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Non-condensed shell beds in hiatal successions: instantaneous
cementation associated with nutrient-rich bottom currents and
high bivalve production

Apam TomasovycH (1) , JAN ScHLOGL (2), Jozer MicHALIK (1) & LENKA DoONOVALOVA (2)

ABSTRACT

Pelagic carbonate deposits formed by the thin-shelled, epifaunal,
originally bimineralic bivalve Bositra buchi were geographically
widely distributed in the Tethyan basins during the Middle Jurassic.
Here, to evaluate conditions that allowed the formation of peculiar,
metre-scale, densely-packed shell beds primarily formed by Bositra,
we assess size distributions and preservation of this bivalve in thin
sections at ten sites in the Pieniny Klippen Belt and Peri-Klippen units
(Western Carpathians), representing a bathymetric transect from
pelagic-platform tops with shell beds up to slope environments where
small filaments occur with spicules and radiolarians. Although Bositra
shell beds are modulated by transport and winnowing, three types of
evidence indicate that they primarily reflect high bivalve productivity.
First, we find that size distributions of this species form a bathymetric
gradient, from the dominance of remains smaller than 0.5 mm in low-
energy slope environments, to 0.5-2 mm on muddy platform edges,
up to lensoid shell beds with large valves (~2-15 mm) occurring
on platform tops exposed to bottom currents. Although sediment
winnowing from shell beds contributed to the rarity of small-sized
specimens in platform-top environments, the bathymetric shift in the
shape of size distributions is not purely driven by fragmentation and
by size-selective transport of small specimens into slope environments
because the average valve thickness declines with depth and thick
fragments do not occur in slope environments. High abundances of
suspension-feeding Bositra preferentially associated with indicators
of bottom currents at oligophotic or aphotic depths indicate that
plankton productivity was probably sourced by nutrient-rich
internal waves that intersected platform tops, leading to low juvenile
mortality in Bositra populations. In contrast, populations in deeper
environments with the limited input of particulate organic matter
failed to achieve maturity. Second, the inner, originally nacreous
shell layer of Bositra is now represented by neomorphic calcite that is
luminescent, enriched in Mn and depleted in Mg, indicating that this
layer was not dissolved in the taphonomic active zone. Third, fibrous-
acicular low-Mg calcite cements that characteristically coat Bositra
in shell beds show blotchy luminescence and highly irregular Mg
distribution, indicating that they were precipitated as high-Mg calcite
cements. Fibrous-acicular cements in shell beds do not coat upward-
facing sides of valves covered by a first phase of micrite whereas they
fully coat elevated portions of the same valves. Therefore, they were
precipitated at very high rates concurrently with micrite deposition
in shelters. Nutrient-rich bottom currents thus simultaneously
increased (1) Bositra survivorship by enhancing primary productivity
and (2) cementation rate by renewal of saturation of pore waters
in the taphonomic active zone at platform tops. In spite of the
association of Bositra shell beds with major hiatal surfaces, (1) the
rapid precipitation of fibrous-acicular cements, (2) the rarity of
iron-stained Bositra valves in shell beds, and (3) the significantly
smaller concentrations of iron in shell-rich muds than in shell-poor
muds indicate that shell beds do not represent long-term hiatal or
lag concentrations. They rather represent composite shell beds that
record high population densities of these bivalves at ecological time
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scales. Spatial variation in intensity of bottom currents and in sea-
floor topography generated by faulted blocks resulted (1) in hiatal
surfaces with mineralized hardgrounds at high-energy current-swept
sites and (2) in preservation of up to 1 m-thick lensoid shell beds at
sites with less intense but persistent currents. Bositra shell beds thus
ultimately have patchy horizontal and stratigraphic distribution.

KEy wWoORDS: paleoecology, taphonomy, time averaging, shell
beds, pelagic carbonate platforms.

INTRODUCTION

The thin-shelled epifaunal bivalve Bositra buchi
achieved a broad geographic range and represented one of
the major rock-forming component of pelagic carbonate
platforms during the Middle Jurassic. For example, it
formed the so-called filament microfacies in the Middle
Jurassic of the Eastern Atlantic (Jansa et alii, 1979; STEIGER
& Jansa, 1984; STEINER et alii, 1998), Eastern Alps (KRYSTYN,
1971; Boum 1992; EBLi, 1997), Southern Alps (STURANI,
1971; MarTiRe, 1992; ZempoLricH, 1993), Carpathians
(Misik, 1979; AuBrecHT et alii, 2002; ScHLOGL et alii, 2005;
JacH, 2007), Apennines (SANTANTONIO, 1993, 1994; CoNTI &
Monari, 1992), Sicily (Santantonio, 2002; BASILONE et alii,
2010), Greece (BErRNOULLI & RENz, 1970; HARBURY & HALL,
1988), and Betic Cordillera (Nieto et alii, 2012; MOLINA et
alii, 2018). Other thin-shelled epifaunal pteriid bivalves,
such as Daonella and Halobia in the Triassic (McROBERTS,
2011), Aulacomyella in the Upper Jurassic (KeLry &
Dovre, 1991), or other species during the Cretaceous
(NEGRrA et alii, 2011), also formed similar filament-like
microfacies and shell beds in pelagic carbonate deposits.
This recurrence indicates that some unique combination
of oceanographic parameters, independent of species
identity, repeatedly created favorable conditions
for high abundance, broad geographic distribution,
stratigraphic persistence, and rock-forming potential of
these epibenthic bivalves with high dispersal abilities
(ETTER, 1996; WALLER & STANLEY, 2005). In contrast,
however, this bivalve microfacies does not seem to have
any clear ecological, taphonomic or sedimentological
analogues in pelagic sediments of the Cenozoic or in
present-day oceans. Therefore, oceanographic and
depositional conditions that determined the dominance
of this benthic life habit on pelagic carbonate platforms
in the past remain enigmatic. Although oxygen depletion
was a primary source of environmental disturbance
(inducing high mortality of hypoxia-sensitive species
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and allowing dominance of hypoxia-tolerant species
such as Bositra buchi) in semi-enclosed epicontinental
seas with the deposition of organic-rich shales during
the Toarcian-Aalenian (OscuMANN, 1994; CasweLL & COE,
2012; Monaco, 2016), the Bajocian (ErBa et alii, 2019),
or the Cenomanian-Turonian (CAroN et alii, 2006), it is
unclear what environmental factors contributed to the
rock-forming abundance of filaments in organic-poor
pelagic sediments formed in current-dominated and
well-oxygenated pelagic environments.

On one hand, the filament microfacies with Bositra
buchi is frequently represented by wackestones and
packstones, typically in red nodular, pseudonodular or
stromatactis-rich limestones deposited at aphotic depths
(MARTIRE, 1996; AUBRECHT et alii, 2009), with minute and
thin valve remains < 1 mm (short-filament microfacies
of Kunry, 1975; Kunry et alii, 1976). On the other hand,
larger shells (up to ~15 mm) can form unique, white-
pink (sparitic), monospecific or paucispecific metre-
scale shell beds (i.e., formed by densely-packed skeletal
remains > 2 mm) that generated lensoid or mound-
shaped banks, producing positive relief above seafloor,
or dyke infills (long-filament microfacies, Sturani, 1967,
1971, SantanTONIO, 2002; D1 STEFANO ef alii, 2002; BASILONE,
2009; MoLNA et alii, 2018). Kunry (1975) and KuHry et
alii (1976) postulated that the difference between short-
and long-filament microfacies types reflects the effects
of valve fragmentation and/or size-selective transport.
In contrast, several authors suggested that shell beds
with Bositra are unique ecological phenomena reflecting
high primary productivity that sustained gregarious
Bositra populations (Sturant 1967; MoLiNa et alii, 2018)
and/or that their superdominance on pelagic carbonate
platforms can hint at stressful conditions or disturbances
that excluded other benthic species (Navarro et alii, 2009).

The pelagic carbonate successions with the filament
microfacies are, however, characterized by extreme
condensation (VERA & MARTIN-ALGARRA, 1994; CLARI et
alii, 1995). This condensation was probably driven
by a limited or non-existent input of sediments from
phototrophic carbonate factories, unfavorable seawater
chemistry, and/or strong currents that swept pelagic
ridges and platforms (Bartorint & Cecca, 1999; Cecca
et alii, 2005; Rais et alii, 2007). Therefore, it is unclear
whether the abundance maxima of Bositra truly
represent ecological blooms or outbreaks or whether the
overall benthic production (and the flux of pelagic shells,
including bivalve larval stages) rather reflects (1) a long-
term attrition allowed by sediment starvation and/or (2)
diagenetic residua that can be formed if less durable
skeletal remains are dissolved early (Jach, 2007; CaroN &
NELSoN, 2009; Caerns & WricHT, 2009; NoHL et alii, 2018),
especially when filaments occur in red stromatactis or
nodular limestones that were deposited under conditions
that led to the seafloor dissolution of aragonitic shells
(NeuwEILER & BErNouLLI, 2005; ReoLip et alii, 2010). High
abundance of filaments (or abundance of other groups
that were rock-forming during the Jurassic, such as
planktonic foraminifers, radiolarians, or Saccocoma)
thus can be exaggerated in condensed successions relative
to their (not necessarily high) standing population size
(BELLAICHE & THIRIOT-QUIEVREUX, 1982). In such case, the
lack of ecological analogues in the present-day oceans is
less surprising.

However, fossil assemblages preserved in sediments
bounded by hiatal surfaces are not necessarily significantly
time-averaged and can be generated over temporal
durations that are short relative to the total temporal
duration encompassed by the corresponding hiatal surfaces.
In such case, filament-rich beds can record ecological
species pools rather than averaged pools of species from
distinct stratigraphic zones (KowaLEwWsKI, 1996; KOWALEWSKI
& BamBacH, 2008). In pelagic successions, this contrast is
exemplified by the preservation of exceptionally preserved
molluscan assemblages in sediment-filled fissures (dykes)
that stratigraphically correspond to hiatal surfaces on
the sea-floor (ScHLoGL et alii, 2009; WeNDT, 2017) or by
cemented shell beds rich in cephalopods that alternate
with sediments containing less frequent but more altered
and iron-stained cephalopod remains (TomasovycH &
ScHLOGL, 2008). To resolve the degree of time averaging
of assemblages in Bositra shell beds, their sequence-
stratigraphic context and association with hiatal surfaces,
the residence time of shells in the taphonomic active zone,
and the timing of cement formation need to be determined
(KipweLL, 1988, 1989; FursicH & OscHMANN, 1993; BAEza-
CARRATALA et alii, 2014). Sedimentation rates are frequently
intertwined with ecological and taphonomic factors that
can increase or decrease shell production and preservation
(KipweLL, 1986; TomasovycH et alii, 2006; Braby, 2016,
2018). For example, on one hand, high sedimentation rates
can suppress survivorship of epifaunal suspension-feeders
but can enhance skeletal preservation rates by reducing the
residence time of skeletal remains in the taphonomic active
zone. On the other hand, low sedimentation rates coupled
with rapid cement precipitation driven by bottom currents
can enhance preservation rates. Therefore, analyses
evaluating simultaneously variability in sedimentation,
production and skeletal disintegration are needed to
fully explain geographic and stratigraphic variation in
the distribution of shell beds in carbonate settings and to
assess their time averaging.

Here, we (1) assess stratigraphic and geographic
distribution of Bositra shell beds and their relationship
to hiatal surfaces in the Western Carpathians (Fig. 1),
(2) disentangle the effects of taphonomic and ecological
factors in generating a bathymetric gradient in shell size of
Bositra on the basis of thin sections (i.e., microtaphofacies,
MacLEeob & OrRr 1993; TomasovycH & ScHLOGL 2008; SILVESTRI
et alii, 2011; JarocHOWSKA, 2012), and (3) evaluate the rate
of precipitation and nature of cements that coat skeletal
remains in Bositra shell beds. The Middle-Upper Jurassic
successions in the Western Carpathians are characterized
by very high condensation (Fig. 2), with two major
hiatuses ocurring during the Late Bajocian and during the
Callovian-Early Oxfordian (converging to a single hiatal
surface in some sections), and thus provide opportunities
for assessing time averaging of fossil assemblages in
condensed successions.

SETTING

We quantified size distributions and preservation
of Bositra buchi at ten Middle Jurassic sections in the
Western Carpathians that belong to Czorsztyn Unit of the
Pieniny Klippen Belt (Oravic Superunit) and to the peri-
Klippen units (Drietoma and Manin units of the Fatric
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Fig. I - Geographic locations of ten sections (belonging to the Czorsztyn
Unit) in the Pieniny Klippen Belt and two sections belonging to the
Peri-klippen units (Butkov in the Manin Unit and Podbran¢ in the
Drietoma Unit), coded according to their environmental affinity
during the Middle Jurassic (platform top, platform edge, and slope).

Superunit) (Fig. 1). These tectonic units represent thrust
sheets with a unique temporal, paleogeographic and
paleoenvironmental evolution. The Pieniny Klippen Belt
(PKB) represents a relict of a continental fragment in a
Middle Penninic position (PLasienka, 2019). It is up to
600 km long and only a few km wide accretionary prism
that was formed during the southward subduction of the
European platform. The PKB was separated from the
northern European shelf and segregated into the northern
Czorsztyn Ridge swell and the southern Kysuca-Pieniny
basin since the earliest Bajocian (Tyszka, 2001; SecIT et
alii, 2015). The western part of the Czorsztyn Ridge was
located during the Middle Jurassic at ~20-25°N during the
Bajocian and at ~25-35°N during the Callovian (JELEXSKA et
alii, 2011), whereas its eastern part was probably located
at ~35-40°N during the Bajocian and at 25-30°N during the
Callovian (LEwaNDowskI et alii, 2005). The Kysuca-Pieniny
Basin bordered on the southern margin with the Central
Western Carpathians, including the peri-Klippen units
(belonging to the Fatric Superunit, PLASIENKA, 2019) where
the Middle Jurassic sediments are comparable to slope
deposits rimming the southern slopes of the Czorsztyn
Ridge (WierzBowskI et alii, 2004). During the Middle and
Late Jurassic, the extensional regime led to the formation
of fault-bounded swells and basins in the Pieniny Klippen
Belt and in the Central Western Carpathians, with the
mixture of condensed and redeposited sediments and
the formation of escarpments, scarp breccias, and rapid
horizontal changes in sediment thickness (AUBREcHT &
Szurc, 2006). The Czorsztyn Ridge is thus equivalent to
depositional conditions that characterized the pelagic
carbonate platforms from Apennines or Sicily (SanTanTONIO,
1994; BasiLoNE, 2009).

With the exception of a coral carbonate factory that
was limited to the western part of the Czorsztyn Ridge
during the early Bajocian (Ivanova et alii, 2019), crinoidal
(sparite-dominated Smolegowa and micrite-dominated
Krupianka formations) and crinoidal-spiculitic limestones
(Flaki Formation) were deposited on the Czorsztyn Ridge
during the Early and earliest Late Bajocian, followed by a
hiatus in the Late Bajocian. The deposition of stromatactis-
rich non-nodular limestones (Bohunice Formation;
AuBrecHT et alii, 2002, 2009) and red indistinctly-nodular
(i.e., pseudonodular, sensu MAaRrTIRE, 1996) and nodular

limestones of the Czorsztyn and Niedzica formations
started in the latest Bajocian and continued up to the
Kimmeridgian on the Czorsztyn Ridge. All these three
formations are characterized by microfacies rich in
filaments and/or globochaetes up to the Callovian. Benthic
assemblages in these microfacies are almost exclusively
formed by heterotrophic organisms (non-symbiontic
foraminifers, brachiopods, crinoids, echinoids, and
molluscs). The filament microfacies is abruptly replaced
by the protoglobigerinid microfacies that is typical of
the Oxfordian. In slope environments, the deposition of
nodular limestones (Niedzica Formation) was replaced
by radiolarian limestones and radiolarites (Czajakova
Formation) with occurrences of calciturbiditic layers.
Although the major phase of the deposition of radiolarian-
rich sediments occurred in the Oxfordian, this replacement
probably occurred already during the Callovian in the PKB
and in the peri-Klippen units because Bositra filaments
co-occur with radiolarians in basal parts of radiolarian
limestones. The deepest basinal environments of the Kysuca-
Pieniny Basin (not investigated here) are characterized by
absence of the Middle Jurassic nodular limestones (i.e.,
radiolarites directly overlie Bajocian spiculitic or spiculitic-
crinoidal limestones, e.g., GEpL, 2008).

METHODS

We assess maximum length, maximum thickness,
and preservation of Bositra remains in thin sections
along a bathymetric transect in the Pieniny Klippen Belt
(Czorsztyn Unit) and in two peri-Klippen units (Drietoma
and Manin units, Figs. 1-2). We assign these sections
to three environments differing in (1) water depth,
(2) their exposure to bottom currents on the basis of
differences in the proportion of micrite and (3) presence
of redeposits and radiolarian sediments. First, sparite-
rich crinoidal limestones (Smolegowa Formation) and
the overlying stromatactis-rich limestones with abundant
crinoids and brachiopods (non-nodular Bohunice and
Stepnica formations and successions with horizontal
transitions between non-nodular and nodular formations)
preserved at Babina, and Podhorie, and Stepnica (Misix
et alii, 1994; AUBRECHT et alii, 2002; ScHLOGL et alii, 2009;
AuBrecHT & JaMmRricHOVA, 2009) are assigned to platform-
top environments. Second, reddish micrite-rich crinoidal
limestones (Krupianka Formation) and the overlying
pseudonodular and nodular limestones of the Czorsztyn
Formation (filament and globochaete wackestones and
packstones) preserved at Vrsatec, Udol, Kamenica,
Benatina, and Dolny Mlyn (ScHLOGL et alii, 2005) are
assigned to platform-edge environments. Third, allodapic
crinoidal limestones and spiculitic limestones (Flaki
Formation), nodular limestones of the Niedzica Formation,
and radiolarian mudstones and wackestones (Czajakova
Formation) preserved at Butkov (Manin Unit, Borza et
alii, 1987) and Podbran¢ (Drietoma Unit, MICHALIK et alii,
1999) are assigned to slope environments. In addition, we
focus on the stratigraphic context of two lensoid shell beds
with Bositra (attaining 1 m in thickness) formed by white
sparitic rudstones at the Stepnica section (Fig. 3). These
two shell beds bound the so-called Stepnica Formation
(formed by massive crinoidal-brachiopod packstones and
grainstones) on the bottom and on the top.
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Fig. 3 - A transect view of Stepnica section (stratigraphically overturned) that represents a single section in the Pieniny Klippen Belt where the
Callovian non-dyke sediments (Stepnica Formation) are directly dated by ammonites. The Stepnica Formation is represented by a sedimentary
wedge overlying (1) the paleoescarpment formed by crackled and rubble breccias on the top of the southern fault block (penetrated by dykes
filled by sediments from the Stepnica Formation) and (2) the nodular and pseudonodular limestones in the northern part (hangingwall of the
northern fault block). Two Bositra shell beds form two lenses that bound the Stepnica Formation on the base and on the top.

Measuring and interpreting size of valves in thin sections
is coupled with two difficulties. First, lengths of Bositra
remains in thin sections inevitably underestimate their
true length. Although size distributions are approximations
biased towards small sizes, large differences in their shape
along bathymetric gradients can be informative about the
underlying gradients in size. Second, size distributions can
vary as a function of bathymetric gradients in intensity of
fragmentation and sorting rather than due to ecological
gradients in population size structure. To control for the
effects of fragmentation and size-selective transport on the
shape of size distributions, we also measure the thickness
of valves. Although specimens of Bositra are extremely thin
(JerreRIES & MirToN, 1965), discrimination between small-
sized individuals and small fragments derived from larger
valves is allowed by a subtle ontogenetic increase in valve
thickness: minute convex specimens of Bositra that are <
0.5 mm long have valves that are <0.01 mm thick whereas
the thickness of individuals > 1 mm exceeds 0.015-0.02
mm. Although these thickness estimates are affected by
uncertainty generated by differences in the orientation
of valves, high abundance of thin and short fragments
contrasts with the rarity of thick short fragments in slope
environments, indicating that short-filament microfacies is
not purely generated by fragmentation of larger specimens
and/or by size sorting.

In total, the length and thickness of 12,007 specimens
of Bositra in 125 thin sections was measured. Each
specimen was scored for presence of isopachous cements
at 10x magnification under the light-microscope. The
lengths of specimens refer to the their maximum length
in thin sections. The proportion of cementation per thin
section refers to the number of specimens with cement
rims relative to the total number of specimens.We analyse
size distributions of Bositra remains in thin sections on
the basis of log-transformed length. We use non-metric
multidimensional scaling and Frechet distance, with
length bins spanning 0.25 logarithmic units (in mm).
We use permutational multivariate analysis of variance
(PERMANOVA, ANDERSON, 2001) to assess differences in
size distributions among three environments (platform
top, platform edge, and slope). The minimum sample
size in analyses is 30 specimens per thin section. The
measurements of length and thickness are available in
Supplementary Table 1.

Bositra buchi precipitated bimineralic valves, with
the outer prismatic calcitic layer and the inner aragonitic
nacreous layer (JEFFERIES & MINTON, 1965; CoNTI & MONARI
1992). To assess the preservation of these layers and
their relationship to isopachous cements, we analysed
the chemical composition of Bositra valves, of fibrous-
acicular and blocky cements that fill voids among
Bositra valves in shell beds, and of micritic sediment
in two, shell-rich and shell-poor samples (a biosparitic
shell bed at the Stepnica-22 with the long-filament
microfacies, and a filament-rich biomicritic wackestone
at Befiatina-12 with the short-filament microfacies) with
wave-dispersion X-ray microanalysis and backscattered
electrons (BSE), using a JXA-8530F electron microprobe
(Supplementary Table 2). Operating conditions were 10
pm spot resolution, 15 kV accelerating voltage and 15-
20 nA sample current. The relative standard deviation is
less than + 5 %. The natural standards used in analyses
were diopside for Ca (Ka, PETL), celestite for Sr (Ka,
TAP), albite for Na (Ko, TAP), diopside for Mg (Ka, TAP),
hematite for Fe (Ko, LIFH), and rhodonite for Mn (Ko,
LIFH). Concentrations of Ca, Mg, Sr, Mn and Fe were
measured along three transects crossing Bositra valves and
isopachous cements coating these valves in the shell bed
(Stepnica-22 ). Cathodoluminescence (CL) and scanning
electron microscope (SEM) analyses were also performed
on these two thin-sections. The CL photomicrographs of
Bositra shells were performed using hot CL-microscope
HC2-LM (Simon-Neuser) at the Masaryk University,
Brno, Czech Republic. Observations were carried out at
15 keV accelerating voltage, beam current of 0.2 mA and
the overall magnifications from 4x to 10x.

RESULTS
ASSOCIATION OF BOSITRA SHELL BEDS WITH HIATUSES

Crinoidal packstones and grainstones with dispersed
valves of Bositra were deposited during the Bajocian at
all sites on the Czorsztyn Ridge (prior to the Garantiana
garantiana Zone, Fig. 2). The crinoidal limestones rich
in sparite are overlain by non-nodular, stromatactis-rich
wackestones and floatstones with crinoids, brachiopods, and
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Bositra (Bohunice and Stepnica formations) in platform-
top environments in the western part of the Pieniny
Klippen Belt (AuBrecHT et alii, 2002, 2009). Non-nodular
mounds with stromatactis structures are horizontally
replaced by beds with indistinct and distinct nodules over
several meters at Stepnica (i.e., the Bohunice Formation
horizontally passes into the Czorsztyn Formation at
this location). Bositra shell beds in these platform-top
environments are typically represented by white sparitic
rudstones. The crinoidal limestones rich in micrite are
overlain by red pseudonodular and nodular limestones
(with distinct and indistinct nodules initially generated
by bioturbation) in platform-edge (Czorsztyn Formation)
and slope environments (Niedzica Formation, Fig. 2).
Bositra shell beds in these platform-edge environments
are typically represented by red micritic packstones with
concordantly oriented valves and indistinct nodularity.
Spiculitic-crinoidal wackestones and packstones with
Bositra were deposited during the same time in slope
environments at Podbrané¢ and Butkov (Borza et alii, 1987)
and in slope environments of the Pieniny Klippen Belt
(WierzBowsKI et alii, 2004). Bositra shell beds do not occur
in slope environments.

The boundary between crinoidal limestones (Krupianka
Formation) and nodular limestones (Czorsztyn Formation)
in platform-edge sections is invariably formed by a Fe-rich
hardground with Frutexites and ammonite shells with
complex taphonomic history characterized by repeated
burial, lithification, and exhumation (correlation line 1
in Fig. 2). The oldest ammonites in nodular limestones of
the Czorsztyn Formation point either to the Parkinsonia
parkinsoni Zone or to the Zigzagiceras zigzag Zone (at
Stepnica), indicating that this hiatus spans at least one
or two ammonite zones (WIERZBOWSKI et alii, 1999, 2004;
ScHLOGL et alii, 2005). We refer to this hiatal surface as the
Late Bajocian hiatus.

Nodular and pseudonodular limestones of the
Czorsztyn Formation are characteristically bounded by a
second major hiatal surface associated with a mineralized
hardground, marked by an abrupt replacement of the
filament wackestones and packstones (Bathonian or
Callovian) by the protoglobigerinid wackestones and
packstones (Oxfordian, correlation line 2 in Fig. 2). With
the exception of the Stepnica section, sediments of the
Callovian age are either missing or extremely condensed on
the Czorsztyn Ridge (and only preserved in dykes in other
sections in the Pieniny Klippen Belt, ScuLoGL et alii, 2009).
This hiatus can also incorporate the Late Bathonian, but for
simplicity, we refer to it as the Callovian-Early Oxfordian
hiatus. In contrast to the Czorsztyn Ridge, the Callovian
sediments in slope environments (at Podbran¢ and Butkov)
are represented by radiolarian-filament mudstones and
wackestones, occasionally with breccias. These two (Late
Bajocian and Callovian-Early Oxfordian) hardgrounds
are separated just by a single, 1 m-thick stromatactis bed
with brachiopods at Babina, with an about 10 cm-thick
Bositra rudstone (shell bed) in the middle part. Although
ammonites in this bed were not found, this bed contains
a similar brachiopod assemblage as at Podhorie where a
massive stromatactis-rich succession dated by ammonites
corresponds to the uppermost Bajocian and Lower
Bathonian (AuBrEcHT et alii, 2009).

On the basis of ammonite occurrences, the Callovian-
Lower Oxfordian hiatal surface passess into a ~9-10

m-thick sedimentary wedge (Stepnica Formation, bedded
limestones in the lowermost part and massive limestones
in the upper part) at Stepnica (gray-shaded sector in
Fig. 2), where this wedge is bounded on the bottom and the
top by two ~ 1 m-thick Bositra shell beds (white rudstones,
Fig. 3). This wedge is formed by non-nodular brachiopod-
crinoidal deposits that accumulated on a stepped
margin formed by two blocks separated by a fault. These
brachiopod-crinoidal deposits were thus deposited in a
depression underlain partly by a paleoescarpment (in the
southern part) and on the top of the hangingwall block (in
the northern part, Fig. 3). Both Bositra shell beds possess
lensoid, mound-like shape, with a relatively flat base and
a convex, low-relief upper surface, attain 100-110 cm in
thickness at maximum, and are developed over several tens
of meters (Fig. 3). The lower Bositra shell bed (Stepnica
22 below) immediately overlies pseudonodular limestones
formed by filament wackestones and packstones (Czorsztyn
Formation). This bed completely pinches out both in the
southern and northern direction. In the southern part, it
passes into a steep paleoescarpment on the top of a crackled
and rubble breccia (Fig. 3). Ammonites in the bedded part
of the Stepnica Formation overlying the first shell bed
indicate the Bullatimorphites bullatus Zone, i.e., the lower
shell bed is of Late Bathonian or Early Callovian age. The
upper Bositra shell bed (Stepnica 30 below) is developed
in the uppermost part of this wedge and is bounded on the
top by a mineralized (Upper Callovian-Lower Oxfordian)
hardground, overlain by ammonite floatstones of the
Bohunice Formation (Middle Oxfordian). Ammonites in
the massive part of the Stepnica Formation indicate the
Lower and Middle Callovian (Macrocephalites gracilis and
Erymnoceras coronatum Zones, ScHLOGL et alii, 2009). To
conclude, Bositra shell beds are bounded by hiatal surfaces
(at Babina and Stepnica) or horizontally pinch out to
hiatal surfaces that represent time-equivalent (especially
Callovian) subsets of sedimentary successions at other
sites of the Czorsztyn Ridge.

BOSITRA SIZE DISTRIBUTIONS AND PRESERVATION

Size distributions of Bositra form a marked gradient
that correlates with bathymetric configuration of ten
sections (Fig. 4-6). First, left-skewed size distributions
with high abundance of specimens > 2 mm, comparable
to the long-filament microfacies of Kunry (1975), occur
in floatstones with dispersed Bositra and especially in
white rudstone shell beds that were formed in platform-
top environments (Fig. 4A-B). At Podhorie and Stepnica,
large valves of Bositra are also dispersed in stromatactis or
crinoidal-brachiopod floatstones and packstones and thus
do not necessarily always form densely-packed shell beds.
In addition to left-skewed distributions that are typical
of shell beds, size distributions that represent a bimodal
mixture of larger specimens and abundant silt-sized but
relatively thick (~0.02 mm) comminuted debris also occur
in some portions of shell beds (Fig. 4C, Fig. 5). Second,
red filament wackestones and packstones of the Czorsztyn
Formation deposited in platform-edge environments
are characterized by symmetric, normal-shaped size
distributions, with abundant small specimens but also
with a significant portion of specimens between 1-2 mm
(Fig. 4D). Third, occurrences associated with spiculitic,
globochaete and radiolarian mudstones, wackestones,
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and packstones (slope environments) are characterized
by dominance of specimens < 0.5 mm and by absence of
specimens > 1 mm, forming right-skewed size distributions
(4F). The last two types of distributions are comparable to
the short-filament microfacies of Kunry (1975).

The cm-scale stratigraphic variability in size of Bositra
within the two shell beds at Stepnica shows that they are
composite in nature, reflecting multiple rather than a single
depositional event. Although they do not show any signs
of grading or cross-stratification, they consist of cm-scale
alternation of lenses or layers that differ in the shape of size

distributions (from left-skewed to bimodal distributions), in
abundance of micrite, in the degree of fragmentation, and
in valve orientation that ranges from nested valves oriented
in concave-up position up to chaotically-oriented valves.
However, convex-up oriented valves are rare. In some case,
the comminuted debris from larger valves even generates
right-skewed distributions (Stepnica at 29.75 m in Fig. 5).
The size of Bositra specimens in thin sections
consistently decreases from platform-top environments
towards slope environments: the mean size (per thin
section) is on average equal to 0.25 mm in slope
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Fig. 4 - Microfacies types that capture a general bathymetric gradient in the shape of size distributions of Bositra, from left-skewed distributions
dominated by specimens that are larger than 2 mm (rudstone shell beds, A-B), bimodal distributions with a mixture of larger shells and comminuted
debris (derived from larger shells) that are also typical of shell beds (C), symmetric distributions with specimens attaining 0.5-2 mm, typical of
wackestones and packstones of filament wackestone and packstones (red nodular or pseudonodular limestones) (D), and more right-skewed
distributions with specimens smaller than 0.5 mm typical of spiculitic, globochaete and radiolarian wackestones (E-F). The scale bar: 2 mm.
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environments (i.e., right-skewed distributions) and
exceeds 0.5 mm or more in platform-top environments
(i.e., left-skewed distributions). The 95th percentile size
is on average 2 mm on platform tops, 1 mm on platform
edges, and 0.5 mm on slopes. In general, this bathymetric
gradient in size of Bositra persisted from the Late
Bajocian up to Callovian, although the decline is steeper
in the Upper Bajocian and in the Callovian than in the

83

Bathonian (Fig. 6A). The largest shells occur in crinoidal-
brachiopod floatstones (with stromatactis structures) and
rudstones dominated by Bositra (Fig. 6B). Spiculitic and
radiolarian wackestones are characterized by the smallest
specimens. Crinoidal packstones, filament packstones,
and globochaete wackestones and packstones show
intermediate size distributions (Fig. 6B). The bathymetric
gradient in size structure is also detected by multivariate
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Fig. 5 - Internal variability in size of Bositra within two (rudstone) shell beds at Stepnica. The shell bed at 22 m (Lower Callovian) is underlain
by well-sorted filament packstones (20.5 m) with symmetric size distributions. Shell-bed rudstones show relatively homogeneous distributions
dominated by larger individuals. Lenses with densely-packed nested valves in concave-up orientations and partial micritic infills alternate with
lenses where micrite is rare and most voids are filled by fibrous and blocky cements. Distributions become bimodal owing to abundance of
comminuted debris in the upper parts. The shell bed at 10 m (Middle Callovian) is characterized by higher heterogeneity, with altered bioclasts
(crinoids, brachiopods, Bositra) on the basis, and cm-scale alternation of layers with left-skewed and bimodal distributions. The scale bar: 2 mm.
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analyses (PERMANOVA, F [top vs. edge] = 28.9, p < 0.001;
F [top vs. slope]= 36.2, p < 0.001; F [edge vs. slope]= 10.3, p
< 0.001), with the proportion of cohorts < 0.5 mm ranging
from less than 10% in platform-top shell beds up to more
than 90% in slope sediments (Fig. 6C).

The proportion of valves coated by cement rims increases
towards shallower environments (Fig. 6D). The percentage of
cemented valves is > 50% in shell beds, on average about 20%
in crinoidal, crinoid-brachiopodal and filament wackestones
and packstones, and less than 5% in globochaete, spiculitic
and radiolarian wackestones and packstones. The median,
minimum and maximum thickness of Bositra valves is
consistently smaller in slope environments than on platform
tops and edges (Fig. 7A). The thin specimens are rare or
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missing on platform tops and edges whereas the thicker
specimens do not occur in slope environments. This lack of
thick fragments in deep environments cannot be explained
by taphonomic effects (Fig. 7B).

Bositra valves in wackestones and packstones
frequently show iron-stained bioerosion (Fig. 8A and B),
which is also a characteristic attribute of preservation
of crinoids, cephalopods and brachiopods in micritic
sediments of the pelagic carbonate platforms at our sites
and in other regions (e.g., REoLD et alii, 2010; PrEAT et alii,
2011). In contrast, the frequency of bioerosion and staining
is smaller or completely absent in rudstones (Fig. 8C-D).
Closely-spaced couplets of equally-long and thick valves
can be frequently observed in thin sections from Stepnica
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Fig. 6 - A. The bathymetric decline in the median log-transformed length (gray boxplots) and in the 95th percentile logged length (white boxplots)
characterizes all three stratigraphic intervals. The boxplots are based on medians and 95th percentiles estimated for individual thin sections.
B. Differences in size structure among six microfacies types. C. Non-metric multidimensional scaling showing bathymetric dependence of size
distributions of Bositra buchi, with significant segregation among three environments (PERMANOVA, F=26.2, p < 0.001). The contours depict
the proportion of specimens smaller than 0.5 mm that gradually increases with increasing depth towards slope environments. D. Boxplots
showing proportions of specimens with fibrous cements in three environments, documenting a declining trend in cementation with depth.
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and Dolny Mlyn, indicating that such remains represent
valves from a single individual. Although Bositra buchi did
not possess hinge teeth, this type of preservation indicates
that some individuals were rapidly buried or diagenetically
stabilized soon after their death.

PRESERVATION OF BOSITRA AND CEMENTS

Focusing on specimen sections longer than 1 mm,
Bositra valves are either dull, with small bright patches
(Fig. 9A), or the outer layer is nonluminescent whereas
the inner layer tends to be bright (white and black arrows
in CL views in Fig. 9C-D, with corresponding light-
microscope views in Fig. 9E-F). The smallest and very
thin valves (< 0.5 mm) tend to show bright luminescence.
In contrast, brachiopod valves are non-luminescent
(Fig. 9B) and fragments of gastropods and planktonic
foraminifers are luminescent. The internal heterogeneity
in the degree of luminescence between the inner and outer
portions in Bositra is consistent with the distribution of
elemental concentrations (Figs. 9G-J, 10A-B), with higher
concentrations of Mn and Sr in the inner layer. Scanning
electrone microscope images show that the outer layer
shows relicts of prisms and the inner layer is recrystallized
both in filament wackestones and in shell beds (Fig. 10C-
F). Therefore, the internal, originally-aragonite layer is
neomorphic rather than dissolved.

Bositra specimens in shell beds are characteristically
coated by cements that can be subdivided into two phases
according to light-microscope, CL, and elemental analyses.

They are both non-ferroan (Fe < 100 ppm) but strongly
differ in the concentrations of Mg and Mn, including
(1) Mn-poor fibrous-acicular cement (forming -either
very thin rims or thicker crusts) with highly variable Mg
concentrations and (2) Mn-rich blocky cement with low
Mg concentrations. Thin isopachous cements (0.025-0.04
mm in thickness) formed by fibrous crystals (length/width
ratio varies between 2-6, Fig. 8C-F) tend to grow on one or
both sides of Bositra valves. We note that isopachous rims
formed by fibrous cement are also a characteristic attribute
of Bositra preservation in the Middle Jurassic shell beds
in other Tethyan regions (KaLiN & BerNoOULLI, 1984, CLARI
& MARTIRE, 1996, AUBRECHT, 1997, MARTIRE et alii, 2006).
These rims of fibrous isopachous cements coat the valves
on both sides only if valves are not covered by a first phase
of sediment infill formed by light-gray micrite (Fig. 8C-D).
Valve portions covered by light gray micrite are cement-
free on their upward-facing side but elevated portions of
the same valve are coated by thin isopachous rims. These
thin rims can be either covered by the second phase of
darker micritic sediment (Fig. 8) or they continuously
pass into longer, inclusion-rich fibrous-acicular crystals
(Iength/width ratio is between 6-15), with radial extinction
pattern, and crystals up to 0.5 mm long (Figs. 10E-F
and 11A-B). These fibrous crystals are characterized by
patchy meshwork of light-gray and dark-gray spots (10-
50 pm in size) under the BSE (Fig. 11) and by blotchy
luminescence (Fig. 12A-B), giving this cement phase a
characteristic spotted or patchy appearance (Fig. 11).
Microprobe maps (Fig. 12E-G) and transects (Fig. 13)
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Fig. 7 - A. The bathymetric decline in the 95th percentile valve thickness (per thin section) characterizes all three stratigraphic intervals. B.
Conceptual predictions for taphonomic scenarios generating gradients in size structure of Bositra specimens contracts with predictions when
the gradients in size structure are generated by ecological gradients in size-specific mortality.
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Fig. 8 - Bositra with bioerosion and Bositra with thin isopachous rims of fibrous crystals under the light microscope. A - dispersed valves
affected by Fe-stained borings (pointing with arrows). Stepnica 20.5 m. B - stained borings within fragments of Bositra (pointing with arrows)
co-occurring with stained and bored crinoids on the basis of the upper shell bed at Stepnica (29.1 m). C-E — the relationship between micrite and
thin isopachous rims on Bositra valves: the lowermost parts of former pores among valves are covered by a first generation of micritic sediment
(light-gray micrite 1). The upper, elevated valve portions not buried by this first-generation micrite are coated by thin fibrous cements on their
upward-facing side. These isopachous rims of fibrous cement are covered by a second generation of micrite (dark gray micrite 2). F — Bositra
valves coated by isopachous rims on both sides.
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show that this patchiness is generated by variability in
the concentration of Mg, fluctuating between 1,000 and
5,000 ppm across few micrometers (Fig. 13). A blocky
cement with bright luminescence and high Mn content
and locally also higher Sr content (and low Mg content)
represents the final phase of filling of cavities between

-
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Outer side

Micrite
Inner side
Outer side

Micrite
Inner side

Outer side
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Bositra valves (Figs. 11-13). The concentrations of Fe in
reddish, shell-poor micrites (wackestones) of nodular
limestones without any cements (1,500-2,500 ppm,
Fig. 8M) are much higher than concentrations of Fe in a
gray micrite that partly fills cavities among Bositra valves
in the shell beds (less than 150 ppm). Microdolomite

Fig. 9 Preservation of
Bositra in CL and light-
microscope views (filament
wackestone at Benatina). A-B
Nonluminescent valves of
Bositra (~ 1 mm in length)
dispersed in a micritic matrix
(A) and a brachiopod valve
affected by bioerosion (B).
C-D - Bositra valves showing
non-luminescent outer side
(black arrow) and luminescent
inner side (white arrow). The
smallest valves shorter than
0.3 mm in A are luminescent.
E-F - the same sections in
the light-microscope view.
G-J microprobe results
showing that the internal
(luminescent) sides of Bositra
valves are enriched in Sr and
Mn relative to outer sides.
The concentrations of Fe are
markedly higher in micrite
than in valves.

]

il
i--------

Micrite
Inner side
Outer side
Micrite



A. TOMASOVYCH ET ALII

.outer layer

inner layer

&

-

innér layer
(recrystallized)
R & D

~innerfayer’ | .7
(recrystallized) . .

L

~ _Qutefjayer;f Vat

Fig. 10 - Electron microprobe (EPMA, A-B) maps and scanning electrone microscope images (SEM, C-F) showing the relicts of two-layer shell
structure of very thin filaments (~20 pm) of Bositra in the filament wackestone (red nodular limestones, Betiatina 12). A. The inner layer is
depleted in Mg. B. The inner layer is enriched in Mn. C-D. Cross-sections of Bositra in the shell-poor filament wackestone (Benatina 12) show
that the outer layer shows relicts of prisms and the inner layer is recrystallized . E-F. Cross-sections of Bositra with the inner (recrystallized) and
outer (prismatic) layers in the shell bed (Stepnica 22).
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inclusions are not present.

DISCUSSION
BATHYMETRIC GRADIENTS IN MORTALITY

The bathymetric gradient in size did not shift in time and
remained a rather persistent feature of Bositra populations
because stratigraphic changes in size of valves (from Upper
Bajocian up to Callovian) within the three environments
remain relatively constant. Kunry et alii (1976) suggested
that fragmentation and transport are major controls
of variation in size distributions of B. buchi. Although
winnowing in platform-top environments probably
contributed to the rarity of small specimens, the size-
selective transport can be expected to mix thicker fragments
of originally larger specimens with thinner fragments of
smaller specimens in slope environments. Therefore, the
absence of larger specimens in slope environments cannot
be explained by sorting of fragmentation (Fig. 7B). In
addition, bimodal distributions with high abundance of
short but thick fragments in some sectors of shell beds (in
platform-top environments) rather reduce the steepness of
the bathymetric decline in size. Therefore, we suggest that
the size gradient is at least partly driven by bathymetric
shifts in size-selective mortality that were related to changes
in the exposure of bivalve habitats to bottom currents.

RELATIONSHIP BETWEEN PRIMARY PRODUCTIVITY AND BOTTOM
CURRENTS

Benthic assemblages almost exclusively formed
by heterotrophic guilds in stromatactis, nodular and
pseudonodular limestones with the filament microfacies
indicate that they inhabited oligophotic or aphotic depths
on the Czorsztyn Ridge where bottom currents can be
sourced by nutrient-richinternal waves that propagate along
pycnoclines and break against the slope of topographic
highs (Pomar et alii, 2019). The populations with larger,
mature individuals of Bositra that preferentially inhabited
the current-exposed platform tops of the Czorsztyn Ridge
thus probably benefited from an increase in current flow
(e.g., vaN ErkOM ScHURINK & GriFriTHS, 1993) and locally-
enhanced plankton productivity (see also MoLiNa et alii,
2018) relative to populations inhabiting deeper and low-
energy habitats. The bathymetric shifts in size structure
were thus probably driven by a decrease in larval and
juvenile mortality towards habitats with nutrient-rich
bottom currents that fueled high plankton productivity.
These conditions can be comparable to current-exposed
hard-bottom habitats colonized by suspension-feeding
bivalves benefiting from nutrient-rich currents at
permanent pycnoclines in present-day environments.
For example, the epibyssate bivalve Acesta forms dense
populations in aphotic seamount environments where
strong currents at density boundaries enhance nutrient
concentrations and primary productivity (LorEz CORREA
et alii, 2005; JounsoN et alii, 2013). The cementing oyster
Neopycnodonte forms dense biostromes on steep walls
at the nutrient-rich interface between the Eastern North
Atlantic Water and the Mediterranean Outflow Water (Vax
Roow et alii, 2010). Buildups with abundant suspension-
feeders at outer shelves in the geological past were also

explained by the coupling between currents and high
plankton productivity at depths intersected by nutrient-rich
internal waves at pycnoclines (Pomar et alii, 2012). High
primary productivity is the main factor that contributes to
the carbonate-forming potential of molluscs in Holocene
environments (VERMED 1990; TAYLOR ef alii, 1997; REUMER
et alii, 2012; KLICPERA et alii, 2015; MicHEL et alii, 2018), and
we suggest that it can explain the volumetric dominance of
Bositra in the Middle Jurassic shell beds as well.

BATHYMETRIC DECLINE IN PRIMARY PRODUCTIVITY

The co-occurrence of filaments with radiolarians in
the slope environments at Podbran¢ and Butkov is most
likely coeval with the development of Bositra shell beds
at Stepnica during the Callovian. Even when the acme of
radiolarian deposition occurred during the Oxfordian in
the PKB (when platform-top sediments are represented
by protoglobigerind microfacies), the deposition of
sediments rich in radiolarians started already during
the late Bajocian in the deepest parts of the Tethyan
basins (BAUMGARINER et alii, 1995). Primary productivity
near the Czorsztyn Ridge was thus probably positively
influenced by high nutrient concentrations that fueled
primary productivity and thus also high abundance of
radiolarians in open surface waters of the western Tethys
already since the late Bajocian (BAUMGARTNER, 2013). JacH
(2007) suggested that the replacement of microfacies rich
in Bositra by radiolarians can signify a shift towards high
primary productivity during the late Middle Jurassic in
the Central Western Carpathians, with the dominance of
filaments during the Bajocian-Early Bathonian and with
the dominance of radiolarians during the Late Bathonian
and Callovian (JacH et alii, 2014). However, the dominance
of Bositra on platform tops during the Callovian,
concurrently with high abundance of radiolarians that
formed radiolarian microfacies in slope and basinal
environments, indicates that filament and radiolarian
microfacies are primarily differentiated in terms of their
proximity to pelagic swells and by the differences in the
efficiency of the export of particulate organic matter to
the seafloor in the deeper environments. Regardless of
whether the surface mixing layer in the Tethys Ocean
was characterized by high primary productivity and/or
plankton productivity was further enhanced by internal
waves near pelagic carbonate platforms, the export of
particulate organic matter to deeper benthic environments
(where it can be used by suspension-feeding bivalves)
was probably limited during the Middle Jurassic,
contributing to the mortality of juveniles or unsuccessful
larval settlement of Bositra in deeper, platform-edge
environments, and especially in slope environments.
Therefore, we suggest that the size distributions in slope
environments primarily reflect sink populations that
died prior to their maturity, sourced from the propagule
pressure generated by healthy populations in shallower
environments not limited by food supply.

TAPHONOMIC PATHWAYS AND EARLY-DIAGENETIC STABILIZATION OF
BOSITRA IN SHELL BEDS

Early-diagenetic dissolution in the taphonomic
active zone can eliminate aragonitic bioclasts from
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Fig. 11 - The backscattered electron (BSE) images of three transects through cements enclosed between Bositra valves showing that the
fibrous-acicular cement phase is characterized by patchiness formed by irregular meshwork of dark-gray (rich in Mg) and light-gray (depleted
in Mg) patches. On the transition to the center, fibers show small-scale zonality, and the center of cavities is filled by light gray cements. The
location of three transects plotted in Figure 13 is shown by white arrows. Bositra valves are demarcated by white dashed lines.

fossil assemblages in pelagic carbonate deposits (Rivas
et alii, 1997). Such pathway may have biased assemblage
composition towards the dominance of Bositra relative to
aragonite producers (Jach, 2007), especially in nodular

and pseudonodular limestones that are characterized by
the moldic preservation of ammonoids (CoimMBra & OLORIZ,
2012; Reorip et alii, 2015). However, larger Bositra valves
are still formed by two layers that differ in microstructure
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Fig. 12 - Preservation of Bositra and cements in the shell bed (Stepnica 22) in CL (A-B) and light-microscope views without polarised light (C-D).
Two phases of cementation can be distinguished, including (1) fibrous-acicular cements with blotchy luminescence, and (2) luminescent blocky
cement filling the innermost voids. The fibrous-acicular cement shows a radial extinction pattern. Microprobe maps show highly-variable
concentrations of Mg (E) and less variable concentrations of Mn (F) in fibrous cements between two valves of Bositra (lighter colors correspond
to higher concentrations). The BSE image (G) shows the location of two valves demarcated by white dashed lines.

and elemental concentrations. The originally-aragonitic
portions were thus not dissolved (and were later replaced
by neomorphic low-Mg calcite) and both layers (rather
than just a calcitic layer) passed through the taphonomic
active zone, both in shell beds and in microfacies with
higher proportion of micrite (e.g., red nodular and
pseudonodular limestones). However, ammonoids co-
occurring with filaments in the Czorsztyn and Niedzica

formations are typically represented by reworked molds
(ScHroGL et alii, 2005), clearly suggesting that some
aragonite dissolution occurred in the taphonomic active
zone prior to the final burial on the Czorsztyn Ridge. To
explain this paradox, we hypothesize that those Bositra
valves that were subjected to the selective dissolution of
aragonitic layer in the taphonomic active zone rapidly
disintegrated into minute fragments, especially on muddy
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Fig. 13 - Three transects with concentrations of Mg, Sr, and Mn
(measured with electron microprobe), passing through cement-filled
cavities bounded by Bositra valves on both sides (Bositra shell bed,
Stepnica 22), show that the fibrous-acicular cements possess highly
variable concentrations of Mg. The blocky cement is consistently
enriched in Mn and depleted in Mg, indicating that the shift from
fibrous to blocky cements reflects a decline in redox potential
due to enhanced solution of Mn?* in anaerobic pore waters and its
incorporation into calcite.

bottoms with intense bioturbation. Such fragments were
either fully degraded or are so small so that they cannot
be identified as remains of Bositra valves anymore.

In micrite-rich sediments, disintegration of larger
specimens of Bositra in the taphonomic active zone seems
to be driven by fragmentation, staining, and bioerosion.
In contrast, Bositra valves in shell beds are rarely stained
or bored. Instead, they were characteristically coated by
thin isopachous rims of fibrous cements. The juxtaposition
between the micrite covering the lowermost portions
of valves and the precipitation of fibrous cement on

elevated valve portions not covered by micrite indicates
that the these rims must have been precipitated very
quickly, concurrently with the deposition of micrite that
was sheltered from winnowing. The rate of precipitation
of calcite cement can be very high in present-day bathyal
environments, with a growth of several pm-thick crusts
occurring at yearly scales (GRAMMER et alii, 1999). The shift
from fibrous cements with patchy luminescence to Mn-
rich luminescent cements indicates that initial rims were
formed under aerobic pore-water conditions, and redox
conditions shifted towards reducing conditions in the final
phases of void filling (HENDRY, 1993; REINHOLD & KAUFMANN,
2010), further indicating that fibrous cements precipitated
rapidly under the active influence of bottom currents.

Micrometer-scale patches depleted in Mg within
individual crystals and the blotchy luminescence patterns
indicate that the fibrous-acicular cements were originally
formed by high-Mg calcite cements (Bupp, 1992; MazzuLLo
et alii, 1990; BRUCKSCHEN et alii, 1992). Isopachous fibrous
cements or similar cements with blotchy luminescence,
inferred to initially represent high-Mg calcite cements, were
also forming during the Middle Jurassic on the Burgundy
Platform, in the Paris Basin or in the High Atlas Basin
(DURLET & LorEeAU, 1996; Bricaup et alii, 2009; PIERRE et alii,
2010; AnpRrIEU et alii, 2017). Isopachous fibrous cements
that are rich in inclusions, show blotchy luminescence
and coat skeletal remains are also characteristic of high-
Mg calcite that precipitated during the Cenozoic (JAMES &
BoNE, 1991; Major & WILBER, 1991; NELsoN & JaMmEs, 2000;
KNoErIcH & Murrtr, 2003; CaroN et alii, 2005). The loss of
Mg and the neomorphic replacement of the inner layer of
Bositra by calcite represent the last steps in the diagenetic
sequence that occurred during the burial.

TIME AVERAGING OF SHELL BEDS

The absence or rarity of iron-stained Bositra valves in
shell beds, which is a typical attribute of bioclasts in shell-
poor microfacies of the Czorsztyn, Stepnica and Bohunice
formations, suggests that the Bositra shell beds were formed
over decades or few centuries rather than over several
millennia. Iron staining is also a characteristic and pervasive
attribute of preservation of crinoids, cephalopods and
brachiopods on hiatal surfaces associated with significant
biostratigraphic condensation in pelagic carbonate
sediments in other regions (e.g., REoLD et alii, 2010; PREAT et
alii, 2011). A direct dating of cephalopod shells from present-
day bathyal environments shows that multi-centennial
residence time of skeletal particles on the sea-floor can
be required to generate stronger alteration and staining
(TomasovycH et al., 2017) and iron-stained relicts of Holocene
and Pleistocene mollusks are older than several millenia on
cool-water carbonate shelves (Rivers et alii, 2008). However,
with the exception of the lowermost parts of the upper shell
bed at Stepnica where stained Bositra valves are present,
the staining does not characterize Bositra remains in shell
beds. We thus suggest that (1) the relationship between the
earliest cement rims and micrite in shell beds, (2) the low
proportions of bored valves in shell beds, and (3) the low
concentrations of iron in shell beds (in contrast to shell-poor
but iron-rich sediments without cements) demonstrate that
Bositra shell beds accrued rapidly and that processes leading
to shell disintegration and alteration in the taphonomic
active zone were rather inactive in shell beds. This scenario
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contrasts with a highly-reactive taphonomic active zone in
shell-poor and bioturbated (nodular) deposits in pelagic
carbonate environments, characteristically allowing the
alteration and formation of iron-stained skeletal remains
(TomasovycH & ScHLOGL, 2008; Prear ef alii, 2011; CoimBRA &
OL6R1z, 2012; ComvBra et alii, 2015). The timespan over which
Bositra shell-bed assemblages were generated thus does not
correspond to the timespan encompassed by hiatuses (i.e.,
the timespan of at least one ammonite zone, > 500,000 years
up to few Myr).

BOTTOM CURRENTS TRIGGERING CONDENSED SURFACES AND NON-
CONDENSED SHELL BEDS

Hiatal surfaces with hardgrounds that were formed
on the northwestern Tethys shelf and on the pelagic ridges
during the Callovian are typically explained by strong and
persistent currents that swept sediment to deeper basins
(Rats et alii, 2007). Crarr & MAarTIRE (1996) documented
that cementation on the pelagic carbonate platforms,
with the deposition of nodular limestones and Bositra-
rich sediments, was effectively related to flushing of the
sediment-pore systems in the taphonomic active zone by
currents (supplying a near-sea floor pore systems with
carbonate ions) rather than to alkalinity buildup driven
by anaerobic organic-matter degradation and sulphate
reduction in iron-rich sediments (DicksoN et alii., 2008;
vaN DER Koow et alii, 2010). Anaerobic decomposition
can lead to high pH and promote carbonate preservation
and early cementation, but precipitation of cements on
Bositra valves clearly occurred under aerobic conditions.
Such conditions can favor the precipitation of high-Mg
calcite cements, which frequently form in association with
condensed surfaces when sediment bypassing and erosion
is triggered by bottom currents, precipitating from marine
waters undersaturated with respect to aragonite (SALLER,
1986; KnoEericH & MuTTi, 2003).

The lensoid, mound-like shape of shell beds indicates
that they can represent low-relief skeletal banks modulated
by mud-winnowing bottom currents (e.g., SANTANTONIO et
alii, 1996) that can be triggered in pelagic environments
by internal waves that propagate along pycnoclines (Pomar
et alii, 2012). Nested, concave-up orientations of Bositra
valves in shell beds indicate that they settled out of the
suspension, probably from turbulent flows that can be
driven by breaking of internal waves (PomMar et alii, 2019)
against topographic complexities that characterize pelagic
swells (e.g., LuEck & Mupcg, 1997; DorscHEL et alii, 2014).
However, Bositra shells were not redeposited or reworked
after the fibrous rims formed because the present-day
stratigraphic orientation of cements and mud shelters
remains consistent with their initial growth orientation.
Transport distances were probably not high because
(1) our macroscopic examinations of Bositra valves on
bedding surfaces of shell beds indicate that the majority
of valves above 1-2 mm are complete and (2) the left-
skewed distributions with large individuals are limited in
their bathymetric distribution to platform tops (i.e., larger
individuals were not transported to deeper settings). The
shell beds that are 1 m-thick ultimately record multiple
events of shell deposition (not far from their life habitat),
small-scale bioturbation that locally generated bimodal
size distributions with a mixture of thick fragments and
larger specimens and small patches with differing degree of

packing (but not sufficiently extensive to disturb concave-
up oriented valves in other portions of shell beds), and
rapid cementation.

The cement formation was probably enhanced by
bottom currents on the Czorsztyn Ridge because the
proportion of valves with cement rims declines towards
low-energy slope habitats and the cement zonality
indicates that their initial precipitation occurred under
aerobic conditions. We thus suggest that this action of
bottom currents led not only to the formation of hiatuses
with significant stratigraphic gaps (> 500,000 years up to
few Myr), but was also responsible for the formation of
shell beds at locations affected by currents not too strong
to remove skeletal particles (or to rework or erode densely-
packed framework of Bositra valves after the isopachous
rims were formed) but sufficiently persistent to allow mud
winnowing and rapid cementation.

The probability of cement formation was probably
contingent on initial size distribution of Bositra valves
(prior to cementation) because accumulations of smaller
valves may not have allowed a stable framework with
sufficiently large and interconnected pores that allow
current flushing associated with renewal of alkalinity and
removal of products from organic decay (JaMEs et alii,
1976). Only specimens with larger valves can allow the
persistence of shelly framework. Therefore, ecological
factors allowing higher survivorship (and thus production
of larger valves) probably feedback into the probability
of shell-bed preservation. Bimodal size distributons with
a large number of comminuted fragments indicate that
some valves disintegrated into many fragments due to
bioturbation occurring prior to cement formation, leading
to dense or loose packing of fragments without cements.

GEOGRAPHIC AND STRATIGRAPHIC PATCHINESS IN THE DISTRIBUTION
OF SHELL BEDS

Sturant (1967) observed that shell beds with Bositra
occur in extremely localized patches and that they
correspond to distinct ammonite zones rather than
containing ammonites from multiple zones. Such patchy
distribution can be expected under spatially-complex
topography induced by the development of faulted blocks,
leading to differences in base level owing to spatial
differences in the intensity of bottom currents. At platform
tops, such currents probably not only enhanced primary
productivity but also determined whether individual
locations were exposed to strong currents or breakdown of
internal waves that led to sediment bypassing and erosion
or whether they were sheltered, with currents intense
enough to remove small particles and promote cementation
but not strong enough to produce erosion, and thus
allowed for the preservation of shell beds. We suggest that
this complexity explains the spatially-variable formation
and preservation of shell beds that pinch out and pass
into current-swept hiatal surfaces, without any sediment
preserved. This geographic and stratigraphic patchiness is
in accord with our observations: two major shell beds with
Bositra have lensoid, mound-like appearance and occur
at two distinct stratigraphic intervals, at times when the
coeval sediments are represented by hiatal surface in other
sections (Figs. 2 and 3). However, this patchiness translates
to long-term persistence at broader, basinal scales, i.e.,
source populations generating propagule pressure were
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always present on pelagic platforms as evidenced by
persistence of abundant small-sized specimens in the
filament microfacies in deeper environments.

CONCLUSIONS

Bositra shell beds are not diagenetic relicts and record
high abundance of epifaunal filter-feeding bivalves at
ecological time scales uniquely associated with enrichment
in food supply and with instantaneous cementation at
tops of pelagic carbonate platforms. Hydrodynamic
conditions that enhanced primary productivity (at
platform tops as opposed to bathyal benthic habitats)
also actively removed fine material and promoted almost
instantaneous precipitation of fibrous high Mg-calcite.
The filament microfacies with smaller Bositra valves
in slope environments reflect high larval and juvenile
mortality. Although shell beds are overlain by hardgrounds
or are horizontally replaced by escarpment surfaces or
hardgrounds that span one or more ammonoid zones,
they are not stratigraphically condensed themselves. Their
geographic and stratigraphic patchiness is probably driven
by variability in the intensity of bottom currents induced
by irregular sea-floor topography. The signs of rapid
cementation and the rarity of iron staining as well as low
concentrations of iron in shell-bed micrites (as opposed to
high iron concentrations in shell-poor micrites) indicate
that time averaging of Bositra shell beds is rather decadal
or centennial. Bositra shell beds thus represent examples
of non-condensed, within-habitat time-averaged facies
that occur in open ocean-margin successions with strong
bottom currents and significant hiatuses.

ELECTRONIC SUPPLEMENTARY MATERIAL

This article contains electronic supplementary material which is
available to authorised users.
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