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Abstract 

 Different Miocene shallow-water carbonate successions have been examined to test the 

potential of phosphorus sequential extraction (SEDEX) in studying palaeo-nutrient levels, and to 

investigate nutrient influence on carbonate-factories during this epoch. The coralline-algal-

dominated sequence of the Pietra da Cantoni Group (NW Italy) and the bryozoan-dominated 

sequence of the Sommières Basin (S France), have been targeted for this study. Actually, albeit they 

both developed during the Burdigalian, in the very same latitudinal zone, they present remarkably 

different carbonate factories. Palaeontological analyses have investigated the distribution of the 

major groups of carbonate-producing organisms throughout the successions. These results have 

been compared with those of geochemical analyses on phosphorus and organic matter abundance, 

testifying a clear relationship between the skeletal assemblage and the availability of nutrients. As 
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expected on the basis of modern oceanography and benthic ecology, bioavailable phosphorus 

concentration was higher in the bryozoan-dominated basin than in the coralline-algal-dominated 

basin. This result strongly supports SEDEX sequential extraction as a viable instrument to 

investigate the nutrient supply in the geological record.  This also proves that the early-Miocene 

Mediterranean carbonate-factories were deeply controlled by nutrient influence, with patterns 

similar to those observed in present-day oceans. Moderate nutrient-concentrations resulted in 

coralline-algal dominance, while high nutrient-concentrations produced carbonate factories 

dominated by heterotrophs suspension-feeders like bryozoans. The euphotic-zone producers, which 

dominate in classical tropical associations, were probably restricted to areas with low nutrient-

concentrations.  

 

Key words 

 Phosphorus; bryozoans; large benthic foraminifera; hermatypic corals; Tertiary Piedmont 

Basin; Molasse Basin. 

 

1. Introduction 

 Nutrient availability is a key factor for the distribution of carbonate-forming biota in modern 

oceans (Hallock, 1988, 2005; Hallock and Schalger, 1986; Carannante et al., 1988; Wood, 1993; 

Brasier, 1995a, b; Halfar et al., 2004; Wilson and Vecsei, 2005; Jessen et al., 2014). High nutrient-

supply increases plankton biomass, providing more organic matter to heterotrophs, and reduces 

water-clarity due to the plankton and the organic particles suspended in the water column (Hallock, 

1988, 2005; Brasier, 1995a;). Nutrification (sensu Hallock et al., 1993) may promote a shift from 

autotrophs-dominated, light-dependent association, toward a heterotrophs-dominated, light-

independent association. Therefore, nutrient influence has been often used to justify the presence of 

heterozoan carbonates (sensu James, 1997), which commonly occur in cool climates, in an 

otherwise warm-water context (e.g. Carannante et al., 1988; Brandano and Corda, 2002; 
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Cunningham and Collins, 2002; Vannucci et al., 2003; Pomar et al., 2004; Reynaud and James, 

2012; Coletti et al., 2015, 2016; Brandano et al., 2016). However, nutrient influence, in the vast 

majority of palaeoenvironmental reconstructions, is just assumed on the basis of fossil assemblages 

without direct measurement of the concentration of phosphorus, the ultimate limiting nutrient 

whose rate of supply regulates primary production over long timescales (Tyrrell, 1999). Most of 

techniques actually can measure only proxies related to phosphorus abundance (e.g. natural gamma 

radiation), or the total amount of phosphorus present in the rock (e.g. spectrophotometry). The latter 

are not direct expressions of bioavailable phosphorus since they consider also unaltered grains of 

detrital apatite, of igneous and metamorphic origins, which are not a bioavailable source of 

phosphate. Therefore, most of classical geochemical techniques may not be perfectly suitable to 

quantitatively study nutrient abundance in the fossil record. 

 The aim of this contribution is to use SEDEX sequential extraction, a methodology devised 

to separate and quantify bioavailable phosphorus from the total phosphorus (Ruttenberg, 1992; 

Slomp et al., 2002; Bodin et al., 2006; Ruttenberg et al., 2009), for the palaeoenvironmental 

reconstruction of two early Miocene carbonate successions: the Lower Unit of Sequence 2 (sensu 

Bicchi et al., 2006) of the Pietra da Cantoni Group of the Tertiary Piedmont Basin and the Sandy 

Molasse Unit of the Sommières Basin. This is a challenging goal using models of carbonate-

factories distribution solely based on temperature and not taking into account trophic state. Actually, 

both sequences developed in climatic conditions that are expected to foster a classical warm-water 

association, but on the contrary their skeletal assemblages are largely dominated by temperate 

carbonate-producers. In this study the SEDEX extraction is combined with detailed 

palaeontological analyses to provide direct evidence, from separate and independent approaches, of 

nutrient influence on these Miocene carbonate-factories. This methodology will hopefully pave the 

way for a stronger integration of trophic state in the classification of carbonate facies. 

 

2. Geological setting 
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 The investigated carbonate successions were both located in the Northern part of the 

Mediterranean Basin (Fig. 1). During the Burdigalian the Pietra da Cantoni Group was less than 400 

km east from the Sommières Basin and more or less at the same latitude (Dercourt et al., 2000). The 

region was roughly five degrees of latitude further south than today (Dercourt et al., 2000). 

Burdigalian climate in the area was warmer than present day (Adams et al., 1990; Billups and 

Scheiderich, 2010), with mean annual temperature above 20 °C even in Central Europe 

(Mosbrugger et al., 2005). The warm climate during the Burdigalian is also testified by the 

widespread occurrence of symbiont-bearing corals, whose area of distribution stretched all the way 

over the northern part of the Alpine Molasse Basin (Perrin and Bosellini, 2012). 

 The carbonate sequences of the Pietra da Cantoni Group (PDC from now onward) developed 

in the eastern Monferrato, a part of the Tertiary Piedmont Basin (NW Italy; Novaretti et al., 1995). 

During the Aquitanian, the deformation caused by the rotation of the Alpine Wedge uplifted and 

separated the Monferrato into an eastern and a western sector. The western sector was deep and 

dominated by a slope to basin environment, as testified by the deposition of diatom ooze (Bonci et 

al., 1990). The eastern sector was uplifted, resulting in the formation of an angular unconformity 

over which the PDC deposited, from Burdigalian to early Langhian (Clari et al., 1995; Novaretti et 

al., 1995). The PDC is divided into two different depositional sequences (Bicchi et al., 2006). The 

older sequence (Sequence 1, sensu Bicchi et al., 2006) is related to the first and localized marine 

transgression over the Eastern Monferrato area. The younger sequence (Sequence 2, sensu Bicchi et 

al., 2006) testifies the beginning of a transgressive trend in the area that will last for most of the 

Miocene. Rhodolith-rich, coarse skeletal-limestones dominate the Lower Unit of Sequence 2 (LU 

from now onward) while foraminiferal oozes dominate the Upper Unit (UU from now onward). A 

bed of condensed sediments, rich in glaucony and phosphates, separates the two units 

(Schüttenhelm, 1976; Bicchi et al., 2006). This interval testifies a period of major sediment 

starvation, caused by the drowning of the carbonate factory and is included, from the environmental 

point of view, in the UU, which is dominated by the activity of the pelagic carbonate factory 
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(Coletti et al., 2015). The rhodalgal (sensu Carannante et al., 1988) carbonates of the LU are 

investigated in this study, their deposition should have occurred in the Burdigalian, between 19 and 

18 Ma (Novaretti et al., 1995; Ruffini, 1995; D'Atri et al., 1999, 2001; Coletti et al., 2015; Fig. 2). 

 During the early Burdigalian the sea flooded the Alpine Molasse Basin, creating a narrow, 

tide-dominated, seaway connecting the western Mediterranean with the Parathetys Basin (Allen et 

al., 1985; Dercourt et al., 2000; Reynaud and James, 2012). In southeastern France, at the junction 

between the Molasse sea and the Mediterranean, the marine transgression lead to the deposition of 

extensive, tide-controlled, shelf deposits over the folded Mesozoic and Paleogene strata (Besson et  

al., 2005; Reynaud et al., 2006; Reynaud and James, 2012). The Sommières Basin was a small 

embayment, connected to the Alpine Molasse Basin through a flooded valley (Reynaud and James, 

2012). Within the Sommières Basin two different depositional sequences are recognized, which 

include three units: the Sandy Molasse, the Sandy Marls and the Calcareous Molasse (Demarcq, 

1970; Reynaud and James, 2012; Fig. 2). The first sequence includes the Sandy Molasse and the 

Sandy Marls, while the second sequence corresponds to the Calcareous Molasse (Reynaud and 

James, 2012). The Sandy Molasse Unit (SMU from here onward), which is analyzed in this study, is 

characterized by coarse-grained, bryozoans-dominated, heterozoan carbonates and it represents the 

transgressive tract of the first sequence (Reynaud and James, 2012). Microbioclastic wakestones 

and mudstones dominate the overlaying Sandy Marls Unit, which represents the high stand of the 

first sequence (Reynaud and James, 2012; Fig. 2). The end of the deposition of the Sandy Marls 

Unit is followed by an abrupt sea level fall (Reynaud and James, 2012). The overlaying Calcareous 

Molasse Unit represents the second marine transgression (Reynaud and James, 2012). A marly 

interbed of the Calcareous Molasse Unit suggests a middle late-Burdigalian age for this unit (zone 

M4, sensu Berggren et al., 1995; 17.5 to 16.4 Ma, Wade et al., 2011), thus supporting an early 

Burdigalian age for the SMU (Berger, 1974; Reynaud and James, 2012; Fig. 2). 

 

3. Material and Methods 
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 In order to have samples with as little alteration as possible, the material was collected on 

fresh surfaces inside the quarries of Uviglie (LU), Pondres and Souvignargues (SMU; Fig. 1). 

Moreover, the samples were taken after the removal of the most superficial part of the rock that 

might have been weathered. On the basis of rock texture and macroscopic fossiliferous content, a 

number of homogeneous lithozones (numbered from the oldest to the youngest) were identified in 

each outcrop and very large (>2 kg), representative, samples were collected from each lithozone. A 

total of eighteen samples was collected from the two succession, one from each lithozone, except 

than in Souvignargues succession were more samples were collected to further assess the 

uniformity of the material (the results from Souvignargues samples were averaged during the 

elaboration). Serving as internal reference point of low phosphorus concentration, a sample of 

coral-reef limestone of late Miocene age (Fig. 1; Balza di Rocca Limata, Terravecchia Formation, 

Sicily, Grasso and Pedley, 1988) was also included in the SEDEX analysis. This material was 

chosen because it was a perfect, in situ, fossil counterpart of present-day reefs which are 

oligotrophic environments. Actually, reefs truly comparable to those of modern tropical oceans, 

arose in the Mediterranean only in the late Miocene (Pomar and Hallock, 2007, 2008). 

 The SEDEX sequential extraction allows an accurate quantification of the different P-

minerals of a sample. These are: exchangeable (or loosely-bound) P, Fe-oxyhydroxides-bound P, 

authigenic and biogenic Ca-P minerals, organic P and detrital apatite (Ruttenberg, 2004). Except 

detrital apatite, all these minerals are sinks for the reactive P present in the water (Ruttenberg, 

1992); therefore, the sum of their contribution to the total phosphorus pool has been used in this 

study as a proxy for nutrient availability in the palaeoenvironment (bioavailable phosphorus). The 

extraction was performed according to Ruttenberg et al. (2009), which proposed an improved 

version of the original SEDEX sequential extraction (Ruttenberg, 1992) aimed to reduce procedural 

flaws and losses of material. From each sample approximatively 15 g of rock fragments (randomly 

picked from the large sample to obtain a representative result) were pestled in an agate mortar and 

homogenized completely in order to pass through a 125 μm mesh sieve (Ruttenberg et al., 2009). 
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For each sample, 80 mg of the sieved material were analyzed in the sequential extraction at the 

University of Fribourg Switzerland (Stalder et al., 2014). The remaining of the grounded samples 

was used for quantitative X-ray powder diffraction, total organic carbon (TOC) analysis and C/H/N 

elemental analysis.  

 C/H/N and TOC analyses were performed at the laboratory of Sediment Geochemistry at 

the University of Lausanne (Switzerland) on about 100 mg of bulk grounded sediment using the 

Rock-Eval6 technology and following the standard rock pyrolysis procedure (Espitalié et al., 1985; 

Behar et al., 2001); a portion of each sample was stored as archive. In cases of TOC <0.1 % further 

interpretation on the origin of the organic matter, using pyrolysis parameters and elemental 

composition, were considered unreliable due to both the low TOC and the high rock-matrix effect 

of limestone (Katz, 1983; Langford and Blanc-Valleron, 1990; Nuñez-Betelu and Baceta, 1994). 

 X-ray powder diffraction (XRPD) analysis was performed at the Milano-Bicocca 

laboratories using a Bragg–Brentano θ-θ PANalytical X’Pert PRO PW3040/60 X-ray powder 

diffractometer. The limit of detection of XRPD depends on the mineral phase (cristallinity, 

structural disorder), and is generally comprised between 0.1 wt% (for highly crystalline phases) 

and 5 wt%. The qualitative phase analysis was performed using the PANalytical HighScore Plus 

software version 2.2c; quantitative phase analysis was carried out using the Rietveld method 

(Rietveld, 1969), following the refinement strategies described in Gualtieri (2000). Refinements 

were accomplished with the GSAS package (Larson and Von Dreele, 1999) and its graphical 

interface EXPGUI (Toby, 2001).  

 To further study authigenic minerals, scanning electron microscope observations (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) analyses were performed on carbon-coated thin 

sections (at Milano-Bicocca laboratories, with a Tescan VEGA TS Univac 5136 XM Scanning 

Electron Miscroscope coupled with an EDAX Genesis 4000 XMS Imaging 60 SEM Energy 

Dispersive Spectrometer). 
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 Petrographic characteristics and skeletal assemblages of the limestones were studied with 

point-counting technique performed on digital photomicrographs of thin sections (Flügel, 2010). 

For each sample more than 400 points were identified. Coralline-algal distribution was further 

investigated in thin sections, by measuring, with a vector graphics editor (Inkscape release 0.91 for 

Ubuntu), the area covered by the different taxa of coralline algae. Coralline suprageneric 

identification follows Le Gall et al. (2009), Nelson et al. (2015), Rösler et al. (2016). 

 

4. Results 

4.1 Skeletal assemblage 

4.1.1 Uviglie 

 The Uviglie succession includes seven lithozones and encompasses both the LU and the UU 

(Fig. 3A, B). The LU is at the base of the succession and includes lithozones UV1-UV4a, which 

are composed of coarse-grained skeletal elements produced by a benthic carbonate-factory (Table 

1; Figs 3-4). The bioclasts are often fragmented and abraded. Extensive evidences of dissolution 

(e.g. moldic porosity) were not observed. Coralline algae largely dominates the skeletal assemblage 

(Table 1; Fig. 3A, C, D; Fig. 4). Coralline fragments are extremely abundant in the <2 mm fraction 

in all the LU, while whole rhodoliths are common in UV1 and UV3 and extremely common in 

UV2, UV4a and UV4b (Table 1; Fig. 3A; Fig. 4). Coralline-algal assemblage is largely dominated 

by Hapalidiales, while Sporolithales and Corallinales contribution is minimal (Table 1; Fig. 3C, D). 

Barnacles are also very frequent, especially in UV3, UV4 and UV4b (Table 1; Fig. 3D, E; Fig. 4). 

Benthic foraminifera and in particular large benthic foraminifera (Nephrolepidina, Eulepidina, 

Miogypsina, Amphistegina and Operculina) are common, especially in UV1 (Table 1; Fig. 3F; Fig. 

4). Mollusks, echinoids and bryozoans are minor components, while ostracods and serpulids are 

rare (Table 1). 

 The UU is mainly composed of planktonic elements and occurs in the upper part of the 

succession. Planktonic foraminifera are common in lithozones UV4b, become extremely abundant 
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in lithozone UV5 and overwhelmingly dominates the skeletal assemblage in lithozone UV6 (Table 

1). Conversely, benthic skeletal elements, highly abraded and often phosphatized and glauconized, 

are common in UV4b and UV5, while they are almost absent in UV6 (Table 1). 

 

4.1.2 Souvignargues and Pondres 

 The SMU includes lithozones SOUV1 and PON1-PON5 (Figs 4, 5). The rock is coarse-

grained and mainly composed of bioclasts of benthic origin (Table 1; Figs 4-5), which are often 

highly abraded and fragmented, especially in SOUV1, where the grains are also well rounded. 

Extensive evidences of bioclasts dissolution and conspicuous moldic-porosity were not observed. 

Bryozoans dominate the skeletal assemblage (except in lithozone PON3, where coralline algae are 

more abundant; Table 1; Fig. 4; Fig. 5A, B). They are extremely common in the <2 mm fraction 

and gravel-sized bryozoans-nodules occur in lithozones SOUV1, PON1 and PON5 (Fig. 5A). 

Encrusting bryozoans commonly occur within rhodoliths. Coralline algae are also very frequent in 

the <2 mm fraction and they occur in >2 mm fraction as rhodoliths (rare) and unattached branches 

(Table 1; Figs 4; Fig. 5C, D). The coralline association of the SMU is largely dominated by 

Hapalidiales (Table 1; Fig. 5D, E). Corallinales and Sporilthales are far less common (Table 1). 

Mollusks and echinoids are very common, while barnacles are uncommon (Table 1; Fig. 4). 

Benthic foraminifera are rare, especially large benthic foraminifera (LBF from here onward), 

among them the only recognized genus is Amphistegina (Table 1; Fig. 4; Fig. 5F). Brachiopods, 

ostracods and serpulids are very rare (Table 1). 

 

4.1.3 Coral-reef limestone of Balza di Rocca Limata 

 The Messinian coral-reef limestone of Balza di Rocca Limata (Central Sicily, Southern 

Italy) belongs to the Terravecchia Formation (Grasso and Pedley, 1988). It consists of a large (45m 

high and 2km wide), in situ, coral reef formed by branched colonies of Tarbellastrea and scattered 
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colonies of Porites, both massive and branched. The skeletal assemblage of the unit is almost 

entirely composed of hermatypic corals (Table 1). 

 

4.2 Phosphorus content, petrography, mineralogical composition and organic matter content 

4.2.1 Uviglie 

 The LU and the UU are clearly separated from the mineralogical point of view (Table 1; 

Fig. 4). Lithozones UV1-UV4a, dominated by benthic carbonate production, are mainly composed 

of carbonate minerals (Table 1; Fig. 4). On the other hand, silicate minerals are much more 

abundant in the lithozones UV5 and UV6, which are dominated by planktonic carbonate 

production (Table 1; Fig. 4). Lithozone UV4b, has an intermediate composition (Table 1; Fig. 4). 

This difference in mineralogical composition, resulting from XRPD analyses, is also supported by 

point counting observations that show an increase in the detrital fraction and in the abundance of 

authigenic minerals (Table 1; Fig. 6A, B). In lithozones UV1-UV4a glaucony grains are rare, small 

and pale green in color, while in lithozones UV4b-UV6 they are far more common, larger and of a 

deep-green color (Fig. 6A).  

 The concentrations of both detrital phosphorus and bioavailable phosphorus are far higher 

in lithozones UV4b-UV6 than in lithozones UV1-UV4a (Table 1; Fig. 4). The average bioavailable 

P content of the latter group is 24.9 µmol/g of sediment, detrital P contribution is 0.6 µmol/g (Table 

1; Fig. 4). The former group have an average concentration of 91.4 µmol/g of bioavailable P and of 

64.9 µmol/g of detrital P (Table 1; Fig. 4). This difference is also supported by XRPD that shows 

the abundant presence of Carbonate-Apatite in lithozones UV5 and UV6 (Table 1) 

 The TOC of the samples is always <0.1 %.  The low content in organic matter is also 

testified by the low amount of organic phosphorus resulting from SEDEX extractions. Organic P 

represents around 1 % of the bioavailable P and only in the samples of the UU it represents around 

10% of the bioavailable P. 
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4.2.2 Souvignargues and Pondres.  

 In all the lithozones silicate minerals are quite abundant. This is supported by both XRPD 

analyses and point-counting (Table 1; Fig. 4). It must be stressed that, in this instance, the detrital 

fraction is underestimated by XRPD analyses. This technique cannot separate the carbonate of the 

skeletal grains from the limestone rock-fragments, eroded from the Cretaceous-Oligocene bedrock 

of the basin. The latter are very common, especially in the succession of Souvignargues (lithozone 

SOUV1). Actually, according to point-counting, the detrital fraction represents, on average, 

between 25% to 30% of the whole rock (Table 1; Fig. 4). 

 In all the samples, small amounts of authigenic minerals are present, both phosphates and 

glaucony grains with a very low degree of maturity (Fig. 6C-H).  

 The phosphorus distribution is quite uniform in the SMU. The average concentration of 

bioavailable P of the two succession is 40.6 µmol/g, the highest values are recorded in SOUV1 and 

the lowest in PON3 (Table 1; Figs 4, 5). The average concentration of detrital P is 2.3 µmol/g and 

only minor differences occur between the different lithozones (Table 1; Fig. 4). 

 The TOC is <0.1 % in all samples. The low content in organic matter is also testified by the 

low amount of organic phosphorus resulting from SEDEX extractions (≈1 % of bioavailable P). 

 

4.2.3 Coral-reef limestone of Balza di Rocca Limata.  

 The coral-reef limestone is almost entirely composed of carbonate minerals. It has a 

bioavailable P concentration of 16.8 µmol/g and a detrital P concentration of 0.9 µmol/g (Table 1). 

This limestone is also characterized by a very low content in both organic matter and organic 

phosphorus. 

 

5. Discussion 

5.1 Skeletal assemblages 
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 The two early-Miocene successions present skeletal-assemblages that are regarded as 

characteristic of temperate water (Lees and Buller, 1972). Actually, they are dominated by 

bryozoans, coralline algae, barnacles and benthic foraminifera (Table. 1; Fig. 4). On the other hand, 

evidences of tropical climate can be found in both successions. LBF occur in the LU and in the 

SMU, diverse and common in the former and rare in the latter. LBF suggest warm water with 

temperature above 14 °C throughout the year and yearly average temperature above 20 °C (Beltzer 

et al., 1997; Geel, 2000; Langer and Hottinger, 2000; Beavington-Penney and Racey, 2004). 

Among coralline algae, Sporolithon and Lithoporella, which are both tropical genera (Adey, 1979; 

Fravega et al., 1989; Vannucci et al., 1996), occur in both areas. General palaeoclimatic 

reconstructions suggest warm climate during the early Miocene and the persistence of tropical 

conditions in the Mediterranean region during the Burdigalian (Zachos et al., 2001; Pomar et al., 

2004; Mosbrugger et al., 2005). A northward expansion of symbiont-bearing corals is recorded in 

the circum-Mediterranean realm during this stage, with small patches of corals (e.g. Tarbellastrea; 

Kühn, 1963) even in the Northern Alpine Molasse Basin, hundreds of kilometers further north than 

the two localities investigated in this study (Perrin and Bosellini, 2012). It must be stressed that 

hermatypic corals before the late Miocene, although always restricted to tropical settings, were 

probably different from their modern counterparts. They did not build reefs up to the sea-level but 

rather produced mounds in the middle shelf, leaving the upper photic-zone to seagrasses and green 

calcareous algae (Brandano, 2003; Pomar and Hallock, 2007; Brandano et al., 2015). Nevertheless, 

Burdigalian corals probably still required more light than coralline algae and LBF, since coral 

facies is usually found shoreward than the facies dominated by coralline algae and LBF (Civitelli 

and Brandano, 2005; Brandano et al., 2007, 2010; Benisek et al., 2009). 

 Since the climate in the area was tropical, environmental factors other than temperature 

caused the absence of the typical tropical-facies in the studied successions. Nutrient supply 

strongly affects carbonate-producing organisms (Hallock and Schalger, 1986; Wood, 1993; Mutti 

and Hallock, 2003). In modern oceans a shift from symbiont-bearing corals to coralline-algal-
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dominated environment can occur in response to a modest increase in nutrient flux, while a shift 

from corals to a heterotroph-dominated biota can result from a substantial increase in nutrient flux 

(Hallock, 2001). At tropical latitudes, in the Gulf of California, consistently with a strong gradient 

in nutrient concentration, different carbonate factories exist: coral reefs dominate where nutrient 

supply is low, coralline algae where the supply is moderate, and bryozoans and mollusks where the 

supply is high (Halfar et al., 2004, 2006, 2012). In the Atlantic Ocean the Northern Mauritania 

shelf hosts an heterotrophs-dominated association thanks to upwelling currents (Klicpera et al., 

2013). The same effects can be observed at the Equator in the Galapagos Archipelago where, due to 

upwelling currents, carbonate production is dominated by heterotrophs (Reymond et al., 2016). At 

similar latitudes, a shift from euphotic to oligophotic carbonate producers occurs in the Spermonde 

Shelf (Sulawesi, Indonesia). The shelf is mesotrophic due to river run-off and carbonate production 

is dominated by LBF, while corals are restricted to areas protected from terrestrial influence 

(Renema and Troelstra, 2001; Wilson and Vecsei, 2005). LBF cope better than corals in nutrient-

rich environments, but they exhibit greater species diversity in stable oligotrophic conditions 

(Hallock and Schalger, 1986; Renema and Troelstra, 2001; Beavigton-Penney and Racey, 2004). In 

situ nutrient-enrichment experiments further suggest that corals settlement is negatively impacted 

by an increase in nutrient supply (Jessen et al., 2014). Bryozoans recruitment, on the other hand, is 

increased (Jessen et al., 2014). Recruitment experiments along the eastern coasts of Australia, also 

confirmed that coralline algae and corals are more abundant far away from terrestrial run-off, while 

bryozoans (especially encrusting cheilostomatids) are more common near shore in, nutrient rich, 

turbid water (Holmes et al., 1997). 

 Nutrient influence has already been recognized as an important element in the 

reconstruction of fossil carbonate factories (e.g. Carannante et al., 1988; Brasier, 1995b; Brandano 

and Corda, 2002; Cunningham and Collins, 2002; Hageman et al., 2003; Vannucci et al., 2003; 

Pomar et al., 2004; Reynaud and James, 2012; Brandano et al., 2016). Therefore, we suggest that 

nutrient supply-rate had a major impact on the investigated early-Miocene systems, driving out 
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hermatypic corals and euphotic algae, and fostering the dominance of heterotroph suspension-

feeders (bryozoans and barnacles) and oligophotic autotrophs and mixotrophs (coralline algae and 

LBF). The former were favored by plankton abundance and the latter by the lack of competitors 

due to the turbid water. Hapalidiales, which thrive in low-light conditions (Aguirre et al., 2000), 

dominate coralline assemblages in both localities, even in very shallow settings associated with 

barnacles (UV3-UV4a; Table 1), and in proximity of the shoreline (SOUV1; Table 1; Fig. 2), thus 

supporting the presence of turbid water. 

 Nutrient supply-rate can also explain the differences between the two studied systems. 

During the Burdigalian, the two basins were at the same latitude and they were separated just by a 

few hundreds of kilometers, therefore, significant climatic differences are unlikely (Fig. 1). 

Furthermore, the texture of the material suggests that both skeletal assemblages developed in a 

relatively shallow-water setting, thus excluding major variations related to water depth. The 

coralline-barnacle-LBF association of the LU probably developed under moderate nutrient-supply, 

while high nutrient-supply and really turbid-water fit perfectly with the bryozoans dominance of 

the SMU (Fig. 4). 

 It should be pointed out that skeletal assemblages result from a suite of environmental 

controls that also includes sedimentary processes like sediment transport and reworking. In both 

sequences there is evidence of sediment transport (Reynaud and James, 2012; Coletti et al., 2015). 

However, in both successions, the same skeletal assemblage is recognized within the rhodoliths 

(trapped and protected between the algal crusts, sensu Coletti et al., 2015), and in the host 

lithology, suggesting a negligible influence of reworking and transport processes over the final 

composition of the fossil associations. Selective loss of aragonite is another possible source of 

distortion, but the lack of conspicuous moldic-porosity suggests that the associations were not 

severely affected by dissolution. Finally, although secondary processes might have slightly 

influenced the skeletal assemblages, the observed differences between the contributions of the 

major carbonate-producers are so large (e.g. bryozoans are ten times more abundant in the SMU 
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than in the LU; Table 1; Fig. 4), that they could have only be caused by environmental factors, 

namely nutrient concentration. 

 

5.2 Phosphorus concentration 

 The concentrations of bioavailable P, measured with SEDEX extractions, support the 

supply-rates of nutrients reconstructed on the basis of the benthic skeletal-assemblages. The 

average concentration of bioavailable P in the SMU is higher than in the LU (lithozones UV1-

UV4a). Bioavailable P concentrations of both localities are higher than the bioavailable P 

concentration in the coral-reef limestone of Balza di Rocca Limata, which was supposed to have 

the lowest concentration of P in the data set, since coral-reefs are oligotrophic environments (Table 

1; Fig. 4). 

 The highest values of bioavailable-P are recorded in the UU, in agreement with XRPD 

analyses that indicate abundant authigenic phosphates in these samples (Table 1; Fig. 4). It must be 

considered that the abundance of authigenic minerals is also related to the sedimentation rate, and 

large concentrations of these minerals develop when the rate is low (Föllmi, 2016). Lithozones 

UV4b-UV6 deposited during a period of sediment starvation, as evidenced by the abundance and 

the characteristics of glaucony (Table 1; Fig. 6A, B). Actually, glaucony grains occur throughout 

the whole Uviglie succession, but in the LU they are uncommon and their characteristics suggest a 

low degree of maturity (sensu Amorosi, 1995, 1997), while in the UU they are abundant and they 

have an high degree of maturity (Fig. 6A). Therefore, the sharp increase in bioavailable P between 

the LU and the UU of PDC, is mainly related to a drop in sediment accumulation-rate caused by 

the drowning of the carbonate factory due to sea-level rise (Coletti et al., 2015). Lithozone UV4b, 

which testifies the inception of sediment starvation after the drowning of the carbonate factory 

(Coletti et al., 2015), has an intermediate composition. Rare grains of glaucony with a very-low 

degree of maturity occur in the SMU (Fig. 6D), suggesting a sedimentation rate higher than the one 

of the LU, where more mature glaucony occurs. Therefore, if a correction was included to account 
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for the difference in sedimentation rate, this would have been in favor of the SMU, thus widening 

the gap between the results from the two basins. 

 The recorded concentrations of bioavailable P could have been influenced also by the post 

depositional and diagenetic histories of the two units. Under anoxic conditions, the P adsorbed on 

Fe-oxyhydroxides surfaces is released back in to the water column (Krom and Berner, 1981). 

However, there are no palaeoecological evidences suggesting anoxia in the palaeoenvironment. 

Oxic conditions, supporting the rapid decomposition of organic matter at the seafloor, are also 

testified by the low concentrations of TOC. Authigenic Ca-P minerals (Carbonate-fluorapatite) are 

another major sink of bioavailable P (Ruttenberg and Berner, 1993). These minerals are more 

resistant to alteration than carbonate minerals (calcite, magnesite and dolomite) and display the 

same dissolution rate of albite (Guidry and Mackenzie, 2003). Furthermore, P is preferentially 

retained in the crystal lattice during the early stages of the dissolution process (Guidry and 

Mackenzie, 2003). Only in acid conditions occurring in soils, these minerals dissolve completely 

and lose their P (Guidry and Mackenzie, 2003). The low amount of organic matter present in the 

studied samples, suggests that they were not affected by soil and plant-related alteration processes 

(Ma et al., 2007; Marinoni et al., 2007; Jaquat et al., 2009; Cabadas et al., 2010). The overall 

diagenetic history of the two units is very similar: very shallow burial, very limited tectonic 

deformation and meteoric diagenesis. Their texture and porosities are also similar. Therefore, if any 

diagenetic alteration occurred, the process should have modified the original composition in the 

same way in both localities, thus preserving the original nutrient signal. 

 Taking into account all these evidences, the hypothesis that the measured concentrations of 

bioavailable P are just the random results of depositional and diagenetic processes is unlikely. On 

the contrary, these values reflect original differences in nutrient supply-rates which are also 

faithfully recorded by the skeletal-assemblages of the benthic carbonate factories. 
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5.3 Palaeoenvironmental reconstruction 

 The PDC carbonate system developed on an isolated bank uplifted by the rotation of the 

Alpine Wedge (Maffione et al., 2008) and therefore protected from the siliciclastic detritus eroded 

from the Alps (Fig. 7A). The presence of rare angular rock-fragments, eroded from older 

formations (Coletti et al., 2015), suggests that small and low-lying emerged lands existed at the 

time. These small islands however were clearly not a large source of detritus and nutrients. 

Actually, the LU is composed only of pure limestone with minimal siliciclastic contribution (Table 

1; Fig. 4). Accordingly, also the detrital-P fraction of the total P is minimal (Table 1; Fig. 4). Only 

during the deposition of the UU, after the drowning of the carbonate platform, the detrital fraction 

became more important (Table 1; Fig. 4). The bioclastic contribution of the benthic carbonate 

factory had been reduced to almost zero and, without the protection of the now-submerged islands, 

the PDC basin was more exposed to fluxes of alpine detritus. Within this setting, it is unlikely that 

nutrients were supplied to the LU carbonate factory by river runoff. An upwelling source is more 

consistent with the very low concentration of detrital P in the LU (Fig. 7A). The deposition of 

siliceous ooze westward from PDC area (Bonci et al., 1990) also supports this hypothesis. The 

upwelling provided the PDC basin with a moderate supply of nutrients, resulting in turbid water 

that supported oligophotic production even in shallow settings, as testified by Hapalidiales 

associated with barnacles and coarse-grained sediments. The resulting carbonate factory was 

dominated by coralline algae, with important contribution of barnacles and LBF (Fig. 7A). 

 The Sommières Basin was almost completely enclosed by land (Reynaud and James, 2012; 

Fig. 7B) and the contribution of the detrital fraction was remarkably more important (Table 1; Fig. 

4). Detrital-P concentrations are also higher than in the LU and there is a direct correlation between 

the siliciclastic fraction and the total-P concentration (Table 1; Fig. 4). Actually, the near-shore 

succession of Souvignargues has a higher P concentration than the more off-shore succession of 

Pondres (Table 1; Fig. 4). Therefore, it is likely than in the Sommières Basin the source of nutrients 

was land based, either due to small rivers or directly from the runoff of the land (Fig. 7B). These 
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sources provided the strong injection of nutrients that fostered bryozoans dominance in the basin 

(Fig. 7B). Water clarity was significantly reduced, favoring the aphotic production of heterotrophs 

suspension-feeders even in proximity of the shoreline. LBF were negatively affected by these 

conditions and only stress-resistant taxa were able to survive (Fig. 7B). Coralline algae, which can 

live even with very-low levels of light, were still abundant, but less common than in the the PDC 

system (Fig. 7).The distribution of these Miocene carbonate factories along a nutrient gradient is 

remarkably similar with the one observed at tropical latitude in the Gulf of California, where 

hermatypic corals, coralline algae, and bryozoan-dominated assemblages follow one another along 

a strong gradient of increasing nutrient concentrations (Fig. 7C; Halfar et al., 2004, 2006). During 

the early Miocene, the general pattern of distribution of Mediterranean carbonate-factories along a 

nutrient gradient was probably also comparable to the modern one. Low-nutrient settings were 

dominated in shallow water by euphotic producers (seagrasses and green calcareous algae), while 

in the middle platform the contribution of mesophotic hermatypic-corals was important. Systems 

with intermediate nutrient-supply were generally dominated by oligophotic producers (coralline 

algae and LBF). Under high nutrient-concentration the production was dominated by the aphotic 

production of heterotroph suspension-feeders (bryozoans, barnacles, mollusks; Fig. 7D). It must be 

stressed that, without an accurate assessment of nutrient levels, these pattern of distribution could 

be easily mistaken for variations along a temperature gradient. Since trophic state is just as 

important as temperature in controlling carbonate factories, palaeoenvironmental reconstruction 

based on skeletal-assemblages, should evaluate both factors to produce reliable interpretations. 

 

6. Conclusions 

 The carbonate factories of the Lower Unit of Pietra da Cantoni Group (LU of PDC, Tertiary 

Piedmont Basin) and of the Sandy Molasse Unit (SMU, Sommières Basin), developed in the 

Northern Mediterranean region during a period of warm climate of the Burdigalian. However, 

temperate skeletal assemblages characterized these successions. Actually, due to the abundant 
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nutrient supply, most of tropical, oligotrophic, carbonate-producers were driven out from the 

association. Coralline algae were able to thrive in these turbid water and heterotrophs suspension-

feeders flourished thanks to the plentiful supply of particulate organic carbon. 

 In the Pietra da Cantoni Group, moderate nutrient concentrations fostered the development 

of a coralline-dominated carbonate factory, with important contribution of large benthic-

foraminifera and barnacles. Nutrients were supplied to this isolated bank by the upwelling of deep 

water from the western sectors of the Tertiary Piedmont Basin. 

 The Sommières Basin was located at the same latitude of the Tertiary Piedmont Basin, a 

few hundreds of kilometers westward, on the other side of the rising Alpine mountain range. The 

basin was almost land-locked with only a narrow seaway connecting the inlet with the Alpine 

Molasse Basin. Small rivers and/or direct terrestrial runoff provided a strong injection of nutrients. 

The resulting high-nutrient concentrations fostered a bryozoan-dominated carbonate factory with 

important contribution of coralline algae. The high nutrient concentrations were detrimental to 

large benthic-foraminifera and only stress-resistant taxa were able to survive. 

 Palaeontological evidences are in agreement with the results of SEDEX analyses on P 

content. The latter indicates remarkably higher abundance of bioavailable P in the bryozoan-

dominated association of the Sandy Molasse Unit of Sommières Basin than in the coralline-algal-

dominated association of the Lower Unit of Pietra da Cantoni Group. The concentrations of 

bioavailable P in both successions are higher than those of a Miocene coral-reef limestone. These 

results strongly suggest that SEDEX sequential extraction is a viable instrument to investigate 

palaeo-nutrient levels in shallow-water carbonates, opening new research possibilities in the field 

of palaeoenvironmental reconstructions.  
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Figure Caption 

 

Figure 1: Location of the studied outcrops in the European A) and regional B) context. C) Location 

of the outcrop of Uviglie (45°4.70' N; 8° 24.79' E) in the Piedmont Basin. D) Location of the 

outcrops of Souvignargues (43° 48.39' N; 4° 7.15' E) and Pondres (43° 48.46' N; 4° 5.94' E) in the 

Sommières Basin. 

 

Figure 2: Stratigraphic framework of the studied units. The stratigraphic framework, the 

environmental interpretation of the Sommières Basin, and the approximate stratigraphic position of 

the Sandy Molasse Unit are based on Berger (1974) and Reynaud & James (2012); the stratigraphic 

log of the basin is modified from Reynaud & James (2012). The stratigraphic framework and the 

environmental interpretation of Sequence of PDC are based on Novaretti et al. (1995), Ruffini 

(1995), D'Atri et al. (1999, 2001) and Coletti et al. (2015). The two logs have different scale. 

 

Figure 3: Succession of Uviglie. A) Rhodolith floatstone; lithozone UV2, Lower Unit. B) Bed of 

condensed sediments at the base of the Upper Unit; lithozone UV5. C) Encrusting coralline alga of 

the Hapalidiales order. D) Coralline alga, of the Hapalidiales order, growing around a plate of a 

barnacle shell. E) Fragment of a barnacle plate. F) large benthic foraminifera of the  lepidocyclinid 

group. 

 

Figure 4: Simplified log of the studied successions. The first column include the Dunham 

classification of the lithozones; mds = mudstone; wck = wackestone; pck = packstone; grn = 

grainstone; flt = floatstone; rds = rudstone. The scale bar on the side of the log is 1 m long. The key 

to symbols of the skeletal grains is the same of Figure 2. The second, third, fourth and fifth column 

include compositional data; the data of the different variables of each column are overlapped and 

not stacked. 
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Figure 5: Sandy Molasse Unit of the Sommières Basin. A) Bryozoans nodules; Pondres. B) 

Bryozoans dominated grainstone; lithozone PON3. C) Rhodoliths = r; lithozone PON4. D) Branch 

of a coralline alga of the Hapalidiales order; lithozone PON4. E) Encrusting coralline alga of the 

Hapalidiales order; lithozone PON1. F) Amphistegina; lithozone PON4. 

 

Figure 6: Authigenic minerals. A) Mature glaucony grains; Upper Unit, Pietra da Cantoni. B) 

Planktonic foraminifera packstone with common grains of authigenic minerals; Upper Unit Pietra 

da Cantoni. C) Authigenic phosphate mineral replacing biogenic calcite; lithozone SOUV1, 

Sommières Basin; point G = EDS analysis included in panel G. D) Immature glaucony filling the 

chambers of a benthic foraminifer; lithozone PON3,  Sommières Basin; gl = glaucony. E) Echinoid 

spine with authigenic phosphate replacing calcite; lithozone PON2, Sommières Basin. F) The same 

echinoid spine of panel E, observed with backscatter electrons that highlight the difference in 

composition between the calcite and the replacing phosphate; point H = EDS analysis included in 

panel H. G) EDS spectrum of point G of panel C; x-axis = energy (kilo-electronvolt); y-axis = 

counts (kilo-counts). H) EDS spectrum of point H of panel F; ; x-axis = energy (kilo-electronvolt); 

y-axis = counts (kilo-counts). 

 

Figure 7: Paleoenvironmental reconstruction; the key for the symbols used in this figure is included 

in Figure 2. A) Model of the PDC basin during the deposition of the Lower Unit; arrow = source of 

phosphates; the size of bioclast symbols is unrelated to their abundance B) Model of the Sommières 

Basin during the deposition of the Sandy Molasse Unit; arrows =source of phosphates; the size of 

bioclast symbols is unrelated to their abundance. C) Distribution of the different carbonate factories, 

symbolized by the dominant carbonate producers, in the Gulf of California (Halfar et al., 2004), 

plotted against chlorophyllα concentration (GIOVANNI, NASA, Acker and Leptoukh, 2007). D) 
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General schematic, nutrient-based, distribution of benthic carbonate factories in the Mediterranean 

basin, during the Miocene. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Table caption 

 

Table 1: Summary of the data of the lithozones of the studied succession. 
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Table 1 

Skeletal 

assemblage 

Lithozones [Point counting] Balza 

di  

Rocca 

Limata 
UV1 UV2 UV3 UV4a UV4b UV5 UV6 PON1 PON2 PON3 PON4 PON5 SOUV1 

Coralline algae 74% 75.1% 47% 47.1% 27.4% 12.8% 0% 24.7% 16.1% 15.7% 43.7% 30% 32.4% 

H
erm

aty
p

ic co
rals 

Bryozoans 2.3% 4.6% 6.4% 4.5% 4.7% 0% 0% 43.2% 44.3% 56.6% 35.2% 40% 51% 

Barnacles 3.6% 4.4% 41.4% 37.7% 25% 0% 0% 6.2% 6.5% 1% 2.3% 1.4% 2% 

Benthic 

foraminifera 
17% 10.7% 3.4% 3.7% 10.8% 12.5% 2.9% 1.8% 2.6% 2.2% 1.5% 1.8% 0.1% 

Planktonic 

foraminifera 
0% 0.2% 0% 0.6% 17.5% 66.4% 97% 0% 0% 0% 0% 0% 0% 

Echinoids 1.8% 2.5% 1% 2.2% 5.6% 0% 0% 19.1% 23.2% 19.1% 10.2% 14.4% 5% 

Mollusks 0.3% 1.9% 0.7% 3.1% 7.1% 8.3% 0% 4.8% 6.5% 5.2% 7% 11.9% 9.5% 

Brachiopods 0% 0% 0% 0% 0% 0% 0% 0.2% 0.8% 0.2% 0.1%< 0.4% 0% 

Ostracods 0% 0.1% 0% 0.6% 1.4% 0% 0.1% 0.1%< 0% 0% 0.1%< 0% 0% 

Serpulids 1% 0.5% 0.1% 0.5% 0.5% 0% 0% 0% 0% 0% 0% 0.1% 0% 

Coralline-algal abundance [Digital mapping] 

Hapalidiales 99.7% 98.6% 98.2% 83.2% 

   

92.8% 

 

99.5% 95.2% 100% 85% 

 Corallinales 0.3% 1.4% 0.8% 8.6% 7.2% 0.5% 4.8% 0% 9.5% 

Sporolithales 0% 0% 1,00% 8.2% 0% 0% 0% 0% 5.5% 

Phosphorus content (µmol P /g of sample) 

Bioavailable P 25.38 26.2 23.62 24.48 69.01 121.95 83.39 31.64 34.51 24.2 34.31 33.71 44.44 16.78 

Detrital P 0.37 0.98 0.48 0.76 48.76 75.76 70.22 2.15 2.15 1.83 3.27 2.13 2.03 0.89 

Detrital and authigenic fractions [Point counting] 

Detrital fraction 0.4% 1.6% 0.5% 2.1% 10.7% 19.5% 10.6% 33.5% 38.7% 22.7% 22% 26% 30.8% 1.8% 

Bioclastic 

fragments 
99.5% 98.3% 99.5% 97.8% 75.3% 46.4% 68.2% 66.4% 61.2% 77.3% 78% 75.9% 69.2% 98.2% 

Authigenic 
minerals 

Traces Traces Traces Traces 14% 34.1% 21.2% Traces Traces Traces Traces Traces Traces 0% 

Quantitative X-ray powder diffraction 

Silicate minerals 4.9% 8.9% 2.3% 2% 42.5% 52.6% 37.8% 26.7% 32% 13.8% 15.4% 21.6% 20.4% 6% 

Carbonate 
minerals 

95.1% 91.1% 97.3% 97.7% 55.8% 43.5% 57.8% 73.3% 67.9% 86.2% 84.5% 78.3% 79.2% 94% 

Carbonate-Apatite Traces Traces Traces Traces 1.4% 3.7% 4.4% Traces Traces Traces Traces Traces Traces Traces 
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Highlights 

 

Integrated analyses of two coeval Miocene limestones are performed 

The results support the use of SEDEX extraction for the study of palaeo-nutrient levels 

Nutrient-based distribution of Miocene carbonates mimics the one of modern oceans 
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