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1 ABSTRAKT 

V svrchním triasu byl superkontinent Pangea rozčleněn rozsáhlým epikontinentálním mořem 

známým jako oceán Tethys. Spojení mezi oceánským a kontinentálním prostředím vytvořilo 

rozsáhlou zónu mělkých moří, která sloužila jako významné sedimentační pánve. Alpský 

sektor tethyského šelfu označuje sedimentární horniny nacházející se v dnešních Jižních 

Alpách, Severních vápencových Alpách a Západních Karpatech, které uchovávají záznamy o 

dávných změnách prostředí a paleoekologických interakcích. Cílem našeho výzkumu bylo 

prozkoumat změny v mořských mikrobiálních ekosystémech napříč hranicí trias–jura, se 

zaměřením na dvě skupiny mikroskopických organismů: fytoplankton tvořící nanolity a 

mikrovrtné organismy. První skupina odráží podmínky v povrchových vodách, zatímco druhá 

je ovlivněna podmínkami při dně. Společně tyto dvě skupiny poskytují komplexní pohled na 

paleoceánografické změny, ke kterým došlo během tohoto klíčového přechodného období. 

Tato disertace shrnuje tři studie publikované a zaslané do recenzovaných, vysoce 

impaktovaných vědeckých časopisů. Dvě publikace se zaměřují na mikrobiokorozní struktury 

a jedna na vápnité nanofosílie. 

Změny v morfologii a četnosti mikrovrtných struktur ve východních Jižních Alpách odrážejí 

prostorovou faciální variabilitu, neboť jejich velikost a četnost výrazně klesají směrem k 

hlubším rampovým prostředím nebo během období environmentálního stresu. Morfologické 

vlastnosti a substrátové preference mikrovrtných společenstev byly hodnoceny pomocí 

vícerozměrné statistiky. Kvantifikace umožnila rozlišení společenstva složeného převážně z 

kruhovitých jedinců vázaných na omezená lagunová prostředí. Zvýšení diverzity a četnosti 

mikrovrtných struktur bylo zaznamenáno v mělkých, sluncem prosvětlených mořských 

paleoprostředích. Vysoká četnost svrchnotriasových mikrovrtných struktur z východních 

Jižních Alp je v souladu s dříve publikovanými výzkumy, které poukazují na regionální 

mělkotvorné trendy a vzestup průměrné mořské hladiny od karniánu po rhaet. Podobný trend 

byl zaznamenán u mikrovrtných společenstev v Severních vápencových Alpách poblíž hranice 

trias–jura. Po počátečním poklesu mořské hladiny na samém začátku jury následoval 

dlouhodobý vzestup, který vedl k mělkotvornému vývoji sedimentační oblasti. Vyšší množství 

a větší velikosti mikrovrtných struktur byly spojeny s rozšířením fotické zóny. Nálezy 

izolovaných, pronikavě mikrobiálně erodovaných klastů byly spojeny se zvýšeným 

transportním dosahem. Jejich alochtónní charakter naznačuje změnu primárního 

sedimentačního prostředí. Nepřetržitý vzestup mořské hladiny a faciální posun směrem k 

distálnímu svahu jsou v souladu s publikovanými výzkumy. 

Mělký svrchnotriasový evropský šelf byl přerušen hlubšími pánvemi a kanály, kde se ukládala 

pelagická společenstva vápnitých nanofosílií. Byly studovány dvě lokality ve východních 



Jižních Alpách (Slovinsko) a dvě v Západních Karpatech (Slovensko). Ve východních Jižních 

Alpách byly karniánské kalcisféry identifikovány pomocí metody ultratenkých výbrusů. 

Jednotlivé rekystalizované kokolity a kalcisféry byly rovněž nalezeny v noricko-rhaetickém 

intervalu pomocí dekantace a mikroskopie nátěrových preparátů. Nálezy kalcisfér v 

pelagických onlapech svrchnotriasových periplatformních karbonátů odpovídají raným formám 

vápnitých nanoplanktonů. Vzhledem k vzácnosti svrchnotriasových nanofosílií ve dvou 

profilech ze Západních Karpat byla vyvinuta modifikovaná metoda pro separaci vápnitých 

nanofosílií z matečné horniny a obohacení vzorku pro optickou a rastrovací elektronovou 

mikroskopii. Ve svrchnotriasovém intervalu byl zaznamenán sporadický výskyt 

rekystalizované Prinsiosphaera triassica a několika kokolitů. Vápnité nanofosílie se znovu 

objevují v nejnižší části jury, po sterilním intervalu, během něhož nelze vyloučit přítomnost 

hiatusu. 

2 ABSTRACT 

In the Upper Triassic, the Pangean supercontinent was incised by a large epicontinental sea 

known as the Tethys Ocean. The junction between oceanic and continental environments 

formed an extensive zone of shallow seas that served as important catchments for sediment 

supply. The Alpine sector of the Tethyan shelf refers to the sedimentary rocks found in the 

modern-day Southern Alps, Northern Calcareous Alps, and Western Carpathians, which 

preserve records of ancient environmental shifts and paleoecological interactions. Our 

research aimed to investigate changes in marine microbial ecosystems across the Triassic–

Jurassic boundary, focusing specifically on two groups of microscopic organisms: nannolith-

forming phytoplankton and microboring organisms. The former reflects environmental 

conditions in surface waters, while the latter is influenced by bottom-water conditions. 

Together, these two groups provide a comprehensive view of the paleoceanographic changes 

that occurred during this critical transitional period. This dissertation summarizes three studies 

published and submitted in peer-reviewed, high-impact scientific journals. Two of the 

publications focus on microbioerosional structures, and one on calcareous nannofossils. 

The changes in morphology and abundance of microborings in the Eastern Southern Alps 

reflect spatial facies variability, as their size and abundance sharply decrease distally, toward 

deeper ramp environments or during periods of environmental stress. The morphological 

properties and substrate preferences of the microboring communities were assessed using 

multivariate statistics. Quantification enabled the distinction of an assemblage composed 

predominantly of circular individuals occurring in restricted lagoonal environments. An increase 

in microboring diversity and abundance was noted in shallow, sunlit marine 

paleoenvironments. The high abundance of Upper Triassic microborings from the Eastern 



Southern Alps aligns with previously published research recognizing regional shallowing 

trends and mean sea level rise from the Carnian to the Rhaetian. A similar trend was recorded 

in microboring communities in the Northern Calcareous Alps near the Triassic–Jurassic 

boundary. Following an initial sea level drop in the lowermost Jurassic, a prolonged sea level 

rise resulted in the shallowing of the depositional area. Higher quantities and larger sizes of 

microborings were associated with an increased extent of the photic zone. Findings of isolated, 

penetratively microbioeroded clasts were linked to an increase in transport range. Their 

allochthonous character suggests a change in the primary depositional environment. The 

continuous rise in sea level and a facies shift toward a distal slope setting are consistent with 

published research. 

The shallower Upper Triassic European shelf was interrupted by deeper basins and channels, 

where pelagic calcareous nannofossil assemblages were deposited. Two sections were 

studied in the Eastern Southern Alps (Slovenia) and two in the Western Carpathians 

(Slovakia). In the Eastern Southern Alps, Carnian calcispheres were identified using the ultra-

thin slice method. Individual recrystallized coccoliths and calcispheres were also found in the 

Norian–Rhaetian interval using decanting and smear slide microscopy. Findings of 

calcispheres in the pelagic onlaps of Upper Triassic periplatform carbonates correspond to 

early forms of calcareous nannoplankton. Due to the rarity of Upper Triassic nannofossils in 

the two Western Carpathian sections, a modified approach was developed to separate 

calcareous nannofossils from the host rock and enrich the sample for optical and scanning 

electron microscopy. A sporadic occurrence of recrystallized Prinsiosphaera triassica and 

several coccoliths was recorded in the Upper Triassic interval. Calcareous nannofossils 

reappear in the lowermost Jurassic, following a barren interval where a hiatus cannot be 

excluded. 
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5 INTRODUCTION 

5.1 PALEOGEOGRAPHY OF UPPER TRIASSIC TO LOWER JURASSIC IN THE MID EUROPEAN SPACE  

5.1.1 Upper Triassic climate, and paleogeographical framework 

 

In the Upper Triassic, all continents were merged into single supercontinent Pangea which 

was centered around the equator. The exposed ground spans between 85°N to 90°S (Ziegler 

et al., 1983). Tethys, a deep oceanic gulf, cuts into the supercontinent, between 30° North and 

30° South (Fig. 1). The gulf was surrounded by extensive intercontinental shallow seas. The 

dry land at low and mid-latitudes, and the presence of a warm seaway suggests an increased 

seasonality. At the summer to winters transition can be reflected by abundant, but extremely 

seasonal rainfall which implies monsoon-like circulation (Preto et al. 2010). The Alpine sector 

of the Tethyan shelf represents important depocenters for the sediments of shallow water to 

basinal environments that constitute modern day Southern Alps, Northern Calcareous Alps 

and Western Carpathians (Mandl 2000). The complex Triassic carbonate platform architecture, 

similar to the modern tropical reefs, is found in lower latitudes near the equator. The shelf was 

fringed by reef build ups at the shelf break and passed laterally to the slope and deep-water 

setting (Strauss et al. 2023).  

 

Figure 1: Paleogeographical map for the Lower Jurassic, highlighting the inferred position of 

the modern continents and the study area. Modified after Golonka (2007). 

 

Such coastline configuration with series of individual barrier reefs can be found all along the 

Alpine sector of the Tethyan shelf (Mandl 2000). The isolated Middle Triassic carbonate 



platforms were overlain by an Upper Triassic lagoonal shelf which developed close to the 

equator. The fringing barrier reefs faced the slope wise transition to the open ocean where it 

led to the developed offshore facies (Richoz et al. 2012). The generalized geometry of these 

depositional environments is represented by numerous smaller intra-platform basins and 

prominent reefs, which can now be found in the Northern Calcareous Alps. In the eastern 

reaches of Southern Alps, present day Slovenia, during the Upper Triassic a unified flat-topped 

carbonate platform was divided by a deep-sea trench, the Slovenian Basin (Gale et al. 2014). 

The platform areas to the south of the basin (present day External Dinarides) are commonly 

referred to as the Dinaric Carbonate platform. The Julian Carbonate Platform refers to the 

deposits commolny found north of the Slovenian Basin in the present day Eastern Southern 

Alps (Buser 1989; Ogorelec and Rothe 1993). Along the northern margin of the Tethyan shel, 

small pull-apart Zliechov Basin was formed, during the latest Triassic, at the northeastern 

margin of the lagoonal shelf (Stur 1859; Michalík 2007). At the uppermost Triassic the 

subsequent global sea level fall exposed many marine sections around the world (Hallam 

1981). This change is documented as grey marly deposits of the Tiefengraben Member 

(Kendlbach Formation) in the Northern Calcareous Alps.  

 

Figure 2: Paleogregraphic reconstruction of the study area during Upper Triassic (Carnian and 

Rhaetian intervals) and Lower Jurassic (Hettangian). TDR: Trans Danubian Ranges, SA: 

Southern Alps, NCA: Northern Calcareous Alps, Carp: Western Carpathians. Modified after 

Thierry (2000), Bernardi et al. (2018) and Ruebsam et al. (2019). 

The sea-level drop has been linked to a seaward progradation of organic-matter-poor silt and 

sandstone. The Triletes and Schattwald Beds consist of bright red clayey marls rich in organic 

matter. These are interpreted as having been deposited during the peak of a regression that 

began at the top of the Kössen Formation (Lindström et al., 2017; McRoberts et al., 2012). On 

the northern Tethys shelf, carbonates of the Triassic Fatra Formation are overlain by the 

Hettangian shales of the Kopieniec Formation. These formations are now incorporated into the 

nappe complex of the Central Western Carpathians (Goetel, 1917; Gaździcki et al., 1979; 

Tomašových and Michalík, 2000). Brown claystones with sandstone and limestone 

intercalations of the Kopieniec Formation are locally replaced by red siltstones, comparable to 



the Schattwald Beds in the Northern Calcareous Alps. These organic-rich lithological units in 

the shelf seas of the Alpine sector of the Western Tethys have been referred to by previous 

authors as “Event Beds” (Schobben et al., 2019; Lindström et al., 2017). In the Lombardy 

Basin, present-day Southern Alps, the disappearance of in-situ Rhaetian assemblages 

coincides with a shift to the carbonate-poor lithologies of the Schattwald Beds. During the 

transition from the Triassic to the Jurassic, a significant stratigraphic gap is recorded between 

fossil-rich Rhaetian limestones and the overlying Hettangian to Sinemurian, poorly fossiliferous 

limestones (Montanaro et al., 2024). However, deep-water sedimentation appears to have 

continued uninterrupted, likely due to concomitant subsidence (Nielsen, 2003; Krystyn et al., 

2005; Barth et al., 2018). After the initial sharp sea-level drop associated with the formation of 

the Central Atlantic Magmatic Province, the marine realms were exposed to enhanced 

transgression, leading to a prolonged sea-level rise. Lower Jurassic marine carbonates 

document both increasing water depth and a rise in pelagic influence (Richoz et al., 2012; 

Lukeneder and Lukeneder, 2018). This dissertation presents micropaleontological studies of 

selected Upper Triassic to Lower Jurassic beds from Austria, Slovakia, and Slovenia. The aim 

is to assess both shallow and deeper water domains along the Alpine sector of the Western 

Tethys. Evidence of microbioerosion was used as a proxy for shallow-water environments, 

while calcareous nannoplankton served as indicators of deeper-water conditions. Changes in 

the diversity and abundance of microboring and calcareous nannoplankton assemblages 

reflect shifts in sedimentological conditions, possibly linked to regional paleoenvironmental 

perturbations near the Triassic–Jurassic boundary extinction event. The results of this 

dissertation contribute reliable and up-to-date stratigraphic and paleogeographic data to the 

current understanding of the Triassic–Jurassic boundary. Three journal publications are 

summarized below and are referenced and attached in the appendix section of this 

dissertation. 

5.2 IMPRINTS OF MICROBIOEROSION AND ITS BIOLOGICAL PROVENANCE 

5.2.1 Occurence, shape and architecture 

 

The biological destruction of carbonate substrates by borers, raspers, and crushers is currently 

being intensively studied. Bioerosion refers to the processes by which biological activity breaks 

down hard substrates. The objectives of these studies are also significant in microfacies 

analysis (Flügel, 2010). Microborings are the most common evidence of microbioerosion. The 

shallow seas of ancient oceans hosted a diverse and abundant microbial biota that actively 

contributed to the formation of carbonate rocks. These microscopic endolithic organisms 

create perforations and use the substrate as shelter or a nutrient source (Golubic et al., 1981; 



Golubic et al., 2005; Wisshak, 2012; Tribollet et al., 2008). Such cavities in carbonate 

substrates are formed by biochemical reactions, in which the boring organisms use weak acids 

to penetrate and actively excavate the substrate. The active endolithic organisms may 

completely or partially inhabit the space they have excavated (Golubic et al., 1981; Vogel et 

al., 2000; Gektidis et al., 2007; Tapanila, 2007; Wisshak, 2012). In other cases, 

microbioerosion is a byproduct of symbiotic interactions between two organisms (e.g., sponge 

and zooxanthellate green algae) (Weis et al., 2010). Endolithic microborers attack hard 

substrates and produce borings that may be filled with cement or sediment, or remain open 

during diagenetic processes. They may form on various bioclasts, such as corals, molluscs, 

thalli of red algae, lithoclasts, and other carbonate grains (Flügel, 2004). Generally, the 

recurrent morphologies of microbioerosion traces (ichnotaxa) and trace communities 

(ichnocoenoses) reflect the morphology of their producer organisms. Therefore, their 

distinctive shape and size can be used for classification (Vogel et al., 1996, 2000; Glaub, 2004; 

Gektidis et al., 2007; Glaub et al., 2007; Radtke & Golubic, 2011; Wisshak, 2012). These 

microborings can be described and further classified by their morphology into different groups: 

Tubular borings resemble a network of curved, branching tubular cavities—branched and 

anastomosing tunnels with a nearly constant diameter. Camerate networks show highly 

variable diameters and dendritic branching patterns. Globular borings are represented by 

isolated circular or ellipsoidal microvoids beneath the grain boundary. Glaub et al. (2007) 

recognized by that the determination of morphologies from thin sections is inherently limited to 

two-dimensional visualizations of three-dimensional objects (Fig. 3). 

 

Figure 3: Identified morphological types of the detected microborings. a: an anastomosing 

network of curved, branching tubular cavities. b: dendritic branching of a camerate network 

with a series of isolated galleries. c: globular borings are represented by isolated circular or 

ellipsoidal microvoids. 



5.2.2 Biological provenance of microborings 

 

Morphological diversification of microichnocoenoses is controlled by the varying life strategies 

of endolithic microorganisms, including light-dependent cyanobacteria, chlorophyte and 

rhodophyte algae, heterotrophic bacteria, fungi, and fungi-like organisms. Phototrophs often 

form a noticeable colored band beneath the surface. Sponges belonging to the genus Cliona 

are common inhabitants of many coral reefs and can maintain intracellular populations of 

dinoflagellate zooxanthellae (i.e., Symbiodinium spp.), which also form symbioses with a 

variety of other invertebrates and protists. Similarly, the symbiotic algae influence the growth 

and boring rates of host sponges (Rosell and Uriz, 1997; Schönberg and Suwa, 2007; 

Schönberg et al., 2008; Weisz et al., 2010). Zooxanthellae-bearing species such as Cliona 

varians exhibit reduced growth and boring rates when shaded, indicating that the association 

results in higher energy availability for the host sponge (Weisz et al., 2010). Many species of 

true fungi, fungus-like microorganisms, and algae are known to bore into solid rock, sand 

grains, and shells. Fossilized fungal structures have been reported from a variety of mineral 

substrates, including the Devonian Rhynie Chert, where they occur as fossil lichen mycobionts. 

Fossilized microorganisms have also been observed in drilled cores and dredged samples 

from the ocean floor, with most findings representing fungi in symbiotic-like relationships with 

chemolithotrophic prokaryotes (Gleason et al., 2017). 

5.2.3 Paleoenvironmental potential 

 

The typical boring patterns of euendolithic organisms may be highly specialized with respect 

to ecological niches. The interaction between the borer and the substrate can provide biological 

and ecological information and may contribute to paleoenvironmental interpretations. In marine 

realms, microborings may indicate various environmental parameters such as depth, 

temperature, salinity, and trophic dynamics (Wisshak, 2012). Microborings span a wide 

bathymetric interval, ranging from supratidal to deep-sea environments, and are most 

commonly constrained to the sediment–water interface (Flügel, 2004). Phototrophic endoliths, 

for example, are found in shallow, sunlit waters and are dominated by cyanobacteria that 

produce vertical borings. An increasing proportion of horizontal microborings is typically 

observed at greater depths within the euphotic zone (Glaub et al., 2007). In the dysphotic and 

aphotic zones, heterotrophic organisms—often associated with heterotrophic bacteria and 

fungi—dominate the microboring assemblages (Vogel and Marincovich, 2004; Glaub et al., 

2007). It has been shown that penetrative microboring activity may even contribute to 

eutrophication of the environment (Tribollet and Golubic, 2005). In warm-temperate to tropical 

settings, microbial bioeroders rapidly colonize the surfaces of biogenic and abiogenic 



carbonates (Vogel et al., 2000; Gektidis et al., 2007; Tapanila, 2007; Wisshak et al., 2012). In 

the eastern Northern Calcareous Alps (NCA), microborings from the Upper Triassic and the 

transition to the Lower Jurassic have been described by Della Porta et al. (2023) and Delecat 

and Reitner (2005). Occurrences of carbonate-penetrating organisms in the Southern Alps and 

External Dinarides (Slovenia) have previously been reported by Pavlovec (1976), Drobne 

(1977), and Golubic et al. (1984). In the Western Carpathians, cases of recrystallized 

microborings produced by siphonate algae were described by Mišík et al. (2006). A systematic 

study of microborings and their paleoenvironmental implications in the Alpine sector of the 

Tethyan Shelf, spanning multiple countries, has not yet been conducted. For this reason, we 

selected several sections representing different depositional settings to study the influence of 

various paleoenvironmental factors (e.g., water dynamics, salinity, nutrient load) on 

microboring diversity. 

5.3 CALCAREOUS NANNOFOSSIL EMERGENCE AND RESPONSES TO THE EXTINCTION EVENTS 

5.3.1 Early emergence of calcareous nannofossils in the basinal environments 

 

On the unified supercontinent Pangea, the Southern Alps, Northern Calcareous Alps, and 

Western Carpathians formed the marginal platform of Europe. This zone was connected to the 

Alpine–Inner Carpathian carbonate platforms, which hosted abundant reefs located atop 

paleotopographic highs. The two most prominent water bodies—Panthalassa and the Tethys 

Ocean—rimmed these continental shelves with reefs, forming deep oceanic depressions 

(Golonka, 2007). A series of large deep basins can be interpreted from the sedimentary record 

preserved in the Central European Alpids, such as remnants of the Lombardy and Belluno 

basins in the Southern Alps (Berra et al., 2009). The Upper Triassic carbonate ramp sediments 

in the Southern Alps (Slovenia) were interpreted as a distal shelf margin with progressive 

deepening (Gale et al., 2015). In the Northern Calcareous Alps, the Hallstatt units represent a 

marginal belt or intershelf depression, possibly linked to salt diapirism (Fernandez et al., 2024). 

Intra-shelf depressions are also recorded from the NW Tethyan shelf, such as the Zliechov 

Basin in the Western Carpathians (Michalík et al., 2013). The Upper Triassic oceans were 

predominantly in a Neritic mode, where carbonate precipitation occurred mainly in shallow 

seas. This gradually shifted toward a Cretan-type ocean, where pelagic calcareous plankton 

contributed to carbonate precipitation (Demangel et al., 2020). In the Late Triassic, a sequence 

of pelagic onlap is interpreted from interbedding with shallow-water oolitic limestones in the 

Belluno Basin (Gaetani et al., 2010). These periplatform carbonates of the western Tethys 

yield nannofossils such as calcispheres and coccoliths, interpreted as early forms of 

calcareous nannoplankton (Preto et al., 2012). The equatorial waters of the Western Tethys 



may represent the birthplace of early calcareous nannoplankton evolution. The term 

nannoplankton refers to plankton smaller than 63 µm, predominantly marine unicellular 

phytoplankton belonging to the phylum Haptophyta, class Prymnesiophyceae—commonly 

known as coccolithophores (Gardin et al., 2012). Coccolithophores include all haptophyte 

algae capable of producing calcified scales (coccoliths) during their life cycle (Faucher, 2014). 

The term nannolith refers to calcareous nannofossils of unknown phylogenetic affinity due to 

the lack of living analogues (Gardin et al., 2012). Fossil nannoliths likely had algal origins and 

may have been produced by haptophytes in different life stages. The oldest nannofossils are 

relatively large, heavily calcified nannoliths, followed shortly by the first tiny coccoliths (Erba, 

2006). The evolution of calcareous nannoplankton assemblages around the Triassic–Jurassic 

Boundary (TJB) has been studied in Britain, Germany, Austria, Italy, North America, and the 

Southern Hemisphere (Jafar, 1983; Bown, 1987, 1998; Bralower et al., 1991; Erba, 2006; Preto 

et al., 2012, 2013a,b; Hillebrandt et al., 2013; Demangel et al., 2020). The mass extinction at 

the TJB impacted the primordial nannoflora, with only one coccolith species surviving and 

giving rise to a diversification episode near the Hettangian–Sinemurian boundary (Erba, 2006). 

However, the emergence and recovery of nannoplankton during the early Hettangian remain 

poorly understood (Bottini et al., 2016). 

5.3.2 Late Triassic taxonomic groups and early evolution 

 

Calcareous nannofossils from the Upper Triassic in the Alpine sector of the Western Tethys 

can be grouped into two major categories: A) Coccoliths: Families Chiastozygaceae and 

Parhabdolithaceae, B) Nannoliths: Family Euconusphaeraceae and various taxa of uncertain 

affinity (Incertae sedis), including Prinsiosphaera spp. Among coccoliths, Archaeodiscus spp. 

(Chiastozygaceae) and Crucirhabdus primulus and C. minutus (Parhabdolithaceae) have been 

recorded from multiple localities in Austria, northern Italy, and southern Germany (Preto et al., 

2012; Bottini et al., 2016; Demangel et al., 2020). Nannolith assemblages of 

Euconusphaeraceae, including Euconusphaera zamblachensis and E. hallstattensis, are 

found in sparse samples from the Rhaetian strata of the Northern Calcareous Alps (Gardin et 

al., 2012; Demangel et al., 2020). The earliest coccolithophorids on the Upper Triassic 

European shelf appear with C. minutus in the Norian, followed by C. primulus in the Rhaetian. 

The genus Archaeozygodiscus emerges between these two taxa, possibly representing an 

independent lineage or a new evolutionary branch diverging from the Crucirhabdus lineage. 

This diversification was relatively slow, spanning several million years, and is marked by 

morphological changes such as: the transition from a protolith-subvertical rim to a loxolith rim 

and an increase in coccolith size. In addition to coccolithophorid evolution, calcareous 

spherules of Prinsiosphaera triassica dominated the nannofossil assemblages during the Late 



Triassic. However, their overall abundance from the late Norian to the earliest Rhaetian did not 

reach rock-forming proportions. The accumulation rate was low, and Rhaetian coccoliths 

cannot be considered a significant contributor to carbonate sedimentation (Di Nocera & 

Scandone, 1977). The low abundance of P. triassica in the early Rhaetian further suggests 

that the so-called "Cretan Ocean"—a pelagic carbonate-producing system—was not yet fully 

established in the Western Tethys (Demangel, 2020). This delay may be attributed to restricted 

migration routes or unfavorable environmental conditions in the marginal seas. 

5.3.3 Calcareous nannofossils during the Late Triassic extinction events 

 

Calcareous nannoplankton groups are highly sensitive to environmental changes, which may 

result from global catastrophic events or gradual transitions, such as latitudinal shifts. The 

exact relationships between environmental variables, photosynthesis, and calcification in 

coccolithophores remain under debate. However, it has been shown that factors such as light 

availability, nitrogen and phosphorus concentrations, trace metals, CO₂ levels, and Mg/Ca 

ratios in marine waters can influence coccolith size, degree of mineralization, and even cause 

malformations (Zondervan, 2007; Faucher, 2014). The Late Triassic mass extinction event—

considered the second largest since the Cambrian—affected both terrestrial and marine 

ecosystems (Alroy, 2010; Blackburn et al., 2013; Dunhill et al., 2018). The activity of the Central 

Atlantic Magmatic Province (CAMP), which followed rifting in the Late Triassic, has been linked 

to global warming, sea-level fluctuations, ocean anoxia, and acidification (Hallam, 1981; 

Hallam & 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 & Kürschner, 2012; Jaraula et al., 2013; Lindström et al., 2017; Tetsuji et al., 2022). Of 

the five known Late Triassic nannofossil species, four became extinct at or near the Triassic–

Jurassic boundary, coinciding with the mass extinction event (Bown, 2004). Recovery of 

nannoplankton following the extinction appears to have been slow (Bown, 2004). However, 

coccolithophores underwent significant diversification during the Middle Jurassic (Roth, 1987; 

Erba, 2006), eventually becoming the most efficient rock-forming group in the Cretaceous 

(Faucher, 2014). 

5.4 EVENTS AT THE TJB IN THE CENTRAL EUROPEAN ALPIDS 

 

Around the Carnian–Norian boundary, a new tectonic regime began to emerge at the 

northwestern margin of Adria. Rifting initiated in the Central Atlantic during the Ladinian–

Carnian, as indicated by radiometric ages from Moroccan rift basins (Baudon et al., 2009). This 

tectonic activity eventually led to the emplacement of the vast basaltic province known as the 



Central Atlantic Magmatic Province (CAMP) (Marzoli et al., 1999; Cirilli et al., 2009). The rifting 

system propagated eastward, influencing the structural evolution, sedimentation, and 

paleoenvironmental shifts along the European shelf—now preserved in the Alpine sector of 

the Western Tethys. This interval can be subdivided into three phases: Late Triassic – the 

initial tectonic pulse, Hettangian–Toarcian – a phase of tectonic quiescence, Toarcian–

Aalenian – a second phase of active extension (Gaetani et al., 2010).  

Although the general consensus on the state of Triassic climates is that of relative stability 

some major shifts can be interpreted especially during early stages and notably in Carnian 

age. The stability of the latest Triassic climate was disrupted by  the end-Triassic mass 

extinction. Although the exact timing and severity of this extinction remain debated (Tanner et 

al., 2004), a significant biotic turnover occurred between the end of the Norian and the 

beginning of the Hettangian. This global event likely involved drastic climate change. Recent 

studies favor a warming trend from greenhouse to hothouse conditions, with heat stress 

invoked as a primary extinction mechanism (Hesselbo et al., 2004; McElwain et al., 2007). 

Volcanogenic CO₂ emissions and the subsequent release of methane from clathrates are 

thought to have exacerbated the situation (Pálfy et al., 2001). Although not directly linked to 

CAMP volcanism, a slow sea-level rise and transgression can be interpreted from sedimentary 

records in the Eastern Southern Alps, Northern Calcareous Alps, and Western Carpathians. 

Whether this sea-level rise is causally related to CAMP activity remains uncertain. However, it 

can be argued that the Lower Jurassic transgression preserved remnants of decimated marine 

communities in sediments deposited during and after the extinction event.  

In shallow-water settings, a drowning episode is recorded, where hemipelagic sedimentation 

prograded over periplatform carbonates composed of ooidal shoals and photic-zone biota 

(Della Porta et al.,2023). These landward progressions—referred to as onlaps—can be 

observed along the paleotopography of the European shelf. In the Southern Alps, the 

northward progression of Dachstein Limestone during the latest Triassic gives way to deeper-

water basinal sediments (Gaetani et al., 2010). In the Northern Calcareous Alps, the 

hemipelagic Allgäu Formation similarly intrudes onto the Kössen Formation, reflecting a shift 

from shallow to deeper depositional environments (Della Porta et al.,2023).  

These successive onlaps, which are regionally extensive, can be assessed within the 

framework of sequence stratigraphy, offering insights into the timing and extent of 

transgressive-regressive cycles across the TJB. 



6 GEOLOGICAL SETTINGS 

The Alpine sector of the Western Tethys encompasses a broad belt that stretches across the 

mountain ranges of Italy, Slovenia, Austria, and Slovakia. The rocks forming these mountains 

were originally deposited on the extensive European shelf, following a semi-uniform 

accumulation of shallow-water limestones. These deposits are preserved in thick sequences 

of dolomite, most notably the Dolomia Principale facies (referred to as Hauptdolomit in German 

literature). This facies extends from the Betic Ranges in Spain to as far as the Himalayas and 

is considered a characteristic feature of the Tethyan realm.

 

Figure 3. Tectonic map of the Alps and surrounding basins and mountain belts (McPhee et 

al., 2024). Areas of study are marked by red rectangles. 

6.1 EASTERN SOUTHERN ALPS, SLOVENIA 

6.1.1 Geology of the Eastern Southern Alps 

The Southern Alps (SA) formed in response to the Triassic closure of an eastern branch of the 

Paleotethys. The uplift of this mountain chain is associated with convergence and extensive 

crustal shortening between the European and Adriatic plates. The SA are located south of the 

Periadriatic Fault System—a major tectonic boundary that separates the north- and Europe-

verging Alps from the southward-verging Southern Alps (e.g., Curzi et al., 2024; Handy et al., 

2010; Müller et al., 2001; Schmid et al., 1989). The eastern extent of the SA includes the 

Carnian and Julian Alps, which reach into the mountainous regions of northwestern Slovenia. 



Structurally, the Julian Alps belong to the Eastern Southern Alps. During the Carnian, Upper 

Triassic rocks in this region were deposited on a flat-topped carbonate platform or a gently 

sloping ramp (Gale et al., 2014). Further south and southeast, in the present-day External 

Dinarides, shallow-water limestones are referred to as the Dinaric Carbonate Platform (Dozet, 

2009). The term Julian Carbonate Platform is reserved for shallow-water limestones found in 

northwestern Slovenia (Buser, 1989; Ogorelec & Rothe, 1993). Beyond the Carnian, Upper 

Triassic shallow-water carbonate successions in the region are dominated by the Dolomia 

Principale and Dachstein Limestone systems. A deeper-water succession, known as the 

Slovenian Basin, also crops out in the southern foothills of the Julian Alps. In addition to the 

Slovenian Basin, several other intraplatform basins likely existed, but their records are scarce 

(Gale et al., 2014). This scarcity is probably due to the lack of lateral continuity in formations, 

resulting from extensive crustal shortening during later stages of convergence and collision.

 

Figure 4: Location of the study area within NW Slovenia (modified after Placer 2008 and Gale 

et al. 2014). Study sections: 1 – Stože, 2 – Razor, 3 – Begunjščica, 4 – Lesno Brdo, 5 – 

Povdnar, 6 – Vrh Bače (modified after Gale et al. 2013). 

6.1.1.1 Studied sections 

 

Six sections representing the two previously described depositional settings were selected for 

this study (Figs. 1, 2, and 3). Mt. Razor, Lesno Brdo, and Stože are composed of Carnian 

shallow-water sediments. The Stože section is interpreted as being situated on a clastic ramp 

below the storm wave base. Lesno Brdo is the only locality from the Dinaric Carbonate Platform 

where a brackish restricted lagoonal environment has been interpreted (Jelen, 1990). On the 



peak of Mt. Begunjščica, a succession of Rhaetian Dachstein carbonate facies was recorded 

by Gale et al. (2016). For further details on these sections, refer to Celarc and Kolar-Jurkovšek 

(2008), Gale et al. (2013, 2015), Jelen (1990), Oblak (2001), and Ramovš & Turnšek (1984), 

as well as references cited therein. The remaining two profiles—Vrh Bače and Povdnar—were 

investigated in the context of Carnian basinal developments and span the Triassic–Jurassic 

transition. At Vrh Bače, an outcrop of Upper Triassic Amphiclina beds is in contact with a thin-

bedded succession of basinal limestones. The age interval of this outcrop spans from the 

Carnian to the Norian and Rhaetian, with a total thickness of approximately 40–50 meters and 

an exposed height of around 10 meters. The upper part of the Povdnar section represents an 

outcrop of the Slatnik Formation, with a total profile thickness of 46 meters, described in detail 

by Rožič and Kolar-Jurkovšek (2008). The upper portion consists of a continuous succession 

of medium-thick bedded marlstones and marly limestones with cherts. Microfacies of 

mudstone and wackestone containing radiolarians, sponge spicules, and foraminifera are 

common (Rožič & Kolar-Jurkovšek, 2008). Less frequently, beds of coarser marly limestones 

occur in the upper parts of the section. These consist of fine to very fine packstone and 

grainstone with peloids, intraclasts, echinoderm plates, mollusc fragments, foraminifera, 

brachiopods, ostracods, small gastropods, fragmented corals, calcimicrobes, and rare green 

algae among the bioclasts (Rožič & Kolar-Jurkovšek, 2008). 

6.1.2 Palaegeographical and paleoecological interpretation 

The deposition of the Dolomia Principale, a thick composite unit composed of thick-bedded 

peritidal dolostone, marks the onset of a new transgressive cycle in the Southern Alps. These 

sediments were deposited under arid conditions in tropical latitudes, where the Adria 

microcontinent was located during the Late Triassic. Dolomitization occurred during early 

diagenesis and represents a major sequestration of magnesium from seawater—possibly the 

last significant Mg storage event in Earth’s history (Gaetani et al., 2010). Significant facies 

differentiation occurred in the middle to upper parts of the Dolomia Principale, where slightly 

deeper basins developed within the carbonate platform (Jandoul et al., 1985). At the basin 

floors, thin-bedded mudstones with interbedded calcirudite and calcarenite layers were 

deposited, often under dysoxic to anoxic conditions. On the basin shoulders, peritidal 

carbonates continued to accumulate. The platform margins are occasionally preserved with 

rims composed of encrusting algae and microbialites, following the decline of coral frame 

builders. Slope deposits may be locally preserved, such as in Lombardy and Cave del Predil 

in the Carnian Alps (De Zanche et al., 2000). 



6.2 NORTHERN CALCAREOUS ALPS 

6.2.1 Geography of the Northern Calcareous Alps 

Triassic and Jurassic sedimentary rocks form a significant component of the northernmost 

tectonic units of the Northern Calcareous Alps (NCA). The nappe complex of the NCA 

constitutes a thrust belt of sedimentary rocks approximately 500 km long and 20 to 50 km wide. 

As a result of Alpine convergence, these rocks were transported over considerable distances 

from lower latitudes to their current position in the Northern Hemisphere, eventually being 

emplaced atop the European continental margin. The fold-and-thrust belt of the NCA is 

characterized by ENE–WSW-striking thrust sheets, traditionally grouped into three major 

tectonic domains: Bajuvaric nappe system (frontal and structurally lowest), Tyrolic nappe 

system, Juvavic nappe system (uppermost). The Bajuvaric units display breached detachment 

anticlines, flanked by strongly deformed growth synclines filled with Lower to lowermost Upper 

Cretaceous syn-orogenic strata. The folds of these synclines exhibit strong variations in 

structural wavelength, which correlate with the stratigraphic thickness involved in the fold-and-

thrust system and the depth to detachment (Strauss et al., 2023). Toward the south, the 

Bajuvaric units dip beneath the overthrust Tyrolic nappe complex, which—due to its dominant 

dolomitic lithology—exhibits internal thrusting and faulting, but only minor folding. The Juvavic 

nappes, which overlie the Tyrolic nappes, represent the uppermost tectonic element. Within 

the Juvavic domain, remnants of the Hallstatt Basin are preserved. The paleo-water depth of 

the Hallstatt depositional environment has been estimated at 300 to 500 meters (Kenter & 

Schlager, 2009). 

 

Figure 5: A schematic structural section of the NCA (modified after Strauss et al. 2023). 

Schematic position of the study area within the Schneeberg Syncline is marked with an asterisk 

symbol. 

6.2.1.1 Studied section 

The Tannscharte (N 47°52'33.80", E 14°24'53.40"; 1211 m a.s.l.) and Fahrenberg (N 

47°52'12.1", E 14°28'33.9"; 1036 m a.s.l.) sections are located in the northernmost part of the 



Jurassic to Cretaceous Schneeberg Syncline, within the High-Bajuvaric Reichraming Nappe, 

a subdivision of the Bajuvaric Nappe System. The Reichraming Nappe is structurally separated 

from the Ternberg Nappe (Low-Bajuvaric) by a thrust plane to the north (Tollmann, 1966). In 

both recorded sections, the “Upper Rhaetian limestone” (Oberrhät limestone) of the Kössen 

Formation is unconformably overlain by the crinoidal Hierlatz Limestone Member, followed by 

the Adnet Formation, and finally the Allgäu Formation. 

 

Figure 6: Regional map of the study area (Qgis v. 3.4, GNU General Public Licence). A: 

Sections marked on the ©OpenStreetMap. B: Regional geological map of Upper Austria, ©CC-

BY-4.0 (Rupp et al. 2011). 

The Schneeberg Syncline is composed of deposits from the Upper Triassic Kössen Formation, 

including oolites and limestones (both Rhaetian), followed by the Lower Jurassic Adnet 

Limestone and Allgäu Formation, and then the Middle Jurassic Chiemgau Formation and Vils 

Limestone (Lukeneder & Lukeneder, 2018). The Sinemurian to Aalenian (Lower to Middle 

Jurassic) limestones of the Adnet Formation are characterized by nodular, reddish, 

fossiliferous ammonoid-rich beds, with abundant lagenid foraminifera (Janda, 2000). Egger 

and Van Husen (2011) reported a 10-meter-thick succession of red limestone from the Adnet 

Formation south of the Tannscharte locality. The Tannscharte and Fahrenberg sections lie 



within the Schneeberg Syncline, located southwest and southeast, respectively, of the town of 

Reichraming (Northern Calcareous Alps, Upper Austria). In the Reichraming Nappe, the Lower 

Jurassic Tannscharte locality contains cephalopod-bearing deposits within a deep-water 

limestone facies, specifically the Sinemurian Allgäu Formation (Gawlick et al., 2009). These 

sediments are composed of grey, intensely burrow-mottled limestones, intercalated with marls 

and frequent allodapic crinoidal limestone intervals (Müller, 1987; Egger, 1988; Egger & Van 

Husen, 2011). The Allgäu Formation was deposited in deep neritic environments 

(Jacobshagen, 1965), extending into the bathyal zone (Bernoulli & Jenkyns, 1970). 

6.2.2 Palegeographical and paleoecological interpretation 

Janda (2000) described the Upper Rhaetian Limestone as massive reefal debris limestones. 

Various Rhaeto-Liassic oolites are documented in the literature, including those described by 

Fabricius (1967) and Brakebusch (2022). Lukeneder and Lukeneder (2018) also interpreted 

these beds as shallow-water deposits. The generalized geometry of these depositional 

environments includes numerous smaller intra-platform basins in the north and barrier-type 

reefs in the south. Fringing reefs faced a slope-wise transition to the open ocean, leading to 

offshore-facies deposition (Richoz et al., 2012). This complex Triassic carbonate platform 

architecture, comparable to modern tropical reef systems, was located at lower latitudes near 

the Equator. Isolated Middle Triassic carbonate platforms were later overlain by an Upper 

Triassic lagoonal shelf, fringed by reefal build-ups at the shelf break, which transitioned 

laterally into slope and deep-water settings. These deeper settings were characterized by 

pelagic Hallstatt carbonates of Upper Triassic age (Strauss et al., 2023). In the offshore basin, 

pelagic limestones of the Hallstatt facies developed (Richoz & Krystyn, 2015). Following an 

initial sharp drop in mean sea level, associated with crustal extension and the formation of the 

Central Atlantic Magmatic Province (CAMP), the marine realm experienced an enhanced 

transgression (Richoz et al., 2012). 

6.3 WESTERN CARPATHIANS 

6.3.1 Geography of the Western Carpathians 

The Western Carpathians are traditionally divided into two major tectonic domains: The 

External Western Carpathians (EWECA) and the Internal Western Carpathians (IWECA). The 

Internal Western Carpathians are composed of thick-skinned basement nappes with a complex 

structural and geological history. At the boundary between the Internal and External domains 

lies the Pieniny Klippen Belt (PKB), a narrow tectonic zone marking a major structural 

transition. The IWECA consists of three principal basement-cover nappes: Gemericum, 

Veporicum and Tatricum. These nappes are thrust over one another from south to north (in 



present-day coordinates). The Tatricum is the structurally lowest unit, composed of Paleozoic 

crystalline basement rocks, Permian clastics, and an autochthonous Mesozoic sedimentary 

cover. The Lower Triassic Lúžňa Formation, consisting of calcareous shales and limestones, 

generally marks the transition from continental to shallow-water carbonate ramp and platform 

environments (Pelech et al., 2022). This is followed by Middle Triassic dark Gutenstein 

limestones, Ramsau carbonates, and Main Dolomite, which are overlain by Norian and 

Rhaetian lagoonal sediments. Jurassic deposits include: Crinoidal and nodular Adnet-type 

limestones (shallow-water, Tatra type), Radiolarian-rich limestones and Allgäu Formation 

(deep-water, Fatra type), characterized by spotted marl and limestone facies. The Fatricum 

(Krížna Nappe) overlies the Tatricum thrust sheets and lies beneath the Hronicum in the Core 

Mountains Belt. It comprises a Triassic to Lower Cretaceous succession, with lithologies 

similar to those of the Tatric sedimentary cover (Pelech et al., 2022). Within the Jurassic 

sediments of the Fatricum, two units are recognized: Vysoká Unit (shallow-water) and Zliechov 

Unit (deep-water), which is the most widespread (Pečeňa & Vojtko, 2011). The Fatricum 

typically contains thick Carpathian Keuper shales, well-preserved Rhaetian shallow-water 

carbonates (Fatra Formation), and thick Jurassic to Early Cretaceous deep-marine deposits. 

The nappe was emplaced during the Tatric–Veporic collision in the Albian to Turonian 

(Prokešová et al., 2012). The Fatra Formation is sharply overlain by marine shales of the 

Hettangian Kopieniec Formation (Goetel, 1917; Gaździcki et al., 1979; Tomašových & 

Michalík, 2000). 



 

Figure 7: Map of Slovakia with study area indicated (inset). A. Geological map of the Slovak 

part of Tatra Mountains showing the positionss of the Furkaska (B) and Kardolína (C) 

sections (modified from https://apl.geology.sk/) 

6.3.1.1 Studied section 

The Kardolína section is located on the rocky western slope of Husár Hill, part of Mt. Pálenica, 

above the Kardolína gamekeeper’s house near Tatranská Kotlina, in the Belá Tatra Mountains 

(49°15’00.0” N, 20°18’53.4” E). The exposed succession comprises 110 individual layers of 

shallow-water limestones, claystones, and siltstones, intercalated with sandstones. The 

sequence begins with evaporites belonging to the Fatra Formation at the base. At bed 104, a 

transition to the Kopieniec Formation marks a distinct lithological change, characterized by 

brown claystones with sandstone and limestone intercalations. The Kopieniec Formation is 



informally divided into four members: 1) Basal Clastics – beginning with a 6-meter-thick, non-

calcareous boundary claystone; 2) Lower Limestone Member – locally replaced by red 

siltstone, comparable to the Schattwald Beds of the Eastern Alps, 3) Main Claystone Member 

and 4) Upper Limestone Member. In the marly limestones overlying the Basal Clastics, an 

early Hettangian age is indicated by the presence of cephalopods, specifically from the 

Liassicus and Angulata zones (Rakús, 1975, 1993, 2003; Gaździcki et al., 1979). Furthermore, 

a detailed biostratigraphic zonation of the Triassic–Jurassic boundary (TJB) interval in the 

Zliechov Basin has been established based on foraminiferal assemblages (Michalík et al., 

2007). The TJB can also be identified using palynomorphs (Ruckwied & Götz, 2009). 

6.3.2 Palegeographical and paleoecological interpretation  

During the latest Triassic, dry, emerged plains were inundated by shallow marine 

transgressions, flooding newly formed tensional depressions (Michalík, 1993). This prolonged 

transgression reached different parts of the region in multiple pulses (Gaździcki & Iwanow, 

1983). The Austro-Alpine–Central Carpathian block became detached from the European shelf 

due to Penninic rifting (Kuss, 1983; Michalík, 1993, 1994). Within this block, a small pull-apart 

basin, the Zliechov Basin, developed—approximately 300 km long and 100 km wide. This 

deeper, dysoxic basin represents the Fatric zone in the Central Western Carpathians and was 

surrounded by shallow-water environments, including carbonate ramps, littoral banks, and salt 

marshes. Storms, sea-level fluctuations, and a slow subsidence rate hindered the development 

of coral, sponge, algal, and hydrozoan patch reefs along the edge of the carbonate ramp 

(Michalík, 1982; Tomašových, 2004; Vďačný et al., 2019). The ramp slope faced a deeper, 

dysoxic bottom devoid of benthic fauna, similar to conditions in the Alpine Kössen Basin (Kuss, 

1983). A shallow marine carbonate sequence, the Fatra Formation, was deposited 

transgressively over terrestrial Carpathian Keuper deposits (Stur, 1859; Michalík, 1973, 1974, 

1977, 1978, 2007). The terrigenous clastic component in these Upper Triassic limestones is 

generally low (Vďačný et al., 2019), and benthic associations were dominated by brachiopods 

and bivalves. The thickness of the Fatra Formation ranges from 25 to 116 meters. During the 

Jurassic, the Western Carpathian region was significantly affected by rifting, which caused 

subsidence of basins between elevated ridges (Plašienka, 1999, 2003). Studies of the 

Triassic–Jurassic boundary (TJB) interval in Western Carpathian sections have revealed 

several key paleoenvironmental events. A negative δ¹³C_org excursion, correlated with the 

Initial Carbon Isotope Excursion (ICIE) and predating the TJB by approximately 120,000 years, 

was recorded in the Kardolína section (Tanner, 2010; Michalík et al., 2007). This isotopic 

anomaly is associated with a decline in benthic fauna diversity (Michalík et al., 2007, 2010, 

2013). 



7 METHODS 

 

7.1 OBSERVATIONAL METHODS OF MICROBIOEROSION AND MULTIVARIATE STATISTICS 
 

Microbioerosion is most commonly studied from microborings— cavities in the surrounding 

matrix that represent the evidence of ancient biological activity. These voids and depressions 

are most often associated with the presence of microorganisms. The sample preparation and 

observational methods of microborings were compiled by Wisshak (2012) and Knaust and 

Bromley (2012). Most techniques of observation rely on the fact that the cavity infill has a 

density contrast to the surrounding carbonate grains. Modern approaches in microbioerosion 

mostly focus on resin microcasting and applications of micro-CT scanning techniques. 

Microcasting is focused on imprinting the polymer of low viscosity into the empty cavities 

(Golubic et al. 1975). This method, however, is applicable only to empty microboring structures 

or to microboring structures whose infillings were dislodged by ultrasonic cleaning After the 

dissolution of the ambient grains, cast morphology can be examined with Scanning Electron 

Microscopy (SEM). The Microcomputer Tomography (Micro-CT) technique displays internal 

structures of an object using X-rays. An X-ray (radiography) system typically produces 2D 

shadow images of 3D structures (e.g., Heřmanová et al. 2021). Both approaches result in a 

3D reconstruction of microbioerosion morphology. A high contrast between the composition 

and densities of the microboring infillings and the surrounding rock makes them observable. 

The limitations stem from the progressive diagenesis that ancient carbonate rocks are 

subjected to. Cases of “ghost” traces of microborings were described by Mišík et al. (2006). 

The successive recrystallization of the grain boundaries can result in smaller percentages of 

observable structures and surfaces. In this work, microborings were studied under a polarizing 

microscope in standard petrographic thin sections due to the character of the study material. 

The thin section analysis allows direct observation of microboring activity, evaluation of 

diagenetic changes, as well as simultaneous microfacies analysis. Microbioerosional surfaces 

were photographed under crossed and parallel nicols. Determination of microboring activity 

from thin sections is limited to two-dimensional visualization of the three-dimensional objects, 

however. Despite these restrictions, the thin section analysis allows direct observation of 

microboring activity, evaluation of diagenetic changes, as well as simultaneous microfacies 

analysis (Knaust and Bromley 2012). In the Northern Calcareous Alps, we focused on the 

morphological diversity of the microborings, as well as relative abundances of microboring 

structures in relation to substrate variability. This variability was assessed by calculating 

Evenness and Shannon’s H diversity indices. Microbioerosion from the Eastern Southern Alps 



in Slovenia was evaluated by measuring the microborings identified in the thin section by using 

the shape descriptors (Žunić 2012). The observed structures in the Southern Alps were vector-

traced using Inkscape (v0.92) and later counted, traced, and measured with the ImageJ 

(v1.52a) software (Fig. 4). Vectored individual structures were calibrated and selected using 

the Color Picker tool in ImageJ. Based on the selection type, the area and line length statistics 

were measured and calculated. The following criteria have been used for shape description: 

1) selection area in calibrated square [μm2]; 2) outer perimeter or circumference of the 

selection; 3) circularity, a variable calculated as C=(4π [Area])/[Perimiter]^2, with the values 

ranging from 0 (infinitely elongated polygon) to 1 (indicating a perfect circle); 4) aspect ratio of 

Height/Width (Ferreira and Rasband 2012). Distribution of shape descriptor values was 

estimated graphically from histogram plots and kernel density graphs. With such methods, we 

could quantify and capture the morphological identity of microborings and compare them 

through various sites and in time. 

 

 

Figure 8: Illustrated examples of the measured characters of microborings in thin sections (A 

– sample from the Lesno Brdo section; B – sample from Mt. Begunjščica profile). A) An 

example of chasmolithic microborings with a cup and vase shaped circular morphologies on a 

gastropod shell. B) Dendritic shape of an endolith within an intraclast. C) Detail of a 

chasmolithic microboring on the gastropod shell with illustrated recorded measurements. D) 

Detail of the endolithic microboring within an intraclast grain with illustrated recorded 

measurements (after Rifl et al. 2022). 



7.1.1 Multivariate statistics 

With the recorded measurements of vectored shapes (area, perimeter, width, height) and the 

calculated shape descriptors (circularity, aspect ratio) following Ferreira and Rasband (2012), 

combined with the relative abundance and classifications of microborings, we have generated 

an extensive dataset on microbioerosion. All statistical analyses were performed using the 

software PAST v. 3.23 (Hammer et al. 2001). We employed various analyses of variance and 

multivariate statistical methods. Following the initial classification according to Golubic et al. 

(1981), Knaust and Bromley (2012), and Wisshak (2017), data ordination was conducted. 

Ordination refers to a family of multivariate analysis techniques used for exploratory data 

analysis. These methods organize multivariate objects such that similar objects are positioned 

close together, while dissimilar ones are placed further apart—thereby summarizing their main 

characteristics and facilitating hypothesis formulation. In this study, ordination was applied to 

achieve three principal objectives: (a) to understand or identify relationships between variables 

across sites; (b) to differentiate or cluster data points over time; and (c) to evaluate diversity 

indices. In the Northern Calcareous Alps, the latter objective was further examined using SHE 

analysis, as originally described by Buzas and Hayek (1998). The fundamental approach for 

community structure identification (SHEBI) involves recalculating diversity indices at each 

cumulative step of lnN, lnS, H, and lnE, and examining them as functions of lnN (the number 

of individuals) (Hammer et al. 2001). Microboring morphotypes, along with the type and 

quantity of infected substrate availability, were plotted against the recorded changes in 

lithofacies. 

7.2 LABORATORY TECHNIQUES OF NANNOPLANKTON EXTRACTION AND SAMPLE PREPARATION 

Extraction of fossils from indurated carbonate rocks presents a significant challenge, 

particularly for calcareous nannofossils due to their fragile structure. These fossils are often 

heavily altered by diagenesis, typically in the form of epitaxial overgrowth, which can 

completely obscure their original morphology. Conventional extraction methods involving acid 

dissolution and prolonged acoustic exposure may cause further damage. This research 

focused on testing multiple preparatory methods and approaches from the literature (e.g., 

Švábenická 2002; Bottini et al. 2016), which have proven effective for recrystallized sediments 

such as bedded limestones and heavily recrystallized marlstones. Calcareous nannofossils 

were examined using both scanning electron microscopy (SEM) and optical polarizing 

microscopy. Initially, standard nannoplankton smear slides were inspected to assess the 

presence of calcareous nannofossils. Samples with the highest abundance were selected for 

SEM analysis. A further objective of this study was to modify the preparatory method proposed 

by Minoletti et al. (2009) for nannofossil extraction and enrichment from heavily lithified 



carbonate rocks. To achieve this, we assembled a multi-stage apparatus (Fig. 1) enabling 

continuous, repeated wet vacuum-powered acoustic microfiltration. The primary suspension 

was sieved using a 10 μm mesh and briefly exposed to ultrasonic cavitation. Microfiltration 

within the ultrasonic bath allowed for a constant filtrate flow, even as the thickness of the filtrate 

cake increased. During this limited exposure, the suspension was subjected to ultrasonic 

cavitation at 60 W. The skimming interval of the top layer in the sedimentation vessel was 

calculated based on terminal velocities of calcareous nannofossil-sized spherules and the 

retention time in the vessel, following Stokes’ law. After 15 minutes of sedimentation, the 

decanted solution was transferred to the final vacuum filter flask using a pipette. This novel 

approach was tested on several samples from the Western Carpathians, where a high 

likelihood of nannofossil occurrence was postulated. Additionally, nannofossils were 

investigated in thin sections from outcrops in the Eastern Southern Alps in Slovenia. The ultra-

thin slice method, as described by Bottini et al. (2016), involves polishing and further grinding 

thin sections with silicon carbide to an average thickness of 7 μm. Assemblage quantification 

was performed semi-quantitatively by counting calcareous nannofossils in 200 fields of view. 

Although rarely used in micropaleontology, hemocytometers—such as the Bürker-Türk 

chamber—were also employed. These devices, typically used to measure cell density and 

viability, offer potential for rapid estimation of nannofossil abundance per gram of sediment. 

This technique enables conversion of nannofossil counts into fluxes when precise age models 

and sediment density data are available. 

 

Figure 9: 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). 



8  RESULTS  

 

8.1 UPPER TRIASSIC MICROBIOEROSION IN SOUTHERN ALPS 
 

Four stratigraphic sections were selected for this study: Mt. Razor, Stože, and Mt. Begunjščica, 

located within the Julian realm, and Lesno Brdo, situated in the Dinaric realm. The shallow-

water carbonates at Mt. Begunjščica are Norian–Rhaetian in age, while the sedimentary rocks 

at the other three localities are Carnian age. Based on biostratigraphic and sedimentological 

correlations, Mt. Razor and Stože correspond to the Julian–Tuvalian interval, and Lesno Brdo 

to the Upper Julian. 

A total of 160 thin sections were analyzed under a polarizing microscope. Microborings were 

identified in 15 thin sections, distributed across four microfacies types out of nine defined: MF1 

(intertidal mudstones), MF2 (fenestral peloidal wacke/packstones), MF3 (shallow subtidal 

storm deposits), MF4–MF8 (peloidal intraclastic grainstone/rudstone), and MF9 (bioclastic 

wacke/packstone). Microborings were most abundant in MF9, interpreted as back-

reef/lagoonal deposits (Gale et al., 2014). 

Based on our microfacies analysis and previous studies (Ramovš, 1988; Celarc & Kolar-

Jurkovšek, 2009; Gale et al., 2014), the Razor and Begunjščica sections are interpreted as 

representing intertidal zones or open lagoons adjacent to reef complexes. In contrast, the 

Stože and Lesno Brdo sections reflect peritidal to shallow subtidal environments of a mixed 

carbonate ramp periodically influenced by siliciclastic input and storm activity (cf. Jelen, 1990; 

Dozet et al., 2009; Gale et al., 2015). 

In the Razor section, three samples from MF3 yielded 46 microboring structures, occupying 

0.49 mm² of the total thin section area (289.66 mm²), or 0.17%. The mean area of individual 

microborings was 107 µm², with a mean circumference of 50 µm. Microborings were observed 

in mollusk, echinoderm, and foraminiferal fragments, predominantly as interconnected 

boxwork borings (sensu Buatois et al., 2017), analogous to Entobia or Hyella-like structures. 

Smaller endoliths and chasmoliths appeared dome-shaped with cup or vase profiles. Some 

exhibited vertical or oblique entrances resembling Saccomorpha isp. Larger predation marks 

on gastropod shells resembled Oeichnus isp. 

In the Begunjščica section, microborings were common, found in 7 out of 20 samples within 

MF6, MF7, and MF9. A total of 318 microboring structures were identified, occupying 2.21 mm² 

of the total thin section area (644.72 mm²), or 0.34%. Morphologies included round, dendritic, 

and vase-shaped forms. Frequent shallow non-camerate dendritic networks resembling 



interconnected tubes were observed. Echinoderm fragments contained circular holes and pit 

borings similar to Tremischnus isp. or Rogerella isp. Anastomosing dendritic borings 

penetrated foraminiferal walls and intraclasts, resembling Clinolithes isp. or larger boxwork 

structures akin to Eurygonum isp. 

In the Stože section, microborings were rare, found in only 3 samples from MF9. The total 

microboring area was 0.00013 mm² out of 259.39 mm², or 0.0043%. Morphologies were 

primarily dendritic, with occasional rounded forms. Small dome-shaped borings (sensu 

Wisshak, 2017) were found in intraclasts, often occurring in pairs of simple circular structures 

resembling Planobola isp. Dendritic borings resembling Clinolithes isp. were found penetrating 

the chambers of foraminiferal tests. Despite their rarity, larger burrowing structures in the 

matrix were more frequently observed. 

In the Lesno Brdo section, two samples from the lower part of the section (MF9) contained 70 

microboring structures, occupying 0.1894 mm² of the total thin section area (176.86 mm²), or 

0.1%. Microborings were globular to spherical (sensu Buatois et al., 2017), forming dome-

shaped cavities (sensu Wisshak, 2017) with vertical to oblique entrances. Tubes were smooth 

and irregular, with either constant radius or expanding toward grain edges. Morphologies 

included concave pairs resembling Planobola isp. (Schmidt, 1992) and elongated pouch-like 

openings similar to Rogerella isp. 

8.1.1 Quantification and statistical analysis 

 

Rifl et al. (2022) demonstrated that the absolute abundance of microboring structures—defined 

as the number of microborings per thin section—is highest in the Mt. Begunjščica section and 

lowest in the Stože section. The ratio of microbored area to total thin section area indicates 

that the greatest extent of microboring occurs in intertidal beds belonging to microfacies 3 at 

both Mt. Begunjščica and Mt. Razor. In contrast, bioclastic wacke/packestones of microfacies 

9 at Lesno Brdo and Stože are characterized by a lower abundance of microborings. Among 

all investigated localities, the Stože section exhibits the lowest relative microboring coverage. 

Morphological analysis was conducted using shape descriptors. The results show that 

measured areas and circumferences of microborings are larger in the Razor and Mt. 

Begunjščica sections, and smaller in Lesno Brdo. The smallest cross-sectional areas were 

recorded in the Stože section. The circumference, and consequently the circularity—a 

calculated descriptor evaluating the roundness of shapes—was highest in Lesno Brdo and 

lowest in Stože. Microborings from Mt. Razor and Mt. Begunjščica exhibited similar circularity 

scores, with slightly higher values observed in Mt. Begunjščica samples. 



The height-to-width ratio showed substantial overlap across all four sections, accompanied by 

large standard deviations, indicating high variability. The distribution of both measured and 

calculated variables was asymmetrical, with signs of multimodality. 

A nonparametric Kruskal–Wallis test for equality of medians revealed statistically significant 

differences in area, perimeter, and circularity between the sampled sites. These morphometric 

variations may reflect locality-specific ichnofossil associations or paleoenvironmental controls. 

The observed multimodal distributions of shape descriptors further support the presence of 

distinct microboring assemblages across different depositional settings. 

8.2 UPPER TRIASSIC TO LOWER JURASSIC MICROBIOEROSION IN NORTHERN CALCAREOUS ALPS 
 

The Tannscharte (TA) and Fahrenberg (FA) sections from the Northern Calcareous Alps were 

sampled across the Norian–Rhaetian to lower Hettangian interval. A total of over 100 samples 

were collected for 2D microscopic analysis. Thin sections were prepared from both bedded 

and massive limestones as well as marly limestones. 

In the Tannscharte section, 26 thin sections contained microbioerosional structures, while in 

the Fahrenberg section, 8 thin sections revealed microborings. The lowest formation in both 

sections is the Rhaetian Limestone, where microborings were observed on individual clasts 

within strongly recrystallized bioclastic packstone microfacies. In several samples, the degree 

of recrystallization was so extensive that grain boundaries were too blurred to confidently 

determine clast types. Microboring structures were typically characterized by dark grey to 

greyish-brown fine-grained recrystallized microsparite within the grain matrix, most commonly 

found in recrystallized mollusc fragments (Appendix 3, Plate 1). 

Microboring morphologies ranged from nearly vertical to subvertical branched tubes and 

elongated cavities, often maintaining a consistent width. Some tube terminations exhibited 

enlarged areas, and spherical microborings resembling recrystallized Cavernula pendiculata 

(Radtke, 1991) were also identified. The more common tubular networks resembled microalgal 

pseudofilaments of Hyella sp. (Bornet & Flahault, 1889) or Flagrichnus profundus (Thuy et al., 

2014), attributed to schizochytrid fungi. 

The Adnet Group overlies the Rhaetian Limestone in both sections. In the Tannscharte section, 

beds with high terrigenous input suggest a higher-energy depositional environment, evidenced 

by larger grains reaching floatstone microfacies. Above these, rudstones from the Brachiopod 

Beds indicate even higher energy, with abundant large shell fragments resembling coquinas, 

typical of high-energy marine and lacustrine settings (Appendix 3, Plate 2). 



Microborings in the terrigenous-rich beds were found in bioclastic wackestone and mudstone 

microfacies, filled with dark micrite. Echinoderm and shell fragments served as substrates for 

spherical or circular pouch-like borings, resembling Cavernula pendiculata. Branched tubular 

microborings were rare, though some networks contained isolated enlarged cavities. In the 

Brachiopod Beds, only rare isolated microborings were found in mollusc shells. Due to 

recrystallization, no autochthonous microborings were preserved at grain boundaries; they 

were only recognizable within shell interiors. Infills of recrystallized fine-grained grey to dark 

brown sparite, mostly in redeposited bioclasts, indicated possible microbioerosional activity. 

The most distinct structures were branched tubular networks with uniform thickness, and 

recrystallized spherical microborings observed on echinoid fragments. 

Higher in the stratigraphy, the Hierlatz Limestone Member contains oncoidal grainstone 

microfacies with a wide variety of microbioeroded clasts, including coated grains (oncoids and 

intraclasts), echinoderm fragments, and foraminiferal tests. These clasts are surrounded by a 

thin envelope of fine-grained sparite. Microborings within clasts are filled with black to dark 

brown fine-grained sparite, occasionally with a reddish hue, making them highly 

distinguishable even when located deep within the substrate. Penetration depth varied widely, 

with microborings occurring both near grain boundaries and deeper within clasts. Deeply 

penetrating structures were more common in echinoderm fragments, typically as thin-branched 

tubular borings terminating in a large chamber or forming interconnected networks. 

Foraminiferal tests exhibited tubular borings with multiple entrances into the test interior 

(Appendix 3, Plate 2). 

The Crinoidal Limestone (Appendix 3, Plate 1), recorded above the Rhaetian Limestone in the 

Fahrenberg section, consists of marly limestones hosting a diverse community of 

microbioeroded clasts. Cavity infills of black or dark brown micrite with reddish tint or fine-

grained microsparite were interpreted as remnants of microboring organisms. These were 

most commonly found in echinoid fragments, undeterminable shell fragments, and less 

frequently in foraminiferal tests and intraclasts. Microborings occurred both shallow near grain 

boundaries and deeper within substrates. Some networks consisted of anastomosing 

branching tubes or interconnected chambers, forming camerate networks. Recrystallization 

produced cuspate or hairy wall textures, and globular or circular camerate networks were 

occasionally observed. Simple or branched entrances with oblique orientation were also noted, 

along with shallow spherical and, more rarely, tubular branched networks. 

Above the Crinoidal Limestone in Fahrenberg and the Hierlatz Limestone in Tannscharte lies 

a thick succession of reddish marls and marly limestones of the Adnet Formation (Appendix 3, 

Plate 3). Similar to the underlying formations, the most frequently bored substrates were 



echinoderm bioclasts, shell fragments, and occasionally foraminifera. The most common 

microboring morphologies on echinoderm clasts were vertical and subvertical camerate 

borings and irregular tubular networks of varying diameters penetrating deeply into the clasts. 

Enlarged chambers interconnected with narrower borings were observed at different depths, 

forming tiered camerate structures. Shallow dome-shaped globular or spherical microborings 

were found on shell fragments, while deeper intertwined tubular networks of nearly uniform 

width were recognized on echinoderm and shell fragments. Most microborings exhibited 

irregular, cuspate textures, a result of diagenetic alteration blurring cavity linings. Infills 

consisted of fine-grained black or dark brown microsparite, often appearing reddish due to iron 

oxide content. 

8.2.1 Quantification and statistical analysis 

 

Multivariate statistical analysis was conducted on 1,183 bored clasts and 1,592 microboring 

structures identified across both sections. The first analysis focused on the counts of infected 

versus uninfected clasts, using ANOVA and Principal Component Analysis (PCA). The results 

showed that the widest range and highest proportion of infected echinoid clasts and mollusc 

shells were found in the Crinoidal Limestone of the Fahrenberg section. In the Hierlatz 

Limestone Member of the Tannscharte section, a high proportion of bored aggregate grains 

and foraminifera, in addition to echinoid fragments, was recorded. The Adnet Formation in both 

sections revealed a high proportion of microbored foraminifera, co-occurring with smaller 

proportions of microbored echinoid and mollusc fragments. In contrast, lower abundances of 

microbored substrates were observed in the Beds with high terrigenous input and the Rhaetian 

Limestone, where microborings were found exclusively in mollusc shells. 

The second analysis involved the microscopic classification of the 1,592 microboring structures 

into distinct morphotypes. A total of 614 globular, 384 tubular, and 594 camerate network 

morphotypes were identified. Multivariate analysis using ANOVA and PCA ordination revealed 

that samples from the Crinoidal Limestone formed a distinct group, characterized by the 

highest number of camerate network microborings. Samples from the Hierlatz Limestone 

Member and the Adnet Formation contained similar numbers of camerate networks; however, 

elevated numbers of globular microborings were found exclusively in the Hierlatz Limestone. 

All morphotypes were evenly represented in the Adnet Formation, forming the largest 

ordination group. In the Beds with high terrigenous input, camerate networks were rare, but 

the balanced presence of tubular and globular morphotypes still formed a distinct PCA cluster. 

In the Brachiopod Beds and Rhaetian Limestone, no camerate networks were recorded. 

However, tubular morphotypes were present in the Rhaetian Limestone, and globular 



morphotypes were more abundant in the Brachiopod Beds, resulting in smaller and more 

isolated ordination groups. 

To further assess the relationship between substrate availability and microboring morphotypes, 

a SHEBI analysis was performed. The factors of morphotype distribution and substrate 

infection rates were plotted against lithofacies changes and compared between the two 

sections. The computed diversity indices—lnS, H (Shannon’s index), and lnE (Evenness)—

revealed patterns of biofacies disruption that influenced the composition of microbioeroders. 

In the Tannscharte section, the Adnet Formation and Hierlatz Limestone Member exhibited the 

highest evenness, with all three morphotypes similarly represented. In contrast, the base of 

the Adnet Formation and the top of the Brachiopod Beds showed lower Shannon’s index 

values, due to the presence of only two morphotypes. In the middle of the Brachiopod Beds, 

globular and tubular morphotypes were nearly equal in abundance. In the Beds with high 

terrigenous input, variation was limited to the relative proportions of tubular and globular types. 

In the Crinoidal Limestone of the Fahrenberg section, the high abundance of camerate 

networks resulted in a lower Evenness index, but a higher Shannon’s index, indicating 

dominance by a single morphotype. A similar increase in camerate networks was observed in 

the Adnet Formation of both sections. In the middle part of the Adnet Formation, the presence 

of tubular microborings contributed to increases in both Evenness and Shannon’s index. The 

lowest diversity scores were recorded in the Rhaetian Limestone. 

Positive excursions in diversity indices suggest favorable environmental conditions, 

characterized by a faunal composition more vulnerable to microborings and increased 

substrate availability. Conversely, negative excursions indicate unfavorable conditions, such 

as limited substrate or faunal assemblages resistant to bioerosion. Cases where Shannon’s 

index increases while Evenness decreases may reflect environments favoring a single 

dominant morphotype or substrate type, suggesting selective ecological pressures that 

promote specific microbioerosional patterns. 

8.3 UPPER TRIASSIC TO LOWER AND MID JURASSIC CALCAREOUS NANNOPLANKTON FROM 

WESTERN CARPATHIANS AND EASTERN SOUTHERN ALPS 
 

8.3.1 Western Carpathians (Fatra Formation), Slovakia 

 

A total of 168 calcareous nannoplankton samples, collected during two field campaigns, were 

analyzed. Of these, 109 samples originated from the Kardolína section—including 96 from the 



Fatra Formation and 13 from the Kopieniec Formation—and 59 samples from the Furkaska 

section, comprising 22 from the Fatra Formation and 37 from the Kopieniec Formation. 

Selected samples were prepared using a modified extraction procedure, which was 

simultaneously evaluated for its efficiency. This method was applied to eleven samples, three 

of which yielded no nannofossils, either in standard smear slides or in slides prepared using 

the modified extraction. In the remaining samples, nannofossil abundance increased by 

approximately 60–70%. A comparison with control material confirmed a general increase in 

assemblage abundance following the modified extraction. 

Calcareous nannofossils were generally rare in the samples, with observed concentrations 

ranging from 0.01 to 2.28 nannoliths per field of view, and overall low species diversity. The 

number of species per sample ranged from one to seven. Preservation was poor, with frequent 

signs of dissolution and overgrowth. 

Statistical analysis revealed significant relationships between isolated calcite rhombohedra 

and calcareous nannofossil abundance (p < 0.05). These results suggest that the reduced 

abundance of nannofossils in the rock is likely due to diagenetic recrystallization, associated 

with the formation of calcite rhombohedra. 

8.3.1.1 Kardolína section 

 

The occurrence of calcareous nannofossils in the Kardolína section can be grouped into two 

distinct intervals. The first interval spans beds 15–93 within the Fatra Formation, dated to the 

Rhaetian. This interval is dominated by Prinsiosphaera triassica, with episodic occurrences 

and elevated numbers of small coccoliths (<5 μm). Notable accumulations of calcareous 

nannofossils were observed on the tops of bedding surfaces between beds 15–20, 35–37, and 

87–89. Referred to as the Prinsiosphaera interval, these levels are characterized by the 

absence of environmental stress markers, such as euryhaline indicators, terrigenous input, 

and spherules. 

Due to extensive recrystallization, calcareous nannofossils in this interval could only be broadly 

classified into Coccolith types 1–3. Coccolith 1 is common throughout the interval, while 

Coccoliths 2 and 3 occur sporadically. Prinsiosphaera triassica specimens were observed in 

two size ranges: smaller and larger than 5 μm. However, no correlation was found between 

the size distribution and any sedimentological, mineralogical, or geochemical proxies. The 

presence of Eoconusphaera aff. hallstattensis confirms the Late Triassic age of this interval. 

Additionally, a new coccolith morphotype, Calyculus? kardolinae sp. nov., was described. 



Above the Prinsiosphaera interval, a nannofossil-barren interval was recorded between beds 

94–105, encompassing the Triassic–Jurassic boundary. This interval is marked by high 

organic matter content and includes a slump body around bed 100. The top of the interval is 

defined by a lithological transition from the limestones of the Fatra Formation to the fine-

grained clastics of the Kopieniec Formation. 

Nannofossils from the Kopieniec Formation were found between beds 105–115. Numerous 

dolomitic rhombohedra were observed within the first metre above the lithological boundary, 

peaking at 0.8 m. Above 1 m, the number of isolated rhombohedra decreased, and the first 

reappearance of coccoliths was recorded, alongside ascidian spicules. Coccoliths common in 

the Prinsiosphaera interval became rare, while a newly identified morphotype, Coccolith 4, 

became more abundant. Several small coccolith specimens were attributed to the 

Watznaueriaceae family. Coccoliths in the Kopieniec Formation are also strongly 

recrystallized. 

Some Triassic nannofossils resembling Morphotype sp. 1 (described by Bottini et al., 2016) 

and small-sized Prinsiosphaera were recorded, likely representing reworked sediments from 

Upper Triassic beds. The first coccoliths observed under SEM were found at 2.4 m above the 

lithological boundary. These specimens were heavily recrystallized and dissolved. Between 

2.4–4.4 m, an increase in coccoliths, rhombohedra, and aragonite needles was documented. 

At 5 m, the organic matter content decreased, and coccolith abundance increased further. 

8.3.1.2 Furkaska section 

 

A similar succession of calcareous nannofossil occurrences was observed in the Furkaska 

section. Although the Lower Jurassic interval is thicker here, the evolution of nannofossil 

assemblages closely resembles that of the Kardolína section. Repeated increases in the 

abundance of small coccoliths and high concentrations of Prinsiosphaera triassica were 

recorded within the Prinsiosphaera interval. Notably, small coccoliths are more abundant in 

the Furkaska section. 

As in Kardolína, variations in the ratio between small and large P. triassica were documented, 

but no correlation was found with sedimentological or geochemical proxies. A higher diversity 

of coccoliths was recorded at specific stratigraphic levels (Michalík et al., 2010). Coccoliths in 

the Furkaska section are also strongly recrystallized. 

Within the nannofossil-barren interval, rare nannofossils were accompanied by consistently 

elevated organic matter content, although the increase was less pronounced than in the 

Kardolína section. A slump body was recorded at the top of this interval, followed by the 

reappearance of common nannofossils after the lithological transition to the Kopieniec 



Formation in the Lower Jurassic (Hettangian). This reappearance correlates well with the 

Kardolína section. 

Occurrences of Watznaueria sp. and large nannoliths tentatively identified as 

?Schizosphaerella sp., typically associated with the Middle Jurassic (Menini et al., 2019), were 

also recorded. However, accurate determination of crystallite arrangement is difficult due to 

diagenetic alteration. Fragments belonging to radiolarian groups were also observed in this 

interval. 

Further upsection, nannofossil preservation deteriorates, and the documented record of 

calcareous nannofossils from the Furkaska section becomes incomplete. 

8.3.2 Julian Alps Slovenia 

 

A total of 29 calcareous nannoplankton samples, collected during two field campaigns, were 

analyzed. Of these, 12 samples originated from the Vrh Bače section, and 17 samples from 

the Povdnar section. At Vrh Bače, due to the high silica content in the marls and marly 

limestones, samples were prepared as ultra-thin microscopic slides, following the procedure 

described by Bottini et al. (2016). In contrast, sediments from the Povdnar section were 

analyzed using standard smear slide preparation. Additionally, a modified extraction method 

was applied to three samples. 

8.3.2.1 Vrh Bače 

 

Calcareous nannofossils found in the Carnian hemipelagic limestones at the Vrh Bače outcrop 

were very rare. Only two out of twelve samples yielded highly recrystallized remnants of 

Prinsiosphaera triassica, resembling coccoliths described by Bottini et al. (2016). A distinctive 

bladed epitaxial calcite overgrowth was observed, radiating from accumulations of small 

rectangular crystals forming a spherical-like structure. These crystal arrangements closely 

resemble calcareous nannofossils described from the Pizzo Mondello section by Preto (2012). 

Due to poor preservation, the occurrence of smaller nannofossils, such as coccolith rims, is 

considered unlikely. 



     

Figure 10: Nannofossil remains from Vrh Bače outrcop obtained from ultra thin section 

microscopy. Scale bar represents 5 µm. 

 

8.3.2.2 Povdnar section 

The Povdnar sections represents an outrcop of Upper Norian to Rhaetian Slatnik Formation. 

In literature it is seen as a continuous basinal development from the Upper Triassic to Lower 

Jurassic facies (Rožič and Kolar Jurkovšek, 2010). The results show the occurrence of highly 

recrystallized remnants of the Prinsiosphaera triassica (Jafar 1983) and more rarely the genus 

Eoconusphaera (Kristan-Tollman 1988) and Schizosphaerella punctulata (Deflandre & 

Dangeard, 1938) could be identified. 

9 DISCUSSION 

9.1 EVIDENCE FOR GEOBIOTIC INTERACTIONS IN THE CENTRAL EUROPEAN ALPIDS AND ITS 

PALEOBIOGEOGRAPHICAL SIGNIFICANCE. 
 

The Alpine sector of the Tethyan shelf represents a significant catchment area for Mesozoic 

marine and marginal marine sediments. These sediments, trapped during deposition, were 

later transformed into competent sedimentary rocks through diagenetic processes. The 

convergence and collision of the European and African tectonic plates, driven by subduction 

and the closure of the Tethys Ocean, led to the compression of seafloor sediments, their 

lithification, uplift, and eventual exposure in the Alpidic mountain ranges. Remnants of the 

ancient seafloor and its sedimentary record are preserved throughout the Alpidic orogenic belt. 

In selected localities, the preservation of sediments offers a unique window into the 

environmental conditions from which the original sediment was derived prior to deposition in 

basins and catchments. Additionally, the settled sediment retains evidence of post-depositional 

geobiotic interactions. Unicellular organisms have played a principal role in the production of 

carbonate rocks throughout most of Earth’s history (Altermann et al., 2006). Their ability to 

mediate mineral formation in modern environments suggests a continuity of biosignature-



preserving microbial-environmental interactions in marine settings since the Proterozoic 

(Moore et al., 2023). Microbioerosional structures, specifically microborings, identified in the 

Eastern Southern Alps and Northern Calcareous Alps, are the imprints of microscopic 

organisms capable of perforating substrates for shelter or nutrient acquisition (Golubic et al., 

1981; Golubic et al., 2005; Wisshak, 2012; Tribollet et al., 2008). These microbial traces align 

with the concept proposed by Thompson (1942), that morphology reflects environmental 

forces. Our findings (Rifl et al., 2022; 2025, submitted) confirm that the occurrence and 

morphology of microborings vary significantly across paleoenvironmental settings. 

Quantification of cross-sectional areas using shape descriptors enables even higher-resolution 

analysis. Another focus of this study was calcareous nannofossils, representing the remains 

of ancient nannoplankton. Planktonic detritus in the form of nannoliths first appeared in the 

oceans during the Late Triassic. The presence of Upper Triassic calcareous nannofossils was 

confirmed by the identification of Eoconusphaera aff. hallstattensis (Holcová et al., 2024). 

Although the cause of their initial appearance remains unclear, a transition to a modern carbon 

cycle has been proposed (Ridgwell, 2005). Calcareous nannofossils are known to respond to 

environmental stress by developing new morphologies (Erba et al., 2019). Morphological 

variation in both microborings and nannofossils may reflect changes in mineralization patterns, 

driven not only by genetics and function but also by physical necessity. The generally shallower 

Upper Triassic European shelf was punctuated by deeper basins, troughs, and channels 

between barrier reef systems. This configuration, where sedimentary environments are in 

close proximity, leads to facies discretization. In the Southern and Northern Calcareous Alps, 

rhythmic interchanges and interfingering of shallow-water and basinal facies during the Upper 

Triassic to Lower Jurassic have been described (Gaetani et al., 2010; Strauss et al., 2023). A 

series of onlaps and offlaps, reflecting sea-level fluctuations, can be grouped into second- and 

third-order depositional sequences, and are observable through lithofacies shifts. These 

rhythmic microfacies changes can often be traced across large distances and compared in 

terms of sedimentological and paleontological characteristics (Flügel, 2010). 

 

9.1.1 Shallow water environments across the TJB 

 

The sediments of shallow-water environments in the Southern Alps and Northern Calcareous 

Alps, along with their benthic communities, represent an intensively studied area. For a broader 

overview, readers are referred to the works of Gaetani et al. (2010) and Strauss et al. (2012). 

The biochronostratigraphic framework of the Southern Alps is correlated with ammonite 

zonation (Gianolla et al., 1998). At the boundary between the Julian and Tuvalian, a increase 

in the means sea level is interpreted from second-order sequences and can be compared to 



sections in the Julian Alps, including those investigated in Slovenia. At Cave del Predil, Italy, 

a Julian restricted mixed carbonate ramp was interpreted by De Zanche et al. (2000). The 

Lesno Brdo and Stože sections similarly represent Julian low-energy carbonate–clastic 

sedimentation. Stože corresponds to the distal parts of the Julian carbonate platform, while 

Lesno Brdo characterizes a restricted lagoonal setting (Rifl et al. 2023, Oblak 2001, Jelen 

1990).  

.  

The lagoonal environment at Lesno Brdo, as described by Jelen (1990) and Oblak (2001), is 

marked by episodic fluctuations in salinity and terrestrial input. The dark bioclastic 

wacke/packstone microfacies contain abundant bivalve, ostracod, and gastropod clasts, 

indicative of microbial endolithic colonization. Microborings are predominantly vase- or sac-

like in cross-section, typically appearing as small domes with a single vertical or oblique 

aperture. Shape descriptors of area and circumference suggest bimodal distribution, and high 

circularity values indicate a predominance of circular or oval morphologies. Small, circular 

endolithic microborings are commonly recorded in shallow lagoonal environments (Schneider 

& Campion-Alsumand, 1999; MacIntyre et al., 2000; Veziri et al., 2012). These microborings, 

typically produced by unicellular cyanobacteria on carbonate substrates, are classified within 

the genus Planobola (Schmidt, 1992). 

 

A lower count of small endolithic microborings was found in bioclastic wacke/packstone 

intercalated with mudstones, interpreted as a shallower subtidal environment at the Stože 

section. The record from this environment is sparse. The low abundance and smaller size of 

microborings may be attributed to mechanical breakdown or the allochthonous nature of 

grains, which may have originated in shallower restricted shelf areas and were redeposited 

distally during storm events (Gale et al., 2014). The interfingering of marls and mudstone 

microfacies with carbonates containing tempestite structures indicates episodic high-energy 

events, resulting in turbid waters. Phototrophic algae and unicellular cyanobacteria, common 

microbioeroders, require clear water and time to colonize clasts on the seafloor. These 

environments reflect a humid pulse between the Julian and Tuvalian, associated with a relative 

sea-level drop within the Car3 depositional sequence (Gianolla, 1998). This sea-level drop is 

also recorded in the Heiligkreuz–Hospiz Basin of the Northern Calcareous Alps. The organic-

rich marls suggest limited bottom-water aeration, likely due to terrestrial influx exceeding 

oxidation capacity, resulting in a dysaerobic, stressed environment with low-diversity biota 

(Keim, 2006). At the top of the Car3 sequence, a new transgressive and highstand systems 

tract is interpreted in the Eastern Southern Alps (Gianolla, 1998). The Tuvalian Razor 

Limestone represents an intertidal environment on the carbonate platform following a rise in 



mean sea level. Large endolithic colonization structures are common on bivalve, echinoderm, 

gastropod, and foraminiferal fragments. Echinoderm fragments are frequently penetrated by 

Entobia-like or Hyella-like structures, typically colonizing the lower intertidal belt (Viles, 1995; 

Palinska et al., 2017). Following Car3, a steady rise in sea level is recognized in the Southern 

Alps, although the lack of significant fossil content limits resolution for distinguishing Norian–

Rhaetian sediments (Gianolla, 1998). Facies arrangement at Mt. Begunjščica indicates 

deposition in a Rhaetian intertidal setting within the Norian–Rhaetian sediments of the Julian 

carbonate platform. Gale et al. (2014) interpreted this section as an open back-reef lagoon in 

close proximity to a reef. Microborings are common but their occurrence is selective, not 

appearing on all clasts of the same type. Some clasts are intensely bored, while others remain 

relatively intact. Echinoderm-derived fragments contain circular holes and pit borings similar to 

Tremischnus isp. or Rogerella isp., distinguished by their dome-shaped morphology. 

Foraminifera exhibit branched, anastomosing, and interconnected dendritic borings, 

resembling Clinolithes isp. or larger non-camerate boxwork structures similar to Eurygonum 

isp., also observed on intraclasts. These structures are attributed to endolithic microorganisms, 

commonly recorded in shallow lagoonal environments (Schneider & Campion-Alsumand, 

1999; MacIntyre et al., 2000; Veziri et al., 2012). Large and abundant microborings may also 

result from prolonged exposure on the seafloor (Parsons & Brett, 1991; Shroba, 1993; Herrero 

& Canales, 2002; Cózar, 2003, 2005; Reolid, 2008). The Rhaetian marine transgression 

interpreted from the Southern Alps continues across a broader area of the European shelf. A 

similar transgression near the Triassic–Jurassic boundary is interpreted in the Northern 

Calcareous Alps (Gawlick et al., 2009; Richoz et al., 2012). The Upper Rhaetian to Lower 

Hettangian Tannscharte and Fahrenberg sections were found to contain diverse microboring 

associations. During this transgression, the upper Rhethian and lower Hettangian Tannscharte 

and Fahrenberg sections were deposited which contain diverse microboring associations. 

The Rhaetian Limestone was deposited in a shallow-water paleoenvironment, as interpreted 

by Janda (2000). Rare microborings found within intraclastic packstone appear as small dark 

patches in fragmented bioclasts. Spherical microborings resemble recrystallized remnants of 

Cavernula pendiculata (Radtke, 1991) or the codiolum stage of chlorophyte algae (Knaust & 

Bromley, 2012), taxa typically occurring in the shallow photic zone of modern seas (Wisshak 

et al., 2008). Tubular networks resemble microalgal pseudofilaments of Hyella sp. (Bornet & 

Flahault, 1889) or Flagrichnus profundus, produced by schizochytrid fungi (Thuy et al., 2014). 

These microboring structures suggest an intertidal environment with limited communication 

from the back-reef lagoon. Their rarity in the Rhaetian Limestone is likely due to diagenetic 

alteration (Reolid & Gaillard, 2007), where recrystallization from aragonite to fine-grained 

calcite caused “rasterization” of boundaries. Similar “ghost” traces of microborings were 



described by Mišík et al. (2006). A transgressive systems tract in the Rhaetian is consistently 

reported from the Northern Calcareous Alps (Hillebrandt et al., 2013; Della Porta et al., 2023). 

Above the Rhaetian Limestone, microboring abundance slightly increases, and depositional 

energy is higher in both the Tannscharte and Fahrenberg sections. The Beds with high 

terrigenous input and Brachiopod Beds, marked by increased grain size and organic matter, 

are interpreted as progradational coarse facies during the initial sea-level drop at the end of 

the Rhaetian (Richoz et al., 2012). A layer with compressed multicostate rhynchonellids occurs 

in the lower part of the Schattwald Beds of the Kuhjoch section (Hillebrandt et al., 2013). If 

these brachiopod associations correlate between Kuhjoch and Tannscharte, the terrigenous 

beds may represent the regression peak and high turbidity. Rapid re-sedimentation and 

sediment dispersion over large distances reduce colonization time, limiting bioerosion to 

isolated microborings on a few clasts. An increase in chemotrophic fungi is associated with 

elevated particulate organic matter, which can attack osteic surfaces (Knaust & Bromley, 

2012). Generally, increased particulate organic matter may indicate environmental stress. 

Microborings in the Hierlatz Limestone Member (Tannscharte) and Crinoidal Limestone 

(Fahrenberg) are notable for their abundance and diversity. The Hierlatz Limestone sediments 

are detritus from paleotopographic highs, accumulating near submarine fault zones and 

topographic catchments (Vörös & Padisák, 1991). Common facies range from wackestones to 

washed-out grainstones (Janda, 2000), deposited as neptunian dykes and submarine taluses. 

The detritus includes bioclasts from organisms living near the sediment–water interface, such 

as brachiopods, ammonites, bivalves, gastropods, and crinoids. With rising sea level, these 

crinoid–brachiopod assemblages were redeposited across wider areas and are frequently 

found attached to submarine slopes in the Neotethys realm (Vörös, 1991). 

The Hierlatz Limestone Member contains over 30% microbored oncoids. Rare endolithic 

organisms were also observed on foraminiferal tests, while fragments of brachiopods, bivalves, 

and gastropods were generally unbored. Microborings in intraclasts and oncoids of oncoidic 

grainstone include camerate networks, co-occurring with tubular and spherical morphotypes. 

Elaborate camerate networks are typical of clionid sponges (Lawrence, 1969). Tubular 

networks were concentrated among foraminiferal papillae, resembling “club-like” microborings 

attributed to green algae of the genus Cavernula (Mišík et al., 2006). Larger globular and 

spherical microborings were also found, though difficult to interpret in thin section. These may 

represent circular cross-sections of galleries from camerate networks or chlorophyte tubes, 

while smaller globular forms may result from fungal activity. Extensive microboring 

morphologies on oncoids have also been recorded in modern ooid shoals and outer lagoons 

(Mono et al., 2023). Microborings were found in Unit E, interpreted as the earliest Hettangian 



above the basal transgressive lag (Della Porta et al., 2023). The abundance of 

microbioerosional structures in the Hierlatz Limestone Member likely reflects a mean sea-level 

rise and lagoonal deposition (Perry & Hepburn, 2008). Hettangian extensional tectonics 

prolonged the return of pre-regressive marine conditions (Della Porta et al., 2023). In the 

Northern Calcareous Alps, this return was delayed by up to 5 million years, resulting in a 

stratigraphic gap between the Rhaetian and Sinemurian, possibly linked to the activity of the 

Central North Atlantic Magmatic Province (Krystyn et al., 2005). 

The Crinoidal Limestone, a variation within the Hierlatz Limestone Member (Brakebusch, 

2022), is characterized by echinoderm-dominated associations in the Fahrenberg section. 

Echinoid ossicles and molluscan shells show progressive microbioerosion. Oncoids and rare 

foraminifera also contain microborings, though less extensively than echinoid clasts. The 

dominant morphology is camerate borings, sometimes forming large, ornate galleries, similar 

to those observed in the Hierlatz Limestone. Cavities in porous echinoids are filled with iron 

oxides or dark micrite, contrasting sharply with surrounding microcrystalline grains. Modern 

Cliona sp. from the Mediterranean are known to bore into echinoderm madreporites, forming 

fused or distinct galleries (Rosell & Uriz, 2002). Increasing populations of clionid sponges are 

often associated with eutrophic conditions (Holmes, 2005). Several Cliona species host 

dinoflagellate zooxanthellae (Weisz et al., 2010). Molluscan shell fragments often contain 

tubular borings attributed to Rhopalodendrina, a genus of rhodophyte algae, which appears in 

the Adnet Group (Wisshak, 2012; Thuy et al., 2014). The accumulation of microborings may 

be linked to seabed paleotopography, where grains were trapped in sheltered areas, allowing 

colonies of benthic cnidarians to develop. 



 

Figure 11: Correllation of the recorded sections in context of sequence stratigraphy modified 

after Gianolla (1998), Hillebrandt et al. (2013), Michalik et al. (2007) and Bottini et al. (2016) 

The rise in sea level during the Lower Jurassic led to onlapping of sediments onto former reef 

slopes, resulting in the drowning and smothering of reef systems, which may have triggered a 

diversification of sponges (Delecat & Reitner, 2005). Some camerate networks in the marls of 

the Adnet Formation exhibit large, elaborate galleries, commonly associated with the boring 

activity of modern clionid sponges (Rosell & Uriz, 2002). Sponges are known to grow and 

penetrate substrates more rapidly in environments with increased irradiance, such as 

shallower waters or during flood events. Enhanced excavation activity may also occur in 

response to eutrophication, acidification, or temperature rise (Ramsby, 2018). Sponges are 

highly resilient to changing environmental conditions, and during periods of stress (e.g., 

reduced light availability), autophagy of algal symbionts by the host sponge is common (Weisz 

et al., 2010). Large camerate networks with elaborate galleries were observed in echinoid 

clasts, with microborings typically filled with fine-grained sediment, reddish tint, iron oxides, or 

dark brown microsparite. The lower intervals of the Adnet Formation contain primarily 

camerate networks and globular microborings, while tubular and camerate networks—



commonly found in foraminiferal and echinoid clasts—occur higher in the section. Some 

echinoid clasts are progressively microbored, suggesting low sedimentation rates in the 

primary environment. Thoroughly bored surfaces may represent several years of undisturbed 

exposure (Bromley et al., 1990). Although foraminiferal and shell clasts are less abundant, 

they are frequently microbioeroded by tubular networks, commonly associated with 

Rhopalodendrina, which preferentially colonizes osteic surfaces (Wisshak, 2012). Singular 

globular borings found throughout the Adnet Formation were likely produced by Cavernula sp. 

(Glaub et al., 2007), which inhabits the shallow photic zone (Wisshak et al., 2008). These 

conditions may be linked to a gradual relative sea-level rise or synsedimentary faulting and 

subsidence (Richoz et al., 2012). Prolonged deepening could expand the extent of the shallow 

photic zone, where chlorophyte algae are most abundant (see Fig. 11). 

9.1.2 Deeper water sediments across TJ boundary 

 

As part of this thesis, four Upper Triassic sections were investigated for the presence of 

calcareous nannofossils. The oldest sediments include Carnian cherty limestones from the Vrh 

Bače outcrop and the Norian–Rhaetian Povdnar section. The calcispheres in these samples 

are strongly diagenetically altered, making taxonomic attribution difficult and uncertain. A few 

samples from the Vrh Bače outcrop exhibit typical calcite epitaxial overgrowth, as described 

by Preto (2012). The hemipelagic limestones at Vrh Bače likely represent a basinal 

environment, possibly already established during the Tuvalian. The Povdnar section, spanning 

the Norian–Rhaetian, yielded rare nannofossil remains attributed to the genera Hayococcus, 

Archaeozygodiscus, Crucirhabdus, and various other nannolith debris. Upper Triassic 

calcareous nannofossils in the Alpine sector of the Western Tethys are not uncommon. 

Assemblages have been documented in the Zu Limestone of the Lombardy Basin (Bottini et 

al., 2016), the Pizzo Mondello section in Sicily (Preto, 2012), the Hallstatt Formation in the 

Northern Calcareous Alps (Demangel et al., 2020), and the Zliechov Basin in the Western 

Carpathians (Holcová et al., 2024). These occurrences support the potential for establishing a 

robust Upper Triassic nannofossil biozonation across the European shelf. 

 

The Kardolína section provides an almost complete record of the Rhaetian marine 

transgression, transitioning from a hypersaline lagoonal environment to shallow marine 

conditions (Michalík et al., 2013). The nannolith index species Eoconusphaera aff. 

hallstattensis was found in layers dominated by Prinsiosphaera triassica. The section is 

overlain by marine shales of the Hettangian Kopieniec Formation. Assemblages from the 

Furkaska section show a similar evolutionary pattern and are comparable across the Triassic–



Jurassic boundary (Holcová et al., 2024). However, the calcareous nannofossils from 

Kardolína are heavily recrystallized, with dissolution and overgrowth making accurate 

identification difficult. Nannofossils reappear after the lithological transition, followed by the first 

appearance of Watznaueriaceae. At the boundary, an increase in organic matter and the 

disappearance of nannofossil assemblages mark an ecostratigraphic event in the uppermost 

Rhaetian and earliest Hettangian (Holcová et al., 2024). The latest Triassic nannofossil decline 

is attributed to volcanism in the Central Atlantic Magmatic Province (Bottini et al., 2016). The 

poor preservation of Upper Triassic nannofossils in both sections may suggest that the decline 

observed in the Zliechov Basin reflects diagenetic processes rather than purely 

paleoecological factors. Intensive carbonate dissolution, likely caused by reduced seawater 

pH associated with volcanic activity from the Central Atlantic Magmatic Province, has been 

proposed as a contributing factor (Felber et al., 2015; Lindström, 2016). The global 

transgression continued into the Sinemurian, leading to drowning events in the Southern Alps 

and expanding the reach of basinal environments. In the Northern Calcareous Alps, a 

prolonged sea-level rise is indicated by the widespread development of the Allgäu Formation, 

deposited in a deeper-water offshore basin with increasing pelagic influence (Richoz et al., 

2012; Lukeneder & Lukeneder, 2018). 

10 CONCLUSIONS 

 

This thesis aimed to investigate the Triassic–Jurassic sediments of the Alpine sector of the 

Western Tethys, which spans the Central European Alpids in Italy, Slovenia, Austria, and 

Slovakia. Changes in marine microbial ecosystems across the Triassic–Jurassic boundary 

were examined through two focus groups: nannolith-forming phytoplankton and microboring 

organisms. Both groups are environmentally sensitive and capable of adapting to changing 

conditions. While microborings span a wide bathymetric range and are most indicative of littoral 

to sublittoral bottom-water conditions, calcareous nannoliths reflect pelagic sedimentation and 

surface-water dynamics. Together, these groups provide a comprehensive view of 

paleoceanographic changes during this critical transitional period.  

Microboring communities near the Triassic–Jurassic boundary were studied in the Southern 

Alps (Slovenia) and the Northern Calcareous Alps. The analysis was based on thin-slice 

microscopy, combined with statistical methods and microfacies analysis. Shape descriptors 

were employed as a morphometric approach to quantify and evaluate the cross-sectional area 

of microboring structures. 



In the Eastern Southern Alps, large microborings are common in shallow intertidal carbonate 

platform environments during the Upper Triassic. Their increasing abundance among bioclasts 

corresponds to regional shallowing trends and mean sea-level rise from the Carnian to 

Rhaetian. Microboring size and abundance decrease either distally, toward the slope of a 

mixed clastic–carbonate ramp, or during environmental stress events. In restricted lagoonal 

environments, assemblages of predominantly circular microborings were identified using 

shape descriptors. These patterns reflect spatial facies variability influenced by episodic clastic 

inflow. 

Due to diagenetic alteration, microboring structures were studied exclusively from 2D 

petrographic slides. In the early stages of this Ph.D. study, alternative methods such as micro-

CT scanning and resin casting were tested for 3D visualization. However, Upper Triassic 

carbonates proved unsuitable due to the lack of structural and density contrast between 

infillings and the matrix. 

Microboring communities near the Triassic–Jurassic boundary in the Northern Calcareous Alps 

show low diversity and abundance in the Rhaetian Limestone, primarily due to diagenetic 

overprint. Reduced counts in beds with high terrigenous input and brachiopod beds were 

attributed to high-energy depositional conditions and limited exposure time for microbial 

colonization. Increased microboring abundance was observed in ooids, oncoids, and echinoid 

clasts in the Hierlatz Limestone, and in echinoid-rich Crinoidal Limestone, likely linked to the 

proximity of crinoidal bioherms. High microboring counts in the Adnet Formation reflect a distal 

depositional character during sea-level rise. These changes correspond to an initial sea-level 

drop in the lowermost Jurassic, followed by a prolonged rise and shallowing, consistent with 

global sea-level trends into the Sinemurian. 

Calcareous nannoplankton assemblages were studied in the Eastern Southern Alps (Slovenia) 

and the Western Carpathians (Slovakia). In Slovenia, Carnian calcareous nannofossils were 

identified at the Vrh Bače outcrop using the ultra-thin slice method, while Norian–Rhaetian 

nannofossils were found in the Povdnar section using decanting and smear slide preparation. 

Although rare, the presence of Prinsiosphaera triassica in Carnian rocks and increased 

abundance of recrystallized nannofossils during the Norian–Rhaetian interval align with other 

findings from the Southern Alps. 

Due to the rarity of Upper Triassic nannofossils, a modified coccolith extraction and sample 

enrichment method was developed to increase coccolith abundance for thin-section 

preparation. Sporadic occurrences of recrystallized Prinsiosphaera triassica and other 

coccoliths were recorded in the Western Carpathians across the Upper Triassic interval. These 

nannofossils were identified in deeper slope and basin settings. Calcareous nannofossils 



reappear above the lithological boundary in the lowermost Jurassic, although a hiatus in 

sedimentation cannot be excluded. 
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