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PREFACE 

 

This PhD thesis collects the results of the research activities conducted between 2020 and 2023 

in the PhD course in Environmental, Construction and Energy Sciences and Engineering (SIACE) at 

the University of Calabria (UNICAL). This study focuses on the palaeoenvironmental characterization, 

comprising palaeoecological and palaeoclimatic topics, of two Late Pleistocene fossiliferous 

deposits, located in the Central Mediterranean (Calabria and Apulia, Southern Italy), both related to 

the Marine Isotope Stage (MIS) 5, which is the Last Interglacial sensu lato. A multidisciplinary 

approach was adopted, using techniques and topics from palaeontology, palaeoecology, carbonate 

sedimentology, and geochemistry, all with the aim to characterize the past palaeoenvironmental 

settings in the studied area during the Last Interglacial.  

The last interglacial, in particular its first substage known as MIS 5e (about 125 ka ago), is the last 

warm period before the current interglacial. During this short time of span, higher global 

temperatures (globally estimated at +1-2 °C), higher sea levels, reduced ice caps that the current 

interglacial took place, accompanied also by changes in the latitudinal distribution of living species. 

Due to its recent age, the last interglacial is often considered as a good model for understating the 

current global warming. 

The aim of the thesis is to contribute to the knowledge of the palaeoenvironmental dynamics 

that took place in the Central Mediterranean during the Last Interglacial, hoping that such data, 

being relative to a recent warm period, with a slightly different climate than today, can give a 

contribution to understanding how current marine systems respond to the ongoing global warming. 

Below a short summary of the chapters of the thesis that are subdivided into a: state of the art 

and methodologies in palaeoclimatology (Chapters 1 to 3); results achieved (Chapters 4 to 8) mainly 

based on research papers published or submitted to international or national journals (including 

some work in progress), with their related conclusions; and finally, a general conclusion part 

(Chapter 9). 

Chapter 1 (Cenozoic to Tyrrhenian palaeoclimate history) summarizes some of the main topics of 

palaeoclimatology, with reference to the Late Pleistocene and to the Last Interglacial, in order to give 

a climatic and chronologic framework for the studied sites.  

Chapter 2 (Main Causes of Climate changes) deals with the main causes of the Cenozoic climate 

changes.  

Chapter 3 (Methods of study and analysis in palaeoclimatology) discuss the most used geological, 

geochemical, and palaeoecological approaches in palaeoclimatology, focused on the 

palaeotemperature estimations.  

Chapters 4, 5 and 6 deal with the palaeoecological, palaeoclimatic, and petrographic study of a 

MIS 5e calcarenite coming from the coastline of the Mar Piccolo of Taranto (TA, Apulia). The topics 

of these chapters are partially published in the following contributes: 

1. Santagati P., Edoardo Perri E., Maria Pia Bernasconi M.P., Borrelli M., Guerrieri S., Critelli 

S. (2024a). MIS 5e Sea Surface Temperature estimation; a multi-proxy approach using a 

marine macrofossil assemblage (Mar Piccolo, Gulf of Taranto, Southern Italy). Journal of 

palaeogeography, 2024. 
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2. Santagati P., Borrelli M., Guerrieri S., Perri E. (2024b). Early diagenetic microbial induced 

cementation in Late Pleistocene (Mis 5e) shallow-water marine deposits of the Taranto 

Gulf (South Italy). Rendiconti Online Società Geologica Italiana.  

3. Santagati P., Borrelli M. Bernasconi M.P., Perri E. (2023a). Fossil fauna in MIS 5e deposits 

of Mar Piccolo basin (Taranto, Southern Italy) suggests new palaeoclimatic constraints. 

Rendiconti Online Società Geologica Italiana, 59, 16-20. 

4. Santagati P., Borrelli M., Bernasconi M.P., Perri E. (2023b). Geochemical proxies of sea 

surface temperature from MIS 5e marine fossils in the Taranto Gulf (Ionian Sea, Southern 

Italy). Rendiconti Online Società Geologica Italiana, 59, 9-15. 

Chapter 7 is focused on the understanding the environmental and diagenetic dynamics of 

biosedimentary deposits from Capo Colonna (KR, Calabria) through the study of the microfacies. 

These results are partially published in: 

1) Guerrieri S., Santagati P., Borrelli M., Perri E. (2024). Depositional and diagenetic facies of 

Late Pleistocene (MIS 5) shallow-marine carbonates of the Capo Colonna Terrace, Crotone 

Basin, Southern Italy (preliminary data). Rendiconti Online Società Geologica Italiana. 

2) Santagati P., Salvatore Guerrieri G., Mario Borrelli M., Perri E. (2024c). Calcareous 

bioconstructions formation during the last interglacial (MIS 5) in the Central Mediterranean: 

a consortium of algal, metazoan, and microbial framebuilders (Capo Colonna - Crotone 

Basin - South Italy). Submitted to Marine and Petroleum Geology. 

Chapter 8 presents an introduction of a work in progress study.  

Finally, Chapter 9 presents the general conclusions derived from the results of the present study, 

useful for modelling of the near time global warming effects in the Central Mediterranean. 
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Abstract 
The Last Interglacial (MIS 5) is a warm period within the Late Pleistocene. In particular, its first substage (MIS 
5e) is the last warmer than today period before the present-day Interglacial, therefore it is considered a good 
analogue for assessing future climate responses to global warming. The present work focuses on two shallow 
marine deposits cropping out along the Ionian Sea coastline, central Mediterranean: 1) a MIS 5e fossiliferous 
calcarenite from Taranto (Apulia), and 2) MIS 5a/c bioconstructed deposits from Capo Colonna (Calabria). 
These deposits were studied for a paleoenvironmental characterization, which included the paleoecology of 
benthic associations, paleotemperature estimates and early diagenetic phenomena, with the aim of providing 
new data on the response of these systems to climatic variations. 
The MIS 5e calcarenite from Taranto, sampled in three related sites cropping out along the Mar Piccolo (MP) 
coastline (Masseria La Penna, Mass. S. Pietro, and Il Fronte), returned a rich molluscan fauna consisting of 
120 extant species and 5174 individuals, including four of the tropical Senegalese Fauna, today absent in the 
Mediterranean. The molluscan assemblages were used for a refined quantitative palaeoenvironmental 
reconstruction; as a whole, the fauna represents an autochthonous-parautochthonous assemblage coming 
from a sandy-vegetated infralittoral bottom, locally accompanied by coarser and less finer sediment fractions, 
and characterized by slight lateral variability, shifting from more sheltered and exposed areas, and from finer 
and coarser bottoms, suggesting a heterogeneous and well-structured palaeoenvironment during MIS 5e.  
The same molluscan assemblage was used for a multi-proxy palaeoclimatic study. The biogeographic-climatic 
affinity of the assemblage shows, compared to today, a double percentage of warm affinity species, while the 
cold affinity species are similarly represented, indicating a warmer but not strictly tropical Sea Surface 
Temperature (SST). This is confirmed by the most recurring preferred SST ranges of the assemblage, indicating 
an average of 20 °C. The skeletal compositions of five well-preserved molluscan and coral specimens were 
analyzed for trace elements and stable isotopes for further mean SST estimations. From the comparison of 
the results of several equations available in literature, it appears that only some SST estimations are realistic, 
converging into similar values of, on average, 20.8 ± 0.9 °C. Considering all the used proxies, the MIS 5e SST 
difference compared to today falls in the range 1.2 - 2.0 °C for the Gulf of Taranto (GT) (being a more 
reasonable scenario) and 2.0 - 2.8 °C for the MP. This is not a firmly tropical-like SST setting as suggested by 
the sole Senegalese fauna, indicating at least 2.7 °C to 3.5 °C more than to today’s GT and MP, respectively. 
The approximations and assumptions made for obtaining SST values with any single proxy indicates the need 
of a multi-proxy approach to define the best SST estimation. 
Cemented samples of the same MIS 5e calcarenite were analyzed through optical and SEM analyses. Clasts 
mostly consist in medium to coarse sandy size skeletons and fragments of skeletons of a variegated biota 
together with mainly large mollusks shells that inhabited the sediment and a very minor amount of 
siliciclastic. Micritization variably affects most of the bioclasts while cements are constituted by a 
microcrystalline texture with various micro-morphologies and fabrics: not-isopachous aphanitic and 
filamentous rims, vacuolar peloidal meniscus, aphanitic micro-mounds, and aphanitic porosity-filling matrix. 
Cements are constituted by sub-micron sized anhedral to nanospheroidal crystals of low Mg calcite, mixed 
with a minor amount of irregular platy crystals of saponite. All fabrics of cement are rich of mineralized 
filamentous, tubular, and sub-spherical bacteria bodies that imply the presence of a microbial community 
forming an epilithic to endolithic biofilm that stabilized the incoherent sediment and mediated the early 
precipitation of cements. This process led to the synsedimentary hardening of some parts the mobile sandy 
substrate, allowing the settlement of sessile taxa - such as Spondylus gaederopus, oysters, serpulids and 
barnacles. 
The Last Interglacial (MIS 5) transgressive-regressive deposits of the Capo Colonna marine terrace provide a 
good fossil example of a Central Mediterranean infra/circa-littoral setting, characterized by both calcareous 
coralline algae-dominated low-relief bioherms and biostromes, analogous respectively to the present 
coralligenous and mäerl habitats. The skeletal primary framework of the bioherms consists of laminar to 
massive encrusting coralline red algae acting as main bioconstructors, with minor bryozoans, encrusting 
foraminifera and serpulids as secondary frame-builders. Whereas the autochthonous mäerl tabular beds are 
mainly composed of free-branched coralline red algae rudstones. A variable amount of sandy bioclastic 
sediment is laterally interbedded with the bioconstructions and tends to be entrapped in their cavities and 
pockets. All sedimentary sub-facies of the bioconstructions and associated sediment, are rich in 
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autochthonous syn-sedimentary microbial-mediated micrite, forming aphanitic, peloidal, clotted peloidal, 
and filamentous fabrics. Microbial micrite can also trap and bind a variable amount of grains or being a 
secondary component of the sandy detrital sediment with micritic rims surrounding the clasts. All these early-
lithified micrites show the typical nanostructure of the primary microbial-mediated carbonates, rather than 
a detrital mud particles accumulation, as they consist of nanospheres coalescing into subhedral microcrystals, 
replacing, and mineralizing both microbial cells (present with several morphological types) and extracellular 
substances. This in turn implies the widespread presence of benthic lithifying microbial biofilms that 
colonized both the cavities of the skeletal framework of the bioconstructions, and the intergranular space of 
the associated sediment. These microbial communities, thanks to the metabolic processes of the 
microorganisms that induced the carbonate precipitation, significantly contributed to the early cementation 
of all the studied deposits. 
In conclusion, the results of the work were used to infer possible effects of climate change in similar 
Mediterranean contexts. The diversity and temperature preferences of the MIS 5e molluscan assemblage 
from Taranto show no significant differences compared to modern analogous faunas from some Southern 
Italy sites reported in the literature, which could show a resilient response to an SST increase of +2 °C, already 
experienced during MIS 5e and expected in the next decades. This, however, does not consider the different 
causes, the current higher warming rates, as well as the human impact, which could affect faunas more than 
the temperature itself.  Today, microbial induced micritic cementation processes, similar to those reported in 
the studied MIS 5 deposits, are observed in tropical/subtropical carbonate platform realms and have not been 
indicated for similar infra-circalittoral beds of the modern Mediterranean. Their occurrence in MIS 5 deposits 
confirms the warmer SST during MIS 5e and suggests a persistently warm SST at the end of MIS 5. However, 
as these cements have been associated with an estimated SST of just +2 °C compared to modern times, it is 
suggested that early cementation could become common in the Mediterranean mobile bottoms already in 
the near future as an effect of the global warming. 
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CHAPTER 1 - THE QUATERNARY PALAEOCLIMATE 

 

1.1 Introduction to the Quaternary palaeoclimate 

Climate is commonly defined from the average atmosphere meteorological conditions, averaged 

over a time scale of at least 30 years, and it is the result, on a global level, of the interaction between 

atmosphere, hydrosphere, cryosphere, and biosphere (Joussaume and Duplessy, 2021). Climatology 

therefore studies the processes controlling the states of the global system. 

Similarly, palaeoclimatology is the study of past climate, prior to instrumental recording, of past 

climate changes, occurring on historical, millennial, and million-year time scales, and of their causes.  

Palaeoclimate is one of the most important topics in the Quaternary research. The Quaternary, 

the last period of the Cenozoic Era (66 – 0 Ma), spans from 2.58 million years ago to today, and it is 

composed of two epochs: 1) the Pleistocene (2.58 Ma – 11.7 ka) and 2) the Holocene (11.7 ka – 

today). According to an updated chronostratigraphic scheme (Fig. 1), the Pleistocene is further 

divided into Gelasian (2.58 – 1.80 ma), Calabrian (1.80 – 0.774 a), Chibanian (0.774 – 0.129 ma), and 

a not yet formalized Late Pleistocene (0.129 – 0.0117 ma). The Holocene is also further divided into 

Greenlandian (11.7 – 8.2 ka), Northgrippian (8.2 – 4.2 ka), and Meghalayan (4.2 – 0 ka) Fig. 1). 

 

 
Figure 1.  Upper Middle-Late Pleistocene and Holocene chronostratigraphic chart with global and Italian 

Mediterranean subdivision, and marine oxygen isotope palaeoclimatic curves. Mod. after Cohen and 

Gibbard (2022). 

 

1.2 Long term cooling during the Cenozoic era 

The Quaternary and the present-day climate are the result of a long-term decreasing of average 

global temperatures that took place during most of the Cenozoic era, shifting the global conditions 

from two climatic extremes: from a warm "greenhouse Earth", with no polar ice caps, to a cold 
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"icehouse Earth" with stable polar ice caps and a strong millennial cyclic variability 

(glacial/interglacial cycles), well established in the last million years (Caley et al., 2021) (Fig. 1).  

The first part of the Cenozoic (Fig. 2) was considerably warmer than today, also characterized by 

an abrupt and intense warming event that occurred around 55 Ma ago, named “Paleocene-Eocene 

thermal maximum” (Zachos et al., 2001; Jansen et al., 2007), followed by a constantly warm period 

known as Eocene climate optimum. After this warm phase, global climate started a progressive 

cooling around 50 ka, with a marked deterioration around 40 ka due to the Antarctic ice cap 

development (that reached up to 50% of its current extension) (Caley et al., 2021) (Fig. 2). This event 

started the ongoing Icehouse period, even if briefly interrupted by two warmings and subsequent 

reductions of the Antarctic ice sheet at the end of the Oligocene and in the Middle Miocene. Then, 

in the upper part of the Miocene (14 ka), a new rapid cooling led to a further growth of the Antarctic 

ice sheet (up to 85% of the current extent) (Caley et al., 2021; Fluteau and Sepulchre, 2021).  

In the meanwhile, the north pole was ice free. Indeed, only around 5.5 Ma ago a new, more 

intense climatic deterioration would have started the northern hemisphere glaciation, with ice cap 

stabilization at about 3.2 Ma ago (Jansen and Sjoholm, 1991) (Fig. 2). 

 

 
Figure 2. Cenozoic climatic data showing the Eocene warm climate and the progressive cooling trend toward 

modern times. Mod. after Zachos et al. (2008). 

 

The presence of two iced hemispheres created the necessary conditions for the establishment of 

a strong glacial/interglacial climatic cyclicity, consisting in alternating expansions and reductions of 

the ice caps, which was superimposed to the continuing global cooling trend (Fluteau and Sepulchre, 

2021). During the Pliocene, the global climatic variations, reconstructed from benthic foraminifera 

isotopes, during the Pliocene climate were characterized by small glacial/interglacial variability (with 

a 41-ka period). Then, the beginning of the Pleistocene (2.6 Ma ago) led to the strongest cooling 

(Caley et al., 2021), also accompanied by a progressive increasing of the periodicity of the 

glacial/interglacial cycles (from 41 to 100 ka) and amplitude of the related climatic variations (i.e., 
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the so-called Middle Pleistocene transition, around 1.2 - 0.6 Ma) (Fig. 3) (see Chapter 2 for more 

details). After this transition, the global climate resulted colder, with more severe glacial conditions 

than in the Pliocene.  

For the last million years (Middle-Late Pleistocene) the most detailed climate reconstructions are 

available (Joussaume and Duplessy, 2021). During this time of span, the 100 ka cyclicity resulted in 

short interglacial periods and about 10 times longer glacial periods, peaking every 100 ka (Fig. 3). 

The ends of each cold period were marked by a rapid warming partially melting the ice sheets, while 

the subsequent cooling was more progressive, showing an alternation between relatively cool 

(stadials) and warm phases (interstadials) (Fig. 3). The glacial-interglacial variations also coincided 

with rises and falls of the eustatic sea level, with an amplitude of roughly 120-130 in the Late 

Pleistocene (from -120 m than today during the Last Glacial maximum, and e.g. at most around + 6 

m than today during the Last Interglacial maximum) (Dutton and Lambeck, 2012; Caley et al., 2021). 

 

 
Figure 3. Upper-middle Pleistocene (Calabrian) to present day (Holocene) δ18O benthic stack showing the 

alternance of glacial (even number) and interglacial (odd number) peaks. Mod. after Lisiecki and Raymo, 

(2005). 

 

1.3 Climate during the Late Pleistocene: the last Glacial cycle 

The last glacial cycle (MIS 5-MIS 2; Fig. 3; 4) coincides with the Late Pleistocene (129 Ma – 11.7 

ka) that, therefore, is comprised between the two climatic extremes: the first substage of MIS 5, i.e. 

the warmest MIS 5e, marking its beginning, and the coolest MIS 2, or Last Glacial Maximum, 

characterizing its end (Lisiecki and Raymo, 2005). 

MIS 5, first recognized by Emiliani (1955), is the Last Interglacial “sensu lato”, was then subdivided 

in 5 warmer and cooler substages (MIS 5e to MIS 5a from the oldest to the youngest) by Shackleton 

(1969).  

The warmest peak of the Last interglacial is represented by the MIS 5e (Last Interglacial “sensu 

stricto”), a short warm period comprised between 129 to 116 ka (according to Dutton et al., 2015) 

or, in other schemes, between 135 to 116 ka (Shackleton et al., 2003) (Fig. 4). As indicated by several 

marine, continental, and ice proxies, the MIS 5e global climate was similar or, at most, +1-2 °C 

warmer than today (Guiot et al., 1989; Jouzel et al., 1987; Rohling et al., 2008; Dutton and Lambeck, 

2012; Dutton et al., 2015; Hoffman et al., 2017; Fischer et al., 2018). Warming also affected ocean 

temperature, from + 0.4 °C in the deep Atlantic waters to +1–2 °C in the surfaces of high latitude 

oceans in respect to the Holocene (Duplessy et al, 2007; Capron et al., 2014; Hoffman et al., 2017; 
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Caley et al., 2021). This warming was concomitant with a higher eustatic sea level (ca. +6 to +9 m) 

related to an important ice-cap retreat (affecting Greenland and West Antarctica ice caps) (Dutton 

et al., 2009; Antonioli, 2012; Dutton and Lambeck, 2012; Sánchez-Goñi et al., 2012; Dutton et al., 

2015). As to the reasons of such warming, the causes are not found in atmospheric CO2 (i.e., the 

greenhouse effect), which was similar to today, but in a stronger insolation at high northern latitude 

(Caley et al., 2021; see also Chapter 2). 

MIS 5e was followed by other substages (Fig. 4): MIS 5d and MIS 5b represent cooler stadials, MIS 

5c and MIS 5a are relatively warmer interstadials that briefly interrupted the climatic cooling towards 

the last glacial maximum (Thompson and Creveling, 2021, and ref. therein). As shown by δ18O curves 

and sea level estimations, ice caps were wider than today, and global sea level was lower than today 

(e.g., estimated around – 40 to – 20 m; Caley et al., 2021; Thompson and Creveling, 2021, and ref. 

therein). Indeed, climate was cooler than today in all the Late Pleistocene except for the warmer MIS 

5e. Consequently, there is not agreement on the duration of the Last Interglacial (Helmens, 2014), 

as not an unambiguous definition of what an Interglacial is (Kukla et al., 2002). In Its original 

definition by Emiliani (1955), the last Interglacial coincided with the whole MIS 5, but later 

Shackleton (1969) subdivided it into five stages (i.e. MIS 5e to MIS 5a). 

In a first view, the Last Interglacial should be correlated only to the warmest MIS 5e peak (Last 

Interglacial sensu stricto), related to the warm Eemian in the pollinic continental stratigraphy 

(Martinson et al. 1987; McManus et al. 2002; Cutler et al. 2003). In this case, the start of the last 

glacial period is placed with the onset of MIS 5d, considered an early glacial period (Kukla et al., 

2002), characterized by a sensibly cooler that today climate in the northern hemisphere (Stirling et 

al., 1998; Jansen et al., 2007, Ovtos, 2015).  

In a second way, the Last Interglacial refers to the whole MIS 5 as in Emiliani’s original definition, 

e.g. a Last Interglacial sensu lato, or MIS 5 interglacial complex (e.g. McIntyre and Ruddiman, 1972; 

McManus et al., 1999; Oppo et al., 2006; Martrat et al., 2007; Bigelow, 2013; Helmens, 2014; 

Columbu et al., 2019; Dumitru et al., 2020; Ryan et al., 2021). This view is supported by the 

indications of an overall mild, temperate MIS 5 climate conditions, contrasting with the much more 

severely cold conditions the MIS 4-2 interval (Helmens, 2014), and by local conditions of MIS 5a and 

5c interstadials, which were regionally warm or warmer than today (e.g. Väliranta et al., 2009; 

Ilyashuk, et al., 2020). In this case, the start of the Last glacial is represented by MIS 4. Accepting this 

view, another consideration arises: the duration of the MIS 5 is similar to MIS 4-2 interval, i.e. 50 ka 

in both cases, overpassing the classic idea of shorter interglacials and longer glacial periods (Guiter 

et al., 2003; Helmens, 2014). 

MIS 4 (71 – 57 ka; Doughty et al., 2021), the first true glacial peak, making the Last Glacial period 

to start definitively. During this period much more important global glacier extension than during 

the MIS 5 stadials happened: MIS 4 glacial conditions are also comparable with the coldest MIS 2 

(Doughty et al., 2021), e.g. having led to a global sea level drop down to around – 100 m in respect 

to today (De Deckker et al., 2019). 

MIS 3 (29-57 ka; Doughty et al., 2021) is interposed between the glacial phases MIS 4 and MIS 2 

and is an anomalous isotope stage: even it should represent an interglacial, MIS 3 did not reach 

interglacial isotopic values (Emiliani, 1972); therefore, it is now considered a relatively warm 

interstadial in between of the Last Glacial Period (Paillard, 2021). In addition, MIS 3 climate was 
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highly variable, but always sensibly cooler than today, with a variable global sea levels generally 

constrained at – 30 to – 90 m or even lower than today (Shackleton, 1987; Rohling et al., 2008; Siddal 

et al, 2008; Spratt and Lisiecki, 2016).  

The Last Glacial Maximum (LGM), corresponding to MIS 2 (29-14 ka; Doughty et al., 2021), 

represents the cool extreme in the near time climate variations, whose maximum was reached about 

20,000 years ago (Fig. 4). Today, the Antarctic ice cap is the most extensive (28 km3) while the 

Greenlandic one is very reduced (1 km3) ; during the Last Glacial, instead, northern glaciers expanded 

through Canada and Europe (up to 50 km2 in extension forming the Laurentide ice sheet) (Joussaume 

and Duplessy, 2021). As result, sea level has dropped to at least -120 m compared to today (Caley et 

al., 2021). CO2 was around 100 ppmv less than pre-industrial level (Petit et al., 1999), and 

temperatures cooled by 10 °C to 2 °C in the northern Atlantic and in the Antarctic Ocean, respectively 

(MARGO Project Members, 2009). Tropical ocean SST were around 2-3 °C cooler than present 

(Jansen et al., 2007). The Last Glacial climate was highly variable, as rapid climate changes are 

known. The Heinrich events are the result of rapid warmings, which led to ice-sheet destabilization 

and iceberg rafting (identified by glacial debris carried at low latitudes); the ice melting altered the 

ocean thermohaline circulation, leading to new cooling in the N hemisphere. The Dansgaard-

Oeschger events (found in the isotopic record of Greenland ice cores) are interstadial-stadial cycles 

of rapid warmings (8-16 °C in few decades) followed by much slower cooling, yet not unanimously 

explained (Jansen et al., 2007; Joussaume and Duplessy, 2021). 

The deglaciation lasted from 20 to 8 thousand years ago, between the Pleistocene-Holocene 

transition; during this period, a warm peak, the Bolling-Allerød interstadial, and a last glacial cooling 

phase, the recent Dryas stadial (about 13 – 11.7 ka ago), happened (Maslin et al., 2001, and ref. 

therein). This unstable phase was then followed by the Holocene Interglacial (MIS 1), characterized 

by a relatively stable warm, with a climate optimum between about 9.000 and 5.000 years ago, and 

a peak around 6 ka ago (Jansen et al., 2007; Caley et al., 2021). 

 

  
Figure 4. Last Glacial Cycle (Late Pleistocene) substages. Mod. after Railsback et al. (2015). 
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1.4 The Last Interglacial “Tyrrhenian” in the Mediterranean Basin 

The Last Interglacial is frequently known as Tyrrhenian in the Mediterranean area. Originally, the 

term Tyrrhenian was proposed by Issel (1914) to formalize the time span between the Sicilian and 

the Holocene, i.e. the plane corresponding to the Middle-Late Pleistocene, used first in the 

Mediterranean area and then throughout the world (Cita et al., 2005). Formulated in a such way, 

the Tyrrhenian includes the last interglacial and the last two glaciations (Cita, 2008). To date, the 

Middle Pleistocene, one named Ionian in the Mediterranean area, has been formalized as 

Chibanian, while the Late Pleistocene remains uncovered (Fig. 1).  

It has been discussed if using the term Tyrrhenian or not for the formalization of the Late 

Pleistocene (Cita et al., 2005). Indeed, for the definition of the Tyrrhenian, Issel used sedimentary 

deposits containing a peculiar fauna, with a "warm" character, located in Cagliari (Sardinia). This 

fauna is the Senegalese Fauna, defined just a year earlier by Gignoux (1913) and traditionally 

regarded as an important palaeoclimatic indicator (see ahead). The lack of formalization of the 

Tyrrhenian led to a different use over time, when in chronostratigraphic and when 

climatostratigraphic sense. Therefore, Cita et al. (2005) proposed either to restrict the "Tyrrhenian" 

to MIS 5e interval, i.e. the warmest part of the Last Interglacial (climatostratigraphic sense), or to 

extend it to all that part of the Pleistocene not yet formalized, i.e. from termination II (between MIS 

6 and 5) and termination I (between MIS 2 and 1) (roughly corresponding to the Late Pleistocene) 

(chronostratigraphic sense).  

Subsequently, a proposal was made to replace the term Tyrrhenian with the term Tarantian to 

refer to the Late Pleistocene (Antonioli et al., 2008; Cita, 2008; Amorosi et al., 2014; Negri et al., 

2015), using the section of Il Fronte, near the Mar Piccolo of Taranto. This is reported in recent 

scheme for the Mediterranean (Cohen and Gibbard, 2022), which also uses the term Tyrrhenian for 

the whole MIS 5, as synonym of the last interglacial sensu lato (Fig. 1). Anyway, to date, the Late 

Pleistocene remains globally unformalized. 

The MIS 5e sea level rise (estimated of + 6 ± 3 m a.s.l.), led to the deposition of several marine 

terraced, today raised all over the Mediterranean coastline (e.g., Ferranti et al., 2006; Zecchin et al., 

2020), which return examples of the tropical Senegalese fauna, traditionally considered indicator of 

the Tyrrhenian (Gignoux, 1913). This fauna, being represented by warm water molluscan species 

absent at present in the Mediterranean but still living along the tropical West African Province, is 

considered a key palaeoclimatic indicator of generalized warm and tropicalized conditions (Amorosi 

et al., 2014; Negri et al., 2015). Considering the whole MIS 5 interglacial, MIS 5e transgressive 

terraced deposits with Thetystrombus latus (known in the past literature with the synonym of 

Strombus bubonius), have also been called “Eutyrrhrenian” while the younger phases (i.e., MIS 5c 

and 5a) where called “Neotyrrhenian” (e.g., Bonifay and Mars, 1959; Dai Pra and Stearns, 1977). 

Anyway, the presence of T. latus and other Senegalese species was then recognized also in 

Neotyrrhenian deposits (MIS 5a or 5c of Capo Colonna, Calabria, Southern Italy, Nalin et al., 2012) 

and in “Palaeotyrrhenian” older ones (i.e., MIS 7 of Spain; De Torres et al., 2010), indicating a more 

complex colonization history. Nonetheless, the Senegalese fauna in raised terrace deposits remains 

emblematic of MIS 5e (Ferranti et al., 2006). 
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1.5 MIS 5e and today’s global warming 

One of the main topics of climatologic research is the ongoing global warming, conventionally 

started around in 1850 due to increasing of human activities, above all the emission of greenhouse 

gases such as CO2, which is increasing global average temperatures and sorting various climatic and 

environmental effects worldwide (IPCC 2007, 2023). Since the Holocene is a warm interglacial 

period, probably about to become even warmer soon due to human activity (IPCC, 2023), particular 

interest is placed in the previous Tyrrhenian interglacial. Although there were past intervals much 

warmer than the Last Interglacial (e.g., the Pliocene), and although the causes of warming were 

different (orbital forcing rather than increase in CO2), the MIS 5e interval is often regarded as a good 

model for understanding modern (i.e., expected for the end of century) climate change effects, such 

as temperature increase, ice sheet melting, and sea level rise (Overpeck et al., 2006; Rohling et al., 

2008; Siddall and Valdes, 2011; Antonioli et al., 2017; Fischer et al., 2018; IPCC, 2023). 

Land-surrounded basins, such as the Mediterranean, are more sensitive to the climate change 

and undergo a more rapid warming, up to 4 times the rate of global warming (Belkin, 2009). For 

example, while in 2018 global atmospheric temperature has increased of about 1 °C in respect to 

the 1890-1899 period, the Mediterranean basin experienced an increasing of 1.5 °C (Cramer et al., 

2018). Moreover, oceanographic data indicate a warming of the first 150 m of sea water of about + 

0.5 °C in 1980-2000 (Rixen et al., 2005); in the 1982 – 2018, mean superficial SST increase of +1.5 °C 

(Pisano et al., 2020). 

From a biogeographical perspective, the Mediterranean Sea has already been a tropical sea in 

the geological past (e.g., Monegatti and Raffi, 2001). Among the most recent warm episodes, the 

tropical Senegalese fauna entering in the Mediterranean during MIS 5 stands out. This entering was 

allowed by the weakening of the cold upwelling current of the Canaries, which took place during 

the Last Interglacial, which today prevents the northward dispersion of these species (Taviani et al., 

2015). Once entered, warm enough SST matching the thermal tolerance of these species would have 

led to the successfully colonization of these species, even if an acclimatization toward cooler 

temperatures cannot be excluded (Monegatti and Raffi, 2001; Taviani et al., 2015). Nowadays, global 

warming effects on the Mediterranean are changing its biota, as warm water southern species are 

migrating northwards (the so called southernization), and tropical Atlantic and Indo-Pacific alien 

species, entered through the Strait of Gibraltar and the artificial Suez Canal respectively, and ship 

unintentional transport, are successfully acclimatizing (the so called tropicalization) (Bianchi and 

Morri, 2003; Albano et al., 2021, 2024). In order to assess the impact of the tropical species, the 

Tyrrhenian is an important window on future faunal changes, as such warm water incursion in the 

Mediterranean Sea has already happened (Albano et al., 2024). 

  



12 
 

CHAPTER 2 – THE MAIN CAUSES OF PAST CLIMATIC CHANGES 

 

2.1 Climate forcing  

The energy reaching the Earth surface, on which the climate depends, derives from the Sun 

activity, and is thus expressed in terms of insolation (W/m2). Earth temperature depends also on the 

balance of absorbed and reflected heat. On one hand, atmospheric greenhouse gases (mainly H2O, 

CO2, CH4, and N2O) cause the so-called greenhouse effect, which is trapping part of the solar 

radiation in the atmosphere, maintaining average global temperature around 14 °C (that is + 33 °C 

in respect what would occur with a totally transparent atmosphere) (Jansen et al., 2007; Joussaume 

and Duplessy, 2021; Bertini et al., 2022). On the other hand, the albedo is the ratio between reflected 

and absorbed radiation (and deriving heat): withe reflecting objects have a high albedo (more heat 

reflected than absorbed), whereas black ones have a low one (more heat absorbed than reflected) 

(Joussaume and Duplessy, 2021). 

On larger time scales (from millennia to millions of years), various phenomena external to the 

climate system occur which, being able to influence its characteristics, are therefore called "external 

forcing". The main external forcings are 1) variations in the sun activity; 2) variation in earth orbital 

parameters, 3) tectonic processes, all acting together on different timescales. The climate system 

variation is called “response”. The relationship between forcing a response can be explained through 

four alternative theoretical models: 1) linear and synchronous response (a direct and proportional 

relation); 2) muted or limited response (a reduced response to a strong forcing); 3) delayed or non-

linear response (a response in delay with the forcing, proceeding in a nonlinear way); 4) threshold 

response (no response after the reaching of a threshold, then, possibly, an intense and fast response 

in respect to the forcing) (Maslin et al., 2001). 

 

2.2 The role of sun and astronomical motions in the past climatic changes 

Sun radiation is the source of energy reaching the Earth surface, especially high at low latitudes, 

then distributed and exchanged through oceanic and atmospheric circulation to high latitudes. Short 

term variations on Sun activity (e.g. solar spots cycle) can influence the climate over yearly (most 

importantly, the 11-year cycles) to century or millennial time scale (e.g., prolonged minima and 

maxima are known for the historic times), albeit in a small extent (Joussaume and Duplessy, 2021). 

Over thousand and hundred-thousand-year time scales, periodic variations in insolation are 

controlled by the changes in the earth’s orbital parameters, rather than to variations in the solar 

output. These so-called millenary motions, related to the gravitational effects of Solar System objects 

on the Earth, represent the primary factor in the triggering and in the timing of past climate change, 

which is the glacial-interglacial cycles. There are three orbital cycles with a total of five periods: 

eccentricity (400 and 100 ka), obliquity (41 ka), and precession (23 and 19 ka) (Zachos et al., 2001) 

(Fig. 1). 

• Eccentricity expresses the Earth's orbit shape (today’s e is equal to 0.0167), varying from nearly 

circular (e = 0) to a low flattened ellipse (e = 0.06) every 100.000 and 400.000 ka. Although the 

average insolation increases by decreasing the eccentricity, deriving Earth mean temperature 
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variations between the two extreme cases are negligible. Albeit ineffective to directly affect the 

climate, the eccentric cycles modulate the effect of the effects of the other millennial motions 

on the climate (Paillard, 2021). 

• Obliquity is the inclination of the Earth's axis with respect to the orbital plane (ecliptic). The axis 

tilt (today 23°27') oscillates between 21.9° and 24.5° every 41,000 years, due to the attraction 

of the moon, and less of the Sun, on the equatorial bulge of the Earth. Since the axial tilt 

determines the existence of the seasons (e.g., in a given hemisphere, summer occurs when the 

axis points towards the sun, and vice versa for winter), and controls the width of the tropical 

and polar belts, any variation in obliquity changes the insolation at high latitudes, modifying the 

climate: high obliquity values increase the seasonal contrast, while low values decrease it 

(Paillard, 2021).  

• Precession is the progressive clockwise rotation of the direction of the Earth's axis through 

consecutive passages at the same orbital points (e.g., the equinoctial points). Precession 

produces a double-cone motion, with an average periodicity of 21,000 years, reversing the 

orientation of the axis every half cycle. This period results from the combination of two 

components, one relating to the Earth's axis motion (period of 25,700 years), and another 

relating to the rotation of the Earth's orbit (the anti-clockwise precession of the perihelion, with 

a period of 112,000) (Paillard, 2021; Joussaume and Duplessy, 2021). The periodicity of the 

precession is also modulated by the eccentricity cycle, resulting in the double cyclicity of 19,000 

and 23,000 years (average 21,000 years) (Paillard, 2021). Precession controls the seasonal 

contrast: in a given hemisphere, it is greater when summer is at perihelion and winter is at 

aphelion (hot summers and cold winters), and vice versa (milder winters and cooler summers). 

The two scenarios will reverse due to the precession cycle, as a given hemisphere will reverse 

its orientation relative to the Sun when the Earth is at aphelion and perihelion, reversing the 

seasons and affecting the climate. For example, 10 ka ago northern summers happened in 

perihelion (rather than in aphelion as today), resulting warmer than today (Joussaume and 

Duplessy, 2021). Finally, the effects of precession are modulated by the eccentricity cycle, as the 

related seasonal variations in insolation are stronger during high eccentricity periods than low 

eccentricity ones (Jansen et al., 2007). 

 

 
Figure 1. A synopsis of the millenary orbital motions. Mod. after Zachos et al. (2001). 
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Several theories were proposed to explain the past climatic variations with the millenary motions 

since the mid-1800s. Firstly, it was proposed that glaciations were triggered by winters coinciding 

with aphelion, considered either particularly longer (Adhémar, 1842) or colder due to less insolation 

received (Croll, 1864).  

However, the modern views are mostly founded on the keystone work of Milankovitch (1941). In 

this model, although each of these three motions can affect the global climate, it is their combination 

(either in phase and in phase opposition), which can be defined as "astronomical forcings of the 

climate," that controls the seasonal insolation irradiating the Earth surface (Fig. 2). Milankovitch 

quantified the variations of the summer insolation at high latitude (65°N) for the last 600.000 years, 

concluding that any glaciation is triggered by those parameter combinations that decreases summer 

insolation at the considered latitude. This generates longer and cooler summers that are 

corresponded by shorter and milder winters. Such a decreased seasonal contrast is favourable for 

positive snow balance: the heat received during any summer cannot melt all the snow and ice 

deposited during the previous winter, so that this can persist in form of ice during the years. 

Conversely, other combination of the three motions that increases seasonal contrast and summer 

insolation at high latitudes, triggers deglaciations. For example, the warmer than today’s MIS 5e 

global climate was the result of a combination of high orbital eccentricity, strong obliquity, and the 

passage of the earth near the summer solstice, which increased the amount of summer solar 

radiation in the northern hemisphere (where ice forms) by 30 W/m2 higher than today (Caley et al., 

2021). 

In both cases, glaciation/deglaciations are favoured by positive feedback with the albedo 

(Joussaume and Duplessy, 2021): in the presence of an expanding ice cap, albedo increases sensibly, 

enhancing the reflected heat and favouring a cooling process; on the contrary, when an ice cap starts 

to melt, albedo decreases, increasing the absorption of heat and thus warming. Summarizing, the 

orbital forcing is the main cause of the climate change, but its effects are critically amplified through 

positive feedback between ice and global mean temperature (Joussaume and Duplessy, 2021). 

Feedback with the ocean dynamics and carbon cycle (involving the greenhouse gas CO2) are also 

crucial in the amplification the astronomically driven climate changes (see next paragraph). 

The astronomic theory was not widely accepted due to the incompleteness of the geological 

record, until that Emiliani (1955) evidenced how global climate variations could be reconstructed 

from the geochemical composition of deep-sea cores, showing the alternance of “cold” and “warm” 

climatic phases that were related to glacial and interglacial stages (see Chapter 3). As demonstrated 

by Hays et al. (1976), these deep-sea core records respond to different cycles with periods of 23, 41 

and 100 ka for the last 450 ka period, fitting with the astronomical frequencies predicted by the 

Milankovitch’s theory. 

  

2.3 Greenhouse gas variations 

Carbon has crucial role in regulating the global temperature, especially in form of atmospheric 

CO2, the most effective modulator of the greenhouse effect (Maslin et al., 2001), and CH4. This 

phenomenon is today well known due anthropogenic CO2 emissions that, in 2019, surpassed the 

maximum known in the last 800.000 years, leading to an increase of +1 °C in the global average 
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temperature compared to the pre-industrial era (i.e., 1850) (Joussaume and Duplessy, 2021). The 

role of CO2 greenhouse effect is crucial both in near time (glacial/interglacial time scales) and in deep 

time (e.g., Cenozoic time scale) global climatic variations, respectively as a key contributing cause of 

other external forcing, and as main trigger of long-term climatic changes (see next sections). 

CH4 is the most effective greenhouse gas after CO2. It is mainly produced by microbial activity in 

wetlands and then stored in permafrost in periglacial areas or fixed in methane hydrates on the 

oceanic bottom. Warming phases and oceanic eruptions, and related causes, can release the stored 

CH4 (Jansen et al., 2007; McInerney and Wing, 2011; Fluteau and Sepulchre, 2021, and ref. therein), 

increasing the greenhouse effect. For example, the abrupt Paleocene-Eocene thermal maximum 

(ocean SST raised up to 8 °C; Dickens, 2003), and the sharp Late Pleistocene glacial-interglacial 

changes are suggested to be caused by oceanic CH4 releases (Kennet et al., 2003).  

 

2.3.1 Glacial/interglacial CO2 changes 

Although the main causes of glacial/interglacial cyclicity are found in the astronomical cycles 

(Hays et al., 1976), these alone cannot explain all the reconstructed palaeoclimatic changes, making 

necessary to consider also changes in the biogeochemical carbon cycle, varying the CO2 level in the 

atmosphere (Paillard, 2009). The role of CO2 variations in the ice age development, first quantified 

by Arrhenius (1896) for the Last Glacial period, was also considered to explain on its own all the past 

climatic variations without requiring any astronomical forcing (Paillard, 2021, and ref. therein). 

Today, the astronomical and the geochemical theories are considered complementary rather than 

incompatible, as both the forcings are required to explain the palaeoclimatic variations, although 

their relationships have still to be understood (Paillard, 2021). 

CO2 past variations are directly measured in air bubbles trapped in polar ice cores up to 800 ka 

(Petit et al., 1999; Monnin et al., 2001), or can be inferred from carbonate carbon isotopes (13C/12C), 

such as from planktic foraminifera, dependent on CO2 water and atmosphere concentration (Jansen 

et al., 2007; Joussaume and Duplessy, 2021). A clear correlation between the carbon cycle and the 

climate is evident along 800.000 years Ice-core archives: the atmospheric CO2 and temperature 

variations fluctuated in a parallel pattern, evidencing low values (190 ppm) during cold periods and 

high values (280 ppm) during warm periods (Siegenthaler et al., 2005; Jansen et al., 2007; Joussaume 

and Duplessy, 2021) (Fig. 2). This strong covariation is explained by the dependence of the 

atmosphere-ocean CO2 exchange from phenomena (e.g., ocean circulation and ice sheet dynamics) 

that are both controlled by the orbital parameters (Petit et al., 1999; Joussaume and Duplessy, 2021).  

Thus, even if at this timescale the CO2 variations are not the direct cause of the climatic changes 

(e.g., estimated temperature rises precede the CO2 rises by hundreds of years during deglaciations) 

(Caillon et al., 2003; Jansen et al., 2007), these strongly affect climate through positive feedback 

processes that intensify the effects of the orbital forcing (Maslin and Ridgwell, 2005; Köhler et al., 

2005; Jansen et al., 2007; Francés et al., 2018). For example, when a glacial period starts, multiple 

phenomena decrease the atmospheric CO2, weakening the greenhouse effect, and favouring further 

cooling and ice sheet growth. 

The processes that modify the atmospheric CO2 content involve the carbon cycle (carbon transfer 

and storing between lithosphere, atmosphere, biosphere, and hydrosphere) and particularly the 
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oceanic processes, considered the primary source of glacial/interglacial CO2 variations (Jansen et al., 

2007 and ref. therein). CO2 solubility in water is inversely related to temperature, therefore 

decreased superficial and deep ocean temperature absorb more CO2 from the atmosphere (Jansen 

et al., 2007). Cooler water is also more saline, and thus less able to store CO2, but the overall CO2 

absorption increases during cold times, thanks to enhanced phytoplankton carbon absorbing and 

storing activity (Fluteau and Sepulchre, 2021). This is explained by an increment of nutrients and 

therefore of the oceanic productivity, which are favoured during glacial (e.g. due to greater dust 

production in cold-arid continental environments, and due to the increasing of CO2 -consuming 

chemical weathering of shelves, exposed after sea level fall). The organically fixed carbon is then 

sunk and stored on deep seafloors (Jansen et al., 2007; Joussaume and Duplessy, 2021).  

Ice caps also favour the carbon storing. First, the initial decrease in atmospheric CO2 facilitates 

the expansion of the ice cap via feedback processes; their development increases the salinity and 

density of the surrounding waters, leading to the stratification of water masses; this slows down and 

limits the upwelling, preventing carbon release from the deep ocean to the atmosphere (Paillard 

and Parrenin, 2004; Jansen et al., 2007). This lasts until the glacier occupies the whole shelf; then, it 

is interrupted, ceasing the stratification of water, and releasing the CO2 into the atmosphere, 

promoting a rapid global warming during the deglaciation (Paillard and Parrenin, 2004). 

Other than in form of organic matter, part of the carbon is stored by calcium-carbonate fixing 

organisms (Jansen et al., 2007). Changes in CaCO3 equilibrium with water contributed to the 

observed changes (Jansen et al., 2007), e.g. the dissolved CO2 increases CaCO3 dissolution that, in 

turn, increases the atmospheric CO2 oceanic absorption.  

 
Figure 2. A comparison between the three orbital motions, the CO2, δ18O, and sea level covariations the last 

800 ka; LGM: Last Glacial Maximum (MIS 2); LIG: Last Interglacial (MIS 5e).  Curves from Berger and Loutre 

(1991), Laskar et al. (2004), Lisiecki and Raymo (2005), Francés et al. (2018) and ref. therein. 
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2.3.2 Long time CO2 variations 

A strong CO2-temperature relationship is known for the entire Phanerozoic (Royer, 2006). 

Considering the Cenozoic era, the long-term CO2 decrease is the most evident climate-forcing trend. 

CO2 levels dropped by very high values (at least ca 1000 ppmv in the Eocene or much more), 

correlated to higher than today average temperatures and ice-free poles (greenhouse climate), to 

low values (e.g. down to 300 ppmv in the Neogene), accompanied by a progressive drop of 

temperatures and ice sheet development (icehouse climate) (Zachos et al., 2008). On these longer 

million-year time scales, the atmospheric CO2 levels are balanced by tectonic processes, such as the 

emission by the so-called degassing (volcanic and mantle activities), and its removal (consumption 

due to the silicate weathering promoted by orogenesis, and organic carbon burial in the deep ocean 

sediments) (Jansen et al., 2007; Zachos et al., 2008; Fluteau and Sepulchre, 2021; Joussaume and 

Duplessy, 2021). 

Concerning the emissions, while short volcanic eruptions can cool the climate after emitting 

debris and sulphur dioxide that reduce the insolation, intense large scale tectono-magmatic 

processes (e.g., Deccan traps, Late Cretaceous) can release enormous volumes CO2 in the 

atmosphere, enhancing the greenhouse effect (Francés et al., 2018; Joussaume and Duplessy, 2021). 

The efficiency of chemical weathering that consumes CO2 is controlled by precipitation and 

temperature, regulating the climate through feedback processes: an initial warm-humid climate 

favours the chemical weathering, consequently reducing CO2 levels, the greenhouse effect and 

global temperatures (Fluteau and Sepulchre, 2021, and ref. therein; Scotese et al., 2021). For 

example, this climatic driver was proposed the Himalayan orogeny and the uplift of the Tibetan 

Plateau, considered as the main driver of Cenozoic cooling: first, the action of the warm-humid Asian 

monsoon facilitated chemical weathering on uplifted silicate rocks and then, as the orogen rose, 

increased uptake of atmospheric CO2, promoting global cooling (Raymo et al. al., 1988; Scotese et 

al., 2021). Furthermore, huge amounts of removed CO2 were sequestered in the sediments of the 

Bay of Bengal, whose effect was estimated to be 2-3 times greater than that of atmospheric agents 

(France-Lanord and Derry 1997). Finally, Guo et al. (2021) demonstrated how variations in magmatic-

metamorphic emissions, linked to the India-Asia collision, were the main factors controlling CO2 

changes during the Cenozoic. 

2.4 Changes in continents and oceans 

Other than changing the atmosphere composition over long time scales, tectonic affects climate 

system by altering the regional and global geography, such as the location and shape of oceans and 

of continental masses and their reliefs, controlling the energy and heat flow in the oceans and 

atmosphere. The major Phanerozoic icehouse-greenhouse shifts, for example, were linked to the 

major accretion and breakages of the supercontinents (Scotese et al., 2021, and ref. therein). In 

addition, it has been supposed that the major glaciations were favoured by the poleward shift of the 

major land masses, making the necessary conditions for several other factors to trigger glaciations 

(Beaty, 1978, and ref. therein; Francés et al., 2018). For the Cenozoic cooling, this process was 

probably a minor trigger cause, as the latitudinal drift of the northern continents was relatively small 

during this Era, indicating that other processes had a major climatic effect.  
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Concerning the oceanic dynamics, changes in the oceanic circulation may have contributed to the 

climatic cooling (Fluteau and Sepulchre, 2021). In fact, the global oceanic circulation or thermohaline 

circulation (i.e., produced by latitudinal water temperature and salinity variations), is the key factor 

transporting heat along latitudinal gradients, and any alteration thereof implies a change in the 

distribution of heat along the high latitudes (Caley et al., 2021; Joussaume and Duplessy, 2021). 

Thus, alongside theories that focus on CO2 – which is however strongly linked to ocean dynamics 

(Paillard and Parrenin, 2004) – others seek the main reasons for Cenozoic climate change in changes 

in ocean circulation (Goddéris et al., 2021).  

The growth of Ice caps has been related to the openings and closure of oceanic passages due to 

the continental drift. This is the case of the Drake Passage and of the Tasman Gateway development, 

related to the Australia northward drift, which established the Antarctic Circumpolar Current. This, 

by reducing latitudinal circulation and heat exchanges, caused a notable drop in temperature until 

the Antarctic ice sheet stabilized during the Eocene and Oligocene (Zachos et al., 2001; Francés et 

al., 2018; Caley et al., 2021; Fluteau and Sepulchre, 2021; Scotese et al., 2021). Similarly, the Artic 

glaciation was related to the formation of the isthmus of Panama and related changes in oceanic 

circulation: by interrupting the Atlantic-Pacific interchange and establishing the warm Gulf Stream, 

the moisture increased at the Arctic, increasing the snow production and the ice sheet grow (Scotese 

et al., 2021). This hypothesis has also been criticized because the uplift of the isthmus had occurred 

earlier in the Miocene and, therefore, is not related to glaciation. For this, the North Hemisphere 

glaciation was probably enhanced by declining CO2 values, increased N deep-water formation, and 

circulation changes combined (Francés et al., 2018; Caley et al., 2021, and ref. therein). 

 

2.5 The Middle Pleistocene Transition and the “100 ka problem” 

The Middle Pleistocene Transition (MPR) is a change in shape and duration of the glacial-

interglacial cycles. For the Pliocene and Lower-Middle Pleistocene, the reconstructed glacial-

interglacial cycles were almost symmetrical, with a relatively small amplitude, and with a period of 

41 ka, indicating a linear response to the 41 ka cyclicity orbital forcing (the obliquity cycle). Around 

1 Ma, the 41-ka periodicity changed into a 100 Ka periodicity, which dominated representing the 

most relevant timing of the Middle-Late Pleistocene glacial-interglacial cycles of the last 800 ka 

(Berger and Jansen, 1994; Maslin and Ridgwell, 2005) (Fig. 3). After this, an increased amplitude and 

cycle asymmetry (slow glaciation leading to 90.000 ka glacial periods, and rapid deglaciations leading 

to shorter 10.000 ka interglacials) is observed.  

This strong 100 ka frequency apparently corresponds to the 100-ka eccentricity cycle which, 

alone, is too weak to produce relevant effects on the climate, resulting inadequate to explain the 

palaeoclimate record. This aspect is known as the “100 ka Problem” and represents a still unclear 

topic of the astronomical theory (Imbrie et al., 1993; Paillard, 1998).  

Various hypotheses have been proposed to explain the Middle Pleistocene transition and the 

onset of the present day “100 ka world”. Some invocate a nonlinear response of the global climate 

to the eccentricity cycle (Maslin and Ridgwell, 2005, and ref. therein), while others suppose that the 

100-ka periodicity is an average between different astronomical cycles rather than eccentricity 

(Paillard, 2021). For example, the 100-ka periodicity has been related to 4th or 5th period precession 



19 
 

cycles (Maslin and Ridgwell, 2005), and to double or triple period obliquity cycles, entering the 

climate system in a chaotic phase with different, non-linear climate response to the forcing 

periodicities (Huybers and Wunsch, 2005; Huybers, 2009). 

Otherwise, it has been proposed that external linear forcings, alone, may have only a weak 

climatic, but they can be amplified if combined with internal (stochastic) forcings, causing the climate 

to oscillate between two extreme modes (glacial- interglacial) (Benzi et al., 1982). It is suggested that 

climate shifts between the two extremes only when certain critical thresholds (relative to insolation 

values and ice volume) are exceeded, resulting in a rapid, non-linear response in respect to the 

forcing (e.g. Paillard, 1998). For example, it has been proposed that the reaching of a critical size of 

the Northern Hemisphere ice cap changed the global climate response, producing a non-linear 

response between the weak 100 ka orbital cycle and the stronger climate response (Imbrie et al., 

1993). Alternatively, the 100-ka world can be the result of a long-term cooling that allowed the ice 

volume to overpass a critical threshold that made it persist longer for 80-100 ka, making the 41-ka 

orbital forcing ineffective on controlling climate changes (Abe-Ouchi, 1996; Raymo, 1997). Possibly, 

this was favoured by tectonic processes: after the development of the Greenland-Scotland 

submerged ridge, dated at around 1 Ma ago, the consequent changes in the thermohaline circulation 

and consequent heat flow, made it easier to lock the climate system in a glacial mode rather than in 

interglacial one (Denton, 2000).  

As already mentioned, the long-term cooling could have been triggered also by the atmospheric 

CO2 decreasing trend due to the increased chemical weathering, resulting from the uplift of Cenozoic 

orogens (Raymo et al., 1988). Other studies suggest that the onset of the 100-ka glacial cycle, and 

related global cooling, were triggered by the progressive erosion and removal of regolith layer under 

flowing ice sheets, resulting in a slower flow and melting, allowing ice sheet to persist longer (Clark 

and Pollard, 1998). Finally, recent studies (Willeit et al., 2019, and ref. therein) suggest that both the 

processes (atmospheric CO2 decrease and regolith removal) acted together. 

Concluding, the 100-ka problem clearly indicates that astronomical theory can only a part of the 

last million-year climate change, since variations in CO2 and other internal forcings, linked to bio-

geochemical cycles, oceanic and tectonic processes, are also very important contributing causes of 

climate change, amplifying the climatic effects triggered by the astronomical motions.  

 

 
Figure 3. Lower Pleistocene to Holocene benthic stack showing the Middle Pleistocene Transition (MPT) from 

the 41 ka cyclicity to the 100 ka cyclicity. Mod. after Lisiecki and Raymo (2005). 
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CHAPTER 3 - GEO-BIOLOGICAL PROXIES FOR ASSESSING 
PALAEOTEMPERATURES 

 

3.1 Archives and proxies for palaeotemperature reconstructions 

In the palaeoclimatic and palaeoceanographic research, the palaeotemperatures of the air and 

of the sea (including the Sea Surface Temperature or SST) are important climate parameters, 

frequently estimated from a variety of natural archives and proxies. There are several natural 

archives that can record the palaeoenvironmental and palaeoclimatic variations during their 

formation (Bertini et al., 2022). Natural archives are represented by both inorganic and organic, 

marine, and continental ancient materials. Natural archives record a series of proxies, "substitute" 

data that can be used for indirect qualitative or quantitative estimations of palaeoclimatic or other 

palaeoenvironmental parameters (e.g., palaeotemperature, ice volume, sea level, salinity, etc.) 

(Bertini et al., 2022). Following, the main palaeoclimatic archives are listed, grouped into inorganic 

and biological, together with the registered proxies (synthesis after Bertini et al., 2022). 

 

Inorganic (geo-glaciologic) archives are:  

1) Sedimentary record: coastal, pelagic, and lacustrine sedimentary sequences and cores, 

recording environmental variations of, potentially, the whole Earth story, through a multitude 

of proxies such as: a) geo-lithological proxies (lithologies indicators of climate), b) geochemical 

composition of microfossils, c) faunal composition of marine assemblages, both micro and 

macrofossils; d) pollen, e) vegetation macro and microfossils, f) insects and other continental 

organisms. 

2) Speleothems and tufa: carbonate continental deposits, recording environmental parameters 

through geochemical proxies during their deposition. 

3) Ice cores: found in polar ice sheets, constitute a nearly 1 Ma record of geochemical proxies, 

dust levels, and past CO2 and CH4 atmospheric concentrations, trapped into air bubbles. 

 

Biotic archives, are: 

1) Hard shelled or skeletal marine macrofossils (e.g., molluscs, brachiopods, corals, recording 

geochemical and other proxies related to the skeletal growth); 

2) Ancient wood: ancient (Ka aged) wood recording in the tree rings geochemical and other 

physical proxies related to the wood growth; 

3) Midden: accumulation deposits made on long times by rodents, recording continental fauna 

and flora proxies (e.g., pollen, insects, etc…). 

 

Each of these archives can record palaeoenvironmental and palaeoclimatic variations over 

different time spans, and with different time resolutions (Fig. 1). The following part deals with the 

most used proxies used to inferring past water or air palaeotemperatures, with mention to the 

importance of some of these proxies to evidencing past global changes. 
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Figure 1. Time span of record and resolution of the main archives. Mod. after Bertini et al. (2022). 

 

3.2 Lithological proxies 

Sedimentary deposits can archive peculiar lithologies that can be used as qualitative climate 

proxies, requiring precise climatic conditions to be developed. The most common cases include 

tillites (deposited in cold periglacial environments), coal beds (derived from vegetal accumulations 

in warm-humid climate), evaporites (generally deposited in warm-arid marine or continental 

environments), loess (aeolian dusts deposited in arid continental environments), palaeosoils (linked 

to humid climate), whose alternation are also related to glacial/interglacial cycles (Bertini et al., 

2022). 

 

3.3 Geochemical and biogeochemical proxies for global climate and palaeotemperatures 

During time, several kinds of geochemical proxies for palaeoclimate analyses were identified. 

Some of the most important geochemical proxies are represented by oxygen and carbon isotopes, 

as well as by trace elements ratio, allowing direct palaeotemperature estimates and to trace 

palaeoclimatic-palaeoenvironmental changes (Bertini et al., 2022). These proxies can be measured 

in a series of different natural archives.  

First, the isotopic composition of ice cores can be used for calculating atmospheric temperature 

during the precipitation. Speleothems, freshwater tufa, calcareous skeletons, and tree wood, grows 

through consecutive bands during the year, producing temporal growths that can be dated and 

analysed for geochemical composition, used for reconstructing palaeoenvironmental and 

palaeoclimatic parameters, such as temperature or precipitation (Bertini et al., 2022). In particular, 

SST estimations are commonly derived by microfossil (planktic foraminifera, calcareous 

nannoplankton) and macrofossil record (including, among others, calcareous algae, arthropods, 
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echinoderms, brachiopods, and frequently molluscs and corals; Wierzbowski, 2021; Bertini et al., 

2022). Moreover, the bulk isotope composition of benthic foraminifera shell from deep cores, 

instead, provides continuous isotopic record of the palaeoclimate changes, in terms of deep 

temperature and polar ice volume variations (Emiliani, 1955; Lisiecki and Raymo, 2005; Railsback et 

al., 2015; West et al., 2018). 

 

3.3.1 Stable isotopes 

When involved in physical-chemical processes, isotopes - atoms of a same element with different 

mass (i.e., with a different number of neutrons) - follow different fractionating phenomena that are 

environmentally controlled. For this, oxygen stable isotopes are widely used in palaeoclimatic, 

palaeoceanographic, and palaeoecologic research. In particular, the oxygen isotopic composition of 

a substance is expressed as δ18O (isotopic ratio of "heavy" 18O oxygen and “light" 16O oxygen, 

normalized with respect to an appropriate standard). The δ18O is used both for palaeotemperature 

estimations on fossil carbonates (Epstein et al., 1953) and for evidencing the global climatic 

variations in the geological past, resulting also in a high-resolution isotopic stratigraphy (e.g., 

Emiliani, 1955; Lisiecki and Raymo, 2005; Railsback et al., 2015).  

After the early works (Urey, 1947; McCrea, 1950; Epstein et al., 1953) it is well known that the 

biogenic carbonate oxygen isotopic ratio (δ18Oc, normalized to the PDB standard) is a function of 

both the isotopic composition (δ18Ow, normalized to the SMOW standard) and of the temperature 

(T, °C) of the water solution in which the carbonate precipitated. These relationships are formalized 

in several palaeotemperature formulas (e.g., Epstein et al., 1953), used for calculating the 

temperature of formation of a skeletal carbonate for a given δ18Ow value. In particular, δ18Ow and 

δ18Oc are in direct relationship, i.e. the change in the composition of the water is directly recorded 

in the calcareous skeleton. Conversely, the relationship between T and δ18Oc is inverse: according to 

the classic equation of Epstein et al. (1953) the increase of 1 °C leads to a decrease of 0.23 ‰ in 

δ18Oc. 

Stable carbon isotopes are also used in palaeoceanographic and palaeoclimatic analyses. Changes 

in the δ¹³C ratio (¹³C/¹²C, normalized in respect to the PDB standard) derived from marine archives 

are related to main changes in the dissolved carbon, depending on the carbon biogeochemical cycle 

(e.g., production and sequestration of organic matter and carbon) that, in part, are linked by global 

climatic and oceanographic events (Goddéris et al., 2021). 

 

3.3.1.1 Oxygen palaeoclimatic curves and Marine Isotopic Stages 

After the development of the palaeotemperature formula (Epstein et al., 1953), an important 

application of the oxygen stable isotopes was made by Emiliani (1955) who, for the first time, 

identified and quantified Late Quaternary cyclical climate variations in the oxygen isotopic 

composition of planktonic foraminifera fossil tests, sampled from oceanic cores in the Caribbean 

Sea. He interpreted the succession of high and low values of δ18Oc as global sea surface 

palaeotemperature variations, with amplitudes estimated in the order of 5-10 °C, matching the 

alternation of glacial and interglacial intervals, convincingly demonstrating the usefulness of 

isotopes for reconstructing past climatic variations, theorized in the astronomical theory of 
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Milankovitch (1941). Most importantly, Emiliani proposed for the first time an isotopic stratigraphy 

still used and improved (e.g. Lisiecki and Raymo, 2005; Railsback et al., 2015), based on the division 

of geological time into the so called "Marine Isotope Stages" (MIS), numbered from the present day 

warm period, the MIS 1 interglacial: starting from this and going deep into the near past, the other 

warm interglacials are identified with odd numbers (e.g. MIS 5), and the cold glacial stages with even 

numbers (e.g., MIS 2). The points of transition between glacial and interglacial stages are called 

terminations (Lisiecki and Raymo, 2005). So far, 104 MISs have been defined for the Quaternary, up 

to about 2.6 Ma and other, even if identified by different acronyms, for the Pliocene, up to 5.2 Ma 

(Lisiecki and Raymo, 2005). Minor peaks, stadials and interstadials, identify minor substages related 

to less pronounced climatic oscillations, labelled both with numbers or letters (e.g., MIS 5.5 or MIS 

5e) (Shackleton, 1969; Railsback et al., 2015). 

In the 1950s it was known – as indeed formalized in the palaeotemperature equation of Epstein 

et al. (1953) – that the composition of carbonates depended both on the carbonate formation 

temperature and on δ18Ow; however, it was still unclear which of the two factors played the biggest 

role in determining the mineral δ18O composition. Emiliani (1955) assumed that the signal recorded 

by the foraminifera represented mostly palaeotemperature variations between glacial and 

interglacial, attributing a low contribute (< 0.4 ‰) to the variations in δ18Ow, linked to the expansion 

and contraction of ice sheets (Shackleton and Opdyke, 1973). In contrast, as estimated by Olausson 

(1965), this value had varied considerably during glacial and interglacial cycles, i.e. around 1 - 1.1 ‰) 

(representing the glacial-interglacial difference for the Upper Pleistocene; Shackleton and Opdyke, 

1973), coupled with large oceanic salinity and sea level variations (Thunell and Williams, 1989; Caley 

et al., 2021). 

In the late ’60s, a reinterpretation of the isotopic curves meaning was provided by Shackleton 

(1967), who analysed benthic foraminifera from the same core of the Emiliani’s planktonic 

foraminifera.  He found that benthic foraminifera, albeit living under the thermocline (i.e., at rather 

constant temperature between glacials and interglacials), net of different absolute values, recorded 

the same variations found in the planktonic foraminifera, previously interpreted as SST temporal 

variations. Thus, Shackleton (1967) demonstrated precisely that the changes in ocean water 

composition (dependent on the greater or lesser extraction of light oxygen by expanding/melting 

glaciers during glacial/interglacial stages) constitute the main source of the signal of the planktonic 

and benthic foraminifers, and that therefore the climatic curves should be rethought: "extensive 

glaciation" in place of “cold”, and “reduction of glaciers" instead of “warm” (Shackleton, 1967), as 

confirmed by subsequent papers (Duplessy et al., 1970; Shackleton and Opdyke, 1973). 

Anyway, Shackleton (1967) initially assumed that the variation of the water composition during 

the glacial/interglacial cycles was the only recorded signal, assuming a constant deep oceanic 

temperature. Nevertheless, relevant glacial/interglacial deep-water temperature changes were then 

discovered worldwide, i.e. with interglacial values similar to the modern ones, and cooler glacial 

values (Labeyrie et al., 1987). This is explained with different oceanographic conditions for the 

formation of deep oceanic water during glacials and interglacials. For example, the North Atlantic 

deep water (the main modern source of global deep water) forms in the Norwegian Sea at low 

temperatures (-1.9 °C). Before sinking into the ocean basin, it crosses a shallow sill, mixing with 

warmer shallow waters and reaching around 3 °C. Instead, during the Last Glacial, as these waters 
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formed directly in the Atlantic, they sank without warming, at around close to the freezing point (-1 

°C) (Labeyrie et al., 1987; Caley et al, 2021). Thus, at Glacial/Interglacial scale, deep foraminifera also 

record temperature variations, which should be corrected for reconstructing the global variations in 

the ice volume signal, possibly with Mg/Ca or clumped analysis that allow water-independent 

temperature estimations (Caley et al, 2021). 

 

3.3.1.2 The palaeotemperature formula 

Oxygen stable isotope analyses (δ18O) have been widely used for SST estimates on skeletal 

carbonates, e.g., derived from the widely used equation of Epstein et al. (1953), for calcitic fossil 

carbonates, and of Grossman and Ku (1986) for aragonitic ones.   

Anyway, as known, any δ18O-SST relationship requires the two values of the isotopic composition 

of the skeletal carbonate and of the seawater where the organism lived. The isotopic composition 

of the seawater, being dependent on time, latitude, and local environment (e.g., evaporation or 

freshwater inputs), is almost never known and represents the main bias for an accurate SST result 

estimation (Jarret, 2009; West et al., 2018; Caley et al., 2021; Wierzbowski, 2021; Huntington and 

Petersen, 2023). For instance, the unknown δ18Ow can be derived from independent SST estimates, 

using other geochemical or biological proxies (e.g., Pérèz-Folgado et al., 2004).   

In addition, different taxa can exert a specific biological control (“vital effect”), secreting their 

skeleton out of isotopic equilibrium with the δ18Ow of marine waters (Wierzbowski, 2021). 

Foraminifera and molluscs generally deposit their shell in isotopic equilibrium with seawater 

(Wierzbowski, 2021); bivalves, for example, are useful even without disposing a specific equation 

(Ragaini et al., 2019), but disequilibria were recently reported for some species due to ontogenetic 

or metabolic controls (Wierzbowski, 2021, and ref. therein). Instead, for other molluscan species, as 

Thetystrombus latus, strong isotopic variations in living individuals from the same locality are 

reported (De Torres et al., 2010), making it risky for SST estimations. 

 

3.3.2 Clumped isotope analysis 

Clumped isotope analysis is a newer geochemical method for palaeotemperature estimations, 

based on both oxygen and carbon stable isotopes on biogenic, abiogenic, marine, and continental 

carbonates (Ghosh et al., 2006). The method is based on the Δ47 parameter, representing the 

abundance of heavy 13C and 18O isotopes, bonded (clumped) in the same CO3
2- ionic group (i.e., the 

mass 47 isotopologue), relative to a stochastic distribution; clumping is inversely related to the 

formation temperature through the system entropy (Wierzbowski, 2021; Anderson et al., 2021; 

Huntington and Petersen, 2023). As the technique involves only single-phase (carbonate) isotopic 

exchanges, water-carbonate isotopic equilibria are not considered. Thus, clumped analysis returns 

direct SST estimations, requiring no assumption for the past δ18Ow of the seawater and overpassing 

the limits of the traditional isotopic palaeotermometry. Therefore, clumped-derived SST values are 

also useful for estimating δ18Ow through the traditional palaeotemperature equation (Anderson et 

al., 2021; Huntington and Petersen, 2023). Anyway, also clumped analysis on biogenic carbonates 

can be biased by non-equilibrium calcification and related vital effects, which must be known and 

corrected for (e.g., corals; Spooner et al., 2016, and ref. therein). 
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3.3.3 Trace element analysis  

Metallic cations as Mg and Sr among others, can vicary Ca in the crystal lattice of calcium 

carbonate polymorphs, in an extent being related to the solution temperature. Based on this, trace 

elements ratio such as Mg/Ca and Sr/Ca versus SST relationships were established for different 

calcareous shelled taxa as, among others, bivalves (Freitas et al., 2005), corals (Silenzi et al., 2005; 

Rosenthal and Linsley 2006; Montagna et al., 2007; Royle et al., 2015a), foraminifera and ostracods 

(Rosenthal and Linsley, 2006), and coralline red algae (Ragazzola et al., 2020). The main advantage 

of trace element analysis is that the knowledge of the seawater composition is not required, and 

the calibrated equations return a direct SST estimation. Albeit the method uses taxon-specific 

equations, these proxies can suffer biases, too. For example, coral Sr/Ca relationships can be 

influenced by disequilibria offset, varying between corals of the same species, even living in 

proximity (Rosenthal and Linsley, 2006). This effect is demonstrated for the Mediterranean coral C. 

caespitosa, for which different calibrated equations have been proposed (Silenzi et al., 2005; 

Montagna et al., 2007) that, due to a colony-specific unpredictable vital effect, might return 

unrealistic results (Royle et al., 2015b). 

 

3.3.4 Biochemical proxies: alkenones  

Coccolithophorids calcareous plates, most notably those of the cosmopolitan species Emiliana 

huxleyi, contain organic molecules (biomarkers) known as alkenones, i.e., long-chained molecules 

with 37 carbon atoms and 2-3 double bonds, whose number, expressed by an undersaturation index, 

is related to the temperature during the time of synthesis, estimated via linear calibrations (e.g., 

Prahl and Wakeham, 1987; Prahl et al., 1988; Müller et al., 1998).  This approach is useful for 

estimating mean annual SST of the shallow water mass (Rohling et al., 2002; Kandiano et al., 2014). 

 

3.4 Biological and Palaeoecological proxies 

As palaeoclimatology (i.e., climatology of the past), also palaeoecology is defined from its modern 

counterpart: ecology is the study of the interactions between organisms with each other and with 

their environment, including all biotic and abiotic aspects, thus palaeoecology is “the ecology of the 

past” (Birks and Birks, 1989; Bottjer, 2016). Considering the ecology research topics, palaeoecology 

is also defined as: “the reconstruction and study of past ecosystems, including the relations between 

organisms and their environments” (Roberts, 1998). Due to the link between organism and 

environment, palaeoecology is a useful tool for the palaeoenvironmental reconstructions, based on 

the knowledge of the autoecology of fossil taxa, derived from their current analogues on the 

assumption that they have changed over time (principle of actualism and taxonomy of 

uniformitarianism). 

For example, marine palaeoecology uses biofacies and ichnofacies (based on body and trace 

fossils record, respectively) for characterizing the palaeoenvironment. Marine biofacies are strongly 

controlled by physical environmental factors, such bathymetry, hydrodynamics, and substrate or, in 

other words, to the sedimentary regime, making also sedimentological features of the fossil-bearing 

assemblage an important tool for interpreting past environments (e.g., Bernasconi and Robba, 
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1993) (see also Chapter 4 for more details). In continental settings, most of the palaeoecological 

reconstructions are based on pollen and fossil plant analysis, among the main proxies for 

palaeoclimate and palaeoecology (Peppe et al., 2018). 

Although palaeoecology and palaeoclimatology are two different branches of palaeosciences 

whit two different aims (Rull, 2010), these two fields of research are intimately related. In 

palaeoenvironmental research, in fact, some parameters that concern the palaeoecology of fossil 

species and palaeocommunities, and for extension of a palaeoenvironments, are also fundamental 

palaeoclimatic parameters (for example, atmospheric temperature, sea surface temperature, 

salinity, etc.). Describing a palaeoenvironment cannot ignore palaeoclimatic conditions, with all 

palaeontological data to be framed in their epochal and geographical context. Therefore, a correct 

palaeoecological analysis considers biostratigraphic, palaeobiogeographic, and palaeoclimatic 

analysis (Raffi and Serpagli, 1994).  On a wider ecological scale, changes in past ecosystems are 

strongly linked to palaeoclimate changes (Sepulchre, 2002). Over millions of years, therefore, 

continental and marine ecosystems respond to both evolutionary processes and global climatic 

changes (Joussaume and Duplessy, 2021), so that macroevolutionary processes can also be 

constrained by long-term palaeoecological data and by abiotic factors, i.e. tectonics and climate 

(Sepulchre, 2002). 

 

3.4.1 Coral reefs and warm water species 

A clear example of palaeoecology and palaeoclimate link comes from shallow water Scleractinia 

reefs: modern shallow water coral reefs are highly diverse habitats, restricted to regions 

characterized by a tropical climate, i.e. with mean annual temperature between 25 – 29 °C (Bottjer, 

2016), representing a distinct tropical climate proxy (Rosen, 1999; Veron, 2000; Vertino et al., 2014).  

In the Mediterranean, the tropical/subtropical reefs disappeared during the Pliocene, due to the 

climatic deterioration. The only survived zooxanthellate coral, i.e. Cladocora caespitosa, remained 

an important reef constructor during warmest periods of the Plio-Pleistocene (Vertino et al., 2014). 

Similarly, the distribution of another warm-affinity coral, the non-constructive Astroides calycularis, 

today limited to the warmer south-eastern Mediterranean, was wider that today in response to past 

warmings (Vertino et al., 2014, and ref. therein). 

 

3.4.2 Marine plankton as SST proxy 

The marine palaeoecology mostly focuses on benthos and plankton, with the former traditionally 

used for palaeoenvironmental reconstructions, and the latter for palaeoceanographic 

reconstructions (e.g., past water temperature and salinity) (Raffi and Serpagli, 1994). Indeed, in 

deep and shallow water sediments, fossil assemblage of coccolithopohorids, foraminifera, and 

radiolarians, are used in palaeoclimate. Other than an archive for δ18O and trace elements, SST 

estimations are made using the ecological preferences of the identified species, e.g. using the 

latitudinal dispersion along the modern biogeographic oceanic provinces (i.e. polar, temperate, 

subtropical, tropical) (Bertini et al., 2022). Foraminifera assemblage variations register changes in 

water masses proprieties, such variations in SST, productivity, and pycnocline (Kandiano et al., 
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2014). Palaeotemperaturure estimates from marine plankton can be derived by using different 

statistical approaches: transfer functions, equations based on the number of species with different 

ecological preference, first used for SST estimation by Imbrie and Kipp (1971). These empirically 

derived equations assume that biological responses are function of one or more 

palaeoenvironmental parameters, such as seasonal mean water temperature; for this, transfer 

functions are calibrated on the present-day taxa ecological and climatic preference, i.e. using a 

uniformitarian approach. Other approaches for SST reconstructions are the modern analogue 

technique (Hutson, 1980; Prell, 1985) and the revised analogue technique (Waelbroeck et al., 1998). 

 

3.4.3 Molluscan palaeobiogeography and ecological proxies  

The distribution of the molluscan species among different latitude bioprovinces is mainly a 

function of the climate since the boundaries of each marine bioprovince match those of climatically 

different areas (Hall, 1964; Raffi et al., 1985) each with its typical SST setting mainly defined by the 

duration of critical SST values during the year (Garilli, 2011). On this base, fossil molluscs can be used 

for obtaining palaeo-SST estimations through the study of their climatic/biogeographic affinity. 

Addicott (1969), for example, reconstructed the Oligocene to Pleistocene climatic variations in the 

northeastern Pacific using the northward and southward shifts of selected extant warm water 

species, by reconstructing the latitudinal shifting of the related bioprovinces.  

The presence of fossil molluscs that are locally extinct but nowadays living in areas with a 

different SST is the main indicator of climate changes, even if this approach is also potentially limited 

by pure actualistic and uniformitarian assumptions, which exclude the possibility that the species 

can develop adaptation to climate changes (Monegatti and Raffi, 2001; Meco et al., 2002; Garilli, 

2011; Montesinos et al., 2014; Ávila et al., 2015). This is the case of the Senegalese Fauna: the 

northward expansion of the Senegalese fauna during the Tyrrhenian reflects warm generalized 

conditions from the Canaries to the Mediterranean, where today such fauna is not present (Gignoux, 

1913; Meco et al., 2002; Garilli, 2011). 

Other approaches for palaeoclimate characterization, less used in recent literature (e.g., Gliozzi, 

1987; Aguirre, 2003; Aguirre et al., 2006), assume the temperature as the main controlling factor on 

the species distribution (e.g., Aguirre, 2003), and that the quantitative variation of species groups, 

distinguished in the function of their modern biogeographic distribution, can be used for inferring 

climatic conditions in the past (Aguirre et al., 2006). Essentially, a warmer or cooler SST setting is 

here inferred by a comparison between the taxonomic composition of the fossil assemblage with 

the modern counterpart of the study area. However, it must be considered that the taxonomic 

composition of the fossil assemblage may depend also on other palaeoecological factors, as 

bathymetry and type of community (Gliozzi, 1987), and thus misinterpretations on the SST 

characterization could result.  

 

3.4.4 Skeletal Growth rates  

It is well known that the SST variations can affect the growth rate of many marine invertebrates 

(such as corals), which can be recorded in their skeleton structures. For example, for C. caespitosa 
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corallites, the relationship between the growth rate and SST was investigated on living individuals, 

to calibrate specific relationships (e.g., Peirano et al., 2009, and Kružić et al., 2012) but, also in this 

case as for trace elements, equations are different and results divergent, suggesting caution should 

be exercised in a general application of such relationships. Moreover, when used to back-calculate 

SST, the application of the actualism principle for the species C. caespitosa is questionable, since its 

thermal tolerance is most probably changed through time. In fact, palaeontological evidence (i.e., 

occurrence of the largest bioconstructions during the warmer Plio-Pleistocene phases) suggests a 

decreasing of C. caespitosa thermal tolerance during the Holocene, as mortality events have been 

observed during prolonged SST rises, and a wide spectrum of other environmental factors can 

influence thermal tolerance of this species of coral (Zanchetta et al., 2019, and ref. therein). 

 

3.4.5 Pollen and palynomorphs 

 Microfossils made of cuticle are known as palynomorphs; among these, pollen is the most 

important proxy for continental palaeoecological and palaeoclimatic reconstructions. Indeed, the 

pollinic record reflects the vegetation association of the study area, which permits to reconstruct 

the regional climate based on its ecological and geographical affinity of the taxa (determined at 

genus or family level) (e.g., Guiot et al., 1989; Seppä and Bennett, 2003; Bertini and Martinetto, 

2011; Helmens, 2014; Miao et al., 2015; Peppe et al., 2018; Bertini et al., 2022). Many of the 

Quaternary continental stages, as the Eemian (= Last Interglacial sensu stricto or MIS 5e), and even 

the Holocene (= MIS 1), were defined through the pollen record. On one hand, the recognition of a 

certain vegetation (e.g., warm/humid taxa or cold/arid taxa) can give qualitative palaeoclimate data 

(Caley et al., 2021). On the other hand, statistical methods were also set (e.g., transfer function and 

modern analogues) for quantitative estimations, based on the number of species with a different 

climatic meaning, among others (Guiot et al., 1989).  

 

3.4.6 Vegetal macro rests and wood 

Considering vegetal macrofossils, also the association of macro vegetal remains (i.e., in lacustrine 

sediment archives) is a valid palaeoclimate proxy. For example, the functional morphology of fossil 

leaves can also be used in palaeoclimatology: the number of leaf stomata is inversely proportional 

to the atmospheric CO2 concentration, and the percentages of sooth and jagged margined species 

is used to estimate the average annual air temperature, while the area can indicate mean annual 

precipitation (Bottjer, 2016, and ref therein; Peppe et al., 2018; Bertini et al., 2022). Ancient wood 

provides a high-resolution record, through well differentiated annual growth rings, which can be 

even dated (dendrochronology) or analysed with the aims of palaeoenvironmental and 

palaeoclimatic inferences (dendroclimatology) (Bertini et al., 2022). Cellulose is an archive for stable 

oxygen and carbon isotopes, and physical and growth parameters of the wood, e.g. density and 

width of growth bands, are proxy for temperature, humidity, and cloudiness (Edwards and Fritz, 

1986; Battipaglia et al., 2008; Bertini et al., 2022).  
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3.4.7 Other biological proxies 

In marine and continental settings, non-pollen palynomorphs or NPC (diatoms, dinoflagellate, 

etc), which are organic-walled microfossils generally found during pollen analysis, are used as 

palaeoenvironmental and palaeoclimatic indicators (e.g., Limaye et al. 2007; Miao et al., 2015; 

Bertini et al., 2022). Other palaeoenvironmental and palaeoclimatic proxies used in continental 

deposits are represented by the phytoliths (silica deposits within plant cells, another proxy for 

vegetation) (e.g., Biswas et al., 2021; Liu et al., 2021). In continental freshwater deposits, fossil 

insects are useful biological proxies: Coleoptera and Diptera (family Chironomidae) assemblages can 

be used for palaeoecological and palaeoclimatic reconstructions, such as, mean annual air 

temperature and mean water temperature, the latter based on modern chironomids larvae 

analogues (e.g., Brooks, 2006; Coope, 2010; Plikk et al., 2019).  

 

3.5 Concluding remarks 

The marine and continental stratigraphic record provides palaeoenvironmental and 

paleoclimatic archives, thanks to changes in the lithological, geochemical, and biological features. 

For example, palaeoecology and geochemistry aspects of fossil assemblage can be used to define 

paleoenvironmental and paleoclimatic aspects, through a purely actualistic view (e.g., Cornu et al., 

1993; Freitas et al., 2005; Jarret, 2009; Garilli, 2011; Royle et al., 2015a, West et al., 2018). However, 

no paleoclimate proxy or method is free from bias (Jansen et al., 2007). Most of the SST estimations 

of the past marine ecosystems are based on a single proxy, for instance, a single species or taxon, 

or a single methodology (Judd et al., 2022, and ref. therein). Even if the single methods can lead to 

well-constrained results, there is a possibility to obtain unreliable SST estimations since various 

methodologies could be singularly affected by biases or based on unknown or too many 

approximate variables (e.g., salinity, isotopic fractionation, etc.) (e.g., Royle et al., 2015b). Multi-

proxy-based SST estimations are attempted to avoid uncertainty, compare different results, and 

evaluate their convergence or divergence (e.g., Dowsett and Robinson, 2009; Kandiano et al., 2014; 

Cisneros et al., 2016; Finné et al., 2019).  
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CHAPTER 4 - A FOSSIL MOLLUSCAN ASSEMBLAGE FROM THE MAR PICCOLO OF 

TARANTO (APULIA, SOUTHERN ITALY): A PALAEOENVIRONMENTAL 

RECONSTRUCTION DURING MIS 5E 

 

Abstract. This chapter reports a quantitative palaeoecological study focused on the macrobenthic 

molluscan assemblages collected from a MIS 5e calcarenite sampled at three sites of the Mar Piccolo 

di Taranto (MP) coastline (Masseria La Penna, Mass. S. Pietro, and Il Fronte), for a refined 

palaeoenvironmental reconstruction during the warmest peak of the Last Interglacial. A total of 5174 

individuals, belonging to 120 species of Bivalvia, Gastropoda, and Scaphopoda, indicate an 

autochthonous-parautochthonous assemblage coming from a shallow, photophilic subtidal bottom. 

The palaeoenvironmental interpretation of the molluscan fauna indicates a locally vegetated and 

mostly sandy mobile bottom, locally accompanied by either a coarser and finer fraction, and 

characterized by lateral variability, shifting from more sheltered and exposed areas, and from finer 

to coarser sites, suggesting a heterogeneous well-structured palaeoenvironment during MIS 5e. 

 

Keywords: MIS 5e; Last Interglacial; Calcarenite; Palaeoecology; Molluscan assemblage. 

 

4.1 INTRODUCTION 

In this chapter, the fossiliferous content of the MIS 5e calcarenite of Taranto, which will also be 

investigated for the palaeotemperature estimation in Chapter 5, is here studied for a refined 

palaeoecological study, whit the aim of defining the local mean palaeoenvironmental conditions 

during the warmer peak of the Last Interglacial (MIS 5e), which was warmer than today as indicated 

by sea levels, biological, and geochemical proxies (Cornu et al., 1993; Cita, 2008; Garilli, 2011; Dutton 

and Lambeck, 2012; Montesinos et al., 2014; Ávila et al., 2016). 

 

4.1.1 Geological and stratigraphic setting 

The study area, which includes the city of Taranto and the coastal area around the Mar Piccolo 

(MP) (a semi-closed marine basin), is located in the Gulf of Taranto (GT) (Ionian Sea, Southern Italy). 

The stratigraphic framework of the area consists of a basal Mesozoic limestone (Murge Limestones, 

part of the Apulian platform domain), covered by Pliocene to Lower Pleistocene marine deposits 

(argille subappennine unit laterally passing into the Gravina Calcarenite Fm) (Fig. 1). These units are 

overlaid by two orders of marine terraces: one, Middle Pleistocene in age, related to the MIS 11; 

another, Late Pleistocene in age, related to the MIS 5e, very well exposed along the coastal area 

(Amorosi et al., 2014; Negri et al., 2015), comprised in the Monte Castiglione Fm (Martinis and 

Robba, 1975) (Fig. 1; 2A-D).  Since the last century several works focused on the stratigraphy of 

these Late Pleistocene deposits (Gignoux, 1913; Belluomini, 2002; Dai Pra and Stearns, 1977; Hearty 

and Dai Pra, 1992). Recently, much effort was focused on the 'Il Fronte' section (Fig. 1; 3), which 

preserves a complete MIS 5e stratigraphic record, for a GSSP formal proposal of the Upper 

Pleistocene boundary, also known as Tarentian Stage (Antonioli et al., 2008; Amorosi et al., 2014; 

Negri et al., 2015). 
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Figure 1. Geological Map of the MP and location of the sampled sections. Mod. after Amorosi et al., (2014). 

 

 
Figure 2. (A) Old photograph of the T5 outcrop. (B) Pinna nobilis specimen in life position from the T5 outcrop; 

(C) Recent photo on T5 outcrop; T13; old photograph showing the today-dismantled calcarenite level on T13 

site, with Cladocora caespitosa level at the bottom and the calcarenite with Thetystrombus latus at the top. 
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A total of six stratigraphic sections, oriented along an ideal W-E transect (Fig. 3), were studied, 

integrating the data and observations published in the previous works, excluding Masseria La Penna 

section that was never described (Dai Pra and Stearns, 1977; Hearty and Dai Pra, 1992; Amorosi et 

al., 2014). All the sections show a very good lateral continuity, being well correlated thanks to 

lithostratigraphy, biostratigraphy, and absolute age dating (see Fig. 3 caption for details). Following 

the Amorosi et al. (2014) stratigraphic scheme, defined at the Il Fronte section, five main 

stratigraphic units can be recognized and correlated along the considered W-E transect (Fig. 3). A 

basal unit (U1) made by continental to marine deposits erosively overlays a basement represented 

by the argille subappennine unit. The marine facies of the Unit 1 record brackish to nearshore 

palaeoenvironments, with common shells of the genera Cerastoderma and Ostrea (Dai Pra and 

Stearns, 1977; Amorosi et al., 2014). Eastward, such marine/transitional deposits make transition to 

continental alluvial sandy facies, which in turn grade laterally and upward to palustrine tufa 

deposits. The thickness of this basal unit is very variable, since it is about 2 meters to the west 

(Sorgente Galeso section), it reduces to circa 25 cm to the east (Il Fronte section), while it is absent 

in the middle areas (Masseria Scardante and Masseria La Penna section).  

The second unit (U2) is characterized by grey marls with the very common presence of Cladocora 

caespitosa bioconstructions (Dai Pra and Stearns, 1977; Amorosi et al., 2014). This unit is well 

exposed at the Santa Teresiola section where it shows a maximum thickness of circa 1 m, whereas 

is absent in the Sorgente Galeso section, and is representative of a lagoonal (Peirano et al., 2009) to 

shallow marine stable palaeoenvironment (Amorosi et al., 2014) (Fig. 3). This level was dated at Il 

Fronte, returning an age consistent with the initial phase of the MIS 5e (137 ± 6 ka near the base to 

124 ± 4 ka in the middle; Amorosi et al., 2014).  

Unit 2 passes upward to the Unit 3 (U3) composed mainly of calcarenite with less sandstones, 

rich of fossils and representing the studied level of the present work. This calcareous layer shows a 

good lateral continuity since it is generally well exposed in the study area, with a thickness ranging 

from 1 to 2 m. Unit 3 is dominantly defined by a characteristically and heterogeneously cemented 

bioclastic calcarenite (Fig. 2A-D) with sometimes cross-bedded sedimentary structures, especially 

developed in the eastward part of the studied transect (Il Fronte section). Argillaceous sandstones 

deposits also occur in this unit at some localities as Santa Teresiola. This unit is rich among others 

of in situ fossils of C. caespitosa and bivalves with both disarticulated and in life positions shells, 

such as P. nobilis (Hearty and Dai Pra, 1992; Amorosi et al., 2014) (Fig. 2B). Examples of the MIS 5e 

typical Senegalese fauna as Thetystrombus latus are also present in this unit. Palaeoecological 

studies carried out on this unit indicate a shallow littoral to sublittoral depth deposition (Boenzi et 

al., 1985; Caldara, 1986; Amorosi et al., 2014; Negri et al., 2015). In addition to these studies, a 

detailed analysis of molluscan fauna from the calcarenitic U3 is provided in the present chapter, 

allowing also to contextualize subsequent palaeoclimatic inferences presented in Chapter 5. This 

level was dated at Sorgente Galeso and at Il Fronte returning respectively an age of 134 ka and 123 

± 4 ka (Hearty and Dai Pra, 1992). 

The stratigraphic succession continues with the mud-dominated Unit 4 (U4), with a thickness of 

about 2.5 m, followed by a second calcarenitic level (U5), very similar to the calcarenite of the U3. 

The boundary between the Unit 4 and 5 is constrained at 120 ka (Fig. 3, section Il Fronte), which 

implies the MIS 5e isotopic peak should correspond with the middle part of the Unit 4 as showed by  
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the global δ18O curve (Amorosi et al 2014) (Fig. 3). Finally, from a sequence stratigraphy point of 

view, the succession comprised between U1 to the lower part of U4, records a deepening upward 

trend of the facies, passing from alluvial/transitional marls (U1) to marine marls (U2) and 

calcarenites (U3) up to marine clays (U4) (Fig. 3), indicating a transgressive system tract. Whereas, 

as the upper part of Unit 4 and Unit 5 show a shallowing upward trend of the facies (Fig. 3), they 

define a highstand system tract (Amorosi et al., 2014).  

  

4.2 MATERIALS AND METHODS 

The work was carried out on three selected volumetric samples, one per site (each contained in 

a 3 dm3 sampling bag). The material was extracted by A. D’Alessandro and colleagues in 1976 from 

the less cemented lithotype of the T. latus bearing calcarenite at the following sections, listed from 

east to west (see Fig. 1): 1) Mass. La Penna locality (40°29’12.00’’N 17°16’2.63’’E) (Sample T13) (Fig. 

2D); 2) 500 m south of Mass. S. Pietro (40°30'8.52"N  17°18'45.74"E), from a “very soft calcarenite” 

(Sample T5) (Fig. 2A-C);  3) “Il Fronte'' cliff (40°28'31.20"N 17°18'48.56"E) (Sample T17), from a 

whitish calcarenite characterized by common presence of in situ C.  caespitosa small colonies 

associated to pycnodontids shells (D’Alessandro, field notes). Since that time, many sites were not 

more accessible or even exposed, as the T13 sample (see Fig. 2D), today testified by few remnant 

blocks of calcarenite and in situ C. caespitosa colonies entombed in a grey marl at the base. 

Nevertheless, the researchers’ notes and schemes were used for integrating data related to the 

samples within the stratigraphic sections checked in the field (see Fig. 3). 

4.2.1 Preparation of the samples, identification, and counts 

Each of the three bulk-samples consist of loose bioclastic calcarenites, made all almost of sand 

to gravel sized calcareous bioclast, including dominant molluscan shells. Due to the presence of 

several granulometric fractions, it was decided to work on the one greater than 2 mm in size, 

corresponding to the molluscan macrobenthos (sensu Di Geronimo and Robba, 1976), which 

represents the most abundant fraction of each sample. Furthermore, each sample was enriched by 

larger (centimetric-to-decimetric) specimens, not included in the volumetric sampling due to their 

size, which were considered to avoid possible loss of their palaeoenvironmental information. Due 

to the high fossil density in each sample, it was superfluous to add further material for the study. 

Molluscan specimens were identified at specific level, adopting the synonymy and the 

systematics of the World Register of Marine Species database (WoRMS Editorial Board, 2022) (see 

Appendixes I and III). As sole exception, owing to the high shell variability among the Pusillina 

species, and in view of their similar ecological meaning, we refer to them as “Pusillina group”, as 

already suggested in other studies (Scotti et al., 1995; Basso et al., 2008).  

For each species, the number of individuals (abundance) was estimated following the criteria of 

Di Geronimo and Robba (1976): 1) for bivalves, all the articulated specimens, all the complete 

disarticulated valves, and all the incomplete ones retaining the beak and/or hinge, were counted; 

the abundance was calculated as: A= n valves of the most represented type + n/2 least represented 

valves + n whole individuals; 2) for gastropods, all whole and incomplete specimens were counted 

only if preserving protoconch or the opening plus at least 2/3 of the teleoconch; 3) a similar criterion 
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was here adopted for scaphopods, i.e. at least 2/3 of the shell with apex. Then the relative 

abundance (A %), representing the number of a species on the total number of individuals of each 

sample, was calculated to directly compare the three samples, being equal in size, but different in 

total number of individuals. 

4.2.2 Diversity structure of the fossil assemblages 

Using the number of species (S) and of individuals (N), monovariate indexes, graphic diversity 

plots, and multivariate analysis, were performed to characterize and compare the diversity structure 

of the three samples. The PAST software was used for calculating monovariate indexes – Margalef’s 

species Richness (d), Shannon index (H’), and the Pielou’s evenness (J') – and to plot rarefaction 

curves, these used for a graphical comparison of the diversity structures, and to check the 

appropriateness of the sampling for the quantitative study (Hammer and Harper, 2006).  

In addition, rank-abundance plots (e.g. Whittaker, 1965) were calculated (through the software 

R) and compared to the classical ecological abundance models, in order to identify the best-fitting 

model and characterized the environmental conditions (Hammer and Harper, 2006).  

4.2.3 The Palaeobiocoenotic Approach 

For the palaeoecological reconstruction, the palaeobiocoenotic approach was used, being one of 

the most used methods in the palaeoecology of the Neogene-Quaternary palaeocommunities of the 

Mediterranean basin (e.g., Bernasconi and Robba, 1993; Bernasconi and Stanley, 1997; Basso et al., 

2008; Gianolla et al., 2010; Bernasconi and Stanley, 2014; Melis et al. al., 2015). The method consists 

in the comparison between the benthic palaeocommunities with the biocoenoses of the present-

day Mediterranean Sea, the latter based on the Benthic Bionomy model (Pérès and Picard, 1964; 

Picard, 1965; Pérès, 1967; Carpine, 1970; Pérès, 1982; Picard, 1985), which uses biological features 

for the environmental description (Montefalcone et al., 2021).  

Each biocoenosis is defined starting from its characteristic zoo- and phytobenthos, and on the 

type of sediment that also gives the original French name of the biocoenosis (e.g., “SFBC”: 

Biocoenoses de le Sables Fin Bien Classé: Biocoenosis of the Fine Well Sorted Sands).  

Five species-specific autecological data are needed for the application of the palaeobiocoenotic 

approach, consisting of:  

1) biocoenotic meaning, the species affinity for a biocoenosis that can be (following Pérès, 1982): 

characteristic exclusive, limited of a certain biocoenosis; characteristic preferential, present in 

a high number in a certain biocoenosis, but not limited to it; accompanying, or ubiquitous 

species; accidental, excl. of a certain biocoenosis and accidentally present in another one; 

2) bathymetric distribution through the benthic zones of Pérès and Picard (1964) (i.e., 

mesolittoral, infralittoral, circalittoral, bathyal); 

3) textural affinity, indicating the species preference for a certain substrate type: psephophylic 

(gravel-related species), psammophylic (sand-related spp), pelophylic (mud-related spp), 

mistophylic (species related to unsorted-mixed sediments), solid-substrate related species; 

4) feeding type, indicating the trophic strategies of the species: deposit feeders (including 

detritus, deposit, and herbivore feeders, feeding on organic particles deposited on or inside 
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the substrate, or on vegetate substrates); filter feeders (filter feeders and suspension feeders 

filtering and capturing organic particles from water, respectively); carnivores (including 

necrophages and, plus ectoparasites due their negligible percentage); 

5) habitus, defining the way of living of a species: endobenthos (living inside the substrate, 

including semi-endofaunals), and epibenthos (living on the substrate). Mobility faculties were 

not considered. 

These data were collected for each species from several scientific papers on both fossil and 

modern molluscan assemblages (Corselli, 1981; Benigni and Corselli, 1981; Biagi and Corselli, 1984; 

Boenzi et al., 1985; Caldara, 1986; Caldara and Laviano, 1986; Spano, 1989; Bernasconi and Robba, 

1993; Dominici, 1994; Bernasconi and Stanley, 1997; Piazza and Robba, 1998; Brambilla et al., 1998; 

Basso and Corselli, 2002; Spano et al., 2002; Basso and Brusoni, 2004; Poggiani et al., 2004; Ferrero 

et al., 2005; Brunetti, 2011; Repetto et al., 2017; La Mesa et al., 2019; Bracchi et al., 2020; Pavia et 

al., 2022). For the quantitative and graphic palaeoecologic reconstruction, the relative abundances 

of the species of the same autecological class were summed together. Together with the 

autecological analysis, it was checked the presence of allochthonous elements, using different 

taphonomic evidence, and checking the ecological incompatibility of the species. 

 

4.3 RESULTS 

4.3.1 Macrofossils found in the calcarenite  

Considering the taphonomic framework of the assemblage, the general conditions observed in 

the field and the state of preservation of the fossils suggest absence of relevant transport (e.g., 

absence of relevant fragmented and worn shells, contemporaneous occurrence of all-sized fossils, 

both of the same and of different species); this, together with evidence of autochthonism of some 

species (e.g., Pinna nobilis in life position; Fig. 2B) indicates that the assemblage is mostly 

autochthonous-parautochthonous. 

Concerning the studied fraction (> 2 mm), molluscan represented the dominant component of 

the loose calcarenite, both as countable fossils and bioclastic fragments. The three molluscan 

samples yielded a total of 120 species (S) (ST5 = 83; ST13 = 89; ST17 = 51), of which just 32 are common 

to all samples, and a total of 5174 specimens (N) (NT5 = 3059; NT13 = 1580; NT17 = 535) (Appendix I-

III). Individuals belongs to the classes of Bivalvia (relative abundances of 70 to 79%), Gastropoda 

(relative abundance 20 to 25 %), and Scaphopoda (relative abundance 1 to 6 %).  

All the species are Mediterranean or Mediterranean-Atlantic (Appendix II), expect four of the 

identified species that are representative of the Senegalese fauna (Gignoux, 1913), found in the T13 

and 17 samples: Thetystrombus latus (Gmelin, 1791), Conus ermineus Born, 1778, Hyotissa hyotis 

(Linnaeus, 1758), and Cardita rufescens Lamarck, 1819 (Fig. 4), well known in these deposits. 

Other than molluscs, other taxa were recognized, and briefly listed as follows: rare to common  

corallites of Cladocora caespitosa (both found as corallites dispersed in the sediment and small 

colonies); rare barnacles and polychaete tubes encrusting few molluscan shells or sediment; rare 

fragments (dactyla and thoracic segment) of decapods; bryozoans, both as encrusting colonies and 

erect branched (cf. Myriapora); benthic and encrusting foraminifera (including some specimens of 

Miniacina miniacea); rare sub-centimetric complete irregular echinoid tests and articles;  two tiny 
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bones (i.e. a fish jaw bone and a micromammal scapula); common coralline algae branched nodules 

(especially in T13, cf. Lithothamnion sp.). Sponge-related ichnogenus Entobia sp. was also found on 

large molluscan shells. 

4.3.2 Diversity structure  of the molluscan assemblages 

The molluscan Margalef’s richness index (d) reaches its maximum values in T13, followed by T5 

(dT13 = 11.95; dT5 = 10.22), and the minimum in T17 (dT7 = 7.96); evenness (J’) is higher in T17 (J’T17 = 

0,80), followed by T13 (J’T13 = 0.76), and is minor in T5 (J’T5 = 0.65); the overall diversity (H’) is higher 

in T13 (H’T13 =  3.40) than in T17 (H’T17 = 3.15) and in T5  (H’T5 = 2.87) that, albeit more species-rich, 

has a unevener distribution than T17 (Tab. 1). 

The individual rarefaction curves show graphically the diversity of the three samples (Fig. 5): T13 

appears as the most diverse sample as its curve start flattening off after a greater number of species, 

while T5 and T17 start flattening earlier. Despite the different species richness (Taxa S) and absolute 

specimen abundances, all the curves show an asymptotic pattern by increasing the number of 

individuals (i.e., sample size). This indicates that almost all the common species present in the sites 

have been recovered, and only some rarer species are missing (Hammer and Harper, 2006). The T17 

sample returned the minor number of species and individuals, as possibly biased by a greater extent 

of cemented calcarenite portion in the sampling bag that may have prevented the finding of most 

 
 Figure 4. Senegalese Guests found in the studied material; (A) Thetystrombus latus (Gmelin 1791); (B) 

Conus ermineus Born, 1778; (C) Hyotissa hyotis (Linnaeus, 1758); (D) Cardita rufescens Lamarck 1819 
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species. Nevertheless, it is acceptable for quantitative study as its rarefaction curve shows a 

moderate pendency in its terminal part (Fig. 5), indicating that only few rare species would be added 

into the sample by adding further loose material. Instead, the more species and individuals rich T13 

and T5 samples show a slightly higher slope of the terminal tract: possibly, some rarer species are 

missing but, overall, all the curves are well developed and acceptable (Fig. 5). Summarizing, all the 

samples are suitable for quantitative palaeoecology.  

Finally, as shown in Figure 6, the theoretical model that better describes the structural diversity 

pattern of the three assemblage is the log-normal model (Preston, 1948), with a typical S-shaped 

pattern, as all the samples features few dominant species, followed by several co-dominant and a 

very high number of rarer species, contributing to the diversity structure of the assemblages (see 

also Fig. 7). 

 

Sample S N d J’ H’ 

T5 83 3059 10.22 0.65 2.87 

T13 89 1580 11.95 0.76 3.40 

T17 51 535 7.96 0.80 3.15 

tot 120 5174 13.92 0.71 3.38 

Table 1. Monovariate indexes of the three molluscan palaeocommunities and of the three samples 

considered as a whole. S: number of species; N: number of individuals; d: Margalef’s Species Richness; J’: 

Pielou evenness index; H’: Shannon Diversity index. 

 

 
Figure 5. Individual rarefaction curves of the three samples. 

 
Figure 6. Rank abundance models of the three samples (Y-logged axis). 
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Figure 7. Relative abundances (%) of common species (cut off 1 %) in the three samples. 

 

4.3.3 Palaeoecology of the molluscan assemblages 

The palaeobiocoenotic analysis shows a general similarity of the three palaeocommunities as 

regards the bathymetric range and life-habit of the molluscan species. First, an infralittoral location 

is indicated by the relative abundance values (from 97.0% to 99.0 %) of species living in this shelf 

sector. In all the samples, the infauna always prevails (from 68.0 % to 85.0 %) on the epifauna (from 

32.0 % to 15.0 %). Nevertheless, subtle differences are recognizable when the ecological meaning 

(Fig. 8), substrate preference and feeding type of taxa are considered (Fig. 9A, B).  
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In samples T13 and T5, the most represented biocoenoses are those of Fine Well Sorted Sands 

(SFBC) (30.6%, 36.0%) and of vegetated bottoms [i.e. Photophilic Algae (AP), Posidonia Meadows 

(HP), plus negligible coralligenous species] (21.5%, 20.6%) (Fig. 8). The SFBC biocoenosis is inferred 

by several exclusive characteristic species: the bivalves Lucinella divaricata (dominant species in 

T13), Moerella pulchella (dominant species in T5), Acanthocardia tuberculata, and Spisula 

subtruncata, and the gastropods Tritia mutabilis, Mangelia attenuata, and Acteon tornatilis, and by 

the preferential characteristic bivalve Dosinia lupinus (Fig. 7). 

The Photophilic vegetated AP-HP biocoenoses are represented by the exclusive characteristic 

gastropods Smaragdia viridis, Diodora italica, and Conus ventricosus, and by a stock of preferential 

 
Figure 8. Palaeoecological characterization: Ecological meaning of the molluscan assemblages Biocoenosis 

of Eurythermal and Euryhaline Lagoons (LEE), B. of Superficial Fine Sands (SFS); B. of Superficial Muddy 

Sands in Sheltered Areas Of Fine Well Sorted Sands (SMVC), B. of Fine Well Sorted Sands (SFBC) B. of 

Photophilic Algae (AP), Posidonia Meadows (HP)] Coralligenous (C), B. of Coastal Detritic and Muddy 

Detritic (DC-DE), B. of Coastal Terrigenous Muds (VTC), B. of Coarse Sands under Bottom Currents (SGCF), 

Heterogeneous Community (PE), species lacking a precise ecological meaning (sspr), species with a wide 

ecological distribution (lre). 
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taxa: among these are the gastropods Diodora graeca, Tricolia pullus pullus, Rissoa monodonta, R. 

violacea, Tritia incrassata, Columbella rustica, and the bivalves Arca noae, Barbatia barbata, Pinna 

nobilis, Spondylus gaederopus, and Chama gryphoides. Several other species are commonly 

associated to vegetated bottoms (the gastropods Clanculus corallinus, Jujubinus striatus, Bittium 

reticolatum, B. latreilii, Cerithium vulgatum, Alvania spp., Pusillina spp., Stramonita haemastoma) 

(Fig. 7). 

In samples T13 and T5, species indicative of Coastal Detritic and Muddy Detritic biocoenoses (DC-

DE) (15.9%, 12.5%) are detected (Fig. 8). This stock is represented by preferential species (the 

bivalves Nucula nucleus, Mimachlamys varia, Myrtea spinifera, Acanthocardia echinata, 

Papillicardum papillosum, Azorinus  chamasolen, Timoclea ovata, Gouldia minima, Pitar rudis, the 

gastropods Gibbula magus and Sorgenfreispira brachystoma, and the scaphopod Antalis 

inaequicostatua), and few strictly circalittoral species (the DC exclusive bivalves Flexopecten 

flexuosus, Pecten jacobaeus, and Gari fervensis, the gastropod Turritella turbona, and the 

preferential gastropod Calliostoma zizyphinum), and the preferential scaphopod Antalis 

inaequicostata (Fig. 7). 

T13 and T5 are also characterized by species related to the Heterogeneous Community (PE) 

(12.3%, 15.4%) are also present (Fig. 8), testified by the bivalves Lembulus pella, Ctena decussata, 

Parvicardium exiguum, Varicorbula gibba, Moerella distorta, the gastropod Euspira guillemini, and 

the scaphopod Fustiaria rubescens (Fig. 7). As expected, sand-related species dominate (42.8 %, 

52.0%), followed by mixed substrate-related (22.7%, 17.4%) and hard substrate-related taxa (18.6 

%, 11.7%) (Fig. 9A); carnivores are better represented in T5 (12.5%) than in T13 (5.2%) (Fig. 9B). 

In the T13, a significant relative abundance (7.2%) pertains to the biocoenosis of Coarse Sands 

under Bottom Currents (SGCF) (Fig. 8); this biocoenosis is testified by the exclusive characteristic 

bivalves Glycymeris glycymeris, Venus casina, and Dosinia exoleta, and the preferential Glycymeris 

       
Figure 9. Palaeoecological characterization. (A) sediment preference: gravel related species (pse), sand-

related species (psa), mud-related species (pel), mixed substrate-related species (mixt), hard substrate-

related species (ss); (B) Feeding type: suspension/filter feeders (f), deposit/detritus feeders (d), 

carnivores/necrophages/parasites (c).  
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bimaculata and Laevicardium crassum, and Venus verrucosa, Glans trapezia and Venericardia 

antiquata (Fig. 7). Gravel-related (7.4%) are more represented than mud-related (2.8%) taxa (Fig. 

9A). Filter feeders prevail over deposit feeders (66.3% and 28.5%, respectively) (Fig. 9B).  

In sample T5, smaller percentages pertain to the biocoenoses of Coastal Terrigenous Muds (VTC) 

(5.2%), which is testified by the preferential characteristic gastropod species Turritelinella 

tricarinata, Eulima glabra, the bivalves Acanthocardia paucicostata and Abra alba (that is commonly 

associated with); it is recognized also the Superficial Muddy Sands in Sheltered Areas (SVMC) (1.3%) 

biocoenoses (testified by the exclusive bivalve Loripes lacteus) (Fig. 7; Fig. 8). Mud-related (14.0%) 

dominate over gravel-related (1.2%) species (Fig. 9A). Deposit feeders prevail over filter feeders 

(54.9% and 32.6%, respectively) (Fig. 9B). 

The T17 shares almost all the species with T13 and T5: just 5 species, as the AP exclusive 

gastropod Haliotis lamellosa, were found just in this sample. Albeit this, significantly different 

relative abundance values of these species make the DC-DE stock prevailing (39.6%) on the AP/HP 

(22.8%), PE (13.3%), SFBC (10.8%) and SGCF (2.8%) (Fig. 8). Gravel-related (24.7%) and mixed 

substrate-related species (24.5%) dominate, followed by hard substrate-related species (22.6%), 

sand-related species (16.1%), and mud-related (3.0%) species (Fig. 9A). As in T13, suspension-

feeders prevail over deposit-feeders (68.0 % and 31.2 %, respectively) (Fig. 9B). The relative 

abundance of the DC biocoenosis and gravel related species is mostly related to the DC preferential 

psephophilic and rheophilic Gouldia minima that is the dominant species of this sample (Fig. 7). 

 

4.4 DISCUSSION 

4.4.1 Diversity structure 

The palaeobiodiversity analyses indicate a similar structural diversity framework for the three 

samples, represented by moderately-to-high diverse molluscan assemblages (Fig. 5; Fig. 6). The 

graphic comparison of the structural diversity also indicates a similar setting, as in all the cases the  

log-normal model of Preston (1948) is the model that better describes the structure of the three 

samples (Fig. 6). This pattern is indicative of diverse communities in stable (non-stressed and 

resource rich), heterogeneous environments (May, 1981; Hammer and Harper, 2006). This pattern 

also corresponds to communities in equilibrium controlled by various environmental factors, 

generated by a process in which each species randomly occupies a niche and enters in competition 

with other species (Sugihara, 1980). One of the three samples (i.e. T17) has a minor correspondence 

to this model, which nevertheless remains the only that efficiently describes its pattern (Fig. 6). All 

considering, monovariate indexes and the rank-abundance analysis indicate that the three sites 

were similar each other and no substantial environmental differences existed in the three sites.  

Anyway, even if in a similar palaeoenvironmental framework, some slight differences occurred 

between the three sites. Indeed, the indexes’ values and the rank-abundance patterns featured 

some slight differences: T5 and T13 are similar for species richness, but different for diversity and 

evenness; T13 and T17 are similar for evenness and diversity, but different for species richness. 

These minor differences are also suggested by  partially different taxonomic composition of the 

three samples, as only 32 species common to all samples, even with significantly variable relative 

abundances values (see Fig. 7 and Appendix I). 
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4.4.2 Palaeoecological interpretation 

Also, palaeoecological data suggest that, although in a similar framework, the three sites were 

characterized by slightly different environmental parameters, which can be highlighted for a refined 

palaeoenvironmental reconstruction. As stated by Amorosi et al. (2014), the association is made up 

of species coming from different nearby palaeobiotopes but as shown by the subsequent 

reconstruction, not ecologically incompatible. The fossil community, overall, therefore represents 

an autochthonous-parautochthonous assemblage.  It should be noted that any estimate of diversity 

and the variety of palaeobiocoenotic analysis results may also be, at least in part, related to the 

taphonomy of the assemblage, i.e. the mixing and condensation of different thanatocoenoses 

developed in space and time. Therefore, the palaeoecological interpretation should be more 

properly considered as representative of the mean palaeoenvironmental conditions during MIS 5e 

at the three studied sites.  

In accordance with previous literature contributions, mollusc autecological data indicate that the 

three assemblages inhabited a shallow infralittoral bottom, testified by high relative abundance 

values either of species with a purely infralittoral depth range, and by the SFBC and AP/HP 

biocoenoses, both strictly related to this relatively shallow setting (Fig. 8).  

The sandy bottom SFBC biocoenosis dominates in T13 and T5. The right/left valves ratios of the 

dominant SFBC exclusive species, which are M. pulchella in T5 and L. divaricata in T13 (Fig. 7) are 

close to 1 (1.1, and 1.0, respectively). This indicates that these species, and therefore the whole 

SFBC stock, are residual and autochthonous (e.g. Aberhan and Fursich, 1991; Ragaini and Mariani, 

1992). The SFBC is significantly represented also in T17, but it is not the dominant biocoenosis. 

Nevertheless, at this site, the psammophylic SFBC-related Lutraria spp was reported in life position 

(Amorosi et al., 2014), suggesting the occurrence of an SFBC bottom also at this site, coherent with 

the lithology of the calcarenitic bed. According to the high relative abundance of species SFBC, T5 

and T13 are also dominated by sand-related species, accompanied by mixed substrate-related 

species indicating an overall heterogeneous bottom; sand-related species are detected also in T17, 

where gravel and mixed substrate-related species dominate (see below). If the MP calcarenite 

hosted an in situ SFBC bottom, the present-day range of this biocoenosis can be used to better 

constrain the palaeodepth estimation that, therefore, would result between 2.5 and 25 m 

(UNEP/MAP-RAC/SPA, 2015). 

The commonly associated photophilic vegetated AP-HP biocoenoses are well represented in all 

the samples (on average 21.6 % of the association), as expected in an infralittoral 

palaeoenvironment. As the SFBC, also the AP-HP stock can be interpreted as a residual community. 

This is exemplified by P. nobilis shells that, according to field notes and photographs taken during 

the sampling and our field observation, were recovered in life position (i.e. with downward antero-

umbonal margin) in all the samples. Today, this semi-infaunal bivalve is commonly associated to 

Posidonia oceanica and/or other phanerogams meadows, and its bathymetric range usually 

coincides with those of these plants (Guallart and Templado, 2012; Bracchi et al., 2020). Moreover, 

the abundant presence of Pinnidae in life position is also considered as a possible indicator of sea-

grass palaeoenvironments (Reich et al., 2015; Bracchi et al., 2020; Tomassetti et al., 2022). For this 

reason, this species was considered as preferential for the HP. In support to this point, other AP-HP 
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related species (e.g. A. noae and C. vulgatum) have been found inside P. nobilis in situ articulated 

shells, strengthening this association. 

The characteristic Glans trapezia, Venericardia antiquata, and Venus verrucosa are good HP 

indicators, being part of the matte endofauna; anyway, their relative abundance was counted 

among the SGCF stock (see below). Another species commonly found in the HP, i.e., Callista chione, 

has been counted among species lacking an ecological meaning (sspr) having been considered both 

as characteristic of HP (La Mesa et al., 2019) and of SFBC (Dauvin et al., 2017); anyway, its presence 

well fits in a such sandy-vegetated bottom. Finally, among vegetated habitats, the circalittoral 

Coralligenous (C) exclusive Barbatia clathrata found in the material, is likely accidental or indicative 

of small sciaphilic enclaves. 

The warm water Senegalese species Thetystrombus latus, a detritivorous-herbivorous requiring 

mobile substrates often with algal meadows, and also Cardita rufescens, can be associated with 

these vegetated contexts (Barrier et al., 1990; Repetto et al., 2020).  

Among the AP-HP stock, some AP exclusive species figure (e.g., H. lamellosa), indicating the co-

occurrence of seagrasses, to be expected in a mobile infralittoral bottoms, and seaweeds, typically 

related to hard infralittoral bottoms. Most of these species require solid substrates. These, at least 

in part, were provided by plant leaves (e.g. small epiphytic species) or by other small objects, such 

as large shells lying on the seafloor. Anyway, some large species, as the situ articulated AP 

preferential Spondylus gaederopus, typically require rocky bottoms. This species presents a good 

overall preservation, with both right and left valves keeping delicate spines intact.  Having not been 

identified rocky substrates in the MP deposits (Caldara and Laviano, 1980), and as these species 

were found with the encrusting right valve directly overgrown on the calcarenite, possible local early 

cemented sediment patches are suggested. The same indication is provided by oysters, rare 

barnacles, and serpulids, found in the calcarenite without encrusting any hard substrate. For a 

further explanation of this point, see Chapter 6. 

The current-dominated SGCF biocoenosis as well as abundant rheophilic species are significantly 

detected in T13 and T17. Nowadays, the SGCF biocoenosis is often mixed with other infra-

circalittoral biocoenosis, such as HP bottoms, as it can be located inside the current-dug intermatte 

channels (Corselli, 1981). As mentioned, the HP-related bivalves Glans trapezia, Venericardia 

antiquata, and Venus verrucosa are all present in the T13 sample. These species typically live 

intermatte channels under strong current action, developing a SGCF community, which is not always 

clearly distinguishable from a true matte fauna (Pérès and Picard, 1964; Corselli, 1981). Indeed, V. 

verrucosa was considered in literature both HP and SGCF exclusive (Harmelin and Schlenz, 1964; 

Biagi and Corselli, 1984). Albeit their strong relationship with HP bottoms, these species were 

counted among SGCF stock with the aim to better emphasize environmental (i.e., hydrodynamic) 

differences among the different sites.  Due to the recognition of a vegetated HP assemblage, this is 

the most likely scenario for the MP assemblage. Indications of bottom currents are provided also by 

Gouldia minima, the dominant species of the T17 sample (see below). 

The upper circalittoral gravelly to muddy bottom DC-DE stock dominates the T17 assemblage, 

and it is also found in the other samples with a significant relative abundance value (Fig. 8).  Anyway, 

the exclusively circalittoral species sum a very low percentage (around 1 %). Concordantly, these 

biocoenoses are mostly represented by DC preferential characteristic species (pure DE indications 
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are negligible) that can live both in the infralittoral and in the circalittoral, not precluding the 

infralittoral location for this site. In support of this hypothesis, some significant DC preferential 

species can be contextualized in the recognized infralittoral biocoenoses. For example, 

Mimachlamys varia, regarded as DC preferential (e.g. Basso and Brusoni, 2004; Pavia et al., 2022) is 

also considered indicative of HP bottoms (Bracchi et al., 2020). The same can be said on the gravel 

related Gouldia minima: albeit often regarded as lacking a precise ecological meaning, it has been 

considered as DC characteristic preferential (Basso and Brusoni, 2004), and can also be an abundant 

accessory species in vegetated bottoms (Spada, 1970; Tomašových et al., 2019).  Being the dominant 

species of the T17 sample (Fig. 7), and even autochthonous as suggested by the r/l ratio close to 1 

(i.e., 1.1), this species possibly indicates a more important influx a close DC community (also 

supported by the other preferential species) on the infralittoral vegetated community.  

The DC relative abundance values, together with the high percentage of infra-circalittoral species, 

indicates that the T17 palaeobiotope was probably located towards the lower portion of an SFBC-

HP bottom, passing to and coarser DC-like bottom, probably made of a more important 

accumulation of bioclastic gravel, likely represented by part of the shells found in the material. 

Moreover, even if G. minima is not characteristic of the SGCF community, where can be also found, 

this species is considered an indicator of bottom currents (Caldara, 1986; Dominici, 1994). This is 

consistent with modern findings, i.e., lower infralittoral with coarser bottoms influenced by currents 

(Spada et al., 1973). Therefore, its relative abundance suggests a relatively higher energy at the T17 

site. 

Finally, there are some minor indications of other habitats, which may indicate neighbouring 

biocoenoses or small mixed enclaves. A low but significant (> 1%) percentage of the SVMC 

biocoenoses (represented by the exclusive Loripes lacteus) is significantly detected in the T5 (Fig. 7), 

likely associable to sheltered areas that, given the palaeobiocoenotic indications, possibly could be 

set behind a posidonietum. Some negligible indications of the Superficial Fine Sands (SFS) 

biocoenosis (testified by the exclusive Macomangulus tenuis) are found in the T5 site (Fig. 7). Finally, 

in T13 not significant indication of the Euryhaline and Eurythermal Lagoons (LEE) biocoenosis comes 

from two worn valves of the exclusive Cerastoderma glaucum, likely transported and allochthonous. 

The fast-deposited fluvial mud-related VTC biocoenosis is significant (5.2 %) only in T5 (Fig. 8), 

indicating the occurrence of fluvial mud deposition in low energy areas located near the T5 site. This 

biocoenosis can fade into SFBC bottoms, recognized at the T5 site,  as it can form ecotones with its 

lower part (Benigni and Corselli, 1981; Koulouri et al., 2006). 

The PE, found with a significant percentage (on average, about 14 %), establishes and becomes 

dominant under increased turbidity periods that favour tolerant opportunistic species (Di Geronimo 

and Robba, 1989). Some of the identified PE species (Varicorbula gibba, associated to S. 

subtruncata, A. inaequicostata, A. alba, and N. nucleus) were reported at the limit of the infralittoral, 

favoured by momentaneous mud increasing (Benigni and Corselli (1981). This, possibly, may have 

occurred in SFBC-VTC ecotones located close to the T5 site. Anyway, in all the samples, this 

community does not reach dominant value, suggesting an overall stable palaeoenvironment with 

only moderate mudding.  
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4.4.3 Lateral variability  

Summarizing, the calcarenitic level deposited under very similar palaeoenvironmental conditions 

at the three sites investigated, i.e. a dominantly sandy/gravelly vegetated, relatively stable 

infralittoral bottom, as indicated by the similar percentages of SFBC, AP-HP, DC, and PE (Fig. 8). 

Endofaunals molluscs dominate over the epifaunal in all the samples, as expected by soft bottom 

settings, with only local small solid substrate. Despite these similitudes, the three samples are 

characterized by minor differences concerning palaeobiocoenotic, trophism, substrate preference, 

and life habit, testifying slightly different hydrodynamics between the sites (Figg. 7-9). On one hand, 

in the T5, SVMC and VTC biocoenoses, detected as accessory components of the fossil assemblage, 

indicate respectively shallow and deeper bottoms with low water energy, allowing some mud and 

fine organic particles deposition. According to this indication, deposit feeders, requiring such low 

energy conditions for the deposition of organic detritus (e.g., Koulouri et al., 2006), dominate over 

filter feeders. Not surprisingly, a consistent mud related species percentage (i.e. 14%) is reached 

only in the T5, while gravel-related species are very poorly represented (1.2%). The low relative 

abundance of gravel related species is also linked to the highest percentage of endofaunals (84.8 

%). All these indications indicate an overall slightly more sheltered seafloor near the T5 site. On the 

other hand, the current related SGCF biocoenosis and the relative abundance of rheophilic species 

are significantly represented in the T13 and T17. As expected by more energetic waters, filter 

feeders dominate over deposit feeders (representing more than 2/3) in both samples. Gravel-

related species percentage is consistent in the T13 (7.4%), and also the dominant ones (in the T17 

(24.7%). By contrast, mud related species sum up a little percentage (on average, 2.9%) in both the 

samples. The lowest percentage of endofaunals (i.e. 68,4 %) is found in the T17 (i.e. where gravel 

related species dominate). All these indications indicate an overall more exposed seafloor, likely to 

current actions, near the T13 and T17 sites. In addition, as already suggested, the T17 was probably 

slightly deeper than T13 and T5 due to dominant DC preferential species percentages. 

4.5 CONCLUSION 

The study of three bulk samples of the T. latus calcarenite from three sites of the MP (T5, T13, 

T17) led to the identification of a rich molluscan taxa, composed of 120 species (including 4 of the 

well-known Senegalese fauna), of which 32 are common to all the samples. The three assemblages 

are well diversified, indicating a relatively stable and variegated  palaeoenvironmental conditions 

during the deposition of the MIS 5e calcarenite. The mean palaeoenvironmental conditions inferred 

can be depicted as a mostly sandy to gravelly bioclastic mobile bottom, located in an 

infralittoral/lower infralittoral setting. By terms of biocoenotic affinities, the whole fauna is 

indicative of a mixed Well Sorted Fine Sands (SFBC) mixed with a Photophilic Algae and Posidonia 

meadows (AP/HP) biocoenoses, with minor contribution from neighbouring biocoenoses. In the T17 

site, a major number of species preferential for upper circalittoral biocoenoses, mostly Coastal 

Detritic (DC), indicates the proximity to circalittoral deeper and coarser bottom, suggesting a slightly 

deeper lower infralittoral location than T5 and T13. T13 and T17 areas were  more exposed to 

bottom currents and/or waves, while the T5 area resulted more protected allowing more finer 

particles deposition. Therefore, the goal of this contribute is adding a new quantitative refinement 

about the palaeoenvironmental conditions during MIS 5e of the Taranto Area.  
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CHAPTER 5 - MIS 5e SEA SURFACE TEMPERATURE ESTIMATION; A MULTI-PROXY 

APPROACH USING A MARINE MACROFOSSIL ASSEMBLAGE (MAR PICCOLO, GULF 

OF TARANTO, SOUTHERN ITALY) 

 

Abstract. It is reported a multi-proxy palaeoclimatic study conducted on a MIS 5e calcarenite from 

the Mar Piccolo Basin (MP), Gulf of Taranto (GT) (Central Mediterranean). The calcarenite returned 

a rich malacofauna consisting of 120 extant species, including four of the tropical Senegalese Fauna, 

today absent in the Mediterranean. The biogeographic-climatic affinity of the assemblage shows, 

compared to today, a double percentage of warm affinity species, while the cold affinity species are 

similarly represented, indicating a warmer but not strictly tropical SST. This is confirmed by the most 

recurring preferred SST ranges of the assemblage, indicating an average of 20 °C. The skeletal 

compositions of five well-preserved molluscan and coral specimens were analysed for trace elements 

and stable isotopes for further mean SST estimations. From the comparison of the results of several 

equations available in literature, it appears that only some SST estimations are realistic, converging 

into similar values of, on average, 20.8 ± 0.9 °C. Considering all the used proxies, the MIS 5e SST 

difference compared to today falls in the range 1.2 - 2.0 °C for the GT (being a more reasonable 

scenario) and 2.0 - 2.8 °C for the MP. This is not a firmly tropical-like SST setting as suggested by the 

sole Senegalese fauna, indicating at least 2.7 °C to 3.5 °C more than to today’s GT and MP, 

respectively. The approximations and assumptions made for obtaining SST values with any single 

proxy indicates the need of a multi-proxy approach to define the best SST estimation. 

 

Keywords: MIS 5e; Sea Surface Temperature; Palaeoclimate proxy; Fossil Fauna; Gulf of Taranto. 

 

5.1 INTRODUCTION 

As wrote in Chapter 1, MIS 5e is a good analogue for the present-day global warming future 

development. Hence the importance of using the geo-palaeontologic archive for obtaining 

palaeoclimatic inferences, starting with the estimate of the Sea Surface Temperature (SST), the rise 

of which is one of most direct effect on marine waters of global warming. With this purpose and 

with the goal of adding new palaeoclimatic insights into MIS 5e in the Gulf of Taranto (South Italy - 

Central Mediterranean), a multi-proxy-based approach was used to estimate the SST from a marine 

macrofossil assemblage. This assemblage was used here for a multi-proxy study based on 

biogeographical data, i.e. species climatic affinity, preferred SST range, and thermal constraints, and 

on geochemical data, i.e. major and trace elements, and oxygen stable isotopes composition. The 

study was focused on molluscs and coral fossils since both taxa are commonly used as palaeoclimatic 

indicators and archives (see Chapter 3). 

5.1.1 Geological and stratigraphic setting  

See Chapter 4. 
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5.1.2 Oceanographic setting 

The modern MP is a shallow semi-closed basin, strongly affected by freshwater inputs from the 

so called “Citri” karstic springs. Based on historical data from 1922 to 2014 

(https://va.mite.gov.it/File/Documento/293172), its mean superficial salinity (SSS) is generally lower 

than the open sea one, with an average of about 36.3 psu, while the mean annual SST is around 18.0 

°C ranging from the mean monthly SSTs of 11 to 25 °C. 

The MP is connected, through the adjacent Mar Grande, to the wider Gulf of Taranto (GT), which 

represents the northernmost part of the Ionian Sea. Out of the MP, average SSS values range from 

37.8-38 psu in the nearby Mar Grande (Alabiso et al., 2005; Di Leo et al., 2014; Cardellicchio et al., 

2015), up to 38.2 psu in the northern Ionian Sea (corresponding to a δ18Ow of 1.4 ± 0.1 ‰ ; Grauel 

and Bernasconi, 2010), resulting in average ca. 38 psu, which is the average SSS of the entire 

Mediterranean (Garilli, 2011; Nessim et al., 2015; Danovaro, 2019). In the Northan Ionian Sea (GT), 

mean winter and summer SST are about 14 °C and 25 °C, respectively, and the average annual SST is 

around 18.8 °C (Shaltout and Omstedt, 2014). 

   

5.2 MATERIALS AND METHODS 

The studied fossil assemblage was selected from three highly fossiliferous bulk-samples of 

sediment, about 3 dm3 each, enriched by coarse specimens with larger fossils. Samples named T5, 

T13, and T17, were originally collected by A. D’Alessandro and colleagues in 1976, along the MP 

coastline at the following sites: sample T13 comes from Masseria La Penna (40°29’12.00’’N 

17°16’2.63’’E), sample T5 from south of Masseria S. Pietro (40°30'8.52"N  17°18'45.74"E), and 

sample T17 from Il Fronte cliff (40°28'31.20"N  17°18'48.56"E) (see Chapter 4, Fig. 1). Six stratigraphic 

sections were documented, including the ones from which the samples were collected (see Chapter 

4, Fig. 3) Unfortunately, since many years have passed after the sampling, Masseria La Penna section 

is no longer well exposed; nevertheless, the section was reconstructed according to researchers’ 

field notes taken during sampling in 1976, integrated with some new observations. Each sample 

comes from the same stratigraphic level (see Chapter 4, Fig. 1): the heterogeneously cemented MIS 

5e calcarenite bed, 1.5 m thick on average, a value that represents the whole stratigraphic thickness 

of the bed in the three sites of sampling. The analyses on the bulk samples were focused on the 

mollusc macrobenthos (shell coarser than 2 mm in size) - representing the most abundant fraction 

of the fossil material – that were identified at species level. The material is stored at the 

Palaeoecology Laboratory of Calabria University. 

 

5.2.1 Biogeographical analysis and thermal constraints  

The modern biogeographical distribution of the here-identified fossil species out of the 

Mediterranean Sea was collected (see Appendix II) from malacological literature (Parenzan, 1974; 

Tebble, 1976; Sabelli, 1980; Eisenberg, 1983; Graham, 1988; Wye, 1991; Dance, 1992; Ardovini and 

Cossignani, 2004; Gofas et al., 2011), checklists (Rosewater, 1975; Høsæter, 1986; Hannson, 1998; 

Palerud et al., 2004; HELCOM, 2012; Cordeiro et al., 2015), websites (Oliver et al., 2016), and 

scientific papers (Lemche, 1948; Ghisotti, 1968; Ghisoti and Melone, 1975; Piani, 1984; Voskuil and 
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Onverwagt, 1989; Oliver and Cosel, 1992; Kellner, 2003; Borghi and Vecchi, 2005; Cosel, 2006a,b; 

Rueda et al., 2009; Lopes, 2010; Michel et al., 2011; Marina et al., 2012; Brunetti and Vecchi, 2011; 

2014; Dell’Angelo et al., 2017; Delongueville et al., 2019; Dominici et al., 2020; Delongueville et al., 

2021; Russo, 2021). 

 As a reference, the following biogeographical provinces were considered (simplified after Hall, 

1964, and Raffi et al., 1985): 1) Cool temperate Boreal-Celtic Province; 2) Warm 

temperate/subtropical Lusitanian Province (including the Mediterranean Sea); 3) Tropical 

Mauretanic-Senegalese Province. On this basis, three biogeographical and/or climatic groups were 

adopted in order to define the climatic affinity of the whole assemblage examined: a) warm or 

southern affinity species group (W) (i.e. taxa living in the warm temperate/subtropical Lusitanian 

Province and/or in the tropical Mauretanic-Senegalese Province); b) cold or northern affinity species 

group (C) (i.e. taxa diffused in the warm temperate/subtropical Lusitanian Province and in the cool 

temperate Boreal-Celtic Province); c) group of species lacking a warm or cold affinity with respect to 

the present day Mediterranean (N) (i.e. characterized by cosmopolitan taxa distributed in the warm 

and cold Atlantic waters, and by Lusitanian/Mediterranean taxa indicative of the present day 

Mediterranean SST).  

In addition, the climatic character of the molluscan assemblage was also defined by checking the 

preferred SST ranges of each species on the OBIS database (OBIS, 2023); the database provides 5 °C-

wide SST ranges where each species was observed. For each species, a “1” was attributed to each 

SST interval in which the presence of that species was indicated. Subsequently, the occurrences of 

all species along the SST intervals were summed together, obtaining a histogram showing the 

recurrence of the various SST intervals. The most recurring SST intervals are assumed to be indicative 

of the SST setting during MIS 5e. 

Moreover, the present-day SSTs of the studied area (MP; GT, derived from Shaltout and Omstedt, 

2014) were compared to the well-known thermal constraints of the “Senegalese” gastropod 

Thetystrombus latus (Gmelin, 1791) (= Strombus bubonius Lamarck, 1822) (Meco et al., 2002; Meco, 

2008; Garilli, 2011; Harzhauser and Kronenberg, 2013; Ávila et al., 2015, 2016; Chakroun and 

Zaghbib-Turki, 2017), to define the minimal SST increase with respect to today, with a pure actualistic 

point of view. 

 

5.2.2 Geochemical analysis  

The ultrastructure of selected fossils (Cladocora caespitosa, Pinna nobilis, Spondylus gaederopus, 

and Thetystrombus latus) was investigated to discard the presence of diagenetic alterations through 

standard petrographic analyses on thin sections, stereo microscopy, and Scanning Electron 

Microscope. In addition, the original biominerals composition was checked by X-Ray Diffraction 

(XRD) analysis, which was made through a Philips PW1730 diffractometer. 

The Sr, Mg and Ca content of an antero-umbonal fragment of a P. nobilis shell (PN13 from sample 

T13) and fossil specimens of C. caespitosa (corallites CL5 from sample T5, CL13 from sample T13, 

Cl17 and CL17_alt from sample T17) were analysed using a JEOL JXA-8230 electron probe micro-

analyser (EPMA) with wavelength-dispersive spectrometers (WDS) at the Calabria University 

laboratory. The analysis was performed on polished and cleaned surfaces along the growth direction 
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of the skeletons with a constant sampling step varying from 100 to 250 µm. The measurements were 

performed using mineral standards (Calcite for Ca, Diopside for Mg, and Celestite for Sr; SPI Supplies, 

02757-AB 59 Metals and Minerals Standard, Serial 4SK) and the instrumental precision better than 

0.001 %. In particular, the Sr/Ca and Mg/Ca ratios in calcitic and aragonitic carbonate of the studied 

samples were used to estimate the SST during the carbonate precipitation. These ratios are 

commonly used in the existing literature (Freitas et al., 2005; Silenzi et al., 2005; Montagna et al., 

2007) but they are commonly derived from Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

that has a major precision in measuring the concentration of elements (up to ppb). However, we 

decided to use EPMA (as Ragazzola et al., 2020), because: 1) EPMA allows a much higher resolution 

in the measurement points, with respect to ICPMS-LA, as the probed mineral volume is 

submicrometric; 2) the ICPMS-LA precision up to ppb, results superfluous in our case, because 

minimal trace element relative abundance is near 1 %. 

The δ18O and δ13C determinations were performed at the DiSTeM of the University of Palermo on 

selected fragments of Thetystrombus latus from T13 (TL), Spondylus gaederopus from T5 (SG), Venus 

verrucosa from T13 (VV), Pinna nobilis from T5 (PN), Cladocora caespitosa from T17 (CC), since all 

these species have been already used for SST palaeotemperature estimations in the Quaternary 

(Cornu et al., 1993; Kennedy et al., 2001; Maier and Titschack, 2010; Royle et al., 2015a; Uvanović 

et al., 2021).  

The selected fossils were sectioned, ultrasonically cleaned and micro-drilled. The methods were 

repeated to obtain 3 to 9 powder samples from each fossil (8–10 mg), except for CC that was micro-

drilled on the cleaned external surface to avoid internal detrital filling. These powder samples were 

then dissolved in 100 % HCl for 12 h at 25 °C and analysed through a Thermo Scientific Delta V 

Advantage continuous flow isotope ratio mass spectrometer. Results are expressed in delta notation 

(δ) relative to the Vienna Pee Dee Belemnite (V-PDB). Precision of the oxygen and carbon isotope 

ratios for duplicates was better than 0.1 ‰. 

 

5.3 RESULTS 

The studied samples returned a rich molluscan fauna (Appendix I), i.e., 5174 individuals belonging 

to 120 molluscan species (mainly gastropods and bivalves, plus a few scaphopods), including four 

species of the warm water Senegalese fauna: Thetystrombus latus (Gmelin, 1791), Conus ermineus 

Born, 1778, Hyotissa hyotis (Linnaeus, 1758), and Cardita rufescens Lamarck, 1819 (see Chapter 4, 

Fig. 4). Except for the four Senegalese species found, all the other identified species are still present 

in the Mediterranean biota. 

 

 

Figure 1 (next page). (A) Geographical distribution of the east Atlantic provinces surrounding the 

Mediterranean with indication of the areas of distribution of warm-affinity (orange circle) vs cold-affinity (blue 

circle) species, as considered in this paper; (B) Species (%) grouped by their climatic affinity: warm (W), cool 

(C) or without climatic meaning respect to the Mediterranean modern climate (N); (C) Incidence (%) of the 

SST intervals, resulting from the overlapping of typical SST optimal ranges of each species in the whole fossil 

assemblage. The polynomial 4° trend line, showing the SST trend, is reported (R2 = 0.99).                                  > 
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5.3.1 Biogeographical analysis and thermal constraints  

The biogeographical analysis revealed a substantial evenness between the percentages of species 

with warm affinity (W) and cold affinity (C), accounting for 25 % and 28 %, respectively. The 

remaining percentage (47 %) is represented by species lacking a warm or cold affinity with respect 

to concerning the Mediterranean (N) (Fig. 1A, B). Regarding the preferred SST ranges of each species, 

checked on OBIS (2023), the representativeness of each range results in a unimodal asymmetrical 

distribution with the most recurring range of 15-20 °C (29 %), closely followed by the 20-25 °C (28 

%). A small percentage (9 %) deals with ranges indicating higher SST (25-30 °C), while those indicating 

cooler SSTs (< 15 °C) are progressively less represented (17 % to 1 % decreasing the SST) but span 

over a wide SST range (-5 – 15 °C) (Fig.1C).  

 

5.3.2 Geochemical analysis  

XRD and microscopy analyses showed an overall good preservation of the selected fossils (Fig. 2; 

Fig. 3). For C. caespitosa, the CC sample, selected for isotopic analysis, is aragonitic, as just minor 

calcite peaks were found, possibly deriving from external or internal debris (Fig. 2A). Further samples 

were observed in thin section, showing the pristine aragonitic spherulitic structure, only locally 

partially dissolved (Fig. 3A), and through SEM during Sr/Ca analysis (samples CL), which shown the 

absence of neomorphic recrystallizations (Fig. 3B). 

For P. nobilis, sample PN from sample T5, selected for isotopic analysis, resulted almost entirely 

pristine aragonitic (Fig. 2B). A second sample, PN13, selected for Mg/Ca analysis and sampled in the 

calcitic layer, showed no recrystallization evidence at SEM (Fig. 3C).  

T. latus (TL) and S. gaederopus (SG) shown a dominant aragonitic composition, but also associated 

calcite presence (Fig. 2C, D) This is not necessarily a symptom of diagenesis as minor calcite 

quantities are naturally associated with the aragonite of T. latus (De Torres et al., 2010), and the shell 

of S. gaederopus is bimineralic (Maier and Titschack, 2010), so some calcite may have been 

intercepted during sampling of the aragonitic layer. This is likely as the selected SG sample still retain 

its original reddish coloration, clearly pointing toward a good preservation. It is worth nothing, 

anyway, that during powder sampling, to avoid sampling different layers or external contaminants, 
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the fossils were sectioned in order to sample fresh surfaces. The same applies to V. verrucosa (VV), 

for which no further analyses are available. 

 

Figure 2. XRD spectra of CC (A), PN (B), TL (C) and SG (D) with major peaks of pristine aragonite (green arrows)  

and subordinate secondary or external calcite (red arrows). 

 
Fig. 3. (A) Thin section of Cladocora caespitosa from site T17 showing pristine aragonitic skeletal structure, 

only locally dissolved (red square); (B) SEM view of another corallite from same site, with unaltered surfaces; 

(C) SEM view of Pinna nobilis sample (PN13). 

 

The Mg/Ca ratio of the calcitic shell of P. nobilis (PN13) revealed a relatively high range of variation 

comprised between 7.5 to 77.1 mmol mol-1, with an average value of 34.5 ± 18 mmol mol-1. 

Considering the equation of Freitas et al. (2005) based on measures of modern shells of P. nobilis, a 
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mean SST of 21.6 ± 18.4 °C can be estimated for the MIS 5e sample. Obviously, the large variation 

range of the Mg/Ca values implies a very high standard deviation of SST values, suggesting caution 

in the use of this result (see discussion). 

The Sr/Ca values in the aragonitic skeleton of C. caespitosa corallites show a range of values spanning 
from 4.27 to 16.08 mmol mol-1, with a mean value of 9.58 ± 1.02 mmol mol-1 (Tab. 1). According to 
the equations for SST estimation published by Silenzi et al. (2005) (Sr/Ca (mmol/mol) = 11.25 – 
0.079*SST (°C) ) and Montagna et al. (2007) (Sr/Ca (mmol/mol) = 10.50 – 0.073*SST (°C) ), calibrated 
on modern and Pleistocene C. caespitosa corallites, the resultant mean SST turns out respectively 
21.1 ± 13.0 °C and 12.6 ± 14.0 °C (Tab. 1); again, a consistent standard deviation characterizes the 
results. 
 

Sample 
Sr/Ca 

(mmol mol-1) 

Mean SST (°C) 

(Silenzi et al., 2005) 

Mean SST (°C) 

(Montagna et al., 2007) 

CL5 9.37 ± 0.56 23.8 ± 7.1 15.5 ± 7.7 

CL13 10.08 ± 0.85 14.8 ± 10.7 5.8 ± 11.6 

CL17 9.28 ± 1.46 25.0 ± 18.4 16.8 ± 20.0 

CL17_alt 9.60 ± 0.87 20.9 ± 11.0 12.4 ± 11.9 

MEAN ± S.D. 9.58 ± 1.02 21.1 ± 13.0 12.6 ± 14.0 

 

Table 1. Mean of SST values obtained from the Sr/Ca ratio; S.D.: standard deviation. 

 

Plotting the same Sr/Ca values, which were taken with a regular step along the growth direction 

of the C. caespitosa corallite, against the length of the corallite itself, a curve with alternating 

negative and positive peaks is derived (Fig. 4). These latter can be related to the seasonal SST 

variations: winters = maximum Sr/Ca values while summers = minimum Sr/Ca values (Royle et al., 

2015b). With the aim to better show the background seasonal signal, the Sr/Ca curves were 

smoothed using moving averages (from the third to fifth period depending on the sample) (Fig. 4). 

Measuring the distance between the lowest Sr/Ca peaks (corresponding to the summer periods) 

along the growth direction of the corallite, mean annual growth rate (GR, in mm/year) of four 

corallite was estimated. The growth rate was obtained as average of the distance of consecutive 

Sample GR (mm yr-1) 
SST (°C) 

(Peirano et al., 2009) 

SST (°C) 

(Kružić et al., 2012) 

CL5 2.2 14.4 / 21.6 11.6 

CL13 4.2 18.0 19.5 

CL17 3.8 16.6 / 19.5 17.9 

CL17_alt 3.8 16.6 / 19.5 17.9 

MEAN ± S.D. 3.5 ± 0.9 16.4 ± 1.5 / 19.6 ± 1.5 16.7 ± 3.5 

 

Table 2. Estimated mean growth rate (GR) and relative SST values of the C. caespitosa corallites. S.D.: 

standard deviation. 
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summer peaks, corresponding to an annual growth (also observed on the external wall of the 

corallites as thinner/thicker bands). Summer peaks were chosen since they provide a clearer 

seasonal signal than the winter ones. The mean growth rate estimations of the four corallites 

returned the values of 2.2 mm yr-1 (CL5), 3.8 mm yr-1 (CL17, CL17_alt), and 4.2 mm yr-1 (CL13), with 

a general mean value of 3.5 ± 0.9 mm yr-1 (Tab. 2). These values are all reliable since they are included 

in the modern C. caespitosa growth rate range of 1.36 - 5.2 mm yr-1 (Royle et al., 2015b, and ref. 

therein). 

The obtained mean growth rate values were then used for SST estimation using the equations 

proposed by Peirano et al. (2009) and Kružić et al. (2012). The first equation (Peirano et al., 2009: 

GR (mm/y) = -0.1491*SST2 (°C) + 5.3681*SST (°C) - 44.21) is a quadratic relationship, and thus 

returned two SST estimations for each growth rate value: the value of 2.2 mm yr-1 returns  14.4 or 

21.6 °C (CL5); the value of 3.8 mm yr-1 returns 16.6 or 19.5 °C (CL17, CL17_alt); the value of 4.2 mm 

yr-1 (CL13), instead, returns a single SST estimation of about 18 °C, representing the optimal growth 

SST according to this relationship. Using these values, two mean SST values are calculated on the 

base of the lowermost and uppermost SST values giving 16.4 ± 1.5 and 19.6 ± 1.5 °C, respectively 

(Tab. 2). Finally, the linear equation of Kružić et al. (2012) (GR (mm/y) = -0.6987 + 0.25976*SST (°C)) 

returned a mean SST estimation of 16.7 ± 3.5 °C (Tab. 2).  

 
Figure 4. Sr/Ca (mmol mol-1) profiles along the growth direction of C. caespitosa corallites with minimum 

(=summer) peaks identified (progressive numbers).  Inferred annual growth bands evidenced with alternate 

colours. (A) CL5 (sampling step of 200 µm, 3rd period moving averages curve); (B) CL13 (sampling step of 200 

µm, 4th period moving averages curve); (C) CL17 (sampling step of 250 µm, 3rd period moving averages curve); 

(D) CL17_alt (sampling step of 100 µm, 5th period moving averages curve). 
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 PN13 sample also showed a similar variations of Mg/Ca values, which were not included in this 

work as no equations linking growth rate and SST, like for C. caespitosa, were found. 

The variability of the δ18O and δ13C values of each fossil species (Fig. 5; Tab. 3) is very similar to 

the range reported for recent to modern samples of the same species (Cornu et al., 1993; Kennedy 

et al., 2001; Silenzi et al., 2005; De Torres et al., 2010; Freitas et al., 2005; Maier and Titschack, 2010; 
Bajnóczi et al., 2014; Royle et al., 2015a; Zanchetta et al., 2019; Uvanović et al., 2021; Peharda et al., 

2022; Prada et al., 2019), as expected from the good preservation of the analysed fossils.  

 

 
Figure 5. Cross plot showing the δ13C and δ18O values of the analysed fossils: TL (Thetystrombus latus); SG 

(Spondylus gaederopus); VV (Venus verrucosa); PN (Pinna nobilis); CC (Cladocora caespitosa). The rectangles 

indicate the variability of the isotopic composition reported for recent samples of aragonitic samples, with 

the exception of PN, whose values are referred to calcite samples (see text for references). 

 

As all the molluscan sampled shells are aragonitic, the Grossman and Ku (1986) equation (in the 

corrected form reported in Wierzbowski, 2021: T(°C) = 20.6 - 4.34*(δ18Oaragonite - δ18Owater + 0.2), was 

used to obtain an estimation of SST. Instead, for C. caespitosa, a specific equation was used from 

Royle et al. (2015a) (SST (°C) = 20.60 – 4.34*(δ18Oaragonite +3.5 – (δ18Owater - 0.20). Since both 

equations require a value of the oxygen isotopic composition of the coeval sea water (δ18Ow, 

expressed in V-SMOW), three possible scenarios have been considered (see below): 1) δ18Ow 

analogous to the modern MP; 2) δ18Ow equal to the modern GT; 3) a depleted δ18Ow with respect to 

the modern central Mediterranean value, related to different hydrological conditions of MIS 5e 
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(Thunell and Williams, 1989). Moreover, the present day δ18Ow values are closely related to SSS 

following an equation valid for the Mediterranean Sea (Pierre, 1999). 

For the scenario 1, a δ18Ow = 0.9 ‰ value was used, obtained from the SSS of 36.3 psu for the MP. 

This value is lower than the adjacent GT, where the SSS reaches a mean value of 38 psu, due to the 

freshwater karstic inputs (Cardellicchio et al., 2015) (see Chapter 4, Fig. 1). However, it must be 

considered that during the MIS 5e the MP was not a semi-closed lagoon like the basin as today (see 

Dai Pra and Stearns, 1977; Valenzano et al., 2018), and thus the freshwater effect on the seawater 

composition was probably limited or even absent. 

For the scenario 2 it is considered the mean SSS of 38 psu based on the modern open sea of the GT, 

which led to δ18Ow = 1.36 ‰ (Alabiso et al., 2005; Di Leo et al., 2014; Cardellicchio et al., 2015). For 

Sample δ13C (‰) δ 18O (‰) 
Scenario 1 

(°C) 

Scenario 2 

(°C) 

Scenario 3 

(°C) 

TL1 0.07 -0.95 27.8 29.8 25.4 

TL2 -0.24 -1.10 28.4 30.4 26.1 

TL3 -0.22 -1.34 29.5 31.5 27.1 

TL4 -0.12 -1.02 28.1 30.0 25.7 

TL5 -0.71 -1.81 31.5 33.5 29.1 

TL6 -0.57 -0.80 27.1 29.1 24.8 

TL mean ± S.D. -0.30 ± 0.29 -1.17 ± 0.36 28.7 ± 1.6 30.7 ± 1.6 26.4 ± 1.6 

SG1 -0.77 -0.42 25.5 27.5 23.1 

SG2 -0.60 0.23 22.6 24.6 20.3 

SG3 -1.88 -0.59 26.2 28.2 23.9 

SG4 0.10 -0.37 25.2 27.2 22.9 

SG5 -1.68 -0.12 24.2 26.2 21.8 

SG6 -0.80 0.50 21.5 23.5 19.1 

SG7 -1.29 0.14 23.0 25.0 20.7 

SG8 -1.20 0.02 23.6 25.6 21.2 

SG mean ± S.D. -1.02 ± 0.64 -0.08 ± 0.37 24.0 ± 1.6 26.0 ± 1.6 21.6 ± 1.6 

VV1 -1.24 0.26 22.5 24.5 20.2 

VV2 -1.71 -0.95 27.7 29.7 25.4 

VV3 -0.69 0.73 20.5 22.5 18.1 

VV4 -0.91 1.05 19.1 21.1 16.7 

VV5 -1.80 -1.02 28.1 30.1 25.7 

VV6 -1.42 -0.30 24.9 26.9 22.6 

VV mean ± S.D. -1.30 ± 0.44 -0.04 ± 0.86 23.8 ± 3.7 25.8 ± 3.7 21.5 ± 3.7 

PN1 0.20 1.43 17.4 19.4 15.1 

PN2 0.35 1.70 16.3 18.3 13.9 

PN3 0.67 0.98 19.4 21.4 17.1 

PN4 -0.42 0.29 22.4 24.4 20.0 

PN5 0.10 0.59 21.1 23.1 18.7 

PN mean ± S.D. 0.18 ± 0.40 1.00 ± 0.58 19.3 ± 2.5 21.3 ± 2.5 17.0 ± 2.5 

CC1 -3.9 -1.44 16.4 18.4 14.0 

CC2 -2.88 -1.00 14.4 16.5 12.1 

CC3 -4.35 -2.30 20.2 22.2 17.8 

CC mean ± S.D. -3.70 ± 0.75 -1.58 ± 0.58 17.0 ± 2.9 19.0 ± 2.9 14.6 ± 2.9 

MEAN ± S.D. -1.00 ± 1.19 -0.27 ± 0.98 23.4 ± 4.4 25.4 ± 4.4 21.0 ± 4.4 

Table 3. Isotopic and related SST data. TL (Thetystrombus latus); SG (Spondylus gaederopus); VV (Venus 

verrucosa); PN (Pinna nobilis); CC (Cladocora caespitosa). Mean results and standard deviation (S.D.) as 

variability index. Mean values for each sampled fossils in italics; mean value based on all data in bold. 
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the assessment of the depleted scenario 3, we used the determined δ18Ow values of the sapropel 

level called "S1", dated at 8,000 years, which can be assumed as representative also of the MIS 5e 

(125,000 years) (Cornu et al., 1993). More specifically, Thunell and Williams (1989) provided two 

averaged δ18Ow depletion values with respect to the modern values, one for the Western 

Mediterranean (-0.8 ‰) and another for the Eastern Mediterranean (-1.2 ‰). Being the GT located 

in the Central Mediterranean, in our work we adopted a mean depletion value of -1 ‰, obtained by 

averaging the two previous mean values, and applied only to the δ18Ow of the Scenario 2 since the 

present-day MP (scenario 1), due to the considerable freshwater input, which is not a good analogue 

of the MIS 5e palaeoenvironment. The depleted value resulted in a δ18Ow value of 0.36 ‰ which 

defined the Scenario 3. Using these values in the palaeotemperature equations, three mean average 

SST values were obtained: 1) 23.4 ± 4.4 °C (Scenario 1); 2) 25.4 ± 4.4 °C (Scenario 2); 3) 21.0 ± 4.4 °C 

(Scenario 3).  Complete δ13C, δ18O, and SST results with relative standard deviation as variability 

index, are listed in Table 3. 

  

5.4 DISCUSSION 

5.4.1 Biogeographical analysis and ecological proxies 

The palaeoclimatic analysis based on biogeographic data of species, shows a similar percentage 

of warm and cold affinity species during the MIS 5e in the studied area (25 % and 28 % respectively) 

(Fig. 1A, B). The warm affinity species percentage is more than twice as many as the mean 

Mediterranean value of 11.6 % at today (Gliozzi, 1987, and ref. therein). Consequently, considering 

the present-day amount of warm affinity species as related to the SST, the studied fossil assemblage 

could indicate a warmer than today’s SST setting with an annual variability of maxima and minimal 

temperature still tolerated by the few species of tropical fauna (see below for further details). 

Moreover, the lack of a dominance of the warm affinity species to the cold ones, implies that the 

MIS 5e SST, in the studied area, did not reach the typical values of a strictly tropical climate as 

proposed by several Authors (e.g., Cita, 2008; Amorosi et al., 2014) because the simple presence of 

the Senegalese Fauna.  

A possible alternative explanation of these apparently contrasting data (lack of dominance of 

warm-water affinity fauna vs presence of tropical species) could be found in local factors. For 

example, Peirano et al. (2009) estimated a relatively low annual SST (a mean of 17.6 °C) studying the 

growth pattern of a C. caespitosa bank in the MIS 5e deposits of S.ta Teresiola (see Chapter 4, Figs. 

1, 3). Such a low annual SST was explained with cooler freshwater inputs form the “Citri” karstic 

springs in a lagoonal-like setting. These springs are today suspected to influence both salinity and 

SST of the MP (Cardellicchio et al., 2015). However, albeit it is a realistic scenario, modern data shows 

no strong SST difference between the MP and the neighbouring GT (Alabiso et al., 2005), as the 

temperature of the freshwater (constantly around 18 °C) is similar to the mean annual SST of the MP 

(18 °C). 

For a further SST characterization, the preferred SST of the fossil assemblage was compared to 

the modern SSTs of the study area. Present day mean annual SST in the MP is 18 °C, with mean SSTs 

of about 12 °C and 24 °C in winter and summer respectively. The facing open sea setting, as the GT, 

experiences today slightly warmer SSTs, i.e., a mean annual SST of about 18.8 °C, ranging from about 
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14 °C to 25 °C in winter and summer respectively (data derived from 1982-2012 averaged values, 

reported by Shaltout and Omstedt, 2014). The preferred SST range indicated by the whole fossil 

fauna shows a high representativeness (i.e., 57 % together) of the 15-25 °C interval (Fig. 1C). 

Considering the near-equal percentages of the 15-20 and 20-25 °C ranges, a mean SST of roughly 20 

°C can be supposed. Moreover, assuming that the extreme values 15 °C and 25 °C are representative 

of winter and summer mean SSTs, a seasonal variability of 10 °C can be inferred, which is similar to 

the today seasonality of about 11 °C (Shaltout and Omstedt 2014). Anyway, the wide array of cooler 

SSTs ranges (< 15 °C), due to the good percentage of species living also in cooler waters, can confirm 

a not extreme warmth. These results agree with those obtained by the comparison of warm and 

cold affinity species. The warm affinity species, about double than today, are probably related to 

warmer SSTs, but the equal presence of cold affinity species points to reconsider the idea of a strictly 

tropical warm climate.  

The thermal vital constraints of the Senegalese Thetystrombus latus can be used for an additional 

SST estimation. This species nowadays needs the following SST conditions: 

1) although its optimal climatic preference is the area of Cape Verde that has an average annual 

SST of 23.5 °C (Bardaji et al., 2009; Garilli, 2011), it was also reported in cooler areas of the 

tropical West Africa with a mean annual SST of 21.5 °C (Meco et al., 2002, 2008; Harzhauser 

and Kronenberg, 2013; Ávila et al., 2016); 

2) a winter mean SST of at least 19 °C (Ávila et al., 2015; Garilli, 2011); 

3) not less than 16 °C in average during the coldest month (Harzhauser and Kronenberg, 2013; 

Chakroun and Zaghbib-Turki, 2017); 

4) a period of seven months with SST > 20 °C (Meco et al., 2002; Ávila et al., 2016). 

This thermal requirements would imply that during MIS 5e: a) the annual SST mean could have 

been at least 3.5 °C or 2.7 °C higher than today when compared respectively to the MP (i.e., 18 °C) 

and to the GT (i.e., 18.8 °C; Shaltout and Omstedt, 2014); b) winter mean SST was at least 7 °C 

warmer compared to the MP (about 12 °C), or at least 5 °C warmer if compared to the GT (about 14 

°C; Shaltout and Omstedt, 2014); c) the coldest month SST mean was, at most 5 °C higher, relative 

to February mean SST of the MP (i.e., about 11 °C); d) in any case, the presence of T. latus indicates 

that mean SST reached 20 °C for at least seven months, thus indicating longer summers than today, 

in accordance with Garilli (2011). 

 

5.4.2 Geochemical proxies 

Regarding the SST estimations based on the Mg/Ca ratio, the equation of Freitas et al. (2005) for 

P. nobilis returned a reasonable mean SST of 21.6 °C ± 18.4 °C. Still, the large variability of the values 

in the sampled fossil shell (PN13) leads a wide standard deviation. This latter is responsible for an 

unrealistic SST variability, making it necessary to take caution with these results. Nonetheless, the 

use of EPMA highlights possible real and unexpected microscale variations of the skeletal 

composition not yet known in the literature. If one accepts the as reasonable the mean SST result 

(21.6 °C), the MIS 5e SST would have been 3.6 °C higher than today in the MP (as the modern mean 
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is 18° C) or 2.8 °C in the GT (as 18.8 °C is the today mean) (Table 4). The 21.6 °C value is also consistent 

with the minimal annual SST required by T. latus (i.e., 21.5 °C; Meco et al., 2002). 

The mean SST estimated from the Sr/Ca values on C. caespitosa skeletons are different depending 

on the used equation: 21.1 ± 13.0 °C and 12.6 ± 14.0 °C from the equation of Silenzi et al. (2005) and 

Montagna et al. (2007) respectively. Again, in both cases, a very large standard deviation results 

were obtained, which led to unrealistic SST estimations. The mean result returned by the Montagna 

et al. (2007) equation (12.6 °C) is even cooler than the lowest monthly SST tolerated by T. latus (i.e., 

16 °C; Harzhauser and Kronenberg, 2013; Chakroun and Zaghbib-Turki, 2017), while the one 

returned by the Silenzi et al. (2005) equation (21.1 °C) is just slightly cooler than the minimal annual 

mean SST tolerated by this species (i.e., 21.5 °C; Meco et al., 2002), and thus more reliable. This 

value (21.1 °C) leads to + 3.1 °C than the modern mean SST of the MP, or +2.3 °C with respect to the 

GT mean SST (Table 4). The biases affecting the use of the C. caespitosa skeletal Sr/Ca ratio as 

palaeothermometer were already highlighted by Royle et al. (2015b), who demonstrated a strong 

colony-specific variability of the Sr/Ca versus temperature relationships, making this proxy 

inaccurate for absolute SST determinations.  

As seen, the Sr/Ca pattern-derived growth-rate (GR) of the analysed C. caespitosa corallites (Fig. 

4) can further be used for SST estimations, but it must be firstly considered that modern C. caespitosa 

calcifies in an SST range spanning from about 14/15 °C to 24 °C (Montagna et al., 2007; Royle et al., 

2015a, and ref. therein). For this reason, we here consider more likely the mean SST estimation 

obtained with the equation of Peirano et al. (2009), because all the obtained SST values (from 14.4 

to 21.6 °C) fall completely into this range; on the contrary, the values returned by the equation of 

Kružić et al. (2012) (i.e., from 11.6 to 19.5 °C) are not all reasonable in this context. Moreover, the 

equation of Peirano et al. (2009), being quadratic, returned two SST values for each growth rate 

value (Table 2) thus, considering a warmer MIS 5e than today, which we assume as more likely SST 

estimations pointing towards warmer conditions with respect to the present SST means (i.e. MP, 18 

°C and GT, 18.8 °C): 18 °C (CL13), 19.5 °C (CL17, CL17_alt), and 21.6 °C (CL5). It must be noted that 

only the CL5 corallite gave an SST value of 21.6 °C, in accordance with the minimal annual SST 

required by T. latus (i.e., 21.5 °C). Finally, a general mean SST of 19.6 ± 1.5 (Tables 2-4) can be 

proposed, which is 1.6 °C higher than that of today’s MP, or 0.8 °C than GT (Table 4). However, an 

inferred increase of temperatures is not enough to support the presence of T. latus. For the 

estimations of the mean SST using the oxygen stable isotope data, three δ18Ow scenarios were 

adopted based on different mean SSS values. Although different from each other, all three scenarios 

provide realistic mean SSTs even if only scenario 3 is reasonably considered for the study area (Table 

3): scenario 1 gives a mean SST of 23.4 °C, indicating + 4.6/5.4 °C with respect to modern means of 

GT and MP, while scenario 2 gives a mean SST of 25.4 °C (+6.6/7.4 °C more than today); scenario 3 

gives a mean SST of  21.0° C that means +2.2/3 °C warmer than today. Both scenarios 1 and 2 would 

indicate a not realistic SST during the MIS 5e in the central Mediterranean being similar, or even 

slightly higher, than the modern annual mean of Dakar (Senegal) (i.e., 24 °C; BardajÍ et al., 2009). 

Conversely, scenario 3 indicating an average of 21 °C, would suggest a moderate warming of a few 

degrees with respect to today of the MIS 5e SST (Table 4), still acceptable with respect to the minimal 

annual SST required by T. latus (21.5 °C).  
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Furthermore, in order to confirm this scenario as the most probable, it can be considered that 

the SSS during the MIS 5e in the central/eastern Mediterranean was considerably lower than today, 

as indicated by the presence of the Senegalese fauna, which requires 34-36 psu (typical of West 

African seawater, BardajÍ et al., 2009; Garilli, 2011; Albano et al., 2024). The equation of Pierre (1999) 

was used to back-calculate the SSS from the δ18Ow value of the scenario 3 (0.36 ‰), resulting in a 

value of 34.3 psu, falling in the range indicated by the Senegalese fauna. All considered, scenario 3 

with an SST of 21.0 ± 4.4 °C (Table 3), being the cooler among the three calculated scenarios is the 

most probable, which is also similar to those obtained with other methods (Table 4).   

Finally, on average, the most likely mean MIS 5e SST obtained from all the different geochemical 

proxies converges on a mean value of 20.8 ± 0.9 °C, which would imply + 2.8 ± 0.9 °C with respect to 

the MP scenario, and + 2.0 ± 0.9 °C with respect to present day’s GT scenario that is the most 

reasonable (Table 4). 

 

5.4.3 Final remarks 

Both the results of the biogeographical analysis and of the preferred SST ranges of fossil species 

indicate that the fossil assemblage features a warmer climatic affinity than today. In fact, a mean SST 

of roughly 20 °C can be supposed, albeit with a seasonality of about 10 °C, similar to today. The 

results of the geochemical proxies converge toward similar results, which indicate 20.8 ± 0.9 °C SST. 

Lastly, an SST increment in the range of 1.2-2.0 °C, warmer than today, is inferred, with an open sea 

scenario of the area during the MIS 5e and considering an SST of 18.8 °C like the modern GT. The 

results are not indicative of strictly warm tropical conditions, for a comparison, the tropical mean 

annual SST in Dakar (Senegal) is 24 °C (BardajÍ et al., 2009). 

Despite the general interest in the palaeoclimatic reconstructions of the MIS 5e in a global scale, 

quantitative estimations of the SST in coastal settings of the Mediterranean are quite rare. For 

example, Cornu et al. (1993) estimated for the western Mediterranean an increment of the mean 

annual SST during the MIS 5e with respect to the modern temperature of about 3 °C, and a seasonal 

variability of 7 °C to 9 °C. This value is not far from our estimation of a mean value in the range of 

1.2-2.0 °C with a seasonality variation of 10 °C.   

Method SST (°C) 
MIS 5e SST increment with 

respect to present day’s MP (°C) 

MIS 5e SST increment with 

respect to present day’s GT (°C) 

Mg/Ca  21.6 ± 18.4 + 3.6 + 2.8 

Sr/Ca  21.1 ± 13.0 + 3.1 + 2.3 

GR  19.6 ± 1.5 + 1.6 + 0.8 

δ18O 21.0 ± 4.4 + 3.0 + 2.2 

MEAN ± S.D. 20.8 ± 0.9 + 2.8 ± 0.9 + 2.0 ± 0.9 

    

Table 4. More likely results obtained from the following methods: Mg/Ca derived SST with the Freitas et 

al. (2005) equation; Sr/Ca derived mean SST with the Silenzi et al. (2005) equation; growth rate (GR) 

derived SST with the Peirano et al. (2009) equation; δ18O mean SST derived, assuming a depleted δ18Ow of 

0.36 ‰ (Scenario 3). Present day MP SST: 18 °C; Present day GT SST: 18.8 °C. 
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Garilli’s (2011) biogeographical data on molluscan fauna, stated for the MIS 5e a mean winter SST 

of 2-4 °C higher than today in the eastern Mediterranean, and of 4-6 °C in western Sicily sea, with a 

seasonality variation of 6-7 °C. To compare our estimation with those of Garilli (2011) an average of 

+ 4 °C should be considered, as our study area is located about equidistant from the two studied by 

the Author. Moreover, assuming a + 4 °C for the mean winter SST with respect to the present-day 

one, which is about 14 °C in the GT, a mean winter SST of about 18 °C, and an annual average of 

about 21 °C, is obtained for the MIS 5e in the study area on the basis of Garilli’s (2011) data. Our 

estimation of a winter SST mean in the MIS 5e is about 15 °C, which is not in accordance with Garilli’s 

(2011) value, being 3 °C cooler. Garilli (2011) also estimated a seasonality of 6-7 °C for the MIS 5e, 

lower than the current one of 11 °C, and again quite different from our estimation of the seasonality 

of about 10 °C. However, the annual mean SST inferred from Garilli’s (2011) data of about 21 °C is 

closer to our estimation of 20.8 °C. In addition, the mean annual SST estimates are available for the 

pelagic Mediterranean domain, derived from foraminifera-based statistical methods and alkenone 

palaeothermometry during the 127-119 ka interval, which is the time interval studied in the present 

work (Table 5). In this period, in the Alboran Sea, foraminifera returned a mean annual SST of nearly 

19 °C (Pérèz-Folgado et al., 2004), while alkenones indicate a higher SST of nearly 22 °C (Martrat et 

al., 2004, 2014). In the Balearic Sea, winter and summer foraminifera averaged data (Kandiano et 

al., 2014) indicate winter and summer mean SST of about 16 °C and 24 °C, respectively, leading to 

an approximate mean annual SST of 20 °C, while alkenone mean annual SST is about 21 °C (Kandiano 

et al., 2014). For the NW Ionian Sea, average alkenone data indicate a mean annual SST of about 21 

°C (Rohling et al., 2002), consistent with the mean annual SST of about 21 °C (i.e., 20.8 °C) derived 

in the present work for the coastal setting. In the eastern Mediterranean Sea, alkenone SST is about 

20 °C in the western Levantine Sea (Rohling et al., 2002). SST is about 20 °C in the southern Aegean 

Sea, NE of Crete (Marino et al., 2007), and 21 °C in the Levantine Sea, SE of Crete (Obreht et al., 

Area Core/archive Method 
Mean annual SST 

in the 127-119 ka period (°C) 
Reference 

Alboran Sea 

 

ODP-976 A 22 Martrat et al., (2014) 

ODP-977 F 19 Pérez-Folgado et al. 

(2004) 

ODP-977A A 22 Martrat et al. (2004, 

2014) 

Balearic Sea 
OPD Leg 161 F 20 Kandiano et al. (2014) 

A 21 Kandiano et al. (2014) 

Ionian Sea 
KS205 A 21 Rohling et al. (2002) 

Outcr. deposit M 21 This work 

Aegean Sea LC21 A 20 Marino et al. (2007) 

Levantine 

Sea 

ODP-971A A 20 Rohling et al. (2002) 

SL104 A 21 Obreht et al. (2022) 

ODP-967C A 21 Rohling et al. (2002) 

Global mean 

SST  

  21 °C 

 

Table 5. Mean annual SST during the 127-119 ka period in Mediterranean basins. A: Alkenone SST; F: 

Foraminifera SST; M: Macrobenthos.  
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2022). In the eastern Levantine Sea, South of Cyprus, alkenone data indicate a mean SST of about 

21 °C for the considered period (Rohling et al., 2002).  

In this framework, our result of mean annual SST of around 21 °C perfectly matches the mean 

results of these proxies (i.e. 21 °C with a range between 19 to 22 °C), even if derived from different 

archives and proxies (open sea plankton versus coastal benthos). Consequently, excluding low-

amplitude intra-interglacial climatic variability (Kandiano et al., 2014; Obreht et al., 2022), it can be 

affirmed that the mean annual SST was rather homogeneous along the eastern and western 

Mediterranean during the considered time span (127-119 ka), which correspond to the MIS 5e peak. 

This value, representing a possible mean SST for the MIS 5e in the Mediterranean Sea, is consistent 

with a slightly warmer SST with respect to the modern mean Mediterranean SST that is about 20 °C 

(Shaltout and Omstedt, 2014); confirming that the MIS 5e can be considered a good analogue for 

the incoming next expected warming of the Mediterranean.   

 

 

5.5 CONCLUSIONS 

The biogeographical-based palaeoclimatic analysis and the preferred SST ranges of the molluscan 

assemblage indicate a slightly warmer than today’s scenario for the MIS 5e, with an annual mean of 

20 °C and a seasonal variability of 10 °C, which results in + 1.2 °C with respect to today’s GT and + 

2.0 °C with respect to today’s northern Ionian Sea annual mean. 

The geochemical analyses give different ranges of SST values depending on the methods, but all 

returned close values of the mean SST for the MIS 5e, indicating a possible mean SST of 20.8 ± 0.9 

°C, which again suggests a moderate warming of the SST of + 2.8 °C with respect to today’s MP and 

+ 2.0 °C higher than today’s GT. However, an open sea scenario of the study area is the most likely 

morphological scenario of the studied area during the MIS 5e, with respect to a semi-closed basin 

as the modern MP. 

The final value of the mean SST during the MIS 5e returned from this multiproxy analysis, is circa 

20.4 °C, which is 1.2 - 2.0 °C warmer than today’s open seawater of the GT. This is not a firmly warmer 

tropical-like SST setting as it would be derived from the mere presence of the Senegalese fauna. 

In conclusion, the number of assumptions and approximations made for performing any applied 

method points out that the values of SST obtained with a single proxy-based method may be affected 

by variable incertitude. This strongly indicates the necessity of a multi-proxy approach to compare 

the results obtained from each methodology and to define the best SST estimation. 
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CHAPTER 6 – MICROBIAL MEDIATED HARDENING OF A CENTRAL 

MEDITERRANEAN UPPER SHELF SEAFLOOR DURING THE MIS 5e; A POSSIBLE POST 

GLOBAL WARMING SCENARIO? 

 

Abstract. Higher sea level and sea surface temperature than at present are inferred for the Last 

Interglacial (MIS 5e, 135-116 ky), which can be a good analogue for modelling environment's climate 

response to global warming in the near future. With the aim of predicting the possible evolution of 

some central Mediterranean shallow sandy seabed, a MIS 5e biocalcarenite was investigated (Gulf 

of Taranto, Italy). Limited post-depositional diagenesis affected this deposit, which represents an 

infralittoral sandy seabed, with local vegetation and relatively high energy conditions. Medium-

coarse sand sized bioclasts, with a negligible quantity of siliciclastic, compose the sediment that 

guests also large shells of autochthonous molluscs. Micritic cements are widespread, often in 

continuum with the micritized part of the shells, showing various micromorphologies and fabrics: 

non-isopachous aphanitic and filamentous rims, aphanitic micro-mounds, vacuolar peloidal 

meniscus, and aphanitic pore-filling matrix. All these cements consist of submicrometric anhedral 

or nanospheroidal crystals of low-Mg calcite, mixed with a smaller amount of irregular plate-like 

crystals of saponite. Micritic cements are also rich in mineralized filamentous, tubular, and 

subspherical bacterial bodies, highlighting the occurrence of an epilithic and endolithic microbial 

community and forming a biofilm that stabilized the mobile sediment as consequence of the 

microbial mediated early cement precipitation. This process led to the synsedimentary hardening 

of some parts the mobile sandy substrate, allowing the settlement of sessile taxa - such as Spondylus 

gaederopus, oysters, serpulids and barnacles, together with endofaunal organisms. Early micritic 

cementation is common in modern tropical climate, whereas is substantially absent in the modern 

Mediterranean. Consequently, its presence in the MIS 5e deposits confirms warmer sea water 

temperature compared to today (estimated at ca +2 °C) and suggests a possible substantial increase 

of the hardening of mobile substrates in the next future in response to the global warming. 

 

Keywords: MIS 5e, Last Interglacial; Calcarenite; Micrite; Early cementation; Microbial community. 

 

6.1 INTRODUCTION 

In tropical and sub-tropical marine carbonate depositional systems, primary (synsedimentary or 

early) cementation is a relatively rapid and initial diagenetic phenomenon, widely documented from 

very shallow to deep-water settings (Purdy, 1963; Fabricius, 1977; Moore, 1977; Chafetz, 1986; 

Whittle et al., 1993; Morad, 1998; Folk and Lynch, 2001; Hillgärtner et al., 2001; Flügel, 2004; Van 

der Kooij et al., 2010; O’Reilly et al., 2017; Diaz and Eberli, 2022). Reefs and other relatively hard 

substrates are preferential formation sites of early marine cements, which significantly contribute 

to the further hardening of the buildups’ framework, and the seabed in general (Westphal et al., 

2010; Riding, 2011; Seard et al., 2011; Perri et al., 2024a). However, lithification due to 

synsedimentary cementation can take place even in mobile seabed of moderate to low-energy areas 
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(e.g. ooid/bioclastic shoals) where sand-sized particles are typically merged together (e.g. 

grapestone belts) (Bathurst, 1974; Flügel, 2004; Diaz and Eberli, 2022).  

Mineralogy of modern early carbonate cements varies from high-Mg calcite to aragonite, while 

the fabric is often characterized by isopachous rims, botryoidal structures in phreatic contexts, and 

meniscus or microstalactitic in vadose zones (Scholle and Ulmer-Scholle, 2003). 

The precipitation of primary cements is largely considered a process due to oversaturated water 

conditions in respect to Ca-carbonate as consequence of evaporation, loss of CO2, or ions supply. 

However, it is also well assessed that biological processes, linked to the presence of living microbial 

communities, can play a crucial role in mediating the precipitation of primary cement, similarly to 

other microbial carbonates (Hillgärtner et al., 2001; Riding, 2011; Russo et al., 2006; Dupraz et al., 

2009; Perri et al., 2017, 2024b; Gindre-Chanu et al., 2020; Borrelli et al., 2021). In particular, 

autotrophic or heterotrophic metabolic activities of many microorganisms (i.e. bacteria, algae, 

fungi, and even viruses) can produce local super-saturation of the micro-environment surrounding 

the cells, inducing mineral precipitation and/or promoting mineral nucleation and cation 

concentration along the cell walls and within the extracellular polysaccharides (Konhauser et al., 

2005; Perri et al. 2022). 

Bio-mediated early cements are commonly characterized by a micritic texture with fabrics 

varying from isopachous rim to pillar and meniscus. The meniscus-type morphology is common in 

vadose diagenetic environments and, thus, it has been for long time regarded as indicators of 

meteoric diagenesis. However, it is now widely accepted that this micritic cement type can also 

develop in marine phreatic zone through microbial mediation processes (Hillgärtner et al., 2001). 

Moreover, biomediated micritic primary cements can be precursor for subsequent primary 

isopachous sparry cements, including fibrous aragonite (Diaz and Eberli, 2022). Finally, in the same 

marine settings, the formation of early marine micritic cement is often accompanied by the coeval 

inward microboring and destruction of the biota skeletal structure, with the resulting replacing of 

the skeletal tissue by micrite. Such a process is known as "micritization" of bioclasts, and the 

formation of this type of (replacive) micrite is actively or passively due to microbial activities (Reid 

and Macintyre, 2000; Flügel, 2004). Consequently, this microbial micrite is actually indistinguishable 

from the primary microbial micritic cement, at least in term of fabric and microstructure, but not in 

terms of morphology as the latter is an overgrowth on the skeletal grain (Kobluk and Risk, 1977; 

Perry, 1999; Hillgärtner et al., 2001). 

The above-described phenomenon of mobile seafloor hardening in warm climates is believed to 

be substantially absent in cold or even temperate contexts such as higher latitude sedimentary 

systems like in the Mediterranean (e.g., Betzler et al., 1997; Perry, 1999). In particular, in the non-

tropical mid-latitude shallow water carbonate realms, the early marine cementation and micritic 

rim formation are considered to be much rarer than in tropical waters, due to minor water 

temperature and lower Ca-carbonate saturation (Nelson, 1988; Betzler et al., 1997; Fornos and Ahr, 

1997; Reijmer, 2021). Nevertheless, ancient shallow marine phreatic calcitic cements are 

sporadically reported for mid-latitude non-tropical areas, indicating that these phenomena could be 

not exclusive of tropical waters (Nelson and James, 2000; Christ et al., 2015). For example, subtidal 

phreatic early cements characterized by bladed or isopachous rims of both sparry and micritic 

calcite, are reported for Late Pleistocene MIS 5 deposits of the Mediterranean, including its western 
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(Kindler et al., 1997; El-Shazly et al., 2016) and central (Bracchi et al., 2014; Chapter 7) settings. 

Moreover, early cementation due to both micritic and sparitic cements, are reported for non-

tropical mid Tertiary and Pleistocene carbonate ramps of the Central Mediterranean (e.g., Mutti and 

Bernoulli, 2003; Gruszczynki et al., 2008) and of New Zealand shelves (Nelson and James, 2000).  In 

the current Mediterranean, early cementation of mobile substrata along the subtidal shelves by high 

Mg-calcite precipitation, was limitedly observed to the internal sediment that infills calcareous algal 

skeletal framework cavities (Alexandersson, 1969; Bracchi et al., 2022), while in bathyal deep-sea 

settings further cases were reported (Christ et al., 2015, and ref. therein). 

The present study deals with a bioclastic calcarenitic shallow littoral to sublittoral deposit (i.e. an 

original mobile sandy seafloor), cropping out in the Gulf of Taranto (central Mediterranean) and 

dated to the Last Interglacial warmest peak MIS 5e (135-116 ky) (Amorosi et al., 2014; Negri et al., 

2015; Chapters 4 and 5). New insights obtained from the microfacies study of this deposit allowed 

to investigate the inferred process of microbial mediated early cementation that affected this 

mobile seafloor substrate during the MIS 5e. This finding reaches a major interest in the view of 

predicting the possible evolution of this type of central Mediterranean seafloor in response to the 

ongoing global warming. In fact, the MIS 5e is considered a good analogous model of the next-future 

climate, since higher sea level and sea surface temperature (SST) (ca +2 °C) than at present were 

estimated (Overpeck et al., 2006; Rohling et al., 2008; Siddall and Valdes, 2011; Antonioli et al., 

2017; Fischer et al., 2018; IPCC, 2023; Albano et al., 2024; Chapter 5).  

As shown in Chapter 4, the studied level is made of a bioclastic calcarenite body (Fig. 1A), with rarer 

cross bedding in the eastern sections, with subordinate argillaceous sandstones, showing a good 

lateral continuity and ranging from 1 to 2 m of thickness. This unit has an absolute age ranging from 

around 134 ky and 123 ± 4 ky (Hearty and Dai Pra, 1992). The calcarenite hosts a variegated 

macrofauna, dominated by very abundant molluscs (Fig. 1B); the dominant species are: Moerella 

pulchella (sample T5) and Lucinella divaricata (Sample T13), indicative of shallow water sandy 

palaeobiotopes, and Gouldia minima, preferring coaster sandy-gravelly substrates (Fig. 1C-E). In all 

the sites, about ¼ of the molluscs recovered indicates the occurrence of vegetated (seagrasses and 

/or seaweeds) substrates (see Chapter 4). Warm water mollusk species nowadays absent in the 

Mediterranean, such as the Strombidae Thetystrombus latus, are also present (Fig. 1F). These, as 

the equivalent modern tropical fauna, are collectively known as the "Senegalese Fauna" (Gignoux, 

1913). Large specimens of molluscs were found in life position within the calcarenite bed, including 

both endofaunals or semi-endofaunals, such as in-situ Pinna nobilis (Fig. 1G) or cemented 

epifaunals, notably Spondylus gaederopus, ostreids, rare barnacles and serpulids (Fig. 1H-J). 

Common corallites and algal nodules are also found (Fig. 1K). The calcarenite facies represents a 

shallow littoral to sublittoral deposit, interpreted as a bioclastic sandy-detrital vegetated seafloor, 

with minor variations from more sheltered to higher energy conditions. The sea surface 

temperature (SST) was estimated of circa 20.8 °C as annual average, which is + 2 °C than the modern 

one in the Taranto Gulf, with a seasonal variation similar to today. This implies a possible warmer 

climate condition in respect to today, but far from real tropical conditions (Chapter 5). 

6.1.1 Geological and stratigraphic setting 

See Chapter 4. 
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< Figure 1 (previous page). (A) Field view of the studied calcarenite at Mass. S. Pietro Section; (B) Close-up 

view of the same calcarenite showing the very common occurrence of fossils mainly consisting of molluscan 

shells and fragments (red arrows): (C) Dominant bivalve species at Mass. San Pietro (sample T5): Moerella 

pulchella; (D) Dominant bivalve species at Il Fronte (sample T17): Gouldia minima; (E) Dominant bivalve 

species at Mass. La Penna (sample T13): Lucinella divaricata; (F) Senegalese Thetystrombus latus at Mass. La 

Penna section; (G) In situ Pinna nobilis near Mass. S. Pietro section; (H) Articulated in situ Spondylus 

gaederopus; (I) Serpulids; (J) Barnacles. (K) Slab of a hand specimen of the calcarenite from Il Fronte Section, 

with easily distinguishable Cladocora caespitosa corallites (blue arrows), mollusk shells (yellow arrows), and 

calcareous red algae (red arrow). 

6.2 METHODS 

The calcarenite was sampled at three key locations, where the stratigraphic sections were measured 

and described: Masseria La Penna (sample T13), Masseria S. Pietro (Sample T5), and Il Fronte 

(Sample T17) (Fig. 1, Fig. 3; Chapter 4). Five thin sections were obtained after resin embedding 

through traditional protocol and studied using an optical polarizing microscope (Zeiss Axioscop – 

40). In addition, Scanning Electron Microscopy (SEM) analysis was performed using a ZEISS 

Crossbeam 350, operating in a range of 5 to 20 kV with a working distance between 6mm and 15mm 

at the Università della Calabria, on Carbon coated fresh surfaces of rock samples. Geochemical 

signatures of the calcarenite, and in particular of the micritic cements, were obtained with and 

Energy Dispersive Spectrometer (EDS) EDAX OCTANE Elite Plus operating at 20 kV with a working 

distance of 12 mm, during SEM sessions. The bulk mineralogic composition of the calcarenite was 

checked by X-Ray Diffraction (XRD) analysis, using a Philips PW1730 diffractometer. 

 

6.3 RESULTS 

6.3.1 Petrography and composition of the deposit 

The calcarenite is composed of a bioclastic framework with primary porosity (both intergranular 

and intragranular) partially occupied by micrite with various fabrics (below described in detail). 

Grains consist of fine to coarse brownish to whitish bioclastic sand (Fig. 2A-I), with a negligible 

siliciclastic component mostly represented by angular quartz and very fine clay minerals. Bioclasts 

consist of reworked and worn fragments of:  

- various types of calcareous red algae: geniculate, free branched and non-geniculate 

lithothamnii forms, or even encrusting other bioclasts (Fig. 1K, Fig. 2C, D); 

- bryozoans, like the erect and branched cf. Myriapora (Fig. 2C); 

-  loose Cladocora caespitosa corallites (Fig. 1K, Fig. 2E);  

- Anellida (calcareous tubes of Polychaeta indet.) (Fig. 2F), Crustacea (rare barnacle plates), 

echinoid test fragments and radiola, and rare scaphopod tubular shells.  

- Benthic foraminifera are well represented in the sandy-sized bioclastic component of the 

calcarenite, both as encrusting forms (e.g. Planorbulina mediterranensis, Fig. 2G), common free 

forms like hyaline (e.g., Elphidium cf crispum; Fig. 2H) and porcelaneous foraminifera (e.g., 

Quinqueloculina sp. (Fig. 2I). Planktonic foraminifera (e.g., Globigerina sp.) are also sporadically 

present. 
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The calcarenite also includes entire macrofossils shells (some in life position) or large fragments 

of bivalves (Fig. 1K; Fig. 2A) and gastropods (Fig. 2B) that, most probably, inhabited the sediment. 

The preservation of the original texture and composition of the bioclasts is variable, ranging from 

well preserved to fragmented, bioeroded, and partially to completely micritized (Fig. 2A-F, I; Fig. 

3A, C, D). Moreover, effects of dissolution processes are found, as some bioclasts are partially to 

totally dissolved, resulting in large intra-skeletal porosity. Other clasts, instead, show evidence of a 

moderate neomorphic recrystallization (see below). In addition, intra and inter-skeletal cavities are 

 

Figure 2. Common bioclasts. (A) Bivalves; (B) Gastropods; (C) Coralline red algae (in the example shown 

encrusting a bryozoan bioclast); (D) Articulated coralline red algae fragment; (E) Cladocora caespitosa 

showing the spherulitic skeletal aragonite microstructure locally affected by partial dissolution (red arrow); 

(F) Polychaetes tubes; (G) Encrusting foraminifera (Planorbulina mediterranensis); (H) Hyaline foraminifera 

(Elphidium cf crispum); (I) Porcellanaceous foraminifera (Quinqueloculina sp.). 
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partially to totally filled by micrite (Fig. 2A, E, F) or, more rarely, by secondary sparry cements (Fig. 

2I). Very rare early diagenetic cements consisting of isopachous rims of fibrous sparry calcite were 

also found. Despite these localized diagenetic alterations, the calcarenite is overall affected by 

limited post-depositional alteration. This is testified by the good preservation of aragonitic C. 

caespitosa skeletons, which retain their pristine aragonitic fibrous and spherulitic microstructure of 

corallite walls and septa, excluding some minor dissolution voids (Fig. 2E). 

 

6.3.2 Micrite 

Micrite is often abundant, resulting as a widespread component of the calcarenite. It shows 

various micro-morphologies and fabrics, grouped into two main categories, as follows: 1) Rims and 

crusts enveloping the bioclasts; 2) Intergranular voids-infilling micrite. 

 

a) Rims and crusts enveloping the bioclasts. Isopachous to irregular dark rims and crusts, 

showing a variable thickness of tens of microns and enveloping the bioclasts are very 

common (Fig. 3A, C). In some bioclasts, the external micritic crusts make inward transition 

to micritized areas, which exhibit the same petrographic features (and also microstructure 

as showed below) of the crust (Fig. 3D). In other cases, the micrite surrounds the bioclasts 

forming outward thickened micro-mounds (from 20 to 100 µm) (Fig. 3E, F), or even connects 

adjacent bioclasts with narrow meniscuses or elongated columns/pillars (about 100-150 µm) 

(Fig. 3B; Fig. 4B-D). The petrographic fabrics of these micrites are commonly aphanitic and 

subordinately peloidal or filamentous (Fig. 4B, C). Peloidal fabric is composed of 10 to 30 µm 

in size irregular dark micritic clots surrounded by microsparite (Fig. 4B). Filaments, observed 

in thin section are around 10 µm in diameter and 50-100 µm in length, with a curved and 

meandering shape (Fig. 4C). However, further filamentous structures have been detected 

with SEM analyses (e.g. Fig. 4D), as reported in detail below. 

 

b) Intergranular voids-infilling micrite. Micrite can partially to totally occupy intergranular 

pores among the bioclasts, commonly showing aphanitic or micropeloidal fabric that can 

include trapped fine detrital grains, and form packstone-wackestone pockets in the 

calcarenite (Fig. 4E, F). 

 

 

Figure 3 (next page). (A) General thin section view of the calcarenite structure and micrite cements; note: 

micritized grains (yellow arrows), columnar bridge cements (red arrows); non-isopachous micritic envelopes 

(blue arrows), local thickenings (purple arrow), dissolution cavities (green arrows); (B) SEM view of the 

calcarenite; note micritic crusts around the grains biding them through envelopes and pillars (red arrows); 

(C) Microphotograph of micritic rim cements (yellow arrows) binding bioclasts. Thin section view; (D) Micritic 

envelope on micritized grain (red arrows) and grain micritization (green arrow). Thin section view; (E) 

Anisopachous micritic rim cement (yellow arrows) and micro-mounds (red arrows). Thin section view; (F) 

Micritic micro-mounds over a Lucinella divaricata valve (yellow arrows). SEM view.                                           > 
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< Figure 4 (previous page). (A) Micritic rim (yellow arrow) enveloping a bioeroded (micritized) bioclast (blue 

arrow), note numerous bacterial moulds (green arrows). SEM view; (B) Pillar cement with clotted peloidal 

fabric (green arrows). Thin section view; (C) Pillar cement with filamentous fabric (red arrows). Thin section 

view; (D) SEM view of pillar micritic cement with finer filamentous mineralized structures (red arrows); (E) 

Void-filling micrite (orange arrows) and dissolution cavities (green arrows). Thin section view; (F) Void-filling 

micrite surrounding a quartz grain (yellow arrow). Note mineralized curved filaments (red arrows). SEM view. 

 

6.3.3 Ultrastructure and composition of micrite 

Despite the different micro-morphologies, the ultrastructure of all the described types of micrite, 

including the one derived from micritized grains, is substantially equal. It is, in fact, composed of 

sub-micron sized, anhedral to subhedral crystals of Ca-carbonate mixed with a variable minor 

amount of clay microcrystals (Fig. 5A). In particular, the calcite shows a moderate amount of Mg (4-

6 moles %, excluding C and O), whereas the clay mineral shows a mean composition of Si: 34 moles 

%, Al: 12 moles %, Mg: 6 moles %, K: 4 moles % (Fig. 5B, C), which is in accordance with the standard 

mean composition of saponite (Barrios et al., 2001). The presence of saponite, associated with the 

calcite, is further confirmed by the XRD analysis that shows a minor amount of aragonite, probably 

deriving from unaltered skeletal grains, and quartz deriving from terrigenous clasts (Fig. 5D).  

In detail, the calcite shows a specific nanostructure consisting of nanospheres, 100 to 300 nm in 

size, which aggregate to form larger micritic crystals (around 1-4 µm) which, in turn, can develop a 

sub-euhedral habitus (Fig. 6A, B). Saponite crystals show a variable dimension and a sheet-like 

habitus. They can form very large sheets enveloping the micrite crystals themselves as well as being 

dispersed in the micritic matrix (Fig. 6C, D). For both the two minerals, micrite and saponite, no 

evidence indicating a detrital origin (e.g., fractured and smoothed surfaces of irregular grains) was 

detected in all the studied portions of the calcarenite. 

Under the SEM the micrite reveals a widespread presence of fossilized (calcified) organic 

material, or empty cavities, possible molds of organic components (Fig. 6E). In particular, very 

common filamentous structures (as already seen in optical microscopy, Fig. 4C), and rarer sub-

spherical structures, also occur. In detail, these mineralized structures can be classified in three 

morphological types:  

1. rod-like, around 10-20 µm long and 3-5 µm wide mineralized bodies, locally very densely 

occurring (Fig. 6E; Fig. 7A); 

2. longer (around 50 µm) and thicker (up to 10-15 µm), sometimes curved, filamentous 

mineralized bodies, in some cases tubular, with a decreasing diameter, and with a thick wall 

(around 5 µm) (Fig. 6E; Fig. 7B); 

3. mineralized subspheres (cocci-like) up to 5 µm in size (Fig. 7C).  

Empty cavities, more common in the micritized part of bioclasts, show tubular or spherical shape 

with dimension in the ranges of the equivalent mineralized structures (Fig. 8A-D). Moreover, 

irregular often sheet-form masses have been found, appearing like a thin mineralized crusts 

developed over the grain surfaces and closely associated with the mineralized filaments and 

spheroids (Fig.  6E). Finally, the micrite often includes dispersed dehydrated organic matter remains, 

as sheets and filaments, which sometimes appear from partially up to not mineralized by the 

calcareous nanospheres (Fig. 8E, F).  
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Figure 5. (A) SEM view and EDS elemental maps map of micrite and clay minerals making the cement. The 

Ca-carbonate crystals are recognizable in respect to clay crystals, comparing the distribution of Ca with those 

of Si, Al, K, and Mg. (B-C) SEM view and EDS spot analyses on the calcite and saponite mineral cements and 

relative elemental spectra. (D) XRD spectra of a calcarenite bulk sample. The spectrum (a) shows the main 

peaks of calcite, aragonite (deriving from the micrite and the skeletal components) and quartz (from rare 

siliciclastic grains). The spectrum (b) is limited to 2 = 20.5° to amplify the clay mineral peaks, and to define 

the presence of saponite, which is contained in the micrite, as main argillaceous mineral (see Discussion). 
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< Figure 6 (previous page). Nanostructure of micrite cement. (A) Nanospheres typically composing the 

micrite cement. SEM view in secondary electrons; (B) Filament’s ghost highlighted by the micrite developed 

along its surroundings, formed by the aggregation of nanospheres. SEM view in secondary electrons; (C) SEM 

secondary electrons view and (D) back scattered electron view of a mineralized filament with saponite platy 

crystals (yellow arrows); (E) SEM view of sheet like mineralized crust (red arrows) associated with large 

(yellow arrows) and thin mineralized filaments (blue arrows). 

 

 

 
Figure 7. SEM views of mineralized filaments and cells. (A) Rod-like mineralized filament (yellow arrows and 

lines) and extracellular micrite (red arrow) (see Fig. 8D for location of the picture); (B) Large tubular 

mineralized filament, possibly representing plant root hair ghosts; (C) Mineralized spheroidal bacterial cell 

(red arrow). 
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Figure 8. SEM views of fossilized microorganisms in the micrite. (A) Empty mould of possible bacterial cell in 

the micrite; (B) Micritized molluscan shells (green arrows) and unaltered bioclasts (blue arrows); the red 

square indicates the position of Fig. 8C, while the yellow one indicates the position of Fig. 8D; (C) Surface of 

micritized bioclast, with rich association of large filaments, possibly plant root hair (red arrows) and diffuse 

thin filaments; (D) Detail of microboring channels on the surface of a bioclast (red arrow), associated with 

external micrite nanospheres including thin mineralized filaments (yellow arrows). (E-F) Mummified organic 

matter remains (note a bacterial filament, indicated by the red arrow), in secondary electron view (E), 

resulting transparent when observed in back scattered electron view (F). 
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6.4 DISCUSSION 

In the studied bioclastic calcarenite, the abundance of calcareous red algae fragmented thalli, 

together with the abundance of shallow water benthic foraminifera, such as porcelaneous miliolids, 

and rare planktic forms, is consistent with a very shallow water setting such as a shallow subtidal 

environment (or infralittoral zone). Moreover, the presence of the foraminifera Planorbulina 

mediterranensis (Fig. 2G) is a good proxy to also infer the possible presence of Posidonia meadows 

(Mariani et al., 2022). The molluscan assemblage is also in accordance with a sandy vegetated 

shallow bottom, being dominated by the characteristic species (M. pulchella, L. divaricata) typical 

of the fine well sorted sands (SFBC) biocoenosis (Pérès and Picard, 1964), accompanied by rheophilic 

gravel related species (G. minima), and by characteristic species of the photophilic algae and 

Posidonia meadows (AP/HP) biocoenoses (Fig. 1) (see also Chapter 4). 

Considering the very low Mediterranean tide excursion (few decimetres in average), a depth 

range comprised between ca. 0.5 m and 25 m (corresponding to the typical maximum depth of the 

SFBC biocoenosis) can be proposed for the inferred environment, also considering the common 

fragmentation and abrasion of the bioclasts, consistent with a relatively energetic wave agitated 

setting. 

Micrite is very abundant in the studied deposit, showing various micro-morphologies and fabrics 

that are consistent with a synsedimentary precipitation (i.e. autochthonous micrite), rather than a 

detrital origin. First of all, the presence of typical microbial fabrics, such as peloidal and filamentous, 

characterizing most of the micrite, confirms the biological mediation in their formation (Fig. 4B-D, 

F) (Chafetz, 1986; Riding, 2000; Konhauser and Riding, 2012). Moreover, the irregular thickness and 

geometries of the micritic cements (i.e., non-isopachous wavy rims locally with outward convexities, 

e.g. Fig. 3A, E, F) together with their anti-gravitative pattern, is further evidence of their biologically 

controlled synsedimentary deposition, which also reminds intra-porosity micro-reefs formation 

(Flügel, 2004; Perri et al., 2019). Indeed, the best evidence of the authigenic bio-mediated 

deposition of this micrite is its particular mineral nanostructure and the presence of many fossilized 

microbial cells and organic matter. In fact, all types of the observed micrite are constituted of a 

typical an in-situ precipitation framework characterized by the hierarchical pattern starting from 

sub-micron in size nanospheroidal crystals (Fig. 6A, B; Fig. 7A), which typically aggregate to form 

larger carbonate crystals. It is widely accepted that these nanospheres, also termed as “amorphous 

calcium carbonate” (ACC), represent the result of a microbial-mediated genesis (Perri and 

Spadafora, 2011; Perri et al., 2012a, 2012b; Ihli et al., 2014; Diaz and Eberli, 2022). The crystal 

structure of these crystals in fact, is different from the euhedral "solid" structure of the pure 

inorganic precipitates (Niederberger and Colfen, 2006). It is important to underline that such a 

nanostructure also characterizes the aphanitic void-filling micrite, which commonly incorporates 

detrital clasts (Fig. 4E, F). More in detail, the nucleation of nanospheres forming the described 

micrites, as well as the associated micritized skeletons, can be promoted within the microbial 

mucilaginous film (composed by the microbial community that includes bacteria, algae, fungi, and 

vesicles, viruses) embedded in the Extracellular Polymeric Substances (EPS), which act as precursors 

for the cement precipitation. This process is favoured by the accumulation of cations and by the 

progressive degradation and replacement by mineral precipitates, which often involves the 

microbial cells incorporated into them (Van Lith et al., 2003; Benzerara et al., 2006, 2010; Perri and 
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Tucker, 2007; Perry et al., 2007; Bontognali et al., 2008; Pedley et al., 2009; Sánchez-Román t al., 
2008; Manzo et al., 2012; Bahniuk et al., 2015; Perri et al., 2022; Słowakiewicz et al., 2023). 

In addition, the micrite commonly hosts both rod-like and filamentous fossils of mineralized 

microorganisms. This provides a further key evidence of the presence of a microbial community 

forming a widespread biofilm among the grains (Fig. 9A). The shape and size of subspherical cells 

(Fig. 7C) and tubular or solid calcified filamentous structures (about 5 μm in diameter, tens of μm in 

length) (Fig. 6E; Fig 7A) is compatible with fossil bacteria (Perry, 2007; Perri and Spadafora, 2011; 

Perri et al., 2012a; Diaz and Eberli, 2022). The only exception regards the largest calcified filaments 

(200 μm in length and 10-15 μm in diameter) which are too large to represent a bacterial-like 

organisms. They most probably fall within the range of possible fine root hairs of seagrasses (Fig. 

6E; Fig. 7B), whose presence in the studied sediment is indicated by plant-related mollusk species, 

as detected through the palaeoecological study (Chapter 4). Indeed, the average shape and width 

of Posidonia oceanica root hairs is reported to be around 12 μm (Zenone et al., 2020) that is very 

similar to our mineralized largest tubiform structures. 

The presence of hollow tubular and subspherical empty cavities within the micrite (Fig. 6B-D; Fig. 

7B) indicates that most of the microbial cells are preserved as molds, suggesting that the process of 

crystal nucleation takes places mostly in the EPS and less on external cell wall (Fig. 6E; Fig. 7A). This 

is further supported by local remnants of non-mineralized organic matter associated with the 

micritic precipitates (Fig. 8E, F). 

As seen, the formation of the above described microbial micritic cement is commonly associated 

with the micritization of many bioclasts. In fact, a gradual transition from the micritic cement up to 

the microbored and micritized zones of the bioclast, and the equal fabric of both micrites, are often 

observable (Fig. 3A, D; Fig. 8B-D). It is thus evident the direct link between micritization of the 

skeleton and their external encrustation, pointing towards a linked biogenic genesis of both 

processes, as already suggested in marine systems (Reid and Macintyre, 2000; Diaz and Eberli, 2022, 

and ref. therein) (Fig. 9). As micritization is one of the earliest marine diagenetic processes affecting 

bioclasts, it is therefore demonstrated that also the formation of the associated micritic cement 

took place very early and in a marine environment. This is also testified by the even slight Mg 

presence in the calcite of micrite (4-6 moles %; Fig. 5B-C), consistent with a marine environment 

rather than in a tardive continental vadose setting (Tucker and Wright, 1990). 

Some Authors (e.g., Perry 1999; Hillgärtner et al., 2001) distinguished between destructive and 

constructive micrite envelopes, the former resulting from an inward microboring activity and 

cement infilling (e.g., Reid and Macintyre, 2000), and the latter resulting from an external microbial 

mediated precipitation and sediment trapping. Moreover, other Authors (Kobluk and Risk, 1977; 

Scholle and Ulmer-Scholle, 2003) suggest that the same microbial communities can accomplish both 

the processes coupled together. Congruently to these literature data, our results show that external 

cement precipitation is not always clearly distinguishable from the inward micritized areas, pointing 

toward the close genetic association between micritization and micritic cementation phenomena 

(Fig. 3D; Fig. 8B-D). 

Finally, the saponite associated with the micrite can be also considered authigenic, even if 

subsequent to the calcite, also considering the morphology of the crystals that can envelope 

mineralized calcareous filaments (Fig. 5B; Fig. 6C, D). The authigenic precipitation of saponite, and 
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similar clay minerals, is documented in literature in association with marine carbonate microbialites 

(e.g. Perri et al., 2018; Suosaari et al., 2022). 

The synsedimentary growth of micritic cements enveloping the grains in subtidal environments 

was traditionally thought to require a calm, not permanently moving substrate, such as that 

associated to seagrass-stabilized biotopes (Perry, 1999, and ref. therein; Reich et al., 2015). 

Recently, Diaz and Eberli (2022) found microbial early diagenetic cements, very similar to those 

observed in our study, in shallow high energy mobile sandy shoal bottoms of tropical modern 

carbonate platforms. They demonstrated that microcrystalline meniscuses, crusts, and pillar micritic 

cements, often considered in literature to be indicative of marine tidal vadose or quiet subtidal 

phreatic zones, can also develop in high energy shallow marine phreatic environments under a 

microbial control. Thanks to the microbial mat growth, the sediment is relatively quickly stabilized 

allowing the precipitation of the microbial micritic cement. This is in accordance with the occurrence 

of similar microcrystalline cements in a variety of marine environments, even into energetic mud-

free grain-supported sediments (e.g., grainstone sense Dunham, 1962) (Flügel, 2004). The overall 

palaeoecological inferences derived from the molluscan assemblage that characterize the 

calcarenite (Chapter 4) confirm the relatively moderate to high energy setting sandy palaeobiotope, 

with local presence of seagrasses and/or seaweeds. The presence of seagrass is fundamental to 

stabilize the substrate and to reduce the hydrodynamic energy on the water-sediment interface, 

promoting the accumulation of fine and organic matter and the development of microbial biofilms 

and cementation (Reich et al., 2015).  

A further indication of this synsedimentary microbial cementation is provided by the endofaunal 

species, typical of mobile sandy to gravelly substrates, accompanied by a good percentage of 

epifaunal species, including those living on hard substrates. The occurrence of large rock-encrusting 

epifaunal species in life position, such as the AP (Photopilic Algae biocoenosis) characteristic 

Spondylus gaederopus, implies the presence of a rocky substrate, which is apparently in contrast 

with the general seabed proposed reconstruction. However, this is solved by the demonstrated 

early cementation of the sandy substrate by the microbial mediated micrite precipitation, which 

justify presence of such species. The same is found for smaller epibenthic taxa, such as barnacles 

and polychaetas (Fig. 1I, J), which can directly encrust patches of locally hardened bioclastic sand. It 

should be considered that the cementation phenomena were non-pervasive (like an extended 

hardground), as many soft-bottom infaunal molluscs still thrived into the sediment (Chapter 4). 

According to the literature data, microbial cements and related early lithification phenomena, 

analogously to what found in MIS 5e of Taranto, are typically associated with warm 

subtropical/tropical waters, such as those found in the Bahamas and Northwest Australia (Diaz and 

Eberli, 2022). Consequently, they are not typical of the modern non-tropical Mediterranean at 

comparable infralittoral shallow depths, where only a very negligible microbial cementation may 

occur (Betlzer et al., 1997). 

Excluding intertidal and deep-sea early cements, comparable subtidal phreatic early cements, 

varying from sparry to microcrystalline cements, are reported for MIS 5e deposits of western 

Mediterranean (Sardinia, Kindler et al., 1997; El-Shazly et al., 2016), and also younger 

bioconstructed and detrital facies of central Mediterranean (Calabria, Bracchi et al., 2014; Borrelli 

et al., 2024; Chapter 7). In the MIS 5e Taranto calcarenite, the recognition of such early lithification 
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by these warm water cements matches warmer sea surface temperatures (SST) compared to today, 

estimated +2 °C in the same deposits (Chapter 5) (Fig. 9). Considering the high warming rates of 

surface waters of the Mediterranean Sea (in the Ionian Sea being 0.037 °C/year; Pisano et al., 2020), 

MIS 5e -like sea surface temperatures are expected in the second half of the present century. 

Consequently, it is possible to infer that such shallow marine cementation will become increasingly 

common in the modern Mediterranean due to ongoing global warming, causing similar early 

cementation phenomena like those inferred for the MIS 5e calcarenite of Taranto. Moreover, if SST 

will overpass the estimated palaeotemperature, this cementation process may even become more 

widespread and pervasive, possibly causing relevant environmental changes. 

 

 
Figure 9. Diagram showing the formation of micritic cements after the coating of grains by organic EPS (A) 

and bioerosion due to bacteria (B-C). 

 

6.5 CONCLUSION 

A possible trend of a central Mediterranean sandy littoral/sublittoral seafloor adaptation, in 

response to the ongoing global warming, expected to carry on an increase of ca +2 °C of the SST at 

the end of the century (Pisano et al., 2020) similarly to the MIS 5e (135-116 ky) time (Chapter 5), is 

here proposed. The model derives from the study of a well-preserved biocalcarenite deposit, 

cropping out in the Gulf of Taranto, which is characterized by the following features:  

- the studied calcarenite (grainstone/packstone) is almost entirely made by bioclasts, such as 

mollusk shells and fragments, constituting the coarser fraction, together with calcareous red 

algae, benthic foraminifera, corals, bryozoans, polychaetas and crustaceans; 

- overall, the fossils are well preserved, although fragmentation and micritization, and they are 

consistent with a very shallow-water environmental setting of deposition; 
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- micrite is widespread in the calcarenite as syn-sedimentary marine cements, both coating the 

grain surfaces and locally completely filling the intergranular primary spaces; 

- no evidence of detrital origin of micrite was found; 

- on the contrary, micrite show an evident autochthonous origin as a microbial mediated 

precipitate; 

- the microbial origin of micrite is witnessed by typical microbial fabrics, such as the mineral 

nanostructure characterized by submicron nanospheres replacing the original organic matter 

that aggregate to form larger crystals and the widespread occurrence of several types of 

mineralized microbial cells. 

All these features suggest the presence, during the MIS 5e, of a lithifying microbial mat that 

could, at least partially, stabilize the sandy substrate, even in a relatively energetic shallow, locally 

vegetated paleoenvironment. In particular, it can be very likely supposed that hardened patches of 

the seafloor progressively appeared and, consequently, they were used as substrate by epilithic 

taxa, typic of hard seafloor settings. Notably, the presence of these cements in this mid-latitude 

sand during a slightly warmer period, in respect to today, suggests a possible future appearance and 

potential increase of this very early cementation processes triggered by the global warming. This 

could potentially impact the ecological evolution of marine environments in warm temperate 

regions like the Mediterranean. 
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CHAPTER 7 – CALCAREOUS BIOCONSTRUCTIONS FORMATION DURING THE LAST 

INTERGLACIAL (MIS 5) IN THE CENTRAL MEDITERRANEAN: A CONSORTIUM OF 

ALGAL, METAZOAN, AND MICROBIAL FRAMEBUILDERS (CAPO COLONNA - 

CROTONE BASIN - SOUTH ITALY)  

 

Abstract. The last interglacial (MIS 5) transgressive-regressive deposits of the Capo Colonna 

marine terrace provide a good fossil example of a Central Mediterranean infra/circa-littoral setting, 

characterized by both calcareous coralline algae-dominated low-relief bioherms and biostromes, 

analogous respectively to the present coralligenous and mäerl habitats. The skeletal primary 

framework of the bioherms consists of laminar to massive encrusting coralline red algae acting as 

main bioconstructors, with minor bryozoans, encrusting foraminifera, and serpulids as secondary 

frame-builders. Whereas the autochthonous mäerl tabular beds are mainly composed of free-

branched coralline red algae rudstones. A variable amount of sandy bioclastic sediment is laterally 

interbedded with the bioconstructions and tends to be entrapped in their cavities and pockets. All 

sedimentary sub-facies of the bioconstructions and associated sediment are rich in autochthonous 

syn-sedimentary microbial-mediated micrite, forming aphanitic, peloidal, clotted peloidal, and 

filamentous fabrics. Microbial micrite can also trap and bind a variable amount of grains or be a 

secondary component of the sandy detrital sediment with micritic rims surrounding the clasts. All 

these early-lithified micrites show the typical nanostructure of the primary microbial-mediated 

carbonates, rather than a detrital mud particles accumulation, as they consist of nanospheres 

coalescing into subhedral microcrystals, replacing and mineralizing both microbial cells (present with 

several morphological types) and extracellular substances. This in turn implies the widespread 

presence of benthic lithifying microbial biofilms that colonized both the cavities of the skeletal 

framework of the bioconstructions, and the intergranular space of the associated sediment. These 

microbial communities, thanks to the metabolic processes of the microorganisms that induced the 

carbonate precipitation, significantly contributed to the early cementation of all the studied 

deposits. 

 

Keywords: Late Pleistocene; Bioconstructions; Coralligenous; Mäerl; Micrites; Microbialites. 

 

7.1 INTRODUCTION 

7.1.1 Introduction and Geological framework 

Late Pleistocene global climate shifted from the warm Last Interglacial, corresponding to the 

Marine Isotope Stage (MIS) 5, to the cold Last Glacial (MIS 2) (Shackleton, 1969; Helmens, 2014, and 

ref. therein). The MIS 5 is considered a good analogue of the ongoing global climate change, as the 

warmest period is represented by the first substage MIS 5e (ca 125 ky), which was few degrees 

warmer than today, while, after this peak, the decrease in global temperatures took place with the 

alternance of two relatively colder periods: MIS 5d (ca 110 Ky) and 5c (ca 100 Ky), and two warmers: 

MIS 5b (ca 90 Ky) and 5a (ca 80 Ky) (Railsback et al., 2015). MIS 5 climate variations are potentially 
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recorded in the corresponding geological record, which is considered a good potential archive of 

data to predict the possible effects of the modern climate change (e.g., Overpeck et al., 2006; 

Rohling et al., 2008; Antonioli et al., 2017; Albano et al., 2024). 

MIS 5 terraced marine deposits widely crop out in the central Mediterranean as well as along the 

coasts of southern Italy, where they are particularly well exposed along the Ionian Sea coastline 

around Taranto (Puglia) and Crotone (Calabria) areas (e.g., Amorosi et al., 2014; Nalin et al., 2020; 

Zecchin et al., 2020). In particular, in the Crotone area five orders of Middle to Late Pleistocene 

(including a complete MIS 5 warm phases sequence) carbonate-siliciclastic raised marine terraced 

deposits have been recognized, topping a Neogene-Quaternary sedimentary succession (Gliozzi, 

1987) (Fig. 1A). The Crotone basin originated during the development of the Southern Italy orogen 

and is linked to the eastward migration of the Calabrian Arc towards its present-day location, after 

the opening of the Tyrrhenian back-arc basins (e.g., Critelli, 1999; Zecchin et al., 2012; Critelli et al., 

2013, 2017; Gindre-Chanu et al., 2020; Borrelli et al., 2022, 2023a). The five orders of terraces, 

resulting from the combination of regional uplift (from 0.70 to 1.25 m/ky) and glacio-eustatic 

fluctuations (Zecchin et al., 2016) are spread along the southern Crotone area (Fig. 1A) and are 

unconformably transgressive on the Piacenzian – Calabrian Cutro marly clay Formation. The Cutro 

marine terrace represents the first terrace order, being associated with the MIS 9 (Palmentola et al., 

1990), or with the MIS 7 (Nalin et al., 2020). The second terrace order is represented by the 

Campolongo terrace, undoubtedly dated to MIS 5e, while the Capo Cimiti terrace is representative 

of the third terrace order, probably characteristic of the MIS 5c (Mauz and Hassler 2000; Zecchin et 

al., 2004; Nalin et al., 2012). The fourth terrace order is found both in the Capo Rizzuto area and 

along the Capo Colonna Peninsula, which is object of the present work, is considered MIS 5a in age, 

as revealed by stratigraphic correlations, and aminostratography, U/Th, and optically stimulated 

luminescence dating (Gliozzi, 1987; Belluomini et al., 1988; Nalin, et al., 2006; Nalin and Massari, 

2009; Nalin et al., 2020). However, for the same terrace was also proposed a MIS 5c dating, on the 

base of other stratigraphic correlations (Palmentola et al., 1990; Zecchin et al., 2004; 2009). Finally, 

the Le Castella terrace (the fifth and the youngest) was dated at MIS 3 (Bracchi et al., 2016, and ref. 

therein). 

The Capo Colonna terrace extends along a W/O oriented peninsula with a planar surface sloping 

about 1 degree toward East. The deposits show a maximum thickness of 10 meters and are well 

exposed along the sea cliff that limits the terrace (Fig. 1); they generally are composed by mixed 

carbonate and siliciclastic deposits that unconformably cap the Cutro marly clay Formation. Zecchin 

et al. (2009) identified two different high frequency transgressive-regressive cycles, the second of 

which, much better preserved, is the object of this study and. In such second cycle Nalin and Massari 

(2009) defined a palaeoenvironmental West to East gradient from proximal to distal sedimentary 

facies, while Bracchi et al. (2014) carried out an in-depth palaeoecological and stratigraphical 

analysis, better defining and characterizing the main autochthonous carbonate deposits, consisting 

of coralline red algae dominated facies. 
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Figure 1. (A) Simplified map of the Quaternary marine terraces of the Crotone Peninsula (mod. after Bracchi 

et al., 2014). The dashed black rectangle represents the area in (B). (B) Location of the sampled stratigraphic 

sections along the Capo Colonna Peninsula. (C) Field view of part of the Capo Colonna terrace (object of this 

study), in the background the Cutro terrace. 

 

7.1.2 Coralline algae facies 

Coralline algae (Division Rhodophyta) figure among the main carbonate productors of the 

Mediterranean Sea since the Pliocene, able to produce relevant (in thickness and extension) 

carbonate bodies (Basso, 1998; Ballesteros, 2006). They can form free branched to rounded nodules 

forming bed-form stacks (called mäerl rhodoliths) or can develop as crusts around small hard 

substrates (praline rhodoliths) that can merge each other resulting in complex large-scale low-relief 

calcareous buildups (i.e. Coralligenous), whose primary framework is mostly represented by 

crustose algae (Basso, 1998; Ballesteros, 2006; Bracchi et al., 2014; 2016, and ref. therein). The term 

“coralligenous” was firstly used by Marion (1883) to indicate hard calcareous formations with 

calcareous algae and the octocoral Corallium rubrum, which gave the name of the biocoenosis. This 

coral was then regarded as not-diagnostic of this habitat, so the coralligenous was properly defined 

as a calcareous biogenic formation mainly produced by the encrusting action of coralline red algae 

and, subordinately, by several other animal taxa (Pérès and Picard, 1964; Ballesteros, 2006; Bracchi 

et al., 2022). 

Mäerl facies is typical of moderate to high energy setting of the circalittoral zone. This habitat can 

occur as facies of the Coastal Detritus Biocoenosis, but also as the Fine Gravels and Coarse Sands 

under the Influence of Bottom Currents Biocoenosis. Mäerl biostromal beds are considered “mobile 

coralligenous”, as the stabilization of rhodolite/mäerl beds can led to the development of 

coralligenous buildups (i.e., de plateau) (Basso, 1998; Relini, 2009).  

Typical coralligenous buildups develop from relatively deep subtidal sciaphilic conditions (i.e., 

circalittoral zone), up to shallower (i.e., infralittoral zone, up to 4 meters; Bracchi et al., 2014). For 

these reasons, the coralligenous is now regarded as a wider ecological complex, rather than a strictly 
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defined biocoenosis, hosting several micro- and macro-habitats with a rich biodiversity (i.e., at least 

1666 species; Ballesteros, 2006; Bracchi et al., 2014, 2022). Coralligenous biocoenosis can colonizes, 

other than hard substrates, even mobile substrates that, consequently, after the algal encrusting 

action, are turned in a new biogenic rocky sea-bottom (i.e., “coralligene de plateau” of Pérès and 

Picard, 1964). Indeed, coralligenous is considered the climax habitat of the circalittoral zone of the 

Mediterranean Sea, second only to the shallower infralittoral Posidonia meadows. 

 

7.1.3 Micrites and microbialites 

Micrite is a common component of all the calcareous deposits, both detrital and bioconstructed. 

Micrite was defined as microcrystalline calcite made of < 4 µm sized calcite particles (Folk, 1959) 

but, through time, the term was used to indicate mud sized calcites with both a detrital origin 

(allochthonous micrite, resulting from micro-disarticulation of calcareous organisms, whitings, and 

bioerosion) and in-situ precipitated (autochthonous micrite), triggered by either biotic or abiotic 

processes in marine or continental settings (Tucker and Wright, 1990; Flügel, 2004; Riding and 

Virgone, 2020; Borrelli et al., 2024; Perri et al., 2024a). Autochthonous biologically mediated micrite 

can originate either by the presence of degrading organic substrates or induced by microbial 

metabolic activities; in both cases these bio-sedimentary carbonate deposits are defined as 

microbialites (Wolf, 1965; Burne and Moore, 1987; Riding, 2000, 2011). A large variety of microbial 

taxa and communities are involved in the microbialites formation in many sedimentary systems, 

spanning from almost totally microbial-produced carbonate factories forming large scale 

depositional systems, to a minor contribute for example in clastic or evaporitic sedimentary, or 

diagenetic, environments. 

Microbialites were dominant reef builder during the Proterozoic, while in the Phanerozoic they 

become a component of metazoan-algal (coralgal) reefs (Riding et al., 1991), occasionally 

representing the main reef builders like in platform margin to slope settings of stressed 

environments, such as the microbial carbonate factories of the Pennsylvanian (Della Porta et al., 

2017), the Tethyan upper Triassic (Perri et al., 2017, 2019; Borrelli et al., 2023b), and the Messinian 

salinity crisis in the Mediterranean (Borrelli et al., 2021). 

The microbialite development in association with modern coralgal reefs was commonly reported 

as minor microbialitic crusts in cryptic environments (Westphal et al., 2010, and ref. therein). Larger 

volumes are reported in tropical reefs: as tardive reef overgrowth developed during environmental 

changes during deglacial sea level rises (Camoin et al., 1999, 2006); as a diachronous development 

some meters below the living reef zone (Seard et al., 2011); and finally, as coeval and interlayered 

with coralgal framework in photic zone (Westphal et al., 2010). Microbialitic and skeletal component 

relationship in reefs is suggested to be mutually advantaging, as the coralgal framework provides 

suitable environment to be colonized by microbial communities which in turn stabilize and 

strengthen the reef, also contributing to its volumetric growth (Seard et al., 2011). 

The temperate Mediterranean modern bioconstructions are mostly represented by the 

coralligenous facies, and secondarily by shallow water red algae rims, vermetids trottoirs, 

polychaetas reefs (Pérès and Picard, 1964). In these low-relief neritic bioherms, the presence and 

the possible syngenetic role of the microbialites is a topic poorly investigated. In modern living 
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coralligenous bioconstructions of south Italy, a minor quantity of lithified autochthonous micrite 

(deriving from microbial activity and degradation of sponge tissues) inside the skeletal framework, 

was suggested to strengthen the algal framework contributing to the reef development, thanks to 

their syngenetic cementation (Bracchi et al., 2022; Cipriani et al., 2024). 

In addition, the microbial mediated precipitation of micrite can represents the main process 

responsible for the early cementation of several mobile marine detrital substrates, even in high 

energetic environments. However, this process is supposed only characteristic of shallow, warm 

waters of tropical carbonate sedimentary systems (e.g. Diaz and Eberli, 2022, and ref. therein), even 

if it has been detected also in mid-latitude temperate seas (see Chapter 6). 

Finally, in the present work, a micro-scale facies characterization of the Capo Colonna red algae 

dominated deposits is provided. Combining field work with petrographic and SEM-EDS analysis a 

reconstruction of the depositional and diagenetic history of these MIS 5a/c deposits is proposed, 

with a specific focus on the role of autochthonous micrite in the development of the bioconstructed 

facies and associated deposits. 

 

7.2 METHODS 

Five stratigraphic sections were measured, described, and sampled, using a 

stratigraphic/sedimentologic approach along the northern side of the Capo Colonna peninsula (Fig. 

1). Sections were named, from the west to the east: Section 1 (39.031667 17.174943), Section 2 

(39.030375 17.181662), Section 3 (39.026088 17.199457), Section 4 (39.027118 17.202814), and 

Section 5 (39.029327 17.204958) (Fig. 1B). The whole outcrop has a good lateral continuity allowing 

a good correlation of the measured sections. Sampling was achieved considering the lateral and 

vertical variability of the deposits attempting, as much as possible, to sample equidistant points 

along the vertical direction.  

40 thin sections were prepared from 34 selected hand samples, following a traditional protocol 

after resin embedding, and analysed with a traditional petrographic optical microscope (Zeiss, 

Axioscop - 40). Scanning Electron Microscopy (SEM) was performed at University of Calabria using a 

ZEISS Crossbeam 350, operating in a range of 5–20 kV with a working distance between 6 mm and 

15 mm. Analyses were mainly focused on the micritic microfacies and performed on selected 

subsamples, both on fresh broken surfaces and thin sections, after carbon coating. During SEM 

observations the semiquantitative elemental composition of selected points were obtained by an 

energy dispersion spectrometer (EDS) EDAX OCTANE Elite Plus operating at 20 kV and with a working 

distance of ca 12 mm. During EDS analysis, C-enriched areas (detected as more C-enriched relative 

to the uniformly carbon-coated background) were used to check the occurrence of residual organic 

matter remains. 

7.3 RESULTS 

7.3.1 Stratigraphic sections 

A short description of the measured stratigraphic sections is here reported, along with the logs 

in Figure 2. In the same Figure 2 the main lateral stratigraphical correlations are also reported, which 

are discussed in paragraph 7.4. 
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Section 1 is made of a 3 m thick homogeneous whitish fine sands resting on a thin medium-fine 

basal conglomerate, in turn overlying the Cutro marly clay Formation (Fig. 2; 3A). The succession 

does not contain fossils, except rare bioturbations, and randomly shows the presence of sparse 

centimetric cemented layers. Sands are overlain by a 1 m thick fining upward concave-cross stratified 

sandstones. 

In Section 2 the Cutro marly clay Formation is overlain by a 0.5-1 m thick basal coarse 

conglomerate, composed of centimetric pebbles in a sandy matrix (Fig. 2; 3B). In the upper part of 

this level, tabular boulders (up to 40 cm thick and 1 meter wide) occur, consisting of bioclastic 

sandstones and medium-fine conglomerates with lithodome boreholes (ichnospecies 

Gastrochaenolites lapidicus) along their surfaces, including internal models of Lithophaga sp. The 

following 2 m are composed of millimetric to centimetric thick braided to isolated red calcareous 

algal crusts, interbedded with discontinuous layers and pockets of bioclastic sandstone that becomes 

more abundant upward. Above, a 50 cm thick cross-stratified sandstone, rich in gastropods and 

containing cm-thick very cemented levels, closes the succession.  

Section 3 is characterized at the base by the Cutro marly clay Formation followed by a 5-20 cm 

thick basal conglomerate (Fig. 2; 3C). This latter is overlain by a 10-20 cm thick bioclastic sandstone 

encrusted at the top by centimetric laminar red algae with common lithodome boreholes. Upward, 

a domal body ca 1.20 m thick, laterally extending for several meters occurs. It is composed by a 

dense framework of mostly laminar and crustose coralline algae, and subordinately bryozoans, 

encrusting and binding bioclastic sediment and many others skeletal component (e.g. serpulids, 

molluscs, see below). This bioconstructed body (corresponding with the "algal boundstones" of 

Nalin and Massari, 2009) is laterally interdigitated, and then topped, with sand- to gravel-size 

cemented bioclastic detritus (containing also large molluscs) with slightly concave upward cross-

lamination. The succession continues with another ca 1.2 m thick domal bioconstruction equivalent 

to the previous one, finally covered by ca 1.2 m thick cross-stratified bioclastic sandstone, rich in 

terrigenous clasts and fossil traces. 

Section 4 starts with a 5-50 cm thick fine shell bed composed of mostly molluscs mixed with a 

minor clastic conglomeratic component, erosively resting on bioclastic sandstones belonging to the 

previous depositional cycle of the terrace (Zecchin et al., 2004) (Fig. 2; 3D). The succession continues 

with few cm thick bioclastic sandstone layers, followed by a well cemented, up to 80 cm thick, 

reddish coralline algal tabular rudstone (Fig. 3E). Upward, a 1.8 m thick bioconstruction, very similar 

to those in the section 3, dominated by massive red algae crusts, locally accompanied by bryozoan 

and serpulid colonies, is observed (Fig. 3F, 3G). This body passes laterally and upward to the 

bioclastic sandstone, which is also present in the inter-skeletal cavities of the bioconstructions, 

containing gastropods, serpulids, and some corals (Fig. 3H).  

Section 5 erosively lies on the cross-stratified calcarenites belonging to the previous stratigraphic 

cycle (Zecchin et al., 2004) and starts with a 1 m thick shell bed similar to the section 4 one (Fig. 2). 

Then ca. 2 m of coralline algal bioconstructions, interfingered with coarse sandstone close the 

succession. 
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< Figure 3 (previous page). Field views of selected features of the measured stratigraphic sections. (A) Detail 

of the upper levels of Section 1, Wfs (Whitish fine sands), Css (Cross stratified sandstones). (B) Section 2: BC 

(Basal Conglomerate), AB (Algal Bioconstructions) BS (bioclastic sandstone), Css (Cross stratified sandstones), 

red dashed line indicates the basal unconformity. (C) Lower portion of Section 3: BC (Basal Conglomerate), 

algal boundstones bodies (AB) separated by a discontinuity with lithodome boreholes (blue dashed line). (D) 

Section 4 is composed by the upward succession of: SB (Shell Bed), AR (Algal rudstone), AB (Algal 

Bioconstructions). (E) Algal rudstone (mäerl) facies made of free branched red algae and siliciclastic grains. 

(F) General appearance of red algae bioconstructions of Section 4, with laminar encrusting algae and 

sediment fillings. (G) Detail of crustose and leafy algal crusts with frequent bryozoans (yellow arrow) and 

serpulids (blue arrow) at Section 5. (H) Algal bioconstruction and lateral/cavity filling bioclastic sandstones 

(areas surrounded by the white dashed line) at Section 4.  

 

7.3.2 Bio-sedimentary facies 

A total of 6 main bio-sedimentary facies were defined in the whole succession, after the 

integration of field work and microscopy analyses (Tab. 1). All these facies are here described, 

including microfacies characterization, which however are mostly focused on coralline calcareous 

algae bioconstructions. 

1) Basal Conglomerate (BC). This facies, always present at the base of the stratigraphic 

sequence in the western sections (i.e. Section 1 to 3), lies above an erosional surface 

representing the base of the terrace succession (Fig. 3B, C). This deposit has an irregular 

thickness, ranging from 0.5 to 1 m. It is characterized by locally overlapped gravel to boulder-

size crystalline and calcareous clasts, from generally elongated and flattened to rounded, with a 

matrix composed by a quartz bearing sandstone rich in bioclasts. This deposit is generally well 

cemented and can be structureless to rarely flat-laminated. 

 

2) Shell bed (SB). Shell bed facies is observed in the easternmost sections (Section 4 and 

Section 5), where it represents the basal layer of the terrace sequence (Fig. 3D). It consists of 

an easily erodible, structureless stratum (up to 1 m thick) composed by a rudstone in which 

molluscs (especially bivalves Pecten jacobaeus, Ostreidae indet., up to 10 cm in size) are the 

most represented bioclasts, with rarer barnacles, gastropods, branched and reticulate bryozoan 

fragments, and very rare rhodoliths. The deposit also hosts minor siliciclastic coarse-grained 

components similar to that of the BC facies. 

 

3) Algal rudstone (AR). This facies consists of a well cemented, homogeneous, and 

laterally discontinuous tabular rudstone layer from 40 cm to 80 cm in thickness, observed only 

in the distal Section 4 above the SB facies (Fig. 3D). It is formed by a red algae accumulation, 

with rare molluscs and bryozoan fragments (Fig. 3E). Red algae are essentially free melobesioids 

forming centimetric nodules with generally branched morphologies and smoothed-edge 

appearance, belonging to the taxa Lithothamnion corallioides, Phymatolithon sp., Lithophyllum 

sp. and Lithothamnion sp., as identified by Bracchi et al., (2014), embedded in a gravel- to sand-

size siliciclastic matrix. The uppermost part of this body shows erosional pockets filled by 
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bioclastic coarse sandstone, the bioclasts of which are mostly made of millimetric free branches 

of red algae with an elongated to rounded shape, bryozoans (i.e., fragments of bilaminate 

species and of colonies) and foraminifera (mainly benthonic) (Fig. 4A, B). Molluscs fragments 

and shells are rare and represented mainly by Pectinidae and Ostreidae or observed as internal 

models or as empty moulds. Finally, occasional clasts of barnacles, vermetids, serpulids, 

echinoids, and corals were detected. Terrigenous clasts, which represent a minority component, 

consist of mono to poly-crystalline mica and quartz, mostly equidimensional and rounded, 

ranging from coarse sand to gravel, at the base of the layer, to fine sand/silt, in its upper part. 

The layer is well cemented thanks to the diffuse presence of non-isopachous rims of micritic 

cement that envelops and binds most of the clasts, both biogenic and terrigenous (Fig. 4B) (see 

also paragraph 7.3.3). Further cementation is provided by sparitic to microsparitic mosaics of 

calcite cement, frequently occluding the remaining porosity. 

This facies can be referred to the Modern counterpart called mäerl bed (Bracchi et al., 2014). 

 

4) Algal bioconstructions (AB). This is a complex bio-sedimentary facies representing 

the most common type of deposit in the whole studied succession (Fig. 3B-D). It is essentially 

characterized by a dense autochthonous and connected skeletal boundstone dominated by 

crustose coralline algae - with many others minor skeletal component - which form low-relief 

build-ups including a variable amount of trapped and bounded detrital sediment. More in detail, 

red algae form centimetres thick massive to laminated crusts (Fig. 3F), while bryozoans 

(encrusting and branching erect) and serpulids are very frequent, at places forming very dense 

encrustations (Fig. 3G). 

Red algae boundstones are dominated by sub-parallel, concentric, to irregular crustose algal 

thalli of the following genuses/species, as identified by Bracchi et al. (2014): dominant 

Mesophyllum alternans, and subordinate Mesophyllum sp., Lithophyllum stictaeforme, 

Lithophyllum sp., Lithothamnion minervae, Lithothamnion sp., Titanoderma pustulatum, 

Titanoderma sp., Phymatolithon sp. .  

The algal crusts are commonly separated by thin (sub millimetric – millimetric) micritic 

and/or terrigenous infilling (see also paragraph 7.3.2) (Fig. 4C, D). These crusts are often 

encrusted by thin (less then millimetric thick) colonies of bryozoans and foraminifera (very 

common Miniacina minacea), and vice-versa, also developing in alternate sequences (Fig. 4E, 

F). Algae thalli are also frequently bioeroded with a variable intensity, as testified by endolithic 

channels or a network of perforations, up to areas where the original framework is dismantled 

(Fig. 5A). Locally, the red algae framework is replaced by massive (up to centimetric thick) 

bryozoan zoaria, showing a regular organisation of multi-layered boxy zoecia, allowing to define 

local bryozoan boundstones (Fig. 5B). Well preserved to recrystallized serpulid calcareous tubes 

are sporadically associated with the red algae boundstones (Fig. 4D, F), even if locally they can 

form dense clusters, resulting in distinct serpulid boundstones (Fig. 5C).  

The skeletal cavities of bryozoan zoaria and serpulid tubes are often partially or totally 

occupied by micrite, which occurs as geopetal infill concordant with the polarity of the section, 

or with a pendant structure (Fig. 5C; see also paragraph 7.3.3 and Fig. 7B).  
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In addition to skeletal boundstones, in this facies rarer microbialites have been detected. 

They consist of microscale (< 1 mm) flat crusts and micro mounds, composed of micrite with 

typical microbial fabrics, which are illustrated in detail in the paragraph 7.3.3, developed over 

the skeletal boundstone and the sediment. 

The build-ups contain also common molluscs, such as large specimens of the sessile epifaunal 

Spondylus gaederopus, also observed both in life position (encrusting valves and articulate 

shells). Apart from bryozoans and serpulids, other sessile invertebrates are represented by 

Vermetidae indet., Scleractinia indet. (solitary corals), Cladocora caespitosa loose corallites and 

rare small colonies. Finally, regular echinids (fragments and complete tests) are also observed. 

The AB facies contains irregular to lenticular cavities and pockets, both at the macro-scale 

(e.g., decimetric detrital infills) and at the microscale (e.g., sediment infilling the micro-cavities 

generated by inter- and intraskeletal cavities that constitute the skeletal framework). The filling 

sediment is a mixed bioclastic and terrigenous sandstone, containing a variable amount of fine 

gravels and silt, grain- to mud-supported, in which crustose red algae fragments represent the 

most abundant bioclasts. These sediments are analogous to those found in lateral contact with 

the bioconstructions (i.e., bioclastic sandstone facies, see below). 

The above-described facies have been indicated as equivalent of the Modern coralligenous 

reefs (Nalin and Massari, 2009; Bracchi et al., 2014).  

 

5) Bioclastic sandstones (BS). Fine to coarse sandy and gravelly bioclastic sediment, 

more or less cemented by a micritic matrix, is associated with the red algae build-ups. This 

sediment results particularly abundant where the algal buildups are discontinuous (Fig. 3B), and 

generally shows a flat to low-angle cross lamination and interdigitations with the build-ups 

themselves (Fig. 3H). Moreover, such bioclastite also constitutes macro and microscale infillings 

of the algal boundstone cavities, resulting widespread in the boundstone framework. As the 

texture varies from grain- to mud-supported, the facies can be further characterized as 

grainstone-packstones and packstones more frequently, and wackestone-mudstones rarely.  

Grainstone/packstone (Fig. 5D, E), is mostly found in lateral contact with the bioconstructions 

and are dominated by irregular and rounded fragments of the same crustose thalli forming the 

build-ups primary framework, together with bioclasts of bivalves, gastropods, bryozoan, 

foraminifera (both benthic and planktonic forms), rare echinoid radiola and serpulid fragments. 

The terrigenous clasts are represented by micas and quartz, equidimensional and rounded, 

while the porosity is mostly filled by sparite and microsparite (Fig. 5D, E). Packstone sediments 

are also found both within the bioconstruction cavities and surrounding them (Fig. 5F). The 

micritic matrix shows mostly an aphanitic/micro-peloidal fabric. Moreover, the terrigenous 

content is relatively common and is made of quartz, micas, lithic fragments, and rare heavy 

minerals (i.e., highly birefringent metamictic zircons) ranging from medium-fine sand to silt size. 

Erosive cavities and channels in packstone, and adjacent boundstone framework are filled by 

new generations of such sedimentary inputs (Fig. 6A, B), containing intraclasts of the same 

packstone (Fig. 6C) suggesting very early lithification. Wackestone-Mudstones show an 

aphanitic/micro-peloidal fabric of micrite analogous to those found in the packstone (see also 

paragraph 7.3.3 for details) (Fig. 6D). 
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Figure 4. (A) Algal rudstone (mäerl facies): free red algae branches (yellow arrow), bryozoan bioclast (green 

arrow). (B) Detail of algal rudstone; note the discontinuous micritic rims around the quartz grain (green 

arrow) and bioclasts (yellow arrows), and peloidal micrites (blue arrows). (C) Red algae boundstone: algal 

thalli crusts with packstone detritus (yellow arrow). (D) Algal crusts with serpulids (green arrow) and 

grainstone-packstone infill. (E) Red algae crusts (yellow arrow) with encrusting foraminifera (blue arrow) 

and micritic (green arrow) and microspar infill. (F) Algal boundstone, surrounded by an algal crust (red 

arrow) defining the boundary with an external packstone sediment (yellow line). 
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Figure 5. (A) Bioeroded red algal boundstone (blue arrows) with grainstone/packstone (yellow arrow) filling 

a bioerosional channel (red dashed line). (B) Bryozoan boundstone made of box like encrusting bryozoan 

partially filled by aphanitic micrite. (C) Serpulid boundstone with geopetal micrite infill (yellow arrows). (D) 

Grainstone associated with the bioconstruction: note benthic miliolid foraminifera (yellow arrow). (E) 

Grainstone associated with the bioconstruction, note micritic rims (yellow arrows) and dissolution voids 

(green arrow). (F) Packstone associated with the bioconstructions; encrusting algal fragment (yellow arrow), 

articulated algae fragment (green arrow).  
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Complete fossil shells of molluscs are very common in the bioclastic sandstones, e.g. valves of 

Spondylus gaederopus, Manupecten cf pesfelis, Anomia ephippium, Venus verrucosa, Plagiocardium 

sp., abundant Bolma rugosa and relative operculi, Cerithium sp., Bittium sp., Conus sp., Lima sp., and 

Turridae indet., and other small gastropods. 

 

6) Whitish fine sand (Wfs). This facies consists of loosely cemented, medium to fine whitish 

sand meter-thick beds. These beds generally appear massive and barren, with occasional slightly 

cemented layers measuring a few centimetres. Vertical burrows are locally observed (Fig. 3A). 

 

 
Figure 6. (A) Longitudinal section of a bioerosion channel (red dashed line) developed in the algal 

bioconstruction framework (blue arrow) and associated cemented packstone (yellow arrow). (B) Transverse 

sections of bioerosion channels (red dashed lines) developed in the algal bioconstruction framework (blue 

arrow) and associated cemented packstone (yellow arrow). (C) Intraclast composed of packstone (red 

dashed line) within the sediments associated to the skeletal boundstone. (D) Aphanitic/micro-peloidal 

micrite in wackestone pocket. This latter is within the packstone associated with the bioconstruction 

framework. (E) Grainstone-packstone with an algal boundstone intraclast (red arrow) in the cross stratified 

sandstones.  
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7) Cross-stratified sandstone (Css). This facies consists of fine to medium bioclastic sandstone 

characterized by trough cross stratification, often cut by vertical burrows. The sandstone contains 

sparse large disarticulated Glycymeris glycymeris valves, Spondylus gaederopus, Ostreidae, and 

Bolma rugosa, the latter especially found in erosive pockets developed on the top of the AB facies. 

The texture varies from grainstone to packstones (Fig. 6E). The bioclasts are mostly composed of red 

algae boundstone reworked clasts, bivalves, benthic and planktic foraminifera. The terrigenous clasts 

are mostly represented by polygonal to rounded quartz grains.  

 Facies Description Micrite fabric 

BC 
Basal 

conglomerate 

Structureless to flat laminated, gravel to 

boulder sand-supported level. 
Not investigated 

SB Shell bed 
Structureless bioclastic and gravelly 

sand-supported level. 
Not investigated 

AR 
Algal rudstone 

(mäerl) 

Structureless rudstone dominated by 

free branched red algae, with sand to gravel 

terrigenous clasts. 

Micritic rim cement, 

peloidal micrite 

AB 

Algal 

bioconstruction 

(Coralligenous) 

Massive to lenticular shaped skeletal 

boundstones, dominated by encrusting 

calcareous red algae, associated with 

bryozoans, serpulids, and foraminifera; the 

bioconstructed bodies are rich in cavities, 

surrounded and filled by bioclastic 

sandstones. 

Peloidal, clotted 

peloidal, filamentous, 

aphanitic/micropeloidal 

micrites 

BS 
Bioclastic 

sandstones 

Bioclastic and terrigenous mixed sands 

to gravels lateral to the bioconstructions 

and filling its major cavities and the micro-

scale framework spaces. Texture ranging 

from grainstone, packstone, and locally 

wackestone-mudstone enclaves. 

Aphanitic/micro-

peloidal, 

micritic rim cement 

Wfs Whitish fine sands 

Homogeneous structureless 

unconsolidated sand with rare 

bioturbations and thin cemented levels. 

Not investigated 

Css 
Cross stratified 

sandstones 

Bioclastic grainstone-packstone rich in 

terrigenous clasts with cross stratification 

and vertical borings. 

Aphanitic/micro-

peloidal micrites, 

micritic rim cement 

Table 1. Bio-sedimentary facies summary. 

7.3.3 Micrite and cements 

In the studied deposits the micritic component is widespread, and especially present in all the 

coralline algae bearing facies, like the algal rudstone (mäerl) and the algal bioconstructions 

(coralligenous) with related sediments (bioclastic sandstones). Several types of micritic fabrics and 

structures have been distinguished and illustrated in this paragraph; all with a possible microbial 

mediated genesis and an early cementation, as discussed successively in the paragraph 7.4.  
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In the coralligenous bioconstructions, the most common micrite fabrics vary from peloidal to 

clotted peloidal, and aphanitic/micropeloidal, more rarely filamentous. 

Peloidal micrite consists of about 50-100 μm in diameter rounded to slightly elongated peloids, 

commonly infilling the skeletal cavities where it can trap and bind detrital allochthonous sediment 

(Fig. 7A), or even forming pendant bodies from the upper surface of micro-cavities in the algal 

boundstone (Fig. 7B). Moreover, this type of micrite was found also in some enclaves of the red algae 

rudstone facies (Fig. 7C).  

The clotted peloidal fabric is characterized by micro-peloidal micrite clots, with less defined 

contours and a denser pattern than the peloidal fabric, locally observed as fillings of boundstone 

facies cavities (Fig. 7D). Furthermore, clotted peloidal with a variable amount of aphanitic micrite is 

sometimes observed containing accumulations of recrystallized monoaxon and triaxon calcareous 

sponge spicules (Fig. 7E, F). Clotted peloidal micrite is also the main fabric of intra-cavities micro 

mounds relatively common in the algal boundstone. These consist of 1-2 mm thick isolated or 

adjacent bodies with an irregular outline, overgrowing and enveloping the skeletal framework 

surfaces (Fig. 8A-C). A filamentous fabric of micrite can be locally detected in such microfacies (Fig. 

8B). 

More extended flat microbialitic crusts with a filamentous fabric (Fig. 8D-F) are frequently 

observed in the algal boundstone facies. These micritic crusts show thicknesses of 100-150 μm, are 

composed of homogeneous micritic borders extending inward as irregular micritic tubules, 

reminiscent of a filamentous fabric, and by a microsparitic to micropeloidal micritic inner part. These 

micro-crusts are frequently observed on the crustose algae surfaces, forming with them alternate 

sequences, or developing along erosional surfaces cutting algal framework and associated 

packstones (Fig. 8D, E). In turn, these crusts are locally encrusted by foraminifera colonies. The 

filamentous fabric observed in such crusts consists of micritic rod-like structures, with diameter 

comprised between 5 and 10 μm comparable to bacterial microfossils for morphology and size (Fig. 

8F) (see also paragraph 7.4). 

The aphanitic/micro-peloidal micrite is common in packstones and in the boundstone 

sedimentary infills; the fabric varies from structureless aphanitic micrite passing to distinguishable 

micro-peloids (Fig. 6D).  

Micrite is also widely present in all the facies as dark micritic rims made of microcrystalline crusts 

developed as envelopes around all types of clasts and calcareous skeletal frameworks, showing 

variable thicknesses < 100 μm (Fig. 9A-C). In the algal rudstone (Fig. 4B; 9B) these cements are more 

evident and envelop the majority of bioclastic and terrigenous clasts, making also bridges among 

them, and representing the main primary (i.e. synsedimentary) cement. Sometimes, dissolved 

bioclasts presence is testified by these external micritic rims, evidently more resistant to the 

diagenetic dissolution (Fig. 5E; 9B). These micritic rims, when present, predate any other type of 

microbialitic pore infilling (Fig. 9B; 5E). Finally, when developed around carbonate bioclasts, these 

rims often make transition with a progressively inward micritization front, resting indistinguishable 

from the micritized skeletal part (Fig. 9C). Moreover, both these micritic rims and the associated 

micritized part, are equal to the micritic rims precipitated over unaltered grain surfaces, including 

siliciclastic grains (Fig. 4B; 5E, F). 
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Figure 7.  Fabrics of micrite. (A) "Pure" peloidal micrite (white arrows) with trapped sediment (yellow arrows) 

filling a cavity between red algal thalli. (B) Peloidal micrite pending inside bryozoan zoecia (yellow arrows). 

Compare with the geopetal structure on the top of the picture indicating the top direction. (C) Peloidal 

micrite in the algal rudstone (maerl) facies binding terrigenous and biogenic clasts. (D) Detail of clotted 

peloidal micrite in a boundstone cavity. (E) Sponge spicules associated with clotted peloidal micrite (green 

arrows). (F) Sponge spicules associated with aphanitic micrite (blue arrow).  
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Figure 8. Fabrics of micrite. (A) Micro-mound microbialite (red arrows) developed over a bryozoan in the 

algal boundstone. White rectangle: see Fig. B. (B) Detail of fig. A., showing micro-mounds morphology (white 

dashed lines). The blue rectangle represents the field of fig. C. (C) Detail of Fig. B, showing a clotted peloidal 

fabric with sparse micritic filaments (green arrows) in the micro mounds, and a micropeloidal micrite 

interposed between the micro mounds (blue arrows). (D) Microbialitic crusts (yellow arrows) developed on 

erosive surfaces on algal thalli and associated sandy sediment (red dashed lines). Yellow rectangle location 

of Fig. E. (E) Detail of fig. D showing a peloidal/microsparitic composition of the crusts. (F) Micritized 

filaments (yellow arrows) immersed in micropeloidal micrite and microsparite within a microbialitic crusts. 
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Figure 9. (A) Well developed micritic rim around an algal fragment (yellow arrows). (B) Micritic rims (blue 

arrows) around “phantom” dissolved molluscs and bioclasts. (C) Micritized and then dissolved bioclast 

making transition to micritic cement. (D) Primary prismatic cements relicts (green arrows) and secondary 

dogtooth/mosaic overgrowth (yellow arrows) in a void. (E) Dissolution and pseudo straight rims (yellow 

arrows) developed on secondary cements. (F) Micrite (yellow arrow) to microsparite (blue arrow) aggrading 

neomorphism in the packstone filling the buildups.  
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7.3.4 Non micritic cements 

Rare relicts of primary marine botryoidal carbonate cements are observed (Fig. 9D). Conversely, 

secondary, relatively limpid pyramidal "dogtooth" and mosaic cements are frequently observed, 

partially to completely filling primary and secondary porosity across all the microfacies (Fig. 9D). In 

some cases, the external outline of dogtooth cement is partially etched, which implies circulation of 

aggressive water (Fig. 9E). In several localized areas in the algal rudstone and bioconstructions, the 

micrite fades to microspar suggesting neomorphic recrystallization (Fig. 9F).  

 

7.3.5 Ultrastructure and composition of micrite 

Despite the variety of the several described micrite types among the different facies, their 

ultrastructure (observed by SEM) shows substantial equal compositional and morphological 

features. 

EDS-derived chemical elemental maps of the micrite show a homogeneous distribution pattern 

of Ca representing the calcareous micrite (Fig. 10A, B) that often surrounds, tens of micrometre-

large, areas composed mainly of Si and Al (Fig. 10C, D). These last areas correspond with detrital 

siliciclastic grains (such as micas and other silicates) encased in the micrite background. The micrite 

is generally composed of low Mg-calcite with 1 to 4 moles % of Mg.  

 
Figure 10. SEM-EDS images of the micrites (A) Selected area of the micrite, showing the presence of 

autochthons Ca carbonate micrite matrix (B), and scattered Al and Si (F) terrigenous clasts (C and D). 
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Micrite is constantly made of tightly packed anhedral to euhedral calcite crystals ranging in size 

between 1 and 4 µm (Fig. 11A), much smaller in comparison with terrigenous grains. Larger micrite 

crystals tend to develop the euhedral habitus in respect to the smaller ones that are instead 

 
Figure 11. Ultrastructure of micrite in SEM. (A) Typical aspect of the micrite composed of packed 2-4 µm 

sized crystals. (B) Close-up view of micrite crystals showing anhedral smaller crystals (white arrow) passing 

to subhedral larger crystals (black arrow). (C) Micrite crystals ultrastructure composed of aggregates of 

nanospheres (dark arrows). Note organic matter remains (white arrow) partially mineralized by the mineral 

nanospheres. (D) Backscattered SEM view of the same field of (C) in which nanospheres and organic matter 

remains (are better distinguishable as their difference of density.  (E-F) Further organic matter remains (withe 

arrow) in secondary and BSE SEM view. (G) EDS map showing the distribution of C, evidencing a relative 

enrichment in the area corresponding to the organic matter remain seen in Fig. E and F. 
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generally anhedral (Fig. 11B). More in detail, micrite crystals show a particular sub-crystal 

ultrastructure consisting of aggregates of subspherical nanocrystals in the range of 100 to 300 nm 

(henceforward called nanospheres) (Fig. 11C, D). Furthermore, micrite include diffusively dispersed 

 
Figure 12. SEM views of micrites. In the small picture the equivalent petrographic microfacies. (A) Fossil 

bryozoan (Br) in the skeletal boundstone with zoecia filled by nanospherical micrite (Mi). (B) Detail of a micrite 

matrix formed by nanospheres aggregation, entombing a micritized biserial foraminifera, whose shell is made 

and filled by the same micrite nanospheres (yellow arrows). (C) Peloids filling a cavity of the bioconstruction, 

note that some peloids are broken showing the micritic inner part (green arrows), while some are covered by 

microspar (blue arrows). Withe dashed rectangle: location of Fig. D. (D) Close-up view of C) showing peloids 

made of nanospheres (Mi) and covered by secondary microsparitic cements (Ms). (E) Micritic primary cements 

(Mi) surrounding a terrigenous grain (Gr) in the grainstone/packstone (algal rudstone facies). (F) Detail of the 

micritic primary cements showing micro-mound external surface (yellow arrows). 
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organic matter remains, characterized by irregular to sheet like C-enriched bodies of few microns in 

size, which some time appear partially mineralized (i.e. replaced) by the mineral nanospheres that 

form the micritic crystals (Fig. 11C-G). 

 
Figure 13. SEM views of bacterial fossils. (A) Cluster of filamentous bacterial bodies mineralized by 

nanospherical micrite: (type 1) filaments (green arrows), type 2 filaments (blue arrow); red point represent 

the spot of EDS analysis reported as spectrum. Filamentous micrite in algal boundstone facies (AB). (B) 

Filamentous bacteria showing dense (mineralized) structures: type 1 filaments (green arrows), type 2 

filaments (blue arrow). Found in the AB facies. (C) Mineralized bacteria of type (white arrow), and relative 

mould (yellow arrows) impressed in the surrounding micrite made of nanospheres aggregation. Found in 

the AB facies. (D) Type 1 (blue arrows) mineralized filaments. Note organic matter filaments (white arrows). 

AR facies (mäerl). (E) Segmented filamentous bacteria fossil (type 4). AB facies. (F) Mineralized bacteria cells 

((type 5) (white arrows) and relative subcircular moulds in the micrite matrix made of nanospheres 

aggregation (yellow arrows). AB facies. 
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Structures suggesting detrital origin of micrite, like fractures or smoothed surfaces are absent. 

The porosity is also apparently very reduced as the almost perfect packing of the crystals, which is 

also incompatible with a detrital origin.  

As mentioned, the same micrite crystals, composed of nanospheres, were found to constitute all 

types of the observed micrite, including fillings of boundstone cavities (Fig. 12A), micritized bioclasts 

(Fig. 12B), and peloids (Fig. 12C, D). Moreover, the micritic isopachous rims enveloping and jointing 

adjacent clasts composing the algal Rudstone (or mäerl) facies (Fig. 4B; 9B) show the same 

nanospherical ultrastructure just described for the other types of micrite. In particular, the external 

surfaces of the rims are not smoothed but show mamillar micro-mounds perpendicular to the 

surface of the envelopes (Fig. 12E, F). 

Finally, micritic crystals can gradually make transition to larger euhedral crystals, around 5-20 µm 

in size (definable as microsparite in thin section), which do not show the typical nanospherical 

ultrastructure of micrite, but a solid homogeneous crystal body (e.g., Fig. 12C, D). 

Further SEM observations show that all the above described micrites, in addition to organic 

matter remains (Fig. 11C, D), host several mineralized structures that are comparable to possible 

fossilized bacteria (see paragraph 7.4) (Fig. 13). Five main morphotypes were recognized: 

- Type 1) tubiform rod-like to slightly curved filaments, with a diameter of 5 to 10 µm (Fig. 

13A-C), locally present in dense colony-like clusters (e.g. Fig. 13B); these correspond with the 

micritic filaments observed in thin section (Fig. 8F); 

- Type 2) thin curved tubiform filaments with a diameter of 2-3 µm (Fig. 13A, C, D); 

- Type 3) very thin mineralized filaments with a diameter of about 0.5 µm (Fig. 13D); 

- Type 4) segmented filaments made of about 15 µm long and around 5 µm in diameter 

subunits (possible mineralized cells) (Fig. 13E); 

- Type 5) subspherical to sub ovoidal (coccoids) mineralized bodies with a diameter of 5-10 µm 

(Fig. 13F). 

In many other areas filamentous and spheric bodies of similar sizes are preserved as straight to 

subcircular empty moulds in the micrite (Fig. 11A, B; 13C, F). The structure and the composition of 

all these mineralized bacterial-like bodies is made of the same nanospheres constituting the rest of 

micrite including organic matter remains, which is Calcite with a low percentage of Mg (i.e., from 1 

to 4 %) (see an example of EDS spectrum in Fig. 13A). 

 

7.4 DISCUSSON 

7.4.1 Stratigraphic correlation and interpretation 

The studied marine deposits represent a terraced transgressive-regressive cycle, deposited 

during the Late Pleistocene (age of around 100 to 80 Ky), which unconformably lie on the 

Pliocene/Lower Pleistocene Cutro marly clay Formation and, partially, on the residual deposits of a 

previous transgressive/regressive cycle of the same terrace (Zecchin et al., 2009, and ref. therein).  

The studied cycle starts with an erosive surface followed by a basal conglomerate (Section 1, 2, 

3) making lateral transition to shell beds (Section 4, 5) accumulated during a shore retreat above a 

ravinement surface, produced by the action of waves and storms (wave ravinement surface - WRS) 

(e.g., Hwang and Heller, 2002; Zecchin et al., 2019; 2021). This shore retreating provoked the 
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deposition of different kind of sediments in the western (Section 1, 2, 3) respect to the eastern sector 

(Section 4, 5), indicating an eastward deepening and a westward shallowing up to possible subaerial 

conditions. The effect of this transgression directly influenced the successive deposits represented 

by deeper marine facies such as the algal rudstone (i.e. the mäerl, depositing typically between 40 

to 60 m in the modern Mediterranean; Bracchi et al., 2014) (Fig. 3E) that, as its sedimentological 

characters, can be considered a biostromal body (see below). In lateral transition with the mäerl, 

toward shallower water, small-scale algal bioconstructions formed (Section 3; Fig. 2). These show 

the common presence of Gastrochaenolites lapidicus lithophagous boreholes (e.g. Bracchi et al., 

2014) (Fig. 3C). The marine transgression also reached the westernmost sectors (Section 1, 2) as 

testified by the presence of lithophagous boreholes in the clasts and boulders of the basal 

conglomerate bed indicating an increased water coverage (Fig. 2), and the possible development of 

a hardground surface probably due to an interruption, or a drastic reduction, of the clastic 

sedimentation, and the consequent early cementation of the mobile sediments (Nalin and Massari, 

2009; Bracchi et al., 2014). As a whole, all these sediments are representative of a transgressive 

system tract (TST) limited, at the top by a maximum flooding surface (MFS) (Fig. 2) (e.g., Zecchin et 

al., 2009). It should be considered that other authors reported deeper detrital facies in the central 

palaeoshelf sector, which would imply a lower position of the MFS. In this case, the hardground (and 

so the mäerl top) formation would be constrained during the regressive phase (Nalin and Massari, 

2009; Bracchi et al., 2014).  

Widespread algal bioconstructions and associated bioclastic sandstone follows in the succession 

(Fig. 2). This facies association can be interpreted as infralittoral coralligenous (Nalin and Massari, 

2009; Bracchi et al., 2014). The dimensions and density of the bioconstructions is variable along the 

studied transect that, as defined above, represents an eastward deepening shelf. In particular, they 

are more continuous but thinner in the easternmost part (Section 4, 5) while they tend to be thicker 

but with more interlayered bioclastic sandstones in the westernmost part (Section 2, 3). The 

bioclastic sandstones associated with the bioconstructions are composed of a mixed siliciclastic-

carbonate sediment, indicating as source both the erosive processes affecting the bioconstructions, 

and the terrigenous sediment supply. The irregular lateral transition between the algal 

bioconstructions and the bioclastic sandstones results in frequent interdigitations, marked by 

stratification surfaces that can be followed from the sandy bodies through the bioconstructions. This 

feature indicates a low relief of the algal reefs in respect to the seabed, estimable in the order of 

some tens of centimetres, with a height/width ratio generally < 0,1, rather than high relief domal 

bioconstructions raising from the seabed with a height/width ratio of >> 0,1 (Fig. 14) (cf with Zecchin 

and Caffau, 2011). Moreover, the bioclastic sandstones are found as lenses within the calcareous 

bodies and infillings of the frequent macro and microcavities produced by the complex three-

dimensional structure of the calcareous framework. The buildups and related sediments constitute 

the main sedimentary body of the Capo Colonna succession, being laterally well developed and 

continuous, except in the westernmost part where the presence of loose whitish fine sands, lateral 

to the bioconstructions, testifies the shallowing of the shelf, up to a possible shoreface environment. 

All these deposits generally testify shallower environmental setting, compared to the transgressive 

deposits below them (see above), testifying a depositional regression during a highstand system 

tract (HST) formation. Lastly, in the easternmost part of the terrace (Section 5) the absence of the 
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algal rudstone (mäerl), could indicate an eastward resumed shallower seabed. This can possibly be 

explained by the existence of a relief or an ancient promontory in the palaeocoastline. 

Finally, above the HST deposits, a marked erosional surface can be considered the sequence 

boundary closing the Capo Colonna terrace transgressive-regressive cycle. Only locally cross-

stratified shoreface sandstones follow the erosional surface. 

 

Figure 14. Section 2, field photo showing the lateral contact between Algal Boundstones (AB) and Bioclastic 

Sandstones (BS) (yellow dashed lines) forming the coralligenous facies association. Stratal surfaces inside 

(white dashed lines) evidence the low relief of the bioconstructions. Red dashed lines indicate the lower and 

upper boundaries of the coralligenous, lying over the basal conglomerate (BC) and overlaid by cross stratified 

sandstones (Css). 

7.4.2 Late diagenesis 

Late diagenetic phenomena are not intense. Selective dissolution, testified by dissolution voids, 

mostly developed on mollusc shells (Fig. 9B), is often accompanied by calcite reprecipitation testified 

by spathic dogtooth cements, and/or mosaic cements (filling the remnant primary or secondary 

porosity; Fig. 9C; 12C, D). Often, micrite fades into a lighter microsparite due to aggrading 

neomorphism, in particular in the algal rudstone (Fig. 9F). As the succession is represented by raised 

terrace deposits located in an uplifting area, late diagenetic phenomena can be placed in a meteoric 

rather than a marine context. Dogtooth cements (typical of meteoric-phreatic environments) 

indicate that the succession has escaped from the marine environment after being buried for some 

time within a stable aquifer (Tucker and Wright, 1990). Finally, the partial dissolution of dogtooth 

cements (Fig. 9E), took place after the exposure to rainwater in subaerial environment. 
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7.4.3 Bio-sedimentary processes and role of micrite in the formation of calcareous algal 

bioconstructions and associated sediments 

The primary framework of the studied bioconstructions is always dominated by red coralline 

algae (Fig. 4C-E; 5A) (as in the analogous present coralligenous bioconstructions, Bracchi et al., 

2014), at places replaced by bryozoans, encrusting foraminifera, and serpulids (Fig. 4D- F; 5B, C) that, 

despite their abundance, are invariably subordinate in respect to algae. Consequently, still in 

accordance with modern coralligenous (e.g., Rosso and Sanfilippo, 2009), these latter frame-builders 

should more properly be considered as secondary bioconstructors. Moreover, the common 

occurrence of microbial mediated autochthonous micrite in the studied bioconstructions and 

associated sediments, implies that this belongs to the secondary framework too (Fig. 7; 8; 9), since 

it's a synsedimentary hard component contributing to the coralligenous stabilization and growth 

(see below for a further discussion on micrite origin and role). 

Such a complex framework traps and binds a variable amount of sandy sediment, of a variable 

granulometry from coarse silts to fine gravels. The dominant biological component of this detritus, 

e.g. benthic foraminifera, molluscs, erect bryozoans, echinoids, geniculate algae, etc., including large 

shells (e.g., Fig. 5D-F), account for a fauna and flora that was hosted by the bioconstructions and/or 

surrounded them. In such bioclastic detritus, the presence of lithified fragments of the 

bioconstructions themselves, testifies that physical and/or biological processes of erosion were 

active during the formation of these deposits (e.g., Fig. 5D-F). Moreover, these erosive processes are 

demonstrated by the common presence of truncated surfaces recolonized by similar organisms (Fig. 

6A-C), or by cavities filled by successive sediments (Fig. 8D, E). 

Bracchi et al. (2014) inferred a relatively shallow depth (infralittoral) for the development of the 

here studied coralligenous, so the wave and/or storm action may be considered the main physical 

factor for such erosive phenomena. In addition, bioerosive processes, most probably due to 

endolithic organisms like Clionidae sponges, were also effective. This is testified by the not rare 

occurrence of sponge chambers and channels cutting across the calcareous framework (Fig. 6A, B), 

sometimes occurring with a dense pattern (Fig. 5A), in analogy with what happens in the modern 

coralligenous (Ballesteros, 2006).  

As already suggested by previous papers (e.g., Wehrmann, 1998; Relini, 2009), even the 

autochthonous mäerl beds can be considered bioconstructions, as they can be regarded as 

biostromal body with a primary framework composed of free branched algal thalli accumulating in 

tabular beds (e.g., Wehrmann, 1998). In the studied deposits microbial mediated autochthonous 

micrite, very similar to those in the coralligenous facies, has been also detected. On this base, a role 

of secondary framework, which contributes to the stabilization of the mäerl bed, is inferred for the 

microbial micrite. 

In fact, the micrite found in the Capo Colonna algal bioconstructions (both coralligenous and 

mäerl), is always microbial mediated and early cemented, showing the typical fabrics of microbialites 

(Riding, 2000; Défarge, 2011; Konhauser and Riding, 2012): 1) peloidal and clotted peloidal; filling 

cavities and forming micro-mounds and crusts with local filamentous fabric (Fig. 4B; 7; 8) in all 

subfacies; 2) structureless aphanitic/micropeloidal, incorporating detrital grains and representing 

the dark matrix of the bioclastic sandstone associated with the bioconstructions (e.g., Fig. 4C, F; 5C, 
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F; 6D; 8C); 3) micritic rims binding bioclasts and terrigenous grains in both the bioclastic sandstone 

and rudstone (mäerl) (Fig. 4B; 5D, E; 9A, B). 

In addition to the petrographic microbialitic fabrics, the rest of the dataset obtained confirms that 

all these types of micrite can be interpreted as an in-situ microbial mediated precipitate, rather than 

a detrital mud, as demonstrated by their: 1) nanoscale mineral structure; 2) the fossil evidence of 

the presence of a microbial community.  

In particular, in terms of mineral nanostructure, the micrite is invariably made of the aggregation 

of nanospheres in the range of 100 to 300 nm (Fig. 11C), which are widely accepted as evidence of 

microbial-induced authigenic precipitates in several marine and non-marine sedimentary 

environments (e.g., Perri and Spadafora, 2011; Perri et al., 2012a, b). Moreover, these nanosphere 

have been also defined as amorphous calcium carbonate or "ACC", which is still considered a 

characteristic and diagnostic nanostructure of modern and fossil microbial carbonates (e.g., Obst et 

al., 2009; Ihli et al., 2014; Diaz et al., 2017).  

In particular, such mechanism of crystal nucleation and growth substantially differs from a 

"classic" abiotic crystal development (Niederberger and Colfen, 2006). Indeed, in the studied case, 

the first generation of micrite deposition is characterized by the aggregation of nanospheres forming 

mostly anhedral crystals, and this morphological character is strongly in contrast with the euhedral, 

solid, and uniform crystal nanostructure that typifies the inorganic late diagenetic precipitates, such 

as the larger neomorphic microsparites and sparites crystals (Fig. 12C, D). In addition, these 

nanosphere are also found to constitute the micritized part of shells and their micritic infillings (Fig. 

12B). This proves that also the formation of this type of micrite is a direct result of a microbial 

endolithic activity that evidently can also mediate the micrite formation (see “constructive” and 

“destructive” bioerosion sensu Perry, 1999). 

Regarding the fossil evidence of the presence of a microbial community, widespread fossilized 

bacterial bodies, which showed different morphotypes, were detected, indicating a variegated 

microbial community inhabiting the microhabitats inside the bioconstructions and the sediments 

(Fig. 13). Moreover, the same nanospherical mineral structure above discussed, characterizes the 

fossilized bacterial cell (Fig. 13), but also organic matter remains that could represent mineralized 

EPS. In particular, these remains are sometime partially mineralized by mineral nanospheres 

confirming that the precipitation of the micrite takes place as a replacing product of the organic 

matter precursors (Fig. 11C-F). In fact, considering the role of the microbial cell walls (bacteria, algae 

and fungi), but also viruses and even bacterial vesicles, together with the secreted EPS, in the bio-

mediated mineralization phenomena, a clear genetic link between an inferred benthic microbial 

community associated with the coralligenous metazoans/algal community, and the studied micrites 

can be inferred (Riding, 2000; Van Lith et al., 2003; Benzerara et al., 2006, 2010;  Perri and Tucker, 

2007; Perry et al., 2007; Bontognali et al., 2008; Sánchez-Román et al., 2008; Dupraz et al., 2009; 

Pedley et al., 2009; Konhauser and Riding, 2012; Manzo et al., 2012; Bahniuk et al., 2015; Perri et al. 

2022; Słowakiewicz et al., 2023). 

Finally, part of the deposition of the micrite may have been triggered by the degradation of non-

living organic substrates (biologically influenced mineralization, sensu Dupraz et al., 2009), such as 

sponges decaying tissues (Reitner et al., 1995; Neuweiler et al., 2007; Cipriani et al., 2024). This is 



110 
 

testified in the studied deposits by the common accumulations of spicules surrounded by a fine 

clotted peloidal to aphanitic micrite matrix (Fig. 7E, F). 

The role of microbial mediated the micrite in the growth of the bioconstructions could have been 

various, depending on the locus and the time of their develop: peloidal and clotted peloidal micrite 

with local filamentous fabric, infill cavities and form micro-mounds and crusts into primary cavities 

of the skeletal framework (Fig. 7A, B; 12C, D). This can indicate that these fabrics are possibly the 

result of micrite precipitation, mediated by microbial biofilms living among algal/metazoans organic 

tissues, in cryptic micro-environments. In this case is more probably that microbial community was 

dominated by heterotrophic organisms as the absence of light, taking advantage of the abundance 

of organic matter deriving from dead organisms. The result could be a very early contribute to the 

binding, and consequently hardening, of the main skeletal framework. 

The aphanitic/micropeloidal micrite very often includes terrigenous and bioclastic detritus, which 

can even prevail in respect to the micrite. However, even if trapped and bound detrital grains in 

these microbialites are present, as seen, there is evidence of their in situ microbial origin, allowing 

to interpret these micrites also as an autochthonous precipitate (Fig. 10; 12B, E, F). Moreover, the 

presence of larger (even millimetric) detrital grains, immersed in a chemically, mineralogically, and 

morphologically homogeneous, micritic matrix, characterized by in situ nanospheres aggregation, 

highlighting a clear genetic difference in between the carbonate matrix and the grains. This allows 

to interpret the latter as allochthonous elements transported by water movements, and 

incorporated into autochthonous very fine micrite that can't be mobilized by currents and waves as 

early cemented; as commonly happens in numerous microbial carbonates in several contexts, which 

trap and bind large amount of grains (e.g. Reid et al., 2000). It can be inferred an effect of mobile-

sediment stabilization, for such microbial community associated with detrital sediments; that, 

moreover, explains the apparent contradiction between the coarse terrigenous grain size and the 

very fine matrix. 

Finally, the authigenic precipitation of these micrites is consistent with proofs that testify their 

very early cementation such as: 1) erosive surfaces developed both on the skeletal framework and 

the interbedded micrites themselves (Fig. 6A, B); 2) microbial micritic intraclasts detected within the 

detritus included in the framework (Fig. 6C); 3) the microbialitic micro mounds and crusts grew both 

on algal thalli and on erosive surfaces developed on the micrites and entombed clasts (Fig. 8). All 

these features imply that the microbial micrite must have already been well cemented to be eroded 

and colonized, and to have formed intraclasts resedimented in a second sedimentary input. 

Consequently, the microbial communities that mediated the precipitation of syn-sedimentary 

micrite can be defined as secondary "frame-builder". 

In addition to this widespread microbial micrite precipitation, the detrital facies are also very 

frequently characterized by the occurrence of micritic rims surrounding the grains (e.g., Fig. 4B; 9A, 

B). This micritic rims are interpreted as primary microcrystalline cements that provide early 

cementation of the sediment, as their origin can also be traced back to microbial mediation in marine 

phreatic to vadose palaeoenvironment (Perry, 1999; Hillgärtner et al., 2001). In fact, as shown by 

Diaz and Eberli (2022), in tropical shallow-water environments of carbonate systems of the Bahamas 

and Australia, the biological stabilization of the granules via microbial biofilm, is due to the 

biomediated precipitation of syn-sedimentary micritic envelopes. 
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In our bioclastic sandstones and in the algal rudstone (mäerl), such a biomediated micritic cement 

origin is testified by the occurrence of mineralized microbial filaments (i.e., possible bacterial 

microfossils), and by the biomediated nanospherical structure of the mineral (see discussion above). 

Moreover, during their development around the carbonate bioclasts, micritic rims fades into 

micritized areas. This indicates the occurrence of microbial endolithic organisms acting from outside 

to the interior of the carbonate grains, resulting both in the micritization and in the development of 

the micritic rims connecting adjacent grains (Reid and Macintyre, 2000; Diaz and Eberli, 2022, and 

ref. therein). Moreover, the outer surface of such micritic rims is characterized by micro-mounds 

growing perpendicular to the grain surfaces, and this growth style is also consistent with a microbial 

mediated genesis of these cements, which is also suggested by the presence of bacterial fossils (Fig. 

12E, F; 13D). In the rudstone algal facies (mäerl) these microbial mediated micritic rim cements, 

even if associated with a major terrigenous input (quartz and clay minerals), confirms that the 

microbial communities that mediated the syn-sedimentary micritic calcium carbonate precipitation 

were widespread in the whole habitat. 

By contrast, the early cementation here inferred for the MIS 5 Capo Colonna mäerl seems not in 

accordance with the modern counterparts, since this deposit is considered a semi-rigid, soft biogenic 

bottom with frequent movements and overturning of the algal thalli, due to waves, bottom currents, 

and bioturbation, necessary to allow light to reach all the thalli surface and to contrast burial and 

biogenic encrustation (Steneck, 1986; Hinojosa-Arango et al., 2009, and ref. therein). However, to 

explain the evidence of an early cementation, it cannot be excluded that microbial micrite 

precipitation took place in the shallow buried (few decimetres) dead accumulation of thalli, rather 

than in the uppermost living layer. 

Finally, the micritic rims found in the detrital facies (mäerl rudstone, bioclastic sandstones) and 

less in the bioconstructed facies, have never been reported in Mediterranean infra-circalittoral 

deposits, but only in warmer tropical areas (Diaz and Eberli, 2022). These could suggest tropical 

conditions in Mediterranean during this period, as supported by the presence of the tropical 

molluscs Thetystrombus latus and Cardita rufescens (= C. senegalensis) (Nalin et al., 2012). However, 

the same type of micritic cements were found in MIS 5e (the warmest MIS 5) coastal deposits of the 

Mar Piccolo of Taranto (east side of the same Ionian Sea) that include the same tropical fauna. Here 

it can be proposed that, even if not proper tropical conditions were reached during the MIS 5e, the 

sea surface temperature in this area was about 2 °C warmer respect to today, allowing the 

occurrence of these tropical-like microbial mediated marine early cements and the settlement of 

tropical pioneer species (see Chapters 4 and 6). 

 

7.5 CONCLUSIONS 

The last interglacial (MIS 5a/c) outcropping deposits of the raised Capo Colonna marine terrace, 

consist of a transgressive-regressive sedimentary cycle that, particularly during the regressive phase, 

recorded the occurrence of coralline algae-dominated bioconstructed bodies. These are 

characterized by calcareous low-relief domal bioherms and tabular biostromes, which have been 

interpreted as analogous to modern coralligenous and mäerl hard sea-bottom habitats.  
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Encrusting laminar red coralline algae form the primary skeletal framework of the bioherms, 

while bryozoans, encrusting foraminifera and serpulids, very often associated with algae, act as 

secondary frame-builders. Autochthonous mäerl tabular beds are mainly composed of a well 

cemented rudstone of free branched coralline red algae. A variable amount of sandy (actually from 

coarse silt to fine gravel granulometric range) bioclastic sediment is laterally interbedded with the 

bioconstructions, and also fills cavities and pockets typically developing on the bioconstructions. A 

complex fauna and flora should have inhabited these habitats, now testified mostly by abundant 

molluscan shells of both sessile and vagile forms. 

Autochthonous synsedimentary microbial-mediated micrite has been abundantly detected in all 

sub-facies of the bioconstructions, whereas detrital mud particles accumulation (i.e. allochthonous 

micrite) seems substantially absent. In the coralligenous facies, microbial micrite is present with a 

peloidal, clotted peloidal, and filamentous fabrics, which commonly develop in the micro-cavities of 

the skeletal framework. Whereas the biostromal mäerl algal rudstones is rich in thin micritic rims 

and peloidal micrite, coating and cementing all the fine and coarse clasts. Furthermore, aphanitic-

micropeloidal microbial micrite frequently fills the skeletal framework cavities where it also traps 

and binds a variable amount of grains. Even the sandy detrital sediment, laterally associated with 

the bioconstructions, can be locus of microbial micritic growth, as micritic rims frequently surround 

partially to totally micritized bioclasts and terrigenous grains, similarly to the process of 

synsedimentary detrital seabed hardening, due to microbial micritic cements that commonly form 

in tropical shallow-water carbonate environments. 

All these autochthonous early-lithified micrites consist of mineral nanospheres (100-300 nm in 

size) coalescing into subhedral microcrystals replacing and mineralizing both microbial cells (present 

with several morphological types) and extracellular substances. This implies their biologically 

mediated origin, but also the widespread presence of lithifying microbial biofilms along the seabed 

and within almost all types of substrata, as they colonized both the cavities of the skeletal framework 

of the bioconstructions and the associated sediment intergranular space. 

In conclusion, such biofilms, thanks to the metabolic processes of the microorganisms that 

induced the pervasive micritic carbonate precipitation, significantly contributed to the process of 

early cementation of all these deposits. 
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CHAPTER 8 - Late Pleistocene SST evolution in the Central Mediterranean based 

on Cladocora caespitosa geochemical proxies (work in progress) 

 

This project is at an initial phase due to the end of the time allowed for the closure of the PhD 

course. Therefore, in this chapter it is reported what has been done and future prospectives. 

 

Introduction. Cladocora caespitosa fossils samples, sampled along raised terraces cropping out 

along the southern Tyrrhenian and Ionian Sea, were screened for diagenesis, and prepared for 

geochemical analysis with the aim of reconstructing the mean and seasonal sea surface 

temperatures along the main Late Pleistocene warm phases.  

As seen, the Quaternary period (2.65 – 0 Ma) was characterized by a progressive cooling and a 

contemporaneous increased climatic instability, consisting of a periodic alternance of glacial and 

interglacial periods, triggered by Earth orbital cycles and recorded by oxygen stable isotope 

variations, on which the Marine Isotope Stages (MIS) are based (Emiliani, 1955; Shackleton, 1967; 

Shackleton and Opdyke, 1973; Lisiecki and Raymo, 2005; Railsback et al., 2015). Understanding the 

past climate variability is a key theme for understanding the present-day climate change; for 

example, the Last interglacial (MIS 5e) is considered as a good analogous for the prediction of the 

ongoing global warming (IPCC, 2007, 2023).  

Climate fluctuations are recorded by the geomorphological features of tectonically active 

(uplifting) coastal areas, resulting in terraced deposits formations (e.g., Cerrone et al. 2021), and by 

changes in geochemical composition of skeletal minerals of marine organisms such as foraminifera, 

molluscs, corals, among many others (Wierzbowski, 2021), recording both ocean water variations 

and on Sea Surface Temperature (SST) changes. Among biogenic carbonates, scleractinian corals are 

commonly used as geobiological archives for palaeoenvironmental reconstructions, as their 

aragonitic skeleton records a series of geochemical proxies such as trace elements (e.g., Sr/Ca; Silenzi 

et al. 2005; Montagna et al., 2007; Royle et al., 2015b), stable isotopes (Ghosh et al., 2006; 

Thiagarajan et al., 2011; Royle et al., 2015a; Kimball, 2016; Spooner et al., 2016 and references 

therein), and also the growth parameters (Periano et al., 1999; Peirano et al., 2009; Kruzic et al., 

2012), which can be used for SST reconstructions. Moreover, scleractinian corals incorporate 

Uranium during its growth, making also feasible accurate U-series datings (Dai Pra and Stearns, 1977; 

Thiagarajan et al., 2011; Amorosi et al., 2014; Spooner et al., 2016; Cerrone et al., 2021).  

For the Mediterranean area, one of the most useful palaeoclimatic and palaeoenvironmental 

archive is the coral Cladocora caespitosa (Linnaeus, 1767) (Scleractinia, incertae sedis - Faviidae? 

Caryophyllidae?) (Silenzi et al., 2005; Montagna et al., 2007; Royle et al., 2015a,b). This endemic 

Mediterranean hermatypic zooxanthellate coral, grows in a dendroid-phacelloid form resulting in 

typical pillow-like colonies, and living in the infralittoral zone associated with algal hard bottoms, 

generally most abundant from 4 to 10 m (Periano et al., 2004). C. caespitosa is present in the 

Mediterranean from the Late Pliocene, representing – especially during warm phases – an important 

reef builder (Bianchi and Morri, 2003; Peirano et al., 2004; Peirano et al., 2009; Zanchetta et al., 

2019).  
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Sampled fossiliferous sites. Sites with C. caespitosa occurrences reported in the literature in 

Calabria and near regions were selected to cover as much time span across the Late Pleistocene and, 

partially, across the Middle Pleistocene (Fig. 1; Fig. 2). 

In the Tyrrhenian coastline of the northern Calabria (CS) and Basilicata (PO), and in the Ionian 

coastline of central Calabria (KR), several raised marine terraces are well exposed and, for most of 

them, there is also a good agreement on their absolute age, based on radiometric ages, indicating 

an overall age from MIS 6 to (likely) MIS 3, therefore encompassing the whole MIS 5 warm-relatively 

warm substages (Bracchi et al., 2016; Cerrone et al., 2021) (Fig. 1). 

Cerrone et al. (2021) radiometrically dated with U/Th methodology well preserved (calcite < 5 %) 

C. caespitosa corallites at many sites of the Basilicata-Calabria Tyrrhenian coastline, from north to 

south: Fiumicello (FIU) (Maratea, PO; MIS 6, 161 ka); Torre Fiuzzi (TFZ) (Praja a Mare, CS; MIS 5e, 120 

ka); Scalea (SLC) (CS; MIS 5c, 98 ka); Grotta del Prete (GRP) (San Nicola Arcella, CS; Mis 5a, 83.8 ka) 

(Fig. 1). Other sites with C. caespitosa, not included in the paper of Cerrone et al. (2021), are: 

Ginnasio (GIN), at Praia al Mare, few kilometres north to Torre Fiuzzi, possibly MIS 5e in age based 

on geomorphology (Robustelli, pers. comm., 2023), Torre Talao (TAL), few km south to Scalea, dated 

to MIS 7 (Carobene et al., 1986), and Capo Tirone (TIR) (Belvedere Marittimo, CS), where a very small 

marine terraced deposits crop out along the modern coastline (Fig. 1). In almost all these sites, the 

palaeoenvironmental framework consist in shallow water rocky hard substrates colonized mainly by 

corals and lithophagous bivalves (evident as Gastrochaenolites ichnogenus) and, locally, by 

subordinate red algae and encrusting bivalves (Spondylus sp., Ostrea sp.); these transgressive 

deposits are usually covered by regressive deposits (Cerrone et al., 2021). As these corals lived in 

very similar palaeoenvironment, the terrace succession gives the opportunity to study geochemical 

proxies on the same archive, in very similar marine setting. All the sites were sampled in the spring, 

2023, except the site FIU, yet to be added to the samples. 

Moving to the Ionian coastline of Calabria, at Le Castella (LCA) (KR) (Fig. 1), a C. caespitosa bed 

was dated to MIS 5c to MIS 3. A MIS 5a/c (87 +- 10 ka) was derived from U/Th ages (Belluomini et 

al., 1988), supported by amino acid racemization (MIS 5c; Gliozzi, 1987) and stratigraphic 

consideration (MIS 5a, Palmentola et al., 1990). More recently, attribution to MIS 3 was supported 

by luminescence datings of around 43-48 ka (Mauz and Hassler, 2000), and around 63 ka (Nalin et 

al., 2020), and stratigraphic observations (Zecchin et al., 2004), indicative of a general about 50 ka, 

correlative with MIS 3.3 (Zecchin et al., 2016, 2020). At this site, sampled during 2021, a shallow 

water red algae buildup deposit (coralligenous) crops our, associated to small C. caespitosa colonies 

on the top that locally represents the main framework builder, and then overlaid and buried by a 

regressive bioclastic arenite (Bracchi et al., 2016). 

Other fossil corals from Tarsia (TAR) and Diamante (DIA), sampled Bernasconi et al. (1997, 2015), 

are already available for the study (Fig. 1). At DIA, located south of the area studied by Cerrone et 

al. (2021), a natural coastal cave with coralgal association crops out, possibly dated to MIS 9 (at least 

306 ka with 230Th/234U; Carobene et al., 1986; Bernasconi et al., 2015). Well preserved corals from 

this site have been already used for SST estimation (Sr/Ca-derived mean annual SST of 12-18 °C; 

Bernasconi et al., 2015). Moving to TAR, located in the Northern Calabria hinterland, a massive coral 

bank is exposed in an abandoned quarry, possibly Sicilian in age (Upper Calabrian, 1.2 – 0.8 Ma) 
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(Bernasconi et al., 1997, and ref. therein), but a refined age should be added. Corals are found in a 

non-cemented muddy fine matrix and are easily removed by washing.   

Finally, a modern coral sample (POL) was found beached at Santa Maria di Pollina (PA, NW Sicily) 

(Fig. 1), where a similar modern shallow water rocky bottom with living small colonies was found, 

giving the chance to compare fossil and modern specimens of the same species. 

 

 
Figure 1. Location of all the selected sites with Cladocora caespitosa, from modern to Middle Pleistocene. 

 

 
Figure 2. Some outcrops. (A) Ginnasio (GIN); (B) Torre Fiuzzi (TFZ); (C) Grotta del Prete (GRP); (C) Scalea (SLC); 

(E) Le Castella (LCA). 
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Preparation of the samples. Corallites from LCA and TAR were easily separable from the colony 

samples, buried in a uncemented fine sedimentary matrix. Those from TFZ, GRP, and GIN, instead, 

where more hardly cemented, but still separable. Instead, corallites were hardly cemented and not 

extractable at SLC, TIR, TAL, DIA. All the samples were mechanically prepared by removing external 

sediment and washed with ultrasonic cleaning for 10 minutes. Then, one to three corallites per site, 

each around 1 cm long, were chosen, selecting among those exhibiting the best degree of 

preservation (e.g., whitish colour, no bioerosion or encrustations, no shining recrystallized broken 

surfaces, the less possible detrital infill) (Fig. 3). 

 

 
Figure 3. Some of the samples prepared for XRD screening. 

 

Screening for diagenesis. In order to find well preserved (Calcite < 5 %) corallites for each sample, 

a small portion of each corallite was removed from one of its two ends to perform a bulk XRD analysis 

to assess the percentage of diagenetic calcite. For cemented colonies, powder samples were 

obtained drilling sectioned samples. Explorative XRD analysis were performed for a first preservation 

check. The percentage of diagenetic calcite was just 2 % in TAR, 5 % in LCA and MPT, around 10 % in 

GIN, TFZ, and GRP, 18-19 % in SLC and TIR, 25 % in TAL, and 45 % in DIA.  

For the samples with a well constrained ages (i.e., TFZ, SLC, GRP, and LCA) further XRDs were run 

to find at least a well-preserved corallite, selecting three corals per site. Results of these corallites 

are shown in Table 1. The modern coral POL1, surprisingly, did not return a 100 % aragonitic 

composition; it is suspected a possible contamination from external encrusting red algae. LCA were 

all pristine, with 100 % aragonite. GRP returned only a 100 % aragonitic corallite. For SLC, the best 

result is around 90 %. TFZ returned a 100 % aragonitic corallite. These results are encouraging as at 

least a well-preserved coral per sample was found, and further may be added to the analysis. 

 

SST estimation for MIS 3, LCA. A coral from Le Castella was preliminary analysed for geochemical 

proxies. Three points were micro-drilled on the external polished surface (Fig. 4). The analysis 

returned a mean δ18O of -1,90 ± 0,15 ‰, and a mean δ13C of -3.51 ± 0.43 ‰ (Tab. 2). These value, 

falling into or nearly near to the typical present-day samples, return reliable mean SST of 18.7 ± 0.7 
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°C (using the equation of Royle et al., 2015a, with a δ18Ow derived from an SSS of 38 psu like the 

modern Mediterranean), or 18.7 ± 1.0 °C (using the equation of Silenzi et al., 2005). The similarity 

of the results, derived from different equations, suggests that this is a good estimate.  

 

Age Samples (18/09/23) % pristine aragonite % diagenetic calcite 

MIS 1* POL1 91.6 8.4 

Likely MIS 3 

LCA1 100 0 

LCA2 100 0 

LCA3 100 0 

MIS 5a 

GRP1 90 10 

GRP2 100 0 

GRP3 75 25 

MIS 5c 

SLC1 65.7 34.3 

SLC2 74.1 25.9 

SLC3 90.4 9.6 

MIS 5e 

TFZ1 96.4 3.6 

TFZ2 100 0 

TFZ3 92.6 9.6 

Table 1. Selected samples. Inferred ages from Cerrone et a. (2021); * modern. 

 

 δ13C δ18O 

LC_a -4,00 -1,91 

LC_b -3,32 -1,74 

LC_c -3,20 -2,04 

MEAN -3,51 -1,90 

St. Dev 0,43 0,15 
  

                 Table 2. LC coral stable sotope values Figure 4. Sampled points for stable 

isotopes (LC sample) 

 

Future analysis. All the sites will be sampled (to date, FIU was not sampled), and a representative 

number (e.g., at least 3) well-preserved corallites will be searched for each site. Then, geochemical 

analyses will be performed for SST calculating. δ18O analysis could be performed for finding the 

seasonal growth pattern and to calculate SST, by sampling at least 2 measures/mm with 

microdrilling. The conventional stable isotope analysis or δ18O (e.g., Urey, 1947; McCrea, 1950; 

Epstein et al., 1953) is frequently used for the estimation past seawater temperatures. Due to the 

dependence of the skeletal δ18O on both SST and the composition of the surrounding seawater 
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(δ18Ow) that is unknown, (Wierzbowki, 2021; Huntington and Petersen, 2023), reliable SST estimates 

are prevented unless the method is coupled with other SST proxies, possibly trace elements net of 

their incertitude. This point could be solved by Sr/Ca or Mg/Ca analyses, which can be performed 

with EPMA or with Laster Ablation. Anyway, as indicated by Royle et al. (2015b), this proxy is not 

useful for absolute temperature estimations due to vital effects. In addition, isotope analysis on 

corals is also affected by vital effects. This problem is partially solved calibrating specific equations 

for the studied species, e.g. Royle et al. (2015a) for C. caespitosa - but there is still the lack of 

knowledge of the δ18Ow that must be constrained to gain a reliable SST estimation.   

A possibility could be represented by the application of clumped analysis (Ghosh et al., 2006). 

The SST estimations, based on the Δ47 parameter, require no assumption for the past δ18O of the 

seawater (Anderson et al., 2021; Huntington and Petersen, 2023). Clumped analysis has been 

applied to both shallow and deep hermatypic and ahermatypic corals but, again, vital effects related 

non-equilibrium calcification were unfortunately found, most likely controlled by the CO2 

hydration/hydroxylation fractionation processes during the calcification (Ghosh et al., 2006; 

Thiagarajan et al., 2011; Saenger et al., 2012; Kimball et al., 2016; Spooner et al., 2016). Albeit also 

biased by vital effects, carbonate clumped analysis remains undoubtedly the best to use when 

considering samples of different ages or sites, and different unknown δ18Ow, but of the same species. 

Indeed, Kimball et al. (2016) suggested taxa-specific vital effect, and thus different Δ47-SST 

relationships. More in detail, as suggested by Spooner et al (2016), it would be ideal to calibrate a 

specie or genus specific equation for a proper application of clumped isotope analysis for SST 

estimations.  

Summarizing, a Δ47-SST equation based on recent or, possibly, living C. caespitosa individuals 

could be calibrated, hopefully evaluating and correcting the vital effects. This may help to use this 

isotopic proxy on fossil corals to estimate past SST. Moreover, reliable SST estimates could be used 

to back-calculate the δ18Ow during the various MISs, and to compare them to the global variation 

curves. This, hopefully, will add new insights on the use of C. caespitosa as palaeoclimatic archive, 

and add new palaeotemperature data for the Mediterranean Sea, hoping to contribute to the 

understanding of the past response to climate change in this land-locked, fast warming basin (Belkin, 

2009), strongly treated by the global warming. 
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CHAPTER 9 - GENERAL CONCLUSION 

In conclusion, it is here discussed how the data and interpretations presented in the thesis, could 

give a contribute to the post-global warming modelling in the central Mediterranean; since the study 

of the past environmental conditions can indeed provide several insights on the effect of climate 

changes on the fauna, flora, and substrate of modern analogue environments (Bertini et al., 2022). 

As previously reminded, only the MIS 5e is generally regarded as a good model for the current 

climate change, due to its warmer global conditions compared to today (Overpeck et al., 2006; 

Rohling et al., 2008; Siddall and Valdes, 2011; Antonioli et al., 2017; Fischer et al., 2018; IPCC, 2023; 

Albano et al., 2024). The younger MIS 5a and MIS 5c, known as “Neotyrrhenian” interstadials, do 

not exhibit pronounced peaks in the oxygen isotopic benthic stacks (Lisiecki and Raymo, 2007). 

However, local climatic reconstructions (including the Mediterranean area) suggest either cooler or 

warmer conditions in respect to today (e.g., Pérez Folgado et al., 2004; Oppo et al., 2006; Väliranta 

et al., 2009; Helmens, 2014; Ilyashuk, et al., 2020). 

Therefore, the study of any MIS 5 deposit can be useful to provide insights into the potential 

impacts of contemporary climate change on analogous modern environments, as long as a local 

estimation of the palaeotemperature is provided.  
 

9.1 MIS 5e SST temperature estimation and modern Global warming 

A multiproxy palaeotemperature estimation (based on biogeographical affinity of the molluscan 

fauna, trace elements, coral growth rates, oxygen stable isotopes) was conducted on the MIS 5e 

coastal deposits of the MP (see Chapter 5). Moreover, a further attempt to estimate MIS 5e to MIS 

3 SSTs is object of work in progress (see Chapter 8). 

Albeit all the proxies used suffered of various uncertainties, suggesting caution when approaching 

palaeoclimatic reconstruction with a single proxy, a mean annual SST value of approximately 21 °C, 

was estimated in the Taranto gulf. This implies that the during the MIS 5e the SST was ca + 2 °C than 

the modern, with a possibly similar to today seasonality. This estimated mean annual temperature 

is in line with the estimations obtained in the open sea Mediterranean deposits for the same period 

with different proxies (Rohling et al., 2002; Pérez-Folgado et al., 2004; Marino et al., 2007; Kandiano 

et al. (2014); Martrat et al. (2014). 

According to recent estimates, the whole Mediterranean waters are warming at around 0.041 

°C/year, responsible of an increment of around +1.5 °C registered from 1982 to 2018. In particular, 

the Ionian Sea is warming at 0.037 °C/year, (Pisano et al., 2020). 

This suggests that the SST of the Ionian Sea in the Taranto gulf estimated in this thesis (i.e. +2 °C 

than today), could be reached around the end of the century, if the rate of temperature growth is 

assumed constant. 

 

9.2 Possible global warming effects on the molluscan fauna 

The palaeotemperature estimations must be framed in a palaeoenvironmental setting, provided 

by the palaeoecological study achieved through the palaeobiocoenotic approach, in order to figure 

out possible changes on these environments due to global warming. A quantitative study, performed 
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on samples from the Taranto coast (Chapter 4), reconstructed the overall conditions during the 

deposition of the studied calcarenitic level: dominantly infralittoral sandy to gravelly bioclastic 

(dominant indications of Well Sorted Fine Sands - SFBC, locally influenced by Coastal Detritic - DC), 

vegetated bottom (either represented by marine phanerogams  - HP - and/or algae - AP), locally 

more sheltered and exposed, with a smaller contribution from nearby biocoenoses, probably linked 

to lateral environmental variations. 

The environmental setting depicted for MIS 5e Taranto Sea differs from the modern semi-closed 

Mar Piccolo (MP) and the nearby Mar Grande (MG), because today they are severely affected by 

human impact, pollution, mud deposition, and instability bottom conditions (Matarrese et al., 2004; 

Mastrototaro et al., 2008). In fact, comparing fossil and modern data, the present-day molluscan 

fauna is impoverished than during MIS 5e interval: 49 species were detected in MPT and MG 

(Mastrototaro et al. (2008), whereas 120 species were found in the MP fossil assemblage (net of the 

possibly increased number by time-averaging phenomena in the fossil assemblage, which cannot be 

ruled out).  

For this reason, a fossil-modern comparison was carried out with modern associations coming 

from pristine and undisturbed coastal areas, such as marine protected areas, choosing 

environmental settings similar to the average conditions inferred for the MIS 5e calcarenite. 

Donnarumma et al. (2018) provided lists of molluscs from the marine protected areas (MPAs) of the 

southern Tyrrhenian Sea and the Ionian Sea, in four habitats: 1) mobile, predominantly sandy and 

muddy (SB, confrontable with SFBC and similar palaeobiotopes), 2) Posidonia meadows (HP), 3) hard 

photophilic (PHB, that is AP,  photophilic algae), and 3) hard sciaphilic bottoms (SHB, that is C, 

Coralligenous).  

The MIS 5e mollusc fauna shows a predominance of sandy-detritic palaeobiotopes, at least 

partially vegetated, allowing a comparison with SB and HP species lists. Also considering the 

molluscan indications (AP related species) and the microbial early cementation evidence, which at 

least locally must have hardened the seabed, the presence of hard bottom AP spots is hence 

expected. Instead, species from modern C hard bottoms, represented by one accidental species 

found in the MP fossil assemblage, were removed as there is no evidence of algal bioconstructed 

habitats in the MP area during MIS 5e. 

Hence, the diversity of modern SB, HP, and AP habitats of these modern areas was compared to 

the MIS 5e of the MP. For a more direct comparison, the SB, HP, and AP species lists of the modern 

MPAs (reflecting the mean modern conditions), and those of the three samples from MP (T5, T13, 

and T17) (reflecting the mean MIS 5e conditions) were averaged.  

The modern and fossil mean assemblage has a very similar species richness (Margalef’s) index (d) 

(13.44 and 13.92, respectively). Diversity Shannon’s index (H’) and Evenness Pielou’s index (J’) of 

modern mean assemblages (3.48 and 0.78) are very similar, only slightly higher than those of the 

fossil one (3.38 and 0.71) (Tab. 1). All considering, the overall diversity indexes are not strongly 

different. 

 

 

 

 



121 
 

 

 S N d H’ J’ 

MODERN MPAs 106 742 13.44 3.48 0.78 

MIS 5e MP 120 5174 13.92 3.38 0.71 

 

Table 1. Number of species (S) and of individuals (N); Margalef’s species richness (d), diversity (H’), and 

evenness (J’) from modern averaged sandy-photophilic vegetated assemblages from marine protected areas 

(MPAs) (Donnarumma et al., 2018) and MIS 5e averaged samples of the Mar Piccolo (MP) (Chapter 4). 

 

 

In addition, the preferred SST ranges of the whole molluscan assemblages provided by OBIS 

(2023) database were used to compare modern MPAs and the fossil assemblage of the MP (see 

Chapter 4). The comparison shows that both the graphs are very similar, with the temperature of 

about 20 °C being the most represented (Fig. 1). For a further comparison, the data relative of the 

species list of Mastrototaro et al., (2008) were similarly plotted; also in this case, there are not 

marked differences with the MP or the MPAs plot (Fig. 1, Fig. 2). Even if the number of species and 

the environments are different, the similar shape of the curves confirms that this is a valid indicator 

of the thermal preference of the molluscan assemblages.  

This fossil-modern comparison indicates that the modern and fossils faunas, even if only partially 

similar taxonomically, point toward a preference for the same temperature (around 20 °C). In a 

retrospective perspective, this may indicate that the MIS 5e SST (+ 2 °C warmer that the modern 

area temperature), was not warm enough to cause drastic shifts of the taxonomical composition of 

the community toward the increasing of species preferring higher temperatures, apart the entrance 

of the Senegalese Fauna, favoured by slightly warmer temperatures and acclimatized in waters 

cooler than their optimal conditions. 

In a future perspective, it is possible to hypothesize that the autochthonous central 

Mediterranean fauna could not undergo drastic taxonomical reorganizations in consequence of + 2 

°C of increase of the SST but will be resilient to the climate change as it was during MIS 5e.  

Clearly it must be remembered that the modern global warming is markedly different from that 

characterizing the penultimate deglaciation, as they feature different time scales and linked to 

different causes (e.g., increased insolation versus increased anthropogenic climalterant gas 

emissions). 

Furthermore, other relevant ecological processes, such as the invasion of alien species facilitated 

by direct and indirect human activities, are influencing the Mediterranean biota (e.g., Lessepsian 

migration and ships' water ballast), and the projected recolonization of Senegalese species (Albano 

et al., 2021, 2024). These ecological processes could have more important effects on the 

Mediterranean mollusc fauna than the increase in temperature alone, which could, individually, be 

overcome with resilience by the native fauna. 

The results here presented match those of Scarponi et al. (2022) who found, in the semi-enclosed 

Adriatic Sea, a clear resilient response of shallow mollusc communities to past interglacial-glacial 

changes. Indeed, the palaeocommunities, studied from a  biogeographic point of view, were 

represented by the same ratios of the biogeographic groups in the last and modern interglacial 
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periods (MIS 5e – MIS 1), present in different percentages during the last glacial period (MIS 2). 

Moreover, due to the strong similarity between the two interglacial communities, despite the higher 

estimated SST (+3.5 °C) during MIS 5e, the Authors stated that the projected temperature increase 

due to CO2 emissions will not alter current communities, even though the anthropic impact may 

produce more relevant, unpredicted changes (Scarponi et al., 2022). 

 

 
Figure 1. Comparison of preferred SST range between Modern Marine Protected areas from southern-

central Italy (sandy vegetated bottoms) (modern molluscan species from Donnarumma et al., 2018), and 

the fossil assemblage from the MIS 5e Taranto Sea (MP coastline). 

 

 
Figure 2. Comparison of preferred SST range between Modern Taranto seas (MP; Mar Piccolo, and MG, Mar 

Grande) (modern molluscan species from Mastrototaro et al., 2008), and the fossil assemblage from the 

MIS 5e Taranto Sea (MP coastline). 
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9.3 Possible global warming effects on mobile substrates and red algae bioconstructions 

The microfacies analysis performed on the MIS 5e calcarenite of Taranto, and in the MIS 5c/a 

sedimentary deposits of Capo Colonna, showed a common presence of micritic cements, showing 

several fabrics and enveloping the bioclastic sediment. The micrite is totally reconducted to a 

microbial mediated precipitate, due to the presence of epilithic to endolithic microbial/algal biofilm, 

which micritized the bioclasts and promoted early cementation of the sand grains, producing a 

stabilization of the shallow water mobile sediment. Such early hardening of the seabed, most likely 

produced small patches that served as solid substrate for the growth of autochthonous epilithic taxa 

(e.g., articulated calcareous algae, Spondylus gaederopus¸ oysters, barnacles, serpulids). 

Moreover, the contribute of the microbial micritic cement appears crucial in the develop of 

coralline algae bioconstruction (coralligenous and maerl), confirming that the synsedimentary 

cementation that is well known to take places in modern Mediterranean algal reefs (Alexandersson, 

1969; Bosence, 1985) is largely related to biomediated processes, as recently suggested by Bracchi 

et al. (2022) and Cipriani et al., (2024) for modern coralligenous. 

According to the literature data, microbial cements, and related early lithification phenomena, 

analogous to those found in MIS 5 of Taranto and Capo Colonna deposits, are typically associated 

with warm subtropical/tropical waters (mean annual SST warmer than 20-22 °C; Flugel, 2004), such 

as those found in the Bahamas and Northwest Australia (Diaz and Eberli, 2022). These micritic 

cements are, in fact, negligibly present in modern comparable facies of non-tropical domains and 

are totally absent in higher latitude cold temperate waters (Betlzer et al., 1997). Hence, these 

modern cements are clearly linked to warm waters. 

In the MIS 5 deposits, the recognition of such early lithification confirms warmer SST compared 

to present, far from tropical values. As the possible reaching of similar temperature in the next 

future, it is possible to hypothesize that such shallow marine cementation will become increasingly 

common in the modern mid-latitude Mediterranean Sea.  

Microbial early cementation may occur on a larger scale, causing significant environmental 

changes, if the warming were further increase. The most obvious change could be a diffuse transition 

from soft to hard bottoms, with evident changes in the ecological and trophic relationships of the 

benthic life, promoting an alteration of the local coastal benthopelagic trophic interconnections, and 

also in the sedimentological processes that occur in coastal areas (Marcus and Boero, 1998; 

Danovaro, 2019). 

Evaluating these possible changes, however, is far from the scope of this thesis, even if such a 

possibility was never considered in the scientific community (IPCC, 2023). 
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APPENDIXES: Molluscan fauna from the MIS 5e calcarenite (TA) 

 

Appendix I: abundances and relative abundances of the molluscan species 

Molluscan species listed in systematic order and with the WoRMS Editorial Board (2022) 

nomenclature.  

MOLLUSCAN SPECIES  

ABUNDANCE RELATIVE ABUNDANCE  

T5 T13 T17 T5 T13 T17 

BIVALVIA 

Nucula nucleus (Linnaeus, 1758) 55 5 33 1,80% 0,32% 6,17% 

Lembulus pella (Linnaeus, 1758) 55 40 3 1,80% 2,53% 0,56% 

Arca noae Linnaeus, 1758 23 10 3 0,75% 0,63% 0,56% 

Barbatia barbata (Linnaeus, 1758) 1 0 5 0,03% 0,00% 0,93% 

Acar clathrata (Defrance, 1816) 0 3 3 0,00% 0,19% 0,56% 

Anadara corbuloides (Monterosato, 1881) 2 1 0 0,07% 0,06% 0,00% 

Striarca lactea (Linnaeus, 1758) 0 0 1 0,00% 0,00% 0,19% 

Glycymeris bimaculata (Poli, 1795) 0 11 0 0,00% 0,70% 0,00% 

Glycymeris glycymeris (Linnaeus, 1758) 10 44 5 0,33% 2,78% 0,93% 

Pinna nobilis Linnaeus, 1758 6 3 0 0,20% 0,19% 0,00% 

Pecten jacobaeus (Linnaeus, 1758) 0 8 1 0,00% 0,51% 0,19% 

Mimachlamys varia (Linnaeus, 1758) 4 15 22 0,13% 0,95% 4,11% 

Flexopecten flexuosus (Poli, 1795) 3 0 1 0,10% 0,00% 0,19% 

Flexopecten glaber (Linnaeus, 1758) 2 9 4 0,07% 0,57% 0,75% 

Spondylus gaederopus Linnaeus, 1758 8 2 5 0,26% 0,13% 0,93% 

Ostrea edulis Linnaeus, 1758 4 1 0 0,13% 0,06% 0,00% 

Ostrea stentina Payraudeau, 1826 11 8 0 0,36% 0,51% 0,00% 

Hyotissa hyotis (Linnaeus, 1758) 0 0 15 0,00% 0,00% 2,80% 

Ctena decussata (O. G. Costa, 1829) 0 1 5 0,00% 0,06% 0,93% 

Loripes lacteus (Linnaeus, 1758) 40 3 3 1,31% 0,19% 0,56% 

Lucinella divaricata (Linnaeus, 1758) 71 332 21 2,32% 21,01% 3,93% 

Loripinus fragilis (Philippi, 1836) 128 25 17 4,18% 1,58% 3,18% 

Myrtea spinifera (Montagu, 1803) 5 1 0 0,16% 0,06% 0,00% 

Chama gryphoides Linnaeus, 1758 1 2 3 0,03% 0,13% 0,56% 

Hemilepton nitidum (W. Turton, 1822) 6 0 0 0,20% 0,00% 0,00% 

Cardita rufescens Lamarck, 1819 0 2 6 0,00% 0,13% 1,12% 

Glans trapezia (Linnaeus, 1767) 0 6 7 0,00% 0,38% 1,31% 

Cardites antiquatus (Linnaeus, 1758) 0 1 0 0,00% 0,06% 0,00% 

Acanthocardia aculeata (Linnaeus, 1758) 1 2 0 0,03% 0,13% 0,00% 

Acanthocardia echinata (Linnaeus, 1758) 7 0 0 0,23% 0,00% 0,00% 

Acanthocardia paucicostata (G. B. Sowerby II, 1834) 55 0 0 1,80% 0,00% 0,00% 

Acanthocardia tuberculata (Linnaeus, 1758) 0 20 12 0,00% 1,27% 2,24% 

Parvicardium exiguum (Gmelin, 1791) 119 34 18 3,89% 2,15% 3,36% 

Papillicardium papillosum (Poli, 1791) 17 67 13 0,56% 4,24% 2,43% 

Laevicardium crassum (Gmelin, 1791) 0 6 0 0,00% 0,38% 0,00% 
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Cerastoderma glaucum (Bruguière, 1789) 0 2 0 0,00% 0,13% 0,00% 

Spisula subtruncata (da Costa, 1778) 72 56 0 2,35% 3,54% 0,00% 

Lutraria oblonga (Gmelin, 1791) 0 1 3 0,00% 0,06% 0,56% 

Macomangulus tenuis (da Costa, 1778) 18 0 0 0,59% 0,00% 0,00% 

Moerella distorta (Poli, 1791) 1 0 0 0,03% 0,00% 0,00% 

Moerella pulchella (Lamarck, 1818) 928 69 22 30,34% 4,37% 4,11% 

Gari fervensis (Gmelin, 1791) 1 1 0 0,03% 0,06% 0,00% 

Abra alba (W. Wood, 1802) 91 3 0 2,97% 0,19% 0,00% 

Azorinus chamasolen (da Costa, 1778) 6 0 0 0,20% 0,00% 0,00% 

Venus casina Linnaeus, 1758 5 3 2 0,16% 0,19% 0,37% 

Venus verrucosa Linnaeus, 1758 1 29 1 0,03% 1,84% 0,19% 

Timoclea ovata (Pennant, 1777) 0 2 0 0,00% 0,13% 0,00% 

Gouldia minima (Montagu, 1803) 29 109 132 0,95% 6,90% 24,67% 

Dosinia exoleta (Linnaeus, 1758) 0 14 0 0,00% 0,89% 0,00% 

Dosinia lupinus (Linnaeus, 1758) 20 0 0 0,65% 0,00% 0,00% 

Pitar rudis (Poli, 1795) 44 12 0 1,44% 0,76% 0,00% 

Callista chione (Linnaeus, 1758) 3 69 4 0,10% 4,37% 0,75% 

Mysia undata (Pennant, 1777) 0 10 6 0,00% 0,63% 1,12% 

Varicorbula gibba (Olivi, 1792) 286 108 44 9,35% 6,84% 8,22% 

GASTROPODA 

Tectura virginea (O. F. Müller, 1776) 0 3 0 0,00% 0,19% 0,00% 

Smaragdia viridis (Linnaeus, 1758) 1 12 0 0,03% 0,76% 0,00% 

Diodora graeca (Linnaeus, 1758) 1 3 11 0,03% 0,19% 2,06% 

Diodora italica (Defrance, 1820) 2 0 0 0,07% 0,00% 0,00% 

Emarginula octaviana Coen, 1939 0 1 3 0,00% 0,06% 0,56% 

Haliotis tuberculata Linnaeus, 1758 0 0 3 0,00% 0,00% 0,56% 

Clanculus corallinus (Gmelin, 1791) 0 8 6 0,00% 0,51% 1,12% 

Gibbula ardens (Salis Marschlins, 1793) 0 10 4 0,00% 0,63% 0,75% 

Gibbula guttadauri (Philippi, 1836) 0 0 1 0,00% 0,00% 0,19% 

Gibbula magus (Linnaeus, 1758) 0 4 5 0,00% 0,25% 0,93% 

Steromphala racketti (Payraudeau, 1826) 1 0 0 0,03% 0,00% 0,00% 

Jujubinus striatus (Linnaeus, 1758) 0 2 0 0,00% 0,13% 0,00% 

Calliostoma laugieri (Payraudeau, 1826) 1 13 22 0,03% 0,82% 4,11% 

Calliostoma zizyphinum (Linnaeus, 1758) 0 3 0 0,00% 0,19% 0,00% 

Tricolia pullus pullus (Linnaeus, 1758); 1 6 0 0,03% 0,38% 0,00% 

Cerithium vulgatum Bruguière, 1792 28 39 4 0,92% 2,47% 0,75% 

Bittium latreillii (Payraudeau, 1826) 20 28 33 0,65% 1,77% 6,17% 

Bittium reticulatum (da Costa, 1778) 36 4 0 1,18% 0,25% 0,00% 

Turritellinella tricarinata (Brocchi, 1814) 11 1 0 0,36% 0,06% 0,00% 

Turritella turbona Monterosato, 1877 0 3 0 0,00% 0,19% 0,00% 

Rissoa monodonta Philippi, 1836 27 62 3 0,88% 3,92% 0,56% 

Rissoa violacea Desmarest, 1814 0 2 0 0,00% 0,13% 0,00% 

Alvania geryonia (Nardo, 1847) 3 9 4 0,10% 0,57% 0,75% 

Alvania lineata Risso, 1826 4 0 3 0,13% 0,00% 0,56% 

Pusillina group (Pusillina Monterosato, 1884) 204 86 1 6,67% 5,44% 0,19% 

Thetystrombus latus (Gmelin, 1791) 0 5 0 0,00% 0,32% 0,00% 

Calyptraea chinensis (Linnaeus, 1758) 3 12 2 0,10% 0,76% 0,37% 

Naticarius stercusmuscarum (Gmelin, 1791) 3 2 0 0,10% 0,13% 0,00% 
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Cryptonatica affinis (Gmelin, 1791) 0 1 0 0,00% 0,06% 0,00% 

Euspira guilleminii (Payraudeau, 1826) 0 7 0 0,00% 0,44% 0,00% 

Euspira macilenta (Philippi, 1844) 35 11 0 1,14% 0,70% 0,00% 

Euspira montagui (Forbes, 1838) 0 2 0 0,00% 0,13% 0,00% 

Monoplex parthenopeus (Salis Marschlins, 1793) 0 1 0 0,00% 0,06% 0,00% 

Eulima glabra (da Costa, 1778) 2 0 0 0,07% 0,00% 0,00% 

Bolinus brandaris (Linnaeus, 1758) 6 0 0 0,20% 0,00% 0,00% 

Hexaplex trunculus (Linnaeus, 1758) 8 6 0 0,26% 0,38% 0,00% 

Ocinebrina aciculata (Lamarck, 1822) 1 0 0 0,03% 0,00% 0,00% 

Stramonita haemastoma (Linnaeus, 1767) 1 0 0 0,03% 0,00% 0,00% 

Tritia incrassata (Strøm, 1768) 252 29 3 8,24% 1,84% 0,56% 

Tritia mutabilis (Linnaeus, 1758) 0 4 0 0,00% 0,25% 0,00% 

Columbella rustica (Linnaeus, 1758) 3 1 0 0,10% 0,06% 0,00% 

Gibberula philippii (Monterosato, 1878) 1 0 0 0,03% 0,00% 0,00% 

Granulina clandestina (Brocchi, 1814) 1 0 0 0,03% 0,00% 0,00% 

Bivetiella cancellata (Linnaeus, 1767) 0 1 0 0,00% 0,06% 0,00% 

Conus ermineus Born, 1778 0 5 0 0,00% 0,32% 0,00% 

Conus ventricosus Gmelin, 1791 1 0 0 0,03% 0,00% 0,00% 

Sorgenfreispira brachystoma (Philippi, 1844) 29 2 1 0,95% 0,13% 0,19% 

Mangelia attenuata (Montagu, 1803) 7 1 0 0,23% 0,06% 0,00% 

Mangelia cf costata (Pennant, 1777) 2 0 0 0,07% 0,00% 0,00% 

Mangelia costulata Risso, 1826 2 0 0 0,07% 0,00% 0,00% 

Mangelia cf taeniata (Deshayes, 1835) 1 0 0 0,03% 0,00% 0,00% 

Parthenina terebellum (Philippi, 1844) 1 0 0 0,03% 0,00% 0,00% 

Megastomia conoidea (Brocchi, 1814) 1 2 0 0,03% 0,13% 0,00% 

Turbonilla acuta (Donovan, 1804) 4 0 0 0,13% 0,00% 0,00% 

Pyrgiscus crenatus (T. Brown, 1827) 1 0 0 0,03% 0,00% 0,00% 

Acteon tornatilis (Linnaeus, 1758) 3 1 0 0,10% 0,06% 0,00% 

Retusa mammillata (Philippi, 1836) 0 2 0 0,00% 0,13% 0,00% 

Retusa nitidula (Lovén, 1846) 1 3 0 0,03% 0,19% 0,00% 

Bulla cf striata Bruguière, 1792 1 0 0 0,03% 0,00% 0,00% 

Ringicula auriculata (Ménard de la Groye, 1811) 12 2 0 0,39% 0,13% 0,00% 

Haminoea hydatis (Linnaeus, 1758) 0 2 0 0,00% 0,13% 0,00% 

Weinkauffia turgidula (Forbes, 1844) 3 0 0 0,10% 0,00% 0,00% 

SCAPHOPODA 

Antalis dentalis (Linnaeus, 1758) 2 3 1 0,07% 0,19% 0,19% 

Antalis inaequicostata (Dautzenberg, 1891) 182 19 4 5,95% 1,20% 0,75% 

Fustiaria rubescens (Deshayes, 1826) 10 5 1 0,33% 0,32% 0,19% 

Dischides politus (S. Wood, 1842) 1 2 0 0,03% 0,13% 0,00% 
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Appendix II: biogeographical ranges and preferred SST ranges 

List of identified species. Biogeographical ranges: Boreal-Celtic (BC), Lusitanian (L), Mauretanic-

Senegalese (MS); “*” indicates species today absent in the Mediterranean but present outside it in 

the Lusitanian province. Species common to all the three samples are underlined. Preferential SST 

ranges (checked on OBIS, 2023) of each species. 

 

Species/taxa 

Biogeographic 

range 

 
Preferred SST range (°C) 

BC L MS  -5 – 0 0-5  5-10  10-15 15-20 20-25 25-30 

Tectura virginea (O. F. Müller, 

1776) 
+ + + 

   + + + +  

Smaragdia viridis (Linnaeus, 

1758) 
+ + + 

     + + + 

Diodora graeca (Linnaeus, 

1758) 
+ +   

   + + + +  

Diodora italica (Defrance, 

1820) 
 +   

     + +  

Emarginula octaviana Coen, 

1939 
 + + 

     + + + 

Haliotis tuberculata Linnaeus, 

1758 
+ + + 

    + + + + 

Clanculus corallinus (Gmelin, 

1791) 
 +   

     + +  

Gibbula ardens (Salis 

Marschlins, 1793) 
 +   

     + +  

Gibbula guttadauri (Philippi, 

1836) 
 +   

     + +  

Gibbula magus (Linnaeus, 

1758) 
+ + + 

   + + + + + 

Steromphala 

racketti (Payraudeau, 1826) 
 +   

     + +  

Jujubinus striatus (Linnaeus, 

1758) 
+ +   

    + + + + 

Calliostoma 

laugieri (Payraudeau, 1826) 
 +   

     + +  

Calliostoma 

zizyphinum (Linnaeus, 1758) 
+ +   

   + + + +  

Tricolia pullus pullus (Linnaeus, 

1758);  
+ + + 

     + +  

Cerithium vulgatum Bruguière, 

1792 
 + + 

    + + + + 

Bittium latreillii (Payraudeau, 

1826) 
 +   

    + + +  

Bittium reticulatum (da Costa, 

1778) 
+ + + 

   + + + + + 

Turritellinella 

tricarinata (Brocchi, 1814) 
+ +   

  + + + + +  
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Turritella 

turbona Monterosato, 1877 
+ +   

    + + +  

Rissoa monodonta Philippi, 

1836 
 +   

     + +  

Rissoa violacea Desmarest, 

1814 
+ +   

   + + + +  

Alvania geryonia (Nardo, 1847)  +        + +  

Alvania lineata Risso, 1826  +        + +  

Pusillina group (gen. 

Pusillina Monterosato, 1884) 
+ + + 

 
+ + + + + + + 

Thetystrombus latus (Gmelin, 

1791) 
  + 

      + + 

Calyptraea chinensis (Linnaeus, 

1758) 
+ + + 

   + + + +  

Naticarius 

stercusmuscarum (Gmelin, 

1791) 

 +   

 
    + +  

Cryptonatica affinis (Gmelin, 

1791) 
+ +   

 
+ + + + + +  

Euspira 

guilleminii (Payraudeau, 1826) 
 +   

     + +  

Euspira macilenta (Philippi, 

1844) 
 +   

     + +  

Euspira montagui (Forbes, 

1838) 
+ +   

   + + + +  

Monoplex parthenopeus (Salis 

Marschlins, 1793) 
 + + 

    + + + + 

Eulima glabra (da Costa, 1778) + + +    + + + +  

Bolinus brandaris (Linnaeus, 

1758) 
 +   

     + +  

Hexaplex trunculus (Linnaeus, 

1758) 
 +   

     + + + 

Ocinebrina aciculata (Lamarck, 

1822) 
+ +   

    + + +  

Stramonita 

haemastoma (Linnaeus, 1767) 
 + + 

    + + + + 

Tritia incrassata (Strøm, 1768) + +      + + + +  

Tritia mutabilis (Linnaeus, 

1758) 
 +   

     + +  

Columbella rustica (Linnaeus, 

1758) 
 + + 

     + + + 

Gibberula 

philippii (Monterosato, 1878) 
 +   

     + +  

Granulina clandestina (Brocchi, 

1814) 
 +   

     + +  

Bivetiella cancellata (Linnaeus, 

1767) 
 + + 

     + +  

Conus ermineus Born, 1778  +* +      + + + 
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Conus ventricosus Gmelin, 

1791 
 + + 

     + + + 

Sorgenfreispira 

brachystoma (Philippi, 1844) 
+ +   

  + + + + +  

Mangelia attenuata (Montagu, 

1803) 
+ +   

   + + + +  

Mangelia cf costata (Pennant, 

1777) 
+ +   

   + + +   

Mangelia costulata Risso, 1826 + +      + + + +  

Mangelia cf 

taeniata (Deshayes, 1835) 
 +   

     + +  

Parthenina 

terebellum (Philippi, 1844) 
+ +   

    + + +  

Megastomia 

conoidea (Brocchi, 1814) 
+ +   

   + + + + + 

Turbonilla acuta (Donovan, 

1804) 
+ +   

    + + +  

Pyrgiscus crenatus (T. Brown, 

1827) 
+ +   

   + + + +  

Acteon tornatilis (Linnaeus, 

1758) 
+ + + 

   + + + +  

Retusa mammillata (Philippi, 

1836) 
+ +   

    + + +  

Retusa nitidula (Lovén, 1846) + +       + + +  

Bulla cf striata Bruguière, 1792  + +      + + + 

Ringicula auriculata (Ménard 

de la Groye, 1811) 
 + + 

     + +  

Haminoea hydatis (Linnaeus, 

1758) 
 + + 

   + + + + + 

Weinkauffia turgidula (Forbes, 

1844) 
  + + 

     + +  

Nucula nucleus (Linnaeus, 

1758) 
+ + + 

  + + + + +  

Lembulus pella (Linnaeus, 

1758) 
 + + 

   + + + +  

Arca noae Linnaeus, 1758  + +      + + + 

Barbatia barbata (Linnaeus, 

1758) 
 + + 

     + + + 

Acar clathrata (Defrance, 

1816) 
 + + 

     + + + 

Anadara 

corbuloides (Monterosato, 

1881) 

 + + 

 
    +   

Striarca lactea (Linnaeus, 

1758) 
+ + + 

    + + + + 

Glycymeris bimaculata (Poli, 

1795) 
 +   

      +  

Glycymeris 

glycymeris (Linnaeus, 1758) 
+ +   

  + + + + +  
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Pinna nobilis Linnaeus, 1758  +        + +  

Pecten jacobaeus (Linnaeus, 

1758) 
 + + 

    + + + + 

Mimachlamys varia (Linnaeus, 

1758) 
+ + + 

   + + + + + 

Flexopecten flexuosus (Poli, 

1795) 
 +   

     + +  

Flexopecten glaber (Linnaeus, 

1758) 
 +   

    + + +  

Spondylus 

gaederopus Linnaeus, 1758 
 + + 

     + +  

Ostrea edulis Linnaeus, 1758 + +     + + + + +  

Ostrea stentina Payraudeau, 

1826 
 + + 

     + + + 

Hyotissa hyotis (Linnaeus, 

1758) 
  + 

    + + + + 

Ctena decussata (O. G. Costa, 

1829) 
+ + + 

    + + +  

Loripes lacteus (Linnaeus, 

1758) 
+ + + 

 
nd nd nd nd nd nd nd 

Lucinella divaricata (Linnaeus, 

1758) 
+ +   

    + + +  

Loripinus fragilis (Philippi, 

1836) 
 + + 

     + +  

Myrtea spinifera (Montagu, 

1803) 
+ + + 

  + + + + +  

Chama gryphoides Linnaeus, 

1758 
 + + 

     + + + 

Hemilepton nitidum (W. 

Turton, 1822) 
+ +   

   + + + +  

Cardita rufescens Lamarck, 

1819 
 +* + 

       + 

Glans trapezia (Linnaeus, 

1767) 
 + + 

     + +  

Cardites antiquatus (Linnaeus, 

1758) 
 +   

     + + + 

Acanthocardia 

aculeata (Linnaeus, 1758) 
+ +   

   + + +   

Acanthocardia 

echinata (Linnaeus, 1758) 
+ +   

  + + + + +  

Acanthocardia 

paucicostata (G. B. Sowerby II, 

1834) 

+ +   

 
   + + +  

Acanthocardia 

tuberculata (Linnaeus, 1758) 
+ +   

    + + +  

Parvicardium 

exiguum (Gmelin, 1791) 
+ +   

  + + + + +  

Papillicardium papillosum (Poli, 

1791) 
+ + + 

    + + +  
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Laevicardium crassum (Gmelin, 

1791) 
+ + + 

  + + + + +  

Cerastoderma 

glaucum (Bruguière, 1789) 
+ +   

   + + + +  

Spisula subtruncata (da Costa, 

1778) 
+ + + 

   + + +   

Lutraria oblonga (Gmelin, 

1791) 
+ + + 

    + +   

Macomangulus tenuis (da 

Costa, 1778) 
+ +   

  + + + + + + 

Moerella distorta (Poli, 1791)  + +      + +  

Moerella pulchella (Lamarck, 

1818) 
 + + 

     + +  

Gari fervensis (Gmelin, 1791) + + +   + + + +   

Abra alba (W. Wood, 1802) + + +    + + + +  

Azorinus chamasolen (da 

Costa, 1778) 
+ + + 

  + + + + +  

Venus casina Linnaeus, 1758 + + +    + + + + + 

Venus verrucosa Linnaeus, 

1758 
+ + + 

   + + + +  

Timoclea ovata (Pennant, 

1777) 
+ + + 

  + + + + +  

Gouldia minima (Montagu, 

1803) 
+ + + 

  + + + + +  

Dosinia lupinus (Linnaeus, 

1758) 
+ + + 

   + + + + + 

Desini exoleta (Linnaeus, 1758) + + +   + + + + + + 

Pitar rudis (Poli, 1795) + + +     + + +  

Callista chione (Linnaeus, 

1758) 
+ +   

    + + + + 

Mysia undata (Pennant, 1777) + +     + + + + +  

Varicorbula gibba (Olivi, 1792) + + +    + + + +  

Antalis dentalis (Linnaeus, 

1758) 
+ +   

    + + +  

Antalis 

inaequicostata (Dautzenberg, 

1891) 

 +   

 
    + +  

Fustiaria rubescens (Deshayes, 

1826) 
 + + 

     + +  

Dischides politus (S. Wood, 

1842) 
  + + 

     + +  

 

  



156 
 

Appendix III: photographs of molluscan and other taxa 
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