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The first calcareous nannoplankton extinction and recovery close to the Triassic/Jurassic boundary (TJB) were studied
in two Tatra Mountains sections of Kardolina and Furkaska. The studied sediments were deposited in an intra-shelf
depression of the Tethyan shelf (the Zliechov Basin). Rare nannofossil assemblages were discovered in both sections.
Rhaetian nannofossils are characterized by the dominance of Prinsiosphaera triassica and by episodic increases in the
abundance of small-sized coccoliths. Coccoliths belonging to Calyculus? kardolinae sp. nov. were found on tops of the
bedding planes. Triassic index species Eoconusphaera aff. hallstattensis was also recovered, it is rare though, proba-
bly due to the marginal or relatively high-latitudinal position of the area. The uppermost Triassic is characterized by a
significant reduction in nannofossil abundance accompanied by the presence of organic matter in the rock, which was
significant especially in the Kardolina section. The signal of the last occurrence of Prinsiosphaera triassica is overwrit-
ten by the reworking of Upper Triassic material into Jurassic strata within the boundary clay interval. The presence of
representatives of Watznaueriaceae in the Jurassic Kopieniec Formation is surprising and might indicate hiatus in the TJB
in the studied sections. We are also presenting the results of a newly developed method for the extraction of calcareous
nannofossils from indurated rocks.
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Introduction

The Late Triassic Mass Extinction event was the second
largest extinction since the Cambrian, affecting both the ter-
restrial and marine ecosystems (Alroy 2010; Blackburn et al.
2013; Dunhill et al. 2018). It was evoked by the activity of the
Central Atlantic Magmatic Province, causing global warm-
ing, sea-level changes, ocean anoxia, and ocean acidifica-
tion (Hallam 1981; Hallam and Wignall 2000; Wignall 2001;
Hautmann 2004; Marzoli et al. 2004, 2008, 2011; McElwain
et al. 2007; Whiteside et al. 2007, 2010; Deenen et al. 2010;
Ruhl et al. 2011; Bonis and Kiirschner 2012; Jaraula et al.
2013; Lindstrom et al. 2017; Tetsuji et al. 2022). Radiometric
dating of the two events (eruptions of the Central Atlantic
Magmatic Province and the Late Triassic Mass Extinction)
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yielded identical ages of ~201.6 Ma (Blackburn et al. 2013),
supporting the coincidence of these processes (Hautmann
et al. 2008). Moreover, the Late Triassic Mass Extinction
level corresponds to the initial 8'*C,,, excursion (the Initial
Carbon Isotope Event = ICIE), which occurred 120 ky be-
fore the end of the Triassic. The events were associated with
a major regression during enhanced earthquake activity in
Europe (Lindstrom et al. 2017).

Calcareous nannoplankton belongs to the most signif-
icant group of calcifiers (Bown et al. 1991; Erba 2006),
responding to changes in seawater chemistry with a high
sensitivity (Stanley 2008). According to Stanley (2000),
the drop of seawater Mg/Ca ratios caused individual coc-
coliths to become less massive and less prone to fossil-
ization. Subsequent short-time rise in the Mg/Ca value of
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seawater around the TJB might have influenced biomin-
eralization processes of these calcifiers (Lowenstein et al.
2001). Another widely known feature is the selective dia-
genetic loss, especially of fragile specimens (Bown 1998;
Hillebrandt et al. 2013). Experiments showed that the lead-
ing factor triggering coccolith dissolution is the pH decrease
(already below 7.8; Hassenkam et al. 2011). The pore water
chemistry (including its pH) that influences the early diage-
netic environment is controlled by multiple factors, ocean
water pH being one of them. Therefore, a rapid acidification
of the ocean water around the TJB can cause diagenetic al-
teration of the calcareous nannoplankton abundance.

The evolution of calcareous nannoplankton assemblages
around the TJB was studied in Britain, Germany, Austria,
Italy, North America, and also on the Southern Hemisphere
(Jafar 1983; Bown 1987, 1998; Bralower et al. 1991; Preto et
al. 2012, 2013a, b; Hillebrandt et al. 2013; Demangel et al.
2020). However, the evolutionary history of nannoplankton
around the TJB interval and its recovery during the early
Hettangian are still poorly known (Bottini et al. 2016).

This study is focused on the documentation of changes in
the calcareous nannofossil assemblages around the TJB in a
marginal intra-shelf basin of the NW Tethys. The evolution
of calcareous nannoplankton assemblages around the TJB
interval is described in view of the palynological, sedimen-
tological, and geochemical changes defined by the recently
studied multiproxies (Lintnerova et al. 2013; Michalik et al.
2007, 2010).

Institutional abbreviations—CHMHZ, Chlupa¢ Museum of
Earth History, Charles University, Prague, Czech Republic.

Other abbreviations—FO, the first occurrence; ICIE, the
Initial Carbon Isotope Event; LO, the last occurrence; TJB,
the Triassic/Jurassic boundary.

Nomenclatural acts—This published work and the nomen-
clatural acts it contains have been registered in TFPNI
PFN003347

Geological setting

During the latest Triassic, the Austro-Alpine—Central Car-
pathian block became detached from the European shelf by
the Penninic rifting (Kuss 1983; Michalik 1993, 1994). Inside
this block, a small pull-apart Zliechov Basin was formed,
300 km in length and 100 km in width. A shallow marine
carbonate sequence (Fatra Formation) was deposited trans-
gressively on terrestrial Carpathian Keuper deposits (Stur
1859; Michalik 1973, 1974, 1977, 1978, 2007). Storms and
sea-level fluctuations combined with a slow (22—-38 mm/kyr)
subsidence rate hampered the formation of coral, sponge,
algal and hydrozoan patch-reefs on the edge of the carbon-
ate ramp (Michalik 1982; Tomasovych 2004; Vdaény et al.
2019). The slope of the ramp was facing toward a deeper,
dysoxic bottom without benthic fauna (similarly as in the
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Fig. 1. Paleogeographic position of the studied sections within the Late
Triassic Tethys. A. Overall paleogeographical situation. B. A close-up view
of the Zliechov Basin with the locations of the study sections. Modified af-
ter Michalik et al. (2007).

Alpine Kdssen Basin; Kuss 1983; Fig. 1). Terrigenous clastic
component in these Upper Triassic limestones of the Fatra
Fm. is generally low (Vda¢ny et al. 2019). Benthic associ-
ations were dominated by brachiopods Rhaetina gregaria
(Michalik 1975, 1978, 1980) and bivalves (e.g., Placunopsis
alpina or Rhaetavicula contorta; Michalik and Jendrejakova
1978; Michalik 1978). The thickness of the Fatra Formation
is 25-116 m.

Sedimentary rocks of the Fatra Formation are topped by
a sharp contact, being overlain by marine shales of the Het-
tangian Kopieniec Formation (Goetel 1917; Gazdzicki et al.
1979; Tomasovych and Michalik 2000) consisting of brown
claystones with sandstone and limestone intercalations. Light-
coloured quartz sandstone contains infrequent tourmaline
grains and thin muscovite flakes (Gazdzicki et al. 1979). It is
locally replaced by red siltstone, comparable with the Schatt-
wald Beds of the Eastern Alps (Borza et al. 1980). The lower
Hettangian Calliphyllum Zone, partially correlated with the
Planorbis Zone, has been reported from three localities; am-
monites Psiloceras psilonotum and Caloceras cf. torus were
found in the uppermost part of the “basal clastic member”,
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Fig. 2. Map of Slovakia with study area indicated (inset). A. Geological map of the Slovakian part of Tatra Mountains showing the positionss of the
Furkaska (B) and Kardolina (C) sections (modified from https://apl.geology.sk/).

ammonites of middle and late Hettangian age (from Liassicus
and Angulata zones) occur sporadically in the middle of the
formation (Rakus 1975, 1993, 2003; Gazdzicki et al. 1979).
Moreover, a detailed zonation of the Triassic/Jurassic bound-
ary interval of the Zliechov Basin is based on foraminifera
(Michalik et al. 2007). The TJB can be also determined from
palynomorphs (Ruckwied and Gotz 2009).

The study of the TJB interval in the Kardolina and
Furkaska sections resulted in a recognition of several events,
which characterize the paleoenvironment of the Triassic/

Jurassic boundary interval in the study area. The negative
8"3C,y excursion correlated with the ICIE and pre-dating
the TIB by 120 kyr was recorded in Beds 100-102 of the
Kardolina section and in Beds 409—414 of the Furkaska sec-
tion (Tanner 2010; Michalik et al. 2007; Fig. 3). This §°C,,,
excursion can be correlated with a decrease in benthic fauna
diversity (Michalik et al. 2007, 2010, 2013).

Two beds composed of calcified microspheres (spherule
beds) are situated in an interval with variegated val-
ues of 8"3Cjyor, (Beds 4853 in the Kardolina section and
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Beds 399-401 in the Furkaska section) just above the ma-
jor isotope excursions (positive 8'%0;,,,, peak and negative
8"3C,;q excursion). Although the interpretation of their origin
is unclear (impact ejecta, volcanic glass, or altered aragonite
particles), they enable a correlation between the Furkaska
and Kardolina sections. Slump bodies are of some correla-
tion value, too. Submarine slumps are represented by Bed
98 in the Kardolina section and Bed 404 in the Furkaska
section; in both cases immediately above the lithological
changes represented by boundary claystone. Their position at
the top of the Rhaetian sequence parallels that in other parts
of the Carpathians but also elsewhere in Europe, e.g., in the
Alps and in SW Britain (Hesselbo et al. 2004; Michalik et
al. 2007). Submarine slumping phenomena indicate an en-
hanced tectonic activity, which was associated with the Late
Triassic Extinction in Europe (Lindstrom et al. 2017).

A shift from carbonate sedimentation to clastic one in-
dicates an enhanced terrigenous input due to accelerated
runoff (Bed 105 of the Kardolina section and Bed 405 of the
Furkaska section). Clay mineral analysis also suggests an in-
creasing intensity of chemical weathering during periods of
elevated humidity (mega monsoons), which resulted in the
kaolinization during the Rhaetian—Hettangian (Michalik et
al. 2010, 2013; Lintnerova et al. 2013). The sharp litholog-
ical change between the Fatra and the Kopieniec forma-
tions marks a sudden termination of carbonate sedimenta-
tion, followed by the deposition of non-carbonate boundary
claystone. This is also a consequence of elevated humidity
during the TJB interval, as described from several areas of
Europe (Lintnerova et al. 2013 and references therein).

Another significant marker of the TJB is the palynolog-
ical turnover recorded in the uppermost part of the Fatra
Formation (Beds 408/409 in the Furkaska section). The
change in the palynological association in favour of spo-
romorph dominance is interpreted as an effect of a sudden
humidity increase (Ruckwied and Go6tz 2009).

The broader TIB interval is also marked by a change
in foraminiferal assemblages, as documented by in Beds
78—80 in the Kardolina section and Beds 399—400 in the
Furkaska section (Michalik et al. 2007).

Material and methods

The Kardolina section is located in the rocky slope (Husar
Hill) of Mt. Palenica above the Kardolina gamekeeper house
near Tatranska Kotlina, Bela Tatra Mountains (49°15°00.0”N
20°18°53.4”E; Figs. 1, 2, geological situation modified from
https://apl.geology.sk/). Its lithological and geochemical
variations are summarized in Fig. 3.

The Furkaska section is located in a gorge on the slope
of Mount Furkaska in the Juranova Valley in the Western
Tatra Mountains (49°16°17.4”N 19°46’12.0”E). Variations
in lithology and geochemical data are illustrated in Fig. 3B.

In total, 168 calcareous nannoplankton samples acquired
in two field campaigns were analysed. Of these, 109 came

489

from the Kardolina section (96 from Fatra Formation and 13
from Kopieniec Formation) and 59 from the Furkaska section
(22 from Fatra Formation and 37 from Kopieniec Formation;
SOM 1, Supplementary Online Material available at http://
app.pan.pl/SOM/app69-Holcova etal SOM.pdf). Extraction
of calcareous nannofossils, due to their fragile structure, pres-
ents a challenge especially from ancient carbonate rocks. This
research was also focused on the development of an extraction
method from indurated rocks (like marine carbonates) and on
sample enrichment.

Calcareous nannofossils were studied under a scanning
electron microscope (SEM) and optical polarizing micro-
scope. First, standard nannoplankton smear slides were in-
spected for the presence of calcareous nannofossils; samples
with the most abundant nannofossils were chosen for the
SEM study. For SEM analysis, nannoplankton samples were
concentrated using the floating method (Svabenicka 2002)
and subsequently studied from a drop of floated suspension.
Besides the drops of suspension from floated samples, rock
fragments were also analysed by the SEM.

For the Kopieniec Formation, a modified preparation
method was developed for nannofossil extraction. It is based
on the method proposed by Minoletti et al. (2009), which
enables an enhancement in relative abundances of nan-
noliths in consolidated rocks. It consists of a multi-staged
apparatus (Fig. 4) that enables a continuous repeated wet
vacuum-powered acoustic microfiltration. Primary suspen-
sion is sieved on a 10 pm sieve and, for a limited time,
exposed to the ultrasonic cavitation. The top layers of the
filtrate are transported to the sedimentation vessel via suc-
tion. Skimming interval of the top layer of the solution in the
sedimentation vessel at the height mark was calculated from
the terminal velocities for calcareous nannofossil-sized
spherules and the retention time in the corresponding ves-
sel, following the Stokes’ law. The decanted solution was
transported to the final vacuum filter flask with a pipette,
after 15 minutes of sedimentation time. This novel approach
was tested on 11 samples for which we postulated a high
possibility of nannofossil occurrence. The high occurrence
possibility results from the encountered lithological change
where hard, lithified limestones give way to boundary clay
and fine-grained disaggregated marls with higher clastic
content. Lithological transition in the marls of the Kopienec
Formation and the stratigraphical position minimized the
need to crush the samples prior to the extraction hence also
the breakage of nannofossil remains. To demonstrate the

Table 1. Semiquantitative expression of nannolith and organic matter
abundance in nannoplankton slides.

Category Coverage by organig matter Number of ﬁelds
of the field of view of view/1 nannolith
0 none 0 0
1 | very rare <10 % 0-20
2 rare 10-25 % 5-20
3 | common 25-50 % 1-5
4 | abundant >50% <1
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Fig. 4. Assembled device for repeated wet vacuum-powered filtration with automated decantation. Labels correspond to vessels at different stages of
extraction and concentration. A. Collection of filtrate. B. Sedimentation vessel. C. Vacuum filter flask. Modified after Minoletti et al. (2009).

efficiency of the final operation of the new methodology, we
present the resulting nannofossil abundances in per cent of
change per 200 fields of view in comparison with samples
where nannoplankton was extracted lower in the section
using only the decanting method. The reason for utilizing
only the decanting method lower in the section was the
higher degree of lithification of the Fatra Formation lime-
stones. Based on previous experience, the hard, competent
limestones had a higher potential for progressive recrystalli-
zation, which made nannofossils more brittle and could have
disturbed any palacoecological signal.

The abundance of nannofossils in slides was expressed
as number per field of view (counted for 200 fields of view
from each sample). Taxonomically, however, we determined
a maximum of 200 first nannoliths. Relative abundances of
individual nannoplankton taxa were counted from at least
50 specimens (due to their scarcity). However, relative abun-

A Linear correlation -0.42; p(uncorr) 0.00025
Spearman correlation -0.68; p(uncor) 6.8¢7"

o
>
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Rhomboedra abundance

Fig. 5. A relation between the numbers of rhombohedra and the numbers of
Kardolina (A) and the Furkaska (B) sections.

dances of individual taxa counted from 50 to 200 specimens
were considered as approximate estimates. The numbers
of carbonate rhombohedra were counted by the numbers
of nannofossils per field of view (counted for 200 fields of
view from each sample; SOM 1) and expressed semiquanti-
tative (Table 1).

Results

Efficacy of the new extraction method—Efficacy of the
modified extraction was evaluated based on a change in the
numbers of nannofossils per 200 fields of view. This evalu-
ation was performed from the standpoint of replicating the
results obtained by Minoletti et al. (2009) using a similar
approach but on a different device. The efficacy was tested
on eleven samples, three of them contained no nannofos-

40
B Linear correlation -0.57; p(uncorr) 1.7e"®
35

Spearman correlation -0.74; p(uncor) 1.6e™"

-10 | | | | | | |
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Rhomboedra abundance

nannoliths per field of view of the microscope in the Triassic part of the
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sils in simple smear slides and in smear slides prepared  Table 2. Changes in nannolith abundances expressed in numbers of

with the extraction method. In other samples, nannofossil ~ nannoliths per microscope field of view in slides prepared before and

abundances increased by ~60-70% (Table 2). Due to the 2fter the application of the extraction method.

small numbers of nannofossil specimens, the quantification Samo] Abundace of coccoliths/200 fields of view | Abundance
of the increase in abundance is only approximate. Using ample T extraction with extraction increase [%]
the tested samples and a subsequent comparison with the 104.3 0 0 0
control material, a general increase in the abundance of the 104.7 0 0 0
assemblages was documented. This provides a final proof of 105.1 1 3 175
the concept of the described modified extraction approach. 105.6 5 7 158
Characteristics of calcareous nannofossil assemblages.— 106.0 15 25 162
. 106.4 10 22 168
Calcareous nannofossils are generally very rare (0.01-2.28
. . . : . . 107.5 0 0 0
nannoliths per field of view) and of low diversity (eighteen
. . 107.9 5 7 158
taxa in total). The numbers of species per sample vary from 084 2 3 160
one to seven (SOM 1). Nannofossil preservation is moderate :
to poor, exhibiting signs of dissolution and overgrowth. Due 108.8 0 0
109.0 17 25 159

to this poor preservation, we expected to observe a diage-
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Triassic

Jurassic

Calyculus? kardolinae sp. nov.
proximal view distal view

lateral view

Fig. 7. Calcareous nannoplankton from the Kardolina section, Bela Tatra Mountains, Slovakia. A~AF. CHMHZ-KH-0003, Triassic. A, B, D, J-L, N,
T, Coccolith 1; C, Archaeozygodiscus sp.; E-G, AA—AC, large-sized Prinsiosphaera triassica Jafar, 1983; H, 1, small-sized Prinsiosphaera triassica
Jafar, 1983; O-R, U-V, medium-sized Prinsiosphaera triassica Jafar, 1983; M, Eoconusphaera aff. hallstattensis Demangel et al. 2020; S, Coccolith
3; X, Y, Coccolith 2; W, a strongly recrystallized coccolith; AD-AF, Calyculus? kardolinae sp. nov. accumulated on a bedding plane (AD, holotype).
AG-AU. CHMHZ-KH-0002, Jurassic. AG, Coccolith 6; AH, Al, AM, AP, AQ, AT, strongly recrystallized coccoliths; AJ, Nannolith Morphotype sp. 1
(Bottini et al. 2016); AK, AN, Coccolith 1; AL, small-sized Prinsiosphaera triassica Jafar, 1983; AO, AR, AS, Coccolith 4; AU, a Tetralithus-like struc-
ture. Scale bar above D applies to all except AD, AF, AG-Al, and AT.
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Fig. 8. Quantitative characteristics of calcareous nannoplankton assemblages, semiquantitative amount of organic matter and numbers of rhombohedra

obtained from the calcareous nannoplankton slides in the Furkaska section.

netically driven decrease in nannofossil abundances. As a
measure of the diagenetic recrystallization of carbonates,
the number of carbonate rhombohedra per microscope field
of view was taken. The statistically significant correlation
between numbers of rhombohedra and numbers of nanno-
fossils are illustrated in Fig. 5. This relation was supported
by the test; statistically significant relations (p values of the
tests <0.05) were obtained (Fig. 5). This indicates that the
reduced numbers of nannofossils in the rock is controlled by
diagenetic recrystallization associated with the formation of
the rhombohedra.

Calcareous nannofossil events.—Kardolina section: Calca-
reous nannofossil assemblages from the Kardolina section
can be divided into three intervals (Figs. 6, 7, Appendix 1).
Samples from the lowermost interval of the section (Beds
0-15) were not studied for calcareous nannofossils because
no nannofossils were expected due to the interpreted origin
of carbonates in a hypersaline lagoon.

Prinsiosphaera interval (Beds 15-93, Fatra Formation,
Rhaetian) is dominated by Prinsiosphaera triassica
(Fig. 7E-1, O-R, U-V, AA-AC), with episodical occurrence
and elevated numbers of small coccoliths (<5 um) in Beds
15-20, 35-37 and 87—-89. The relative abundances of small
coccoliths increased from 0% to 20—-100% in the mentioned
intervals (SOM 1). These levels are characterized by the ab-
sence of environmental stress markers such as euryhaline
indicators, terrigenous input and spherules. The coccoliths
are recrystallized which makes their determination very dif-

ficult. Therefore, only an informal taxonomy could be ap-
plied, and we classified the morphotypes as Coccolith 1-6
(Appendix 1).

In the Triassic part of the section, Coccolith 1 is common
(Fig. 7A, B, D, J-L, N, T) while coccoliths 2 and 3 (Fig. 7S,
X=Y) were recorded only sporadically.

The variation in the ratio between small (<5 pum) and
large P. triassica (>5 pm) cannot be explained by the varia-
tion in the studied sedimentological, mineralogical and geo-
chemical proxies (Fig. 6). None of these proxies correlated
with the ratio between small and large P. triassica.

The occurrence of Eoconusphaera aff. hallstattensis is
consistent with the Late Triassic age (Fig. 7M; Bed 33). A
new morphotype of coccolith was found in sample 37. It was
described as Calyculus? kardolinae sp. nov. The coccoliths
were recorded on bedding surfaces (Fig. TAD—-AF).

The nannofossil-barren interval (Beds 94-105, broader
TIB, Fatra Formation) is characterized by continuously abun-
dant contents of organic matter (Fig. 6). The top of the interval
is connected with a lithological change from limestones of the
Fatra Formation to fine clastics of the Kopieniec Formation.
A slump body was recorded at around Bed 100,

Nannofossils reappeared in the Jurassic Kopienec Forma-
tion (Beds 105-115) ). Due to the lithological monotony (cal-
careous siltstones to claystones), sampling was performed
at intervals of ca. 0.5 m. Numerous dolomitic thombohedra
were observed in the interval of about one metre above the
lithological boundary (0.8 m). With the decreasing number
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of rhombohedra, first coccoliths were found together with
ascidian spicules. Coccoliths of the Prinsiosphaera interval
(Coccolith 1, Fig. 7AU) became rare while a new morpho-
type, Coccolith 4, became common, much like Coccolith 3
(Fig. 7AO, AR, AS). Several specimens were determined
as Watznaueriaceae (Fig. 7AG). Unfortunately, the cocco-
liths are strongly recrystallized (Fig. 7AH, AT, AP, AQ),
which prevents their more accurate determination using
SEM. Triassic nannofossils resembling Morphotype sp. 1
described by Bottini et al. (2016; Fig. 7AJ) and small-sized
Prinsiosphaera (Fig. 7AL) were found to be very rare, prob-
ably reworked from the Triassic. The first recrystallized
and dissolved coccoliths observed under SEM come from
a sample 2.4 m above the lithological boundary (sample
105). In the interval of 2.4-4.4 m (samples 106—107), the
abundances of coccoliths, rhombohedra and aragonite nee-
dles increased. Five metres above the lithological boundary
(sample 108), the high contents of organic matter decreased,
and the coccoliths became even more abundant.

Furkaska section: The Furkaska section recorded the
lowermost Jurassic interval in a higher thickness than the
Kardolina section; however, these two sections show a simi-
larity in the evolution of nannofossil assemblages (Figs. 8, 9,
SOM 1: sheets Furkaska and Kardolina; Michalik et al. 2007,
2010; Ruckwied and G6tz 2009; Lintnerova et al. 2013).

The Prinsiosphaera interval (Rhaetian, Fatra Forma-
tion, Beds 289-402) is dominated by Prinsiosphaera tri-
assica with repeatedly increased numbers of small coc-
coliths (Beds 285-286 and 395-396). In contrast to the
Kardolina section, the coccoliths are more abundant; this
is expressed by different in the modus of this parameter
(0.039 for Kardolina section and 0.073 for Furkaska section).
Variations in the ratio between the abundances of small
and large P. triassica were recorded but no correlation was
observed in the variations in the studied sedimentological
and geochemical characteristics, similarly to the Kardolina
section (Fig. 8). A higher diversity of coccoliths (Fig. 9B,
C, E-H, L, N) was recorded at the level of the FOs of seven
foraminiferal species (Beds 399—400; Michalik et al. 2010).
Unfortunately, the coccoliths are strongly recrystallized.

The interval with rare nannofossils (uppermost Rhaetian,
Fatra Formation, Beds 402—405) can be characterized by the
continuously higher contents of organic matter, although the
increase is not so pronounced as in the Kardolina section.
The interval starts just above the spherule beds. Similarly
to the Kardolina section, the slump body and the ICIE were
recorded in this interval (Fig. 3B), which we consider a cor-
relation horizon.

The reappearance of common calcareous nannofos-
sils correlates with the lithological change from the Fatra
Formation to the Kopieniec Formation, similarly to the
Kardolina section. The lithological boundary is immedi-
ately followed by the palynologically determined TJB which
correlates with the appearance of relatively abundant calcar-
eous nannofossils (between Beds 407/408; Ruckwied and
Go6tz 2009). The common occurrence of Watznaueria sp.
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should be mentioned (Fig. 9Q, W, X, AB-AF, AV). Large
nannoliths of ?Schizosphaerella sp. were found here. An un-
ambiguous determination is not possible because the cross
section of the specimen is elliptical and the determination of
the arrangement of crystallites is prevented by the recrystal-
lization (Fig. 9Z). The occurrence of small Prinsiosphaera
triassica and Crucirhabdus minutus is presumably the ef-
fect of redeposition. Fragments of radiolarians were also
recorded in this interval. Above Bed 410, the preservation of
nannofossil becomes poor; it is therefore expected that the
documented fossil record is incomplete.

Systematic palacontology

Phylum Haptista Cavalier-Smith, 2003
Subphylum Haptophytina Cavalier-Smith, 2015

Class Prymnesiophyceae Christensen, 1962, emend.
Cavalier-Smith, 1996

Order Podorhabdales Rood et al., 1971, emend.
Bown, 1987

Family Calyculaceae Noel, 1973
Genus Calyculus Noel, 1973

Type species: Calyculus cribrum Noél, 1973; Toarcian, Fecocourt;
France.

Calyculus? kardolinae sp. nov.

IFPNI: PFN003347.
Fig. JAD-AF.

Etymology: From the Kardolina section.

Holotype: CHMHZ-KH-0003, holotype is situated in small rock frag-
ment coated by gold. High, broad distal-shield composed of radial
elements, a proximal-shield reduced to a narrow cycle of elements,
central-area empty (Fig. 7AD).

Type locality: The Kardolina section near Tatranska Kotlina, Bela Tatra
Mountains (49°15°00.0”N 20°18°53.4”E), Slovakia.

Type horizon: Beds 33-37 of the Kardolina section, Rheatian, Fatra
Formation.

Material —CHMHZ-KH-0003, small rock fragment coated
by gold. All specimens on the surface of rock fragment
(Fig. TAD-AF).

Diagnosis—A broad distal shield composed of radial, non-
imbricating elements, the number of elements is only esti-
mated at 14—16 due to recrystallization. The proximal shield
is reduced to a simple, narrow circle of elements, with a
moderately elevated rim. The central area is empty. Generic
assignment is questionable.

Description—Elevated elliptical placoliths, proximal shield
reduced, rim elevation moderate, central-area empty. Dia-
meter 3.5-5.0 pm (5.0 um in the holotype).

Stratigraphic and geographic range—The species was
found only in Beds 33—37 of the Kardolina section, Rheatian,
Fatra Formation, Slovakia.
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Triassic

Jurassic

Fig. 9. Calcareous nannoplankton from the Furkaska section,Western Tatra Mountains, Slovakia (CHMHZ-KH-0001). A-N. Triassic. A, D, I, J,
Prinsiosphaera triassica Jafar, 1983 (A, large; D, I, J small); B, Coccolith 1; C, Coccolith 2; E-H, L, N, strongly recrystallized coccoliths; K, M,
Nannolith Morphotype sp. 1 (Bottini et al. 2016). O—AL. Triassic/Jurassic boundary. O, R, S, Prinsiosphaera triassica Jafar, 1983 (O, large; R, S, small);
P, Crucirhabdus ct. minutus Rood et al., 1973; Q, W, X, AB-AF, Watznaueriaceae; T, Nannolith Morphotype sp. 1 (Bottini et al. 2016); U, V, strongly
recrystallized and corroded coccoliths; Y, Z, Nannolith 1; AA, Chiastozygaceae cf. Crepidolithus; AG—Al, Nannolith 2; AJ, a holococcolith; AK, AL,
Coccolith 4. AM-BB. Jurassic. AM—AO, AT, Nannolith 3; AP, AW, AY, Coccolith 2; AQ, AR, Coccolith 5; AS, a strongly overgrown coccolith; AU, AX,
Nannolith Morphotype sp. 1 (Bottini et al. 2016); AV, Watznaueriaceae; AZ-BB, Prinsiosphaera triassica Jafar, 1983 (reworked). Scale bars 5 um; scale
bar above A applies to all except E-H, O, P, V, and AS.
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Discussion

Correlation of calcareous nannoplankton, palynologi-
cal, foraminiferal, sedimentological, and geochemical
events.—The succession of events obtained from calcareous
nannoplankton and multiproxy studies (Lintnerova et al. 2013;
Michalik et al. 2007, 2010) was compared for the two studied
sections (Fig. 10). The eventostratigraphic correlation of the
Kardolina and Furkaska sections showed a similar succession
of events in the latest Triassic (spherule beds, foraminifera
turnover, disappearance/reduced abundance of nannoliths,
slump body, ICIE). Common nannofossils reappear together
with the lithological change followed by the appearance of
the first Watznaueriaceae. The significant decrease in nan-
nofossil abundances, frequently accompanied by an increase
in organic matter, is considered to pose an ecostratigraphic
event indicating the uppermost Triassic. Similarly to our sec-
tions, the decline in the abundance of Triassic nannofossils
culminating during the initial negative Carbon Isotope Event
was also recorded in the Lombardy Basin by Bottini et al.
(2016). These authors associated the latest Triassic nannofos-
sil decline with volcanism in the Central Atlantic Magmatic
Province. This is also the assumption of the present authors. In
our sections, this event can be correlated with the slump bod-
ies formed in response to enhanced tectonic activity related
to the ICIE and dated to 120 kyr prior to the TJB (Blackburn
et al. 2013). Slumping structures are commonly found in the
reworked carbonates. This represents gravitational transport
triggered by high rates of sedimentation creating oversteep-
ened slopes and by earthquakes (Fliigel 2010). During the
redeposition of the slump body, an increase in organic matter
content can occur especially when combined with high rates
of terrigenous sediment accumulation. The position of this
ecostratigraphic event below the TJB is also supported by the
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appearance of the first Jurassic palynomorphs (Ruckwied and
Go6tz 2009) just above this event.

Calcareous nannoplankton biostratigraphy.—Of the in-
dex species, only very rare Eoconusphaera aff. hallstatten-
sis was recorded in the Zliechov Basin, which hampers the
identification of its LO. However, it was recorded only in the
Triassic part of the sections. Although species identification
is uncertain, the genus became extinct at the end of the
Triassic (Young et al. 2003). The LOs of Prinsiosphaera tri-
assica and Crucirhabdus minutus are unclear probably due
to the reworking of the Triassic nannofossils into Jurassic
sediments.

Taphonomy of the calcareous nannoplankton fossil re-
cord around the TJB.—The poor preservation of nanno-
fossils arises a question as to whether the decrease in the
number of nannofossilsin the uppermost Triassic recorded
in the Zliechov Basin reflects paleoecological patterns or
rather diagenetic processes.

The impact of taphonomic processes on the composition
of nannofossil assemblages could have been significant. The
preservation of calcareous nannofossils indicates both dia-
genetic dissolution and overgrowth (Holcova and Scheiner
2023). A comparable preservation of nannofossils in this
interval was recorded also by, e.g., Hillebrandt et al. (2013).
However, the preservation of nannoplankton in this interval
can be also better (e.g., Bottini et al. 2016).

A global paleoenvironmental effect can be expected in
relation to the Central Atlantic Magmatic Province volcanic
activity. Intensive carbonate dissolution was probably due to
the reduced pH levels of seawater connected with this event
(Felber et al. 2015; Lindstrom 2016). It has been proven by
Erba (2006) and Bottini et al. (2016) that the Late Triassic dis-
appearance of nannoplankton was induced by these events.

Furkaska section Bed
No.
palynological TJB 408

406

=l 404

4 399-400

/5333333 399-401

Fig. 10. Correlation of ecostratigraphic and calcareous nannoplankton
events between the Kardolina and Furkaska sections. Abbreviations: ICIE,
Initial Carbon Isotope Event; TJB, Triassic/Jurassic boundary.
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The assemblages strongly dominated by P. triassica
morphologically resemble the Paleogene and Neogene Tho-
racosphaera assemblages. As suggested by the observations
in Miocene sediments, these assemblages may represent a
dissolution relict of the original assemblages because lami-
nae with well-preserved diversified nannofossils do episodi-
cally appear inside sequences dominated by Thoracosphaera
spp. (Holcova et al. 2015; Kopecka et al. 2018). Then, mor-
phologically similar P. triassica assemblages might repre-
sent dissolution relicts of the original assemblages, in which
particularly small coccoliths were strongly affected. This
interpretation is possibly supported by the observation that
small coccoliths become more abundant in intervals where
dolomitic rhombohedra, as a supposed product of recrystal-
lization, are rare or almost missing (Fig. 5).

The monospecific calcareous nannoplankton assem-
blages may also indicate stress conditions which are ex-
pected at TIB. Such assemblages have been reported, among
others, in connection with the collapse of nannoplankton
production in Danian, just after the Cretaceous/Paleogene
boundary (Gartner 1996, Latal 2004). Stress in surface sea-
water including a combination of changes in surface-water
fertility and progressive ocean acidification has been inter-
preted for the TIB by Bottini et al. (2016). However, we did
not record an increased production of smaller specimens of
P. triassica, which was found in the Lombardy Basin.

In the case of a minimum impact of diagenetic disso-
lution on the calcareous nannoplankton assemblages, the
herein identified repeated shifts between monospecific as-
semblages with P. triassica and assemblages with small
coccoliths would imply a repeated alternation of favourable
and stressful conditions in the upper part of the water col-
umn during the Rhaetian.

Conclusions

Calcareous nannofossil assemblages from the broader Tria-
ssic/Jurassic boundary interval were studied in the intra-shelf
depression of the NW Tethyan shelf (Zliechov Basin), in sec-
tions of Kardolina and Furkaska.

Rhaetian assemblages are characterized by the domi-
nance of Prinsiosphaera triassica and repeated increases in
small coccolith abundances. The P. triassica assemblages
might represent a dissolution relict of nannofossil assem-
blages or indicate stress condition in the surface seawater.
Elevated abundances of small coccoliths probably indicate
normal marine conditions and weaker diagenetic dissolution.
Reduction in nannofossil abundances, frequently accompa-
nied by an increase in organic matter, is considered to pose
an ecostratigraphic event indicating the uppermost Triassic.

Rejuvenation of calcareous nannoplankton assemblages
was recorded after the lithological change from the lime-
stones to clastics, marked by the FOs of the first Jurassic
palynomorphs. The appearance of the representatives of

Watznaueriaceae already at the base of the Jurassic deposits
may indicate a hiatus at the TJB in the studied sections.

The new extraction method was found to enhance nan-
nofossil abundances in the slides.
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Appendix 1
List of calcareous nannofossil taxa/morphotypes.

Triassic and Jurassic

Prinsiosphaera triassica Jafar, 1983
Figs. 7E-1, O-R, U, V, AA-AC, AL,9A,D,1,J,0,R, S, AZ-BB.
A broad variability in the size of specimens was observed (2—10 pm).

Common to abundant in the Triassic; rare, reworked in the uppermost
Jurassic.

Coccolith 1

Figs. 7A, B, D, J-L, N, T, AK, AN, 9B.

Elliptical coccoliths with a bar or a cross structure in the small central
area and a bright rim visible in crossed polars.

Rare to common in the uppermost Triassic and lowermost Jurassic in
both sections.

Coccolith 2

Figs. 7X, Y, 9C, AP, AW, AY.

Elliptical coccoliths with a closed to narrow central area and a bright rim
visible in crossed polars with a thin, dark line in the middle of the rim.
Rare in the Triassic in the Kardolina section, common in the Triassic in
the Furkaska section, common to abundant in the Jurassic.

Nannolith Morphotype sp. 1 (Bottini et al. 2016)

Figs. 7AJ, 9K, M, T, AU, AX.

Our morphotype resembles Morphotype sp. 1 of Bottini et al. (2016).
It is a small nannolith (1 to 3 um), composed of four elements that are
blocky to ray-like.

Rare in the Triassic and Jurassic.

Tetralithus-like structure
Fig. 7AU.

Similar structures have been described as UFO 2 (Bown 1985), Hayo-
coccus floralis Jafar, 1983 (Koiava et al., 2015), abraded Tetralithus sp.
(Bottini et al., 2016). The structure may represent calcite rhombohedra
or strongly recrystallized coccoliths.

Common mainly in the Furkaska section.

Triassic

Coccolith 3
Fig. 7S.

Coccoliths with dark external rims in crossed polars and with a closed
central area.
The morphotype occurs very rarely only in the Kardolina section.

Eoconusphaera aff. hallstattensis Demangel, 2021
Fig. 7M.

Elliptical to subcircular conical nannofossils, truncated at both ends,
with a flat to domed distal end. The outer mantle of elements is com-
posed of tall, vertically orientated flat laths. The inner core is composed
of a tall, thin element that is vertically to sub-vertically orientated. The
exact determination is not possible due to poor preservation. Similar
structures have been described as belonging to genus Conusphaera by
Posch and Stradner (1987) and Eoconusphaera by Bottini et al (2016)
and Demangel et al. (2020).

The morphotype was recorded only in Bed 33 of the Kardolina section.

Crucirhabdus cf. minutus Rood, Hay & Barnard, 1973
Fig. 9P.

Due to the strong overgrowth, detailed morphology of the rim cannot
be studied. However, an axial cross is recognizable in the central area.
Very rare in the Triassic.
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Archaeozygodiscus sp.
Fig. 7C.

A small coccolith with a rim formed of an outer/upper cycle, manifest-
ed by a dark line on the edge of the coccolith. A transverse bar occurs
in the central part.

The morphotype occurs rarely in both sections in the Triassic.

Jurassic

Coccolith 4

Figs. 7AS, AR, AO, 9AK, AL.

Coccoliths with dark external rims in crossed polars and with a narrow
central area.

The morphotype occurs rarely in both sections.

Coccolith 5

Fig. 9AQ, AR.

Alarge, circular coccolith with a closed central area and a dark external
rim.

The morphotype was recorded only in the Furkaska section.
Coccolith 6

Fig. 7AG.

A small coccolith with distal and proximal shields and with a small
central area with a diagonal cross.

One specimen in the Jurassic of the Kardolina section.
Watzenaueriaceae

Fig. 9Q, W, X, AB-AF, AV.

Coccoliths with a narrow central area, a bright rim and a thin, dark line
inside the rim in crossed polars.

Rare in the Kardolina section, common in the Furkaska section.
Chiastozygaceae cf. Crepidolithus sp. or spp.

Fig. 9AA.

Coccoliths with broad, massive rims, bright in polarized light. The
central area probably filled by a plate with a spine.

Nannolith 1

Fig. 9Y, Z.

Large, elipsoidal nannoliths, which may resemble compressed Schi-
zosphaerella sp. The crystallite structure cannot be determined due to
recrystallization; it is characteristic for genus Schizosphaerella (geo-
metric arrangement of equidimensional crystallites).

One specimen was found in the Furkaska section.

Nannolith 2

Fig. 9AG-AL

An irregular, pentagonal nannolith formed by 5 blocks of different
shape. Light blocks prevail but one block may be dark in crossed polars.
The morphotype occurs rarely only in the Furkaska section.
Nannolith 3

Fig. 9AM-AO, AT.

Cubiform to slightly conical nannoliths composed of short, massive rays.
The morphotype occurs only in the Furkaska section.
Holococcolith

Fig. 9AJ.

A cavate holococcolith with a distinct conical central septum.
The morphotype occurs rarely only in the Furkaska section.



