See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/347664737

The Triassic Period

Chapter - January 2020

DOI: 10.1016/B978-0-12-824360-2.00025-5

CITATIONS
6

4 authors, including:

James Ogg
Purdue University

297 PUBLICATIONS 22,407 CITATIONS

READS
1,222

M. J. Orchard
Natural Resources Canada

280 PUBLICATIONS 7,162 CITATIONS

SEE PROFILE SEE PROFILE
H. Jiang
China University of Geosciences
64 PUBLICATIONS 3,534 CITATIONS
SEE PROFILE
Some of the authors of this publication are also working on these related projects:
Project The Jurassic/Cretaceous System Boundary Working Group: the former IUGS Berriasian Working Group (ISCS, ICS). View project

Project DSDP Leg 93 View project

All content following this page was uploaded by James Ogg on 15 February 2021.

The user has requested enhancement of the downloaded file.

ResearchGate


https://www.researchgate.net/publication/347664737_The_Triassic_Period?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/347664737_The_Triassic_Period?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/The-Jurassic-Cretaceous-System-Boundary-Working-Group-the-former-IUGS-Berriasian-Working-Group-ISCS-ICS?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/DSDP-Leg-93?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Ogg?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Ogg?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Purdue-University?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Ogg?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/M-Orchard?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/M-Orchard?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Natural_Resources_Canada?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/M-Orchard?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/H-Jiang-4?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/H-Jiang-4?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/China_University_of_Geosciences?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/H-Jiang-4?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James-Ogg?enrichId=rgreq-a01dcb3cd0c5ffce239a5ee9eb3f9c34-XXX&enrichSource=Y292ZXJQYWdlOzM0NzY2NDczNztBUzo5OTE1NzI4OTYyNjgyODlAMTYxMzQyMDgwOTQ1Ng%3D%3D&el=1_x_10&_esc=publicationCoverPdf

J.G. Ogg and Z.-Q. Chen
With contributions by M.]. Orchard and H.S. Jiang

The Triassic Period

Chapter 25

222.6 Ma Triassic

Chapter outline

25.1 History and subdivisions 904
25.1.1 The Permian—Triassic Boundary 904
25.1.2 Subdivisions of the Lower Triassic 908
25.1.3 Subdivisions of the Middle Triassic 909
25.1.4 Subdivisions of the Upper Triassic 912

25.2 Triassic stratigraphy 915
25.2.1 Marine biostratigraphy 916
25.2.2 Terrestrial biostratigraphy 918
25.2.3 Physical stratigraphy 920

Abstract

The Triassic is bound by two mass extinctions that coincide with
vast outpourings of volcanic flood basalts. The Mesozoic begins
with a gradual recovery of plant and animal life after the end-
Permian mass extinction. Conodonts and ammonoids are the
main correlation tools for marine deposits. The Pangea supercon-
tinent has no known glacial episodes during the Triassic, but the
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modulation of its monsoonal climate by Milankovitch cycles left
sedimentary signatures useful for high-resolution scaling.
Dinosaurs begin to dominate the terrestrial ecosystems in latest
Triassic. In contrast to the rapid evolution and pronounced envi-
ronmental changes that characterize the Early Triassic through
Carnian, the Norian—Rhaetian of the Late Triassic was an unusu-
ally long interval of stability in Earth history.
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Our understanding of the Triassic underwent a revolution
during the past two decades. Collaborations among geo-
chemists, paleomagnetists, paleontologists, and other stra-
tigraphers have concentrated on its exciting boundary
intervals but have also enabled compilation of a compara-
tively detailed bio-mag-geochem-cyclostratigraphy scale
for much of the Triassic (Fig. 25.1). High-precision radio-
isotopic dates and cyclostratigraphic studies, coupled with
enhanced methods for global correlation and detailed
compilations of geochemical oscillations, have revealed a
startling inequality in duration of Triassic subdivisions
and in the paces of evolutionary and environmental
change. The latest Permian through Early Triassic has
been revealed as an extraordinary interval of pronounced
environmental stress and extraordinarily rapid evolution-
ary turnover that one author has termed “The Worst of
Times” (Wignall, 2015). In contrast, the Norian of Late
Triassic spans nearly three times the duration of the entire
Early Triassic without any significant events.

This knowledge and the inevitable new questions and
debates have been partially summarized in review articles
and special volumes. In particular, the books Triassic
Time Scale (LLucas, 2010a) and The Late Triassic World:
Earth in a Time of Transition (Tanner, 2018) contain sep-
arate papers on every main stratigraphic topic (e.g., his-
tory and status of chronostratigraphy, biostratigraphy of
different marine and terrestrial groups, magnetic polarity
time scale, radioisotopic age database). Reviews of the
history, subdivisions, biostratigraphic zonations, and cor-
relation of individual Triassic stages are compiled in
several sources, including Albertiana newsletters of
The International Commission on Triassic Stratigraphy
(https://albertiana-sts.org/), Tozer (1967, 1984), Lucas
(2018a), and Tong et al. (2019).

Portions of the following text, especially on the histori-
cal background for subdivisions, have been modified from
the chapters on Triassic in GTS2012 and GTS2016 (Ogg,
2012; Ogg et al., 2016). As with any review and synthesis,
this one compiled in Sept 2019 will quickly become out-
dated as new major breakthroughs are published.

25.1 History and subdivisions

The Trias of von Alberti (1834) united a trio of formations
widespread in southern Germany—a lower Buntsandstein
(colored sandstone), Muschelkalk (clam limestone), and an
upper Keuper (nonmarine reddish beds). These continental
and shallow-marine formations were difficult to correlate
beyond Germany; therefore most of the traditional stages
(Anisian, Ladinian, Carnian, Norian, Rhaetian) were named
from ammonoid-rich successions of the Northern Calcareous
Alps of Austria. However, the stratigraphy of these Austrian
tectonic slices proved unsuitable for establishing formal
boundary stratotypes, or even deducing the sequential order

of the stages (Tozer, 1984). For example, the Norian was
originally considered to underlie the Carnian stage, but after
a convolute scientific-political debate (reviewed in Tozer,
1984), the Norian was established as the younger stage.
Over 50 different stage names have been proposed for sub-
dividing the Triassic (tabulated in Tozer, 1984). European
stratigraphers commonly use substages with geographic
names, whereas North American stratigraphers prefer a
generic lower/middle/upper nomenclature (e.g., Fassanian
Substage versus Lower Ladinian).

The  Subcommission on Triassic  Stratigraphy
(International Commission on Stratigraphy) adopted seven
standard Triassic stages in 1991 (Visscher, 1992), but the
general lack of unambiguous historical precedents for
placement of Triassic stage boundaries slowed the estab-
lishment of formal Global Boundary Stratotype Section
and Points (GSSPs) (Fig. 25.1). As of December 2019,
only three stages (Induan, Ladinian, Carnian) have GSSPs;
and four stages (Olenekian, Anisian, Norian, Rhaetian)
lack an international definition.

The traditional definitions for these stages (and sub-
stages) were based on lowest occurrences of ammonoid
genera within exposures in the Alpine, Himalayan and
Mediterranean regions. Current candidates for the GSSPs
for the yet-to-be-defined global stages have focused on uti-
lizing the phosphatic teeth of the enigmatic conodonts as
the primary markers, which provide a more widespread
method of correlation than ammonoids. However, the pos-
sible offsets of the lowest occurrences of preferred cono-
dont markers from the traditional ammonoid zones that had
defined the stages, disagreements on the taxonomy of the
potential marker conodonts along lineages, and their possi-
ble diachroneity in interregional appearances are among
the factors that have contributed to the delays in formaliz-
ing the GSSPs for the remaining half of the Triassic stages
and for standardized recognition of substages. Other factors
include difficulties in finding suitable sections that have multi-
ple methods for global correlation and in achieving reliable
correlations between tropical Tethyan and cooler Boreal
marine realms (e.g., review by Konstantinov and Klets,
2009). As with the majority of the stage boundaries in the
geologic time scale that have not yet been formally defined,
the controversies lie in the details on how to achieve useful
and reliable global correlations.

25.1.1 The Permian—Triassic Boundary

25.1.1.1 End-Permian ecological catastrophes
and defining the base of the Mesozoic

The Paleozoic terminated in a complex environmental catas-
trophe and mass extinction of life. This sharp evolutionary
division led Phillips (1840, 1841) to introduce Mesozoic
(middle life, with Triassic at the base) between the Paleozoic
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FIGURE 25.1 Triassic overview. Main markers or candidate markers for GSSPs of Triassic stages are a FAD of ammonoid or conodont taxa
as detailed in the text. (“Age” is the term for the time equivalent of the rock-record Stage.) See text for Rhaetian stage boundary options.
Magnetic polarity scales from marine sediments are a composite of several syntheses, including Hounslow and Muttoni (2010) and Maron
et al. (2015, 2019) with estimated calibrations to the magneto-cyclostratigraphy from thick lacustrine strata in the Newark Basin that span the
late Carnian through Rhaetian (Kent and Olsen, 1999; Kent et al., 2017). These magnetic polarity scales are enlarged and detailed in
Figs. 25.5— 25.7. Coastal onlap and schematic sea-level curve with labels for selected major sequence boundaries are modified from Haq
(2018). See also review in Simmons et al. (2020, Ch. 13: Phanerozoic eustasy, this book). The §'3C curve is a merger of generalized trends
with relative magnitudes (see Cramer and Jarvis 2020, Ch. 11: Carbon isotope stratigraphy, this book), including Early Triassic from Sun
et al (2012) and portions of Ladinian through Rhaetian from Muttoni et al. (2014). The Triassic §'80 curve (inverted scale) is a statistical fit
of conodont-apatite data (Grossman and Joachimski, 2020, Ch. 10: Oxygen isotope stratigraphy, this book) including Early Triassic from Sun
et al (2012) and Middle and Late Triassic trend from Trotter et al. (2015) and of brachiopod carbonate data. The vertical scale of this diagram
is standardized to match the vertical scales of the stratigraphic summary figure at the beginning of each Phanerozoic chapter. The vertical
scale of this diagram is standardized to match the vertical scales of the first stratigraphic summary figure in all other Phanerozoic chapters.
FAD, First-appearance datum; GSSP, Global Boundary Stratotype Section and Point; VPDB, Vienna PeeDee Belemnite §'C and §'%0 stan-
dard; VSMOW, Vienna Standard Mean Ocean Water §'%0 standard.
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(old life, ending with the Permian) and Kainozoic (recent life,
after the Cretaceous). The latest Permian to earliest Triassic
events include the progressive disappearance of up to 80%
of marine genera, pronounced negative carbon-isotope and
strontium-isotope anomalies, the massive flood basalts of
the Siberian Traps, widespread anoxic oceanic conditions, a
major sea-level regression, and exposure of shelves fol-
lowed by a major transgression, a “chert gap” and “coal
gap,” and replacement of reefal ecosystems with microbial-
dominated carbonate precipitation (e.g., reviews by Holser
and Magaritz, 1987; Erwin, 1993, 2006; Kozur, 1998;
Hallam and Wignall, 1999; Erwin et al., 2002; Wignall,
2007; Knoll et al.,, 2007; Metcalfe and Isozaki, 2009a;
Korte et al., 2010; Chen et al., 2014, 2019; Wignall, 2015;
Shen et al., 2019; and many other compilations). The
majority of ecosystems did not fully recover early Middle
Triassic (middle-late Anisian) (Chen and Benton, 2012).

A common hypothesis is that this catastrophe was
triggered by the initial phases of the eruption of the
Siberian Trap volcanic complex that precipitated a pro-
gression of environmental and ecological stresses (e.g.,
reviews by Erwin, 2006; Chen et al., 2014; Wignall,
2015; Grasby et al., 2016a, 2016b). Most models impli-
cate a release of aerosols and/or carbon dioxide that pro-
duced climatic and geochemical impacts on oceanic
conditions and on terrestrial systems, although there is
not yet a consensus on the relative timing and magni-
tudes of marine and terrestrial turnovers (e.g., Yin et al.,
2007a; Wignall, 2001, 2007; Korte et al., 2010; Isozaki,
2009; Lucas, 2009; Metcalfe and Isozaki, 2009b; Preto
et al., 2010). Radioisotopic dating of the Siberian Trap
succession and paleontology of intertrap levels correlate
well to the dating of the Permian—Triassic boundary
interval (Burgess et al., 2014).

The mass disappearance of the Paleozoic fauna and flora,
coupled with the widespread occurrence of a major
regression-transgression unconformity in most regions, led to
a dilemma (Baud, 2014). It was easy to recognize the bleak
final act of the Permian, but how should the beginning of the
Mesozoic be defined? The base of the Buntsandstein in SW
Germany defined the original Trias concept (von Alberti,
1834), but it is a diachronous boundary within continental
beds, now assigned to the upper Permian. Similarly, the base
of the Werfen Group (base of Tesero Oolite) in the Italian
Alps is a diachronous facies boundary. Ammonoids are the
common biostratigraphic tool throughout the Mesozoic, and
the Otoceras ammonoid genus was long considered to be the
first “Triassic” form. Therefore Griesbach (1880) assigned the
Triassic base to the base of the Oroceras woodwardi Zone in
the Himalayan region, but this species is only known from
the Perigondwana paleomargin of eastern Tethys (e.g., Iran to
Nepal). The first occurrence of Otoceras species in the Arctic
realm (Otoceras concavum Zone) was used by Tozer (1967,
1986, 1994) for a Boreal marker of the base of the Triassic

but is now known to appear significantly prior to
O. woodwardi in the Tethyan realm (Krystyn and Orchard,
1996). The progressive evolution of the conodont Hindeodus
genus through the Permian—Triassic boundary interval pro-
vided global correlation markers with no obvious facies
dependence; however, conodont biostratigraphy requires spe-
cial processing and identification experience. Nonbiological
correlation markers, such as carbon-isotope excursions or
magnetic polarity changes, are conclusive when preserved
(e.g., Newell, 1994) but can suffer from diagenetic overprints.

In 2000 the Triassic Subcommission chose the first occur-
rence of the conodont Hindeodus parvus (= Isarcicella parva
of some earlier conodont studies) within the evolutionary line-
age Hindeodus typicalis—Hindeodus latidentatus— Hindeodus
praeparvus—H. parvus—Hindeodus postparvus as the primary
correlation marker for the base of the Mesozoic and Triassic.
This biostratigraphic event is the first cosmopolitan correla-
tion level associated with the initial stages of recovery follow-
ing the end-Permian mass extinctions and environmental
changes. Global correlations indicate that this conodont spe-
cies appears just after the carbon-isotope (6]3Ccarb) minimum,
although its lowest occurrence may be slightly earlier in some
local successions (e.g., Payne et al., 2009). This level is
slightly lower than the base of the O. woodwardi ammonoid
zone of the Himalayas. The revised definition for the base-
Triassic assigns the O. concavum and lowermost portion of
Otoceras boreale ammonoid zones of the Arctic (the lower
part of the “Griesbachian” Substage of Tozer, 1967) into the
Permian (e.g., Henderson and Baud, 1997; Baud, 2001, 2014;
Baud and Beauchamp, 2001).

In continental settings, the correlated level to this cono-
dont event is close to the disappearance of typical Permian
Dicynodon tetrapods after an interval of co-occurrence
with “Triassic” dicynodont Lystrosaurus (Kozur, 1998).

The choice of the first appearance of this conodont to
serve as the primary marker for the beginning of the
Triassic implies that former traditional concepts of the
Permian—Triassic boundary, such as the disappearance of
typical Permian marine fauna, rapid facies changes, exten-
sive volcanism, and onset of isotope anomalies, are now
assigned to the latest Permian.

25.1.1.2 Paleozoic—Mesozoic boundary
stratotype (base of Triassic)

The GSSP for the base of the Mesozoic Erathem, the
Triassic System, and the Induan Stage is at the base of Bed
27c at a section near Meishan, Zhejiang Province, southern
China (Fig. 25.2). This level coincides with the lowest
occurrence of conodont H. parvus (Yin et al., 2001, 2005).
This level was preceded by a pronounced brief negative
excursion in carbon isotopes (up to — 6% 613Ccarb relative
to the late-Changhsingian Clarkina yini conodont zone)
and is within a rapid ~9°C increase in local sea-surface



Base of the Induan Stage of the Triassic System at Meishan, China
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FIGURE 25.2 GSSP for the base of the Triassic (base of Mesozoic; base of Induan Stage) at the Meishan section, South China. The GSSP level
coincides with the lowest occurrence of conodont Hindeodus parvus and is within a major negative excursion in carbon isotopes. Note that vertical
scale is in centimeters to show details of this boundary interval. Conodont ranges are from the ratified GSSP document (Yin et al., 2001), but later
studies have revised the assignments (see Chen et al., 2015, and Fig. 24.6 in Henderson and Shen, 2020, Ch. 24: The Permian Period, this volume).
Zircons from the altered volcanic-ash components in Bed 25 and Bed 28 have been dated (e.g., Burgess et al., 2014; Shen et al., 2019). The main end-
Permian mass extinction event is at the base of Bed 25. The GSSP is preserved within a GeoPark, with the GSSP site located at the top of the stairs
on the right side of the decorative wall behind the monument topped by a statue of the conodont. The GSSP for the base of the Changhsingian Stage
(uppermost Permian) is in the lower quarry wall beyond the right side of the photo. GSSP, Global Boundary Stratotype Section and Point.
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temperature (reviewed by Chen et al., 2015). The underly-
ing Bed 25 is coincident with the main end-Permian mass
extinction and has been dated as 251.939 £0.031 Ma
(Shen et al., 2019).

This Meishan section also hosts the GSSP for the
underlying Changhsingian Stage of uppermost Permian and
is within a special GeoPark that includes a museum of
Earth’s history. Indeed, the park-like setting with sculptures
and educational exhibitions is probably the most impres-
sive GSSP site worldwide.

This GSSP level is bracketed by volcanic-ash beds,
thereby enabling precise radioisotopic ages for both the
main end-Permian mass extinction and the base of the
Triassic. The former “boundary clay” bentonite (Bed 25) at
approximately 18 cm below the GSSP has been sampled
extensively as the techniques for Ar/Ar and U/Pb radioisoto-
pic dating evolved in methodology and precision (e.g.,
Renne et al., 1995; Bowring et al., 1998; Metcalfe et al.,
1999; Erwin et al., 2002; Mundil et al., 2001, 2004, 2010;
Shen et al., 2010; Burgess et al., 2014). This “boundary
clay” is now placed approximately two brief conodont zones
below the base of the Triassic. Another volcanic-ash clay
approximately 8 cm above the GSSP (Bed 28) enables a
narrow bracketing of the age of the Permian—Triassic
boundary. Therefore this is one of the few boundary GSSPs
that can be precisely dated by radioisotope methods. As
techniques and calibrations have evolved, the measured date
for this boundary level has progressively shifted to older
ages, from c. 248 to c. 252 Ma.

Other important reference sections for the events across
the Permian—Triassic boundary are in the Dolomites of Italy
(e.g., Broglio Loriga and Cassinis, 1992; Wignall and
Hallam, 1992), in the Canadian Arctic (e.g., Tozer, 1967), in
the Salt Ranges of Pakistan (e.g., Baud et al., 1996), the
Guryul Ravine section in Kashmir (Kapoor, 1996), in sections
within Iran (e.g., Kozur, 2007), in marine and terrestrial strata
in South China (e.g., Yin et al., 2007b; Metcalfe et al., 2009;
Glen et al., 2009), and in terrestrial beds of the Karoo Basin.

25.1.2 Subdivisions of the Lower Triassic

A multitude of stage and substage nomenclatures have
been applied to the Lower Triassic interval. The Triassic
Subcommission adopted the current subdivision into a
lower Induan stage and an upper Olenekian stage in 1991.
The Induan and Olenekian stages of Kiparisova and Popov
(1956, revised in 1964) were named after exposures in the
Indus River basin in the Hindustan region of Asia and in
the lower reaches of the Olenek River basin of northeast
Siberia, respectively.

A suite of four substages is widely used. In an imagina-
tive procedural twist, these Griesbachian, Dienerian,
Smithian, and Spathian substages are named after exposures
along associated small creeks on Ellesmere and Axel

Heiberg islands in the Canadian Arctic, which in turn were
named after the Triassic paleontologists—Carl L. Griesbach
(1847—1907), Carl Diener (1862—1928), James Perrin
Smith (1864—1931), and Leon Spath (1888—1957)—who
played important roles in Lower Triassic biostratigraphy
(Tozer, 1965). These substages were originally defined by
grouping of ammonoid zones.

25.1.2.1 Induan
25.1.2.1.1 Griesbachian and Dienerian substages

The Induan Stage is informally divided into two substages.
The lower substage, Griesbachian, is named after Griesbach
Creek on northwest Axel Heiberg Island. The definition of
the Permian—Triassic boundary implies that the lower por-
tion of the original Griesbachian of Tozer (1965, 1967) is
now assigned to the uppermost Permian.

The Dienerian Substage is named after Diener Creek of
northwest Ellesmere Island. The Griesbachian/Dienerian
boundary is marked by the appearance of Gyronitidae ammo-
noids. This substage boundary is recognized in Canada and
in the Himalayas as the boundary between Ofoceras and
Meekoceras ammonoid-bearing beds of Diener (1912) and in
the Salt Range of Pakistan at the base of the Lower Ceratite
Limestone (Tozer, 1967). In conodont zonations the base of
the Dienerian has been placed at the base of the conodont
Sweetospathodus kummeli Zone.

25.1.2.2 Olenekian

25.1.2.2.1 History, definition, and boundary
stratotype candidates

The Olenekian Stage was originally proposed from sections
in Arctic Siberia, whereas the stratotype for the preceding
Induan stage was in the Hindustan region of Pakistan—India.
Neither region has fossiliferous strata spanning their
mutual boundary—the Induan in the Olenek River
basin is marginal marine to lagoonal, and ammonoids
in the transitional interval in the Hindustan region are
rare or absent (Zakharov, 1994). The lower Olenekian
is marked by the appearance of a diverse ammonoid
assemblage of Hedenstroemia, Meekoceras, Juvenites,
Pseudoprospingites, Arctoceras, Flemingites, and
Euflemingites. A sea-level regression caused a scarcity of
age-diagnostic conodonts and bivalves during the latest
Induan to earliest Olenekian, but the transition seems to be
within the lower portion of the Novispathodus pakistanensis
conodont zone (Zakharov, 1994; Paull, 1997; Orchard and
Tozer, 1997). Proposed ammonoid-based biostratigraphic
definitions of the stage boundary were the highest occurrence
of the ammonoid Gyronites subdharmus and the lowest
occurrence of the representatives of the Meekoceras or
Hedenstroemia ammonoid genera (Zakharov et al., 2000,
2002). The base of its lower Smithian Substage was originally



defined as the base of a broad Euflemingites romunderi
ammonoid zone (Tozer, 1965, 1967); then the biostratigraphy
was revised to add a Hedenstroemia hedenstroemi ammonoid
zone (e.g., Orchard and Tozer, 1997). Conodonts were under-
going a pronounced evolutionary radiation at the beginning of
the Olenekian, and, even though some taxonomic details
remain to be resolved, the widespread distribution and resolu-
tion of Neospathodus species provide the main method for
interregional correlations (Orchard, 2010).

Therefore the base-Olenekian task group selected the
lowest occurrence of the conodont Novispathodus waageni
sensu lato as the primary boundary marker. Correlation of
ammonoid and conodont events among paleogeographic
provinces indicates the first occurrence of Neospathodus
waageni is in the lowermost part of the Rohillites rohilla
ammonoid zone in the Spiti region of the Tethyan realm, is
slightly below the lowest occurrence of Flemingites and
Euflemingites ammonoid genera in South China of Tethyan
realm, and is in the lower part of Lepiskites kolyhmensis
Zone of Siberia in the Boreal realm which is just above the
regional Hedenstroemia hedenstromia Zone (Zakharov et al.,
2009). This conodont level is just prior to the peak of the
first Triassic positive excursion in §13C s at or just below
an upward change from a long-duration reversed-polarity to
a brief normal-polarity magnetic zone (LT2r of Hounslow
and Muttoni, 2010) at Chaohu, and is just above a widely
recognizable sequence boundary (e.g., Krystyn et al., 2007a).

There are two leading candidates for the base-Olenekian
GSSP. The West Pingdingshan roadside outcrop near quarries
at Chaohu city in the Anhui Province of eastern China has
biostratigraphy (with a local Nov. waageni eowaageni as the
lowest subspecies), carbon isotopes, magnetostratigraphy, and
cyclostratigraphy (Tong et al., 2004; Sun et al., 2007; Chinese
Triassic Working Group, 2007; Zhao et al., 2007, 2008; Li
et al.,, 2016; Lyu et al., 2018, 2020). A section near Mud
(Muth) village in the Spiti valley of northwest India has better
ammonoid constraints but lacks the magnetostratigraphy and
cyclostratigraphy (Krystyn et al., 2007a, 2007b). A prelimi-
nary vote to select Mud as the GSSP was put on hold in
2008 when the Nov. waageni conodont marker was identified
in strata lower than the proposed GSSP level. An integrated
magneto-bio-cyclostratigraphy of another boundary reference
section at Daxiakou near the Three Gorges Dam in South
China seemed to hint that the lowest occurrence of the cono-
dont marker was ~ 50 kyr earlier than at the Chaohu GSSP
candidate (Zhao et al., 2013; Li et al., 2016). A decision on
the base-Olenekian GSSP also requires verifying if these
Tethyan-based events can be correlated to the Boreal realm.

25.1.2.2.2 Smithian and Spathian substages

A major environmental and evolutionary event at a global
scale occurs within the Olenekian (Algeo et al., 2019a,
2019b; Zhang et al., 2019). The boundary between its two
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substages, the Smithian and the succeeding Spathian, has
been termed the “biggest crisis in Triassic conodont history”
(Orchard, 2007a; Goudemand et al., 2008). This boundary is
marked by a sudden reduction of ammonoid diversity back
to initial Triassic conditions and shift from latitudinal to cos-
mopolitan distributions (Brayard et al., 2009a), and coin-
cides with a major positive peak in Carbon-13 (63C_o) and
a cooling climatic shift (e.g., Galfetti et al., 2007a;
Goudemand et al., 2019; Algeo et al., 2019a, 2019b).

These two informal substages of the Olenekian Stage
were named after the Smith and Spath creeks on Ellesmere
Island of the Canadian Arctic. The Spathian Substage is
characterized by Tirolites, Columbites, Subcolumbites,
Prohungarites, and Keyserlingites ammonoid genera. In
these original stratotypes, the Smithian—Spathian boundary
was placed at the base of the Olenekites pilaticus ammo-
noid zone, but there appears to be a missing biostratigraphic
interval in the type region (Tozer, 1967; Orchard and
Tozer, 1997). The ammonoids recovered in early Spathian
with a dramatic evolutionary radiation accompanied by the
development of a pronounced latitudinal gradient of diver-
sity (Brayard et al., 2009a). In South China, the FAD of
conodont Nov. pingdingshanensis was selected as the
marker of the base of Spathian (Zhao et al., 2007, 2013;
Lyu et al.,, 2019). The exciting discovery of major geo-
chemical, climatic, and paleontological events that coincide
with this substage boundary has led to speculations of con-
current volcanic release of carbon dioxide and/or enhanced
storage and preservation of organic matter in the ocean
(e.g., Payne and Kump, 2007; Galfetti et al., 2007a, 2007b,
2007c; Algeo et al., 2019b; Grasby et al., 2016b).

25.1.3 Subdivisions of the Middle Triassic

25.1.3.1 Anisian

25.1.3.1.1 History, definition, and boundary
stratotype candidates

The Anisian Stage was named after limestone formations
near the Enns (=Anisus) River at Grossreifling, Austria
(Waagen and Diener, 1895). The original Anisian strato-
type lacks ammonoids in the lower portion, and lower limit
was later clarified in the Mediterranean region (Assereto,
1974). The appearance of a number of ammonoid genera,
including Aegeiceras, Japonites, Paracrochordiceras, and
Paradanubites, may be used to define the base of the
Anisian within different regions (e.g., Gaetani, 1993).
However, other markers are suggested that may provide a
more global correlation value. The lowest occurrence of
the Chiosella timorensis (or its sensu stricto morphotype
on its early lineage) conodont slightly precedes the ammo-
noid level and can be correlated to North American and
Asian stratigraphy (Orchard and Tozer, 1997; Orchard,
2010; Chen et al.,, 2020). Therefore if the lowest
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occurrence of Ch. timorensis is selected as the global
marker, then the uppermost part of the ammonoid
Neopopanoceras haugi Zone of “latest Olenekian” in the
Tethyan realm will slightly overlap the basal Anisian. The
boundary interval is close to a peak in carbon-13 (6]3C03rb)
values. Sea-surface temperatures were reported to have
cooled by 4°C during this rise in §'*Ceup (Sun et al.,
2012), suggesting a sequestration of carbon dioxide. A
shift from reversed-polarity- to normal-polarity-
dominated magnetostratigraphy (base of normal-polarity
magnetozone MTIn of Hounslow and Muttoni (2010)
has been proposed as a primary global boundary marker
that can be unambiguously correlated between Boreal
and Tethyan faunal realms (Hounslow et al., 2007).
However, some stratigraphers wish to retain an ammo-
noid-based assignment for an Anisian GSSP (and some
other Triassic stages/substages) (e.g., discussions posted
at Ogg et al., 2020).

Published candidates for the base-Anisian GSSP include
locations in Romania, in Albania and two in South China.
At Degli-Caira Hill in north Dobrogea, Romania, the
Olenekian— Anisian boundary interval is within a condensed
Hallstatt limestone facies with ammonites (Gradinaru et al.,
2007). The Kcira section in Albania of reddish nodular lime-
stone has magnetostratigraphy and detailed conodont ranges
(Muttoni et al., 1996b, 2019), but has not yet been studied for
stable isotope stratigraphy.

In South China, the succession of Ch. timorensis and other
conodont datums within the boundary interval are interbedded
with volcanic-ash beds. Although the individual zircons within
each of those beds have a widespread of U—Pb radioisotopic
dates, the suites enable estimates of the approximate ages for
the various datums with a mean near 247 Ma (Lehrmann
et al., 2015; Ovtcharova et al., 2015). The Guandao section in
the Nanpanjiang Basin (Guizhou province, South China) has
an impressive conodont-magnetic-isotope-cyclo stratigraphy
with radioisotopic dates (Lehrmann et al., 2006, 2015; Li
et al., 2016, 2018); but the critical Olenekian— Anisian bound-
ary interval is distorted by debris flows and did not yet yield
the brief M1n normal-polarity subchron. The Wantou roadcut
at Jinya, Fengshan County, Guangxi province in South China
has been studied for ammonoid, conodont, and carbon-isotope
stratigraphy (Galfetti et al., 2007, 2008), and the main events
and trends are bracketed by a succession of a dozen volcanic
ashes that have yielded ID-TIMS U—Pb ages (Ovtcharova
et al., 2006, 2015). Additional work on that Wantou section
has yielded a detailed biomagnetostratigraphy that verified
that the M1n polarity subchron is near the first Ch. timorensis
conodont (Chen et al., 2020).

25.1.3.1.2 Anisian substages

The Anisian Stage has three to four informal substages.
Assereto (1974) proposed a stratotype for the Lower

Anisian (also called “Aegean” or “Egean”) in beds with
Paracrochordiceras ammonoids at Mount Marathovouno
on Chios Island (Aegean Sea, Greece). The Middle
Anisian is sometimes subdivided into two substages: a
lower “Bithynian,” named by Assereto (1974) after the
Kokaeli Peninsula (Bithynia) of Turkey, and an upper
“Pelsonian,” from the Latin name for the region around Lake
Balaton in Hungary (Pia, 1930) spanning the Balatonites
balatonicus ammonoid zone (Assereto, 1974). The Upper
Anisian is also called “Illyrian” after the Latin term for
Bosnia (Pia, 1930). Southwestern China has continuous
Anisian carbonate successions with complete conodont and
ammonoid zonations (Enos et al., 2006; Benton et al., 2013;
Tong et al. 2019) that have high potential in assisting future
decisions on practical inter-regional boundaries of Anisian
substages.

25.1.3.2 Ladinian

25.1.3.2.1 History, definition, and boundary
stratotype candidates

The Ladinian Stage arose after a heated semantic argument of
“Was ist norisch?” (Bittner, 1892), when it was realized that
most of the strata that had defined a “pre-Carnian” Norian
Stage (Mojsisovics, 1869) were actually deposited affer the
Carnian (Mojsisovics, 1893). This debate and the emergence
of the Ladinian Stage split the Vienna geological establish-
ment (vividly reviewed by Tozer, 1984). The Ladinian,
named after the Ladini inhabitants of the Dolomites region of
northern Italy, encompassed the Wengen and Buchenstein
beds (Bittner, 1892).

This historical major revision and even partial inversion
of the upper Triassic stratigraphy, coupled with uncertain-
ties about correlation potentials and definition of ammonoid
zones, contributed to discussions in assigning the basal limit
of the Ladinian Stage (e.g., Gaetani, 1993; Brack and
Rieber, 1994; Mietto and Manfrin, 1995; Brack et al., 1995;
Voros et al., 1996; Muttoni et al., 1996a; Orchard and
Tozer, 1997; Palfy and Vords, 1998). The ammonoid con-
tenders for the primary correlation markers were distributed
over at least two zones; including the lowest occurrence of
representatives of the Kellnerites genus, of the Nevadites
genus, of the Eoprotrachyceras genus, of the Reitziites reitzi
species, and of the Aplococeras avisianum species. In addi-
tion, the lowest occurrence of the Budurovignathus cono-
dont genus was considered.

The base of Eoprotrachyceras curionii Zone (lowest
occurrence of Eoprotrachyceras ammonoid genus, which is
the onset of the Trachyceratidae ammonoid family) was even-
tually preferred. The Bagolino section (eastern Lombardian
Alps, Province of Brescia, Northern Italy) was selected for its
multiple stratigraphic records, including the bracketing of the
boundary interval by dated volcanic ashes (Brack et al.,
2005). The Ladinian GSSP at Bagolino is located at the top
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Base of the Ladinian Stage of the Triassic System at Bagolino,
Northern Italy
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FIGURE 25.3 GSSP for the base of the Ladinian Stage at Bagolino, Italy. The GSSP level coincides with the lowest occurrence of Eoprotrachyceras
ammonoid genus (base of Eoprotrachyceras curionii Zone). GSSP, Global Boundary Stratotype Section and Point. Photos provided by Peter Brack.
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of a distinct 15—20-cm-thick interval of limestone nodules in
a shaly matrix (Chiesense groove), located at approximately
5 m above the base of the Buchenstein Beds (Fig. 25.3). The
Ladinian GSSP site is accessible through a geological path-
way with explanatory notes and ammonoid casts (Brack,
2010). The Nevadites secedensis ammonoid zone of the low-
ermost Buchenstein Beds, which was historically assigned as
Ladinian (e.g., Bittner, 1892), has now become the upper-
most zone of the Anisian. Secondary global markers include
the lowest occurrence of the conodont Budurovignathus
praehungaricus and a brief normal-polarity magnetozone
(MT8n of Hounslow and Muttoni, 2010; and SC2r.1n of
Maron et al., 2019) within the reversed-polarity zone span-
ning the uppermost Anisian and basal Ladinian. The brack-
eting U—Pb-dated volcanic ashes indicate a boundary age of
approximately 241.5 Ma (Wotzlaw et al., 2018).

25.1.3.2.2 Ladinian substages

Mojsisovics et al. (1895) divided the Ladinian into two sub-
stages—Lower or Fassanian (named after Val di Fassa in
northern Italy, where it was equated to the Buchenstein Beds
and Marmolada Limestone), and Upper or Longobardian
(named after the Langobard people of northern Italy, and
spanning the Wengen Beds). The substage boundary is
approximately at the base of the Protrachyceras longobardi-
cum ammonoid zone in the Alpine zonation or the base of
Meginoceras meginae ammonoid zone in the Canadian
zonation.

25.1.4 Subdivisions of the Upper Triassic

The Upper Triassic consists of three stages—Carnian, Norian,
and Rhaetian—that were originally defined by characteristic
ammonoids (Mojsisovics, 1869). However, these units were
originally recognized in different locations in the Northern
Alps of Austria with uncertain stratigraphic relationships.
Indeed, until 1892, Norian units were considered to underlie
the Carnian, and it was only after a major geological contro-
versy was the name “Norian” applied to the same units after
recognition that they were younger than Carnian (reviewed in
Tozer, 1984).

25.1.4.1 Carnian

25.1.4.1.1 History, revised definition, and boundary
stratotype candidates

The Carnian stage, either named after localities in the
Kérnten (Carinthia) region of Austria, or after the
nearby Carnian Alps, was originally applied to Hallsatt
Limestone beds bearing ammonoids of Trachyceras and
Tropites (Mojsisovics, 1869). The first occurrence of
ammonoid Trachyceras (=base of Trachyceras aon
Zone in Tethys or Trachyceras desatoyense in Canada)
was the traditional base, although it appears that a

Trachyceras datum would be asynchronous and not cos-
mopolitan (e.g., Mietto and Manfrin, 1999). Mojsisovics
et al. (1895) included the St. Cassian Beds of northern
Italy in a revised Carnian subdivision, therefore the
level with lowest occurrence of the cosmopolitan
ammonoid Daxatina at the Prati di Stuores type locality
in the Dolomites (northern Italy) was proposed for the
base-Carnian GSSP (Broglio Loriga et al., 1998). This
section has relatively rapid sedimentation and proved
suitable for multiple types of stratigraphy; therefore it
was ratified 10 years later (2008). Three other reference
sections with multiple biostratigraphic successions are in Spiti
in the Himalaya of northwest India (Balini et al., 1998, 2001),
the New Pass section of Nevada in western USA, and the
Xingyi section of Guizhou in southwestern China.

The Carnian GSSP at Prati di Stores/Stuores Wiesen is
45 m above the base of the St. Cassian (San Cassiano)
Formation (Fig. 25.4) (Mietto et al., 2012). This level was
selected to coincide with the lowest occurrence of the
ammonoid Daxatina (base of Daxatina canadensis
Subzone, lowest subzone of a broad Trachyceras Zone).
Secondary markers are the lowest occurrences of the cono-
dont “Paragondolella” polygnathiformis and the palyno-
morphs Vallasporites ignacii and Patinasporites densus
(Mietto et al., 2007). The evolutionary transition from
Daonella to Halobia bivalves is probably near this level
(McRoberts, 2010). The Carnian GSSP is just above the
base of a normal-polarity magnetic magnetozone (S2n in
the local scale of Broglio Loriga et al., 1999; UTl1n in the
synthesis scale of Hounslow and Muttoni, 2010; or MASn in
the nomenclature of Maron et al., 2019), and lies just above
an interpreted maximum flooding surface within Sequence
Lad 3 of Hardenbol et al. (1998) or TLa3 of Haq (2018).

The ratified placement of the base-Carnian at the appear-
ance of Daxatina ammonoids, rather than the 7. aon ammo-
noid, implies that the Carnian now begins in the middle of
the classical “uppermost Ladinian” Frankites regoledanus
ammonoid zone.

25.1.4.1.2 Carnian substages and wet intermezzo

Mojsisovics et al. (1895) subdivided the Carnian into
three substages (Cordevolian, Julian, and Tuvalian) corre-
sponding to his three ammonoid zones. Cordevolian (his
T. aon Zone, from the St. Cassian Beds, was named after
the Cordevol people who lived in this area of northern
Italy. Julian (Trachyceras aonoides Zone) was based on
the Raibl Formation of the Julian Alps in southern
Austria. The Tuvalian (Tropites subbullatus Zone) was
named after the Tuval mountains, the Roman term for
the region between Berchtesgaden and Hallein near
Salzburg, Austria. Mojsisovics trio of ammonoid
zones was later split into additional zones; but his
main divisions can be correlated among regions.
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Base of the Carnian Stage of the Triassic System in the Prati di Stuores/
Stuores Wiesen Section, near San Cassiano, Italy
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FIGURE 25.4 GSSP for the base of the Upper Triassic (base of Carnian Stage) at the Prati di Stuores (Stuores Wiesen) section, Dolomites region of north
Italy. The GSSP level coincides with the lowest occurrence of the cosmopolitan ammonoid Daxatina (base of Daxatina canadensis Subzone, lowest subzone
of Trachyceras Zone), and is near the lowest occurrence of conodont Quadrelella polygnathiformis (inset “B,” formerly assigned to the Paragondolella
genus). Photographs of outcrop and conodont provided by Manuel Rigo. GSSP, Global Boundary Stratotype Section and Point.
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Stratigraphers often combine Mojsisovics’s Cordevolian
and Julian into a single Julian Substage, with the Julian/
Tuvalian (Lower/Upper Carnian) boundary traditionally
assigned as the first occurrence of Tropites ammonoids
(base of the T. subbullatus ammonoid zone of Tethys and
Tropites dilleri Zone of Canada). Across this substage
boundary, the change in ammonoid assemblages is more sig-
nificant than at the bases of either the Carnian or the Norian
stage (Tozer, 1984), the conodont diversity may have been
reduced to two genera (Mazza et al., 2010), and there were
major changes in radiolarians and other faunal groups
(Kozur and Bachmann, 2010).

A dramatic event in the latest Julian that immediately
preceded this Julian/Tuvalian boundary is considered to be
“the most distinctive climate change within the Triassic”
(Preto et al., 2010). This global disruption of the Earth’s
land-ocean-biological system has various regional names,
for example, “Reingraben turnover” (Schlager and
Schollnberger, 1974), “Raibl Event,” ‘“Carnian Pluvial
Episode” (Simms and Ruffel, 1989; Dal Corso et al., 2018a,
2018b), “Middle Carnian Wet Intermezzo” (Kozur and
Bachmann, 2010), or “Carnian Humid Episode” (Ruffell
et al., 2016). The distinct fossil assemblages within this “wet
intermezzo” interval provide an important means of calibra-
tion among terrestrial settings (conchostracans, pollen, ostra-
cod, and tetrapod biostratigraphy) from the southwest United
States to Germanic Basin and into marine settings (ammo-
noid, conodont, ostracod, and bivalve biostratigraphy) (Roghi
et al., 2010; Kozur and Weems, 2010). There is growing evi-
dence that this mid-Carnian episode was marked by sudden
warming and associated increased rainfall in many continen-
tal regions, the widespread termination of tropical carbonate
platforms and a brief major negative excursion in 613C0rg
(e.g., Simms and Ruffel, 1989; Ogg, 2015; Dal Corso et al.,
2012, 2018a, 2018b). For example, the mid-Carnian episode
was initially recognized within Germanic Basin by an influx
of fluvial to brackish-water sands (Stuttgart Formation or
Schilfsandstein) and within the Alpine region by the sudden
termination of prograding reefs by an influx of terrigenous
clastics (Raibl Formation). Black shale facies developed in
restricted basins (e.g., Hornung and Brandner, 2005). The
trigger for the onset of this “Carnian Pluvial Episode”
could be a combination of paleogeographic and paleocea-
nographic factors (e.g., Kozur and Bachmann, 2010),
including the formation of the Wrangellia large igneous
province (Dal Corso et al., 2012).

25.1.4.2 Norian

25.1.4.2.1 History, revised definition, and boundary
stratotype candidates

Norian derives its name from the Roman province of
Noria, south of the Danube and including the area of
Hallstatt, Austria (Mojsisovics, 1869). The stratigraphic

extent of strata assigned as “Norian” had a contorted his-
tory (reviewed in Tozer, 1984).

Ammonoid successions in Nevada and British Columbia
led to a proposal that the base of the Norian is assigned to
the base of the Stikinoceras kerri ammonoid zone, which is
overlying the Klamathites macrolobatus Zone (Silberling
and Tozer, 1968). This level is approximately coeval
with a Tethyan placement between the Anatropites and
Guembelites jandianus ammonoid zones (Krystyn, 1980;
Orchard et al., 2000; Jenks et al., 2015). Examinations of
conodont lineages have indicated that the first appearance of
Metapolygnathus echinatus (reclassified as Metapolygnathus
parvus by Orchard, 2014) is at approximately the beginning
of the S. kerri ammonoid zone and coincides with a major
faunal turnover (Orchard, 2010, 2014) and is approximately
coincident with the FAD of the widespread Halobia austria-
ca bivalve. Therefore the Meta. parvus conodont level has
become favored for assigning the base of the Norian (Mazza
et al., 2018; Orchard, 2019).

There are two candidates for the Norian GSSP based
on the FAD of Meta. parvus conodont: (1) The candi-
date of Pizzo Mondello in Sicily (Muttoni et al., 2001a;
Nicora et al., 2007; Mazza et al., 2012; Balini et al.,
2012) has a detailed magnetostratigraphy in which the
proposed GSSP level (FAD of Meta. parvus) coincides
with the uppermost part of normal-polarity magneto-
zone (magnetozone ‘“PM4n” in local terminology of
Muttoni et al., 2001a, 2001b), is just above a positive
shift in §'C.,s and, relative to the magnetostrati-
graphic scale, is about 0.6 Myr below the lowest occur-
rence of Halobia austriaca (Mazza et al., 2018). (2)
The proposed GSSP level at Black Bear Ridge on
Williston Lake of northeast British Columbia (Orchard
et al., 2001; Orchard, 2007b) is below the local occur-
rence of the bivalve Halobia austriaca (McRoberts,
2007) and coincides with geochemical excursions
“implying anoxia and a temperature maximum during the
Meta. parvus Zone (Orchard, 2019). Unfortunately, the Black
Bear Ridge section did not yield a useful magnetostratigraphy
(Muttoni et al., 2001b); whereas the magnetostratigraphy
at Pizzo Mondello can be correlated to the cyclo-
magnetostratigraphic reference scale from the Newark Basin
(e.g., Kent et al., 2017: Maron et al., 2019). Therefore in this
chapter, the calibration by Mazza et al. (2018; Fig. 5) of c.
85% up in normal-polarity zone PM4n (equivalent to upper-
most E7n of Newark Basin) is used for the implied age model
for the Carnian—Norian boundary.

25.1.4.2.2 Norian substages

The Norian is traditionally subdivided into three substages,
following Mojsisovics et al. (1895). The boundary between
the lower Norian (or “Lacian,” after the Roman name for
the Salzkammergut region of the northern Austrian Alps) and



middle Norian (or “Alaunian,” named for the Alauns, who
lived in the Hallein region of Austria during Roman times) is
the base of the Tethyan Cyrtopleurites bicrenatus ammonoid
zone. The base of the upper Norian (or “Sevatian,” after the
Celtic tribe who lived between the Inn and Enns rivers of
Austria) is generally assigned as the base of the North
American Gnomohalorites cordilleranus ammonoid zone or
the Tethyan Sagenites quinquepunctatus ammonoid zone;
however, there has not been a consistent usage of this
Sevatian Substage and some include the underlying Halorites
macer ammonoid zone within it (e.g., Kozur, 1999).

25.1.4.3 Rhaetian

The Rhaetian was the first Triassic stage to be established,
when von Giimbel (1861) applied the term to strata contain-
ing the pteriid bivalve Rhaetavicula contorta, such as the
Kossen Beds of Austria. This distinctive bivalve is found in
shallow-marine facies from the western Tethys and across
northwestern Europe. His “Rhitische Gebilde” name was
derived from either the Rhitische Alpen or the Roman prov-
ince of Rhaetium. For a while, it appeared that the Rhaetian
interval would be incorporated into the Jurassic (and perhaps
renamed as a “Bavarian Stage) or incorporated into the
Norian Stage (reviewed in Lucas, 2010a). For example, the
Rhaetian was eliminated in some Triassic time scales (e.g.,
Zapfe, 1974; Palmer, 1983; Tozer, 1984, 1990). In 1991 the
Subcommission on Triassic Stratigraphy decided to retain
the Rhaetian as an independent stage. Many options were
considered for the primary biostratigraphic marker for the
lower boundary.

In 2010 the Norian—Rhaetian boundary working group
decided that a GSSP level should coincide with lowest
occurrence of the conodont Misikella posthernsteini
(Krystyn, 2010). This conodont is a phylogenetic descendent
of Misikella hernsteini but is very rare at the beginning of
its range. However, even though this morphogenesis is seen
worldwide, it appears that the distinctions between the com-
ponent taxa are not standardized (e.g., discussions in Rigo
et al., 2016; Lucas, 2016; Orchard, 2016). Therefore second-
ary markers should also be employed to assign the base of
the Rhaetian (Krystyn, 2010) including the possible: (1) low-
est occurrence of conodont Epigondolella mosheri (morpho-
type B sensu Orchard), (2) lowest occurrence of ammonoid
Paracochloceras suessi and the closely allied genus
Cochloceras and other taxa, (3) disappearance of ammonoid
genus Metasibirites, (4) lowest occurrence of radiolarian
Proparvicingula moniliformis and other species (Carter and
Orchard, 2007), (5) disappearance of Monitis bivalves,
except for continuation by dwarf Monotis species in parts of
the Tethys (McRoberts et al., 2008), and especially a (6)
magnetostratigraphy which would allow a correlation to the
cyclo—magnetic reference scale from the Newark Basin.
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In the candidate GSSP section at Steinbergkogel near
Hallstatt in Austria (Krystyn et al., 2007¢, 2007d), the inter-
preted base of Mi. posthernsteini is just above a change
from a major normal-polarity magnetozone upward to a
reversed-polarity-dominated magnetozone (Gallet et al.,
2007; Muttoni et al., 2010; Hounslow and Muttoni, 2010;
Hiising et al., 2011). In contrast, at the candidate section of
Pignola-Abriola in Sicily, the interpreted base of the Mi.
posthernsteini conodont is very high within a reversed-
polarity-dominated magnetozone (Maron et al, 2015; Rigo
et al., 2016). It appears that the finer features of both of
these reversed-dominated magnetozones can be reliably cor-
related between Austria and Sicily; therefore the proposed
correlation of these Rhaetian magnetostratigraphies to the
astronomical-cycle-scaled magnetic polarity reference pat-
tern of the Newark Basin implies nearly a 4-million-year
offset of the interpreted bases of Mi. posthernsteini between
those two candidate GSSPs (Maron et al., 2015; Rigo et al.,
2016). To explain this discrepancy, Maron et al. (2015) pro-
posed that the interpreted earliest form of Mi. posthernsteini
at the Austria GSSP candidate is an initial transitional form
(sensu lato) at c. 209.5 Ma, whereas the interpreted lowest
Mi. posthernsteini at the Sicily GSSP is the developed form
(sensu stricto) with an estimated age of 205.7 Ma. The pro-
ponents of the Pignola-Abriola section consider that the
higher level (and the implied shorter-duration Rhaetian) to
be more consistent with the traditional recognition of the
base of the Rhaetian in other regions, and note that the pro-
posed GSSP level is near a negative isotope excursion in
organic-carbon (Rigo et al., 2016). A negative excursion in
613C0rg at the same cyclo-magnetostratigraphic level is
observed in terrestrial deposits in Sichuan, China (Li et al.,
2017a, 2017b). However, in the Austrian GSSP candidate,
the two conodont morphotypes are only separated by one
bed (Galbrun et al., 2020).

Both options for the Rhaetian GSSP depending on the
eventual morphotype for Mi. posthernsteini for the Rhaetian
GSSP—the sensu latu (s.l.; Austria candidate) and sensu
stricto (s.str.; Italian candidate) are shown on the figures in
this chapter; but the Italian “short Rhaetian” is used for the
Phanerozoic synthesis.

25.2 Triassic stratigraphy

Ammonoids dominate the historical zonation of the
Triassic, but conodonts have become the major tool for
global correlation. Thin-shelled bivalves (e.g., Daonella,
Halobia) provide important regional markers. During
much of the Triassic, the sedimentary record across the
Pangea Supercontinent was dominated by terrestrial
deposits, therefore widespread conchostracan, tetrapod,
and plant remains are important for global correlation.
Other biostratigraphic, magnetostratigraphic, chemos-
tratigraphic, and other events are typically calibrated to
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these standard ammonoid or conodont zones. Extensive
compilations and intercorrelation of Triassic stratigraphy
of European basins were coordinated by Hardenbol et al.
(1998), and a suite of detailed Triassic stratigraphic scales
are in The Triassic Timescale (Lucas, 2010a).

25.2.1 Marine biostratigraphy
25.2.1.1 Ammonoids

The ammonoid successions of the Alps and Canada have his-
torically served as global primary standards for the Triassic
(reviews in Tozer, 1967, 1984; Balini et al., 2010).
Ammonoids were nearly extinguished at the end of the
Permian, with termination of three of the four major Permian
clades. However, the rare surviving ammonoids diversified
much faster than other marine groups following this catastro-
phe (Brayard et al., 2009a; Marshall and Jacobs, 2009). The
entire Triassic ceratitid group of Ammonoidea is usually con-
sidered to have been derived from the morphologically simple
Ophiceras genus survivor. This rapid surge in diversity was
interrupted by major waves of extinction at the end of the
Smithian Substage (mid-Olenekian), base of Anisian and end
of Julian Substage (mid-Carnian) (e.g., Brayard et al., 2009a,
2009b; Jenks et al., 2015). Peak diversity was attained in mid-
dle Norian. A decline in diversity through the latest Triassic
culminated in apparently only a single genus, Psiloceras,
surviving the end-Triassic mass extinctions and rapidly evolv-
ing to conquer the Jurassic seas.

Despite their historical importance in subdividing the
Triassic, there is not yet a standardized ammonoid zonation
(or nomenclature) for the alpine regions. For example,
Mietto and Manfrin (1995) proposed a generalized standard
for the Middle Triassic of the Tethyan realm that utilized
first appearances of widespread genera to define zones
and major species to define subzones. But this zonal
scheme was immediately rejected by some alpine workers
(e.g., critiques by Brack and Rieber, 1996; Voros et al.,
1996). Contributing to this situation is the lack of consen-
sus definitions of species and genera, historical confusions
with taxonomy and relative chronostratigraphic placement
of taxa, distinct latitudinal and endemic assemblages, use
of assemblage or association zones, omission by many
authors to provide clarity in their definition of zonal
boundaries, and a current reduction in the number of active
ammonoid specialists (Balini et al., 2010).

A selection of Triassic zonations and their main index
ammonoids are figured in Balini et al. (2010) and in
Jenks et al. (2015). The ammonoid zonal columns in the
charts in this chapter are generalized versions for the
Tethyan and for a blend of the West Canadian
Sedimentary Basin and Canadian Arctic realms and are
derived mainly from Jenks et al. (2015) and from advice
from M. Orchard, respectively.

25.2.1.2 Conodonts

Conodonts are phosphatic feeding apparatuses of an enig-
matic pelagic swimmer. The conodont taxa are based on
variability of these jaw-like elements, and these evolving
features enable widespread correlation of Triassic strata.
After surviving the end-Permian mass extinctions and explo-
sively diversifying in the early Olenekian (Orchard, 2007a),
the conodonts tragically vanished shortly before the end of
the Triassic. Conodonts are generally more widespread than
ammonites both in paleogeography and in different marine
facies and are approaching a well-defined taxonomy and
biostratigraphy (e.g., Anisian through Carnian synthesis by
Chen et al., 2016; Carnian through Rhaetian synthesis by
Rigo et al., 2018; discussions between Orchard, 2016, and
Lucas, 2016). However, there remains a lack of standardiza-
tion of taxonomic groupings among conodont specialists
which implies that publications commonly place species-
level taxa under different genera.

Compilations of the calibrations among conodont
zones and ammonoids have been proposed for several
realms, including Canada (e.g., Orchard and Tozer, 1997,
Orchard, 2010, 2014, 2018; Golding, 2019; Golding et al.,
2014, 2017), Tethys region (e.g., Krystyn et al., 2002;
Kozur, 2003; Rigo et al., 2018), China (Tong et al.,
2019), and European basins (Vrielynck, 1998). The gener-
alized columns in the charts in this chapter are composites
for the Tethyan (Kozur, 2003; with Carnian through
Rhaetian of Moix et al., 2007, as shown in Rigo et al.,
2018), for eastern Tethys (Rigo et al., 2018), for China
(Tong et al, 2019, with selected enhancements by
Haishui Jiang, pers. commun.) and for the Western
Canadian Sedimentary Basin or “Arctic/Panthalassa”
(contributed by Michael Orchard and Martyn Golding for
inclusion in a future synthesis chart by Robert Fensome
and Manuel Bringué at the Geological Survey of Canada).
Names of genera were standardized to the taxonomy pre-
ferred by Michael Orchard.

25.2.1.3 Bivalves

The end-Permian mass extinctions terminated the domi-
nance by the communities of brachiopods, crinoids (and
other pelmatozoan echinoderms), and bryozoans that
had been typical of Paleozoic marine seabeds. Bivalve
and gastropod mollusk communities are typical of Early
Triassic shelves, with a later increase in the importance of
scleractinian corals. Among the Triassic bivalves, a suc-
cession of pelagic forms of thin-shelled “flat clams” (pec-
tinacean pteriid bivalves) was largely restricted to deeper
water settings and tend to occur in high densities on cer-
tain bedding planes (Hallam, 1981). The distinctive thin-
shelled bivalve genera (Claria, Enteropleura, Daonella,
Halobia, Monotis, etc.), which have no modern counter-
parts, are valuable for global Triassic correlations because



their species have both widespread distributions and a
mean duration of only 1—2 Myr. Their Jurassic and
Cretaceous relatives (Bositra, Buchia, inoceramids) occu-
pied the same settings. The first comprehensive summary
of the ranges of these Triassic pelagic bivalves relative to
ammonoid zones in different biogeographic provinces
was by McRoberts (2010), who defined 30 discrete zones
and regional variants.

25.2.1.4 Radiolarians

The sand-sized opaline skeletons of radiolarians are typi-
cally found in Triassic deep-marine facies. After the end-
Permian, the most severe extinction event for radiolarians,
diversity slowly increased through the Early Triassic, then
surged in the Anisian to reach a maximum in early
Carnian. Diversity declined through the Late Triassic until
the end-Triassic mass extinctions again decimated the
radiolarian genera (O’Dogherty et al., 2010).

Radiolarian datums and zonations have been com-
piled for different regions, including alpine exposures
(e.g., De Wever, 1982, 1998; Kozur and Mostler, 1994;
Kozur, 2003), Japan (e.g., Sugiyama, 1997), and western
North America (e.g., Blome, 1984; Carter, 1993; Carter
and Orchard, 2007). A correlation among these regional
zonations and a summary for the ranges of the main 281
genera (including schematic images) relative to Triassic
substages are compiled by O’Dogherty et al. (2010).

25.2.1.5 Other microfossils

Except for radiolarians, marine microfossil biostratigraphy
has not yet been developed as a widespread correlation tool
within the Triassic. In contrast to Permian and Jurassic syn-
theses, the benthic foraminifer stratigraphy of the Triassic
has not been compiled on a global scale. Regional scales
include a stratigraphic summary of larger benthic foraminif-
era of the Tethyan realm (Peybernes, 1998) and zonations
proposed for the Caucasus (e.g., Vuks, 2000, 2007).

Calcareous nannofossils are only known from Carnian
and younger strata, and the first “real coccoliths” appear
in the Norian (von Salis, 1998; Bown, 1998).

Records of dinoflagellates are rare, and the oldest repre-
sentative of this group may be middle Triassic (Hochuli,
1998). However, the latest Triassic species, Rhaetogonyaulax
rhaetica, is an important means for correlating Rhaetian strata.

25.2.1.6 Reefs

Although not biostratigraphy, per se, there are broad trends
with global shallow-water carbonate systems during the
Triassic. The metazoan communities that built Permian reefs
were completely destroyed in the end-Permian mass extinc-
tion, and a “reef gap” ensued that spanned much of the Early
Triassic. Simultaneously, there was an Early Triassic “chert
gap” following the termination of the extensive Permian chert
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accumulations (Beauchamp and Baud, 2002). The accompa-
nying extinction of many benthic grazers probably contributed
to the distinctive microbial-dominated carbonates (stromato-
lites, wavy-laminated micrites, oolites) that are characteristic
of the earliest Triassic (Fliigel, 2002; Chen and Benton, 2012;
Chen et al., 2019). Elevated carbon dioxide levels and/or a
pulse of carbonate saturation following CO,-induced dissolu-
tion in an ocean that lacked deep-water carbonate buffering
may have contributed to this latest Permian and earliest
Triassic interval of microbial and oolitic limestones (e.g.,
Payne et al., 2007, 2009; Xie et al., 2010). This Early Triassic
“reef gap” was mainly caused by a lack of reef-building
biota, rather than a crisis in carbonate production/accu-
mulation (Preto et al., 2010). Microbial-sponge and
Tubiphytes reef communities with a modest contribution
from the oldest crown-type scleractinian corals are char-
acteristic of the middle and late Anisian (Kiessling,
2010). Growth rates for some late Anisian through
Ladinian reefs were phenomenal, with radioisotopic dates
suggesting up to 500 m/Myr for some platforms in the
Dolomites of northern Italy (e.g., Brack et al., 2007,
Meyers, 2008). The Ladinian-earliest Carnian peak of these
microbial-sponge reefs was terminated by the events associ-
ated with the mid-Carnian pluvial event (wet intermezzo)
(e.g., Stefani et al., 2010). Scleractinian corals contributed to
the second phase of reef expansion, which peaked in the
Late Norian (Kiessling, 2010). A rapid sea-level fall near
the time of the Norian/Rhaetian boundary contributed to the
end-Norian Cessation of the spectacular Dolomia Principale/
Hauptdolomit platforms of the Alps and other regions (e.g.,
Berra et al., 2010). The end-Rhaetian wave of extinctions
led to a reef crisis that mirrored the end-Permian episode,
and reefs were again rare through much of the Early and
Middle Jurassic (Kiessling, 2010).

25.2.1.7 Marine reptiles

Beginning in the late Early Triassic, the seas became
inhabited by large marine reptiles. Ichthyopterygia (“fish
flippers”; or Ichthyosaurs) with their dolphin-like mor-
phology and Sauropterygia (lizard flippers) that retained
a more crocodile-like form rapidly diversified during the
late Early Triassic (e.g., Motani, 2010). The adaptation
of the ichthyosaurs to the open seas, perhaps including a
warm-blooded anatomy, enabled their expansion in the
Middle and Late Triassic as coastal habitats for other
marine reptiles declined (Motani, 2010; Renesto and
Dalla Vecchio, 2018). Most of the Sauropterygia clade
vanished during the Late Triassic prior to the end-
Triassic mass extinction of other marine fauna. The
open-ocean long-necked plesiosaurs of the Sauropterygia
clade and the parvipelvian group of ichthyosaurs appeared
during the Late Triassic and underwent radiation during the
Jurassic (Renesto and Dalla Vecchio, 2018).
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25.2.2 Terrestrial biostratigraphy

The terrestrial successions of tetrapods (amphibians, rep-
tiles, earliest mammals), plants (spores/pollen, macroflora),
and lacustrine organisms (ostracods, and especially con-
chostracans) are broadly intercorrelated in different regions
of Pangea. The calibration of the evolving terrestrial eco-
systems to marine-based Triassic stages and substages is
fairly well established for the Lower Triassic via a distinc-
tive cycle-scaled magnetostratigraphy in the Germanic
Basin, but ties are much less certain and controversial
through the Middle and Upper Triassic. An unambiguous
correlation of the cycle-scaled magnetostratigraphy of the
Carnian—Norian lacustrine-rich strata of the Newark group
from the rift valleys of easternmost North America to the
magnetostratigraphy of Tethyan marine zones would
enable a precise Late Triassic time scale. The interregional
calibration of the pollen-tetrapod-conchostracan occur-
rences within those Newark beds is a work in progress
(e.g., Kozur and Weems, 2010; Irmis et al., 2010; Lucas,
2010c, 2010d).

Other nonmarine biostratigraphy, including charophyte
cysts (gyrogonites or calcified spores of charophyte green
algae), macrofossil plant assemblages, ostracods, bivalves,
and fishes, can be useful on a regional scale, but have not yet
been developed for use in global correlations (e.g., reviews
by Lucas, 2010c, 2018c).

25.2.2.1 Tetrapods and dinosaurs

The Mesozoic is popularly known as the “Age of Dinosaurs,”
but these famed reptiles did not diverge from other tetrapods
until the mid-Triassic. The suite of proposed global zones for
tetrapod stratigraphy for Pangea is largely based on wide-
spread occurrences of select semiaquatic tetrapods (both rep-
tiles and amphibians) whose thick skulls, body armor, or
other resistant body parts were commonly preserved in the
sedimentary record. The Pangean configuration enabled many
of these forms to spread across most of the world’s land area,
therefore the lowest occurrences of distinctive widespread
genera enable subdivision of the Triassic into eight “land-ver-
tebrate faunachrons” (LVFs) (Lucas, 1998, 1999, 2010d, and
references therein). These “LVFs” have an intercontinental
correlation potential that is approximately equivalent to stan-
dard Triassic stages; although the placement relative to
marine-based substages has not yet been firmly established
for all LVFs (e.g., Irmis et al., 2010; Lucas, 2018a, 2018b).
When skeletal material is not available, distinctive footprints
of tetrapods are a secondary, but less precise, method of cor-
relation (Klein and Lucas, 2010).

The predominant terrestrial or semiaquatic forms in the
Early Triassic were therapsids, a major lineage of synap-
sids (fused arch) that are considered to be “mammal-like
reptiles” (e.g., Fraser, 2006). Three groups of therapsids
survived the end-Permian mass extinction—cynodonts

(dog-toothed), dicynodonts (“two dog-toothed,” with two
tusks in its upper jaw), and large-skulled therocephalian
(beast head) carnivores. The therapsids diminished in
importance through the Triassic, but true mammals, of
which the oldest record is a mouse-sized Adelobasileus of
Late Triassic (e.g., Lucas, 2008), are interpreted to be
derived from this group. The type-area for the Early
Triassic LVFs is the Karoo Basin in South Africa. The
Lootsbergian LVF begins in latest Permian with the first
appearance of Lystrosaurus, a squat, dog-sized, dicynodont
herbivore that may have been semiaquatic. The extinction
of the Dicynodon dicynodont is approximately at the end
of the Permian (Lucas, 2009). The lowest occurrence of
the robustly built Cynognathus cynodont defines the base
of the Nonesian LVF, which is approximately equivalent to
the marine Olenekian Stage.

The Middle Triassic LVFs (Perokvan and Berdyankian)
are derived from the lowest occurrences of massive temnos-
pondyl amphibians (Eocyclotosaurus and Mastodonsaurus
giganteus, respectively) in the Ural foreland basin in Russia.

Diapsid (two arches) reptiles had diverged into different
major orders during Early Triassic, and its Archosauria
(ruling reptiles) group (dinosaurs, pterosaurs, crocodiles,
etc.) would dominate the terrestrial and aerial ecosystems
of the Jurassic through Cretaceous. The first occurrences of
types of crocodile-like phytosaurs and of large armored
herbivore aetosaurs, which resembled elongate armadillos
with stout claws, define most of the Late Triassic LVFs.
The fossil-rich deposits of the Chinle basin of southwest
United States are the main reference sections for four Late
Triassic LVFs.

The Otischalkian and Adamanian LVFs of Carnian are
defined by FADs of phytosaurs Parasuchus (= Paleorhinus)
and Rutiodon, respectively. The beginning of the Revueltian
LVF that begins with the aetosaur Typothorax coccinarium is
estimated to begin near the base of the Norian by Lucas
(2018b), but he also places that base at c. 220 Ma, which cor-
responds to lower-middle Norian and is used on the charts in
this chapter. However, Ramezani et al. (2009) place the
Adamanian—Revueltian faunal turnover between 219 and
213 Ma based on an array of radiometric ages from the
Chinle Formation of southwest United States. The Apachean
LVF spans approximately the Late Norian through Rhaetian
and begins with by FAD of the phytosaur Redondasaurus
(e.g., Lucas, 2010d, 2018a, 2018b, 2018c). The Jurassic
begins with the FAD of the crocodylomorph Protosuchus that
defines the base of the Wassonian LVF.

Within this tetrapod-LVF framework, the main groups of
dinosaurs seem to have radiated during the late-Middle
Triassic (e.g., Heckert and Lucas, 1999; Fraser, 2006). The
major dinosaur lineages (Sauropodomorpha, Theropoda, and
Ornithischia divisions) became established during the
Carnian (Nesbitt et al., 2009; Lucas, 2010a, 2010b, 2010c,
2010d; Benton et al., 2014). But these dinosaurs did not



become the dominant land reptiles until the end-Triassic
mass extinctions removed their competition from other ter-
restrial reptiles.

25.2.2.2 Conchostracans (now renamed as
Spinicaudata)

Brackish-to-freshwater crustaceans of clam shrimp that
were formerly known as conchostracans have a chitinous
bivalve carapace of two lateral valves that are typically
2—40 mm in length. However, the group that was called
“conchostracans” is now considered to be paraphyletic,
therefore this group within the Class Branchiopida have
been renamed Spinicaudata (Olesen, 2009, as cited in
Geyer and Kelber, 2018). This clade once also lived in
the sea during the Paleozoic and early Triassic, then
became restricted to non-marine environments.

Their tiny drought-resistant eggs were easily dispersed
by wind and water, and rapidly hatched upon exposure to
suitable environments. These characteristics and their
brief life cycle of only 1—3 weeks enabled conchostra-
cans to be widespread in lakes, shallow seas and tempo-
rary pools throughout Pangaea. Their distinctive
carapaces were preserved in lacustrine, shallow sea, salt
flat, and floodplain deposits. Even through conchostracans
are present in pre-Permian through modern sediments,
their potential for biostratigraphy and interregional corre-
lation has only been fully developed in Triassic strata
(e.g., Kozur and Weems, 2010, and references therein).
The application of conchostracan biostratigraphy for other
time intervals awaits careful studies of taxonomy, recog-
nition of distinctive taxa, and calibration to other bio-
stratigraphic scales.

Approximately 30 conchostracans zones and regional var-
iants have been defined within the Triassic. These zones have
been recognized and intercorrelated within the Germanic
Basin, through the southwest United States, in the Newark
Supergroup of easternmost North America and within other
regions (summarized in Kozur and Weems, 2010, 2011; see
also Kozur and Bachmann, 2008). Correlations to marine-
based Triassic substages are partially constrained by levels
containing ostracods and palynology markers, distinctive
facies shifts (e.g., the mid-Carnian “Pluvial Event”) and
cycle-scaled magnetic magnetozones. The framework estab-
lished by Kozur and coworkers in the Germanic and Newark
basins has been enhanced and modified for Carnian—Norian
(Weems and Lucas, 2015; Geyer and Kelber, 2018; Franz
et al., 2018) and for the late Permian through Early Triassic
(Scholze et al., 2016; Schneider and Scholze, 2018). In partic-
ular, the occurrence of Euestheria gutta beginning at the base
of the Triassic has enabled examination of the response and
recovery of terrestrial environments to the catastrophic end-
Permian climatic events in basins and terrestrial-marine transi-
tional settings from Germany to southwestern and northern
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China (e.g., Chu et al., 2019; Zhu et al., 2019; Scholze et al.,
2019). The zonal detail of conchostracans is also important
for the calibration of the tetrapod LVFs to marine substages
(e.g., Weems and Lucas, 2015) and aids in projecting magne-
tostratigraphy and radioisotopic ages between terrestrial and
marine strata.

25.2.2.3 Plants, pollen, and spores

Spores and pollen are important for correlation of marine and
terrestrial strata. However, most taxa have relatively long
ranges, and changes in assemblages may indicate local
climatic-ecosystem shifts rather than a useful temporal
marker. Major compilations of Triassic palynology and plant
ecosystem evolution are by Wing and Sues (1992),
Warrington (2002), Traverse (2007), Yu et al., 2015; Nowak
et al., 2018; and Kustatscher et al., 2018. Palynoflora zona-
tions for Triassic strata have been compiled for the Alpine
and Germanic regions (e.g., Visscher and Briigman, 1981;
Visscher et al., 1994; Hochuli, 1998; Herngreen, 2005;
Kiirschner and Herngreen, 2010), Australia (Helby et al.,
1987), southwest United States (Litwin et al., 1991; Cornet,
1993), Newark basins of eastern United States (e.g., Cornet,
1977; Comet and Olsen, 1985), and Arctic (Van Veen et al.,
1998). However, only the Late Triassic and early Jurassic
have a detailed interregional compilation among different
continents (Cirilli, 2010; Kustatscher et al., 2018).

Regional diversity of palynomorphs declined at the time
of the end-Permian mass extinctions (Kiirschner and
Herngreen, 2010). Latest Permian plant ecosystems may have
undergone a short-lived explosion in abundance in lycopods
that interrupted the dominance by gymnosperms to create a c.
10-kyr “spore-spike” within the major negative C-13 isotope
decline, but the plant communities rapidly recovered before
the main catastrophic marine extinction (Hochuli et al., 2010).
Widespread marine clastics of lower Triassic (Induan to lower
Olenekian) record a uniquely cosmopolitan “acritarch spike”
assemblage of lycopsid spores, small acanthomorph acri-
tarchs, and Lunatisporites coniferalean pollen (e.g., Balme
and Foster, 1996). Diversity of both pollen and spores peaked
in the Germanic Basin during Ladinian—Carnian (Kiirschner
and Herngreen, 2010; Kustatscher et al., 2018). Globally dur-
ing this time, there is a rapid diversification of Circumpolloid
genera. This broad episode is followed, at least in the
Tethyan realm, by a gradual change in palynofloral assem-
blages without abrupt changes from Carnian into earliest
Hettangian (e.g., Cirilli, 2010).

Even though the palynology shifts are generally gradual
and mainly important at regional scales, the trends can help
identify major hiatuses and correlations in terrestrial records.
For example, the strata slightly below flood basalts in the
Newark rift basins in the eastern North America display a rel-
atively sharp transition from diverse assemblages of monsac-
cate and bisaccate pollen to an overlying assemblage
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containing 60%—90% Corollina meyeriana spores, and this
level was considered as a regional marker for the Triassic/
Jurassic boundary (e.g., Comnet, 1977; Cornet and Olsen,
1985; Fowell and Olsen, 1993, 1995). However, similar
palynological changes are recorded near the base of the typi-
cal Rhaetian of Europe (e.g., Schuurman, 1979; Orbell, 1983;
Van Veen, 1995), therefore some palynologists have inter-
preted this level to be a major hiatus that includes most of the
Rhaetian stage (e.g., Cirilli et al., 2009), as was initially also
suggested by the conchostracan assemblages (Kozur and
Weems, 2005, 2010). This interpretation of the absence of the
uppermost Norian and most of the Rhaetian between the
radioisotopic-dated flood basalts and the underlying cycle-
scaled magnetozones of the Newark Supergroup lacustrine
strata contributed to a pair of Late Triassic age models in
GTS2012 (Ogg, 2012); but it now seems from later magnetos-
tratigraphic correlations to marine deposits and to levels dated
by radioisotopes in a reference borehole on the Colorado
Plateau that there is no significant hiatus in the uppermost
Rhaetian of the Newark Basin (Kent et al., 2017, 2018).

25.2.3 Physical stratigraphy
25.2.3.1 Magnetostratigraphy

The compilation of the magnetic polarity time scale for the
Triassic is better developed than for the Jurassic or for any of
the Paleozoic systems. A concentrated effort by paleomagne-
tists working closely with biostratigraphers and cyclostratigra-
phers during the 1990s and first decade of the 21st century
has revealed approximately 50 main magnetozones and twice
as many lesser polarity subzones (Hounslow and Muttoni,
2010). The composite polarity scale from marine strata has
been calibrated to ammonoid and conodont datums in differ-
ent regions. A parallel polarity scale from terrestrial settings
has been partly correlated to conchostracan zones and scaled
with cycle-stratigraphy. Magnetic reversals are globally syn-
chronous; therefore the placement of biostratigraphic datums
relative to distinctive polarity patterns has been used to deter-
mine diachroneity or local distortions in relative timing of
markers and a polarity boundary may potentially be used as
the primary marker for at least one Triassic GSSP (e.g.,
GSSP for Anisian by Hounslow et al., 2007). Within Triassic
substages, the average of about four major and five minor
polarity intervals commonly display a characteristic pattern.
However, the sheer abundance of magnetic polarity chrons
and lack of broad fingerprints in the patterns at the stage-level
implies that utilization of Triassic magnetostratigraphy for
interregional or interfacies correlations requires adequate bio-
stratigraphic constraints.

A total of the 133 validated magnetozones in the Triassic
have a mean reversal rate of 2.6/Myr, which is similar to the
average Cenozoic rate of geomagnetic reversals (Hounslow
and Muttoni, 2010). The apparent reversal rate of the Early

and Middle Triassic (4/Myr) is twice the average rate within
the Late Triassic.

Each magnetostratigraphy study employed a different sys-
tem for labeling the observed magnetozones. The verification
of these studies by demonstrating reproducibility within the
biostratigraphic constraints among different regions enables a
nomenclature for the main and minor polarity chrons. In the
milestone synthesis by Hounslow and Muttoni (2010), the
subjective groupings into main magnetozones are systemati-
cally numbered upward within each Triassic series (e.g., MT7
is the seventh “main” polarity episode in the Middle Triassic,
although it may contain several brief polarity subchrons, with
a normal-polarity-dominated “MT7n” portion followed by a
reversed-polarity-dominated “MT7r” portion). An alternative
would be to label each magnetozone according to its place-
ment relative to Triassic substages (e.g., Illy-N2; for the sec-
ond cluster of normal-polarity in the Illyrian Substage of
Anisian; which is the same as “MT7n,” thereby enabling a
user to know the approximate geologic-age relationship (e.g.,
scales in Ogg et al.,, 2008). This “stage-abbreviation-then-
number” system is the same nomenclature philosophy as used
for Phanerozoic sequences (e.g., Hardenbol et al., 1998; Hagq,
2018). A third option used by Maron et al. (2019) was to
select a single detailed magneto-biostratigraphic reference sec-
tion (e.g., Seceda in Italy for lower Ladinian) and use its
polarity zones (“SCln,” “SC2r,” etc.) and their relative thick-
nesses as the nomenclature and scaling for the global polarity
pattern. It was not convenient to show all three systems in the
summary figures in this chapter; therefore a hybrid set was
used that partly depended upon a subjective decision on the
relative documentation of the polarity zones. In any case,
there is a caveat that portions of these composite polarity pat-
terns are not well calibrated to boundaries of ammonoid (or
conodont) zones and the scaling of the patterns within zones
is probably distorted by variable sedimentation rates in the
reference sections.

The Triassic magnetic polarity reference scales
derived from biostratigraphic-dated marine successions
(e.g., composite syntheses by Hounslow and Muttoni,
2010, and Maron et al., 2019) and for astronomically
scaled terrestrial basins (e.g., Early Triassic by Szurlies,
2007; Late Triassic by Kent and Olsen, 1999) have been
verified by extensive conodont-dated magnetostratigraphy
in European and Chinese sections (e.g., Muttoni et al.,
2014; Maron et al., 2015, 2019; Lehrmann et al., 2015)
including cycle-scaling of significant intervals (e.g., Li
et al, 2016, 2017a, 2018; Zhang et al., 2015). The com-
parison between the magnetostratigraphies of marine sec-
tions and of cycle-scaled terrestrial sections appears to
have resolved some of the uncertainties about the age
models for the Late Triassic and for the Early Triassic.
For example, the “long Rhaetian-short Tuvalian” option
that was preferred for the GTS2012 scale (Ogg, 2012;
Ogg et al., 2014) is consistent with those Ilater



compilations; although that Rhaetian appears to corre-
spond to the “sensu lato” interpretation of the marker
conodont taxon rather than the shorter sensu stricto ver-
sion adapted for the composite Phanerozoic scale (Maron
et al., 2015).

The following summary is mainly from Hounslow and
Muttoni (2010) and Maron et al. (2019), and only a selec-
tion of their main reference sections for biomagnetic cali-
brations and conclusions are given here. In addition to
placing the generalized patterns onto the relevant bio-
stratigraphic scales, they have standardized the stratigra-
phy of the different regional sections onto a common
Tethyan ammonoid zone or substage scale.

25.2.3.1.1 Early Triassic magnetic polarity scales

The Induan stage has two pairs and the Olenekian has seven
pairs of polarity chrons that are correlated to Boreal ammo-
noid and conodont satums in the Arctic (e.g., Ogg and
Steiner, 1991; Hounslow et al., 2008a, 2008b) and to cono-
dont ranges in several Tethyan sections in China (e.g., Steiner
et al., 1989; Heller et al., 1995; Glen et al., 2009; Li et al.,
2016), Iran, and Italy. The Permian—Triassic boundary is near
the base of a relatively long normal-magnetozone (“LT1n” or
“Gries-N1; Steiner, 2006). This feature can be identified in
the composite magnetostratigraphy from terrestrial deposits
within the Germanic Basin (e.g., Nawrocki, 1997; Szurlies,
2004, 2007; Scholze et al., 2016), implying that the base-
Triassic is approximately at the transition from the Zechstein
evaporite-dominated strata to the Buntsandstein Formation.

The correlation of the marine-based magnetic polarity
scale to this Germanic Basin polarity pattern is well estab-
lished. There is a distinctive dominance of reversed-polarity
in the upper Induan and lowermost Olenekian followed by
predominantly normal polarity in upper Lower Triassic in
both scales, which enables a one-to-one correlation of the
individual cycle-scaled Buntsandstein magnetic polarity
chrons to those in the marine composite (e.g., Szurlies, 2007;
Hounslow and Muttoni, 2010). The same change in polarity
dominance and other features are tentatively used to assign
geologic stages/substages to terrestrial deposits in the Karoo
Basin, southwestern United States, and Russia (Hounslow and
Muttoni, 2010; Fig. 4). Therefore the proposed astronomical
cyclicity can be projected via these biomagnetostratigraphic
correlations to estimate the time spans for Lower Triassic
stages and substages (Li et al., 2016).

25.2.3.1.2 Middle Triassic magnetic polarity scales

The seven main polarity pairs of the Anisian display dom-
inance by normal polarity in the lower substages (Aegean,
Bithynian) followed by a relative dominance by reversed-
polarity through the lowermost Ladinian. This pattern
is derived from sections containing Boreal ammonoid
zones in Spitsbergen (arctic Norway; Hounslow et al.,
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2008a, 2008b) and from those with conodont ranges
in China (e.g., Lehrmann et al., 2006, 2015), Albania
(e.g., Muttoni et al., 1996b), Romania (e.g., Gradinaru et al.,
2007), Austria (Muttoni et al., 1996a), and other regions.
The distinctive switch in dominance of polarity is the first-
order constraint on projecting ages onto terrestrial facies in
the Germanic Basin (e.g., Nawrocki and Szulc, 2000;
Szurlies, 2007) and the Catalan and Iberian basins of Spain
(e.g., Dinares-Turell et al., 2005), and to England and China
(Hounslow and Muttoni, 2010; Fig. 4).

The main reference sections for the eight main polarity
pairs of the Ladinian are in the alpine region of Italy and
Austria (Seceda, Mayerling, Stuores sections; e.g., Gallet
et al,, 1998; Broglio Loriga et al., 1999; Muttoni et al.,
2004a; Maron et al., 2019).

25.2.3.1.3 Late Triassic magnetic polarity scales

The alpine Mayerling and Stuores sections, plus the Wayao
cyclo-magnetostratigraphic section in Guizhou province of
South China (Zhang et al., 2015) and the Boliicektasi Tepe
in Turkey (Gallet et al., 1992) are the main reference sec-
tions for the Julian Substage (lower Carnian). There had
been no adequate biostratigraphic controls on magnetostrati-
graphic studies that might span the upper Carnian (Tuvalian
Substage); therefore Hounslow and Muttoni (2010) assigned
a “holding” nomenclature of “UT5—UT12.” This interval in
boreholes through nonmarine strata in the Germanic Basin
is dominated by normal polarity above a lowermost
Tuvalian reversed-polarity zone (Zhang et al., 2020).

The uppermost Carnian through Norian pattern is mainly
derived from the GSSP candidate for the base-Norian at
Pizzo Mondello in Sicily (Muttoni et al., 2001, 2004b) and
the Silicka Brezova section of Turkey (Channell et al., 2003).
The uppermost Norian to lowermost Rhaetian is calibrated to
conodont datums in Austria (Scheiblkogel, Gallet et al., 1998;
and the Austrian candidate for the Rhaetian GSSP at
Steinbergkogel; Krystyn et al., 2007c, 2007d; Hiising et al.,
2011) and the Italian candidate for the Rhaetian GSSP at
Pignola-Abriola (Rigo et al., 2016). A pair of thick overlap-
ping sections in the southern Alps (Brumano and Italcementi
Quarry; Muttoni et al., 2010) spans the middle Rhaetian
through lowermost Hettangian, although minor faults compli-
cate the stratigraphy.

In general, the magnetozones of the lower Norian (Lacian
and Alaunian substages) are dominated by reversed-polarity;
whereas the upper Norian (Sevalian) has approximately equal
proportions of normal and reversed-polarity. The uppermost
Norian to lowermost Rhaetian (depending upon eventual
placement of the Rhaetian GSSP) is mainly reversed-polarity;
followed by a prevalence of normal polarity that continues
into the Hettangian.

During the Late Triassic, a series of rift valleys along
the western margin of the future Central Atlantic
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accumulated very thick successions of lacustrine deposits
that recorded climatic responses to Milankovitch orbital
cycles. Drilling of these Newark Basin strata has yielded a
complete 30-Myr cycle-scaled pattern of the magnetic
reversal history during the Late Triassic (Kent et al., 1995).
A few meters above the brief reversed-polarity E23r zone
is a palynological turnover event, and a few centimeters
higher the lacustrine deposits are overlain by the Orange
Mountain basalts, part of the onset of a regional Central
Atlantic Magmatic Province (CAMP) dated at approxi-
mately 201.5Ma (e.g., Mundil et al., 2010). Therefore
Kent and Olsen (1999; and web page update of 2002)
assigned an age of 202 Ma to the top of E23 and tuned the
cyclic stratigraphy using the 405-kyr eccentricity cycle and
a 1.75-Myr modulating cycle to project the ages of the
Late Triassic polarity pattern. Based on palynology (e.g.,
Cornet, 1977), the base of the Norian had been tentatively
assigned to Newark magnetozone E13 at the base of the
Passiac Formation (Olsen et al., 1996), but projected to a
much lower level (E8r) by correlation to the proposed
Norian GSSP at Pizzo Mondello (e.g., option 2 of Muttoni
et al., 2004b; Kent et al., 2017). Radioisotopic age control
on lower Norian magnetozones in a borehole on the
Colorado Plateau supports the cyclostratigraphic age model
for the Newark polarity pattern (Kent et al., 2018).

There are many published versions of how this cycle-
scaled Newark polarity pattern might correlate to the upper
Carnian, Norian and Rhaetian magnetostratigraphy derived
from marine sections and composites (e.g., options 1 and 2 of
Muttoni et al., 2004b; Ogg, 2004; Ogg et al., 2008; options A,
B, and C of Hounslow and Muttoni, 2010; Gallet et al., 2007;
Muttoni et al., 2010; Ogg, 2012; Ogg et al., 2016; Maron et al,
2019). Radioisotopic age control and/or cyclostratigraphic
scaling of the polarity zones in Norian—Rhaetian marine refer-
ence sections is not yet available to provide unambiguous con-
straints. Once there is an established correlation of the
terrestrial to the marine polarity patterns, then the extensive
cycle-scaled Newark suite will provide a precise duration and
timing for most of the events in the Late Triassic.

25.2.3.2 Chemical stratigraphy

In addition to the major disruptions of climate accompanying
the end-Permian and end-Triassic mass extinctions, there are
at least two major climatic events indicated by simultaneous
excursions in oxygen (temperature) and carbon isotopes (e.g.,
compilations and reviews by Tanner, 2010a; Preto et al.,
2010; Muttoni et al., 2014; Trotter et al., 2015), which are
summarized within the geochemical stratigraphy chapters of
this book. The anomalous “lethal” tropical temperatures of
the Early Triassic (Sun et al., 2012) include an abrupt drop in
ammonoid and conodont diversity that was coincident a nega-
tive excursion in 8'°C..p near the end of the Smithian
Substage. A sudden warming and humid event in the middle

of the Carnian stage is considered to be “the most distinctive
climate change within the Triassic” (Preto et al., 2010) and
disrupted the global land-ocean-biological system (summa-
rized above with the Carnian substages). The current hypothe-
ses for the triggers for these environmental perturbations may
have focused on volcanic activity—eruptive phases from the
Siberian Traps and the emplacement of the Wrangellia large
igneous province, respectively.

25.2.3.2.1 Carbon-isotope trends and major
excursions

The §'3C curve of Fig. 25.1 is a merger of generalized
trends from several publications, including a compilation
of Early Triassic to earliest Ladinian from Sun et al.
(2012) and a synthesis of Late Ladinian through Rhaetian
from Muttoni et al. (2014). Five major carbon-isotope
excursions are currently important for global correlations
among marine and terrestrial settings. In contrast to the
common coincidence of widespread anoxic events with
negative carbon-excursions during the Devonian and the
Jurassic-Cretaceous, there are not yet any identified wide-
spread black-shale episodes associated with these events,
although there are indications that low-oxygen deep-sea
waters did impinge onto the continental shelves.

1. End-Permian—The main set of end-Permian marine
mass extinctions occurs abruptly within a broader major
negative excursion in carbon isotopes in both marine car-
bonates and organic-carbon. High-resolution studies indi-
cate that the stepwise downward trend in negative
carbon isotopes was interrupted by a minor positive-
isotope excursion that approximately coincided with this
main marine extinction level, followed by a pronounced
minimum C-values immediately above the basal
Triassic (e.g., Korte and Kozur, 2010; Hermann et al.,
2010; Luo et al., 2011). Cramer and Jarvis (2020,
Ch. 11: Carbon isotope stratigraphy; this book) called
the minimum peak the “EGE” for Early-Griesbachian
Event. This pronounced trend toward negative carbon-
isotope values may have been caused by a combination
of decreased marine productivity and influx of light car-
bon from volcanic, soil-carbon or methane sources (e.g.,
Holser and Magaritz, 1987; Baud et al., 1989, 1996;
Erwin et al., 2002; Korte et al., 2010; Wignall, 2015;
Grasby et al., 2016a, 2016b; Chen et al., 2016).

2. Early Triassic—Two positive peaks in carbon-13 within
the lower Triassic have been suggested as secondary mar-
kers for the bases of the Olenekian (Smithian Substage)
and of the Spathian Substage. Therefore Cramer and
Jarvis (2020, Ch. 11: Carbon isotope stratigraphy; this
book) suggest an abbreviated terminology of DSBE and
SSpBE for these two positive excursions. An abrupt drop
in ammonoid and conodont diversity is associated with



the onset of the positive carbon-13 excursion at the base
of the Spathian Substage (Galfetti et al., 2007a; Algeo
et al., 2019a). One hypothesis for the origin of the inter-
vening relatively high-amplitude negative carbon-isotope
excursions during the Dienerian through early Spathian is
that there were multiple pulses of carbon release during
phases of eruption and intrusion of the Siberian Trap
flood basalts (e.g., Payne and Kump, 2007; Wignall,
2015; Grasby et al., 2016a, 2016b).

3. Earliest Anisian—The last of these early Triassic
positive carbon-isotope excursions is a gradual rise
that spans the Olenekian—Anisian boundary. This
“Early Anisian Event” or EAnE in the suggested ter-
minology of Cramer and Jarvis (2020, Ch. 11:
Carbon isotope stratigraphy; this book) will also be
a secondary marker for the yet-to-be-formalized
base-Anisian GSSP (Chen et al., 2020).

4. Middle Carnian Event—Carbon isotopes remain rela-
tively constant within a c. 2 per-mil band for c. 30 Myr
from middle Anisian to middle Norian, except for a brief
set of pronounced negative-excursions that coincide with
the middle Carnian “Pluvial Episode” (e.g., Dal Corso
et al.,, 2012, 2018a,b). This excursion may have been
caused by the eruption of the Wrangellia large igneous
province, which was later accreted to become part of the
Alaska-Canada coast.

5. Norian—Rhaetian boundary—A brief positive 613C0rg
peak reported from in organic-carbon components at the
Norian—Rhaetian boundary (Sephton et al., 2002b; Rigo
et al., 2016) has been tentatively attributed to widespread
oceanic stagnation coincident with extinction of deep-
water invertebrate fauna, but this feature requires verifi-
cation in additional sections.

6. End-Triassic—The Late Rhaetian (end-Triassic) mass
extinctions coincide with a negative carbon-isotope excur-
sion, which, like the end-Permian Event, may be linked to
widespread volcanism, oceanic productivity collapse, and
a release of methane (e.g., Palfy et al., 2001; Ward et al.,
2001; Hesselbo et al., 2002; Ruhl et al., 2009; Zaffani
et al., 2018). However, the interpretation of these carbon-
isotope records may be distorted by facies variations in
some sections (Zaffani et al., 2018).

25.2.3.2.2 Oxygen isotopes and temperature
excursions and trends

The Triassic "0 curve from conodont apatite of Fig. 25.1 is
a synthesis of several studies, especially for the Early Triassic
by Sun et al. (2012) and Middle and Late Triassic trends
from Trotter et al. (2015). These imply that tropical tempera-
ture during much of the Early Triassic may have exceeded
levels that were lethal to larger land-dwelling vertebrates,
which may partly explain the dearth of their skeletal remains
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from these latitudes until the Middle Triassic (Sun et al.,
2012; Wignall, 2015).

The 'O curve of Fig. 25.1 from Grossman and
Joachimski (2020, Ch. 10: Oxygen isotope stratigraphy; this
book) implies a general warming trend from Middle Triassic
to mid-Norian, followed by a cooling trend to the end of the
Triassic. The resolution of this generalized curve-fit to
conodont-apatite data has apparently smoothed over the brief
global warm and humid episode in the mid-Carnian (e.g.,
Preto et al., 2010; Dal Corso et al., 2018a).

25.2.3.2.3 Sulfur-isotope trends and excursions

The marine record of sulfur isotopes (6**S; Paytan et al.,
2020, Ch. 9: Sulfur isotope stratigraphy; this book) display
low values of c. 12%. prior to the end-Permian mass extinc-
tion, followed by a brief excursion to approximately
25%—30%. near the end-Permian, with potentially a continu-
ation into a broad peak near the Induan—Olenekian bound-
ary (e.g., Kampschulte and Strauss, 2004; Newton et al.,
2004; Horacek et al., 2010a, 2010b; Luo et al., 2010; Song
et al., 2013; Bernasconi et al., 2017). One interpretation for
the rate and magnitude of these excursions is that seques-
tered hydrogen-sulfide in a latest Permian anoxic ocean was
released by oceanic overturning (e.g., review in Paytan
et al., 2020, Ch. 9: Sulfur isotope stratigraphy; this book)
and that the oceanic sulfate reservoir was anomalously low,
perhaps less than 15% of modern size (Luo et al., 2010).
Sulfur-isotope stratigraphy within the rest of the Triassic is
currently at a low-precision reconnaissance status.

25.2.3.2.4 Strontium and osmium-isotope trends and
excursions

The curve of marine ¥’St/**Sr through the latest Permian
through Triassic (Fig. 25.1) begins with a slow increase
from the major trough (0.7068) near the end of the Middle
Permian, which suddenly undergoes a sharp increase in the
rate of rise at the Permian—Triassic boundary to peak
(0.7081) near the base of the Middle Triassic (e.g., review in
McArthur et al., 2020, Ch. 7: Strontium isotope stratigraphy;
this book). The rapid rise in ®'St/*°Sr through the Early
Triassic may be a response to increased continental weather-
ing during the anomalous warm temperatures of the Early
Triassic (e.g., Martin and Macdougall, 1995; Sedlacek et al.,
2014). A relatively rapid decline a minimum (0.7076) at the
end of the Middle Triassic is followed by a gradual rise
through the Norian to a second peak (c. 0.7079) in latest
Triassic followed by a continuous decline through the
Rhaetian and Early Jurassic to another major low (to
c. 0.7071) in latest Pliensbachian (e.g., Koepnick et al.,
1990; Korte et al., 2003; Cohen and Coe, 2007).
Osmium-isotope stratigraphy has not yet been systemati-
cally compiled for the Triassic (Peucker-Ehrenbrink and
Ravizza, 2020, Ch. 8: Osmium isotope stratigraphy; this
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book). Analysis of black shales of latest Anisian from
Svalbard yielded initial '®’Os/*®*0s ratio of 0.83 +0.03,
which is one of the highest recorded ratios for global seawa-
ter between the earliest Cambrian and the Late Early
Jurassic (Xu et al., 2009). This peak remains to be verified
and delimited in additional sections. In general, the trends in
Osmium mirrors those of the Strontium curve, including a
gradual decline through the Rhaetian from an initial
1870s/"®80s ratio from a Late Norian peak of 0.75 that was
interrupted by a brief excursion to high (radiogenic) ratios
upon eruption of the CAMP at the end of the Triassic (e.g.,
Cohen and Coe, 2007; Peucker-Ehrenbrink and Ravizza,
2020, Ch. 8: Osmium isotope stratigraphy; this book).

25.2.3.3 Cycle stratigraphy

Numerous cyclostratigraphy analyses have been applied to
continental and marine deposits of Triassic age. Huang
(2018) compiled over 30 of these Triassic studies to select
seven major ones that both encompassed a relatively long
time span without major stratigraphic breaks and published
the original datasets in a form applicable to a standardized
retuning to the 405-kyr long-eccentricity cycle. The merger
of these seven cyclostratigraphic datasets enabled an initial
estimate of a full astronomical-tuned time scale for the
entire Triassic. Those selected studies were the Lower to
Middle Triassic carbonates of South China (Li et al., 2016,
2018), Middle to Upper Triassic radiolarian-rich pelagic
sediments accreted to Japan (Ikeda et al., 2014; Ikeda
et al., 2017), Carnian carbonates of South China (Zhang
et al., 2015), and Upper Triassic Lacustrine Sediments of
the Newark Basin (Olsen and Kent, 1999; Kent et al.,
2017). This suite demonstrates the potential for a full
astronomical-tuned Triassic time scale, but this goal is cur-
rently hindered by uncertainties in merging the magnetic
polarity scales, radiolarian zones, and conodont datums
into a global composite.

In continental settings, the monsoon-dominated
climate of the Pangea megacontinent was sensitive to
Milankovitch orbital-climate cycles, especially to the
precession-eccentricity components. Extended and quasi-
continuous deposits of continental facies having both
excellent magnetostratigraphy and unambiguous cycles are
present in central Europe (Lower Triassic) and eastern
North America (Upper Triassic). In theory, these succes-
sions should be the Rosetta stone to project cycle—scaled
durations onto marine sequences for a precise relative time
scale, similar to what has been developed for the Cenozoic.
In practice, as noted previously, there is a lack of a unique
pattern match for correlation of these extended intervals of
cycle-scaled magnetostratigraphies with marine-based com-
posite polarity patterns. The interpretations and controver-
sies concerning these Triassic cyclic deposits are critically
examined by Tanner (2010b).

Variations in clastic input and the extent of lacustrine
influences in the Buntsandstein basins of central Europe
during the Early Triassic provide a detailed regional stra-
tigraphy that is applicable to surface exposures and down-
hole logs (e.g., reviews in Rohling, 1991; Bachmann and
Kozur, 2004; Szurlies, 2004; Menning et al., 2005; Feist-
Burkhardt et al., 2008). The cycles, spanning about
10—20 m with sandstones fining upward into more clay-
rich sediments, are generally interpreted as oscillations
between more arid and more humid conditions. Constraints
from terrestrial biostratigraphy (conchostracan, pollen-
spores) combined with radioisotope ages on the span of the
Early Triassic indicate that the depositional sequences
appear to coincide with the 100-kyr short-eccentricity cycle
(e.g., Bachmann and Kozur, 2004; Menning et al., 2005).
However, the expected 405-kyr long-eccentricity has not
been unambiguously resolved. The magnetostratigraphy
from the Buntsandstein, especially within the lower por-
tion, which has relatively longer duration polarity zones
and biostratigraphic constraints, is fairly well correlated to
other Early Triassic reference sections (Szurlies, 2007;
Hounslow and Muttoni, 2010). Even though a monotonic
100-kyr periodicity is not expected for short-eccentricity
and there is a possibility of “missing beats” at possible
exposure horizons within this Buntsandstein succession,
the projected cycle-scaling of the marine zonation and
associated Early Triassic substages via this magnetostrati-
graphy is a close fit to radioisotopic ages and most of the
polarity pattern correlates with the independent cyclo-
magnetostratigraphy from Lower Triassic and Anisian
Limestones of South China (Li et al., 2016, 2018).

Interbedded marls and limestones of shallow-marine
origin spanning the Permian—Triassic boundary interval in
the Austrian Alps display cycles with ratios matching
Milankovitch periodicities and have been interpreted to imply
that the latest Permian extinction and negative carbon-isotope
spike spanned less than 30 kyr (Rampino et al., 2000, 2002),
which agrees with radioisotopic constraints at the Triassic
GSSP at Meishan, China (Burgess et al., 2014).

The Latemar massif in the Italian Dolomites was an
atoll-like feature with a core of flat-lying Anisian and
Ladinian platform carbonates. Oscillations in sea level
were created over 500 thin depositional cycles
(Goldhammer et al., 1987). Stacking patterns and spectral
analysis of the sea-level oscillations had been interpreted
as representing precession modulated by short-term
(100 kyr) eccentricity, therefore yielding an implication
that the Latemar deposit spans approximately 10 Myr
(Goldhammer et al., 1990; Hinnov and Goldhammer,
1991). In contrast, U—Pb ages from coeval tuff-bearing
basinal deposits appear to constrain the Latemar platform
to span only 2—4 Myr (e.g., Brack et al., 1996, 1997;
Mundil et al.,, 1996; Hardie and Hinnov, 1997; and
extended review in Tanner, 2010a). A possible solution to



this disparity is that an extremely rapid rate of platform
construction (c. 500 m/Myr or greater) enabled recording
of sub-Milankovitch sea-level oscillations with misleading
similarity in ratios to precession-eccentricity (e.g., Kent
et al., 2004, 2006; Hinnov, 2006; Meyers, 2008). This
ambiguity in cyclostratigraphic interpretation demon-
strates that any cycle-stratigraphic analysis based only on
a single section requires verification from other indepen-
dent basins and facies. Studies of similar oscillating Lofer
facies within upper Triassic platform carbonates of the
Austrian Alps played an important role in developing fun-
damental concepts of cyclostratigraphy (e.g., Fischer,
1964), but the reality of regular cyclicity in these deposits
has also been debated (e.g., Satterley, 1996, versus
Schwarzacher, 2005, and Cozzi et al., 2005; reviewed in
Tanner, 2010b).

Radiolarian-rich pelagic chert successions from Japan
spanning the Middle Triassic are characterized by ribbon
bedding. These chert-clay couplets have been interpreted
as productivity fluctuations induced by 20-kyr precession
cycles, and the longer term trends in bed thickness corre-
spond to 100- and 405-kyr eccentricity cycles (Ikeda
et al., 2010, 2017). These cyclostratigraphic interpreta-
tions, the tentative correlation of radiolarian taxa to geo-
logic stages, a potential long-term modulation of c.
3.6 Myr, and the continuity of the bedded-chert sections
await further verification.

During the late-Middle Triassic through Early Jurassic, a
set of rift basins formed as Pangea underwent an initial
phase of breakup. The thick Newark Group of lacustrine
sediments from these tropical basins are characterized by
oscillations between semistagnant deep lakes and arid playas
as the intensity of monsoonal rains responded to Earth’s pre-
cession modulated by short- (c. 100 kyr) and long-term
(c. 400 kyr) eccentricity cycles. Spectral analysis of sedi-
ment facies successions in a series of deep-drilling cores
enabled compilation of a cycle-scaled stratigraphic record,
including a detailed polarity pattern that is unprecedented in
its 30-Myr temporal span (e.g., Kent et al., 1995; Olsen
et al., 1996; Kent and Olsen, 1999). As discussed previously,
the comparison of the cycle-scaled terrestrial polarity signa-
ture to the un-scaled marine magnetostratigraphy does not
always provide a unique match. However, uppermost
Triassic lacustrine deposits with alternating red-to-green col-
oration at St. Audrie’s Bay have yielded both a magnetostra-
tigraphy (Hounslow et al., 2004) and an interpreted 3.7 Myr
cyclostratigraphy (Kemp and Coe, 2007) that have a polarity
scaling resembling the upper Newark interval of polarity
zones El9n—El6n. Cyclostratigraphy of a composite
Rhaetian succession in Austria indicates that this stage
(using the Austrian GSSP candidate) has a minimum dura-
tion of 6.7 Myr (Galbrun et al., 2020).

Details and discussion of these and other Triassic
cyclostratigraphic studies are given in Huang (2018).

The Triassic Period Chapter | 25 925

25.2.3.4 Sequence stratigraphy

Triassic sea-level Trends and sequences of different relative
magnitudes have been compiled for Boreal basins (e.g.,
Embry, 1988; Mgrk et al., 1989; Skjold et al., 1998), the
classic Germanic Trias (e.g., Aigner and Bachmann, 1992;
Geluk and Rohling, 1997), the Dolomites and Italian Alps
regions (e.g., De Zanche et al., 1993; Gaetani et al., 1998;
Gianolla et al., 1998, Gianolla and Jacquin, 1998), and other
regions. Some of these sea-level trends appear to correlate
on an interbasin to global scale (e.g., Haq et al., 1988; Hagq,
2018; Hallam, 1992; Embry, 1997; Gianolla and Jacquin,
1998). The significant disparity in some proposed major
global features for the Triassic (e.g., Hardenbol et al., 1998,
compared to Simmons et al., 2007) was difficult to resolve,
because the supporting details of reference sections and bio-
stratigraphic control are generally not adequately published.
The major sequences in Figs. 25.1 and 25.5—25.7 are
from a Triassic synthesis by Haq (2018) that enhanced a
previous compilation and systematic numbering system by
Jacquin and Vail (1998). In this compilation the main first-
order Triassic sea-level trend is dominated by a single
cycle—a progressive transgression that began in the early
Anisian, peaks near the Carnian—Norian boundary, followed
by a very gradual regression through the middle Rhaetian that
turns into a faster regression in the latest Rhaetian through
early Hettangian. A lesser transgression—regression cycle
began in the latest Permian with a minor peak in latest
Induan. Superimposed on these main cycles are several
second-order facies cycles with major sequence boundaries at
the Induan—Olenekian boundary, Anisian—Ladinian bound-
ary, mid-Carnian (Julian-Tuvalian boundary), latest Carnian,
and latest Norian (or the proposed Norian—Rhaetian bound-
ary candidate in Austria). In contrast, Simmons et al. (2007)
published a general Triassic scale with seven main sequences
(Tr10 to Tr80). See also review in Simmons et al. (2020,
Ch. 13: Phanerozoic eustasy, this book). These proposed
Triassic suites of sequences and sea-level trend await pub-
lished documentation of the different compilations and a com-
munity consensus on the regional versus global components.

25.2.3.5 Other major stratigraphic events
25.2.3.5.1 Large igneous provinces

The Triassic is delimited by two major volcanic provinces:
the Siberian Traps at the base and the CAMP at the top.

1. End-Permian—The Siberian Traps exposed mainly on the
Siberian craton was one of the most voluminous volcanic
eruption provinces of the Phanerozoic, with an estimated
volume greater than 2 million cubic kilometers of basalt
flows and volcaniclastic rocks (e.g., reviews by Reichow
et al., 2004; Ernst, 2014; Wignall, 2015; in Emnst et al.,
2020; and at the Large Igneous Provinces Commission
website). The volcanic province on the Siberian craton is
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generally subdivided into four distinct geographic regions:
Noril’sk, Putorana, Nizhnaya Tunguska, and Maimecha-
Kotuy. The main pulses of the voluminous Siberian Trap
flood basalts are approximately coeval with the latest
Permian mass extinctions, and the waning stages of this
volcanic activity continued into the earliest Triassic (e.g.,
Renne et al., 1995; Erwin et al., 2002, and references
therein; Reichow et al.,, 2009; Burgess and Bowring,
2015; Burgess et al., 2014, 2017; Wang et al., 2018).

2. Middle Carnian—The Wrangellia terrane, which is
accreted to British Columbia and Alaska, contains a
major episode of tholeiitic flood volcanism in subma-
rine and subaerial environments. Radiometric dating
(c. 227 and 232 Ma) and the overlying fossiliferous
strata indicate an eruption during Carnian. The origi-
nal volcanic volume is estimated as 1 million cubic
kilometers (e.g., Greene et al., 2008, 2010, 2011).

3. End-Triassic—The CAMP has ages clustering at c.
201 Ma just prior to Triassic—Jurassic boundary and
is considered to have been a major causal factor in the
end-Triassic extinctions (e.g., Marzoli et al., 1999;
Jourdan et al., 2009a; Schoene et al., 2010; Blackburn
et al., 2013; Ernst, 2014). The total extrusive volume
may have been even greater than the Siberian Traps.

25.2.3.5.2 Major bolide impacts

The 100-km diameter Manicouagan impact structure of
Quebec has melt rock directly dated by modern U/Pb meth-
ods (214.56 = 0.05 Ma; Ramezani et al., 2005; Hodych and
Dunning, 1992, as reevaluated by Jourdan et al., 2009b).
This impact event and associated environmental catastrophe
may have contributed to the large-scale turnover of conti-
nental tetrapods during mid-Norian, during which dinosaurs
attained dominance over competing families (e.g., Benton,
1986, 1993; Lucas, 2010d). However, no record of this
impact or major environmental catastrophe has yet been dis-
covered within the extensive lacustrine deposits of the
Newark Group of northeastern North America.

The only other significant impact that is assigned to
the Triassic is the Saint Martin crater with a c. 40 km
diameter in Manitoba, Canada, has a vague estimated
mid-Triassic age of 220 = 32 Ma (Earth Impact Database,
2018, and references therein).

25.3 Triassic time scale

25.3.1 Overview

After the publication of GTS2004 the Triassic was the focus
of extensive sampling and application of ultra-high-resolution
methods by different geochronology laboratories. Triassic
and uppermost Permian strata enabled testing enhanced tech-
niques for single-zircon dating, provided sets for intercalibra-
tion of U—Pb and Ar—Ar methods and the standardization

of procedures among laboratories. These new age sets had
replaced or called into question nearly all of the Triassic
radiogenic isotope ages published before 2004 (reviewed by
Mundil et al., 2010). The initiation and termination of the
Triassic Period and many of its GSSP-defined stages have
been constrained by a remarkably extensive suite of high-
precision radioisotopic dates (Appendix 2, this volume),
implying a span from 251.9 to 201.4 Ma (50 Myr). The
radioisotopic details and stratigraphic placement of these
dates are compiled in Appendix 2, and only those dates that
constrain stage boundaries will be highlighted below.

The merger of astronomical cycles with magnetostratigra-
phy is the framework for scaling the majority of the Triassic.
The cyclo-magnetostratigraphy is tied to the subset of high-
precision radiometric U—Pb dates obtained by ID-TIMS
methods. The ages for many of the biozone zones and some
of the geochemical curves are derived either from direct cor-
relations to the astronomical scaling in reference sections or
from their relative position within magnetic polarity chrons.
The age models for all other biostratigraphic datums and geo-
chemical curves are from their estimated placement relative
to these primary biostratigraphic or magnetostratigraphic
scales. Therefore this composite cyclo—magnetic—Dbiostrati-
graphic age model that has been developed by different inter-
national teams is similar to what has been accomplished for
the cyclo—magnetic scaling of the Cenozoic Era.

The precision of the direct radiometric age control on
the cyclostratigraphic or magnetic polarity scales is gener-
ally less than 0.1 Myr, and the placement of biozones
within cyclostratigraphic reference sections is usually to an
accuracy of one short-eccentricity cycle of a similar
0.1 Myr duration. As with all other age models for intervals
within the Paleozoic—Mesozoic, some caveats include that
the published placement of biostratigraphic datums within
the main reference sections may not represent global first
occurrences and may be influenced by uncertain taxonomic
assignments (especially for some conodonts), that some of
the cyclo—magnetic—biostratigraphic scales have not yet
been verified from independent basins, and that the assign-
ment of some regional biostratigraphic zones is not well
calibrated to the primary age scales. Some of these less-
certain scalings are indicated by dashed or dotted lines in
the synthesis charts (Figs. 25.5—25.7).

25.3.2 Early Triassic through Anisian age model

For the Early Triassic through early Anisian, the magnetic
polarity pattern that was calibrated to short-eccentricity
(100-kyr) changes in monsoon intensity recorded by clas-
tic cycles in the Germanic Basin (e.g., Szurlies, 2007) has
been duplicated in the cyclo-magnetostratigraphy of
conodont-bearing carbonate deposits on the margins of
the paleogeographic Yangtze Platform of South China (Li



et al.,, 2016, 2018). This cycle-magnetic compilation of
South China includes the GSSPs for the Induan (base-
Triassic) at Meishan (Zhejiang province), the candidate
for the Olenekian GSSP at West Pingdingshan near
Chaohu (Anhui province), and a candidate for the Anisian
GSSP candidate at Guandao (Guizhou province). The
astronomical tuning is tied to the base-Triassic
Induan GSSP at Meishan, which has an interpolated age
of 251.902 *£0.024 Ma based on close-spaced U—Pb
ID-TIMS dates (Burgess et al., 2014). [Note that an exter-
nal uncertainty of c. 0.29 Myr should be included when
comparing this version of EARTHTIME-standardized
dates to previous versions, as explained in Burgess et al.
(2014)].

The cyclo-bio-magnetostratigraphic reference section
at West Pingdingshan near Chaohu in South China is a
candidate for the Olenekian GSSP. According to the
astronomical tuning, the Induan/Olenekian boundary
level is 2.0 Myr later than the base-Triassic therefore has
an age of 249.9 Ma (Li et al, 2016). This 2.0-Myr span is
independently verified by the 1.9 = 0.1 Myr duration for
the Induan stage derived from cyclo-biostratigraphy of
conodont zones in the Montney Formation of British
Columbia (Shen et al.,, 2017; Moslow et al.,, 2018;
Henderson et al, 2018; Shen, 2018).

If the Griesbachian—Dienerian substage boundary is
assigned as the base of the conodont S. kummeli Zone in
these astronomically tuned sections of South China, then the
base of Dienerian has a projected age of 250.5 Ma (Li et al.,
2016). The 1.4-Myr duration of the Griesbachian Substage is
also consistent with a U—Pb date of 251.50 = 0.6 Ma from
the lower-middle Griesbachian at Meishan (Burgess et al.,
2014). A reported date of 251.22 = (0.2 Ma on a volcanic ash
from lower Smithian (Galfetti et al., 2007b) was based on
pre-EARTHTIME standards, and therefore is anomalously
old and should be reanalyzed (Burgess et al., 2014).

There is ID-TIMS radiometric dating of the volcanic-
ash beds in the Olenekian—Anisian boundary interval at
the GSSP candidate at Wantou (Guangxi province) section
(Ovtcharova et al.,, 2015) and at the Guandao section
(Guizhou province) (Lehrmann et al., 2015). These dates,
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when coupled with the composite cyclostratigraphy for Early
Triassic through Anisian (Li et al., 2016), indicate that the
lowest occurrence of the conodont Ch. timorensis s.str. as the
preferred marker for the base of Anisian at approximately
246.7 Ma (Chen et al., 2020). U—Pb-dated volcanic-ash beds
bracketing this base-Anisian marker at Wantou by
Ovtcharova et al. (2015) had been interpreted by them to
imply a slightly older age (c. 247.3 Ma) for a slightly differ-
ent conodont marker for the base-Anisian, but they caution
that there are inconsistencies in the progression of interpreted
dates from the zircon populations in successive layers and the
statistical derivation of a mean date from each ash bed was
influenced by the decisions of which individual zircons within
the distribution of ID-TIMS dates should be included.
Therefore the cyclostratigraphic age of 246.7 Ma relative to
the base-Triassic control date is used here.

If the Smithian—Spathian substage boundary is placed at
the lowest occurrence of conodont Novispathodus pingding-
shanensis in these sections, then the base of the Spathian
has a projected age from the astronomical tuning of
248.1 Ma (Li et al., 2016).

The magnetostratigraphy and interpreted 405-kyr eccen-
tricity-driven cycles at the conodont-rich Guandao section
span the Anisian through lowest Ladinian (Lehrmann et al.,
2015; Li et al., 2018). This cyclo-magnetostratigraphy age
model was applied to estimate the ages for the bases of
Anisian substages according to their Tethyan ammonoid-
based correlations to magnetic polarity zones (e.g., Hounslow
and Muttoni, 2010). The corresponding cyclo-magneto-
ammonoid age model projects the base of Bithynian at
245.0 Ma (base of Kocaella ammonoid zone), the base of
Pelsonian at 244.2 Ma (base of B. balatonicus ammonoid
zone), and the base of Illyrian at 2433 Ma (base of
Paraceratities trinodosus ammonoid zone).

In some cases, these ammonoid-defined substages are dif-
ferent from their conodont-based placements relative to polar-
ity zones in South China (e.g., Lehrmann et al., 2015), for
example, the basal substage of Aegean includes 5 ammonoid
zones (Jenks et al., 2015), but its conodont-based duration at
Guandao would have been only 0.3 Myr, compared to a
c. 1.7-Myr duration based on ammonoid correlation to the

>

FIGURE 25.5 Selected marine and terrestrial biostratigraphic zonations of the Late Triassic. (“Age” is the term for the time equivalent of the rock-
record stage. Note that the Ma-age scale is more compact than in Figs. 25.6 or 25.7). Marine-facies magnetostratigraphy zones are labeled in Rhaetian
after Gallet et al. (2007), in Norian after Hounslow and Muttoni (2010), in Carnian—Norian boundary interval after Muttoni et al. (2004b), in Carnian
after Zhang et al. (2020) and in Ladinian—Carnian boundary interval after Maron et al. (2019). Those of late Carnian through Rhaetian are shown
with one option for the calibrations to the astronomical-scaled polarity chrons of the Newark Basin (Kent et al., 2017). [Note that the durations of
Newark Basin polarity zones E1 through E6, which are within noncyclic fluvial sediments, were projected by Kent and Olsen (1999) based on the
average accumulation rate for the overlying polarity zones E9 through E14 preserved in lacustrine sediments, and E1 through E4 are uncertain.]
Tethyan and Arctic/Panthalassan ammonoid zones are modified from Jenks et al. (2015) and Orchard and Tozer (1997). Tethyan conodont zones are
modified from Moix et al. (2007), Kozur (2003) and Rigo et al. (2018) with genera standardized by Michael Orchard, and Tethyan bivalve zones are
from McRoberts (2010). Arctic/Panthalassan conodont zones are from Michael Orchard and Martyn Golding (see text). Spinicaudatun
(Conchostracan) zones of the Germanic Basin are modified from Kozur and Weems (2010), Weems and Lucas (2015), Geyer and Kelber (2018), and
Franz et al. (2018). Land vertebrate zones and markers are from Lucas (2010d, 2018). Main sea-level trends are from Haq (2018). Additional Triassic
(and all Phanerozoic) zonations, biostratigraphic markers, geochemical trends, sea-level curves, and details on calibrations are compiled in the internal
datasets within the TimeScale Creator visualization system (free at www.tscreator.org).
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reference magnetic polarity pattern elsewhere (Hounslow and
Muttoni, 2010). Therefore because the bases of Anisian aub-
stages have been traditionally assigned with ammonoid zones,
these versions for the substages are dashed in the GTS2020
charts.

The ages for all other biozones, sea-level sequences,
geochemical trends, and other events are derived from
their published calibrations to the astronomical-tuned
age model for Early Triassic through Anisian conodont
zones of South China or to their calibration to the mag-
netic polarity zones. For example, the age model for
ammonoid zones of the Arctic is according to magne-
tostratigraphy studies (e.g., Ogg and Steiner, 1991;
Hounslow et al., 2008a, 2008b; Hounslow and Muttoni,
2010) as correlated to the Chaohu and Guandao cyclo-
magnetostratigraphic scales.

25.3.3 Ladinian through Carnian age model

The Seceda reference section of northern Italy provides an
array of high-precision U—Pb radiometric dates, magnetos-
tratigraphy, and partial cyclostratigraphy to constrain the
ages and durations of Ladinian ammonoid zones and mag-
netic polarity zones (Wotzlaw et al., 2018; Maron et al.,
2019). These beds can be directly correlated to the GSSP
for the Ladinian at nearby Bagolino. The dating of the
bracketing tuff beds (tabulated in Appendix 2) when com-
bined with the cyclostratigraphy enable a precise dating of
Anisian—Ladinian boundary as 241.464 * 0.28 Ma, plus
constraints on the ages of the ammonoid zones and “SC”
magnetic polarity zones of latest Anisian through middle
Ladinian (Wotzlaw et al., 2018; Maron et al., 2019).
The Fassanian—Longobardian substage boundary (base of
P. longobardicum ammonoid zone) of the Ladinian is at
approximate 239.5 Ma.

The Ladinian—Carnian stage boundary is dated at its
GSSP at Prati di Stuores of northern Italy one ammonoid
zone above a level dated as 237.77 = 0.14 Ma; therefore
is considered to have an approximate age of 237 Ma
(Mietto et al., 2012). The GSSP section and nearby
Mayerling section have a detailed magnetostratigraphy
and ammonoid zonation, and the chart for GTS2020 uses
the “MA” age model from Maron et al. (2019).

The placement of the Carnian GSSP at Prati di
Stuores in the Southern Alps of Italy is one ammonoid
subzone above a level dated at 237.77 = 0.14 Ma there-
fore is considered to have an approximate age of 237 Ma

<

(Mietto et al., 2012). Maron et al. (2019) suggest that sed-
iment accumulation rates might indicate a more precise
estimate of 236.8 Ma; but until there are additional dated
levels or cyclostratigraphy, we retained the rounded age
of c. 237 Ma as used in GTS2012.

The Early Carnian has a partial cyclostratigraphic scaling
of magnetic zones with approximate conodont zones derived
from duplicate sections in the Guizhou province of South
China (Zhang et al., 2015). The magnetostratigraphy has
been verified in boreholes in the Germanic Basin up to the
“Carnian Pluvial Episode” of latest Julian (Zhang et al.,
2020). The “Carnian Pluvial Event” spans c. 1 Myr (Kozur
and Bachmann, 2008; Roghi et al., 2010), therefore the
Julian-Tuvalian substage boundary has a projected age rela-
tive to the base-Carnian of approximately 233.6 Ma; but
with a high uncertainty.

A radiometric date of 23091 = 0.33 Ma (Furin et al.,
2006) on a partial magnetostratigraphic section at Pignola in
the Lagonegro Basin of Italy (Maron et al., 2017) constrains
the Tuvalian magnetostratigraphic scale from those Germanic
Basin boreholes (Zhang et al, 2020). The latest Carnian por-
tion of that Germanic Basin magnetostratigraphy overlaps
with the conodont-dated magnetic polarity pattern from the
candidate for the Carnian—Norian GSSP at Pizzo Mondello
in Sicily, Italy (Muttoni et al., 2004a, 2004b; Kent et al.,
2017). That Pizzo Modello “PM” magnetostratigraphy has
been correlated to the lowest portion of the extraordinary
cyclo-magnetostratigraphy from the lacustrine deposits in the
Newark Basin that is anchored to a radiometric date of
201.57 Ma on the overlying Orange Mountain Basalt (Kent
et al., 2017; Maron et al., 2019). Unfortunately, the middle-
upper Carnian set of Newark polarity zones are in a fluvial
facies and do not have direct cyclostratigraphic scaling;
therefore the age model for the Late Carnian (Tuvalian
Substage) is mainly based on the relative accumulation rates
for the thick magnetostratigraphic sections in the Germanic
Basin as constrained by the single radiometric date from
Pignola, Italy. These Germanic Basin strata have only terres-
trial conchostracan biostratigraphy; therefore the age model
for the marine biozones in the Tuvalian Substage is dotted
in these GTS2020 charts. The age model for the Tuvalian
substage is probably the least-well-constrained interval
within the entire Triassic.

25.3.4 Norian through Rhaetian age model

The age model for the entire Norian through Rhaetian is
based on the magnetostratigraphic correlation of marine sec-

FIGURE 25.6 Selected marine and terrestrial biostratigraphic zonations of the Middle Triassic. (“Age” is the term for the time equivalent of the rock-
record stage. Note that the Ma-age scale is more expanded than in Fig. 25.5). Marine-facies magnetostratigraphy zones are labeled in Ladinian after Maron
et al. (2019) and in the latest Spathian and Anisian after Hounslow and Muttoni (2010). Sources for Tethyan ammonoid, conodont and bivalve zones, Arctic/
Panthalassan ammonoid and conodont zones, land vertebrate zones, and major sea-level trends are the same as in Fig. 25.5. South China conodont zones are
from Tong et al. (2018). Spinicaudatun (Conchostracan) zones of the Germanic Basin are from Kozur and Weems (2010).



tions to the astronomical-tuned magnetic polarity pattern from
the boreholes in the lacustrine strata of the Newark Basin of
eastern North America (e.g., Hounslow and Muttoni, 2010;
Muttoni et al., 2014; Maron et al., 2015, 2019; Kent et al.,
2017). The astronomical tuning of the Newark magnetic
polarity time scale has been partially verified by correlation
to U—Pb detrital-zircon dates that constrain the magnetostrati-
graphy from boreholes into the Chinle Formation of south-
western United States (Kent et al., 2018).

The proposed placement of the Carnian—Norian
boundary is the lowest occurrence of conodont Meta. par-
vus. In the detailed conodont lineage study of the PM
GSSP candidate, this conodont begins at a level 5/6ths up
in polarity zone “PM4n” (Mazza et al., 2018), which is
equivalent to chron E7n of this astronomical-tuned
Newark polarity scale. Therefore the base-Norian, based
on this working definition and Kent et al. (2017) chron
ages, has a projected age of 227.3 Ma.

This age assignment is partly supported by the U—Pb
CA-TIMS radioisotopic dates of 223.81 £(.78 Ma and
224.52 = 0.22 Ma reported from volcanic tuffs in British
Columbia that bracket the lower/middle Norian substage
boundary, as placed by adjacent conodont assemblages as
used in North America (Diakow et al., 2010, abstract; and
Mike Orchard, pers. commun., Sept 2015). Unfortunately,
when this GTS2020 chapter was being prepared, these
and other Triassic ages from Canada still had not yet been
officially published.

However, the Carnian—Norian boundary is not yet for-
malized, and other ages have been promoted that may be
partly dependent upon the implicit working definitions. For
example, a base-Norian age estimate of c. 220 Ma has been
proposed that is partly based on terrestrial correlations and
implied potential problems with the Newark cycle—based age
model (e.g., Lucas, 2018a, 2018b; Lucas et al., 2012). In
GTS2012, two different options for a Norian—Rhaetian age
Model were presented of “long Norian” and “short Norian”
end members with potential different correlations of the
Newark magnetic scale to the magnetostratigraphic records
assembled (by Hounslow and Muttoni, 2010) from sedimen-
tary sections that had marine biostratigraphy (Ogg et al.,
2012, 2014). The construction of a Norian time scale is also
difficult because many portions of the Newark magnetic
polarity pattern lack an adequate “fingerprint” to correlate
with compilations of magnetostratigraphy of marine-zoned
strata (e.g., two options of Muttoni et al., 2004b, and in Ogg
et al, 2008; three options discussed in detail within
Hounslow and Muttoni, 2010). However, based on the appar-
ent correlations to the candidate for the Norian GSSP at Pizzo
Mondello, the c. 231 Ma date from mid-Tuvalian strata in
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Sicily and the supporting correlations with the Chinle
Magnetostratigraphy with detrital-zircon dating, then only a
variation of the “long Norian” option is proposed in this
GTS2020.

Using the suggested minimal set of a few magnetostrati-
graphic correlations shown in Fig. 25.5, then the base of the
Alaunian Substage (base of Tethyan C. bicrenatus ammo-
noid zone) has a projected age of 217.5 Ma and the base of
the Sevatian Substage (if using the base of Tethyan S. quin-
quepunctatus ammonoid zone) is 214.0 Ma. Visually, there
are several other potential magnetostratigraphic correlations
within individual biozones or pairs of biozones, but we tried
to preserve the approximate scaling of polarity zones as com-
piled by Hounslow and Muttoni (2010). Obviously, the entire
Norian age model for marine biostratigraphy needs to be
enhanced and verified with astronomical tuning and radio-
metric dating of magnetostratigraphic sections having well-
defined marine biostratigraphy.

The Norian—Rhaetian boundary will be assigned in a
GSSP at a level corresponding to the lowest occurrence of
the conodont marker Mi. posthernsteini. However, there are
different concepts of when that taxon can be differentiated on
the Misikella morphology lineage (Rigo et al., 2016; Orchard,
2016). There are two main candidate GSSP sections, each
having magnetostratigraphy that can be correlated to the
astronomically tuned Newark magnetic polarity reference
time scale (Maron et al., 2015): (1) Steinbergkogel in Austria
that uses a broader Mi. posthernsteini sensu lato (Austria;
Krystyn et al., 2007¢c, 2007d; Hiising et al., 2011) with an
implied age of 209.5 Ma and (2) Pignola-Abriola in Sicily
that uses a Mi. posthernsteini sensu stricto (Maron et al,
2015; Rigo et al., 2016) with an implied age of 205.7 Ma.
Both options are shown in Fig. 25.5, but the Mi. posthernstei-
ni s.str. (205.7 Ma) is used as the base-Rhaetian for the sum-
mary scales in this GTS2020. The younger option for the
base of the Rhaetian is near the extinction of the bivalve
Monotis, and this level has been dated in Peru as between
205.7 £ 0.15 and 205.3 = 0.14 Ma (Wotzlaw et al., 2014).

The Triassic—Jurassic boundary dated by Schoene
et al. (2010) was revised by them (in Wotzlaw et al.,
2014) using updated EARTHTIME tracers. This changed
the interpolated boundary age from 201.31 =0.18 Ma
(used in GTS2012) to a slightly older 201.36 * 0.17 Ma.

25.3.5 Estimated uncertainties and future
enhancements of Triassic age model
The few high-precision radioisotopic dates with well-

constrained biostratigraphic ages and astronomical tuning of
stratigraphic zonations that constrain the Triassic time scale

>

FIGURE 25.7 Selected marine and terrestrial biostratigraphic zonations of the Early Triassic. (“Age” is the term for the time equivalent of the rock-
record stage. Note that the Ma-age scale is more expanded than in Figs. 25.5 or 25.6). Marine-facies magnetostratigraphy zones are labeled after
Hounslow and Muttoni (2010). Sources for Tethyan ammonoid, conodont and bivalve zones, South China conodont zones, Arctic/Panthalassan ammo-
noid and conodont zones, land vertebrate zones, and major sea-level trends are the same as in Figs. 25.5 and 25.6. Spinicaudatun (Conchostracan)
zones of the Germanic Basin are from Kozur and Weems (2010), Scholze et al. (2016), and Schneider and Scholze (2018).
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TABLE 25.1 Derivation of the Triassic Age Model of GTS2020 and comparison to selected previous publications.

GTS2004

Concise GTS08
alternate

Mundil et al.
(2010)

GTS2012—
Option 1 (long
Carnian)

GTS2012—
Option 2 (long
Norian—Rhaet)

GTS2016

GTS2020

Derivation of GTS2020 Age Model
and estimated uncertainty

Stage

Base | Duration

Base | Duration

Base | Duration

Base | Duration

Base | Duration

Base | Duration

Base

Uncertainty

Duration

Jurassic
(Hettangian)

200

201

202

201.3

201.3

201

201.4

0.2

Age interpolated from bounding
radioisotopic dates in Peru with a similar
ammonoid marker as GSSP is 201.36 = 0.17 Ma.

Rhaetian

204 4.0

205 3.6

205.4 4.1

209.5 8.2

205.8/

209.6 | +*

205.7/
209.5

0.1

4.3

Basal placement is awaiting GSSP decision.
Basal age according to magnetostratigraphy
correlations of GSSP candidates to Newark
Basin astronomical-tuned magnetic polarity
time scale. Uncertainty for that correlation
is c. 0.1 Myr (1 short-eccentricity cycle).

Norian

217

229

<230

221.0

228.4 18.9

229 22.7

227.3

0.1

Basal placement is also awaiting GSSP decision.
Basal age according to magnetostratigraphy
correlation of GSSP candidate to Newark Basin
astronomical-

tuned magnetic polarity time scale.

Uncertainty for that correlation is = 0.1 Myr

(1 short-eccentricity cycle).

Carnian

229

237 8.0

<236

237.0

237.0 8.7

237 8.5

237

0.5

9.7

Age estimated from radioisotopic date of

237.77 = 0.14 Ma that is one ammonoid subzone
below base. Uncertainty = c.

0.5 Myr.

Ladinian

237 8.3

241 3.7

242

241.5 4.5

241.5 4.5

242 4.5

241.5

0.3

4.5

Age interpolated from bounding
radioisotopic dates correlated to the
nearby GSSP section is 241.464 +0.28 Ma.

Anisian

246 8.9

247 6.9

247 5.2

2471 5.6

2471 5.6

247 5.3

246.7

0.2

5.2

Basal placement is awaiting GSSP decision.
Basal age derived from cycles at South China
GSSP candidates relative to base-Triassic, plus
U—Pb dates at potential GSSP. Uncertainty
estimated as = 0.2 Myr (1/2 long-eccentricity
cycle).

Olenekian

250 3.6

251 3.6

251 4.1

250.0 2.9

250.0 2.9

250 3.0

249.9

0.2

3.2

Basal placement is awaiting GSSP decision.
Basal age derived from cycles at South China
GSSP candidate relative to base-Triassic.
Uncertainty estimated as = 0.2 Myr (1/2 long-
eccentricity cycle).

Induan

251 1.5

253 1.5

252 1.0

252.2 2.2

252.2 2.2

252 2.1

251.9

0.3

Age from bounding radioisotopic dates at
GSSP is 251.902 + 0.024 Ma. Total
uncertainty is 0.3 Myr.

Permian
(Changhsingian)

Ages for bases are in Ma; durations and uncertainties are in Myr. GSSP, Global Boundary Stratotype Section and Point. Radioisotopic dates on stage boundaries do not include the estimated 0.3 Myr external

uncertainty as explained in Burgess et al., (2014).

J




typically have a published uncertainty less than 0.2 Myr.
However, an external uncertainty of c. 0.3 Myr should be
included if comparing these Triassic EARTHTIME-
standardized dates to other dating methods, as explained in
Burgess et al. (2014). These dates anchor the cyclostrati-
graphic scaling for much of the Early and the Late Triassic
and for the GSSPs and current GSSP candidates (Table 25.1).
There is probably an additional c. 0.2-Myr uncertainty in the
assignment of any event within a 405-kyr long-eccentricity
cycle. Therefore most of the age assignments for Triassic
stage boundaries have a relatively low uncertainty
(Table 25.1) when compared to other Paleozoic—Mesozoic
stages. However, the uncertainties are greater for the base
of the Carnian and for many of the biozone boundaries
within the individual stages which have age models that
required additional extrapolation from the nearest radio-
isotopic dates or from the estimated calibrations to other
reference scales.

The main future enhancements to the age model for the
Triassic stages will be the decisions on GSSP definition for
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the Olenekian, Anisian, Norian, and Rhaetian. Other
essential developments will be the verification of the cycle-
scaling and interregional correlation of the magnetostratigra-
phy of each stage, and obtaining an astronomical tuning for
the zonations within the Ladinian and Carnian stages. It is
anticipated that the integration of magnetostratigraphy, astro-
nomical cycles coupled with periodic major changes in sea
level, and distinctive stable isotopic excursions will enable a
more reliable interregional correlation of biostratigraphic
datums for both marine (Tethyan through Boreal realms) and
terrestrials settings.

25.4 Summary

During the past decade, Triassic workers have defined most
of the stages (Fig. 25.8), greatly enhanced the intercorrelation
of biostratigraphic zones, enabled compilation of a nearly
complete magnetic polarity pattern calibrated to marine bio-
stratigraphic datums, discovered excursions in stable isotopes
(especially major carbon-isotope and oxygen-isotope

GSSPs of the Triassic Stages, with location and primary correlation criteria

q Latitude, Correlation
Stage GSSP Location Longitude Boundary Level Events Reference
Candidates are Pizzo Near FADs of conodont
Rhaetian Mondello, Sicily, Italy, and Misikella posthernsteini s.s.
Steinbergkogel, Austria or Misikella posthernsteini s./.
FAD of conodont Metapoly-
Candidates are Black Bear gnathus parvus.
Norian Ridge in British Columbia Near base of Stikinoceras
(Canada) and Pizzo kerri ammonoid zone and
Mondello, Sicily, Italy FAD of bivalve Halobia
austriaca
GSSP is base of marly FAD of ammonoid Daxatina
CaInian Section at Prati di Stuores, |46°31’37°N limestone bed SW4, 45 m canadensis, conodont Episodes 35/3,
Dolomites, Italy 11°55’'49"E from base of San Cassiano | Quadralella polygnathiformis |2012
Formation and Halobia bivalves
base of a 15 — 20 cm thick
limestone bed overlying a
; : distinctive groove
Ladinian Bagolino, Province of 45°49'09.5'N | (“Chiesense groove”) of | Ammonoid, FAD of Episodes 28/4,
Ital ’ 10°28’15.5"E | limestone nodules in a shaly | Eoprotrachyceras curionii 2005
Yy matrix, located about 5 m
above the base of the
Buchenstein Beds
Candidates are Desli
Caira (Romania), Kgira FAD of conodont Chiosella
N (Albania), Wantou (Guangxi timorensis or base of
Province, S. China) and magnetic normal- polarity
Guandao (Guizhou Province, chronozone MT1n
S. China)
; FAD of conodont
) Candidates are Chaohu, Novispathodus waageni,
Olenekian China and Mud (Muth) YT [ e e
village, Spiti Valley, India - g
ammonoid genera
Ihdoan Meishan, Zhejiang 31°4’47.28"N base of Bed 27c in Conodont, FAD of Episodes 24/2,
Province, China 119°42'20.90"E | the Meishan Section Hindeodus parvus 2001
* according to Google Earth
\ _/

FIGURE 25.8 Ratified GSSPs and potential primary markers under consideration for defining the Triassic stages (status as of January 2020).
Details of each GSSP are available at http://www.stratigraphy.org, https://timescalefoundation.org/gssp/, and in the Episodes publications. GSSP,
Global Boundary Stratotype Section and Point.


http://www.stratigraphy.org
https://timescalefoundation.org/gssp/
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excursions within the lower Triassic), and achieved or rejected
cycle-stratigraphic scaling of several intervals. A generalized
synthesis of selected Triassic stratigraphic scales is compiled
in Figs. 25.5—25.7; and additional geochemical trends are
summarized in the geochemical chapters of this book.

Extensive radioisotopic dating using advanced techniques
and the astronomical tuning of reference sections in China
and Italy (including GSSPs or candidate GSSPs) have
replaced much of the radioisotopic-date dataset and extrapo-
lations that were used in GTS2012. The combination of these
methods has established a well-constrained age model for the
stages and many of the biozones within the Lower and
Middle Triassic (Induan GSSP, Olenekian and Anisian candi-
dates, Ladinian and Carnian GSSPs) and for the top of the
Triassic (base of Hettangian Stage). There are lingering
major uncertainties on the age model and durations for bio-
zones within the yet-to-be-defined Upper Triassic stages of
Norian and Rhaetian. Establishing a robust Late Triassic
time scale for these zones and other events requires both
definitive radioisotopic dates and cyclostratigraphy on marine
sections that have standard biostratigraphy. Further advances
in formalizing GSSPs, zonal schemes, interregional correla-
tions, and eventual consensus on the best numerical age
model interpolations will be found in the Albertiana newslet-
ters of the Subcommission on Triassic Stratigraphy.
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