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Abstract: The Jurassic of the Alpine-Mediterranean Tethys was characterized by the formation of several interconnected basins, which underwent gradual deepening and oceanization. Sedimentation in each basin was influenced
by a specific set of interrelated factors, such as tectonic activity, seawater circulation, climate, chemistry and trophic
state of seawater as well as evolutionary changes of the marine biota. This paper deals with the Fatricum Domain
(Central Carpathians, Poland and Slovakia), which in the Jurassic was a pull-apart basin on a thinned continental
crust. The sedimentation history of this domain during the Bajocian–Tithonian and its governing factors have
been revealed. Facies analysis of the Bajocian–Oxfordian deposits evidences considerable relief of the basin-floor
topography. Deposits in the Western Tatra Mts represent sedimentation on a submarine intrabasinal high, whereas the coeval deposits of the eastern part of the Tatra Mts accumulated in a deeper basin. The basin succession
began with Bajocian bioturbated “spotted” limestones and siliciclastic mudstones (Fleckenmergel facies). These
were succeeded by uppermost Bajocian – middle Bathonian grey nodular limestones, affected by synsedimentary
gravitational bulk creep. The coeval deposits of the intrabasinal high are represented by well-washed Bositra-crinoidal limestones with condensed horizons. Uniform radiolarite sedimentation commenced in the late Bathonian
and persisted until the early late Kimmeridgian. The basal ribbon radiolarites (upper Bathonian – lower Oxfordian), which consist of alternating chert beds and shale partings, are a record of seawater eutrophication, a related
crisis in carbonate production and the rise of the CCD, which collectively resulted in biosiliceous sedimentation.
The overlying calcareous radiolarites (middle Oxfordian – lowermost upper Kimmeridgian) marked a gradual
return to carbonate sedimentation. The return of conditions that were favourable for carbonate sedimentation took
place in the late Kimmeridgian, when the red nodular limestones were deposited. They are partly replaced by
basinal platy limestones (uppermost Kimmeridgian – Tithonian) in the Western Tatra Mts. This lateral variation in
facies reflects a change in the sedimentary conditions governed by a bathymetric reversal of the seafloor configuration, attributed to a further stage in the pull-apart transcurrent tectonics of the Fatricum Domain.
Key words: Radiolarite, nodular limestone, Fleckenmergel facies, calcite compensation depth, carbonate production
crisis, Tethys.
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Introduction
During Jurassic time, several interconnecting basins developed in the Alpine-Mediterranean Tethys, which resulted from the breakup and disintegration of the extensive
shallow-water carbonate platforms and siliciclastic shelves
that formerly had existed there (Fig. 1). The newly created

basins were elongated and narrow; they were formed on
continental crust that underwent stretching and thinning.
The subsequent development of some of these basins led
to the creation of oceanic crust. The basins were separated by shallow, intrabasinal highs bounded by normal faults
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Fig. 1. General palaeogeographic position of the Fatricum Domain during the Callovian (after Thierry
and Barrier, 2000; simplified). The location of the adjacent Tatricum (Ridge) also is indicated.

(e.g., Bernoulli and Jenkyns, 1974; Santantonio, 1994).
They had the character of subaerially exposed lands, a shallow-water carbonate platform or submarine pelagic swells,
called drowned or pelagic carbonate platforms. The processes of basin formation and its further development had
various degrees of intensity in different sectors of the Alpine-Mediterranean Tethys. The spatial pattern of basins and
intervening intrabasinal highs changed in place and time.
Specific sedimentary facies were laid down in basins
and on the intervening intrabasinal highs (Bernoulli and
Jenkyns, 1974; Santantonio, 1993). The facies formed
a characteristic vertical succession. Crinoidal limestone,
thin-shelled bivalve limestone and red nodular limestone
were typical of the intrabasinal highs. The sedimentary
record of such highs is punctuated by numerous discontinuities (stratigraphic gaps, omission surfaces) and includes
strongly condensed horizons, commonly with pelagic microbialites. Conversely, carbonates exported from the intrabasinal highs, also redeposited by various gravity currents,
and biosiliceous deposits, chiefly radiolarites or radiolarian
limestones, predominated in the adjacent basins (Baumgartner, 1987). In the Late Jurassic, micritic pelagic carbonates
were particularly widespread. They are composed of planktonic carbonate microfossils. Although the trends presented
above are of general significance and can be traced in many
parts of the Alpine-Mediterranean Tethys, each sector of this
oceanic realm had its own site-specific development history. This was influenced by interrelated, local, regional and
supraregional factors, such as the tectonic activity of a given area (Bertok and Martire, 2009; Picotti and Cobianchi,
2017), the major plate reorganization (e.g., Lewandowski
et al., 2005; Muttoni et al., 2005, 2013), the circulation of

seawater (Nieto et al., 2012; Vörös, 2012) and the eutrophication of seawater, which led to a crisis in carbonate production (Bartolini and Cecca, 1999; Morettini et al., 2002;
Cecca et al., 2005; Baumgartner, 2013; De Wever et al.,
2014) as well as the evolutionary changes of carbonatesecreting organisms that resulted in the prolific production
of carbonates in the seawater column at the turn of the Jurassic and Cretaceous (Erba, 1989; Erba and Tremolada, 2004).
Middle and Late Jurassic sedimentation history and evolution of many sectors of the Alpine-Mediterranean Tethys
have been studied broadly for a few decades. This has led to
the formulation of several classic concepts on carbonate and
biosiliceous sedimentation in a rifting and widening oceanic realm. The deposits that crop out in the Southern Alps,
such as those formed on the Trento Plateau and the adjacent
basins have been the subject of numerous thorough studies (e.g., Bernoulli and Jenkyns, 1974; Santantonio, 1993;
Baumgartner, 1987; Martire, 1996). Jurassic deposits from
other parts of the Alps, such as the Ligurian Alps, have been
examined as well (Bertok et al., 2011). The studies of the
particularly well-exposed Jurassic sections from the Apennines, Sicily and the Iberian Peninsula provide other significant interpretations (e.g., Santantonio, 1993; Di Stefano
et al., 2002; Bertok and Martire, 2009; Coimbra et al., 2009;
Navarro et al., 2009).
The Fatricum Domain was one of palaeogeographic domains of the northern passive margin of the Western Tethys
(Fig. 1; e.g., Michalík et al., 1995; Thierry and Barrier,
2000; Plašienka, 2003). The Jurassic rocks that represent
the larger part of the Fatricum Domain crop out in the Tatra
Mts, in both Poland and Slovakia. The depositional history
of these rocks was analysed in detail; however, the studies
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focused particularly on the turn of the Triassic and Jurassic
(Michalík et al., 2007, 2013), on the Lower Jurassic (e.g.,
Gradziński et al., 2004; Jach, 2005; Jach and Dudek, 2005;
Iwańczuk et al., 2013) and on the uppermost Jurassic – lowermost Cretaceous (e.g., Grabowski and Pszczółkowski,
2006a, b; Grabowski et al., 2010, 2013). It has been documented that the basin underwent tectonic reorganization
during the Triassic-Jurassic transition, which resulted from
rifting processes (Plašienka, 2018). They were succeeded
by further block tectonics in the Early Jurassic, leading to
the formation of intrabasinal highs and adjacent basins. The
subsequent Middle and Late Jurassic depositional history
of the Tatra Mts part of the Fatricum Domain, has received
decidedly less attention. This sharply contrasts with the far
more completely reconstructed evolution of several Middle and Upper Jurassic basins of the Alpine-Mediterranean
Tethys. The data and concepts on the facies development of
the Fatricum Domain during Middle and Late Jurassic time,
presented in the classic paper by Lefeld (1974; see also
Lefeld, 1969), demand to be expanded and reinterpreted.
Any new approach also must take into account the precise,
integrated stratigraphy of the carbonate and biosiliceous
deposits of this basin elaborated by Jach et al. (2014) and
state-of-the-art knowledge of the processes, which acted in
the Alpine-Mediterranean Tethys during the Jurassic and
resulted in the origin of specific sedimentary facies in this
oceanic realm.
The aim of this work is threefold: (1) to summarize the
data on facies development of the Tatra Mts part of the Fatricum Domain during Middle and Late Jurassic time presented to date and interpretations of them, (2) to provide
the results of current research on the facies and their depositional environments, and (3) to determine the factors controlling lateral facies variation and vertical facies trends as
a consequence of local and regional processes. The purpose

3

of this study is to decipher how the sedimentary systems of
an evolving pull-apart basin reacted to various changing environmental factors. This has led to a more comprehensive
view of the Jurassic history of the Carpathian sector of the
Tethyan realm.

Geological setting
Middle–Upper Jurassic radiolarian-bearing limestones
and cherts (hereafter called radiolarites) as well as accompanying limestones and marls were studied in the Krížna
Nappe of the Tatra Mts, the northern part of the Central
Western Carpathians, southern Poland and northern Slovakia. During the Late Cretaceous, the Krížna Nappe was
thrust over the Tatra crystalline core and its autochthonous
and allochthonous sedimentary cover (Fig. 2). The Krížna
Nappe in the Tatra Mts is subdivided into several thrust
sheets and slices (Bac-Moszaszwili et al., 1979; Nemčok
et al., 1994).
The term Fatricum Domain is used to define a nappe
system (Krížna Nappe sensu lato) of detached sedimentary
sequences overlying the Tatric cover as well as their original basement (Plašienka, 2003). The sections studied represent one of these nappes belonging to the Fatricum Domain
which was one of the domains of the passive continental
margin of the Jurassic Tethys. It faced the Tatricum Domain
(Ridge) to the north and the Cimmerian Wedge (sensu Michalík, 2007) to the south (in the present geographical coordinates; Csontos and Vörös, 2004; Schmid et al., 2008).
The whole area separated two oceanic domains – the Meliata Ocean to the south and the Vahic Ocean to the north.
The former ocean was in a phase of subduction, which presumably started in the Early Jurassic, and finally was closed
by the latest Jurassic – earliest Cretaceous (Kozur, 1991;
Plašienka, 2018; see also Missoni and Gawlick, 2011a, b).

Fig. 2. Tectonic sketch map of the Tatra Mountains (after Bac-Moszaszwili et al., 1979; Nemčok et al., 1994, simplified) showing
locations of the sections studied: Długa Valley, Lejowa Valley, Upłaziańska Kopa, Filipka Valley and Ždiarska vidla.
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The rifting of the latter ocean started in the Middle Jurassic
(Plašienka, 2018 and references therein).
During the Jurassic, the Fatricum Domain was an extensive, elongated, pull-apart basin, called the Zliechov Basin
(Michalík, 2007; Michalík et al., 2017), bordered by some
elevated submarine zones represented, for example, by the
Vysoká Unit (Koša, 1998; Grabowski et al., 2010). The
basin resulted from rifting at the turn of the Triassic and
Jurassic and was subsequently remodelled by synsedimentary tectonic activity in the latest Early Jurassic (Wieczorek,
2001; Gradziński et al., 2004; Jach, 2005; Plašienka, 2012).
The Fatricum Domain is considered to have been located on
thinned and stretched continental crust during the Jurassic
(e.g., Plašienka, 2003, 2012).
The Krížna Nappe in the Tatra Mts consists of a nearly
continuous succession of Lower Triassic to Lower Cretaceous rocks. The Triassic rocks are in general laterally uniform. Conversely, the Lower Jurassic rocks are characterized by significant lateral variation in facies. This resulted
from a marked rifting phase, which occurred in the Fatricum
Domain at the turn of Triassic and Jurassic (Michalík, 2007;
sea also Plašienka, 2003, 2018). It led to the formation of the
extensional Zliechov Basin, the rocks of which later were
incorporated into the Krížna Nappe. The subsequent rifting
phase that took place in the latest Early Jurassic resulted in
further diversification of the basin. A horst-and-graben topography was formed (Wieczorek, 2001; Gradziński et al.,
2004; Jach, 2005; Plašienka, 2012) and brought about distinct facies variation. The basins were filled with bioturbated “spotted” limestones and marls, known as the Fleckenmergel facies, whereas spiculites, crinoidal limestones and
red nodular limestones with condensed horizons were laid
down on the submarine elevations. Such inherited submarine topography still was present during the Middle Jurassic
and controlled facies changes. More uniform radiolarite sedimentation started in the late Bathonian and persisted until
the early late Kimmeridgian (Jach et al., 2014). Carbonate
sedimentation returned in the late Kimmeridgian, when red
nodular limestones were deposited ubiquitously.
Lefeld et al. (1985) established the formal lithostratigraphy of the Jurassic deposits of the Krížna Nappe in the

Tatra Mts. The rock interval studied in this paper was subdivided into: the Sołtysia Marlstone Formation (spotted limestones), comprising the Łomy Limestone Member (spotted
limestones with mudstones) and the Broniarski Limestone
Member (cherty limestones); the Niedzica Limestone Formation (grey nodular limestones); the Sokolica Radiolarite
Formation (ribbon radiolarites); the Czajakowa Radiolarite
Formation (calcareous radiolarites); the Czorsztyn Limestone Formation (red nodular limestones); and the Pieniny
Limestone Formation (platy limestones). This lithostratigraphic scheme was modified later. Polák et al. (1998)
proposed the Ždiar Formation as a new unit, comprising
the entire radiolarite succession, namely the Sokolica Radiolarite Formation and Czajakowa Radiolarite Formation
(sensu Lefeld et al., 1985). Pszczółkowski (1996) distinguished two members within the Pieniny Limestone Formation. Subsequently, Grabowski and Pszczółkowski (2006b)
adopted formal units, namely the Jasenina and Osnica formations, formerly distinguished in the Strážov Mts, that
is in a different part of the Fatricum Domain (Michalík
et al., 1990; see also Vašíček et al., 1994), as equivalents
of the Pieniny Limestone Formation (sensu Lefeld et al.,
1985). Birkenmajer (2012) significantly modified the earlier lithostratigraphic schemes of the Krížna Nappe in
the eastern part of the Tatra Mts. In this paper, the formal
lithostratigraphy by Lefeld et al. (1985) is used, with the
modifications introduced by Grabowski and Pszczółkowski (2006b). However, the red nodular limestones are regarded as the Czorsztyn Limestone Formation (according
to Lefeld et al., 1985), whereas the term Jasenina Formation is restricted to the overlying platy limestones. Careful
lithostratigraphic revision in the Tatra Mts is required to
clarify the stratigraphic problems summarized above, but
this is beyond the scope of the present paper.

Materials and methods
Six lithologic sections (Table 1; Figs 3–9) were analyzed
in detail, with reference to sedimentary structures, microfacies analysis and carbonate content. The integrated stratigraphy of these sections was established previously by Jach

Table 1
Locations of the sections studied
Section name
Długa Valley
Lejowa Valley

Code

Location

GPS coordinates at base of section

Dsp-Dsr

N49°15.599′; E19°48.014′

L

N49°15.913′; E19°50.883′

Lc

Western Tatra Mts,
Poland

Tectonic unit*
Bobrowiec Unit

N49°15.897′; E19°50.979′

Upłaziańska Kopa

Gd

N49°14.359′; E19°53.275′

Filipka Valley

Fp
Fz-Fk

High Tatra Mts,
Poland

N49°15.952′; E20°4.325′
N49°16.137′; E20°4.348′

Ždiarska vidla

P

Belianske Tatra Mts,
Slovakia

N49°14.588′; E20°12.636′

* nomenclature after Bac-Moszaszwili et al. (1979) and Lefeld (1999), modified.

Gładkie Upłaziańskie Thrust Slice
Belianske Tatra Unit

Middle to Late Jurassic carbonate-biosiliceous sedimentation

5

Fig. 3. General field view of the eastern slope of Ždiarska vidla in the Belianske Tatra Mountains
(geology after Nemčok et al., 1994; modified).

et al. (2012, 2014). The supplementary detailed field studies
in the Długa Valley revealed that the tectonic gap marked at
ca. 30 m in the stratigraphic log of Jach et al. (2014, fig. 3)
corresponds to ca. 4 m of the section. Although the sections
studied belong to three different thrust-sheets (Table 1;
Bac-Moszaszwili et al., 1979; Lefeld, 1999), they originally
were located close to each other in the north-eastern part of
the Fatricum Domain (see Michalík, 2007).
All six sections were studied bed-by-bed with detailed
sampling; 1,217 rock samples were collected. The observations then were extended through microfacies analysis.
Microfacies were studied in 286 thin sections under Carl
Zeiss Axioskop and LEICA DM 2500P optical microscopes.
Dunham’s (1962) classification of microfacies was applied
to the carbonate and siliceous sediments. The rock samples
and the thin sections are stored at the Institute of Geological
Sciences, the Jagiellonian University in Kraków.
The analyses of calcium carbonate content were carried
out in 445 samples, including data presented by Jach et al.
(2014). Analyses were performed with an Eijkelkamp calcimeter, which works in accordance with the Scheibler method.
The bulk-rock mineral composition was determined for
47 samples by X-ray powder diffraction (XRD) of randomly oriented preparations using a Philips X`PERT APD
diffractometer, equipped with a CuKα lamp and graphite monochromator. The samples were analyzed from 2º
to 65º 2Θ with 0.02º 2Θ/step and 1 s counting time. Selected thin sections were examined using a scanning electron
microscope HITACHI S-4700, equipped with a NORAN
Vantage analyzer.
Establishing a robust stratigraphic framework of bedby-bed measured sections (Figs 4–9; Jach et al., 2014)
allowed the estimation of the sedimentation rate for specific rock intervals. The five main synchronous horizons,
dated precisely by chemo- or biostratigraphic methods,
were identified in at least two key sections (Długa Valley
and Ždiarska vidla) and were used for further calculations
(see Fig. 19). They are as follows: (1) the early Bajocian
positive δ13C excursion, (2) the late Bathonian negative
δ13C shift, (3) the late Callovian positive δ13C excursion,
(4) the Middle Oxfordian positive δ13C excursion, and

(5) the first appearance datum (FAD) of Colomisphaera pulla
(Borza), indicative of the earliest Tithonian. Additional synchronous horizons, namely: (6) late Bajocian negative δ13C shift, (7) the FAD of Stomiosphaera moluccana
Wanner, a marker of the late Kimmeridgian, (8) the FAD
of Parastomiosphaera malmica (Borza), indicative of the
early Tithonian, and (9) the FAD of Longicollaria dobeni
(Borza), indicative of the early Tithonian, were used as
supplementary markers. The age calibration of all these
events according to Ogg et al. (2016) and Ogg (2019) is
listed in Table 2. When a marker horizon was dated with
precision to a bio- or magnetostratigraphic zone with
a given time range, the middle of this range was used in
calculations. The calculated sedimentation rate is affected
by an error due to the following reasons: (1) the resolution
of biostratigraphic data, (2) uncertainty as to the precise numerical age of marker synchronous horizons, and (3) the
resolution of sampling, which varies from 0.05 m to more
than 1 m.

Sedimentary facies
and their interpretation
Bositra-crinoidal limestones
(Bajocian – middle Bathonian)
Description
In the Western Tatra Mts, Toarcian–?Aalenian red limestones (Kliny Limestones Member; Lefeld et al., 1985;
Myczyński and Jach, 2009) are overlain by the Bositra-crinoidal limestones, which do not have a formal lithostratigraphic status. Formerly, they were assigned to the Aalenian – lower Bathonian (Jach, 2007), but later their age was
constrained to Bajocian – middle Bathonian on the basis of
integrated stratigraphy (Jach et al., 2014). The Bositra-crinoidal limestones are up to 15 m thick and generally are
poorly exposed. The base of this facies is marked by an
abrupt transition from the red nodular limestones. The contact abounds with glauconite grains and most probably represents an omission surface (Jach, 2007). This facies contains abundant thin-shelled bivalves that herein traditionally

Fig. 4. Detailed log of the Długa Valley section in the Western Tatra Mountains. Lithology, stratigraphy, carbon-isotope curve, CaCO3 content and microfacies analysis after Jach et al. (2014),
modified and supplemented. Log colour reflects the natural rock hues. See Figure 9 for legend.

6
Renata JACH & Daniela REHÁKOVÁ

Fig. 5. Detailed log of the Lejowa Valley section (L) in the Western Tatra Mountains. Lithology, stratigraphy, carbon-isotope curve, CaCO3 content and microfacies analysis after Jach et al.
(2014), modified and supplemented. Log colour reflects the natural rock hues. See Figure 9 for legend.
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Fig. 7. Detailed log of the
Upłaziańska Kopa section in
the Western Tatra Mountains.
Lithology, stratigraphy, carbon-isotope curve, CaCO3
content and microfacies analysis after Jach et al. (2014),
modified and supplemented.
Log colour reflects the natural
rock hues. See Figure 9 for
legend.

Fig. 6. Detailed log of the
Lejowa Valley section (Lc)
in the Western Tatra Mountains. Lithology, stratigraphy,
carbon-isotope curve, CaCO3
content and microfacies analysis after Jach et al. (2014),
modified and supplemented.
Log colour reflects the natural
rock hues. See Figure 9 for
legend.
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Fig. 8. D e t a i l e d
log of the Filipka
Valley section in
the High Tatra Mts.
Lithology, stratigraphy, carbon-isotope
curve, CaCO3 content and microfacies
analysis after Jach
et al. (2014), modified and supplemented. Log colour
reflects the natural
rock hues. See Figure 9 for legend.
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Fig. 9. Detailed log of the Ždiarska vidla section in the Belianske Tatra Mountains. Lithology, stratigraphy, carbon-isotope curve, CaCO3 content and microfacies analysis after Jach et al.
(2014), modified and supplemented. Log colour reflects the natural rock hues.
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Table 2
Age calibration of synchronous horizons used in calculations of sedimentation rate;
papers referred to are included in the reference list
Horizon

Bio- and magnetostratigraphic correlation

Age calibration
(after Ogg et al.,
2016; Ogg, 2019)

Age used in
calculations

Main synchronous horizons
early Bajocian positive δ13C excursion

base of Humphriesianum Zone
(O’Dogherty et al., 2006)

late Bathonian negative δ13C shift

Orbis Zone (O’Dogherty et al., 2006)

late Callovian positive δ13C excursion

169.7 Ma

169.7 Ma

166.41 to 166.24 Ma

166.33 Ma

uppermost part of Lamberti Zone
(Wierzbowski, 2015)

≈ 163.2 Ma

163.2 Ma

middle Oxfordian positive δ13C excursion

near the Plicatilis-Transversarium zones
boundary (Bartolini, 1999; Wierzbowski, 2015;
O’Dogherty et al., 2018)

≈ 159.88 Ma

159.88 Ma

FAD of Colomisphaera pulla (Borza)
– base of Pulla Zone

Kimmeridgian-Tithonian boundary (Grabowski
et al., 2010; Pszczółkowski et al., 2016)

152.06 Ma

152.06 Ma

168.69 to 168.28 Ma

168.48 Ma

Supplementary synchronous horizons
late Bajocian negative δ13C shift

within Parkinsonia Zone
(O’Dogherty et al., 2006)

FAD of Stomiosphaera moluccana Wanner
– base of Moluccana Zone

base of Acanthicum Zone
(Reháková, 2000; Reháková et al., 2011)

154.47 Ma

154.47 Ma

FAD of Parastomiosphaera malmica
(Borza) – base of the Malmica Zone

base of M21 Magnetozone
(Michalík et al., 2009)

149.8 Ma

149.8 Ma

FAD of Longicollaria dobeni – base of
Dobeni Subzone of Chitinoidella Zone

within M21n Magnetozone
(Michalík et al., 2009; Grabowski et al., 2010;
Grabowski, 2011)

149.3 to 148.44 Ma

148.9 Ma

are regarded as Bositra, for the sake of simplicity. They can
represent some other taxa (see Conti and Monari, 1992);
however, the state of preservation makes their precise determination impossible.
The Bositra-crinoidal limestones are grey to greenish-grey in colour and well bedded; the bed thickness varies
from 3 cm to 30 cm. Dark grey replacement chert lenses
occur in the limestone beds. This facies includes crinoidal
limestones and Bositra limestones.
The crinoidal limestones have sharp bedding planes and
occasionally display normal grading. They occur in the
lower parts of the Długa Valley and Lejowa Valley sections
(Figs 4, 5), where they reach thicknesses of 1.7 m and 0.5 m,
respectively. Their CaCO3 content ranges from 56 to 90 wt%.
Crinoidal grainstones and packstones constitute the predominant microfacies, with Bositra-crinoidal packstones occurring subordinately. The most abundant skeletal grains are
crinoid ossicles; crushed Bositra shells are less common.
Three sharp surfaces covered with centimetre-thick marls
were identified within the crinoidal limestones in the Długa
Valley section (see Jach, 2007). The marls contain glauconite grains, glauconitized crinoid debris, benthic foraminifera and phosphatic skeletal debris (Fig. 10A). They contain
abundant siliciclastic grains, namely quartz and micas. This
was confirmed by XRD analysis of the bulk sample, which
indicates also calcite, chlorite and plagioclase.
Bositra shells abruptly start to predominate at 1.7 m of
the Długa Valley section, leading to the formation of the

14 m-thick Bositra limestones. In the lowermost part, they
are more marly. They contain from 39 to 89 wt% of CaCO3.
Bositra shells are the dominant components; they are
accompanied by less common crinoidal ossicles and radiolarian tests. The latter are more common upward in the
sections studied. Bositra grainstones and packstones are
the dominant microfacies. Fabrics are shell-supported;
the shells are disarticulated but only rarely broken, flattened and densely packed (Fig. 10B). As a result, during
field inspection the rock appears to be regularly laminated.
Bositra wackestones, mudstones and Bositra-radiolarian
wackestones to packstones are subordinate.
Trace fossils are rare in the Bositra-crinoidal limestones;
however, some parts of this facies are intensively bioturbated, for example, the Bositra-crinoidal packstones. In contrast to lower and upper parts of this facies, Bositra grainstones occurring in the central portion of this facies show
almost no sign of bioturbation.
Interpretation
Crinoidal fragments are characterized by high primary
porosity, which determines their hydrodynamic behaviour
(Blyth Cain, 1968). As a result, they can be easily transported even by weak currents for relatively long distances.
Thus, crinoidal fragments in the Bositra-crinoidal limestones probably represent bioclasts redeposited by bottom
currents, whereas relatively well preserved Bositra shells
are an autochthonous component.
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but not fragmented Bositra shells indicates intense winnowing of the accompanying fine grained fraction by currents
of a capacity that was too low to transport or crush Bositra
shells (Jach, 2007).
It is commonly accepted that Bositra was an opportunistic, tolerant organism, which had fast generation times
and thrived in stressed conditions (e.g., Caswell and Coe,
2013; Molina et al., 2018). Accepting this, the dominance of
Bositra indicates some kind of environmental stress. Although Bositra was common in an oxygen-deficient environment (e.g., Röhl et al., 2001), this kind of stress must
be excluded, since the deposits discussed were washed by
currents and were bioturbated, which collectively indicates
the presence of oxygen in the bottom seawater.
The complete lack of aragonite bioclasts in the Bositracrinoidal limestones discussed might indicate the elimination of this mineral by dissolution in the seawater column
or at the sea bottom (Jach, 2007). Although this possibility
cannot be ruled out completely, the presence of ammonites
in the coeval spotted limestones indicates that it is less
probable.
Interestingly, the currents, which swept away the finegrained components, did not cause the early cementation
of Bositra shells. They underwent compaction and display
a fitted fabric (sensu Clari and Martire, 1996).
Spotted limestones (Bajocian)
Fig. 10. Bositra-crinoidal limestones at the Długa Valley section
(Fig. 4). A. Marls containing crinoidal ossicles partly filled with
pale-green glauconite and rare phosphatic skeletal fragments
(arrow). B. Bositra grainstone; thin section. For precise location
of the samples see Appendix in the electronic version of the paper.

Accepting the above view, one can regard the graded crinoidal limestones as density flow deposits (see Jach, 2007).
The Bositra-crinoidal packstones contain allochthonous and
autochthonous material, presumably mixed by bioturbation
(Monaco, 2016). The interbedded marls bear a resemblance
to hiatal deposits, which reflect a very slow sedimentation
rate or even minor breaks. They contain concentrations of
glauconite grains and phosphatic skeletal debris, which are
indicative of an omission surface (Christ et al., 2012; Brady
and Bowie, 2017).
The overlying Bositra limestones represent a widespread
facies in the Bathonian – Callovian of the Tethyan realm
(e.g., Santantonio, 1993; Martire, 1996; Navarro et al.,
2009, 2012; Vörös, 2012; O’Dogherty et al., 2018; Molina
et al., 2018). The predominant clean-washed Bositra grainstones indicate a higher current regime, whereas the micrite-bearing Bositra packstones and wackestones evidence
lower-energy conditions.
The high concentration of Bositra shells, which are the
overwhelmingly dominant component, may result from the
interplay of three type of factors, namely: (1) taphonomic,
(2) ecological, and (3) dissolution (see Jach, 2007).
Bositra is considered to be a benthic organism, which preferred soft bottoms (e.g., Wignall, 1993; Röhl et al., 2001;
Tomás et al., 2019). Thus, the concentration of well-washed

Description
This facies consists of spotted limestones, which occur in
the Kopy Sołtysie of the High Tatra Mts (Filipka Valley section; Fig. 8) and in the Belianske Tatra Mts (Ždiarska vidla
section; Fig. 9). They are included in the uppermost part of
the Sołtysia Marlstone Formation (Lefeld et al., 1985) and
are subdivided into two members, namely the lower Łomy
Limestone Member and the upper Broniarski Limestone
Member. They formerly were included to the uppermost
part of the Janovky Formation (Gaździcki et al., 1979).
The Bajocian age, based on ammonites (Myczyński, 2004;
Iwańczuk et al., 2013), was fully supported by carbonisotope chemostratigraphy (Jach et al., 2014).
The Łomy Limestone Member consists of highly bioturbated, medium grey, micritic limestones alternated
with darker grey, siliciclastic mudstones (Fig. 11A). The
measured thickness is 60 m in the Ždiarska vidla section.
The limestones yielded rare ammonites and belemnites
(Iwanow, 1973; Myczyński, 2004; Iwańczuk et al., 2013).
Trace fossils are visible as variable, darker infillings in
a totally bioturbated, light grey, micritic matrix. The siliciclastic mudstones are slightly bioturbated; lamination is
commonly visible (Fig. 11C). Trace fossils are relatively
common and moderately diverse (e.g., common Chondrites,
Planolites, Zoophycos, Teichichnus and Thalassinoides;
Fig. 11B; Wieczorek, 1995; Iwańczuk et al., 2013; Uchman and Jach, 2017). The limestone beds range in thickness
from 3 to 60 cm; the average being about 20 cm, whereas individual siliciclastic mudstone beds vary from 1 to
90 cm, the average being about 10 cm. The limestone beds
usually have sharp and well defined boundaries. Light grey
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Fig. 11. Spotted limestones. A. Field photograph of light grey, bioturbated limestones (L) alternating with dark siliciclastic mudstones
(M); irregular chert bands are distributed in base and top parts of the limestone beds (S); Ždiarska vidla section (Fig. 9), hammer for
scale is 33 cm long. B. Vertical cross-section of the spotted limestone with trace fossils Zoophycos and Chondrites; Ždiarska vidla section (Fig. 9), polished slab. C. Partly bioturbated dark mudstone with preserved primary lamination in the uppermost part of sample (L);
Ždiarska vidla section (Fig. 9), polished slab. D. Spiculite packstone; Ždiarska vidla section (Fig. 9), thin section. E. Radiolarian wackestone; Filipka Valley (Fig. 8), thin section. F. The principal constituents of siliciclastic mudstones are silt-size grains of quartz and mica
flakes; Ždiarska vidla section (Fig. 9), thin section, cross-polarised light. G. Field photograph of a crinoidal turbidite; Ždiarska vidla section
(Fig. 9). H. Crinoidal grainstone with small lithoclasts at the base; Ždiarska vidla section (Fig. 9), polished slab. For precise location of
the samples see Appendix in the electronic version of the paper.
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and brown, yellow weathering cherts commonly occur as
irregular lenses and bands at their basal and top parts. The
limestones contain relatively common sponge spicules,
fragments of Bositra shells, crinoidal ossicles, radiolarian
moulds and rare benthic foraminifera, ostracods (Fig. 11D, E).
Locally, the limestones have a higher silty siliciclastic
content (quartz, plagioclase, micas and chlorite), which
was confirmed by XRD analysis. Texturally, the limestones are classified as wackestones and packstones, with
spiculite-Bositra, spiculite, Bositra, crinoidal, and crinoidal-spiculite microfacies (Figs 8, 9). Thin-section observations and XRD analysis revealed that the siliciclastic
mudstones are composed of fine-sand- to silt-sized quartz,
micas, chlorites and plagioclase; calcareous microfossils are
not present (Fig. 11F).
Seven discrete beds, composed mainly of crinoidal skeletal debris, 8–46 cm thick, occur within this facies in the Ždiarska vidla section (Fig. 11G). In addition to the predominant crinoidal material, rare foraminifera, sponge spicules,
quartz grains and small clasts (up to 1 cm) of recrystallized
unfossiliferous carbonates occur. Single beds show grading
from grainstone to wackestone, with small lithoclasts at
the base (Fig. 11H). The lower boundary of each of these
beds is a sharp, erosive surface. No current structures were
observed. Most probably, one of these beds were formally
distinguished as the Łężny Encrinite Bed by Lefeld et al.
(1985).
The limestones of the Łomy Limestone Member pass
upward into cherty limestones of the Broniarski Limestone Member, which is about 25 m thick (Figs 8, 9). Dark,
brownish-grey, cherty limestones are thin- to medium-bedded (average bed thickness about 15 cm) and rarely intercalated with marls. Trace fossils are less common in this unit.
Macrofossils include rare and poorly preserved ammonites
and rare aptychi.
These deposits reveal the spiculite, Bositra, crinoidal,
Bositra-crinoidal, Bositra-spiculite, radiolarian and crinoidal-spiculite microfacies (wackestone to packstone;
Figs 8, 9). Whole-rock X-ray diffraction of limestones revealed calcite, quartz, plagioclase, with minor micas and
dolomite.
Generally, the CaCO3 content in the limestone beds of the
spotted limestones decreases upward, from 98 to 32 wt%,
whereas the content in siliciclastic mudstones ranges from
0.3 to 6.2 wt%.

rian – Bajocian, were deposited in a gradually deepening
basin (Iwanow, 1973; Lefeld et al., 1985; Myczyński, 2004;
Iwańczuk et al., 2013).
The dominance of micrite, depositional textures, microfauna association and absence of current structures indicate
deposition of the spotted limestones in a low-energy hemipelagic environment (Eberli, 1988). Fluctuations in both
trophic level and probably bottom seawater oxygenation,
under which the spotted limestones and marls were deposited, exerted the primary controls on the tracemaker community and microbenthic assemblage (Wieczorek, 1995;
see also Tyszka, 1994; Uchman and Myczyński, 2006; Šimo
and Tomašových, 2013). Wieczorek (1995) recognized two
phases of bioturbation associated with this oxygenation
level. At first, a totally bioturbated matrix was produced
during times of well-oxygenated bottom seawaters. During
the second phase, fodinichnia-dominated trace fossils were
produced under oxygen-deficient conditions. The deposition of limestones and siliciclastic mudstones took place in
fluctuating oxygenation conditions. The oxygen-deficient
conditions probably were related to the development of restricted seawater circulation and stratified seawater column
conditions (e.g., Tyszka, 1994, 2001; Raucsik and Varga,
2008; Šimo and Tomašových, 2013). Rhythmic alternation
of limestones and marls probably was controlled by periodic climatic changes, most probably during warm climate
with monsoon-like, seasonally humid conditions (Raucsik
et al., 2001).
The crinoidal limestone beds occurring within this facies are interpreted as calciturbidites (Mišík, 1959; see also
Eberli, 1987, 1988; Matyszkiewicz, 1996) owing to: (1) the
difference in composition and texture between them and the
co-occurring spotted limestones, (2) the sharp erosive lower
boundary, (3) the presence of grading, (4) the bi-modal distribution of components with lithoclasts occurring at their
base. Turbidity currents carried crinoidal material derived
from better-oxygenated, adjacent highs into the basinal
area. During the lower Bajocian, crinoidal meadows occupied submarine elevations and their slopes, which were
source areas for the crinoidal material shed as turbidites into
the basin (Mišík, 1959; Iwańczuk et al., 2013).

Interpretation
Spotted limestones and marls are a widespread Tethyan
facies; they are called the Fleckenmergel-Fleckenkalk or the
Allgäu facies (e.g., Jacobshagen, 1965; Gawlick et al., 2009
and references quoted therein). These deposits are interpreted as indicative of basinal, hemipelagic and oxygen-depleted condition (e.g., Wieczorek, 1995; Tyszka, 1994; Uchman
and Myczyński, 2006; Šimo and Tomašových, 2013). Highly bioturbated alternating deposits, common in the Lower
– Middle Jurassic of the Tethyan sections, originated in
the intra-shelf basins. Generally, high sedimentation rates
characterized the depocentres of such basins (Šimo and
Tomašových, 2013). In the eastern part of the Tatra Mts, the
spotted limestones, comprising 270 m of the upper Sinemu-

Description
The grey nodular limestones were distinguished formally as the Niedzica Limestone Formation by Lefeld et al.
(1985), but their exact stratigraphic position remained unclear (Lefeld, 1974). Jach et al. (2014) revealed the location
of these limestones directly below the Sokolica Radiolarites
Formation (the ribbon radiolarites in this paper). The nodular limestones occur exclusively in the succession of the
eastern part of the Tatra Mts, where they rest on the cherty
limestones (Broniarski Limestone Member).
This facies succession, 22–25 m thick (Figs 8, 9), is organized in decimetre- to almost metre-thick beds. The limestones are grey and they become pale pink in colour only in
the uppermost part of the Filipka Valley section. The most

Grey nodular limestones
(uppermost Bajocian – middle Bathonian)
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Fig. 12. Grey nodular limestones. A. Field photograph of the lithotype comprising nodules and abundant matrix; note the vertical and
diagonal cracks in biggest nodules (black arrows); Ždiarska vidla section (Fig. 9), hammer for scale is 33 cm long. B. Field photograph
of the lithotype comprising tightly packed nodules separated by a thin film of matrix; note the presence of cherts (S); Ždiarska vidla
section (Fig. 9), hammer for scale is 33 cm long. C. Vertical and diagonal fractures (arrows) in a limestone bed, with steeply imbricated facoidal nodules in the lowest and uppermost parts (movement to the right); Ždiarska vidla section (Fig. 9). D. Steep imbrication of
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distinctive feature of this facies is the presence of lenticular
nodules that consist of grey limestone, enveloped in a darker, brownish grey siliciclastics-enriched matrix (Fig. 12A).
Belemnite rostra are rare, whereas the internal moulds of
ammonites are extremely scarce and poorly preserved.
Cherts are common, distributed along bedding planes and
forming variably shaped nodules or horizontally elongated
lenses, up to 20 cm across (Fig. 12B). The limestone is totally bioturbated, but no determinable trace fossils have been
recognized. The CaCO3 content in this facies ranges from
29 to 82 wt%, averaging ca. 58 wt% (Figs 8, 9).
Two distinctly different limestone lithotypes are recognized in this facies, differing in the spatial pattern of nodules
and the intervening matrix (Fig. 12A, B). They are regarded as
two end-members, as they show gradational transitions with
combined, intermediate characteristics. The first lithotype
shows elongate, lenticular to ovoidal nodules, tightly enveloped in matrix (Fig. 12A). The nodule boundaries are often
diffuse, with a gradual transition to the inter-nodular matrix
(Fig. 13A). The matrix is volumetrically abundant, which
makes the nodules look as if they were “floating” in the
surrounding matrix (Fig. 12A). The majority of nodules are
oriented horizontally, show little or no imbrication and are
arranged in horizons parallel to the general bedding of the
limestone (Fig. 12A). Vertical and diagonal fractures are
common.
The second lithotype is much poorer in matrix and shows
a jigsaw-puzzle texture of sharp-edged lenticular nodules
(Fig. 12B), classified as a fitted fabric (sensu Bathurst, 1991).
The nodules here are tightly packed and discrete, with only
a thin film of matrix (Fig. 12H). The nodules are up to 12 cm
across and their shapes are elongate, cuboidal, lozenge or
irregular with a serrated outline (Fig. 12B, E). The limestone
also shows vertical and diagonal fractures, commonly breaking the nodules (Fig. 12C, D). A common feature is the steep
imbrication of nodules, locally subvertical (Fig. 12C, D).
The nodules include Bositra, Bositra-spiculite and
Bositra-crinoidal, Bositra-radiolarian, spiculite, crinoidal
wackestones and packstones (Fig. 12F). The bioclasts within nodules show a varying degree of fragmentation, but
are mainly crushed and show little compaction. The XRD
analysis documented calcite, quartz, micas, plagioclase and
dolomite. The inter-nodular matrix contains crushed bioclasts that are distinctly more fragmented and compacted
(Fig. 12H). There are abundant swarms of closely spaced,
undulose dissolution seams, rich in non-calcareous clayey material (Fig. 12G), containing silt-sized quartz grains,
mica flakes, plagioclase and apatite crystals. Microstylolites
are locally present (Fig. 13).
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Fig. 13. Grey nodular limestones. A, B. Structural evidence of sediment creep deformation; Ždiarska vidla section (Fig. 9), polished
slab. The lowermost and uppermost deposits show synsedimentary ductile shear deformation, followed by sparse subvertical brittle
fracturing after their complete consolidation. The middle deposits
were first deformed by shear drag folding and formed an outsized
facoid; they were subsequently subjected to local synkinematic
fracturing along their primary bedding surfaces due to the folding
stresses, and finally underwent a brittle-state subvertical fracturing.
The entire deformation process was gradual and occurred at a very
slow rate, spanning the time from soft to rigid states of the sediments.
General direction of creep movement to the left. For precise location
of the sample see Appendix in the electronic version of the paper.

elongated facoidal nodules, with both plastic deformation (arrow) and later fracturing; Ždiarska vidla section (Fig. 9). E. Limestone bed
sole showing cuboidal and lozenge nodules separated by thin matrix shear bands and post-kinematic subvertical fractures; Filipka Valley
(Fig. 8), polished slab. F. Uncompacted Bositra packstone forming a nodule; Filipka Valley (Fig. 8), thin section. G. Compacted crinoidal
Bositra packstone with undulose bifurcating dissolution seams forming matrix; Filipka Valley (Fig. 8), thin section. H. Sinistral shear band
(matrix film) composed of compacted Bositra wackestone between two nodules composed of uncompacted Bositra wackestone; Ždiarska
vidla section (Fig. 9), thin section. I. Bed sole view of clast-supported limestone conglomerate; note the calcite-coated and non-coated
subangular clasts and calcite-filled fractures; Filipka Valley (Fig. 8), polished slab. For precise location of the samples see Appendix in the
electronic version of the paper.
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The basal part of the grey nodular limestone succession in
the Filipka Valley section contains a remarkable conglomeratic bed, which is 70 cm thick (see log height 42 m in Fig. 8).
This bed comprises a massive, non-graded, clast-supported
limestone conglomerate (Fig. 12I), capped with a graded,
crinoidal packstone. The conglomerate consists of a mixture of angular to subangular clasts (up to 2 cm across) of
the Bositra limestones, spiculites, crinoidal limestones and
recrystallized non-fossiliferous limestones with a sparse,
fine-grained matrix containing a “hash” of broken Bositra
shells and numerous crinoid fragments.
Interpretation
The grey nodular limestones are similar to the Jurassic
nodular limestones of the Rosso Ammonitico type (cf. Martire, 1996). The main similarities include their primary microfacies characteristics and their distinct nodularity, with
the under-compacted nodules enveloped by compacted matrix. This latter characteristic indicates that the nodules were
formed mainly in a soft state of sediment early diagenesis,
while the subsequent progressive fracturing indicates that
the deformation proceeded continuously to the sediment
brittle state of consolidation (cf. Clari and Martire, 1996).
The nodules resulted from selective early cementation of
carbonate deposits rich in microcrystalline calcite.
The nodular limestones in the present case are interpreted
as a product of long-lasting, low-rate submarine sediment
creep processes that spanned the time of sediment consolidation from the soft to the rigid state and involved a progression from plastic-ductile to brittle types of gravitational
deformation (Fig. 13). The differences in deformation style,
from bed to bed, are attributed to the sediment composition.
In the first lithotype described above, richer in the clayey
fraction, the synsedimentary ductile-shear facoidal deformation proceeded slowly until the sediment reached a brittle
rheological state and fracturing commenced (Fig. 13). In the
second lithotype, much poorer in clay, the incipient facoidal
shear lenses – devoid of clayey lubricant – became directly
subject to a synsedimentary fracture brecciation and an imbricate in-situ piling (Fig. 12D). Similar imbrication of nodules was reported from other mass-movement limestones
(Bertok et al., 2011). Likewise, a similar combination of
plastic to brittle deformation was recognized elsewhere in
the Rosso Ammonitico deposits, but was attributed mainly to slumping (e.g., Bernoulli and Jenkyns, 1970; Martire,
1996; Rais et al., 2007). The interpretation in the present
study is consistent with the textbook opinions (e.g., Fossen,
2016) that not every synsedimentary recumbent shear-drag
fold necessarily must indicate a slump and may instead be
the product of a slow sediment creep process.
The vertical and diagonal fractures are similar to the extension gashes formed in lithified limestones (e.g., Bergerat et al., 2011; Kullberg et al., 2001; Matyszkiewicz and
Kochman, 2016) and also the matrix-filled subvertical fractures support the notion of brittle-state late synsedimentary
deformation. Analogous structures were reported from the
Jurassic–Cretaceous submarine mass-movement deposits
involving differently lithified marlstone-limestone couplets
(Basillone, 2017). The submarine sediment creep would
have been driven by gravity, but may have been instigat-

ed by a seismic shock (e.g., Field et al., 1982; Neuweiler
et al., 1999; Rychliński and Jaglarz, 2017). The basal conglomeratic bed in the Filipka Valley section, directly below
the nodular limestone succession, is considered to be a debris-flow deposit capped by a crinoid-rich sandy calciturbidite. As an interpretative scenario, the slope space evacuation
by these sediment gravity flows may have resulted in further
slope instability (e.g., Eberli, 1987; Basillone et al., 2016)
and triggered the subsequent gravitational bulk creep of the
carbonate slope deposits, resulting in the nodular limestone
succession. Another interpretation is also possible. The conglomeratic bed might have originated from a seismic shock
and the overlying calciturbidite may represent a tsunamite.
The cuboidal to lozenge-shaped nodules resemble those
in the Cretaceous pelagic mass-movement limestones in the
Apennines (Alvarez et al., 1985) and in the pseudonodular
Jurassic limestones in the Ligurian Alps, interpreted as deformed by seismic shaking (Bertok et al., 2011). In both of
these latter cases, the differential lithification of the primary
carbonate deposits was invoked; this also may have been an
important factor in the present case.
The grey nodular limestones in the present case apparently underwent a long-lasting, gradual deformation that
evolved from their early soft diagenetic hydroplastic stage
to the late brittle diagenetic stage (Fig. 13). The nodular
limestone thickness is only slightly more than 20 m thick,
fully compatible with the notion of a long-lasting process of
slow, down-slope sediment creep. The process of sediment
creep is very slow (ca. 1 mm/year) and best known from
terrestrial hillslopes, particularly as so-called solifluction,
but is known also as causing movement, shear deformation
and folding in submarine pelagic deposits (Silva and Booth,
1984; Johns and Moore, 1988; Mitchell, 1996; Wynn and
Stow, 2002; Ortner and Kilian, 2016).
This case-study interpretation of the Jurassic nodular limestones in the Tatra Mts does not necessarily mean
that all the Rosso Ammonitico limestones in the AlpineMediterranean Tethyan province have a similar origin, especially since there are significant differences in the local sections. The most conspicuous difference is the grey, instead
of red colouration of the nodular limestones in the present
case. Red colouration of sediment traditionally has been
associated with a high oxygen level in the depositional environment and the intense bioturbation of the grey limestones
in the present case attests to an oxygen level in the nearbottom seawater and seafloor pore water that was sufficient
for an infauna to flourish (cf. Bábek et al., 2018).
Mamet and Préat (2006) and Préat et al. (2006) pointed out the importance of benthic microbial communities
to the red pigmentation of the Rosso Ammonitico limestones. Since such communities thrive in conditions of
low sedimentation rate (e.g., Dromart et al., 1994; Vera
and Martin-Algarra, 1994), it is reasonable to suppose that
this environmental factor may have been important in the
deposition of the grey nodular limestones in the present
case. This interpretive notion is in line with the considerably higher sedimentation rate of the grey nodular limestones (1.25–1.47 cm/kyr) by comparison with that of the
younger red nodular limestones in the same sections (0.1–
–0.22 cm/kyr) and that of many other Rosso Ammoniti-
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co limestones in the Alpine-Mediterranean Tethys (see the
next section “Remarks on sedimentation rates”). In short,
the sedimentation rate in the present case was apparently
too high to permit seafloor sediment reddening, while being the principal reason for down-slope gravitational sediment creep and synsedimentary deformation.
Ribbon radiolarites
(upper Bathonian – lower Oxfordian)
Description
The base of the radiolarite succession consists of ribbon
radiolarites (Sokolica Radiolarite Formation – Lefeld et al.,
1985), which are composed of rhythmically alternating beds
of centimetre- to decimetre-thick radiolarian-bearing cherts
and siliceous millimetre- to centimetre-thick shale partings
(Fig. 14A). These ribbon radiolarites formerly were subdivided into the lower, spotted radiolarites (upper Bathonian
– lower Callovian) and the upper, green radiolarites (middle
Callovian – lower Oxfordian; Jach et al., 2014); however, in
this paper they are described and interpreted together for the
sake of simplicity. Generally, the lowermost part of the ribbon radiolarites is poorly exposed, being covered by recent
scree material on the slopes.
The contact of the ribbon radiolarites with the underlying deposits, meaning the Bositra-crinoidal limestones
in the Western Tatra Mts and the grey nodular limestones
in the eastern part of the Tatra Mts, is marked by 20 to
30 cm-thick Bositra marlstones with radiolarians (Figs 4,
8, 9, 14E). The content of CaCO3 ranges between 52 and
63 wt%. According to the XRD analysis of bulk samples,
the marlstones contain calcite, quartz, plagioclase and dolomite.
The chert beds of the ribbon radiolarites are grey, olive-grey, and greenish grey, while toward the top they
are green, greenish grey, light olive and dark grey
(Fig. 14B–D). Locally, chert beds contain darker grey,
highly silicified zones (Filipka Valley and Ždiarska vidla sections). Above the late Callovian δ13C positive excursion, the ribbon radiolarites become slightly reddish
brown, with darker grey spots; however, they do not display a knobby character.
The occurrence of chert-shale couplets is the most characteristic feature of the ribbon radiolarites studied. Individual beds of chert are 3–22 cm thick, but mostly in the range
of 6–10 cm, whereas the average thickness of intervening
shale partings is 1.5 cm. The chert beds are bounded by
sharp top and bottom bedding planes. In general, the bedding of the ribbon radiolarites is more regular toward the
top of this facies and reveals upward thickening. Some chert
beds display centimetre-thick partitioning more or less parallel to the bedding.
The chert beds are almost totally bioturbated and display
common trace fossils visible on surfaces as variable spots
against a lighter bioturbated background (Fig. 14B; Uchman and Jach, 2017; Jach et al., 2019). Primary sedimentary structures, such as indistinct horizontal lamination and
grading are rare (Fig. 14C, F). Only some chert beds (for
example at log height 16.5 m and 25 m in the Długa Valley
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section; Figs 4, 14F) display up to centimetre-thick intervals
with symmetrical reverse-to-normal grading developed by
an upward increase followed by a decrease in the amount
of radiolarians (Fig. 14F). The intervening shales are usually structureless; only locally, a subtle horizontal lamination
and scarce bioturbation are observed (Fig. 14I, J).
The chert beds are characterized by a wide range of carbonate content, fluctuating from 8 to 69 wt%, with a mean
value of 31 wt%, whereas shale partings are carbonate-depleted (0.38–24 wt%; mean value 8.9 wt%). The CaCO3
content of the cherts decreases upward in the ribbon radiolarites studied, reaching minimum values just below the
late Callovian δ13C positive excursion (Figs 4, 8, 9).
Texturally, chert beds range from mudstone to packstone
(Fig. 14F–H). The ribbon radiolarites in all sections record
an upward change from the Bositra-bearing microfacies
(Bositra, radiolarian-Bositra and Bositra-radiolarian) to the
pure radiolarian microfacies. Beside radiolarian tests and
Bositra shells, bioclasts such as sponge spicules, crinoid ossicles, other echinoderm fragments, ostracods and benthic
foraminifera occur. A distinct trend of decrease in calcitic
bioclast content was observed upward in the ribbon radiolarites and they totally disappear just before the minimum
content of CaCO3 and the late Callovian δ13C positive excursion. Generally, radiolarian tests are poorly preserved in
the cherts, where they are usually filled with calcite, rarely
with chalcedony or filled with both chalcedony and calcite.
Another characteristic feature of the ribbon radiolarites
is a significant contribution of detrital material (clays and
silt-sized clastics), as evidenced both by XRD analysis and
observations of thin sections. The chert beds are slightly silt-rich (quartz grains and mica flakes) in microscopic
view, with increasing content in lower portion of ribbon radiolarite facies. Some bulk samples of the middle portion of
ribbon radiolarites contain micas, chlorite, plagioclase and
rare K-feldspar in addition to the predominant quartz and
calcite, which was confirmed by XRD analysis.
The shale partings are usually devoid of microfossils;
only occasionally they contain some recrystallized calcitic
fossil remains (Fig. 14I). Rare radiolarians are preserved as
“ghost” or compressed relicts of tests filled with calcite and
exceptionally with chlorite, which was confirmed by EDS.
In some shales, Bositra shells, if they occur, are relatively
well preserved and bear no signs of fragmentation or corrosion (Fig. 14J).
Interpretation
The upper Bathonian – lower Oxfordian ribbon radiolarites of the Fatricum Domain studied have many characteristics in common with the ribbon radiolarites described from
other Tethyan areas (see McBride and Folk, 1979; Jenkyns
and Winterer, 1982; Baumgartner, 1987, 2013) as well as
with the Callovian ribbon radiolarites described from the
central Pacific by Ogg et al. (1983, 1992). These examples
are regarded as pelagic basinal deposits.
Most of primary sedimentary structures of the chert beds,
if present at all in the radiolarites studied, seem to be indistinct, owing to bioturbation and diagenesis (Fig. 14B; Folk
and McBride, 1978; McBride and Folk, 1979; Jach et al.,
2019). The subtle lamination of centimetre scale, accentu-
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Fig. 14. Ribbon radiolarites. A. Field photograph of a ribbon radiolarites composed of rhythmically alternating beds of thick radiolarian-bearing cherts and thin shale partings; Długa Valley section (Fig. 4), hammer for scale is 33 cm long. B. Bioturbated grey radiolarian
chert; Długa Valley section (Fig. 4), polished slab. C. Segment with preserved primary lamination within bioturbated radiolarian chert;
Filipka Valley section (Fig. 8), polished slab. D. Highly siliceous green radiolarites; Długa Valley section (Fig. 4), polished slab. E. Bositra
marlstones with radiolarians underlying radiolarites; Ždiarska vidla section (Fig. 9), thin section. F. Radiolarian-Bositra wackestone; note
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ated by horizontal distribution of radiolarian tests, is the
only structure which can be recognized exclusively in some
chert beds. In such a case, the tests display symmetrical reverse-to-normal grading. Such structures were previously
referred to the action of turbidity currents (Nisbet and Price,
1974; McBride and Folk, 1979; Kwiatkowski, 1981). However, they later were reinterpreted as an effect of sorting by
bottom currents (e.g., Barrett, 1982). Bearing in mind the
hydrodynamic behaviour of the radiolarian tests, which are
characterized by a relatively low bulk density (Baumgartner,
1987, 2013), even feeble bottom currents could have been
responsible for the winnowing, redistribution and sorting
of them on the sea-bottom in a pelagic environment (see
Gambacorta et al., 2014). The concentration of radiolarian
tests in some horizons of a chert bed may be also regarded as an effect of productivity cycles, in response to the
Milankovitch climatic oscillations (e.g., De Wever, 1987; Ogg
et al., 1992; Baumgartner, 2013; De Wever et al., 2014;
Ikeda et al., 2016). However, a record of such cycles is unlikely to have survived the activities of trace-makers or bottom-currents (Jach et al., 2019). Thus, it is preserved in an
altered condition, in some cases to a significant extent.
The occurrence of rhythmically alternating chert-shale
couplets is typical of the ribbon radiolarites studied. They have
this feature in common with many other Jurassic radiolarites, especially those characterized by a low CaCO3 content (e.g., McBridge and Folk, 1979; Jenkyns and Winterer, 1982; Ogg et al, 1983; Baumgartner, 2013). The regular
alternation results from various proportions of biogenic silica
and terrigenous clastic input. Three scenarios were invoked
to explain such an alternation: (1) diagenetic redistribution
of labile opaline silica, (2) variation in siliceous plankton
productivity, and (3) periodic dilution by siliciclastic material of terrigenous origin. These processes and phenomena were addressed by McBride and Folk (1979) and later
discussed in detail by Hori et al. (1993) and summarized by
Hüneke and Henrich (2011).
The ribbon radiolarites studied do not provide unequivocal explanations for the origin of the chert-shale alternations. It is noticeable that the shale partings contain very
rare and poorly preserved, calcified radiolarian tests and
considerably more common Bositra shells. Therefore, the
diagenetic remobilization of labile silica from the shale
partings to the chert beds should be taken into account
(Murray et al., 1992; De Wever et al., 1995). The low radiolarian/Bositra ratio should be regarded as a primary feature
modified insignificantly by the diagenetic redistribution of
silica (e.g., Hesse and Schacht, 2011) and, hence, the occurrence of chert-shale couplets is a primary feature of the
rocks studied (see also discussion in McBride and Folk,
1979; Jenkyns and Winterer, 1982; Baumgartner, 2013;
Ikeda et al., 2017). The lack of any structure indicative of
current sorting, which might be expected in the shale part-
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ings if they were deposited by distal, low density turbidity
currents, is significant. This indicates that the shale partings
were laid down as hemipelagic background deposits. Only
the scarce bioturbation structures in shales may reflect some
kind of environmental stress, for example, an insufficient
nutrient level (e.g., Wetzel and Uchman, 2018). Conversely,
the alternating chert beds may have resulted from periodic
radiolarian blooms in the seawater column, which led to the
dilution of the constant background sedimentation and the
fast accumulation of silica-rich beds on the sea floor (Mutch
and Garrison, 1967; Hori et al., 1993; Baumgartner, 2013).
Calcareous radiolarites
(middle Oxfordian – upper Kimmeridgian)
Description
The calcareous radiolarites (Czajakowa Radiolarite Formation – Lefeld et al., 1985) consist of bedded, wavy or
knobby radiolarites, which are characterized by increased
CaCO3 content, the presence of rare thin or no shale intercalations and the occurrence of widespread secondary chert
nodules. The calcareous radiolarites were previously subdivided into variegated and red radiolarites (Jach et al., 2014);
however, in this paper they are described and interpreted
together for the sake of simplicity. Owing to scree cover
or tectonic gaps in the available exposures, the boundary
between the basal ribbon radiolarites and the calcareous radiolarites has been documented only in the eastern part of
the Tatra Mts. The change in lithology from the underlying
basal ribbon radiolarites to carbonate radiolarites is located
about 2 m below the Middle Oxfordian δ¹³C positive excursion and is marked by increased CaCO3 content (Filipka
Valley and Ždiarska vidla sections; Figs 8, 9). The calcareous
radiolarites show an average CaCO3 content of about 42 wt%,
ranging from 18 up to 70 wt%, hence this facies embraces
both radiolarites and radiolarian limestones. The amount of
CaCO3 increases noticeably upward, then slightly decreases
in the uppermost radiolarites; such a trend is recorded in the
Długa Valley, Filipka Valley and Ždiarska vidla sections.
The calcareous radiolarites of the Western Tatra Mts
differ in some details from those of the eastern part of the
Tatra Mts. Hence, they are described separately. The calcareous radiolarites reach an approximate thickness of 15 m
in the Western Tatra Mts. They show planar bedding, with
no siliceous shale intercalations or with only very thin ones
(Fig. 15A). Radiolarite beds are thin- to thick-bedded (from
4 to 40 cm thick). The calcareous radiolarites display a variety of colours; in the lower part, they are light olive, dusky
red, pale green to yellowish grey, while toward the top they
become pale red, pale olive, olive grey, red-green, moderate
red and greyish red in colour (Fig. 15C, D). Replacement
reddish, greyish and greyish-black chert nodules and lenses

the concentration of bioclasts in reverse-to-normally graded laminae; Długa Valley section (Fig. 4), thin section. G. Radiolarian packstone;
Długa Valley section, (Fig. 4), thin section. H. Siliceous mudstone with radiolarians, shale parting; Długa Valley section (Fig. 4), thin section. I. Shale parting with rare compression-deformed bioclasts filled with calcite; Długa Valley section (Fig. 4), thin section. J. Laminated
clayey mudstones with Bositra shells, shale parting; Filipka Valley section (Fig. 8), thin section. For precise location of the samples see
Appendix in the electronic version of the paper.

22

Renata JACH & Daniela REHÁKOVÁ

RNL

CR

Middle to Late Jurassic carbonate-biosiliceous sedimentation

are common. The calcareous radiolarites show an upward
transition from radiolarian mudstone to packstone, which
is accompanied by a marked increase in the abundance of
bioclasts, such as crinoid ossicles, Bositra shells, Saccocoma sp., tests of planktonic Globuligerina, sponge spicules, aptychi, cysts of calcareous dinoflagellates, ophiuroids
and ostracods (Fig. 15F–I). The facies represents a variety
of the microfacies, such as radiolarian, and radiolarianBositra-Saccocoma, Saccocoma-Bositra, Bositra, spiculiteBositra and Bositra-Saccocoma wackestones and packstones. The matrix is commonly slightly recrystallized and
locally silicified. Radiolarian tests are filled with calcite,
chalcedony or microcrystalline quartz (Fig. 15G). Aptychi
and scarce belemnite rostra are found in the upper portion
of calcareous radiolarites (Fig. 15I); they are concentrated
mainly on the bedding planes (from the lowermost 40 m of
Długa Valley section upwards).
Silt-sized quartz grains and mica flakes occur only in
the upper part of the calcareous radiolarites (above 36 m
in Długa Valley section; Fig. 15H). Most of the bulk samples contain quartz, calcite, accompanied only in the upper
part of this facies by micas, chlorite and plagioclase, which
were identified by XRD analysis.
Conversely, the calcareous radiolarites in the eastern
part of the Tatra Mts reach a thickness of ca. 8.5 m. They
are brick-red with dark grey spots and greyish to greyish-black (Fig. 15E). They display distinct bedding, which is
wavy in the lower part and becomes knobby towards the top
(Fig. 15B). Large replacement chert nodules and lenses,
5–6 cm in thickness, are very common; they are dark grey
with numerous reddish spots. Laterally extensive, wavy chert
lenses occur in the uppermost part of this facies (Fig. 15J).
The radiolarian wackestone microfacies predominates in
the Filipka Valley and Ždiarska vidla sections; bioclasts other than radiolarians are extremely rare and are represented
by Bositra shells, crinoid ossicles, sponge spicules, ostracods and aptychi. The calcareous matrix is slightly recrystallized, locally silicified.
The sedimentary structures of the calcareous radiolarites
are similar in both parts of the Tatra Mts. Some beds show
subtle horizontal lamination (laminae ca. 0.5 mm thick) and
grading on a microscopic scale. The lamination is accentuated by indistinct concentrations of biodetritus or subtle
colour changes. Although this facies is almost totally bioturbated, distinguishable trace fossils are rare; Chondrites and
Planolites were recognized (Jach et al., 2012).
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Interpretation
A change in lithology from basal ribbon radiolarites to
overlying carbonate radiolarites is a common feature of
many Tethyan sections (e.g., Bosselini and Winterer, 1975;
McBride and Folk, 1979; Winterer and Bosselini, 1981;
Jenkyns and Winterer, 1982; Baumgartner, 2013). The carbonate content abruptly increases, along with the colour
changes from green to red. Two important characteristics
of the calcareous radiolarites are noteworthy, namely a high
carbonate content and a low content of siliciclastic admixtures, which differentiate the calcareous radiolarites from
the underlying ribbon radiolarites.
The high carbonate content is manifested in two ways:
a high abundance of carbonate bioclasts and a large amount
of carbonate (micrite) matrix. Both these features may indicate more intensive production of calcium carbonate or
increasing potential for its preservation in seawater, at the
sea bottom or at shallow depths below the sediment-water
interface. These factors are interrelated.
The calcareous radiolarites are poor in siliciclastic admixtures in comparison to the underlying ribbon radiolarites. This is revealed in the scarcity, or complete lack of
siliciclastic grains dispersed in the radiolarite beds and the
absence of shale partings. The latter feature means that periodic changes of environmental conditions, which led to
the chert-shale alternations, did not affect the deposition of
the calcareous radiolarites. The general scarcity of siliciclastic admixtures evidences diminishing supply or even
a cut-off of the supply of terrigenous material into the basin.
The broader, palaeoceanographic significance of the above
features is discussed below in the section “Vertical facies
changes and palaeoceanographic conditions”.
Red nodular limestones
(upper Kimmeridgian – lower Tithonian)
Description
The red nodular limestones represent the Ammonitico
Rosso type of facies. The base of this facies is claimed to
be diachronous within the Moluccana Zone of the late Kimmeridgian (Jach et al., 2014), whereas the upper boundary
ranges from the latest Kimmeridgian through the earliest
Tithonian (Semiradiata Zone) in the Western Tatra Mts to
the late Tithonian in the High Tatra and Belianske Tatra
Mts (Pszczółkowski, 1996; Grabowski and Pszczółkowski,

Fig. 15. Calcareous radiolarites. A. Field photograph of bedded calcareous radiolarites, without or with only very thin siliceous shale
intercalations; Długa Valley section (Fig. 4), hammer for scale is 33 cm long. B. Field photograph of reddish calcareous radiolarites showing wavy to knobby bedding; Ždiarska vidla section (Fig. 9), hammer for scale is 33 cm long. C. Light olive-green calcareous radiolarite
with irregular replacement chert; Długa Valley section (Fig. 4), polished slab. D. Light grey calcareous radiolarite with black-reddish
chert; Lejowa Valley section (Fig. 5), polished slab. E. Brick-red calcareous radiolarites with dark grey spots; Ždiarska vidla section
(Fig. 9), polished slab. F. Radiolarian wackestone-packstone; Ždiarska vidla section (Fig. 9), thin section. G. Radiolarian packstone with
chalcedony-filled radiolarian tests; Upłaziańska Kopa section (Fig. 7), thin section. H. Radiolarian wackestone with calcified radiolarian
tests; note the presence of silt-sized mica flakes (arrows); Długa Valley section (Fig. 4), thin section. I. Radiolarian-Bositra wackestone
with aptychus; Długa Valley section (Fig. 4), thin section. J. Field photograph of a contact of the calcareous radiolarites (CR) with the red
nodular limestones (RNL). The uppermost part of the calcareous radiolarites contains numerous thin wavy chert lenses; Ždiarska vidla
section (Fig. 9), hammer for scale is 33 cm long. For precise location of the samples see Appendix in the electronic version of the paper.
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Fig. 16. Red nodular limestones. A. Field photograph of a thin- and medium-bedded lithotype at Długa Valley section (Fig. 4), hammer
for scale is 33 cm long. B. thin- and medium-bedded limestones with highly compacted cross-lamination; Długa Valley section (Fig. 4),
polished slab. C. Ammonite “ghost” visible at bedding plane; Długa Valley section (Fig. 4). D. Aptychus preserved at bedding plane;
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Fig. 17. Red nodular limestones; thin sections. A. Bositra packstone nodule (N) grading into the darker matrix (M); Lejowa Valley section L (Fig. 5). B. Saccocoma packstone nodule (N) grading into the darker matrix (M); Długa Valley section (Fig. 4).
C. Saccocoma-Globochaete packstone; Filipka Valley (Fig. 8). D. Globochaete-Saccocoma wackestone with aptychus affected by microborings; Filipka Valley (Fig. 8). E. Globochaete-Globuligerina wackestone; Ždiarska vidla section (Fig. 9). F. Singular dissolution seams
within pseudonodular limestone; Ždiarska vidla section (Fig. 9). For precise location of the samples see Appendix in the electronic version
of the paper.

Długa Valley section (Fig. 4). E. Field photograph of the nodular lithotype at Lejowa Valley section Lc (Fig. 6), hammer for scale is 33 cm
long. F. Calcareous nodules surrounded by clay-rich darker matrix, Lejowa Valley section Lc (Fig. 6), polished slab. G. Field photograph
of a pseudonodular lithotype at Ždiarska vidla section (Fig. 9), coin for scale is 23.25 mm across. H. Pseudonodular limestone with ammonite mould; Ždiarska vidla section (Fig. 9), coin for scale is 23.25 mm across. I. Pseudonodular limestone; Ždiarska vidla section (Fig. 9),
polished slab. J. Pseudonodular limestone; Filipka Valley (Fig. 8), polished slab. For precise location of the samples see Appendix in the
electronic version of the paper.
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2006a). This facies was assigned to the Czorsztyn Limestone Formation (Lefeld et al., 1985).
There is a substantial difference between the red nodular
limestones of the Western Tatra Mts and eastern part of the
Tatra Mts. In the former area, this facies attains a thickness
of only 5.5 m and represents the nodular and subordinately the thin- and medium-bedded lithotypes (= facies sensu
Martire, 1996). In the latter area, it reaches a thickness of ca.
14 m (Lefeld et al., 1985; see also Vašíček et al. 1994) and
is composed of the pseudonodular lithotype (= facies sensu
Martire, 1996).
The thin- and medium-bedded lithotype (1) occurs in
the Długa Valley and Lejowa Valley sections (Figs 4, 5).
This lithotype is characterized by planar to wavy bedding
(Fig. 16A); alternations of beds of reddish limestones
5–8 cm thick with darker 1–2 cm-thick marls are visible. This lithotype is bioturbated. Highly compacted ripple cross-lamination was distinguished (Fig. 16B). Some
chert nodules occur in the limestone beds. Well preserved
aptychi were found on some bedding planes of this lithotype (Fig. 16D). Rare ammonite “ghosts” were noted at
a bedding plane (Fig. 16C). This lithotype has an average CaCO3 content of about 58 wt%. The limestones are
Saccocoma-Bositra, Bositra, radiolarian, radiolarianSaccocoma-Bositra, Saccocoma-radiolarian wackestones
and packstones. In addition to the above bioclasts, the limestones contain fragments of foraminifera, calcified sponge
spicules, aptychi, belemnite guards, crinoid ossicles, cysts
of calcareous dinoflagellates and spores of Globochaete
alpina as well as bivalve shales. The content of silt-sized
clastics (mica flakes and quartz grains) increases upward in
this facies. Microborings occur in some aptychi and Saccocoma fragments (Fig. 17D). Matrix and bioclasts locally are
slightly silicified, especially at the turn of the Borzai–Pulla
zones (uppermost Kimmeridgian – lower Tithonian).
The nodular lithotype (2) occurs in the Długa Valley,
Lejowa Valley and Upłaziańska Kopa sections (Figs 4–7).
A greenish grey radiolarite bed with a thickness of 40 cm
occurs in this lithotype in the Lejowa Valley section. This
lithotype is distinguished because of the occurrence of
light-coloured micritic nodules, which are surrounded
by a distinct dark reddish to brownish, clay-rich matrix
with common swarms of dissolution seams (Fig. 16E, F).
The nodules seem to “float” in an abundant clay-rich matrix.
Distinct nodularity is clearly visible on weathered surfaces.
The nodular lithotype has an average CaCO3 content of ca.
60%. The nodules consist of the Saccocoma-Bositra, Bositra (Fig. 17A), radiolarian, radiolarian-spiculite, Saccocoma
(Fig. 17B), Saccocoma-radiolarian, Saccocoma and Saccocoma-Globochaete microfacies (wackestone to packstone).
This lithotype includes an assemblage of bioclasts similar
to that of the thin-bedded lithotype. The bioclasts are more
compacted in the matrix than in the nodules (Fig. 17B).
The matrix contains a higher amount of silt-sized clastics
(quartz grains, mica flakes). The XRD analysis revealed
calcite, quartz, chlorite and plagioclase. Trace fossils, such
as Chondrites, Planolites and less common Zoophycos and
Thalassinoides, occur in the nodules (Jach et al., 2012).
The pseudonodular lithotype (3) occurs exclusively in the
Filipka Valley and Ždiarska vidla sections (Figs 8, 9). The

name reflects its massive appearance on a weathered surface,
which results from the uniform weathering of nodules and
matrix (Fig. 16G; Martire, 1996; Bertok and Martire, 2009).
The rounded to subangular nodules exhibit various shapes,
mainly irregular (Fig. 16I, J). They are surrounded by single
dissolution seams or less often swarms of dissolution seams
(Fig. 17F). The pseudonodular limestones are characterized
by an insignificant non-carbonate admixture and have an
average CaCO3 content of about 85 wt%. The pseudonodular limestones are Globochaete, Globochaete-Saccocoma,
Saccocoma-Globochaete and Globochaete-Globuligerina
wackestones and packstones (Fig. 17C–E). The limestones
comprise other pelagic components, such as calcified radiolarians, crinoid ossicles, ostracods, fragments of foraminifera, ammonites (mainly juvenile), calcified sponge spicules,
aptychi, belemnite guards, cysts of calcareous dinoflagellates
and bivalve shell fragments. Ammonite moulds are found
only sporadically (Fig. 16H). Silt-sized quartz grains and
mica flakes occur as well. This lithotype is totally bioturbated, but no determinable trace fossils have been found, nor
have primary sedimentary structures been documented.
Interpretation
Red nodular limestones are one of the most typical Jurassic facies of the Alpine Mediterranean Tethys. Analogous
limestones originated in other geological periods (e.g.,
Tucker, 1974; Channell et al., 2003; Bábek et al., 2018).
Although different scenarios for their origin are still under
discussion, it is generally accepted that they were formed
under conditions of low sedimentation rate (e.g., Jenkyns,
1974; Tucker, 1974; Wieczorek, 1983; Martire, 1996). The
data yielded in the sections studied fully confirm the above
notion (see the section “Remarks on sedimentation rates”
below). The uncompacted texture of the nodules proves
that they underwent early diagenetic cementation, most
probably at a very shallow depth below the sediment/water interface (e.g., Clari and Martire, 1996; Martire, 1996).
It was a result of the interplay between physical, chemical
and biological processes, such as current velocity, seawater
pumping into the shallow subsurface, burrowing, aragonite
dissolution and incipient early cementation (e.g., Jenkyns,
1974; Mullins et al., 1980; Clari and Martire, 1996; Bertok and Martire, 2009; Coimbra, et al., 2009; Reolid et al.,
2015). During the subsequent stages of diagenesis, mechanical and chemical compaction took place and particularly
affected the uncemented parts of the sediments (Clari and
Martire, 1996; Łuczyński, 2001; Matyszkiewicz and Kochman, 2016), especially those with abundant clay components (Railsback, 1993).
Distinct variations between the three lithotypes of this
facies can be explained by their different sedimentary and
diagenetic environment. The thin- and medium-bedded
lithotype (1) did not undergo early cementation, which is
proved by the absence of nodules (see Martire, 1992, 1996).
It also contains a significant amount of a non-carbonate
fraction, which could impede early cementation (cf. Zankl,
1969; Möller and Kvingan, 1988). In contrast to the nodular
lithotype, the thin-and medium-bedded lithotype is significantly less bioturbated, which may have resulted in the lack
of early cementation. However, this lithotype must have
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experienced some sorting by bottom currents, which is indicated by locally recognizable ripple-cross-lamination. The
currents may have been related genetically to deep-water
tides (Dykstra, 2012) or to contour currents (Eberli and
Betzler, 2019). The carbonate mud probably flocculated
with clay-particles, which enabled the formation of mud
ripples (Schieber and Southard, 2009). Conversely, the
nodular lithotype (2) originated from carbonates which
were more bioturbated. The incipient nodules seem to have
been dependent upon burrowing, since burrows caused
increasing permeability of sediments, which facilitated the
fluid migration indispensable for cement growth (Coimbra
et al., 2009). The pseudonodular lithotype (3) resulted from
the selective cementation of carbonate deposits rich in
microcrystalline calcite under the action of at least pulsatory
currents (Martire, 1996; Bertok and Martire, 2009). The
currents winnowed some fine-grained carbonates and clay
particles from this depositional milieu.
Platy limestones
(uppermost Kimmeridgian – lower Tithonian)
Description
The platy limestones studied belong to the lower part of
the Jasenina Formation (sensu Michalík et al., 1990; see

27

also Vašíček et al., 1994). In the Western Tatra Mts, the platy
limestones range from the uppermost Kimmeridgian to the
lowermost Berriasian, whereas in the eastern part of the
Tatra Mts they are replaced in part laterally by red nodular
limestones (see also Pszczółkowski, 1996; Michalík, 2007).
This facies comprises light grey, grey-greenish, olive-grey
or rarely reddish micritic marly limestones and marlstones
with planar bedding (Fig. 18A, B; Jach et al., 2012, 2014).
The bed thickness ranges from 2 to 10 cm. The limestones
display wavy bedding and some nodular intercalations,
mostly in the middle early Tithonian (Malmica Zone;
Fig. 18A). Small irregular chert nodules (up to 2 cm) occur locally. The average CaCO3 content is 58 wt%, ranging
from 46 to 72 wt%.
Wackestones are the predominant microfacies; they are
in particular Saccocoma, crinoidal-Saccocoma, Saccocoma-radiolarian and Saccocoma-Globochaete wackestones
(Fig. 18C, D). In addition, the bioclasts include sponge
spicules, Bositra shells, ostracods, foraminifers, crinoids,
bivalves, the microproblematicum Gemeridella minuta Borza et Mišík, the cysts of calcareous dinoflagellates,
for example, Cadosina semiradiata semiradiata (Wanner),
chitinoidellids and numerous aptychi. Bioclasts are often
partially silicified. Gąsiorowski (1959, 1962) described the
common occurrence of Laevaptychus sp. in the lowermost
part of this facies. The platy limestones have a significant

Fig. 18. Platy limestones. A. Field photograph of a platy limestones with horizons of pinkish and slightly nodular limestones; Lejowa
Valley section (Fig. 5). B. Light grey pelitic limestones; Długa Valley section (Fig. 4), polished slab. C. Saccocoma-Globochaete wackestone containing common calcareous dinoflagellate cysts, mainly Colomisphaera minutissima (Cm); Lejowa Valley section (Fig. 5), thin
section. D. Saccocoma limestone rich in silt-size quartz grains (black arrows) and mica flakes (white arrows); Lejowa Valley section
(Fig. 5), thin section. For precise location of the samples see Appendix in the electronic version of the paper.
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silt-sized clastic content (quartz and micas; Fig. 18D). XRD
analysis revealed calcite, quartz, micas, chlorite and plagioclase. Pyrite is scattered in the matrix. The minute wackestone intraclasts, containing common cysts of Colomisphaera
pulla and Carpistomiosphaera tithonica Nowak indicative of
the Tithonica Zone (lower Tithonian), were found in the limestones of the Malmica Zone (lower Tithonian).
Some beds are indistinctly laminated, with concentrations of bioclasts in discrete laminae. The platy limestones
are bioturbated; however, determinable trace fossils are
rare. Only Chondrites was reported from the Lejowa Valley
sections (Jach et al., 2012).
Interpretation
The platy limestones bear a strong resemblance to the basinal pelagic carbonates of the same age that are widespread
in the Alpine-Mediterranean Tethys (e.g., Martire et al.,
2006; Donatelli and Tramontana, 2014; Grabowski et al.,
2017, see also reviews by Bernoulli and Jenkyns, 1974 and
Wieczorek, 1988). Carbonate bioclasts of planktonic organisms are significant components of this facies, which clearly
reflects the increasing role of calcareous plankton as carbonate producers in the Tithonian (e.g., Erba, 1989; Reháková, 2000; Bornemann et al., 2003). However, the abundant
calcite micrite may be associated genetically to planktonic
organisms or to export from shallow-water submarine highs
(Pomar and Hallock, 2008 and references therein). The
lamination indicates the periodic action of bottom currents,
which could have sorted the bioclasts (Gambacorta et al.,
2014), whereas the presence of intraclasts resulted from
higher-energy episodes and additionally reflects the alternation of early cementation and erosion processes (Martire
and Clari, 1994). The elevated content of siliciclastic material in this facies records efficient terrigenous input from the
emerged land.

Remarks on sedimentation rates
Description
An estimation of the Jurassic sedimentation rates in the
eastern part of the Tatra Mts and Western Tatra Mts areas of
the Fatricum Domain leads to a number of interesting observations (Fig. 19). A more or less steady sedimentation rate
of 0.35–0.51 cm/kyr characterized early Bajocian to late
Callovian deposition in the Długa Valley area of the Western
Tatra Mts, when the Bositra-crinoidal limestones and the
majority of the ribbon radiolarites were deposited (Table 3).
The sedimentation rate of the coeval spotted limestones,
grey nodular limestones and the lower part of the ribbon
radiolarites in the Ždiarska vidla section was much higher,
estimated at 3.22 cm/kyr.
The sedimentation rate of the main part of the ribbon radiolarites, deposited during the late Bathonian to late Callovian in the Ždiarska vidla section (eastern part of the Tatra
Mts), is estimated at 0.5 cm/kyr, slightly higher than the
coeval sedimentation rate of this facies in the Długa Valley
area of the Western Tatra Mts, estimated at 0.35 cm/kyr. The
uppermost part of the ribbon radiolarites and the lower part
of the calcareous radiolarites (spanning the period from the

late Callovian positive δ13C excursion to the Kimmeridgian
FAD of S. moluccana) in the Długa Valley area were deposited at an estimated sedimentation rate of 0.23 cm/kyr.
The Ždiarska vidla section in the eastern part of the Tatra
Mts shows a gradual upward decrease in the sedimentation
rate from the early Bajocian positive δ13C excursion to the
FAD of C. pulla (early Tithonian). The low sedimentation
rate of 0.2 cm/kyr of the uppermost part of the ribbon radiolarites and the lowermost part of the calcareous radiolarites
(spanning the time between the late Callovian positive δ13C
excursion and the middle Oxfordian positive δ13C excursion) is noteworthy, decreasing to 0.1 cm/kyr in the upper
part of the calcareous radiolarites and the lowermost part of
the overlying calcareous nodular limestones, spanning the
time between the middle Oxfordian positive δ13C excursion
and the FAD of C. pulla.
An opposite trend is discernible in the Długa Valley section, especially in the upper part, where – on the account
of other marker horizons – the sedimentation rate increased
upwards after the late Callovian positive δ13C excursion
(Fig. 19). The sedimentation rate of the upper part of the calcareous radiolarites, the red nodular limestones and the lowermost part of platy limestones (spanning time from the late
Callovian positive δ13C excursion and the FAD of C. pulla)
was about 0.26 cm/kyr in the Długa Valley section that is
roughly two times higher than in the Ždiarska vidla section.
A trend similar to that in the Długa Valley section is observable in the Lejowa Valley section (Fig. 19).
The comparison of the local outcrop sections indicates that
the Lejowa Valley section (labelled L, see also Jach et al.,
2012) had a sedimentation rate similar to that of the Długa
Valley section. The sedimentation rate in the second section
in the Lejowa Valley (labelled Lc) was significantly lower. In
contrast, the sedimentation rate in the Filipka Valley section
was similar to that in the Ždiarska vidla section (Fig. 19).
Interpretation
Since the seminal paper by Bernoulli and Jenkyns (1974),
it has been accepted widely that Jurassic carbonate sedimentation rate in the Mediterranean Tethys was much lower on
the submarine intrabasinal highs than in the adjacent basinal
troughs. More recent studies have shed further light on the issue of relative sedimentation rates (e.g., Baumgartner, 1990;
Santantonio, 1993; Michalík et al., 1995; O’Dogherty et al.,
2001; Muttoni et al., 2005; Grabowski and Pszczółkowski,
2006a; Chiari et al., 2007; Picotti and Cobianchi, 2017).
The sedimentation rate is routinely based on sediment
thickness and reported as so-called uncorrected (non-decompacted) values, which are not corrected for syn- and
post-depositional physical and chemical compaction. Martire and Clari (1994) have calculated the real sedimentation
rates for nodular limestone (Rosso Ammonitico Veronese,
Middle–Upper Jurassic) and pelitic limestone (Biancone,
Lower Cretaceous) and obtained higher rates of 3.5 to
1.4 times, respectively. Similarly, a decompaction factor for
radiolarite chert is estimated at 5 and for the associated shale
partings at 2 (De Wever et al., 2001). This means that the
uncorrected values of sedimentation rate are significantly
lower than the real values (Matyszkiewicz, 1999). The compaction of sediment is strongly dependent upon sedimentary

Fig. 19. Outcrop log, chronostratigraphic correlation panel and estimated interval sedimentation rates, based on the chemo- and biostratigraphic data from the Tatra Mts study
areas (Jach et al., 2014). The five synchronous horizons, precisely dated in at least two
key sections (Długa Valley and Ždiarska vidla), have been used as the framework for
further calculations. These horizons are: the early Bajocian positive δ13C excursion, the
late Bathonian negative δ13C shift, the late Callovian positive δ13C excursion, the middle Oxfordian positive δ13C excursion and the first datum of the early Tithonian Pulla
Zone. Supplementary synchronous horizons used for the correlation are the late Bajocian
negative δ13C shift, the late Kimmeridgian FAD of Stomiosphaera moluccana, the early
Tithonian FAD of Parastomiosphaera malmica and Longicollaria dobeni. The age calibration of biostratigraphic events is according to Ogg et al. (2016) and Ogg (2019). See
Figure 9 for legend.
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facies, which means that great caution must be exercised,
when comparing the non-decompacted sedimentation rates
of different facies.
The sedimentation rate between the early Bajocian positive δ13C excursion and the late Bajocian negative δ13C
shift in the Ždiarska vidla section (Fig. 19) is estimated at
6.3 cm/kyr and falls within the broad range that was typical for Jurassic deposits accumulating in basinal settings.
For comparison, Picotti and Cobianchi (2017) have estimated the sedimentation rates in the Belluno Basin, Southern
Alps, as ranging from 0.3 cm/kyr for the Igne Formation
representing Toarcian–early Bajocian starved-basin conditions, to 30 cm/kyr for the Vajont Limestone Formation,
representing Bajocian–Bathonian well-supplied-basin conditions. Santantonio (1993) has estimated the sedimentation
rate of basinal carbonate deposits in the Umbria–Marche
Apennines as being at least 15 mm/kyr. A similar rate was
estimated by Baumgartner (1990) for the Bajocian basinal
carbonates in the same basin and by Muttoni et al. (2005,
fig. 2) for the Lower to Middle Jurassic carbonates of the
Lombardian Basin. The sedimentation rate estimated for the
Bajocian–Bathonian carbonate deposits in the basinal areas
of the Tatra Mts thus matches well the estimates for similar
Jurassic deposits elsewhere in the Mediterranean.
The sedimentation rate of the early Bajocian–Bathonian
Bositra-crinoidal limestone in the Długa Valley section is
estimated at 0.51 cm/kyr, which compares well with the sedimentation rate suggested for many other pelagic carbonate
platforms, such as the value of 0.32 cm/kyr estimated by
Martire and Clari (1994) for the facies Ammonitico Rosso
Veronese, a classic example of Jurassic pelagic carbonate
platform deposits. This estimate is, however, an order of
magnitude higher than the rate of 0.5 mm/kyr, calculated by
Santantonio (1993) for pelagic carbonate platform deposits
in the Umbria–Marche Apennines.
The sedimentation rate of the upper Bathonian – Callovian ribbon radiolarites in the outcrop sections in the Długa Valley, Filipka Valley and the Ždiarska vidla (Fig. 19)
appears to be fairly uniform, varying between 0.35 and
0.5 cm/kyr. This rate is comparable to that estimated for
many analogous carbonate-free radiolarites in many Jurassic Tethyan sections. Classic examples come from the Lombardian Basin, where the green, carbonate-free radiolarites
(ribbon radiolarites) of the Breggia Gorge section were deposited at a rate of 0.32 cm/kyr according to recalculated
data given by Baumgartner (2013), a rate of 0.2–0.3 cm/kyr
according to Muttoni et al. (2005) or a wide range in rate of
0.6–3 cm/kyr according to Chiari et al. (2007). Similarly,
the sedimentation rate of black, carbonate-free Bathonian
radiolarites in the Betic Cordillera is estimated at between
0.1–0.2 and 1 cm/kyr (O’Dogherty et al., 2001).
Since the Długa Valley and other sections in the Western Tatra Mts represent deposits on an intrabasinal high in
the Middle Jurassic, while the Ždiarska vidla and Filipka
Valley sections represent basinal deposits, the ribbon radiolarites must have levelled the pre-existing topography of
the basin floor.
All the studied sections indicate that the sedimentation
rate of the calcareous radiolarites was lower than that of the
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green radiolarites. A similar relationship was observed in
the Lombardian Basin, where the sedimentation rate of the
calcareous radiolarian cherty limestone and the Rosso ad
Aptici units, which are lithological equivalents to the Tatra
calcareous radiolarites, is estimated at 0.15–0.2 and 0.13–
–0.6 cm/kyr (Chiari et al., 2007). Although Baumgartner
(2013) estimated that the sedimentation rate of knobby radiolarites in the Breggia section (Lombardy Basin), an equivalent of the calcareous radiolarites described in the present account, was higher than that of the underlying ribbon
radiolarites (0.78 cm/kyr and 0.32 cm/kyr, respectively),
the overlying limestones with chert bands (Rosso ad Aptici) were deposited at a rate of 0.12 cm/kyr. Similarly, the
more calcareous upper part of the Calcari Diasprigni carbonate-biosiliceous unit in the Umbria-Marche Apennines
is characterized by a sedimentation rate lower than that of
its lower, more siliceous part (Baumgartner, 1990). The estimates collectively indicate that the decrease in sedimentation rate from carbonate-free to carbonate-rich Jurassic
radiolarites could be a more general trend, implying a decline in radiolarian productivity, which is discussed further
in the text (section “Carbonate-biosiliceous-carbonate succession as a record of seawater column eutrophication and
carbonate production/preservation crisis”).
The upward increase of sedimentation rate is clearly
recognizable in the Lejowa Valley section (L) (Fig. 19),
where its value in the interval between the FAD of
P. malmica and the FAD of L. dobeni reached 0.74 cm/kyr.
This estimate is higher than the data of Grabowski and
Pszczółkowski (2006a), who approximated the sedimentation rate of 0.54 cm/kyr (magnetozone M20n; the
value was recalculated according to the time scale of
Ogg et al., 2016) for the younger Tithonian deposits of
Jasenina Formation. The value of the sedimentation rate
from the Lejowa Valley section corresponds to an average sedimentation rate of 0.71 cm/kyr between the FADs
of P. malmica and L. dobeni in the deposits of the Jasenina Formation in the Strážovce section (Michalík et al.,
1995). A similar increase of sedimentation rate was reported from the well-studied Italian basins, such as the
Umbria–Marche Apennines (Baumgartner, 1990), the Ligurian Basin (Muttoni et al., 2005) and the Trento Plateau
(Martire and Clari, 1994). This a general increase of sedimentation rate in the latest Jurassic resulted apparently
from a recovery of carbonate productivity. Therefore, the
decreasing trend in sedimentation rate for the coeval deposits of the Ždiarska vidla section (Fig. 19) is puzzling.
Although the section studied ends approximately at the
FAD of Colomisphaera pulla (Jach et al., 2014), the biostratigraphic data of Pszczółkowski (1996) indicate an
extremely low sedimentation rate in this section until the
Tithonian. According to Pszczółkowski (1996), the thickness of the red nodular limestones, which represent the
Chitinoidella Zone in this section, is only 0.3 m, whereas
the thin-bedded limestones and marly shales of the same
zone reach a thickness of 7 m in the Długa Valley section (his Pośrednie section). This puzzling issue is discussed further in this paper (the section “The Late Jurassic
tectono-geomorphic restructuring of basin floor”).
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DISCUSSION
Vertical facies changes
and palaeoceanographic conditions
The stratigraphic arrangement of facies in Tethyan basins
was controlled by several interrelated factors, such as the
gradual break-up of Pangea that created the individual basins and controlled their subsidence at the rifting stage and
the subsequent thermal subsidence, combined with eustatic
and climatic changes that collectively affected the chemistry of the ocean water and its trophic state (e.g., Reis et al.,
2007; Vörös, 2012; Baumgartner, 2013). Another important
factor to be taken into consideration is the evolutionary
changes affecting carbonate-precipitating organisms. This
section is an interpretive discussion of the influence of these
factors in the present case.
Carbonate-biosiliceous-carbonate succession
as a record of eutrophication and carbonate production/
preservation crisis
The stratigraphic trend of the sedimentary succession
from carbonate to biosiliceous and back to carbonate facies
(C-BS-C) in the Fatricum Domain was interpreted traditionally as the record of a gradual oceanization of the basin,
with the radiolarites within a general carbonate succession
considered to indicate the greatest depositional depth of
a particular basin (Lefeld, 1974, 1981). A similar opinion
was held by numerous authors on the many occurrences
of Jurassic radiolarites in the Alpine-Mediterranean Tethys
(e.g., Bosselini and Winterer, 1975; Barrett, 1982; Winterer
and Bosselini, 1981). However, the study by Baumgartner
(1987) indicated that the concentration of radiolarians in
several Jurassic basins of the Alpine-Mediterranean Tethys
was controlled mainly by their lateral transport from intrabasinal topographic highs. The concentration of radiolarian
tests in the basin then would have had taphonomic causes
and would have depended on eutrophic conditions in the
seawater column.
The present study strongly supports this notion and indicates that the Jurassic C-BS-C succession in the present case
originated owing to changes in the trophic conditions of the
basin. A large body of literature, based on recent examples,
contends that radiolarians are a good indicator of eutrophic
conditions in the upper part of the seawater column (e.g.,
De Wever et al., 2001; Boltovskoy et al., 2010), as also has
been demonstrated by palaeoenvironmental studies (e.g.,
Mutti and Hallock, 2003; Baumgartner, 2013; De Wever
et al., 2014; Bąk and Bąk, 2018). Analyses of fossil Bositra taphocenoses have led to the conclusion that this bivalve
group was well adapted to stress conditions, particularly to
an increased nutrient level (e.g., Bartolini and Cecca, 1999;
Santantonio, 1993). The intimate association of Bositra and
radiolarians in the present case therefore can be explained as
an indicator of eutrophication. It is worth noting that Bositra
in the present case forms the dominant bioclasts in the Bositra-crinoidal limestones and in the grey nodular limestones
directly underlying the ribbon radiolarites, while being almost
the sole carbonate component in the latter. However, more
extensive palaeontological and geochemical research may be
needed to prove the present microfacies-based interpretation.

Some further support for the present hypothetical interpretation is lent by the palaeogeographic evolution of the
basin. According to the Baumgartner’s (1987) concept,
radiolarite deposition in a basin should occur in seafloor
lows, bordered by intrabasinal highs with condensed carbonates, from which radiolarians would be swept into these depressions. The basinal Fatricum Domain in the present case
indeed was bordered by the Tatric Ridge (Tatricum), where
the Middle–Upper Jurassic consists of ferruginous limestones, stromatolites and nodular limestones (Szulczewski,
1963, 1965; Lefeld, et al., 1985; Łuczyński, 2001, 2002)
indicative of a radiolarite-free elevation with a low carbonate accumulation rate. Although the lack of exact biostratigraphic dating hampers precise correlation of the Tatricum
carbonates with the Fatricum sections studied (Łuczyński,
2002), the latest integration of biostratigraphic and carbon
isotope data from the Kimmeridgian–Berriasian succession
of the Tatric Ridge indicates condensation of its Callovian
to Oxfordian deposits (Pszczółkowski et al., 2016). These
condensed deposits would then be coeval with the radiolarites deposited in the Fatricum basinal environment.
The formation of biosiliceous deposits in the Fatricum
Domain corresponds to the widespread crisis in the production and preservation potential of carbonates in the whole
Alpine-Mediterranean Tethys and its shelves (e.g., Santantonio, 1993; Bartolini et al, 1999; Morettini et al., 2002;
Rais et al., 2007; Donnadieu et al., 2011; Jadoul, 2018). The
crisis included neritic settings and reefs (Lainfelder et al.,
2002; Ramajo and Aurell, 2008) and involved a fall of biodiversity (Bartolini and Cecca, 1999), an inhibition of biocalcification (Erba and Tremolada, 2004) and a drastic drop
in the calcium carbonate content of pelagic sediments (Ogg
et al., 1983). The causes of this carbonate crisis are disputed
still, with the eutrophication of the seawater column considered as one of the most important factors (Bartolini and
Cecca, 1999; Cecca et al., 2001; Morettini et al., 2002).
Notably, the crisis was manifested not only in the decreased production of calcium carbonate, but also by a reduction of its preservation potential (Santantonio, 1993).
The lack of aragonite components (e.g., ammonites or their
“ghosts”) and the presence of calcite components (e.g., aptychi, Bositra shells), as noticed earlier by Lefeld (1974), is
confirmed fully by careful inspection in the present study.
This observation implies that the seawaters at that time
were sufficiently corrosive to dissolve aragonite, which in
turn indicates deposition of these facies below the aragonite
compensation depth (ACD). Conversely, nearly the entire
sedimentary succession apparently was deposited above the
calcium compensation depth (CCD). Since the CaCO3 content of 20 wt% is an arbitrarily defined limit for deposits
formed below the CCD (e.g., Bostock et al., 2011), only
the middle – upper Callovian part of the ribbon radiolarites
(Figs 4, 8, 9, 20) potentially would have been deposited below the CCD.
If the reasoning above is correct, it can be hypothesized
that the crisis caused a rise in both the CCD and ACD and
that the Fatricum basin-floor depositional environment was
below the ACD between the middle Bathonian and late
Kimmeridgian and below the CCD in the middle to late
Callovian. The rise of the CCD and ACD may have resulted

Fig. 20. Facies and range of selected biocomponents in the Tatra
Mts sections studied, compared
to general sea-level curve and
87
Sr/86Sr curve, palaeoclimatic
data and carbonate productivity
for the Bajocian – early Tithonian.
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from the lower flux of carbonate components as an effect of
the reduced carbonate productivity caused by eutrophication and/or of the acidification of oceanic water during the
Callovian and early Oxfordian (Ramajo and Aurell, 2008;
Vörös, 2012).
Surprisingly, the crisis coincided with a low ratio of the
87
Sr/86Sr isotopic signature of Jurassic seawater (Fig. 20;
Wierzbowski et al., 2017), which marked an increased
supply of volcanic or hydrothermal strontium. Such coincidences of a low 87Sr/86Sr ratio and radiolarian blooms in
the geological past were noted earlier by Racki and Cordey
(2000), who attributed the blooms to an increase in silica
supply by volcanic and hydrothermal activity. However,
the calculations of silica budget indicate that the vast majority of silica supplied to the global ocean is derived from
continental fluvial run-off (e.g., Tréguer et al., 1995; Dürr
et al., 2011). The temporal coincidence may thus have another cause-and-effect relationship. Volcanic and hydrothermal activity may have affected ocean chemistry through an
increased supply of CO2, which then led to seawater acidification and, in consequence, triggered the carbonate production/preservation crisis (Vörös, 2012). These processes also
could have influenced the climate. High atmospheric CO2,
regarded as a proxy of the greenhouse periods, promoted
elevated humidity, rainfall, intensified continental run-off
and greater productivity, potentially responsible for the decrease in seawater pH and rise in the CCD (e.g., Larson and
Erba, 1999).
In the light of the preceding discussion, the onset and demise of biosiliceous sedimentation in the Fatricum Domain
apparently spanned the period between the deterioration
and resumption of carbonate productivity. Apart from the
signs of eutrophication, indicated by the deposition of the
Bositra-crinoidal and grey nodular limestones below the
ribbon radiolarites, the onset of biosiliceous sedimentation
was rapid. The solitary layer of Bositra- and radiolaria-rich
marlstone, 30 cm thick and directly underlying the radiolarites (Fig. 14E), was a turnover horizon of the environmental
switch from carbonate to biosiliceous sedimentation. This
transitional layer recorded a sudden slow-down in carbonate
production, while biosiliceous production was still about to
increase. Notably, this transitional marlstone unit occurs in
all the outcrop sections studied in the present case (Figs 4,
8, 9). Similar horizons of marlstones underlying radiolarites were reported from other Tethyan basins, such as the
Austro-Alpine region (Vecsei et al., 1989) and the Umbria-Marche Apennines (Baumgartner, 1990). This means
that the rapid onset of biosiliceous production may be regarded as a widespread regional phenomenon. Conversely, the resumption of carbonate production was a gradual
change, marked by the deposition of the calcareous radiolarites in the present case (Fig. 20). This gradual return of carbonate sedimentation spanned the middle Oxfordian to late
Kimmeridgian, when carbonate production was increasing
slowly, while biosiliceous production declined (see Hüneke
and Henrich, 2011). The thickness of the calcareous radiolarites, relative to the corresponding time span, indicates
a low sedimentation rate and “starved-basin” conditions,
typically oligotrophic with very low nutrient concentrations
and lower primary productivity than in the previous interval.

Eustatic and climatic influence
Recognition of 3rd-order eustatic cycles in the deep neritic to bathyal sedimentary succession studied is difficult
without more precise biostratigraphic dating, but the general increase in water depth of Fatricum from the Middle to
Late Jurassic corresponds well with a net eustatic sea-level
rise of about 50 m (Hardenbol et al., 1998; Snedden and
Liu, 2010). The eustatic deepening in the Fatricum Domain
probably was enhanced by thermal sagging and pull-apart
tectonic subsidence (Fig. 21), which would mean a combination of eustatic and tectonic forcing.
The deposition of well-washed grainstones in the upper
part of the Bositra-crinoidal limestone unit corresponds
to the late Bathonian 2nd-order eustatic sea-level fall of ca.
50 m (Bat3; Hardenbol et al., 1998), whereas the subsequent deposition of the carbonate-poor ribbon radiolarites
coincides with the late Bathonian and Callovian sea-level
rise (Hardenbol et al., 1998; Snedden and Liu, 2010). The
sea-level fall probably would have intensified the winnowing effect of bottom currents (Martire, 1992). The return of
pure carbonate sedimentation – the red nodular limestones
– corresponded to the Kimmeridgian sea-level highstand
(Hardenbol et al., 1998; Snedden and Liu, 2010).
The Middle to Late Jurassic witnessed several 3rd- and
lower order eustatic cycles (Hardenbol et al., 1998; Snedden and Liu, 2010). It is therefore quite likely that the regular chert-shale alternations in the ribbon radiolarites and
the mudstone-limestone alternations in the spotted limestones represent lower-order (Milankovitch range) cycles
(e.g., see De Wever, 1987; Ikeda et al., 2016). However,
since the time span of these lithofacies alternations is unknown; the present authors decline to venture into any further possible speculations on this issue. Likewise, it can
only be speculated as to how the eustatic changes possibly
might have affected the bathymetric position of the ACD
and CCD through climate and, consequently, productivity
fluctuations.
Palaeoclimate seems to have been a factor that exerted
a significant control on the sedimentation of the deposits
studied and in particular on the sedimentation of the green
and calcareous radiolarites. The onset of biosiliceous sedimentation, dated as late Bathonian (Jach et al., 2014), was
coeval with increasing humidification of the climate, inferred from the kaolinite to illite + illite-smectite mixed
layer clay mineral ratio in the Paris Basin (Brigaud et al.,
2009). Pellenard et al. (2014), on the basis of δ18O of bivalve shells and belemnite rostra, indicated intense freshwater input into the Paris Basin at that time, which additionally points to relatively humid conditions. Although
deterioration of the climate commenced at the turn of the
middle and late Callovian and the temperatures decreased
(e.g., Dromart et al., 2003a, b; Wierzbowski et al., 2013),
the humid conditions persisted till the end of the early Oxfordian. This is demonstrated by pollen spectra (Abbink
et al., 2001), clay mineral assemblage (Strasser et al.,
2012; Pellenard et al., 2014) and palaeochemotaxonomic
data (Hautevelle et al., 2006). The above climatic conditions recorded in the peri-Tethyan basins of the North West
Europe correspond well to the elevated content of siliciclastic admixtures in the ribbon radiolarites studied.
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Fig. 21. Schematic tectonic model (not to scale, inspired by Michalík, 2007 and Wu et al., 2009) for palaeobathymetric differences and changes in the study area between Długa Valley (DV) and Ždiarska vidla
(ZV). The Zliechov Basin formed as a transtensional pull-apart seaway at the Fatric interface between
the Cimmerian accretionary crustal wedge to the south and the Tatric Ridge to the north.

The switch from the ribbon to calcareous radiolarites sedimentation dated to the turn of the early and middle Oxfordian synchronized well with the climate aridization and
warming recorded in the peri-Tethyan basins (Abbink et al.,
2001; Hautevelle et al., 2006; Pellenard et al., 2014) and
the increase in seawater temperature in the Tethys and the
peri-Tethyan basins (Price and Rogov, 2009; Wierzbowski,
2004, 2015; Arabas, 2016). Arid climatic conditions are
reflected in the scarcity or complete lack of siliciclastic
admixtures of continental origin in the calcareous radiolarites studied. An arid climate is also in line with more oligotrophic seawater due to reduced continental runoff. The
further aridization and warming of climate seems to favour
the reestablishment of carbonate production.

Therefore, biosiliceous sedimentation of the radiolarites
studied appears to have been influenced by climatic conditions; it especially was favoured during the humid climate intervals. Interestingly, this notion fits both scenarios
explaining the origin of the Jurassic Tethyan radiolarites
(Baumgartner, 2013; De Wever et al., 2014). Baumgartner
(2013) drew attention to riverine input of dissolved organic
matter into the sea as the cause of the high fertility of surface seawater, whereas De Wever et al. (2014) associated
the trophic state of seawater to monsoonal upwelling, which
must have caused increasing precipitation on the lands and
increasing riverine run-off of siliciclastics.
A subsequent Late Jurassic warming, with gradually
increasing aridity, is recorded in various palaeogeograph-
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ical areas (Abbink et al., 2001; Rameil, 2005; Brigaud
et al., 2009; Jenkyns et al., 2012; Wierzbowski, 2015;
Arabas, 2016). In the latest Kimmeridgian and early
Tithonian, the climate shifted from monsoonal relatively
humid to more arid conditions with semiarid winter-wet
seasons (Rameil, 2005; Bover-Arnal and Strasser, 2013).
In the late early Tithonian, it was followed by aridization (Hesselbo et al., 2009). It is suggested that the Acme
Zone of Cadosina semiradiata semiradiata (Semiradiata
Zone, early Tithonian) indicates warmer surface seawater (Michalík et al., 2009), which corresponds well with
the arid phase of the ‘Hudlestoni event’ recognized in
NW Europe (Rameil, 2005; Hesselbo et al., 2009). These
cysts were found in the Lejowa Valley (L) and Upłaziańska Kopa sections.
It is worth noting that changes in climate and sedimentation during the Middle–Late Jurassic were interpreted as
being due to a fast, equatorward movement of some Western Tethyan domains (Lewandowski et al., 2005; Muttoni
et al., 2005). Interestingly, low palaeolatitudes of ca. 22° N
(± 5°) were recorded for the Callovian–Kimmeridgian of
the Pieniny Klippen Belt (Márton et al., 2016). This southward shift and return to the north recorded in Western Tethyan region also may have been responsible for the recorded
facies change (C-BS-C). The radiolarian-bearing deposits
may have originated, when the Fatricum Domain moved to
sub-equatorial latitudes, whereas a gradual return of favourable environmental conditions for carbonate sedimentation
took place, when it returned to higher latitudes (Muttoni
et al., 2005, 2013).
Basin palaeobathymetry
The Jurassic basins of the Alpine-Mediterranean Tethys
traditionally were considered to have been of deep-water
type, on the account of radiolarites as a marker of deposition
below the CCD (Garrison and Fischer, 1969; Bosselini and
Winterer, 1975; Winterer and Bosselini, 1981). A similar
view on the Fatricum radiolarites was held by Lefeld (1974)
– especially for the carbonate-poor ribbon radiolarites (his
green radiolarites) – with reference to the depth distribution of siliceous and carbonate pelagic sediments in modern
oceans (e.g., Berger, 1970) as an analogue. This reasoning
laid the ground for the long-held wider opinion that the ribbon radiolarites of the Tatra Mts may have been deposited at
a water depth of ca. 3000 m (Lefeld, 1974, p. 313).
However, this view is highly questionable. First, the use
of modern oceans as an analogue for the Jurassic may
be mistaken, as the CCD and ACD in the Middle to Late
Jurassic were much shallower than today and had deepened to perhaps ca. 3,000 m only at the end of the Jurassic
(McBride and Folk, 1979; Winterer and Bosellini, 1981;
Barrett, 1982; Aiello and Hagstrum, 2001). Second, it has
been argued compellingly by Baumgartner (1987) that
there is no direct dependence of the depth of basin water
on the deposition of radiolarites. For example, it has been
shown that the Jurassic radiolarites in some basins are intercalated with and overlain by relatively shallow-marine
deposits, such as limestones with hummocky cross-stratification or with pennular corals indicating the photic zone
(Santantonio, 1993; Santantonio et al., 1996; Molina et al.,

1999). The analysis of inclusions also demonstrated that
the crinoidal limestones of intrabasinal highs in some basins were deposited in shallow settings at a depth range
of 23 to 112 m (Mallarino et al., 2002). Third, it has been
widely demonstrated that the CCD depth may change significantly within a basin (e.g., Bostock et al., 2011) and
can change independently in isolated or semi-isolated,
adjacent basins (e.g., Lee et al., 2000).
The Jurassic basins in the Alpine-Mediterranean Tethyan
realm obviously were not identical and differed considerably in tectonic development and bathymetric history, but
their radiolarite deposits are comparable and seem to confirm Baumgartner’s (1987) notion that there is little or no
direct link between the deposition of radiolarites and basin
bathymetry. This notion puts into question the previous palaeobathymetric suggestions for the Fatricum Domain basins, based on the present-day bathymetry of the oceanic
CCD and ACD.
The palaeobathymetric meaning of the CCD and ACD
must be treated with great caution, as their depth positions
are by no means steady and varied considerably in geological time, as evidenced for the Cenozoic by the ocean drilling
programs (e.g., Rea and Lyle, 2005; Pälike et al., 2012). The
depth of CCD and ACD was strongly dependent on such
interrelated factors as: (1) the supply of CaCO3 to the basin;
(2) the influx of terrigenous non-carbonate sediment, which
would cause the dilution of CaCO3 in the bottom sediments;
(3) the influx of siliceous or biosiliceous skeletal material;
(4) the influx of organic matter, which then would undergo
decomposition on an oxygenated seafloor and boost acidification of the sediment pore water, thereby instigating
an effective dissolution of CaCO3; (5) the possible episodic
influx of volcanic ashfall tephra; and (6) the net sedimentation rate, which would determine the exposure time of
CaCO3 particles to the chemical or mechanical influence
of seawater (cf. Bostock et al., 2011; Pälike et al., 2012;
Cobianchi et al., 2015).
Unfortunately, there is little unequivocal palaeobathymetric evidence that the present study can offer. Most of the
sediments apparently were deposited well below the storm
wave base, with the exception of the early Toarcian crinoidal limestones, in which hummocky cross-stratification was
recognized (Jach, 2005). Any further palaeobathymetric
inferences necessarily must be hypothetical and based on
some indirect or new lines of evidence.
It remains unclear what the actual palaeobathymetry
of the Middle to Late Jurassic CCD and ACD levels was.
The hypothetical water depth suggested by Bernoulli and
Jenkyns (2009, fig. 33) for various Tethyan pelagic facies
on the basis of a hypothetical depth of the CCD and ACD
must be considered with much caution (see Baumgartner,
2013). Accordingly, the ribbon radiolarites and the red nodular limestones would have been deposited at water depths
of ca. 2.5 km and ca. 2 km, respectively. From considerations of the perturbations of the seawater trophic level in
the Alpine-Mediterranean Tethys and the depth fluctuations
of the CCD discussed earlier, it is highly probable that the
actual depositional depth was much shallower, although
the sediment delivered to the basin interior was mainly pelagic, with minor hemipelagic fluxes.
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The Middle Jurassic sedimentation
in Fatricum Domain: passive burial
of post-rift topography or active tectonics?
On the account of the Jurassic plate-tectonic development
in the Central Carpathians and the entire Alpine-Mediterranean Tethys, it is reasonable to believe that syndepositional
tectonic activity occurred in the study area. It was located in
the eastern-central part of the Fatricum Domain and evolved
from a late Triassic intracontinental rift into a Jurassic pullapart seaway at the Fatricum interface between the Cimmerian accretionary wedge to the south and the Tatric Ridge
to the north (Michalík, 1994, 2007; Michalík et al., 2017).
Many other post-Triassic Tethyan rift basins, such as in the
Sicilian Trapanese Domain (Bertok and Martire, 2009) and
in the Provençal and Dauphinois domains of the Western
Alps (Bertok et al., 2011; Barale et al., 2017), remained tectonically active long after their rifting stages. The regional
notion of Jurassic syndepositional, transcurrent tectonics
(Fig. 21) may explain the observed intrabasinal palaeobathymetric differences and their reversals revealed by the present study (cf. Gradziński et al., 2004; Jach, 2007; Michalík,
2007; Iwańczuk et al., 2013; Michalík et al., 2017).
The present facies analysis of the Middle Jurassic deposits in the part of the Fatricum Domain studied indicates
considerable relief of the basin-floor topography. Deposits
in the Western Tatra Mts (the Długa Valley, Lejowa Valley
and Upłaziańska Kopa sections; Fig. 19) had accumulated on a submarine intrabasinal high, as evidenced by: (1)
their relatively minor thickness and hence low accumulation rate; (2) the occurrence of the well-washed grainstone-packstone facies of the Bositra-crinoidal limestones
with signs of stratigraphic condensation; and (3) the scarcity of any resedimented deposits (cf. Santantonio, 1993).
The coeval deposits in the eastern part of the Tatra Mts
(the Filipka Valley and Ždiarska vidla sections), in contrast, represent a deeper-marine basinal environment, as
evidenced by: (1) their greater thickness and hence much
higher sedimentation rate; (2) the predominance of pelagic wackestone-mudstone facies with no signs of condensation; and (3) the occurrence of resedimented deposits,
such as crinoidal turbidites, lithoclastic debrites and slump
deposits (see also Mišík, 1959; Iwańczuk et al., 2013).
The relative palaeobathymetric difference between the
two areas of the Fatricum Domain can be attributed to the
development of an intrabasinal high separating the two depocentres (Fig. 21A; cf. Wu et al., 2009).
A more detailed comparison of the thickness and facies of the intarbasinal high and adjacent basins may shed
some light of their palaeotopographic relationship. The
late Pliensbachian – Toarcian deposits in the Western
Tatra Mts have a thickness of ca. 70 m, comprising about
40 m of spiculites, crinoidal limestones, manganese limestones, red nodular limestones and marls (Jach, 2002, 2005;
Gradziński et al., 2004; Jach and Dudek, 2005) and about
30 m of Bositra-crinoidal limestones and overlying ribbon
radiolarites (Figs 4, 5). The coeval deposits in the eastern
part of the Tatra Mts are ca. 280 m thick, comprising pelagic
limestones, marls and grey nodular limestones overlain by
ribbon radiolarites (Iwańczuk et al., 2013, fig. 7; Jach et al.,
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2014, fig. 8). On the basis of the cumulative thickness of the
deposits, the palaeobathymetric difference can be estimated at ca. 210 m. On the one hand, this can be regarded as
a minimum palaeobathymetric estimate, because the compaction of pelagic wackestone-mudstone carbonates may
have been more than 50% greater than that of the shallower-water grainstone-packstone carbonates (Clari and Martire, 1996). On the other hand, the present conservative estimate may still be reasonable, since experimental studies
have shown that most of the compaction occurs under an
early sediment overburden load of ca. 2 m (Kochman and
Matyszkiewicz, 2013). It must be stressed that the above
calculation assumes uniform subsidence of the intrabasinal
high and adjacent basin-floor, which probably was not the
case. Conversely, the coeval deposits of these areas indicate their active differential subsidence. The presence of
resedimented deposits in the basin may suggest its active
tectonic subsidence combined with the effect of sediment
compaction.
It is worth noting that the resedimented deposits in the
eastern part of the Tatra Mts are not limited to any particular stratigraphic episode, but are scattered as discrete isolated beds in the basinal succession and constitute a component of subordinate thickness (2 vol.%). This evidence
indicates that sediment gravity flows were rare events
unrelated to the basinal environment and may have thus
been triggered by seismo-tectonic activity (see discussion
by Jo et al., 2015). However, this suggestion is hypothetical and requires much caution, because not all calciturbidites are necessarily seismites – as shown, for example,
by studies of the Neogene to Quaternary slope deposits of
the Bahamian carbonate platform. Calciturbidites may be
genetically related to sea-level fluctuations and platform
accommodation deficit, carbonate platform productivity
and/or non-uniform sediment cementation (e.g., Betzler
et al., 1999; Reijmer et al., 2015).
Tectonic significance also may be attached to the grey
nodular limestones, which occur exclusively in the eastern
part of the Tatra Mts. They originated through early – middle Bathonian down-slope creep of selectively cemented,
fine-grained carbonates, following submarine slumping,
perhaps triggered by seismo-tectonic activity (Figs 8, 9,
12, 13). The notion of seismically triggered slope instability
is hypothetical but seems compatible with the occurrence of
a debris-flow deposit at the base of this nodular limestone
facies (Figs 8, 12I), as the debris flow would have destabilized the submarine slope and initiated sediment gravitational creep (see review by Drzewiecki and Simó, 2002).
The high-relief seafloor topography of the eastern part of
the Tatra Mts and Western Tatra Mts was eventually levelled
off by Oxfordian time, when differential subsidence temporarily declined and the sedimentary facies of calcareous
radiolarites covered both study areas.
The Late Jurassic tectono-geomorphic
restructuring of basin floor
The Late Jurassic witnessed a major change in the sedimentary environment of the Fatricum Domain, with an
apparent bathymetric reversal between the eastern part of
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the Tatra Mts and the Western Tatra Mts (Fig. 21B). The
late Kimmeridgian to Tithonian red nodular limestones
(Czorsztyn Limestone Formation) in the eastern part of
the Tatra Mts are at least partly coeval with platy limestones of the Jasenina Formation in the Western Tatra Mts
(Pszczółkowski, 1996, fig. 11; Michalík, 2007, fig. 7). The
westward regional pinch-out of the red nodular limestones
was documented earlier by Lefeld (1974) and confirmed by
Jach et al. (2014). Moreover, there is a strong contrast in the
lithotypes of the red nodular limestones between the eastern
part of the Tatra Mts and the Western Tatra Mts. The pseudonodular, carbonate-rich lithotype (average CaCO3 content
of 85 wt%) occurs in the former area (Figs 8, 9). Conversely,
the nodular and thin- and medium-bedded lithotypes, rich in
non-carbonate matter (average CaCO3 content of 60 wt%),
are typical of the latter area (Figs 4, 5). The Jurassic red
nodular pelagic limestones, known as the Ammonitico Rosso facies, are generally associated with Tethyan submarine
elevations (e.g., Aubouin, 1964; Jenkyns, 1974; Borza and
Michalík, 1987; Martire, 1996), whereas the red marly limestones characterize deeper-water basinal areas (Aubouin,
1964; Martire, 1996; Michalík, 2007). This lateral change in
the limestone facies over a short distance indicates a marked
bathymetric reversal of the topographic configuration of the
seafloor in the Fatricum Domain. The change is attributed to a more advanced stage in the pull-apart transcurrent
tectonics of the Fatricum Domain – with a new depocentre
formed on the other side of the axial master strike-slip fault
bend of the basin (Fig. 21B; cf. Wu et al., 2009). During the
Late Jurassic and Early Cretaceous, marls and limestones of
the Jasenina and Osnica formations were deposited in this
depocentre (cf. Michalík, 2007; Michalík et al., 2017).
The Late Jurassic relative palaeobathymetric difference
between the eastern part of the Tatra Mts and Western Tatra
Mts is difficult to estimate (Fig. 21B). However, the lack
of gravity flow deposits as well as other redeposited facies
in the basin indicate an insignificant drowning of the basin. The only indication of redeposition is the presence of
intraclasts of the early Tithonian Tithonica Zone in the early Tithonian Malmica Zone marly limestones in the Długa
Valley section. The marked facies contrast between neighbouring sections located over a very short distance noted in
the Lejowa Valley (Jach et al., 2012) may be interpreted as
a record of a synsedimentary fault activity during the early
Tithonian. A similar spatial facies relationship was typical
of the flanks of pelagic carbonate platforms; however, it
can be recognized fully only in well-exposed sections (e.g.,
Di Stefano et al., 2002; Martire and Pavia, 2004).
The Middle–Late Jurassic development in the Fatricum
Domain commenced with the ultimate subduction of the
Meliata-Vardar oceanic realm, possibly with local obduction (see the Meliata Ocean of Plašienka, 2018), which
led to transcurrent lateral-escape plate tectonics. A similar
plate-tectonic development with lateral changes in subsidence was described, for example, from the Belluno Basin
and the Friuli-Adriatic Platform by Picotti and Cobianchi
(2017). Changes in subsidence in this area are interpreted as
an expression of the far-field compression, associated with
the closure of the Vardar Ocean on the opposite side of the
Adria Plate.

Conclusions
1. A detailed facies analysis of the Middle Jurassic deposits in the part of the Fatricum Domain studied indicates
considerable relief of the submarine basin-floor topography. Deposits in the Western Tatra Mts accumulated on
a submarine intrabasinal high, whereas the coeval deposits of the eastern part of the Tatra Mts represent a deeper
basinal environment.
2. The basin was filled with bioturbated “spotted” limestones (Fleckenmergel facies; Bajocian) and grey nodular limestones (uppermost Bajocian – middle Bathonian), which resulted from subsequent gravitational bulk
creep of the carbonate slope deposits and were affected
by synsedimentary deformation. Coeval deposits of the
intrabasinal high consist of Bositra-crinoidal limestones
with omission surfaces.
3. The deposition of the ribbon radiolarites in the late Bathonian – middle Oxfordian was a record of a rise of the CCD.
It coincided with a widespread crisis in carbonate production in the Tethyan realm, caused by interrelated environmental factors, such as eutrophication and acidification of
seawater, humidification of the climate and probably elevated CO2 input associated with volcanic activity.
4. The overlying middle Oxfordian – upper Kimmeridgian
calcareous radiolarites marked the gradual waning of
biosiliceous sedimentation and reestablishment of carbonate production in “starved basin” conditions, when
carbonate production was slowly increasing and biosiliceous production declined. The switch from biosiliceous
to carbonate sedimentation coincided with warming and
increasing aridity of climate.
5. The high-relief seafloor topography of the eastern part
of the Tatra Mts and the Western Tatra Mts was levelled
during sedimentation of the upper Bathonian – lower
Oxfordian ribbon radiolarites.
6. Sedimentation of the red nodular limestones during the
late Kimmeridgian – early Tithonian in the eastern part of
the Tatra Mts. was characteristic for the submarine elevation. These limestones are partly coeval with platy limestones deposited in the basin.
7. The Late Jurassic displays apparent bathymetric reversal
between the eastern part of the Tatra Mts and the Western Tatra Mts. The latter area became a basin, whereas the
former was a submarine elevation. The reversal is attributed to a more advanced stage in the pull-apart transcurrent tectonics of the Fatricum Domain. Thus, the Fatricum
Domain was tectonically active long after its rifting stage.
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