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Well preserved laminated structures occur within the Upper Ordovician of the Cellon section in the
Carnic Alps (Austria), a world-famous reference section for Silurian conodont biostratigraphy.
Microfacies from the Upper Ordovician Uqua Formation were characterised by using optical and scanning
electron microscopy (SEM), an environmental scanning electron microscopy coupled with microanalyses
(SEM/ESEM-EDX) and a confocal laser Raman microscopy. Ferruginous laminated structures overgrowing
specific skeletal fragments occur in the lower part of the studied unit in the form of finely red-to greenish
coatings composed of chamosite and goethite alternating with calcite bands. Laminae have arborescent
to dendrolitic morphologies. Such morphologies suggest a biomediated genesis and the existence of a
potential microbial factory acting in a nearby location from which coated material was later redeposited.
These ferruginous coatings around organisms are not documented within the latest Ordovician Plöcken
Formation at Cellon or in the coeval Wolayer Formation elsewhere.

� 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Carnic Alps have fascinated Palaeozoic specialists since the
end of the XIX Century. The magnificent and continuous exposures,
the fine preservation and relative abundance of the fossil material,
and the precise and integrated biostratigraphical constraints of the
units have favoured a long tradition of stratigraphical and palaeon-
tological study in the area. Our knowledge of this geographical sec-
tor has now placed the Carnic Alps as a fundamental key-area, at
least, for the Silurian and the Devonian. However, what is even
more striking is that the Carnic Alps appear to have unique features
in the lower Palaeozoic peri-Gondwana sector if compared with
nearby areas. Among the many peculiarities, a special attention
had been reserved to the exclusive colour of the rocks in the Silur-
ian (Ferretti et al., 2012; Histon, 2012). Ferretti (2005), Ferretti et
al. (2012) and Corriga et al. (2021) reported the presence of lami-
nated structures in the form of ferruginous-coatings around skele-
tal fragments with a distinct stromatolitic pattern within pink to
red limestones and ironstones of Silurian age. These laminations
were associated with carbonaceous matter and fossilized microbial
structures, suggesting therefore a microbial role in the colouring of
the Silurian (Ferretti et al., 2012). Histon (2012) analysed Silurian
nautiloid-bearing strata from the Cellon section and compared
the peculiar colour of their enclosing sediment with coeval occur-
rences along northern Gondwana in order to identify related, time-
specific facies (sensu Brett et al., 2012) such as apparent mass mor-
tality events and cephalopod limestone biofacies.

The Ordovician represents a remarkable interval of the Phaner-
ozoic. The Period started with a major pulse of biodiversification
(known as the Great Ordovician Biodiversification Event, or GOBE;
Servais and Harper, 2018) and closed with a massive extinction,
triggered by extensive glacial activity (Delabroye and Vecoli,
2010). The Late Ordovician preserved at high latitudes along the
peri-Gondwana margin commonly offers only a fragmentary view
of the closing part of the period due to discontinuities, associated
to the onset of the Hirnantian glaciation and resulting eustatic
shifts. The Upper Ordovician facies layout in the Carnic Alps was
strongly influenced by basin bathymetry, especially at the Ordovi-
cian/Silurian boundary. Erosional gaps of different amplitude
resulted in sporadic documentation of the Hirnantian only in the
deeper parts of the basin and in a diachronous record of post-
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glacial anoxic/dysoxic Silurian shales. However, the steep slope
east of Cellon mountain and south of Cellon Alm has documented,
at an altitude of ca. 1500 m, an almost continuous record of the
Upper Ordovician, including evidence of the glacial event sup-
ported by biostratigraphical (graptolites, chitinozoans and cono-
donts) and chemostratigraphical (d13C HICE Excursion) data
(Ferretti et al., 2023).

A major focus of this paper is to report and describe biolami-
nated ferruginous structures in the Upper Ordovician Uqua Fm.
of the Cellon section, and clarify the connection of this occurrence
with penecontemporaneous beds inside and outside the Carnic
Alps.
2. Geological setting

The Carnic Alps are a mountain chain exposed along the border
between southern Austria and northern Italy in a west-east direc-
tion. Here, one of the most complete Palaeozoic successions, rang-
ing in age from the? Cambrian/Early Ordovician to the Late
Permian, is exposed over a length of ca. 110 km and a width of
ca. 15 km (Ferretti et al., 2023; Fig. 1(A)). Rocks up to the Lower
Pennsylvanian constitute the so-called Pre-Variscan sequence,
whose lithostratigraphy has been recently revised with the formal
introduction of 36 formations (Corradini and Suttner Eds., 2015).
For a more detailed description of the geological framework of
the Carnic Alps and of the Cellon section in particular, we refer
to Corradini et al. (2015, 2016), Schönlaub et al. (2017), Corriga
et al. (2016, 2021) and Corradini and Pondrelli (2021).

The ?Cambrian-Lower Ordovician of the Carnic Alps is mostly
represented by clastic/volcanic units, passing to siltstones and fos-
siliferous limestones in the final part of the period. Regarding the
Upper Ordovician, the 10 to 17 m thick massive limestone of the
Wolayer Fm., represented by a shallow water cystoid-bryozoan
packstone and grainstone (Schönlaub and Ferretti, 2015a), was
deposited in the shallower parts of the Carnic basin (the area of
Lake Wolayer: base of Mt. Seekopf, Valentintörl, Rauchkofel Boden
sections; Schönlaub and Ferretti, 2015a; Corriga et al., 2021). Echi-
noderm debris, bryozoans, sparse corals, algae, conodonts and rare
ostracodes and trilobites constitute the main components of the
faunal association recovered from the unit. Dullo (1992) regarded
this limestone as formed by the accumulation of parautochthonous
bioclasts displaced from bryozoan-cystoid mounds, although the
latter structures have never been found (Schönlaub and Ferretti,
2015a). The upper boundary of the Wolayer Fm. is marked by an
impressive discontinuity surface, often associated to an ironstone
horizon, indicating the Ordovician/Silurian boundary.

Laterally to the Wolayer Fm., the Uqua Fm. was deposited in
deeper settings (Schönlaub and Ferretti, 2015b) in the form of
1.5 to 9 m thick nodular limestones documenting a bioclastic asso-
ciation of acritarchs, brachiopods, conodonts, cephalopods, chitino-
zoans, foraminiferans, gastropods, ostracods, sponge spiculae and
trilobites (Schönlaub and Ferretti, 2015b). The stratotype of the
Uqua Fm. is exposed in the Cellon section (Fig. 1(B)) at an ava-
lanche gorge (Fig. 1(C, D)), where the unit reaches a thickness of
ca. 7.3 m (beds 1–4 in Walliser, 1964; Fig. 1(E)) with interbeds of
greenish siltstones in the upper part (member 2 in Schönlaub
et al., 2011; Fig. 1(E)). The Uqua Fm. conformably passes to the
grayish to blackish limestones and calcareous sandstones of the
Plöcken Fm., a 1.5 to 9 m thick unit attesting a further shallowing
of the basin associated with the onset of the Hirnantian glaciation
(Schönlaub and Ferretti, 2015c). The unit has a thickness of 6.17 m
at the Cellon stratotype (beds 5–8 in Walliser, 1964; Fig. 1(E)),
where brachiopods of the Hirnantia Fauna have been documented
at levels 5 (associated withMetabolograptus persculptus; Štorch and
Schönlaub, 2012) and 6 (Jaeger et al., 1975). Other fossil occur-
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rences are represented by acritarchs, bivalves, cephalopods, chiti-
nozoans, conodonts, echinoderms, foraminifers, gastropods,
ostracodes, sponge spiculae and trilobites (Ferretti et al., 2023). A
distinctive carbonate d13C excursion at the contact between the
Uqua and Plöcken formations has been correlated with the HICE
carbonate d13C peak (Bergström et al., 2009), confirming the Hir-
nantian age of the Plöcken Fm. (Schönlaub et al., 2011). K-
bentonites levels (asterisks in the Cellon log; Fig. 1(E)) were
described and discussed by Histon et al. (2007) and represent a fur-
ther tool for global correlation outside the Carnic basin. Glacial evi-
dences are represented by diamictites, channeling, erosion and
local non-deposition (Schönlaub, 2000; Schönlaub et al., 2011;
Hammarlund et al., 2012).

Corriga et al. (2021) recently revised the Ordovician/Silurian
boundary in the Carnic Alps with new conodont biostratigraphical
data. The boundary unconformably truncates the Wolayer or
Plöcken formations with a hiatus, embracing the latest Ordovician
and the earliest Silurian, that becomes significantly larger when
passing from the deeper (Bischofalm facies; sensu Schönlaub,
1971) to the shallower part of the Carnic basin (Wolayer facies;
sensu Schönlaub, 1971). The Silurian onlap appears to be directed
in the central sector of the Carnic Alps from south-east to north-
west in a general ramp-type setting (Corriga et al., 2021).
3. Material and methods

3.1. Material

This study is based upon a large set of samples collected in a
series of fieldwork excursions over the last 15 years, associated
with a detailed taphonomic study run directly in the field with
the intention to decipher stratigraphy and tectonic overprints.
Bed-by-bed description and sampling was run of the Wolayer,
Uqua and Plöcken formations in their main exposures (Rauchkofel
Boden, base of Mt. Seekopf, Seewarte, Valentintörl, Cellon, Rifugio
Nordio and Valbertad sections). Conodont contents were carefully
checked in order to have a precise biostratigraphical setting of each
horizon. Material described in the present study derives from the
Cellon section. Sample preparation was undertaken in the labora-
tories of the Department of Chemical and Geological Sciences of
the University of Modena and Reggio Emilia, Italy, resulting in 40
uncovered polished 45 mm � 60 mm thin-sections from the Uqua
(levels Cellon 1, 2, above 2, 3, 4 and 4A) and Plöcken (levels Cellon
5, 6, 7, 8 base and 8 top) formations (Fig. 1(E)).

Lithological samples and thin sections are housed in the ‘‘Inven-
tario Paleontologia Università di Modena e Reggio Emilia (IPUM)”
at the Department of Chemical and Geological Sciences, University
of Modena and Reggio Emilia, Italy.
3.2. Age control of the material

The Upper Ordovician calcareous units of the Carnic Alps have
been used for detailed conodont studies at least in southern Europe
and have allowed precise biostratigraphical framing of the succes-
sion, integrated by graptolite (Jaeger, 1975; Jaeger et al., 1975) and
chitinozoan (Priewalder, 1987, 1997) data. Walliser (1964), in his
fundamental paper for Silurian conodont biostratigraphy from
the Cellon section, reserved a brief description to the Ordovician
‘‘Bereich I”. The pioneer papers of Enrico Serpagli (Serpagli and
Greco, 1965a, b; Serpagli, 1967), funded on the Italian exposures
of the Uqua Fm., provided a comprehensive and detailed view of
the Late Ordovician conodont fauna, however still applying the
morphospecies concept. Additional data were supplemented by
Manara and Vai (1970), Schönlaub (1971), Vai and Spalletta
(1980), Bagnoli et al. (1998, 2017), Schönlaub et al. (2017).



Fig. 1. A, B. Location map of the area investigated in this study. The inset in A is detailed in B. Red star in B marks the position of the Cellon section. C, D. General view of the
Cellon section in aerial panoramic view (C: credit R. Hombacher Arosa) and detail of the Ordovician outcrop showing the Uqua and Plöcken formations and the Ordovician/
Silurian boundary in D (inset in C). E. Stratigraphic log of the Ordovician part of the Cellon section (modified after Schönlaub et al., 2011). Red stars indicate horizons that have
documented the biolaminated structures detailed in this study.
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Ferretti and Schönlaub (2001), after detailed sampling of the key-
areas, described the conodont association from the Wolayer Fm.
in several sections around the Wolayer lake and from the Uqua
and Plöcken formations in the Cellon section. All units were
demonstrated to contain the Amorphognathus ordovicicus Biozone,
thus confirming a Late Ordovician age (Ferretti and Bergström,
2017). Ferretti et al. (2014) and Bergström and Ferretti (2015)
recently revised historical Ordovician localities in the United King-
dom, and finally assigned to Amorphognathus duftonus Rhodes,
1955 the holodontiform elements of the genus with the typical
barb-like denticle, defining in this way the full architecture of
the apparatus. According to those studies, the holodontiform ele-
ments described from the Carnic Alps by Serpagli (1967) belong
to Amorphognathus duftonus, reported from the Wolayer, Uqua
and Plöcken formations.

Even more importantly, the Plöcken Fm. provided a moderately-
rich Hirnantian conodont fauna, the first ever recovered in Europe,
documenting for the first time also the response of conodonts to
the initial phase of the Late Ordovician extinction event (Ferretti
and Schönlaub, 2001; Ferretti et al., 2023).

3.3. Analytical methods

Thin sections were described using optical and scanning elec-
tron microscopy (SEM), as well as environmental scanning electron
microscopy coupled with microanalyses (SEM/ESEM-EDX), and a
confocal laser Raman microscope.

Thin sections were initially investigated by using a transmitted
and reflected optical light microscope, a Jenapol microscope
equipped with a Canon EOS 350D (at the UNIMORE, Italy).

Subsequently, Au-coated and uncoated thin sections, mounted
on aluminium stubs previously covered with carbon-conductive
adhesive tape, were analysed (at the UNIMORE, Italy) with an
Environmental Scanning Electron Microscope FEI ESEM-Quanta
200, equipped with an Oxford EDX INCA 300 X-ray energy disper-
sive spectrometer system, and a Scanning Electron Microscope
Nova Nano SEM FEI 450, equipped with a X-EDS Bruker
QUANTAX-200 detector. ESEM observations were conducted in
High and Low Vacuum (LV: 1 and 0.5 Torr). Scanning electron
microscope observations were performed under High Vacuum
with an accelerating voltage from 15 to 25 keV both for imaging
and elemental analyses.

Raman spectroscopy was performed (at the CBM-CNRS, France)
using a WITec Alpha500 RA spectrometer with a frequency
doubled Nd:YAG green laser (wavelength 532 nm). The system is
equipped with a motorized displacement stage permitting to scan
the sample and to obtain hyperspectral dataset. Data processing
then enables to create concentration and composition maps, or
to extract the average spectrum of a specific phase (Foucher et
al., 2017). For this study, hyperspectral data were acquired using
a Nikon E Plan 20 � objective (NA = 0.40) and a laser power of
13 mW at surface. This relatively high laser power was required
to obtain a sufficient signal to noise ratio; nevertheless, such a
power is known to transform goethite into hematite (Foucher,
2021). Average spectrum of each phase was obtained from the
maps using different masks, cosmic rays removal, background sub-
traction and deconvolution. Additional Raman spectra were
acquired by spot analyses using a laser power of 4.5 mW on speci-
fic phases.
4. Results

4.1. Microfacies description

Six levels were sampled from the Uqua Fm. (Cellon 1, 2, above 2,
3, 4 and 4A; Fig. 1(E)), covering the full exposure of the unit in the
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Cellon section. Only the lower part of the formation (levels Cellon 2
and Cellon above 2) revealed the presence of reddish to greenish
laminated structures that coat the bioclasts. These ferruginous
constructions were not detected elsewhere in the coeval levels of
the Wolayer Fm. or in the overlying Hirnantian Plöcken Fm. at
Cellon.

Level Cellon 2 was sampled at the top of the massive calcareous
bed 2 in Walliser (1964); level Cellon above 2 is a 10 cm horizon
exposed immediately above (Figs. 1(E), 2(A, B)). In thin section,
level Cellon 2 is represented either by light-gray nodular deposits
of equidimensional biodebris scattered within a darker matrix
(Fig. 2(E, F)) or by monotonous micritic deposition with sparse
trilobites and echinoderms (Fig. 4(E)). Nodules are dominated by
wackestone-packstones of articulated and disarticulated bivalves
and ostracodes, gastropods, echinoderm ossicles, rare trilobites
and cephalopods. Micritization (mostly of echinoderms) and
umbrella effects are common (Fig. 2(E, F)). Trilobite-echinoderm
wackestone has been as well documented from the same level,
with trilobite and echinoderm skeletal elements dispersed in the
matrix without any preferred orientation. Level Cellon above 2 is
represented by a brachiopod-trilobite wackestone (Fig. 2(C, D)).
The brachiopods are commonly articulated and have medium
dimensions. Skeletal debris, represented by cephalopod shells,
echinoderms, ostracodes, gastropods, bryozoans, and possible stro-
matoporoids, is associated and lacks any preferred orientation
(Fig. 3(D)). Shell dissolution and dolomitization is common.

4.2. Ferruginous laminated structures

The ferruginous laminated structures described in this study
were recorded in the more micritic levels of the wackestone, and
appear to be lacking in the nodular bioclastic horizons. Coated
material represents a minor part of the fauna documented in thin
section (Figs. 3(D), 4(E)). Trilobites seem to be the most common
skeletal elements to be coated, with a few subordinate cephalopod
shells. Laminated coatings may be incomplete, consisting of multi-
ple layers growing on parts of the shell, or they may envelope the
entire organism. These structures mostly grow starting from
prominent parts of the shell or from the shell extremity (Fig. 3
(C)). Coatings consist of a series of small domes developed only
on the external part of the shell and exhibiting a fabric of alternat-
ing lamination of white laminae, with individual sparry laminae up
to 30 lm thick, and dark yellow to green to red laminae. Laminae
are more or less continuous. Reddish laminae are more difficult to
discriminate especially at larger magnification where they often
reveal a spotty fabric (Fig. 4(B)). Analogous alternating patterns
occur in adjacent domes, as evidenced by white laminae that
occupy the same position and with a comparable thickness in close
bulges (Fig. 4(C)). This suggests a simultaneous evolution of the
coating in the diverse domes. The outer shell margin of coated
trilobites (Fig. 3(C)) and cephalopods (Fig. 5(A)) often reveals exter-
nal dissolution and/or bioerosion, as well as traces of microborings.

SEM/ESEM-EDX analyses of the reddish laminae revealed the
association of Fe and O, suggesting the presence of goethite. Green-
ish laminae within micro-domes (Fig. 5(A)) are characterised by
the concurrent increase of Fe, Si, Al and Mg, indicating the probable
occurrence of chamosite, a phyllosilicate that has already been
reported in the Silurian counterpart. At the same time, white lam-
inae alternating with the iron-phases documented the increase of
Ca and C (Fig. 5(E)).

The Raman map of the Cellon 2 reddish laminae (Fig. 4(B)) dis-
played in Fig. 6(B) shows the presence of ubiquitous calcite with
quartz and albite grains in the mineral matrix as well as the recov-
ery of significant small particles of carbonaceous matter. The
Raman spectra of these laminae also display an additional band
around 400 cm�1 (Fig. 6(C)) attributed using spot analysis to



Fig. 2. A, B. Close views of the lower part of the Cellon section exposing the Uqua Formation with indication of the sampled horizons. C–H. Transmitted-light micrographs of
petrographic thin sections illustrating main microfacies of the Uqua Formation from the Cellon section. C, D: Level Cellon above 2. Rare trilobites and echinoderm debris are
sparse in a nodular fossiliferous mudstone; E, F: Level Cellon 2. Bioclastic wackestone with accumulation of equidimensional echinoderm ossicles, disarticulated bivalve
shells, ostracodes, gastropods and rare trilobites. Note micritized echinoderm remains (black arrows) and umbrella effects (yellow arrows); G, H: Level Cellon 2. Incipient
ferruginous coating developed around a nautiloid skeletal fragment (detailed in H). Note the laminated and multi-columnar fabric of the structure. Scale bars: 1 mm (C–E),
500 lm (F–H).
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Fig. 3. A–E. Level Cellon above 2. Laminated bio-ironstones in the form of ferruginous microstromatolites growing around a trilobite skeletal fragment. Insets A, B and E detail
the columnar fabric of the ferruginous coating and the alternation of calcite and Fe oxyhydr-/oxides producing the peculiar rusty colour. Note how structures are more
developed at the trilobite margin (C). Scale bars: 100 lm (A, B, E), 500 lm (C), 5 mm (D).
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Fig. 4. Level Cellon 2. A, B, D, E. Trilobite skeletal elements in a fossiliferous wackestone and details of the laminated and columnar fabric of the ferruginous coating. Note how
the laminated fabric is visible only in some domes (white arrows) while others are apparently indistinct (yellow arrows). C. Reworked and abraded microstromatolite around
an undetermined skeletal fragment documenting a similar growing pattern in the diverse columnar structures developed around the outer margin. Scale bars: 500 lm (A),
200 lm (B–D), 5 mm (E).
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goethite, but now in the form of hematite due to the high laser
power required to collect the signal (Foucher, 2021). The Raman
map of the Cellon 2 cephalopod illustrated in Fig. 5 is displayed
in Fig. 6(E). It is characterised by a higher background level (lower
signal to noise ratio). Nevertheless, it is possible to detect hematite
(previously goethite), calcite and carbonaceous matter.
5. Discussion

Kreutzer (1990, 1992) provided a first study of the Ordovician
to Devonian microfacies exposed in the Central Carnic Alps,
173
reporting the presence of a peculiar laminated fabric around
cephalopod shells, interpreted as of algal origin, in the Silurian
part of the Cellon section. Later, Ferretti et al. (2012) focused
on ferruginous structures documented in diverse Silurian sections
of the Carnic Alps and discriminated three distinct types of bio-
mediated iron-rich structures: (i) ferruginous ‘‘stromatolite-like”
laminar structures mostly developed in correspondence to signif-
icant stratigraphic gaps, (ii) localized iron ooids, and (iii) ferrugi-
nous coatings around skeletal fragments (mostly trilobites,
cephalopods and echinoderms). As regards the latter, the entire
faunal association of one location (Valentintörl Section 1) was
totally constituted by coated benthic organisms (dominant trilo-



Fig. 5. Level Cellon 2. A. Cephalopod exposing a complete ferruginous multi-columnar coating around the shell. B–D. Scanning electron micrographs (B, D) and spectrum (C)
of the laminated coating. E. SEM–EDS elemental maps (Ca, C, O, Fe, Si, Al and Mg) of the columnar structure framed in D. Note the joined increase of Fe, Si, Al and Mg and the
concurring decrease of Ca and C. Scale bars: 500 lm (A), 50 lm (B, D).
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bites and subordinate bryozoans) and possibly represented the
source area where coating occurred. From there, coated bioclasts
were redeposited at deeper settings in near-by locations, where
intermixed coated and uncoated skeletal grains were documen-
ted. Goethite, magnetite, hematite, chamosite, calcite and subor-
dinate apatite created spectacular dark red, green, white and
brownish ferruginous laminae. Such iron-enrichments character-
ized three specific time frames of the Silurian, documenting epi-
sodes of microbial activity able to metabolize the iron present in
174
the environment in form of ‘‘bio-ironstones” (ferruginous micro-
stromatolites and Fe-multilayered mineralized structures). These
time-specific facies can be followed around different basins
(Brett et al., 2012; McLaughlin et al., 2012) and reflect episodes
of global extension. Brett et al. (2012) discussed these iron-
enrichments as chemical events and condensation-related time-
specific facies.

The Late Ordovician of the Carnic Alps documents a change
from a siliciclastic to a carbonate-dominated sedimentation (Uqua



Fig. 6. Level Cellon 2. A–C. Optical image in transmitted light (A) and associated compositional Raman map (B) with calcite in orange/yellow, carbonaceous matter in green,
anatase in dark blue, quartz in light blue, albite in fuchsia and hematite (initially goethite) in red of the laminated structure displayed in Fig. 4(B). Associated Raman spectra
(C) obtained from the map, except Raman spectrum of hematite obtained from single spot analyses. D–F. Optical image in transmitted light (D) and associated compositional
Raman map (E) with calcite in orange/yellow, carbonaceous matter in green, and hematite (initially goethite) in red of the cephalopod structure displayed in Fig. 5(A).
Associated Raman spectra (F) obtained from single spot analyses. Scale bars: 40 lm (A, B), 400 lm (D, E).
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and Wolayer formations), a shift already reported in the high-
latitude peri-Gondwana region as a consequence of the late Katian
Boda global warming event (Ferretti et al., 2023). Our study details
the occurrence of the oldest biolaminated structures ever reported
in the Carnic Alps and in the entire peri-Gondwana region, specifi-
cally in the Upper Ordovician of the Uqua Fm. There, only the third
type of iron-rich structure reported by Ferretti et al. (2012), that is
ferruginous coatings around skeletal fragments, has been so far
reported. However, ferruginous coated material represents just a
subordinate fraction of the entire fauna documented in the unit.
The depositional environment of the Uqua Fm., as a whole, sug-
gests conditions of relatively calm, normal-saline marine waters
in which large trilobites and brachiopods lived and where a muddy
mudstone fading to wackestone was sedimenting, still in condi-
tions of relative oxygenation as also suggested by frequent biotur-
bation signals. Within this environment, periodic redeposition of
bioclastic material from shallower areas occurred, as evidenced
by nodular bioclastic packstone of shallow-water associations
and thin horizons of bryozoan wackestone to packstone, possibly
derived from the bryozoan-cystoid mounds thriving in the more
emerged areas around the Lake Wolayer. Transport was limited,
as suggested by the still articulated shells and the lack of intense
fragmentation of the skeletal material. In addition, the sparse
occurrence of ferruginous laminated structures in the micritic
wackestone from levels Cellon 2 and Cellon above 2 intermixed
with dominant uncoated material indicate a double input of skele-
tal elements and the existence of a further nearby area where coat-
ing occurred (‘‘iron factory”), diverse from the location where
shallow material of the packstone was produced. In the former site
grains were coated, possibly through the help of microbial activity
able of detracting iron from the water, and later transported to the
Cellon settings. Indications of a possible microbial mediation in the
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formation of the mini, columnar-like structures come from their
typical, laminated columnar structure with a bulbous head. The
laminae are thicker at the tops of the columns and taper down
their sides. They also form in a radiating fashion around the coated
bioclasts. Although carbonaceous matter is associated with these
structures, it seems to be located more in the calcitic matrix.
Where associated with the ferruginous coatings, e.g., Fig. 6(E), it
forms a layer parallel to the outline of the bioclast (evidently part
of the growth process), as well as occurring in a radiating fashion
within the columns.

Conditions of normal light and sufficient but possible intermit-
tent oxygenation in the Cellon section are suggested by the well
represented benthic fauna, frequent micritization of bioclasts and
common bioturbation signals. However, similar structures have
been reported as well from low-light and deep settings in other
time frames (Reitner, 1993; Kershaw, 2000; Kershaw et al., 2005).

Vodrážkova et al. (2022) reported ferruginous coated grains of
microbial origin from the Lower Devonian of the Prague Basin
(Czech Republic) and stressed, once more, how different models
may concur in the genesis of ironstones during the Phanerozoic.
Iron may derive from continental chemical weathering, volcanic
activity or be related to black shales in anoxic waters
(Vodrážkova et al. 2022). This latter suggestion is particularly
appealing as organic carbon-rich layers associated with anoxic
waters accumulated in intervals that overlap main periods of iron-
stone deposition (Negri et al., 2009a, b). The recent modelling of
ironstone formation in hydrothermal settings (Todd et al., 2019;
Pufahl et al., 2020; Dunn et al., 2021; Matheson and Pufahl,
2021; Papazzoni et al., 2022; Vodrážkova et al., 2022) and the
report of modern iron ooids at the hydrothermal scenario of
Panarea (Di Bella et al., 2019, 2021; Ferretti et al., 2019) add a
further possible explanation on the genesis of these ferruginous
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constructions, suggesting a further perspective on the study of
Phanerozoic ironstones.

Ferruginous deposits represent a time-specific facies that docu-
ments episodes of global iron-enrichments occurring in the seas. It
is therefore crucial, if we want to get to a full explanation on the
genesis of these iron-rich biosignatures, to expand our search
inside and outside the Carnic Alps, starting from other peri-
Gondwana areas (e.g., the United Arabian Emirates, unpublished
material), in order to decipher what was happening in the Late
Ordovician a few instants before the great glaciation developed
and the mass extinction of the final period occurred.

6. Conclusions

The Uqua Fm. from the Cellon section documents the first
occurrence in the Carnic Alps of Late Ordovician ferruginous struc-
tures having a distinct laminated arrangement around selected
skeletal grains of Fe oxyhydr-/oxides and/or Fe-aluminosilicates
alternating with calcite laminae. They represent the oldest evi-
dence so far reported of a likely bio-mediated Fe-mineralization
in the entire peri-Gondwana sector. Chamosite and goethite con-
stitute the main iron-phases detected. The few coated materials
are intermixed with dominant uncoated fossil material, suggesting
a transport and redeposition from a nearby location into the
depositional setting of the Cellon area. This documentation, even
if represented by such a sparse report, strongly indicates the need
of shifting to older times our search for the genetic conditions that
enabled the construction of these biomediated ferruginous struc-
tures, that appear to get more dominant (or possibly only more
easily preserved) in the Silurian and the Devonian.
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