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Abstract

This work focuses on the carbonate factories constituting the Pietra di Finale Fm cropping out in the Ligurian Alps. This unit
constituted a mixed carbonate—siliciclastic coastal wedge developed during the Middle Miocene. The carbonate factories
characterizing the coastal wedge of the Pietra di Finale clearly differ from those of the coastal mixed systems and carbonate
platforms developing during the Miocene elsewhere in the Mediterranean area. Here, in the Ligurian Alps, the euphotic
carbonate factory does not show any evidence of seagrass meadows and coral bioconstructions. Zooxanthellate corals are
present only as skeletal debris associated with abundant stylasterids. In the mesophotic and oligophotic zones, the typical
oligophotic biota of red algae and larger benthic foraminifers are strongly reduced. The coastal wedge of the Pietra di Finale
shows an unusual abundance of stylasterids, classically interpreted as deep-water biota. However, in this example, the absence
of low-energy textures and other skeletal components suggest a shallow-water origin, probably in the eu- or mesophotic
zone. The stylasterids colonized the hard substrates available and were successively removed and resedimented to form the
skeletal fraction of the coastal wedge of the Pietra di Finale. The abundance of stylasterids is restricted to particular and
limited situations in the Miocene of the Mediterranean, thus suggesting that their abnormal development is controlled by
local rather than global factors.
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Introduction

The carbonate factories of the Miocene carbonate plat-
forms record major palacoceanographic changes occurring
on global and regional scales during this key time-interval
(Esteban 1996; Halfar and Mutti 2005; Pomar et al. 2017,
Brandano et al. 2017; Michel et al. 2018; Cornacchia et al.
2021). The transition from the global warming of the early
Miocene to the cold late Miocene "icehouse world" included
a series of major changes in oceanographic, climatic and cry-
ospheric systems (Flower and Kennett 1993; Flower 1999;
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Zachos et al. 2001, 2008; Holbourn et al. 2004; Cornacchia
et al. 2021). In this time-interval, the Mediterranean area
experienced important palaecogeographic changes related to
the final phases of Alpine, Dinarid and Apennine orogeneses
(Doglioni et al. 1999). In the eastern Mediterranean, the col-
lision between Arabia and Anatolia, linked to the relative
movements between the African and Arabian plates, con-
trolled the significant uplift of the Anatolian region creating
a complex palaeogeographic evolution of this area (Schil-
dgen et al. 2012). During the Miocene, extensive bioclastic
carbonate sedimentation developed in the shallow-water
environments of the Mediterranean (Carannante et al. 1988;
Esteban 1996; Pomar et al. 2012). Three main groups of
carbonate-producing biota formed the main carbonate fac-
tories (sensu Pomar 2020). They have been distinguished
according to their dependence on light (Pomar 2001, 2020).
The euphotic carbonate factory, developed in shallow, wave-
agitated areas, is dominated by seagrass dwellers such as
foraminifers, calcareous algae and molluscs (Brandano et al.
2019), and, the since late Tortonian, by zooxanthellate corals
if warm and oligotrophic conditions were present (Pomar
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«Fig. 1 A Schematic geological map of the Ligurian Alps and B of
the Finale Ligure area; C facies association of the calcareous part
of the Finale Ligure Formation and correlation of stratigraphic logs
measured by Brandano et al. (2015). A-B trace of section in Fig. 1B
( modified from Boni et al. 1968; Bertotti et al. 2006; Brandano et al.
2015)

and Hallock 2007). The meso-oligophotic factory devel-
oped in poor light conditions (between 20 and 5%) formed
in deeper water, commonly below fairweather wave base.
The main biota producing sediment are coralline algae,
larger benthic foraminifers and mesophotic corals (Pomar
et al. 2017). The deepest carbonate factory developed in the
aphotic zone with photo-independent biota such as molluscs,
barnacles, bryozoans, azooxanthellate corals and echinoids.

Shallow euphotic carbonate sedimentation during the
Agquitanian is relatively restricted in the Mediterranean and
is represented by facies of seagrass and z-coral mounds that
develop both on ramps and in mixed siliciclastic—carbon-
ate coastal systems (Esteban 1996; Simone and Cherchi
2000; Bassi et al. 2006; Cornacchia et al. 2021). The apho-
tic zone facies are commonly characterized by spongolithic
sediments (Brandano et al. 2017). Mediterranean carbonate
platforms and mixed systems started to be dominated by
red algae and bryozoans from the late Burdigalian to the
Tortonian, with corals persisting in small mounds, princi-
pally in the mesophotic zone, while bryozoans spread in
the oligophotic and aphotic zones (Esteban 1996; Braga
and Martin 1996; Bassi et al. 2006; Benisek et al. 2009;
Tomassetti et al. 2013; Brandano and Ronca 2014; Pomar
et al. 2012, 2017; Brandano et al. 2017). The dominance
of this skeletal assemblage has been attributed to the long-
lasting C-cycle perturbation known as the Monterey Event
(Vincent and Berger 1985; Woodfruf 1991; Jacobs et al.
1996; Mutti et al. 1997; Brandano et al. 2017). Since the
late Tortonian and into the early Messinian, corals started
to form spectacular reef complexes and fringing reefs in the
Western and Central Mediterranean, with abundant Halim-
eda (J.V. Lamouroux, 1812) deposits in lagoon as well as
fore reef environments (Rouchy et al. 1986; Fliigel 1988;
Esteban 1996; Braga et al. 1996; Martin et al. 1997; Pomar
et al. 1996, 2012, 2017; Bosellini et al. 2001, Reuter et al.
2017), with the exception of the small restricted sub-basins
where red algae and small benthic foraminifera persisted
(Cornacchia et al. 2021). According to Pomar et al. (2017),
this sudden onset and expansion of the modern type of coral
reefs coincides with a major shift toward light values in the
global 8'3C and with a sharp increase in latitudinal thermal
gradients.

This work focuses on the carbonate portion of the Pietra
di Finale Fm. cropping out in the Ligurian Alps. This unit
constituted a mixed carbonate-siliciclastic coastal wedge
developed during the Middle Miocene. According to Boni

et al. (1968) and Brandano et al. (2015), the skeletal frac-
tion was characterized by an unusual abundance of Halim-
eda associated with balanids and molluscs. In this work,
a detailed analysis of the skeletal component shows that
Halimeda bioclasts are actually stylasterid corals. Stylas-
teridae is a widespread and highly diverse family of cor-
als within the class Hydrozoa (Cairns 2011). Despite their
modern abundance, their occurrence in the fossil record as
biota producing carbonate sediment is not common, particu-
larly in the Miocene successions. The aim of this paper is to
reconstruct the controlling factors of environmental condi-
tions promoting the abundance of stylasterids in the Pietra
di Finale wedge.

Geological setting

The Pietra di Finale Fm represents the Oligo-Miocene inter-
val cropping out along the Ligurian coast (Fig. 1A). This
formation unconformably overlies the Alpine tectonic units
which originated from the Jurassic Ligurian Ocean and adja-
cent continental margins and were successively deformed
following the subduction and continental collision between
Africa and Europe (Vanossi et al. 1984; Bertotti et al. 2006).
The substrate of the Pietra di Finale Fm is represented by
the Brianconnais tectonic units of the Ligurian Alps and by
Cenozoic deposits (Capelli et al. 2006).

The Brianconnais domain consists of an Upper Carbon-
iferous—Lower Triassic unit and a Lower Triassic—Jurassic
unit. The first unit includes metamorphic, volcanic and sedi-
mentary rocks comprising graphitic phyllites, coarse fluvial
meta-sediments, meta-rhyolites, meta-andesites, rhyolitic
tuffs and pyroclastic deposits, sandstones and conglomer-
ates. The second unit is made up of sandstones, conglomer-
ates, dolostones, dolomitic limestones and limestones. The
Cenozoic substrate of the Pietra di Finale overlies the Brian-
connais folded basement and crops out only in isolated spots
(Fig. 1A, B). It consists principally of coarse sandstones and
marly limestones, early Oligocene-to-Early Miocene in age
(Boni et al. 1968).

On the basis of the compositional and lithological char-
acteristics of the deposit, Boni et al. (1968) subdivided
the “Pietra di Finale” Fm. in five members. The basal
two members are terrigenous-dominated, Aquitanian-
to-Burdigalian in age. These members are represented
by conglomerates and sandstones of the Poggio Member
(60 m thick) and marls to sandstones of the Torre di Bas-
tia Member (25-70 m). The upper part of the formation
consists of three calcareous members, Langhian to Ser-
ravallian in age: the Verezzi Member (50 m thick) consists
predominantly of coquinoid to arenaceous limestones; (ii)
the Rocce dell'Orera Member (15-40 m thick) is repre-
sented by porous bioclastic limestones, and (iii) the Monte
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Cucco member (up to 200 m thick) comprises the Halim-
eda limestones. This subdivision by Boni et al. (1968) did
not consider the vertical (stratigraphic) nor lateral (facies
association) relationships between members.
Successively, Brandano et al. (2015) subdivided the
Pietra di Finale Fm. into two main parts, the lower ter-
rigenous unit and the upper calcareous unit (Fig. 1B). The
depositional model proposed for the Pietra di Finale for the
calcareous unit is consistent with a mixed carbonate—silici-
clastic coastal system characterized by a wedge-shaped
profile along the depositional dip direction (Figs. 1C, 2).
The nearshore facies consist of crudely to well-bedded
skeletal conglomerates deposited in a shoreface environ-
ment where the sediment was fed by ephemeral Alpine
streams and by local cliff collapses. The conglomerates
pass basinwards to cross-bedded, balanid-rich floatstone-
to-rudstone in a coarse hybrid grainstone matrix. The
skeletal assemblages are also characterized by bryozoans
(celleporids, adeoniforms, vinculariiforms), serpulids,
benthic foraminifers such as Amphistegina d'Orbigny
1826, textulariids and rotaliids, and small encrusting
foraminifera (acervulids, gypsinids, victoriellids, nubecu-
larids). This facies represents shoreface deposition. The
transition zone is dominated by pure carbonate production,
where most of skeletal components of the floatstone-to-
rudstone lithofacies have been interpreted as Halimeda
remains, associated with fragments of z-corals, bivalves,
Amphistegina and balanids. In this environment wave-
induced unidirectional flows and much less frequently
oscillatory flows promoted the development of HCS and
bedforms. Finally, the transition to the offshore zone is
testified by sub-horizontal bedded bivalve floatstone in a
hybrid sandstone matrix. The main components are pec-
tinids (Chlamys Roding 1798 and Aequipecten P. Fischer
1880-1887) and brachiopods (Terebratula Miiller 1776
and Gryphus Megerle von Miihlfeld 1811). Other com-
ponents include oysters, bryozoans, and azooxanthellate
corals. Bioturbation is common. Sedimentary structures

are indicative of a general wave hydrodynamic strength
decrease with depth.

Methods

This study is based on the thin-section analysis of fossil
and modern samples. The material analyzed comprises 250
thin-sections, previously analyzed by Brandano et al. (2015),
derived from six logs measured in the Pietra di Finale Fm.
and one thin-section of the modern stylasterid Distichopora
cf. nitida provided by the CITES Authority, Italy, and likely
from New Caledonia. Stylasterid structures visible in photo-
micrographs have been measured using the ImageJ software
(Rasband 2012). In particular 23 thin sections, representa-
tive of the four previously recognized facies, were selected
for point-counting to characterize and quantify the skeletal
components. In Table 1, the mean and the median of the
total component counted for each facies are presented. The
point counts were performed using the software JIMV 1.3.4
version; the sample constituents were categorized into: bryo-
zoans, balanids, brachiopods, bivalves, z-corals, stylasterids,
echinoids, small benthic foraminifers, larger benthic fora-
minifers, red algae, serpulids, cortoids, indeterminate bio-
clasts, peloids and terrigenous grains.

Results

The analysis of the bioclasts previously interpreted as Hal-
imeda reveals that they are stylasterid skeletons. The larger
diameter of the branches, measured in the visible transverse
sections, is from 1.5 mm to 4 mm. Thin sections also show
the internal skeletal organization of stylasterid hydrozoans
(Fig. 3A, B) characterized by gastropore tubes, dactylopore
tubes and a network of thin canals surrounding and connect-
ing them (Fig. 3A). In thin sections cutting the coenosteum
transversely or obliquely, a network of thin canals and the

Fig.2 Panoramic view of the stratigraphic architecture of the Pietra di Finale in the Rocca di Perti outcrop where prograding geometries are

observable
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Table 1 The mean and median
(%) of the total components
counted for each facies of the
Pietra di Finale Formation

Components Skeletal con- Balanid float- Stylasterid float-  Bivalve float-

glomerate stone stone to rudstone  stone

Mean Median Mean Median Mean Median Mean Median
Bryozoans 20.10  14.00 21.19 18.33 0.89 0.00 18.25 19.00
Balanids 1.79 0.00 30.77  35.00 1.88 0.00 2.36 2.22
Brachiopods 0.00 0.00 5.56 0.94 0.00  0.00 0.00 0.00
Bivalves 9.15 3.77 4.03 3.77 8.88 2.94 40.64  38.79
Z-corals 0.00 0.00 0.00  0.00 18.66 2.88 0.00 0.00
Stylasterids 0.00 0.00 0.00  0.00 46.63  43.00 0.00  0.00
Echinoids 452  4.00 8.53 6.67 0.54 0.00 17.36  12.50
Small benthic foraminifers 0.40 0.00 2.83 0.96 0.00 0.00 2.75 3.00
Larger benthic foraminifers 0.96 0.00 4.09 0.00 0.51 0.00 0.00 0.00
Red algae 1.00 1.00 4.15 0.00 8.74 0.00 0.00  0.00
Serpulids 0.59 0.00 2.83 0.00 0.00 0.00 0.25 0.00
Cortoids 0.00 0.00 0.38 0.00 5.05 2.00 0.75 0.50
Undeterminated bioclast 2.16 2.00 4.64 5.00 0.22 0.00 4.22 4.00
Terrigenous clasts 43.90 45.54 7.27 9.43 5.08 1.92 3.36 3.00
Peloids 15.44  17.00 3.73 3.33 2.92 0.96 10.07  10.15

Fig.3 Internal skeletal organization of fossil stylasterid hydrozo-
ans. A Longitudinal section of a branch showing gastropore tubes; B
transverse section showing the network of thin canals and a cyclosys-

gastropore tubes in both longitudinal and transverse section
is recognizable (Fig. 3A, B). The diameter of the gastropore
tubes is about 100 pm (Fig. 3B). Some examples of cyclo-
systems (from 180 to 280 pm in diameter), formed by a
gastropore surrounded by a ring of dactylopores, are visible
especially in transverse sections (Fig. 3B). Moreover, the
longitudinal sections of the stylasterid branches show the
arrangement of gastropore tubes which run from the cen-
tral portion of the branch to its surface, bending slightly
(Fig. 3A). The attribution of many of the skeletal fragments
to stylasterid hydrozoans is also supported by a compari-
son with a thin section of a modern stylasterid: despite the

tem represented by a gastropore surrounded by a ring of dactylopores
(visible in the detail)

absence of cyclosystems (in fact, the genus Distichopora
Lamarck 1816 is characterized by gastropores and dacty-
lopores arranged in rows), the similarity in the morphol-
ogy of gastropore tubes is visible in longitudinal sections
(Fig. 4A), and in the thin canal network pattern visible in
transverse sections (Fig. 4B).

The result of point-counting Pietra di Finale components
allows the characterization from a compositional point of
view the four main facies previously recognized by Bran-
dano et al. (2015). The first facies is a skeletal conglomerate
dominated by terrigenous material (mean 43.9%, median
45.5%), derived primarily from the Alpine dolomite and
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Fig.4 Modern stylasterid hydrozoan (Distichopora cf. nitida). A Longitudinal section showing gastropore and dactylopore tubes; B transverse
section showing the network of thin canals surrounding gastropore and dactylopore tubes arranged in rows

metamorphic substrate. The skeletal fraction is dominated
by bryozoans (mean 20.0%, median 14.0%), bivalves (mean
9.2%, median 3.8%) and echinoids (mean 4.5%, median
4.0). Other abundant carbonate grains are peloids (mean
15.4%, median 17.0%) (Table 1; Figs. 5a, 6). Balanids (mean
30.8%, median 35.0%) and bryozoans (mean 21.2%, median
18.3%) and echinoids (mean 8.5%, median 6.7%) are the
most conspicuous skeletal grains of the Balanid floatstone
facies (Table 1; Figs. 5b, 6). The terrigenous fraction is not
negligible (mean 7.3%, median 9.4%). The stylasterid float-
stone-to-rudstone facies is dominated by stylasterid corals
(mean 46.6%, median 43.0%). Other common components
are zooxanthellate corals (mean 18.7%, median 2.9%) and
bivalves (mean 8.9%, median 2.9%). Cortoids, red algae and
terrigenous components can be locally abundant (Table 1;
Figs. 5¢, 6). The most abundant skeletal components of the
bivalve floatstone facies are represented by bivalves (mean
40.6%, median 38.8%), followed by bryozoans (mean 18.3%,
median 19.0%) and by echinoids (mean 17.4%, median
12.5%). In this facies, peloids are common (mean 10.1%,
median 10.2%) (Table 1; Figs. 5d, 6).

Discussion
Stylasterid identification

Stylasterids have been widely documented in the fossil
record (see Cairns 2020 for a review); however, their abun-
dance as a dominant component of a carbonate factory or
skeletal assemblage is quite rare. The identification of sty-
lasterids in the studied bioclasts is supported not only by
the similarity with the thin section of a modern species, but
also by literature data. Mastrandrea et al. (2002) analyzed
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the skeletal components of the “Calcare di Mendicino”,
(Tortonian-early Messinian, southern Italy) and reported
the occurrence of stylasterids plate 7 — Figs. 4, 6, 8. Their
stylasterid findings are highly comparable to ours, including
the presence of cyclosystems. Moreover, Puce et al. (2011,
2012) described the 3D architecture of the canal network
of two stylasterid species providing both longitudinal and
transverse virtual sections which show a pattern of canal
arrangement similar to that in our fossil sections (see Puce
etal. 2011; Figs 3c, 4a, f; Puce et al. 2011; Figs 3d, e, 4c, d).

The evidence of cyclosystems in the thin sections sug-
gests a range of genera in the fossil specimens. In mod-
ern stylasterids, the cyclosystems are developed in 9 of
the 30 known genera: Stylaster Gray 1831 (87 species),
Crypthelia Milne Edwards & Haime 1849 (47), Conopora
Moseley 1879 (16), Stenohelia Kent 1870 (13), Calypto-
pora Boschma 1968 (2), Astya Stechow 1921 (2), Para-
conopora Cairns 2015 (2), Pseudocrypthelia Cairns 1983
(2) and Stylantheca Fischer 1931 (1) (see WoRMS). The
genus Stylaster is currently the most diverse in the fam-
ily (Lizcano-Sandoval and Cairns 2018), while to date
only 13 fossil species (11 named species and 2 unnamed
species) have been recorded (Cairns 2020). A few fos-
sil specimens have been attributed to the other 8 gen-
era: 8 species of Conopora (7 named and 1 unnamed),
4 of Crypthelia, 2 of Stenohelia, 1 species of Astya,
Calyptopora and Stylantheca, respectively, and none
of Paraconopora and Pseudocrypthelia (Cairns 2020).
As revised by Cairns (2020), the currently known fos-
sil stylasterid species are 52 and 22 of them were dated
from the Miocene. While 16 species are from the Upper
Miocene (Messinian and Kapitean), only 3 are from the
Lower Miocene and 2 from the Middle Miocene. Two
additional species are reported as from the Miocene, but
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Fig.5 Microfacies of the Pietra di Finale Formation. A Thin sec-
tion of the skeletal conglomerate facies with terrigenous grains and
bryozoan fragments; B thin-section of balanid floatstone-to-rudstone

no details are available. Considering all the 22 species
from the Miocene, 15 belong to genera that present cyclo-
systems, but none of them are from Italy. In fact, only 3
species have been reported from this country: 2 are from
the Upper Pleistocene (Stenohelia maderensis (Johnson
1862) and Errina aspera (Linnaeus 1767), collected from
Sicily and the Strait of Messina, respectively, while Sty-
laster antiquus Sismonda 1871 is from the Oligocene
(but it was originally referred to the Lower Miocene) and
collected from Sassello (Liguria) (Zibrowius and Cairns
1992), a location relatively close (about 40 km) to Finale
Ligure. As already noted by Zibrowius and Cairns (1992)
E. aspera, a species belonging to a genus that lacks cyclo-
systems, is the only species currently present in the Medi-
terranean Sea. However, a rich stylasterid fauna, includ-
ing many genera provided by cyclosystems, characterized

facies with balanids and bryozoans; C thin section of stylasterid float-
stone-to-rudstone facies with abundant stylasterid branches; D thin
section of the bivalve floatstone

the Spanish coasts during the Late Miocene (Cairns 2020)
and our data confirm that species with cyclosystems were
also present during the Early—-Middle Miocene.

Ecology of stylasterids

Nowadays, stylasterids are distributed worldwide with the
exclusion of the high Arctic region (Cairns 2011). Accord-
ing to Cairns (1992), they usually develop around oceanic
islands, atolls, archipelagos, and on seamounts and subma-
rine ridges. This preference is related to the availability of
hard substrates for the larval settlement, the reduced fluctua-
tions of salinity, the conditions of low sediment levels and
low nutrient concentrations. However, some species such as
Distichopora violacea (Pallas 1766) can thrive also on soft
substrates and in hypertrophic conditions, as reported off
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Fig.6 Main components of clast assemblage of the Pietra di Finale
Formation

Laing Island, northern New Guinea (Cairns 1992). Stylas-
terids colonize the marine seafloor at depths of 0-2789 m,
although they are most common at 200—400 m (Cairns 1992,
2011). As pointed out by Lindner et al. (2008), this family
originated in deep waters and then invaded shallow waters.
In particular, 12 genera are more frequently reported in shal-
low waters, and among them, Distichopora, Stylaster and
Stylantheca show a bathymetric range including very shal-
low depths (1-806 m, 0—1845 m and 0-27 m, respectively)
(Lindner et al. 2008; Cairns 2011). Stylasterids are listed
among hydrozoans forming perennial ‘forests’ that have a
role in the energy transfer from plankton to benthos, col-
lecting organic particles from the water column (Di Camillo
et al. 2017). In fact, in different geographic areas, they form
vast mono- or multi-specific aggregations. In Patagon-
ian fjords, Haussermann and Forsterra (2007) reported a
reef-like accumulation of Errina antarctica (Gray 1872)
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between 10 and 40 m depth. In the Mediterranean Sea, an
extremely dense population of E. aspera has been reported
in the Messina Strait between 83 and 103 m depth (Salvati
et al. 2010). In the circum-Antarctic areca, Bax and Cairns
(2014) described field-like multi-specific aggregations of
mainly Errina fissurata Gray 1872 but also Errina lateror-
ifa Eguchi 1964, Errina gracilis von Marenzeller 1903 and
Inferiolabiata labiata (Moseley 1879). In the Magellanic
region, they also observed dense aggregations of Stylaster
densicaulis Moseley 1879 in the Cape Horn area and of
Errinopsis reticulum Broch 1951 at the Burdwood Bank.
Although stylasterids seem to prefer low nutrient conditions
(Cairns 1992), the presence of these stylasterid gardens has
been correlated with nutrient-rich currents or local condi-
tions (Haussermann and Forsterra 2007; Post et al. 2010;
Bax and Cairns 2014). These observations suggest that the
abundance of stylasterids noticed in the Pietra di Finale
can be explained by similar conditions in the Early-Middle
Miocene. In addition, the habitat complexity produced by
stylasterid colonies represents a refuge for a rich associated
fauna such as sponges, molluscs, annelids, crustaceans, echi-
noderms, bryozoans and azooxanthellate corals (Pica et al.
2015; Rosso et al. 2018). Thus, it is likely that many of the
organisms recorded in our thin sections were associated with
the stylasterids.

Facies model of the Pietra di Finale

The quantitative analysis of components confirms that the
Pietra di Finale coastal wedge is characterized by a signifi-
cant siliciclastic supply to the nearshore environment and
by a progressive increase of carbonate production moving
basinwards (Fig. 7). During the Early and Middle Miocene,
coastal mixed siliciclastic—carbonate successions and small
carbonate systems were extensively developed in the Medi-
terranean, in particular in the area of present-day southern
Corsica and Sardinia (Sowerbutts 2000; Vigorito et al. 2010;
Bassi et al. 2006; Benisek et al. 2009; Tomassetti and Bran-
dano 2013; Brandano and Ronca 2014; Andreucci et al.
2017; Reuter et al. 2017; Telesca et al. 2020). As a general
scheme, these coastal mixed siliciclastic—carbonate sys-
tems are characterized by nearshore-to-shoreface deposits
that have a conspicuous terrigenous content and are repre-
sented by conglomerates and coarse bioclastic sandstones.
The skeletal fraction is dominated by mollusc fragments,
bryozoans and balanids. Basinwards these deposits grade
into hybrid shoreface sandstones with skeletal debris derived
from the fragmentation of echinoids, molluscs, balanids
and abundant microfauna represented by small benthic and
encrusting foraminifera. In the shoreface, where seagrass
and coral bioconstructions developed, the carbonate fraction
definitely increases and evolves basinwards into coralline
algal and larger benthic foraminifer-rich deposits (Cherchi
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Fig.7 Schematic depositional model of the Pietra di Finale Formation

et al. 2000; Benisek et al. 2009; Brandano et al. 2016; Reuter
et al. 2017).

The proximal deposits of the Pietra di Finale wedge
are represented by skeletal conglomerate and balanid
floatstone. The sediment was fed by ephemeral Alpine
streams and by local cliff collapses. The bioclastic car-
bonate production is dominated by biota thriving in
high-energy hydrodynamic conditions such as balanids,
bryozoans, echinoids and bivalves. These deposits grade
basinwards to the stylasterid floatstone-to-rudstone that
represents the accumulation of carbonate sediments pro-
duced in the photic zone, as indicated by the abundance
of zooxanthellate corals, and were successively reworked
and redeposited by bottom currents. In fact, as described
by Brandano et al. (2015), these deposits are characterized
by a compound cross-bedding, with cross-beds displaying
sigmoidal shapes and dipping between 20 and 22°. Con-
sequently, hydrozoans and corals probably colonized the
seafloor and successively become eroded and mixed. The
bioclastic fraction is mainly represented by molluscs and
subordinate coralline algae consisting only of fragmented
and small thalli. The distal portion of the Pietra di Finale
wedge is represented by the bivalve floatstone recording
bioclastic accumulation in the deep aphotic zone under
weaker hydrodynamic conditions. This interpretation is in
agreement with the mollusc and brachiopod macrofauna
presented by Boni et al. (1968). The pectinids Chlamys and

Aequipecten and the brachiopods Terebratula and Gryphus
in fact are typical of shallow-to-medium sublittoral set-
tings (Mandic et al. 2002). The preserved bioturbation
pattern suggests a decrease of hydrodynamic conditions.

The role of stylasterids in the Pietra di Finale
carbonate factory

Notwithstanding the occurrence of fossil stylasterids since
the Late Cretaceous (see Cairns 2020 for a review), their
role as a component of a carbonate factory is generally
understudied and probably uncommon. Beyond the Pietra
di Finale example, only in the upper Tortonian-to-lower
Messinian deposits of the Nijar-Carboneras Basin (Almeria/
SE Spain) has the unusual abundance of stylasterid hydrozo-
ans been reported, associated with isolated az-corals, octo-
corals, crinoids, bryozoans, planktic and benthic foramini-
fers (large nodosariids, Pyrgo Defrance 1824, Elphidium
Montfort 1810), brachiopods and abundant crabs (Barrier
et al. 1991; Krautworst and Brachert 2003). The Nijar-
Carboneras Basin is one of several Neogene intramontane
basins in the internal zone of the Betic Cordilleras (Monte-
nat et al. 1990), the base of which consists of volcanic rocks
of the Cabo de Gata complex (Fernandez-Soler 2001). This
is overlain by the lower Tortonian shallow-water calcaren-
ites dominated by bryozoans and molluscs and subordinate
coralline algae, echinoids and benthic foraminifers (Braga
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et al. 1996). These calcarenites are overlain by the Breéche
Rouge de Carboneras characterized by a volcanic mega-
breccia with abundant stylasterid hydrozoans. According to
Krautworst and Brachert (2003), this lithostratigraphic unit
was deposited in an underfilled marine half-graben basin
(sensu Gawthorpe and Leeder 2000) in a bathyal environ-
ment. This type of basin is characterized by a shallow coastal
zone and sediment-starved conditions. The stylasterid-rich
lithofacies accumulated in deep water due to starvation in
a setting physiographically preserved by lithoclastic input.
However, mixing with shallow-water components such as
coralline red algae, echinoids, gastropods and Elphidium, are
indicative of powerful bottom currents transporting the shal-
low-water components toward the deep basin and forming
large-scale bedforms. Similarly, stylasterid-rich lithofacies
occurred also in the mixed siliciclastic succession deposited
in another half-graben between the late Tortonian and early
Messinian in the northwestern part of Calabrian arc in south-
ern Italy (Mastrandrea et al. 2002). This succession belongs
to the lithostratigraphic unit known as Calcare di Mendicino
(Perrone et al. 1973; Mastandrea et al. 2002). The lower
portion of this unit consists of skeletal conglomerates and
sandstones, whereas the upper part is composed of bioclastic
cross-bedded calcarenites to calcirudites evolving upwards
into cross-bedded calcirudites and conglomerates. The skel-
etal assemblage of the cross-bedded lithofacies is dominated
by organisms which lived in relatively shallow (balanids)
and deep-water conditions (i.e., stylasterid hydrozoans, Den-
drophyllia de Blainville 1830 corals). On the basis of the
skeletal assemblage and sedimentary structures, Mastandrea
et al. (2002) proposed deposition of this unit in a deep envi-
ronment where a strong tidal current fashioned the mixed
carbonate—terrigenous sediments into dunes (Colella 1995;
Longhitano and Nemec 2005).

The comparison with the Betic and Calabrian examples
shows some analogies with the Pietra di Finale wedge. Mix-
ing of terrigenous and carbonate sediments is a common
character. The terrigenous fraction is represented by coarse
lithoclastic sediment, derived by erosion of coastal cliffs and
ephemeral fluvial runoff, and characterizes the mainly proxi-
mal environment whereas, moving basinwards, the skeletal
fraction progressively increases until it becomes dominant.
Finally, bottom currents transport shallow-water components
that mixed with the deep-water organisms. However, in the
Pietra di Finale example, the deepest biota are the stylas-
terids that are associated with z-corals. The total absence of
deep-water facies as testified by the absence of low-energy
texture and components (such as deep azooxanthellate cor-
als, deep benthic or planktic foraminifers) points toward a
more shallow-water origin for the stylasterids in the inves-
tigated example. They probably developed in association
with z-corals. On the other hand, stylasterids may occur
in shallow-water reefs, but commonly also in mesophotic

@ Springer

habitats (Muir and Pichon 2019). They colonized the hard
substrate provided by the Alpine deposits, as they are gener-
ally firmly attached to a substrate (Cairns 2011). They lived
together with balanids and z-corals, and were successively
removed and resedimented to form the skeletal fraction of
the Pietra di Finale wedge. The abundance of stylasterids
suggests that enhanced food supply was able to sustain high
densities of suspension-feeders (e.g., corals, balanids and
stylasterids). Phytoplankton and other organic detritus were
made available by strong bottom currents that facilitated the
resuspension of particles and slowed deposition, creating
a relatively high particulate nutrient content in the water
column (e.g., Post et al. 2010). The currently extant field-
like aggregations of stylasterids are recognized as vulnerable
(Bax and Cairns 2014). Hdussermann and Forsterra (2014)
reported the death of the large and dense colonies previously
observed in Patagonian fjords. Stylasterid planulae need
hard substrates to settle, and this settlement usually occurs
quite close to the parent colony due to the short lifespan of
the larvae (Brooke and Stone 2007; Bax and Cairns 2014).
The hard substrate for larval settlement can also be repre-
sented by dead stylasterid colonies as reported by Schejter
et al. (2020, see Fig. 2) from Burdwood Bank. However, in
absence of strong currents that promote the transport of the
planulae, the short life of the larvae can reduce the recov-
ery of a stylasterid ‘garden’ after natural or anthropogenic
impacts (Brooke and Stone 2007; Roberts et al. 2009). Scle-
ractinian corals and milleporid hydroids are characterized
by a high regeneration ability that allow injured colonies
to regenerate broken branches but also the re-attachment
of fragments to the substrate and their following growth
as new colonies (Roberts et al. 2009; Dubé et al. 2019).
Although regeneration of broken branches is also known in
stylasterid colonies (Ostarello 1973; Lindner et al. 2014a,
b), no data are currently available about the survival of frag-
ments (Brooke and Stone 2007). Therefore, it is not likely
that resedimented stylasterids of the Pietra di Finale wedge
continued to grow in the bioclastic sediments, but they could
have served as a settling substrate for possible larvae.

Conclusions

The carbonate factories characterizing the coastal wedge of
the Pietra di Finale Ligure clearly differ from those of the
coastal mixed systems and carbonate platforms developing
during the Miocene in the Mediterranean. The euphotic
carbonate factory does not show any evidence of seagrass,
while coral bioconstructions have not been documented.
Zooxanthellate corals are present only as skeletal debris
associated with abundant stylasterids. In the mesophotic
and oligophotic zones, the typical biota producing carbonate
sediment such as red algae and larger benthic foraminifers
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are strongly reduced. The coastal wedge of the Pietra di
Finale clearly shows an unusual abundance of stylasterids
classically interpreted as a deep-water biota. However, in
this example the absence of low-energy texture and skeletal
components suggests a shallower-water origin, probably in
the eu- or meso- photic zone. The stylasterids colonized the
hard substrates available and were successively removed and
resedimented contributing to form the skeletal fraction of
the coastal wedge of the Pietra di Finale. The occurrence of
stylasterids is limited to particular conditions in the Miocene
of the Mediterranean, thus indicating that their diffusion is
controlled by local factors rather than global factors repre-
sented by the availability of hard substrates, strong bottom
currents that support the resuspension of organic particles
promoting their prosperity.
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