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Abstract: Temporal changes in the composition and ultrastructure of hyaline walls of calpionellids during the Late
Jurassic, coinciding with the massive increase of abundance of calcareous nannoplankton and with the onset of maiolica
and biancone deposition, are poorly known. Here, we investigate the microtexture of pelagic deposits and the preservation,
ultrastructure and chemical composition of three calpionellid genera in the upper Tithonian—lower Berriasian of the
Kysuca—Pieniny and Orava successions (Pieniny Klippen Belt, Western Carpathians), using scanning electron microscopy
(SEM), backscattered electron imaging (BSE), and wavelength-dispersive spectroscopy (WDS). The microtexture of
these facies consists of interlocked pelagic skeletal remains and micritic or microsparitic pore-filling cements. Low-Mg
calcitic calpionellid loricae and nannofossils are affected by (1) small-scale dissolution, which causes irregular and
locally very thin wall thickness of loricae and (2) aggrading neomorphism, which produces coarser lorica crystals and
results in the loss of inter-crystalline boundaries relative to the original lorica ultrastructure. In spite of these diagenetic
effects, calpionellid genera differ in their test ultrastructure. Crystals in the hyaline layer of Praetintinnopsella and
Crassicollaria are ~1 pm long and almost equidistant (length/width ratio ~1.3), whereas in Calpionella, they are ~2.2 pm
long, more elongated (length/width ratio ~2), and oriented perpendicularly or obliquely to the inner surface of the lorica.
The ultrastructure of the Praetintinnopsella hyaline layer more closely resembles that of Crassicollaria that of Calpionella,
indicating a calcification trend characterised by the formation of larger crystals with lower surface area-to-volume crystal
ratio. The loricae of these genera are enriched in Mg and S and impoverished in Mn relative to surrounding micritic and
microsparitic grains. The initial diagenetic phase was represented by (1) dissolution of micro- and nannoplankton calcitic
remains, (2) by precipitation of micritic and microsparitic cements within pore spaces among uncompacted skeletal
particles and inside loricae, and (3) release of Mg from echinoderms coupled with microdolomite precipitation within
ossicles or along syntaxial rims. This stage was followed by a phase with small-scale aggrading neomorphism, and
ultimately by a late-diagenetic phase characterized by the precipitation of authigenic quartz and albite. Although
dissolution, cementation and neomorphism probably reduced abundance of identifiable micritic fraction and abundance
of dissolution-sensitive nannofossils, diagenesis did not obliterate differences in chemical composition between
calpionellids and other components.
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Introduction
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During the Late Jurassic, rock-forming calcareous micro-
plankton, primarily consisting of calcareous dinoflagellates,
chitinoidellids, and calpionellids, became a significant com-
ponent of oceanic planktonic ecosystems (Bralower et al.
1989; Katz et al. 2004; Boughdiri et al. 2006; Lopez-Martinez
et al. 2013; Knoll & Follows 2016; Petrova et al. 2017;
Vishnevskaya 2017; Kietzmann & Scasso 2020; Casellato &
Erba 2021; Kietzmann et al. 2021, 2023). This increase in
calpionellid abundance coincides with the rise in abundance of
calcareous nannoplankton (especially nannoconids) during
the Tithonian (Wieczorek 1988; Bornemann et al. 2003;
Weissert & Erba 2004; Aubry et al. 2005; Tremolada et al.
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2006; Casellato 2010). Together with high abundance of cal-
careous nannofossils, the high abundance of calcareous micro-
plankton contributed to their rock-forming potential and to the
deposition of pelagic oozes (the so-called biancone and maio-
lica facies) during the late Tithonian in the Tethys Ocean (Noél
& Busson 1990; Busson & Noél 1991). The onset of pelagic
ooze deposition is associated with a major evolutionary change
in microplankton ultrastructure because the loricae of the
genus Chitinoidella possess a microgranular layer (Olveczké
et al. 2024), whereas the loricae of Praetintinnopsella, Crassi-
collaria and Calpionella possess a hyaline layer (Aubry et al.
1975; Bolli 1980; Vincent et al. 1980; Remane 1985;
Duchamp-Alphonse et al. 2009). The stratigraphic transition
from the microgranular chitinoidells to hyaline calpionellids
starts with the appearance of genera Praetintinnopsella in the
Praetintinnopsella Zone and with the subsequent appearance
of Tintinnopsella, Crassicollaria and Calpionella at the base
of the Crassicollaria Zone in the higher part of the upper
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Tithonian. This transition generally coincides or occurs just
immediately prior to the replacement of red nodular marls and
limestones (Ammonitico Rosso facies) by white or light-gray
non-nodular mudstones (maiolica and biancone facies, Lakova
et al. 1999; Bernoulli & Jenkyns 2009; Lukeneder et al. 2010;
Petrova et al. 2012, 2025; Grabowski et al. 2017, 2019;
Benzaggagh 2021; Lodowski et al. 2024), near the boundary
of the magnetochrons 19 and 20. This facies change is not only
associated with the disappearance of calpionellids with micro-
granular loricae structure (Grandesso 1977; Lakova 1993;
Rehakova 2002; Michalik et al. 2009, 2016, 2021; Michalik &
Rehakova 2011; Wimbledon et al. 2020; Granier et al. 2023)
but also with the so-called Nannofossil Calcification Event
characterized by high abundance of heavily-calcified nanno-
liths (Bornemann et al. 2003; Tremolada et al. 2006). However,
it remains unclear whether the hyaline walls of Praetintinnop-
sella, Crassicollaria and Calpionella differ from each other
and whether they changed through time.

Earlier suggestions that Praetintinnopsella evolved from
chitinoidellids were based on the assumption that its external
layer exhibits a microgranular structure (Remane 1985). How-
ever, Olveczka et al. (2024) demonstrated that (1) the test
structure of Praetintinnopsella does not possess any micro-
granular layer and that its external layer consists only of
an organic rim. Although the similarity in ultrastructure bet-
ween chitinoidellids and Praetintinnopsella still requires fur-
ther investigation, the difference in the ultrastructure of these
two genera rather contradicts the idea that chitinoidellids and
Praetintinnopsella represent a single phylogenetic lineage.
Several studies documented the ultrastructure of Calpionella,
Tintinnopsella or Remaniella (Aubry et al. 1975; Bolli 1980;
Rehakova & Michalik 1993). Aubry et al. (1975) showed that
the test of the genera Tintinnopsella and Calpionella is com-
posed of a single layer of small polyhedral, helicoidally-arran-
ged crystals, with the smallest diameters equal to 0.3-0.4 pm
and largest crystals attaining 5 pm in fine-grained limestones
and marls of the Tunisian Dorsale (NE Tunisia). Rehakova &
Michalik (1993) showed that the rhombohedral or scaleno-
hedral crystals of the hyaline layer of the genus Calpionella
from the Tithonian—Berriasian deposits in the Western Carpa-
thians tend to be larger (4—7 um in length) and are oriented
perpendicularly to the inner lorica surface in Calpionella.
However, the ultrastructure of the hyaline layer in Praetin-
tinnopsella and Crassicollaria, as well as their susceptibility
to diagenetic modification, remains undocumented, obfusca-
ting the phylogenetic relationship between them (Remane
1964, 1998; Vincent et al. 1980; Rehakova & Michalik 1993;
Fozy et al. 2011; Benzaggagh 2020, 2021).

In this study, we examine the microtexture of calpionellid-
rich pelagic limestones (maiolica and biancone facies) and
assess the preservation and ultrastructure of the hyaline layer
in the genera Praetintinnopsella, Crassicollaria and Calpio-
nella from the Pieniny Klippen Belt (Western Carpathians),
using scanning electron microscopy (SEM), backscattered
electron imaging (BSE), and wavelength-dispersive spectro-
scopy (WDS). We focus on the stratigraphic transition from
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hyaline loricae of the genus Praetintinnopsella to the loricae
of the genus Calpionella. As the Upper Jurassic and Lower
Cretaceous pelagic deposits in the Tethyan realm are lithified
and have undergone varying degrees of cementation, dissolu-
tion and recrystallization, we also assess the diagenetic phases
that affected the overall sediment microtexture and modified
the original test ultrastructure (Remane 1963). Such analyses
can provide valuable insights into the potential use of calpio-
nellid geochemical signatures (e.g., Mg/Ca ratio) or isotopic
proxies as tracers of past changes in temperature and other
environmental variables (Zak et al. 2011). Therefore, our aims
are: (1) to compare the ultrastructure of the hyaline layer
among Praetintinnopsella, Crassicollaria and Calpionella,
(2) to evaluate the preservation of microtexture of the micritic
sediments that embed calpionellids, and (3) to assess the
degree of diagenetic modification of the hyaline layer by
examining its preservation under SEM and by comparing
the chemical composition of the tests with that of adjacent
micritic grains (representing a mixture of well-preserved or
neomorphosed nannofossils and micritic cements) based on
BSE and WDS.

Material and methods
Stratigraphic sections

Sixty-three thin-section samples used in SEM, BSE and
WDS analyses of the ultrastructure and preservation of
Praetintinnopsella, Crassicollaria, and Calpionella were col-
lected from upper Tithonian and lower Berriasian deposits of
three sections in the Pieniny Klippen Belt (PKB) of the Wes-
tern Carpathians. They include Brodno and Sneznica sections
belonging to the deep-water Kysuca—Pieniny Succession
(Michalik et al. 2009, 2021) and the Strapkova section belon-
ging to the Orava Succession (Fig. 1, Schlogl et al. 2000;
Michalik et al. 2016). The Jurassic facies succession com-
prising the Allgdu and Adnet formations at Strapkova section
is very similar to those of the Fatric Unit (Central Western
Carpathians). This succession may in fact represent a segment
of the frontal nappes of the Fatric Unit that was initially not
located in the depositional area of the PKB and was emplaced
into the PKB accretionary wedge formed by the Oravic units
during the Late Cretaceous or later (e.g., Plasienka 2019).
All three sections record the transition from the lower Titho-
nian part of the Czorsztyn Limestone Formation to the upper
Tithonian—lowermost Berriasian Pieniny Limestone Forma-
tion (Michalik et al. 1990, 2009, 2019, 2021; Housa et al.
1996, 1999; Michalik & Rehakova 2011). Praetintinnopsella
occurs in the uppermost part of the Czorsztyn Limestone
Formation and Crassicollaria and Calpionella co-occur in
the lowermost part of the Pieniny Limestone Formation at all
three sections.

Brodno section is located north of Zilina in northwestern
Slovakia (49°16°02.16”N, 18°45°12.16”E), in an abandoned
quarry within the valley of Kysuca river. The section is
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Fig. 1. (A) Geographic location of Brodno, Sneznica and Strapkova sections in the Pieniny Klippen Belt (Western Carpathians) in Slovakia.
(B-D) Pink cherty “Ammonotico Rosso” limestones of the Czorsztyn Limestone Formation at the Strapkova section. (E, F) Nodular red
“Ammonitico Rosso” limestones of the Czorsztyn Limestone Formation overlain by grayish micritic limestones of the Pieniny Limestone

Formation at the Brodno and Sneznica quarry (red rectangle depicts the investigated section).

approximately 25 m thick and represents typical eupelagic
sedimentation within the Pieniny Klippen Belt (Michalik et
al. 1990, 2009; Rehakovéa & Michalik 1992; Kowal-Kasprzyk
& Rehakova 2019). The base of the section is composed of
red and pink, thick-bedded, nodular limestones (Ammonitico
Rosso) of the Czorsztyn Limestone Formation, characterized
by the Saccocoma—Globochaete microfacies. This formation
is overlain by light-gray, thin-bedded, non-nodular micritic
limestones of the Pieniny Limestone Formation, containing
calpionellid—Globochaete-radiolarian microfacies. Our sam-
pling targeted the uppermost Tithonian part of the Czorsztyn
Limestone Formation (corresponding to the Praetintinnopsella
Zone) and the lowermost Berriasian part of the Pieniny Lime-
stone Formation (corresponding to the Crassicollaria and
Calpionella zones). Praetintinnopsella andrusovi co-occurs
with Chitinoidella boneti, Dobeniella cubensis, and Semichiti-
noidella sp. in the Praetintinnopsella Zone (beds 94-98, bed
numbers according to Michalik et al. 2009) and with Crassi-
collaria in the Remanei Subzone (bed 98-99) in the upper
part of the Czorsztyn Limestone Formation. The Intermedia
Subzone (beds 6-17) is characterized by the appearance of
Calpionella grandalpina and by the presence of abundant
small Crassicollaria brevis, co-occurring with Calpionella

alpina, Crassicollaria parvula, and Tintinnopsella carpathica.
In the Colomi Subzone (beds 18-23D), Crassicollaria parvula
and Crassicollaria colomi are common alongside Calpionella
grandalpina and Calpionella alpina. The Alpina Subzone
(beds 24A-27C) is dominated by Calpionella alpina and
Calpionella grandalpina, whereas Crassicollaria parvula and
Tintinnopsella carpathica are less common.

Sneznica section is located in an abandoned quarry
~1.5 km eastward from Brodno, near the road leading to the
village Sneznica in northwestern Slovakia (49°16°14.35”N,
18°46°31.18”E, Michalik et al. 2019). The base of the section
sampled here is composed of gray and red, thick-bedded nodu-
lar limestones (Ammonitico Rosso) of the Czorsztyn Limestone
Formation with stratiform cherts and well-sorted calciturbi-
ditic layers, with wackestones to packstones rich in Sacco-
ccoma, globochaetes and chitinoidellids. This formation is
overlain by gray, thin-bedded, non-nodular, micritic limestones
of the Pieniny Limestone Formation (Remanei Subzone).
Praetintinnopsella andrusovi is rare and co-occurs with chiti-
noidellids in the Praetintinnopsella Zone. In the Remanei
Subzone of the standard Crassicollaria Zone, Crassicollaria
parvula, Crassicollaria massutiniana, and Tintinnopsella rema-
nei are most common, co-occurring and Calpionella alpina.
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Strapkova section is located northeast of the Vrsatecké
Podhradie village in northwestern Slovakia (49°04°09.34”N,
18°10°00.85”E), on the slope of Strapkova hill (Schlogl et al.
2000; Michalik et al. 2016). A 12 m-thick succession sampled
in this study exposes eight meters of reddish, thin-bedded,
nodular to poorly-nodular limestones of the Czorsztyn Lime-
stone Formation (with the cyst Pulla, Malmica and the calpio-
nellid Chitinoidella zones), including Saccoccoma packstones,
Saccocoma—Globochaete—radiolarian packstones, and Sacco-
coma—Globochaete wackstones and packstones, overlain by
four meters of the Pieniny Limestone Formation. The transi-
tion between the Czorsztyn and Pieniny formations is repre-
sented by a ~1 m-thick interval with reddish to grayish,
weakly-nodular to non-nodular limestones with Praetin-
tinnopsella, passing upward into light-gray, thin-bedded mud-
stones of the Pieniny Limestone Formation (Crassicollaria
and Calpionella zones). Our sampling targeted the lowermost
part of upper Tithonian Czorsztyn Limestone Formation (cor-
responding to the Praetintinnopsella Zone) and the upper
Tithonian part of the Pieniny Limestone Formation (corres-
ponding to the Crassicollaria Zone). The first Semichitinoidella
sp. appearing in the Dobeni Subzone (bed at 288.23 m, strati-
graphic position according to Michalik et al. 2016). Praetin-
tinnopsella andrusovi co-occurs with rare Chitinoidella boneti
and cysts of Colomisphaera carpathica in the Praetin-
tinnopsella Zone (beds 291-292).

Analyses

All samples and thin-sections are archived at the Institute
of Earth Sciences of the Slovak Academy of Sciences in
Bratislava. Calpionellids were identified to genus and species
level with a light microscope (LM) Axio ZEISS Scope Al.
For analyses of test ultrastructure, we selected only specimens
identified to species level (Praetintinnopsella andrusovi, Tin-
tinnopsella remanei, Crassicollaria parvula, Crassicollaria
massutiniana, Crassicollaria intermedia, Crassicollaria brevis,
Calpionella alpina and Calpionella grandalpina). As crystal
size and shape can depend on the orientation of specimens
with respect to the thin-section plane, we only assess longitu-
dinal sections in SEM analyses of size and shape of crystals in
the loricae. The positions of the loricae selected for ultrastruc-
tural study were marked on the polished, uncovered thin-sec-
tions under a light microscope. Although we have attempted to
photograph the same individuals with all three methods (LM,
SEM, BSE), this approach was not always possible owing to

the fact that the specimens in optical microscope are visible
across the entire thickness of thin-sections whereas they can
be observed just on the uppermost surface of thin sections in
the BSE and SEM.

The length and width of identifiable specimens of three
genera (Praetintinnopsella, Crassicollaria, Calpionella) and
of crystals forming their hyaline layers were measured using
SEM at magnification of 500-5000% (JEOL JSM-6390LV),
as differences in chemical composition among crystals and
adjacent micritic grains are often poorly visible in BSE
images. Thin sections were cleaned, treated with 3 % acetic
acid for about 3—5 seconds, and coated with gold for SEM
analyses. In total, 1038 measurements of crystal size were
obtained (Praetintinnopsella=458 specimens, Crassicollaria
=270 specimens, Calpionella=310 specimens). Regardless of
the orientation of the crystals relative to the inner test surface,
the crystal length in the hyaline layer corresponds to the maxi-
mum dimension along the longer axis, while their width cor-
responds to the maximum dimension perpendicular to it.
The ultrastructure data are available in Electronic Supple-
ment S1, and R language scripts (R Core Team 2024) are
available in the Electronic Supplement S2.

Sixty-three polished thin-sections (each thin section cor-
responds to a unique sampling level) from Brodno (n=38),
Strapkova (n=14) and Sneznica (n=11) were coated with pla-
tinum to assess the chemical composition of loricae, micritic
grains located outside of loricae, and void-filling microsparite
with microprobe microanalyzer (EMPA), using BSE and WDS.
Elemental concentrations of Mg, S, Sr, Mn, and Fe were mea-
sured at 15 kV and 16 nA, with the spot beam diameter of
5-7 pm (and to 1 um for semiquantitative element maps).
Detection limits under these conditions are ~110 ppm for Mg,
~170 ppm for S, ~220 ppm for Sr, ~150 ppm for Mn, and
~134 ppm for Fe. Within each thin-section, the chemical com-
position of four calpionellid individuals was measured. For
each individual, two spots were selected on the lorica wall
(and, if the thickness of the wall allowed, one measurement
was from the collar), one spot in the interior of the specimen
(typically filled by microspar), and one spot in the adjacent
micritic grains (formed by well-preserved or neomorphosed
nannofossil remains and micritic cements). Median concentra-
tions of elements were computed for loricae, internal infills.
and external micritic grains, both separately for each genus
(across all sections) and for each section (across all genera),
and visualized in boxplots. In addition, we evaluated whether
median per-sample element concentrations in loricae correlate

»
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Fig. 2. Microtexture of pelagic mudstones and wackestones of the Czorszstyn (A,B) and Pieniny Limestone formations (C-H) in SEM.
(A, B) Nannofossil sections (arrows) separated by coarser, cement-representing microspar at Strapkova (A —28.4 m, B —290.55 m). Scale: 5 pm.
(C,D) The sediment formed by dispersed remains of relatively complete, dissolution-resistant nannofossils (dark gray), by identifiable micritic
grains (<5 um) and by larger microspar that rims larger bioclasts or fills the interior of the test of Calpionella alpina (white), and by
microplankton remains (light gray). Black — authigenic quartz (Brodno, bed 15B). Scales: 10 um. (E, F) Details of E,F at Brodno (bed 15B),
with sections of nannofossils. Scales: 5 pm. (G, H) Microspar filling the interior of Crassicollaria lorica (dashed line), locally embedding
relicts of nannofossils (nan), and micritic particles with dispersed nannofossils in the matrix adjacent to the test, with some micritic grains
gradually passing into or engulfing nannofossils, without any clear intercrystalline boundaries. Brodno bed 1A (base). Abbreviations:
Chi — Chitinoidella; Cras — Crassicollaria; nan — nannofossils; qtz — quartz; mic — micrite; mspar — microspar. Scales: 5 um.
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with median per-sample element concentrations in internal
infills and external micrite. The elemental concentrations are
available in Electronic Supplement S3, and R language scripts
are available in the Electronic Supplement S4.

Results
Microtexture

The microtexture of pelagic mudstones and wackestones of
the Czorsztyn and Pieniny Limestone formations is charac-
terized by clustered or fitted fabric (sensu Kaczmarek et al.
2015) and meshed or coalescent microtexture (sensu Saiag et
al. 2019). It includes subhedral to euhedral micritic crystals
(Fig. 2A,B), local microsparite patches, micrite or microspa-
rite filling intra- or interskeletal voids, nannofossil remains
(Fig. 2C, D), and larger microplankton remains, such as calca-
reous dinocysts, calpionellids, globochaetes, and Saccoccoma.
Nannofossils are either represented by identifiable and
well-demarcated complete nannoliths (mainly Conusphaera
and Nannolithus) and coccoliths (mainly Watznaueria), which
reach ~5—8 um in size, or by nannofossil fragments embedded
in larger micritic crystals or in microsparitic void-filling
cement (Figs. 2E-H, 3A-D). The interlocking subhedral to
euhedral micritic crystals that are ~2—4 pm long typically
exhibit straight and curvilinear surfaces (Fig. 3E, F), although
some crystals also show irregular (knobby) surfaces. Small,
non-identifiable euhedral crystals, 1-5 um in size, locally
resemble fragments of nannoliths and coccoliths (or crystals
forming the external layer in calcareous dinocysts). However,
such crystals also frequently fill small pores among nanno-
fossils and other grains and probably frequently represent
micritic cements.

SEM images show that larger microsparitic crystals attached
to the walls of calpionellid tests or filling them are relatively
smooth, in contrast to more irregular surfaces of micritic crys-
tals that occur among tests (Fig. 2G,H). Some calpionellid
loricae exhibit marked variability in thickness, with localized
thinning or thickening induced by cement overgrowths, not
significantly protruding beyond the internal or external lorica
surface (Fig. 2C,D). In some specimens, the boundaries bet-
ween individual crystals within the hyaline layer can be blurred
by crystal amalgamation (in Fig. 3E,F) and the inter-crystal-
line boundaries between epitaxial, micritic or microsparitic

cements and nannofossils are locally indistinct (Fig. 2G, H).
Nannofossil fragments or non-identifiable grains may also be
embedded within larger crystals, reflecting aggrading neomor-
phism. Authigenic quartz and albite are dispersed in the matrix
as euhedral crystals while microdolomite crystals (<10 pm)
occur within crinoid ossicles and in syntaxial rims enveloping
Saccocoma ossicles (Fig. 3G,H). We note that isopachous
fringing crusts formed by calcite prisms or fibers (as observed
in Schizosphaerella in the Jurassic hemipelagic Tethyan
deposits, Kélin & Bernoulli 1984; Erba et al. 2019) do not
develop on the tests of hyaline calpionellids or nannofossils in
the Pieniny Limestone Formation, although the external pris-
matic layer can be observed in some cadosinids (Cadosina
semiradiata, e.g., Rehakova & Michalik 1996) or in Semichiti-
noidella (Nowak 1978; Olveczka et al. 2024) in the Czorsztyn
Limestone Formation.

Praetintinnopsella ultrastructure and composition

The loricae of Praetintinnopsella reach 34-56 pm in length
(median=46 um) and 3447 pm in width (median=41 pm).
They are composed of a hyaline layer which is surrounded
by a dark, irregularly-thick organic, amorphous rim or lining,
or the top of the hyaline layer is separated from the adjacent
sediment by a ~1 pm thick cavity (Fig. 4). Although this
~1 pm-thick layer resembles a microgranular layer under a light
microscope, BSE and SEM analyses show that it contains
no calcitic material. The mean thickness of hyaline layer is
~1.90-2.0 um. Crystals within the hyaline layer are densely
packed, subhedral to anhedral, and arranged in one or two rows.
They are relatively equidimensional or slightly elongated,
with a median length equal to 1.1 pm, median width equal to
0.81 pm, and median length/width ratio equal to 1.35 (Fig. 5).

The elemental maps reveal that the hyaline layer is brighter
relative to the matrix-forming low-Mg calcite crystals (micritic
or microsparitic crystals that correspond to fragments of nan-
nofossils or to cement that fills interspaces), with the brightest
grains corresponding to small clay minerals (Fig. 6). The con-
centration of Mg is slightly reduced, and the concentration of
S is elevated near the external boundary where the external
rim is located (Fig. 6D). Median Mg concentrations in the lori-
cae of Praetintinnopsella (median=3550 ppm) are higher than
those in the micritic crystals adjacent to loricae (median=
3070 ppm, Fig. 7) and in the infill of their tests (median=
3040 ppm). In contrast, Mn concentrations in the loricae of
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Fig. 3. Microtexture of pelagic mudstones and wackestones of the Czorszstyn and Pieniny Limestone formations in BSE, with dashed lines
marking the contours of the hyaline walls of calpionellids. (A,B) Fragments of watznaueriacean coccoliths (white arrows) among micritic
grains (A) or engulfed by void-filling microspar inside a calcareous dinoflagellate cyst (B) at Brodno (bed 1A). (C,D) Interspaces among
nannofossils (large white arrows) are typically filled by 1-5 pm euhedral micritic crystals with sharp surfaces (small white arrows) at Brodno
(bed 27E). Some nannofossils are partly recrystallized due to aggrading neomorphism (outline delimited by a gray dashed contour line in D).
Individual plates or fragments of nannoliths also possess sharp surfaces. (E) Authigenic quartz, albite and dolomite in the Pieniny Limestone
Formation at Brodno (bed 8A). (F) Microdolomite in a crinoid ossicle in the Pieniny Limestone Formation at Brodno (bed 27E). (G) High
frequency of authigenic quartz (dark gray colour) in the Czorsztyn Limestone Formation at Strapkova 288.3 m. The outline of the calpionellid
lorica, weakly demarcated from a similarly bright infill, is marked by dark gray dashed lines. (H) High frequency of authigenic quartz in
the Pieniny Formation at Strapkova 292.8 m. Abbreviations: qtz — quartz; alb — albite; dol — dolomite. Scales: 10 pm.
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Fig. 4. Ultrastructure of Praetintinnopsella with the internal hyaline layer and dark external rim in five specimens under SEM. (A, B) Bed 96
upper part at Brodno, Praetintinnopsella Zone, Sp. 5. (C,D) Bed Sn 19.21 (Sneznica, Praetintinnopsella Zone). (E,F) Bed Sn 19.21 (Sneznica,
Praetintinnopsella Zone). (G,H) Bed Sn 19.21 (Sneznica, Praetintinnopsella Zone). (I,J) Bed Sn 19.24 (Sneznica, Remanei Subzone).

Scale=10 um in SEM.
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Fig. 5. (A) Boxplots with the length and width of crystals that constitute the hyaline layer, and the length/width ratio in Praetintinnopsella,
Crassicollaria and Calpionella. Median crystal length and width is smaller in Praetintinnopsella and Crassicollaria than in Calpionella.
Calpionella exhibits the highest length/width ratios, i.e., its crystals are more elongated than in other two genera. The variability (the extent of
the boxes corresponding to the inter-quartile range, IQR) in length, width and length/width ratio is somewhat larger in Calpionella.

(B) The relation between length and width of lorica-forming crystals,

narrower crystals of Praetintinnopsella and Crassicollaria.

Praetintinnopsella (median=280 ppm) are lower than in the
micritic crystals (median=300 ppm) and in the infill of their
tests (median=460 ppm). Sr concentrations are extremely low
(typically below the detection limit) in loricae (median=9 ppm),
and slightly higher in the micritic crystals (median=85 ppm)
and in the lorica infills (median=190 ppm). S concentrations
are also very low, and the difference between the loricae and
the adjacent sediment is not resolved by WDS analyses in lori-
cae (median content in loricae=110 ppm, median content of
micritic crystals=120 ppm, and median content of infills
=92 ppm).

Crassicollaria ultrastructure and composition

The loricae of Crassicollaria range from 65 to 81 pm in
length (median=69 pum) and 33-52 pm in width (median
=46 um). The mean thickness of the hyaline layer varies bet-
ween 2.76-3.84 um. It is composed of very thin, small (median
length=1 pm, median width=0.8, median length/width ratio
=1.29), euhedral, densely-packed, relatively equidimensional

separating longer and broader crystals of Calpionella from shorter and

crystals that are slightly longer than wider (Fig. 8). The pre-
servation of crystals within the hyaline layer varies signifi-
cantly among specimens from the same bed and across
different localities, leading to differences in crystals packing,
shape, and size (with some loricae exhibiting amalgamation of
crystals). Relatively well-preserved specimens from Brodno
and Sneznica display a hyaline layer that is composed of inter-
connected, slightly elongated, densely packed plates (Fig. 8).
In contrast, the crystals forming the hyaline layer at Strapkova
are poorly defined due to the loss of inter-crystalline bounda-
ries and recrystallization (aggrading neomorphism) (Fig. 8).
In some beds (Sn 19.24, BR 98 up and ST 291,32), the crystals
within the hyaline layer are smaller, more equidimensional
than elongated, and locally arranged in two rows, similar to
the hyaline layer of Praetintinnopsella (Fig. 8).
High-resolution elemental maps show that the hyaline layer
is markedly enriched in Mg and in S (Figs. 9, 10), in contrast to
the composition of the internal infill and the adjacent micritic
matrix that is on average poorer in Mg. Void-filling cements
are also poor in Mg. Median Mg concentrations in loricae of
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Fig. 6. BSE and the corresponding electron microprobe maps showing that the internal hyaline layer of Praetintinnopsella is enriched in
magnesium (Mg) and sulphur (S) relative to the external matrix and internal filling, as confirmed by quantitative WDS measurements.
(A-D) The lorica of Praetintinnopsella with the collar with internal hyaline layer and external dark organic rim. Sneznica (bed 19.21).
The change from blue to red colours corresponds to an increase in the concentration of each element (Ca, Mg and S). Scale=10 um.

Crassicollaria (median=3560 ppm) exceed those in the mic-
ritic crystals adjacent to loricae (median=3300 ppm) and in
the infill of their tests (median=3120 ppm, Fig. 7). In contrast,
Mn concentrations are two times lower in loricae (median
=290 ppm) than in the micritic crystals adjacent to loricae
(median=420 ppm) and in the infill of their tests (median
=470 ppm). Concentrations of Sr (<200 ppm) and S (<175 ppm)
are invariably very low.

Calpionella ultrastructure and composition

The loricae of Calpionella specimens range from 40 to
75 um in length (median=55 pum) and 37-71 um in width
(median=46 pum). The thickness of the hyaline layer varies
between 5.1-5.2 um. SEM images reveal that the hyaline wall
is composed of slender prismatic crystals (length/width ratio

GEOLOGICA CARPATHICA, 2026, 77, 1, 43-64

is ~2) oriented perpendicularly or obliquely to the inner sur-
face of the lorica wall in longitudinal sections (Figs. 11, 12),
although the apparent shape of crystals depends on the orien-
tation of the sections relative to the crystal growth direction.
The prisms appear as sharp-edged and elongated crystals
(median length=2.2 pum, median width=1.02 pm). Some spe-
cimens exhibit two distinct layers or sheets (Fig. 12) that may
reflect imbrication or shingle-like arrangement of these layers
in longitudinal sections as observed by Aubry et al. (1975).
No differences were observed in the shape of the crystals in
transversal and longitudinal sections of the loricae. The crys-
tals are rather irregular and anhedral at SneZnica and Strapkova
whereas they are more elongated, densely-packed and sub-
hedral at Brodno (Fig. 11).

Similarly to Crassicollaria, high-resolution maps demon-
strate that the walls of Calpionella specimens, in comparison
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Fig. 7. (A, B) The median per-sample concentrations of Mg observed in micritic grains correlate positively with median per-sample
concentrations of Mg in loricae of three genera (A). In contrast, median per-sample concentration of Mg observed in test (microspar) infills
does not correlate with median per-sample concentration of Mg in loricae (B). (C-E) Differences in geochemical composition between
sediment (enriched in Mn) and loricae of calpionellids (Praetintinnopsella, Crassicollaria and Calpionella). The loricae are depleted in Mn and
enriched in S and Mg relative to the composition of sediment matrix and lorica infill. The Sr concentrations do not differ between the loricae
and sediment matrix, indicating that the mud is not derived from recrystallized aragonitic elements.

with the adjacent and internal micrite, exhibit high brightness
and are enriched in Mg (Fig. 13). These observations are
supported by WDS analyses. Median Mg concentrations in
Calpionella loricae (median=3420 ppm) exceed those in
the micrite adjacent to loricae (median=3160 ppm) and in the
infill of their tests (median=3010 ppm, Fig. 7). Median Mn
concentrations in loricae (median=210 ppm) are lower than in
the adjacent micrite (median=390 ppm) and in the infill of
their tests (median=370 ppm). Sr concentrations are similarly
low in loricae (median=194 ppm) and in the external micrite
(median=203 ppm) and slightly higher in the lorica infills

(median=300 ppm). Median S concentrations in loricae
(median=170 ppm) are slightly higher in loricae than in the
surrounding micrite (median=140 ppm) and in the infill of
their tests (median=110 ppm).

Between-section differences in the preservation and chemi-
cal composition of calpionellid loricae

Although Mg concentrations are higher in loricae than in
lorica infills or in surrounding micrite, median per-sample Mg
concentrations observed in micrite correlate positively with those

GEOLOGICA CARPATHICA, 2026, 77, 1, 43—64
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Fig. 8. Ultrastructure of Crassicollaria with the hyaline layer in specimens photographed with BSE (left column) and SEM (middle and right
column). (A) Bed BR 10 upper part (Brodno, Intermedia Subzone). (B, C) Bed BR 1A base (Brodno, Remanei Subzone). (D) Bed Sn 19.25
middle (Sneznica, Remanei Subzone). (E, F) Bed BR 1A base (Brodno, Remanei Subzone). (G) Bed ST 291,45 (Strapkova, Remanei Subzone).
(H, I) Bed Sn 19.25 (Sneznica, Remanei Subzone). (J) Bed BR 2D up, Sp. 1. (K, L) Bed ST 291,32 (Strapkova, Remanei Subzone). (M) Bed
BR 10 (Brodno, Intermedia Subzone). (N, O) Bed ST 291,32 (Strapkova, Remanei Subzone). Scale=10 um.

measured in loricae (Spearman r=0.35, p=0.008, Fig. 7A). for sulphur (Spearman r=0.3, p=0.025), strontium (Spearman
Thus, the stratigraphic and between-section variability in Mg  r=0.38, p=0.005) and manganese (Spearmanr=0.31, p=0.02).
concentrations within loricae is to some degree reflected by In contrast, median per-sample Mg concentration observed
the micrite that surrounds them. This pattern is also observed in test (microspar) infills does not correlate with Mg concen-

GEOLOGICA CARPATHICA, 2026, 77, 1, 43-64



ULTRASTRUCTURE OF CALPIONELLIDS IN THE TITHONIAN-BERRIASIAN PELAGIC LIMESTONES 55

tration in the loricae (Spearman r=0.13, p=0.33, Fig. 7B), and
a similar lack of correlation between microspar infills and
loricae is observed for sulphur (Spearman r=—0.04, p=0.75),
strontium (Spearman r=0.18, p=0.18) and manganese (Spear-
man r=0.18, p=0.19).

The chemical composition of micrite and internal cements
differs between Brodno and SneZnica, on one hand, and
Strapkova, on the other hand (Fig. 7C-E). Mg concentrations
in micritic crystals (median=640 ppm) and in test infills
(median=790 ppm) are highest at Strapkova and lowest at
Brodno (median=370 ppm in micrite and 380 ppm in infills)
and at Sneznica (median=190 ppm in micrite and 420 ppm
in infills). Similarly, Fe concentrations in micrite (median=
630 ppm) and in test infills (median=1880 ppm) are higher at
Strapkova than at Brodno (median=580 ppm in micrite and

560 ppm in infills) and at Sneznica (500 ppm in micrite and
410 ppm in infills). These differences are paralleled by higher
Mn content of loricae at Strapkova (median=410 ppm) than at
Brodno (median=220 ppm) and Sneznica (median=210 ppm),
and by higher Fe content of loricae at Strapkova (median=
860 ppm) than at Brodno (median=330 ppm), although
Fe content is also high at Sneznica (median=910 ppm). Mg
concentrations are higher at Strapkova (Mg: 4000 ppm in
micrite and 3160 ppm in infills) than at Brodno (Mg: 3090
ppm in micrite and 2740 ppm in infills) and at SneZnica
(Mg: 3400 ppm in matrix and 3220 ppm in infills). In spite of
vertical variability and small-scale patchiness in preservation,
microtexture of mudstones and wackestones at Strapkova is
more affected by silicification than at Brodno and Sneznica

(Fig. 3).

llx ‘A’
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Fig. 9. BSE and the corresponding electron microprobe maps showing that the hyaline layer of Crassicollaria is magnesium-rich (Mg) and
the adjacent matrix has slightly impoverished in Mg concentration. (A-D) Lorica of Crassicollaria with a hyaline layer. Sneznica (bed 19.25
middle). The change from blue to red colours corresponds to an increase in the concentration of each element (Ca, Mg and S). Scale=10 pm.
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hyaline
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Fig. 10. BSE and electron microprobe maps showing that the hyaline layer of Crassicollaria and adjacent dinocyst is sulphur-poor (S) and
magnesium-rich (Mg), the adjacent matrix affected by extensive silicification has the smaller content of Mg concentration than the hyaline
layer. (A-D) Lorica of Crassicollaria with a hyaline layer. The sample is from Strapkova (bed 291.32). The change from blue to red colours
corresponds to an increase in the concentration of each element (Ca, Mg and S). Scale=10 pm.

Discussion
Diagenetic modification of pelagic oozes

The microtexture and the preservation of sedimentary parti-
cles and cements show that pelagic mudstones and wacke-
stones of the Czorszstyn and Pieniny Limestone formations
generally consist of loosely- to densely-packed pelagic skele-
tal remains that are predominantly composed of nannofossils
(as also observed by Busson & Noél 1991) and microplankton
(dinocysts and calpionellids, Fig. 3C,D). With the exception
of well-sorted calciturbiditic beds at Sneznica, identifiable
skeletal remains from shelf environments are rare or absent in
these facies. The main pelagic components include tests of
microplankton (calpionellids and dinocysts, and other groups

GEOLOGICA CARPATHICA, 2026, 77, 1, 43-64

as globochaetes, Saccocoma, and calcitized radiolarians) and
nannofossils (coccoliths and nannoliths), which are repre-
sented relatively complete specimens, identifiable fragments
(e.g., Fig. 3A,B), or by aggregates of very small 2-3 pm-long
particles that probably represent non-identifiable nannofossil
remains. Importantly, the interspaces among well-visible nan-
noplankton remains, calpionellids or dinocysts are filled by
2—-10 pm-long micritic or microsparitic crystals with straight
surfaces (Fig. 3C,D), probably representing an early-dia-
genetic cement, similar to that observed in the Tithonian—
Berriasian deposits of the Magellan Rise (Schlanger et al.
1973). The cementation that occluded pore spaces within tests
of pelagic remains likely occurred relatively early during shal-
low burial, as tests of calpionellids or radiolarians are mostly
uncompacted.
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Fig. 11. Ultrastructure of Calpionella with the hyaline layer in specimens photographed with BSE (left column) and SEM (middle and right
column). (A) Bed ST 290 (Strapkova, Remanei Subzone). (B, C) Bed BR 8A (Brodno, Remanei Subzone). (D) Bed ST 290,32 (Strapkova,
Remanei Subzone). (E, F) Bed BR 27E (Brodno, Alpina Subzone). (G) Bed Sn 19.25 middle part (Sneznica, Remanei Subzone). (H, I) Bed Sn
19.24 (Sneznica, Remanei Subzone). (J) Bed BR 10 up (Brodno, Intermedia Subzone). (K, L) Bed ST 291,32 (Strapkova, Remanei Subzone).
(M) Bed Sn 19.25 base (Sneznica, Remanei Subzone). (N, O) Bed ST 291,32 (Strapkova, Remanei Subzone). Scale=10 pm.
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Fig. 12. Preservation of Calpionella alpina, with a signature of multiple sheets within the hyaline layer. (A, C, E) Two or even three sheets or
layers of crystals in the hyaline layer of Calpionella alpina in the Colomi Subzone at Brodno (upper part of bed 23C). (B, D, F) Sections of
the hyaline layer of Calpionella alpina in the Alpina Subzone at Brodno where crystals are sectioned transversally relative to their longer
direction (upper part of bed 25B). The irregular thickness of the lorica walls indicate the effects of dissolution. Scale=5 um.

The contribution of aragonite dissolution to cement precipi-
tation in near-surface diagenetic zone during this initial early-
diagenetic phase was probably limited because the initial
abundance of originally-aragonitic bioclasts was probably
rather low. This inference is based on the very rare or absent
moldic preservation, which is restricted to occasional frag-
ments of ammonites or other molluscs in the Czorsztyn
Formation. The concentrations of Sr in lorica infills and in the
external micritic sediment are very low (less than 300 ppm),
with Sr/Ca is consistently below 0.45 at all sections, as is typi-
cal of pelagic carbonates formed by calcitic nannofossils and
foraminifers (Ando et al. 2006). Nevertheless, remains of
low-Mg calcitic microplankton and nannoplankton were also

GEOLOGICA CARPATHICA, 2026, 77, 1, 43-64

affected by dissolution. First, calpionellid loricae in particular,
exhibit markedly irregular and locally very thin wall thick-
nesses, partial dissolution, even though the overall proportion
of dissolved test walls is rather minor. Second, nannofossils
are frequently preserved as incomplete or corroded fragments
and the total nannofossil assemblages at Brodno and Strap-
kovéa are dominated by dissolution-resistant genera such as
Watznaueria, Conusphaera, Polycostella and Nannoconus
(Michalik et al. 2009, 2016), indicating a bias against fragile
and small nannoplankton species. Therefore, the dissolution of
nano- and micrometric calcitic crystals constituting tests of
these planktonic taxa could have contributed to cement preci-
pitation (e.g., via Ostwald ripening where the smallest crystals
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Fig. 13. BSE and electron microprobe maps showing that the hyaline layer of Calpionella is enriched in sulphur (S) and magnesium (Mg), and
the adjacent matrix and the test infill have lower Mg concentrations. (A—D) Lorica of Calpionella with a hyaline layer. Brodno (bed 24C upper
part, Alpina Subzone). The change from blue to red colours corresponds to an increase in the concentration of each element (Ca, Mg and S).

Scale=10 pm.

are preferentially dissolved, Morse & Casey 1988; Volery et
al. 2010; although Lucia 2017 did not find any evidence for
size selectivity of dissolution). A similar process has been pos-
tulated for the diagenesis of hemi- or eupelagic oozes that are
transformed to chalks and ultimately to limestones (Mattioli
1997; Frank et al. 1999). This early-diagenetic (shallow-burial)
phase, represented by calcite dissolution and the precipitation
of micritic and microsparitic calcitic cements in pore spaces,
was associated with the release of Mg from high-Mg calcitic
echinoderm. This process led to the precipitation of microdo-
lomitic grains within echinoderm ossicles and along their syn-
taxial rims (Fig. 2D), indicating that this phase occurred in
a closed diagenetic system. The enrichment of Mn in micritic
and microsparitic cements further indicates that the initial
cementation phase took place under reducing conditions.
Low-Mg calcitic calpionellid loricae and adjacent micritic
or microsparitic cements are in some cases affected by aggra-
ding neomorphism, leading to coarser crystals and loss of
inter-crystalline boundaries within tests and on the interface
of tests with adjacent cements, with crystals cutting across
pelagic tests and cement crystals. This neomorphic phase
probably postdates the early cementation phase. In some
cases, individual coccoliths and nannoliths also tend to gra-
dually pass into microsparitic crystals without any distinct

inter-crystalline boundaries, indicating that small-scale aggra-
ding neomorphism followed the initial cementation and disso-
lution phase (Fig. 2D). The neomorphic phase was ultimately
followed by the precipitation of authigenic, euhedral to sub-
hedral quartz and albite that locally replace calpionellid tests
but typically filled residual pores or replaced micritic crystals
(during deeper-burial chemical compaction and pressure dis-
solution). Diagenetic pathways leading to the formation of
biancone and maiolica deposits are thus similar to other
pelagic deposits predominantly formed by low-Mg calcitic
remains that passed through the chalk-limestone transition,
leading to a decrease in porosity and an increase in the propor-
tion of cements and neomorphosed remains. These processes
in turn reduced the abundance of the finest micrite (e.g.,
Westphal et al. 2004; Beltran et al. 2009; Lucia 2017;
Munnecke et al. 2023), the overall abundance of identifiable
nannofossils, and the percentage of dissolution-sensitive nan-
nofossils (e.g., Saiag et al. 2019).

Preservation of hyaline layer
Several lines of evidence indicate that the loricae were
partly or locally affected by small-scale dissolution, cement

overgrowth, and aggrading neomorphism. The variability in

GEOLOGICA CARPATHICA, 2026, 77, 1, 43—64
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wall thickness within individual loricae result of localized dis-
solution (reducing the thickness), overgrowth at other places
(increasing the thickness), and crystal coarsening and amalga-
mation (associated with the loss of inter-crystalline bounda-
ries). The size and shape of crystals in the hyaline layer are
probably biased up as the consequence of neomorphism that
can increase crystal size. Aubry et al. (1975) reported that
crystal sizes in calpionellids (including Calpionella alpina)
reached 0.3-0.4 pm in the Tithonian of Tunisia whereas crys-
tal sizes documented here usually exceed 0.5 pm and on ave-
rage around 1 pm. This difference probably reflects a higher
degree of neomorphism of loricae in the Tithonian and Berria-
sian mudstones and wackestones in the Western Carpathians.
Nevertheless, despite these neomorphic effects and local repla-
cement by authigenic microquartz, calpionellids tests gene-
rally retain the original chemical composition, characterized
by higher concentrations of Mg and S than in micrite and
microsparite (with nannofossil remains).

Differences in ultrastructure between genera and evolutio-
nary transitions

Despite diagenetic modification, the ultrastructure of the
hyaline layer differs among genera. When comparing the size
and shape of the lorica-forming in Praetintinnopsella, Crassi-
collaria, and Calpionella, crystals in Praetintinnopsella and
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Crassicollaria are equidimensional and tightly clustered
around 1 pm in length and width (Fig. 5), whereas crystals in
Calpionella are more elongated and broader (Fig. 5). There-
fore, the processes such as cementation, small-scale dissolu-
tion or neomorphism did not significantly homogenize the
ultrastructure of tests of Praetintinnopsella, Crassicollaria
and Calpionella (Fig. 14) preserved in pelagic ooze deposits
with a similar diagenetic history. As observed by Olveczka et
al. (2024), Praetintinnopsella does not possess the microgra-
nular layer that is typical of Chitinoidella, although further
investigation of semichitinoidellid loricae is required to clarify
the evolutionary and structural transition between the micro-
granular and hyaline layers. However, the hyaline layer in
Praetintinnopsella closely resembles that of Crassicollaria
(Fig. 5A). The similarity in crystal size of Praetintinnopsella
and Crassicollaria supports the hypothesized evolutionary
relationship between these genera (e.g., Housa 1990). Some
specimens of the genus Crassicollaria, a very thin, dark rim
(ca. 0.8 um-thick) occurs on the outer surface of the hyaline
layer (Fig. 3G,H; Fig. 8E,F). It is possible that this rim
represents a postmortem microbial coating. In contrast to
Crassicollaria, the hyaline layer of Calpionella is characte-
rized by larger crystals and thus by smaller surface area-to-
volume crystal ratio. As abundance of Calpionella species
increased and that of Crassicollaria declined during the late
Tithonian, the evolution of the hyaline layer appears to record

hyaline layer

scale =1 uym

Fig. 14. Temporal changes in the lorica ultrastructure of Praetintinnopsella, Crassicollaria, and Calpionella during the Late Tithonian and
Early Berriasian (as observed in their longitudinal lorica sections), with the stratigraphic distribution as observed at the Brodno section.
The shape of crystals is partly affected by small-scale dissolution and aggrading neomorphism.
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a trend towards stronger calcification, reflecting a shift from
organic-poor to more carbonate-rich tests (Fig. 14). Whether
this evolutionary shift toward organic-poor and carbonate-rich
tests is related to changes in temperature, seawater carbonate
saturation state, Ca concentration, or other environmental
factors remains to be investigated.

Differences in preservation among three successions

Olveczkd et al. (2024) observed that microgranular layer of
Chitinoidella is more altered at Strapkova (Orava Succession,
possibly originally located in the Fatric Unit) than at Brodno
or Sneznica (Pieniny—Kysuca Succession), showing stronger
packing and larger crystal size at Strapkova. SEM observa-
tions further indicate that the hyaline layer of Crassicollaria
and Calpionella are also less well-preserved at Strapkova. Our
BSE and SEM observations further show that Mn concentra-
tions are higher, and authigenic (euhedral to subhedral) micro-
quartz (locally also replacing calcitic tests of calpionellids)
is more frequent at Strapkova than at Brodno and SneZnica.
The bulk-rock isotopic composition investigated by Michalik
et al. (2009) at Brodno and by Michalik et al. (2016) at
Strapkova show a positive correlation between §'*C and §'*0
at Strapkova (r=0.36, p=0.005) and the lack of correlation
at Brodno (r=—0.004, p=0.97). The §'®0 values are slightly
more negative at Strapkova (mean=—1.8 %o in the Czorsztyn
Formation and —1.96 %o in the Pieniny Formation) than at
Brodno (mean=—1.65 %o in the Czorsztyn Formation and
—1.84 %o in the Pieniny Formation). These patterns indicate
higher burial temperature at Strapkova, and are consistent with
inferences that place its origin in the Fatric Unit that is uni-
formly affected by higher degree of diagenetic modifications
than the successions of the Pieniny Klippen Belt (such as
the Czorsztyn or Pieniny—Kysuca successions). For example,
Misik (1995) observed higher frequency of authigenic quartz
in Jurassic limestones in the Fatric Unit than in the Pieniny
Klippen Belt.

Conclusion

Pelagic mudstones and wackestones of the Czorsztyn and
Pieniny Limestone formations are formed by a mixture of
microplankton tests, complete and fragmented (mainly disso-
lution-resistant) nannoplankton tests, and primarily cement-
forming micritic and microsparitic crystals. Morphological
differences among Praetintinnopsella, Crassicollaria, and
Calpionella are associated with ultrastructural differences in
the development of their hyaline layers. The ultrastructure of
the hyaline layer in Praetintinnopsella is more similar to that
of Crassicollaria than to Calpionella. Crystals in Praetin-
tinnopsella and Crassicollaria are relatively equidimensional
and approximately 1 um in length (resulting in a higher sur-
face area-to-volume ratio), whereas those in Calpionella are
more elongated, about 2.2 pum long (with smaller surface
area-to-volume ratio). The similarity in the microstructure of

the hyaline layer supports a close phylogenetic relation bet-
ween Praetintinnopsella and Crassicollaria, and changes in
the size and shape of crystals document a trend towards stron-
ger calcification during the late Tithonian.

Although the calpionellid loricae are affected by small-scale
dissolution and overgrowth and by minor aggrading neomor-
phism, these processes did not markedly alter their chemical
composition. The loricae remain enriched in magnesium and
sulphur and depleted in manganese relative to the pore- and
void-filling micritic or microsparitic cement as well as to non-
identifiable micritic grains in the sediment matrix. We infer
that the initial diagenetic phase involved the dissolution of
low-Mg calcitic (micro- and nannoplankton) remains, preci-
pitation of micritic and microsparitic cements in pore spaces
and in lorica interiors, and the release of Mg from rare echi-
noderm ossicles followed by precipitation of microdolomite.
This phase was followed by a phase with aggrading neo-
morphism and ultimately by a phase with the precipitation of
authigenic quartz and albite. Although the Tithonian and
Berriasian pelagic deposits of the Czorsztyn and Pieniny
Limestone formations were affected by early-diagenetic trans-
formations and by silicification, these processes were localized
and did not obliterate between-genus difference in the test
ultrastructure and the differences in the chemical composition
between loricae and adjacent micritic grains and/or crystals.
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