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ARTICLE INFO ABSTRACT

Editor: Dr. Michal Gradzinski Coral reefs face severe threats from global warming and pollution, yet predicting their long-term response is

hindered by the limited duration of ecological observations. This study investigates the geological record to

Keywords: examine the sedimentary and biotic composition of three Cenozoic reef systems developed during major
Carbonate factory warming events: the Early Eocene Climatic Optimum (EECO), the Late Oligocene Warming Event (LOWE), and
fg(‘;\% the Middle Miocene Climatic Optimum (MMCO). We performed quantitative analysis of 247 thin sections from
MMCO Monte Postale (NE Italy, EECO), Castro Limestone (SE Italy, LOWE), and Dagpazari (S Tiirkiye, MMCO), focusing

on shallow-water facies and organic buildups. Results show that while all intervals supported framework reefs
with moderate-to-high coral diversity, the carbonate factory compositions varied significantly. The EECO reef
system is characterized by abundant foraminifera and reduced coral contribution, reflecting a crisis in coral
production likely driven by extreme temperatures. The LOWE reef system displays a peak in coral abundance,
favored by less extreme temperatures, low nutrient levels, and optimal Mg/Ca ratio. The MMCO reef system
shows a slight decline in corals compared to the Oligocene, with a concurrent increase in red algae and het-
erotrophs potentially linked to carbon cycle perturbations. These results are backed by data on the stratigraphic
distribution of coral-dominated facies, an independent proxy of coral carbonate production. Overall, this high-
lights the resilience of the reef factory, which, as testified by the textural characteristics of the investigated
limestones and by the persistence of the coral dominance in the buildups, maintains its overall structural
integrity under diverse warming scenarios, being compromised only by extreme thermal anomalies or by a
combined effect of multiple stressors.

Benthic foraminifera
Calcareous algae

among the carbonate producers most sensitive to thermal anomalies and
associated bleaching events (Carpenter et al., 2008; Hughes et al.,
2017a; Cheung et al., 2021).

1. Introduction

Modern coral reefs represent some of the most biodiverse and socio-

economically significant ecosystems globally, yet they are increasingly
vulnerable to the synergistic effects of anthropogenic stressors and
climate change (Pandolfi et al., 2003; Sarkar and Ghosh, 2013; Hughes
et al., 2017a; Eddy et al., 2021). Rising sea-surface temperatures, ocean
acidification, and localized impacts, such as eutrophication and overf-
ishing, threaten a near-total collapse of reef frameworks by the end of
the century under high-emission scenarios (Hoegh-Guldberg et al.,
2007; Hughes et al., 2017b; IPCC, 2022). Consequently, reef corals (i.
e., zooxanthellate and mostly colonial tropical corals), the primary en-
gineers of these ecosystems, face heightened extinction risks as they are

While debate persists regarding specific extinction thresholds (e.g.,
Dietzel et al., 2021), the long-term viability of these systems hinges on
two critical pillars: the maintenance of taxonomic biodiversity and the
sustained capacity for carbonate production and accretion (Bosellini
et al.,, 2025). Understanding the long-term trajectories of these fea-
tures is essential for predicting the survival of the coral-reef ecosystem.
However, the short-term nature (decades) of ecological observations
limits our ability to forecast long-term (hundreds, thousands, or millions
of years) responses to thermal stress. The geological archive, therefore,
serves as the primary repository of observable data for contextualizing
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current ecosystem shifts against past periods of elevated global tem-
peratures (Pandolfi and Kiessling, 2014; Tierney et al., 2020).

Previous studies have investigated the ecological consequences of
past reef crises to provide insights on the fate of contemporary reef
systems (Bridge et al., 2022). Others have performed comparative
analysis between coral diversity and reef development in the past,
yielding contradictory results and revealing complex relationships be-
tween biodiversity and reef development. While some data suggest a
positive correlation between these factors over long timescales (e.g.,
Kiessling, 2005; Bosellini et al., 2021), other points to a decoupling of
diversity and framework growth (e.g., Kiessling and Baron-Szabo, 2004;
Johnson et al., 2008; Zamagni et al., 2012; Perrin and Bosellini, 2012,
2013; Bosellini et al., 2022; Bosellini et al., 2025). This decoupling un-
derlines how high biodiversity does not necessarily imply the presence
of large reef frameworks and vice-versa, even if optimal conditions un-
doubtedly correspond to a system's ability to maintain both high coral
diversity and robust reef-building capacity. This suggests that reef
development and coral diversity may be governed by distinct drivers (e.
g., SST, nutrients, CO;, levels); specifically, reef accretion appears more
sensitive to climate warming than taxonomic richness, implying that
warm climates may inherently constrain reef growth regardless of
warming rates (Coletti et al., 2022; Bosellini et al., 2025).

Coral morphology also represented a focus of the research aimed at
understanding the future of coral reefs, investigating the morphological
traits of reef corals in both modern (Madin et al., 2016a) and fossil re-
cords (e.g., Raja et al., 2022; Bridge et al., 2022; Dimitrijevic et al., 2023;
Bosellini et al., 2026). Modern reefs have shown that specific traits
determine coral function, their influence on the environment, and their
responses to environmental and anthropogenic stressors (Madin et al.,
2016b; Denis et al., 2017; Fontoura et al., 2020). Trait-based paleon-
tological approach has been attempted particularly for deciphering
long-term ecosystem behavior during major thermal perturbations
(Pandolfi and Kiessling, 2014; Dee et al., 2019; Tierney et al., 2020).
Although fossil morphological responses occasionally deviate from
modern climate-driven trends (Bosellini et al., 2026), other instances
demonstrate remarkable consistency between deep-time and contem-
porary trait shifts (e.g., Dimitrijevic et al., 2023).

Consequently, while the decoupling of biodiversity from reef-
building potential and the limitations of trait-based paleontological
approaches suggest that the geological record is not a direct one-to-one
forecast for modern reefs, it remains an irreplaceable archive for iden-
tifying ecological tipping points, recovery trajectories, and the adaptive
capacity of corals under thermal stress.

In this work, we address future trajectories of the reef environment
by focusing not only on reef corals and the frameworks they develop, but
also on the other biogenic sedimentary components associated with
these ecosystems, i.e., the carbonate factory. The most significant car-
bonate producers associated with coral reefs are red calcareous algae
(RCA), green calcareous algae (GCA), large benthic foraminifera (LBF),
small benthic foraminifera (SBF), and encrusting benthic foraminifera
(EBF), along with various heterotrophic calcifiers such as mollusks,
bryozoans, echinoderms, serpulids and crustaceans (Pomar, 2001;
Pomar and Hallock, 2008; Reijmer, 2021). While coral calcification may
decrease under thermal stress, total reef carbonate production reflects a
complex interplay of processes, and some components may even
respond positively to rising temperatures (Bialik et al., 2023), further
highlighting the inadequacy of predicting the future of coral reefs based
exclusively on coral-specific data. Given their high preservation poten-
tial, biogenic deposits of marine invertebrate carbonate producers pro-
vide a unique perspective on long-term environmental trajectories.
While individual occurrences may lack the high-resolution detail of
modern ecological datasets, their spatial extent and abundance offer a
trove of useful information. Unfortunately, the lack of quantitative data
on carbonate deposits, especially skeletal assemblages, hinders inte-
gration and cross-comparison, preventing a rigorous assessment of hy-
potheses regarding their temporal evolution (Kiessling et al., 1999;

Sedimentary Geology 501 (2026) 107124

Coletti et al., 2022; Bialik et al., 2023). Nevertheless, abundance-based
approaches to the study of skeletal components have been increasingly
applied to microfacies and stratigraphic investigations (e.g., Brandano
et al.,, 2009; Guido et al., 2016, 2021; Mariani et al., 2024). This
approach excels at capturing large-scale environmental shifts as it backs
hypotheses with hard data. Furthermore, by focusing on higher taxo-
nomic levels, it mitigates the inherent challenges of species-level
classifications.

In light of these considerations, the main goal of this work is to trace
the changes in the skeletal composition of three well studied Cenozoic
reef-bearing carbonate systems of the Mediterranean corresponding to
three distinct warm periods: the Early Eocene Climatic Optimum
(EECO), the Late Oligocene Warming Event (LOWE) and the Middle
Miocene Climatic Optimum (MMCO).

The EECO (53.3-49.1 Ma; Ypresian) represented a prolonged inter-
val of elevated temperatures, with global mean surface temperatures of
about ~10-15 °C above modern levels (Burke et al., 2018; Scotese et al.,
2021; Inglis et al., 2020; Westerhold et al., 2020), accompanied by high
atmospheric pCO: levels (Rae et al., 2021), and marked by a consider-
able decline in coral reef volume (Kiessling and Baron-Szabo, 2004).

The LOWE (26.5-24 Ma; Chattian; average global temperatures
~3-5 °C above modern levels; Zachos et al., 2001; Zhang et al., 2013;
O’Brien et al., 2020; Westerhold et al., 2020) was a warm interval
characterizing the latest part of the Paleogene. During the LOWE luxu-
riant coral reefs developed worldwide (Johnson et al., 2008; Mihaljevic
et al.,, 2017; Pomar et al., 2017; Coletti et al., 2022), featuring, on
average, moderately-to-highly diverse scleractinian associations (Budd,
2000; Lopez-Pérez, 2005; Bosellini and Perrin, 2008).

The MMCO (17-15 Ma; late Burdigalian-Langhian; average global
temperatures ~3-8 °C above modern levels; You et al., 2009; Goldner
et al., 2014; Burke et al., 2018; Westerhold et al.,, 2020;
Steinthorsdottir et al., 2021) temporarily interrupted the late Cenozoic
cooling trend. During this period, the coral reef belt attained its
maximum latitudinal extent of the Miocene (Perrin and Kiessling, 2012;
Perrin and Bosellini, 2012; Wiedl et al., 2013), although corals were
often replaced by red calcareous algae as the main tropical carbonate
producers (Halfar and Mutti, 2005).

The selected three key-coral reef settings that developed within these
warm phases are the following:

1) For the EECO, the upper Ypresian Monte Postale deposits (MP; NE
Italy), characterized by small coral buildups, with calcareous algae
and encrusting foraminifera contributing to the bioconstruction
(Vescogni et al., 2016);

2) For the LOWE, the upper Oligocene reef complex of the Castro
Limestone (CL; S Italy), characterized by a flourishing reef coral
faunal association (Bosellini and Russo, 1992; Bosellini and Perrin,
1994; Bosellini, 2006; Pomar et al., 2014; Bosellini et al., 2021);

3) For the MMCO, the coral reef system of the Dagpazar1 carbonate
platform (DCP; S Tiirkiye), characterized by abundant contribution
of coralline algae (Vescogni et al., 2014).

Despite their different ages and paleogeographic settings, these coral
reefs share several important features: (1) they developed in shallow-
water, purely carbonate environments; (2) they formed wave-resistant
frameworks; and (3) they exhibit moderate to high coral diversity.
Based on these similarities, we aim to compare their skeletal assem-
blages in order to assess whether significant changes occurred in their
composition and/or whether certain characteristics persisted through
time. A quantitative analysis of the skeletal assemblages in these reef
systems should allow for the recognition of both shared and divergent
trends. Such insights will improve our knowledge about Cenozoic
ecological dynamics providing clear lens for interpreting modern
changes in reef ecosystems and strengthening our predictive models.
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2. Geological setting of the studied sites
2.1. Monte Postale coralgal buildups (MP)

2.1.1. Geological setting

The Monte Postale is located in the Lessini Mountains, in the
northeast of the Italian Peninsula (Fig. 1A). This area belongs to the
Southern Alps, a structural unit corresponding to the northernmost
corner of the Adriatic Plate (Schmid et al., 2004; Marton et al., 2011;
Carminati et al., 2012; Handy et al., 2015). The tectonic evolution of this
area, accompanied by significant volcanic activity, led in the early
Eocene to the uplift of several blocks, that reached the photic zone
forming a carbonate platform known as the Lessini Shelf (Fig. 1B)
(Doglioni and Bosellini, 1987; Bosellini, 1989; Luciani, 1989; Bassi et al.,
2008). These Eocene shallow-water deposits, commonly referred to as
the “Calcari Nummulitici” (Nummulitic Limestones) (Bosellini et al.,
1967; Carraro et al., 1969; De Zanche et al., 1977; Sarti, 1980;
Ungaro, 2001), include the Monte Postale coralgal buildups.

2.1.2. Depositional model and age

The Monte Postale coralgal buildups crop out as a discontinuous
alignment of massive to weakly stratified limestones, with a limited
lateral extent of about 200 m and a maximum thickness of 13.7 m. The
stratigraphic architecture of these limestones and their facies distribu-
tion were described in detail by Vescogni et al. (2016), who identified
three distinct facies associations (Fig. 2A):

a) Fore reef: stratified deposits including a coralgal rudstone facies,
located in a more proximal position and derived from erosion of the
overlying coralgal rim, and an Alveolina—-Nummulites packstone facies
occurring in a relatively more distal position.

Coralgal rim: a massive coralgal margin forming the central “back-
bone” of the buildups. The bioconstructed portions of this structure
consist of a coralgal boundstone facies (in situ scleractinian coral
colonies and solenoporacean algae) associated to a polygenic bind-
stone facies (in situ encrusting foraminifera, scleractinian corals,
peyssonneliacean, solenoporacean, and coralline red algae). These
facies are interspersed with coralgal rudstone debris, derived from
erosion of the preceding facies, and Alveolina grainstone deposits.
Lagoon: the lagoonal facies association displays a well-stratified
succession of laminated and non-laminated wackestones deposits.
In proximity to the coralgal rim, these deposits may be interbedded
with a graded Alveolina grainstone facies, interpreted as the result of
resedimentation of Alveolina grainstones from the coralgal rim.

b

-

C

—

The age of the Monte Postale coralgal buildups was determined
based on analyses of Alveolina and calcareous nannofossil assemblages.
These two datasets respectively allowed the identification of the SBZ 11
(Serra-Kiel et al., 1998) and CNE 5 (Agnini et al., 2014) biozones,
establishing a late Ypresian age, spanning from approximately 50.5 to
48.96 Ma (Vescogni et al., 2016).

2.2. Castro Limestone coral reef (CL)

2.2.1. Geological setting

The Castro Limestone Formation crops out in the Salento Peninsula,
at the southeastern corner of the Italian Peninsula (Fig. 1A). This region
belongs to the Apulia Platform (Fig. 1D), one of the main structural
domains of the Adriatic Plate. Since the Late Cretaceous the Salento
Peninsula has been occupied by an isolated, shallow-water carbonate
platform. Sedimentation was primarily influenced by moderate-
amplitude sea-level fluctuations, leading to the formation of several,
relatively thin, vertically stacked sequences mainly concentrated in the
distal portion of the plateau. Lying upon an Upper Cretaceous basement,
these units range in age from the middle Eocene to the Early Pleistocene
and include clinostratified bioclastic successions and coral reef systems
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(Fig. 1E) (Bosellini et al., 1999; Ricchetti and Ciaranfi, 2013; Milli et al.,
2024). Among the latter, the Chattian Castro Limestone represents the
most spectacular example, with well-preserved back reef, reef front and
slope facies.

2.2.2. Depositional model and age

The Castro Limestone coral reef is a large structure, extending for a
total length of 28 km, a maximum width of 3 km, and a thickness ranging
from 5 to over 100 m (Bosellini and Russo, 1992). As one of the best-
preserved Oligocene coral reefs in the Mediterranean, the Castro Lime-
stone has received considerable attention over time, with studies
focusing on various aspects of the depositional system, including its age,
depositional geometries, characterization and reef-building role of the
coral assemblage (Rossi, 1969; Bosellini and Russo, 1992; Parente, 1994;
Bosellini and Perrin, 1994; Bosellini, 2006; Pomar et al., 2014; Bosellini
et al., 2021).

Bosellini et al. (2021), tracing a palaeobathymetric transect of the
reef system, recognized the succession of five main palaeoenvironments
and related facies (Fig. 2B):

a) Distal slope: represented by clinostratified beds containing large
amounts of scleractinian colonies, either fragmented or preserved
whole, forming floatstone to rudstone accumulations. Some coral
colonies in life position may also occur. The matrix surrounding the
corals consists of bioclastic grainstones and packstones with rela-
tively abundant planktic foraminifera.
Proximal slope: similarly to the distal slope, these deposits consist of
thick clinobeds with abundant coral fragments, irregularly scattered
or concentrated in floatstone to rudstone deposits and few in situ
colonies. The matrix is also composed of bioclastic grainstones and
packstones, but with a lower proportion of planktic foraminifera
compared to the distal slope.

Reef front: it is the main bioconstructed margin of the reef system,

consisting of a massive framework formed by in situ scleractinian

colonies and a minor contribution from coralline red algae. Coral
rubble deposits are also widespread, together with bioclastic cal-
carenite and calcirudite accumulations showing variable textures.

d) Outer back reef: massive to weakly stratified, poorly cemented de-
posits made of coarse bioclastic packstones and grainstones. Corals
are represented by few, large colonies in life position.

e) Inner back reef: massive to weakly stratified deposits composed of
coarse bioclastic packstones and grainstones. Compared to the outer
back reef, the coral fauna here consists of a greater number colonies,
generally large, mostly in growth position, occurring either scattered
or forming small clusters.

b

=

—

C

Based on the occurrence of Miogypsinoides sp., the Castro Limestone
Formation has been attributed to the SBZ23 of Cahuzac and Poignant
(1997), indicating an age corresponding to the middle-upper Chattian
(see discussion in Bosellini et al., 2021).

2.3. Dagpazart coral reef (DCP)

2.3.1. Geological setting

The Dagpazari coral reef complex is situated within the Mut Basin,
one of the Neogene intramontane basins that border the present-day
southern coast of Tiirkiye (Fig. 1A). It is located in the central Tauride
Mountains (Fig. 1F), along the southern edge of the Anatolian Plateau.
The general compressional tectonic regime affecting this area since the
Paleozoic has resulted in a complex intramontane landscape, which
served as a substrate for the deposition of upper Oligocene to Lower
Miocene continental deposits. These were followed by shallow-marine
carbonates assigned to the Mut Formation (upper Burdiga-
lian-Serravallian) (Fig. 1G), which includes the Dagpazar1 coral reef.
The overall structure of the Mut Formation displays a thickness up to
1100 m and consists of a succession of broad, stacked shallow-marine
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Fig. 1. A) Schematic map of the Mediterranean highlighting the locations of the areas associated with the three reef systems considered. B) Palaeogeographic
reconstruction of the Paleogene Lessini Shelf (modified from Bosellini, 1989). C) Geological map of the Monte Postale area (modified from Muscio and Tintori, 2005).
D) Map of the south-eastern portion of the Italian Peninsula showing the main tectonic elements (modified from Milli et al., 2024). E) Geological map of the south-
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carbonate sequences, representing successive stages of marine trans-
gression (Bassant et al., 2005; Bassant and Giirbiiz, 2005; Janson et al.,
2010; Ilgar et al., 2019).

2.3.2. Depositional model and age

The Dagpazar1 coral reef measures about 1000 m in length and
roughly 400 m in width, with a maximum thickness of about 72 m.
Based on stratigraphic, sedimentological, and facies analyses, Vescogni

et al. (2014) developed a depositional model comprising three facies
associations (Fig. 2C):

a) Slope: this relatively distal portion of the reef complex includes
several distinct facies: floatstone accumulations composed of rho-
doliths formed by coralline red algae, encrusting foraminifera, and
serpulids; Halimeda rudstone deposits dominated by chaotically ar-
ranged green algal plates; heterometric rudstones interpreted as
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more distal and associated with storm events. All these facies are
enclosed within a bioclastic skeletal packstone.
Platform top: this facies association includes several vertically
stacked facies, whose arrangement reflects the succession of different
depositional cycles. Within these cycles, the bioconstructed portions
of the reef system are mainly represented by a coral domestone
facies, characterized by massive scleractinian colonies in life posi-
tion, and a coral pillarstone facies, containing in situ branching and
phaceloid colonies. A subordinate reef-building role is also played by
a coralline algal bindstone facies, composed of coralline red algae
and encrusting foraminifera. On the platform top, bioclastic sedi-
ments are mainly represented by grainstones particularly rich in
coralline algal fragments, and Halimeda deposits similar to those of
the slope facies association.
¢) Inner platform: two distinct facies characterize this landward portion
of the reef system, represented by a fine-grained skeletal wackestone,
followed by a benthic foraminifera packstone interspersed by small,
bioconstructed coral patches.

b

[’

The age of the Dagpazari coral reef was determined by combining
nannoplankton biostratigraphic analyses from the underlying carbonate
succession, which indicate an age no older than the early Langhian
(Bassant et al., 2005), with Sr isotope data from oysters sampled from
the considered sections, which yielded an age between 16 and 15.6 Ma
(latest Burdigalian to early Langhian) (Vescogni et al., 2014). Accord-
ingly, the age of the reef system was assigned to the early Langhian (see
discussion in Vescogni et al., 2014).

3. Materials and methods

We quantitatively analysed the skeletal assemblages of the selected
Cenozoic reef systems focusing on photic-zone facies representing bio-
constructed coral margins or genetically related environments, such as
fore-reef slopes and lagoons. A total of 247 thin sections (MP: 88; CL: 63;
DCP: 96), housed at the University of Modena and Reggio Emilia, were
examined. These samples were mainly derived from previously pub-
lished studies (Vescogni et al., 2014, 2016; Bosellini et al., 2021) and
were collected from reef-related sediments along stratigraphic sections
or through random sampling within the deposits. Thin sections origi-
nally prepared specifically for coral taxonomic analyses were inten-
tionally excluded in order to avoid any bias toward primary frame-
builders (i.e., reef corals). To capture both the overall variability (as
determined through ordination analysis) and the average composition of
the carbonate factories, a substantial number of thin sections were
analysed, with over 50,000 data points per site for a total of approxi-
mately 180,000 points.

To standardize the analysis among the three sites, we grouped the
original microfacies (see Vescogni et al., 2014, 2016 and Bosellini et al.,
2021 for the original microfacies identifications and descriptions) into
the Standard Facies Zones of Wilson (1975), focusing on Foreslope (SFZ
4), Organic Buildup (SFZ 5), Winnowed Edge Sands (SFZ 6), Open Cir-
culation Shelf Lagoon (SFZ 7), and Restricted Lagoon (SFZ 8) (Fig. 2;
Table 1).

Quantitative analysis of the skeletal assemblages was performed
using the point-counting technique (Fliigel, 2010; Coletti et al., 2021). A
minimum of 500 points per thin section were counted (on randomly
acquired photomicrographs of the sections) using a 250 pm grid (see
Supplementary Materials 1). Given the wide stratigraphic range of the
study, spanning from the Eocene to the Miocene, textural and skeletal
components were organized into 25 functional categories. Textural
components are subdivided into: macroporosity, authigenic fraction,
detrital fraction, sparite, micrite, unidentifiable bioclastic sand, skeletal
grains, and non-skeletal grains. Skeletal components were grouped
based on their ecological behavior rather than on purely taxonomic af-
finity. This approach allowed for the grouping of taxa with shared
environmental responses, including light, nutrient availability,
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Table 1

Comparison of the original microfacies from the three studied sites with the
Wilson's (1975) SFZ. For MP, highly altered samples, such as the ones from the
microfacies “recrystallized limestones™ and “diagenetic breccias”, were omitted
from the quantitative dataset, also because they do not belong to a specific
Wilson's facies.

SFZ MP CL DCP

(Wilson, 1975) (Vescogni et al., (Bosellini (Vescogni et al.,
2016) et al., 2021) 2014)

Foreslope (4) - Alveolina and - Distal reef - Skeletal packstone
nummulitid slope - Heterometric
limestones - Proximal rudstone

reef slope - Rhodolith
floatstone

- Halimeda rudstone

Organic Buildup - Massive coralgal - Reef front - Coralline algal
5) limestone bindstone
- Alveolina - Coralline algal
grainstone grainstone
- Coral domestone
- Coral pillarstone
Winnowed Edge - Graded Alveolina - Outer back
Sands (6) grainstone reef
Open Circulation - Inner back - Benthic
Shelf Lagoon (7) reef foraminifera
packstone

- Fine-grained
skeletal wackestone
Restricted Lagoon - Non-laminated
8 wackestone

temperature, sedimentation, and feeding strategies. For example, Orbi-
tolites and Sorites were grouped together into a single ‘porcelaneous LBF’
category. Skeletal components include the following categories: un-
identified bioclasts, corals, red calcareous algae (RCA; comprising both
geniculate and non-geniculate RCA, and corallinacean, peyssonnelia-
cean and solenoporacean algae), green calcareous algae (GCA; of the
order dasycladales, including Halimeda and Acetabularia), hyaline LBF
(comprising amphisteginids/asterigerinids, orthophragmines, lep-
idocyclinids, miogypsinids, unidentified lepidocyclinids/miogypsinids,
Nummulites, Operculina, Heterostegina, Spiroclypeus, unidentified num-
mulitids, and other large symbiont-bearing hyaline taxa), porcelaneous
LBF (comprising Orbitolites, soritids, alveolinids, Borelis, Dendritina,
Archaias, other large symbiont-bearing miliolids), agglutinated LBF
(large symbiont bearing textulariids), hyaline small benthic forami-
nifera (hyaline SBF; comprising small rotaliids), porcelaneous SBF
(comprising small miliolids, Austrotrillina), agglutinated SBF (small
textulariids), hyaline encrusting benthic foraminifera (hyaline EBF;
including encrusting acervulinids and planorbulinoidids such as Acer-
vulina, Miniacina, Sphaerogypsina, and Fabiania), porcelaneous EBF
(nubeculariids), agglutinated EBF (such as Haddonia), planktic forami-
nifera (PLK), mollusks (MOL, comprising bivalves, gastropods and tusk
shells), echinoderms (ECH), sessile heterotrophs (comprising barnacles,
serpulids, encrusting serpulids, bryozoans), and mobile arthropods (MA,
ostracods and decapods). After collecting raw data from the thin sec-
tions, we calculated the relative abundance of every component and
consequently quantified the average abundance per Wilsons's facies of
each component in each site. To further evaluate environmental gradi-
ents, paleobathymetric parameters, specifically the H/P ratio (hyaline
vs. porcelaneous benthic foraminifera; Coletti et al., 2021; Mariani et al.,
2024, 2025) was calculated across the dataset. Furthermore, as the
primary objective of this study is to characterize the variability within
bioconstructed facies, the analysis focused extensively on Wilson's SFZ 5
(Organic buildup). This targeted approach facilitated a high-resolution
comparison of the similarities and differences within the skeletal as-
semblages. Ordination analysis, using Bray-Curtis similarity index (Bray
and Curtis, 1957), was applied to the quantitative microfacies dataset to
minimize a priori biases and assess the known variability of the systems
(Bialik et al., 2021). This technique spatially organizes samples based on
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their similarities in a multivariate space, thereby highlighting complex
relationships and potential environmental gradients across the studied
sites (Gauch and Whittaker, 1972; Syms, 2008). The resulting data
clusters, comprising all points from each site, offer a comprehensive 2D
representation of the variability of the analysed carbonate systems
within the multivariate space. Two different types of ordination were
used: Non-metric Multi-Dimensional Scaling (NMDS) and Detrended
Correspondence Analysis (DCA). As an indirect gradient analysis, NMDS
produces an ordination by replacing the original distance between data
with ranks, thereby avoiding issues associated with absolute distance
(Kruskal, 1964). DCA is a derivative of the correspondence analysis
method (Hill, 1979). Correspondence analysis determines the relative
position of elements by maximizing correspondence rather than vari-
ance between variables and data points; however, it is susceptible to an
“arch effect,” which is adjusted in the detrended correspondence anal-
ysis, resulting in a better portrayal of the relationships between vari-
ables. Both NMDS and DCA analyses were performed using R software,
using an updated version of the code published by Bialik et al. (2021).
The Bray-Curtis index (Bray and Curtis, 1957) was employed for the
analysis of the dataset.

4. Results

The quantitative results derived from the point-counting analysis
across the three study sites and their respective Standard Facies Zones
(SFZs) are summarized in Tables 2 and 3, and in Fig. 3. The compre-
hensive raw datasets are provided in Supplementary Material 1. The
following sections first detail the general sedimentological and compo-
sitional trends across all facies, followed by a specific comparative
analysis of SFZ 5 (i.e., the Organic Buildup), in alignment with the
primary objective of comparing bioconstructed facies across the three
sites.

4.1. Overadll results

4.1.1. Textural components

Quantitative analysis reveals distinct sedimentological and textural
signatures across the different SFZs (Table 2; Fig. 3), but broadly similar
patterns emerge when specifically comparing the SFZ 5 “Organic
Buildup” across all sites.

At MP, the relative abundance of skeletal components increases
progressively from the foreslope (SFZ 4: 24.7%) through the organic
buildup (SFZ 5: 53.2%) to the winnowed edge sands (SFZ 6: 65.2%),
before decreasing significantly in the restricted lagoon (SFZ 8: 11.8%).
In contrast, CL is characterized by a more relevant skeletal fraction
across all facies (SFZ 4: 62.3%; SFZ 6: 49.9%; SFZ 7: 51.1%), peaking at
82.2% within the organic buildup SFZ 5 (the highest value recorded in
this study across all sites). In DCP skeletal grains largely dominate the
organic buildup (SFZ 5: 73.2%) and are very relevant in the foreslope
(SFZ 4: 51.6%) and the shelf lagoon (SFZ 7: 44.3%).

Unidentified bioclasts are mainly represented by poorly preserved
large grains and are minor constituents of most facies, generally

Table 2
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accounting for <5% of the total grains and consistently much lower than
their identified counterparts. The only exception are the MP winnowed-
edge sands (SFZ 6), where unidentified bioclasts reach 6.8% of the
limestone (compared to 58.4% for identified skeletal grains). Overall,
the average skeletal content (identified + unidentified bioclasts) is the
highest at CL (61.4%), closely followed by DCP (56.4%), and lower in
MP (38.7%).

Non-skeletal grains are rare at all sites, peaking at 1.8% and 1.3% in
MP SFZ 4 and SFZ 6, respectively. The detrital terrigenous fraction is
negligible, with a maximum value of 0.8% recorded at MP SFZ 4.
Authigenic minerals are largely absent, except for rare occurrences of
glauconite in the CL foreslope (SFZ 4: 0.2%). Macroporosity is likewise
limited, with maximum values observed in CL SFZ 6 (3.1%), CL SFZ 7
(2.3%), and DCP SFZ 7 (2.6%).

Sparite is a common constituent across all facies and sites. At MP,
sparite peaks in SFZ 6 (16.2%) and remains relatively stable in other
zones (SFZ 4: 11.1%; SFZ 5: 9.8%; SFZ 8: 8.9%). At CL, sparite abun-
dances are comparable across the foreslope and lagoonal facies (SFZ 4:
9.7%; SFZ 6: 7.3%; SFZ 7: 8.7%), with the lowest concentration in the
organic buildup (SFZ 5: 5.8%). At DCP, sparite content fluctuates from
12.4% and 11.8% in SFZ 4 and SFZ 7 to 6.7% in SFZ 5. Mean sparite
values are consistent across the study areas: MP (11.5%), DCP (10.3%),
and CL (7.9%).

Matrix composition is largely dominated by unidentifiable, sand-
sized, bioclastic material, which consistently outbalance micrite across
all sites and consists of unrecognizable fragments of larger skeletal
grains. The sole exception is found in the MP restricted lagoon (SFZ 8),
where micrite reaches 36.7%. However, even here, it remains secondary
to sand-sized matrix (42.3%). The sand-sized fraction is particularly
dominant in the MP foreslope (SFZ 4: 57.9%) and remains ubiquitous in
other facies, reaching its minimum in CL's organic buildup (SFZ 5:
10.8%). On average, MP exhibits a higher sand content (36.6%) than
DCP (27.1%) and CL (25.2%). Micrite ranges from rare to common; it
remains below 5% in all MP facies except for SFZ 8. In the other sites,
micrite peaks in the CL shelf lagoon (SFZ 7: 6.3%) and DCP foreslope
(SFZ 4: 7.6%), respectively. Overall, the highest average micrite con-
centration is recorded at MP (11.7%), compared to DCP (4.7%) and CL
(4.1%).

4.1.2. Carbonate producers

Corals constitute one of the most prominent skeletal groups across
the study areas (Table 3). At MP, they reach a maximum abundance of
48.7% within the organic buildup (SFZ 5), while concentrations are
markedly lower in the remaining facies (SFZ 4: 10.3%; SFZ 6: 4.5%; SFZ
8: 13.5%) (Table 3, Fig. 4). CL exhibits a higher coral abundance,
peaking in the organic buildup (SFZ 5: 84.0%), followed by the foreslope
(SFZ 4: 64.2%), shelf lagoon (SFZ 7: 55.0%), and winnowed edge sands
(SFZ 6: 26.0%). Notably, coral abundance in CL exceeds that of the
corresponding zones of the other two sites (Fig. 4). CL also exhibits the
highest average coral abundance (57.3%), which is more than double
that of MP (19.3%) and DCP (22.1%). At DCP, the highest coral con-
centration is also found in SFZ 5 (52.2%), with values decreasing in SFZ

Textural components abundance in the three sites. SFZ 4: foreslope; SFZ 5: organic buildup; SFZ 6 winnowed edge sands; SFZ 7: shelf lagoon open circulation; SFZ 8:

shelf lagoon restricted circulation.

Monte Postale (MP)

Castro Limestone (CL)

Dagpazar1 Carbonate Platform (DCP)

SFZ 4 SFZ 5 SFZ 6 SFZ 7 SFZ 8 SFZ 4 SFZ 5 SFZ 6 SFZ 7 SFZ 8 SFZ 4 SFZ 5 SFZ 6 SFZ 7 SFZ 8

Macroporosity 0,7 1,2 0,59 \ 0,3 0,2 0,1 3,1 2,3 \ 0,7 0,5 \ 2,6 \
Authigenic minerals 0 0 0 \ 0 0,2 0 0 0 \ 0 0,01 \ 0 \
Sparite 11,1 9,8 16,2 \ 8,9 9,7 5,8 7,3 8,7 \ 12,4 6,7 11,8 \
Terrigenous fraction 0,2 0,02 0 \ 0,02 0 0 0,01 0,01 \ 0,01 0,01 \ 0

Micrite 3,7 4,2 2,1 \ 36,7 3,9 1,1 5,1 6,3 \ 7,6 2,9 \ 3,6 \
Unidentifiable bioclastic sand 57,9 31,5 14,6 \ 42,3 23,6 10,8 34,7 31,6 \ 27,3 16,6 \ 37,6

Non skeletal grains 1,8 0,1 1,3 \ 0 0,1 0 0 0 \ 0,4 0,2 \ 0,1 \
Skeletal components 24,7 53,2 65,2 \ 11,8 62,3 82,2 49,9 51,1 \ 51,6 73,2 \ 44,3
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Table 3

Sedimentary Geology 501 (2026) 107124

Identified skeletal components abundance in the three sites. SFZ 4: foreslope; SFZ 5: organic buildup; SFZ 6 winnowed edge sands; SFZ 7: shelf lagoon open circulation;

SFZ 8: shelf lagoon restricted circulation.

Monte Postale (MP)

Castro Limestone (CL)

Dagpazari Carbonate Platform (DCP)

SFZ 4 SFZ 5 SFZ 6 SFZ 7 SFZ 8 SFZ 4 SFZ 5 SFZ 6 SFZ 7 SFZ 8 SFZ 4 SFZ 5 SFZ 6 SFZ 7 SFZ 8
Corals 10,34 48,73 4,52 \ 13,52 64,24 83,99 26,01 55,00 \ 13,28 52,16 \ 0,85
RCA 1,72 9,49 0,00 \ 4,29 11,91 5,03 31,85 15,99 \ 25,31 28,28 \ 53,34
GCA 0,00 0,76 0,33 \ 0,00 0,03 0,00 0,00 0,00 \ 29,29 1,08 \ 0,00
LBF hyaline 18,97 3,28 4,36 \ 0,69 9,29 4,59 17,93 8,59 \ 2,31 2,33 \ 7,62
LBF porcelaneous 31,90 13,91 81,03 \ 9,85 0,47 0,42 0,53 0,63 \ 0,42 0,82 \ 0,80
LBF agglutinated 0,00 0,07 0,00 \ 1,04 0,00 0,00 0,00 0,00 \ 0,00 0,00 \ 0,00
SBF hyaline 9,48 3,00 1,64 \ 28,01 2,84 0,88 4,79 4,01 \ 4,14 1,95 \ 8,12
SBF porcelanoeus 15,52 3,31 3,73 \ 21,92 1,77 0,81 4,00 1,89 \ 1,30 1,07 \ 1,91
SBF agglutinated 0,00 0,51 0,55 \ 1,65 0,55 0,47 1,31 0,47 \ 0,73 0,20 \ 0,65
EBF hyaline 6,90 10,09 0,77 \ 0,99 1,90 1,31 2,61 1,88 \ 3,07 3,97 \ 5,24
EBF porcelanous 0,00 0,11 0,44 \ 0,00 0,05 0,02 0,61 0,19 \ 0,43 0,64 \ 0,21
EBF agglutinated 0,00 0,34 0,00 \ 0,14 0,17 0,22 0,18 0,00 \ 0,54 0,38 \ 0,33
PLK 0,00 0,01 0,00 \ 0,00 0,24 0,00 0,04 0,00 \ 0,47 0,02 \ 0,31
Mollusks 3,45 3,03 1,10 \ 5,20 1,48 0,58 2,33 0,66 \ 8,00 2,56 \ 6,22
Sessile heterotrophs 0,00 0,57 0,00 \ 0,07 1,35 0,28 0,42 0,95 \ 3,56 1,43 \ 1,48
Echinoderms 0,00 2,12 1,43 \ 1,13 3,05 1,30 6,57 9,04 \ 5,35 2,37 \ 10,72
Mobile arthropods 1,72 0,68 0,11 \ 11,49 0,66 0,10 0,82 0,71 \ 1,80 0,76 \ 2,21

4 (13.3%) and becoming negligible in SFZ 7 (0.9%; Fig. 4).

Red calcareous algae (RCA) represent another major skeletal
component (Table 3). At MP, RCA peak in SFZ 5 (9.5%) but decrease
consistently in the other facies (SFZ 4: 1.7%; SFZ 8: 4.3%). RCA abun-
dance is generally higher in CL, reaching 31.9% in SFZ 6, 16% in SFZ 7,
11.9% in SFZ 4, and a minimum of 5.0% in SFZ 5. DCP displays the
highest RCA abundance, with values always above 25.0%, peaking at
53.3% in the open lagoon settings (SFZ 7). DCP also exhibits the highest
average RCA abundance (35.6%), followed by CL (16.2%) and MP
(3.9%). In contrast to RCA, green calcareous algae (GCA) are minor
constituents across all sites (Table 3). They are only relevant in the DCP
foreslope (SFZ 4), where they are abundant (29.3%). Overall, calcareous
algae (RCA + GCA) reach their maximum cumulative abundance in
DCP, followed by CL and MP (Table 2, Fig. 3).

Large benthic foraminifera (LBF) are also a major skeletal component
in all sites (Table 3). Hyaline LBF peak in the MP foreslope (SFZ 4:
19.0%) and in the winnowed edge sands of CL (SFZ 6: 17.9%), while at
DCP they display lower abundances reaching only 7.6% (SFZ 7). The
site-wide average abundance of hyaline LBF is the highest at CL (10.1%),
followed by MP (6.8%) and DCP (4.1%). Porcelaneous LBF are
remarkably more relevant than their hyaline counterparts at MP,
reaching 81.0% in SFZ 6, 31.9% in SFZ 4, and 13.9% in SFZ 5.
Conversely, they remain below 1.0% across all facies in CL and DCP.
Consequently, the average abundance of porcelaneous LBF values is
high at MP (34.2%) but negligible at DCP (0.7%) and CL (0.5%).
Agglutinated LBF are restricted to MP, occurring in trace amounts with a
maximum abundance of 1.0% in SFZ 8.

Small benthic foraminifera (SBF) follow similar a similar pattern of
distribution. Hyaline SBF are most abundant at MP, specifically in SFZ 8
(28.0%) and SFZ 4 (9.5%), while values at CL and DCP generally below
5.0% (with the exception of DCP SFZ 7: 8.1%). MP exhibits the highest
average abundance of hyaline SBF (10.5%), which is more than double
that of DCP (4.7%) and triple that of CL (3.1%). Similarly to their hya-
line counterparts, porcelaneous SBF peak at MP, in the restricted settings
(SFZ 8: 21.9%) and in the foreslope (SFZ 4: 15.5%). CL and DCP record
consistently lower values (< 4.0%). Similarly to porcelaneous LBF, MP
also exhibits the highest average abundance of porcelaneous SBF
(11.1%) (CL: 2.1%; DCP: 1.4%). Agglutinated SBF are generally rare,
peaking in the restricted settings of MP (SFZ 8: 1.7%), with all other
facies recording lower values (< 1.3%).

Encrusting benthic foraminifera (EBF) with hyaline test peak at MP
in SFZ 5 (10.1%) and SFZ 4 (6.9%). Their presence diminishes sharply in
the other MP facies. They are very rare at CL and rare in DCP, peaking in
SF7 (5.2%) (Table 3). On average, hyaline EBF are more abundant in MP

(4.7%), followed by DCP (4.1%) and CL (1.9%). Porcelaneous and
agglutinated EBF are always rare (< 0.7%).

Planktic foraminifera (PLK) are virtually absent across all sites and
facies, with a maximum abundance of only 0.5% in the DCP foreslope
(SFZ 4).

Mollusks are ubiquitous, with peak abundances in the DCP foreslope
(SFZ 4: 8.0%) and shelf lagoon (SFZ 7: 6.2%) (Table 3). In MP, they
reach 5.2% (SFZ 8). In CL values are lower, peaking at 2.3% (SFZ 6). DCP
shows the highest average mollusk abundance (5.6%), followed by MP
(3.2%) and CL (1.3%). Sessile heterotrophs are rare on average (less
than 1.5% in MP and CL), but comparatively more relevant in DCP (SFZ
4: 3.6%). Echinoid concentrations are significant in the lagoonal settings
of DCP (SFZ 7: 10.7%) and CL (SFZ 7: 9.0%), in the foreslope of DCP
(SFZ 4: 5.4%) and in the winnowed edge sands of CL (SFZ 6: 6.6%),
whereas they are less abundant in MP (peaking at 2.1% in SFZ 5). Free-
living crustaceans (e.g., ostracods) are most frequent in the restricted
lagoon of MP (SFZ 8: 11.5%) and never exceed 2.2% in all other facies
and sites.

4.2. Ratio of hyaline to porcelaneous foraminifera

The H/P ratio, calculated as the ratio between hyaline large and
small benthic foraminifera (LBF + SBF) relative to their porcelaneous
counterparts, exhibits significant variations across the different facies
and sites (Table 4). The highest values are generally recorded in fore-
slope facies (SFZ 4) and particularly in the foreslope of CL (5.4) which
displays higher values than those of DCP (3.8) and significantly higher
than those of MP (0.6). CL displays the highest values of H/P also in the
organic buildup facies (4.4 compared to the 2.3 of DCP and 0.4 of MP).
Within lagoonal settings the H/P parameters is 5.8 in DCP, 5.0 in CL, and
0.9 in MP. Winnowed edge sands occur only in CL and MP and once
again CL displays higher values (5.0 against the 0.1 of MP).

4.3. Organic buildup (SFZ 5)

At MP, the total abundance of skeletal components is lower than the
other sites (around 1/2 of the rock compared to an average of 3/4 in the
other sites; Fig. 3A). However, when skeletal grains are excluded from
the analysis, the abundance of the remaining components reveals clear
textural similarities across the three organic buildups (Fig. 3B). The
matrix composition is remarkably consistent: unidentifiable sand-sized
fragments constitute the primary component, supplemented by
broadly equivalent amounts of micrite across all sites (Table 2). Detrital
and authigenic fractions, as well as non-skeletal grains, are virtually
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Fig. 3. Comparative compositional analysis of the Organic Buildup (SFZ 5) across the three study sites: Monte Postale (MP), Castro Limestone (CL), and the
Dagpazari carbonate platform (DCP). A) Total sedimentary constituents: pie plots illustrating the distribution of textural components alongside total identified and
unidentified skeletal fractions. B) Normalized textural composition: distribution of non-skeletal textural components calculated by excluding the total skeletal
fraction to highlight background sedimentological similarities. C) Primary carbonate producers: comparison of the three dominant skeletal components, i.e., corals,
calcareous algae (RCA + GCA), and large benthic foraminifera (LBF). D) Comprehensive skeletal assemblage: detailed breakdown of all identified skeletal com-
ponents, illustrating the full taxonomic diversity of the bioconstructed facies. E) Secondary biotic components: pie plots representing the skeletal assemblage
normalized without the coral fraction to emphasize the relative proportion of the other producers.
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Fig. 4. Comparative coral distribution and facies model. Top: Line graph illustrating the relative abundance (%) of corals across the identified Standard Facies Zones
(SFZ 4 to SFZ 8) for the three study sites: Monte Postale (MP; teal line), Castro Limestone (CL; red line), and Dagpazari carbonate platform (DCP; yellow line). Note
the consistent peak in coral dominance within the organic buildup (SFZ 5) across all sites and the significantly higher coral values maintained at Castro Limestone.
For the purposes of this comparative analysis across the three study sites, SFZ 7 and SFZ 8 were grouped together due to their shared lagoonal characteristics and
depositional significance. Bottom: Schematic depositional model representing the spatial distribution of skeletal assemblages and associated SFZs. Symbols indicate
the characteristic biotic components >5% within the different facies. Modified from Wilson's (1975) and Mattern (2022). SFZ 4: foreslpe; SFZ 5: organic buildup; SFZ
6: winnowed edge sands; SFZ 7: shelf lagoon open circulation; SFZ 8: lagoon restricted circulation.

Table 4
H/P (hyaline/porcelaneous benthic foraminiferal ratio) calculated within the various SFZ across the three studied sites.
Monte Postale (MP) Castro Limestone (CL) Dagpazari Carbonate Platform (DCP)
- SFZ4 SFZ5 SFZ6 SFZ7 SFZ8 SFZ4 SFZ5 SFZ6 SFZ 7 SFZ8 SFZ4 SFZ5 SFZ6 SFZ7 SFZ8
H/P 0,6 0,4 0,1 \ 0,3 5,4 4,4 5,0 5,0 \ 3,8 2,3 \ 5,8 \

10
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absent. Macroporosity remains scarce and slightly more pronounced at
MP (2.4%) and DCP (2.3%) than in CL (0.6%). Sparite is a significant
constituent in all buildup facies, with values ranging from a maximum of
33.6% at CL to 22.8% at DCP and 21.3% at MP (Fig. 3). Bioclasts
preservation in thin sections is broadly uniform; notably, unidentified
bioclasts represent less than 3.5% of all components across all sites.

Regarding the skeletal assemblages, corals represent the dominant
carbonate producers of the organic buildups at all three sites, though
their relative dominance varies (Figs. 3C, D, E, 4; Table 3). Corals exert a
much more prominent role in the skeletal framework of CL (84.0%) than
in MP (48.7%) or DCP (52.2%). In contrast, RCA reach their highest
relevance in DCP (28.3%) (MP: 9.5%, CL: 5.0%; Fig. 3C-E). GCA remain
a rare component across all sites, though they are marginally more
frequent at DCP (1.1%).

Hyaline LBF occur in comparable proportions across the three sites,
consistently representing less than 5% of the assemblage (MP: 3.3%; CL:
4.6%; DCP: 2.3%; Table 3). A major divergence is marked by the
porcelaneous LBF, which are nearly absent at CL and DCP but relevant at
MP (13.9%), where they constitute the second most abundant skeletal
group. Agglutinated LBF are negligible throughout; consequently, total
LBF abundance exhibits a sharp decrease from the Eocene (MP: 17.3%)
to the Oligocene (CL: 5%) and the Miocene (DCP: 3.2%) (Fig. 3C-E).

SBF are mainly represented by hyaline and porcelaneous taxa and
they are generally uncommon, reaching their highest abundance at MP
(6.8%) and never exceeding 4.0% at the other localities. A distinct trend
is observed for hyaline EBF, which are notably more relevant at MP
(10.1%) than at CL (1.3%) or DCP (4.0%) (Fig. 3C-E; Table 3). Porce-
laneous and agglutinated EBF, along with PLK, are negligible in the
examined build-ups (Table 3).

Heterotrophic carbonate producers are generally more abundant at
MP and DCP than at CL, with the cumulative contribution of mollusks,
sessile heterotrophs, echinoids, and free-living crustaceans reaching
6.4% at MP and 7.1% at DCP and only 2.3% at CL (Fig. 3C-E; Table 3).

4.4. Ordination analysis
The resulting plots, incorporating data from all facies across the

studied sites, provide an overview of the known variability of each
carbonate system within the multivariate space, expressed as the area of
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the data clusters including all samples from a certain site (Fig. 5). In the
DCA the first two axes, DCA1 and DCA2, capture the bulk of the vari-
ability in the biotic composition of the carbonate factory. The vectors
representing the most relevant buildup builders (corals, RCA, and EBF)
mostly point toward the lower-left corner, forming high angles relative
to the vectors of many heterotrophic carbonate producers. The vector for
LBF, another major carbonate producer in these systems, points toward
the upper-left, in the opposite direction to the serpulid (SERP) vector.
The samples form CL, MP and DCP form distinct clusters (each symbol
representing a sample) with varying degrees of overlap. The CL cluster
(red circles) is characterized by a strong association with the corals
vector, reflecting the high relative coral abundances recorded at the site,
particularly in SFZ 5 and SFZ 4. In the MP cluster (blue triangles),
samples variability is primarily driven by the LBF and SBF vectors,
corresponding to the high percentages of porcelaneous LBF, and SBF
within the site. The DCP cluster (yellow squares) is mainly defined by
RCA, GCA, mollusks, echinoderms, bryozoan and serpulids, and in
particular by the high abundance of RCA (in all the facies) and of GCA
(in SFZ 4).

The NMDS plot (Fig. 5) provides a non-linear representation of the
similarities among the carbonate factories of the three study sites. Car-
bonate producer vectors show a similar distribution to the DCA plot. The
main buildup builders are more closely grouped, and the LBF vector still
points in the opposite direction of the SERP vector. While the sites
exhibit more overlap in the NMDS space than into the DCA, the ordi-
nation clearly identifies the same drivers of the variability in each reef
system: CL (red circles) is centrally located but pulled strongly toward
the lower-center by the corals vector, confirming that coral abundance is
the defining feature of the CL samples across multiple facies; MP (blue
triangles) shows the widest scatter (and thus variability), occupying
most of the left and upper-left quadrants and is characterized by the LBF
and SBF vectors, illustrating the dominance of foraminiferal assem-
blages at this Eocene site; DCP (yellow triangles) is positioned on the
right side of the plot, and is primarily defined by its association of RCA,
GCA, BRY, and SERP. The area of overlap between the three clusters
contains vectors representing echinoderms and mollusks, suggesting
that these heterotrophic groups are common elements across all three
systems.
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NMDS2

Corals
EBF -0.5

-1.0

SERP

DCA1

-1.0 -0.5 0.5 218

NM[?Sl
A Monte Postale (MP - EECO)
. Castro Limestone (CL - LOWE)

|:| Dagpazari carbonate platform (DCP - MMCO)

Fig. 5. Ordination analysis depicting the overall variability of the examined, reef-bearing, carbonate systems. Each cluster correspond to all samples from a given
site. The extension of the clusters showcase in 2D the known variability of the system in the multivariate space.
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5. Discussion

The analysed carbonate systems developed during various warm
phases over a time span of approximately 34 million years, and their
biotic composition was undoubtedly shaped by long-term evolutionary
processes. Nevertheless, they formed within comparable depositional
settings, namely, pure carbonate environments unaffected by silici-
clastic input, as corroborated also by our data on the terrigenous fraction
(Table 2). The overall similarity among these carbonate factories is also
reflected in both textural and compositional evidence. The vast majority
of the analysed facies consist of ~50% skeletal grains, ~30% of sand-
sized comminuted bioclasts, and ~ 10% of sparite, along with other
minor components (Table 2). The primary exceptions to this general
pattern are represented by the fore-slope and restricted lagoon facies of
the MP site (Table 2). The textural characteristics of the organic buildup
facies are also remarkably consistent, with only the MP site displaying
fewer than two-thirds skeletal grains (Table 2; Fig. 3). Indeed, while MP
shows a slightly lower abundance of skeletal grains, the relative pro-
portions of the remaining components are broadly similar (Fig. 3). The
carbonate factories are all largely dominated by photozoan carbonate
producers, specifically corals, calcareous algae, and symbiont-bearing
foraminifera. Organic buildup facies are consistently dominated by
corals, which account for at least ~50% of the identified skeletal
assemblage (Table 3). Although the H/P ratio of the foraminiferal
assemblage was originally designed for area-counting techniques (i.e.,
counting all foraminifera in a section; Mariani et al., 2024), and is thus
likely to be less accurate when applied to point-counting data (where
large individuals are over-represented), the results still suggest that the
analysed facies of the CL and DCP systems developed at comparable
water depths. In contrast, the preserved portion of the MP system likely
represents a shallower setting. Due to this, MP is the only site among the
three studied ones to feature a restricted lagoon; predictably, this is also
the only facies characterized by a relatively high abundance of micrite
and ostracods.

Overall, these data support a reasonable degree of similarity between
the three sites, which is reflected by the considerable overlap among the
three site-specific clusters in the ordination analysis (Fig. 5). This sim-
ilarity justifies a more in-depth comparison of the skeletal assemblage of
the analysed carbonate systems.

5.1. Comparative assessment of the analysed skeletal assemblage

While corals represent a major component across all sites, peaking in
abundance within the organic buildup facies (Table 3; Fig. 4), the
remainder of the skeletal assemblage highlights significant differences
in the composition of the carbonate factories among the three systems.
These biotic variations assist in framing the evolution of the reef
ecosystem throughout Cenozoic warming events.

In the lower Eocene site, foraminifera and especially porcelaneous
LBF, are strikingly more abundant than in the other sites (Table 3;
Fig. 3). This is clearly depicted in the ordination analysis, where the MP
cluster stretches further than the other ones along the direction of the
LBF and SBF vectors (Fig. 5), indicating that the observed variability of
the MP system is strongly controlled by the abundance of these two types
of producers. The MP system likely developed in a very shallow and
potentially restricted environment as indicated by the low H/P ratio
(Mariani et al., 2024). An hypothesis that is in agreement with previous
analysis (Vescogni et al., 2016). Consequently, lagoonal facies, where
foraminiferal contribution is often significant, are strongly expressed.
However, the difference compared to the other sites is so pronounced
and widespread (occurring across all facies, including the organic
buildup; Table 3) that it must underlie a fundamental difference in the
carbonate factory architecture. In the geological record, LBF carbonate
production appears resilient to warming events, with LBF dominated
facies peaking in abundance during warm spells, while other groups
decline (Scheibner and Speijer, 2008; Coletti et al., 2022; Ali et al.,
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2025). Data from modern environments indicate that LBF biodiversity
is positively coupled with temperature (Beavington-Penney and Racey,
2004) and that these organisms can calcify across a much wider tem-
perature range than more complex carbonate producers, such as corals
(Marshall and Clode, 2004; Crabbe, 2008; Titelboim et al., 2019).
Indeed, although relatively complex, LBF remain unicellular organisms.
Thus, despite certain groups clearly pursuing a K-strategy compared to
other foraminifera (Hottinger, 1982), their life cycles are inherently
more flexible than those of multicellular organisms. Alveolinids, the
most prominent group of porcelaneous LBF at the MP site, bloomed right
after the PETM (e.g., Benedetti et al., 2024; Ali et al., 2025), and reached
peak diversity during the warm early Eocene (Benedetti and Papazzoni,
2022), highlighting a remarkable adaptability to warm intervals. The
overall decline in the skeletal contribution of LBF from the EECO (MP),
through the LOWE (CL), and finally to the MMCO (DCP) (Table 2;
Fig. 5), can therefore be interpreted as a result of the long-term cooling
trend of the Cenozoic (Westerhold et al., 2020; Judd et al., 2024),
combined with the progressive northward movement of the Mediterra-
nean area (Dercourt et al., 2000). Encrusting benthic foraminifera,
which have typically acted as secondary framework builders in reefs
since the Jurassic (Granier, 2024), are also quite common in Eocene
carbonate systems (Plaziat and Perrin, 1992; Coletti et al., 2022). Un-
surprisingly, their abundance peaks in the organic buildup facies of the
MP site (Table 3), further highlighting how the early Eocene hothouse
was indeed favorable for foraminiferal carbonate production.

If the lower Eocene site is defined by foraminifera, the upper
Oligocene site by corals (see below), the Middle Miocene site can be
defined by calcareous algae and in particular by RCA. Coralline algae are
usually the second most relevant buildup builders in modern tropical
reefs and rank among the most common carbonate producers worldwide
(Bialik et al., 2023). Compared to corals, RCA can adapt to and thrive in
a much wider range of environmental conditions, including nutrient-
rich settings (e.g., Halfar et al., 2006), high-latitude regions (e.g.,
Teichert, 2014; Pyko et al., 2025), and high-energy environments
otherwise unfavorable for reef-building corals (e.g., Ladd et al., 1950;
Rankey and Garza-Pérez, 2012). RCA are also significant carbonate
producers across a much wider latitudinal range than GCA, even in
shallow-water settings (Brandano et al., 2019, and references therein).
While the adaptability of modern RCA is undeniable, their abundance in
fossil deposits suggests a more complex pattern. RCA are relatively rare
in Eocene deposits but fairly common in Paleocene, Oligocene, and
Miocene strata (Pomar et al., 2017; Sarkar et al., 2022; Coletti et al.,
2022, 2025), with a global peak in RCA-dominated facies recorded
during the Middle Miocene (Halfar and Mutti, 2005). RCA biodiversity
increased throughout most of the Cenozoic, reaching a remarkable peak
during the Miocene (Aguirre et al., 2000). Furthermore, during the
Miocene, the turnover from lower Paleogene and Cretaceous assem-
blages dominated by Sporolithales to more modern assemblages domi-
nated by Hapalidiales and Corallinales was essentially completed
(Aguirre et al., 2000). Consistently, the abundance of RCA across the
three examined sites can be attributed to the combined effects of tem-
perature, nutrient availability, and evolutionary trends. During the early
Eocene, temperatures were likely excessive, resulting in limited car-
bonate production by RCA. During the late Oligocene, conditions were
significantly more favorable; however, competition for available sub-
strate with corals may have acted as a limiting factor. This improvement
in ecological conditions for RCA can be observed in shallow marine
carbonate factories where the competition from corals was less signifi-
cant, such as those related to seagrasses. Indeed, during the Oligocene,
the contribution of RCA to the seagrass factory (at least in the Medi-
terranean) increased significantly in comparison to the Eocene
(Brandano et al., 2019). During the Middle Miocene, the increase in
nutrient availability associated with the Monterey Event might have
hindered coral fitness (Follmi et al., 2005; Halfar and Mutti, 2005;
Brandano et al., 2017). Conversely, the by-then fully diversified modern
orders of RCA (Corallinales and Hapalidiales) were able to better deal
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with the increased nutrient levels, much as they do today, leading to an
increase of RCA contribution to carbonate production. Similarly to RCA,
Halimeda (the most common green calcareous alga recorded in this
study) exhibits greater flexibility than corals regarding nutrient avail-
ability (Teichberg et al., 2013; Reolid et al., 2024). This flexibility may
explain its higher abundance within the DCP site.

Heterotrophic carbonate producers typically prevail whenever light
is not the most readily available or abundant form of energy in the
environment (Westphal et al., 2010; Michel et al., 2011; Bialik et al.,
2023). Accordingly, their relatively high abundance at DCP may
reflect the Mediterranean region's movement toward higher latitudes
(relative to the Eocene and Oligocene) and the increased nutrient
availability associated with the Monterey Event.

5.2. The role of corals and their relevance in Oligocene reefs

A detailed discussion of the role of corals across the three investi-
gated warm intervals requires a clear distinction between EECO, LOWE,
and MMCO. While the former represents a prolonged (~ 4 Ma)
‘hothouse’, the latter two were shorter (~2 Ma) and less extreme events
within an overall ‘coolhouse’ climate state (You et al., 2009; Zachos
et al., 2001; Goldner et al., 2014; Burke et al., 2018; O’Brien et al.,
2020; Westerhold et al., 2020; Steinthorsdottir et al., 2021). Some re-
constructions (e.g., Westerhold et al., 2020) suggest that the LOWE
exhibited lower temperatures compared to the MMCO. Furthermore,
while the LOWE was not associated with major carbon cycle perturba-
tions, the MMCO occurred in tandem with the Monterey Event (Follmi
et al,, 2005; Westerhold et al., 2020). Finally, while the MMCO
happened during a period strongly influenced by an already established
Antarctic ice sheet (Steinthorsdottir et al., 2021), the LOWE was the first
relevant warm interval after the first major glacial event of the Cenozoic
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(0il, Westerhold et al., 2020). Consistently, our data indicate a major
reduction in coral carbonate production during the EECO, with corals
representing only 1/4 of the total limestone of the organic build-up
(Tables 2, 3) (i.e., ~50% of the identified skeletal grains which in turn
correspond to ~50% of the whole rock). This crisis in coral production is
consistent with stratigraphic data indicating a low abundance of coral-
dominated facies in the lower and middle Eocene in Central Asia
(Coletti et al., 2022), in the Mediterranean (Zamagni et al., 2012; Pomar
et al., 2017), and in South America (Aguilera et al., 2020). While this
crisis did not correspond to a global decline in coral biodiversity (Lopez-
Pérez, 2005; Zamagni et al., 2012; Benedetti et al., 2024; Bosellini et al.,
2025), the reduced carbonate production evidenced by microfacies and
stratigraphic data clearly indicates that the EECO significantly chal-
lenged coral-reefs (Fig. 6).

The thermal anomaly of the MMCO was shorter and less severe;
nonetheless, it was likely associated with an increase in nutrient avail-
ability that was detrimental to corals. The distribution of coral-
dominated facies in the geological record is more controversial (or less
consistent) for the MMCO compared to the EECO, with different studies
yielding contrasting results regarding their abundance. Halfar and Mutti
(2005) report an increase in RCA dominance and a global decline in
coral reefs. Lopez-Pérez (2005) notes a scarcity of data regarding Middle
Miocene coral reefs in the eastern Pacific. Esteban (1996) reports a slight
Langhian decline in reefs along the Atlantic coast of Europe, followed by
amore widespread decline in the Mediterranean during the Serravallian.
Perrin and Bosellini (2012) indicate that a decline in Mediterranean
coral reefs only occurred during the late Serravallian (and thus after the
MMCO). Furthermore, no significant decline in coral reefs abundance
was reported during the Middle Miocene in the Caribbean (Johnson
et al., 2008). Reef coral biodiversity was also not clearly impacted by
the MMCO neither in the Caribbean nor in the Mediterranean region

~3-8 °C above modern levels + Monterey Event

Slight reduction in buildups abundance and
coral contribution -
high coral biodiversity -

common RCA 7 R £
UL BN

~3-5 °C above modern levels

Common buildups with
relevant coral contribution -
high coral biodiversity

~10-15 °C above modern levels

Rare buildups with limited coral contribution -
high coral biodiversity -

common
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Fig. 6. Coral reef characteristics during the investigated warm intervals of the Cenozoic. On the left, climate states of the Cenozoic and averaged temperature
difference from today based on Westerhold et al., 2020. On the right, characteristics of coral reefs during the investigated periods; A) MMCO; B) LOWE; C) EECO.
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(Budd, 2000; Bosellini and Perrin, 2012). Our own data indicate a
decline in coral carbonate production compared to the upper Oligocene
(corals represent approximately 1/3 to 1/2 of the DCP organic buildup,
compared to 2/3 in the CL), likely related to increased nutrient avail-
ability (Tables 2, 3; Figs. 3, 6).

No coral crisis is recorded during the LOWE. Our results clearly
underline that in the upper Oligocene limestones of CL, corals are
significantly more abundant than in the other sites (Table 3; Figs. 3, 6).
Although in MP and DCP corals also represent the dominant skeletal
component within the buildups, at CL they are abundant also in the
surrounding facies (Fig. 4), indicating that coral growth was not
restricted to the framework itself but extended into associated deposi-
tional environments including the internal lagoon and the foreslope.
This suggests that, during the Oligocene, the coral-dominated carbonate
factory, reached its maximum extent compared to the other two inves-
tigated time intervals, despite all intervals being represented by
framework reefs, characterized by moderate to high coral diversity
(Perrin, 2002). When placed in a broader temporal framework, this
pattern underscores the Oligocene as a distinctive phase in the Cenozoic
evolution of coral reefs. This interval corresponds to a global peak in reef
abundance, marked by the extensive development of coral reefs in both
the Caribbean and Tethys (Frost, 1981; Budd, 2000; Perrin, 2002;
Johnson et al., 2008; Perrin and Bosellini, 2012). Quantitative analysis
of coral-dominated facies in Central Asia, clearly places this peak into
the upper Oligocene (Coletti et al., 2022). These Oligocene reef systems
were predominantly framework reefs and were characterized by mod-
erate to high coral diversity (Perrin, 2002). Moreover, Oligocene sys-
tems show a broad spectrum of reef types occurring in various
depositional settings, especially in the Mediterranean region. Together
with the Chattian fringing reef complex of the Castro Limestone herein
analysed, the Mediterranean region records, for example, the Rupelian
barrier reef/lagoon system of the Lessini Shelf (NE Italy; Bosellini and
Trevisani, 1992; Bosellini et al.,, 2020), and the various upper
Rupelian-Chattian coral assemblages and patch reefs of the Tertiary
Piedmont Basin (NW Italy), the latter associated with fan-delta mixed
carbonate-siliciclastic settings and turbid-water conditions (Bosellini
et al., 2024). All these key-characteristics (i.e., common, widespread,
large and predominantly framework reefs characterized by moderate to
high coral diversity) are not as well developed in the Eocene and
Miocene reefs as they are in those of the Oligocene, at least for the
Mediterranean region. Late Miocene reefs were well developed in size
but characterized by a very low coral diversity (for a comprehensive
review of Mediterranean Oligocene and Miocene reefs, and associated
literature, see Perrin and Bosellini, 2012).

The Oligocene thus represents a phase during which corals achieved
both high reef-building efficiency, high diversity, and a broad distribu-
tion as carbonate producers (Fig. 6). Following the Eocene/Oligocene
Transition (EOT) cooling event, driven by the isolation of Antarctica,
and the onset of the circum-Antarctic current, global temperatures
increased once more during the Oligocene, especially during the Chat-
tian (Zachos et al., 2001; Burke et al., 2018; Westerhold et al., 2020;
Judd et al., 2024). This relatively modest temperature increase has been
unexpectedly correlated with declining atmospheric CO5 values (Zhang
et al.,, 2013; O’Brien et al., 2020) and was not connected to major
perturbation in carbon cycle (Westerhold et al., 2020). The associated
sea-level rise likely flooded vast coastal plains exposed during the Oil
glacial events, providing plenty of substrate for coral colonization. The
Tethys seaway connecting the reef belt of the Mediterranean Tethys with
the Indian Ocean was still a wide oceanic basin during the late Oligo-
cene, promoting the exchange of coral larvae crucial to maintain a high
diversity. Other favorable conditions for coral reef growth during the
Oligocene include seawater chemistry, especially elevated Mg/Ca ratios
enhancing aragonite precipitation (Stanley and Hardie, 1998), optimal
regional controls such as the presence of several tectonically stable
carbonate platforms, and oligothrophic clear-water conditions (Mutti
and Hallock, 2003; Bosellini, 2006; Brandano et al., 2009; Gatt and
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Gluyas, 2012).

5.3. Skeletal components as proxies for interpreting ancient coral reef
ecosystems

The current analysis provides new quantitative data regarding a
long-standing question: how reef ecosystems have evolved over time
under the pressure of a changing climate. Previous studies have pri-
marily focused on qualitative comparisons of reef-bearing carbonate
systems, on the frequency and relevance of reefs within the stratigraphic
record, or on reef-coral biodiversity. In this study, the issue is
approached by initially assessing the similarities of the investigated
carbonate systems, then by analyzing the abundance of other compo-
nents associated with the reef system, and, subsequently, by using these
data to reveal the patterns of the corals themselves. Our results are
unlike to represent a mere coincidence or an exception as they align with
previous analyses indicating a crisis in coral carbonate production
during the EECO (likely related to the interval's extremely high tem-
peratures), a mild decline during the MMCO (potentially linked to
increased nutrient availability) and a boom in coral carbonate produc-
tion during the LOWE (possibly driven by a favorable trophic and
chemical marine state combined with limited warming and the high
availability of suitable substrates) (Fig. 6).

Furthermore, the current quantitative analysis, and the ordination
analysis in particular, paves the way for comparisons with modern set-
tings or reef systems from other time intervals. Among heterotrophs, the
distribution of serpulids (SERP) is of particular significance (Fig. 5). The
analysis of modern biogenic sediments indicates that the abundance of
sessile benthic heterotrophs, such as serpulids, is generally negatively
correlated with temperature and light availability (Bialik et al., 2023).
Consistent with this, the ordination analysis shows the SERP vector
oriented opposite to the LBF vector, the latter being established as
positively correlated with temperature. Following the clues provided by
the distribution of modern carbonate producers (Bialik et al., 2023), the
LBF-SERP axis of our ordination plot could be interpreted as reflecting
variability related to temperatures and nutrient availability, high-
lighting a trend from warm oligotrophic conditions (MP) to cooler
(global cooling plus northward movement of the Mediterranean),
oligotrophic to mesotrophic conditions (DCP).

Comparing our results with a similar analysis of Upper Miocene reef
systems reveals a comparable clustering of vectors related to framework
builders, in particular corals and encrusting benthic foraminifera (Fig. 5;
Coletti et al., 2026). This indicates shared ecological requirements for
these two groups of builders, implying that further analyses of their
ratios within the organic buildup facies could yield significant paleo-
ecological insights. Similarly to our current analysis, in the Upper
Miocene analysis, Halimeda consistently clusters with serpulids and
bryozoans (Fig. 5; Coletti et al., 2026), further underscoring a preference
of this calcareous green alga for environments characterized by mod-
erate nutrient enrichment (unlike corals).

While quantitative microfacies analysis has previously been
employed to characterize carbonate systems, its application for
comparing analogous environments across both time (as in this study)
and space (e.g., Coletti et al., 2026) has remained limited. Nevertheless,
current results highlight the remarkable potential for developing pale-
oenvironmental proxies based on the specific characteristics of skeletal
assemblages. Although presently the currently available datasets from
shallow-water environments are still too fragmented and scattered to
stand alone, they serve as a vital complement to paleoenvironmental
data derived from the deep-sea record. The latter provides a faithful and
reliable account of global climatic evolution, but it is often sufficiently
decoupled from surface conditions to complicate certain interpretations
(e.g., the LOWE; O’Brien et al., 2020). Therefore, although shallow-
marine records are more site-sensitive, developing large, cross-
comparable datasets of shallow-water successions can provide a “sec-
ond pillar” to support our understanding of both past and future
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climates.
6. Conclusions

Coral reefs underwent significant changes during the Cenozoic,
including variations in the overall abundance of coral-dominated
buildups, diversity and composition of the assemblage, volume of the
buildups, and traits of the corals. Based on a quantitative analysis of
skeletal and non-skeletal components from comparable shallow-water
systems across key Cenozoic warming intervals (Early Eocene Climatic
Optimum, Late Oligocene Warming Event, Middle Miocene Climatic
Optimum), our results provide new evidence regarding which compo-
sitional features of these coral reefs evolved, and which remained
constant:

e The investigated facies are dominated by skeletal grains embedded in
a matrix of sand-sized comminuted bioclasts, with other textural
components being usually less relevant; this textural similarity is
even stronger within the organic buildups. Skeletal assemblages are
largely dominated by photozoan producers, and the organic buildups
is always dominated by corals. The reef factory keeps its overall
structural integrity during the investigated warm intervals, defined
by the persistence of textural characteristics. This, in turn, suggests
that similar functional roles were maintained, pointing to a long-
term stability of the inner organization of the coral reef carbonate
factory across a wide range of environmental conditions.
Significant compositional differences exists between the carbonate
factories. Benthic foraminifera are a major component in the lower
Eocene site, coral-driven carbonate production is higher in the upper
Oligocene site, and calcareous red algae and heterotrophs are more
prominent in the Middle Miocene site. These data are consistent with
the known large-scale stratigraphic distribution of the various car-
bonate factory types (i.e., benthic foraminifera, corals, and calcar-
eous algae dominated facies), indicating that the observed shifts
reflect production trends controlled by the unique environmental
drivers of the three investigated warming events. The prolonged and
extreme temperatures of the early Eocene caused a crisis in coral
carbonate production, while the milder Middle Miocene warming,
associated with a significant perturbation of the carbon cycle, caused
a slight decline in coral production, compensated by a relative in-
crease in calcareous red algae. Conversely, the late Oligocene
warming did not result in a crisis likely due to a unique combination
of oceanographic conditions (i.e., mild temperature increase, low
nutrient concentrations, favorable seawater Mg/Ca ratio, and the
availability of substrates for colonization) that instead enhanced
coral development.

These dynamics highlight the resilience and adaptability of the coral
reef carbonate factory, which remains capable of producing frame-
work reefs—albeit of varying sizes and volumes—even under sub-
optimal conditions. Coral carbonate production appear to be signif-
icantly compromised only under extremely high temperatures or
when multiple stressors acts in synergy.
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