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ARTICLE INFO ABSTRACT

Editor: Professor L Angiolini Palaeoenvironmental data are fundamental in determining the manifold impacts of climate change. This paper

argues that sessile barnacles are an excellent palaeoenvironmental proxy: they are present in nearly all nearshore

Keywords: environments, and their shell consists of diagenetically stable low-magnesium calcite and grows fast enough to
Pli‘?cene record short-term variations. To demonstrate their utility, specimens from several Western Mediterranean
plelsmf’?ne Pliocene and Pleistocene barnacle-rich deposits are analysed herein, using for the first time a combination of
g};f,lc?\ﬁa sedimentology, taphonomy, stable isotope geochemistry and detailed comparisons with modern counterparts.
Perforatus Within shelf carbonate systems, barnacle diversity is highest in the shallow, nearshore waters and decreases

moving offshore, thus providing a good proxy for the reconstruction of water depth and distance from the
coastline. Barnacle taphonomy is also informative. Well-preserved complete specimens are characteristic of
protected areas, whereas less well-preserved specimens occur in high-energy areas. The presence/absence of
opercular plates is also particularly relevant for evaluating hydrodynamic conditions. As regards the C and O
stable isotope ratios, due to the porous and coarse-grained nature of the deposits in which barnacle remains are
usually found, the shells are often exposed to meteoric water percolation during diagenesis. Among the analysed
specimens, only those collected from fine-grained deposits display no evidence of alteration and have isotopic
ratios in line with those of their modern counterparts. These fossils display intra-shell variations that in modern
barnacles have been related to short-term environmental changes (e.g., seasonal cycles). These results demon-
strate that barnacles can always be useful for detailed palaeoenvironmental reconstructions based on skeletal
assemblages. Furthermore, with further research aimed at gathering more data and assessing potentially inter-
fering signals, they could become useful proxies for palaeoseasonality.

Stable isotope geochemistry

et al., 1984; Raymo et al., 1997; Bartoli et al., 2005; Bailey et al., 2013).
Non-turbiditic, deep-sea sedimentation mostly consists of a slow and

1. Introduction

To address the challenges posed by global warming, a fundamental
goal for geology is the provision of reliable information on the Earth’s
past environmental conditions. The Pliocene-Pleistocene represents a
key interval, with broad environmental variations that may be regarded
as a useful analogue of what we may need to endure in the near future (e.
g., Crowley and Hyde, 2008; Lunt et al., 2008; Haywood et al., 2013; Hill
et al., 2014; Prista et al., 2015). Our knowledge of these variations is
essentially based on the analysis of deep-sea sediments (e.g., Shackleton
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relatively constant fall-out of fine-grained sedimentary particles,
generally resulting in a continuous — albeit condensed and thus poorly
resolved — record of environmental variations. Sedimentation rates in
shallow-water are generally higher — thus theoretically allowing for a
better resolution of short-term variability — but the record is usually
more discontinuous (e.g., Ager, 1973), thus reducing the potential for
high-resolution reconstructions. As proxies for determining past envi-
ronments in shallow-water contexts, barnacles display four key
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advantages, related to their wide distribution in marine systems, abun-
dance, shell mineralogy and growth rates, respectively. Barnacle shells
are made of low-magnesium calcite (Clarke and Wheeler, 1922; Chave,
1954; Bourget, 1974; Smith et al., 1988; Hover et al., 2001; Borromeo
et al., 2017; Collareta et al., 2018; Ullmann et al., 2018), which is more
stable and less soluble than both aragonite and high-Mg calcite. Barnacle
shells grow relatively quickly (Crisp and Bourget, 1985, and references
therein; Lopez et al., 2012) and may thus record short-term environ-
mental oscillations such as seasonal variability (Buckeridge, 1975;
Killingley and Newman, 1982). Furthermore, thanks to their high
growth rate, barnacles can rapidly accumulate conspicuous shells
(Hoskin and Reed, 1984; Buckeridge, 1999, 2015; Coletti et al., 2018b,
and references therein), thus resulting in faithful palaeontological
“snaphots” of past environments. On these grounds, barnacles and
barnacle-rich facies represent powerful instruments for performing
detailed palaeonvironmental reconstructions. Thus, the aim of this work
is to explore the environmental signal recorded by barnacles during the
geological past and provide guidelines for their use in future research.
Several Pliocene-Pleistocene barnacle-rich deposits of northwestern and
central Italy (Fig. 1) are studied herein, and a palaeoenvironmental
analysis is provided for each site by focusing on the sedimentology,
barnacle abundance in the skeletal assemblage, and barnacle
taphonomy. Then, the C and O stable isotope ratios of barnacle shells are
investigated, testing different settings (very shallow, shallow, and in-
termediate depth), time-intervals (Early Pliocene, mid-Pliocene, Late
Pliocene, and Early Pleistocene), types of barnacles (both epizoic and
non-epizoic forms), and types of embedding deposits (fine-grained and
coarse-grained sediments).

2. Barnacle shell geochemistry

Calcareous barnacles form their shell as a succession of thin calcite
layers deposited about an organic matrix (Bourget, 1987; Gal et al.,
2015). These layers consist of calcite crystals enveloped in organic
macromolecules and display hierarchical patterns related to seasonal
and ontogenetic changes in the growth rate (Bourget and Crisp, 1975;
Gal et al., 2015). Although this structure is appealing for geochemical
analyses (Burgess et al., 2010), only a few investigations have been
carried out on this invertebrate group. Most of the studies on modern
barnacles have been concerned with their attachment to various surfaces
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due to the negative economic impact of barnacle fouling (e.g., Christie
and Dalley, 1987; Swain et al., 1998). Other analyses have been focused
on trace element abundances to evaluate the possibility of using bar-
nacles as biotracers of pollution (Walker and Foster, 1979; Watson et al.,
1995; Hockett et al., 1997; Darmoian and Al-Marsoumi, 2002; Tiirkmen
et al., 2005; Reis et al., 2011). Element/Ca ratios of barnacle shells have
been studied and proposed as tracers of salinity (Gordon et al., 1970)
and elevation from the shore level (Pilkey and Harris, 1966; Bourget,
1974). However, detailed analyses have shown that elemental ratios,
such as the Ca/Mg ratio, are strongly associated with the shell’s organic
content, indicating the affinity of these elements with the organic matrix
rather than with the calcite lattice of the shell (Barnes et al., 1976).
Significant local effects have also been reported (Albuquerque et al.,
2016). Overall, the chemical composition of barnacle shells is currently
poorly understood; compilations of barnacle shell chemistry rely on very
few samples, with the little available data indicating that barnacle shells
are quite different from those of most other marine invertebrates (Car-
penter and Lohmann, 1992; Khalifa et al., 2011; Iglikowska et al., 2018;
Ullmann et al., 2018).

The C and O stable isotope ratios composition of modern barnacles
have also been investigated for ecological and environmental purposes.
The 8'3C and 680 values of sessile barnacles are sensitive to seasonal
temperature variations, and the oxygen-isotope ratio has been proposed
as a palaeothermometer (Killingley and Newman, 1982; Smith et al.,
1988). C and O stable isotope ratios in epizoic barnacles (i.e., those that
preferentially live over other marine organisms; e.g., Seilacher, 2005)
have been employed to trace the movement patterns of their host ani-
mals (Killingley, 1980; Killingley and Lutcavage, 1983; Newman and
Killingley, 1985; Detjen et al., 2015; Pearson et al., 2019, 2020). Achituv
et al. (1997) investigated the 5!3C in extant Red Sea barnacles, sug-
gesting its potential use as a tracker of barnacle food sources, while
Craven et al. (2008) highlighted its potential as palaeoindicator of the
elevation from the shore level. While the works of Burgess et al. (2010),
Bojar et al. (2018) and Ullmann et al. (2018) have suggested that cir-
ripede shells develop in isotopic equilibrium with the surrounding
seawater, Killingley and Newman (1982) recorded that the calcite of
recent balanomorph barnacle shells display systematically higher 5'80
values than expected at equilibrium. Overall, the paucity of studies
investigating the C and O stable isotope composition of barnacle shells
do not provide conclusive evidence in this regard. Even less data are
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Fig. 1. Study area. A) Location of the studied Pliocene and Pleistocene outcrops and sampling sites of modern barnacles in the Western Mediterranean area. B)
Position of the study area within the Mediterranean region and location of the sampling site of the investigated modern specimens of Chelonibia testudi-

naria (Pozzallo).
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available on the stable isotope ratios of fossil barnacle shells. To our
knowledge, very few studies have investigated the geochemical features
of extinct cirripedes (e.g., Buckeridge, 1975; Gale and Schweigert, 2016;
Bosio et al., 2020; Paces et al., 2023), and even less have focused on their
O and C stable isotope ratios, namely, those by Roskowski et al. (2010),
Collareta et al. (2018) and Taylor et al. (2019, 2022).

3. Geological setting

The Mediterranean region is dominated by the convergence between
the African and European plates, a scenario that is further complicated
by the presence of several smaller plates in-between. This convergence
created the “alpide” orogenic belts (including the Alps and Apennines)
as well as the many (sub)basins that comprise the present-day Medi-
terranean Sea, such as the Ligurian-Provencal Basin (which originated in
late Oligocene to Early Miocene times) and the Tyrrhenian Basin (which
originated in the Miocene) (Van Dijk and Scheepers, 1995; Carminati
et al., 1998; Doglioni et al., 1999; Gelabert et al., 2002; Faccenna et al.,
2007; Savelli, 2015; Loreto et al., 2021).

Coupled with the uplift of the Alpine External Massif, the subsidence
of the Ligurian-Provencal Basin led to the formation of the late Neogene
Ligurian coastal basins (Boni et al., 1976; Giammarino, 1984; Breda
et al., 2007, 2009), while the eastward migration of the Apennine sub-
duction resulted in the opening of the ‘neoautochtonous’ basins of
Tuscany (Doglioni et al., 1999; Bizzarri and Baldanza, 2020; Brogi,
2020). During the Pliocene, the western Ligurian coast was bordered to
the north by the rising Alpine massif and to the south by the subsiding
Ligurian-Provencal Basin (Fanucci et al., 1980; Giammarino, 1984;
Breda et al., 2007, 2009). Uplift started in the Late Miocene and peaked
during the early Piacenzian (~3.5 Ma) (Boni et al., 1976; Giammarino,
1984; Bigot-Cormier et al., 2000; Giammarino and Piazza, 2000; Foeken
et al., 2003). The resulting coastline was characterised by a very narrow
continental shelf, a steep slope (Fanucci et al., 1980; Rehault et al.,
1984, 1985), and several basins and sub-basins with a comb-like
orientation with respect to the coastline (Boni et al., 1976). The ‘neo-
autochtonous’ basins of Tuscany started to form on the Tyrrhenian
margin of the Northern Apennines during the Miocene and progressively
developed eastward, following the migration of the subduction front
(Martini and Sagri, 1993). This resulted in the development of various
sets of basins parallel to the rising Apennines and bordered seawards by
fringes of topographic highs. These basins can be distinguished into
‘central’ and ‘peripheral’ ones, with the former containing marine as
well as Miocene deposits, versus the quintessentially Pliocene-
Pleistocene continental fill of the peripheral basins (Martini and Sagri,
1993). The present work focuses on the central basins, which are
geographically located west of the Cetona—-Chianti Ridge (Fig. 1).

3.1. The Lower Pliocene Pairola succession

Within the Pliocene coastal basins of Western Liguria, three main
formations (hereinafter: Fms) can be recognised: the Brecce di Taggia,
the Argille di Ortovero and the Conglomerati di Monte Villa (Giam-
marino et al., 2010; Dalla Giovanna et al., 2016). Located in the western
part of Liguria, the investigated outcrop at Pairola (43.94°N; 8.09°E;
Fig. 1) consists of very coarse-grained, lithoclastic to bioclastic rudites
that pass upwards into bioclastic calcarenites and finally into marls
(Boni et al., 1976; Dalla Giovanna et al., 2016; Coletti et al., 2021a). The
basal portion of the Pairola succession, belonging to the Conglomerati di
Monte Villa Fm, hosts an abundant fossil assemblage dominated by
barnacle fragments. The upper part of the Pairola succession, ascribed to
the Argille di Ortovero Fm, is dominated by foraminifera (Boni et al.,
1976; Dalla Giovanna et al., 2016; Coletti et al., 2021a). Based on
planktic foraminiferal biostratigraphy (Boni et al., 1976), the Pairola
succession spans between the MPL1 (corresponding to 5.3-5.1 Ma,
Violanti, 2012) and the upper part of MPL4b (3.3-3.2 Ma, Violanti,
2012), with barnacle-rich layers being limited to the early-middle
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Zanclean (Coletti et al., 2021a). These layers have been interpreted as
having formed in a narrow, high-energy, coastal environment, at a water
depth of <30 m (Coletti et al., 2021a).

3.2. The mid-Pliocene Certaldo succession

The Certaldo outcrop (43.56°N; 11.03°E; Fig. 1) is located within the
Valdelsa Basin of central Tuscany. Measuring c. 60 x 25 km, this NW-
trending basin is filled with some 1000 m of continental-to-marine,
uppermost Miocene to lowermost Pleistocene deposits (Benvenuti
et al., 2014). The succession exposed at Certaldo consists of massive
mudstones belonging to the Argille Azzurre Fm. An intraformational
unconformity divides the Argille Azzurre strata of the Valdelsa Basin
into a lower and an upper part (“lower” and “upper” blue clays), dated to
the basal Zanclean and to the Zanclean-Piacenzian boundary, respec-
tively (Benvenuti et al., 2014). The succession exposed at Certaldo be-
longs to the “upper blue clays” and has been referred to the S3 Synthem
of Benvenuti et al. (2014). This large-scale sequence is mostly repre-
sented by an alternation of deltaic sands and mudstones overlain by
shelf mudstones, which in the study area include several shell beds
(Dominici et al., 2018). At the Certaldo outcrop, one of such horizons is
exposed; it is rich in molluscs (mostly bivalves and gastropods) and
barnacles, and also features cartilaginous fish remains (Collareta et al.,
2020, 2021a,b). Based on their faunal assemblage and sedimentological
characteristics, these deposits have been interpreted as the results of
sedimentation in an off-shore setting at a depths of a few tens of meters
(Benvenuti et al., 2014; Dominici et al., 2018). According to Benvenuti
et al. (2014), the planktic foraminiferal assemblages from the S3 mud-
stones indicate the MPL 4 zone, corresponding to 3.98-3.19 Ma.
Calcareous nannofossil assemblages from the same strata are indicative
of the CNPL 4 zone, whose bounding bioevents have been calibrated to
3.82 and 2.76 Ma (Benvenuti et al., 2014). In light of these consider-
ations, the investigated deposits cropping out at Certaldo are referred to
the 3.82-3.19 Ma interval (late Zanclean — early Piacenzian).

3.3. The Upper Pliocene Casenuove succession

The Casenuove outcrop (43.69°N; 10.95°E; Fig. 1) is located at the
northern edge of the Valdelsa Basin, near Empoli. The sedimentary
succession exposed at this site has been referred by Dominici et al.
(2018) to the mid-Piacenzian (c. 3 Ma) and belongs to the S5 Synthem of
Benvenuti et al. (2014). This synthem displays a maximum thickness of
about 200 m and consists of several smaller-scale sequences. Each
sequence is tens of meters thick and comprises fluvial/coastal, coarse-
grained sediments as well as open shelf mudstone, either topped by
regressive shoreface/deltaic sandstones or directly overlain by the
following sequence (Dominici et al., 2018). At Casenuove, four terrig-
enous marine sequences are exposed, forming a transgressive trend
(Dominici et al., 1995). Within these strata, abundant plates of Chelo-
nibia testudinaria (Linnaeus, 1758) were collected from around a balae-
nid (right whale) skeleton, the likely host organism of these epizoic
cirripedes (Bianucci, 1996; Collareta et al., 2016; Collareta, 2020). The
horizon embedding these fossils is part of the highstand deposits
occurring near the top of the third depositional sequence and is char-
acterised by abundant molluscan remains, including Cerastoderma edule
(Linnaeus, 1758). The presence of this extant bivalve species suggests a
very-shallow (approximately 10 m or less; Simonarson, 1981) setting,
most likely corresponding to an interdistributary bay (Dominici et al.,
1995).

3.4. The Upper Pliocene Montefollonico succession

The Montefollonico outcrop (43.13°N; 11.73°E; Fig. 1) belongs to the
Siena-Radicofani Basin, a NNW-trending tectonic depression that pro-
vides one of the best records of post-collisional deposition in the hin-
terland of the Northern Apennines (Martini et al., 2021). Past authors
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have often supported the identification of two distinct basins, the
northern Siena Basin and the southern Radicofani Basin, but modern
studies have highlighted a shared geological evolution (Brogi, 2011;
Brogi et al., 2014). At the study site, a relatively inconspicuous car-
bonate unit occurs at the top and along the northwestern flank of an
isolated hill, resting disconformably upon older, Lower Pliocene de-
posits (Nalin et al., 2016). Conglomerates are found at the base of the
succession. Moving up-section, fossiliferous fine-grained calcirudites
form most of the outcrop, being particularly rich in barnacles and
coralline algae (Nalin et al., 2016). The lack of tractive structures, the
poor sorting and the high matrix content suggest a relatively low-energy
hydrodynamic setting (Nalin et al., 2016), which is consistent with a
partly sheltered coast as documented elsewhere in the Siena-Radicofani
Basin (Martini and Aldinucci, 2017). Due to the lack of biostratigraphic
data, the chronostratigraphic assignment of these strata is somewhat
ambiguous. In fact, these deposits could be alternatively correlated with
subchrons C2An.1n, C2An.2n or C2An.3n (Nalin et al., 2016). Conse-
quently, they are here conservatively regarded as Late Pliocene (Pia-
cenzian) in age.

3.5. The Lower Pleistocene Fauglia succession

The Fauglia quarry (43.56°N; 10.53°E; Fig. 1) is located in the
northern sector of the Tora-Fine Basin, one of the most external Neogene
extensional basins of Tuscany (Bossio et al., 1999). During the Early
Pleistocene, a changing tectonic regime induced the fragmentation of
the Tora-Fine Basin, and the Fauglia area became a site of marine
deposition (Bossio et al., 1999) (Fig. 1A). In the study area, the Pleis-
tocene succession overlies Pliocene deposits (Marroni et al., 1990),
featuring, in an ascending stratigraphic order, the Morrona Fm, the
Sabbie di Nugola Vecchia Fm and the Casa Poggio ai Lecci Fm (Mazzanti,
2016). Both the Morrona and Sabbie di Nugola Vecchia Fms are largely
marine deposits of Early Pleistocene (Calabrian) age, being referred to
the Santernian and Emilian regional sub-stages, respectively. Strata
belonging to the Sabbie di Nugola Vecchia Fm are exposed at the Fauglia
quarry (Bosio et al., 2021). The investigated succession is comprised of
an alternation of sands and silts featuring, from the bottom to the top, an
exceptionally preserved Posidonia oceanica (Linnaeus) Delile, 1813
meadow (preserving both rhyzomes and leaves), a Cladocora caespitosa
(Linnaeus, 1767) bank and an Ostrea edulis Linnaeus, 1758 reef (Bosio
etal., 2021). The studied barnacle specimens were originally attached to
the oysters that comprise the latter reefal horizon. Palaeontological and
sedimentological considerations indicate a marginal-marine, somewhat
protected, progressively shallowing palaeoenvironment (Bosio et al.,
2021; Mariani et al., 2022). Given the present-day bathymetric distri-
bution of these bioconstructions (Haven and Whitcomb, 1983; Chris-
tianen et al., 2018; Kregting et al., 2020), the barnacle-rich, oyster reef-
related horizon formed at 5-10 m of water depth (Bosio et al., 2021).

4. Material and methods
4.1. Geological analysis

The sedimentary successions of Pairola and Montefollonico were
characterised in the field through geological and palaeontological
analysis. Wherever possible, a stratigraphic section was measured with a
Jacob’s staff (Patacci, 2016 and references therein). Large rock samples
were collected from the main lithologies, numbering 27 from Pairola
and 7 from Montefollonico. Well-preserved specimens of barnacles and
molluscs were collected from barnacle-dominated facies. Fossil barna-
cles and molluscs were also collected from the barnacle-rich layers of
Certaldo, Casenuove and Fauglia. Barnacle taphonomy was investigated
following the methods of Donovan (1988), Doyle et al. (1997), Nomura
and Maeda (2008), Nielsen and Funder (2003) and Klompmaker et al.
(2015). Carbonate rocks were classified based on Dunham’s (1962)
classification, which was subsequently emended by Embry and Klovan
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(1971) and Lokier and Al Junaibi (2016). Twenty-seven rock samples
from Pairola and 25 from Montefollonico were prepared as thin sections
for studying the skeletal, foraminiferal and algal assemblages. Skeletal
assemblages were quantified through point-counting (Fliigel, 2010),
using a 250-pm-mesh and counting >500 points for each section (see
Supplementary Table S1 for the raw data). Foraminiferal assemblages
were studied by counting all the recognizable specimens occurring in
each section (i.e., the area counting method) (Fliigel, 2010; Coletti et al.,
2021b) (see Supplementary Table S1 for the raw data). Wherever
possible, the thickness/diameter ratio of Amphistegina was used as a
proxy of palaeo-water depth following the approach of Mateu-Vicens
et al. (2009). Coralline algal assemblages were investigated by consid-
ering the area covered by each algal taxon and using a high-rank taxo-
nomic scheme (Aguirre et al., 2000; Coletti et al., 2018a; Coletti and
Basso, 2020). Thin sections of fossil barnacle shells were also used for
systematic purposes as the inner structures of the shell is characterised
by taxonomically relevant microstructures (Davadie, 1963; Newman
et al., 1967; Buckeridge, 1983; Coletti et al., 2019; Collareta et al., 2019,
2022).

4.2. Geochemical analyses on barnacle shells

In order to better appreciate the significance of the C and O stable
isotope signatures of fossil barnacles, modern sessile acorn barnacles
were sampled from western Liguria (Perforatus perforatus (Bruguiere,
1789) and Amphibalanus amphitrite (Darwin, 1854) at Imperia; 43.88°N;
8.05°E) and along the coast of southern Tuscany (P. perforatus at Marina
del Boccale; 43.47°N; 10.32°E; A. amphitrite at Livorno; 43.56°N;
10.31°E), at <1 m water depth (Fig. 1). Specimens of the epizoic bar-
nacle Chelonibia testudiniaria were collected from a loggerhead turtle
(Caretta caretta (Linnaeus, 1758)) washed ashore in Sicily (Pozzallo;
36.72°N; 14.85°E) (Fig. 1). Fossil barnacles were analysed macroscop-
ically to evaluate their preservation state and screened for diagenetic
alteration. The completeness of the shell, the homogeneity of the colour,
the extent of plate preservation and the presence/absence of abrasion
and/or predation boreholes were all considered for identifying the best-
preserved specimens. On these bases, sessile acorn barnacles were
selected from the Pairola, Montefollonico, Certaldo and Fauglia out-
crops, whereas the epizoic barnacle Chelonibia testudinaria was selected
from the Casenuove succession (Table 1).

It should be noted that, unlike other groups of fossil invertebrates (e.
g., Barbin and Gaspard, 1995; Barbin, 2000; Machel, 2000; Angiolini
et al., 2012; Crippa et al., 2016; Casella et al., 2018; Bosio et al., 2020;
Sanfilippo et al., 2021), diagenesis in barnacles has been studied less
extensively, and consequently, standard protocols for evaluating alter-
ation in fossil barnacle remains are hitherto not available. Therefore, in
order to provide clues for future researchers on how to separate pristine
barnacle from altered ones, modern and fossil barnacle specimens were
also analysed by means of cathodoluminescence (CL) and scanning
electron microscope analysis (SEM) (Table 1). Thick sections were pre-
pared following the procedure proposed by Crippa et al. (2016):
embedding in resin, polishing with 400 and 1000 SiC, and eventually
etching with diluted HCl for <15 s. A Zeiss FEG Gemini 500 SEM
(Universita degli Studi di Milano-Bicocca) was used for morphological
observations. Secondary electron images were used to detail the struc-
ture and microstructure of modern specimens, as well as for looking for
evidence of dissolution and recrystallization in the fossils. Twenty-three
dedicated thin sections were prepared for optical microscope observa-
tions following the approach proposed by Collareta et al. (2019) and
Coletti et al. (2019), based on cutting the same shells at different heights
(Table 1). Seven such sections, which include both modern and fossil
specimens from all the studied localities, were analysed through a CITL
Optical CL microscope stage at the Universita degli Studi di Milano-
Bicocca, operated at a voltage of 6.3 kV and a current intensity of c.
1.1 mA, with a vacuum of ¢. 7.3 Pa.

As regards the specimens selected for isotopic analyses, sediment
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Table 1
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Sample analysed for stable isotope ratios and for the assessment of diagenetic evaluation; * indicates that the number of analysed specimens includes one of the
specimens analysed for stable isotope ratios. Further information and raw data are available in Supplementary Table S1.

Type Locality Barnacle stable Barnacle stable Mollusc Sediment Barnacle thick Barnacle Barnacle thin
isotopes bulk isotopes samples sample section examined thin sections sections
samples seasonality with SEM examined with examined with CL
(n° of specimens)  samples (n° of specimens) optical microscope (n° of specimens)
(n° of specimens) (n° of specimens)
1 pectinid
Pairola 1 3 1 oyster 1 2% 2% 1=
1 pectinid
Certaldo 2 3 1 oyster - 4% 4* 1*
Casenuove 1 3 1 oyster - 1* 1* 1*
Montefollonico 2 3 1 oyster 1 2% 4* 1*
Fossil Fauglia 2 3 1 oyster 1 2% 4* 1*
Marina del
Boccale 1 - - - 1 2 -
Imperia
(A. amphitrite) 2 - - - 1 2 -
Imperia
(B. perforatus) 1 1 - - 2 3 1
Livorno 1 1 - - 3 2
Recent  Pozzallo 2 3 - - 1= 1= 1=

particles cemented to the shells were gently removed using sandpaper
(400 grit and subsequently 800 grit). Following Bosio et al. (2020), the
specimens were then ultrasonicated in distilled water to remove any
remaining particles. After drying, shell powder was collected using a
hand-held microdrill equipped with a 0.8 mm metal bit with embedded
synthetic diamonds. Only the cleaned external part of the shell was
drilled to avoid collecting sediment and diagenetic material that might
reside in the parietal tubes. In order to take into account seasonal
temperature variations recorded by the fast-growing barnacle shells,
several samples (4 to 7, depending on the shell size) were collected from
each specimen - from the base (which represents the youngest shell
part) to the top (the oldest shell part) (Fig. 2). While collecting each
intra-shell sub-sample, most of the surface of the shell, excluding the
sampled area, was covered in aluminum foil to avoid contamination of

dust and particles originating from other parts of the shell (Fig. 2). After
the collection of each sample, the shell was cleaned with pressurized air.
To better assess diagenetic alteration and internal variability, several
control samples were also collected and measured, namely: bulk samples
collected by drilling a barnacle plate along its entire length; well-
preserved associated molluscan material (either from pectinids and/or
ostreids); rock samples from the barnacle-rich horizons. Stable oxygen
(5*80) and carbon (5'3C) isotope ratios were analysed with a Gas Bench
II (Thermo Scientific) coupled with an IRMS Delta XP (Finnigan Matt) at
the Institute of Geosciences and Earth Resources of CNR in Pisa (Italy).
Carbonate samples of c. 0.15 mg each were dissolved in H3PO4 (105%)
for one hour at 70 °C. Sample results were corrected using the interna-
tional standards NBS-19 and a set of 3 internal standards (two marbles,
MOM and MS, and a carbonatite, NEW12, which were previously

Fig. 2. Stable isotope sampling in barnacles. A) Intra-shell sampling for palaeoseasonality; several samples were collected from each specimen (the figured specimen
was collected from the Lower Pliocene outcrop of Pairola), from the base (which represents the youngest shell part) to the top (the oldest shell part); the specimen is
partially covered with aluminum foil to avoid contamination of dust and particles from other parts of the shell. B) Thin section of a fossil specimen from Certaldo,
which was sampled for seasonality; the section shows how drilling is limited to the outer lamina and does not involve the parietal tubes. C) Thin section of a modern
Chelonibia specimen from Pozzallo, from which a bulk sample (i.e., a sample crossing the entirety of the outer surface of the shell, and as such, different stages of the

growth of the barnacle) was collected.
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calibrated using the international standards NBS-18 and NBS-19). All
the results were reported in the § notation relative to the Vienna Pee Dee
Belemnite (VPDB) international standard. Analytical uncertainties for
5180 and 5!3C were 0.17%o and 0.15%, respectively (calculated as the
standard deviations of the replicated analyses performed on the stan-
dards during the measurements of the investigated samples).

Raw data for C and O stable isotope ratios and point counting are
included in Supplementary Table S1. Unless stated otherwise, all the
analysed specimens, samples and thin sections are stored at the Dipar-
timento di Scienze dell’Ambiente e della Terra, Universita degli Studi di
Milano-Bicocca.

5. Results
5.1. Pairola succession

The Lower Pliocene succession at Pairola can be divided into two
sequences (Fig. 3A). Overlaying the Upper Cretaceous turbidites that
constitute the basement of the basin, the first sequence consists of
boulder-rich breccias and conglomerates (dominated by clasts eroded
from the underlying turbidites) (Fig. 3B-D), progressing upwards into
rudstones (with a packstone matrix) (Fig. 3E-G) and, further up-section,
into packstones (Fig. 3G-H). The first sequence is separated from the
second by an erosional surface marked by a Glossifungites ichnofacies
(Fig. 3I). The second sequence comprises a breccia layer that includes
clasts of the underlying packstones, overlain by coarse-grained pack-
stones and, further above, by a conglomerate layer (Fig. 3J). Two main
facies, corresponding to different skeletal assemblages, can be recog-
nised in the two sequences: a coarse-grained barnamol (BARNAcles +
MOLluscs; sensu Hayton et al., 1995) (Fig. 4A, B) and a fine-grained
foramol (FORAminifera + MOLluscs; sensu Lees and Buller, 1972)
(Fig. 4C). The barnamol facies comprises a sizable, coarse-grained sili-
ciclastic fraction that is mainly related to the erosion of the basement of
the basin (Table 2; Fig. 4B). The bioclastic fraction is dominated by
barnacles and molluscs associated with minor amounts of echinoderms,
benthic foraminifera, serpulids and rare coralline algae (mainly Cor-
allinales: Lithophyllum) (Table 2; Fig. 4A, B). The molluscan assemblage
is dominated by moderately well-preserved oysters and pectinids asso-
ciated with remnants of other recrystallized unidentified molluscs. The
foraminiferal assemblage is dominated by Cibicides and Elphidium,
associated with abundant Amphistegina and Planorbulina; planktic fora-
minifera are rare. The foramol facies also includes a relevant siliciclastic
fraction, mainly consisting of sand-sized grains. The bioclastic fraction is
dominated by benthic foraminifera associated with abundant echino-
derms, planktic foraminifera, molluscs and barnacles (Table 2; Fig. 4C).
The foraminiferal assemblage is dominated by planktic foraminifera and
Cibicides associated with abundant Asterigerinata (Fig. 4D) and rarer
Amphistegina and Lenticulina. Some samples display a transitional
composition that is rich in both barnacles and benthic foraminifera
(mainly Cibicides and Amphistegina) (Table 1; Fig. 4E, F). The barnamol
facies characterizes the breccias, conglomerates and rudstones of the
lower part of the first sequence as well as the uppermost conglomerate of
the second sequence. The foramol facies characterizes the packstones of
the uppermost part of the first sequence. The interbedded rudstones and
packstones that comprise the upper part of the first sequence and the
rudstones and breccias of the lower part of the second sequence host the
transitional assemblage, which is rich in both barnacles and forami-
nifera (Fig. 3).

The barnacle assemblage of the barnamol facies is largely dominated
by a single species of relatively large balanomorph balanids, up to c. 4
cm in height (Fig. 5). These shells, identified as Concavus concavus
(Bronn, 1831) (Newman, 1982; Zullo, 1992; Pitombo, 2004), are
globulo-conical, with ribbed triangular parietes, broad radii and a
toothed, diamond-shaped orifice (Fig. 5A-C). The parietes are charac-
terised by a single row of large parietal tubes and complex, arborescent
interlaminate figures (Fig. 5D). Sutural edges display primary denticles
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with secondary denticles on the lower side only. The alae are cleft. Rare
small individuals displaying simple interlaminate figures with a rather
limited number of secondary processes have been identified as
Amphibalanus sp. The barnacle shells are often fragmented and generally
poorly preserved (Type 7 preservation of Doyle et al., 1997; Type D
preservation of Nomura and Maeda, 2008) or found in small groups of
relatively well-preserved specimens that are dislodged from their sub-
strate, except when this substrate is represented by a mollusc shell (Type
2 of Doyle et al., 1997; Type C of Nomura and Maeda, 2008) (Fig. 5A-B).
Opercular plates are very rare and invariably detached from the corre-
sponding shell.

5.2. Certaldo succession

At Certaldo, a rather monotonous mudstone succession crops out
along a partly revegetated quarry wall that erodes in a badland-like
fashion (Fig. 6A). These deposits are primarily greyish-bluish, calcar-
eous mudstones that match the original description of the “M4 muddy
lithofacies” recognised by Benvenuti et al. (2014) within the sedimen-
tary fill of the Valdelsa Basin. The succession hosts abundant macro-
invertebrate fossils that concentrate in a c. 25 cm-thick shell bed
running sub-horizontally a few meters below the top of the cliff (Fig. 6B)
(Collareta et al., 2020). Invertebrate taxa from the Certaldo quarry
include several bivalves and gastropods (Bathytoma cataphracta (Broc-
chi, 1814), Calcarata calcarata (Brocchi, 1814), Pelecyora brocchii
(Deshayes, 1836), Petaloconchus intortus (Lamarck, 1818), Tenagodus
obtusus (Schumacher, 1817) and Thylacodes arenarius (Linnaeus, 1758),
among others) besides acorn barnacles. Vertebrates are rarer, being
represented by some teeth of elasmobranchs (including Megascyliorhinus
miocaenicus (Antunes and Jonet, 1970), Nebriimimus wardi Collareta
et al., 2021b and Rostroraja sp.) as well as by bony fish otoliths (Merella
et al., 2023).

Although barnacles do not represent the main component of the
Certaldo macrofossil assemblage, they are relevant and occur as: (i)
displaced individuals; (ii) rare individuals attached to their original
substrate (i.e., other shells; Fig. 6C, D), but not in life position; (iii)
disarticulated and fragmented plates (Types 2 and 7 of Doyle et al.,
1997; Types C, B and D of Nomura and Maeda, 2008). Both complete
individuals and fragments are generally very well preserved, showing no
evidence of abrasion (Grade 0 of Nielsen and Funder, 2003), and often
with remnants of the original shell colour (Fig. 6C, D). Several specimens
were found with their delicate opercular plates still articulated (Fig. 6C,
E). Opercular plates (both scuta and terga) are generally common in the
investigated horizon (Fig. 6E, F). The assemblage is dominated by a
single taxon of medium- to large-sized, conical shells with triangular
parietes, broad radii and a toothed diamond-shaped orifice. Broken
specimens feature a single row of large parietal tubes. The observed
scuta invariably exhibit a cancellate pattern (Fig. 6E). Overall, these
observations indicate that the Certaldo barnacles belong to Concavus
concavus.

5.3. Casenuove succession

As the Casenuove quarry is inactive and largely covered by vegeta-
tion (Fig. 7A), our description of the outcrop is chiefly based on previous
literature references (see Dominici et al., 1995; Bianucci, 1996 for a
more detailed description). The base of the succession consists of coarse
sands displaying high-angle cross stratification and abundant wood
fragments. These are overlain by medium-grained fossiliferous sands.
Further above, fine sands and bioturbated silts occur; they are charac-
terised by a rich assemblage, including Scrobicularia plana (da Costa,
1778), Striarca lactea (Linnaeus, 1758), and shark and ray teeth. Up-
wards, the investigated barnacle-bearing layer is encountered. This
sandy-silty layer entombs a diverse fossil assemblage, including a right
whale skeleton that was excavated in 1995 (see Bianucci, 1996; Col-
lareta et al., 2016), abundant molluscs (Cerastodema edule, Bittium
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Fig. 3. Pairola succession. A) Schematic stratigraphic log of the Pairola succession, showing the main lithologies and the abundance of various bioclasts; F = fine, C
= coarse, Gr = granules, Pb = pebbles, Co = cobbles, Bu = boulders; for the symbols the reader is referred to Fig. 8A. B) Basal breccia of sequence 1, which is partially
covered by a dry-stone wall; the clasts of the breccia derive from the erosion of the underlying turbidites. C) Boulder-rich breccia from the base of sequence 1,
characterised by an abundant bioclastic matrix displaying a barnamol assemblage. D) Detail of a bioclastic-rich conglomerate from the base of sequence 1, displaying
its rich bioclastic content dominated by barnacle fragments. E) Cluster of barnacles from the lower part of sequence 1, displaying a geopetal structure (red
arrowhead). F) Sequence 1; transition from the bioclastic-rich, boulder-bearing conglomerates (red arrowhead) to the overlaying rudstones with a packstone matrix
that are initially interbedded with packstone layers (blue arrowhead). G) Sequence 1; detail of the rudstones with packstone matrix alternating with packstones. H)
Upper part of sequence 1, dominated by packstone layers rarely interbedding with thin rudstone layers. I) Glossifungites ichnofacies marking the boundary between
the two sequences; red arrowheads = Thalassinoides, blue arrowheads = Skolithos. J) Sequence 2; detail of the uppermost conglomerate layer. (For interpretation of
r;he references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Pairola microfacies. A) Overview of the barnamol facies, displaying a large barnacle fragment. B) Overview of the barnamol facies, displaying abundant
molluscs and rock fragments. C) Overview of the foramol facies, displaying abundant planktic foraminifera (e.g., red arrowhead). D) Cibicides (red arrowhead) and
Asterigerinata (basal section; blue arrowhead) from the foramol facies. E) Overview of the transitional assemblages with abundant barnacles and foraminifera. F)
Amphistegina from the transitional assemblage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

reticulatum (da Costa, 1778), Jujubinus exasperatus (Pennant, 1777) and
oysters), root traces and remains of decapod crustaceans. The associated
microfauna is mostly represented by Ammonia beccarii (Linnaeus, 1758)
and Elphidium crispum (Linnaeus, 1758). Near the whale skeleton are
remains of C. edule, Conus sp., Hadriania truncatula (Foresti, 1868),
Paratectonatica tigrina (Roding, 1798), Ostrea edulis, Potamides tricinctus
(Brocchi, 1814), crab chelipeds and tree branches. Close to the whale
skull, and especially along the right mandible, are numerous chelonibiid
barnacle shells. The location of these barnacles suggests that they were
attached to the skin around the jaws of the whale, and post-mortem
simply dropped off when the soft tissue decomposed. Further upsec-
tion, the sequence is capped by silts and palaeosoils with sparse pul-
monate gastropods.

Barnacle specimens were collected from the sediment surrounding
the baleen whale skeleton, which is currently kept at the Museo di Storia
Naturale dell’Universita di Pisa (MSNUP) with catalogue number
MSNUP 1-16839 (Bianucci and Sorbini, 2014). They have been attrib-
uted to the extant testudinaria morph of Chelonibia testudinaria (Cheang
et al., 2013; Zardus et al.,, 2014) based on the observation of the
following characters: shell oval, dome-shaped, eight-plated; rostrum and
rostrolatera arranged in a tripartite rostral complex; walls heavy, com-
partments thick and strong; radii narrow and well-sunken; sheath
depending; bi-lamellar section of the parietes deep, featuring a dense
pattern of longitudinal internal parietal septa whose basal edges are
finely denticulated by depending points; radii distinctly notched;

parietes smooth, neither ribbed nor longitudinally folded; peripheral
edge neither lobed nor incised; miniature complemental males present
(Collareta et al., 2016; Collareta, 2020) (Fig. 7B). From a taphonomic
point of view, the epizoic nature of C. testudinaria and the membranous
nature of its base limit the application of the taphonomic schemes of
Doyle et al. (1997) and Nomura and Maeda (2008). The specimens occur
both as disarticulated valves and as complete or almost complete shells.
In both cases, they are usually exquisitely preserved (grade 0 of Nielsen
and Funder, 2003), with pristine details of the shell morphology being
retained (Fig. 7B, C).

5.4. Montefollonico succession

The Upper Pliocene Montefollonico succession is separated from the
underlying Lower Pliocene shelf packstones by an erosional surface
(Fig. 8A, B). The base of the succession consists of a normally-graded,
clast-supported conglomerate displaying a large bioclastic fraction and
a fine-grained micritic matrix (Fig. 8B). The conglomerate is overlain by
rudstones (more coarse-grained close to the conglomerate and more
fine-grained upwards) with a terrigenous fraction and a fine-grained
micritic matrix (Fig. 8C-E). Both lithologies are characterised by a bar-
nalgal facies (BARNACcles + coralline ALGae; sensu Coletti et al., 2018b)
(Fig. 8D). Barnacles are more abundant in the conglomerate (Fig. 8F),
whereas coralline algae and benthic foraminifera are more abundant in
the rudstones (Table 2; Fig. 8G). Molluscs are also common, especially in
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Table 2
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Petrographical characteristics, skeletal assemblages and foraminiferal assemblages of the different facies that have been recognised at the Pairola and Montefollonico

outcrops. Average values are indicated in bold.

Pairola Montefollonico

Age early to middle Zanclean Piacenzian

Facies Barnamol Transitional Foramol Barnalgal

Texture and lithology Conglomerate, rudstone Breccia, rudstone (packstone Packstone Conglomerate Rudstone (packstone

(packstone matrix) matrix), packstone matrix)

Terrigenous fraction % 40 40 15 65 15
(average)

Terrigenous fraction % 10-80 15-60 5-35 60-70 5-45
(min-max)

Bioclastic fraction % 60 60 85 35 85
(average)

Bioclastic fraction (min- 20-90 40-85 65-95 30-40 55-95
max)

Skeletal assemblage (based on recognizable grains of the bioclastic fraction evaluated with point-counting)

Barnacles % (average) 43 28.5 3.5 51.5 30

Barnacles % (min-max) 25-80 15-50 0-9 15-77 8-50

Molluscs % (average) 31 10 6 11 11

Molluscs % (min-max) 5-65 0-25 0-15 4-32 2-43

Echinoids % (average) 10 16 21.5 4.5 2.5

Echinoids% (min-max) 0-25 10-25 5-35 1-18 0-14

Benthic foraminifera % 7 38 49 6 16
(average)

Benthic foraminifera % 0-15 15-60 35-60 5-7 2-60
(min-max)

Serpulids % (average) 5 0 0 1.5 1

Serpulids % (min-max) 0-50 // // 0-4 0-14

Bryozoans % (average) 2 6 0 2 1.5

Bryozoans % (min-max) 0-15 0-25 // 1-13 0-31

Coralline algae % 1.5 0 0 23.5 37.5
(average)

Coralline algae % (min- 0-8 // // 10-65 0-75
max)

Planktic foraminifera % 0.5 1.5 20 0 0.5
(average)

Planktic foraminifera % 0-2 0-5 2-45 // 0-1
(min-max)

Foraminiferal assemblage (area counting)

Dominant taxa Cibicides-Elphidium Cibicides - Amphistegina Planktic foraminifera- Elphidium — Encrusting Elphidium - Ammonia -

Cibicides foraminifera Amphistegina

Amphistegina T/D ratio // 0.40 0.36 // 0.40
(average)

Amphistegina T/D ratio // 0.32-0.44 0.33-0.41 // 0.29-0.54
(min-max)

Planktic/Benthic ratio 0.06 0.08 1.21 0.01 0.002
(average)

Planktic/Benthic ratio 0-0.15 0-0.16 0.2-2.63 0-0.02 0.001-0.003
(min-max)

the rudstones where molds of large specimens can be observed (Fig. 8E);
except for rare oysters, most of the observed molluscs are obviously
recrystallized. Echinoderms and serpulids are rare. The foraminiferal
assemblage is dominated by elphidiids; Cibicides and Asterigerinata are
also common (Table 2). Ammonia and Amphistegina are common in the
rudstones (Fig. 8H, I), whereas encrusting foraminifera are common in
the basal conglomerate. Both lithologies contain small miliolids, which
often exhibit different types of partial dissolution. Coralline algae occur
as coated grains growing over pebbles and shells (including barnacles
shells) as well as small rhodoliths with branched morphology. In the
conglomerate, the algal assemblage is dominated by Corallinales (88%;
mainly Lithophyllum), with small amounts of Hapalidiales (12%; mainly
Roseolithon) (Fig. 8J). The algal assemblage of the rudstones is domi-
nated by Hapalidiales (62%; mainly Roseolithon, Mesophyllum and Lith-
othamnion) associated with abundant Corallinales (38%; mainly
Lithophyllum) (Fig. 8K, L).

Barnacles are usually moderately well preserved (Fig. 9A), especially
in the rudstones where specimens still retaining traces of their original
colour were collected. Barnacles occur as (i) displaced clusters; (ii)
clusters attached to their original substrate (including pebbles, and
rhodoliths) although not in life-position; and (iii) disarticulated plates

and fragmented plates (Types 2 and 5 of Doyle et al., 1997; Types C and
D of Nomura and Maeda, 2008; grades 0 to 1 of Nielsen and Funder,
2003). The assemblage is dominated by medium- to large-sized, conical
shells with triangular parietes, broad radii and a toothed, diamond-
shaped orifice (Fig. 9A, B). Specimens observed in thin section feature
a single row of large parietal tubes and complex, arborescent inter-
laminate figures (Fig. 9C). Abundant opercular plates (mainly scuta, but
a pair of terga were also recovered) are dispersed in the sediment; most
of the scuta display a cancellate pattern (Fig. 9B). Overall, these ob-
servations indicate that the Montefollonico barnacle palaecocommunity
was dominated by Concavus concavus.

5.5. Fauglia succession

The Lower Pleistocene succession of Fauglia consists of sands and
silts that were deposited in a nearshore coastal environment charac-
terised by a seagrass meadow (lower part of the succession; Fig. 10A), a
Cladocora caespitosa bank (upper part; Fig. 10B) and an Ostrea edulis reef
overlain by shoreface sands (capping the succession; Fig. 10C) (Bosio
et al., 2021; Mariani et al., 2022). Barnacles encrust the oysters of the
reef and mainly occur as articulated shells (Fig. 10D), sometimes still



G. Coletti et al. Palaeogeography, Palaeoclimatology, Palaeoecology 634 (2024) 111914

Interior of the shell

Fig. 5. Barnacle assemblage from the barnamol facies of the Pairola outcrop. A) Cluster including three well-preserved specimens of Concavus concavus; one of the
surfaces of the leftmost specimen has been cleaned and sampled for stable isotope analysis to study palaeoseasonality (red arrowheads); note the broad radii (blue
arrowhead). B) Apical view of the same cluster as in panel A; red arrowhead indicates the specimen sampled for stable isotope analysis, displaying a well-preserved,
diamond-shaped orifice. C) Small, solitary specimen of C. concavus preserving remnants of the original shell colour. D) Thin section of a parietal plate of C. concavus,
displaying the single row of large parietal tubes and complex, arborescent, interlaminate figures (white arrowhead); red arrowhead = parietal tube filled by sparitic

calcite crystals; blue arrowhead = bryozoan colony encrusting the inner surface of this disarticulated barnacle plate. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Certaldo outcrop and barnacles. A) Overview of the outcrop, with calcareous mudstones eroding in a badland-like fashion. B) Shell-rich bed (red arrowheads).
C) Apical view of a well-preserved specimen of Concavus concavus attached to a gastropod shell and still displaying its pinkish colour; note the broad radii (red
arrowhead) and the presence of an opercular plate (white arrowhead) still within the diamond-shaped orifice of the shell. D) Lateral view of the same specimen as in
panel C. E) Articulated pair of delicate opercular plates, including a scutum exhibiting a cancellate pattern (red arrowhead). F) A tergum from one of the examined
C. concavus specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Casenuove outcrop and barnacles. A) Overview of the outcrop. B) Well-preserved specimen of Chelonibia testudinaria, displaying delicate features such as a
complemental male (red arrowhead) and the embedding fine-grained sediment. C) Chelonibia testudinaria rostral plates, displaying their glossy and well-preserved
inner surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

possessing their opercular plates (Type 1 of Doyle et al., 1997; Type A of
Nomura and Maeda, 2008). The shells display no evidence of abrasion
(Grade 0 of Nielsen and Funder, 2003), but some appear to have been
compressed and deformed during diagenesis. The observed specimens
are small to medium-sized, and characterised by conical shells with
triangular parietes, narrow radii and a proportionally small orifice
(Fig. 10E). The scuta display pronounced transverse growth lines and
lack radial striae (Fig. 10F). On the basis of these characters, the Pleis-
tocene Fauglia barnacles are assigned to the extant Mediterranean spe-
cies Perforatus perforatus.

5.6. C and O stable isotope ratios

Modern Western Mediterranean barnacle specimens (Perforatus per-
foratus, Amphibalanus amphitrite and Chelonibia testudiniaria) exhibit
similar isotopic ranges, with 8!°C values ranging between —0.8%o and +
1.5%0 and 880 values ranging between —1.1%o and + 2.4%o (Fig. 11).
Fossil barnacle specimens exhibit a much larger range, namely, between
—7.6%0 and + 2.4%o in 513C and between —4.8%o and + 2.3%o in 580
(Fig. 11). No sub-set of samples, in its entirety, display a very strong
correlation between the 5'C and 5'%0 values. The fossil barnacles from
Pairola range between —5.5%0 and — 4.0%o in 5'3C, and between —4.6%o
and — 2.7%o in 880, exhibiting a correlation between the two variables
R?% = 0.85, n = 13). These values match the coeval oyster sample 63c
= —4.2%q; 51%0 = —4.2%o) as well as the embedding sediment (813C =
—4.6%o; 580 = —4.3%0), while the bulk barnacle specimen B¢ =
—1.6%o; 5180 = —0.4%o) and the coeval pectinid bivalve (613C = —0.4%o;
8180 = —1.5%0) display different values. The fossil barnacles from
Fauglia, which were sampled for seasonality, range from —7.6%o to
—2.6%o in 8'3C, and from —3.7%o to +0.3%o in 5*%0. They also display a
correlation between 8'3C and §'80 (R? = 0.91, n = 12). The co-occurring
oyster sample has much higher values (5*3C = +0.2%o; 5180 = +0.1%o),
while the sediment and the barnacle bulk sample are near the lower end
of the range of the seasonality samples. In the cases of Fauglia and
Pairola, the vast majority of the barnacle data fall outside the known
range of living calcareous cirripedes. Fossil barnacles from Mon-
tefollonico range between —3.9% and + 1.2%0 in 8'3C, and between
—4.0%0 and — 0.3%o in 8'%0. They display a weak correlation between
5!3C and 5'%0 (R2 = 0.3, n=17). The co-occurring oyster, sediment and
bulk barnacle samples display values consistent with those of barnacles
sampled for seasonality. In this case, the isotopic values of the fossil
barnacles fall almost entirely within the range of living calcareous cir-
ripedes but outside the range of the analysed modern barnacles from the
Western Mediterranean (Figs. 11, 12). The fossil barnacles from Certaldo
range between +1.0%o and + 1.9%o in 5'3C, and between +1.6%o and +
2.3%o0 in 5'80, exhibiting a very low value of RZ(R%?=0.16,n=17). The
co-occurring oyster sample has different values (§'3C = +2.4%o; 520 =
+1.0%o0), whereas the bulk barnacle sample falls within the range dis-
played by the seasonality samples. Overall, the fossil barnacles from
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Certaldo are within the range of living cirripedes and almost within that
of the investigated living barnacles from the Western Mediterranean
(Fig. 12A). The fossil specimens of Chelonibia testudinaria from Case-
nuove range between —1.6%o and + 1.9%o in 5'3C, and between 1.1%o
and + 1.3%o in 5'%0, exhibiting a very low value of R? (R? = 0.16, n =
15). The co-occurring oyster sample has similar values (5'3C = —0.6%;
5180 = —1.2%0), and the bulk barnacle sample falls within range of the
seasonality samples. The Casenuove specimens also display values that
are entirely comparable to those of their living counterparts (Fig. 12B).
However, while all the analysed specimens of living C. testudinaria are
characterised by &'%0 values that become progressively higher
throughout life, specimens “a” and “c” from Casenuove display §'%0
values that seemingly decrease progressively (Fig. 12B), with specimen
“b” displaying a mixed pattern (Fig. 12B).

5.7. Analysis of the barnacle shell microstructure

Conventional optical microscopy does not highlight any relevant
structural differences among the investigated shell barnacles, nor does it
reveal any extensive evidence of recrystallization (Fig. 13A-I). The shell
wall always consists of an inner and an outer lamina, and is permeated
by parietal tubes (Fig. 13A-I); the internal upper part of the shell displays
a sheath of variable thickness adjacent to the inner lamina (Fig. 13E).
Complex growth lines and interlaminate figures can be seen in different
parts of the shells (Fig. 13A-I). SEM observations at low magnification
show the same general structure and highlight no major differences
between modern and fossil specimens (Fig. 13J). At higher magnifica-
tion it is possible to observe that the microstructure of the shell of
modern specimens (both epizoic and non-epizoic) consists of scale-like
elements (1 to 5 pm long and c. 1 pm thick) that are arranged in com-
plex patterns (hereinafter referred to as the “dragon-scale” pattern)
(Fig. 13K-T). This organization results in the growth lines that are
observed under the optical microscope at lower magnification. The
scales are relatively loosely packed, with irregular spaces and crevices
between one another (Fig. 13M, O, Q, T). Furthermore, nano-scale
porosity can be observed within the scales themselves (Fig. 13M, O).
A similar pattern can be observed in specimens from Montefollonico
(Fig. 13U-X). However, here the scales are bulkier and have poorly
defined margins when compared to modern specimens (Fig. 13W). This
is more pronounced in the Certaldo specimens (Fig. 13Y, Z), and even
more so in the epizoic specimens from Casenuove (Fig. 13 AA). In the
Pairola specimens, the dragon-scale pattern is completely obliterated,
and no clear organization of the microstructure can be observed (Fig. 13
BB, CC). The specimens from Fauglia display different levels of preser-
vation of the microstructure, ranging from completely obliterated
(Fig. 13 DD, EE), like in the Pairola specimens (Fig. 13 CC), to relatively
well preserved (Fig. 13 FF, GG), like in the Montefollonico specimens
(Fig. 13W, X). CL observations show that modern barnacles (both
epizoic and non-epizoic froms) are usually non-luminescent, except for
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Fig. 8. Montefollonico outcrop and microfacies. A) Schematic stratigraphic log of the outcrop, indicating the main lithologies and the abundance of various bioclasts.
B) The basal conglomerate of the succession (red arrowhead), which is separated from the underlying Lower Pliocene packstone by an erosional surface. C) Overview
of the barnalgal rudstones. D) Detail of a barnacle-encrusted rhodolith from the rudstones. E) Large gastropod molds (red arrowhead) observed within the rudstones.
F) Microfacies of the barnalgal conglomerate, displaying abundant barnacle and rock fragments. G) Microfacies of the barnalgal rudstone, displaying a barnacle (blue
arrowhead), encrusted by coralline algae, which in turn are encrusted by bryozoans (red arrowhead). H) Microfacies of the barnalgal rudstone, displaying large
specimens of Ammonia cut along almost equatorial sections (red arrowheads) and a barnacle plate (blue arrowhead). I) Microfacies of the barnalgal rudstone,
displaying large specimens of Amphistegina. J) Specimen of Lithophyllum growing over a pebble in the basal conglomerate. K) Specimen of Roseolithon from the
rudstones; the red arrowhead indicates an encrusting hyaline foraminifera. L) Detail of the multiporate conceptacles of Roseolithon, displaying the characteristic roof
pits created by degenerate rosette cells surrounding the pore canals (Coutinho et al., 2022). (For interpretation of the references to colour in this figure legend, the
Eeader is referred to the web version of this article.)

<

Interior of the shell

Fig. 9. Montefollonico barnacles. A) Small cluster of moderately preserved specimens of Concavus concavus; red arrowheads indicate the broad radii. B) Views of the
external and internal (reflected) surfaces of a scutum, displaying a cancellate pattern on the external surface. C) Thin section of a parietal plate of C. concavus,
displaying the single row of large parietal tubes and its complex, arborescent, interlaminate figures (white arrowhead); red arrowhead indicates a parietal tube filled
by sparitic calcite crystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the inner lining of the parietal tubes and the outer lining of the inner Milliman, 1970; Milliman, 1972; Coletti et al., 2018b). The coralline

lamina, where very weak luminescence can be observed (Fig. 14A-F). algal assemblage of the basal conglomerate is dominated by Cor-
Similar to the modern specimens, the fossil barnacles from Mon- allinales, whereas in the rudstones both Hapalidiales and Corallinales
tefollonico, Certaldo and Casenuove do not display a strong lumines- are abundant. In oligotrophic tropical settings, similar assemblages
cence (Fig. 14G-L). The specimens from Certaldo and Casenuove only would correspond to a water depth of 0-20 m (for the conglomerate) and
display a very faint glow in correspondence of growth lines around the 40-60 m (for the rudstones); however, Hapalidiales-dominated assem-
inner surface of the parietal tubes, the outer surface of the inner lamina, blages can occur in shallower settings at higher latitudes and/or in
and along the interlaminate figures (Fig. 14I-L). The specimens from turbid water (Adey and Macintyre, 1973; Minnery et al., 1985; Adey,
Montefollonico exhibit a weak luminescence along the inner lamina and 1986; Aguirre et al., 2000; Coletti and Basso, 2020). Based on the
the interlaminate figures, and display luminescent parietal tubes presence of the large benthic foraminifera Amphistegina (Beavington-
partially filled by diagenetic calcite (Fig. 14G-H). The examined spec- Penney and Racey, 2004; Triantaphyllou et al., 2009; Langer et al.,
imen from Pairola displays parietal tubes filled by sparitic calcite, and is 2012), the Montefollonico succession should have deposited in a warm-
clearly luminescent similar, to the associated oysters (Fig. 14M-P). In temperate to subtropical setting. The abundant detrital material sug-
turn, the examined specimen from Fauglia displays a strong lumines- gests terrestrial runoff and an elevated nutrient supply. Non-
cence and parietal tubes filled by sparitic calcite (Fig. 14Q, R). oligotrophic conditions are also suggested by barnacle abundance it-
self (Sanford and Menge, 2001; Michel et al., 2011; Reijmer et al., 2012;

6. Discussion Reynaud and James, 2012; Reymond et al., 2016; Coletti et al., 2018b).
Since in temperate and/or nutrient-rich settings Hapalidiales dominance

6.1. Palaeoenvironmental reconstruction is observed at shallower depths than in oligotrophic tropical settings
(Aguirre et al., 2000; Coletti et al., 2018a; Coletti and Basso, 2020), a

The skeletal assemblage of the Montefollonico succession is domi- water depth of about 20 m can be envisioned for the barnalgal
nated by barnacles (especially the basal conglomerate) and coralline conglomerate, and of 20-40 m for the barnalgal rudstones (Table 3).
algae (Tables 1, 2; Fig. 8). Barnacle-dominated facies commonly occur in This is consistent with the taxonomic composition of the Hapalidiales
<15-20 m water depth, while facies rich in both barnacles and coralline assemblage, which features genera such as Mesophyllum and Roseolithon

algae are known to occur also in slightly deeper settings (MacIntyre and that usually occur at intermediate depth (Adey, 1986; Iryu, 1992;

13



G. Coletti et al. Palaeogeography, Palaeoclimatology, Palaeoecology 634 (2024) 111914

Fig. 10. Fauglia outcrop and barnacles. A) Seagrass meadow from the lower part of the succession; the red arrowhead indicates seagrass rhizomes. B) Cladocora
caespitosa bioconstruction from the upper part of the succession. C) Cluster of oysters from the oyster reef at the top of the succession. D) Barnacle-encrusted oysters
from the oyster reef. E) Specimens of Perforatus perforatus; the one on the left of the panel was sampled for stable isotope analyses; red arrowheads indicate the
sampling points; white arrowheads indicate the narrow radius. F) Views of the external and internal (reflected) surfaces of a scutum of P. perforatus. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. 8'®0 and 8'3C values for the investigated fossil samples and various modern balanomorph barnacles; in the label of the samples P = Pairola, C = Certaldo, M
= Montefollonico, E = Casenuove, F = Fauglia, oys = oyster, pct = pectinid, blk = bulk, sed = embedding sediment; the number following the first letter in the label
of seasonality samples indicates the position of the intra-shell sample with respect to the base of the shell, with 1 representing the intra-shell sample closer to the base
of the shell (and thus the youngest part thereof); the following letter indicates the specimen.
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Fig. 12. Stable isotope composition of some selected specimens. A) 820 record of the analysed modern specimens of Amphibalanus amphitrite from Livorno, modern
specimens of Perforatus perforatus from Imperia, Piacenzian fossils of Concavus concavus from Montefollonico, and mid-Pliocene fossils of C. concavus from Certaldo.
B) 6"80 record of the analysed modern specimens of Chelonibia testudinaria from Pozzallo and the middle Piacenzian fossils of C. testudinaria from Casenuove. Key to

the figure is the same as in Fig. 11.

Cabioch et al., 1999; Basso et al., 2009; Coletti et al., 2016, 2018a). This
reconstruction is also consistent with the foraminiferal assemblage,
which is dominated by shallow-water taxa and lacks both deep-water
and planktic taxa. The thickness/diameter ratio of Amphistegina can
also provide information on water depth as it decreases with decreasing
light availability due to either increasing water depth or increasing
turbidity (Mateu-Vicens et al., 2009) (Table 2). Following Mateu-Vicens
et al.’s (2009) equations, this parameter suggests a water depth
comprised between 5 and 20 m (assuming eutrophic conditions), or
between 10 and 35 m (assuming mesotrophic conditions), further sup-
porting the palaeobathymetric consideration based on barnacles and
algae. Barnacle taphonomy and preservation, together with the general
abundance of micrite, suggests a relatively sheltered setting charac-
terised by limited post-mortem reworking of the bioclasts.

Based on the previously stated criteria for palaeoenvironmental
reconstruction, the barnamol facies of Pairola most likely formed in <15
m water depth, that is, a slightly shallower setting than that of the
barnalgal rudstones of Montefollonico (Tables 1, 2; Figs. 3, 4). Shallower
conditions are suggested by: (i) higher abundance of barnacles and
lower abundance of coralline algae; (ii) a coralline algal assemblage that
entirely consists of Corallinales. Furthermore, the lack of micrite and
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poorer barnacle preservation suggest that the Pairola barnamol prob-
ably formed in a high-energy setting. Indeed, the barnacles from Pairola
are almost invariably detached from their former substrate and oper-
cular plates are rare, whereas the barnacles from Montefollonico are
often found still attached to their substrate (e.g., rhodoliths, molluscs
and pebbles) and opercular plates are relatively common. Such a dif-
ference in hydrodynamic energy is consistent with the more sheltered
and protected nature of the Neogene basins of central Tuscany (e.g.,
Nalin et al., 2010, 2016) compared to those of Western Liguria, the latter
being more exposed to waves and currents (Coletti et al., 2021a). Similar
to the Montefollonico succession, the Pairola succession displays a
decrease in the abundance of both barnacles and terrigenous grains
moving away from the coast. As barnacle-dominated carbonate factories
usually flourish in nearshore settings along rocky coasts (Coletti et al.,
2018b), within barnacle-dominated carbonate systems the overall
abundance of barnacle remains can be used as a proxy for water depth
and distance from the coastline. The main exceptions to this model are
represented by accumulations resulting from the extensive downslope
transportation of shallow-water elements (Buckeridge et al., 2018a) and
deep-water barnacle communities (Buckeridge, 1999). The former are
relatively common in carbonate systems lacking a marginal rim, but can
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Fig. 13. Analysis of barnacle microstructure with optical microscope and SEM; dark blue arrowhead I = inner lamina; light blue arrowhead O = outer lamina; red
arrowhead P = parietal tube; white arrowhead F = interlaminate figure; black arrowhead S = sheath. A) Perforatus perforatus, modern specimen from Imperia. B)
Amphibalanus amphitrite, modern specimen from Livorno. C) Chelonibia testudinaria, modern specimen from Pozzallo. D) P. perforatus, fossil specimen from Fauglia,
analysed for stable isotope ratios. E) Concavus concavus, fossil specimen from Pairola, analysed for stable isotope ratios. F) C. testudinaria, fossil specimen from
Casenuove, analysed for stable isotope ratios. G) C. concavus, fossil specimen from Montefollonico, analysed for stable isotope ratios. H) C. concavus, fossil specimen
from Certaldo, analysed for stable isotope ratios. I) C. concavus, same specimen as in panel H; this slice is located slightly closer to the apex of the shell, thus
representing a slightly older shell part compared to the one in panel H. J) A. amphitrite, modern specimen from Imperia; inset panel indicates the position of panel K.
K) A. amphitrite, same specimen as in panels J, L, M; note the growth lines arising from the arrangement of the scales. L) A. amphitrite, same specimens as in panels J,
K, M; note the growth lines arising from the arrangement of the scales; inset panel indicates the position of panel M. M) A. amphitrite, same specimen as in panels J, K,
L; note the dragon-scale arrangement of the scales of low magnesium calcite constituting the shell; white arrowhead = intra-scale porosity. N) P. perforatus, same
specimen from Imperia as in panel A. O) P. perforatus, detail of panel N highlighting the dragon-scale pattern; white arrowhead = intra-scale porosity. P) P. perforatus,
detail of a sheath of a modern specimen from Marina del Boccale. Q) P. perforatus, detail of panel P highlighting the dragon-scale pattern. R) C. testudinaria, same
specimen from Pozzallo as in panel C; note the growth lines arising from the arrangement of the scales. S) C. testudinaria, detail of panel R. T) C. testudinaria, detail of
panel S highlighting the dragon-scale pattern. U) C. concavus, same fossil specimen from Montefollonico as in panel G; white arrowhead = parietal tube filled by
sparitic cement. V) C. concavus, detail of panel U. W) C. concavus, detail of panel V, highlighting the dragon-scale sheatpattern characterised by scale slightly bulkier
and more porous than those of modern specimens. X) C. concavus, detail of the sheath, same fossil specimen as in panels G, U, V, W. Y) C. concavus, same fossil
specimen as in panels H, I. Z) C. concavus, detail of panel Y, highlighting the altered dragon-scale pattern with scales bulkier and less defined than those of the
Montefollonico specimen in panel W. AA) C. testudinaria, same fossil specimen as in panel F; note the altered dragon-scale pattern with scales bulkier and less defined
than those of the Certaldo fossil specimen of C. concavus in panel Z. BB) C. concavus, same fossil specimen from Pairola as in panel E; notice the chaotic arrangement
and the lack of clearly recognizable patterns; inset panel indicates the position of panel CC. CC) C. concavus, detail of panel BB highlighting the chaotic structure and
the complete alteration of the original microstructure. DD) P. perforatus, same fossil specimen as in panel D; note the chaotic arrangement and the lack of clearly
recognizable patterns; inset panel indicates the position of panel EE. EE) P. perforatus, detail of panel DD highlighting the chaotic structure and the complete
alteration of the original microstructure. FF) P. perforatus, another fossil specimen from Fauglia (different from the previous one); inset panel indicates the position of
panel GG. GG) P. perforatus, detail of panel FF, highlighting the relatively well preserved dragon-scale pattern. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 14. CL analysis of barnacle structures. A) Perforatus perforatus, modern specimen from Imperia, also depicted in Fig. 13A. B) P. perforatus, same specimen as in
panel A, observed in CL; white arrowheads indicate the very faint glow in correspondence of growth lines around the inner surface of the parietal tubes and the
interlaminate figs. C) Amphibalanus amphitrite, modern specimen from Livorno, also depicted in Fig. 13B. D) A. amphitrite, same specimen as in panel C, observed in
CL; white arrowheads indicate the very faint glow in correspondence of growth lines around the inner surface of the parietal tubes, the outer surface of the inner
lamina and along the interlaminate figs. E) Chelonibia testudinaria, modern specimen from Pozzallo, also depicted in Fig. 13C. F) C. testudinaria, same modern
specimen as in panel E, observed in CL; white arrowheads indicate the very faint glow in correspondence of growth lines around the inner surface of the parietal
tubes. G) Concavus concavus, fossil specimen from Montefollonico, also depicted in Fig. 13G. H) C. concavus, same fossil specimen as in panel G, observed in CL. I)
C. concavus, fossil specimen from Certaldo, also depicted in Fig. 13H, I. J) C. concavus, same fossil specimen as in panel I, observed in CL. K) C. testudinaria, fossil
specimen from Casenuove, also depicted in Fig. 13F. L) C. testudinaria, same fossil specimen as in panel K, observed in CL. M) C. concavus, fossil specimen from
Pairola, also depicted in Fig. 13E. N) C. concavus, same fossil specimen as in panel M, observed in CL. O) Ostreid from the Pairola barnamol facies. P) Ostreid, same
fossil specimen as in panel O, observed in CL. Q) P. perforatus, fossil specimen from Fauglia, also depicted in Fig. 13D. R) P. perforatus, same fossil specimen as in panel
Q, observed in CL.
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Palaeoenvironmental and stratigraphic summary of the different investigated outcrops.

Site Age Type of barnacle Setting Water Lithology Barnacle taphonomy
accumulation depth
Pairola early - middle Barnacle- High-energy, nearshore 0-15m Coarse-grained, Poorly preserved (rarely well preserved);
Zanclean dominated facies coastal setting mixed siliciclastic detached from their substrate; opercular
bioclastic plates very rare and always disarcticulated
Certaldo late Zanclean - Barnacle-rich layer Low-energy, open shelf > 40 m Shell-rich calcareous ~ Well preserved; sometimes attached to their
early Piacenzian setting mudstone substrate; opercular plates common and
sometimes articulated
Casenuove middle Barnacle-rich layer Low-energy, nearshore 0-10 m Shell-rich calcareous  Very well preserved; close to their original
Piacenzian coastal embayment sandy siltstone substrate; pristine details of the shell
preserved
Montefollonico  Piacenzian Barnacle- Moderate-energy, nearshore c.a. 20 Coarse-grained, Moderately preserved; generally detached
dominated facies coastal setting m dominantly from their substrate; opercular plates present
siliciclastic but always disarticulated
Montefollonico ~ Piacenzian Barnacle- Moderate-energy, coastal 20-40m  Coarse-grained, Moderately preserved; often attached to their
dominated facies setting mixed siliciclastic substrate; opercular plates common but
bioclastic always disarticulated
Fauglia Early Barnacle-rich Moderate-energy, nearshore 5-10 m Coarse-grained, Moderately to well preserved; often attached
Pleistocene oyster reef coastal setting (possibly a mixed siliciclastic to their substrate; opercular plates common

coastal embayment)

bioclastic and sometimes articulated

be recognised due to the mixture of both deep and shallow water taxa
and on the basis of barnacle taphonomy (Buckeridge, 2015; Buckeridge
et al., 2018a). The latter are less frequent and can be identified thanks
the peculiar internal structure of deep-water barnacles, which lack pa-
rietal tubes (Buckeridge, 1999). In addition to these main exceptions,
accumulations of shells of epizoic barnacles, whose distribution is
mostly explained by the environmental preferences, movement patterns,
removal behaviour and post-mortem taphonomy of the host organisms,
also exist worldwide (e.g., Bianucci et al., 2006; Buckeridge et al.,
2018b). As proposed by Collareta et al. (2016), the many shells of
C. testudinaria from Casenuove may be representative of such an
accumulation.

Both the barnacle-rich Ostrea edulis reef of Fauglia and the barnacle-
bearing deposit of Casenuove should have formed in very-shallow set-
tings, most likely <10 m in light of their molluscan assemblages
(Simonarson, 1981; Haven and Whitcomb, 1983; Christianen et al.,
2018; Kregting et al., 2020) (Table 3; Figs. 7, 10). On the other hand, the
Certaldo mudstones most likely formed into deeper conditions (Table 3;
Fig. 6). As proposed by previous authors (Benvenuti et al., 2014; Dom-
inici et al., 2018), these structureless deposits formed most likely in an
offshore setting, at depths of a few tens of meters. Strengthening this
interpretation, the Concavus concavus shells from this locality are
exquisitely preserved, which is consistent with no transportation and
wave-related reworking. Some of the shell even feature articulated
opercula (Fig. 6), further supporting the absence of relevant currents at
the seafloor.

From the palaeoclimatic point of view, the barnacle facies from
Pairola and Montefollonico and the barnacle rich-layers from Certaldo
and Casenuove formed in a warm-temperate to subtropical climate as
suggested by the presence of Amphistegina (Pairola and Montefollonico)
and the coeval vertebrate assemblages (Certaldo and Casenuove)
(Dominici et al., 1995; Rustioni and Mazza, 2001; Collareta et al., 2020,
2021a, 2021b). This is consistent with the published literature on the
studied area (Nalin et al., 2010, 2016) and the overall warm climate of
the Mediterranean area during the Pliocene (Prista et al., 2015). The
Lower Pleistocene succession of Fauglia was deposited under colder
conditions compared to the other successions. This is suggested by the
lack of symbiont-bearing foraminifera, such as Amphistegina, Sorites and
Peneroplis (Mariani et al., 2022), and is consistent with the Early Pleis-
tocene climatic deterioration (e.g., Lisiecki and Raymo, 2007). The
shallow-water barnacle assemblages of the Western Mediterranean were
affected by this climatic event. Pliocene barnacle assemblages were
largely dominated by C. concavus (Aguirre et al., 2008; Radwanska and
Radwanski, 2008; Coletti et al., 2021a; this work); however, during the
Early Pleistocene, C. concavus became rarer and eventually went extinct
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(Menesini, 1965; Newman, 1982; Zullo, 1992) to be possibly replaced by
other Concavinae such as the extant Perforatus perforatus. Such a pattern
suggests a preference for warm conditions for C. concavus as well as its
potential as a proxy of warm-temperate to subtropical palaeoclimates.

6.2. C and O stable isotope ratios

Both the oxygen- and carbon-isotope ratios of the modern Western
Mediterranean barnacles exhibit a narrower variation range compared
to those reported by Ullmann et al. (2018) for barnacles worldwide
(Fig. 11). Isotopic values from Casenuove and Certaldo fall mostly
within the range of the modern Western Mediterranean samples,
whereas the samples from Montefollonico are almost within the broader
range of modern barnacles from various localities worldwide (Figs. 11,
12). The samples from Fauglia and Pairola fall outside the range of all
modern barnacles by displaying very low values of §'3C and 5'80, which
in turn is strongly suggestive of the interaction with fresh water (Sharp,
2017) (Fig. 11). Overall, the barnacle samples from Fauglia, Mon-
tefollonico and Pairola were probably altered by meteoric waters or
diagenetic fluids. This is supported by the strong correlation that is
observed between §'3C and 580 (e.g., Knauth and Kennedy, 2009) in
the barnacle samples from Fauglia and Pairola (Fig. 11), as well as by the
results of the SEM and CL investigations, which clearly indicate signif-
icant alteration (Figs. 13, 14).

The 6!80 values of the Certaldo specimens of Concavus concavus
slightly differ from those of Perforatus perforatus, i.e., their closest
Mediterranean living relative. On average, the Certaldo barnacles
display higher isotopic values and much smaller intra-specimen varia-
tions (Fig. 12A). The oxygen isotope composition of marine biogenic
carbonates depends on the temperature of carbonate precipitation (e.g.,
Epstein et al., 1953), with which it is inversely correlated, as well as on
the oxygen-isotope composition of seawater, which in turn depends on
the global ice volume (with lower 5'80 values corresponding to smaller
ice caps; e.g., Shackleton, 1987) and salinity changes (reflecting evap-
oration, freshwater dilution and mixing of water masses; e.g., Railsback
etal., 1989). Both temperature and salinity vary on a seasonal basis, thus
5180 changes on annual profiles of sessile organisms can be seen as a
proxy for seasonality (e.g., Ivany, 2012). During the Pliocene, in the
Mediterranean region as well as globally, the climate was warmer than
now (Plancq et al., 2015; Prista et al., 2015). The reduced seasonality
expected during time intervals with limited ice caps might thus explain
the observed limited intra-specimen variations, but the warm climate of
the Pliocene should correspond to lower rather than to higher §%0
values. It should be noted that the barnacles we are comparing belong to
two different genera, and as such, they may record different vital effects
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with respect to the oxygen and carbon isotope fractionation. Assuming
neither large salinity variations (see below) nor large differences in vital
effects, another possible explanation that can justify both the reduced
intra-specimen variability (a proxy of seasonality) and the increase in
the average value of %0 (a proxy of temperature) relies in slightly
different life habits for the two groups of barnacles. The examined
specimens of P. perforatus were collected at about 1 m water depth,
hence well above the thermocline. Sedimentological and palae-
ontological observations suggest that the Certaldo individuals of
C. concavus lived below the wave base at a depth of a few tens of meters,
and as such, in relatively colder water where thermal seasonality was
likely buffered.

Pliocene and modern specimens of Chelonibia testudinaria feature
similar values and ranges of intra-specimen variability, but display a
different pattern (Fig. 12B). Moving from the youngest to the oldest part
of the shell, the Pliocene specimens are characterised by an irregular
increase of 580, whereas the modern ones show the opposite trend. This
likely reflects differences in the seasonal movement patterns of the
barnacles’ hosts: the modern specimens from Pozzallo were collected
from a loggerhead turtle, whereas those from Casenuove were most
likely attached to the right whale near which they have been found
(Collareta et al., 2016).

As already mentioned, salinity is also known to affect the 5'%0 value
of biogenic shells (Railsback et al., 1989). Concerning the epizoic bar-
nacles, this has been exploited, in combination with the effect of tem-
perature, to track the movements of the barnacle’s host across different
parts of its biogeographic range, as long as these areas are several
hundreds of kilometres apart from one another (Killingley, 1980; Kill-
ingley and Lutcavage, 1983; Newman and Killingley, 1985; Detjen et al.,
2015; Pearson et al., 2019, 2020). However, even in the most recent
analyses, the effects of temperature and salinity could not be separated
from each other (Pearson et al., 2019). The observed fossil assemblages
of Montefollonico, Pairola and Certaldo do not display remarkable evi-
dence for relevant and prolonged salinity variations. On the other hand,
prolonged non-euhaline conditions cannot be excluded for the barnacle-
rich oyster reef of Fauglia. Here, meteoric diagenesis altered the C and O
stable isotope composition of the shells. Therefore, among the studied
specimens, only those from Casenuove could display intra-shell varia-
tions that are potentially related to salinity. However, lacking a well
constrained relationship between 5'®0 salinity and temperature in
modern barnacles as well as an accurate model of salinity variations in
the Mediterranean during the Pliocene, detailed interpretations would
be entirely speculative.

Analyses of the barnacle microstructure indicate that conventional
microscope observation does not allow to separate pristine samples from
those that have been altered (Fig. 13). In turn, the SEM and CL analyses
permitted the recognition of the most severely altered specimens (i.e.,
Fauglia and Pairola), and provided some clues for detecting specimens
with an intermediate degree of alteration (i.e., Montefollonico). The
sedimentological context also proved to be highly informative for the
preservation state of the specimens, with barnacles embedded in fine-
grained sediments displaying a better preservation of their C and O
stable isotope signals than those embedded in coarse-grained and more
permeable deposits. Barnacles are characterised by a complex structure
that is perforated by structural cavities, like the parietal tubes, as well as
by smaller-scale irregular voids in the microstructure, like those be-
tween the dragon scales and within the scales themselves (Fig. 13).
Notwithstanding the low-magnesium calcite composition, these char-
acteristics facilitate the alteration of the barnacle shells whenever con-
tact with diagenetic fluids happens, thus suggesting that completely
pristine preservation of the shell geochemical signature can commonly
occur only when the shell is properly isolated from diagenetic and
meteoric fluids. Since diagenesis causes modifications at the microscale
that can only be detected with high resolution methodologies, a com-
bination of screening procedures seems to be a requirement, starting
with a careful sedimentological analysis of the matrix, down to SEM, CL
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and trace element investigations of the collected specimens.

Overall, in comparison to other groups of carbonate producers such
as molluscs or corals, reference data on the composition of modern
barnacle shells and its relationship with the surrounding environment
are still largely wanting. The lack of extensive compilations on the
composition of modern barnacle shells and reports on its intra-specimen
variations have been also pointed out in the most recent reviews of the
subject (Iglikowska et al., 2018; Ullmann et al., 2018). Significantly,
even less is known about the stable isotope ratios of fossil barnacles,
with only an handful of studies focusing on the strontium isotope ratio
(e.g., Bosio et al., 2020; Paces et al., 2023), and four more focusing on
the oxygen and carbon isotope ratios (Roskowski et al., 2010; Collareta
etal., 2018; Taylor et al., 2019, 2022). This severely limits our ability of
further interpreting our data without falling into speculation. However,
our results indicate that, given an adequate diagenetic environment,
fossil barnacles (including non-epizoic ones) can preserve a record of
short-term (e.g., seasonal) environmental variations. Importantly, the
specimens from Certaldo and Casenuove display no evidence of alter-
ation, and their 5'C and 5'®0 values are reasonably consistent with
those of their modern counterparts, indicating that the observed intra-
shell variations are most likely related to short-term environmental
changes. Further studies, focusing on fossil barnacles from fine-grained
deposits, might be able to make up for the current lack of knowledge and
release the untapped potential of barnacles for high-resolution,
geochemically-based palaeoenvironmental analyses.

7. Conclusions

The analysis of several Western Mediterranean Pliocene and Pleis-
tocene barnacle-rich deposits has provided an assessment of the (palaeo)
environmental signal recorded by barnacle shells, as well as guidance on
how to use them for palaeoenvironmental reconstructions. Within most
barnacle-dominated carbonate systems, barnacle abundance is highest
in shallow waters near the coast and decreases moving offshore, thus
providing a good proxy for the reconstruction of water depth and dis-
tance from the coastline. This is consistent with other proxies such as the
abundance of terrigenous particles, and the foraminiferal and coralline
algal assemblages. Barnacle taphonomy is also highly informative: well-
preserved complete specimens usually characterise protected settings,
whereas poorly preserved, disarticulated and fragmented remains are
generally dominant in exposed settings. The presence/absence of oper-
cular plates is particularly relevant as these delicate elements are
generally lost in high-energy settings. Some barnacles also display
distinctive climatic preferences that can be wused for palae-
oenvironmental reconstruction; this is the case for Concavus concavus,
whose distribution was essentially (sub)tropical.

Due to the coarse-grained nature of the deposits in which barnacle
remains are usually found, a high level of scrutiny for diagenetic alter-
ation must be applied when selecting specimens for geochemical ana-
lyses. Notwithstanding their stable, low-magnesium mineralogical
composition and their apparent pristine state of preservation, most of
the barnacle shells from coarse-grained deposits were found to be
diagenetically altered, usually due to the interaction with meteoric
waters. In turn, shells collected from fine-grained deposits displayed no
major evidence of alteration in both SEM and cathodoluminescence
analyses, and were characterised by C and O stable isotope ratios in line
with those of their modern counterparts from the same geographical
region (i.e., the Western Mediterranean). The best-preserved specimens
also displayed intra-shell variations comparable to those observed in
modern specimens and attributed to seasonal variations (or migration
patterns in the case of epizoic barnacles). Unfortunately, the limited
number of reports on such intra-specimen variability makes the inter-
pretation of these data rather difficult.

Our results indicate that barnacles are useful palaeoenvironmental
indicators and that their abundance in the skeletal assemblage can
provide a wealth of useful information. Given a favorable
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sedimentological context characterised by deposition of fine-grained
sediments that shield shells from diagenesis, fossil barnacles might
also be used for high-resolution geochemical analysis, thus providing
data on short-term environmental variations.
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