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The abundance of the major coralline algal groups has been investigated and quantified in the coralline-
rich facies of the Miocene shallow-water carbonates of the Eratosthenes Seamount (eastern
Mediterranean, off-shore Cyprus). The analysis is based on the quantification of the most easily-
recognizable groups of coralline algae in order to provide a user-friendly approach for palaeobathymetric
reconstructions. Coralline algal distribution through the core suggests water depth estimates generally
similar to those based on the composition of the skeletal assemblage and the benthic foraminiferal
association in particular. The only noticeable difference occurs in the rhodolith and coral facies, where
algal distribution suggests deeper waters than those indicated by benthic foraminifera. The distribution
pattern of the major groups suggests that the ratio between Hapalidiales and Corallinales is the most
reliable indicator of water-depth. The comparison with other models available in literature highlights a
general zonation useful for the study of tropical, middle to late Miocene oligotrophic carbonates. Very
shallow settings (0-20 m) are overwhelmingly dominated by Corallinales; in slightly deeper settings
(20-40 m) Hapalidiales are more abundant, especially if the sea-floor is shaded (for example by a
macrophyte canopy). Between 40 and 60 m, Hapalidiales dominate but Corallinales are still common,
while below 60 m Corallinales are very rare. In non-oligotrophic environments this zonation is not
reliable and, due to the reduced water clarity related to the high primary productivity, Hapalidiales

clearly dominate even in very shallow settings.

1. Introduction

Water depth is one of the most relevant variable in oceanic
palaeoenvironmental reconstructions (Perrin et al., 1995). Except
for rare instances in which elements indicating absolute water
depth (like a preserved reef-flat complex; e.g., Perrin, 2000;
Benisek et al., 2009) are available, palaeobathymetric reconstruc-
tions are based on biological and sedimentological proxies which
are just related to water depth. Grain size, sorting and the
distribution of certain groups of organisms are connected to
hydrodynamic energy, which generally decreases with increasing
water depth. The distributions of algae and of symbiont-bearing
organisms (like corals and several groups of benthic foraminifera)
are instead mainly controlled by light availability, which decreases
with increasing water depth. These apparently simple relations-
hips can be remarkably complicated by factors like down-slope
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transport of shallow-water material (Nebelsick et al., 2001; Rasser
and Nebelsick, 2003; Checconi et al., 2010; Cipriani et al., 2019),
water clarity and nutrient availability (Brasier, 1995a, b; Halfar
et al., 2004; Wilson and Vecsei, 2005), and internal waves (Pomar
et al,, 2012).

Coralline algae are a common component of Cenozoic shelves
(Aguirre et al., 2000; Braga et al., 2010; Riosmena-Rodriguez,
2017). Since light availability and hydrodynamic energy are major
controls on their distribution and growth form (Safié et al., 2016),
corallines are a useful instrument for palaeobathymetric recon-
structions (Iryu, 1992; Bucur and Filipescu, 1994; Bassi, 1998;
Cabioch et al., 1999; Braga and Aguirre, 2001, 2004; Brandano
et al., 2005, 2007; Kroeger et al., 2006; Barattolo et al., 2007;
Benisek et al., 2009; Braga et al., 2009; Quaranta et al., 2012;
Bracchi et al., 2014; Vescogni et al., 2014; Coletti et al., 2018a;
Chelaru et al.,, 2019). However, their use is hampered by the
insufficient information on their present-day depth distribution in
many regions of the world and their complex taxonomic history.
Coralline algae depth distribution was mainly investigated during
the last decades of the twentieth century (Adey and Macintyre,



1973; Van Den Hoek et al., 1975; Adey, 1979, 1986; Adey et al,,
1982; Noro et al., 1983; Minnery et al., 1985; Perrin et al., 1995;
Iryu, 1992; Iryu et al., 1995; Rasser and Piller, 1997; Basso, 1998;
Cabioch et al., 1999; Lund et al., 2000), but nowadays the research
is more focused on their potential as palaeoclimatic archives.
Molecular genetics radically revised the knowledge of coralline
algae taxonomy, discovering a previously unknown cryptic
diversity and revolutionizing higher-rank taxonomy (Harvey
et al., 2003; Le Gall et al., 2009; Adey et al., 2015; Nelson et al.,
2015; Van Der Merwe et al., 2015). Coralline-algal paleontology
also improved by embracing many of the changes proposed by
modern phycology (Braga et al., 1993; Braga and Aguirre, 1995;
Basso et al., 1996, 1998; Rasser and Piller, 1999, 2000; Woelkerling
et al., 2014; Hrabovsky et al., 2015; Chelaru and Bucur, 2016;
Coletti et al., 2016; Hrabovsky, 2019). Although this revolution
greatly improved our knowledge of corallines, keeping a unique
taxonomy for living and fossil corallines is becoming more and
more challenging, because of the difficulties in identifying
diagnostic sets of morphological characters (which often have a
limited fossilization potential) that support the observed genetic
diversity.

This paper investigates the coralline algal distribution as a tool
for palaeodepth reconstruction along the Miocene shallow-water
carbonates of the Eratosthenes Seamount (ODP leg 160; Hole
966F), by thin-section quantification of easily-recognizable groups
of coralline algae (Coletti et al., 2018a). This approach aims to
provide a tool that is accessible to the non-specialist, that can be
used even when preservation is far from optimal, and that allows
for broad-scale comparisons. The Eratosthenes Seamount is the
highest preserved elevation of a fragment of continental crusts
detached from North Africa during the Mesozoic. It is characterized
by a thick carbonate sedimentary cover that developed for millions
of years protected from terrestrial influx (Mart and Robertson,
1998; Premoli-Silva et al., 1998; Robertson, 1998a, b, c; Montadert
et al., 2014) (Fig. 1). This succession recorded the environmental
evolution of the Eastern Mediterranean region during the Miocene,
while the (palaeo)Mediterranean Basin was turning from a large
seaway connecting the Indo-Pacific with the Atlantic to its modern
state of semi-enclosed basin (Robertson and Dixon, 1984; Rogl,
1999; Dercourt et al, 2000; Cornacchia et al, 2018). The
stratigraphy and the palaeoenvironmental interpretation of these
shallow-water carbonates have been recently updated (Coletti
et al., 2019; Fig. 1), making this unique succession an interesting
test area to assess the usefulness of coralline algae as depth
indicators.

2. Geological settings

The basement of the Eratosthenes Continental Block is probably
composed of thinned continental crust with mafic intrusions
related to the rifting (Robertson, 1998c; Ben-Avraham et al., 2002;
Montadert et al., 2014). The sedimentary cover investigated by
ODP Leg 160, Sites 965, 966 and 967, consists of Aptian (or possibly
older) to Late Cretaceous shallow-water carbonates, pelagic chalks
of Cenomanian to Paleogene age, Miocene shallow-water carbo-
nates, various deposits related to the Messinian Salinity Crisis, and
Pliocene to recent deep-water sediments (Emeis et al., 1996; Major
et al, 1998; Premoli-Silva et al., 1998; Robertson, 1998a, b;
Spezzaferri et al., 1998; Spezzaferri and Tamburini, 2007; Coletti
et al., 2019) (Fig. 1(C)). Cretaceous shallow-water limestones are
characterized by pellets, small benthic foraminifera (mainly
miliolids), ostracods, calcareous algae and echinoderms, testifying
to a shallow-water environment interpreted as a lagoon (Premoli-
Silva et al., 1998; Robertson, 1998a). The overlying chalks are
mainly dominated by planktonic foraminifera but they present

also layers rich in crinoid fragments and chert nodules; they are
locally enriched in organic matter (Robertson, 1998a). These rocks
formed in a deep-water setting occasionally affected by deep-
water currents (Robertson, 1998a). Organic rich intervals are
probably related to events of increased productivity or of reduced
circulation (Robertson, 1998a; Meilijson et al., 2014, 2015). On
the summit of the seamount a major hiatus (Bartonian to early
Miocene in Hole 966F; Staerker, 1998; Coletti et al., 2019),
separates pelagic chalks from Miocene shallow-water carbonates.
Large grains of glaucony characterize this boundary, indicating a
prolonged period of reduced sedimentation or of non-deposition
(Major et al., 1998; Robertson, 1998a; Coletti et al., 2019).

Three main intervals and six facies were recognized in the
Miocene shallow-water carbonates (Coletti et al., 2019; Fig. 1(C)).
The lowermost interval has been attributed to the early Miocene
on the basis of large benthic foraminiferal associations (Coletti
et al., 2019). The skeletal assemblage is dominated by lepidocy-
clinids, miogypsinids and echinoid fragments, with common
planktonic foraminifera (especially at the base of the interval)
and rare bryozoans and coralline algae (Coletti et al., 2019;
Fig. 1(C)). The central interval has been tentatively dated to the
middle Miocene (based on the first occurrence of Orbulina universa
and the disapperance of lepidocyclinids and miogypsinids; Coletti
etal., 2019; Fig. 1(C)). From the base to the top, the central interval
is characterized by a facies rich in rhodoliths and corals, overlain by
a facies dominated by heterosteginids and coralline algae related
to a macrophyte meadow and by a top layer once again rich in
rhodoliths and corals (Coletti et al., 2019; Fig. 1(C)). The uppermost
interval has been dated as late Miocene on the basis of Sr isotopes
stratigraphy; from the base to the top, it is characterized by a coral-
reef facies with hermatypic corals and coralline algae and a by a
facies dominated by mollusks and benthic foraminifera (mainly
miliolids) which indicates a lagoonal environment (Coletti et al.,
2019; Fig. 1(C)). The transition from pelagic chalks to shallow-
water carbonates that occurred at the base of the Miocene succes-
sion testifies to a major shallowing upward. This is related to the
regional collision of the Eurasian (Anatolian) and African plates
that caused the uplift of the subducting plate, probably through the
mechanism of peripheral bulge uplift (Forsyth, 1980; Jacobi, 1981).

Miocene shallow-water carbonates are overlain by brackish and
sub-aerial deposits related to the Messinian Salinity Crisis (Major
et al., 1998; Robertson, 1998d; Coletti et al., 2019), which in turn
are covered by Zanclean pelagic sediments (Major et al., 1998;
Spezzaferri and Tamburini, 2007; Fig. 1(C)). The Plio-Pleistocene
succession records further subsidence (Spezzaferri and Tamburini,
2007). The subsidence started during the late Pliocene, being
driven by the collision and subduction of the Eratosthenes
Seamount below Cyprus, and is coupled with the rapid uplift of
the island (Robertson et al., 1991; Robertson, 1998c; Kinnaird et al.,
2011; Kinnaird and Robertson, 2013; Feld et al., 2017; Murray and
Robertson, 2020).

3. Material and methods

Coralline algae have been investigated in the central and upper
intervals of the Miocene shallow-water succession (Coletti et al.,
2019), following the approach proposed by Coletti et al. (2018a),
based on the thin section quantification of easily recognizable
coralline algal groups. In the lower interval, coralline algae are rare
and core-recovery is extremely low (Emeis et al., 1996; Coletti et al.,
2019). Consequently, there was not enough material to perform a
detailed analysis of coralline-algal flora. Water depth estimations
proposed in Coletti et al. (2019) are chiefly based on the skeletal
assemblages and on benthic foraminiferal associations; therefore,
they are suitable to test coralline algae as depth indicators.
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Fig. 1. Study area. A. Map of the modern Mediterranean region. B. Map of the area of the Eratosthenes Seamount, indicating the position of the Holes drilled by ODP Leg 160,
modified from Robertson (1998a). C. Stratigraphic section across the Eratosthenes Seamount, showing the successions recovered at Sites 965, 966 and 967, and their water
depths, modified from Mart and Robertson (1998); on the right is given the lithostratigraphic column of the Miocene shallow-water carbonates, including facies and
estimated water depth, modified from Coletti et al. (2019). Scale bars: 1000 km (A), 20 km (B).

The succession of Hole 966F was observed and re-sampled for
coralline algae at MARUM-IODP Core Repository in Bremen
(Germany); 45 new thin sections were prepared (polished with
1 wm aluminum oxide) (Table 1). Coralline algal abundance in thin
sections was quantified using the open-source vector-graphic
editor Inkscape (release 0.91 for Ubuntu). The algae were identified
under light microscope and then the thin sections were scanned
(Fig. 2). The raster image was imported in Inkscape and the
outlines of the specimens were traced using the vector graphic
editor. Specimens’ area was measured (in px?, later converted in
mm?) using the path-measuring extension of the program (Fig. 2).

Rhodoliths description follows Bosence (1983a). The growth-
form terminology used here follows Woelkerling et al. (1993),
while the terminology for the vegetative anatomy follows
Hrabovsky et al. (2015), using hypothallus and perithallus as
synonyms for ventral core of basal filaments and peripheral zone,
respectively (Fig. 3(A)). The vegetative anatomy was studied along
radial sections (Quaranta et al., 2007; Vannucci et al., 2008), and
the diameter and length of the cells were measured including cell
walls (Basso et al., 1996; Fig. 3(A)). Reproductive anatomy was also

investigated in radial sections. Uniporate conceptacles were
measured along the section that cuts through the central part of
the cavity, resulting in the pore canal being completely visible,
Afonso-Carrillo et al. (1984) (Fig. 3(B-D)).

In the recent years, higher rank-taxonomy of coralline algae has
been changing at an astonishing pace, resulting in the impossibility
to compare data-sets produced under different taxonomic frame-
works. In order to allow a proper comparison with previously
published results (following an approach similar to the one of
other palaeontological papers, e.g., Aguirre et al., 2000), we decided
to ignore some of the most recent taxonomic updates based on
molecular genetics and use a simplified higher-rank scheme
consisting of three major groups, easily recognizable on the basis of
the reproductive anatomy:

e coralline algae with sporangial thalli characterized by uniporate
conceptacles (Corallinales sensu Rosler et al., 2016; Fig. 3(B));

e coralline algae with sporangial thalli characterized by multi-
porate conceptacles (Hapalidiales sensu Nelson et al., 2015;
Fig. 3(C));



Table 1

Position of the examined samples within Hole 966F. R stands for rotary core; CC stands for core catcher; W stands for working half. The thin section code is used to identify the
thin sections created from the sample; the same coding is used in Table S1 (Appendix A).

Expedition Site Hole Core Type Section of Half Lower boundary of Upper boundary of Thin section
the core the interval (cm) the interval (cm) code
160 966 F 7 R 2 w 1 4 71laok
160 966 F 7 R 2 w 47 51 711b
160 966 F 8 R 1 w 30 34 810
160 966 F 9 cC 1 w 6 9 9la’
160 966 F 10 R 1 w 114 118 10Ib; 10Ib’
160 966 F 10 R 1 w 119 122 10Ic
160 966 F 10 R 2 w 96 100 101Ib’
160 966 F 10 R 2 w 114 118 10lIc
160 966 F 11 R 1 w 78 81 11Ib
160 966 F 11 R 1 w 113 116 11lc
160 966 F 11 R 2 w 55 60 11112
160 966 F 11 R 2 w 91 94 111Ib
160 966 F 11 R 3 w 24 28 111110
160 966 F 11 R 3 w 75 70 1111100
160 966 F 12 R 1 w 30 34 1210
160 966 F 12 R 1 w 77 79 12100
160 966 F 13 R 1 w 41 44 1310
160 966 F 15 R 1 w 74 79 151a0
160 966 F 15 R 1 w 104 109 151a00
160 966 F 15 R 2 w 8 12 15110
160 966 F 15 R 2 w 32 36 15112
160 966 F 15 R 2 W 58 62 151Ib
160 966 F 16 R 1 w 142 144 16Ic
160 966 F 16 R 2 w 56 59 16110
160 966 F 16 R 2 W 122 125 16l1a’
160 966 F 16 R 2 w 147 148 161Ib
160 966 F 16 R 3 w 10 13 16ll1a’
160 966 F 16 R 3 W 92 95 1611Ib
160 966 F 17 R 1 w 24 27 171a; 1718’
160 966 F 17 R 1 w 66 69 171a2
160 966 F 17 R 2 w 1 5 17110
160 966 F 17 R 2 w 45 48 171100
160 966 F 17 R 3 w 59 62 1711Ib
160 966 F 17 R 3 w 129 131 1711lc
160 966 F 17 R 4 w 15 18 171Va
160 966 F 18 R 2 w 3 7 18lla
160 966 F 18 R 2 w 71 40 1811d
160 966 F 19 R 1 w 80 82 191b
160 966 F 19 R 1 w 124 127 19Ic
160 966 F 19 R 3 w 54 59 19111a0
160 966 F 19 R 3 w 67 72 19111a00
160 966 F 19 R 3 w 73 80 1911Ib; 1911Ib’

Sporolithales

Fig. 2. Corallines surface quantification. A. Raster image of a thin section. B. The same thin section with the identification of the main groups of coralline algae. Blue:
Hapalidiales; Red: Corallinales; Yellow: Sporolithales; Gray: unidentifiable. Scale bars: 1 cm.

o coralline algae with sporangial thalli characterized by sporangi
grouped in sori (Sporolithales sensu Le Gall et al., 2009; Fig. 3(D)).

This division allows for an easy separation of coralline algae
(even in fossil material) and enables comparisons with all
previously published data-sets on coralline algae depth distribu-
tion, being particularly useful for broad-scale investigations

(through time or across large geographical scales). Among
Hapalidiales, the separation of Phymatolithon from Lithothamnion
is based on the shape of the epithallial cells - flared in
Lithothamnion - and the pattern of cell elongation, which is
progressive in Phymatolithon and meristemal in Lithothamnion
(Woelkerling and Irvine, 1986; Basso, 1995; Rasser and Piller,
2000). In cases where the incomplete preservation of epithallial
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Fig. 3. Diagnostic characters in coralline algae mentioned in this paper. A. Vegetative anatomy, indicating hypothallus and perithallus; the represented example is
characterized by common cell fusions between contiguous filaments (red arrowheads); on the right, magnification of the uppermost part of the cell filament toward the
thallus surface. E: epithallus; Se: subepithallial initial; P: perithallial cells; the red bars indicate cell length and cell diameter. B. Reproductive anatomy in Corallinales; the red
bars indicate the diameter and height of the uniporate conceptacle; the red arrowhead indicates the completely visible pore canal; the represented example lacks cell fusions
between contiguous filaments. C. Reproductive anatomy in Hapalidiales; the multiporate conceptacle presents conical pore canals, and pore canals with pits on the outer
surface (red arrowheads) which are the diagnostic features of Lithothamnion crispatum; as for all Hapalidiales, the represented example presents cell fusions between
contiguous filaments (black arrowheads). D. Reproductive anatomy in Sporolithales; the represented example lacks cell fusions between contiguous filaments, although that

may occur.

and subepithallial cells prevented genus identification, the
notation ?Lithothamnion has been used (following Hrabovsky
et al., 2015).

The trophic conditions of the palaeoenvironment have been
investigated on the basis of the data of SEDEX sequential extraction
provided in Coletti et al. (2019). The SEDEX extraction allows an
accurate quantification of the five known sedimentary phosphorus
reservoirs (Ruttenberg, 1992, 2004; Ruttenberg et al., 2009), i.e.,
loosely-bound phosphorus, Fe-bound phosphorus, authigenic
phosphorus (carbonate-fluoroapatite, biogenic apatite and car-
bonate bound phosphorus), and detrital apatite and organic
phosphorus (Ruttenberg, 2004). Except for detrital apatite, all
these reservoirs represent potential sinks for the reactive
phosphorus presents into the sea-water (Ruttenberg, 1992). The
sum of their contribution (bioavailable-P) is thus related to the
nutrient concentration in the palaeoenvironment at the time of
sediment formation and can provide information on the trophic
conditions (Coletti et al., 2017).

4. Results

Coralline-algal taxa were recognized in 37 thin sections
(Table S1; Appendix A). In the remaining 7, coralline algae were
either entirely absent, extremely poorly preserved or present in
fragments too small to allow any kind of taxonomic identification;
for these reasons, these thin sections were excluded from the
analysis. The 37 thin sections belong to the rhodolith and coral
facies, the coralline algal and Heterostegina facies, the coral-reef
facies and the mollusk and foraminifer facies. Within these thin
sections, 60% of the observed thalli was confidently allocated to
one of the three major groups; however, due to the relatively poor
preservation of the material, species level identification was not
possible in most cases (Table S1; Appendix A).

4.1. Rhodolith and coral facies; 19R-3

This interval is characterized by rhodoliths and fragments of
coral colonies associated with a benthic foraminiferal assem-
blage with common Amphistegina and epiphytic foraminifera
(mainly Neoconorbina but also Elphidium), rare Heterostegina
and very rare planktonic foraminifera (Figs. 4(A-D), 5). Most of
the observed rhodoliths show dichotomous branching but
laminar specimens also occur (Fig. 4(B)). Both types generally
present a compact internal structure (Fig. 4(B)). Fragments
of Porites have been observed at the core of some of the
rhodoliths (Fig. 4(D)). Small branches also occur (Fig. 4(A)).
Hapalidiales dominate (63.5%) among the identified algae;
Corallinales are common (35%) and Sporolithales s.l. are rare
(1.5%) (Figs. 4(E-H), 5).

4.2. Coralline algal and Heterostegina facies; 19R-2 to 16R-2

Coralline algae, abundant Heterostegina and epiphytic forami-
nifera characterize this facies (Figs. 5, 6(A)). Coralline algae are
mainly represented by thin laminar encrusting thalli with coaxial
hypothallus, and thin hooked crusts (both intact and fragmented;
Fig. 6(B-E)). Rhodoliths are rare, but in the upper part of the
interval (17R-1 to 16R-2) they are more common; conversely,
encrusting thalli are less abundant in the upper part. Most of the
rhodoliths have a laminar structure and present a rather loose
structure (Fig. 6(D)). The large algal structures reported between
cores 16R-2 and 16R-3 (Coletti et al., 2019) are composed of loosely
arranged crusts locally presenting protuberances with dichoto-
mous branching. Small branches also occur, especially in the upper
part of the interval (Fig. 6(E)). Among the identified taxa,
Hapalidiales largely dominate (71%); they are especially frequent
and common between cores 19R-1 and 17R-1 (Fig. 5). Most of the
identifiable thalli belongs to?Lithothamnion and Lithothamnion



Fig. 4. Rhodolith and coral facies (core 19R-3). A. Coralline branches; color-coding as in Fig. 2. B. Branched rhodolith; color coding as in Fig. 2. C. Benthic foraminifera of the
rhodolith and coral facies; Amp: Amphistegina; Red arrowheads: Neoconorbina. D. Porites fragment at the core of a rhodolith, red arrowheads indicate the base of the thallus of
a Corallinales. E. Hapalidiales; Red arrowheads: multiporate conceptacles. F. Detail of a multiporate conceptacle (red arrowheads) filled by dolomite crystals. G. Corallinales;
Red arrowheads: uniporate conceptacles. H. Sporolithon; red arrowheads: sori. Scale bars: 1 cm (A, B), 100 wm (C, F), 500 um (D, E, G, H).

crispatum (Fig. 6(E, F)). The latter species was identified thanks to
its peculiar morphology of the pore canals, which present easily
recognizable pits on their outer end (Fig. 6(F)). Mesophyllum is
common in the upper part of the interval (core 16R-2; Fig. 6(G)).
Corallinales are quite common (23.5%; Figs. 5, 6(H)), and among
them it is possible to recognize the genus Titanoderma (very
distinctive due to its large cells). Sporolithales are generally rare

(5.5%) and all the observed thalli occur between cores 16R-3 and
16R-2 (Fig. 5).

4.3. Rhodolith and coral facies; 16R-1 to 15R-1

This interval is characterized by the same skeletal assemblage
observed in core 19R-3 (Fig. 5). Coralline algae mainly occur as



Cores 19R-3 19R-2 to 16R-2 16R-1 to 15R-1 14R-1 to 11R-1 10R-1to 7R-1
Faci Rhodolith & Coralline algal & Rhodolith & S ok Mollusc &
SIS coral Heterostegina coral Slhic benthic foraminifer
35% 23.5% 14% 64% 99.5%
63.5% 71% 68% 0% 0.5%
1.5% 5.5% 17% 36% 0%

Dunham classification

Rudstone Wackestone to packstone Rudstone Rudstone or boundstone Grainstone to wackestone
Foraminiferal assemblage Amphistegina & epiphytes ' gina & epiph: Amphistegi Miliolids & encrusting foraminifera | Miliolids & encrusting foraminifera
Point counting of the skeletal assemblage, from Coletti et al., 2019
Coralline algae 63.5% 63% 67% 32.5% 16%
Corals 12% 0% 21% 38% 14.5%
Benthic foraminifera 17% 29% 11% 21.5% 43%
Planktanic foraminifera 0% 1% 0% 0% 0.5%
Echinoids 7% 3.5% 0.5% 3% 4%
Mollusks 5% 2% 0% 4.5% 18%
Bryozoans 0% 0.5% 0.5% 0% 1.5%
Others 0% 1% 0% 0.5% 2.5%

Fig. 5. Coralline algal assemblage, skeletal assemblage and foraminiferal assemblage in the investigated facies of the Eratosthenes Seamount. Compositions of the skeletal and
foraminiferal assemblages as well as information on the rock texture are from Coletti et al. (2019).

branching rhodoliths (dichotomous branching) with a relatively
compact internal structure and small branches (Fig. 7(A)). Laminar
rhodoliths are also present but they are less common than
branching ones; they also have a relatively compact internal
structure. The nodules are generally entirely composed of coralline
algae, although locally coral fragments can be observed at the core.
Thin crusts also occur but they are much less abundant than in the
coralline algal and Heterostegina facies. Coralline-algal flora is
dominated by Hapalidiales (68%) and Mesophyllum is by far the
most common genus (Figs. 5, 7(B, C)). Sporolithales are relatively
common (17%) and represent a sizable fraction of the thick
branches that are frequently observed in this facies (Figs. 5, 7(D)).
Corallinales also occur (14%; Fig. 5).

4.4. Coral-reef facies; 14R-1 to 11R-1

This facies is dominated by colonial corals and coralline algae.
The algae mainly occur as thick branches (5 mm) and small
rhodoliths (ca. 2 cm, generally branching but also laminar) with a
compact internal structure (Figs. 5, 8(A)). Corallinales dominate
the assemblage (64%; Fig. 5). Among them, the most common
genera are Spongites, Titanoderma, and Lithophyllum (Fig. 8(B-E)).
The identification of the former genus has been mainly based on
the uniporate conceptacles (Fig. 8(B)), the presence of common
fusions between cells of contiguous filaments (Fig. 8(C)), the
presence of a non-coaxial hypothallus, the lack of trichocytes
(Fig. 8(C)), and the pattern of development of the conceptacles
characterized by cell filaments lining the outer border of the
conceptacle and protruding into the pore canal (Fig. 8(D));
however, due to the imperfect preservation of the specimens,
other Corallinales genera cannot be entirely excluded. Sporoli-
thales are common (36%) and they are mainly represented by small
branching rhodoliths (ca. 2 cm) and branches (either originally
free-living or resulting from the fragmentation of the aforemen-
tioned rhodoliths) (Figs. 5, 8(F)). Hapalidiales are entirely absent in
this facies (Fig. 5).

4.5. Mollusk and benthic foraminifer facies; 10R-1 to 7R-1

This interval is characterized by mollusks and a highly
diversified foraminiferal assemblage, largely dominated by milio-
lids (including Borelis, Dendritina and Spirolina; Fig. 9(A, B)) and
encrusting rotaliids. Corals and calcareous algae are also present.
The algae include common coralline algae and rare green
calcareous algae (Figs. 5, 9(C)). Corallines mainly occur as very
small nodules (<1 cm), branches and fragments of thick crusts.
Articulated coralline algae were also observed (Fig. 9(D)). Among
non-geniculate corallines, the association is almost entirely
composed of Corallinales (99.5%), while Hapalidiales are very rare
(0.5%) and Sporolithales are absent (Fig. 5). In this facies, corallines
were well preserved and, therefore, species level identification was
possible.

The most common taxa are Lithophyllum dentatum, Lithophyl-
lum sp. 1, and Titanoderma. Lithophyllum dentatum occurs as
fragments of thick crusts (ca. 500 wm or more; Fig. 9(E)). The
encrusting thalli comprise a central medulla in which the cells are
organized in concentric arcs, surrounded by a cortex with smaller
rectangular cells (Table 2; Fig. 9(E)). The organization of both
medulla and the cortex are very regular (Fig. 9(E, F)). Lateral cell
fusions were not observed (Fig. 9(E, F)). The observed conceptacles
are quite small and have a short and conical pore-canal with a wide
base (Table 2; Fig. 9(F)). The floor of the conceptacle is slightly
raised (Fig. 9(F)).

Lithophyllum sp. 1 occurs as small branches (ca. 2 mm in
diameter; Fig. 10(A)). The thallus has a dimerous construction and
the hypothallus is composed of square to rectangular cells of
similar size and shape of those of the perithallus. The perithallus
has square to rectangular cells and is organized in lens-shaped
growth-bands composed of two to three rows of cells (Table 2;
Fig. 10(B, C)). Lateral cell fusions were not observed (Fig. 10(C)).
Presumed asexuate sporangial conceptacles have a short and
cylindrical pore canal (mean length ca. 65 wm and mean basal
diameter ca. 30 wm) and are characterized by a raised floor



Fig. 6. Corallinale algal and Heterostegina facies (cores 19R-2 to 16R-2). A. Heterostegina specimens (18R-2). B. Coralline algal crust with a coaxial hypothallus; Red arrowhead:
dolomite crystal (core 17R-3). C. Hooked coralline algal crust (red arrowheads) (core 17R-3). D. Detail of an Hapalidiales nodule with a loose internal structure (core 17R-1);
Red arrowhead: coralline algal crusts. E. Branch of Lithothamnion crispatum (core 17R-2); Red arrowheads: multiporate conceptacle; Black arrowheads: thin coralline algal
crust. F. Detail of a conceptacle of Lithothamnion crispatum (core 18R-2); Red arrowheads: pit; black arrowhead: pore canal. G. Mesophyllum (core 16R-2); Red arrowheads:
multiporate conceptacles; Black arrowheads: coaxial hypothallus. H. Corallinales (core 16R-2); Red arrowhead: columella within an uniporate conceptacle. Scale bars:

500 wm (A, C, G), 100 um (B, F, H), 1 mm (D, E).

(Table 2; Fig. 10(C, D)). These conceptacles were probably raised
above the surrounding thallus surface when functional and were
later buried by the subsequent growth of the thallus (Fig. 10(B, C)).
The presumed male gametangial thallus has an identical vegeta-
tive anatomy (Table 2). The male gametangial conceptacles are
smaller and have a conical pore canal (ca. 55 pm of length and

30 wm of diameter at the base) quite large relatively to the size of
the conceptacle (Table 2; Fig. 10(E, F)).

Titanoderma occurs in this facies mainly as small fragments of
thin encrusting thalli (composed of one to few cell rows), the latter
being especially abundant in core 7R-2 (Fig. 11(A-C)). Other
Corallinales, probably belonging to either Neogoniolithoideae,



Fig. 7. Rhodolith and coral facies (cores 16R-1 to 15R-1). A. Branched rhodolith (core 15R-2); Red arrowhead: conceptacles. B. Hapalidiales (core 15R-1); Red arrowhead:
multiporate conceptacle. C. Mesophyllum (core 15R-1); Red arrowheads: multiporate conceptacles; White arrowheads: coaxial hypothallus. D. Sporolithon (core 15R-2); Red
arrowheads: stalk cells within sporangial compartments. Scale bars: 1 cm (A), 100 wm (B-D).

Chamberlainoideae or Hydrolithoideae (sensu Caragnano et al.,
2018) are also present, but they lack the features necessary for a
more accurate identification (Fig. 11(D-F)).

5. Discussion
5.1. Palaeobathymetry

The presence of hermatypic colonial corals and large benthic
foraminifera indicates that the Miocene succession of the
Eratosthenes Seamount formed in a tropical environment (Coletti
et al., 2019). The low concentrations of bioavailable phosphorus,
measured with the SEDEX sequential extraction (Ruttenberg et al.,
2009; Coletti et al., 2017), indicate oligotrophic conditions (Coletti
et al.,, 2019). Consequently, the palaeobathymetric reconstruction
needs to be mainly based on the comparison with coralline depth
distributions from modern oligotrophic tropical environments.

The upper and lower intervals of the Miocene section
characterized by the rhodolith and coral facies present almost
the same skeletal assemblage (Fig. 5). The foraminiferal assem-
blages are also quite similar and are both characterized by the
common presence of Amphistegina (Fig. 5). The coralline associa-
tion is also similar (Fig. 5). Both assemblages are dominated by
Hapalidiales associated with a relevant (15-35%) amount of
Corallinales and Sporolithales (Figs. 5, 12). Generally, in tropical
oligotrophic environments, Hapalidiales become a major compo-
nent of the coralline-algal flora below 40 m of water depth (Adey,
1986; Minnery et al., 1985; Iryu, 1992), and below 60 m
Corallinales are just minor components (Adey, 1986; Minnery
et al., 1985; Iryu, 1992; Lund et al., 2000). Thus, the quantitative
analysis of coralline-algal abundance would suggest a water-depth
comprised between 40 and 60 m. The original estimate of 20-30 m
of water-depth, proposed by Coletti et al. (2019) for the rhodolith
and coral facies, was based on the elevated thickness/diameter
ratio of Amphistegina (comprised between 0.5 and 0.6, and thus
typical of very-shallow settings; Hallock and Glenn, 1986;
Beavington-Penney and Racey, 2004; Mateu-Vicens et al., 2009),
and on the common presence of Porites, while data on coralline

algal abundance were not available. A water depth of 40 to 60 m is
not consistent with thick and robust specimens of Amphistegina
and common Porites; however, several additional factors need to
be considered. First of all, the rhodolith and coral facies is
interbedded with the coralline algal and Heterostegina facies.
Therefore, the rhodolith bed environment represented by the
former is interpreted to have been adjacent to the macrophyte
meadow represented by the latter (Coletti et al, 2019).
The boundary between the two environments was most likely
not sharp, and scattered macrophytes were probably also
occurring in the rhodolith bed, thus possibly providing some
shading to the seafloor favoring Hapalidiales. Second, the
abundance of Mesophyllum (which is the most light-loving genus
among Hapalidiales; Adey, 1986; Iryu, 1992; Ballesteros and
Afonso-Carrillo, 1995; Cabioch et al.,, 1999; Basso et al., 2009)
suggests that the water was not so deep. Third, although the
limited extension of the core (only 6 cm of diameter) and the poor
recovery do not allow to observe current or mass-transport related
structures, the possibility of resedimentation cannot be ruled out,
especially since the tests of Amphistegina are relatively small
and light (few millimeters in diameter) and even relatively weak
currents can displace them. Therefore, it is possible that some
of the observed Amphistegina specimens were moved downward
from shallower settings. On the other hand, rhodoliths being
heavier and more resistant to transport, are more likely to
represent in situ production. Taking this evidence into account, and
based on the new quantitative data on coralline-algal assemblage,
we suggest that water-depth estimate for the rhodolith and coral
facies should be revised to 30-40 m of water depth (Fig. 12).
The coralline algal and Heterostegina facies is characterized by
thin and fragile hooked crusts of coralline algae, abundant
epiphytic foraminifera, very thin and flat specimens of Heteroste-
gina, and rare planktonic foraminifera. Hooked coralline-algal
crusts and abundant epiphytes support the interpretation of this
facies as a macrophyte meadow (Brasier, 1975; Beavington-
Penney et al., 2004; Sola et al.,, 2013; Tomassetti et al., 2016;
Brandano et al., 2019). Large, flat and thin nummulitids with
partitioned chambers are generally common at the lower limit of
the photic zone (Hohenegger, 2000; Hohenegger et al., 2000;



Fig. 8. Coral reef facies (cores 14R-1 to 11R-1). A. Colony of hermatypic corals (core 12R-1). B. Spongites (core 11R-2); Red arrowheads: uniporate conceptacles cut through the
central part of the cavity. C. Spongites (core 11R-2); Red arrowheads: cell fusions. D. Spongites, detail of an uniporate conceptacle (core 11R-2); Red arrowheads: pore canal
cells lining the conceptacle and protruding within the pore canal. E. Lithophyllum (core 11R-1); Red arrowheads: well preserved area of the thallus showing no cell fusions.
F. Sporolithon (core 12R-1); red arrowhead: enlongated cells separating sporangial compartments (paraphyses). Scale bars: 1 cm (A), 500 wm (B), 100 wm (C-F).

Renema, 2006, 2018) and their presence suggests relatively deep
water. However, it should be noted that complex three-dimen-
sional environments, such as a macrophyte meadow, can provided
shaded and sheltered micro-habitats favorable for these taxa even
in relatively shallow conditions (Eder et al., 2018). In the present
Mediterranean Sea, on an isolated seamount similar to the Miocene
setting of the Eratosthenes Seamount, macrophytes are known to
occur down to 70 m (Bo et al., 2011); therefore, a water depth
of 30-60 m was proposed for this interval (Coletti et al., 2019).
Deeper (40-60 m) conditions were proposed close to the base,
due to the presence of planktonic foraminifera (Fig. 12), whilst
shallower conditions (30-40 m) were proposed for the upper part,
based on the increase in sediment grain size, the thickness/
diameter ratio of Heterostegina, and the decrease in planktonic
foraminifera abundance (Fig. 12). The coralline algal assemblage
supports this interpretation. The facies is dominated by Hapali-
diales, but Corallinales and Sporolithales are also present (Fig. 12).
?Lithothamnion and Lithothamnion crispatum are more abundant at
the base of the interval, while Mesophyllum becomes progressively
more common toward the top, thus supporting the shallowing-
upward trend (Fig. 12; Table S1, Appendix A). Also the coralline
algal morphology supports this palaeoenvironmental interpreta-

tion. Thin (and thus very fragile) crusts dominate the lower part of
the interval. Toward the top, rhodoliths with a loose internal
structure become more common, suggesting a limited increase in
hydrodynamic energy, sufficient to trigger rhodoliths formation,
but not enough to lead to development of compact laminar-
concentric growth form (Bosence, 1983b). This indicates an overall
low hydrodynamic energy, with an increase toward the upper part
of the interval. However, it must be stressed that both trends could
be simply related to variations in the density of the macrophytes
canopy.

A water depth of 10 to 20 m was proposed for the coral-reef
facies based on the abundance of hermatypic coral colonies and
their association with large miliolids (Coletti et al., 2019). In
tropical environments, Hapalidiales are extremely rare in water
shallower than 10-20 m (Adey, 1986; Minnery et al., 1985; Iryu,
1992; Cabioch et al., 1999). Consistently, Corallinales dominate
the flora while Hapalidiales are entirely absent (Figs. 5, 12). While
the lack of Hapalidiales is in agreement with the palaeoenvi-
ronmental interpretation of the facies, the abundance of Sporoli-
thales (Fig. 12) is more problematic. In modern environments,
Corallinales are largely represented by light-loving taxa and
Hapalidiales by taxa well-adapted to dim light; Sporolithales



Fig. 9. Mollusk and benthic foraminifer facies (cores 10R-1 to 7R-1). A. Large miliolids (core 10R-1); Red arrowhead: Borelis melo melo. B. Large miliolids (core 10R-1); Red
arrowhead: Spirolina. C. Green calcareous algae (core 9R-1). D. Articulated coralline algae (core 10R-2); Red arrowhead: intergenicula cavity. E. Lithophyllum dentatum (core
10R-1); Black arrowhead: cortex; Red arrowhead: medulla. F. Lithophyllum dentatum (core 10R-1); Red arrowheads: uniporate conceptacles; Black arrowhead: central
columella. Scale bars: 100 pm.

Table 2
Biometry of Lithophyllum dentatum and Lithophyllum sp. 1 (all measurements in wm).
Taxon Measurement n Mean Standard deviation Min Max
Lithophyllum dentatum Medulla cell diameter 63 12 1.5 9 16
Medulla cell length 63 22 6 15 32
Cortex cell diameter 42 12 1 9 13
Cortex cell height 42 16 2.5 12 18
Conceptacle diameter 4 215 25 245 295
Conceptacle height 4 80 15 60 85
Lithophyllum sp. 1 sporangial Perithallus cell diameter 78 11 1.5 9 13
Perithallus cell height 78 14 2.6 10 21
Conceptacle diameter 17 305 25 245 350
Conceptacle height 17 115 15 85 140
Lithophyllum sp. 1 gametangial Perithallus cell diameter 27 9.5 1 7 10
Perithallus cell height 27 12 3 9 18
Conceptacle diameter 3 70 7 60 75
Conceptacle height 3 25 5 20 30



Fig. 10. Lithophyllum sp. 1. A. Branch of Lithophyllum sp. 1 (core 10R-2). B. Detail of the anatomy of the branch shown in A. C. Uniporate conceptacle (core 10R-2); Black
arrowhead: central columella; Red arrowheads: well preserved part of thallus lacking cell fusions. D. Detail of a conceptacle (core 10R-2); Red arrowheads: cell filaments
arranged perpendicular to the conceptacle roof and not protruding into the pore canal. E. Male gametangial thallus of Lithophyllum sp. 1 (core 10R-2); Red arrowheads:
uniporate conceptacles. F. Detail of an uniporate conceptacle of thallus in E. Scale bars: 1 mm (A), 500 pm (B), 100 wm (C-F).

distribution is more complex. According to Lund et al. (2000),
Sporolithon dominates at the lowest limit of photic zone.
According to Rasser and Piller (1997), Sporolithon dominates
between 20 and 40 m of water depth. Following the model of Adey
(1986), Sporolithales occur in both shallow and deep settings, but
they are more common in the latter, while according to Minnery
et al. (1985) they mainly occur between 20 and 50 m depth. Very
shallow occurrences of Sporolithon are also known (Basso et al.,
2009; Neill et al., 2015). The geological record also presents
evidence against an increase of Sporolithales with increasing
water depth (Fravega et al., 1989; Brandano et al., 2005: fig. 13;
Brandano et al., 2007: fig. 7; Braga et al., 2009: fig. 7; Coletti et al.,
2018a: fig. 10; Chelaru et al, 2019: fig. 3). In the case of the
Miocene carbonates of the Eratosthenes Seamount, Sporolithales
abundance is clearly related to the proximity of the reef (Fig. 12),
indicating that in this setting their distribution is mainly
controlled by the presence of the suitable environment rather
than by light availability. The complex distribution pattern of
Sporolithales suggests that using their abundance as water-depth
indicator should be avoided. The distribution of some species
might be strongly correlated to water depth, but as a group they
are not reliable.

On the basis of the presence of common miliolids, including
shallow water genera like Borelis, Dendritina and Spirolina (Hallock
and Glenn, 1986; Murray, 2006), a lagoonal environment with a
water depth of less than 10 m was proposed for the mollusk and
benthic foraminifera facies (Coletti et al., 2019) (Fig. 12). In very-
shallow tropical water (<10 m of water depth), coralline-algal
assemblages are almost entirely composed of Corallinales (Adey
and Macintyre, 1973; Van Den Hoek et al., 1975; Minnery et al.,
1985; Adey, 1986; Iryu, 1992; Rasser and Piller, 1997; Cabioch
et al., 1999). Furthermore, in these settings Lithophylloideae (the
sub-family of the order Corallinales encompassing those species
that possess secondary pit connections) are often common and
present a remarkable species diversity (Van Den Hoek et al., 1975;
Iryu, 1992; Rasser and Piller, 1997). Accordingly, the coralline algal
assemblage of the mollusk and benthic foraminifer facies is almost
entirely composed of Corallinales and includes several litho-
phylloid species, the occurrence of Lithophyllum dentatum being
particularly significant (Fig. 12). Although this species is not
reported in modern tropical water, it presently inhabits the
intertidal and infralittoral settings of the western Mediterranean
(Bressan and Babbini, 2003). Its presence is thus consistent with a
very shallow, lagoonal environment.
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Fig. 11. Other Corallinales of the mollusk and benthic foraminifer facies. A. Titanoderma (core 10R-2); red arrowhead: oblique cut of an uniporate conceptacle not completely
showing the pore canal. B. Titanoderma (core 10R-2), detail of the perithallus showing the absence of cell fusions (red arrowheads); Black arrowhead: epithallial cell. C. Small
fragments of Titanoderma (core 7R-2) indicated by the red arrowheads. D. Corallinales sp. (core 10R-1); Red arrowhead: area of the perithallus with common cell fusions.
E. Detail of epithallus of the same specimen shown in D; Red arrowheads: dome-shaped epithallial cells. F. Detail of the uniporate conceptacle shown in D. Scale bars: 100 pm
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Fig. 13. Comparisons between coralline-algal distribution in oligotrophic and non-oligotrophic settings which are indicated in gray. A: Eratosthenes Seamount (values of
Bio-P = bioavailable phosphorus are from Coletti et al., 2019); B: Latium-Abruzzi Carbonate Ramp, inner platform facies (data from Brandano et al., 2007); C: Souvignargues
deposits of the Sommiéres Basin (data from Coletti et al., 2017, 2018a); D: Facies 1 of the Pietra da Cantoni limestone from the Tertiary Piedmont Basin (data from Coletti et al.,

2017). Scale bar: 1000 km.

5.2. Coralline algae as depth indicators in Miocene Mediterranean
carbonates

The models for coralline algal distribution proposed by
Brandano et al. (2005) for the Tortonian carbonate ramp of
Menorca (SE Spain) and by Braga et al. (2009) for the Messinian
reefs of the western Mediterranean are the best available com-
parison for the middle to late Miocene facies of the Eratosthenes
Seamount. The very shallow settings (<20 m) of Italian and
Spanish Messinian reefs are, like those of the Eratosthenes
Seamount, largely dominated (>>75%) by Corallinales, with a
remarkable abundance of taxa belonging to genera Spongites,
Neogoniolithon, and Titanoderma (Braga et al., 2009). Conversely,
Hapalidiales are almost absent (especially at water depths of
<10 m; Braga et al., 2009). Furthermore, just like the Eratosthenes,
coralline algae are much less common in lagoonal and back-reef
facies than in the reef facies (Braga et al., 2009; Coletti et al., 2019:
Fig. 5). In all three cases (Brandano et al., 2005; Braga et al., 2009;
Fig. 12), in relatively shallow settings (20 to 40 m of water-depth),
Corallinales abundance decreases while Hapalidiales abundance
increases. Hapalidiales can even dominate (>50%) if shading
is provided (e.g., by a macrophyte meadow), otherwise Corallinales

dominate. Between 40 and 60 m of water depth, Hapalidiales
clearly dominate the assemblage (>75%), but Corallinales still
occur (Brandano et al., 2005; Braga et al., 2009; Fig. 12). Below
60 m of water depth, the coralline association is almost entirely
composed of Hapalidiales (>>75%) and Corallinales are almost
absent (Brandano et al., 2005; Braga et al., 2009).

These general trends are also in agreement with the palaeoen-
vironmental reconstruction proposed by Vescogni et al. (2014) for
the middle Miocene carbonate platform of the Mut Basin of
southern Turkey. These authors recognize a coral-dominated facies
related to relatively shallow settings, characterized by an algal
assemblage with common Hapalidiales (which are locally domi-
nant) and common Corallinales (Vescogni et al., 2014). In the late
Burdigalian Sedini platform of northern Sardinia, the distribution
of coralline algae, studied along the profile of the platform
clinoforms (which provides a powerful bathymetric control) is
also consistent with these trends (Benisek et al.,, 2009). The
very shallow settings (ca. 20 m) are dominated by Corallinales
associated with Sporolithon, while moving downslope (>20 m)
Hapalidiales progressively increase (Benisek et al., 2009).

In contrast to the Eratosthenes Seamount, in the Latium-Abruzzi
Carbonate Ramp, Tertiary Piedmont Basin and Sommiéres Basin
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dominance already in the 20-40 m bathymetric range.

Hapalidiales clearly dominate even in very shallow settings
(Brandano et al., 2007; Coletti et al., 2015, 2017, 2018a; Fig. 13).
The inner ramp facies of the Latium-Abruzzi Carbonate Ramp
should have formed at a water depth of <10 m (according to Mateu-
Vicens et al., 2009 reconstruction based on Amphistegina thickness/
diameter ratio) and is characterized by 64% of Hapalidiales and 23%
of Corallinales (Brandano et al., 2007). The mollusk and benthic
foraminifer facies of the Eratosthenes Seamount is related to a
similar water depth and Hapalidiales are almost absent (Fig. 13). In
the coastal deposits of Souvignargues (Sommiéres Basin), Hapali-
diales account for 85% of the coralline flora (Coletti et al., 2017,
2018a), while they are absent in the Eratosthenes Seamount coral-
reef facies (Fig. 13). The coarse-grained rhodoliths-rich deposits of
the Pietra da Cantoni limestone of the Tertiary Piedmont Basin
(Facies 1 sensu Coletti et al., 2015) are related to a water depth
spanning from 20 to 40 m (based on the skeletal assemblage, in
particular barnacles; Coletti et al.,, 2015, 2018b) and present a
coralline-algal flora largely dominated by Hapalidiales (between
83% and 99%) with only minor amounts of Corallinales (1-8.5%)
(Coletti et al., 2017; Fig. 13). In the rhodolith and coral facies of the
Eratosthenes Seamount, which formed at a comparable water
depth, Corallinales are more common (Fig. 13). The Latium-Abruzzi
Carbonate Ramp, the Sommiéres Basin and the Tertitiary Piedmont
Basin were non-oligotrophic environments, as testified by the
abundance of heterotroph suspension-feeders (like bryozoans and
barnacles), the phosphorus concentration and the record of carbon
stable isotopes (Brandano and Corda, 2002; Civitelli and Brandano,
2005; Reynaud and James, 2012; Brandano et al., 2017; Coletti et al.,
2017,2018b). Nutrient availability controls the biomass of plankton
and thus the amount of particulated organic carbon in the water
(Smith et al., 1981). As nutrient supply increases, the amount of
organic material in the water column increases and thus water
transparency decreases. Therefore, the space available for benthic
phototrophs and symbiont-bearing heterotrophs (the photic zone)
is reduced and the entire benthic zonation is compressed (Hallock
and Schlager, 1986; Hallock, 1988, 2005; Brasier, 1995a, b; Pomar

et al., 2017). This effect fosters the dominance of Hapalidales in
shallow settings and consequently, the model of coralline algal
distribution developed for oligotrophic settings cannot be used in
these nutrient-rich environments. Although in non-oligotrophic
settings it is also possible to observe an increase of Hapalidiales
with increasing water depth (Fig. 13), the information available on
the coralline-algal distribution in nutrient-rich environments are
limited, thus preventing for the moment the definition in
these settings of algal assemblages useful for palaesobathymetric
reconstructions.

6. Conclusions

The abundance of the major coralline algal groups has been
investigated and quantified in the rhodolith and coral, coralline algal
and Heterostegina, coral-reef and mollusk and benthic foraminifer
facies of the middle to late Miocene carbonate succession of the
Eratosthenes Seamount. Water depth reconstructions based only on
the abundance of coralline algae are similar to most of the previous
estimates based of the skeletal assemblages and the benthic
foraminiferal associations. Only in the rhodolith and coral facies
there is a noticeable difference. The dominance of Hapalidiales is
used to revise the original estimate of 20-30 m of water depth
(based on the occurrence of Porites and the thickness/diameter ratio
of Amphistegina) to 30-40 m. This discrepancy could be explained by
different causes, such as the presence of shaded micro-habitats
(favoring Hapalidales dominance), or the downslope transport of the
Amphistegina tests from more shallow settings.

Hapalidiales clearly increase with increasing water depth,
while Corallinales decrease. On the other hand, Sporolithales
abundance seems to be more tightly related to the proximity to the
reef environment. Sporolithales differ from the other algal groups
in that they have a more complex pattern of water-depth distri-
bution, as suggested by several literature examples. Consequently,
the ratio between Hapalidiales and Corallinales is proposed as
more reliable for paleobathymetric reconstructions.



Lithophyllum dentatum mainly occurs in the lagoonal environ-
ment represented by the mollusk and benthic foraminifer facies.
The presence of a modern shallow-water species strongly supports
the palaeoenvironmental interpretation of this facies. This points
out that, wherever possible, species level identification is extremely
useful for paleoenvironmental interpretation based on coralline
algae. On the other hand, higher group distributions can be very
useful at large spatial scales, such as comparing different regions.

The comparative analysis of coralline-algal distributions on the
Eratosthenes Seamount, Messinian western Mediterranean reefs,
and Menorca Tortonian ramp, are used to constrain several algal
assemblages useful for the reconstruction of middle to late
Miocene, tropical oligotrophic environments (Fig. 14). Corallinales
overwhelmingly dominate the coralline association (>>75%) in very
shallow settings (0 to 20 m and especially above 10 m where
Hapalidiales are almost absent). In relatively shallow conditions
(20 to 40 m) Corallinales still dominate (>>50%), unless some sort of
shading of the seafloor is present (e.g., a macrophyte meadow).
Between 40 and 60 m of water depth, Hapalidiales s.l. clearly
dominate the association (>75%), but Corallinales are still present.
Below 60 m Hapalidiales overwhelmingly dominate (>>75%)
and Corallinales are almost absent. This zonation is reliable only
in oligotrophic settings. In non-oligotrophic environments the
coralline algal distribution is significantly different and Hapali-
diales clearly dominate (>75%) even in very shallow settings.
Therefore, tropical carbonates with abundant corals and coral-reef
facies (oligotrophic) should be treated differently from those
dominated by heterotroph suspension-feeders (non-oligotrophic).

These results, although preliminary and based on a relatively
small dataset, highlight both the potential of reconstruction based
on the quantification of coralline-algal abundance and the need for
further research on coralline-algal distribution, especially in non-
oligotrophic settings. The approach presented in this paper is
devised to provide even a non-specialist with a simple tool to deal
with coralline-algal associations and will hopefully foster new
researches on distribution models for a more accurate compre-
hension of the past.
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