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Abstract. The coralligenous build-ups located on the
Mediterranean shelf in front of Marzamemi (SE Sicily, Italy)
represent useful natural examples to use in studying the re-
lationship between skeletal organisms and non-skeletal com-
ponents in marine bioconstructions. Coralligenous build-ups5

are formed in open marine systems, and their comparison
with coeval bioconstructions (biostalactites) of confined en-
vironments, like submarine caves, allows depicting the com-
plex interactions between metazoans and microbial commu-
nities in the formations of recent bioconstructions in differ-10

ent Mediterranean settings. In this study, two coralligenous
build-ups were characterized in terms of organisms and sed-
iments involved in their formation. The framework mainly
consists of coralline algae and subordinate bryozoans and
serpulids. Sponges affect the general morphology of the bio-15

constructions both interacting with skeletonized organisms
and through bioerosion activity. The micrite or microcrys-
talline calcite is present in minor amounts compared toCE1

other components that form the build-ups and consists of
two types: autochthonous (in situ) and allochthonous (de-20

trital). Fine autochthonous micrite mineralized directly in-

side the framework cavities and shows aphanitic or peloidal
fabric, produced by organomineralization processes of soft
sponge tissues and microbial metabolic activity, respectively.
The detrital micrite occurring inside cavities derives from ex- 25

ternal sources or erosion processes of the bioconstructions
themselves. This component has been classified as organic
or inorganic based on the organic matter contents deduced
by UV epifluorescence. A great quantity of sponges live in
cavities of the coralligenous build-ups and compete with car- 30

bonatogenic bacteria for the same cryptic spaces, limiting the
production of microbialites. The sharing of a similar relation-
ship between sponges and microbial communities by coral-
ligenous concretion and biotic crusts of particular submarine
caves suggests that this competition is not habitat-specific. 35

On the contrary, it may develop in a range of environmental
settings, from open to cryptic systems, and could be used to
clarify the role of metazoans vs. microbialites in palaeoeco-
logical reconstructions.
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1 Introduction

Bioconstructions consisting of in-place reef-building organ-
isms in temperate waters of the Mediterranean Sea shelf are
known as coralligenous (Pérès and Picard, 1964). The term
coralligenous (Coralligène) is derived from the French liter-5

ature (Marion, 1883; Pérès and Picard, 1964) and generally
indicates mesophotic bioconstructions of the Mediterranean
Sea, primarily built by crustose coralline algae. However, in
recent years, the definition of coralligenous has been under
review, in part due to exploration efforts on the deepest part10

of the shelf (Cerrano et al., 2019).
These structures are primarily made up of calcareous red

algae, which are able to develop algal-dominated frameworks
characteristic of this basin (e.g. Ballesteros, 2006). Pérès and
Picard (1964) consider the coralligenous a climax biocoeno-15

sis of the circalittoral zone, in which crustose coralline algae
(CCA) and mineralized Peyssonneliales develop on primary
or secondary hard bottoms, in dim-light conditions. The crus-
tose coralline algae have an excellent fossil record from the
Early Cretaceous onwards (Aguirre et al., 2010), but the fos-20

sil record of build-ups similar to the coralligenous dates back
only to the Quaternary (Sartoretto et al., 1996; Bertolino et
al., 2017a, b; Basso et al., 2022).

Due to its importance as a hot spot of biodiversity, the Eu-
ropean Community considers the coralligenous to be among25

the most important habitats to monitor and protect (see
Ballesteros, 2006; Gennaro et al., 2020), also considering its
low accretion rate of 0.06–0.27 mm yr−1 (Sartoretto et al.,
1996; Di Geronimo et al., 2001; Bertolino et al., 2019; Basso
et al., 2022). The coralligenous is usually considered to be30

an association of several communities (Ballesteros, 2006; La
Rivière et al., 2021). Indeed, the external surface and the
cavities of the build-ups host a rich association of calcare-
ous red algae, sponges, bryozoans, serpulids, molluscs and
corals (Pérès, 1982; Bellan-Santini et al., 1994; Di Geron-35

imo et al., 2002; Ballesteros, 2006; Nalin et al., 2006; Rosso
and Sanfilippo, 2009; Bertolino et al., 2017a, b, 2019; Costa
et al., 2019; Basso et al., 2022; Bracchi et al., 2022; Cipriani
et al., 2023). Coralligenous build-ups (i) modify the seafloor
and the seascape (Laborel, 1961; Basso et al., 2007; Brac-40

chi et al., 2015, 2017), (ii) promote the production of car-
bonate (Marchese et al., 2020), and (iii) may be recognized
in the sedimentary succession (Bosence and Pedley 1982;
Carannante and Simone 1996; Rasser, 2000; Basso et al.,
2007, 2009; Titschack et al., 2008; Bracchi et al., 2014, 2016,45

2019). The presence of the coralligenous 3D structure and the
related high biodiversity and biomass also determine the in-
crease in available resources. These attract microorganisms
such as ostracods and foraminifera which, while not con-
tributing directly to the bioconstruction, raise its biodiversity50

(e.g. Hong, 1982; Ballesteros, 2006; Sciuto et al., 2023).
Unlike other aspects, geobiological features of the coral-

ligenous and the role of skeletonized and non-skeletonized
(e.g. bacteria) communities in forming these build-ups have

so far not been explored in detail. The lack of this informa- 55

tion produces a gap between knowledge of the build-ups de-
veloped in the open settings of the Mediterranean Sea and
those forming in confined environments, like the “biostalac-
tites” of submarine caves. Actually, biostalactites from Apu-
lia, the Adriatic Sea (Onorato et al., 2003; Belmonte et al., 60

2009; Rosso et al., 2020; Guido et al., 2022); Sicily (Guido
et al., 2012, 2017a; Sanfilippo et al., 2015); the island of
Lesvos, the Aegean Sea (Sanfilippo et al., 2017; Guido et
al., 2019a, b); and Cyprus, the Levantine Sea (Guido et al.,
2017b; Jimenez et al., 2019) have been studied in detail, 65

and biotic and abiotic processes involved in their formation
have been clarified. These studies have shown the funda-
mental role of bacteria in strengthening the bioconstructions,
through the biomineralization processes of autochthonous
micrite (Guido et al., 2013; Gischler et al., 2017a). Like these 70

systems, it is conceivable that the highly porous framework
of the coralligenous could also promote the development of
non-skeletal biomineralization processes.

Biomineralization indicates a relationship between biotic
activity or products and mineralization. Several biomin- 75

eralization processes have been extensively investigated,
mainly in carbonate rocks (Riding, 2000, 2011; Van Driess-
che et al., 2019). Trichet and Défarge (1995) introduced
the term organomineralization for mineral precipitation
mediated by non-living microbial organic substrates via 80

acidic macromolecules of extracellular polymeric substances
(EPS). These macromolecules provide a template for biofilm
organomineralization. Dupraz et al. (2009) later utilized the
term “organomineralization sensu lato” for processes not
genetically controlled that mediate mineral precipitation on 85

an organic matrix, including in the definition both the ac-
tive (biologically induced, mediated by living organic sub-
strates) and the passive (biologically influenced, mediated by
non-living organic substrates) processes. Summarizing, crys-
tal nucleation in biomineralization processes can be (i) con- 90

trolled directly by the organisms (Blakemore, 1975; Mann,
1983, 2001; Weiner and Dove, 2003; Bazylinski and Frankel,
2004; Komeili, 2007; Altermann et al., 2009; Riding and Vir-
gone, 2020), (ii) induced by microbial communities (Lowen-
stam and Weiner, 1989; Perry et al., 2007; Altermann et al., 95

2009; Dupraz et al., 2009; Borch et al., 2010; Phillips et
al., 2013; Anbu et al., 2016; Riding and Virgone, 2020) or
(iii) influenced by the presence of cell surface organic matter
(Trichet and Défarge, 1995; Perry et al., 2007; Altermann et
al., 2009; Dupraz et al., 2009). In all these cases, the forma- 100

tion of biominerals also depends on the chemical–physical
conditions of the environment (Riding and Liang, 2005; Rid-
ing, 2011). Here the autochthonous micrite (“automicrite”
sensu Wolf, 1965) was considered a product of induced or
influenced biomineralization. To date no research has ad- 105

dressed this topic, and, in the frame of the project CRESCI-
BLUREEF, we aim to improve knowledge on the corallige-
nous byCE2 (1) describing the origin of the sediments fill-
ing the cavities of the skeletal framework; (2) investigating
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the relationships between sponges and microbial processes
through biomineralization-mediated processes; and (3) com-
paring the coralligenous, formed in open marine systems,
with the bioconstructions of submarine caves developed in
confined marine settings.5

2 Materials and methods

In the studied area, coralligenous bioconstructions, mostly
columnar-shaped and distributed in more or less dense clus-
ters, extend widely in a belt between ca. 36 and 100 m depth.
The image analysis and computed axial tomography reveal10

that the bioconstruction’s framework is mainly formed of
coralline algae and a minor number of invertebrates (mostly
serpulids and bryozoans) and cavities filled with sediment
(Bracchi et al., 2022; Varzi et al., 2023). The surfaces of the
studied build-ups were covered with a dense, up to 8–10 cm15

thick canopy of fleshy algae and, locally, also by subordi-
nate erect bryozoan colonies (Bracchi et al., 2022; Donato
et al., 2022; Rosso et al., 2022, 2023; Sciuto et al., 2023).
The most abundant components are CCA and mineralized
Peyssonneliales with a cover of up to about 61 %. Fleshy al-20

gae are also abundant, at up to about 32 %. The faunal groups
have negligible covers, except for bryozoans reaching about
12 % (Bracchi et al., 2022).

Two build-ups called CBR2_3_7c and CBR2_4_21c from
this coralligenous field located in the Ionian Sea were col-25

lected (Fig. 1). The build-up CBR2_3_7c (36◦43.394′ N,
15◦09.469′ E) was sampled at 36.2 m depth in a zone covered
by coralligenous hybrid banks (Bracchi et al., 2017), made of
distinct, though sometimes coalescent, coralligenous colum-
nar build-ups (Fig. 1b and d). The build-up CBR2_4_21c30

(36◦43.454′ N, 15◦09.657′ E) was collected at 36.7 m depth
in an area characterized by sparse and distinct build-ups
growing on biogenic gravel and sand substrate (Fig. 1c and
e).

After drying, the build-ups were cut with a diamond35

saw following the putative grow direction of the structures
(Fig. 2a, b, d and e). The cutting planes showed that the
coralline algae framework forms a highly porous structure
with cavities filled with sediments (Fig. 2c and h). Photos
at macroscale were acquired at the University of Milano-40

Bicocca with a Nikon D3500 camera. Photos at mesoscale
were acquired at the University of Catania through a stere-
omicroscope Zeiss Discovery V8A stocked with an Axio-
Cam MRc and a system for automatic acquisition of the
images (AxioVision). To investigate the role of sediment in45

the growth and stabilization of the skeletal components (at
micro- and nano-scale), small fragments (Fig. 2g and h) and
thin sections (Fig. 3) were analysed at the Laboratory of Geo-
biology of the Department of Biology, Ecology and Earth
Science, University of Calabria.50

A total of 29 small blocks, selected following a grid with
sides of 5× 3 cm on the cutting plane, have been utilized
for thin-section preparation (Fig. 3). The blocks have been
chosen based on the mesoscopic aspect and relative num-
ber of skeletal components and micrite sediments. The frag- 55

ments and thin sections have been investigated using an
optical microscope (Zeiss Axioplan 2 Imaging) at differ-
ent magnifications (2.5×, 5×, 10×, 20× and 40×). Thin
sections were used for point-counting analyses of the main
components (skeletons, micrite and cavities). A total of 300 60

points per thin section were counted. Fluorescence intensity
has been evaluated in incident light, utilizing a Hg high-
pressure vapour bulb and high-performance wide bandpass
filters (436/10 nm) and long pass (470 nm), no. 488006, for
the green light andCE3 bandpass filters (450–490 nm) and 65

long pass (515 nm), no. 488009, for the yellow light. UV epi-
fluorescence was used to discriminate the presence and dis-
tribution of organic compounds and to recognize, together
with microfacies textures, biotic and abiotic components, es-
pecially in those cases showing a similar general aspect under 70

reflected light (Neuweiler et al., 2000, 2003, 2023).
Selected fragments, used for scanning electron mi-

croscopy (SEM) observations and energy-dispersive X-ray
spectroscopy (EDS) microanalysis, were carbon coated. The
SEM apparatus was used is ultra-high resolution (UHR- 75

SEM) – ZEISS Crossbeam 350. The working conditions
were resolution 123 eV, high voltage 10 keV, probe current
100 pA and working distance 11 mm. Mineralogical and
chemical compositions were investigated with an EDAX Oc-
tane Elite Plus – silicon drift type – Si3N4 window appara- 80

tus under high voltage 15 keV, probe current 60 mm, work-
ing distance 12 mm, take-off angle 40◦ and live time 30 s.
The standardless quantitative analysis was checked on the
CE4SPI no. 02757-AB serial 4AK standard and was collected
through the AMETEK APEX software suite V2. 85

3 Results

3.1 Morphology and framework at mesoscale
observation

The CBR2_3_7c build-up is 56 cm high, with circumfer-
ences of 59 cm at the base, 78 cm at the top and a maximum 90

of 116 cm in between (Fig. 2a). The CBR2_4_21c build-up
is 38 cm high, with circumferences of 71 cm at the base,
52.5 cm at the top and a maximum of 112 cm in between
(Fig. 2d). Both build-ups show a prevalent upward growth
and a rough surface. 95

The surfaces of detachment (Fig. 2b and e, for CBR2_3_7c
and CBR2_4_21c, respectively) and selected longitudinal
plane slabs (Fig. 2c and f, for CBR2_3_7c and CBR2_4_21c,
respectively) highlight the internal framework of the two
build-ups, characterized by a primary skeletal framework 100

forming a highly porous structure, with cavities ranging
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Figure 1. (a) Location of the study areas off the coast of the village of Marzamemi in the Ionian Sea. (b–c) Underwater photos of the
sampling sites. (d) Area 1, characterized by high coralligenous cover, from where the CBR2_3_7c build-up was collected at 37 m. (e) Area
2, showing sparse and isolated coralligenous columnar bioconstructions, from where CBR2_4_21c build-up was sampled at 36 m.

from a few millimetres to tens of centimetres. Sometime,
the cavities’ surfaces are encrusted by skeletonized organ-
isms, mainly serpulids and bryozoans. In general, cavities
show cylindrical barrel shapes (like those produced by bor-
ing bivalves) or irregular shapes and may be empty or (par-5

tially or totally) filled with sediment. This appears either
brownish-greyish or greenish-brown to grey/dark grey in
colour. Brownish-greyish sediment is muddy, is usually lo-
cated in larger cavities, includes a bioclastic component
(planktonic and benthic foraminifer shells, small fragments10

of coralline algae, serpulids, bryozoans, ostracods, molluscs)
and appears loose. Greenish-coloured sediment is subordi-
nate and distributed in smaller (millimetre- to centimetre-
sized) cavities; it seems cemented and consists of mud lack-
ing skeletal fragments in mesoscale observations (Fig. 2g).15

This component mainly occurs along the borders of partly
filled cavities possibly originally occupied by sponges, as

testified by remains of their soft tissue connected with
spicules (Fig. 4a and b). The two types of sediment (loose
and cemented) seem distributed according to the size of the 20

cavities, but they do not show a preferential distribution, from
the bottom to the top of the structures, inside the build-up
frameworks.

3.2 Analyses of the fragments

The observation of the build-up fragments at the microscale 25

(Fig. 2h and Fig. 5) highlights the superimposition of succes-
sive generations of different taxa producing the crusts. The
skeletal framework is mainly composed of CCA (Fig. 5a–c).
Serpulids (Fig. 5a, d and e) and bryozoans (Fig. 5a, f and
g) participate subordinately to the formation of the structure. 30

Sponges seem to contribute to the general morphologies, reg-
ulating the direction of growth of the encrusting organisms
and altering the internal body of the build-ups through bio-
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Figure 2. (a, d) Sampled coralligenous build-ups; note the high biogenic cover (largely consisting of soft-bodied organisms) on the external
surfaces. Black arrows indicate the main growth direction. (b, e) Surfaces of detachment from the sea bottom. (c, f) Plane slab after the
longitudinal cut of the build-ups showing the internal structure; note the highly porous skeletal framework with cavities partly filled with
sediment. (g, h) Selection and sampling of small micritic fragments from the cutting surfaces. (g) The white arrows point to cavities partly
filled with sediment on a cutting plane of the CBR2_3_7c build-up; (h) detail of a fragment (dotted red line) sampled for the analyses. The
bottom indicates the portion of build-ups detached from the substrate. Panels (a), (c) and (h) are adapted from Cipriani et al. (2023).

erosive processes. The activity of sponges is evident both on
the external surface and in the internal microcavities of the
fragments, testifying to the pervasive colonization of these
organisms at different scales (Fig. 4). Spicules are sometimes
associated with fine carbonate mud (Fig. 4a and b). In other5

cases, their original presence in empty cavities is testified by
organic remains with spicules (Fig. 4c and d) and specific
micro-morphologies of the cavity boundaries which testify
to the boring activity of these organisms. Molluscs and other
skeletonized invertebrates make a negligible contribution to10

the build-up growth. Rare solitary corals are also present.
Two types of sediments (micrite) have been observed: ho-

mogeneous or autochthonous (compact and dense; Fig. 5h) ,
which emits a bright fluorescence when excited by UV light,
and heterogeneous or detrital (less cemented and rich in fine15

bioclasts; Fig. 5i), which does not emit fluorescence (Fig. 6).
Both types of micrite engulf sponge spicules.

3.3 Microfacies characterization

Thin-section observation confirms the main role of skele-
tonized organisms in forming the carbonate framework of the 20

coralligenous (Fig. 7). CCA are the main builders through
successive generations of specimens encrusted one on top
of another (Fig. 7). Bryozoans and serpulids play a subordi-
nate bioconstructional role. Sponges are abundant, and their
amorphous remains are widely distributed in cavities and mi- 25

crocavities, often associated with loose sediment, engulfed
in cemented micrite. Numerous other bioclasts, produced by
organisms that do not participate directly in building the bio-
constructions, were detected in the cavities together with
muddy material. Non-skeletal carbonate material was also 30

detected (see below).

3.3.1 Skeletal components

Articulate and crustose coralline red algae are the main
skeletal components detected in all thin sections (Fig. 8).
The skeletons of the algae clearly form a continuous frame- 35
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Figure 3. Cutting plane of the coralligenous build-ups with the su-
perimposed grids of 5×3 cm sized rectangles. Cells selected for thin
sections are rimmed in red.

work at the mesoscale (Fig. 7), but at the microscale, lam-
inae are rarely continuous, often showing traces of bioero-
sion (Fig. 8a–c, f). Two main types of bioturbation are dis-
tinguishable: (i) irregular borings and (ii) tube-like micro-
borings. Borings, showing sizes from a few micrometres to5

a few millimetres, are mainly formed by endolithic sponges
that corrode and perforate skeletons. These cavities could be
(a) empty due to the decaying of the sponge’s organic tis-
sue (Fig. 8b), (b) filled with detrital sediment (Fig. 8b), or
(c) filled with spicules and remains of organic matter deriv-10

ing from soft-tissue decay of the boring sponge Cliona sp.
(Fig. 8f).

The skeletons often also show micritization phenomena
contributing to the alteration of the original microstructures
together with bioerosion.15

The biological activity involved in these bioerosional pro-
cesses was not investigated but could represent a further step
in the reconstruction of the complex biological relationships
which develop in these coralligenous ecosystems. The ero-
sive action of sponges is clearly visible where remains of20

amorphous material and spicules are associated with cor-
roded substrates (Fig. 9).

The sponge spicules, mainly belonging to species of the
genus Jaspis, also fill the algae’s conceptacles, and often,
small spherical corpuscles are recognizable among spicules25

in UV epifluorescence.

Serpulids are common in the microfacies of both build-
ups. They occur as isolated or grouped tubes with outer di-
ameters ranging from 200 µm to 1 mm. The number of clus-
tered tubes usually increases with a decreasing in their size. 30

They are empty, filled with sediment or sometimes occu-
pied by endolytic sponges (Fig. 4b). Serpulids are often en-
crusted or encrust bryozoans and/or algae (Fig. 8d). Serpulids
show different degrees of preservation, and their original mi-
crostructure is observable in the bigger tubes, while disso- 35

lution, recrystallization and/or micritization often alter the
smaller ones. Serpulids also suffer bioerosion by endolytic
organisms (Fig. 8e).

Remains of amorphous material and spicules inside the
skeletons of bryozoans may derive from insinuating and/or 40

bioeroding sponges, as observed for other skeletonized taxa.

3.3.2 Non-skeletal carbonate components:
autochthonous and allochthonous (detrital)
micrite

The cavities of the skeletal framework are filled with differ- 45

ent micrite types distinguished under light microscope ex-
amination and UV epifluorescence. The texture and organic
matter content allowed us to distinguish an autochthonous
and an allochthonous (detrital) micrite.

The autochthonous micrite consists of very fine-grained 50

calcite and shows aphanitic (Fig. 10a–f) or peloidal to
clotted peloidal textures (Fig. 10g–h). The autochthonous
aphanitic micrite displays a light-brown colour and shows a
structureless mud-supported texture with rare bioclasts. Au-
tochthonous peloidal micrite displays a darker colour, does 55

not exhibit grain-supported textures and shows interclot ar-
eas indicating a non-gravitational genesis. Peloidal micrite
fills microcavities or coats serpulid tubes or other bioclasts.
Peloids aggregate often in clots separated by calcite mi-
crospar (euhedral Mg-calcite crystals), forming a clotted tex- 60

ture or, less commonly, a compact texture through the coa-
lescence of several clots. Peloidal and aphanitic microfabric
derives from mineralization mediated indirectly by organic
processes and represents in situ precipitation of the micrite,
whose syndepositional cementation contributes to stabilizing 65

the skeletal structures of the build-ups.
Aphanitic and peloidal micrites show a bright autofluores-

cence under UV light, indicating a high content of organic
matter relicts, most likely related to the bioinduced crystal
precipitation. Aphanitic micrite is widely associated with the 70

presence of sponge spicules (Fig. 10a–f) and generally fills
bioeroded cavities inside the skeletal framework. On the con-
trary, peloidal micrite is not associated with sponge spicules
and often occludes serpulid tubes and spaces within adjacent
individuals, contributing to cementing the skeletons together. 75

Small terebellid tubes are often associated with this micrite
type (Fig. 10g–h).

The amount of the autochthonous micrite is variable in
the thin sections but always represents a minor component in
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Figure 4. (a, b) Fine micritic sediment associated with remains of sponge tissue (white arrows) in internal cavities of the framework; the
yellow arrow points to a sponge colonizing the internal cavity of a serpulid tube. (c, d) Pervasive colonization of sponges in internal cavities
and the external surface, respectively.

comparison to the skeletal framework and shows a different
distribution along the bottom-top direction of each build-up,
with the major content in the column CBR_2_ 4_21c.

The detrital micrite shows a light-brownish colour and is
characterized by a texture with variable density (Fig. 11).5

Two types of detrital micrite with different textures have been
tentatively recognized: organic and inorganic. Organic detri-
tal micrite shows a denser muddy texture, and it is enriched
in bioclasts, intraclasts and sponge spicules (Fig. 11a, d, e).
It shows very faint to scarce epifluorescence (Fig. 11f). The10

inorganic detrital micrite is made up of particles with larger
sizes (in the silty range) and includes a minor number of bio-
clasts. Due to the absence of epifluorescence under UV light,
an inorganic nature of these components is assumed. Detrital
micrites represent the main non-biomineralized component15

of both build-ups and fill primary inter- and intra-skeletal
cavities and secondary microcavities generated by boring or-
ganisms.

3.3.3 Cements

Cement only sporadically fills cavities, representing a sub-20

ordinate component of the build-ups. Two types of cement
have been recognized: primary (syndepositional) and sec-
ondary (diagenetic) cement. Syndepositional cement shows
isopachous, botryoidal and peloidal microcrystalline fabric.
Isopachous cements develop with homogeneous fringes on25

the surface of intra- and inter-skeletal microcavities. Botry-
oids consist of dome-shaped hemispheres built by radiating

fibrous calcite crystals and crystal fans filling the primary
cavities and voids created by bioerosion processes. Peloidal
microcrystalline cement is composed of tiny peloids within 30

a microcrystalline calcite matrix; it was mainly detected in
small intra-skeletal cavities. Secondary cement is rare and
fills residual microcavities with drusy micro-textures.

3.3.4 Point-counting analyses

Seven structural and non-structural components have been 35

counted: carbonate framework builders, bioclasts, au-
tochthonous micrite, organic detrital micrite, inorganic de-
trital micrite, boring sponges and empty cavities. Bioclasts
include all skeletal remains of organisms that did not par-
ticipate in the formation of the skeletal framework but were 40

trapped inside the cavities either first living in association
with the build-up or transported by neighbouring habitats.
Among these, bivalves, gastropods, foraminifers, ostracods,
echinoid plates and spines, and algal fragments have been
recognized. The boring-sponge counting class includes per- 45

forations interpreted as originally occupied by sponges be-
cause they are infilled with amorphous organic remains rich
in spicules. It is worth noting that this component could be
underestimated due to the cutting procedures and the prepa-
ration of the thin sections, which could have washed away 50

the residues of the sponge tissue that originally occupied the
cavities. The analysis shows the following average percent-
ages for the CBR_2_3_7c and CBR_2_4_21c build-up, re-
spectively: 46.2 % and 47.1 % carbonate framework builders
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Figure 5. (a, b) Main carbonate components of the small fragments collected on the cut surfaces of the build-ups. (a) Pink crustose coralline
algae (Al) encrusted by serpulids (Ser) and bryozoans (Br). (b) Different generations of crustose coralline algae encrusted one on top of
another. (c) Cross section of a crustose coralline alga. (d) Serpulid tube encrusting cemented micrite. (e) Section of serpulid tubes intermin-
gled with micritic sediments. (f, g) Bryozoan colonies. (h) Dense and homogeneous autochthonous micrite (AM) engulfing sponge spicules.
(i) Heterogeneous and loose detrital micrite sediment (DM) engulfing sponge spicules. In (h) and (i) black arrows point to sponge spicules
engulfed in the micrite sediments.

Figure 6. Micrite sediments from CBR2_4_21c build-up observed in reflected light (a) and ultraviolet light (b). The bright fluorescence
indicates a high content in organic matter of the autochthonous micrite, whereas the absence of fluorescence of the detrital micrite denotes
an inorganic origin. Note the microcavities left by sponge spicules (black arrows). AM: autochthonous micrite; DM: detrital micrite.
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Figure 7. Cutting planes (left) and optical microscope photocomposition of representative thin sections (right) of the build-ups CBR2_3_
7c (a) and CBR2_4_21c (b). Note the primary role of the coralline algae (Al) as a major constituent of both build-ups and the presence of
cavities (Ca) empty or filled with micrite sediment (Se). White rectangles and the arrows within them indicate the location and the orientation
of the thin sections.

(algae, serpulids, bryozoans), 4.4 % and 3.6 % other bio-
clasts (planktonic and benthic foraminifer shells, ostracods,
molluscs, echinoid plates and spines, and small fragments
of coralline algae), 3.6 % and 9.2 % autochthonous micrite,
16.4 % and 14.3 % organic detrital micrite, 13.6 % and 9.3 %5

inorganic detrital micrite, 14.8 % and 15.4 % empty cavities,
and 1 % and 1.1 % boring sponges (Tables 1–2).

Among the non-skeletal carbonate components, the al-
lochthonous (detrital) micrites are definitively more abun-
dant in comparison to the component directly mineral-10

ized (autochthonous micrite) in the cavities of the build-
ups. Noteworthily, the percentage of autochthonous mi-
crite, whose early cementation contributes to reinforcing the

coralline algae framework, is higher in the CBR_2_4_21c
build-up than in the CBR_2_3_7c build-up. The average per- 15

centages of total cavities, i.e. the sum of empty cavities and
cavities filled with detrital sediment, are similar in the two
build-ups.

3.4 Characterization of micro-morphology and
geochemistry with electron microscopy 20

SEM observations and EDS microanalyses allowed us to de-
tect the micro-/nano-morphologies and the composition of
the main skeletal and non-skeletal components. The pres-
ence of pristine micro- and nano-morphology and the orig-
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Figure 8. (a–c) Skeletal tissues of algae (Al) showing microcavities due to bioturbations (white arrows); the cavities are empty (EC) or filled
with sediment (Se). (d) Strict interconnection among the main builders of the studied coralligenous build-ups (Al: algae; Ser: serpulids; Br:
? bryozoans). (e) Bioeroded serpulid skeleton (Ser); note the borings (white arrows) filled with sediment (Se). (f) Bioerosion cavity in algae
(Al) with remains of organic matter (OM) and spicules (Ss) derived from the sponge’s decay (Cliona sp.) (a–b, e–f: CBR_2_3_7c; c–d:
CBR_2_4_21c).

inal mineralogy of skeletons (high Mg-calcite or aragonite
of algae and serpulids) testify to the fact that the carbonate
components of the build-ups have not undergone neomorphic
processes, like recrystallization, polymorphic transformation
or aggrading neomorphism. In some cases, the skeletal com-5

ponents display evidence of the dissolution process.
Microcavities are filled with sponge spicules and remains

of carbonaceous amorphous substances (Fig. 12). Spicules
are mainly oxeas and (sub-)tylostyles, which may be associ-
ated with species of the Cliona genus, but there are also tri-10

actines and rare tetractines. Spicules are closely intermingled
with organic matter and are often well-visible cleats with
sterrasters and oxyasters, typical of species of the genus Ery-
lus (Fig. 12e and f). Areas close to the corroded boundaries
of some microcavities containing spicules (Fig. 12g–h) also15

include small carbonate chips (Fig. 12i) seemingly detached
from the encasing skeleton due to mechanical boring activity
of the sponges. The substrate of the bioeroded cavities shows
the typical erosion scars (pits) left by the perforating activity
of sponges of the Clionaidae family (Fig. 12d). Spicules of- 20

ten show circular erosion marks and an enlarged axial canal
(Fig. 13a–e) due to silica dissolution caused by high pH val-
ues of the porewater inside the crevices of the coralligenous
build-up.

A high quantity of siliceous and rare calcareous sponge 25

spicules (still under study: Bertolino et al., 2023) has been
recognized in both autochthonous (Fig. 13) and detrital
(Fig. 14) micrite, pointing to a considerable diversity.

Autochthonous micrite shows micro- to nano-metre an-
hedral to sub-euhedral crystals engulfed in amorphous or- 30
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Figure 9. (a–c) Microcavities inside the skeletal framework of the coralligenous build-ups showing sponge spicules (plurispicular tracts)
associated with the corroded substrates (white arrows). (d–f) Details of sponge spicules of Jaspis sp. (d) and Cliona sp. observed in trans-
mitted light (e) and UV epifluorescence (f); the non-fluorescent siliceous spicules are engulfed in remains of organic matter (f) deriving from
sponge soft-tissue decay (a–c: CBR_2_4_21c; d–f: CBR_2_3_7c).

ganic material (Fig. 13f) and has a high magnesium cal-
cite (Ca ∼ 91 wt %; Mg ∼ 6.5 wt %) composition with mi-
nor terrigenous components (< 2 wt %). Micrite engulfing
spicules is well cemented (Fig. 13a, b and e). Peloidal mi-
crite passes to aphanitic textures when cavities become filled.5

In comparison to the detrital micrite, the autochthonous mi-
crite that engulfs sponge spicules lacks skeleton fragments
or allochthonous components like planktonic foraminifers or
coccoliths.

Detrital micrite shows a heterogeneous composition10

(Fig. 14), in terms of the type and size of the grains; has a
magnesium calcite composition; and has a high percentage of
terrigenous components. It is composed of Ca (∼ 46 wt %),
Mg (∼ 3 wt %), Fe (∼ 6 wt %), K (∼ 3 wt %), a discrete quan-
tity of Si (∼ 26 wt %) and Al (∼ 12 wt %), and a lower quan-15

tity of other elements (S, Na, Cl < 2 wt % each). Detrital mi-

crite constantly incorporates sponge spicules (Fig. 14) but
occasionally also small intraclasts and several bioclasts of
benthic and planktonic organisms. At the microscale, detrital
micrites denote a high quantity of nannoplankton plates (e.g. 20

Emiliania huxleyi) (Fig. 14e).

4 Discussion

The analysed coralligenous build-ups from the Ionian Sea
are mainly composed of skeletonized organisms with domi-
nant coralline algae and subordinate bryozoans and serpulids. 25

CCA form a porous self-sustaining framework whose stabi-
lization is reinforced by bryozoans and serpulids. The role of
foraminifers and corals is negligible. Morphological growth
is influenced by sponges. These organisms are highly diversi-
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Figure 10. (a–f) Aphanitic autochthonous micrite (AAM) engulfing sponge spicules (white arrows) observed in transmitted light (left)
and UV epifluorescence (right); the bright epifluorescence of the AAM indicates the presence of organic matter relics closely related to
the bioinduced crystals. (g–h) Peloidal autochthonous micrite (PAM) engulfing some agglutinated skeletons of terebellids (Te) observed in
transmitted light (left) and UV epifluorescence (right); even in this case the bright epifluorescence of the PAM indicates the presence of
organic matter relics closely related to the bioinduced crystals (a–b, e–h: CBR_2_ 4_21c; c–d: CBR_2_3_7c).

fied and play a triple role: they locally affect the direction of
encrustations of the skeletonized builders, weaken the frame-
work through bioerosion processes and induce precipitation
of autochthonous sediments (autochthonous micrite). An im-
portant role is also played by the micrite, which could be5

subdivided into two types: autochthonous, directly produced
in the build-ups by organic-induced biomineralization pro-
cesses, and allochthonous (or detrital), derived by the accu-

mulation of loose fine particles in the cavities of the build-
ups. 10

4.1 Skeletal builders and framework density

The two build-ups are characterized by a highly porous
skeletal framework, showing primary and secondary cavities,
from a few millimetres to tens of centimetres large. Primary
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Figure 11. Detrital micrite textures. (a) Organic detrital micrite (ODM) with a dense muddy texture enriched in bioclasts (white arrows),
intraclasts and sponge spicules. (b) Inorganic detrital micrite (IDM) consisting of particles with larger sizes incorporating a minor number
of bioclasts (white arrows). (c) Microcavities in bioeroded algae (Al) filled with IDM. (d) ODM engulfing sponge spicules (Ss). (e–f) Re-
lationship between IDM (light brown), ODM (dark brown), algae (Al) and peloidal autochthonous micrite (PAM) observed in transmitted
light (left) and UV epifluorescence (right); faint and scarce fluorescence of the detrital micrite denotes an inorganic nature of this component
(a–b, d–f: CBR_2_4_21c; c: CBR_2_ 3_7c).

cavities represent the interspaces generated during the su-
perimposition of skeletonized encrusting organisms, whereas
secondary cavities could derive from the necrolysis of soft-
body organisms sandwiched between the skeletonized ones
or from the bioerosion produced by endolytic organisms,5

mainly sponges and subordinately bivalves.
Quantitative counting of the microfacies components

demonstrates the role of algae, serpulids and bryozoans as
builders of the two build-ups (see Tables 1 and 2). These data
agree with the indirect quantification obtained through image10

analysis and computerized axial tomography by Bracchi et
al. (2022) applied to the same build-ups analysed in this pa-
per. Bracchi et al. (2022) correlated four density classes with
the framework cementation degree and distinguished the dif-

ferent components, identifying the CCA as dominant. This is 15

because computerized axial tomography does not provide a
direct association between skeletal and non-skeletal compo-
nents and the variation in density. In contrast, and despite re-
ferring to only one surface for each build-up, the microfacies
characterization at the microscale confirmed that the density 20

is not directly correlated to specific components but is linked
to the degree of packing of the skeletons (mainly CCA) and
to the degree of cementation of non-skeletal carbonate com-
ponents. Furthermore, it is worth noting that the presence
of autochthonous micrite, which cement syndepositionally, 25

contributes to increasing the build-up density, regardless of
the nature of the components with which it is associated.
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Table 1. Quantitative percentage of the main components recognized in the thin-section samples from the CBR_2_3_7c build-up.

Sample Carbonate Other Autochthonous Organic detrital Inorganic Empty Boring
name framework bioclasts (%) micrite (%) micrite (%) detrital cavities (%) sponges (%)

builders (%) micrite (%)

A5 60.9 4.2 2.4 1.7 20.7 10.1 0
A7 35.2 5.4 3.2 17.8 17.2 20.2 1
A11 42.9 5.5 1.2 31 11.5 6.7 1.2
A13 49.6 2.7 2.9 11 16.6 17.2 0
A19 36.7 4.8 8.9 30.5 8.6 9.7 0.8
B4 41.7 4 3.5 7.5 10.3 28.3 4.7
B10 60.7 4.3 1.4 8.4 10.5 14.5 0.2
B16 54 6 0 14.3 7.6 16.9 1.2
B19 32.7 2.1 7.6 28.5 15.5 13.6 0
C8 51 3.6 0.9 11.5 16.6 15.8 0.6
C15 45.6 3.1 0.9 15.9 15.3 19.1 0.1
C13 38.1 4.4 9.3 18.1 13.9 12.8 3.3
C18 50.7 7 4 16.6 12.6 8.6 0.5

Avg (%) 46.2 4.4 3.6 16.4 13.6 14.8 1

Table 2. Quantitative percentage of the main components recognized in the thin-section samples from the CBR_2_4_21c build-up.

Sample Carbonate Other Autochthonous Organic Inorganic Empty Boring
name framework bioclasts (%) micrite (%) micrite (%) detrital cavities (%) sponges (%)

builders (%) detrital micrite (%)

A7 40.8 5.3 9.6 22.2 10.3 11.5 0.3
B5 55.9 2.2 9.7 3.1 9.9 19 0.2
B8 59.4 3 3 6.2 10.9 15.8 1.7
B11 58.1 2.9 5.1 5.9 6.9 20.4 0.7
C2 28.9 4.4 14.7 20.7 8.7 21.4 1.2
C7 57.8 1.2 7.6 9.3 5.3 15 3.8
C10 42.7 2.5 7.3 25.5 2.7 18.3 1
C12 49.1 3.3 6 3 13.3 24.3 1.1
D3 48.1 1.6 8 22.2 8.6 11.1 0.4
D8 42.2 5.2 15.5 13.6 12.7 10.7 0.1
D10 54.6 2.8 7.8 11.9 11.2 11.7 0
E2 32 10.2 19.7 13.1 9.7 14 1.3
E6 37 1.6 10.1 27.2 11.5 12.6 0
E10 53.8 4 5.3 16.4 8.8 10 1.7

Avg (%) 47.1 3.6 9.2 14.3 9.3 15.4 1.1

4.2 Role of the sponges in the coralligenous growth

Coralligenous growth is the result of the interplay between
building activity and the physical and biological demolition
(erosion and dissolution) processes (Garrabou and Balles-
teros, 2000; Bressan et al., 2001; Cerrano et al., 2001; In-5

grosso et al., 2018; Turicchia et al., 2022). Like for biocon-
structions in the Mediterranean Sea and worldwide (Rosell
and Uriz, 2002; Evcen and Çınar, 2015; Glynn and Manzello,
2015; Achlatis et al., 2017; Turicchia et al., 2022), boring
sponges represent the main cause of bioerosion for the coral-10

ligenous build-ups of Marzamemi. The colonization, number
and bioerosion processes of sponges are influenced by tem-

perature, nutrients, turbidity, depth, light and pH (Schönberg,
2008; Calcinai et al., 2011; Nava and Carballo, 2013; Marlow
et al., 2018). Bioerosion has a direct influence on the coral- 15

ligenous build-ups due to the erosion of the substrate and the
skeletal framework, which reduces the mechanical stability
of the build-ups (Scott et al., 1988) but at the same time cre-
ates new space and shelter for other organisms (Cerrano et
al., 2001; Calcinai et al., 2015). 20

CE5Boring and insinuating, cavity-dwelling, endolithic
sponges constitute a considerable proportion of the total
biomass, even higher than that of the epibenthic layer, in
both coralligenous build-ups (Calcinai et al., 2015) and ma-
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Figure 12. SEM images of sponge spicules and remains of carbonaceous amorphous substances. (a–c) Coralligenous fragments with perva-
sive colonization of sponges both on the external surface and in internal microcavities. (d) Sponge erosion scars (pits) on a skeletal substrate.
(e) Endolithic sponge (dotted line) inside a microcavity of the skeletal framework. (f) Detail of sterraster and oxyaster of Erylus sp. (g) Cliona
vermifera spiraster associated with a bioeroded cavity. (h) Spicules and amorphous organic matter in an internal microcavity. (i) Detail of
spicules and amorphous organic matter englobing small carbonate chips (white arrows) detached through sponge bioerosion activity (a, d–f,
g–i: CBR_2_3_7c; b–c: CBR_ 2_ 4_21c).

rine caves (Corriero et al., 2000). The main boring taxa be-
long to the family Clionaidae, and especially Cliona celata,
C. schmidtii and C. viridis. The contribution of cryptic fauna
should be taken into consideration in coralligenous studies,
considering that the number of sponges occurring outside5

these build-ups is lower than the number of taxa identified
inside them (Calcinai et al., 2015).

The high quantity of sponges and their expected diversity
fit well with results by Bertolino et al. (2013) that reveal the
occurrence of 53 insinuating and 10 boring species inside10

the coralligenous build-ups. Among them, non-perforating
encrusting or massive species occupy cavities of the biocon-
structions previously formed by boring sponges (Bertolino et
al., 2013).

When sponges die, their spicules remain trapped in the15

cavities of the coralligenous framework, offering the oppor-
tunity to recognize the spongofauna over a very long time
(Bertolino et al., 2014, 2017a, b; 2019). Spicules of non-

eroding sponges from the build-up surfaces may be mixed
with spicules of boring and insinuating species in the cavities 20

of the build-ups (Calcinai et al., 2019). In the studied coral-
ligenous build-ups, the pervasive colonization of sponges is
testified by the high quantity of spicules occurring on the sur-
face and within cavities. Oxea and tylostyle sponge spicules
were observed to be mixed or grouped by type. It is unclear if 25

the oxeas and other spicules derive from insinuating sponges
or from species (e.g. haplosclerids) which encrust the ex-
ternal hard surfaces of the build-ups. Spicules associated
with amorphous organic matter (spongin remains) in empty
cavities testify to the presence of recently dead endolithic 30

sponges, possibly even after the collection of the samples.
Among these, boring sponges are recorded by spicules asso-
ciated with small chips detached from the substrate in cavi-
ties showing irregular edges and corroded surfaces. Most of
the spicules are mixed with fine detrital sediment and other 35

bioclasts filling intra- and inter-skeletal holes. These spicules
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Figure 13. (a–f) SEM images of aphanitic autochthonous micrite (AAM) engulfing sponge spicules (Ss). In (a) and (e) note the well-defined
circular boreholes (white arrows) and enlarged axial canal of the spicules. (d) Magnification of the spicules in (c). (f) Detail of the aphanitic
autochthonous micrite showing the micrometre sub-euhedral crystals engulfed in amorphous organic material (a, e–f: CBR_2_3_7c; b–d:
CBR_2_4_21c).

may originate from sponges thriving on the build-up sur-
faces or their internal niches, and together with those pre-
served in the autochthonous micrite, they represent the record
of past coralligenous sponges. The characterization and dat-
ing of these components may reveal the ecological evolu-5

tion and functional role of the sponge associations during the
growth of the build-ups. Sponges also seem to influence the
morphological development of build-ups. They can often be
bioimmurated by encrusting organisms (mainly crustose al-
gae), thus affecting the local growth direction of the carbon-10

ate crusts that follow the morphologies of the sponges.

4.3 Origin and role of the micrite sediments in the
coralligenous framework

The micro-morphological observations allowed us to recog-
nize and investigate the role of the sediment in the coral-15

ligenous. Of the two main types of sediments detected, i.e.
autochthonous and allochthonous (detrital) micrite, the for-
mer is produced in situ through biomineralization processes.
Biomineralization involves organisms, processes and prod-
ucts and includes controlled, induced and influenced mineral20

precipitation (Lowenstam and Weiner, 1989; Riding, 2000,
2011; Benzerara et al., 2011; Phillips et al., 2013; Anbu et al.,
2016; Riding and Virgone, 2020). These different pathways
of biomineral precipitation also depend on the chemical and
physical conditions of the environment (Riding, 2011; Rid- 25

ing and Liang, 2005; Deias et al., 2023). The recognition of
biominerals, especially those not biologically controlled (like
skeletons) but precipitated via organic mediation in equilib-
rium with the water medium, can be considered a remarkable
archive, documenting the presence of non-fossilizable asso- 30

ciations as well as their relations with environmental con-
ditions. In the coralligenous, the presence of autochthonous
micrite (“automicrite” sensu Wolf, 1965), whose precipita-
tion could be linked to microbial metabolic activity (bio-
logically induced mineralization, mediated by living organic 35

substrates, sensu Dupraz et al., 2009) or decaying organic
matter mediation (biologically influenced, mediated by non-
living organic substrates, sensu Trichet and Défarge, 1995),
documents communities with low preservation potential but
which heavily affect the development of the build-ups. 40
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Figure 14. (a–c) SEM photos of detrital micrite (DM) engulfing fine intraclasts, bioclasts and sponge spicules (Ss). (d) Details of the detrital
micrite and (e) a nannoplankton plate of Emiliana huxleyi (a, c–e: CBR_2_3_7c; b: CBR_2_4_21c).

The autochthonous micrites detected in the studied coral-
ligenous build-ups show two fabrics: (1) structureless
(aphanitic) and (2) peloidal to clotted peloidal. Both types
consist of Mg-calcite and show an intense fluorescence when
excited by UV light, suggesting a high content in organic5

matter. Despite these similarities, the two fabrics may have
different origins. The massive presence of spicules engulfed
in the aphanitic micrite could indicate a carbonate precip-
itation in association with decaying organic substrates of
sponges as repeatedly suggested in the literature (Leinfelder10

and Keupp, 1995; Reitner and Neuweiler, 1995; Reitner et
al., 1995; Trichet and Défarge, 1995; Pickard, 1996; Pratt,
2000; Neuweiler et al., 2000, 2003, 2023; Reolid, 2007,
2010). This organic mineralization (organomineralization,
sensu Trichet and Défarge, 1995) is supposed to form via the15

Ca2+-binding ability of humic and fulvic amino acids, de-
rived from organic-matter-degraded metazoan during early
diagenesis (Braga et al., 1995; Neuweiler et al., 1999, 2007;
Wood, 2001; Dupraz et al., 2009). This micrite type is usu-
ally darker than the allochthonous micrite due to the organic20

matter content (Warnkle, 1995; Delecat et al., 2001; Delecat
and Reitner, 2005). Shen and Neuweiler (2018) suggested
an organomineralization (produced by induced or supported
processes), rather than microbial mediation, for the deposi-
tion of the autochthonous micrite in the Ordovician carbon-25

ate mounds, formed mainly of calathid–demosponge (north-
west China). A similar process was proposed for the au-
tochthonous micrite mineralized in the biotic crust of sub-
marine caves of Lesvos (Guido et al., 2019a, b).

The peloidal and clotted peloidal micrites have commonly 30

been linked to anaerobic bacteria activity and represent the
main component of the microfacies recognized in modern
and ancient microbialites (Monty, 1976; Chafetz, 1986; Ken-
nard and James, 1986; Buczynski and Chafetz, 1991; Reitner
1993; Kazmierczak et al., 1996; Dupraz and Strasser, 1999; 35

Folk and Chafetz, 2000; Riding, 2002; Riding and Tomás
2006; Dupraz et al., 2009; Guido et al., 2013, 2016; Rid-
ing et al., 2014). The microorganisms and metabolic path-
ways responsible for the formation of clotted and peloidal
micrites still remain unknown in most instances. In the stud- 40

ied build-ups, the scarce peloidal fabric is mainly confined to
framework microcavities, particularly the interior of serpulid
tubes and spaces between skeletons. In these suboxic/anoxic
confined microenvironments, anaerobic heterotrophic bacte-
rial communities can flourish, as observed in several sub- 45

marine caves by Guido et al. (2017a, b, 2019a, 2022). In
the coralligenous, the clotted peloidal micrite is very sub-
ordinate in comparison to aphanitic micrite, and generally it
is not associated with sponge spicules but includes terebel-
lid polychaetes often intermingled with the autochthonous 50
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peloidal micrite. The presence of terebellids associated with
peloidal micrite suggests a close association between these
polychaetes and microbial communities. A symbiotic rela-
tionship between terebellids and sulfate-reducing bacteria
has been described in confined environments of submarine5

caves (Guido et al., 2014, 2022). These authors proposed that
in pendant bioconstructions, terebellids use the peloids pro-
duced by microbial activity to form their skeletons and the
bacteria flourish on the biomass produced by the terebellids
and other metazoans. The occurrence of a similar association10

in the coralligenous build-ups seems to suggest that this sym-
biosis is not habitat-specific but develops in different marine
settings, from open to confined habitats, where conditions
of cryptic microenvironments in the framework of biocon-
structions may promote the development of carbonatogenic15

microbial communities.
An early lithification of autochthonous micrite has been

suggested by many authors (e.g. Grotzinger and Knoll, 1999;
Reid et al., 2000) as an explanation for the modes of accre-
tion and textures of various types of bioconstructions. The20

accretion of the Sicilian coralligenous was clearly produced
by the superposition of different generations of skeletonized
organisms, but early lithification of autochthonous micrite,
inside primary and secondary cavities, further contributes to
cementation and stabilization of the skeletal framework.25

The detrital micrite generally derives from the degrada-
tion and transport of organism’s skeletons, transported from
neighbouring areas, or from the erosion of pre-existing bio-
clastic rocks (Stockman et al., 1967; Tucker and Wright
1990). The two different types of detrital micrite observed30

in the studied coralligenous (i.e. organic and inorganic) dif-
fer by the occurrence or absence of organic material trapped
in the muddy sediment, the different degree of fluorescence
under UV light, and the bioclast content. The common loose
state of these sediments in the studied build-ups seems to35

point to their lithification rate being generally lower in com-
parison to the autochthonous micrite, and cementation may
take place some time after the formation of the primary
framework. The different amount of organic matter, however,
may have a role in the lithification processes. Further knowl-40

edge is needed to help with comprehension of the diagenetic
dynamic of the detrital micrite that would, in turn, help to
clarify the general growth and morphological development
of the coralligenous build-ups.

4.4 Coralligenous build-ups vs. biostalactites:45

comparison between recent bioconstructions of
different marine settings

Knowledge of the compositional and morphological charac-
terization of the coralligenous build-ups forming along the
open marine sectors of the Mediterranean Sea shelf allows50

their comparison with bioconstructions forming in confined
marine settings, such as blind submarine dark and semi-dark
caves. These confined environments have been recently uti-

lized as natural laboratories to study the role of metazoan
and microbial communities in forming unusual bioconstruc- 55

tions (Guido et al., 2013; Gischler et al., 2017a). Due to the
peculiar conditions of cave environments, notably low wa-
ter circulation, reduced or null light intensity, oxygen deple-
tion, and remarkable oligotrophy, caves are colonized mainly
by cryptic organisms like serpulids, bryozoans, sponges and 60

corals (Harmelin, 1985; Fichez, 1990, 1991). These organ-
isms may be involved in the formation of small biogenic
crusts or larger bioconstructions named biostalactites that de-
velop under suitable conditions (Onorato et al., 2003; Bel-
monte et al., 2009, 2020; Guido et al., 2013, 2017b, 2019a, 65

2022; Sanfilippo et al., 2015; Gischler et al., 2017a, b; Ono-
rato and Belmonte, 2017; Kazanidis et al., 2022). Serpulids
and bryozoans are the main skeletal builders of the biosta-
lactites that are further stabilized by the early cementation
induced by the precipitation of autochthonous peloidal and 70

aphanitic micrites mediated by microbial activity (Guido
et al., 2013; Gischler et al., 2017a, b). Despite the differ-
ence in size (from a few centimetres up to 1–2 m), biosta-
lactites forming in submarine caves of Sicily, Cyprus and
Apulia show a uniform style of growth (Guido et al., 2013, 75

2017b, 2022). In contrast, the biotic crusts forming in the
caves from the island of Lesvos of the Aegean Sea (Fara
and Agios Vasilios caves) show a rich sponge association,
widely present both on the surface and in the framework mi-
crocavities. There, the pervasive presence of sponges in al- 80

most all the micro-niches of the bioconstructions plays a lim-
iting role in the development of heterotrophic bacteria (like
sulfate-reducing bacteria) involved in carbonate precipitation
(Guido et al., 2013, 2019a, b, 2022). The competition for
space between sponges and carbonatogenic bacteria has been 85

used to explain the morphological differences between large
biostalactites and biogenic crusts common in the Mediter-
ranean caves (Guido et al., 2019a, b). In the biotic crusts
from Lesvos, sponge spicules are mainly concentrated in de-
trital micrite that fills primary cavities. They are only sporad- 90

ically associatedCE6 with autochthonous micrite, suggesting
that organomineralization linked to soft-sponge-tissue decay
is a relatively minor process in the in situ production of mi-
crite (Guido et al., 2019a).

Very similar competition could be suggested for the 95

coralligenous build-ups. Despite the different environmen-
tal conditions, size and morphologies characterizing the
centimetre-sized biotic crust of Lesvos caves versus the some
decimetre- to metre-sized coralligenous build-ups of Marza-
meni, sponges pervasively cover the surfaces and the inter- 100

nal cavities of both types of bioconstruction. The corallige-
nous framework is produced by encrusting red algae, but the
primary inter-skeletal porosity derived from the superposi-
tion of different generations of skeletons is enhanced by the
bioerosive activity of endolithic organisms. Though cavities 105

could be a site for the settlement of anaerobic bacterial com-
munities (Guido et al., 2013), they are occupied by insinu-
ating and/or perforating endolithic sponges that reduce the
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availability of micro-niches favourable for the development
of sulfate-reducing bacteria, hampering the precipitation of
autochthonous micrite through their metabolic activity.

The decaying of the soft sponge tissue produces a huge
number of spicules that are trapped in cavities together with5

fine detrital material. Occasionally, the spicules are engulfed
in aphanitic micrite rich in organic matter that does not en-
close detrital fragments. This material presumably results
from induced and/or supported organomineralization of the
soft tissue, like that observed in the biotic crusts of the Lesvos10

caves (Guido et al., 2019a). The same process has also been
suggested for the Ordovician calathid–demosponge carbon-
ate mounds of north-west China (Shen and Neuweiler, 2018).

5 Conclusions

The study of the build-ups from the Ionian Sea (Marzamemi15

area) offered the opportunity to investigate the relationship
between skeletal builders and associated sediments. These
components influence the general morphology and internal
framework of the coralligenous and allow the development of
a unique ecosystem where peculiar geobiological processes20

occur, making these build-ups natural laboratories that are
useful for the palaeoecological reconstruction of the fossil
record.

The studied build-ups are formed mainly of crustose
coralline algae, which constitute a self-sustaining skeletal25

framework further stabilized by bryozoans and serpulids.
The superposition of different generations of builders forms
a highly porous structure. The porosity is further enhanced
by bioerosive activity of perforating organisms. These dis-
continuities in the skeletal framework represent ideal niches30

for the colonization of cryptic organisms like sponges, bry-
ozoans, serpulids and microbial communities. Among these,
sponges are especially common with both insinuating and
perforating taxa. After decaying of soft tissue, the spicules
of these organisms accumulate in the cavities together with35

allochthonous micrite and other bioclasts.
Muddy to silty sediments represent the main non-skeletal

carbonate component. Sediments consist mainly of al-
lochthonous (detrital) components derived from external
sources or from (bio)erosive processes of the build-up com-40

ponents. The autochthonous micrite, mineralized directly in-
side the build-up through organomineralization processes,
represents a minor component. It shows mainly structure-
less textures, and it is associated with sponge spicules.
The microbially derived micrite, showing peloidal to clot-45

ted peloidal texture, is rare and fills small intra- or inter-
skeletal microcavities. Actually, sponges colonize the cryp-
tic micro-niches which are ideal microenvironments for the
growth of carbonatogenic bacteria, and the small quantities
of autochthonous micrite engulfing the spicules probably re-50

sults from induced and supported organomineralization of
the soft tissue of sponges, rather than from microbial me-

diation. Despite the subordinate abundance in comparison to
the skeletonized organisms, the occurrence of autochthonous
micrite suggests a possible contribution of this component in 55

cementing and strengthening the skeletal framework due to
the early cementation of this type of micrite.

The formation of microbialites seems to be prevented by
the competition between sponges and microbial communi-
ties colonizing the same cryptic spaces. The similar com- 60

petition among these organisms in the biotic crusts of con-
fined submarine caves suggests that this relationship is not
habitat-specific. It may develop in similar microhabitats of
different open to cryptic environments and could be used for
palaeoecological reconstructions and for interpreting the role 65

of metazoans and microbialite in the fossil build-ups.
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