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Abstract

The carbonate sediments of the Polish part of Tethys shelf contain Crescentiella-microbial-cement facies. The facies is asso-
ciated with Middle Oxfordian-Lower Kimmeridgian microbial-grain dominated reefs, microbial-sponge dual hybride reefs,
and less frequently sponge/coral-microbial-abiotic triple hybride reefs. The Crescentiella (incertae sedis) and microbialites
form numerous cluster bioconstructions with stromatactis-like cavities in which rapid lithification was supported by early
marine cementation. However, the factors controlling the development of such bioconstructions and the role of Crescentiella
in the development of reef frameworks remain enigmatic. The sediments from five localities were investigated using thin-
sections analyses supported by cathodoluminescence observations, stable oxygen and carbon isotope analyses and dispersive
X-ray spectrometry. The development of Crescentiella-microbial-cement facies took place in three intervals spanning the
Transversarium, Upper Bifurcatus, and Planula zones and coinciding with the period of maximum development of the Late
Jurassic reefs in Poland. The reefs contain microencruster Crescentiella which was an important rigid framework construc-
tor among the microbialites while the skeletal metazoans were rare. The inferred palaeosetting of the facies ranges from the
seaward steep-fronted outer margin to the upper slope broad reef complex/microplatform where the development of skeletal
metazoans was limited and mainly formed stratiform microbialites binding coated grain-bioclastic dominated sediments.
The occurrence of Crescentiella-microbial-cement boundstone facies is useful for palaeogeographic, palaeobathymetric,
and palaeotectonic investigations.
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Introduction

The Upper Jurassic sedimentary succession in Poland (cen-
tral Europe) was developed on the northern Tethys shelf in
the palaecogeographic German-Polish subprovince (Submed-
iterranean Province; e.g., Ziegler 1990). In this subprovince,
the most frequently described Upper Jurassic bioconstruc-
tions include coral-, siliceous sponge-, and microbial-domi-
nated reefs and a combination of these (e.g., Leinfelder et al.
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1996, 2002; Matyszkiewicz 1997; Schmid et al. 2001; Helm
and Schiilke 2006; Matyszkiewicz et al. 2012; Krajewski
et al. 2016).

One of the key research issues concerning the Late Juras-
sic Tethyan realm is the influence of microencrusters such
as Crescentiella, Bacinella, serpulids, Thaumatoporella,
Radiomura, Lithocodium, Iberopora, Labes and Terebella
in bioconstruction frameworks formation (e.g., Crescenti
1969; Leinfelder et al. 1996; Dupraz and Strasser 1999; Fiir-
sich et al. 2003; Uta and Bucur 2003; Shiraishi and Kano
2004; Reolid et al. 2005; Schlagintweit and Gawlick 2008;
Senowbari-Daryan et al. 2008; Rusciadelli et al. 2011; Ples
et al. 2013, 2017; Kaya and Altiner 2015; Hoffmann et al.
2017, 2021; Krajewski and Schlagintweit 2018; Mircescu
et al. 2019; Granier 2021; Kotodziej and Ivanova 2021;
Stowiniski et al. 2022 and references therein).

The Crescentiella morronensis (former Tubiphytes mor-
ronensis; Crescenti 1969; Senowbari-Daryan et al. 2008;
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Fig. 2) ranges from the Oxfordian to the Aptian with an
acme in the Kimmeridgian-Tithonian (e.g., Senowbari-
Daryan et al. 2008; Ples et al. 2013). The significant con-
tribution of Crescentiella in the reef facies was also noted
from the northern Tethys shelf in southern Germany and
southern Poland (e.g., Pomoni-Papaioannou et al. 1989;
Schmid 1995; Leinfelder et al. 1996; Matyszkiewicz 1997,
Senowbari-Daryan et al. 2008; Krajewski et al. 2016, 2018).
However, these works did not include detailed research on
the spreading, palaeosetting and the role of the microen-
cruster Crescentiella in developing the reef framework. In
southern Germany, Pomoni-Papaioannou et al. (1989) noted
that Crescentiella formed an organic framework that devel-
oped within a shallow subtidal environment. Also, Matysz-
kiewicz and Felisiak (1992) and Matyszkiewicz (1997, 37
p) emphasized the significant role of Crescentiella in the
development of a rigid framework in large carbonate build-
ups on the Polish Jura.

This study aims to present factors controlling the devel-
opment of bioconstructions formed by the microencruster-
microbial-cement reef-building consortium dominated
by the Crescentiella morronensis microencruster from
the Polish Jura (PJ abbreviation; Figs. 1, 2). The timing,
regional distribution and the palaeosetting of the Crescen-
tiella-microbial-cement boundstone facies (Cmc abbrevia-
tion) within the PJ, and its position among the Phanerozoic
organic reef types are also discussed.

Geological background

The investigated area includes the SE parts of Wielun and
Krakéw-Czgstochowa Uplands located in central and south-
ern Poland (Fig. 1). During the Late Jurassic, the investi-
gated area formed the eastern part of an epicontinental ramp-
type carbonate platform (sensu Burchette and Wright 1992)
on northern Tethys shelf (e.g., Gutowski et al. 2005; Krajew-
ski et al. 2017; Olchowy et al. 2019; Olchowy and Krajew-
ski 2020). In this area, the microbial-sponge-reef limestone
facies were composed of different types of microbialites,
calcified siliceous sponges and carbonate sand-dominated
sediments stabilized by microbialites (e.g., Trammer 1989;
Matyszkiewicz et al. 2006, 2012; Krajewski et al. 2018).
One of the most important factors affecting sedimenta-
tion on PJ was the synsedimentary tectonics and reactivation
of the transcontinental Krakdéw-Lubliniec Fault Zone. The
fault separated Upper Silesian and the Matopolska terranes
(Fig. 1) periodically modified the sea-bottom morphology
(e.g., Matyszkiewicz et al. 2012, 2016; Brachaniec et al.
2016; Krajewski et al. 2016, 2017; Kowal-Kasprzyk et al.
2020). As a consequence, numerous intra-platform ridges
(up to tens of kilometres long) formed along the boundary
of these terranes. In particular, intensive development of the
reef complexes took place on tectonic ridges that constituted
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shelf palaeohighs (e.g., Matyszkiewicz et al. 2006, 2012;
Krajewski et al. 2018).

Materials, methods, terminology

In this study, new data along with previously published data
from outcrops from the PJ (Fig. 1) and field observations are
analyzed (Table 1). The facies and microfacies observations
were carried out on 260 thin sections and polished slabs
from the studied sample exposures. The microfacies obser-
vations were carried out using an optical microscope and
supported by cold-stage cathodoluminescence microscope
observations with an accelerating voltage of 13—17 kV and
electron-beam intensity of 400-500 mA. Such a combination
of analytical methods allowed the observations of micro-
structure of microencrusters and enabled the identification of
the various generations of the carbonate cements. Addition-
ally, the sedimentological studies were supplemented with
geochemical analyses of stable carbon and oxygen isotopes.
The samples were analyzed at GeoZentrum Nordbayern
in Niirnberg, Germany. The Wavelength Dispersive X-ray
spectrometry (WDS) was used for quantitative analysis. The
samples were investigated in terms of the content of major
elements (wt.%) from the Rebielska Mt., Wielkanoc and
Zabierzow quarries (Table 2). The WDS was applied using
the JXA-8230 electron microprobe.

In the case of Jurassic microbialites, classifications of
Leinfelder et al. (1996) were used. The organic reef types are
based on the classification of Riding (2002). In this paper,
the authors apply the term stromatactis-like cavities (sensu
Matyszkiewicz 1997). The systematic position and interpre-
tation of Crescentiella morronensis (Crescenti 1969) is after
Senowbari-Daryan et al. (2008; Fig. 2). The Crescentiella is
interpreted as an encrustation or symbiosis between nubecu-
larid foraminifera or as tube-like structures (see Schlagint-
weit and Gawlick 2009) and cyanobacteria (see Fig. 2 for the
internal structure of Crescentiella).

Results

Examples of the exposures
with Crescentiella-microbial-cement boundstone
facies

Crescentiella, microbialites, and early marine cements
dominate locally within the sedimentary succession of the
PJ, and also form the main reef constituents. In such sedi-
mentary intervals, the skeletal metazoans are either rare
or completely lacking (e.g., Matyszkiewicz and Felisiak
1992; Matyszkiewicz 1997; Krajewski et al. 2018). Thus,
in some reef limestones, the term Crescentiella-microbial-
cement boundstone facies (Cmc facies) or more general
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Fig. 1 Geographical and geological location of the study area and exposures with Crescentiella-microbial sediments. Green dots show presented
examples of exposures; the red dots show other examinated examples of exposures; for details see Table 1

microencruster-microbial boundstone facies is preferred  Therefore, the Cmc facies is separated from the microbial-
rather than the microbial-sponge or microbial facies, that  sponge or microbial facies types as a distinct facies type and
were commonly used for reef limestones descriptions.  is the subject of this paper.
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Fig.2 The internal structure of Upper Jurassic Crescentiella mor-
ronensis from central and southern Poland. a, b Microscopic and CL
photographs of Crescentiella with growth stages and microbial lami-
nation (white arrows). The central part of Crescentiella are foraminif-
era chambers with radial-fibrous and blocky cements (green arrows)
filling the internal cavities. Black arrow shows radial-fibrous cement
developed on the external part of Crescentiella. ¢, d Succession of
Crescentiella forming microframework in Crescentiella-microbial-
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cement boundstone. The white arrows show the distinct boundary
between Crescentiella specimens. The green arrow shows the initial
stage of the Crescentiella accretion. e Fragment of dm-scale Cres-
centiella-microbial boundstone (MT1) with encrustation of serpulids
(S) and cavities with geopetal infillings. The black arrows indicate
the internal sediments within the cavities showing the orientation of
the sample. f, g Scanning electron microscope photograph showing
details of the Crescentiella internal structure
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Table 2 Geochemical composition with major elements of Cmc boundstone facies from Rebielska Mt., Zabierzow and Wielkanoc quarries

Major oxides (Wt%)

Sio, Zn0O BaO SO, K,O P,04 SrO CaO FeO MnO Na,O MgO ALOy
Rebielska Mt. Quarry

bdl 0 bdl bdl bdl bdl bdl 55.51 bdl bdl bdl 0.199 bdl
bdl bdl bdl 0.076 bdl 0.045 bdl 54.331 bdl bdl bdl 0.187 bdl
bdl 0 0.078 bdl bdl bdl bdl 54.82 bdl bdl bdl 0.226 bdl
bdl 0 bdl 0.037 bdl bdl bdl 55.325 bdl bdl bdl 0.245 bdl
bdl 0 bdl 0.06 bdl 0.043 bdl 53.37 bdl bdl bdl 0.177 bdl
bdl bdl bdl 0.053 bdl bdl bdl 55.686 bdl bdl bdl 0.188 bdl
bdl bdl bdl 0.032 bdl 0.049 bdl 55.763 bdl 0.053 bdl 0.102 bdl
bdl 0.111 bdl 0.04 bdl 0.061 0.05 55.225 bdl bdl bdl 0.221 bdl
bdl bdl bdl 0.081 bdl 0.046 bdl 55.543 bdl bdl bdl 0.248 bdl
bdl bdl 0.095 0.069 bdl 0.035 bdl 54.971 bdl bdl bdl 0.234 bdl
bdl bdl bdl 0.085 bdl 0.052 bdl 54.238 bdl 0.132 bdl 0.238 bdl
bdl bdl 0.075 bdl bdl bdl bdl 54.75 bdl 0.081 0.044 0.146 0.059
bdl bdl bdl bdl bdl bdl bdl 55.41 bdl 0.096 bdl 0.083 bdl
bdl 0.118 bdl bdl 0.011 bdl bdl 56.432 bdl bdl 0.041 0.16 0.049
Wielkanoc Quarry

bdl bdl bdl bdl 0.093 bdl bdl 55.61 0.047 bdl 0.058 0.403 bdl
bdl bdl bdl 0.095 bdl 0.049 bdl 54.887 bdl bdl bdl 0.273 bdl
bdl bdl bdl bdl bdl 0.041 bdl 55.044 bdl bdl bdl 0.5 bdl
bdl bdl bdl 0.073 0.01 0.03 bdl 55.261 bdl bdl bdl 0.268 0.047
bdl bdl bdl 0.078 bdl 0.063 bdl 55.286 0.06 bdl bdl 0.283 bdl
bdl bdl bdl 0.037 bdl 0.059 bdl 55.318 bdl bdl bdl 0.285 bdl
Zabierzéw Quarry

bdl bdl bdl 0.082 bdl bdl bdl 55.066 bdl 0.05 bdl 0.252 bdl
bdl bdl bdl 0.044 bdl bdl 0.076 54.826 bdl bdl bdl 0.305 0.084
bdl bdl bdl 0.086 bdl bdl bdl 55.086 bdl bdl bdl 0.242 0.045
bdl bdl bdl 0.072 bdl bdl bdl 55.019 bdl bdl bdl 0.223 bdl
bdl bdl bdl 0.071 bdl 0.048 bdl 54.606 bdl bdl 0.034 0.317 bdl
bdl bdl bdl 0.043 bdl 0.054 bdl 55.825 bdl bdl bdl 0.084 bdl

bdl means below detection level

Below, we present five examples of the Cmc facies from
the PJ, along with its geological setting and position within
the sedimentary succession. For other examples of Crescen-
tiella-microbial rich facies, see Table 1. A detailed descrip-
tion of the facies is presented in the “Description of the
Crescentiella-microbial-cement boundstone facies” chapter.

Example I-R¢bielska Mt. Quarry
Location: (N50°59'19", E18°50'43").
Cmc facies age: Middle Oxfordian, Transversarium Zone.

This quarry is situated in the SE part of the Wieluri Upland
within the western part of Rebielska Mt. Horst (Figs. 1,

@ Springer

4a, b). The Upper Jurassic succession represents medium
and thick-bedded limestone facies so-called Zawodzianskie
Beds (Plicatilis-Transversarium Zone; Kutek et al. 1977;
Gtowniak 2006; Fig. 3).

The sedimentary succession at the quarry with the Cmc
boundstone facies begins with sponge-pelitic facies that
grades into coral-fine-grained facies (Fig. 5). Above the
coral-fine-grained facies, a 2 m thick bed of Cmc bound-
stone facies with numerous stromatactis-like cavities occurs
(Figs. 4a, b, 5a, b). The boundary between these facies is
sharp (Fig. 5a). The dominant components of the Cmc facies
include Crescentiella, microbialites, non-skeletal grains, and
numerous bryozoans, serpulids, crabs (Dromioidea), echi-
noids, and brachiopods. Crescentiella is very abundant both
as individual specimens and in colonial forms (Fig. 5b, d).
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examples (Kromotowiec Mt. and Zabierzow quarries) are presented
in Irminski (1995) and Matyszkiewicz et al. (2012). Microfacies:
W-wackestone, F-floatstone, B-boundstone, G-grainstone, P-pack-
stone
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Fig.4 Examples of the Upper Jurassic Cmc boundstone facies from
central and southern Poland. a Middle Oxfordian ~ 14 m sedimentary
succession from Rebielska Mt. Quarry. The red line indicates the
facies/microfacies section presented in Fig. 3. b Middle Oxfordian
Cmc facies with numerous stromatactis-like cavities from Rebielska
Mt. Quarry. ¢ Upper Oxfordian~80 m sedimentary succession from
Sokolica Reef Complex. The Red line indicates the facies/microfa-
cies section presented in Fig. 3. d Upper Oxfordian Cmc facies with
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stromatactis-like cavities from Sokolica Reef Complex. Black arrows
show rare sponges. e Lower Kimmeridgian~10 m succession of
microbial-sponge/coral and Cmc facies (presented in Fig. 3) from
Wielkanoc Quarry. f Lower Kimmeridgian example of Cmc facies
from Wielkanoc Quarry with numerous stromatactis-like cavities.

The enlargement part of the rock shows numerous Crescentiella (see
also Fig. 5f)



Facies (2023) 69:4

Page9of22 4

Fig.5 Presented examples of the Upper Jurassic Cmc facies from
central and southern Poland. a Sharp contact (dashed line) of coral-
fine-grained facies and Cmc facies (MT1) with numerous stromatac-
tis-like cavities (white arrows). The red arrows on the enlargement
rock fragment indicate numerous Crescentiella in vertical-growth
position. b, ¢ Connected Cmc (MTI1) clusters forming dm-scale
cluster-like bioconstructions (red arrows) together with microbial-
cemented grain-dominated sediments (MT2). d Cmc microframe-

work. The white arrows show prevail directions of the Crescentiella
specimen's growth. Black arrows indicate agglutinating stromatolite
between successive Crescentiella generations. e Sharp boundary
(dashed line) between Crescentiella-microbial boundstone (MT1) and
microbial cemented grain-dominated sediments (MT2). f Cmc porous
microframestone with geopetal infilled cavities (black arrow) indicat-
ing the orientation of the sample
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In the Cmc facies, the skeletal-metazoans such as sponges
or corals are not observed. The Cmc facies grade upwards
into the coral-fine-grained facies and the mud-dominated
sponge-pelitic facies (Figs. 3, 4a).

Example II — Bedkowska Valley; Sokolica Reef Complex

Location: N50°1020", E19°44'30"".
Cmc facies age: Upper Oxfordian, Upper Bifurcatus
Zone.

The Bedkowska Valley is located in the southern part of
the Krakdw-Czgstochowa Upland (Fig. 1). In this region in
Poland the largest Oxfordian reef complex (Sokolica Reef
Complex) is available for direct observation (Fig. 3). This
reef complex is developed on the horst of an intra-platform
palaeohigh that was tectonically active during the Late
Jurassic (Matyszkiewicz et al. 2012). The Cmc facies from
the reef complex represents the ammonite Bifurcatus Zone
(Krajewski et al. 2018; Fig. 4c).

The Cmc facies together with the microbial-Crescen-
tiella-ooid facies are observed between the microbial-sponge
facies and the microbial-cemented ooid-intraclast-bioclastic
facies (Fig. 4c). The Cmc facies consists of Crescentiella,
stromatactis-like cavities and various types of microbialites
(mainly agglutinating or peloidal stromatolites and lay-
ered thrombolites) that bound coated grains and bioclasts
(Fig. 4d). The Crescentiella and microbialites form clus-
ters up to several tens of centimetres in diameter within the
grain-dominated sediments (Fig. 6¢). The skeletal metazoans
in Cmc facies are rare and represented by calcareous sponges
and calcified siliceous sponges.

Example [II-Kromotowiec Hill

Location: N50°23'56", E19°26'10".
Cmc facies age: Upper Oxfordian, Upper Bifurcatus
Zone.

The Kromotowiec Hill is situated in the central part of the
Krakéw-Czestochowa Upland (Fig. 1) and represents active
in the Late Jurassic western part of the Smolen-Niegowonice
Range (Matyszkiewicz et al. 2006). The sedimentary succes-
sion represents medium-bedded pelitic-bioclastic limestones
with sponges and Upper Oxfordian massive reef limestone
facies (Upper Bifurcatus Zone; Matyja and Wierzbowski
1992). The Kromotowiec Hill represents a transitional zone
extending between an elevated reef complex and a deeper
basin situated further to the north (Fig. 11a). The upper part
of a sedimentary succession of the reef complex contains
microbial-sponge facies and occurs as the marginal part of
the reef complex, while the Cmc and the microbial-Cres-
centiella-ooid facies, form its internal part (Figs. 6a, 11g).
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The Cmc facies consists of coated grains, peloids, copro-
lites and bioclasts, commonly bound by various types of
microbialites mainly agglutinating or peloidal stromatolites
(Figs. 6a, 11d—e). The Crescentiella and microbialites form
clusters up to several tens of centimetres across embedded
within the grain-dominated sediments (Fig. 11d). The skel-
etal metazoans in the Cmc facies are rare. These are calcified
siliceous sponges and calcareous sclerosponges.

Example IV — Zabierzéw Quarry
Location: N50°1020”, E19°47'12".
Cmc facies age: Lower Kimmeridgian, Planula Zone.

The Zabierzoéw Quarry is situated in the southern part of
the Krakéw-Czgstochowa Upland (Fig. 1), on the escarp-
ment of the Teczynek Horst that was tectonically active dur-
ing the Late Jurassic (Matyszkiewicz et al. 2012; WozZniak
et al. 2018). The Lower Kimmeridgian bioconstructions in
the nearby area represents an open-frame microbial-sponge
reef and thick biostromal bedded facies of the ammonite
Planula Zone (Fig. 3).

The Cmc facies is observed in the upper SW part of the
Zabierzéw Quarry, where Crescentiella is very abundant and
together with microbialites dominate and form a rigid frame-
work of carbonate reef with growth cavities and stromatac-
tis-like cavities (Matyszkiewicz et al. 2012, p. 124). The
microbialites are developed as agglutinating stromatolites,
micropeloidal stromatolites, or pure and layered leiolites.
They form massive, irregular clusters of tens of centime-
tres across that bind the abundant benthic fauna of the reef
framework. The reef framework fauna includes Crescentiella
and serpulids, brachiopods, bryozoans, bivalves, and rela-
tively rare siliceous and calcareous sponges. The sediments
from the Zabierz6w Quarry grade toward the tectonic graben
located north of the quarry into gravity flow deposits, tec-
tonic breccia and thick-bedded pelitic-bioclastic and sponge-
microbial limestones (Matyszkiewicz et al. 2012).

Example V — Wielkanoc Quarry
Location: (N50°20'15", E19°54"29").
Cmc facies age: Lower Kimmeridgian, Planula Zone.

The Wielkanoc Quarry is located in the eastern part of the
Krakéw-Czestochowa Upland (Fig. 1). The quarry is located
in the marginal zone of the Wielkanoc tectonic horst that
is situated on the marginal part of the fault zone active in
the Mesozoic. The lithology of the ~10 m Upper Juras-
sic sequence is dominated by the reef and thick-bedded
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Fig.6 Examples of the Upper Jurassic Cmc facies from central
and southern Poland. a Crescentiella-microbial-ooid facies from
Kromotowiec Hill. Moldic porosity in the lower part of the photo-
graph is probably after dissolved corals. For microfacies details see
Fig. 10e. b Cmc bioconstruction (MT1) and surrounding sediments
with bioclasts and coated grains (MT?2). In the lower part, the initial
finger-like stage of the cluster is visible. In the upper part, biocon-

struction is formed mainly by microbialites where Crescentiella dis-
appears (white arrows). The black arrow indicates internal sediment
showing the orientation of the sample. ¢, d Dm-scale cluster-like bio-
construction formed by Cmc facies of MT1 above MT2 facies. e Cmc
facies from Sokolica Reef Complex with a sharp boundary (dashed
line) between MT1 and MT2 highlighted by color change
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biostromal microbial-sponge facies of the Lower Kimmerid-
gian age (ammonite Planula Zone; Olchowy 2011; Fig. 4e).

In the Wielkanoc quarry, the Cmc facies contains numer-
ous stromatactis-like cavities (Fig. 4f). The dominant com-
ponents include Crescentiella and microbialites (mainly
laminated thrombolites and stromatolites; Fig. 5f). The rock
contain also fragments of siliceous sponges, echinoderms,
bivalves and serpulids. Locally, hermatypic corals (Clado-
phyllidae, Microsolena) and elongated and oval biomolds
after cladophyllid corals are present (e.g., Fig. 4 in Olchowy
2011).

Description of the Crescentiella-microbial-cement
boundstone facies

The most important macroscopic features of the Cmc
boundstone facies that distinguish it from other Oxfordian-
Kimmeridgian reefs/biostrome facies types from PJ, are: (i)
very strong lithification, (ii) microencruster Crescentiella
commonly forming cluster-like structures together with
microbialites, (iii) the lack or minor occurrence of skeletal
metazoans, and (iv) numerous stromatactis-like cavities.
The thicknesses of individual Cmc facies vary from~1 m
up to several metres (Figs. 3, 4a, c, e). In vertical succes-
sion, the boundary between the Cmc facies and the coral-
fine-grained limestone facies is either sharp and irregular
(Fig. 5a; cf. Krajewski and Schlagintweit 2018, p. 8) or dif-
fused and gradual in a distance of several to tens of centime-
tres (Fig. 4d). Observations made at exposures suggests that
the lateral extent of the Cmc facies is wider than horizontal
dimensions of exposures which attains hundreds of metres.

In the Cmc boundstone facies, two microfacies types are
distinguished: (i) Crescentiella-microbial-cement bindstone/
bafflestone (MT1), and (ii) bioclastic-peloid-coated grain-
microbial grainstone/bindstone, more rarely packstone/
wackestone (MT2; Figs. 5b, c, e, 6b, d, e, 7). The bound-
ary between both microfacies types is sharp and irregular
(Figs. 2e, 5b, c, e, 6b, e, 7). The Crescentiella-microbial-
cement bindstone/bafflestone (MT1) is formed by numer-
ous Crescentiella-microbial clusters of irregular shapes and
diameters up to several ten of centimetres (Figs. 2e, 5b, c,
6b). In the MT1, growth and stromatactis-like cavities are
commonly observed (Figs. 4b, d, e, 5f). The most important
component of the MT1 is the ubiquitous presence of Cres-
centiella, microbialites, peloids and bioclasts (Figs. 7, 8).
The specimens of Crescentiella are 6 mm long, although
they generally do not exceed 4 mm, with diameters up to
1.5 mm (Figs. 2, 5d, 7, 8). Often Crescentiella is bridged
by microbial crusts (Figs. 6b, 7, 8e, f). The microbialites
are generally made of peloidal microstructure and represent
irregular layered thrombolite and micropeloidal stromato-
lites (Figs. 2e, 5d, 6b, 7, 8). The Crescentiella specimens
are covered by several generations of carbonate cements
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between individual Crescentiella specimens or growth cavi-
ties (Figs. 2a, b, 8e, f, 9). The infillings of growth cavities
are represented by massive, radiaxial fibrous (up to 0.05 mm
thick) and dog tooth cements with crystals up to 1.2 mm
across (Fig. 9). The isopachous rims of the radiaxial fibrous
marine cements represent the earliest generation of cements
that developed on the walls of cavities and Crescentiella.
Sometimes, the isopachous radiaxial fibrous cement contains
dark and light-coloured zones indicating several episodes
of cement precipitation (Fig. 9d). In case of lack of carbon-
ate cements, spaces between Crescentiella specimens are
filled with internal sediments composed of peloids, small
intraclasts, coated grains, and bioclasts, among which juve-
nile brachiopods, bryozoans, gastropods, crabs, ostracods,
polychaetes, thin-shelled bivalves, echinoid plates and spines
dominate (Figs. 7, 8).

In the largest Crescentiella-microbial clusters of the MT1,
three stages of development are noted: (i) initial, (ii) aggra-
dational, and progradational with massive Crescentiella
development, and (iii) final microbial-dominated (Fig. 7).
The initial stage of development of clusters are character-
ized by the presence of single specimen of Crescentiella,
enveloped by micropeloidal-micrite crusts (Fig. 7al, bl),
embedded within primary soft grain-dominated sediments
(MT2). These single pioneering specimens formed the basis
for the development of clusters, which in this stage, form
finger-like forms up to 2.5 cm high and 1 cm wide (Figs. 6b,
7al, bl). At the aggradational stage, numerous specimens
of Crescentiella are often in life position (for Crescentiella
strategy of growing see Schmid 1995; Senowbari-Daryan
et al. 2008; Figs. 2, 5d, e, 6b, 7all, bll, 8c—f). Crescentiella
is elongated in different directions and can be observed in
longitudinal, transverse, and oblique sections along their
longer axes (Figs. 7, 8). Often, successive generations of
Crescentiella are built one after another to form a microren-
ticulate framework (Figs. 4e, 5d, 6b, 7all, bIl). In the final
stage of the cluster development, the amount of Crescen-
tiella decreases, and the sediment is formed by agglutinat-
ing or peloidal flat or domal stromatolites (Figs. 6b, 7alll,
bIIl). The few Crescentiella specimens developed on the
upper surface of the cluster formed by stromatolite, are often
erosive cut (Fig. 8a). The individual neighboring clusters
are often joined together to form the larger Crescentiella-
microbial clusters up to several ten of centimetres in size
(Figs. 5b, c, 6¢).

The bioclastic-peloid-coated grain-microbial grainstone/
bindstone, more rarely packstone/wackestone microfacies
(MT?2), in contrast to MT1, is monotonously developed
(Figs. 7, 8a, b). The main components include numer-
ous peloids, Crescentiella, coated grains, coprolites, and
intraclasts of MT1, stabilized by thin microbial crusts and
peloidal stromatolites and leiolites forming macroscopic
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Fig.7 Accretion (I-III stages) of Cmc clusters (MT1) of two (al-alll
and bI-bIIl) examples from the study area; see also Fig. 6b. al, bl
show initial stages I. all, bII show the main stage of cluster accretion;
the white arrows show the growth direction of the cluster; B — boring.

laminites. Among the bioclasts, thin-shelled brachiopods
and echinoderm plates dominate.

alll, bIII show the final stage of cluster accretion. In the upper part,
peloidal stromatolite is visible (pS); the black arrows show fibrous
cements on cavity walls

One of the characteristic features of the Cmc facies is
the stromatactis-like cavities (Fig. 4b, d, ). These isolated
cavities are up to 4 cm wide and 2 cm high. The side walls
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Fig.8 Details of the Cmc facies from central and southern Poland. a,
b Upper parts of MT1 with peloidal stromatolite (pS); white arrows
show Crescentiella which is erosionally cut on the upper part of the
cluster in contact with MT2. ¢ The sharp boundary between MT1 and
MT2. The arrows indicate the side, marginal part of the Crescentiella.
d The internal part of the cluster with micropeloidal fabric, Crescen-
tiella, and numerous bioclasts e.g., bryozoans (B) and gastropods (G)
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and thin shells. e Spaces between Crescentiella specimens are occu-
pied by early diagenetic cements (back arrows) and microbial laminae
(white arrows). f Clotted micropeloidal fabric, microbial laminae, and
early diagenetic cements (black arrows) between Crescentiella speci-
mens. Serpulids encrustation (S) is developed on Crescentiella. The
white arrows show a direction change in Crescentiella accretion
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a i
* Clotted
micrite

Fig.9 a-d CL images of the Crescentiella (Cr) and void filled with
different generations of cements in the microframework and chrono-
logical order of cementation are highlighted by cathodolumines-
cence; radiaxial-fibrous cement (rf) is covered with non-luminescent,

of the cavities are covered by the isopachous cement, that
passes towards the central parts of the cavities into radiaxial
and blocky cements.

Geochemical results

The investigated sediments are characterized by the values
of 813C varying from 0.15%o to 3.17%c and 8'30 varying
from —3.81%0 to — 2.26%o. In the §'C and 8'30 plot, three
sets of points are distinguished (Fig. 10), showing the dif-
ferentiation between investigated Middle Oxfordian and
Lower Kimmeridgian examples. In the first set, represent-
ing the Wielkanoc Quarry, the values of §'°C range from
2.85%o to 3.17%o (average 3.02%0), and 5'%0 values range
from —2.85%o0 to — 2.26%o (average — 2.56%o). The sec-
ond, characterizing the sediments from the Re¢bielska Mt.
Quarry, covers the values of 8!°C in the range from 1.63

internal
sediment,

marine, phreatic dog-tooth cement (dc), which shows red lumines-
cence only in the outer crystals zones (D); blocky cement (bc) in the
central part of the void

%o to 2.28 %o (average 2.05%o), and 5'80 from —3.81%o to
—3.29 %o (average —3.62%o). The third set of results from
the Zabierzé6w Quarry includes the values of §'*C from 0.15
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Fig. 10 Distribution of 630 and 6'3C values of calcite matrix from
Rebielska Mt., Wielkanoc and Zabierzéw quarries
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%o t0 2.36 %o (average 0.88%o) and of 6'%0 from —2.74 %o  are comparable with the data from similar facies types from
to —3.31%o (average —3.02%o). The correlation of 5'3C and ~ other PJ outcrops (e.g., Kochman and Matyszkiewicz 2012;
5'30 values do not show differences; all are significant and ~ Matyszkiewicz et al. 2012; Krajewski and Olchowy 2021).
positive (Wielkanoc Quarry: r=0.63, Rgbielska Mt. Quarry: ~ There are slight differences in the content of MgO. The MgO

r=0.59, Zabierzéw Quarry: r=0.61). content is highest in the Cmc facies from the Wielkanoc
The investigated Cmc facies do not show significant dif-  Quarry (average 0.335 wt.%) and the lowest in samples from
ferences in the content of major elements between Wiel- the Rebielska Mt. Quarry (average 0.189 wt.%).

kanoc, Rebielska Mt. and Zabierzéw quarries (Table 2) and
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«Fig. 11 Palaeosetting of Cmc boundstone facies from Polish Jura
based on examples from Smoleri-Niegowonice Range (see Maty-
szkiewicz et al. 2006) and Kromotowiec Hill area; not for scale. a
Sketch with facies distribution. The central part of the isolated Upper
Jurassic reef complex was developed on tectonically active eleva-
tion. The Kromotowiec Hill was situated on the marginal part of the
reef complex. Mostly pelitic (dark blue) and gravity flow sediments
were deposited toward the north direction from the Kromotowiec Hill
(arrows). b—f Lateral facies changes in the vicinity of Kromotowiec
Hill representing Bifurcatus Zone. b Sponge floatstone/packstone;
siliceous sponges (Sp) within bioclastic-coated grains redeposited
from the reef complex slope. ¢ Microbial-sponge facies; sponge (Sp)
in the lower part of the photograph is covered with peloidal stroma-
tolite and coated grain-bioclastic sediments. d Cmc facies with MT1
and MT?2. e Crescentiella-ooid-microbial grainstone. The black arrow
indicates the orientation of the sample. f Coated grain facies with
numerous ooids, oncoids, bioclasts, and Crescentiella. g Palacoset-
ting model of Cmc facies and facies changes in the marginal part of
the reef complex. The reef complex was situated on elevation in the
shallow basement formed by the coincidence of lower subsidence of
sediments above the palaeozoic intrusion and synsedimentary tec-
tonic on the marginal part of the Matopolska and Upper Silesian ter-
ranes

Interpretation and discussion
Interpretation of Cmc boundstone facies

Cmc boundstone facies from the PJ is formed by a large
number of decimetre-scale clusters (MT1) forming low-
relief cluster bioconstructions on the sea bottom. The Cmc
facies developed in an environment with grain-dominated
sediments (MT2) bound by microbial crusts. In the environ-
ment where the Cmc boundstone facies developed, skeletal
metazoans did not constitute important reef-building organ-
isms. Crescentiella-microbial clusters can be classified as
microencruster-microbial-cement reef builder consortiums
that caught and bound peloids, bioclasts, and other grains,
which was an important process of cluster accretion (Suarez-
Gonzalez et al. 2019).

Rapid lithification is supported by the early marine
cementation leading to the formation of different types of
carbonate cements between Crescentiella specimens. The
fibrous cement developed on the microencrusters indicates
the synsedimentary origin of the cement (Kendall and
Tucker 1973; Koch and Schorr 1986; Fliigel 2004; Richter
et al. 2011; Krajewski and Schlagintweit 2018). Moreover,
the succession of microbial laminae alternated with radiax-
ial-fibrous cement (Fig. 8e, f), also supports a synsedimen-
tary origin of the cement (e.g., Fliigel 2004, p. 306; Popa
et al. 2014; Krajewski and Schlagintweit 2018).

The development of Crescentiella clusters with micro-
bialites played an important role in stabilizing the soft
grain-dominated sediments. The Crescentiella-microbial
clusters probably also took an important role as a habitat
for microbial mats feeding fauna e.g., echinoderms and gas-
tropods, settling the clusters and the surrounding seafloor.

The presence of rather fine-grained sediments and allochtho-
nous internal sediments within the cluster indicates moder-
ate water energy. However, the water energy had to be high
enough to enable early cementation.

Timing of Crescentiella-microbial-cement facies
in the upper jurassic sedimentary succession
of the Polish Jura

In the Oxfordian-Lower Kimmeridgian sedimentary succes-
sion from the PJ (Fig. 3), three intervals are distinguished
during which Cmc boundstone facies developed. These
are Interval I (Middle Oxfordian, Transversarium Zone),
Interval II (Upper Oxfordian, Upper Bifurcatus Zone), and
Interval III (Lower Kimmeridgian, Planula Zone) (Fig. 3;
Table 1). The above sedimentary intervals are separated by
pelitic-bioclastic bedded limestone facies and marly lime-
stone and marl facies (Fig. 3). In addition the intervals [-III
are emphasized by the horizons in which gravity flow depos-
its (e.g., olistolites, debris-flow deposits) originated from
the erosion of microbial-sponge, Cmc, and microbial-grain-
dominated reef facies were deposited. Their genesis, like
the development of the neptunian dykes, in the study area,
is associated with periodic synsedimentary tectonic activity
along the marginal parts of the Matopolska and Upper Sile-
sian terranes (Fig. 1; e.g., Matyszkiewicz et al. 2012, 2016;
Wozniak et al. 2018). The mentioned facies changes and
intervals in the sedimentary succession can be correlated
with the Late Jurassic sequences and variations in the sea
level (e.g., JOx5, JOx6; Haq 2018).

Regional distribution and palaeosetting
of the Crescentiella-microbial-cement boundstone
facies

The wide regional distribution of Crescentiella-microbial-
cement boundstone facies within the PJ (Fig. 1; Table 1) sug-
gests that during some periods (Intervals I-III; Fig. 3) of the
main reef complex development, these facies were relatively
common. Data from the Mid Oxfordian-Lower Kimmeridg-
ian PJ reefs allows for the distinction of two basic types of
depositional systems. The first type represents a low-relief
depositional system where sponge-microbial cluster or seg-
ment reefs or siliceous sponge-microbialite mud mounds or
sponge biostromes developed (Leinfelder et al. 1996; Maty-
szkiewicz 1997; Schmid et al. 2001). No Cmc boundstone
facies were found in these sediments. The second, depo-
sitional system type is related to the development of large
reef complexes/microplatforms on sea bottom palaeohighs
(Fig. 11; Matyszkiewicz et al. 2006, 2012; Krajewski et al.
2018). During the aggradational phase of the reef complex
development, the microbial-sponge frame reefs prevailed.
During the progradation stage, in the conditions of shallow
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water (close to wave base) sedimentation on the marginal
and inner flat part of the reef complexes, microbial and
grain-dominated deposition with Cmc boundstone facies,
dominated (Fig. 11). In such paleosettings on the PJ, the
microbialites intensively developed, especially stratiform,
agglutinating, peloidal stromatolites and layered throm-
bolites, along with the development of facies with grain-
dominated coated grains, intraclasts, bioclasts including
coprolites, calcareous green algae (Matyszkiewicz et al.
2006, 2012; Kochman and Matyszkiewicz 2012; Krajew-
ski et al. 2018). The microbial-dominated reef facies from
the PJ including the Cmc boundstone facies were studied
in detail by Matyszkiewicz et al. (2012) who concentrated
particularly on the microbialite structures related to the
environmental setting. According to Matyszkiewicz et al.
(2012), the diversification of microbialites is an effect of
local sedimentary conditions. The changes in the seawater
chemistry changes did not play a role in microbial diversi-
fication. Such statements are confirmed by the geochemical
data from major and minor elements (Matyszkiewicz et al.
2012; Table 2).

In the Polish Jura (PJ), it can be observed that microbial-
sponge facies overlap with Cmc facies and microbial-grain
dominated facies (Fig. 11; Matyszkiewicz et al. 2006, 2012;
Kochman and Matyszkiewicz 2012; Krajewski et al. 2018).
The microbial mats provided effective traps and bounded
grain-dominated sediments that were quickly cemented. The
microbial-grain-dominated facies, in which coated grains
and bioclasts predominate, are typical of the internal parts
of flat-topped microplatforms during their progradational
phase (Fig. 11). In marginal and upper slope parts of the
reef complexes, where grain-dominated sediments prevailed,
and intensive synsedimentary cementation took place, the
Cmc boundstone facies, occurred. On the reef complex slope
grain-flow, detrital facies with numerous bioclasts and Cres-
centiella dominate while in more distal parts of the slope,
microbial-sponge facies predominate. The more distal and
deeper parts of slopes and areas between the reef complexes
are filled with mud-dominated pelitic-bioclastic facies. In
these areas, among bioconstruction, small sponge cluster
reefs or biostromes forming bedded limestones, dominate
(Fig. 11).

The 6'3C and 6'®0 values indicate that calcite precipita-
tion in the investigated localities took place in marine waters
for which 6'2C values vary from 0%o to+4 %o and 5'30 from
—4 %o to 0%o0 (Hudson 1977; Tucker and Wright 1990; Hoefs
2004). The oxygen isotope values for primary carbonates in
normal marine conditions are approximately close to 0%o
PDB (Milliman 1974; Faure 1998; Moore 2001). The rock
samples from the studied localities do not differ significantly
geochemically in terms of major elements, indicating that
carbonate sedimentation occurred under similar geochemical
conditions. However, variations of §'%0 values between the
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limestones from localities suggest slight changes in water
composition within the sedimentary environment from nor-
mal seawater to slightly diluted seawater. The calcite pre-
cipitation in limestones from the Rebielska Mt. Quarry took
place in slightly different environmental conditions com-
pared to the limestones from the Wielkanoc and Zabierzéw
quarries. Calcite precipitation took place generally in marine
waters with a small share of meteoric waters, as evidenced
by the values of §'%0 up to —3.81 %o (Matthews and Allan
1978; Allan and Matthews 1982; Hoefs 2004).

In the case of the Polish-German part of the northern
Tethys shelf, so far, similar analogues regarding facies
relationship with microencruster-microbial boundstones
have not been described in detail. In the area of the PJ, the
examples from the Sokolica Reef Complex, Wielkanoc and
Czajowice quarries, and Zegarowe Rocks (Table 1) are
similar to those observed in the presented model (Fig. 11).
Similar Upper Jurassic example is the microbial cemented
grain-dominated facies described from the reef complex as
platform sands from the Franconian Jura (Germany; e.g.,
Koch et al. 1994). Another similar examples to the Upper
Jurassic facies from the Tethys shelf are the Lower Jurassic
examples of palaeohigh from Morocco, where an isolated
carbonate platform developed on the Palaeozoic elevation
(Della Porta et al. 2013). After Della Porta et al. (2013, p.
249), the microbial microencruster boundstone probably
expanded to the outer platform facies belt when environ-
mental conditions excluded most of the metazoans (e.g.,
corals) and microbial precipitation was favoured. The com-
position of the biota is similar to the Upper Jurassic deposits
from the PJ. Therefore, it can be assumed that in both cases,
microencruster-microbial boundstone palaeosetting can be
classified as steep-fronted, moderate energy, outer margin
to upper slope settings, that were tectonically active in Late
Jurassic, as structural palaeohighs. The examples discussed
in this paper, similarly to the Lower Jurassic example, indi-
cate that the occurrence of microencruster-microbial-cement
bioconstructions may be useful for palaeogeographic, pal-
aeobathimetric, and palaeotectonic investigations (see also
Hoffmann et al. 2021; Kotodziej and Ivanova 2021).

Position of the Crescentiella-microbial-cement
boundstone facies among organic reef types

In the Phanerozoic, various types of bioconstruction are
formed by corals, sponges, stromatoporoids, microbialites,
microencrusters, and synsedimentary cements that were
classified by Riding and Virgone (2020) as the so-called
hybrid carbonates forming various types of organic reefs
(e.g., Wood 1999; Kiessling 2002; Leinfelder et al. 2002;
Fliigel 2004; Riding and Virgone 2020). Hybrid carbon-
ates are understood as in situ associations of two (dual
hybrid) or three (triple hybrid) of abiotic (or quasi-abiotic),
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bioinduced (mainly microbialites) and biocontrolled (skel-
etal e.g., corals or sponges) carbonates. Examples from
the northern Tethys shelf were most often formed by dual
hybrids of microbial-sponge open frame reefs or microbial
agglutinated reefs (pure microbial reefs (> 10% metazoans)
or microbial dominated metazoan reefs (sensu Leinfelder
et al. 1996). In the Late Jurassic sediments of the northern
Tethys shelf, the triple hybrids are rare. The Crescentiella
included in the microencruster-microbial-cement consortium
is an important reef-builder in the dual hybride microbial-
grain dominated reefs, and the microbial-sponge reefs and
occur less frequently in the triple hybride carbonate skel-
eton—microbial—abiotic components on the Late Jurassic
northern Tethys shelf. In the case of the PJ, some fragments
of the presented Sokolica Reef Complex and Wielkanoc
Quarry examples (Table 1) can be included in the microen-
cruster-sponge-cement triple hybrids. A similar Upper Juras-
sic example of triple hybride carbonates has been reported
from the Oxfordian and Tithonian Crimea reef (Krajewski
and Olszewska 2006; Krajewski and Schlagintweit 2018).
In the case of the PJ, abiotic carbonates are often associated
with microbial carbonates which indicates that conditions
that were favourable for abiotic carbonate precipitation also
favoured microbialites development. The Cmc boundstone
facies most closely resembles agglutinated microbial reefs
or the sponge and coral microbial-dominated open frame
reefs. Some studies (e.g., Schlaginweit and Gawlick 2008;
Krajewski and Schlagintweit 2018) emphasize that the Late
Jurassic bioconstructions formed by microencruster-micro-
bial-cement microframework with numerous Crescentiella
resembles the Permian reefs (e.g., Fliigel 1994; Wood 1999;
Weidlich 2002; Kershaw et al. 2007; Peryt et al. 2016) and
the Triasic Tubiphytes and cement crust-dominated reefs
(e.g., Senowbari-Daryan et al. 1993; Fliigel 2002; Marangon
et al. 2011; Popa et al. 2014). As in the examples studied,
radiaxial-fibrous cements reported in boundstones from the
Middle-Upper Triassic carbonate platforms represent mainly
the margin and upper slope settings with synsedimentary
marine cementation (e.g., Keim and Schlager 2001; Seeling
et al. 2005).

Conclusions

The Upper Jurassic succession from the Polish Jura displays
a distinct variability of reef facies with the locally dominant
Crescentiella-microbial-cement boundstone facies. These
facies are dominated by Crescentiella-microbial-cement
consortium forming decimetre-scale bioconstructions with
stromatactis-like cavities.

The intensive development of Crescentiella-microbial-
cement boundstone facies took place during three sedimen-
tary intervals, encompassing the ammonite Transversarium

Zone of the Middle Oxfordian, Upper Bifurcatus Zone of
the Upper Oxfordian, and the Planula Zone of the Lower
Kimmeridgian.

The sedimentary environment of Crescentiella-microbial-
cement boundstone facies is characterized by a relatively
small amount of metazoans, together with the intensive
development of microbialites and the intensive deposition
of non-skeletal grains that were stabilized by microbial mats.
The trapping and bounding of such grains were an important
process of bioconstruction accretion.

The Crescentiella-microbial-cement boundstone with
stromatactis-like cavities is best explained by their develop-
ment in the marginal and upper parts of the slope of broad
reef complexes/microplatforms developed on structural pal-
aeohighs. The palaeosetting of such facies can be associated
with the transition zone between deeper microbial-sponge
and generally shallow water microbial-bioclastic-coated
grain dominated and/or coral-fine-grained facies represent-
ing the internal part of the reef complexes/microplatforms.

Microencruster-microbial-cement boundstones can be
classified as microbial-sponge or microbial-grain dominated
dual hybrids, less often microencruster / microbial-skeletal
metazoan-cement triple hybrids. Described microencruster-
microbial-cement boundstone resembles and coexists with
agglutinated microbial reefs formed by microbial trapping
and binding of grains and microbial-sponge skeleton-sup-
ported open frame reefs with significant contribution from
microencrusters and early cements.
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