eccentricity maxima, whereas their
minima correspond to the highstand systems tracts or the maximum
flooding zones. After the ICIE this relationship becomes less obvious,
likely reflecting the environmental and climatic changes related to the
ETE superimposed on the long-term transgression.

We propose a complex environmental model for the Csévar basin,
where aquifer- and limno-eustasy are identified as the main drivers of
cyclicity. The prevailing ‘megamonsoon’ climate regime resulted in the
opposite, antiphase response of the terrigenous input and the carbonate
accumulation in the basin. This model may also be applicable to other,
similar intraplatform basins.
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