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8  Abstract

10  The records of dinoflagellate cysts from the Late Triassic, the time during which they first

11  appear abundantly in the geological record, are reviewed. Most of the Triassic palynological
12 literature pertains to terrestrial palynomorphs, thus it is challenging to establish a global

13 picture of the temporal and spatial distribution of Late Triassic dinoflagellate cyst around the
14  supercontinent of Pangea. Moreover, data on Late Triassic dinoflagellate cysts are dispersed,
15  and there are currently no records of dinoflagellate cysts from many marine successions. With
16  the exception of an Australian record of the dinoflagellate cyst Sahulidinium ottii from the

17  late Mid Triassic, and a possible early Carnian occurrence of, among others, Rhaetogonyaulax
18  in the Swiss Alps, cyst-forming dinoflagellates first appeared relatively synchronously around
19  Pangea from the late Carnian. There are three to six species of pre-Norian species globally,

20  whereas species richness exceeded 25 by the end of the Norian. During the Rhaetian, marine
21 seaways had gradually opened due to sustained continental breakup, allowing the expansion
22 of dinoflagellates into many European basins. New species are present, some known only

23 from restricted areas, whereas others like Dapcodinium appear to have a global distribution.

24 The majority of Triassic dinoflagellate cyst taxa do not extend into the Jurassic.
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1. Introduction

1.1. Background

Knowledge of the origination of cyst-forming dinoflagellates and their geographical
and stratigraphical distribution around Pangea during the Late Triassic is relatively poor.
These widely separated data, many from studies not principally focussed on dinoflagellate
cysts, makes it difficult to obtain a comprehensive overview of their spatial and temporal
distributions. Knowledge of the composition of the various Late Triassic assemblages varies
due to a lack of quantitative data, and is therefore in part poorly known. Another complicating
factor regarding their evolution includes the fact that the Late Triassic spans ~36 my (Lucas,
2010; Gradstein et al., 2012, Ogg et al. 2016) and the stratigraphical resolution is relatively
poor, with a lack of macrofossil data and geochronological dating in most areas. In addition,
many relevant publications are relatively old and have applied chrono- and lithostratigraphical
nomenclature, which now is outdated, thereby hampering reliable age assignments and
correlation. Determining exact stratigraphical occurrences and establishing correlations are
therefore difficult, and age assignments of the dinoflagellate cyst records have, as a result,
varying levels of uncertainty. Most of the ages given below are those from published studies
and many of these have relatively large uncertainties in the ranges quoted. The relationships
between the dinoflagellate cysts that evolved in northern Pangea and their counterparts from

the southern margins of Neotethys are therefore unclear. To date, there are no records of Late
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Triassic dinoflagellate cysts from intermediate regions such as the western or eastern margins
of Pangea.

As dinoflagellate cysts are important for relative age dating and correlation, as well as
proxies for some paleoenvironmental aspects, understanding their occurrence in time and
space is valuable (Stover et al., 1996). The nature of the data, as outlined below, makes it
challenging to establish an overview of Late Triassic dinoflagellate cyst distribution. A better
understanding of their occurrences in time and space is therefore required. This overview and
synopsis cannot provide comprehensive answers to all these questions. However, by
providing a global overview and presenting the state of the art on dinoflagellate cyst
distributions in space and time during the Late Triassic Epoch, we hope to provide a
significantly improved understanding. This paper therefore seeks to review existing
knowledge of the occurrences of Late Triassic dinoflagellate cysts along the coastlines of
Pangea. Following a summary of the known dinoflagellate cyst records from the various
geographical areas, their records and occurrences along the margins of Pangea are discussed,
in a stratigraphical context with reference to the various geographical records. A short note on
their paleoenvironmental significance is included. However to make further advances in this

regard, more work is needed in areas with marine Upper Triassic successions.

1.2.  Triassic dinoflagellate cysts, state-of-the-art

During the Late Triassic, landmasses were relatively symmetrically situated around the
equator, forming Pangea (Figure 1). Along the margins of this supercontinent, marine
deposition occurred. However, most Upper Triassic successions are terrestrial, having been
deposited in various continental, siliciclastic depositional systems produced by continental
rifting. During the Late Triassic, rifting increased, eventually leading to seafloor spreading

and the breakup of Pangea (Ziegler et al., 1983, 2003; Golonka, 2004, 2007; Golonka et al.,
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2018). Consequently, marine deposition took place in some of these rifts, and the areal extent
of marine borderlands increased.

Surrounding the Late Triassic continents, the first abundant cyst-forming
dinoflagellates evolved, developed and spread into these relatively shallow marine
environments. According to MacRae et al. (1996), about 24 species of dinoflagellate cysts had
developed globally by the Norian. Dinoflagellate cysts continued to expand throughout the
Jurassic to peak in diversity in the Cretaceous (MacRae et al., 1996). Dinoflagellates represent
a substantial part of the phytoplankton population in the oceans today, and are one of the
major primary producers (Wiggan et al., 2018). In the fossil record, dinoflagellate cysts
represent valuable tools for biostratigraphy, palacoclimatology and palaeoecology. This is
despite the fact that only about 15 % of extant dinoflagellate species produce fossilisable cysts

(Head, 1996).

Figure 1. The palacogeography of the Late Triassic illustrating the locations of the first

occurrences of dinoflagellate cyst records (adapted from Golonka et al. 2018).

The first appearance of fossil dinoflagellate cysts in the geological record has been
extensively debated (Bujak and Williams, 1981; Fensome et al., 1999). Le Herisse et al.
(2012) ruled out the presence of body fossils of dinoflagellate cysts older than the Triassic,
but they are cytologically primitive and their phylogenetic lineages may be as old as the
Precambrian (Evitt, 1985; Fensome et al., 1999). This is also indicated by biogeochemistry
studies on dinosteranes (Moldowan et al. 1996, Moldowan & Talyzina 1998). The Australian
peridiniphycidaen species Sahulidinium ottii is however the oldest known fossil dinoflagellate
cyst (Harland et al., 1975; Stover and Helby, 1987). The reasons and circumstances leading to

their appearance at this time is unclear. Falkowski et al. (2004a, b) suggested that changes in
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the ocean chemistry was a major factor. Sahulidinium ottii was described from the upper
Middle Triassic (Ladinian) to lowermost Carnian of Australia (Helby et al. 1987a; Riding et
al. 2010), however independent dating is lacking. Despite this isolated, probably uppermost
Middle Triassic occurrence, on a global scale, dinoflagellate cysts first appeared and evolved
with relatively low diversities during the Late Triassic (MacRae et al., 1996). Whether these
represent the first significant evolutionary development of dinoflagellates, or cyst-forming
dinoflagellates, or whether the longest lineages have developed over time is still not fully
understood. Following S. ottii stratigraphically, the peridiniphycidaen genus Rhaetogonyaulax
appears to be the first to emerge around the shores of Pangea during the Carnian (e.g. Riding
et al., 2010, Vigran et al., 2014; Paterson and Mangerud, 2015 ).

On a global scale, Late Triassic palynological data are relatively extensive but mainly
comprises records of terrestrially-derived palynomorphs. Several useful reviews on these
terrestrial floras have been produced, including Helby et al. (1987a), Cirilli (2010), Kiirschner
and Herngreen (2010), Césari and Colombi (2013) and Li et al. (2016). In addition, papers on
the Triassic-Jurassic (Tr—J) boundary provide important contributions on dinoflagellate cyst
occurrences (see e.g. Lindstrom 2016). Despite the early pioneer work on Late Triassic
palynology, including dinoflagellate cysts from the present high Arctic (Wiggins, 1973;
Fisher and Bujak, 1975; Bujak and Fisher, 1976), relatively little work has been undertaken
on this region since. Recent work on Late Triassic palynology in the Barents Sea area has,
however, revealed several records of dinoflagellate cysts (Vigran et al., 2014).

Late Triassic dinoflagellate cysts have been extensively recorded, but many papers in
which reports are present are principally focussed on the biostratigraphy of terrestrial
palynomorphs (e.g. Morbey and Neves, 1974; Smith, 1974; Warrington, 1974; Felix, 1975;
Bjaerke and Manum, 1977; Warrington, 1978; Suneby and Hills, 1988; Aghanabati et al.,

2002, 2004; Warrington, 2005; Paterson and Mangerud, 2015, Vigran et al., 2014). In
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addition, papers on the Triassic—Jurassic boundary (e.g. Warrington, 1983; Mettraux and
Mohr, 1989; Embry and Suneby, 1994; Warrington et al., 1995; Lindstréom and Erlstrom,
2006; Kiirschner et al., 2007; Bonis et al., 2009; Ruckwied and Go&tz, 2009) and papers on
sequence stratigraphy (e.g. Paterson et al., 2016; Lindstrom et al., 2017b) have recorded Late
Triassic dinoflagellate cysts. The recorded genera include the suessiaceans Beaumontella,
Lunnomidinium, Noricysta, Suessia and Wanneria, together with the peridiniphycidaen forms
Dapcodinium, Hebecysta, Heibergella, Rhaetogonyaulax, Sahulidinium, Sverdrupiella and
Valvaeodinium (Table 1). The composition of these Late Triassic assemblages varies, and is
often poorly known in part due to a lack of quantitative data. Another complicating factor
regarding their evolution includes the fact that the Late Triassic spans ~36 myr (Lucas, 2010;
Gradstein et al., 2012, Ogg et al. 2016), and the stratigraphical resolution is relatively poor,
with a lack of macrofossil data and geochronological dating in many areas. Determining exact
stratigraphical occurrences and establishing correlations are therefore difficult, and age

assignments of the dinoflagellate cyst records have, as a result, varying levels of uncertainty.

TABLE 1. List of dinoflagellate cyst taxa appearing in Upper Triassic successions.

References to the author citations can be found in Williams et al. (2017).

Most of the ages given in section 3 below, are taken from published studies, and as
few independent age controls are available, there are relatively large uncertainties in the
ranges quoted (Figure 2). This paper summarises all published Late Triassic dinoflagellate
cyst occurrences, followed by a review of their stratigraphical importance and geographical

extent along the margins of Pangea.

2. Records of Late Triassic dinoflagellate cysts from various regions

6
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2.1.  The present Arctic

During the Late Triassic, large volumes of siliciclastic sediment were deposited along
the northern margins of Pangea. These now comprises the offshore and onshore successions
of the North Slope of Alaska, the Sverdrup Basin in the Canadian Arctic, Svalbard in the
Norwegian Arctic, the Barents Sea spanning the Norwegian-Russian sector and various basins
along the northern margins of Russia. Transgressive—regressive cycles have been confidently
correlated throughout this vast area (Mork et al., 1989; Embry, 1997; Egorov and Merk, 2000;
Mork and Smelror, 2001), partially well dated by ammonites (e.g. Dagys et al. 1993).

Terrestrially derived material, mainly pollen and spores, dominate palynofloras from
the Upper Triassic successions of the present Arctic (e.g. Suneby and Hills, 1988; Hochuli et
al., 1989; Ilyina and Egorov, 2008; Vigran et al., 2014). However, marine palynomorphs are
relatively common in parts of these successions (e.g. Felix and Burbridge, 1978; Hochuli et
al., 1989; Vigran et al., 2014) and provide valuable information, for example on
palacoecology. These marine assemblages mainly comprise acritarchs, largely the spine-
bearing genera Micrhystridium and Veryhachium, but also include levels dominated by

dinoflagellate cysts.

2.1.1. The Norwegian Arctic (the Barents Sea area including Svalbard)

During the Triassic, the Barents Sea (including Svalbard) was an intracratonic basin,
situated within a large embayment that had developed during the Late Palacozoic (Worsley,
2008). During the Late Triassic, most of this embayment was filled by vast quantities of
sediment sourced from the eastern and south-western margins of the basin. Triassic rocks
extensively outcrop in the Svalbard Archipelago, and thick deposits are widely distributed in

the subsurface of the Barents Sea (Mork et al., 1982; Reonnevik et al., 1982; Faleide et al.,
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1984; Mork et al., 1993; van Veen et al., 1993; Riis et al., 2008). Palynological studies of the
Late Triassic which reported dinoflagellate cysts include Smith et al. (1975), Bjaerke (1977),
Bjarke and Dypvik (1977), Bjerke and Manum (1977), Hochuli et al. (1989), Nagy et al.
(2011), Mueller et al. (2014), Vigran et al. (2014), Paterson and Mangerud (2015, 2017) and
Paterson et al. (2016, 2018. No records of dinoflagellate cysts below the Kapp Toscana Group
have been observed, with the exception of questionable Sentusidinium-like cysts recovered
from the Botneheia Formation at one locality in Spitsbergen (Vigran et al., 2014, pl. 5).

Records of dinoflagellate cysts from the Island of Hopen (Smith et al., 1975; Bjarke
and Manum, 1977; Vigran et al., 2014; Paterson and Mangerud, 2015; Paterson et al., 2016)
are based on material from the lower and middle Flatsalen Formation, which is assigned an
early Norian age based on ammonites (Kor¢inskaya, 1980; Smith, 1982). A dinoflagellate cyst
assemblage, which is dominated by Rhaetogonyaulax rhaetica, is recorded in this unit
(Paterson and Mangerud, 2015). Rhaetogonyaulax rhaetica is also recorded from the
underlying De Geerdalen Formation (Middle to Upper Carnian) in very low proportions.
Although devoid of age diagnostic macrofossil, the age of the Geerdalen Formation is well
constrained (Paterson & Mangerud 2015, page 103—104).

On Spitsbergen, the oldest records of dinoflagellate cysts are from the Isfjorden
Member of the De Geerdalen Formation (Upper Carnian) and in the Knorringfjellet/Flatsalen
formations (Norian). Occurences from the De Geerdalen Formation are largely sporadic and
rare, and are mainly confined to the upper part. However, at one locality (Festningen), they
sporadically occur in high abundances. At the same locality in the Knorringfjellet Formation
(Norian), the dominant species is still Rhaetogonyaulax rhaetica, but often Heibergella and
Sverdrupiella are also present (Vigran et al., 2014). This association was also observed at
Wilhelmgya Island in eastern Svalbard (Vigran et al., 2014). A rich assemblage of

Rhaetogonyaulax, including Rhaetogonyaulax rhaetica, together with Sverdrupiella, was also
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recorded from the Flatsalen Formation of a Sentralbanken core (7533/2-U-2) in the central
Barents Sea (Vigran et al., 2014; Paterson et al., 2018). The latter study concluded that the
records of dinoflagellate cysts in the overlying Norian—Rhaetian Svenskeoya Formation
observed in core 7532/2-U-1 by Vigran et al. (2014) are not in situ, as they are in an interval
with extensive rip-up clasts and are interpreted as reworking.

In the southern Barents Sea, Vigran et al. (2014) and Paterson and Mangerud (2017)
recorded low numbers of Rhaetogonyaulax rhaetica in Norian strata from exploration wells,
coeval with the Hopen successions. A few species of Noricysta and Sverdrupiella were also
found in an offshore well in strata of presumed Norian age by Vigran et al. (2014). In the few
Upper Triassic successions dominated by acritarchs from exploration wells in the southern
Barents Sea area, dinoflagellate cysts are however rare. This probably indicates a proximal,
paralic environment with minor marine incursions, where the early Norian transgression
barely reached the southern margins of the basin (Bugge et al., 2002; Glerstad-Clark et al.,

2010; Klausen et al., 2015).

2.1.2. The Sverdrup Basin, Canadian Arctic
Further west in the huge embayment which includes the Barents Sea area, the Sverdrup Basin
was an active depocentre between the Early Carboniferous (Mississippian) and the Neogene.
During the Late Triassic, this large rift/sag basin gradually subsided and was mainly filled by
deltaic deposits from the south and southwest. During the Norian, it also received sediments
from “Crockerland” to the north (Embry, 2009, 2011).

The palynology of early exploration wells in the Sverdrup Basin, where Upper
Triassic rocks are extensively exposed, has been investigated. This pioneering work on Late
Triassic dinoflagellate cysts from the Triassic part of the Heiberg Formation proved highly

significant. Macrofossil data are present but scarce, indicating a Norian age (Suneby and Hills
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1988, p. 348). The dinoflagellate cyst assemblages were described to various degrees in a
number of papers including Brideaux (1975), Felix (1975), Fisher and Bujak (1975), Bujak
and Fisher (1976), Souaya (1976), Felix and Burbridge (1978), Staplin 1978 and Fisher and
van Helden (1979). Suneby and Hills 1988 established the first palynological zonation for this
unit based on a quantitative palynological approach for the Heiberg Formation. Embry and
Suneby (1994) later focused primarily on the palynology of the Triassic—Jurassic boundary.
Fisher and Bujak (1975) and Bujak and Fisher (1976) worked on material from eight
wells from the western Queen Elizabeth Islands in the western Sverdrup Basin. Bujak and
Fisher (1976) described four new genera from the lower Heiberg Formation: Sverdrupiella,
with eleven new species (nine of which are still valid); Heibergella and Noricysta, with three
new species each; and Hebecysta, as a monotypic genus (Hebecysta brevicornuta). The
samples were rich in the species Sverdrupiella mutabilis, Sverdrupiella sabinensis,
Sverdrupiella septentrionalis (including Sverdrupiella cristata and Sverdrupiella downeii)
and Sverdrupiella usitata. Heibergella was also relatively common, with Heibergella
asymmetrica being the most common species of this genus. The other species were sporadic
and rarer. Noricysta fimbriata, Noricysta pannucea and Noricysta varivallata were largely
recorded only from one sample in the Sandy Point L-46 well. Several of the new species of
Sverdrupiella, including Sverdrupiella baccata, Sverdrupiella manicata, Sverdrupiella
ornaticingulata, Sverdrupiella raiaformis and Sverdrupiella spinosa, have never been
reported from elsewhere. Rhaetogonyaulax was reported as being extremely rare and was only
present in two cuttings samples (Bujak and Fisher 1976). However, according to Fisher and
Bujak (1975), it is persistently present. Fisher and van Helden (1979) later stated, of
Rhaetogonyaulax: “Representatives of the genus are often abundant in Late Triassic
sediments from the Arctic Islands”. They noted the resemblance to Rhaetogonyaulax rhaetica

from the Rhaetian of England. Their three new species (Rhaetogonyaulax testacea,
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Rhaetogonyaulax tortuosa and Rhaetogonyaulax uncinata) were later reclassified as a junior
synonym of Rhaetogonyaulax rhaetica (Below, 1987a,b).

Felix and Burbridge (1977, 1978) reported abundant Sverdrupiella usitata from
offshore exploration wells, but not from equivalent successions onshore. They also recorded
Hebecysta brevicornuta, Heibergella asymmetrica, Noricysta fimbriata, Rhaetogonyaulax
arctica (as Shublikodinium arcticum) and Rhaetogonyaulax rhaetica. Felix and Burbridge
(1977, 1978) also noted that Rhaetogonyaulax arctica is present abundantly in the Schei Point
Group, underlying the Heiberg Formation. The upper part of their Schei Point Group is now
the Barrow Member of the Heiberg Formation. Those authors implied a Norian age for these
assemblages based on palynological correlation, but did not exclude the possibility that they
range down into the Carnian. The only record of dinoflagellate cysts below the Barrow
Member is Rhaetogonyaulax arctica. In contrast to the species listed above, Felix (1975)
reported common Rhaetogonyaulax rhaetica in the Heiberg Formation from nearby Ellef
Ringnes Island, however, no quantitative data were provided.

Suneby and Hills (1988) erected the first palynological zonation of the Heiberg
Formation and the uppermost Barrow Formation based on outcrop samples. They reported
rich assemblages of terrestrial palynomorphs and dinoflagellate cysts from outcrops on
Ellesmere Island from the eastern Sverdrup Basin. Four palynozones were established, three
of which are Late Triassic. The oldest one (the Triancoraesporites ancorae—
Camarozonosporites laevigatus Biozone) was subdivided into two subzones. The youngest of
these was characterised by the first appearance of the dinoflagellate cysts Hebecysta
brevicornuta, Heibergella aculeata, Heibergella asymmetrica, Noricysta fimbriata, Noricysta
pannucea, Sverdrupiella mutabilis, Sverdrupiella sabinensis and Sverdrupiella usitata. The
subzones were assigned a Norian age based on an ammonite and bivalves (Norford et al.,

1973; Embry, 1982). At McKinley Bay, near the basin margin, this subzone was only
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recognised in two closely spaced samples, indicating facies control of these assemblages. A
few dinoflagellate cysts were also recorded from two localities in a narrow interval within the
underlying subzone; including Valvaeodinium (as Comparodinium), Rhaetogonyaulax sp. cf.
R. dilatata and Suessia sp. cf. S. swabiana. This subzone was tentatively assigned to the early

to late middle Norian.

2.1.3. Alaska

During the Late Triassic, Alaska was situated on the northern shores of Pangea,
probably facing the open Panthalassa Ocean (Figure 1). Triassic marine, sedimentary rocks of
the Shublik Formation were deposited on a shallow shelf that was believed to be an upwelling
zone, but this interpretation is not universally accepted (Parrish et al., 2001; Embry et al.,
2002). The Shublik Formation outcrops across most of the northern front of the Brooks
Range, extending into the North Slope subsurface and gradually pinching out into its distal
equivalent, the Otuk Formation (Kelly et al., 2007). Independent evidence for the Shublik and
Otuk formations being Late Triassic in age is the occurrence of the bivalve genus Monotis
(Helby et al. 1987b). Despite extensive exploration of these units, very few palynological data
on the Shublik and Otuk formations have been published.

The first published Late Triassic dinoflagellate record from this region was the
pioneering work of Wiggins (1973) on core material from an exploration well in the Shublik
Formation on the Alaskan North Slope. This work focused on taxonomy, describing 10 new
species of Shublikodinium; this genus was reclassified and included in Rhaetogonyaulax (see
Stover and Evitt, 1978; Lentin and Williams, 1989). Shublikodinium was split too broadly at
the species level by Wiggins (1973), and Stover and Evitt (1978) simplified the 10 species
into two, Rhaetogonyaulax arctica and Rhaetogonyaulax dilatata. Wiggins (1973) also briefly

mentioned the occurrence of undescribed dinoflagellate cysts in his material. Later, Helby et
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al. (1987b) referred to Sverdrupiella occurrences from the middle to late Norian of the
Shublik Formation in Alaska. The dinoflagellate cysts were recorded from layers with two
different species of the bivalve Monotis.

In an open file report, Witmer et al. (1981) mentioned three Upper Triassic
dinoflagellate zones and the occurrence of foraminifera. These authors listed dinoflagellate
cysts including Hebecysta spp., Noricysta spp., Suessia swabiana and Sverdrupiella spp. Most
of the studied wells were barren or had only rare dinoflagellate cyst occurrences; and the few

specimens recorded were very poorly preserved.

Figure 2. A composite range chart of Late Triassic dinoflagellate cysts from various

geographical areas (Time Scale from Gradstein et al. 2016).

2.1.4. Arctic Russia

Interestingly, despite the existence of ammonite-dated, fossiliferous marine
successions from East Siberia (Russian Arctic) (Dagys et al., 1993, Egorov and Merk, 1998;
Konstantinov et al., 2003; Ilyina and Egorov, 2008), there are no published records of Late
Triassic dinoflagellate cysts. However, Rhaetogonyaulax is present in Upper Triassic
successions in the Anabar region, Northern Siberia (personal communication, Vera Pospelova
2018). We attribute the lack of published records of Late Triassic dinoflagellate cysts from

this region to previous studies focussing exclusively on terrestrial palynomorphs.

2.2.  Europe
The breakup of Pangea began during the Norian in the Late Triassic, and included the
opening of parts of the western Tethys (Hauser et al., 2002). However, in southern Europe,
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the first rifting phases started in the Early Triassic, and carbonate platforms developed in the
Calcareous Alps and the Inner Carpathians (Ciarapica, 2007; Golonka, 2007; Golonka et al.,
2018). Many of the classic European Upper Triassic (Keuper) successions were non-marine.
By contrast, during the Rhaetian, the incursion of intercontinental seaways into central Pangea
caused the marine inundation of central Europe (Manspeizer, 1994, Hesselbo, 2012).
Consequently, dinoflagellate cysts are absent in most pre-Rhaetian strata, although marine
deposition took place earlier for example along the Neotethyan margins. The fact that there
are very few records pre-dating the Rhaetian could be due to the poor preservation potential of
the Neotethyan carbonate platforms and subsequent Alpine metamorphism may have also
been influential.

Records of pre-Rhaetian dinoflagellate cysts in Europe include Hochuli and Frank
(2000) from the Lower Carnian (Julian) marine dolomites of the Lower Raibl Group
successions in eastern Switzerland in the Swiss Alps. These authors recorded indeterminate
dinoflagellate cysts, cf. Noricysta fimbriata, cf. Noricysta pannucea and Rhaetogonyaulax cf.
wigginsii. Hochuli and Frank (2000, 2006) made a correlation based on pollen and spores to
the Lower Carnian (Julian) Stuttgart Formation of Germany; these are the oldest low latitude
pre-Rhaetian dinoflagellate cysts. Heunisch (1986), however, reported acritarchs, but no
dinoflagellate cysts, from the Carnian of Germany. A recent PhD thesis reported Heibergella
sp. and indeterminate dinoflagellate cysts from boreholes in the Carnian Veszprém Marl
Formation in the Transdanubian Range in Hungary (Baranyi 2018). By contrast, G6tz et al.
(2009) found that apparently marine Triassic—Jurassic boundary successions in Hungary are
devoid of dinoflagellate cysts. Mettraux and Mohr (1989) reported Rhaetogonyaulax rhaetica
from the Rhaetian of western Switzerland; Dapcodinium priscum was also observed in the

uppermost strata close to the Triassic—Jurassic boundary. Similarly, Schneebeli-Hermann et
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al. (2018) recorded Dapcodinium priscum, Rhaetogonyaulax rhaetica and Valvaeodinium spp.
from the Rhaetian of northern Switzerland.

Several authors have reported dinoflagellate cysts from Upper Triassic and Lower
Jurassic Tethyan marginal shelf facies in Austria. Karle (1984) reported common
Rhaetogonyaulax rhaetica from the upper Rhactian mergel-facies in the Calcareous Austrian
Alps. From the Kendelbachgraben in Austria, Morbey and Neves (1974) reported
Rhaetogonyaulax rhaetica from the lowermost Rhaetian, and Dapcodinium and Heibergella
(as Rhombodella) in overlying Rhaetian strata. Morbey (1975) published a major, pioneering
biostratigraphical and taxonomic study. He described Beaumontella caminuspina (as
Cleistosphaeridium mojsisovicsii), Heibergella kendelbachia (as Rhombodella kendelbachia),
Suessia swabiana and Valvaeodinium koessenium (as Comparodinium koessenium). Morbey
(1975) also reported Dapcodinium priscum and R. rhaetica from the Rhaetian. Hoelstein
(2004) recorded Beamontella langii, Rhaetogonyaulax rhaetica, Suessia swabiana,
Valvaeodinium koessenium and Wanneria listeri from the Kossen beds of Austria. He
demonstrated that the dinoflagellate cyst assemblages varied markedly in abundance
throughout the successions. Important multidisciplinary contributions from this region include
Krystin et al. (2007), Kiirschner et al. (2007) and Bonis et al. (2009). Kiirschner et al. (2007)
integrated quantitative palynological data from the Tiefengraben with independent dating
methods and clearly demonstrated the change from abundant Rhaetogonyaulax rhaetica to
Dapcodinium priscum immediately below the Triassic—Jurassic boundary. Note the
assemblage composition changed within the acme of Dapcodinium priscum, including the
inception of Beaumontella caminuspina (as Cleistosphaeridium mojsisovicsii), Beaumontella
langii and Valvaeodinium koessenium.

From the Tatra Mountains of Slovakia, Ruckwied and G6tz (2009) reported rare to

common occurrences of Rhaetogonyaulax rhaetica in a Triassic—Jurassic boundary section
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which is dominated by pollen and spores and calibrated by conodonts and foraminifera. This
region was situated in an embayment of the Tethyan shelf at this time (Golonka, 2004), and
Rhaetogonyaulax rhaetica was also recorded, although less frequently, in the lowermost
Hettangian. Ruckwied and G6tz (2009) observed rare Dapcodinium priscum from the Upper
Rhaetian, with a more continuous record in the Hettangian. Michalik et al. (2010) also
reported Dapcodinium priscum and Rhaetogonyaulax rhaetica from this area but stressed that
marine palynomorphs are rare, attesting to shallow marine conditions. From the nearby
Pieniny Klippen Belt in the West Carpathian of Poland, reworked Rhaetogonyaulax rhaetica
was recorded and illustrated from Middle Jurassic successions by Gedl (2008) and Barski et
al. (2012).

Upper Triassic strata from a borehole in Western Ciscaucasia, southern Russia, in the
eastern Paleotethys, was studied by Yaroshenko (2007). Dapcodinium priscum and
Rhaetogonyaulax were recorded, together with pollen and spores that are believed to be
Rhaetian. However, this correlation is somewhat uncertain and the palynomorph assemblages
could be as old as Norian.

The records of Late Triassic dinoflagellate cysts from the UK are all confined to the
Rhaetian, and were eustatically controlled. The first record of Late Triassic dinoflagellate
cysts was from Gloucestershire, southwest England (Sarjeant, 1963). Subsequently, Rhaetian
dinoflagellate cyst assemblages from onshore and offshore UK, have been extensively
reported by, for example, Warrington (1974, 1977a, 1977b, 1978, 1983, 1997, 2005),
Warrington et al. (1986, 1995) and Bucefalo Palliani and Buratti (2006). Although the
primary focus was on the rich terrestrially derived floras, Warrington (1974) first recognised
the stratigraphical importance of Dapcodinium priscum and Rhaetogonyaulax in the Rhaetian

of Lancashire, northwest England. Later, Warrington (1997, 2005) reported other

16



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

dinoflagellate cysts, such as Beaumontella caminuspina, Beaumontella langii and
Valvaeodinium koessenium from England.

Bucefalo Palliani and Buratti (2006) studied the Rhaetian of St Audrie’s Bay and
Manor Farm in southwest England. They recorded rich dinoflagellate cyst assemblages
dominated by Rhaetogonyaulax rhaetica from the uppermost Mercia Mudstone and the
Penarth groups. In addition, frequent Suessia sp. A from the Blue Anchor Formation and
common Dapcodinum priscum from the uppermost Cotham Member (Lilstock Formation)
were observed. Rare records of other species, including some not previously recorded in the
UK, included Heibergella asymmetrica, Heibergella sp. cf. H. salebrosacea, Noricysta
pannucea, Suessia swabiana and Sverdrupiella mutabilis. Bucefalo Palliani and Buratti
(2006) presented semi-quantitative data, related their dinoflagellate cyst record to the
palaeogeography and postulated migration events. These authors proved that dinoflagellate
cysts were relatively diverse and rich by the Late Rhaetian in the UK.

Records of Rhaetian dinoflagellate cysts from Denmark and southern Sweden include
Dybkjer (1988, 1991), Batten et al. (1994), Lindstrom (2002), Nielsen (2003), Lindstrém and
Erlstrom (2006, 2007), Petersen et al. (2013) and Lindstrom et al. (2017a). An inverse
quantitative relationship between Dapcodinium priscum and Rhaetogonyaulax rhaetica was
noted by Batten et al. (1994), suggesting a relationship between brackish and marine
environments.

Lindstrom (2002) described Lunnomidinium scaniense from the Rhaetian Hoganis
Formation of southern Sweden from a succession dominated by pollen and spores.
?Beaumontella caminuspina, Dapcodinium priscum, Rhaetogonyaulax rhaetica and
Rhaetogonyaulax sp. were also present sporadically. The evolution of Lunnomidinium
scaniense and Suessia sp. A and their affinities to the Suessiaceae was discussed by

Lindstrom (2006); these two forms may reflect different salinity levels. Only one occurrence
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of Lunnomidinium scaniense from Schandelach, Germany has been reported outside Sweden
(Lindstrém et al., 2017b). Lindstrom and Erlstrém (2006b) related the occurrences of
dinoflagellate cysts to a regional model and demonstrated that the acme of R. rhaetica
corresponds to a Late Rhaetian maximum flooding event in the Danish Basin. Recently,
Lindstrom et al. (2017a) researched the correlation of Triassic—Jurassic boundary successions
with focus on the terrestrial ecosystems, but reported the dinoflagellate cysts ?Beaumontella
caminuspina, Lunnomidinium scaniense, Rhaetogonyaulax rhaetica, Suessia swabiana and
Suessia sp. A. They confirmed that Rhaetogonyaulax rhaetica is a regional marker for
maximum flooding surfaces. Lindstrom et al. (2017b) also correlated Triassic—Jurassic
boundary sections from northwest Europe, Nevada and Peru and demonstrated how various
abundance events of Rhaetogonyaulax rhaetica can be applied in correlation.

In western Tethys, large areas of clay-rich sediments deposited in low dysoxic—anoxic
basins have yielded dinoflagellate cysts from marine Rhaetian successions. This includes
Sicily and southern Italy, where Cirilli et al. (2015) reported Dapcodinium priscum from the
Rhaetian part of the Streppenosa Formation.

Several studies recorded Rhaetian dinoflagellate cysts from south-eastern France
(Doubinger and Adloff, 1977; Adloff and Doubinger, 1982; Fauconnier et al., 1996; Courtinat
et al., 1998; 2002; Courtinat and Piriou, 2002). Courtinat et al. (1998) reported rich
assemblages from the Rhaetian near Lyon, including dominant Rhaetogonyaulax rhaetica,
representing up to 95% of the palynomorphs. However, some horizons lack Rhaetogonyaulax
rhaetica; in addition Beaumontella caminuspina, Beaumontella delicata, Beaumontella langii,
Dapcodinium priscum and Suessia swabiana were observed. These authors interpreted the
succession as representing a marginal marine setting, becoming fully marine up-section.
Dapcodinium priscum and Rhaetogonyaulax rhaetica were observed in the largely paralic

Rhaetian of the Massif-Central, south of Lyon by Courtinat et al. (2002) in a study otherwise
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focused on palynofacies from these paralic successions. From the same successions, Courtinat
and Piriou (2002) discussed the changing quantitative occurrences in twelve Rhaetian sections
of Dapcodinium priscum and Rhaetogonyaulax rhaetica and concluded that Dapcodinium
priscum seemed to be an opportunistic species occupying specific ecological niches, whereas

Rhaetogonyaulax rhaetica was a more open marine species.

2.3. lran

Several publications have documented dinoflagellate cysts from the Upper Triassic of
Iran including Aghanabati et al. (2002, 2004). The latter reported a relatively diverse
assemblage including Heibergella aculeata, Heibergella asymmetrica, Hebecysta balmei and
Rhaetogonyaulax rhaetica; this was divided into four assemblage zones, all of which are of
inferred Norian age.

Ghasemi-Nejad et al. (2004) published on the Alborz Mountains, immediately south of
the Caspian Sea. The dinoflagellate cysts were placed into the R. wigginsii and R. rhaetica
zones of the Rhaetogonyaulax Superzone of the well-established Australian zonation.
Independent ammonite dating suggests an early—middle Norian age for the R. wigginsii zone,
which comprises abundant R. wigginsii and intervals of abundant Heibergella aculeata,
Heibergella asymmetrica and Heibergella salebrosacea. By contrast, the Rhaetogonyaulax
rhaetica zone is characterised by a monospecific assemblage of the index taxon.

From northeastern Iran, in a region which faced the Paleotethys, Ghasemi-Nejad et al.
(2008) recorded diverse, poorly preserved Norian dinoflagellate cyst assemblages from the
Miankuhi Formation. These included various species of Hebecysta, Heibergella,
Rhaetogonyaulax and Sverdrupiella in addition to two indeterminate genera. Notably,
Rhaetogonyaulax rhaetica was not recorded. Their age determination is based on correlation

to the Upper Norian H. balmei zone of Australia.
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Recent work in east-central Iran (Sabbaghiyan et al., 2015) described a rich
dinoflagellate cyst assemblage from the Nayband Formation. This unit is Rhaetian in age
based on plant macrofossils. Rhaetogonyaulax rhaetica is present throughout the interval
studied however; Dapcodinium priscum, Hebecysta brevicornuta Heibergella asymmetrica,
Heibergella kendelbachia, Heibergella salebrosacea, Noricysta pannucea and Sverdrupiella

cf. mutabilis are also present.

2.4.  Oceania

Upper Triassic successions mainly comprising deltaic, estuarine and marginal marine
successions have been extensively studied throughout the North West Shelf of Australia and
many wells have provided an extensive palynomorph database (Figure 2). Palynology, and in
rare cases conodonts, are the only biostratigraphical tools used, and the palynomorph
assemblages are largely dominated by pollen and spores. However, some contributions
include reports of dinoflagellate cysts (Helby et al., 1987a; Brenner, 1992; Nicoll and Foster,
1994; Backhouse and Balme, 2002; Backhouse et al., 2002).

The first Mesozoic palynomorph biozonation of the North West Shelf of Australia was
by Helby et al. (1987a), and was based on both marine and terrestrially derived forms. These
authors defined the Shublikodinium (now Rhaetogonyaulax) middle Triassic to lower Jurassic
Superzone which is of Anisian—Pliensbachian age. This unit includes six dinoflagellate cyst
zones, the oldest is based on the occurrence of Sahulidinium ottii in the Sahul Shoals-1 well.
In ascending order, their zones were based on the lowest occurrence of Rhaetogonyaulax
wigginsii, Suessia listeria (now Wanneria listeri), Hebecysta balmei and Rhaetogonyaulax
rhaetica. The youngest zone (within the Superzone) is the Dapcodinium priscum zone (as the
Dapcodinium priscus Zone) which has a base in the uppermost Rhaetian is defined by the

total range of Dapcodinium priscum.
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Riding et al. (2010) critically reviewed the chronostratigraphical ages of the zones of
the Rhaetogonyaulax Superzone of Australia. The age of the base of this unit was revised to
Late Ladinian, probably Carnian, as opposed to Anisian. Furthermore, the base of the
Rhaetogonyaulax wigginsii zone was considered to be latest Carnian, and the uppermost
occurrence of Rhaetogonyaulax rhaetica is in the latest Triassic. According to Riding et al.
(2010) there is then a hiatus spanning most of the Carnian placing the base of the overlying
Rhaetogonyaulax wigginsii Interval Zone in the latest Carnian ranging up to the Middle
Norian. This is in contrast to Helby et al. (1987) who placed the base of the Rhaetogonyaulax
wigginsii zone near the base of the upper Carnian and its top at the base of the Norian (Riding
et al. 2010, fig. 3). At present most Australian palynologists align with Helby et al. (1987)
(personal communication, Daniel Mantle 2018).

Riding et al. (2010) also commented that of the 11 Triassic dinoflagellate cyst taxa in
the Rhaetogonyaulax Superzone, six are known from Europe, whereas the other five
(Hebecysta balmei, Rhaetogonyaulax wigginsii, Sahulidinium ottii, Suessia sp. A and
Wanneria listeri) are only known from Australia. However, Wanneria listeri had been
recorded from Austria by Feist-Burkhardt et al. (2002).

The work of Brenner (1992) was from Ocean Drilling Program material drilled on the
Wombat Plateau off northwest Australia and includes records of Hebecysta balmei (as
Heibergella balmei), Wanneria listeri (as Suessia listeria), Suessia swabiana and
Rhaetogonyaulax rhaetica. He also provided plates of various unidentified and undescribed
forms, including species of Noricysta?, Suessia and Rhaetogonyaulax.

The first report of Late Triassic dinoflagellate cysts from New Zealand was a study of
the upper Norian by Wilson and Helby (1986) from the southern island. Subsequently, Helby
and Wilson (1988) described Sverdrupiella warepaensis from the type section of the Warepan

Stage, Otago. They reported Sverdrupiella to be the predominant dinoflagellate genus
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occurring in association with only one single specimen of Rhaetogonyaulax. The assemblage
is recorded in beds with Monotis shellbeds which correlates to the Cordillaranus Zone of late
Norian age.

Martini et al. (2004) reported a well-preserved dinoflagellate cyst assemblage from the
Manusela Limestone (previously the Asinepe Limestone) from Indonesia. This area was an
island situated between Tethys and Panthalassa during the Late Triassic (Golonka, 2007).
Together with abundant terrestrially derived palynofloras, Martini et al. (2004) recorded
Beaumontella caminuspina, Beaumontella delicata, Heibergella aculeata, Heibergella
asymmetrica and Rhaetogonyaulax rhaetica. They correlated this assemblage to the middle—
upper Norian Heibergella (now Hebecysta) balmei Interval Zone (Helby et al., 1987a). This is
supported by evidence from corals and foraminifera with a clear Tethyan affinity (Charlton
and van Gorsel, 2014). From Seram, Helby et al (1987) reported rare Sverdrupiella in
association with Heibergella in the shallow water Kanikeh Formation. A short paper from the
Andaman Islands, India (Sharma and Sarjeant, 1987), reported Heibergella spp. and
Rhaetogonyaulax rhaetica, and linked these observations to Indonesia.

There is only one record of Triassic dinoflagellate cysts from Antarctica. Foster et al.
(1994) reported and illustrated one specimen of Rhaetogonyaulax from the Flagstone Bench
Formation of East Antarctica. This co-occurs with a well-preserved terrestrial Onslow

Microflora of Norian age. No other independent dating was available.

2.5. Africa
From the Upper Triassic Mbuo Formation in southern Tanzania, Hudson and Nicholas
(2014) reported Dapcodinium priscum, Sverdrupiella sp. and Sahulidinium ottii from

explorations wells. However, they based their observations on unpublished industry reports
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and their only general age assignment is correlation of the terrestrial and marine palynomorph

assemblages.

2.6.  South America

No records of Late Triassic dinoflagellate cysts from South America have been reported thus
far. Most of the known successions are non-marine, for example the Ischigualasto Formation
of Argentina. Nonetheless, Upper Triassic marine successions are known, for example, in
Mendoza Province of central western Argentina, where Norian—Rhaetian bivalves and
brachiopods were reported by Damborenea and Mancefiido (2012) and Damborenea et al.
(2017). Furthermore, Sansom (2000) documented Rhaetian conodonts and ichthyoliths from
Chile, and Ferrari (2015) reported Rhaetian marine gastropods from Peru, but relatively little
palynological research has been done on the fragmentary and sparse Upper Triassic strata

along this margin.

3. The stratigraphic records of Triassic dinoflagellate cysts
3.1.  Upper Ladinian? to Lower Carnian

To date, the first known fossil dinoflagellate cysts recorded are Sahulidinium ottii
from the upper middle Triassic/lowermost Carnian of Australia, however the dating is
uncertain and is based on indirect evidence (Riding et al., 2010). Following substantial
hiatuses representing a time interval with no records of about 10 my, the next published
occurrences from this area are those from the upper Carnian. However, small
Rhaetogonyaulax have been recently recorded in lower Carnian successions from Australia
(personal communication, Daniel Mantle 2018), indicating this the apparent gap may actually
represent a continuous record. Stratigraphically, the next published occurrences on a global

scale are those from the northern shores of the Neotethys. These includes the lower Carnian
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occurrences of Switzerland (Stover and Helby, 1987; Hochuli and Frank, 2000) and Hungary
(Baryani 2018). The two latter records are geographically separated and stratigraphically
isolated, but were connected to the Neotethys, an area with carbonate platforms and reefs. The
reported species includes Rhaetogonyaulax cf. wigginsii, an “Australian” species, cf.
Noricysta (Switzerland) and Heibergella sp. (Hungary). Interestingly none of these taxa have

so far been recorded in the Carnian from the northern shores of Pangea.

3.2.  Upper Carnian

Although records of Late Triassic dinoflagellate cysts from Pangea are fragmentary
and sporadic, and they are likely under-reported, dinoflagellate cysts seem to appear relatively
synchronously and consistently around Pangea from near the base of the upper Carnian

(Figure 2). In all areas, Rhaetogonyaulax seems to have been the pioneer genus.

In Australia, Rhaetogonyaulax wigginsii has been recorded from the upper Carnian
(Stover and Helby, 1987; Riding et al., 2010) and, with the exception of Suessia swabiana, no
other pre-Norian taxa are apparently present in this area. There are no confirmed records of
Suessia swabiana until the Rhaetian in other areas, but Suessia sp. cf. Suessia swabiana was

reported by Suneby and Hills (1988) from the Norian in the Sverdrup Basin.

Along the northern shores of Pangea, Rhaetogonyaulax arctica was the first species to
appear. So far, records include those from the embayment comprising the Norwegian Arctic
(Vigran et al., 2014; Paterson and Mangerud, 2015), the Sverdrup Basin (Fisher and Bujak,
1975; Bujak and Fisher, 1976, Felix and Burbridge 1978) and Alaska (Wiggins, 1973), an
area facing the open Panthalassa Ocean.

There is still some uncertainty related to the occurrences of other species in the upper
Carnian, as there are published records of other taxa from the upper Carnian in the Sverdrup

Basin. However, these richer Carnian records are from ditch cuttings samples (e.g. Bujak and
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Fisher 1976, table 1 for the Skybattle Bay-15 well below 7594 feet) and it is therefore
possible that these occurrences represent caving from the overlying Norian shales. In the
Barents Sea, the only record of possible pre-Norian taxa other than Rhaetogonyaulax species
are those of Hochuli et al. (1989). These authors reported Heibergella asymmetrica,
Heibergella salebrosacea and Sverdrupiella mutabilis, co-occurring with Rhaetogonyaulax
arctica, in their Assemblage C which they assigned an early Norian age. Paterson and
Mangerud (2015) however, did not record these species on Hopen. Vigran et al. (2014),
recorded similar assemblages from the Knorringfjellet Formation of Norian age in the
Festningen section. Only species of Rhaetogonyaulax were recorded below the base of the
Norian at this locality. As Hochuli et al. (1989) do not provide range charts from the various
localities, there is still uncertainty as to the first appearance of these species. Neither can we
rule out that the appearance of Rhaetogonyaulax is diachronous across the region due to the
flooding from the Northwest. Nonetheless, it seems clear that Rhaetogonyaulax was the
pioneer genus, but that different species of this genus appeared approximately simultaneously
on the northern and southern flanks of Pangea. If this hypothesis is correct, it implies that the
number of pre-Norian forms globally were probably between three and five species. No
earlier records have so far been published from these localities, despite the fact that Middle
Triassic successions in these regions are dominantly marine, and have yielded many

acritarchs.

3.3.  Norian

Although relatively few marine Norian successions which have produced
dinoflagellate cysts have been observed on a global scale, several of them comprise relatively
diverse and rich assemblages. This Norian “explosion” appears to be a genuine evolutionary

event and its inception in the northern areas coincided with a major transgression where
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ammonoids provide independent dating for some of the palynological records. However, the
general scarcity of independent age control, later changes in lithostratigraphical successions,
uncertainties as to stage boundaries and stage durations, and thereby ties to the time scale,
makes it difficult to distinguish early and late Norian dinoflagellate cyst assemblages.
However, it seems clear that early Norian records include those from northern Pangea
(Alaska, the Barents Sea and the Sverdrup Basin) and from Australia, which was located on
the southern shores facing the Neotethys. Additionally, there are reports from Iran, which was
located in the northern parts of the Neotethys (Figure 2). The age constraints for these are
relatively good; several of these sections have independent ammonite control.

The dinoflagellate cyst assemblages reported as of early Norian age from the Sverdrup
Basin in the Canadian Arctic, included Valvaeodinium (as Comparodinium) and Suessia sp.
cf. S. swabiana (see Suneby and Hills 1988). Theses authors also reported upper Norian
assemblages comprising Noricysta pannucea and Heibergella asymmetrica. Other records
were given a general Norian age including those of Hebecysta brevicornuta, Heibergella
aculeata, Noricysta fimbriata, Noricysta varivallata, Sverdrupiella mutabilis, Sverdrupiella
sabinensis and Sverdrupiella septentrionalis. Suneby and Hills (1988) also reported
undifferentiated forms of Rhaetogonyaulax and Fisher and Bujak (1975) and Bujak and Fisher
(1976) recorded various species of Hebecysta, Heibergella, Noricysta and Sverdrupiella from
the western Queen Elisabeth Islands.

In contrast to the diverse associations from the Sverdrup Basin, mainly
Rhaetogonyaulax arctica and Rhaetogonyaulax rhaetica are present in the lower Norian of
the Norwegian Arctic, although Heibergella, Noricysta and Sverdrupiella occur rarely
(Vigran et al., 2014; Paterson & Mangerud, 2015). This could be due to the fact that the
Barents Sea was situated in the inner part of a huge embayment which received massive levels

of clastic input from the eroding Uralides mountains resulting in a dominantly paralic basin
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645  fill, with occasional marine incursions. The largest of these was the early Norian

646  transgression. The upper Norian in the Norwegian Arctic is devoid of marine palynomorphs.
647 In the Neotethys area, Norian dinoflagellate cyst records are so far restricted to Iran
648  (Aghanabati et al. 2002; Aghanabati et al. 2004; Ghasemi-Nejad et al., 2004). From northern
649  Iran the lower middle Norian dinoflagellate assemblages are relatively rich comprising

650  abundant Rhaetogonyaulax wigginsii, Heibergella asymmetrica, Heibergella salebrosacea
651 and Heibergella aculeata (see Ghasemi-Nejad et al. 2004), resembling the assemblages from
652  Australia. Above in the Iranian successions, Ghasemi-Nejad et al. (2004) only recorded

653  species of Rhaetogonyaulax including Rhaetogonyaulax rhaetica, which they assigned a

654  younger late Norian to Rhaetian age. Also in Indonesia Rhaetogonyaulax rhaetica was

655  reported as of middle—late Norian age. It therefore seems that Rhaetogonyaulax rhaetica

656  appeared later in the Neotethys area compared to the northern flanks of Pangea, where it

657  appears in the early Norian. In northeastern Iran, Ghasemi-Nejad et al. (2008) also recorded
658  Sverdrupiella in assemblages of early Late Norian age. As no independent age control is

659 available here, it is, however, difficult to correlate this more exactly to other areas than

660  anticipating a general Norian age.

661 From Indonesia, situated latitudinally between Iran and Australia, Martini et al. (2004)
662  recorded similar Norian assemblages; however, they also reported Beaumontella

663  caminuspina, and Beaumontella delicata. This is interesting as Beaumontella was previously
664  considered to have its first global appearance in the Rhaetian, for example Beaumontella

665  langii from the Rhaetian of England and in the uppermost Rhaetian in Australia (Bucefalo
666  Palliani and Buratti, 2006; Riding et al., 2010). Interestingly Beaumontella langii has, recently
667  also been recorded from the late Norian in Australia (personal communication Daniel Mantle,
668  2018) showing that Beaumontella most likely appeared in the Neotethyan area and migrated

669  when the rifting increased.
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In Australia, Rhaetogonyaulax wigginsii appeared around the Carnian—Norian
transition (see above). In addition to Rhaetogonyaulax wigginsii, Wanneria listeri has a first
appearance in the lowermost Norian. These first occurrences are therefore distinctly different
from the those on the northern flank of Pangea. In Australia, these species are followed by
Hebecysta balmei, Noricysta spp. and Sverdrupiella spp., resembling the assemblages in the
Sverdrup Basin at the generic level. Also from the Carnarvon Basin, Backhouse et al. (2002)
reported upper Norian dinoflagellate cyst assemblages dominated by Hebecysta balmei
occurring in relatively thin intervals linked to flooding events.

The Sverdrupiella suite had a circum-Pacific distribution during the Norian, according
to Helby et al. (1987b). The species in the high northerly latitudes are, however, different
from those from Australia (Helby and Wilson, 1988) where Sverdrupiella appear to be rare.
Sverdrupiella sp. cf. S. septentrionalis and Sverdrupiella cf. S. mutabilis are recorded from
Iran, and rare Sverdrupiella usitata from Australia (Backhouse et al., 2002). Helby and
Wilson (1988) described Sverdrupiella warepaensis from New Zealand. Other Australian
records have reported undifferentiated Sverdrupiella spp. (Riding et al., 2010). With the
exception of Sverdrupiella warepaensis, species of Sverdrupiella are few in Australia. The
rich Sverdrupiella suite is mainly confined to the high northerly latitudes; in the Canadian
Arctic nine species were recorded. The majority of the Arctic records outside the Sverdrup
Basin include sparse occurrences from Alaska and the Barents Sea, most are only identified at
the generic level. One of us (JBR) has observed the entire Sverdrupiella suite from the
Northern Slope of Alaska (unpublished data), but there are large regions of this state where
this flora is apparently absent (personal communication, Robert Ravn). Sverdrupiella usitata
is typically the most common species of this assemblage, and has been observed reworked

into younger strata (unpublished data). Based on the published records reviewed in the present
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account the number of dinoflagellate species had globally exceeded 25 by the end of the

Norian—Rhaetian transition.

3.4.  Rhaetian

During the Rhaetian, marine inundation of the gradually opening rift system led to the
expansion of habitats for dinoflagellates. The Rhaetian transgression resulted in dinoflagellate
cyst migration into formerly land-locked regions of northern Pangea, including Austria,
Denmark, England, France, Italy, Slovakia, Sweden and Switzerland. In addition, there are a
number of Rhaetian records from other Neotethyan localities including Australia, Ciscaucasia
and east central Iran. In contrast to the Tethyan occurrences, the localities from the northern
shores of Pangea are characterised by paralic facies resulting in mainly non-marine Rhaetian
successions in the Barents Sea area and the Sverdrup Basin.

The Rhaetian assemblages are somewhat different to their Carnian and Norian
counterparts, with Dapcodinium priscum having its lowermost occurrence over a wide area.
The other dinoflagellate cyst genus expanding in the Rhaetian is Wanneria, which first
appears in Australia and seems to have migrated northwards. Wanneria misolensis has a short
range in the early Rhaetian in Australia and is a useful marker. The cosmopolitan species
Rhaetogonyaulax rhaetica, which first appeared in the late Carnian, expanded both in
numbers and spatial extent during the Rhaetian and apparently became extinct close to the
Triassic—Jurassic boundary. Most other Triassic genera also extended into the Rhaetian and
had range tops close to the Triassic -Jurassic boundary. An exception to this is Sverdrupiella,
which is extremely rare in the Rhaetian. This genus was reported from the Rhaetian in Europe
by Morbey and Dunay (1978) and Powell (1992); however, these authors did not document

where Sverdrupiella was recorded or provided illustrations. The latter report is of a single
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specimen of Sverdrupiella sp. from the Rhaetian of the Blyborough Borehole, Lincolnshire,
central England (JBR unpublished information).

A global regression caused an extremely widespread hiatus near the end of the
Triassic; however, a late Rhaetian transgression has been recognised in several areas. This
frequently resulted in an influx of dinoflagellate cysts. In southern Sweden, Lindstrém and
Erlstrom (2006) recorded the suessiacean species Lunnomidinium scaniense, together with
Rhaetogonyaulax rhaetica, below an influx of Rhaetogonyaulax rhaetica, with Dapcodinium
priscum just below the Triassic—Jurassic boundary. This represents the maximum extent of the
Rhaetian sea in this area.

A detailed analysis of the Triassic—Jurassic boundary is beyond the scope of this paper.
However, we note that there are uncertainties due to condensed sections and hiatuses in the
Global Stratotype Section and Point (GSSP) for the Hettangian at Kuhjoch, Austria (Morton,
2012; Hillebrandt et al., 2013). Important studies on the palynology of the Triassic—Jurassic
boundary include Kuhjoch (Kiirschner et al., 2007; Bonis et al., 2009), St. Audrie’s Bay, UK
(Bonis et al. 2010), and the Danish/Swedish basins (Lindstrém and Erlstrom, 2006; Lindstrom
et al., 2017a,b). Of the main Triassic dinoflagellate cyst taxa, only Beaumontella langii,

Dapcodinium priscum and Heibergella? kendelbachia extended into the Jurassic (Figure 2).

4. The paleoenvironmental preferences of Triassic dinoflagellate cysts

At present, knowledge concerning the paleoenvironmental preferences of Late Triassic
dinoflagellates is very limited, and no focussed studies on this topic have been performed. In
most cases, their use as marine indicators have been their most important input. There are
occasional observations on their link to depositional environments for example, Helby et al

(1987) noted that Sverdrupiella on the Alaskan shelf was recorded in clastic sediments with
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high nutrient contents and restricted circulation. However, there are at present insufficient
data to draw conclusions on this point.

One of the few attempts to link upper Triassic dinoflagellate cysts to
paleoenvironmental conditions include Courtinat and Piriou (2002) who recorded
Dapcodinium and Rhaetogonyaulax from the Rhaetian of the Tethyan region, frequently in an
inverse quantitative relationship. Batten et al. (1994) and Poulsen (1996) have also noted this
configuration. Courtinat and Piriou (2002) related this phenomenon to a mainly restricted
nearshore marine versus a deeper marine environment. They noted that Rhaetogonyaulax
rhaetica seemed to occur in more marine settings, compared to Dapcodinium priscum which
was recorded in more restricted depositional settings. They postulated that Dapcodinium is
therefore probably a more opportunistic euryhaline species. By contrast, Batten et al. (1994)
suggested that Rhaetogonyaulax rhaetica may have been more tolerant of brackish water
conditions, as it occurs in marine mudstones close to an intra-basinal high in the Danish
Basin. In their study Dapcodinium priscum was recorded with well-preserved plant material.
Ghasemi-Nejad et al. (2004) in more general terms related their dinoflagellate records to a
shallow sea with fluvial deposition, leading to rich nutrient conditions as a cause for
dinoflagellate cysts to flourish.

Rhaetogonyaulax rhaetica has been recorded in the terrestrially-dominated, shallow
marine successions for example of Slovakia (Ruckwied and Go6tz, 2009) in relatively low
proportions. Most records of Rhaetogonyaulax appear however to represent relatively deeper
water environments such as outer shelf. Paterson et al. (2016) demonstrated that
Rhaetogonyaulax rhaetica had abundance peaks which correlate to maximum flooding
surfaces. From the same study, Rhaetogonyaulax arctica seemed to occur during the early
stages of transgression (Paterson & Mangerud 2014, Paterson et al. 2016). The

palaeoenvironmental significance of this genus is therefore not fully understood. As more

31



767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

dinoflagellate cyst data become available from the Upper Triassic, there should be potential to

link them to depositional settings and potentially use them as paleoenvironmental proxies.

5. Conclusions

Based on present knowledge from published records, this review has shown that the global
appearance of dinoflagellate cysts around the shores of Pangea took place near the base of the
Upper Triassic, maybe as early as in the latest Middle Triassic in Australia. This marks the
first appearance of a new group of marine plankton in the oceans. The peridiniphycidaen
genus Rhaetogonyaulax seems to be the pioneer in all areas, and the cosmopolitan species
Rhaetogonyaulax rhaetica, which first occurred in the late Carnian, expanded in both
numbers and spatial extent during the Rhaetian. Four peridiniphycidaen genera (Hebecysta,
Heibergella, Rhaetogonyaulax and Sverdrupiella), and one suessiaceaen genus (Noricysta)
had already developed globally by the middle Norian on the northern side of Pangea, whereas
another two suessiaceaen genera (Suessia and Wanneria) had developed in the southern
shores of Neotethys in Australia. Following these genera, Valvaeodinium appeared within the
middle part of the Norian, followed by Beaumontella. The latter genus was previously thought
to be confined to the Rhaetian, but is recorded in upper Norian successions in Australia and
Indonesia. Near the base of the Rhaetian, Dapcodinium appears for the first time. Many
dinoflagellate cyst species are endemic, being confined to the northern or southern realms,
and the lack of independent dating makes precise correlation of the various assemblages

difficult.

It is clear that most Triassic genera extended into the Rhactian, but Sverdrupiella
seems to be an exception, as it is extremely rare in the Rhaetian. The majority of Triassic
dinoflagellate cyst taxa became extinct at the Triassic—Jurassic boundary. The exceptions are

Beaumontella langii and Dapcodinium priscum, which range up into the lower Jurassic.
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Knowledge on the paleoenvironmental significance of Late Triassic dinoflagellate cysts is so

far extremely limited.

Outstanding problems in understanding the spatial and temporal occurrences of Late
Triassic dinoflagellate cysts include the lack of records from Russia. Here, the potential for
future studies appears high because well-known ammonite dated marine successions are
present, and dinoflagellate cysts have been observed (see above). In addition, lack of records
from South America and other areas along the eastern side of Pangea hampers for example the
understanding of potential migration routes. In order to improve our knowledge on the oldest
occurrences of dinoflagellate cysts, studies of frontier areas, combined with more detailed
studies from the areas where they are already known to occur, offer rich potential for future

studies.

Acknowledgements

Professor Jan Golonka (AGH University of Science and Technology, Krakow, Poland)
is acknowledged for providing the files of the paleogeographical map. Eva Bjerseth
(University of Bergen) drafted the figures. We also thank Przemystaw Gedl and Daniel
Mantle for their very constructive reviews which substantially improved the manuscript.
Thanks also go to Stephen Stukins who, in the initial phase of this project, guided us through
the John Williams Index of Palacopalynology reprint collection at the Natural History
Museum, London. GM acknowledges the Meltzer Foundation and the Faculty of Mathematics
and Natural Sciences, University of Bergen for financial support for a research sabbatical.
This paper was compiled during GM’s recent sabbatical at the Universidad de Concepcion,

Chile and the Department of Earth Sciences, University of Chile is greatly acknowledged for

33



815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

providing facilities to undertake this work. James B. Riding publishes with the approval of the

Executive Director, British Geological Survey (NERC).

References

Adloff M.C., Doubinger J., 1982. Etude palynologique du Rhétien et de I’Hettangien de cinq
sondages situés dans les environs de Mersch (Luxembourg). Bulletin d’information des

Géologues de Bassin de Paris, 19(2), 9-20.

Aghanabati, A., Ghasemi-Nejad, E., Saidi, A., Ahmadzadeh Heravi, M., Dabiri, O., 2002.
Palynostratigraphy of Upper Triassic Sediments in north of Alborz Mountains, (Galandrud
and Paland Area). Geosciences, Scientific Quarterly Journal. Ministry of Industries and Mines

Geological Survey of Iran, 11(45-46), 1-16.

Aghanabati, A., Ghasemi-Nejad, E., Saidi, A., Ahmadzadeh Heravi, M., Dabiri, O., 2004.
Palinozonation (sic) of basal Part of the Shemshak Group’s Disposits (sic) (Upper Triassic) in
North Alborz Domain on the basis of Dinoflagellates. Geosciences, Scientific Quarterly

Journal. Ministry of Industries and Mines Geological Survey of Iran, 12(51-52), 1-10.

Backhouse, J., Balme, B.E., 2002. Late Triassic palynology of the Northern Carnarvon Basin.

Minerals and Energy Research Institute of Western Australia, Report, 226, 168 pp.

Backhouse, J., Balme, B.E., Helby, R., Marshall, N.G., Morgan, R., 2002. Palynological
zonation and correlation of the latest Triassic, Northern Carnarvon Basin. In: Keep,M., Moss,
S.J. (Eds.), The Sedimentary Basins of Western Australia 3. Proceedings of the Petroleum

Exploration Society of Australia Symposium, Perth, Western Australia, 179-201.

34



836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

Baranyi, V. 2018. Vegetation dynamics during the Late Triassic (Carnian — Norian).
Response to climate and environmental changes inferred from palynology. PhD thesis,

University of Oslo, Norway. 164 pp (ISSN 1501-7710).

Barski, M., Matyja, B.A., Segit, T., Wierzbowski, A. 2012. Early to Late Bajocian age of the
“black flysch” (Szlachtowa Fm.) deposits: implications for the history and geological

structure of the Pieniny Klippen Belt, Carpathians. Geological Quarterly 56(3), 391-410.

Batten, D., Koppelhus, E. B., Nielsen, L.H., 1994. Uppermost Triassic to Middle Jurassic
palynofacies and palynomiscellanea in the Danish Basin and Fennoscandian Border Zone.

Cabhiers de Micropaléontologie, 9(2), 21-45.

Below, R., 1987a. Evolution und Systematik von Dinoflagellaten-Zysten aus der Ordnung
Peridiniales. I. Allgemeine Grundlagen und Subfamilie Rhaetogonyaulacoideae (Familie

Peridiniaceae). Palacontographica Abteilung B, 205(1-6), 1-164.

Below, R., 1987b. Evolution und Systematik von Dinoflagellaten-Zysten aus der Ordnung
Peridiniales. II. Cladopyxiaceae und Valvaeodiniaceae. Palacontographica Abteilung B,

206(1-6), 1-115.

Bjaerke, T., 1977. Mesozoic palynology of Svalbard II. Palynomorphs from the Mesozoic

sequence of Kong Karls Land. Norsk Polarinstitutts Arbok 1976, 83—120.

Bjaerke, T., Dypvik, H., 1977. Sedimentological and palynological studies of Upper
Triassic-Lower Jurassic sediments in Sassenfjorden, Spitsbergen. Norsk Polarinstitutts

Arbok 1976, 131-150.

35



856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

Bjaerke, T., Manum, S. B., 1977. Mesozoic palynology of Svalbard—I. The Rhaetian of
Hopen, with a preliminary report on the Rhaetian and Jurassic of Kong Karls Land. Norsk

Polarinstitutts Skrifter, 165, 1-48.

Bonis, N. R., Kiirschner, W. M., Krystyn, L., 2009. A detailed palynological study of the
Triassic— Jurassic transition in key sections of the Eiberg Basin (Northern Calcareous Alps,

Austria). Review of Palaeobotany and Palynology, 156, 376—400.

Bonis, N.R., Ruhl, M., Kiirschner, W.M., 2010. Milankovitch-scale palynological turnover
across the Triassic—Jurassic transition at St. Audrie’s Bay, SW UK. Journal of the Geological

Society, London, 167, 877-888.

Brenner, W., 1992. First results of Late Triassic palynology of the Wombat Plateau,
northwestern Australia. Proceedings of the Ocean Drilling Program, Scientific Results 122,

413-426.

Brideaux, W.W., 1975. Status of Mesozoic and Tertiary dinoflagellate studies in the Canadian
Arctic. American Association of Stratigraphic Palynologists Contributions Series, No. 4, 15—

28.

Bucefalo Palliani, R., Buratti, N., 2006. High diversity dinoflagellate cyst assemblages from
the Late Triassic of southern England: new information on early dinoflagellate evolution and

palacogeography. Lethaia 39, 305-312.

Bugge, T., Elvebakk, G., Fanavoll, S., Mangerud, G., Smelror, M., Weiss, H.M., Gjelberg, J.,
Kristensen, S.E., Nilsen, K., 2002. Shallow stratigraphic drilling applied in hydrocarbon

exploration of the Nordkapp Basin, Barents Sea. Marine and Petroleum Geology, 19, 13-37.

36



877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

Bujak, J.P., Fisher, M.J., 1976. Dinoflagellate cysts from the Upper Triassic of Arctic Canada.

Micropaleontology, 22, 44—70.

Bujak, J., Williams, G., 1981. The evolution of dinoflagellates. Canadian Journal of Botany

59, 2077-2087.

Césari, S.N., Colombi, C.E., 2013. A new Late Triassic phytogeographical scenario in

westernmost Gondwana. Nature Communications 4,1889. DOI:10.1038/ncomms2917.

Charlton, T.R., van Gorsel, J.T., 2014. The Manusela Limestone in Seram: Late Triassic age
for a “Jurassic” petroleum play. Berita Sedimentology. Biostratigraphy of SE Asia, No 31,

57-105.

Ciarapica, G., 2007. Regional and global changes around the Triassic—Jurassic boundary
reflected in the late Norian—Hettangian history of the Apennine basins. Palacogeography,

Palaeoclimatology, Palacoecology 244, 34-51

Cirilli, S., 2010. Upper Triassic—Lowermost Jurassic palynology and palynostratigraphy: A
review. In: Lucas, S.G. (Ed.), The Triassic Timescale 334. Geological Society, Special

Publications, London, 285-314.

Cirilli, S., Buratti, N., Gugliotti, L., Frixa, A., 2015. Palynostratigraphy and palynofacies of
the Upper Triassic Streppenosa Formation (SE Sicily, Italy) and inference on the main
controlling factors in the organic rich shale deposition. Review of Palaeobotany and

Palynology 218, 67-79.

Courtinat, B., Malartre, F., Giraud, F., 1998. Le Rhétien en région lyonnaise: analyse

palynologique. Géologie de la France, No. 1, 3—19.

37



898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

Courtinat, B., Piriou, S., 2002. Palacoenvironmental distribution of the Rhaetian
dinoflagellate cysts Dapcodinium priscum EVITT, 1961, emend. Below, 1987 and
Rhaetogonyaulax rhaetica (SARJEANT) LOEBLICH and LOEBLICH, 1976, emend.

Harland et al., 1975, emend. Below, 1987. Geobios, 35(4), 429-439.

Courtinat, B., Rio, M., Malatre, F., 2002. Palynofacies of marginal marine deposits: the
Rhaetian of the east margin of the Massif Central (France). Revue de Micropaléontologie,

45(1), 47-55.

Dagys, A., Weitschat, W., Konstantinov, A., Sobolov, E., 1993. Evolution of the boreal
marine biota and biostraigraphy at the Middle/Upper Triassic boundary. Mitt. Geol. — Palaont.

Inst. Univ. Hamburg. Heft 75, 193-2009.

Damborenea, S.E., Mancenido, M.O., 2012. Late Triassic bivalves and brachiopods from

southern Mendoza, Argentina. Revue de Paléobiologie, Vol. Spéc. 11, 317-344.

Damborenea, S.E., Echevarria, J., Ros-Franch, S., 2017. Biotic recovery after the end-Triassic
extinction event: Evidence from marine bivalves of the Neuquén Basin, Argentina.

Palacogeography, Palaeoclimatology, Palacoecology 487, 93-104.

Doubinger J., Adloff M.C., 1977. Etudes palynologiques dans le Trias de la bordure sud-est

du Massif Central frangais (Bassin de Largentiére, Ardéche). Sci. Géol., 30, 59-74.

Dybkjer, K. 1988. Palynology zonation and stratigraphy of the Jurassic section in the Gassum

No. 1-borehole, Denmark. Danmarks Geologiske Undersogelse, Serie A, 21, 73 pp.

Dybkjer, K. 1991. Palynological zonation and palynofacies investigation of the Fjerritslev
Formation (Lower Jurassic — basal Middle Jurassic) in the Danish Subbasin. Danmarks

Geologiske Undersagelse, Serie A, 30, 150 pp.

38



920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

Egorov, A.Y., Merk, A., 2000.The East Siberian and Svalbard Triassic successions and their
sequences stratigraphical relationships. Zentralblatt fiir Geologie und Paldontologie, Teil I,

1377-1430.

Embry, A.F., 1982. The Upper Triassic—Lower Jurassic Heiberg deltaic complex of the
Sverdrup Basin. In: Arctic Geology and Geophysics. In: Embry, A., Balkwill, H. (Eds.).

Canadian Society of Petroleum Geologists, Memoir 8, 189-218.

Embry, A. F., 1997. Global sequence boundaries of the Triassic and their recognition in the

Western Canada Sedimentary Basin. Bulletin of Canadian Petroleum Geology, 45, 415-433.

Embry, A. F., 2009. Crockerland — The source area for the Triassic to Middle Jurassic strata
of Northern Axel Heiberg Island, Canadian Arctic Islands. Bulletin of Canadian Petroleum

Geology, 57(2), 129-140.

Embry, A.F. 2011. Petroleum prospectivity of the Triassic—Jurassic succession of Sverdrup
Basin, Canadian Arctic Archipelago. In: Spencer, A. M., Embry, A. F., Gautier, D. L.,
Stoupakova, A. V., Serensen, K. (Eds.). Arctic Petroleum Geology. Geological Society,

London, Memoirs, 35, 545-558.

Embry, A.F., Suneby, L.B., 1994. The Triassic-Jurassic boundary in the Sverdrup Basin,
Arctic Canada. In: Embry, A.F., Beauchamp, B., Glass, D.J., (Eds.), Pangea: Global
environments and resources. Canadian Society of Petroleum Geologists, Memoir, 17, 857—

868.

Embry, A.F., Krajewski, K.P., Mark, A., 2002. A Triassic Upwelling Zone: The Shublik

Formation, Arctic Alaska, U.S.A. Discussion. Journal of Sedimentary Research, 72, 740.

39



941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

Evitt, W.R., 1985. Sporopollenin dinoflagellate cysts. Their morphology and interpretation.

American Association of Stratigraphic Palynologists, Dallas, 333 p.

Faleide, J.I., Gudlaugsson, S.T., Jacquart G., 1984. Evolution of the western Barents Sea.

Marine and Petroleum Geology 1, 23—150

Falkowski, P.G., Katz, M.E., Knoll, A.H., Quigg, A., Raven, J.A., Schofield, O., Taylor,
F.J.R., 2004a. The evolution of modern eukaryotic phytoplankton. Science 305,

354-360.

Falkowski, P.G., Schofield, O., Katz, M.E., van de Schootbrugge, B., Knoll, A.H., 2004b.
Why is the land green and the ocean red? In: Coccolithophores. Springer, pp.

429-453.

Fauconnier D., Courtinat B., Gardin S., Lachkar G., Rauscher R., 1996. Biostratigraphy and
Triassic successions in the Balazuc-1 borehole (GPF Programme). Stratigraphic setting

inferred from dinoflagellate cysts, pollen, spores and calcareous nannofossils. Marine and

Petroleum Geology, 13, 707-724.

Feist-Burkhardt, S., Holstein B., Gotz, A.E., 2002. Phytoplankton diversity and distribution
patterns in the Triassic: the dinoflagellate cysts of the upper Rhaetian Koessen beds (Northern

Calcareous Alps, Austria). The Palacontological Association Newsletter, 51(1), 20 (abstract).

Felix, C.J. 1975. Palynological zonation of the Heiberg Formation (Triassic - Jurassic)
Eastern Sverdrup Basin, Arctic Canada. Bulletin of Canadian Petroleum Geology 36(4), 347—

361.

Felix, C.J., Burbridge, P.P. 1977. A new Ricciisporites from the Triassic of Arctic Canada.

Palaeontology 20(3), 581-587.

40



963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

Felix, C.J., Burbridge, P.P., 1978. Status of Triassic palynology in the Canadian Arctic

Islands. Palinologia nimero extraordinario, 1, 225-231.

Fensome, R.A., Saldarriaga, J.F., Taylor, F.J.R., 1999. Dinoflagellate phylogeny revisited:

Reconciling morphological and molecular based on phylogenies. Grana 38, 66—80.

Fisher, M.J., Bujak, J., 1975. Upper Triassic palynofloras from arctic Canada. Geoscience and

Man, 11, 87-94.

Fisher, M.J., van Helden, B.G.T., 1979. Some observations on the fossil dinocyst genus

Rhaetogonyaulax Sarjeant, 1966. Palynology 3, 265-276.

Ferrari, M. S., 2015. Systematic revision of Late Triassic marine gastropods from Central
Peru: considerations on the Late Triassic/Early Jurassic faunal turnover. Andean Geology

42(1), 71-96.

Foster, C.B., Balme, B.E., Helby, R., 1994. First record of Tethyan palynomorphs from the
late Triassic of East Antarctica. AGSO Journal of Australian Geology and Geophysics, 15(2),

239-246.

Gedl, P. 2008. Organic-walled dinoflagellate cyst stratigraphy of dark Middle Jurassic marine
deposits of the Pieniny Klippen Belt, West Carpathians. Studia Geologica Polonica, 131, 7—

227.

Ghasemi-Nejad, E., Agha-Nabati, A., Dabiri, O., 2004. Late Triassic dinoflagellate cysts from
the base of the Shemshak Group in north of Alborz Mountains, Iran. Review of Palaeobotany

and Palynology, 132, 207-217.

Ghasemi-Nejad, E., Head, M., Zamani, M. 2008. Dinoflagellate cysts from the Upper Triassic

(Norian) of northeastern Iran. Journal of Micropalaeontology, 27, 125-134.

41



985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

Glerstad-Clark, E., Faleide, J.I., Lundschien, B.A., Nystuen, J.P., 2010. Triassic seismic
sequence stratigraphy and palaeogeography of the western Barents Sea area. Marine

Petroleum Geology 27, 1448—1475.

Golonka, J., 2004. Plate tectonic evolution of the southern margin of Eurasia in the Mesozoic

and Cenozoic. Tectonophysics 381, 235-273.

Golonka, J., 2007. Late Triassic and Early Jurassic palaeogeography of the world.

Palacogeography, Palaeoclimatology, Palacoecology 244, 297-307.

Golonka, J., Embry, A., Krobicki, M., 2018. Late Triassic Global Plate Tectonics. In L.H.

Tanner (Ed.): The Late Triassic World, Topics in Geobiology 46, Springer Verlag

https://doi.org/10.1007/978-3-319-68009-5_1

Gotz, A.E., Ruckwied, K., Palfy, J., Haas, J. 2009. Palynological evidence of synchronous
changes within the terrestrial and marine realm at the Triassic/Jurassic boundary (Csévar

section, Hungary). Review of Palacobotany and Palynology, 156, 401-409.

Gradstein, F., Ogg, J., Schmitz, M., Ogg, G., 2012. The Geological Time Scale 2012.

Elsevier, 1175 pp.

Harland, R., Morbey, S.J., Sarjeant, W.A.S., 1975. A revision of the Triassic to lowest

Jurassic dinoflagellate Rhaetogonyaulax. Palacontology 18(4), 847-864.

Hauser, M., Martini, R., Matter, A., Krystyn, L., Peters, T., Stampfli,G., Zaninetti, L., 2002.
The break-up of East Gondwana along the northeast coast of Oman: evidence from the Batain

basin. Geological Magazine 139, 145-157.

42



1005 Head, M. J. 1996. Modern dinoflagellate cysts and their biological affinities. In: Jansonius, J.
1006  and McGregor, D.C. (Eds.) Palynology: Principles and Applications, Vol 3. American

1007  Association of Stratigraphic Palynologists, 1197—1248.

1008  Helby, R., Wilson, G.J., 1988. A new species of Sverdrupiella Bujak and Fisher
1009 (Dinophyceae) from the Late Triassic of New Zealand. New Zealand Journal of Botany, 26,

1010 117-122.

1011  Helby, R., Morgan, R., Partridge, A.D., 1987a. A palynological zonation of the Australian

1012  Mesozoic. Memoir of the Association of Australasian Palacontologists, 4, 1-94.

1013  Helby, R., Wiggins, V.D., Wilson, G.J., 1987b. The circum-Pacific occurrence of the Late

1014  Triassic dinoflagellate Sverdrupiella. Australian Journal of Earth Sciences, 34, 151-152.

1015  Hesselbo, S., 2012. Triassic—Jurassic Boundary and Jurassic: In: Disintegrating Pangaea.
1016  Geological History of Britain and Ireland, Second Edition. Woodcock, N. Strachan, R., (Eds.),

1017  Blackwell Publishing Ltd.

1018  Heunish, C., 1986. Palynologie des unteren Keupers in Franken, Stiddeutschland.

1019  Palaeontographica Abteiling B, 200, 33—100.

1020  Hillebrandt, A.V., Krystyn, L., Kiirschner, W.M., Bonis, N.R., Ruhl, M., Richoz, S.,

1021  Schobben, M.A.N., Urlichs,M., Bown, P.R.,Kment, K.,McRoberts, C.A., Simms,M.,

1022  Tomasovych, A., 2013. The Global Stratotype Sections and Point (GSSP) for the base of the
1023 Jurassic System at Kuhjoch (Karwendel Mountains, Northern Calcareous Alps, Tyrol,

1024  Austria). Episodes. 36, 162—198.

43



1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

Hochuli, P., Frank, S.M., 2000. Palynology (dinoflagellate cysts, spore-pollen) and
stratigraphy of the Lower Carnian Raibl Group in the Eastern Swiss Alps. Eclogae

Geologicae Helvetiae, 93, 429443,

Hochuli, P., Frank, S.M., 2006. Palynomorphe und organisches Material aus den Raibler
Schichten einer oberostalpinen Schuppe der Iberger Klippen (Kanton Schwyz, Schweiz).

Eclogae Geologicae Helvetiae, 99, 131-136.

Hochuli P.A., Colin J.P., Vigran J.O. 1989. Triassic biostratigraphy of the Barents Sea area.
In: Collinson J., editor. Correlation in hydrocarbon exploration. Graham and Trotman,

London: p. 131-153.

Hoelstein, B., 2004. Paynologische Untersuchungen de Kdssener Schichten (Rhiet, Alpine

Obertrids. Jahrbuch der Geologishen Bundesanstalt, 144, 261-354.

Hudson W.E., Nicholas C.J., 2014. The Pindiro Group (Triassic to Early Jurassic Mandawa
Basin, southern coastal Tanzania): Definition, palacoenvironment, and stratigraphy. Journal of

African Earth Sciences 92, 53-67.

Ilyina, N.W., Egorov, A.Y., 2008. The Upper Triassic of northern Middle Siberia:

stratigraphy and palynology. Polar Research 27, 372—-392.

Karle, U., 1984. Palynostratigrahische Untersuchug eines Rhit /Lias-Profils am Fonsjoch,
Achensee (Nordliche Kalkalpen, Osterreisch). Mitteilungen der Osterreichischen

Geologischen Gesellschaft, 77: 331-353.

Kelly L., N., Whalen, M.T., McRoberts, C.A., Hopkin, E., Tomsich C.S., 2007. Sequence
stratigraphy and geochemistry of the upper lower through upper Triassic of Northern Alaska:

implications for paleoredoxhistory, source rock accumulation, and paleoceanography. Report

44



1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

of Investigation, State of Alaska, Department of Natural Resources, Division of Geological

and Geophysical Surveys, 2007-1, 50 pp.

Klausen, T.G., Ryseth, A.E., Helland-Hansen, W., Laursen, 1., 2015. Regional development
and sequence stratigraphy of the Middle to Late Triassic Snadd Formation, Norwegian

Barents Sea. Marine and Petroleum Geology 62, 102—122.

Konstantinov, A.G., Sobolev, E.S., Klets, T.V., 2003. New data on Fauna and Biostratigraphy
of Norian Deposits in the Kotel’'nyi Island (New Siberian Island). Stratigraphy and Geological

Correlation, 11(3), 321-243.

Korcinskaya, M.V., 1980. Rannenorijskaja fauna arhipelaga Sval’bard [Early Norian fauna of
the archipelago of Svalbard]. In: Geologija osado¢nogo ¢ehla arhipelaga Sval’bard [Geology
of the sedimentary platform cover of the archipelago of Svalbard]. N.I.I.G.A., Leningrad, 30—

43, In Russian.

Kiirschner, W.M., Bonis, N.R., Krystyn, L., 2007. Carbon-isotope stratigraphy and
palynostratigraphy of the Triassic—Jurassic transition in the Tiefengrabensection Northern
Calcareous Alps (Austria). Palacogeography, Palacoclimatology, Palacoecology, 244, 257—

280.

Kiirschner, W.M., Herngreen, W., 2010. Triassic palynology of central and northwestern
Europe: a review of palynofloral diversity patterns and biostratigraphic subdivisions. In:
Lucas, S.G. (Ed.), The Triassic Timescale. Geological Society of London, Special

Publications 334, 263-283.

Krystyn, L., Bouquerel, H., Kiirschner, W., Richoz, S., Gallet, Y., 2007. Proposal for a
Candidate GSSP for the base of the Rhaetian Stage. In: Lucas, S.G., Spielmann, J.A., (Eds.),

New Mexico Museum of Natural History and Science Bulletin, 41, 189-199.

45



1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

Le Herisse, A., Masure, E., Javaux E. J., Marshall C. P., 2012. The end of a myth: Arpylorus

antiquus dinoflagellate cyst. Palaios 27, 414-423.

Lentin, J.K., Williams, G.L., 1989. Fossil dinoflagellates: index to genera and species, 1989

edition. American Association of Stratigraphic Palynologists, Contributions Series, no.20, 473

p.

Li, L., Wang, Y., Liu, Z., Zhou, N., Wan, Y., 2016. Late Triassic palaeoclimate and
palaeoecosystem variations inferred by palynological record in the northeastern Sichuan

Basin, China. Paldontologische Zeitschrift 90, 327-348.

Lindstrom, S., 2002. Lunnomidinium scaniense Lindstrom, gen. et sp. nov., a new suessiacean
dinoflagellate cyst from the Rhaetian of Scania, southern Sweden. Review of Palacobotany

and Palynology, 120, 247-261.

Lindstrom, S., 2006. Two Late Triassic (Rhaetian) dinoflagellate cysts from southern Sweden,
Suessia sp. A and Lunnomidinium scaniense, and their implications on the evolution and
subdivision of the Family Suessiaceae. In: Poulsen, N.E. (Ed.). 2006 international workshop
on dinoflagellates and their cysts: their ecology and databases for paleoenvironmental
reconstructions. 10th-12th November 2006, Copenhagen, Denmark. Danmarks og Grenlands

Geologiske Undersagelse Rapport, 2006/78, 21-22.

Lindstrom, S., 2016. Palynological patterns of terrestrial ecosystems change during the end-

Triassic events — a review. Geological Magazine 153, 233-251.

Lindstrom, S., Erlstrom, M., 2006. The late Rhaetian transgression in southern Sweden:
Regional (and global) recognition and relation to the Triassic—Jurassic boundary.

Palacogeography, Palaeoclimatology, Palacoecology, 241, 339-372.

46



1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

Lindstrom, S., Erlstrom, M., 2007. Erratum to “The late Rhaetian transgression in southern
Sweden: Regional (and global) recognition and relation to the Triassic—Jurassic boundary”
[Palacogeography, Palaeoclimatology, Palacoecology 241/3— (2006) 339-72].

Palacogeography, Palaeoclimatology, Palacoecology, 249, 229-231.

Lindstrom, S., Erlstrom, M., Piasecki, S., Nielsen, L.H., Mathiesen, A., 2017a. Palynology
and terrestrial ecosystem change of the Middle Triassic to lowermost Jurassic succession of

the eastern Danish Basin. Review of Palaeobotany and Palynology, 244, 65-95.

Lindstrom, S., van De Schootbrugge, B., Hansen, K.H., Pedersen, G.K., Alsen, P., Thibault,
N., Dybkjer, K., Bjerrum, C.J., Nielsen, L.H., 2017b. A new correlation of Triassic—Jurassic
boundary successions in NW Europe, Nevada and Peru, and the Central Atlantic Magmatic
Province: A time-line for the end-Triassic mass extinction. Palacogeography,

Palaeoclimatology, Palacoecology, 478, 80—102.

Lucas, S. G., 2010. The Triassic timescale: an introduction. In: Lucas, S. G. (Ed.), The

Triassic Timescale. Geological Society, London, Special Publications, 334, 1-16.

MacRae, R.A., Fensome, R.A., Williams, G.L., 1996. Fossil dinoflagellate diversity,
originations, and extinctions and their significance. Canadian Journal of Botany, 74(11),

1687-1694.

Manspeizer, W., 1994. The break-up of Pangea and its impact on climate: Consequences of
Variscan-Alleghanide orogenic collapse. In: Klein, G.D (Ed.), Pangea: Paleoclimate,
Tectonics and Sedimentation during Accretion, Zenith and Breakup of a Supercontinent.

Geological Society of America Special Paper, 288, 169—185.

47



1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

Martini, R., Zaninetti, L., Lathuilliére, B., Cirilli, S., Cornée, J.-J., Villeneuve, M., 2004.
Upper Triassic carbonate deposits of Seram (Indonesia): palacogeographic and geodynamic

implications. Palacogeography, Palacoclimatology, Palacoecology, 206, 75—102.

Mettraux, M., Mohr, B., 1989. Stratigraphy of the Triassic/Jurassic boundary in the “Préalpes

Médianes” nappe: Facies and palynology. Eclogae Geologicae Helvetiae, 82(3), 743—763.

Michalik, J., Birofi, A., Lintnerova, O., Gotz, A.E., Ruckwied, K. 2010. Climate change at the
Triassic/Jurassic boundary in the northwestern Tethyan realm, inferred from sections in the

Tatra Mountains (Slovakia). Acta Geologica Polonica, 60, 535-548.

Moldowan, J.M., Talyzina, N.M. 1998. Biogeochemical Evidence for dinoflagellate ancestors

in the Early Cambrian. Science 281, 1168-1170.

Moldowan, J.M., Dahl, J., Jacobson, S.R., Huizinga, B.J., Fago, F.J., Shetty, R., Watt, D.S.,
Peters, K.E. 1996. Chemostratigraphic reconstruction of biofacies: molecular evidence linking

cyst-forming dinoflagellates with pre-Triassic ancestors. Geology 24, 159-162.

Morbey, S.J., 1975. The palynostratigraphy of the Rhaetian Stage, Upper Triassic in the

Kendelbachgraben, Austria. Palacontographica Abteilung B, 152(1-3), 1-75.

Morbey, S.J., Neves, R., 1974. A scheme of palynologically defined concurrent-range zones
and subzones for the Triassic Rhaetian Stage (sensu lato). Review of Palaeobotany and

Palynology, 17, 161-173.

Morbey, S.J., Dunay, R.E., 1978. Early Jurassic to Late Triassic dinoflagellate cysts and
miospores. In: Thusu, B. (Ed.), Distribution of biostratigraphically diagnostic dinoflagellate
cyst and miospores from the Northwest European continental Shelf and adjacent areas .IKU
Publication no. 100, pp. 47-59.

48



1136  Morton, N., 2012. Inauguration of the GSSP for the Jurassic System. Episodes 35, 328-332.

1137  Mueller, S., Veld, H., Nagy, J., Kiirschner, W.M., 2014. Depositional history of the Upper
1138  Triassic Kapp Toscana Group on Svalbard, Norway, inferred from palynofacies analysis and

1139  organic geochemistry. Sedimentary Geology 310, 16-29.

1140  Mork, A., Smelror, M., 2001. Correlation and non-correlation of high order Circum-Arctic

1141  Mesozoic sequences. Polarforschung 69, 65-72.

1142  Mork, A., Knarud, R., Worsley, D., 1982. Depositional and diagenetic environments of the
1143  Triassic and lower Jurassic succession of Svalbard. In: Embry, A.F., Balkwill H.R. (Eds.),
1144  Arctic Geology and Geophysics. Canadian Society of Petroleum Geologist, Calgary, Alberta,

1145  Canada, pp. 371-398.

1146  Mork, A., Embry, A., Weitschat, W., 1989. Triassic transgressive-regressive cycles in the
1147  Sverdrup Basin, Svalbard and the Barents Shelf. In: Collinson, J.D. (Ed.) Correlation in
1148  Hydrocarbon Exploration, Norwegian Petroleum Society (NPF), Graham & Trotman, 113—

1149 130.

1150 Mork, A., Vigran, J.O., Korchinskaya, M.V, Pchelina, T.M., Fefilova, L.A., Vavilov, M.N.,
1151  Weitschat, W., 1993. Triassic rocks in Svalbard, the Arctic Soviet islands and the Barents
1152 Shelf: bearing on their correlations. In: Vorren, T.O., Bergsager, E., Dahl-Stamnes, O.A.,
1153  Holter, E., Johansen, B., Lie, E., Lund T.B. (Eds.), Arctic Geology and Petroleum Potential.
1154  Norwegian Petroleum Society (NPF), Special Publication 2, Elsevier, Amsterdam, pp. 457—

1155  479.

1156  Nagy, J., Hess, S., Dypvik, H., Bjerke, T. 2011. Marine shelf to paralic biofacies of Upper
1157  Triassic to Lower Jurassic deposits in Spitsbergen. Palacogeography, Palacoclimatology,
1158  Palaeoecology 300, 138—151.

49



1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

Nicoll, R.S., Foster, C.B., 1994. Late Triassic conodont and palynomorph biostratigraphy and
conodont thermal maturation, North West Shelf, Australia. AGSO Journal of Geology and

Geophysics 15, 101-118.

Nielsen, L.H. 2003. Late Triassic — Jurassic development of the Danish Basin and the
Fennoscandian Border Zone, southern Scandinavia. Geological Survey of Denmark and

Greenland Bulletin 1, 459-526.

Norford, B.S., Brideaux, W.W., Channey, T.P., Copeland, M.J., Frebold, H., Hopkins, W.S.,
jr., Jeletzky, J.A., Johnson, B., McGregor, D.C., Norris, S.W., Pedder, A.E.H., Tozer, E.T.,
Uyeno, T.T. 1973. Biostratigraphic determination of fossils from the subsurface of the Yukon

Territory and District of Franklin, Keewatin and Mackenzie. Geological Survey of Canada,

Paper 72-38, 29 pp.

Ogg J.G., Ogg, G.M., Gradstein F., 2016. A concise geologic time scale. Elsevier,

Amsterdam. pp. 234.

Parrish, J.T., Droser, M.L., Bottjer, D.J. A. 2001. Triassic Upwelling Zone: The Shublik
Formation, Arctic Alaska, U.S.A. Journal of Sedimentary Research, Section B: Stratigraphy

and Global Studies. 71(2), 272-285.

Paterson, N.W., Mangerud, G., 2015. Late Triassic (Carnian — Rhaetian) palynology of

Hopen, Svalbard. Review of Palaeobotany and Palynology, 220, 98—119.

Paterson, N.W., Mangerud, G., Cetean, C.G., Merk, A., Lord, S.G., Klausen T.G., Merkved,
P.T., 2016. A multidisciplinary biofacies characterisation of the Late Triassic (late Carnian—
Rhaetian) Kapp Toscana Group on Hopen, Arctic Norway. Palacogeography,

Palaeoclimatology, Palacoecology, 464, 16-72.

50



1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

Paterson, N.W., Mangerud, G., 2017. Palynology and depositional environments of the
Middle - Late Triassic (Anisian - Rhaetian) Kobbe, Snadd and Fruholmen formations,

southern Barents Sea, Arctic Norway. Marine and Petroleum Geology 86, 304—324.

Paterson, N.W., Mangerud, G., Holen, L.H., Landa, J., Lundschien, B.A., Eide, F., 2018. Late
Triassic (early Carnian-Norian) palynology of the Sentralbanken High, Norwegian Barents

Sea. Palynology, https://doi.org/10.1080/01916122.2017.1413018.

Petersen, H.I., Lindstrom, S., Therkelsen, J., Pedersen, G.K. 2013. Deposition, floral
composition and sequence stratigraphy of uppermost Triassic (Rhaetian) coastal coals,

southern Sweden. International Journal of Coal Geology, 116-117: 117-134.

Poulsen, N.E., 1996. Dinoflagellate cysts from marine Jurassic deposits of Denmark and

Poland. American Association of Stratigraphic Palynologists Contribution Series 31, 1-227.

Powell, A.J., 1992. Dinoflagellate cysts of the Triassic System. In. Powell A.J. (Ed.) A

stratigraphic index of dinoflagellate cysts, 1-6. Chapman & Hall, London.

Riding, J.B., Mantle, D.J., Backhouse, J., 2010. A review of the chronostratigraphical ages of
Middle Triassic to Late Jurassic dinoflagellate cyst biozones of the North West Shelf of

Australia. Review of Palaeobotany and Palynology, 162, 543-575.

Riis, F., Lundschien, B.A., Hoy, T., Merk, A., Merk M.B.E., 2008. Evolution of the Triassic

shelf in the northern Barents region. Polar Research, 27, 318-337.

Riickwied, K., Gotz, A.E., 2009. Climate change at the Triassic/Jurassic boundary:
palynological evidence from the Furkaska section (Tatra Mountains, Slovakia). Geologica

Carpathica, 60(2), 139-149.

51



1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

Roennevik, H., Bescow, B., Jacobsen, H.P., 1982. Structural and stratigraphic evolution of the

Barents Sea. Canadian Society of Petroleum Geologists Memoir, 8, 431-440.

Sabbaghiyan, H., Ghasemi-Nejad, E., Aria-Nasab, M.R. 2015. Dinoflagellate cysts from the

Upper Triassic (Rhaetian) strata of the Tabas Block, East-Central Iran. Geopersia 5(1), 19-26.

Sansom, 1.J., 2000. Late Triassic (Rhaetian) conodonts and ichthyoliths from Chile.

Geological Magazine 137 (2), 129-135.

Sarjeant, W.A.S., 1963. Fossil dinoflagellates from Upper Triassic sediments. Nature, 199

(4891), 353-354.

Schneebeli-Hermann, E., Looser, N., Hochuli, P.A., Furrer, HM Reisdorf, A.G., Wetzel, A.,
Bernasconi, S.M. 2018. Palynology of Triassic—Jurassic boundary sections in northern

Switzerland. Swiss Journal of Geosciences 111, 99-115.

Sharma, J., Sarjeant, W.A.S., 1987. Late Triassic dinoflagellate cysts and acritarchs from the

Andaman Islands, India. Modern Geology, 11, 255-264

Smith, D. G., 1974. Late Triassic pollen and spores from the Kapp Toscana Formation,
Hopen, Svalbard—a preliminary account. Review of Palacobotany and Palynolog ,17, 175—

178.

Smith, D.G., Harland, W.B., Hughes, N.F., 1975. Geology of Hopen, Svalbard. Geological

Magazine 112(1), 1-23.

Smith, D.G., 1982. Stratigraphic significance of a palynoflora from ammonoid-bearing Early

Norian strata in Svalbard. Newsletters on Stratigraphy 11, 154-161.

52



1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

Souaya, F.J., 1976. Foraminifera of Sun-Gulf-Global Linckens Island Well P-46, Arctic

Archipelago, Canada. Micropaleontology, 22, 249-306.

Staplin, F.L., 1978. Triassic microplankton, Sverdrup Basin, Arctic Canada. Journal of

Palynology, 14(1), 1-11.

Stover, L.E., Evitt, W.R., 1978. Analysis of Pre-Pleistocene organic walled dinoflagellates.

Stanford University Publication, Geological Sciences, 15, 300pp.

Stover, L.E., Helby, R.J., 1987. Some Australian microplankton index species. Memoir of the

Association of Australasian Palacontologists 4, 101-134.

Stover, L.E. , Brinkhuis, H., Damassa, S.P., de Verteuil, L., Helby, R.J., Monteil, E.,
Partridge, A.D., Powell, A.J., Riding, J.B., Smelror M., Williams. G.L. 1996. Chapter 19.
Mesozoic-Tertiary dinoflagellates, acritarchs and prasinophytes. In: Jansonius, J., McGregor,
D.C. (Eds.): Palynology: principles and applications; American Association of Stratigraphic

Palynologists Foundation, 2, 641-750.

Suneby, L.B., Hills, L.V., 1988. Palynological zonation of the Heiberg Formation (Triassic -
Jurassic) Eastern Sverdrup Basin, Arctic Canada. Bulletin of Canadian Petroleum Geology

36(4), 347-361.

Van Veen, P.M., Skjold, L.J., Kristensen, S.E., Rasmussen, A., Gjelberg, J., Stelan, T., 1993.
Triassic sequence stratigraphy in the Barents Sea. In: Vorren, T., Bergsager, E., Dahl-
Stamnes, ., Holter, E., Johansen, B., Lie, E., Lund T., (Eds.), Arctic Geology and Petroleum
Potential, Norwegian Petroleum Geologists (NGF), Special Publication, vol. 2, Elsevier,

Amsterdam (1993), pp. 515-538.

53



1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

Vigran, J.O., Mangerud, G., Merk, A., Worsley, D., Hochuli, P.A., 2014. Palynology and
geology of the Triassic succession of Svalbard and the Barents Sea. Geological Survey of

Norway Special Publication 14, 270 p.

Warrington, G., 1974. Studies in the palynological biostratigraphy of the British Trias. I.
Reference sections in West Lancashire and North Somerset. Review of Palacobotany and

Palynology, 17, 133-147.

Warrington, G., 1977a. Palynological examination of Triassic (Keuper Marl and Rhaetic)

deposits northeast and east of Bristol. Proceedings of the Ussher Society, 4(1), 76-81.

Warrington, G., 1977b. The Penarth Group-Lias Group succession (Late Triassic-Early
Jurassic) in the East Irish Sea Basin and neighbouring areas: a stratigraphical review. In:
Meadows, N. S., Trueblood, S. E., Hardman, M., Cowan, G. (Eds), 1997, Petroleum Geology

of the Irish Sea and Adjacent Areas, Geological Society Special Publication No. 124, 33—46.

Warrington, G., 1978. Appendix 1. Palynology of the Keuper, Westbury and Cotham beds
and the White Lias of the Withycombe Farm Borehole. In: Poole, E.G. (Ed.) The stratigraphy
of the Withycombe Farm Borehole, near Banbury, Oxfordshire. Bulletin of the Geological

Survey of Great Britain, 68, 22-28.

Warrington, G. 1983. Late Triassic and earliest Jurassic palynomorph assemblages from the
Western English Channel and neighbouring areas. Proceedings of the Ussher Society, 5, 473—

476.

Warrington, G., 1997. The Lyme Regis Borehole, Dorset — palynology of the Mercia
Mudstone, Penarth and Lias groups (Upper Triassic—lower Jurassic). Proceedings of the

Ussher Society, 9, 153—-157.

54



1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

Warrington, G., 2005. Late Triassic (Rhaetian) palynomorphs from near York, North

Yorkshire, UK. Proceedings of the Yorkshire Geological Society, 55(4), 305-306.

Warrington, G., Whittaker, A., Scrivener, R.C., 1986. The late Triassic succession in central

and eastern Somerset. Proceedings of the Ussher Society, 6, 368—374.

Warrington, G., Ivimey-Cook, H.C., Edwards, R.A., Whittaker, A., 1995. The Late Triassic-
Early Jurassic succession at Selworthy, west Somerset, England. Proceedings of the Ussher

Society, 8, 426-432.

Wiggan, N.J., Riding, J.B., Fensome, R.A., Mattioli, E. 2018. The Bajocian (Middle Jurassic):
A key interval in the early Mesozoic phytoplankton radiation. Earth-Science Reviews, 180,

126-46.

Wiggins, V.D., 1973. Upper Triassic dinoflagellates from arctic Alaska. Micropaleontology,

19, 1-17.

Williams, G.L., Fensome, R.A., MacRae, R.A., 2017. The Lentin and Williams index of fossil
dinoflagellates 2017 edition. American Association of Stratigraphic Palynologists,

Contributions Series 48, 1097 p.

Wilson, G. J., Helby, R., 1986. New Zealand Triassic dinoflagellates — a preliminary survey.

Newsletter of the Geological Society of New Zealand 71, 48—49.

Witmer, R. J., Mickey, M.B., Warren, A., Haga, H., 1981. Biostratigraphic Correlations of
selected test wells of National Petroleum Reserve in Alaska. Open-file report no. 81-1165, 89

pp. (https://pubs.er.usgs.gov/publication/ofr811165).

Worsley, D., 2008. The post-Caledonian development of Svalbard and the western Barents

Sea. Polar Research 27, 298-317.

55



1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

Yaroshenko, O.P., 2007. Late Triassic Palynological Flora from Western Cicaucasia.

Paleontological Journal 41(11), 1190-1197.

Ziegler, A. M., Scotese, C. R., Barrett, S. F., 1983. Mesozoic and Cenozoic paleogeographic
maps. In: Broesche, P., Stindermann, J. (Eds.) Tidal Friction and The Earth’s Rotation II.,

Springer-Verlag, Berlin, 240-252.

Ziegler, A. M., Eshel, G., McAllister Rees, P., Rothfus, T. A., Rowley D. B., Sunderlin, D.,
2003. Tracing the tropics across land and sea: from the Permian to present. Lethaia 36, 227—

254.

FIGURES

Figure 1. The palacogeography of the Late Triassic illustrating the locations of first

occurrences of dinoflagellate cyst records (adapted from Golonka et al. 2018).

Figure 2. A composite range chart of Late Triassic dinoflagellate cysts from various

geographical areas (time scale from Gradstein et al. 2016).

TABLE 1

List of dinoflagellate cyst taxa appearing in Upper Triassic successions. References to the

author citations can be found in Williams et al. (2017).
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