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ABSTRACT

It has been argued that the beginning of < ic..“cant pelagic calcification could have been linked to the
Carnian Pluvial Episode (CPE), a c’in.ate change in the Late Triassic (~234-232 Ma) that was marked
by C-cycle disruption and glob2! we ming. Nevertheless, abundant calcareous nannofossils have been
described so far only in rost- “PF. rocks, and therefore no conclusive hypotheses can be drawn on
possible causal links with it. Here we show that in deep-water successions of the Western Tethys,
Orthopithonella calcispheres interpreted as calcareous dinocysts became an important component of
carbonate sedimentation from the onset of the CPE, and could constitute up to 8% of hemipelagic
limestones. Before the CPE, in similar depositional environments, calcispheres are rare or absent, and
never constitute a significant part of the sediment. This change in the deep-water carbonate
sedimentation, is mirrored in the shallow water environments by the rise of the reefs built by

Scleractinia corals. These important innovations in Earth’s carbonate systems may indicate a deep



modification in the ocean biogeochemistry during the CPE.
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1. Introduction
Pelagic biocalcification became significant from the Early Jurassic with the diversification and
speciation of coccolithophores (e.g., Bown et al., 2004; Erba, 2006; Suchéras-Marx et al., 2019), but
calcifying nannofossils appeared and were episodically abundant alrendy during the Triassic (e.g.,
Bown, 1992; Bown et al., 2004; Falkowski 2004; Erba, 2006; Gard'. e. 4l., 2012; Preto et al., 2013a, b;
Demangel et al., 2020). Pre-Triassic calcareous nannofossils in Cilur an, Carboniferous, and Permian
rocks are of uncertain affinity, very rare, and observed onl\ lo.ahy (e.g., Bown et al., 2004; Munnecke
and Servais, 2008).

Abundant calcispheres are found in Carnian ~uccessions (e.g., Jafar, 1983; Janofske, 1992;
Bown et al., 2004; Onoue and Yoshida, 2010; F\ ~to et al., 2013a; Dal Corso et al., 2020). Late Triassic
calcispheres are Obliquipithonella, Orthep):hoiella, and Prinsiosphaera (Jafar, 1983; Janofske, 1992;
Bown et al., 2004; Onoue and Yoshic'a, zc10), and it has been pointed out that the oldest Carnian
calcispheres, and in particular Orti.~oi1honella, may have had planktonic calcareous dinoflagellate
affinity (Janofske, 1992; Pre o et al., 2013a). Janofske (1992) reported the presence of these calcareous
dinocysts (Orthopithonella 2».d Obliquipithonella) from the Carnian (Misurina section) of the
Dolomites (Southern Alps, Italy). Onoue and Yoshida (2010) found similar calcispheres in the Late
Carnian — Middle Norian deep, open ocean successions of Japan. Preto et al. (2013a, b) showed that in
Late Carnian and Norian hemipelagic periplatform deposits of the Lagonegro and Sicanian basins in
southern Italy, calcispheres are abundant, but are instead very rare in the Early Carnian. Overall, these
works suggest that pelagic carbonate bioproduction occurred in the Late Carnian (Tuvalian) (Onoue
and Yoshida, 2010; Preto et al., 2013). Furin et al. (2006) and Preto et al. (2013a) also pointed out that

this important event happened just after a major climate change known as the Carnian Pluvial Episode



(CPE), proposing a possible link between the evolution of this group and climate change.

The onset of the CPE is marked by a sharp 2—4%. negative C-isotope excursion (NCIE)
recorded by bulk organic matter and biomarkers (Dal Corso et al., 2012, 2015; Mueller et al., 20164, b).
Further NCIEs follow the first one, as recorded by organic and carbonate C-isotope records from
stratigraphic successions of the Southern Alps, Hungary, UK, Oman, China and Japan (Sun et al., 2016,
2019; Miller et al., 2017; Dal Corso et al., 2018a, 2020; Tomimatsu et al., 2021). In western Tethys
each NCIE just precede thick piles of siliciclastic rocks in the sedimertary records, within widespread
generally more humid conditions during the CPE (Dal Corso et al., ZU.2a, b, 2019). This suggests
multiple injections of **C-depleted carbon into the Carnian atmc sphe -e—ocean system that repeatedly
enhanced the hydrological cycle, leading to the massive tra ispon of siliciclastic material into the basins
(Dal Corso et al., 2018a). At the CPE, a sudden reducti2n of caibonate precipitation in shallow water
environments of western Tethys is also observed (S hlager and Schollnberger, 1974; Simms and
Ruffell, 1989; Preto and Hinnov, 2003; Keim et .l., 2006; Hornung et al., 2007; Stefani et al., 2010),
and is accompanied by a Tethys-wide sw.w ™ rom microbial to metazoan factories (Gattolin et al.,
2015; Dal Corso et al., 2015, 2018a. =020, Jin et al., 2020).

Preto et al. (2013a) propose ™ ti.at the rise of calcispheres, which they observed after the CPE,
could have been triggered by inc, easing seawater alkalinity and supersaturation due to enhanced supply
of bicarbonate from rivers, ~~upled to reduced shallow-water carbonate precipitation. The work of
Preto et al. (2013) however, had two main limitations: (1) due to the strong overgrowth of diagenetic
calcite around calcispheres, a precise evaluation of the proportion of pelagic carbonate to the total
sediment budget could not be achieved; (2) the causal link between the CPE and the spread of
calcispheres was weak, since carbonates (including the calcispheres) are not preserved around the CPE
in the deep Lagonegro Basin because of a rise of the carbonate compensation depth, CCD (Rigo et al.,
2007).

In this study, we investigated the occurrence and abundance of calcispheres, of possible



dinoflagellate affinity, in shales and limestones from well-calibrated Carnian deep-water successions in
various localities of western Tethys across the CPE. We show that these calcispheres rose during the

CPE and were widespread throughout the western Tethys at least.

2. Geological setting and studied sections

2.1 Transdanubian Range, Hungary

Samples come from outcrops and core material (Balatonfiired boreho'e, Bfti-1) from the Transdanubian
Range in Hungary (Fig. 1). The stratigraphic succession of the Tran ,da."unian Range considered for
this study encompasses the entire Julian (Early Carnian; Dal Coiso e al., 2015 and references therein).
It starts with the pelagic cherty nodular limestones of the Fure.' Formation, which overlies the upper
Ladinian Buchenstein Formation. The Flred Fm. is re!2*ively poor in fossils. Early Carnian ammonoids
(Trachyceras zone: Trachyceras aon, Frankites <n., Sirenites sp.), bivalves, brachiopods and conodonts
(Gladigondollela tethydis, Paragondolella folia.» Paragondolella foliata inclinata, etc.) were
occasionally found (Dal Corso et al., 2015, 20.3a; Fig. 2). Neoprotrachyceras spp. and Sirenites sp. of
the Austrotrachyceras ammonoid zo:=» wee found in the clay-rich uppermost part of the Fired Fm.
(Budai et al., 1999; Krystyn, 1978, ' ukeneder and Lukeneder, 2013). Therefore, the base of the
Austrotrachyceras ammonoil zo ie is placed in the uppermost part of the Fiired Fm. (Dal Corso et al.,
2015; Fig. 2). An abrupt incr~.ase in the fine siliciclastic fraction marks the transition to the Mencshely
Member of the Veszprém Fm., and consists of dark-grey thin-bedded laminated and bioturbated marls
with silt-sand intercalations and increasing kaolinite content, which testify to increasing humid
conditions related to the onset of the CPE (Rostasi et al., 2011). The NCIE, that marks the onset of the
CPE, starts in the uppermost part of the Fiired Fm.—lowermost part of the Veszprém Fm. (Dal Corso et
al., 2015; Fig. 3). Within the Mencshely Member (Veszprém Fm.), a second NCIE is recorded by total
organic carbon isotopes (Dal Corso et al., 2018a; Fig. 3). The Mencshely Member passes abruptly to a

10-12 m thick package of well bedded micritic limestone ascribable to the Nosztor Limestone Member



(Veszprém Fm.), whose age is constrained by the presence of ammonoids defining the
Austrotrachyceras ammonoid zone (Budai et al., 1999; Fig. 2). The Nosztor Limestone Member is
overlain by grey to dark grey marls and clays of the Csics6 Member (Veszprém Fm.), lithologically
very similar to, and almost indistinguishable from the Mencshely Member (Budai et al., 1999).
Neoprotrachyceras baconicum was found in the Csics6 Member (Budai et al., 1999), which still
correlate with the Austrotrachyceras ammonoid zone. Sporomorphs of the Aulisporites astigmosus
assemblage (sensu Roghi et al., 2010) are present throughout the all Veszprém Fm. (Baranyi et al.,
2019), confirming a Julian 2 age for this formation (Fig. 1 and 2). Thie “eszprém Fm. is overlain by the
shallow-water carbonates of the Sdndorhegy Fm. For this studv, we « tudied eight selected lime
mudstone samples from both outcrops (Csukrét Section; se: G3czan et al., 1991) and a borehole (BFU-
1; Table 1), and fifty-three shale samples from boreho'z= {8FU-1 and MET-1; see Rostasi et al., 2011
and Dal Corso et al., 2015, 2018a for details). This .~ because along the Csukrét river the shales of the
Veszprém Fm. do not outcrop well and large pai.~ of the section is covered, whilst the boreholes
provide a continuous record of the succecsi.n ai the base of the Veszprém Fm. (Mencshely Member)
but do not encompass the Nosztor Li-estcne Member. Lime mudstones with radiolarian moulds and
thin-shelled bivalves sampled fron. *he Fiired Fm., from the Mencshely Member (Veszprém Fm.) and
from the Nosztor Limestone Met iber of the Veszprém Fm., were analysed in thin section and at the
Field Emission Scanning E'e_tron Microscope (FESEM). Samples from the shales of the Mencshely
Member of the Veszprém Fm. were prepared as standard smear slides (Bown and Young, 1998) and
observed at 1250 magnification under a polarizing microscope at the Department of Geosciences,

University of Padova.

2.2 Eastern Julian Alps, Slovenia
Five samples from the eastern Julian Alps (Fig. 1) were analysed at FESEM from the lower member of

the Martuljek platy limestone at the Mt. Skrlatica section (Celarc and Kolar-Jurkovsek, 2008; Celarc et



al., 2014; Jin et al., 2020). The lithostratigraphic unit can be subdivided in two members. The lower
one consists in thin bedded (wavy to planar bedding) red and grey pelagic limestone (wackstone,
packstone with glauconite and thin-shelled bivalves) resting, with a sharp contact, above the shallow
water Rostor Limestone (Celarc and Kolar-Jurkovsek, 2008). The upper member consists of light grey
to white platy limestone (packstones and grainstones), often dolomitized, characterized by un upward
increase of platform derived detritus, upward the Martuljek platy limestone is bound by clinostratified
grainstones, rudstones and breccias of the toe of slope facies of the D~chstein carbonate platform. The
age of the Martuljek platy limestone is constrained to the late Carniin - early Norian by ammonoid and
conodont biostratigraphies, the age of the lower member is cons. rain :d to the Tuvalian 2 and Tuvalian

3 (Celarc and Kolar-Jurkovsek, 2008; Celarc et al., 2014; Calc =t al., 2015; Fig. 2).

2.2.1 Western Julian Alps, Italy

One (pre-CPE) lime mudstone sample from the \ vedil Limestone Fm. (Julian 1) and two (end of the
CPE) lime mudstone samples from the wzs 2rn Julian Alps (Eastern Southern Alps) (Fig. 1) were
analysed at FESEM from the Carnitz: Fm. at Portella Pass near Cave del Predil. The Carnitza Fm.
formation consists in well layered \.me mudstone to wackestone with chert nodules, radiolarian moulds
and abundant thin-shelled bi «alv: s, and, occasionally, ammonoids. It is the deep-water counterpart of
the Dolomia Principale epice.itinental carbonate platform during the Late Carnian (Gianolla et al.,
2003; Caggiati et al., 2018). The age of the Carnitza Fm. is constrained to the Tuvalian 2 — Tuvalian 3
by ammonoid, conodont and sporomorph biostratigraphies (De Zanche et al., 2000; Gianolla et al.,

2003; Roghi et al., 2010; Dal Corso et al., 2018a; Fig. 2).

2.4 Dolomites, Southern Alps, Italy
Fifteen samples from the Dolomites come from the Borca Member of the Heiligkreuz Fm. (Milieres

section: Dal Corso et al., 2012; Fig. 1). The Milieres section deposited in an offshore/prodelta



sedimentary environment, and consists of silty shales and marls, with cm-thick intercalations of lime
mudstones, packstones and grainstones. The age of Milieres section is constrained by sporomorph,
ammonoid and conodont biostratigraphies. The base of Julian 2 biochronozone is placed at the
boundary between the Concentricisporites bianulatus and Aulisporites astigmosus sporomorph
assemblages (Dal Corso et al., 2012; 2018; Fig. 2). Moreover, conodonts of Julian 1 age have been
extracted from the lowermost Heligkreuz Fm. in other localities (Mastandrea, 1994). The first NCIE of
the CPE has been found at Milieres, and it is recorded by the carbon icotopes measured on the total
organic matter, higher plant n-alkanes and other marine algal biome. ke.s (Dal Corso et al., 2012). In
addition to the samples from Milieres section covering the CPE, we « nalysed selected Late Permian to
Late Triassic (Early Carnian) samples of deep water, fine a an.~a carbonates from previous fieldwork
in the Dolomites to check for the presence of calcispher»s. These samples come from the Werfen Fm.
and Bellerophon Fm. (Late Permian — Early Tri2<si ). the Dont Fm. and Gracilis Fm. (Pelsonian,
Anisian), the Morbiac Fm. (lllirian, Anisian), the Bivera, Ambata and Livinallongo Fms. (Illirian —
Fassanian, Anisian — Ladinian), the Aqur. "4, ~ernazza and Wengen Fm. (Longobardian, Ladinian)
and the San Cassian Fm. (early Carni~n) (-or a general stratigraphic framework of the pre-CPE

succession of the Dolomites pleast “eier to e.g., Stefani et al., 2010).

3. Methods

3.1. Analysis of lime mudstone samples at FESEM

Lime mudstones were analysed at the Field Emission Scanning Electron Microscope (FESEM).
Samples were cut in ~5x5 mm cubes. The cubes were attached to a microscope glass with the surface
perpendicular to bedding exposed, and were etched for 20-30 seconds in 0.3% HCI to highlight crystal
boundaries (Preto et al., 2013a), then cleaned in an ultrasonic bath and rinsed with deionized water.
Before analysis at the FESEM the samples were coated with gold. SEM images were taken with the

Zeiss SUPRA 40 of the Department of Geosciences, University of Bremen. Eighty-six pre-CPE Late



Permian to Late Triassic (Early Carnian) samples of deep water, fine grained carbonates from the
Dolomites were analysed to exclude that the calcispheres were ever common before the CPE. These
add to 32 Middle Triassic samples of the Dolomites from Preto et al. (2009), which were further
prepared for observation under the FESEM in the context of this work. 16 syn-CPE fine carbonate,
deep water samples from the Transdanubian Range, Eastern and Western Julian Alps were analysed
more in detail. Samples from the (pre-CPE) deep water, fine grained Flred limestone of Hungary were
also observed at the SEM to confirm that calcispheres were rare or absent before the CPE. The
calcisphere carbonate production was estimated by counting 500 po:nts an 5-8 FESEM images (see
Fig. Al in the Appendices) per sample, corresponding to an aree of ¢a. 400x400 um, with 2500-4000
points counted per sample. For point counting, we placed e 11, ~ount into one of the following main
groups of limestone elements: micrite (microsparite), r2'cisphere, syntaxial calcite overgrowth on
calcispheres, other skeletal grains, and non-carbrna.» elements. Points were attributed to the category
“calcisphere” both when they corresponded to ti.~ test of a complete calcisphere, or to a fragment (a
very rare case), because the intent of poir... ~uiting was to estimate the volume proportion of carbonate
derived from calcisphere, and not the nun.2er of individuals. Since the point counting has been made
on SEM images, no correction is n.2aed for the overestimation that typically affects point counting of
small objects in thin section 'Che yes, 1956). More details on this method are given in Preto et al.

(2013b).

3.1. Smear slides analysis of shale samples under transmitted light microscope

46 samples of shale from the (syn-CPE) Mencshely Member of the Veszprém Fm. in the
Transdanubian Range (Fig. 1) have been selected for the examination of the calcareous nannofossil
content under transmitted light microscope (Fig. A2 in the Appendices). Smear slides were prepared
using a standard procedure (Bown and Young, 1998). A qualitative estimation of the abundance of

dinocysts was recorded based on the number of fragments of calcispheres per field of view (FOV), as



follows: A = abundant (>10-100 specimens per field of view); C = common (>1-10 specimens per
field of view); S = scarce (1 specimen per 1-10 fields of view); R = rare (<1 specimen per 10 fields of
view), VR = very rare (<5 specimens seen while logging slide). Where present calcispheres display a
moderate to good preservation and the presence of whole specimens of dinocysts confirm the good

state of preservation.

4. Results

The calcispheres and their occurrences in lime mudstones and shale’, Tiem the studied successions are
shown in Figs. 2—4. Large-field images of selected samples stud ad &: the FESEM (limestone) and light
microscope (shale) are shown in the appendices (Fig. Al ard » 2). FESEM point counting data are
given in the appendices (Table Al). Abundances of th2 ~aicisptieres in limestone are shown in Table 1

and Fig. 3. A qualitative estimate of calcispheres’ a. indance in shale samples is presented in Fig. 3.

4.1 FESEM analysis

4.1.2 Transdanubian Range, Hung: ry

Lime mudstone samples from the 1 !as.tor Limestone Member (Veszprém Fm.) of Hungary contain
calcispheres that can be comare 1 to those found in late Carnian to Norian carbonate deposits by
Janofske (1992), Bellanca et .l. (1995) and Preto et al. (2012; 2013a). No calcispheres have been found
in the samples from the older Menchley Marls (Veszprém Fm.) and Fired Fm. (Fig. 2). The
calcispheres of the Nosztor Limestone are better preserved than many of these previous studies, with
the exception of Jafar (1983) and Janofske (1992), because overgrowths of diagenetic calcite are
minimal or absent (Fig. 4G, H). A few calcispheres from the Nosztor Limestone Member do have a
diagenetic overgrowth, made of elongated calcite crystals disposed radially around the calcisphere test
(Fig. 4B, D). This calcite overgrowth is the most commonly observed diagenetic alteration of these

Triassic calcispheres (e.g., Bellanca et al., 1995; Preto et al., 2013a; see also Fig. 4F). In some samples



of the Nosztor Limestone Member, however, calcispheres are not affected by this diagenetic
modification, and the description of their test is based on these best-preserved samples. Calcispheres
from the Nosztor Limestone Member are hollow spheres with a diameter of 10 pum on average, and
have a test 1 to 1.5 um thick made of sub-micrometric calcite crystals (based on 16 calcispheres
sectioned at a great circle). The shape of crystals is not regular, but they are not elongated radially and
often appear as rhombohedra with the c-axis roughly disposed radially (Fig. 4). The test is made of at
least two layers of such rhombohedral or sub-rhomboedral crystals, and in best preserved specimens
(e.g., Fig. 4G, H), the calcite crystals of the surrounding cement anc’ mi “rosparite did not grow
syntaxially on the test crystals, but rather engulfed the test. This velaiionship indicates that the
precipitation of cement and microspar postdates what appers 1 ve the test of the calcisphere, and we
thus conclude that, in these best-preserved samples, th2 niiginair ultrastructure of the test is preserved.
This description fits well with that of genus Orthap,*honella of Keupp and Mutterlose (1984), and we
thus tentatively attribute all calcispheres to Ortnionithonella. Janofske (1992) described Orthopithonella
misurinae from the Carnian of the Dolom.uu . which is similar to our material in terms of wall structure
and size. Moreover, the calcispheres -tudicd by Janofske (1992) come from Misurina section in the
Dolomites, which covers the onsel ~f wne CPE and is stratigraphically equivalent to the section of
Milieres (see section 2.4) wt ere \1e first NCIE is recorded (Dal Corso et al., 2012). However, the
aperture, which is a diagnost: . character of Janofske’s (1992) Orthopithonella misurinae when
compared to other Orthopithonella, could not be observed in our calcispheres, so an attribution at
specific level is not possible. Point counting at FESEM show that 4 analysed hemipelagic limestones of
the Nosztor Limestone are composed 86% to 90% of microsparite (the matrix), while calcispheres
constitute 3% to 8% of the rocks (Table 1). <9% of the limestone is constituted by other skeletal
components, non-carbonate elements, and syntaxial calcite overgrowth on calcispheres. No
calcispheres have been observed in older limestone of the Menchley Marls member (Veszprém Fm.)

and the Fured Fm. (Table 1).



4.1.2 Eastern Julian Alps, Slovenia

Calcispheres in lime mudstones from Slovenia are less common, and their morphology was
characterized with less detail. Calcispheres of Mt. Skrlatica section (Slovenia) are also diagenetically
overgrown, with apparently no remains of their original tests being preserved, as for “stage d” of Preto

et al. (2013, their Fig. 13) (Fig. 4).

4.1.3 Western Julian Alps, Italy

Only a few calcispheres from lime mudstones of the Carnitza Fr.». ot the Julian Alps in North-eastern
Italy were hollow spheres. The most common morphology ot calcispheres from this locality are full
spheres made of sub-micrometric irregular crystals, dic;2ased inegularly. The original habit of crystals
in these samples is most probably obliterated bv dicenesis, and in fact, at a sub-micrometric scale,
crystals of the calcispheres fit together with trip.. iunctions and completely occlude the pore space
(Fig. 4). These calcispheres have an aver.y.. diumeter of 8-10 um. A few hollow specimens have a test
with a thickness of ~ 1 um. The calci-»he, 2s filled by irregular crystals that occur in the upper Carnian
(Tuvalian) of the Tarvisio Basin mcvio0k like collapsed calcispheres as those of stage b in Preto et al.
(2013a), but are distinct beci use hey preserved a perfectly spherical shape. It is not possible to
recognize the essential chara.cers of Orthopithonella in these calcispheres, with the possible exception
of a few hollow specimens (e.g., Fig. 4C). We here hypothesize that the calcipsheres of the Carnitza
Fm. are Orthopithonella as well, which were subject to a diagenetic alteration different from the
syntaxial overgrowth and collapse described by Preto et al. (2013a). This attribution of the calcispheres
of the Western Julian Alps should be, however, considered only tentative and subjected to future
amendments, as soon as further data become available. Point counting at FESEM of 2 samples from the
Tuvalian Carnitza Fm. shows that calcispheres constitute 1 — 4% of this hemipelagic limestone (Table

1); 83 — 95% of the rock is microsparite, and 4 — 13% is other skeletal components, non-carbonate



elements, and syntaxial calcite overgrowth on calcispheres. No calcispheres have been observed in

older samples so far.

4.1.4 Dolomites, Italy

The calcispheres of the Milieres section (Dolomites, Italy) in the Dolomites were only observed in thin
section under a petrographic microscope, and appear as hollow spheres of few tens of um with a radial
test, which probably reflects a diagenetic overgrowth (see Preto et al. 2013a). Calcispheres are absent

or rare in Late Permian to Late Triassic (Early Carnian) samples of see,> water, fine grained carbonates

from the Dolomites (Table 2).

4.2. Transmitted light microscope

Calcispheres were found in shales (smear slides® frcm the succession of the Transdanubian Range (Fig.
2 and 5 and supplementary material). They are 1. general rare in the few shale levels within the Flred
Fm. (early Julian), but become common - - c~undant at the base of the Veszprém Fm., i.e., in
correspondence to the first NCIE anc 2nset of the CPE. At the light microscope, calcispheres show a
certain degree of morphologic vanchnaty both in term of outline, size and microstructure. Most
commonly they have a perfe “tly circular section but specimens with an oval shape and, more rarely,
arch-shaped have been encer.itered. Another interesting character is the crystal size that could vary
from coarse (>3 pum), to medium (1-3 um) to fine (< 1 um). The size of the calcispheres is variable
with most of them varying from 3-5 um to 15- 20 um (Fig. 5). The wall of each form is composed of a
mosaic of irregular interlocking elements/crystals with a similar c-axis orientation, the sutures among
single crystals are usually slightly depressed. The extinction figure is thus the result of the behaviour of
each individual element but also of the interaction among different crystals. The common c-axis
orientation produces a virtually simultaneous extinction of each single crystal, but these individual

elements are still visible and distinguishable because of the presence of the sutures that, in a way,



separates the single components. These peculiar features are particularly evident when the extinction

figure of the same specimen is observed at 0°, when it is bright, and, successively, at 45° (Fig. 5).

5. Discussion

5.1 Morphology and affinity of the Carnian calcispheres

Diagenetic processes, discussed in Preto et al. (2013), may alter the pristine morphology of the
calcispheres and therefore make their taxonomy difficult to assess. The main diagenetic alterations are
the mechanical collapse of the calcisphere and the overgrowth of ca’ci.. cement on the calcisphere test.
However, diagenetic modifications can be easily identified and ¢ iser :angled from pristine
morphologies (Preto et al., 2013a). Two basic morphologies 0. calcispheres occur in our material as
observed at the SEM: hollow “spherical” calcispheres #tn a thin (~1 um) test, made of calcite crystals
that are radially oriented (Orthopithonella), and ~aicispheres filled by a mesh of irregular, sub-
micrometric calcite crystals. Our results show tr..t calcispheres possibly ascribable to Orthopithonella
occur rarely in the Triassic before the CP= Taule 2), but became more abundant at the CPE (Julian 2).
A third type of Late Triassic calcispl.~re 1..orphology, that of Prinsiosphaera triassica and similar
forms, has been described in Noria.> successions, but does not occur in our samples. Prinsiosphaera
formed calcispheres filled by pile s of thin calcite plates no larger than 1-2 um (e.g., Bralower et al.,
1991; Gardin et al., 2012; Pre(0 et al., 2013b) and only occurs since the middle—upper Norian (Gardin
et al., 2012; Demangel et al., 2020), to become a dominant element not earlier than in the Rhaetian
(Preto et al., 2013b; Demangel et al., 2020).

The dimensions of the Carnian Orthopithonella calcispheres found in the studied sections, as
measured in SEM images, are similar (~ 5-15 um) to those found by Onoue and Yoshida (2010) in the
Panthalassa deep-water succession of Japan and to the smallest of those found by Preto et al. (2013a) in
the Tethys successions of Italy. As previously observed, they are in general significantly smaller than

other spherical calcispheres in younger Mesozoic rocks (~ 25-100 um; Dias-Brito, 2000; Wendler et



al., 2013). Cretaceous pithonellid calcispheres have been classified as proloculi of foraminifera, benthic
or planktonic foraminifera, spores of calcareous algae, unicellular algae, planktonic algal cysts,
protozoa, planktonic protists, oolitic structures, etc. (see Dias-Brito, 2000; Wendler et al., 2013).
However, observation of the structure of well-preserved material and palaeoecological considerations
(Dias-Brito, 2000; Wendler et al., 2013), suggest that the Cretaceous pithonellids were most likely
calcareous dinoflagellates (Dias-Brito, 2000; Wendler et al., 2013). Janofske (1992) extracted from
Carnian sediments of the Dolomites (Misurina Lake section, late Julien) well preserved calcispheres
(Orthopithonella misurinae) that could be observed in three dimens’on. at the SEM. As previously
mentioned in the Results, these calcispheres are found in a successio 1 of the Dolomites (Italy) of the
same age of those sampled in this study, and are also comp irax e in shape and size to the calcispheres
here reported. Moreover, they present characteristics th2t allowed their identification as calcareous
dinocysts (Janofske, 1992). Hence, by comparisnn ¥ the Carnian calcispheres (i.e., Orthopithonella)
found in the studied sections with previous stuai.s (Janofske, 1992; Preto et al., 2013a), we interpret

these calcispheres as calcareous dinoflag.n tes.

5.2 Rise of calcispheres during ti.» CPE

Carnian calcispheres were ki'owi so far from the Northern Calcareous Alps, from the Dolomites, from
the Lagonegro and Sicani ba<.ns of Southern Italy, and from a deep-water succession of Japan (Jafar,
1983; Janofske, 1992; Bellanca et al., 1995; Onoue and Yoshida 2010; Preto et al., 2012, 2013a). Apart
for those of the Dolomites, these occurrences have a late Carnian age, and are all post-CPE. In deep-
water siliceous micrite of Japan, Onoue and Yoshida (2010) found calcispheres of Orthopithonella and
Obliquopithonella. The age of these calcispheres is constrained by conodont biostratigraphy of the
Japanese successions to the late Carnian — middle Norian (Fig. 6) (Onoue and Yoshida, 2010). In the
deep-water Lagonegro Basin, where Preto et al. (2013a) conducted their study, the carbonate

sedimentation abruptly halts at the CPE and is later replaced by the deposition of shales and radiolarites



of the so-called “green clay-radiolaritic horizon” (Rigo et al., 2007; 2012). The calcispheres in the
Lagonegro Basin occur in the limestones above the green clay-radiolaritic horizon, along with
conodonts of early Tuvalian (late Carnian) age (Fig. 6). An ash layer within the “green clay-radiolaritic
horizon” has been dated with zircon U/Pb radioisotope analysis at 230.91+0.33 Ma (Furin et al., 2006),
while the CPE is currently dated at ca. 234—232 Ma on the basis of the available magnetostratigraphic
and biochronostratigraphic data, and recent radiometric dating of volcanic ashes in terrestrial
successions of South America (Bernardi et al., 2018; Maron et al., 20".9; Sun et al., 2019; Dal Corso et
al., 2020). The calcispheres from the Dolomites illustrated by Jafar “1yC3) and Janofske (1992) were
isolated from a stratigraphic unit called “Upper Cassian Beds”. \ 'hic 1 was recently the object of
stratigraphic revisions (Neri et al., 2007; Gianolla et al., 208). t corresponds to the “Unit A” of Russo
et al. (1991) (cf. Gattolin et al., 2015), recently formaliz=u by Gianolla et al. (2018) with the name of
“Alpe di Specie Member” at the base of the Heilink.euz Fm. (Fig. 1), which has a Julian 2 (early
Carnian) age. The age attribution of the outcrop. described by Jafar (1983) and Janofske (1992) is
necessarily consequent to an ex-post rein’er ~rewation. Therefore, previous data didn’t allow to deduce a
solid temporal and cause-and-effect rlaticnship with the CPE, while the link is obvious in the sections
considered in this study (Fig. 2 anu ?).

The calcispheres in tl e C. rnitza Fm. are late Carnian in age (e.g., De Zanche et al., 2000; Gale
et al., 2015; Fig. 6), but older lithostratigraphic units of the Tarvisio Basin are shallow water, and thus
calcispheres are not expected to occur, and in fact were not observed so far (Fig. 2). In other localities
where early Carnian deep water units occur, the calcispheres appear much earlier. The occurrence of
calcispheres at Milieres has an early Carnian, Julian 2 age (Dal Corso et al., 2012; Fig. 2), immediately
after the first NCIE of the CPE. Calcispheres are very rare or absent in the late Anisian to early Carnian
(Julian 1) deep-water formations of the Dolomites (e.g., Preto et al., 2009; Preto, 2012; Fig. 2 and
Table 2). In the Transdanubian range (Balatonfiired), an increase of calcispheres is also coincident with

the onset of the CPE and the associated C-isotope perturbations (Fig. 3 and 6). In particular, in the



marls of the Mencshely Member (Veszprém Fm.) calcispheres are common in smear slides prepared
from marly lithologies (Fig. 3). In the Nosztor Limestone Member of the Veszprém Fm., calcispheres
are common in FESEM images, but no calcispheres were found in the deep-water lime mudstone and
wackestone of the Fiired Fm., deposited before the onset of the CPE, while rare calcisphere are present
in the few shales within the same formation (Fig. 3). The Nosztor Limestone Member in the Vezprem
Fm., Transdanubian Range of Hungary, stands out as a thick limestone interval within hundreds of
metres of marls and shales deposited during the CPE. It occurs just after the second NCIE identified in
this succession, and can be considered the first limestone with signi“ica.t pelagic contribution, with up
to 8% of the total rock volume composed by calcispheres. After *hes:: first occurrences, similar
calcispheres are present for the rest of the Carnian (Onoue inu Yushida, 2010; Preto et al., 2013a), and
are abundant in the Norian and Rhaetian of the Sicani 22sin, Sicily (Preto et al., 2013b). Spherical
calcispheres that may belong to genus Orthopithanc'la, associated with dominant Prinsiosphaera, are
rare but still present in the Norian and Rhaetian f the Northern Calcareous Alps (Gardin et al., 2012).
Summarizing, the new data collec.e:! fo. this work show that calcispheres, mostly belonging to
genus Orthopithonella and of possib! caicareous dinoflagellate affinity, rose in the early Carnian,
immediately after the onset of the CPt, when they already became an important constituent of pelagic
carbonate sedimentation (Fi¢ . 3 ¢nd 6, and Table 1). Our findings date back to the base of the Julian 2
(~234 Ma) their first occurrar.ce as major components of hemipelagic—pelagic limestones, i.e., ~3-4
Myrs older than previously estimated. Hence, we show that there is temporal coincidence between the
CPE and the first rise of Orthopithonella calcispheres (Fig. 6). Moreover, data suggest that these
putative calcareous dinoflagellates (Janofske, 1992) spread sharply, as confirmed by slightly younger
findings in other localities both in the Tethys realm and in Panthalassa (Fig. 6) (Onoue and Yoshida,
2010; Preto et al., 2013a). Unfortunately, it remains difficult to evaluate the extent of the geographical
distribution of these calcispheres during the Carnian, due to the paucity of preserved deep-water

carbonate successions. It is, however, remarkable that where these successions are preserved, and have



been examined for it, calcispheres are commonly found (this study and, e.g., Onoue and Yoshida,

2010).

5.3. A milestone evolutionary innovation in the Carnian?
What triggered the calcisphere acme at the CPE? In the Cretaceous, pithonellids were thermophilic
plankton, which was limited to tropical shelf—shallow bathyal environments (Dias-Brito, 2000). They
were opportunistic r-strategy organisms that spread in environments v:ith high availability of carbonate
(Dias-Brito, 2000). Cretaceous pithonellid calcispheres are thought 0 v~ aisaster taxa, which dominate
post-mass extinction nannofossil communities (e.g., Jiang et al., 2011)). For example, in several
Cenomanian—Turonian boundary deep-marine successions a sycnronous acme of pithonellid
calcispheres have been recorded, which is associated v-i*h the nse of r- or r/K strategy planktic
foraminifera (Hart et al., 1991; Wendler et al., 2n0., 2013a; Wilkinson, 2011; Omana et al., 2014) and
has been linked to intense primary productivity .'te to eutrophication of the seawaters. At the
Cenomanian—Turonian boundary high tera ~rawures, C-cycle perturbation, anoxic conditions, and
increased extinction rate among the r- aring biota are documented (Jenkyns, 2010). These
environmental changes are linked > high crustal production rates and the formation of oceanic plateaus
(Kerr, 1998). After the mass extiction at the Cretaceous—Palaeogene (K—Pg) boundary, one of the Big
Five (e.g., Bond and Grasby 2017), calcispheres (Thoracosphaera and Orthopithonella) dominate the
nannofossil assemblages in the aftermath of the event (Jiang et al., 2010). The K—Pg mass extinction is
also associated to massive environmental changes linked to the eruption of the Deccan Traps and
meteorite impact (e.g., Bond and Grasby, 2017).

A possible explanation is therefore that calcispheres in the Julian 2 — Tuvalian were disaster
forms related to harsh marine environmental conditions. As previously summarized, the CPE is marked
by multiple injections of *C-depleted CO, into the Carnian atmosphere—ocean system (Dal Corso et

al., 2012; 2018; Sun et al., 2016, 2019; Miller et al., 2017; Tomimatsu et al., 2021), and global



warming, recorded by §'®0 of conodont apatite (Sun et al., 2016). The C-isotope perturbations, in the
sedimentary record, are coincident with an enhanced hydrological cycle, which resulted in an increased
transport of siliciclastic material into the basins (Dal Corso et al., 2018a), and probably high discharge
of nutrients into the ocean (see for example Jenkyns, 2010 for a detailed explanation of the
mechanism). High extinction rates among all marine groups, including ammonoids, conodonts, bryozoa
and crinoids, are documented (Simms and Ruffell, 1989; Dal Corso et al., 2020). Moreover, local
anoxia has been recognised in restricted basins of the Tethys Ocean (~f. Dal Corso et al., 2018). These
data indicate comparable environmental conditions to those charact :rizi1g the pithonellid acmes during
the Cretaceous. However, similar extreme seawater conditions h ope ned frequently before the CPE.
Moreover, after the CPE calcispheres remained there, in sitnila or higher abundances, for the rest of
the Carnian and most of the Norian (Onoue and Yoshiuc, 2010; Preto et al., 2013a, b): i.e., they seem
not to be restricted to the Carnian crisis interval He. <e, the question remains: why plankton (probably
dinoflagellates) started to biomineralize to such «~ extend only at this time of Earth’s history?

The evolutionary success of planl.ar, ~aicifiers in the Mesozoic was able to produce a radical
revolution in ocean chemistry and eccsysiem structure (e.g., Ridgwell, 2005; Suchéras-Marx et al.,
2019): the transition from an ocearn “vrere carbonate precipitation was dominated by shallow-water
biocalcification (“Neritar” o *ean), to an ocean dominated by pelagic biocalcification (“Cretan” ocean)
(Zeebe and Westbroek, 200?;. Kilometres of carbonate ooze have been deposited on the floor of
“Cretan” oceans, and still today constitute a major carbonate sink of carbonate production into the
lithosphere, that stabilises the global C-cycle (Zeebe and Westbroek 2003; Ridgwell 2005; Ridgwell
and Zeebe 2005). This mechanism is a much more efficient regulation system of the saturation state of
marine calcium carbonate (Zeebe and Westbroek, 2003; Ridgwell 2005; Ridgwell and Zeebe, 2005;
Goddéris et al., 2008). Our data show that some pelagic biocalcification performed by dinoflagellates
was already active in the early Carnian (late Julian), and that these organisms became quickly an

important component of deep-water carbonate sediments (Fig. 3), reaching widespread, if not global,



distribution (Onoue and Yoshida, 2010; Fig. 6). It is not the aim of this study to assess the impact of the
Carnian calcispheres rise on the global biogeochemical cycles, and this would be anyway difficult
because a real estimate of the carbonate fluxes to sediment over a significant area is not yet possible,
but we argue that the beginning of the transition from a “Neritan” to a “Cretan” ocean could have
started in the Carnian. The ultimate reason of this switch remains unknown.

The emergence of pelagic carbonate biomineralization in the Late Triassic could have risen as a
consequence of the Permian—Triassic mass extinction (Bown et al., 20004), which wiped out 90% of
marine species and 70% of terrestrial species, marking the end of th: sc -called “Palacozoic fauna”
(Wignall, 2015). The Permian — Triassic boundary collapse of i arin » ecosystems would have given an
evolutionary opportunity to pelagic calcifiers to thrive (Bovvn (t al., 2004). However, as pointed out by
Bown and colleagues (2004), the actual first occurrenrz 2, these organisms, in a considerable amount,
happened only several (~20) million years after the 2ermian—Triassic mass extinction, and molecular
clocks show that they were actually already ther. earlier, but before the Carnian they were rare or,
more simply, didn’t calcify. This could pov.* to an important external causal factor, like profound
changes in the global biogeochemist:’ ot .e ocean, that drove dinoflagellates first, and then other
planktonic organisms, to secrete ca!~ium carbonate tests/walls.

The CPE is marked kv m ssive changes in the carbonate cycle: a sudden reduction of carbonate
precipitation in shallow wate’ environments, widespread change in the platform carbonate factories
from microbial-dominated to metazoan-dominated (Schlager and Schollnberger, 1974; Simms and
Ruffell, 1989; Preto and Hinnov, 2003; Keim et al., 2006; Hornung et al., 2007; Stefani et al., 2010;
Gattolin et al., 2015; Dal Corso et al., 2015, 2018a, 2020; Jin et al., 2019), widespread and abundant
ooids formation, and abundant cement precipitation (Gattolin et al., 2015). This pattern suggests
modifications in the carbonate saturation state of the Ocean. Moreover, the CPE appears to have been
also coincident with another milestone event in Earth’s carbonate ecosystems, i.e., when Scleractinia

corals, for the first time, became dominant reef builders (e.g., Martindale et al., 2019; Dal Corso et al.,



2020). Such coincidence is intriguing and future work should concentrate on the oceanic

biogeochemical conditions under which these evolutionary events happened.

Conclusions

Calcispheres of possible dinoflagellate affinity begin to be significant component of carbonate
sedimentation immediately after the first negative C-isotope excursion that marks the onset of the CPE.
Syn- and post-CPE limestones from deep-water successions of western Tethys, as well as previously
published material from Panthalassa, yield abundant calcispheres, s'iow ny that in the Carnian the
organisms producing these calcite tests reached a wide distributin g Jickly. Point counting on the
Nosztor Limestone Member of Hungary demonstrates that .ne.= calcareous nannofossils were a
significant component of hemipelagic — pelagic limestznes already since the early Carnian (latest
Julian, A. austriacum ammonoid biochronozone i.. . during the CPE. Two basic morphologies of
calcispheres occur in our material as observed a. *he FESEM: hollow “spherical” calcispheres with a
thin (~1 pum) test wall, in which calcite ¢ ys.~ls are radially oriented, and calcispheres filled by a mesh
of irregular, sub-micrometric calcite -rysiw.is. Observations on the best-preserved material of Hungary
allows us to attribute these calcispi.~res to Orthopithonella, most likely O. misurinae Janofske (1992),
which was interpreted as cal "arec us dinoflagellate. The rise of calcispheres occurs at the same time of
an extinction event that imp=.ted marine fauna, and is coeval with the emergence of the first
Scleractinia coral reefs and with an important change in platform carbonate factories. The coincidence
between the CPE environmental changes and the emergence of significant pelagic calcification points
to a causal link, and future work is needed to elucidate the biogeochemical changes that occurred at this

time and favoured such deep changes in the global carbonate cycle.
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Figure 3. Abundance of the calcispheres in the sucr_ 1o, of the Transdanubian Range and relationship with the
C-isotope record. Relative abundance of calcisphc ces .1 limestone from Csukrét section and BFU-1 core against
the composite bulk organic C-isotope curve for the 1.2nsdanubian range (Dal Corso et al., 2015, Dal Corso et
al., 2018a), and occurrence and estimated abun.~nce of calcispheres in the shales (smear slides) collected from
the BFU-1 core. In the shales, calcispheres bz.. me common in correspondence to the NCIE, which marks the
onset of the CPE. In the limestone, calcispherts r2aches 8% abundance in the Nosztor Limestone, at the second
recorded NCIE, while in older limestone (Fu.~d Fm.) they are totally absent. Note that the succession is
shallowing upward, therefore calcispheres >re not present going stratigraphically upward. The limestone samples
were studied at the FESEM (Fig. 2) .na e smear slides were studied under the light transmitted microscope
(Fig. 3). Abundance determined ir. sme..” slides is defined as follows: Abundant (>10-100 specimens per field of
view); Common (>1-10 specimeaii. oci field of view); Scarce (1 specimen per 1-10 fields of view); Rare (<1
specimen per 10 fields of vi~w,, Ve y rare (<5 specimens seen while logging slide).






Figure 4 (previous page). Carnian calcispheres as seen at the SEM. A) Large field view of a sample with
abundant filled calcispheres. Sample SC 74, Carnitza Formation of Portella Pass (Tarvisio), polished and etched.
B) Large field view of a sample with abundant hollow calcispheres, highlighted by red dots. Sample CS 25,
Nosztor Limestone Member of the Balaton area (Hungary), polished and etched. C) Detail of the wall of a
hollow calcisphere from the Carnitza Formation of Portella Pass (Tarvisio), sample SC 74, polished and etched.
D) Two calcispheres with some calcite overgrowth, which has been highlighted with water blue colour. The
original wall crystals are instead highlighted in red. This image is a detail of (B). E) Detail of sub-micrometric
crystals that make a filled calcisphere, which highlight the absence of pore space between the crystals and some
triple junctions, implying that some diagenetic overgrowth occurred and the original shape of the crystals is lost.
Sample SC 76 from the Carnitza Formation of Portella Pass (Tarvisio). F) Hollow calcisphere with external
diagenetic overgrowth from the Martuljek platy limestone of Mount Skrlatica section, Slovenia. This sample
(MK 06) was polished and etched. G) A calcisphere with very limited or no overgrowth from the Nosztor
Limestone Member of the Balaton area (Hungary). Sample CC 04. H) A cluster of 4 hollow calcispheres from
the Nosztor Limestone Member of the Balaton area (Hungary). Sample CC N7, polished and etched.






Figure 5 (previous page). Carnian calcispheres from the Transdanubian Range (Hu) as observed at the
polarized light transmission microscope, crossed nicols. A-F, S-Y: sample Bfu-1; G-I, Z: sample SZBF_35bis.
Calcispheres can be distinguished by their shape which could be spherical (e.g.: B, C-E, G, I, K-L), oval (A, H,
J, M-N) or tubiform (P); and by crystal size, coarse (B, E, Q), medium (A, C-K, M-P) or fine (L, R).
Calcispheres are distinct from generic crystal aggregates because all crystals get extinct at the same time as the
plate is rotated (S-X) and because abiotic crystals in the smear slide samples are all coarser and mostly isolated
(Y-2).
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Figure 6. (previous page) A) Occurrence of calcispheres from the studied successions (white lines), and from
Preto et al. (2013a; Lagonegro) and Onoue and Yoshida (2010; Sambosan Accretionary Complex).
Orthopithonella and related calcispheres started to be an important constituent of deep-water carbonate
sedimentation from the latest Julian, following the onset of the CPE. Calcispheres are present as a rare element
in shale of the Transdanubian Range, (this study) at least from the early Carnian (see also Fig. 5), but they are
not found in coeval limestone (Fured Fm.). In the Lagonegro Basin, calcispheres are rare in pre-CPE cherty
limestone (Preto et al., 2013a). Lithologies: a) limestone, cherty limestone; b) oolitic-bioclastic limestone; c)
marlstone and claystone; d) dolostone; e) marly limestone; f) sandy limestone; g) siltstone, sandstone; h) platy
shales, black shales i) chert/siliceous shale; j) Abyssal, Pro-delta open shelf, Outer ramp; k) Middle ramp/outer
ramp; 1) Inner ramp, shallow water carbonate platform and slopes; m) continental, marginal marine; n) hiatus o)
unconformity p) lithostratigraphic boundary; q) submarine unconformity; r) Calcispheres increase/appearance.
The estimated maximum age span of the Wrangellia basalts in the figure is constrained by biostratigraphy
(Greene et al., 2010; Dal Corso et al., 2020). C-isotope schematic composite curve is from Dal Corso et al.
(2018) and is based on data from the Dolomites (Italy), the Julian Alps (Italy/), the Northern Calcareous Alps
(Austria), and the Transdanubian Range (Hungary). Palaeotemperature estin .tes are from conodont 3'°0 data
from South China (Sun et al., 2016). B) Occurrence of the main Triassic czaclrecus nannofossils, after Onoue
and Yoshida (2010). CPE = Carnian Pluvial Episode; ETME = end-Triass.~ m'ss extinction. C)
Palaeogeographical distribution of Orthopithonella and Prinsiosphaer a ca'cispheres in the Carnian (Julian 2) —
Norian, Late Triassic. The age indicates their first appearance as sia.iiti>2".¢ elements of hemipelagic—pelagic
limestones. 1-5) North-Western Tethys successions examined in *this ctudy (Fig. 1), and in Jafar (1983) and
Janofske (1992) (Dolomites), and Preto et al. (2013a) (Lagoneg-» Bain). 6) Wombat plateau, Australia
(Bralower et al., 1991); 7) Timor (Bown, 1992); 8) Sambosan A<c: ~tionary Complex, Japan (Onoue and
Yoshida, 2010); 9) Haida Gwaii (previously known as Que.i, Charlotte Islands), British Columbia (Bown,
1992). Modified after Onoue and Yoshida (2010). In the le.*:st " riassic, coccolithophores also appeared (Gardin
etal., 2012).

Table 1. Abundance of calcispheres in lime mudsto.. + samples from the Transdanubian Range (TDR; Hungary)
and Western Julian Alps (WJA Italy). See als> Fig. 4 and Fig. 5. The samples in the table were studied at the
FESEM.

SAMPLE % CALCISPHERES _ FOIXMATION (Member) AGE SECTION AREA
SZBF80 0 ru."a Julian 1 BFU-1 TDR
CC1 0 «‘;flred Julian 1 Csukrét TDR
Cc2 0 Veszprém (Mencshely Marl) Julian 2 Csukrét TDR
CS19 0 __[ veszprém (Mencshely Marl) Julian 2 Csukrét TDR
CC4 3 . Veszprém (Nosztor Limestone) Julian 2 Csukrét TDR
CS24 5 Veszprém (Nosztor Limestone) Julian 2 Csukrét TDR
CS25 & Veszprém (Nosztor Limestone) Julian 2 Csukrét TDR
CC7 4 Veszprém (Nosztor Limestone) Julian 2 Csukrét TDR
SC14 0 Predil Limestone Julian 1 Rio Conzen WIA
SC74 4 Carnitza Tuvalian 2 | Portella Pass WIA
SC76 1 Carnitza Tuvalian 2 | Portella Pass WIA

Table 2. Occurrence of calcispheres in pre-CPE formations of the Dolomites, Italy. The limestone samples were
studied at the FESEM.

AGE FORMATION CALCISPHERES
Late Permian Bellerophon, Werfen absent

Lower Triassic Werfen very rare and uncertain
Anisian (Pelsonian) Dont, Gracilis absent

Anisian (lllirian) Morbiac absent

Anisian - Ladinian (lllirian - Fassanian) Bivera, Ambata, Livinallongo very rare — rare
Ladinian (Fassanian) Livinallongo absent

Ladinian (Longobardian) Aquatona, Fernazza, Wengen absent — rare
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Counts (% based on 500 points) Averane®
(st.cevigtions)
TDR "N\
|
SZBF No calcispheres are visible with SEM 0.0
80 ¢\
CS 19 No calcispheres are visible with. SE'/ 0.0
T I N
CS21 No calcispheres are visible wii» SEM 0.0
CS 241 902 [28 [00 [00 ©"0 Jr0.0 7.0
CS 242 898 |56 |18 |12 (00 |00 |16
CS 24 3 846 | 104 |24 |24 |00 [00 |02
CS 245 884 |40 [20 l06 |00 [00 [50
CS 24 6 862 |38 |27 il 00 [02 [64 883 |50 |15 |10 |00 |00 |42
CS247 906 |36 '0.° [J6 [00 [00 |48 24 |28 [10 |08 |00 [01 |27
CS 251 842 [90 |[wvu [08 [00 [00 |00
CS 25 3 872 |40 |48 [10 [00 [30 |00
CS 25 4 876 |76 |32 [02 [00 |00 |14
CS 255 876 |70 |30 |02 [00 [22 |00
CS 25 6 852 | 114 |26 |08 [00 [00 |00
CS 25 8 876 |86 |32 |04 |00 [00 |02 864 |79 |41 |06 |00 |07 |o03
CS 259 852 |80 |56 |08 |00 |00 |04 15 |22 [14 [03 |00 |13 |05
CC 01 No calcispheres are visible with SEM ‘ 0.0 ‘
CCo042 918 [34 |00 |24 [00 |16 |08
CCo043 912 [34 |00 [22 [00 [20 |12
CCO044 790 [38 |00 |10 [02 |[112 |48
CCo045 958 |18 |00 [06 |02 [10 |06 901 [29 |00 |17 [01 [36 |16




CC046 926 [22 [00 [24 [00 [20 [o8 64 [09 [00 [09 [0l [43 [18
CCO071 876 [46 |00 [04 [00 |00 |74
CCO072 876 |44 |00 [34 [00 |00 |46
CCO073 854 [40 |00 [38 [00 |10 |58
CCO074 914 [34 |00 [36 [00 [00 |16
CCO075 818 [42 |00 [36 [00 |26 |78 874 [37 |00 [27 [00 [10 [52
CCO076 906 [18 |00 [14 [00 |22 |40 35 [10 [00 [14 [00 [12 |23
WJIA
SC 14 No calcispheres are visible with SEM 0.0
SC741 746 [36 |00 [00 [00 |[216 |02 |
SC742 796 [38 |06 [00 [00 |[120 |40 |
SC743 910 [24 |00 [00 [00 [32 |34 J: ’
SC744 874 [46 |30 [10 [00 |38 |02
SC748 882 [32 |04 [00 [00 [82 |00 ™5 [39 [10 [02 [00 [106 |15
SC 74 760 [56 |18 [04 [00 |[148 |14 lﬁ 11 [12 |04 [00 [70 |18
10 :
-
SC762 54 (16 |00 00 [0z |15 ‘oo
SC 764 988 [12 |00 [00 [00 [0. |00
SC765 896 [08 |56 [00 [00 16 |24
SC766 948 |24 |18 |00 |00 U™ |10
SC 768 908 |10 |12 |02 |0J |20 |68 948 [14 |14 [00 [00 [06 [17
SC769 986 [12 [00 [00 [0y EEE 39 |06 [22 [o1 [o01 |09 [27

Table Al. Point counting on lime \ ~uustones from the Transdanubian Range (TDR; Hungary) and the
Western Julian Alps (WIJA; Italy,.
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Figure Al. FESEM images of selected samples from the Transdanubian Range (CC and CS) and the
Western Julian Alps (SC).

Highlights

Calcispheres were studied in successions across the Carnian Pluvial Episode (CPE)
In Western Tethys Calcispheres are abundant from the onset of the CPE

They belong to the genus Orthopithonella

They were a significant component of CPE hemipelagic—pelagic limestones



