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A B S T R A C T

During latest Miocene times the Mediterranean Sea main connection with the global ocean was through the 
Atlantic, just as it is today. This configuration could have likely resulted in a pronounced longitudinal envi
ronmental gradient, with warm and highly oligotrophic waters in the east, and cooler, less oligotrophic condi
tions in the west (a scenario resembling modern conditions). This setting provides a natural laboratory to test the 
effectiveness of quantitative microfacies analysis in tracking palaeoenvironmental gradients. Two approaches 
were compared: the presence/absence of carbonate producers assessed on the basis of literature data and a 
quantitative skeletal assemblage analysis of reef sites spanning the Western, Central, and Eastern Mediterranean. 
While the presence/absence approach only offers a broad environmental overview, the quantitative analysis 
better differentiates between the eastern and western settings. The eastern sector displays a higher relevance of 
symbiont-bearing foraminifera, suggesting warmer conditions. In contrast, the western sector is comparatively 
richer in heterotrophic organisms, likely reflecting a higher nutrient availability and cooler water. These results 
support the reliability of quantitative microfacies analysis and provide a framework for comparing reef-bearing, 
carbonate systems across the Mediterranean within climatic homogeneous time intervals. Both approaches 
suggest that these carbonate factories represent subtropical, modern-like, biotic assemblages adapted to the 
cooler, oligotrophic, and likely semi-restricted conditions that were prevalent prior to the Messinian Salinity 
Crisis.

1. Introduction

Tracking environmental gradients on the long time scale (>103 

years) is challenging due to the relevance of evolutionary processes and 
the effects of the complex feedback mechanisms between the biosphere, 
atmosphere, hydrosphere, and geosphere (Ridgwell and Zeebe, 2005; 
Pomar et al., 2017). Due to their preservation potential, fossil skeletal 
assemblages of invertebrate carbonate producers can provide valuable 

insights into long-term environmental trends, but the information they 
provide is generally constrained by the limits of temporal resolution. 
However, what they lack in accuracy can often be compensated for by 
the quantity of data, as fossil occurrences of biogenic carbonates are 
widespread. Using a large set of samples from different localities can 
help in reducing background noise and capturing environmental pro
cesses at large spatial and temporal scales (Kiessling et al., 1999; Aguirre 
et al., 2000; Flügel and Kiessling, 2002; Bosellini and Perrin, 2008; 
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Johnson et al., 2008; Coletti et al., 2018, 2022; Benedetti et al., 2024; 
Agiadi et al., 2024a, 2024b; Bosellini et al., 2025).

So far attempts at analysing large-scale past environmental vari
ability using fossil skeletal assemblages have primarily relied on pres
ence/absence data (e.g., Kiessling et al., 1999) and taxonomic richness 
datasets (e.g., Agiadi et al., 2024a, 2024b). Presence/absence dataset (or 
frequency of reported occurrences) can highlight major shifts in time 
and space (e.g., crises or extinctions of certain groups; Flügel and 
Kiessling, 2002). Since these “boolean datasets” significantly reduce 
the complexity of the information to a binary option (presence/ 
absence), they can easily integrate data from multiple sources (e.g., field 
guidebooks, detailed analyses in academic papers, and technical re
ports). Analyses of taxonomic richness can be considered as a more 
informative type of presence/absence dataset, but their creation is 
significantly more time-consuming (Agiadi et al., 2024a, 2024b). 
Furthermore, they are limited by the ability to correctly recognize a type 
of organism, and, thus, they are often restricted to a single taxonomic 
group (e.g., Benedetti et al., 2024; Bosellini et al., 2025). An abundance- 
based approach to the study of fossil carbonate producers has been 
attempted for the analysis of microfacies and in particular in strati
graphic studies (e.g., Brandano et al., 2009; Guido et al., 2016, 2021; 
Mariani et al., 2024, 2026). This methodology could be useful in 
investigating large-scale environmental variability, and because 
microfacies investigations often focus on higher taxonomic levels 
(families, classes or above), taxonomic complexity is less of a problem.

To test the quantitative microfacies approach, we investigated the 
potentially strong environmental gradient that existed in the Late 
Miocene Mediterranean Sea before the Messinian Salinity Crisis (MSC). 
We hypothesize, based on palaeoceanographic constraints (e.g., Capella 
et al., 2019), that during the Late Miocene the environmental gradient 
should roughly mirror the current condition, i.e., a slightly colder, less 
oligotrophic, and less saline surficial water mass to the west and a 
warmer, more oligotrophic, and saline one to the east (Antoine et al., 
1995; Bosc et al., 2004; Pastor et al., 2019). We then reviewed exist
ing information on particularly sensitive environments: coral-reefs and 
closely associated habitats (lagoons, fore-reefs) (e.g. Pandolfi and 
Kiessling, 2014). During the Late Miocene, the Mediterranean was 
indeed rich in coral-reefs (Bosellini and Perrin, 2008; Perrin and 
Bosellini, 2012), providing us with an extensive record of palae
oenvironmental information (Fig. 1). Consistently, Upper Miocene, reef- 
bearing, shallow-water carbonate systems from the eastern, central, and 
western parts of the Mediterranean were reviewed, assessing the dis
tribution of the major carbonate-producing organisms, using both a 
presence/absence and a quantitative analysis (Fig. 1). The datasets were 

used to highlight similarities and differences between Upper Miocene 
and modern tropical systems, providing a more detailed picture of 
shallow-water tropical carbonate systems towards the end of the last 
major chapter of the tropical history of the Mediterranean Sea.

2. Methods

2.1. Background and methodological framework

Testing the potential of quantitative microfacies analysis requires the 
investigated geological successions to be reasonably coeval and to 
represent comparable environmental conditions. Meeting these re
quirements is a challenge in shallow-water carbonates, particularly in 
the Upper Miocene of the Mediterranean (e.g., Guerra-Merchán and 
Serrano, 1993). Shallow-marine deposits frequently lack common 
planktonic taxa, significantly hindering biostratigraphic analysis. 
Although it is possible to date correlative deep-water strata, this requires 
continuous outcrops (with limited or no soil or vegetation cover) and 
minimal tectonic disturbance, conditions that are rarely met in the 
Mediterranean region. Mediterranean Upper Miocene carbonates also 
lack other reliable biostratigraphic markers, such as high-diversity 
larger benthic foraminiferal assemblages (Cahuzac and Poignant, 
1997). Furthermore, strontium isotope stratigraphy is hampered by 
the restricted circulation of the basin during the Late Miocene 
(Cornacchia et al., 2017).

To address this issue, the Upper Miocene was divided into two 
reasonably homogeneous intervals into which most of the successions 
could be confidently placed: the lower Tortonian and the upper Torto
nian to pre-evaporitic Messinian. During the early Tortonian, the Med
iterranean region was characterised by periods of increased 
precipitation (i.e., washhouse events; Böhme et al., 2011; Prista et al., 
2015). The latest of these events occurred at approximately 8.9 Ma, 
marking a shift towards drier conditions that persisted for the remainder 
of the Miocene (Böhme et al., 2011; Prista et al., 2015). The early Tor
tonian was also characterised by higher temperatures (i.e., the Tortonian 
Thermal Maximum) than the late Tortonian and Messinian (Westerhold 
et al., 2020), with significant cooling recorded at around 8 Ma in the 
Mediterranean region (Tzanova et al., 2015). These environmental shifts 
are documented in shallow-water carbonates. Carbonate systems span
ning the transition from the humid lower Tortonian to the more arid 
upper Tortonian record a shift from coralline algal-rich systems to coral- 
rich systems (e.g., the transition from the Lower Bar Unit to the Reefal 
Unit in Menorca; Obrador et al., 1992; Mateu-Vicens et al., 2008; Pomar 
et al., 2012; Brandano et al., 2016). At the Mediterranean scale, this 
boundary is associated with the expansion of coral-dominated shal
low-water bioconstructions (Pomar and Hallock, 2007; Pomar et al., 
2017; Cornacchia et al., 2021; Brandano et al., 2022). Consequently, 
the current study focuses on shallow-water carbonate systems which 
developed from the late Tortonian (i.e., after 9–8 Ma) to the early 
Messinian (before the onset of the Messinian Salinity Crisis) and that 
display relevant coral-dominated bioconstructions. Coeval carbonate 
systems dominated by heterozoan assemblages (e.g., Sola et al., 2022
and reference therein) were excluded, as they represent distinct envi
ronmental settings and comparing wildly different assemblages would 
result in their intrinsic ecological differences masking large-scale gra
dients. The investigated time-frame also offers a pragmatic compromise 
between stratigraphic accuracy and available data, as a “late Tortonian 
to early Messinian age” is often the only chronological information re
ported (e.g., Pedley and Grasso, 1994; Sola et al., 2017). Moreover, time 
intervals of similar or longer duration have been effectively utilized in 
recent reviews of the Upper Miocene fossil record (e.g., Agiadi et al., 
2024a, 2024b).

2.2. Presence/Absence analysis

To compile the presence/absence database, published literature was 

Fig. 1. Map of the Mediterranean Basin indicating the position of the sites 
investigated for the presence/absence analysis (for detailed coordinates of these 
fossil sites, see Supplementary Table S1) and those of the sites investigated for 
the quantitative microfacies analysis. The number of symbols for the presence 
absence analysis do not match the number of sites since several sites are too 
close to be represented separately in the figure. The inset panel indicates the 
panel's position in world map.
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reviewed for information on skeletal assemblages, considering only 
Upper Miocene carbonate systems characterised by coral-dominated, 
bioconstructions (reef-bearing systems) (Supplementary Table S1). 
The literature research began with the database of Esteban (1996) and 
the Paleo-Reef Database (Kiessling et al., 1999; Flügel and Kiessling, 
2002), incorporating new findings from more recent papers. A total of 
52 sites was considered (Fig. 1) (Supplementary Table S1). The pres
ence/absence matrix consisted of the main groups of carbonate pro
ducers: colonial corals (CC), red calcareous algae (RCA), green 
calcareous algae (GCA, mainly represented by Halimeda), molluscs 
(MOL), echinoderms (ECH), benthic foraminifera (including large 
benthic foraminifera, LBF; small benthic foraminifera, SBF; encrusting 
benthic foraminifera, EBF), serpulids (SERP), bryozoans (BRY), ostra
cods (OSTR), and mobile arthropods (MA). A distinctive characteristic of 
ecological datasets consisting of presence/absence data is the tendency 
to have a large number of zero values (Clarke and Green, 1988); thus, 
they are strongly influenced by “true zeros” and “false zeros”. “True 
zeros” represent the absence of a certain category, whereas “false zeros” 
can result from sampling or observation errors. To avoid this issue 
(MacKenzie et al., 2002; MacKenzie, 2005), carbonate producers un
common in Mediterranean's Upper Miocene shallow-water carbonates 
(e.g., barnacles, brachiopods, solitary corals and planktic foraminifera), 
were excluded from the presence/absence analysis, reducing the num
ber of categories and of potentially “false zeros”. The frequency of the 
reported occurrence of the various carbonate producers in fossil sites (i. 
e., how frequent is the presence of a calcifier within the array of 
investigated sites) was compared with similar data calculated for a 
comprehensive database of modern allochem assemblages (Bialik et al., 
2023, supplementary material), focusing at tropical (0–23◦) and sub
tropical (23–40◦) latitudes.

2.3. Quantitative microfacies analysis

For the quantitative microfacies analysis, five, upper Tortonian to 
lower Messinian fossil sites —Cyprus, Eratosthenes Seamount, Salento 
Peninsula, Acquabona, and Cariatiz (Fig. 1) —were selected based on 
existing information, focusing on photic-zone facies that either represent 
coral reefs or are directly related to them (e.g., fore-reef, lagoon). For the 
Eastern Mediterranean four localities from Cyprus and Site 966 from the 
Eratosthenes Seamount were considered, relying on the quantitative 
data provided in Coletti et al. (2019, 2020, 2021). From the Central 
Mediterranean, the site of Acquabona in northern Tuscany (Bossio et al., 
1996) and three localities from the Salento Peninsula were investigated 
(Bosellini et al., 2001, 2002; Bosellini, 2006; Braga et al., 2009). 
Regarding the Acquabona site, the data provided in Coletti et al. (2024)
were used. In the case of the Salento sites, the material previously 
studied by Bosellini et al. (2001, 2002) was reassessed through point- 
counting analysis of samples representative of the main facies. The 
Western Mediterranean material from the Cariatiz carbonate platform of 
the Sorbas Basin, previously investigated by Reolid et al. (2014, 2016, 
2017a), was also reassessed with point-counting. In contrast to the 
presence/absence database, benthic foraminifera were categorized into 
LBF (large, symbiont-bearing), SBF (small, heterotrophic, free-living), 
and EBF (encrusting). While these groups were initially subdivided by 
test structure (hyaline, porcelaneous, agglutinated) during data acqui
sition, low occurrences in many samples necessitated grouping them for 
the ordination analysis (raw data remain available to allow for different 
analytical configurations).

Based on pre-existing knowledge of the sites, the samples were 
selected from the various facies of the investigated sites to capture the 
overall variability of the analysed systems. This resulted in 18, 55, and 
53 thin sections for the Western, Central, and Eastern Mediterranean, 
respectively. In each section, more than 500 points were counted, 
resulting in a total of over 140,000 points (Supplementary Table S2). Six 
samples affected by diagenetic alteration were excluded from the 
following ordination analyses.

2.4. Ordination analysis

To account for the limitations of the datasets, both the presence/ 
absence and the quantitative microfacies datasets were investigated 
using ordination analysis. Ordination analysis is widely used for data 
interpretation in the Earth Sciences, as it allows for studying a set of data 
while minimizing prior biases (Basso and Corselli, 2002; Bialik et al., 
2021a). Similar objects are grouped closely together, and dissimilar 
objects are placed farther apart, highlighting complex relationships and 
exploring potential gradients among different sites (Gauch and 
Whittaker, 1972; Syms, 2008; Bialik et al., 2021a). These inherent 
properties of ordination analysis help addressing a potential limitation 
of this study: the representativeness of the investigated samples. Car
bonate systems are vast, complex architectures whose total variability is 
notoriously difficult to assess (Pomar and Hallock, 2008; Brandano 
et al., 2022). While our sample selection was supported by extensive 
prior knowledge, the exploratory nature of the current research means 
that no established guidelines exist for determining a minimum number 
of samples necessary to achieve representativeness. However, since 
ordination techniques space samples according to their compositional 
similarity, the inclusion of “end-members” from the various facies en
sures that the resulting multivariate space effectively brackets the sys
tem's full variability. In other words, by capturing the most divergent 
facies, the defined ordination area (i.e., the clusters of samples of the 
multivariate space) provides a proxy for the variability of the entire 
system, as any intermediate samples should mathematically fall within 
the established perimeter.

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 data with ranks, thereby avoiding 
issues associated with absolute distance (Kruskal, 1964). In contrast, 
DCA is a derivative of the correspondence analysis method (Hill, 1979). 
This methodology determines the relative position of elements by 
maximizing correspondence rather than variance between variables and 
data points. However, it suffers from creating often strong arch artefacts, 
a problem which is adjusted in the DCA, resulting in a better portrayal of 
the relationships between variables. Both NMDS and DCA analyses were 
performed using an updated version of the code for R software published 
by Bialik et al. (2021a) (the deployed code is provided in Supplementary 
Material 3). The Jaccard index (Jost et al., 2011) was used in the NMDS 
analysis of the presence/absence database. In contrast, the Bray-Curtis 
index (Bray and Curtis, 1957) was used for the quantitative microfa
cies dataset. In the latter case, to avoid issues related to uneven sample 
sizes and achieve a normal distribution of occurrence data, the Hellinger 
transformation (i.e., the square root of the relative abundances) was 
applied (Legendre and Gallagher, 2001; Legendre and Borcard, 2018).

The significance of the separation between the analysed populations 
(e.g., Eastern, Western, and Central Mediterranean sites) was evaluated 
using multivariate (MANOVA) and permutational (PERMANOVA) 
multivariate analyses of variance (Anderson, 2014). To verify the 
robustness of the ordination based on the quantitative microfacies 
dataset, multiple configurations were tried, using both NMDS and DCA. 
Initially, the entire dataset was tested. Subsequently, a sub-dataset 
comprising only colonial coral-rich facies was analysed. Finally, the 
coral-rich facies sub-dataset was tested, excluding corals from the 
ordination analysis. This step accounts for the potential sampling bias 
introduced by the limited spatial extent of thin sections, which may not 
adequately capture the heterogeneity of reef structures. For example, a 
sample from intra-reef sediments may contain few or no corals, whereas 
a sample from the reef framework may be entirely constituted by colo
nial corals, neither of which fully represents the compositional vari
ability of the entire reef facies. Although the analysed samples were 
chosen to be as representative as possible of the large-scale variability of 
the facies investigated in the field, a “without-corals” analysis was also 
undertaken on the coral-rich facies sub-dataset to mitigate the potential 
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bias related to the representativeness of thin sections from a reef. 
Moreover, given that the Eratosthenes reefal carbonates occur near the 
boundary between the humid and dry phases of the Tortonian (see the 
following section), the aforementioned analyses were performed both 
with and without the data from this site.

3. Geological setting of the basin and the studied sites

During the Miocene, the Mediterranean turned from a seaway con
necting the Indo-Pacific and Atlantic Ocean into an enclosed basin 
(Dercourt et al., 2000). The eastern deep-water connection with the 
Indo-Pacific was severed during the Early Miocene, with most of the 
reduction occurring close to the Aquitanian-Burdigalian boundary, 
while a shallow seaway survived until the Serravallian (Aktaş and 
Robertson, 1984; Buchbinder, 1996; Rögl, 1999; Dercourt et al., 2000; 
Bialik et al., 2019, 2022). During the Late Miocene tectonic uplift of the 
Betic-Riffean orogenic arc at the westernmost end of the Mediterranean, 
resulted in the progressive restriction and subsequent sealing of the 
western straits, triggering the MSC (Hsü et al., 1973; Dercourt et al., 
2000; Meilijson et al., 2019; Agiadi et al., 2024a, 2024b; Roveri et al., 
2025). As the basin became increasingly isolated from the world's 
oceans, regional and global climates began a gradual cooling trend, 
particularly from the late Tortonian onward (Prista et al., 2015; Tzanova 
et al., 2015; Westerhold et al., 2020). Alongside this cooling, significant 
shifts in precipitation patterns occurred: prevailing humid conditions 
during the early-to-middle Tortonian gave way to more arid conditions 
throughout the remainder of the Miocene (Böhme et al., 2011). 
Notwithstanding restricted circulation and colder temperatures, during 
the Late Miocene, and particularly from the late Tortonian onward, 
shallow-water, coral-rich carbonate factories spread along the coasts of 
the Eastern, Central, and Western Mediterranean (Esteban, 1979, 1996; 
Pomar and Hallock, 2007; Perrin and Bosellini, 2012; Pomar et al., 
2017) (Figs. 1, 2). These carbonate factories, usually featuring coral- 
rich facies and well-developed reefs, were significantly different from 
those of the Lower and Middle Miocene (e.g. Tomassetti et al., 2013; 
Vescogni et al., 2014; Coletti et al., 2021), chiefly by displaying a much 
lower coral biodiversity, often limited to only two genera, Porites and 
Tarbellastraea (Bosellini and Perrin, 2008; Perrin and Bosellini, 2012, 
2013). This applies to all the Upper Miocene reef-bearing systems 
selected for the current analysis, which are synthetically detailed in the 
following paragraphs (Fig. 2).

The Upper Miocene carbonates of Cyprus and the Eratosthenes 
Seamount of the Eastern Mediterranean (Fig. 2A-D) developed during a 
relative sea-level fall connected to the complex convergence of African 
and Eurasian plates that involved the various terrains constituting the 
island of Cyprus and the Eratosthenes Continental Block (Mart and 
Robertson, 1998; Kinnaird and Robertson, 2013; Coletti et al., 2019, 
2021; Cannings et al., 2021) (Fig. 2B, C). This tectonic process provided 
the substrate for these complex carbonate systems. The Upper Miocene 
shallow-water facies of the Eratosthenes Seamount (Fig. 2A) developed 
from the late Tortonian onward (around and after 8.4 Ma), and include a 
coral reef and a lagoon facies, the latter rich in molluscs and benthic 
foraminifera (Coletti et al., 2019; Coletti and Basso, 2020). Both facies 
were inferred to represent oligotrophic, warm-water settings (Coletti 
et al., 2019). The strata characterised by these facies are capped by a 
thin, ostracod-rich, limestone layer most likely related to a brackish 
environment developed during the initial phases of the MSC (Coletti 
et al., 2019).

In Cyprus, the shallow-water carbonates of the Koronia Member 
(Pakhna Formation) mainly deposited after 9.3 Ma in eastern Cyprus 
(Cannings et al., 2021) and after 7.7 Ma in western Cyprus (i.e., the 
source of most of the samples analysed in the present research) 
(Cannings et al., 2025) (Fig. 2D). Koronia Member carbonates outcrop 
along the northern margin of the Troodos Massif, on the flanks of Polis 
Graben, and in SE Cyprus (Fig. 2D), including both in situ coral-reefs and 
related facies and debris-talus derived from the fragmentation of the 

reefs (Follows and Robertson, 1990; Follows, 1992; Follows et al., 1996; 
Cannings et al., 2021; Coletti et al., 2021). Carbonates of the Koronia 
Member also occur around the southern margins of the Troodos Massif 
where they are mainly represented by redeposited materials, including 
large blocks and debris-flow deposits interbedded with deep-water 
facies (Robertson, 1977; Eaton and Robertson, 1993; Coletti et al., 
2021) (Fig. 2D).

The Salento Peninsula is the southern portion of the Apulia Car
bonate Platform, a thick carbonate sequence developed over a prom
ontory of the African Plate (Fig. 2A, E), which collided with the Eurasian 
Plate following the closure of the Alpine Tethys (Bosellini et al., 1999; 
Rusciadelli et al., 2003; Muttoni et al., 2013). This southern Central 
Mediterranean succession includes an Upper Miocene portion, the 
Messinian Novaglie Formation (Bosellini et al., 1999) (Fig. 2E). The 
latter is divided into three superimposed depositional sequences 
(Bosellini et al., 2001). The lowermost and oldest unit (early Messinian, 
NF1) directly overlies the Oligocene and Cretaceous carbonate platforms 
(Bosellini et al., 2001). It is generally thicker in comparison to the 
overlying units (Bosellini et al., 2001; Vescogni et al., 2022) and exhibits 
a remarkable facies variability, including slope facies with Halimeda 
fragments and bioherms, as well as reef margin and back-reef facies 
(Bosellini et al., 2001). Due to this large variability, it was selected for 
the current research. It most likely developed in relatively warm, clear 
water, with no notable terrigenous input (Bosellini et al., 2001). The 
overlying sequence (NF2) is thinner and includes vermetid bio
constructions and coral reefs (Bosellini et al., 2001). It likely developed 
in conditions similar to those of NF1, although the presence of common 
vermetid bioconstructions might suggest slightly lower temperatures 
and, possibly, a higher nutrients supply (Bosellini et al., 2001). The 
younger, uppermost sequence (NF3) is characterised by a remarkable 
amount of microbial carbonates, which occur associated with both 
Porites and vermetid bioconstructions (Bosellini et al., 2001; Vescogni 
et al., 2022, 2025). This uppermost unit is considered a Terminal Car
bonate Complex (sensu Esteban, 1979) and postdates the onset of the 
MSC (Vescogni et al., 2022, 2025; Vescogni and Guido, 2026).

The Messinian Calcare di Rosignano Formation developed along the 
eastern margin of the Tyrrhenian Basin (northern Central Mediterra
nean), within the Tora-Fine Basin (Bossio et al., 1993; Martini and Sagri, 
1993) (Fig. 2A, F). It overlies Mesozoic igneous and sedimentary rocks 
(mostly Jurassic radiolarites, serpentinites, basalts, and gabbros, and 
Cretaceous deep-water sediments) remnants of the Ligure-Piemontese 
oceanic basin, and Tortonian to lower Messinian lacustrine sediments 
(Bossio et al., 1996) (Fig. 2F). The Calcare di Rosignano Formation in
cludes basal conglomerates, large coral-dominated bioconstructions, 
and the related bioclastic carbonates, lagoonal bioclastic carbonates, 
and stromatolites (Fravega et al., 1994; Bossio et al., 1996). Based on its 
planktic foraminiferal assemblage, it has been attributed to the lower 
part of the Messinian (Bossio et al., 1996). The Acquabona Reef, ana
lysed in this study, is an informal unit of the Calcare di Rosignano 
Formation and comprises the largest coral-dominated bioconstructions, 
along with coralline algal rudstone and serpulid floatstone to wacke
stone (Coletti et al., 2024). It developed in a warm climate under 
stressful conditions (i.e. restricted circulation and/or rapid fluctuations 
in temperature, nutrient availability and other environmental parame
ters), as indicated by the composition of the skeletal assemblage, which 
is dominated by corals at the base and by serpulids towards the top 
(Coletti et al., 2024).

The Sorbas Basin in southeastern Spain hosts several well-preserved 
carbonate platforms (Fig. 2A, G) (Martín and Braga, 1994; Reolid et al., 
2017a). These include the Messinian Cariatiz Carbonate Platform, the 
margins of which display Porites-dominated coral-reefs (Fringing Reef 
Unit), serpulid-rich, Halimeda-rich, and siliciclastic-rich facies (Riding 
et al., 1991; Martín and Braga, 1994; Braga et al., 1996; Reolid et al., 
2014, 2017a, 2017b) (Fig. 2G). This unit developed in a shallow coastal 
setting (with water depths of less than 50 m), characterised by sub
stantial nutrient and siliciclastic inputs (possibly associated with 
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freshwater influxes), which fostered the development of both Halimeda 
and serpulid accumulations (Braga and Martin, 1996; Reolid et al., 
2017a).

4. Results

4.1. Presence/absence of carbonate producers

The most frequent carbonate producers within the 52 described 
Upper Miocene, reef-bearing systems, are: colonial corals (CC), molluscs 
(MOL), red calcareous algae (RCA), benthic foraminifera (BF; including 
both small, large and encrusting taxa since the separation between them 
was often not indicated), echinoderms (ECH), and bryozoans (BRY). The 
first three groups are reported in over 90% of the sites (Supplementary 
Table S1). Benthic foraminifera are reported from over 80% of the sites. 
Bryozoans (BRY) and echinoderms (ECH) are reported in more than 2/3 
of the sites, serpulids (SERP) in 1/2 of the sites, and green calcareous 
algae (GCA) in roughly 1/3 of the sites (Supplementary Table S1). When 
considering only the 40 sites spanning from the upper Tortonian to the 
pre-evaporitic Messinian, this pattern remains virtually unchanged; only 
a slight increase in the relative frequency of occurrence of bryozoans and 
echinoderms is observed (Supplementary Table S1).

In ordination analysis, the vectors relative to the various types of 
carbonate producers are arranged radially, and do not show a mean
ingful clustering (Fig. 3). Axis 1 is divided between colonial corals, red 

algae, and echinoderms on one side and ostracods, green algae, bryo
zoans, serpulids, and mobile arthropods on the other. Axis 2 is mainly 
expressed by the mobile arthropods and echinoderms in one direction, 
and less defined in the other. Molluscs and benthic foraminifera do not 
contribute much to the variance in either axis. Within NMDS space, the 
Western, Central and Eastern Mediterranean carbonates exhibit a large 
overlap towards the centre of the plot (Fig. 3A). Towards the periphery, 
the three clusters slightly extend outwards from the overlap zone in 
different directions, but the data populations from the sub-basins are 
statistically similar (p >> 0.05 in MANOVA test for all combinations) 
(Fig. 3). Grouping the sites by age within the same plot reveals no clear 
pattern, with the variability of lower Tortonian sites overlapping almost 
completely with later sites (Fig. 3B). Similarly, the NMDS analysis per
formed exclusively on upper Tortonian to pre-evaporitic Messinian sites 
shows no significant trend (Fig. 3C). The lack of an Eastern Mediterra
nean cluster is due to the presence of only two sites that can be confi
dently assigned to the upper Tortonian, which is insufficient to generate 
a cluster (Fig. 3C).

4.2. Quantitative analysis of the skeletal assemblages

Overall, among the investigated samples, the most prevalent pro
ducers are RCA (mainly encrusting taxa) and CC (Fig. 4A-D; Table 1). 
Encrusting benthic foraminifera (EBF, mainly represented by porcela
neous taxa of the Nubeculariidae family and, to a lesser extent, by 

Fig. 2. Geological setting of the basin and of the studied sites. A) Current geography of the Mediterranean Basin indicating the position of the Upper Miocene sites 
investigated for the quantitative microfacies analysis and the location of the study-sites depicted in the panels; coordinates of the investigated fossil site from the 
Eratosthenes Seamount, 1 = 33.79◦N, 32.70◦E. B) Geological setting of the Mediterranean Basin with indicated the main tectonic lineaments, the main sub-basins and 
plate movements (adapted from Faccenna et al., 2004; Carminati and Doglioni, 2005; Carminati et al., 2012). C) Schematic tectonic map of the Eastern Mediter
ranean region showing the main tectonic features; BS = Bitlis Suture; DSTF = Dead Sea Transform Fault; ESM = Eratosthenes Seamount; ECB = Eratosthenes 
Continental Block; IAESZ = İzmir-Ankara-Erzincan Suture Zone; IPS = Intra-Pontide Suture; ITS = Inner Tauride suture; MAS = Misin-Andırın Suture (adapted from 
Robertson et al., 2013). D) Simplified geological map of Cyprus showing some of the main geological units; the shallow-water-carbonate of the Terra and Koronia 
members, comprising the Pakhna Formation, are indicated in bright blue and red respectively (adapted from Cannings et al., 2021); the investigated Upper Miocene 
fossil sites are indicated by the same symbol as in panel A and their coordinates are: 2 = 34.96 N◦, 33.83◦E, 3 = 35.05◦N, 33.15◦E; 4 = 34.78◦N, 33.32◦E; 5 =
34.98◦N, 32,47◦E. E) Simplified geological map of Salento peninsula showing some of its main geological units (adapted from Tancredi et al., 2022) with the Upper 
Miocene carbonates indicated in bright red; the focus on the Adriatic coast displays the main Cenozoic reef units (adapted from Bosellini, 2006) and the investigated 
Upper Miocene sites whose coordinates are: 6 = 39.91◦N, 18.36◦E; 7 = 39.84◦N, 18.38◦E; 8 = 39.80◦N, 18.37◦E. F) Simplified geological map of Fine Basin and the 
nearby areas showing the main geological units among which the Upper Miocene carbonates are indicated in bright red (adapted from Mazzanti et al., 2016); the 
coordinates of the studied site (9) are 43.41◦N, 10.47◦E. G) Simplified geological map of the Sorbas Basin indicating the main geological units and the basement of 
the basin and the Upper Miocene carbonates highlighted by the bright red colour (adapted from Nooitgedacht et al., 2018); the coordinates of the studied site (10) are 
37.14◦N, − 2.09◦E; the inset panel displays the overall geological setting of the Cenozoic basins of the area (adapted from Reolid et al., 2017a). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. NMDS analysis based on the presence absence database built upon literature data; RCA = red calcareous algae; CC = colonial corals; MOL = molluscs; BF =
benthic foraminifera; SERP = serpulids; GCA = green calcareous algae; OSTR = ostracods; BRY = bryozoans; MA = mobile arthropods such as decapod crustaceans; 
ECH = echinoderms. A) All Upper Miocene systems clustered on basis of the sub-basin. B) All Upper Miocene systems clustered on the basis of the time interval. C) 
Only Upper Miocene systems deposited between the late Tortonian and the early Messinian (before the MSC); note that in this analysis a cluster of data points for the 
Eastern Mediterranean can't be generated as only two points are available. (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. 4. Relevant microfacies of the analysed Upper Miocene, reef-bearing, carbonate systems. A) Eastern Mediterranean, Cyprus, Kottaphi Hill, coral boundstone; CC 
= colonial corals; RCA = red calcareous algae. B) Central Mediterranean, Acquabona, Fine Basin, coral boundstone; CC = colonial corals; EBF = encrusting benthic 
foraminifera. C) Western Mediterranean, Cariatiz Platform, Sorbas Basin, coral-rich facies; CC = colonial corals; SERP = serpulids; BRY = bryozoans. D) Central 
Mediterranean, Acquabona, Fine Basin, coral-bearing coralline algal rudstone; RCA = red calcareous algae; red arrowheads = Halimeda; green arrowhead = colonial 
coral fragment; yellow arrowhead = small benthic foraminifera. E) Western Mediterranean, Cariatiz Platform, Sorbas Basin, Halimeda facies; BRY = bryozoans. F) 
Central Mediterranean, Salento Peninsula, Halimeda facies; yellow arrowheads = small benthic foraminifera. G) Eastern Mediterranean, Eratosthenes Seamount, 
coral-rich lagoonal facies; blue arrowheads = symbiont bearing large benthic foraminifera; ECH = echinoderms. H) Eastern Mediterranean, Cyprus, Tochni village, 
coral-bearing lagoonal facies; blue arrowheads = symbiont bearing large benthic foraminifera, the large specimen at the centre of the field belongs to the genus 
Heterostegina. (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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hyaline taxa of the Homotrematidae family) are common and represent 
the third most relevant build-up-builders (among the examined sam
ples), except for the Cariatiz Platform of the Sorbas Basin (Fig. 4B, C; 
Table 1).

GCA (mainly represented by Halimeda) and SERP (mainly encrusting 
taxa) occur in some samples and, locally, can dominate the skeletal 
assemblage (Fig. 4C-F). Small benthic foraminifera (SBF), MOL, BRY, 
and ECH occur as minor components in most samples and sometimes 
they can be relatively abundant (Fig. 4D-G), especially SBF (Table 1). 
Large benthic foraminifera (LBF) are generally rare (mainly represented 
by Dendritina, Borelis, and Heterostegina) (Fig. 4G, H). They are relevant 
only in certain samples from the Eastern Mediterranean, specifically 
those from Cyprus and the Eratosthenes Seamount (Fig. 4G, H), and are 
very rare in samples from the rest of the basin. Mobile arthropods (MA), 
such as crabs and shrimps, are generally rare, except at the Acquabona 
site, where they are common in some samples. Ostracods (OSTR) are 
generally very rare.

Two main vector clusters can be recognized across all plots (all the 
data, Fig. 5; only coral-rich facies, Fig. 6; only coral-rich facies excluding 
colonial corals as a variable, Fig. 7), and in particular in the NDMS plot 
of the complete dataset (Fig. 5A). These vector clusters represent most of 
the variability along the first axis of most plots (e.g., Figs. 5A, 6A, B, 7A). 
One cluster includes CC, RCA, and EBF, while another is typically ori
ented in the opposite direction and is more weakly defined (Figs. 5–7). 
This other cluster typically includes GCA, MOL, ECH, and LBF but SBF, 
OSTR, and, more rarely, SERP may also be present. The first cluster of 
vectors mainly correspond to the main build-up-builders, while the 
second cluster primarily consists of bioclast-producers (Figs. 5–7). MOL, 
ECH, and RCA vectors are usually small, as these carbonate producers 
show limited variability among the analysed samples. Except for the 
DCA analysis based only on coral-rich facies and excluding corals as a 
variable (Fig. 7B, D), all plots show the proximity of SERP and BRY 
vectors, highlighting the strong relationship between bryozoan and 
serpulid distributions (Figs. 5–7). These two vectors are also typically 
representative of a significant portion of the variability along the ver
tical axis. The LBF and EBF vectors are always nearly opposite one 

another, indicating a widely different distribution for these groups of 
benthic foraminifera (Figs. 5–7).

In most analyses, it is evident that the areas including samples from 
the two Eastern Mediterranean sites exhibit a remarkable degree of 
overlap (Figs. 5A, B, 6B, 7B). The field including samples from the 
Salento peninsula, located in the southern Central Mediterranean, 
overlaps with both Eastern Mediterranean sites (Figs. 5–7). The area of 
Acquabona, located in the northern Central Mediterranean, is instead 
more often stretched towards the SERP vector (Figs. 5A, B, 7A). The 
Western Mediterranean site of Sorbas shows a lower overlap with the 
other sites, particularly with the Eastern Mediterranean sites, and it is 
significantly more stretched towards the SERP and BRY vectors 
(Figs. 5–7). This pattern is particularly evident in both DCA analyses 
based on datasets with only coral-rich facies (Figs. 6B and 7B).

Overall, all the plots (Figs. 5–7) show a comparable distribution, 
despite differences in both the underlying datasets and in the analysed 
variables. The plots based only on coral-rich facies, show a smaller 
scatter of the samples (as expected), particularly those generated using 
the NMDS methodology (Figs. 6A, 7A). The removal of corals as a var
iable appears to not significantly alter the overall outline of the plot, nor 
the relative position and direction of the vectors. Indeed, the cluster of 
vectors related to build-up-builders (in this case, mainly represented by 
RCA and EBF) remains clearly visible and displays the same orientation 
relative to the cluster of vectors representing bioclast-producers. All the 
above-mentioned patterns remain unchanged if the Eratosthenes 
Seamount (ESM in the plots) is removed from the analysis, which is 
consistent with its significant overlap with the nearby Cyprus site (i.e. 
the overall variability of the Eratosthenes Seamount is largely comprised 
in the variability of Cyprus and thus its removal does not affect the 
structure of the plot) (Figs. 5C, D, 6C, D, 7C, D).

Statistically, the sites are separated. The MANOVA test shows that all 
sites were significantly different (p < 0.05), except for Salento and 
Eratosthenes (p = 0.06). The PERMANOVA test, more representative of 
the NMDS space, only showed Cyprus as being distinct from all other 
sites (p << 0.05), although its differentiation from the Eratosthenes was 
marginal (p = 0.049) (Supplementary Table S2). Sorbas was distinct 

Table 1 
Average relative skeletal assemblage composition for the investigated Upper Miocene reef-bearing carbonate systems expressed as percentages; detailed data of 
skeletal assemblages composition are included in Supplementary Table S2.

All examined facies.

Eratosthenes Cyprus Salento Acquabona Cariatiz

Colonial corals (CC) 20 19 25 27 20
Red Calcareous Algae (RCA) 32 42 25 30 24
Green Calcareous Algae (GCA) >1 1 8 2 6
Large Benthic Foraminifera (LBF) 9 4 <1 <1 <1
Encrusting Benthic Foraminifera (EBF) 8 19 10 5 <1
Small Benthic Foraminifera (SBF) 15 4 9 4 1
Molluscs (MOL) 10 3 8 5 8
Bryozoans (BRY) 1 1 5 2 15
Echinoderms (ECH) 3 3 3 7 3
Serpulids (SERP) <1 1 3 9 20
Ostracods (OSTR) <1 <1 1 <1 <1
Mobile Arthropods (MA) 1 2 2 8 <1

Only coral-rich facies
Colonial corals (CC) 20 24 37 30 24
Red Calcareous Algae (RCA) 32 35 22 35 28
Green Calcareous Algae (GCA) <1 <1 3 3 2
Large Benthic Foraminifera (LBF) 9 3 <1 <1 <1
Encrusting Benthic Foraminifera (EBF) 8 24 13 6 <1
Small Benthic Foraminifera (SBF) 15 2 5 3 2
Molluscs (MOL) 10 4 6 5 8
Bryozoans (BRY) 1 <1 7 2 13
Echinoderms (ECH) 3 3 2 5 4
Serpulids (SERP) <1 1 2 1 17
Ostracods (OSTR) <1 <1 <1 <1 <1
Mobile Arthropods (MA) 1 2 1 9 <1
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from all sites except Acquabona (p = 0.07) and close but distinct from 
Salento (p = 0.03). The Eratosthenes, Salento, and Acquabona were not 
found to be distinct (p > 0.05) (Supplementary Table S2).

5. Discussion

5.1. Presence/absence analysis

Many of the 52 Upper Miocene carbonate systems included in the 

analysis have been described in a single paper. In cases where the site 
was revisited, differences in methodology and scientific focus often 
resulted in differences in what was reported. For these reasons, the 
presence/absence dataset provides only a broad overview of these car
bonate factories. The ordination analysis reflects this. The groups of 
samples from the Western, Central, and Eastern Mediterranean display a 
considerable overlap and display no statistically significant differences 
among them (Fig. 3). The distribution of the vectors does not display any 
discernible environmental gradient or pattern associated with the 

Fig. 5. NMDS and DCA plots based on the database resulting from the quantitative microfacies analysis of the Upper Miocene sites; the depicted plots are based on 
the run including all reef and reef-related facies; bioclast acronyms are as in indicated in the text and in the caption of Fig. 3. A) NMDS based on the data from the 
Eratosthenes Seamount (ESM), Cyprus, Salento, Acquabona and Sorbas sites. B) DCA based on the data from the Eratosthenes Seamount (ESM), Cyprus, Salento, 
Acquabona and Sorbas sites. C) NMDS analysis excluding samples from the Eratosthenes Seamount. D) DCA analysis excluding samples from the Eratos
thenes Seamount.
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distribution of carbonate producers, neither in the analysis with all 
Upper Miocene systems nor in that focusing solely on sites of unam
biguous post-early Tortonian age (Fig. 3). The presence/absence anal
ysis is also unable to resolve the shift in carbonate factory composition 
from the lower to the upper Tortonian (Fig. 3).

Despite the aforementioned limitations, when comparing fossil and 
modern assemblages in terms of frequency of occurrence (i.e., the fre
quency with which certain types of carbonate producers are present in 
the various sites considered in the analysis) a significant difference in 
the frequency of green calcareous algae emerges. In modern, shallow- 
water, tropical carbonate factories, colonial corals, benthic forami
nifera, molluscs, and red calcareous algae are the dominant organisms in 
the vast majority of cases (Bialik et al., 2023, supplementary materials). 

These carbonate producers are reported, in various amounts, from over 
90% of modern sites located at tropical (0–23◦) and subtropical latitudes 
(23–40◦), with the only exception of colonial corals, which occur in 2/3 
of sites at subtropical latitudes compared to >90% of tropical latitudes 
(Bialik et al., 2023, supplementary material). Green calcareous algae 
(mainly represented by the genus Halimeda) also occur in the majority of 
modern tropical sites (~80%) and in half of subtropical ones (Bialik 
et al., 2023, supplementary material). Whereas colonial corals, 
benthic foraminifera, and red calcareous algae occur in the vast majority 
of examined Upper Miocene sites (> 90%), green calcareous algae 
(mainly Halimeda) are reported from only about 1/3 of them. This 
suggests that Mediterranean Upper Miocene carbonate factories were 
more similar to modern subtropical factories than to tropical ones. In 

Fig. 6. NMDS and DCA plots based on the database resulting from the quantitative microfacies analysis; the depicted plots are based on the run including only data 
from coral-rich facies; bioclast acronyms are as in indicated in the text and in the caption of Fig. 3. A) NMDS based on the data from the Eratosthenes Seamount 
(ESM), Cyprus, Salento, Acquabona and Sorbas sites. B) DCA based on the data from the Eratosthenes Seamount (ESM), Cyprus, Salento, Acquabona and Sorbas sites. 
C) NMDS analysis excluding samples from the Eratosthenes Seamount. D) DCA analysis excluding samples from the Eratosthenes Seamount.
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modern studies, Halimeda is indeed more thermally sensitive than red 
calcareous algae (but less sensitive than reef corals) (Anton et al., 2020; 
Khen et al., 2025), and it has a thermal optimum higher than that of 
common red calcareous algae (Anton et al., 2020). Moreover, heavily 
calcified lineages are usually more abundant in tropical conditions 
(Verbruggen and Kooistra, 2004). It is also worth noting that Neogene 
green calcareous algal skeletons are constituted of loosely bounded 
aragonite crystals (Granier, 2012); therefore, they have a much lower 

preservation potential than either molluscs, red calcareous algae, or 
colonial corals, whose skeletons are either more robust (e.g., corals) 
and/or more chemically stable (e.g., red calcareous algae). Therefore, 
whilst well-preserved Halimeda accumulations exists in specific inves
tigated sites (e.g., Salento, Passaseo and Morsilli, 2025), a degree of 
preservation bias at the basin scale cannot be entirely dismissed. Over
all, the scarcity of green calcareous algae in these Upper Miocene 
shallow-water systems, compared to modern counterparts, might reflect 

Fig. 7. NMDS and DCA plots based on the database resulting from the quantitative microfacies analysis; the depicted plots are based on the run including only data 
from coral-rich facies and excludes colonial corals from the variable; bioclast acronyms are as in indicated in the text and in the caption of Fig. 3. A) NMDS based on 
the data from the Eratosthenes Seamount (ESM), Cyprus, Salento, Acquabona and Sorbas sites. B) DCA based on the data from the Eratosthenes Seamount (ESM), 
Cyprus, Salento, Acquabona and Sorbas sites. C) NMDS analysis excluding samples from the Eratosthenes Seamount. D) DCA analysis excluding samples from the 
Eratosthenes Seamount.
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the relatively cool subtropical climate of the region, which was likely 
suboptimal for heavily calcified species of Halimeda. Although this 
scarcity may have been further compounded by a preservation bias 
linked to the inherent fragility and mineralogy of green calcareous algae 
skeletal remains, the overall trend underscores the existing positive 
correlation between temperature and the relevance of Halimeda-derived 
carbonate production (Bialik et al., 2023). Indeed, as Mediterranean 
temperatures rise due to global warming, heavily calcified species with a 
high carbonate production potential are already colonizing the basin (e. 
g., Halimeda incrassata Lamouroux, 1816) (Alós et al., 2016).

Upper Miocene shallow-water carbonate systems also exhibit a 
limited biodiversity of colonial corals and large benthic foraminifera 
(Cahuzac and Poignant, 1997; Bosellini and Perrin, 2008; Perrin and 
Bosellini, 2013; Agiadi et al., 2024a, 2024b). Uncommon GCA, and 
low symbiont-bearing colonial coral and LBF biodiversity are all 
consistent with subtropical conditions and in agreement with palae
oclimatic (Prista et al., 2015), palaeoecological (Bosellini and Perrin, 
2008), and palaeogeographic reconstructions (Dercourt et al., 2000; 
Vaes et al., 2023).

5.2. Quantitative analysis of the skeletal assemblages

The quantitative microfacies study highlights an overall scarcity of 
LBF (Table 1), a group of carbonate producers that, as a whole, is 
generally favoured by warm periods (Coletti et al., 2022). Their scarcity 
is consistent with subtropical conditions indicated by palaeogeographic 
reconstructions (Dercourt et al., 2000; Vaes et al., 2023), low occurrence 
of Halimeda, and low biodiversity of colonial corals and of LBF them
selves (Veron and Minchin, 1992; Cahuzac and Poignant, 1997; Chen, 
1999; Beavington-Penney and Racey, 2004; Bosellini and Perrin, 
2008; Perrin and Bosellini, 2013). The quantitative analysis is not only 
suggestive of subtropical conditions, it also suggests the presence of a 
basin-wide temperature gradient. LBF are more relevant in fossil sites 
from the Eastern Mediterranean (where they can locally dominate the 
assemblage) and rare elsewhere (Table 1; Supplementary Table S2). 
Existing data on the uppermost Miocene shallow-water carbonates of the 
southern Central Mediterranean also indicate that the contribution of 
LBF in this region might have been relevant. LBF-dominated facies are 
indeed reported by Di Credico et al. (2004) in Lampedusa and by Bialik 
et al. (2021b) in Malta. In the latter case, LBF dominated-facies occur at 
the top of the succession, strongly supporting a Messinian age (Bialik 
et al., 2021b). Based on the relationship between LBF abundance and 
temperature, this overall pattern is suggestive of a late Tortonian to 
early Messinian temperature gradient between a warm Eastern and a 
cooler Western Mediterranean, much like it is today (Pastor et al., 2019).

EBF and in particular nubeculariids are more common in eastern and 
southern sites than in northern and western ones (Table 1). Modern 
Nubecularia has been associated with shallow and lagoonal settings 
(Wisshak and Rüggeberg, 2006; Tichenor and Lewis, 2018) and the 
common species Nubecularia lucifuga (Defrance, 1825) is frequently 
found in seagrass meadows (Mateu-Vicens et al., 2014). On the other 
hand, Miocene Nubecularia has been related to shallow, restricted and 
stressful environments (Piller and Harzhauser, 2024). Nubecularia reefs 
are a common feature of the Sarmatian of the Paratethys, dating to when 
the basin became semi-enclosed, causing environmental conditions to 
deviate significantly from normal marine settings (Pisera, 1996). This 
affinity for restricted environments contrasts sharply with modern 
counterparts like N. lucifuga. Furthermore, as modern nubeculariids do 
not form thick, extensive crusts comparable to those in the fossil record, 
it is highly probable that the observed fossil forms represent distinct taxa 
adapted to shallow, warm, and stressful conditions.

Ordination analysis based on quantitative data produces a substan
tially more informative pattern than presence/absence analysis (Figs. 3, 
5, 6, 7). The disposition of the vectors highlights the two main styles of 
carbonate production in the examined upper Tortonian to pre-evaporitic 
Messinian systems: framework production and bioclastic production 

(Figs. 5–7). The quantitatively most relevant builders of the examined 
systems, namely colonial corals, red calcareous algae, and EBF, belong 
to the first group. Serpulids and bryozoans are also capable of devel
oping reefs (Smith, 1995; Fornós et al., 1997; Riedi and Smith, 2015; 
Bastos et al., 2018; Kočí et al., 2021; Montefalcone et al., 2022; Rosso 
et al., 2023), but they form their own distinct group of vectors, usu
ally orthogonal to those of all other framework-builders. This is likely 
due to their different environmental preferences. The abundance of 
colonial corals and red calcareous algae is positively correlated with 
light availability (Bialik et al., 2023). Nubeculariidae and Homo
trematidae (the most common groups of EBF in the examined samples), 
prefer shallow-water environments in modern reefs (Walker et al., 2011; 
Tichenor and Lewis, 2018). On the other hand, the abundance of 
bryozoans and serpulids is negatively correlated with light availability 
(Bialik et al., 2023). Moreover, serpulids, unlike most of reef-corals, 
frequently develop bioconstructions in areas of reduced water turbu
lence (Bosence, 1973; Fornós et al., 1997; Rovere et al., 2015). Conse
quently, the abundance of these two sets of framework builders is 
unlikely to be correlated, explaining why their respective vector clusters 
point in different directions.

The bundle of vectors related to bioclast-producers includes green 
calcareous algae, SBF, LBF, echinoderms, molluscs, and ostracods. These 
calcifiers do not share the same trophic habit (i.e., some are hetero
trophs, others are autotrophs, and others are mixotrophs). They are 
likely grouped because they primarily occur in settings other than the 
reef (e.g., lagoons). When ordination analysis is performed on a similar 
but larger dataset, encompassing skeletal assemblages from euphotic to 
oligophotic settings from all latitudes, carbonate producers end up 
grouped based on their trophic habit (i.e., all mixotrophs and autotrophs 
together) (Mutti and Hallock, 2003; Bialik et al., 2023). However, in our 
case study (i.e., the Upper Miocene of the Mediterranean), the overall 
variability of the skeletal assemblage dataset is significantly lower than 
in the aforementioned global analyses, allowing for a clear distinction 
between build-up-builders (reef) and bioclast-producers (e.g., lagoon) to 
emerge. The only carbonate producers whose position is not entirely 
fitting with this explanation are green calcareous algae. Halimeda is 
indeed a major producer of bioclasts (Bialik et al., 2023), but can also 
develop bioherms (Marshall and Davies, 1988; Braga et al., 1996; Martín 
et al., 1997; McNeil et al., 2016, 2021, 2022; Reolid et al., 2024). 
However, since these build-ups lack the sturdiness of coral reefs, it is 
easy to understand why green calcareous algae cluster together with the 
other bioclast-producers.

The ordination plots also highlight relevant patterns concerning 
encrusting and large benthic foraminifera. EBF and LBF are both rele
vant producers in the geological record of shallow-marine settings 
(Plaziat and Perrin, 1992; Coletti et al., 2022; Granier, 2024). Very 
commonly, in microfacies analysis, these two groups are reported 
together, despite their distinctly different ecological strategies, which 
clearly emerge in the current analysis where their relative vectors are 
always oriented in opposite directions. This indicates that they should 
always be reported separately.

Unlike the ordination analysis based on presence/absence data 
(Fig. 3), the ordination analyses based on quantitative data reveal that 
the areas of the samples from the Eastern, Central, and in particular the 
Western Mediterranean, do not entirely overlap (Figs. 5–7). This in
dicates that the overall variability of the examined systems, reflected by 
their spread across the ordination plot, displays distinct differences (e.g., 
the maximum abundance of a given carbonate producer frequently ex
ceeds its abundance at other sites). This clear separation is consistent 
with the results of statistical analyses (i.e. MANOVA and PERMANOVA) 
and with the underlying environmental conditions of the investigated 
sites.

Indeed, Cyprus, Eratosthenes Seamount, and Salento developed in 
oligotrophic settings away from significant sources of terrigenous fluxes 
(Bosellini et al., 2001; Coletti et al., 2019, 2021). On the other hand, the 
Cariatiz Carbonate Platform of the Sorbas Basin was located close to 

G. Coletti et al.                                                                                                                                                                                                                                  Palaeogeography, Palaeoclimatology, Palaeoecology 699 (2026) 114023 

12 



emerging landmasses and was characterised by more relevant terrige
nous fluxes (Reolid et al., 2014, 2017a). These detrital fluxes from the 
continent may have provided nutrients to the carbonate factory while 
reducing light penetration at the bottom, favouring heterotrophs (in 
particular serpulids) over phototrophs and mixotrophs (Reolid et al., 
2017a). Serpulids might have been favoured also by fresh water influx 
from the mainland (Reolid et al., 2017a). However, another relevant 
element needs to be addressed here: the Sorbas Basin was in the Western 
Mediterranan, much closer and better connected to the cooler and more 
nutrient-rich Atlantic Ocean. Consistent with the effect of a basin-scale 
palaeoenvironmental gradient, the clusters of the Central Mediterra
nean sites frequently extend midway between the Western and the 

Eastern Mediterranean clusters, particularly in the DCA analyses 
(Figs. 5A, B, 6B, 7B). In agreement with statistical analyses, the Sorbas 
site also displays a wider overlap with Central Mediterranean sites than 
with Eastern Mediterranean ones (Figs. 5–7). Furthermore, by excluding 
the Sorbas site and running an additional ordination analysis focused 
solely on coral-rich facies (thereby reducing overall dataset variability 
to better reveal existing trends while compensating for the fewer data 
points), the East–West palaeoenvironmental gradient delineated by 
serpulids, bryozoans, and LBF remains visible, albeit less pronounced 
(Fig. 8). The Eastern Mediterranean remains the basin sector most 
extended along the LBF axis (i.e., warmer temperatures), whereas the 
Central Mediterranean extends more along both the SERP and BRY axes 

Fig. 8. NMDS and DCA plots based on the database resulting from the quantitative microfacies analysis of coral-rich facies, excluding data from the Sorbas Basin; 
bioclast acronyms are as in indicated in the text and in the caption of Fig. 3; the LBF, SERP and BRY vectors are highlighted in different colours, reflecting the site 
more stretched along the axis. A) NMDS plot with data from coral-rich facies and based on the run including colonial corals as a variable. B) DCA plot with data from 
coral-rich facies and based on the run including colonial corals as a variable. C) NMDS plot with data from coral-rich facies and based on the run excluding colonial 
corals as a variable. D) DCA plot with data from coral-rich facies and based on the run excluding colonial corals as a variable.
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(more nutrients and/or lower temperatures) (Fig. 8). This underscores 
the consistency between an East–West palaeoenvironmental gradient 
and the overall variability of the analysed systems, as captured by the 
quantitative microfacies analysis and framed within the ordination 
space. Thus, while the position of Sorbas might be driven also by local 
factors, the overall distribution of samples remains consistent with a 
basin-scale paleoenvironmental gradient.

This palaeoenvironmental gradient aligns with the distribution of 
shallow-water, heterozoan-dominated facies from the upper Tortonian 
to the pre-evaporitic Messinian interval. Indeed, these facies are 
frequent in Western Mediterranean successions (e.g., Brachert et al., 
1998; Martín et al., 2012; Sola et al., 2017, 2022, and references 
therein). In the Central Mediterranean, heterozoan shallow-water car
bonates are rare; furthermore, while the Western Mediterranean het
erozoan units are usually devoid of colonial corals (e.g., Sola et al., 
2017), some Central Mediterranean equivalents include coral- 
dominated bioconstructions (e.g., Gramigna et al., 2012; Caracciolo 
et al., 2013). Finally, in the Eastern Mediterranean uppermost 
Miocene record, these heterozoan facies are essentially absent, and 
shallow-water carbonates are dominated by the photozoan assemblage 
(Follows, 1992; Eaton and Robertson, 1993; Coletti et al., 2019, 2021).

This overall pattern, from an oligotrophic and warmer Eastern 
Mediterranean to a more nutrient-rich and cooler Western Mediterra
nean, mirrors the present-day Mediterranean (Fig. 9). The western 
basin, which is closer to the connection with the Atlantic Ocean, displays 
cooler water and a higher primary productivity than the eastern one, 
resulting in a gradient of decreasing primary productivity and increasing 
temperature from West to East (Antoine et al., 1995; Bosc et al., 2004) 
(Fig. 9). During most of the Late Miocene, the Mediterranean's water 
exchange with the global ocean occurred primarily with the Atlantic via 
its western gateway(s), similarly as it occurs today (Cornacchia et al., 
2018; Bialik et al., 2019; Capella et al., 2019; Reolid et al., 2022). 
Thus, it is most likely that an environmental gradient similar to the one 
that exists today was also present during most of the Late Miocene 
(Fig. 9). This hypothesis does not negate the effect of local factors, nor 
does it downplay the relevance of small-scale palaeoceanographic and 
palaeoclimatic events, which certainly influenced shallow-water car
bonate production across the Mediterranean, particularly during the 
investigated interval, when the connectivity between different water 
masses was progressively decreasing (Cornacchia et al., 2026). Instead, 
it merely suggests that, in line with the current analyses and available 
evidence, the individual sectors were oscillating around distinct 

Fig. 9. Environmental gradients in modern and Late Miocene Mediterranean. A) Modern temperature gradient in the Mediterranean Sea based on annual average Sea 
Surface Temperature is based upon MODIS-Aqua data for the year 2024, downloaded from GIOVANNI, Nasa, (Acker and Leptoukh, 2007). B) Modern primary 
productivity gradient in the Mediterranean Sea based upon annual average chlorophyll α concentrations from MODIS-Aqua data for the year 2024, downloaded from 
GIOVANNI, Nasa, (Acker and Leptoukh, 2007). C) Postulated environmental gradient in the Mediterranean during the late Tortonian to early Messinian as suggested 
by the quantitative analysis of carbonate producers. The late Tortonian to early Messinian palaeogeography is here presented alongside a conceptual synthesis of the 
analysed reef carbonates. This synthesis, derives from DCA focused on coral-rich facies (Fig. 6B), one of the analysis where the pattern highlighted in the discussion 
can be clearly seen. It is placed in the centre of the basin for the purpose of visualization (the position of the plot is schematic and not geographically accurate, 
although it effectively illustrates the main gradients across the Mediterranean area). It features axes for some key components (SERP, BRY, EBF, and LBF) oriented to 
reflect their spatial distribution across the basin as discussed in the text. The palaeogeographic map integrates the late Tortonian reconstructions of Dercourt et al. 
(2000) and the Tortonian palaeogeographies of Perrin and Bosellini (2012). The connection with the Atlantic Ocean is based on the detailed reconstruction by Roveri 
et al. (2025) for the late Tortonian–early Messinian interval. This time interval is considered the most representative for the entire dataset, which incorporates sites 
from across the Western, Central, and Eastern Mediterranean. (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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baselines, with the Western Mediterranean being, on average, cooler 
and more nutrient-rich than the Eastern Mediterranean.

5.3. Quantitative analysis as a tracker of environmental gradients

As discussed in previous paragraphs, the presence/absence analysis, 
based on the low presence of green calcareous algae, suggests that the 
investigated Upper Miocene Mediterranean carbonate systems devel
oped in subtropical conditions. However, this analysis does not allow for 
a clear inference of environmental gradients across the basin. The 
relative abundance of LBF, as tracked through quantitative analysis, is 
suggestive of a WNW–ESE temperature gradient. The ordination plots 
also highlight a larger relevance of heterotrophs in the western site than 
in the eastern sites, with the central sites displaying intermediate con
ditions (Figs. 5–8), consistent with a gradient of increasing nutrients 
and/or reduced temperatures moving from ESE to WNW (Fig. 9). Both 
the temperature and the nutrient gradients still exist today in the 
Mediterranean (Antoine et al., 1995; Basso et al., 2004; Bosc et al., 2004; 
Pastor et al., 2019) (Fig. 9).

The quantitative analysis is, however, subject to certain limitations. 
The investigated sites are not coeval but somewhat scattered between 
the late Tortonian and the pre-evaporitic Messinian (i.e., roughly from 
8.5 to 6.7 Ma) (Martín and Braga, 1994; Bossio et al., 1996; Bosellini 
et al., 2001, 2002; Reolid et al., 2017a, 2017b; Coletti et al., 2019, 2021; 
Cannings et al., 2021, 2025). During this time, environmental conditions 
may have changed, potentially influencing the results. This issue is 
typical of palaeoenvironmental studies based on shallow-marine de
posits as they lack, more often than not, abundant planktonic taxa useful 
for accurate biostratigraphic correlations. However, while time accu
racy remains an issue, large-scale reconstructions indicate that during 
the investigated interval, comprised from around 8 Ma and 6.7 Ma (i.e., 
the beginning of the “start phase” sensu Corbí et al., 2020), the climate 
remained reasonably stable (Böhme et al., 2011; Prista et al., 2015; 
Westerhold et al., 2020). The overall palaeocirculation in the basin also 
remained mostly unchanged during this period of time, with the Atlantic 
gateway(s) serving as the primary connection between the Mediterra
nean and the rest of the oceans (e.g., Capella et al., 2019). Although 
remarkable changes are known to have occurred in the 500 kyr pre
ceding the MSC, including relevant fluxes of freshwater from Paratethys 
and African rivers (Vasiliev et al., 2019), the overall boundary condi
tions to the Mediterranean Basin during the interval comprised between 
the late Tortonian and the initial phase of the Messinian Salinity Crisis, 
should have remained sufficiently stable to not jeopardize the signifi
cance of the results.

The second problem is related to the representativeness of the 
investigated samples, i.e., are the examined samples indicative of the 
whole system? Carbonate systems are complex and their overall vari
ability is challenging to asses (Pomar and Hallock, 2008; Brandano et al., 
2022). However, rather than relying on average values alone, which are 
inherently sensitive to the number of samples collected in each facies, 
this study reconstructs the Late Miocene palaeo-gradient by analysing 
the placement of site-specific clusters within the ordination space (i.e., 
the extent to which a cluster shifts towards a specific group of carbonate 
producers). These clusters serve as reliable proxies for system-wide 
variability, as they comprise samples systematically collected from 
every facies type of the investigated systems according to the established 
geological knowledge. The robustness of the resulting analysis is testi
fied by the consistency of the patterns emerging across various analyt
ical configurations, including those based only on subsets of the 
database (Figs. 5–8).

Finally, while the influence of local effects cannot be entirely ruled 
out, this potential bias is mitigated by focusing on the overall variability 
of the skeletal assemblages rather than on their average compositions, as 
well as by analysing a wide range of samples from diverse facies and 
multiple localities within the same carbonate system.

Notwithstanding the aforementioned limitations, the quantitative 

analysis of the skeletal assemblages manages to provide more informa
tion than the presence/absence approach, successfully capturing a 
relevant large-scale environmental gradient that proved elusive even 
when using biodiversity databases. Indeed, to further test the strength of 
the quantitative microfacies approach against one based solely on 
presence/absence data, our results are compared with those of another 
study encompassing the entire Mediterranean (Agiadi et al., 2024a, 
2024b). Agiadi et al. (2024a, 2024b) uses time frames of similar length 
or longer (e.g. the whole Tortonian) and fossil biodiversity data 
(therefore presence/absence data) to assess the impact of the MSC. Their 
analysis highlighted a southeastward-decreasing gradient in species 
richness in the Zanclean, but not in the Tortonian. The Zanclean 
ecological gradient is consistent with what is observed today as a 
function of the distance from the Atlantic gateway at Gibraltar (Coll 
et al., 2010). However, because the palaeoceanographic configuration 
of the Tortonian Mediterranean Sea already featured the Atlantic Ocean 
as the main source of biodiversity, such a gradient was expected to have 
already been established by the Late Miocene (Agiadi et al., 2024a, 
2024b). Thus, Agiadi et al. (2024a) concluded that the post-MSC 
biodiversity gradient may reflect a complex combination of environ
mental factors rather than the mere effect of distance from its Atlantic 
ingression point. However, there are reasons to think that the biodi
versity patterns outlined by Agiadi et al. (2024a) could also stem from 
the biogeographic legacy of the Neogene Mediterranean Sea in addition 
to the basin's changing environmental gradients. Indeed, the pre-MSC 
Mediterranean was essentially a remnant of the western Tethys Ocean 
that had happened to detach from its eastern counterpart while 
remaining connected with the Atlantic realm and, intermittently, with 
the Paratethys (Bialik et al., 2019; Vasiliev et al., 2019). As a conse
quence of this, Late Miocene Mediterranean biocoenoses were 
comprised of complex mixtures of Tethys- and Atlantic-derived forms as 
well as of a minority of native endemics (Agiadi et al., 2024a, 2024b). 
After the MSC, during the earliest Pliocene, a fully marine Mediterra
nean Sea was restored – one that was still home to some Miocene sur
vivors (e.g., Collareta et al., 2021), including shrinking numbers of 
Tethys-derived relicts. If the Mediterranean ecosystems were largely 
reset during the MSC, then the modern eastward-decreasing richness 
gradient may have been established during the Zanclean as a by-product 
of such a reset, which abruptly diminished the influence of the basin's 
past as one of the many sectors of the much larger, biodiversity-rich 
Tethys Ocean.

Therefore, three hypothetical scenarios may thus account for the 
biodiversity patterns observed in the Late Miocene Mediterranean Sea: 
1) the WNW–ESE environmental gradient had not yet developed, and as 
such, it left no signal in palaeobiodiversity analyses; 2) the gradient was 
already established and influenced the Mediterranean biodiversity, but 
its imprint could not be captured because of the inherent limitations of 
presence/absence databases; 3) the gradient existed, but its influence on 
biodiversity was overshadowed by the basin's biogeographic legacy, 
rendering it again undetectable in palaeobiodiversity analyses. Given 
the palaeoceanographic framework of the Late Miocene Mediterranean, 
the existence of a WNW–ESE environmental gradient is strongly ex
pected, making the first scenario the least plausible. Consequently, the 
argument reduces to the second and third scenarios, both of which point 
to quantitative microfacies analysis as a more reliable tool than pres
ence/absence analysis for identifying large-scale paleoenvironmental 
gradients.

5.4. Late Miocene Mediterranean reef and reef-related carbonate 
factories

Thanks to quantitative microfacies analysis, the current study can 
help fill in the gaps in presence/absence and biodiversity analyses, 
providing new insights into Late Miocene reef-bearing, shallow-water 
carbonate systems.

The investigated upper Tortonian to pre-evaporitic Messinian coral- 
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rich carbonate factories were likely similar to those occurring today in 
oligotrophic subtropical conditions, i.e., largely dominated by red 
calcareous algae and symbiont-bearing colonial corals. Unlike modern 
reefs, encrusting benthic foraminifera (particularly nubeculariids) were 
often the third most relevant carbonate producers. Close to the reef, 
bioclastic production by molluscs, small benthic foraminifera (mainly 
Elphidium and small porcellaneous taxa), Halimeda, and echinoderms 
was relevant. Large benthic foraminifera (mainly Dentritina and Borelis) 
were only occasionally abundant in lagoonal settings. Serpulids and 
bryozoans were present in both reefs and reef-related settings, albeit as 
minor components, providing a more relevant contribution wherever 
nutrient availability was higher and light availability lower. These car
bonate factories likely represented an adaptation of “modern-like” reef 
factories to relatively cool but often highly oligotrophic subtropical 
conditions. These factories likely remained relatively stable, with some 
reduction in biodiversity (Bosellini and Perrin, 2008; Perrin and 
Bosellini, 2012), up until around 500 kyr before the onset of the MSC 
(Vasiliev et al., 2019). After this point, the restriction of the basin 
resulted into more stressful conditions, culminating in the MSC. This is 
reflected in the uppermost portion of Upper Miocene shallow-water 
successions and particularly in Terminal Carbonate Complexes. The 
latter differs from the investigated reef carbonates by a more relevant 
and pervasive contribution of microbial carbonate production and the 
abundance of oolites (Esteban, 1979; Riding et al., 1991; Martín et al., 
1993; Kolodka et al., 2016; Vescogni et al., 2022, 2025; Vescogni and 
Guido, 2026).

6. Conclusions

The current basin-wide analysis of Upper Miocene shallow-water, 
reef-bearing carbonate successions confirms the subtropical character 
of these environments, in agreement with previous studies. However, it 
expands upon previous literature thanks to its comprehensive dataset of 
skeletal assemblages. Both presence/absence and quantitative analyses 
indeed indicate a subtropical setting, but, only the quantitative 
approach successfully captures the environmental gradients across the 
basin.

The relative abundance of large benthic foraminifera emerges as a 
potential indicator of temperature variation, whereas bryozoans and 
serpulids are likely more sensitive to nutrient availability. Fossil nube
culariid encrusting benthic foraminifera (characterised by the develop
ment of thick crusts) appear instead to reflect shallow, warm, and 
potentially stressful conditions with limited water circulation. All ob
servations collectively are consistent with a WNW–ESE gradient of 
decreasing nutrient availability and increasing temperature. This result 
is in agreement with present-day Mediterranean environments and the 
overall palaeogeographic context during most of the Late Miocene, 
during which the Atlantic became the only remaining connection with 
the global oceans.

The quantitative study of the skeletal assemblages, paired with 
ordination analysis, proved to be more effective than presence/absence 
and biodiversity-based approaches in detecting this basin-wide envi
ronmental patterns. This quantitative approach facilitates the estab
lishment of a general framework within which other Upper Miocene 
reefs of the Mediterranean can be studied and compared. Ultimately, 
this will further our knowledge of the last major chapter of the Medi
terranean's tropical history, providing precious insights into the next 
one, currently unfolding due to the ongoing re-tropicalisation of the 
basin.
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Böhme, M., Winklhofer, M., Ilg, A., 2011. Miocene precipitation in Europe: Temporal 
trends and spatial gradients. Palaeogeogr. Palaeoclimatol. Palaeoecol. 304 (3–4), 
212–218.

Bosc, E., Bricaud, A., Antoine, D., 2004. Seasonal and interannual variability in algal 
biomass and primary production in the Mediterranean Sea, as derived from 4 years 
of SeaWiFS observations. Glob. Biogeochem. Cycles 18 (1).

Bosellini, F.R., 2006. Biotic changes and their control on Oligocene-Miocene reefs: a case 
study from the Apulia Platform margin (southern Italy). Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 241 (3–4), 393–409.

Bosellini, F.R., Perrin, C., 2008. Estimating Mediterranean Oligocene–Miocene sea- 
surface temperatures: an approach based on coral taxonomic richness. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 258 (1–2), 71–88.

Bosellini, A., Bosellini, F.R., Colalongo, M.L., Parente, M., Russo, A., Vescogni, A., 1999. 
Stratigraphic architecture of the Salento coast from Capo d'Otranto to S. Maria di 
Leuca (Apulia, southern Italy). Riv. Ital. Paleontol. Stratigr. 105, 397–416.

Bosellini, F.R., Russo, A., Vescogni, A., 2001. Messinian reef-building assemblages of the 
Salento Peninsula (southern Italy): palaeobathymetric and palaeoclimatic 
significance. Palaeogeogr. Palaeoclimatol. Palaeoecol. 175 (1–4), 7–26.

Bosellini, F.R., Russo, A., Vescogni, A., 2002. The Messinian reef complex of the Salento 
Peninsula (southern Italy): stratigraphy, facies and paleoenvironmental 
interpretation. Facies 47, 91–112.

Bosellini, F.R., Benedetti, A., Kiessling, W., 2025. Minor coral diversity loss but long- 
lasting coral reef crises in the early Paleogene hothouse. Paleoceanogr. 
Paleoclimatol. 40 (3), e2024PA004985.

Bosence, D.W.J., 1973. Recent serpulid reefs, Connemara, Eire. Nature 242 (5392), 
40–41.

Bossio, A., Costantini, A., Lazzarotto, A., Liotta, D., Mazzanti, R., Mazzei, R., 
Salvatorini, G., Sandrelli, F., 1993. Rassegna delle conoscenze sulla stratigrafia del 
neoautoctono toscano. Mem. Soc. Geol. Ital. 49, 17–98.

Bossio, A., Esteban, M., Mazzanti, R., Mazzei, R., Salvatorini, G., 1996. Rosignano Reef 
Complex (Messinian), Livornesi Mountains, Tuscany, Central Italy.

Brachert, T.C., Betzler, C., Braga, J.C., Martin, J.M., 1998. Microtaphofacies of a warm- 
temperate carbonate ramp (uppermost Tortonian/lowermost Messinian, southern 
Spain). Palaios 13 (5), 459–475.

Braga, J.C., Martin, J.M., 1996. Geometries of reef advance in response to relative sea- 
level changes in a Messinian (uppermost Miocene) fringing reef (Cariatiz reef, Sorbas 
Basin, SE Spain). Sediment. Geol. 107 (1–2), 61–81.

Braga, J.C., Martín, J.M., Riding, R., 1996. Internal structure of segment reefs: Halimeda 
algal mounds in the Mediterranean Miocene. Geology 24, 35–38.

Braga, J.C., Vescogni, A., Bosellini, F.R., Aguirre, J., 2009. Coralline algae (Corallinales, 
Rhodophyta) in western and Central Mediterranean Messinian reefs. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 275 (1–4), 113–128.

Brandano, M., Frezza, V., Tomassetti, L., Pedley, M., Matteucci, R., 2009. Facies analysis 
and palaeoenvironmental interpretation of the late Oligocene Attard Member (lower 
Coralline Limestone Formation). Malta. Sedimentology 56 (4), 1138–1158.

Brandano, M., Westphal, H., Mateu-Vicens, G., Preto, N., Obrador, A., 2016. Ancient 
upwelling record in a phosphate hardground (Tortonian of Menorca, Balearic 
Islands, Spain). Mar. Pet. Geol. 78, 593–605.

Brandano, M., Mateu-Vicens, G., Baceta, J.I., 2022. Understanding carbonate factories 
through palaeoecological and sedimentological signals–Tribute to Luis Pomar. 
Sedimentology 69 (1), 5–23.

Bray, J.R., Curtis, J.T., 1957. An ordination of the upland forest communities of Southern 
Wisconsin. Ecol. Monogr. 27 (4), 325–349.

Buchbinder, B., 1996. Miocene carbonates of the Eastern Mediterranean, the Red Sea and 
the Mesopotamian Basin: geodynamic and eustatic controls. In: Franseen, E.K., 
Esteban, M., Ward, W.C., Rouchy, J.M. (Eds.), Models for carbonate stratigraphy, 
from Miocene reef complex of the Mediterranean regions. Concepts in 
Sedimentology and Paleontology, Volume 5, pp. 89–96. Tulsa, OK. 

Cahuzac, B., Poignant, A., 1997. Essai de biozonation de l'Oligo-Miocène dans les bassins 
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