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Highlights 
• First high resolution cyclostratigraphic study of a marine Rhaetian (Late Triassic) record 
• Proposed minimal duration for the Rhaetian: 6.69 myr 
• Suggested age for the Norian-Rhaetian boundary: 208.05 Ma 
 

 
Abstract 
 
The establishment of the Late Triassic time scale has given rise to considerable controversy, 
particularly regarding the Rhaetian duration and the inferred absolute age models. In this respect the 
astronomical polarity time scale (APTS) established from the continental successions of the Newark 
Basin (eastern North America) is considered as a reference record, although its completeness is 
questioned. Numerous magnetostratigraphic correlation schemes have been proposed between the 
APTS and biostratigraphically well-constrained Tethyan marine sections. This has led to two main 
contrasting options: a "short" Rhaetian duration (about 4-5 myr), and a "long" one (about 8-9 myr). 
Astronomical calibration of the Tethyan Rhaetian and estimate of its duration is necessary to help 
advance this debate. We have undertaken a cyclostratigraphic analysis of a Rhaetian composite 
record built from four overlapping Austrian reference sections. Magnetic susceptibility variations of the 
131.5 m thick record are astronomically paced by the precession and 405-kyr orbital eccentricity 
cycles. 405-kyr orbital tuning allows to establish a floating time scale, and thus to suggest a minimum 
duration of 6.69 myr of the Rhaetian stage. Given the well-established radioisotopic age of the 
Rhaetian-Hettangian boundary of 201.36 Ma, an age no younger than 208.05 Ma for the Norian-
Rhaetian boundary can be proposed. This result will contribute to the refinement of the Late Triassic 
time scale, but it does not solve the long-standing debate on bio-magnetostratigraphic correlations 
between the continental Newark APTS and the Tethyan marine sections, nor the question of the 
completeness of the Rhaetian Newark Basin. 
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1. Introduction 
 

The end of Triassic witnessed major paleoenvironmental changes and biotic crises (e.g. Guex 
et al., 2012; Mc Roberts et al., 2012; Palfy and Kocsis, 2014; Tanner et al., 2004). To analyze the 
tempo and rate of the biotic and environmental turnovers occurring at the end of the Triassic (e.g. van 
de Schootbrugge et al., 2009, 2013; Clemence et al., 2010; Deenen et al., 2010; Preto et al., 2010; 
Ruhl and Kürschner, 2011; Gardin et al., 2012; Lindström et al., 2012; Mette et al., 2012; Richoz et al., 
2012a; Suan et al., 2012; Blackburn et al., 2013; Lucas and Tanner, 2015; Tanner et al., 2016), an 
accurate estimate of the duration of the Late Triassic stages and in particular of the Rhaetian, the last 
Triassic stage, is of paramount importance. 
 A complete and precise time scale does not exist for the Late Triassic yet (see review in 
Hounslow and Muttoni, 2010; Lucas, 2010a,b; Mundil et al., 2010; Lucas et al., 2012; Ogg, 2012; 
Maron et al., 2015; Tanner and Lucas, 2015; Kent et al., 2017; Kent et al., 2018; Olsen et al., 2018). 
While the ages of the Early and Middle Triassic stage boundaries are well constrained, those of the 
Late Triassic are not well refined (e.g. Mundil et al., 2010; Ogg, 2012). So far, a reliable radioisotopic 
age of 230.9 Ma exists for the Late Triassic (Lower Tuvalian substage, Carnian stage; Furin et al., 
2006). The Triassic-Jurassic (Rhaetian-Hettangian) boundary which is positioned within the aftermath 
of a great extinction due to the emplacement of the Central Atlantic Magmatic Province (CAMP), is 
radiometrically well dated at 201.31±0.18 Ma in the Pucara Basin (Schaltegger et al., 2008; Schoene 
et al., 2010; Guex et al., 2012; Wotzlaw et al., 2014) and astrochronologically assessed at 
201.42±0.02 Ma in the Newark-Hartford succession (Blackburn et al., 2013). For this boundary an age 
of 201.3 Ma is used in the most recent Geological Time Scale (Ogg, 2012; ICS, 2019). U-Pb dates of 
205.70±0.15 Ma and 205.30±0.14 Ma from volcanic ash beds within the Rhaetian Aramachay 
Formation in the Pucara basin (Northern Peru) are more or less correlative with the last occurrence on 
the bivalve Monotis, corresponding more or less to the Norian-Rhaetian boundary (NRB) (Wotzlaw et 
al., 2014). This suggests a Rhaetian duration of 4.14 myr. A recent U-Pb age of 205.20±0.9 Ma in 
lower Rhaetian sediments of British Columbia (Golding et al., 2016) seems to confirm this age. 
 The duration of the Rhaetian stage has been the subject of a long debate for decades. Before 
the above reported radioisotopic ages, the Rhaetian chronology was mainly based on 
magnetostratigraphic correlations of different biostratigraphically constrained marine Tethyan sections 
using the floating astrochronology derived by the continental Newark Basin reference sequence where 
magnetostratigraphic data are also available (e.g. Channell et al., 2003; Gallet et al., 2000; Gallet et al., 
2003, 2007; Muttoni et al., 2004, 2010; Olsen et al., 2011; Hüsing et al., 2011; Ogg, 2012; Maron et al., 
2015; Kent et al., 2017). Unfortunately however there is not an unambiguous solution to these 
correlations (Ogg, 2012; Wotzlaw et al., 2014, Maron et al., 2015) and the completeness of the 
Newark Basin sequence, especially the Rhaetian, is also debated (van Veen, 1995; Kozur and Weems, 
2007, 2010; Kürschner et al., 2007; Olsen et al., 2011; Blackburn et al., 2013; Tanner and Lucas, 
2015; Weems et al., 2016; Kent et al., 2017). Thus, the durations of the Rhaetian are estimated to be 
between ~ 9 myr (Hüsing et al., 2011; solution 1 of Ogg, 2012), 6 to 8 myr (Kent and Olsen, 1999; 
Muttoni et al., 2010; Olsen et al., 2011), 4 to 5 myr (Gallet et al., 2007 and solution 2 of Ogg, 2012) or 
even only 2 myr by exclusion of time-equivalents of the oldest Rhaetian ammonite zone, 
Paracochloceras suessi (Gallet et al., 2003; Walker and Geissman, 2009; Callegaro et al., 2012). The 
establishment of a Rhaetian duration with a reasonable uncertainty does not, however, solve the 
correlation problem between Tethyan marine sections and the Newark basin. For example, Maron et 
al. (2015) and Kent et al. (2017), assuming a complete Rhaetian in the Newark basin have recently 
proposed a magnetostratigraphic correlation with Pignola–Abriola section in Southern Italy, which is a 
candidate for the NRB GSSP. The boundary at Pignola-Abriola, defined with the first appearance of M. 
posthersteini sensu Rigo et al. (2005) would be indirectly dated at 205.7 Ma through its correlation to 
the Newark basin cyclostratigraphy, which roughly correspond to the dates of Wotzlaw et al. (2014). 
However this implies that the FAD of M. posthersteini sensu Krystyn (1991), Krystyn et al. (2007a, b) 
at Steinbergkogel, the other candidate section for the NRB GSSP, is dated at 209.5 Ma (Maron et al., 
2015, their Fig. 6) and that the time interval between the two definitions of the same species is 
surprisingly equivalent to the duration of the whole Rhaetian. Correlations are still problematic and the 
timing of the precursory bioevents before the end-Triassic mass-extinction is still not sufficiently 
precise (Ogg et al., 2016). There is a strong need to have a marine cyclostratigraphic scheme 
biostratigraphically well constrained and independent from the one of Newark basin. 

Astronomical calibration of the Geological Time Scale through the identification within the 
sedimentary record of climate cycles forced by the Earth’s orbital parameters (eccentricity, obliquity, 
precession), has emerged as the most efficient approach for refining the Mesozoic time scale during 
the past 15 years (Hinnov, 2000, 2014; Hinnov and Ogg, 2007). Given the chaotic behavior of the 
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solar system a direct astronomical calibration at whole eccentricity solution of sedimentary 
successions is not possible beyond 50 Ma (Laskar, 1990; Laskar et al., 2004) but the 405 kyr orbital 
eccentricity term is enough stable over 250 Ma to allow the construction of a reliable Mesozoic time 
scale (Kent et al., 2018). Therefore the recognition of 405 kyr eccentricity cycles in sedimentary 
records, leads to « floating time scales » that do not provide direct dating of the associated geological 
events, but allow an estimation of the time represented by a sedimentary succession. This 
methodology has been successfully applied to estimate the duration of several Mesozoic stages (e.g., 
Weedon et al., 1999; Grippo et al., 2004; Hinnov et al., 2009; Husson et al., 2009, 2011; Huang et al., 
2010; Boulila et al., 2010, 2013, 2014; Charbonnier et al., 2013; Thibault et al., 2016). 

In this work, we carried out astronomical calibration of Rhaetian marine reference successions 
in the Northern Calcareous Alps of Austria. The Austrian Late Triassic marine sedimentary 
successions are biostratigraphically the most complete and lithologically suitable for cyclostratigraphy. 
We analyzed four key sections encompassing the whole Rhaetian: (1) the Steinbergkogel section 
proposed as the Rhaetian GSSP (Krystyn et al., 2007a, b; Krystyn, 2010; Hüsing et al., 2011), (2) the 
Zlambach section which covers most of the lower and middle part of the Rhaetian (Matzner, 1986; 
Krystyn, 1991; Richoz and Krystyn, 2015), (3) the Eiberg section, covering the upper part of the 
Rhaetian, which was the subject of numerous stratigraphic and micropaleontologic studies (e.g., Kuss, 
1983; Golebiowski, 1991; Clemence et al., 2010; Mette et al., 2012; Korte et al., 2017), and (4) the 
Kuhjoch section, Hettangian GSSP (Triassic-Jurassic boundary) (Kürschner et al., 2007; Ruhl et al., 
2010b; Richoz et al., 2012b; Hillebrandt et al., 2013). Magnetic susceptibility (MS) was used as an 
indicator of climate change for cyclostratigraphic analysis. Our goals were to (1) demonstrate 
astronomical forcing of these Austrian Rhaetian sedimentary successions, (2) astronomically calibrate 
the duration of the Rhaetian using the 405 kyr orbital eccentricity cycle inferred from the MS variations, 
and (3) provide new time constraints for the Late Triassic. 

All figured (Plates 1-2) and in the text mentioned fossils from the studied sections are housed 
in the collections of the Institute of Paleontology, Vienna University. 
 
 
Fig 1 Rhaetian chrono- and bio-stratigraphy, modified from Kozur (2003), Krystyn (2008), Ogg (2012) and ICS 
(2019) and this study. 
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2. Stratigraphic and geologic setting 
 
2.1. Rhaetian chronostratigraphy  
 

The definition of Late Triassic stages boundaries, especially the Rhaetian, has been debated 
for decades. A consensus on the definition of the NRB was reached choosing the appearance of the 
conodont species Misikella posthernsteini, a datum that is well constrained in several ammonoid-dated 
Tethyan sections (Krystyn, 2008, 2010). This boundary is marked by important turnover in ammonoids, 
conodonts, bivalves, radiolarian, palynomorphes (e.g. Krystyn et al., 2007a). Two sections are 
candidate for the Rhaetian GSSP, Steinbergkogel in Austria (Krystyn et al., 2007a,b; Gardin et al., 
2012) and Pignola-Abriola in southern Italy (Rigo et al., 2015; Maron et al., 2015). It is important to 
stress that both GSSP candidates are defined on two different morphotypes of M. posthernsteini and 
thus the correlation of the boundary between the sections is not straightforward. These two diverging 
taxonomic interpretations are here designated as M. posthernsteini morphotype A (sensu Krystyn et 
al., 2007a, b; cf Supplementary material 1, Plate S1, 1-3) and M. posthernsteini morphotype B (sensu 
Rigo et al., 2015; cf Supplementary material 1, Plate S1, 4-9), the latter corresponding to M. 
posthernsteini sensu strictu. As they appear closely above each other (by one bed) in Steinbergkogel, 
no major time difference might be expected between their first occurences (see below and additional 
information on the Steinbergkogel section in Supplementary Material 1). Alternatively, these close 
occurences might be explained by an interval of condensation. The Rhaetian-Hettangian (Triassic-
Jurassic) boundary corresponds to the first occurrence (FO) of the ammonite Psiloceras spelae 
tirolicum as defined in the Hettangian GSSP at Kuhjoch (Hillebrandt et al., 2013). If conodonts have 
become the main biostratigraphic tool for global correlation, the historical Triassic subdivisions are still 
based on ammonites. The ammonoid-rich successions of the Northern Calcareous Alps of Austria 
have been an essential element in establishing the global primary standard Triassic 
chronostratigraphy since the 19th century. The Rhaetian stage is subdivided into three ammonoid 
zones (Krystyn, 2008; Ogg, 2012) in ascending order: Paracochloceras suessi, Vandaites 
stuerzenbaumi, and Choristoceras marshi zones (Fig. 1). Other significant biochronological events 
close the NRB are the disapearance of the bivalve genus Monotis (Mc Roberts et al., 2008; Mc 
Roberts, 2010), the first appearance of key coccolithophorid species (Gardin et al., 2012; Demangel et 
al., this volume) and a major turnover in radiolarians (Carter, 1990). No substages were defined for the 
Rhaetian (Ogg, 2012). 
 

 
Fig 2 The nappe complex of the Austrian Northern Calcareous Alps (modified from Mandl 2000 and Richoz and 
Krystyn 2015) and location of the studied sections (more detailed location maps can be found in Hillebrandt et al. 
2013, Richoz et al. 2012b, Richoz and Krystyn 2015). 
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2.2. Geologic setting 
 

The nappe complex of the Austrian Northern Calcareous Alps is one of the most prominent 
units of the Eastern Alps. This complex forms a 500 km long and 20 to 50 km wide thrust belt of 
sedimentary successions (Fig. 2). During the Permian and Triassic, these sediments were deposited 
on the passive continental margin of the "Hallstatt-Meliata-Ocean", a branch of the Tethys. One of the 
most characteristic morphological features of the Austrian Alps are large mountains plateaus built by 
the Late Triassic Dachstein carbonate platforms, up to 1200 m thick limestone series. These 
Dachstein limestone massifs show transitions to a south- and southwest adjacent slope, bordering the 
open marine deeper Hallstatt shelf (Mandl, 2000). 

Around Lake Hallstatt, at about 130 km southeast of Salzburg, Norian and lower Rhaetian in 
part condensed red or grey pelagic limestones of the Hallstatt Formation (Middle and Upper Triassic) 
crop out widely. This Hallstatt succession ends with an increased terrigenous input during the lower 
Rhaetian. The marly Zlambach Formation from the basin between the Dachstein platform and the 
Hallstatt facies realm interfingers in the lower to middle Rhaetian with the Hallstatt limestone and 
replaces it completely in the late Rhaetian. In the Lake Hallstatt area we analyzed two sections: the 
Steinbergkogel section proposed as the reference section for the NRB (Krystyn et al., 2007a, b) and 
the Kleiner Zlambach section which is the type locality of the Zlambach Formation (Matzner, 1986). 

The Eiberg Basin is a late Rhaetian intraplatform depression north-west of the Dachstein 
platform, which can be traced over 200 km in western Austria. In the Eiberg Basin deeper facies 
succeed over shallow water sequences during the Rhaetian. Ongoing subsidence in late Rhaetian 
allows the prevalence of marine conditions through the Rhaetian-Hettangian (Triassic-Jurassic) 
boundary. In the Eiberg basin two sections have been investigated: Eiberg and Kuhjoch. The Eiberg 
section covers the middle and upper part of the Rhaetian and was the subject of many stratigraphic 
studies (e.g., Golebiowski, 1991; Clemence et al., 2010; Mette et al., 2012; Korte et al., 2017). The 
Kuhjoch section was choosen as it represents the Hettangian GSSP (Triassic-Jurassic boundary) 
(Hillebrandt et al., 2013). The Austrian Northern Calcareous Alps allow thus to analyze the well 
preserved upper Triassic sedimentary records of various paleoenvironmental settings from lagoon to 
reefs, intraplatform basin, slope, pelagic plateau within a good biostratigraphic framework (Mandl, 
2000; Krystyn, 2008; Richoz et al., 2012b; Richoz and Krystyn, 2015). 

 
2.3. The studied sections 
 
2.3.1. The Steinbergkogel section  
 

The Steinbergkogel section (Fig. 3) is located to the southwest of Bad-Isch in an abandoned 
quarry one kilometer west of Lake Hallstatt (coordinates 47°33’50’’N, 13°37’34"E). This 10 m thick 
section is proposed as the Rhaetian GSSP (i.e., Norian-Rhaetian boundary) (Krystyn et al., 2007a,b; 
Krystyn, 2010). The lower part of the section consists of thick-bedded fine-grained pelagic limestones 
bed (bioclastic wackestones of Hallstatt facies) predominantly red or grey of latest Norian to earliest 
Rhaetian age. Thin clay interbeds appear in the upper part of the section, and the top shows a gradual 
transition to grey marls of the Zlambach Formation. The NRB is marked with the FAD of the conodont 
Misikella posthernsteini morp. A, and by the transition from the Upper Norian Metasibirites spinescens 
to the Rhaetian Paracochloceras suessi ammonoid zones. Based on the common records of 
Paracochloceras suessi, the lower Rhaetian has – compared to the Kleiner Zlambach section – a 
relatively reduced thickness of approximately 6 m. Monotids of the Monotis salinaria group are 
common in the red Hallstatt limestone underlying the section. Several important nannofossils events 
were also recognized (Gardin et al., 2012; Demangel et al., this volume). 
 
2.3.2. The Zlambach section  
 

Three kilometers north of Lake Hallstatt, the Grosser Zlambach and Kleiner Zlambach are 
tributaries of the Traun River and name-giving for the Rhaetian Zlambach Formation. Along the Kleiner 
Zlambach we analyzed a section (base: 46°38’47.0"N, 13°40’10.7"E; top: 46°38’45.8"N, 13°40’01.9"E) 
which is a composite of four sub-sections precisely correlated bed-by-bed using marker beds together 
with the ammonoid faunas (Fig. 4). It consists of an autochthonous background sedimentation of 
alternating marls and marly micritic limestones which dominates here clearly the allochthonous 
carbonate sedimentation of rare distal fine-grained turbidites (Matzner, 1986; Krystyn, 1987, 1991; 
Richoz et al., 2012b; Richoz and Krystyn, 2015); thickness of the marls increases up-section. The 
Kleiner Zlambach succession covers most of the Paracochloceras suessi zone, the whole Vandaites 
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stuerzenbaumi z. and parts of the Choristoceras marshi z. As the latter is only incompletely exposed 
we stopped our sampling at its base. 

 
 

Fig 3 Biostratigrahy, lithostratigraphy, magnetostratigraphy, MS variations and of the Steinbergkogel section 
(modified from Krystyn et al. 2007a,b, Krystyn 2010). 
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The 55 m thick section starts with a covered interval of 3-4 m above a gliding breccia 
composed of Upper Norian Pötschen Limestone components dated by conodonts. For the unexposed 
base we have found within the Kleiner Zlambach two correlating localities demonstrating the basal 
Rhaetian age of this interval: one 300 m down-stream to the SW known as “Taferlkogel” (47°38’39,3”N, 
13°39’49,8”E) with Paracochloceras canaliculatum and another 1,1 km N up-stream (47°39’23,0”N, 
13°40’59,0”E) containing the conodonts Epigondolella bidentate juv. (= Parvigondolella andrusovi 
auct.), Misikella hernsteini and M. posthernsteini morph. A. 
 As the Zlambach Fm. bears worldwide the richest and most complete record of Triassic 
heteromorphic ammonoids, it is of specific importance for the biochronological subdivision of the 
Rhaetian stage. One of the major outcome of this study is the extraordinary long range of 
“Choristoceras” haueri from the early to the middle Rhaetian excluding the form from use as zonal 
guide. Also Maslo’s (2008) reported two-fold subdivision of the Vandaites stuerzenbaumi z. can be 
confirmed by our study. Conodont data underline the importance of Misikella rhaetica for a safe 
discrimination of Alpine middle Rhaetian strata though its first occurrence date within the Vandaites 
stuerzenbaumi z. has still to be resolved. 
 
2.3.3. The Eiberg section  
 

The Eiberg section (Fig. 5) is located in an active cement quarry (47°33"N, 12°10’07"E) about 
3 km south of Kufstein (North Tyrol). This section was palaeogeographically situated in the central part 
of the Eiberg Basin (Golebiowski, 1991); its connection with the open Tethys allows biostratigraphic 
correlations to sections of the Hallstatt area using ammonoids and conodonts. This section covers the 
Hochalm Member which corresponds timely to the Paracochloceras suessi and Vandaites 
stuerzenbaumi zones, and the Eiberg Member which represents the top of the Vandaites 
stuerzenbaumi zone and a complete Choristoceras marshi z. The upper part of the Hochalm Member 
is visible on the southern part of the quarry and consists mainly of shallow water bioclastic limestones 
as proximal then distal tempestites, and marls (Golebiowski, 1991). The top of this member marks a 
deepening and a transition phase from an open marine lagoon to the intraplatform basin deposition 
milieu of the Eiberg Member. On the northern part of the quarry we only analyze the Eiberg Member 
more suitable for cyclostratigraphic analysis as constituted of more monotonous alternations of 
limestones and marls. The studied section is 55 m thick, it belongs the last 3 meters of the Vandaites 
stuerzenbaumi z. and most of the Choristoceras marshi z. up to a 20 cm thick topmost bed, regionally 
labelled as « T-bed » (Kürschner et al., 2007), which differs by dark color, increased clay content and 
platy fabric. This bed represents the end-Triassic mass-extinction. A negative δ13Cbulk org excursion 
occurs at its upper part and extends at the base of the Tiefengraben Member (Kürschner et al., 2007; 
Hillebrandt et al., 2013). This excursion correlates with the initial Carbon Isotope Excursion (CIE) well 
known in numerous other Triassic-Jurassic reference sections (Palfy et al., 2001; Hesselbo et al., 
2002; Guex et al., 2004; Todaro et al., 2018). The CIE correlates also with an initial increase in Ir 
(Tanner et al., 2016). 

The first few meters of marls of the following Tiefengraben Member below the Rhaetian-
Hettangian boundary cannot be sampled due to a prominent fault. 
 
2.3.4. The Kuhjoch section 
 
Kuhjoch (47°29′02″N, 11°31′50″E) is an expanded Rhaetian-Hettangian boundary marine section (Fig. 
6), and represents the Hettangian GSSP (i.e., Triassic-Jurassic boundary) (Hillebrandt et al., 2013). 
Our sampling starts 3 m below the top of the Eiberg Member represented by well-bedded grey 
bioturbated limestone. The 20 cm thick topmost bed of this Member is the regional darker higher clay 
content « T-bed », which was also recognized at the top of the previous Eiberg section. An abrupt 
lithological change occurs from the basinal carbonates of the Eiberg Member to the marls and clayey 
sediments of the Tiefengraben Member. This lithological change corresponds to the main extinction 
level, where characteristic Triassic fauna disappears. The first three meters of the Tiefengraben 
Member are characterized by grey to brownish marls known as Schattwald Beds. Above, yellowish 
weathering marls passing into grey argillaceous marls up to 3.2 m above the Schattwald beds where 
the ammonite Psiloceras spelae tirolicum marks the Triassic-Jurassic boundary. Thirteen meters of 
marls above the « T-bed » were finally sampled at Kuhjoch, the next 7 meters were sampled at a 
neighbouring locality (Ochsentaljoch) about 750 m to the west of Kuhjoch, where this interval is better 
exposed. We cover thus the whole Tiefengraben Member of the Kendelbach Formation. Minor faults 
are present at Kuhjoch as described by Hillebrandt et al. (2013). Palotai et al. (2017) believe that the 
thickness of the Schattwald beds is underestimated due to tectonic complications and could be as 
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much as 4-5 m thick (about 2 m in our Fig. 6). Our careful and detailed lithostratigraphy and regional 
comparisons disagree with this estimation and in our opinion the Schattwald beds thickness at 
Kuhjoch is close to the one proposed by Hillebrandt et al., (2013). In any case, the stratigraphic 
interval concerned is very short, probably no longer than a few thousand years, and therefore does not 
really affect our estimated total duration for the Rhaetian (see section 4.5). 

More detailed biostratigraphic, lithostratigraphic and palaeogeographical descriptions of these 
four sections can be found in Kürschner et al. (2007), Ruhl et al. (2009, 2011), Richoz et al. (2012b), 
Zajzon et al. (2012), Hillebrandt et al. (2013), Richoz and Krystyn (2015), Tanner et al. (2016). 
 
 
Fig 4 Lithostratigraphy, MS variations and biostratigraphy of the Zlambach section. 
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Fig 5 Lithostratigraphy, MS variations and biostratigraphy of the Eiberg section. Box with lower M. ultima record 
refers to occurrence of the species in the Koessen Weißloferbach B section in Mostler et al. (1978) and its 
correlation to Eiberg by Golebiowski (1991). 
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Fig 6 Stratigraphy and MS variations of the Kuhjoch and Ochsentaljoch sections (lithology and biostratigraphy 
modified from Hillebrandt et al. 2013). 
 

 
 
 

S
c
h

a
tt

w
a

ld

B
e

d
s

0

m

5

10

15

20

E
ib

e
rg

 m
e
m

b
e
r

T
ie

fe
n
g
ra

b
e
n
 m

e
m

b
e
r

R
H

A
E

T
IA

N
H

E
T

T
A

N
G

IA
N

0 10 20 30

Magnetic susceptibility

(10-8 m3/kg)



	   11	  

3. Methods 
 
3.1. Magnetic Susceptibility 
 

Magnetic Susceptibility (MS) is a paleoclimatic proxy commonly used for cyclostratigraphy to 
identify astronomical-paced cycles (e.g. Mayer and Appel, 1999; Weedon et al., 1999; Boulila et al., 
2008, 2010, 2014; Huret et al., 2011; Husson et al., 2012, 2014). MS measures the ability of a 
substance to acquire magnetization when a small external magnetic field is applied (e.g. Evans and 
Heller, 2003). High frequency MS variations in marine sedimentary sequences most often reflect 
variations of terrestrial input (mainly weak positive MS from paramagnetic clay minerals) diluted by 
diamagnetic calcium carbonate (very weak negative MS) (Ellwood et al., 2000). MS variations 
therefore reflect variations in lithology, which may have been driven by climate changes that in turn 
were orbitally controlled via changes in insolation on the Earth's surface induced by cyclical variations 
in the Earth's tilt and the Earth-Sun distance. MS was measured on samples from each studied section 
every 10 cm using a Kappabridge Agico MFK-1B (2x10-8 SI sensitive), the values are reported after 
weight normalization (Supplementary material 2). 
 
3.2. Time-series analysis  
 

Following removal of long-term trends in MS series we performed spectral analysis using the 
multitaper method (MTM, Thomson, 1982) associated with the robust red noise modelling (Mann and 
Lees, 1996) as implemented in the SSA-MTM Toolkit (Ghil et al., 2002). The link between the cycles 
highlighted by spectral analysis and orbital frequencies estimated for the Late Triassic (Laskar et al., 
2004) was tested by the method of frequency ratios (Mayer and Appel, 1999). This method is very 
effective in the case of marly-limestones alternations to infer astronomical control of the sedimentation 
(Boulila et al., 2008; Charbonnier et al., 2013), this is achieved when the detected cycle frequency 
ratios are close to orbital parameter ratios. The main challenge is to clearly identify the 405 kyr 
eccentricity parameter which is the only astronomical parameter that can be accurately calculated over 
the last 250 myr given the chaotic behavior of the orbital motions in the inner solar system (Laskar et 
al., 2004). 

The next step is to carry out an orbital tuning in order to convert the MS record from depth 
domain to time domain using the 405 kyr eccentricity term. To tune the record, we used the “ LinAge” 
function provided in AnalySeries (Paillard et al., 1996). New spectral analyses were performed on the 
tuned MS record, which were compared to spectral analysis of Earthʼs orbital parameters for the time 
interval corresponding to Rhaetian time (aproximatelly 200-210 Ma). 

To extract cycles from the MS tuned record we used low- and band-pass filtering. Finally 
estimating the duration of the record, and therefore Rhaetian, is established by direct 405 kyr 
eccentricity cycle counting. 
 
 
4. Results 
 
4.1. Magnetic Susceptibility (MS) variations 
 
 The Hallstatt massive fine-grained pelagic limestones of the Steinbergkogel section are 
characterized by very low MS values (0.09 to 1.4 10-8m3/kg) (Fig. 3). This range of MS values is 
characteristic of mainly diamagnetic behaviour of CaCO3. Only three interbedded clay levels are 
characterized by higher MS values up to 1.3 10-7m3/kg. The last two meters of the section which marks 
the gradual transition to grey marls of the Zlambach Formation display a slight increase of MS value 
up to 5 to 6 10-8m3/kg. MS variations of the Steinbergkogel section thus do not follow a cyclic pattern. 
 The Zlambach section is characterized by high frequency MS variations corresponding to marl 
and marly limestone couplets of the Zlambach Formation (Fig. 4). The lowest MS values, about 0.3 10-

8m3/kg, are from the limestones beds, and the highest, up to 10 10-8m3/kg, are from marly levels with 
higher paramagnetic contribution from clay minerals. Superimposed to this strong high frequency 
cyclic pattern a few meters-thick low-frequency modulation cyclicity appears over the whole section. 
Similarly a significant upward increase trend in MS values reflects a progressive enrichment in clays. 
 MS variations from the Eiberg section are quite similar to the Zlambach section: high 
frequency cyclic pattern corresponding to marl-limestone couplets modulated by low-frequency cycling 
(Fig. 5). As thicker the marly intervals are, higher the MS values. The massive limestone beds in the 
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upper part of the section display the lowest MS values of about 0.4 to 0.5 10-8m3/kg. The topmost bed 
of the section, the dark clayed « T-bed », display a sharp increase of the MS up to 10 10-8m3/kg. 
 At Kuhjoch the « T-bed » is also characterized by a sudden increase of MS values (Fig. 6). 
This increase continues in the grey to brownish-redish marls of the Schattwald Beds up 30 10-8m3/kg. 
Above these Schattwald Beds MS slowly decreases and reach similar values to those of the Rhaetian 
10 m above the Triassic-Jurassic boundary suggesting recovery of similar paleoenvironmental 
conditions. 
 
4.2. The Rhaetian composite section of MS variations 
 

Since a cyclostratigraphic study is more robust if a long interval is analyzed, especially to 
highlight a succession of several 405 kyr cycles, we constructed a composite section of MS variations 
for the whole Rhaetian (Fig. 7). This was easy because the four studied sections overlap. 

Considering conodonts, ammonites, and calcareous nannofossils, the base of the Zlambach 
section can be approximately correlated to the middle of the Steinbergkogel section, no more than 2 m 
above the Norian-Rhaetian boundary, a correlation also supported by geochemical data (Kovacs et al., 
this volume). Thus the Steinbergkogel section does not contribute for more than 2 m to our composite 
Rhaetian record. 

The boundary between the Vandaites stuerzenbaumi and Choristoceras marshi zones is 
identified on both Zlambach and Eiberg sections and makes it possible to correlate them easily. The 
correlation between Eiberg and Kuhjoch sections is also easy owing to the regional black marly « T-
bed » present at the very top of the Eiberg section and the base of the Kuhjoch section. In these two 
sections the « T-bed » is marked by a sudden increase in the MS intensity (Figs. 5-6). 
 From these correlations results a whole Rhaetian composite section of 131.5 m thick with 
1301 MS measurements. MS variations exhibit evident cyclic patterns over a wide range of 
frequencies (Fig. 7b). In particular, a cyclicity of about 7-8 m of period is often clearly visible in MS 
variations: it appears as amplitude modulation of approximately 22-24 high-frequency cycles (Fig. 7c, 
d). This pattern, common in the Mesozoic sedimentary records, was previously interpreted as 
amplitude modulation of high frequency precession cycles by low-frequency 405 kyr eccentricity cycles 
(Boulila et al., 2008; Charbonnier et al., 2013). 
 
4.3. Spectral analysis 
 
 Preliminary spectral analyses conducted separately on the two main sections, Zlambach and 
Eiberg, gave similar results in terms of cycle thicknesses and their ranking (Supplementary material 1, 
Fig. S1). This allowed us to build a composite Rhaetian record. 
 Most of the record is represented by alternating limestones and marly limestones, but the 
topmost part above the « T-bed » (roughly the Kuhjoch-Ochsentaljoch section) is only formed by marls. 
This abrupt lithologic change likely reflects most probably decrease in sedimentation rate which can be 
linked to a major crisis of carbonate producers. We therefore chose to undertake spectral analysis on 
each of these two intervals, the lower, 110 m thick, corresponds to Steinbergkogel, Zlambach and 
Eiberg composite record, and the upper, 21 m thick, to the Kuhjoch-Ochsentaljoch section. 
 First, MS data were linearly interpolated to 2 cm regular spacing. Second, on the lower 110 m 
thick interval, an irregular long-term trend (Fig. 7b) was subtracted by a 15% weighted average of the 
data before spectral analysis. Power spectra (Fig. 8a) show the presence of numerous significant 
frequencies resulting in part from a variable sedimentation rate. Numerous peaks from 0.28 to more 
than 7.5 m exceed the 95% CL, with some exceeding the 99% CL. Visual inspection of MS variations 
shows that wavelengths of 0.3 to 0.5 m correspond to the various thicknesses of the elementary marl-
limestone couplets throughout the record. Interestingly a peak of greater amplitude is centered on 
wavelength of 7.60 m (Fig. 8a). Such 7.60 m peak represents a regular cyclicity throughout the section 
(Supplementary material 1, Fig. S2), and could correspond to the orbital eccentricity parameter of 405 
kyr as previously suggested (subsection 4.2 and Fig. 7c-d). However, to interpret all the observed 
frequencies in terms of possible orbital periods, we compared their ratios to orbital period ratios 
relative to the Late Triassic time (Laskar et al. 2004). Spectral period ratios are very close to orbital 
period ratios. This is specially true for ratios between the prominent 7.60 m period and observed 
spectral periods which are remarkably close to ratios between the 405 kyr eccentricity period and 
Milankovitch band orbital periods: short eccentricity, obliquity and precession. We interpret 
wavelenghts from 0.30-0.40 m as matching the precession periods, those around 0.60-0.70 m as 
obliquity periods and wavelenght 1.34 m corresponds probably to short eccentricity e1. Accordingly, 
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the strong peak of 7.60 m mean thickness corresponds most likely to the 405 kyr long eccentricity 
component. 
 
 
Fig 7 Biostratigraphy and MS variations of the Rhaetian composite record built from four Austrian reference 
sections (Steinbergkogel, Zlambach, Eiberg, Kuhjoch). (a) Rhaetian ammonite standard zones. (b) Raw MS 
variations. A 15% weighted average of the series is indicated, showing a long-term variation (thick grey line). (c) 
MS variations of a 10-m interval from Eiberg section. (d) MS variations of a 20-m interval from Zlambach section. 
The lowest MS values are recorded in the limestones beds, and the highest values from marly levels with higher 
paramagnetic contribution from clay minerals. A 20% weighted average of the MS series is performed to highlight 
a low frequency (about 8 m thick) cycle (thick dashed grey line). MS show a strong modulation of 22-24 high 
frequency cycles (marl-limestone couplets) by low frequency cycles of about 7-8 m thick (black arcs). The high 
frequency MS cycles are interpreted as precession cycles, and the low frequency ones as the 405 kyr eccentricity 
cycles. 
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Fig 8 Time-series analysis of MS variations of the lower part of the composite record (Steinbergkogel, Zlambach 
and Eiberg sections) and comparaison with the astronomical model La2004 (Laskar et al. 2004). (a) 2π-MTM 
power spectrum of detrended MS serie (removal of 15% weighted average of the data shown in Fig. 7b). 
Numerous peaks exceeding 99% and 95% CL are labelled (in metres). (b) Spectrum of detrended 405 kyr tuned 
MS series (shown in Fig. 9c). Several peaks exceeding 99% and 95% CL are labelled (in kyr). (c) Spectrum of 
La2004 (Laskar et al. 2004) astronomical parameters in ETP format (e.g., Imbrie et al. 1984) for the interval 200-
210 Ma. 
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4.4. Astronomical calibration 
 
 To check the above cyclostratigraphic interpretation we tuned the mean 7.60 m thick MS 
cycles to the 405 kyr eccentricity period. The assignment to 405 kyr cycles was carried out through 
guidance of band-pass filtering and considering the MS minima in limestones (Fig. 9). Then we 
compare the spectrum of the tuned MS record with the spectrum of the theoretical astronomical 
periods estimated for the 200-210 Ma interval. 
 First long-term trend was subtracted by a 15% weighted average of the tuned data. The tuned 
power spectra (Fig. 8b) show significant frequencies consistent with La2004 astronomical model 
(Laskar et al., 2004. The 0.34-0.42 m periods are calibrated to 20-22 kyr and correspond to the 
precession component P1 (20.2-21.2 kyr). The ensemble of wavelengths of 0.55-0.73 m is calibrated 
to period band ranging from 27 to 47 kyr. This period band corresponds to the predicted astronomical 
obliquity periods: components 03 (25.4 and 26.2 kyr), 01 (33 and 34 kyr) and 02 (43 kyr). No 
prominent peak could represent the theoretical periods of short eccentricity. Some other well 
expressed peaks, 174 and 250 kyr, does not seem represent classical astronomical periods. Similar 
periods were also recognized in different Mesozoic records: 170 and 210 kyr in a Valanginian 
succession of southeastern France (Charbonnier et al., 2013), 171 kyr in a Oxfordian succession of 
southeastern France (Boulila et al., 2010), 200 kyr in a Toarcian succession of the Paris Basin, France 
(Boulila et al., 2014). A 173 kyr cyclicity was also reported in a middle Eocene North Atlantic record 
and was interpreted as amplitude modulation of obliquity (Boulila et al., 2018). Finally the most 
prominent peak is calibrated to 409 kyr and is evidently related to the long eccentricity period of 405 
kyr. 
 In summary, the tuned calibrated periods show clear correspondances with Late Triassic 
astronomical periodicities at the precession and obliquity cycle bands. The 405 kyr eccentricity is 
recorded in the spectra with a strong peak, but not the short eccentricity which appears with low 
peaks. This behaviour was also observed for other Mesozoic successions, as the Kimmeridgian and 
Valanginian limestone-marl alternations of southeastern France (Boulila et al., 2008; Charbonnier et 
al., 2013). In sum the results of the cyclostratigraphic analysis show a clear evidence of an orbital 
forcing of the Austrian Rhaetian limestone-marl alternations succession: the precession was the main 
driver of the deposition, with a modulation by prominent 405 kyr orbital eccentricity period which will 
allow to time calibrate the Rhaetian sedimentary record. 
 The band-pass filtering of the raw MS variations allows to highlight sixteen 405 kyr eccentricity 
cycles in the lower analyzed interval (base of Steinbergkogel, Zlambach and Eiberg sections). These 
16 cycles are labelled Rha 1 to Rha 16, from top to the base of the record. These sixteen 405 kyr 
eccentricity cycles, assuming no significant hiatuses or condensation in the record, provide, an 
approximate duration of 6.42 myr (Fig. 9). 
 
4.5. Spectral analysis of the Kuhjoch-Ochsentaljoch section 
 

The Kuhjoch-Ochsentaljoch section starts above the « T-bed » (which corresponds to the end-
Triassic initial Carbon Isotope Excursion - CIE) and covers only part of the Hettangian (Fig. 10a). The 
Hettangian is one of the shortest stages in Mesozoic, its duration is estimated at around 2 myr (ICS, 
2019). The cyclostratigraphic study of the St Audrie's Bay (Somerset, UK) section (topmost Rhaetian 
to lower Sinemurian) has established a reliable astronomical calibration of the Hettangian (Ruhl et al., 
2010a; Hüsing et al., 2014).  

The above studies suggest a duration of 1.8 myr for Hettangian. This duration is also 
supported by a 199.43±0.10 Ma 238U/206Pb age for the base of Sinemurian in the Pucara Basin of Peru 
(Schaltegger et al., 2008; Guex et al., 2012). Biostratigraphic correlations between St Audrie's Bay and 
the Kuhjoch section were proposed by Hillebrandt et al. (2013, their figure 27). These correlations 
suggest that the duration of the 21 m thick interval after the CIE in the Kuhjoch-Ochsentaljoch section 
and its equivalent in St Audries is quite short, no more than a few hundred thousand years. Since the 
identification of several 405 kyr is almost impossible at Kuhjoch-Ochsentaljoch due to the reduced 
thickness of the section, we seek to highlight short eccentricity and precession cycles. 
 We generated two spectra (Fig. 10b,c). One is focused on the very short interval (4.5 m thick) 
corresponding to the Schattwald Beds. This interval is characterized by a sharp increase of MS 
values, high frequency fluctuations and a rapid decrease of MS. The power spectrum shows a single 
frequency corresponding to a period of about 0.28 m (Fig. 10b). The second analyzed interval starts 
above the Schattwald Beds until the top of the record. Obviously this interval is characterized by 
cyclicities of several frequencies. The power spectrum reveals the presence of significant periods: 
0.30, ~0.44, ~0.61, ~1.28, ~2.87 m (Fig. 10c). Their ratios suggest that ~0.44 m probably corresponds 
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to precession, ~0.61 m to obliquity and ~2.87 m to short eccentricity. These values are quite 
comparable to those observed on the underlying Eiberg section prior to the end-Triassic crisis. On the 
other hand, the Schattwald Beds reflect a drop in carbonate production resulting from a biocalcification 
crisis, and the single cyclicity of 0.28 m most probably corresponds to precession cycles that are 0.40 
m thick below and above the Schattwald Beds. On the basis of these interpretations and with the help 
of raw data band-pass filtering (Fig. 9d), we could estimate the durations of the different intervals 
considered. The Schattwald Beds represent 9-10 precession cycles, i.e. a duration of about 190 kyr. 
The interval between the top of the Schattwald Beds and the Rhaetian-Hettangian boundary 
represents less than one short eccentricity cycle, about 80 kyr. Thus the mass extinction interval, 
constrained between the mass extinction level (marked by the regional « T-bed »/Initial CIE) and the 
beginning of recovery (marked by the first occurrence of the ammonite Psiloceras spelae tirolicum at 
the Rhaetian-Hettangian boundary), should have a whole duration of about 270 kyr 
 
 
Fig 9 405 kyr eccentricity tuning of MS data of the lower part of the composite record built from Eiberg, Zlambach 
and lower part of the Steibergkogel sections. (a) Ammonite zonation of the 110 m thick Rhaetian record. (b) Raw 
MS variations. A Gaussian band-pass (0.132 ± 0.07 cycles/m) filter output is applied to highlight the ~7.6-m thick 
cycles interpreted as the 405 kyr eccentricity cycles (Rha 1 to Rha 16). (c) 405 kyr floating time scale of the 
Rhaetian stage. (d) Astronomical estimate of durations of the ammonites zones of the Rhaetian. 
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Fig 10 Spectral analysis of the Kuhjoch-Ochsentaljoch section. (a) Raw MS variations. (b) Power spectrum of a 
short interval (1 to 4.5 m) of the Schattwald Beds. A truncated peak on the spectrum corresponds to a trend of the 
whole interval, and a 0.28 m peak corresponds to the high frequency cycles visible on MS variations. (c) Power 
spectrum obtained over the interval from 4.5 m to the top of the studied section. A low frequency truncated peak 
of more than 5 m corresponds possibly to low-frquency MS variations, but the studied interval is too short to be 
affirmative. The ratios of the significant periods suggest that ~0.44 m likely corresponds to precession, ~0.61 m to 
obliquity and ~2.87 m to short eccentricity. The 0.30 m period can be interpreted as a sub-Milankovitch period. (d) 
A Gaussian band-pass (0.348 cycles/m) filter output is applied on the upper studied interval to highlight the ~2,87-
m thick cycles interpreted as short eccentricity cycles. A Gaussian band-pass (3,57 cycles/m) filter output is 
applied on the Schattwald Beds to highlight the ~0,28-m thick cycles interpreted as probable precession cycles 
(see text). 

 

 
 
 
5. Discussion – Implications for the Late Triassic time Scale 
 
5.1. Astronomical duration of the Rhaetian inferred from the Austrian sections – Comparison with U-Pb 
dates 
 
 Our cyclostratigraphic study of the Austrian Rhaetian sections shows, (1) that the interval 
between the NRB (i.e. appearance of the conodont Misikella posthernsteini morph. A, sensu Krystyn 
et al., 2007a, b) and the uppermost Rhaetian initial CIE (corresponding to the well known regional « T-
bed ») has a minimum duration of 6.42 myr, and (2) that the interval from the « T-bed » to the 
Rhaetian-Hettangian boundary (constrained by the FO of the ammonite Psiloceras spelae) has an 
approximate duration of 270 kyr. This leads us to propose a minimum total duration of 6.69 myr for the 
whole Rhaetian. Though in the Zlambach section the boundary between the Paracochloceras suessi 
and Vandaites stuerzenbaumi zones lacks for a 5 m interval precise zonal guide fossils, we use for our 
analyses as viable boundary level the FO of Vandaites saximontanum. The durations of the three 
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Rhaetian ammonite zones can be calculated approximately as follows: the Paracochloceras suessi 
zone would have a duration of 1.83 myr, Vandaites stuerzenbaumi z. of 1.63 myr, and Choristoceras 
marshi z. of 2.96 myr (Fig. 9). 
 Reliable radio-isotopic dates constrained by marine-based biostratigraphy within the Norian-
Hettangian interval are scarce, except for the Rhaetian-Hettangian boundary whose age is well 
constrained by the analysis of volcanic ash beds from the Pucara basin (Levanto section, Aramachay 
Formation, Pucara Group, northern Peru) and the New York Canyon (Nevada, USA) (Schoene et al., 
2010). In both sections, the boundary is recognized by the FO of the ammonite Psiloceras spelae. 
Thus a 206Pb/238U age of the Triassic-Jurassic boundary can be calculated to be 201.31±0.18 Ma. 
Recently new numerical ages have been obtained in the Levanto section which displays an apparent 
complete upper Norian to lower Sinemurian marine sedimentary sequence (Wotzlaw et al., 2014). 
During this study, the authors recalculated the older age reported by Schoene et al., (2010) using a 
new tracer calibration and updated the Rhaetian-Hettangian boundary age of 201.36±0.17 Ma, older 
by ~0.025%. This anchoring point has been used for our Rhaetian « floating astrochronology » to 
suggest a 208.05 Ma age of the NRB as defined by the FAD of conodont Misikella posthernsteini 
morph A. 

The Levanto section presents several other volcanic ash layers on which radiometric ages 
were also calculated. An age of 205.50±0.35 Ma was obtained for the supposed NRB on this section 
(Wotzlaw et al., 2014) resulting is an estimated duration of the « Peruvian » Rhaetian of 4.14 myr, a 
duration that highly differs from our « Austrian » astronomical estimate of 6.69 myr. It is difficult to 
explain this more than 2 myr difference between the two domains and we do not have a definitive 
answer. What we can argue is that certainly the NRB is not defined in the same way in the two palaeo-
biogeographical realms. In the Levanto section the Late Norian is recognized by the LO of the bivalve 
Monotis subcircularis, a species widely distributed in the circum-Pacific (Panthalassa Ocean) and 
interpreted as the stratigraphic counterpart of the Tethyan Monotis salinaria (Mc Roberts, 2010). In the 
Tethyan Province, specifically on the Steinbergkogel section, the NRB is marked by the FO of 
conodont Misikella posthernsteini while the LO of the bivalve Monotis salinaria is an older bio-horizon 
that lies slightly below (Krystyn et al., 2007a). The disappearance of large monotid bivalves is 
recognized as a worldwide bio-horizon taking place at the top of the Norian (Mc Roberts et al., 2008; 
Mc Roberts, 2010). Following our new data, Monotis subcircularis in Peru and Monotis salinaria in 
Austria would disappear diachronously by more than two myr. Although their occurrence in two widely 
separated oceans, this 2 myr lag does not seem very reasonable. 

The completeness of the Levanto section could also be questioned. The lowest ash layer on 
this section dated as 205.70±0.15 Ma, is located several meters above the LO of Monotis subcircularis 
(Wotzlaw et al., 2014, their figure 2) and a sedimentary hiatus cannot be totally ruled out considering 
the outcrop conditions. The U-Pb age of 205.20±0.9 Ma obtained from lower Rhaetian sediments of 
British Columbia (Golding et al., 2016) should also be taken with caution. As a matter of facts, the 
zircons come from a reworked layer just above a sedimentary gap and a hardground. The layer is 
biostratigraphically well constraint to the lower Rhaetian, but there is no estimate of the missing portion. 
The absolute ages reported above should be considered as a minimum age for the Norian-Rhaetian 
boundary although there are no solid arguments to exclude the possibility of an older age. 

Estimates of the duration of the end-Triassic mass extinction interval were proposed by 
different authors. Thanks to U/Pb datations of the Pucara basin (North Peru) and the New York 
Canyon (Nevada, USA) sections, Schoene et al. (2010) suggested that the mass extinction interval, 
constrained between the last occurrence of the latest Triassic ammonoid Choristoceras crickmayi and 
the first occurrence of the Jurassic ammonite Psiloceras spelae, would have a duration of 70 +220/–70 
kyr. Based on the cyclostratigraphic analysis of the St Audrie's Bay (Somerset, UK) Ruhl et al. (2010a) 
suggested that the end-Rhaetian mass extinction interval and coinciding negative CIE may be 
represented by 1–2 precession cycles (∼20 to 40 kyr) while the following interval to the first Jurassic 
ammonite occurrence is defined by 6 precession cycles (∼120 kyr). This estimation is shorter than our 
(∼270 kyr). However, given the high level of uncertainty of the different methods used and the 
correlation problems existing between records from separated biogeographic realms, the end-Triassic 
extinction durations remain comparable. 
 
5.2. Comparison with the Newark APTS 

 
Till now the Newark Basin (New Jersey-Pennsylvania, USA) continental sedimentary 

sequence is widely considered as a reliable astronomical tuned polarity time scale (APTS) for the Late 
Triassic through Early Jurassic. The establishment of the Newark-APTS started 30 years ago (Olsen, 
1986) and has recently been synthesized (Kent et al., 2017). The reliability of this continental Triassic 
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APTS and correlations to Tethyan marine records have been intensively discussed (e.g., Tanner and 
Lucas, 2015). After a brief summary of the whole succession, the focus below will be centred on the 
Rhaetian part. 
 The Newark Supergroup encompasses a thick succession of fluvial and lacustrine 
sedimentary rocks with some intercalated volcanites extending from the Carnian (Late Triassic) to the 
Sinemurian (Early Jurassic). In the 1990s, several stratigraphically overlapping drill holes allowed the 
establishment of a continuous rock record more than 6000 m thick. The basal Carnian Stockton 
Formation is 1000 m thick and consists of fluvial sandstones, conglomerates and mudstones. Above 
follows the Late Carnian Lockatong Formation, 800 m thick, formed of variously coloured mudstones 
of lacustrine origin. It is overlain by the 2700 m thick Passaic Formation (Norian-Rhaetian?) mainly 
consisting of mudstones and sandstones. The upper Passaic Formation (Rhaetian?) is predominantly 
represented by red sandstone of alluvial origin, and is capped by “the Newark extrusive zone” which 
consists of basalt units with rare sedimentary intercalations. Cyclic deposits in the Newark Basin were 
explored by McLaughlin's pioneering work in the 1930s and 1940s (McLaughlin, 1945). Later in the 
1960s Van Houten was the first to suggest a periodicity, probably due to orbital precession, in the 
lacustrine cycles of the Lockatong Formation (Van Houten, 1964). The first quantitative 
cyclostratigraphic analyses were carried out in the 1980s and 1990s (Olsen, 1986; Olsen & Kent, 1996, 
1999). A relative deposition depth ranking was assigned to each lithology of the identified cycles, and 
the obtained data set was subjected to spectral analysis. Frequencies of Milankovitch band, 
precession to long eccentricity, were recognized over the whole sedimentary formations of the Newark 
Basin, not just within the only truly cyclical Lockatong Formation (Olsen & Kent, 1996, 1999; Olsen et 
al., 1996; Kent et al., 2017). Sixty-six 405 kyr eccentricity cycles were counted for the Newark Basin 
succession, resulting in a duration of more than 26 myr. Immediately above the Passaic Formation an 
U/Pb radiometric age of 201.52 Ma was obtained from a volcanic level of the “Newark extrusive zone” 
(Schoene et al., 2010, Blackburn et al., 2013). This important calibration point allowed to convert the 
established floating astronomical time scale into an absolute numerical time scale. In addition, the 
201.5 Ma tie-point is very close to the datation of the Rhaetian-Hettangian boundary 
biostratigraphically well constrained on the Peruvian record, i.e. 201.36 Ma (Wotzlaw et al., 2014), and 
is used as an important argument to affirm the upper Passaic Formation a Rhaetian age. 
 Based on magnetostratigraphic studies on overlapping drill cores and outcrop sections Kent et 
al. (2017) established a complete magnetic polarity sequence for the Newark Basin. Using 
cyclostratigraphy this was then converted to a Newark-APTS with an absolute age ranging from 
approximately 199 to 233 Ma (e.g., Kent et al., 2017, their figure 1; Maron et al., 2015). Attempts to 
cross-correlate the Newark astrochronology with biochronologically well-dated marine Tethyan 
sections failed since they did not provide a cyclic signature. Magnetostratigraphy seemed therefore the 
only solution to achieve a direct chronostratigraphic correlation between Newark and the Tethyan 
sections, and to establish a reliable Late Triassic integrated chronology. In one of the first syntheses 
Kent and Olsen (1999) suggested that the Rhaetian of the Newark Basin had a duration of 
approximately 6 myr (by counting fifteen 405 kyr eccentricity cycles) and that the Norian-Rhaetian 
boundary should be dated around 207-208 Ma, a value quite close to our current estimation of 208,05 
Ma. In recent years, various (bio)magnetostratigraphic correlations schemes between the Newark 
APTS and Tethyan marine sections were suggested by subsequent authors. Further attempts to 
synchronise these schemes with radiometric ages have led to a complicated and confusing pattern 
when comparing the various interpretations, i.e. Wotzlaw et al. (2014, their figure 3), Kent et al. (2017, 
their figure 15) and Li et al (2017, their figure 1). One main result was the unusual two-fold duration 
proposals for the Rhaetian i.e. a "short" Rhaetian of about 4-5 myr, as well as a "long" Rhaetian of 
about 8-9 myr as already seen in Ogg, 2012. Of these two, the "short" Rhaetian option does imply that 
most of the Rhaetian is missing in the Newark Basin, an hypothesis apparently corroborated by 
stratigraphic breaks in the Passaic Formation derived from biostratigraphic data (see below). 

Due to its non-marine nature, the biostratigraphy of the Newark Supergroup is exclusively 
based on palynomorphs, conchostracans and tetrapod vertebrates, groups with often long 
stratigraphic ranges (Lucas and Tanner, 2007; Lucas et al., 2012; Tanner and Lucas, 2015). Only 
conchostracans should allow a high-resolution Rhaetian zonation according to Kozur and Weems 
(2007). Established in the Germanic basin, this zonation has been applied to the conchostracan 
faunas of the Newark Basin. When comparing both, Kozur and Weem (2007) concluded that some 
bio-zones are missing and that the uppermost Norian and most of the Rhaetian are not represented by 
sediments in the Newark Basin (Kozur and Weem, 2010, and review in Tanner and Lucas, 2015, their 
figure 8). As palynological data seem to point in the same direction, Tanner and Lucas (2015) 
assumed of a potential gap of at least 3 myr in the cyclostratigraphic record of the Newark Basin. 
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 The possible incompleteness of the Newark Basin has been strongly opposed by Kent et al. 
(2017 – calling it "the persistent refrain of the missing Rhaetian") by challenging the reliability of 
conchostracans as biostratigraphic indicators. They also rejected the magnetostratigraphic correlation 
between the Newark Basin and the Norian-Hettangian marine Oyuklu section from Turkey, where 
Gallet et al. (2007) proposed a reasonable correlation that also induced the hypothesis of an absence 
of a large part of the Rhaetian in the Newark Basin. Kent et al. (2017) and Maron et al. (2019) 
suggested another magnetostratigraphic correlation with the Germanic-type St. Audrie’s Bay section in 
United Kingdom (Hounslow et al., 2004), to demonstrate that no Rhaetian time is missing in the 
Newark Basin. However their solution implies a 3.5 myr interval between the definition of M. 
posthersteini sensu Krystyn et al. (2007a, b) and the definition sensu Maron et al. (2015), Rigo et al. 
(2015). This duration, equivalent to half of the Rhaetian has no palaeontological sense. Clearly, for the 
moment, no satisfying proposed solution exists for bio-magnetostratigraphic correlations. 
 Besides the debate on the completeness of the Rhaetian in the Newark Basin, the 
cyclostratigraphic interpretations themselves may be questioned. Specifically the depth rank 
assignment to the cycle-typifying lithologies used as basis for the cyclostratigraphic analysis is 
somewhat subjective, in particular for the upper Passaic Formation where repetitive fluvial sandstones 
provide no significant cyclic pattern (Tanner and Lucas, 2015), resulting in a signal of smaller 
amplitude in this interval (Kent et al., 2017, their figure 1) and leading to a weaker precession cycles 
record and in turn to less clear eccentricity cycles. These problems have to be addressed when the 
astrochronology of the Newark Basin is considered as a basis for estimating the duration of the 
Rhaetian, and might explain why some authors consider the Newark cyclostratigraphy as unsuitable to 
unambiguously locate and date the base of the Rhaetian (Tanner and Lucas, 2015). 

We believe that for the time being no unambiguous correlations can be achieved between the 
supposed Rhaetian Newark Basin astronomical time scale and our cyclostratigraphic results on the 
Alpine Rhaetian. Our minimum 6.69 myr estimate of the Rhaetian duration can be considered as 
"intermediate" between a "short" and a "long" Rhaetian but it validates neither of these two options. It 
further does not validate any bio-magnetostratigraphic correlation scheme between the Newark-APTS 
and the Tethyan marine sections corresponding to these two options. Similarly, our result does not 
validate or invalidate the missing Rhaetian hypothesis for the Newark Basin. 
 
5.3. Comparison with the Sichuan basin 
 
 Recently a combined cyclostratigraphy and magnetostratigraphy study of the Upper Triassic 
Xujiahe Formation (Sichuan Basin, South China) offered interesting results (Li et al., 2017). This 
formation consists mainly of cyclic sandstones, mudstones and shales, deposited under lacustrine or 
fluvial conditions. Its biostratigraphy is derived from non-marine fossil groups: bivalves, ostracods, 
plants, sporomorphs. All these groups allow a broad Norian-Rhaetian age assignment to the Xujiahe 
Formation, but the NRB cannot be defined. Numerous U-Pb dates of detrital zircons from several 
sections through the Sichuan Basin indicate a maximal age for the majority of this formation as being 
not older than 207-209 Ma (Li et al., 2017). 
 Cyclostratigraphic analyses of Xujiahe sections were worked out by using gamma-ray and 
magnetic susceptibility variations. These analyses have allowed Li et al. (2017, their figure 10) to 
recognize all Milankovitch band periods, from precession to 400 kyr eccentricity cycles and to estimate 
the duration of the Xujiahe Formation in the Qilixia section to 5.9 myr as well as the durations of the 
identified magnetic polarity zones. The parallel established magnetostratigraphy should allow, 
according to the authors, a “unique correlation” with the Newark APTS and a projected placement of 
the NRB in Xujiahe, resulting in a “short” Rhaetian. The authors also conclude that their 
cyclostratigraphy and magnetostratigraphy of the Xujiahe Formation verify the upper 6 myr of the 
Newark APTS and that their study does not support the hypothesis of the major Rhaetian gap in 
Newark. Their conclusions seem in our opinion a little premature since they are based on a 
magnetostratigraphy with certain limitations. The magnetostratigraphic results obtained from three 
sections (out of four over-lapping sub-sections studied) recall the difficulties when trying to obtain 
reliable magnetostratigraphic data from continental sedimentary successions. Only 10% of the 
analyzed samples allow to define exactly a normal or reversed polarity with additional 15 to 20% of 
approximative polarity results. This leads to a magnetic polarities sequence that suffers from gaps and 
several magnetic polarity zones defined by a restricted number of samples. Establishing a reliable 
magnetostratigraphic correlation with the Newark-APTS (and marine Tethyan sections) is, in our view, 
rather difficult if not impossible since the “black and white fingerprint” can be significantly distorted due 
to frequent variations in sedimentation rate and possible hiati. Magnetostratigraphic correlations can 
only really be established without too much uncertainty if there is a reference geomagnetic polarity 
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time scale for the respective time period available. Such a reference by sequences of oceanic 
magnetic anomalies exists for post-Mid-Jurassic times but is unfortunately not possible for the Triassic. 
 As our proposed Austrian Rhaetian astronomical time scale lacks – except for Steinbergkogel 
– magnetostratigraphic results, we cannot further contribute to this debate and do not attempt in a 
correlation with either the Newark APTS or the cyclostratigraphy of the Chinese Xujiahe Formation.  
 
 
6. Conclusions 
 
 In order to progress in establishing a reliable Late Triassic GTS, an astronomical time scale on 
Tethyan marine successions, independent from that of the Newark Basin APTS, is of paramount 
importance. The results of our study point in this direction: for the first time a high resolution 
cyclostratigraphic study of a composite marine Rhaetian record provides an astronomical calibration of 
this Late Triassic stage and a carefully constructed estimate of its duration. The main results of our 
study can be summarised as follows: 

• The studied 131 m thick Rhaetian record was built from four overlapping reference sections 
(Steinbergkogel, Zlambach, Eiberg and Kuhjoch) in the Northern Calcareous Alps of Austria. The 
Norian-Rhaetian boundary (NRB) is identified by the FAD of conodont Misikella posthernsteini morph. 
A in the Steinbergkogel section (Rhaetian GSSP candidate), and the Rhaetian-Hettangian boundary is 
marked by the FO of the ammonite Psiloceras spelae tirolicum on the Kuhjoch section (Hettangian 
GSSP).  

• Cyclostratigraphic analysis of magnetic susceptibility variations of the Rhaetian record revealed 
astronomical forcing at Milankovitch band. The 405 kyr eccentricity component is recognized and was 
used to astronomically calibrate the record. 

• Basing on the 405 kyr orbital tuning, a minimum duration of the Rhaetian stage is estimated as 6.69 
myr. Durations of the Paracochloceras suessi, Vandaites stuerzenbaumi and Choristoceras marshi 
ammonite zones are 1.83, 1.63 and 2.96 myr, respectively. The duration of the interval from the end-
Triassic mass-extinction (initial CIE) to the Rhaetian-Hettangian (Triassic-Jurassic) boundary is 
estimated at 270 kyr. 

• Given the well established age of the Rhaetian-Hettangian boundary of 201.36 Ma, an age no younger 
than 208.05 Ma can be suggested for the NRB. This result is not in agreement with U/Pb age of 
205.50 Ma proposed from the Levanto section (Peru). However the NRB is not biostratigraphically 
defined in the same way between the two biogeographic realms: the FAD of conodont Misikella 
posthernsteini morph. A in Austria, and the LO of the bivalve Monotis subcircularis in Peru. 

• This minimum Rhaetian duration estimated at 6.69 myr is “intermediate” between the "short" Rhaetian 
(4-5 myr) and the "long" Rhaetian (8-9 myr) options.  
 The present study constitutes an important step in contributing to the Late Triassic time scale, 
but it does not yet resolve the controversies of the long-standing debate on bio-magneto-stratigraphic 
correlations between the continental Newark APTS and the Tethyan marine sections, nor the question 
of the completeness of the Rhaetian Newark Basin. 
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Plate  1 
1-3: Misikella posthernsteini Kozur & Mock morph. B, Kleiner Zlambach – 1, 0 m asb, 2, 4 m asb and 3, 19,8 m 
asb. 
4: Misikella hernsteini  (Mostler), Kleiner Zlambach – 4 m asb 
5: Misikella koessenensis – M. rhaetica trans. Form, Kleiner Zlambach – 26,4 m asb 
6: Misikella rhaetica (Kozur & Mock), Eiberg –1 m asb  
7-9: Misikella rhaetica (Kozur & Mock) – 7, Kleiner Zlambach – 43,8 m asb, 8, Eiberg – 14,5 m asb, 9, Kleiner 
Zlambach – 43,8 m asb 
12: Norigondolella steinbergensis (Mosher), Kleiner Zlambach – 19,8 m asb 
13: Oncodella paucidentata (Mostler),  Kleiner Zlambach – 39 m asb 
14: Epigondolella slovakensis Kozur & Mostler, Kleiner Zlambach – 39 m asb 
15: Misikella ultima (Kozur & Mock), Eiberg – 46,5 m asb 
asb = above section base 
 



	   29	  

Plate 2 
1: Paracochloceras canaliculatum Mojsisovics, Kleiner Zlambach – Taferlkogel 
2: Vandaites saxinontanus (Mojsisovics), Kleiner Zlambach – 27 m asb 
3: „Choristoceras“ haueri Mojsisovics, Kleiner Zlambach – 8,5 m asb 
4: Choristoceras ammonitiforme (Guembel), Eiberg – 4 m asb 
5: Choristoceras marshi (Hauer), Eiberg – 37 m asb 
Natural size, except 1a and 2a (2x); asb = above section base 
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Supplementary material 1 
 

Additional cyclostratigraphic analyses of the sections and additional 
stratigraphic informations on the Steinbergkogel section. 

 
 
Figure S1. (a) 2π-MTM power spectrum of detrended MS variations of the Eiberg section (removal of 
15% weighted average of the data shown in Fig. 5 of the main text). (b) 2π-MTM power spectrum of 
detrended MS variations of the Zlambach section (removal of 15% weighted average of the data 
shown in Fig 4 of the main text). 
The prominent peak of 7-8 m corresponds most likely to the 405 kyr long eccentricity component (see 
main text). 
 

 
 

0

4E-14

0 0,5 1 1,5 2 2,5 3 3,5

0

1.4E-14

0 0,5 1 1,5 2 2,5 3 3,5

ZLAMBACH

EIBERG

7.14 m

2.85 m

7.81 m

2.47 m

1.29 m

0.92 m

0.68 m

0.54 m

0.42 m

0.33 m

1.83 m
1.37 m

1.22 m

0.70 m 0.51 m 0.36 m

R
e

la
ti
v
e

 p
o

w
e

r

Frequency (cycles/m)

R
e

la
ti
v
e

 p
o

w
e

r

Frequency (cycles/m)

a

b



	   31	  

Figure S2. Amplitude spectrogram of the raw MS data (window = 15 m, step = 0.2 m) using the 
Acycle software (Li et al., 2019). The power spectrum (top of the figure) is from Fig.8A of main text). 
Note the strong 7.6 m spectral line depecting the 405 kyr eccentricity cyclicity.  

	  

	  
 
 
Reference: 
Li, M., Hinnov, L., Kump, L., 2019. Acycle: Time-series analysis software for paleoclimate projects and 
education. Computers & Geosciences 127, 12–22.
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Plate S1. Misikella posthernsteini from Steinbergkogel section, scale bar 180 µm : 
1-2 : Morphotype A, bed 111A (base of bed 111) 
3 :  Morphotype A, bed 112 
4-6 :  Morphotype B, bed 112A 
7-9 : Morphotype B, bed 12C 
For position of bed numbers refer to Gardin et al., 2012, their Fig. 5. 
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Additional informations on the Steinbergkogel section. 
 
At Steinbergkogel, the Misikella posthernsteini morph A date is coeval to the most distinct ammonoid 
changes around the Norian–Rhaetian boundary, both in the leiostracean and trachyostracean groups 
(Krystyn, 2008); and it is closely above a major change, respectively disappearance, in pelagic 
bivalves (monotids) allowing almost worldwide correlations in marine basinal strata. The posthernsteini 
morph A date is further close to a conspicuous spread of the nannoplankton and the onset of new 
Rhaetian forms (Gardin et al., 2012; Demangel et al., this vol.). Physical events include a prominent 
magnetic polarity change from a long normal magnetozone to a distinct reversed magnetozone 
occuring just below the posthernsteini morph A datum (Krystyn et al., 2007; Hüsing et al., 2011). This 
reversed interval includes several thin normals constituting a characteristic pattern that, besides 
Steinbergkogel, has been retrieved in other Tethyan sections, i.e. Italy (Pignola – Rigo et al., 2015) 
and Turkey (Oyuklu – Gallet et al., 2007), and is used for high-resolution palaeomagnetic correlations 
(Maron et al., 2015). 
 
 


