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ARTICLE INFO ABSTRACT

Editor: L Angiolini Miocene hardgrounds of the circum-Mediterranean region are widely interpreted as records of upwelling of
nutrient-rich water, commonly associated with phosphatization along platform margins. On the Latium-Abruzzi
Keywords: Platform, the Sirente Mt. and Tornimparte successions document two distinct phosphatic intervals: in situ

Tortonian rhodoliths authigenic hardgrounds and reworked phosphate-rich deposits, respectively. At Tornimparte, phosphorite beds

coralline algae
bryozoans
acervulinids
upwelling variability
internal waves

are interpreted as the product of gravity flows triggered by internal-wave breaking along a density-stratified
outer ramp. Erosion of a phosphatization zone generated lithoclasts that were transported basinward and
redeposited chaotically, as supported by taphonomic evidence and CT-scan analyses of macrofossil-bearing
blocks. The in situ deposits of Sirente Mt. represent fossil rhodolith beds, dominated by boxwork morpho-

types, and composed chiefly of coralline algae of the genus Mesophyllum, with subordinate Lithothamnion,
encrusting bryozoans, acervulinids, and serpulids. Their loose internal structure, multispecific encrustations, and
fine sediment infill indicate low-energy conditions and relative substrate stability. Taxonomic composition,
absence of shallow-water coral taxa, and dominance of thin hapalidialean thalli suggest development on a deep
tropical oligophotic ramp (ca. 70-100 m). Growth-rate contrasts between slow-growing corallines and faster
bryozoans, together with alternating algal- and bryozoan-dominated layers observed in rhodoliths, imply mul-
tiannual fluctuations in nutrient supply rather than simple seasonal forcing. Upwelling-driven nutrient enrich-
ment likely enhanced phytoplankton productivity, turbidity, and pCOz, periodically favoring suspension feeders
over coralline algae in a context of intense space competition. These cyclical ecological shifts recorded in rho-
doliths may reflect interannual to decadal variability in wind-driven upwelling intensity, consistent with broader
Tortonian paleoceanographic perturbations. Collectively, sedimentological, compositional, and taphonomic ev-
idence supports a dynamic outer-ramp system modulated by recurrent upwelling pulses and possible internal-
wave processes.

1. Introduction

The Central Apennines (Italy) are largely composed of carbonate
rocks belonging to the extensive Latium—Abruzzi and Apula Platforms.
The Miocene Mediterranean carbonate successions of the Apennines
record drowning carbonate platforms and depositional hiatuses associ-
ated with phosphate-rich hardgrounds (Follmi et al., 2008, 2015).

Hardgrounds are the result of seafloor lithification through cementation
occurring at the sediment-water interface, by carbonate minerals and
other phases, such as glauconite, phosphate, and iron oxides. Hard-
grounds can also occur as components of condensed beds or form highly
condensed horizons independently (Follmi, 2016). Sedimentary
condensation, as described by Follmi (2016), develops within hydro-
dynamically active settings capable of winnowing, eroding, reworking,
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and bypassing sediments, while simultaneously promoting authigenic
processes. Such regimes may involve persistently high energy condi-
tions, typical of current-dominated environments, or intermittent, high-
energy events such as storms or turbidity currents. Sediment supply can
be continuous or episodic, often linked to gravity flows or storm-driven
deposition. These conditions produce a long-lasting, dynamic balance
among sediment deposition, erosion and winnowing, and authigenic
formation over geologically significant periods (Purser, 1969; Wilson,
1975; Mutti and Bernoulli, 2003; Follmi, 2016). Nevertheless, not all
intervals of starved sedimentation lead to hardground development,
indicating the influence of complex and highly variable controls that
have changed markedly and repeatedly over the Phanerozoic (Christ
et al.,, 2015). Owing to their genetic association with reduced sedi-
ment supply, hardgrounds are commonly linked to maximum regression
surfaces or drowning unconformities during phases of relative sea-level
rise (Loutit et al., 1988; Mutti and Bernoulli, 2003; Follmi et al., 2011;
Yilmaz et al., 2012). Sea-level fluctuations are in turn related to major
climatic shifts influencing the rate of carbonate production and/or
accumulation (Godet et al., 2013; Brigaud et al., 2014). In modern
warm, shallow tropical seas with high CaCOs saturation, early seafloor
cementation and hardground formation are common, but small varia-
tions in bathymetry, substrate, hydrodynamics, and sed-
imentation—erosion balance produce spatially variable petrological
properties (Christ et al., 2015). In heterozoan carbonate platforms, such
as the Oligo-Miocene carbonate ramps of the Mediterranean (Mutti and
Bernoulli, 2003; Christ et al., 2015) hardground formation is less com-
mon, and locally favoured by active seawater circulation associated with
those factors that may enhance carbonate saturation, such as the
oxidation of methane associated with sulfate reduction, or the microbial
activity linked to the decay of organic matter at the seafloor (Garrison
et al., 1969; Corselli et al., 1994; Torres et al., 2009).

Hardgrounds may preserve and host a diverse biota, allowing for
paleoenvironmental reconstruction. During their formation, hard-
grounds lithify the pre-existing sediment with its biogenic content. The
hardground exposure on the seafloor allows later colonization by active
biological communities whose living components may leave behind
distinct bioerosion marks and encrustations. Both features may be sub-
sequently preserved in the rock record, providing critical evidence for
paleoenvironmental reconstruction. For example, Tortonian hard-
grounds in Menorca (Spain) have been estimated as formed at water
depths of <100 m, based on benthic foraminifers and coralline algae
(Brandano et al., 2016), while Pleistocene Italian examples, as well as
the Upper Cretaceous chalk hardgrounds of southern England, indicate
outer-shelf formation (Kennedy and Garrison, 1975; Corselli et al.,
1994). Modern analogs demonstrate that hardgrounds can also form
on continental slopes (hundreds to >1000 m) under sediment starvation
and substrate exposure (Chen et al., 2025). These observations highlight
that hardground formation is controlled more by sedimentation rates,
nutrient flux, and bottom-water circulation than by absolute depth, and
that fossil assemblages associated with hardgrounds can provide critical
constraints in paleodepth reconstruction.

Phosphatic hardgrounds, commonly cemented by fluoroapatite at or
near the sediment-water interface, are especially valuable as multi-
proxy archives, integrating sedimentological, geochemical, and pale-
ontological signals (Glenn and Arthur, 1988; Christ et al., 2015; Follmi,
1996; Follmi et al., 2008, 2015). Their formation is governed by low
sedimentation rates, early authigenic mineral precipitation driven by
organic matter remineralization, and bottom-current activity, all of
which are modulated by regional and global oceanographic factors such
as nutrient availability, carbonate saturation state, and circulation pat-
terns (Brandano et al., 2016; Cornacchia et al., 2022).

Miocene phosphatic hardgrounds are widely documented across the
central Mediterranean, forming 10-20 cm thick layers enriched in
phosphate, glauconite, and macrofossils. Paleontological analyses show
that in most cases these horizons host sclerobiont communities (Taylor
and Wilson, 2002) dominated by suspension-feeders, indicating
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mesotrophic to eutrophic conditions, moderate to strong bottom cur-
rents, and relatively deep, low-light environments (~100-350 m).
Multi-phase encrustation and bioerosion traces (ichnogenera Trypanites,
Gastrochaenolites, Entobia) indicate prolonged seafloor exposure and
episodic colonization, making these deposits time-averaged, condensed
ecological archives (Vescogni et al., 2018; Rehfeld and Janssen, 1995).
Geochemical data, including neodymium isotopes indicate that
phosphate-rich waters formed under conditions of weakened Mediter-
ranean circulation, limited exchange with Atlantic surface waters, and
enhanced upwelling of nutrient-rich deep waters, which brought dis-
solved phosphate in the photic zone seafloor, where it could precipitate
as phosphatic hardgrounds. In this model (Cornacchia et al., 2022) the
primary controls on Mediterranean Middle to Late Miocene phospho-
genesis were upwelling and nutrient supply driven by regional ocean-
ographic changes linked to global climate shifts and basin circulation
evolution.

In the Miocene of the Apennines, it has been demonstrated that
hardground formation within the succession of the Maiella ramp,
northern extension of Apula Platform, was related to upwelling fluxes,
likely induced by regional changes in water circulation and modulated
by sea-level fluctuations and enhanced biological productivity (Mutti
and Bernoulli, 2003). Although the role of upwelling in hardground
formation is largely recognized, a more precise paleoenvironmental
reconstruction of the plausible paleodepth reached by the upwelled
water mass is seldom available.

Tortonian to lower Messinian phosphatic hardground formation is
recorded on top of the Latium-Abruzzi carbonate ramp succession,
where the occurrence of this phosphate-bearing surfaces and deposits
marks the drowning of the platform due to regional and global causes
(Brandano et al., 2020). In this study, two outcrops were investigated,
representative of two different situations and processes. The Sirente
Mountain hardground developed as an authigenic, phosphate-rich sur-
face on top of a middle-ramp environment (Brandano et al., 2009). In
contrast, the Tornimparte outcrop exposes a phosphatic interval located
between the uppermost outer-ramp carbonate deposits and the over-
lying hemipelagic marls. At Tornimparte, this interval is interpreted as
the result of the dismantling of a phosphatic hardground and includes
phosphatic lithoclasts together with a rich autochthonous and
allochthonous fauna (Brandano et al., 2020). Thus, the two outcrops
were chosen since they developed at different depths and in different
hydrodynamic settings, but were both affected by the upwelling of P-
rich waters that led to hardground formation. The skeletal assemblage at
Tornimparte is dominated by mollusks, isolated corals, and shark teeth;
however, the provenance of this assemblage has not previously been
analysed. In the Sirente Mt., the top of carbonate ramp succession is
dominated by rhodolith rudstone, drowned and overlaid by a hemi-
pelagic clayey marlstone rich in planktonic foraminifera (Brandano
et al., 2009). Rhodolith structure and composition collectively mirror
the paleoenvironmental conditions in which rhodoliths developed, in
some cases recording the succession of temporally distant, separate
phases of growth (Basso and Tomaselli, 1994; Basso et al., 1998;
Nebelsick et al., 2013; Vale et al., 2018; Bracchi et al., 2019). Fossil
assemblages and sedimentary facies of the Sirente Mt. hardground
suggest formation in mid-ramp paleoenvironments, however, a more
precise paleoenvironmental reconstruction is still lacking. The paleo-
ecological analysis of the fossil benthic assemblages at Tornimparte and
the Sirente Mt. rhodoliths provides an opportunity to explore the Tor-
tonian benthic environments affected by phosphatization and hard-
ground formation, thereby filling a gap in the literature. Although these
surfaces have been extensively studied using sedimentological and
mineralogical approaches (Brandano et al., 2009, 2020), as well as from
a paleoceanographic perspective (Cornacchia et al., 2022), critical
questions regarding the seafloor environments and the biota that un-
derwent hardground formation remain unresolved within the context of
benthic paleoecology. The aims of this paper are: 1) using the paleo-
environmental approach to assess the paleodepth reached by the
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upwelling P-rich waters responsible for the hardground formation, and
2) exploring the possibility that some evidence of the Tortonian envi-
ronmental conditions triggering hardground formation could be detec-
ted in the affected benthic facies, in terms of skeletal components,
taphonomy, and species association.
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2. Geological setting

The Italian Apennines represent a fold-and thrust belt derived from
Neogene deformation of the Tethys passive margin. The evolution of the
Apennine chain is related to the west-directed subduction of the Adriatic
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plate under the European plate (e.g. Doglioni, 1991). The Neogene to
Recent evolution of the north-central Apennines is characterized by east-
north-eastward migration of deformation fronts and related foredeeps
(Ricci Lucchi, 1986; Patacca and Scandone, 1989).

In central Apennines, the Latium-Abruzzi succession crops out
(Fig. 1A). The passive margin sediments of the Latium-Abruzzi platform
mainly consist of Upper Triassic-Upper Miocene succession of shallow-
water carbonates deposited in a tropical to subtropical environment.
The Cretaceous platform limestones are unconformably overlain by the
Cenozoic portion of the platform, represented almost exclusively by
Miocene limestones, belonging to the “Calcari a Briozoi e Litotamni”
Formation (CBL = Bryozoan and Lithothamnion limestones Fm)
(Damiani et al., 1992; Civitelli and Brandano, 2005) (Fig. 1B-C).
Miocene carbonates are dated to the Burdigalian-Tortonian (Brandano,
2002; Civitelli and Brandano, 2005; Brandano, 2017; Brandano et al.,
2010, 2017), when the CBL accumulated on a low-angle homoclinal
ramp, resulting both from the inherited Cretaceous carbonate substra-
tum and from the locus of carbonate production and accumulation,
under persistent subtropical conditions.

Along the Latium-Abruzzi carbonate ramp, three depositional envi-
ronments can be identified within the CBL: the inner portion was
characterized by a high-energy littoral environment, passing into a
shallow-water euphotic zone represented by seagrass-meadows inter-
bedded with free-living, branching red algae facies (“Maerl” facies), at
water-depths of a few tens of meters (Brandano, 2003). Small and
scattered coral mounds marked the transition to the middle ramp
environment. In the middle ramp, developed in the oligophotic zone
(Pomar, 2001), rhodoliths and larger benthic foraminifera (Hetero-
stegina, Operculina, Amphistegina) dominated the carbonate production,
with subordinate echinoids, bryozoans and bivalves (rhodalgal lith-
ofacies, sensu Carannante et al., 1988). In the outer ramp the bryomol
(sensu Nelson, 1988) and molechfor (sensu Carannante et al., 1988)
lithofacies dominated in the aphotic zone (Corda and Brandano, 2003;
Brandano et al., 2010). In the external outer-ramp belt, siliceous sponge
spicules, echinoid fragments, and planktonic foraminifera are the main
sediment components.

The eastward migrating thrust belt-foredeep system controlled a
diachronous marine transgression induced by tectonic subsidence
(Brandano and Corda, 2002), which terminated the carbonate deposi-
tion by Late Miocene time, due to plate flexure-related drowning and
coeval increasing input of siliciclastic sedimentation. According to the
diachronic carbonate facies deposition controlled by the migrating
thrust belt-foredeep system, the resumed Miocene carbonate production
above the Cretaceous unconformity has been dated at 19-18 Ma at its
base (Brandano et al., 2017), and 15-16 Ma on top in the southwestern
sectors, while in the eastern sectors (Marsica, Sirente Mt), the rhodo-
lithic unit was dated at 15-16 Ma and the top at 11-9 Ma (Brandano,
2002). The end of the carbonate sedimentation as well as the age of
the terrigeneous deposits are progressively younger moving north-
eastward, also as result of the Late Miocene evolution of the thrust-
belt foredeep system (Cipollari and Cosentino, 1995).

The phosphatic hardgrounds developed on top of the Miocene car-
bonate ramp succession and mark the end of the shallow-water depo-
sition (Fig. 1D-E). The hardgrounds are overlaid by the hemipelagic
clayey marlstone known as Orbulina marls unit, which documents two
major steps in the geodynamic evolution of the Central Apennines: the
drowning of the carbonate platform and the beginning of synorogenic
turbiditic siliciclastic deposition (Pampaloni et al., 1994).

In the Carseolani Mountains the marls immediately overlying the
hardground have been dated by Pampaloni et al. (1994) and Cosentino
et al. (1997) as belonging to the CN8 Nannofossil zone (9-9.5 Ma, late
Tortonian).

In the central Apennines, phosphatic hardgrounds from Sirente Mt.,
and Tornimparte in the uppermost member of the Guadagnolo Forma-
tion (Brandano et al., 2020; Fig. 1B-D), follow the Monterey Event
(Early-Middle Miocene, ~17-13 Ma), and the Mid-Miocene Climatic
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Optimum (between 17.0 Ma and 13.5 Ma), recording a global positive
carbon isotope excursion associated with increased marine productivity.
Enhanced nutrient availability, massive organic carbon burial, intensi-
fied oceanic circulation are linked with the increased productivity in the
context of the carbonate platform drowning (Follmi et al., 1994; Wissler
et al., 2003; Weissert and Erba, 2004; Brandano et al., 2017).

3. Material and methods

The rhodolith rudstone outcropping on the Sirente Mt. (Prato di
Popolo, m 1630) was sampled at the top of the succession, where the
hardground lays at the ground level, and just below the phosphatic
hardground. Representative rhodolith-rich samples were randomly
collected within the same stratigraphic level along a 4 m line, and
transported to the facilities of the Milano-Bicocca University, where they
have been cut by a rock saw. One or two thin sections were prepared
from each rhodolith. Other thin sections belonging to the Brandano
collection, and obtained from rhodoliths collected at the same outcrop
and levels, were included in this study. A total of twenty thin sections
were then examined at the University of Milano-Bicocca under a trans-
mitted light optical microscope to analyze the components and identify
the fossil coralline algae at the lowest possible taxonomic rank. Point
counting provides useful results for describing the mean contribution of
the different components of rocks (Fliigel, 2010, pp. 254-258). The
component analysis of rhodoliths was based on 300 point counting of
the standard-sized petrographic thin sections (2.8 x 4.6 cm). The cate-
gories of biogenic constituents considered for the percentage quantifi-
cation were: coralline red algae, benthic and planktonic foraminifera,
corals (later excluded because not observed), annelids, mollusks, bra-
chiopods, bryozoans, crustaceans, echinoderms, micrite, cement,
authigenic minerals. Identification of coralline algae was performed
under OM higher magnification (up to x200). Coralline red algae tax-
onomy follows AlgaeBase (Guiry and Guiry, 2026). Identification in
fossil material is based on Braga (2003) and Hrabovsky et al. (2016).
Coralline algal growth-form terminology follows Woelkerling et al.
(1993). Sphericity (Sneed and Folk, 1958) was not calculated due to
the impossibility to properly isolate integer rhodoliths from the rock, but
was qualitatively obtained from field observations and hand samples.
Animal taxonomy follows WoRMS (2026).

At Tornimparte, two blocks measuring 15-20 cm and 30 samples
measuring 3-5 cm were collected from the last of the two phosphatic
intervals outcropping in the area (Brandano et al., 2020; figs. S2D, S4 in
Cornacchia et al., 2022). This interval corresponds to a grain-supported
conglomerate ranging from 10 to 15 cm in thickness that occurs with a
grey to brownish packstone to wackestone matrix.

The two large blocks collected at Tornimparte were analysed using a
CT scan with the Revolution EVO, which is integrated with the PET/CT
Discovery MI scanner (General Electric), owned by “Fondazione Tec-
nomed” at the University of Milano-Bicocca and located in the Nuclear
Medicine Department in Monza, Italy. The acquisition parameters were
as follows: 140 kV and a step size of 0.625 mm. The blocks were scanned
along their three main axes, and the images were reconstructed using the
“bone plus” axial filter to best visualise the inner structure. The results
yielded tomographic images of the blocks in greyscale, reflecting the
varying densities of the inner structure, using AMIRA-Avizo software
(Thermo Fisher Scientific).

The hand samples containing fossils were primarily observed and
photographed under a binocular microscope. After preliminary obser-
vation, some samples were reduced to a minimum size around the fossil
particles and placed in 80% acetic acid for at least two hours to extract
fossils. When needed, final manual polishing of the fossil surface was
made using a hand micro-drill.

Additionally, 11 standard-sized petrographic thin sections (2.8 x 4.6
cm) were prepared from some samples to describe the inner compo-
nents, based on 300-point counting. The categories of the constituents
considered for the percentage quantification were: benthic foraminifera,
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corals, bryozoans, mollusks, echinoderms, coralline algae, glauconitic
wackestone with planktonic foraminifera, wackestone with planktonic
foraminifera and phosphatized pebbles.

4. Results
4.1. The rhodoliths of Sirente Mt

The field observations and the paleontological analysis revealed that
rhodoliths were packed and embedded in poorly sorted packstone-
wackestone with fragments of bryozoans, echinoderms, mollusks, crus-
taceans, annelid tubes and small benthic foraminifera (Figs. 2-4). The
poorly sorted packstone-wackestone embedding the rhodoliths appears
in contact with the coralline thalli, filling also the largest shelter porosity
of the rhodoliths framework (Fig. 4A, E, I). Rhodoliths have a sub-
spheroidal to ellipsoidal shape and a long axis spanning 4-10 cm
(Fig. 2). The internal structure of rhodoliths shows multiple nuclei
composed of bryozoan colonies or acervulinid foraminifera, overgrown
by loosely superposed, thin laminar thalli of coralline algae (Figs. 2D-F
and 4C-G). The microscopic primary porosity between algal thalli and
inside the bryozoan colonies is filled by micrite, also with clotted fabric
(Fig. 4J), containing only random and rare small benthic foraminifera,
mainly belonging to the Subclass Textulariana. Rare, poorly preserved
rotaliids occur in the internal bioclastic micrite of a few rhodoliths
(including buliminoids), and large benthic foraminifera are exclusively
represented by very rare fragments of Heterostegina.

Other porosity and fractures in connection with the rhodoliths sur-
face is filled by glauconitic Orbulina marls unit (Fig. 4B,I). Corals were
not detected in the studied material.

The coralline algal association of the examined rhodoliths (Fig. 3) is
frequently represented by sterile thalli, less than 200 pm thick (Fig. 4A,
F, G). Despite the rarity of diagnostic reproductive structures, most of
the preserved material shows cell fusions, coaxial or non-coaxial
plumose hypothallus and multiporate conceptacles, indicating that the
studied rhodoliths are composed almost exclusively by Hapalidiales. In
particular, the genus Mesophyllum is the most common, with abundant
sterile thalli and some fertile specimens belonging to the species Meso-
phyllum sancti-dionysii Lemoine, 1939 (Fig. 4G-H) and Mesophyllum
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other4% 54.5%

annelids 3.5%

Sirente rhodolith components

Fig. 3. Sirente rhodoliths. Pie chart showing the mean contribution of the
different categories to the rhodoliths composition. Data from point counting.
The category “other” groups the components with a mean contribution <1%
(brachiopods, crustaceans, mollusks, echinoderms, non-encrusting benthic
foraminifera).

curtum Lemoine, 1939 (Fig. 4J-K). Rhodolith corallines belonging to the
genus Lithothamnion/Phymatolithon appear as a minor component of the
Sirente rhodoliths (Fig. 4L). One single fertile thallus with uniporate
conceptacles was observed, showing cell fusions and a coaxial hypo-
thallus, that might belong to a yet undescribed gametangial phase of
Mesophyllum, based on the similarity with extant examples and the
correspondence of its vegetative characters with other co-occurring
asexuate Mesophyllum plants.

Encrusting cheilostome bryozoans were frequently observed,
growing directly over the corallines or directly overgrown by them. Tiny
cyclostome bryozoan colonies were also randomly detected (Fig. 4). In
some rhodoliths the encrusting bryozoan colonies appear interposed
between algal laminar thalli in an almost cyclical and regular pattern. In

Fig. 2. Sirente Mt. A-C: the top of the Sirente Mt. succession and field views of the rhodolith rudstone outcrop. D-F: the internal structure of three spheroidal to
ellipsoidal rhodoliths. Note the absence of obvious nuclei, the thin layering, and the rhythmic superposition of layers (arrowheads in D and E).
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Fig. 4. Sirente rhodoliths. A: alternating and superposed generations of cheilostome bryozoans and laminar thalli of coralline algae (sample SIR 1F III, scale bar =
400 pm). B: a bryozoan colony encrusting coralline algae at the surface of a rhodoliths. Note the contact with the Orbulina marls unit (sample R4, scale bar = 400 pm).
C: acervulinid micronodule encrusted by coralline algae (sample R11, scale bar = 200 pm). D: acervulinid (sample R7, scale bar =100 pm). E: aggregation of annelid
tubes (sample R11, scale bar = 400 pm). F: alternation of coralline-dominated and bryozoan-dominated layers. Note that also dark-stained diagenetic levels, formed
preferably along porosities, appear cyclical (sample R11, scale bar = 400 pm). G: from right to left, superposition of serpulid tubes, cheilostome bryozoan colonies,
and laminar Mesophyllum sancti-dionysii thalli (sample SIR 1, scale bar = 400 pm). H: magnification of the multiporate conceptacles of Mesophyllum sancti-dionysii,
typically filled by irregular sterile cells (sample R6, scale bar = 200 pm). I: contact between the authigenics-rich Orbulina marls unit (on left) covering the drowned
rhodolith bed, and the bioclastic micrite (on right) embedding the rhodoliths during their growth (sample R11, scale bar = 100 pm). J: superposed thalli of Mes-
ophyllum curtum. At the centre, note the absence of bioclasts in the micrite that partially fills the shelter porosity. Above, micrite overlaid by chalcedony, formed after
diagenesis of a spicule-rich void (sample R7, scale bar = 200 pm). K: magnification of the conceptacle chambers of Mesophyllum curtum (sample R7, scale bar = 100
pm). L: an algal protuberance made of an unidentified hapalidiacean, showing numerous multiporate conceptacle chambers (sample R3, scale bar = 200 pm).

these cases, algal thalli have a thickness of about 200-400 pm, and
obvious bryozoan colonies appear cyclically, approximately every
700-1500 pm (Figs. 2D-E, 4F), while minor interruptions of the algal
growth appear to correspond to micrite filling, frequently associated to
dark staining. No obvious pattern of change in component association
could be detected through an ideal transect from the inner to the outer
portion of the examined rhodoliths. Obvious nuclei of first encrustation
were not identified, however, acervulinid micronodules or a bioclastic
wackestone were observed at the center of internal encrustations by
coralline algae (Fig. 4).

From the taphonomic point of view, the rhodoliths showed random
evidence of fragmentation and erosion at their surface, in contact with
the Orbulina marls unit. Internally, the algal thalli did not show any
extensive evidence of fragmentation, abrasion or bioerosion, although
microscopic bioclastic fragments of heterogeneous origin (including
coralline algae) were detected in the micritic infill of the rhodolith
porosity.

4.2. The macrofossil association of Tornimparte

The blocks collected at Tornimparte ranged from bioclastic
conglomerate to breccia (Fig. 5). The CT-scan images showed that the
sampled deposits were chaotic, and fragments did not show grading or
orientation (Fig. 6A-B, white arrows). The CT-scan data allowed to
identify fossils as both entire specimens (Fig. 6B, red arrow), and frag-
ments with broken and sharp edges, all cm-sized, together with

phosphathic pebbles with rounded edges (Fig. 6A-B, white arrows) and
evidence of glauconitization at their surface, detectable in thin section.
The fossil paleocommunity included shark teeth, abundant bivalves,
rare gastropods, encrusting cheilostome bryozoans on other biogenic
substrates, echinoid fragments (mostly spines), solitary corals, rare
brachiopods and benthic and planktonic foraminifers, including
encrusting forms (Fig. 6C). Among mollusks, there were abundant
fragments of oyster bivalves (Fig. 6C bottom), together with sparce
specimens of pectinids. Gastropods were very scarce and were repre-
sented only by casts, including one specimen of a Cerithium sp., as well as
a specimen belonging to the Calliostomatidae family (Fig. 6C, top). The
solitary corals were mostly recrystallized, showing a trocoid to turbinate
calix, with evidence of longitudinal, thin grooves on the external epi-
theca (Fig. 6C, center). The transverse outline ranges between circular to
elliptical. Inside, two or three orders of septa could be distinguished,
depending on the specimen, as well as a spongy columella (Fig. 6C,
center). They belong to Caryophylliidae family.

The analysis of the thin sections allowed identifying the glauconitic
wackestone with abundant planktonic foraminifera and phosphatic
pebbles as the main components (Fig. 7). Fossils and pebbles were
embedded in such material, showing variable abundance (Fig. 7).
Interestingly, such wackestone (both glauconized and non) was easily
identifiable also on CT-scan images, as it corresponded to the massive
homogenous signal within the samples (Fig. 6A-B, green arrows).
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Fig. 5. Field views from Tornimparte. A: in the Tornimparte outcrop, phosphatic levels occur in the uppermost part of the Miocene calcarenites and extend into the
first meter of the overlying Orbulina marls. B: detail of the basal portion of the Orbulina marls. C: At the base, phosphatic lithoclasts up to 5 cm in diameter are
dispersed within a phosphatized bioclastic matrix and associated with phosphatized fossils. D: In the upper part, phosphatic pebbles are dispersed within a marly
planktonic wackestone matrix and are associated with phosphatized fossils and shark teeth.

5. Discussion

The compositional and taphonomic analyses carried out on the two
phosphate levels investigated in this study provide insights into the
environmental and oceanographic conditions controlling their
formation.

5.1. The paleoenvironment of the Sirente Mt. rhodoliths

Rhodoliths are defined as nodules composed of >50% thickness
coralline red algal thalli (Steneck, 1986; Foster, 2001; Basso et al., 2009)
while the term macroids identifies an ample category of cm-sized
biogenic nodules made of associations of metazoans or protozoans
(Hottinger, 1983; Baarli et al., 2012). Biogenic nodules can show a
complex composition, sometimes challenging a straightforward identi-
fication of macroids versus rhodoliths, based on dominant components
(Reid and MaclIntyre, 1988; Prager and Ginsburg, 1989; Bassi et al.,
2012; Baarli et al., 2012; Bracchi et al., 2023). However, bryozoans
and acervulinids at the rhodoliths core and intercalated with coralline
thalli constitute always less than 50% of the total rhodolith thickness in
our samples (Fig. 3). The term rhodolith, and not macroid, thus seems
appropriate in our case (Hottinger, 1983; Vale et al., 2018; Bassi et al.,
2024).

Contrary to early hypotheses about the relationship between rho-
dolith shape and hydrodynamics (Bosence, 1983), a growing body of
evidence demonstrates that the spheroidal shape is by far the most
frequently represented, both in modern rhodoliths beds and in the fossil
record, and that no obvious environmental/paleoenvironmental inter-
pretation can be obtained from rhodolith shape alone (Sané et al., 2016;
O'Connell et al., 2020; Bracchi et al., 2022; Bassi et al., 2024).

The observed rhodolith features and multispecific composition, their
loose internal structure, the common porosity, and the diverse associ-
ated skeletal components, collectively identify the boxwork rhodoliths
morphotype (Bosence, 1983; Basso, 1998; Villas-Boas et al., 2014; Basso
et al., 2009; Adams et al., 2020; Olmstead and Andrus, 2024). Boxwork
rhodoliths form under relatively low-intensity hydrodynamics and me-
chanical displacement. Their relative stability on the seafloor explains
the fine sediment infilling, the typical occurrence of bioturbation, and
the strong space competition resulting in alternating generations of
encrusters and multispecific coralline builders. These complex algal
concretions may record successive stages of discontinuous algal growth
under fluctuating environmental conditions or following depth gradi-
ents controlled by sealevel changes (Basso and Tomaselli, 1994; Vale
et al., 2018; Bracchi et al., 2019; Dulin et al., 2020). The two species
of Mesophyllum identified in the Sirente rhodoliths were both described
by Lemoine (1939) from the Tortonian outcrops of Saint Denis du Sig
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Fig. 6. Tornimparte samples and CT-scan images. A-B: two samples collected at Tornimparte on the left the samples, with the position of the slices shown by the
dotted pink lines; on the right the corresponding CT-scan slice images. Phosphatized pebbles (white arrows) and fossils (red arrow) occur in both A and B. The green
arrows indicate a massive homogeneous signal corresponding to wackestone containing abundant planktonic foraminifera showing signs of glauconitization. Scale
bars in A and B = 3 cm. C: Examples of some fossils extracted from the Tornimparte samples. At the top: one specimen of oyster bivalve. In the center: on the left one
specimen of solitary corals partially broken, showing a turbinate calix with longitudinal, thin grooves; on the right, one specimen of solitary corals cut in transversal
section, with evident septa and spongy columella. At the bottom: one specimen belonging to the Calliostomatidae family. Scale bar = 1 cm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Pie chart showing the mean contribution of the different categories to
the composition of the Tornimparte samples. Data from point counting.

(Algeria) (Aguirre and Braga, 1998), and have been also identified in the
Tortonian of southern Crete (Kroeger, 2007), pointing to a coherent
biostratigraphic and paleoclimatic distribution.

Altogether, coralline algae show a direct relationship of growth and
calcification with light and temperature, in all of the various environ-
mental settings where they thrive. However, their positive response is
observed up to a species-specific optimum level of light and

temperature, beyond which metabolic performance deteriorates rapidly,
leading to physiological stress or mortality (Fortes and Liining, 1980;
Hurd et al., 2014). This explains why corallines are distributed from the
intertidal down to the deepest oligophotic zone, but coralline species
distributions show much narrower ranges, depending also on climate
zones and oceanographic controls, with many species preferring mod-
erate or low light intensity (Adey et al., 1982; Iryu, 1992; Quaranta
et al., 2012; Hurd et al., 2014; Coletti et al., 2018; Li et al., 2021).

In coral reefs, areas affected by seasonal upwelling are characterized
by reduced coral abundance and biodiversity. An overall negative effect
of upwelling on coralline abundance was reported by a meta-analysis of
coral-reef benthic communities (Spring and Williams, 2023), although
significant exceptions occur for some shallow-water species, such as
Porolithon (Pulecio-Plaza et al., 2023). In vivo experiments have
demonstrated that reduced light levels and high nutrient concentrations
are detrimental to coralline algae, unless they are exposed to a moderate
increase in pCOy (Johnson and Carpenter, 2018; Lewis et al., 2025).
However, since coralline algae are less sensitive than stony corals to
cooling, nutrient enrichment and turbidity increase driven by upwelling,
this situation represents a competitive advantage for coralline devel-
opment (Caragnano et al., 2017).

Encrusting bryozoans are a widespread and biodiverse group of
colonial invertebrates. They are common cryptic dwellers and highly
diverse components of mesophotic and oligophotic habitats, occurring
in caves, and on the shadowed undersides of all types of solid substrates,
including light-dependent builders such as corals and calcareous algae
(Sanfilippo et al., 2011, 2015; Rosso et al., 2019; Giampaoletti et al.,
2020). In the temperate circalittoral algal reefs of the present-day
Mediterranean, the Coralligenous, they are typically the second most



D. Basso et al.

important contributor to the growth of the calcareous framework (Basso
etal., 2022; Donato et al., 2024). Bryozoans are also frequently recorded
in multispecific, boxwork rhodoliths.

Their growth rates are quite variable, depending also on the colony
morphology (erect, encrusting, etc.) and on the availability of food and
space (Smith, 2007). Encrusting bryozoans show a linear growth rate
ranging approximately between 1 and 10 mm y ™!, with a mean rate of
about 3.2 mm y~! (Smith, 2014). Growth rate in bryozoans is positively
correlated with temperature (Lombardi et al., 2006; Smith, 2014), due
to higher metabolic rates in warm waters (Smith and Lawton, 2010), and
it is modulated by the availability of food (Buss, 1979).

Cold, nutrient-rich water from upwelling boosts phytoplankton
growth, providing abundant food for filter-feeding bryozoans, and
inducing water cooling and an increase of pCO» (Frazao et al., 2025). In
the Baltic Sea, upwelling events of hypercapnic deep water masses to
nearshore habitats are well-documented, inducing undersaturation of
calcite and aragonite for periods of days to weeks (Lehmann et al.,
2012). Experimental studies mimicking these upwelling events (about
1200 patm) have demonstrated that bryozoan colonies raised under high
CO» grow more quickly, although extreme hypercapnic waters (> 3000
patm) are detrimental to bryozoan calcification (Saderne and Wahl,
2013; Swezey et al., 2017).

Encrusting foraminifera are quite common, although never domi-
nant, in the Sirente Mt. rhodoliths (Fig. 3). They may act as habitat
engineers and primary macroid builders (Perrin, 1992; Bassi et al., 2019;
Bracchi et al., 2023). The development of acervulinids is interpreted as
an indication of low competition for substrate occupation by other phyla
of hard-substrate dwellers, which is one of the most critical factors
controlling the biotic composition of sclerobiont communities (Reiss and
Hottinger, 1984). Insufficient light for coralline algae is the most
obvious competitive advantage for acervulinids, while disentangling the
different competitive advantages of encrusting foraminifera vs. bryo-
zoans is more challenging. It has been proposed that eutrophic deep
waters, or upwelling, could sustain acervulinid development in their
harsh and unfavorable competition with other sclerobionts (Dullo et al.,
1990; Flamand et al., 2008; Schlagintweit et al., 2018; Brandano and
Tomassetti, 2022). Although this is a plausible explanation, the lack of
direct evidence supporting nutrients as drivers of successful acervulinids
colonization suggests the need for further investigations (Bassi et al.,
2024). Benthic foraminifera utilize a wide variety of food items, gath-
ered by different feeding techniques (Lipps, 1983; Lee, 1980). As a
general rule, non-symbiotic benthic foraminifera are mostly primary
consumers or opportunists, consuming bacteria, diatoms and other
microalgae together with organic-rich detritus that is captured by
pseudopodia (Haynert et al., 2020; Courtial et al., 2025; Enge et al.,
2014). Benthic foraminifera living within the photic zone commonly
feed by grazing on algal cells and bacteria that cover the surface on
which the foraminiferal cells move, while suspension feeding has been
reported for some deep-sea species (Flach et al., 1998). In contrast,
bryozoans are mostly primarily sessile, active suspension feeders,
capturing suspended organic carbon sources such as phytoplankton
(McKinney, 1990). From this point of view, oligotrophic dim-light wa-
ters with low suspended organic load should hamper both coralline
algae (because of insufficient light) and bryozoan development (because
of the lack of food) thereby providing a niche of competitive advantage
for substrate occupation by the more opportunistic acervulinids (Perrin,
1992; Bosellini and Papazzoni, 2003; Bassi et al., 2024). Conversely,
bryozoans are expected to easily outcompete coralline algae following
an increase of nutrient and turbidity in deep oligophotic (circalittoral)
environments, due to their faster growth rates (McCoy and Kamenos,
2015; Key, 2020). Recent investigations on living acervulinid macro-
ids collected at 60-105 m of water depth offshore Kikai Island (Central
Ryukyu Islands, southern Japan) revealed intergrown, subordinate thin
hapalidialean coralline algae, together with other minor components as
serpulids and bryozoans (Bassi et al., 2012, 2024). However, a signifi-
cant difference is observed in the contribution of acervulinids, which

Palaeogeography, Palaeoclimatology, Palaeoecology 700 (2026) 114071

represent a more conspicuous component inside the Japanese rhodo-
liths, in contrast to their subordinate role in the Sirente Mt. rhodoliths.

The analysed rhodolith composition revealed dominant Mesophyllum
and subordinate Lithothamnion, scattered and rare sterile Lithoporella
and Titanoderma sp., interposed with cheilostome bryozoans and with
the occurrence of acervulinids and serpulids (Fig. 4). Some analogies can
be searched in literature. Several analogies can be detected with the
living rhodoliths collected at about 100 m depth on the deep Brazilian
shelf (Peregrino Oil field, Tamega et al., 2014). The reported dominant
coralline genus making up those Brazilian deep rhodoliths was Meso-
phyllum, associated with Lithothamnion, and the inner rhodoliths
composition showed a trend of decreasing coralline algal contribution,
accompanied by an increase of both bryozoans and Acervulina with
increasing depth (from 100 to 106 m, Tamega et al., 2014). Also in the
southeastern Brazil, Mesophyllum is the dominant genus identified in
rhodolith-forming corallines at 90-100 m depths. Photosynthesis in this
deep Mesophyllum species indicates strong acclimation to the dim con-
ditions of deep waters and a very efficient absorption of low irradiance,
explaining its dominance despite an extremely low growth rate
(Figueiredo et al., 2012; Tamega et al., 2014). Very slow coralline
growth in deep water was reported also by Littler et al. (1991) with
values of 0.01-0.05 mm yr! at 61-91 m depth. High nutrient levels or
sedimentation and related turbidity have been observed to promote
bryozoan dominance over coralline algae around small bioclastic nuclei
in the Brazilian shelf affected by the Amazon River plume (Vale et al.,
2018).

Within a tropical/sub-tropical marine environment, the complete
absence of corals and warm, shallow-water coralline algae and shallow
benthic foraminifera, the dominance of thin thalli of Hapalidiales,
mainly belonging to the genus Mesophyllum, and the recurrent encrus-
tation by bryozoans, acervulinid, and, more sporadically, by annelids,
suggest a deep shelf paleo-setting for the Sirente rhodoliths, coherent
with a deep tropical oligophotic ramp, more likely in the range 70-90 m
depth. Rhodoliths, as calcareous substrates exposed on the seafloor, are
expected to undergo intense bioerosion, especially in deep waters under
low nutrient inputs and low sedimentation rates (Bassi et al., 2013). In
contrast, a decrease in bioturbation intensity with increasing depth was
postulated by Checconi and Monaco (2008) based on an analysis of
Middle Miocene rhodoliths of the Southern Apennines. The Sirente Mt.
rhodoliths did not show any extensive internal bioturbation, which also
supports a deep paleoenvironment of formation and drowning.

Based on the thickness of the algal-dominated versus bryozoan-
dominated rhodolith layers, and in consideration of their plausible
growth rates, it is possible to speculate about the approximate duration
of the intervals favoring corallines and bryozoans, respectively. Given
the extremely low growth rate of deep Mesophyllum, and the lack of thick
encrustation or superposition among bryozoan colonies, it is reasonable
to infer a fluctuation over several years, with possibly longer periods
favorable to corallines than to bryozoans. Our data do not support the
hypothesis of a simply seasonal pattern of upwelling, rather, they open
the perspective of a multiannual frequency of more intense upwelling
phases, similar to what presently occurs for some climate phenomena
controlled by the combination of specific ocean and atmospheric con-
ditions. Present-day upwelling occurrence exhibits interannual vari-
ability, as documented in the Peruvian (Chavez and Barber, 1987),
Californian (Pennington and Chavez, 2000), and Benguela systems
(Shannon, 1985). The timescale of this variability depends largely on
fluctuations in wind stress. The Peruvian upwelling system represents a
well-known example: during El Nino years, trade winds weaken or
reverse, leading to a marked reduction in upwelling along the Peruvian
coast (Gariboldi et al., 2023). Variations in wind intensity directly
control interannual upwelling strength through Ekman transport
(Bakun, 1990).

In the Taiwan system, upwelling intensifies during years of
strengthened southwesterly winds (Hong et al., 2009). These wind
variations are linked to anomalies in the East Asian Monsoon, which
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develop following the onset of ENSO (El Nino) in the previous year.
More generally, global warming may enhance coastal upwelling by
increasing the land-sea thermal gradient, thus intensifying alongshore
winds (Bakun, 1990). Indeed, this decadal variability in upwelling in-
tensity is reflected in fluctuations in nutrient supply and, consequently,
in productivity, water transparency, and light penetration (Kampf and
Chapman, 2017). The upwelling process has profound ecological
consequence as it carries nutrient-rich subsurface water into the
euphotic zone. Hence, the ecological effectiveness of the upwelling
process critically depends on the properties of shelf bottom water.
Nutrient concentrations in the sea generally increase with increasing
water depth. Consequently, dynamic processes that move nutrient-rich
seawater from the upper continental slope across the shelf break and
onto the continental shelf can substantially enhance the biological
productivity in an upwelling region (Kampf and Chapman, 2017). In the
outer ramp of the Tortonian Sirente Mt. platform, recurrent upwelling
phases - also documented at a global scale in association with enhanced
oceanic circulation and carbon-cycle perturbations (e.g., Carbon
Maximum 7 of Holbourn et al., 2004) - likely exerted a primary control
on ecosystem dynamics. These phases intermittently increased nutrient
availability and turbidity, modulating light penetration and trophic
structure. Such cyclical environmental forcing may have repeatedly
shifted the competitive balance between coralline algae and suspension
feeders. Periods of intensified upwelling would have promoted phyto-
plankton productivity and enhanced the food supply for bryozoans, fa-
voring their episodic expansion. Conversely, intervals of reduced
nutrient input and improved water transparency would have allowed
the slow-growing but persistent, deep-water, Mesophyllum-dominated
assemblages to regain ecological dominance. Rather than reflecting
simple seasonal oscillations, the observed biotic alternations are more
consistent with multiannual variability in upwelling intensity, compa-
rable to that documented in modern wind-driven systems.

5.2. The paleoenvironment of the Tornimparte deposits

At Tornimparte, the identifiable elements of the sampled hard-
ground, such as the gastropod Cerithium sp., as well as the cm-sized
specimen belonging to the Calliostomatidae family, together with pec-
tinids, ostreids and solitary corals, point to a potentially shallow,
possibly infralittoral, marine paleocommunity. These fossils appear
consistent from a paleoenvironmental point of view, and mixing with
other fossil assemblages, representing different paleocommunities and
habitats is ruled out. Concurrently, they are not compatible with the
pelagic Orbulina marls unit in which these macrofossils were embedded
and lithified.

Although diagenesis has obliterated the aragonite elements, meaning
that gastropods and solitary corals are only present in recrystallized
form or as casts, the fossil content shows taphonomic signatures that can
provide insight into the sedimentation and depositional processes that
affected them.

First, the fossils are centimeter-sized and, in the case of mollusks they
are not representative of a natural population of invertebrates, in which
a wide size distribution with a prevalence of small-sized specimens is
expected. This potentially indicates the allochthonous nature of the
assemblage. Furthermore, the most abundant elements, such as the re-
mains of ostreid mollusks, often show signs of fragmentation with sharp
angles. While fragmentation can occur after an animal's death and
before its final burial in the sediment, size-selective fragmentation (in
our case the uniform size of the specimens) implies an energy source
capable of sorting and transporting fragments of a certain size and shape
to a location different from their origin. Moreover, CT-scan analysis of
the two blocks ruled out pebble orientation or grading, suggesting that
this deposit should be interpreted as chaotic. Consequently, these find-
ings suggest the transport and accumulation of allochthonous material
(fossils) into unorganized deposits. It is therefore highly probable that
the fragmentation is partly due to post-mortem transport, possibly
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occurring within an energetic shallow paleoenvironment, prior to
erosion, subsequent further transport, and final burial in a deeper
setting. A key factor controlling these erosional processes is the structure
of the coastal upwelling system. In such environments, seawater is
strongly density-stratified, with a well-developed and persistent pyc-
nocline along which perturbations commonly propagate as internal
waves (Walter et al., 2014, 2016). The phosphorite beds studied here are
interpreted as the result of sediment accumulation driven by gravity
flows, which were generated by turbulence associated with the breaking
of internal waves on the seafloor of the outer ramp (Pomar et al., 2012).
These gravity flows reworked the phosphatization zone where phos-
phatic crusts and laminae were forming, thereby eroding them and
producing phosphatic lithoclasts. These clasts were subsequently
transported and redeposited downslope, accumulating basinward
(Brandano et al., 2020).

5.3. Autochthonous phosphate hardground vs. allochthonous phosphate-
rich beds

Hardgrounds are widely documented in Miocene successions of the
circum-Mediterranean region and are commonly interpreted as the
result of the upwelling of nutrient-rich deep waters (Carannante, 1982;
Pedley and Bennett, 1985; Simone and Carannante, 1988; Mutti and
Bernoulli, 2003; Follmi et al., 2008, 2015; Brandano et al., 2016,
2020). Coastal upwelling zones are typically characterized by sediments
enriched in authigenic phosphorus.

A genetic model for the phosphatization of the Apennine platform
seafloor was proposed by Mutti and Bernoulli (2003). According to these
authors, cold, nutrient-rich upwelled waters warmed as they moved up
the ramp, causing degassing and triggering early marine carbonate
cementation. Simultaneously, upwelling enhanced surface-water pro-
ductivity, and the resulting flux of organic matter to the seafloor sup-
plied the phosphorus required for apatite mineralization.
Phosphatization processes therefore record the influence of nutrient-rich
waters along the margins of the oxygen minimum zone (Baturin, 1982).

In the Miocene Mediterranean, the widespread phosphate-rich in-
tervals display diverse origins. An authigenic origin has been proposed
for certain phosphate hardgrounds, such as those of the Menorca Islands
(Brandano et al., 2016). In contrast, other platforms, including Apulia,
Malta, and Hyblea, contain phosphate-rich sediments produced by
multiple dynamic processes, resulting in autochthonous phosphatized
layers associated with allochthonous phosphate-bearing deposits
(Pedley and Bennett, 1985; Follmi et al., 2008, 2015; Vescogni et al.,
2018; Barbagallo et al., 2026). These processes involve sediment pro-
duction followed by erosion, phosphatization and, locally, glauconiti-
zation, with subsequent erosional phases leading to the redeposition of
allochthonous phosphate-rich beds (Follmi et al., 2008; Follmi, 2016).

6. Conclusions

e The Latium-Abruzzi Platform records both types of deposits:
autochthonous phosphate hardgrounds and allochthonous
phosphate-rich beds, occurring in different sectors of the carbonate
platform and in distinct stratigraphic intervals, thus corresponding to
separate events (Brandano et al., 2009, 2020).

The Sirente Mt. phosphatic hardground is located in the northeastern
sector of the Latium-Abruzzi domain, is late Tortonian in age, and
represents the first case (autochthonous; Brandano et al., 2009),
having developed on a fossil rhodolith bed. Coralline red algal thalli
constitute >50% of the total boxwork rhodolith thickness, while
encrusting bryozoans and acervulinids act as subordinate compo-
nents. The complete absence of corals, warm, shallow-water coral-
line algae, and shallow benthic foraminifera - coupled with the
dominance of thin-thalli Mesophyllum -indicates a deep tropical,
oligophotic outer ramp paleo-setting, likely at depths of 70-90 m.
The lack of extensive internal bioturbation further supports a deep,



D. Basso et al.

low-energy depositional environment. The internal structure of the
boxwork rhodoliths records a cyclical shift in builder dominance,
driven by multiannual upwelling fluctuations: phases of intensified
upwelling brought cold, nutrient-rich, hypercapnic waters, boosting
phytoplankton productivity and turbidity, thus favoring the rela-
tively rapid expansion of active suspension-feeding bryozoans; the
intervening phases of slackened upwelling sustained conditions of
reduced nutrient input, low phytoplankton productivity and
improved water transparency, allowing the slow-growing, deep-
water Mesophyllum assemblages to regain ecological dominance. The
Sirente Mt. rhodoliths captured the ecological imprint of long-term
oceanographic fluctuations, expressed through subtle yet recurrent
reorganizations of the benthic community. Overall, the integration of
sedimentological, compositional, and taphonomic evidence supports
a model in which outer-ramp rhodolith development was tightly
coupled to upwelling-driven nutrient dynamics, providing a refined
paleoceanographic perspective on Tortonian Mediterranean shelf
environments.

The Tornimparte phosphate-rich deposits, located in the northern
area of the Latium-Abruzzi platform, are early Tortonian in age, and
exemplify the second situation (allochthonous). At the Tornimparte
outcrop, the phosphatic deposits are characterized by pronounced
erosional features, including abundant reworked phosphatized and
non-phosphatized fossils, as well as hardground lithoclasts display-
ing varying degrees of phosphatization (Brandano et al., 2020).
Phosphate precipitation occurred within sediments accumulating in
the aphotic zone of the outer ramp, under the influence of coastal
upwelling. In this setting, phosphatic hardgrounds formed through
the early diagenetic precipitation of carbonate fluorapatite within
suboxic, organic-rich sediments (Brandano et al., 2020). The
macrofossil assemblage (including Cerithium sp., Calliostomatidae,
pectinids, ostreids, and solitary corals) indicates a shallow, infralit-
toral marine paleocommunity. This fauna is bathymetrically
incompatible with the deeper pelagic Orbulina marls in which they
were buried. The sorting of centimeter-sized mollusk remains, size-
selective fragmentation of ostreids, and the lack of pebble orienta-
tion or grading (confirmed via CT-scan) indicate a chaotic,
allochthonous deposit shaped by a high-energy source. Reworked
shallow-water fossils and phosphatized hardground lithoclasts were
transported downslope via gravity flows. We suggest that these flows
were triggered by turbulent internal waves breaking along the pyc-
nocline within a strongly stratified, upwelling coastal system.

The comparison between the autochthonous rhodolith-bearing
hardground of Sirente Mt. and the allochthonous phosphate-rich
deposits of Tornimparte highlights how different fossil assem-
blages, taphonomic and sedimentological processes can record the
overarching drivers of sediment starvation under the effect of
nutrient-rich waters, providing a comprehensive framework for
reconstructing the complex upwelling dynamics of the Tortonian
Mediterranean platform.
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