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a b s t r a c t

Shallow-water carbonates are invaluable archives of past global change. They hold the record of how
neritic biologic communities reacted to palaeoenvironmental changes. However, attempts to decipher
these geological archives are often severely hampered by the low stratigraphic resolution attained by
biostratigraphy. This is particularly the case for the Upper Cretaceous carbonate platforms of the central
Tethyan realm: their biostratigraphy suffers from very low resolution and poor correlation with the
standard biochronologic scales based on ammonites, planktic foraminifers and calcareous
nannoplankton.

In this paper we show how this problem can be tackled by integrating biostratigraphy with isotope
stratigraphy. We present a detailed record of the benthic foraminiferal biostratigraphy and carbon and
strontium isotope stratigraphy of three upper Cenomanian-middle Campanian sections belonging to the
Apennine Carbonate Platform of southern Italy. For the upper Cenomanian-Turonian interval, the carbon
isotope curves of the studied sections are easily correlated to the reference curve of the English Chalk.
The correlation is facilitated by the matching of the prominent positive excursion corresponding to the
Oceanic Anoxic Event 2. For the Coniacian-middle Campanian interval, the correlation is mainly based on
strontium isotope stratigraphy. We use the 87Sr/86Sr ratios of the low-Mg calcite of well preserved rudist
shells to obtain accurate chronostratigraphic ages for many levels of the three studied sections. The ages
obtained by Sr isotope stratigraphy are then used to better constrain the matching of the carbon isotope
curves.

From the high-resolution chronostratigraphic age-model stablished by isotope stratigraphy, we derive
the chronostratigraphic calibration of benthic foraminiferal biostratigraphic events. For the first time the
benthic foraminiferal biozones of the Apennine Carbonate Platform can be accurately correlated to the
standard ammonite biozonation. This result is of great relevance because the biostratigraphic schemes of
other carbonate platforms in the central and southern Tethyan realm are largely based on the same
biostratigraphic events.

© 2014 Published by Elsevier Ltd.

1. Introduction

Carbonate platforms were widespread in the Tethyan region
during the Cretaceous (Kiessling et al., 2003; Philip, 2003; Skelton,
2003). These complex sedimentary systems responded to changing
environmental conditions with changes in the relative abundance
of the main carbonate producers and with repeated phases of
inception, growth, retreat and demise. Therefore, they potentially
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preserve a detailed record of how neritic biologic communities
reacted to changes in climatic and oceanographic conditions and
sea-level changes. However, the study of this invaluable palae-
oenvironmental and palaeobiological archive is often severely
hampered by the low stratigraphic resolution of biostratigraphy of
Cretaceous carbonate platforms and by the lack of precise corre-
lation with coeval hemipelagic and pelagic successions. Most of
what we know on the Cretaceous climate and oceans has been
derived from the study of deep-water successions, which are
generally accurately dated by means of chronostratigraphically
significant macro- and microfossils (ammonites, calcareous
plankton and nannoplankton), sometimes supplemented by other
high-resolution stratigraphic tools, like chemo-, magneto- and
cyclostratigraphy. On the contrary, biozonations of Cretaceous
carbonate platforms, mainly based on calcareous algae and larger
foraminifers, usually have a much coarser resolution and, generally,
a poorly constrained chronostratigraphic calibration. Some notable
exceptions include the biostratigraphic scheme of orbitolinid for-
aminifers in the Lower Cretaceous French-Swiss Urgonian Platform
and Arabian Platform, for which chronostratigraphic calibrations,
albeit controversial, have been proposed (Arnaud et al., 1998;
Arnaud, 2005; Clavel et al., 2009, 2010; Schroeder et al., 2010),
and the biozonation of orbitoidal foraminifers for Campanian-
Maastrichtian peri-Mediterranean carbonate platforms, which is
reasonably well calibrated to calcareous plankton (van Gorsel et al.,

1978; Caus et al., 1996), but only applicable to open platform set-
tings. Finally, Steuber and Schlüter (2012) proposed recently a
chronostratigraphical calibration of rudist bivalve biozones using
Sr-isotopes stratigraphy.

The problem of low resolution is particularly acute for the Upper
Cretaceous carbonate platforms of the central and southern
Tethyan area, as shown by the most widely used biostratigraphic
schemes (De Castro, 1991, southern Apennines; Chiocchini et al.,
2008, central Apennines; Fleury, 1980, Greece; Velic, 2007, Adri-
atic platform; see Fig. 1). With a few exceptions, each biozone
covers a time-interval >4 Myr. The most recent biozonation of the
Adriatic platform (Velic, 2007) presents a slightly higher resolution,
at least in the Cenomanian-Santonian interval (average resolution
is about 2 Myr per biozone, see Fig. 1). However, this biozonation
makes use of virtually any available biostratigraphic event and it is
highly improbable that all these events can be used outside of the
Adriatic platform. Even more critical than their low resolution, is
the problem posed by the chronostratigraphic calibration of these
biozonal schemes. Ammonites, calcareous plankton and nanno-
plankton are virtually absent in these carbonate platforms and
direct correlation to deep-water successions has not been estab-
lished. As a result, the chronostratigraphic age of the biozones is
poorly constrained. This is explicitly acknowledged in De Castro
(1991) and Chiocchini et al. (2008). No evidence is cited in Velic
(2007, p. 2) for the calibration of the Turonian-Maastrichtian

Fig. 1. Late Cenomanian-Maastrichtian biostratigraphy of central Tethyan carbonate platforms. All these schemes suffer of low resolution and poorly constrained chronostrati-
graphic calibration. Substage duration is after Gradstein et al. (2004).
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carbonate platform biozones. An overly optimistic impression of a
perfect chronostratigraphic calibration is also conveyed by some
compilations of the ranges of selected taxa of larger foraminifers
(Hardenbol et al., 1998; Ogg and Ogg, 2008), which unfortunately
lack any reference to supporting data.

In the last decades, isotope stratigraphy has emerged as a
powerful stratigraphic tool that, when used in combination with
classical biostratigraphy, has the potential of highly improving
time-resolution and of solving the problem of global correlation
across different facies and different palaeobioprovinces. The most
successful isotopic methods rely on the secular fluctuations of
carbon and strontium isotope ratios recorded bymarine carbonates
(seeWeissert et al., 2008; McArthur et al., 2012, for recent reviews).

Perturbations of the global carbon cycle, involving changes in
the fluxes and amounts of carbon stored into the different reser-
voirs, are mirrored by excursions in the carbon-isotope record of
marine carbonates and organic matter. These oscillations have been
increasingly utilised for dating and correlation of Cretaceous
pelagic and hemipelagic successions since the pioneering work of
Scholle and Arthur (1980) showed the occurrence of some promi-
nent carbon isotope excursions that could be correlated from sec-
tion to section at a global scale. The state-of-the-art reference curve
for the Late Cretaceous (Cenomanian-Campanian) has been ob-
tained by piecing together the isotopic record of seven Chalk suc-
cessions in England (Jarvis et al., 2006). The curve is perfectly
calibrated to the geological time-scale through macrofossil events,
marker-bed lithostratigraphy and six bentonite horizons. It con-
tains some major positive d13C excursions of up to þ2‰, plus many
minor events of smaller amplitude, which can be successfully
correlated from the Boreal to the Tethyan realm (seeWendler, 2013,
for a recent review). Application of carbon isotope stratigraphy to
shallow-water carbonates is more problematic because the global
oceanic signal can be overprinted and masked to a great extent by
local palaeoceanographic conditions, complex biological fraction-
ation effects, changes of dominant mineralogy (aragonite vs calcite)
and diagenetic processes (see Mutti et al., 2006; Immenhauser
et al., 2008; F€ollmi and Godet, 2013; Wendler, 2013; and refer-
ences therein). Moreover, changes of accumulation rate, undis-
closed stratigraphic gaps and the lack of reliable
chronostratigraphic tie-points can severely hamper correlation
between the curves recovered from shallow-water carbonate sec-
tions and the pelagic reference curves (see Di Lucia et al., 2012, for a
discussion of some common pitfalls). Despite these limitations,
carbon isotope stratigraphy has been increasingly applied to
Cretaceous platform carbonates during the last 20 years (Wagner,
1990; Jenkyins, 1995; Vahrenkamp, 1996; Ferreri et al., 1997;
Gr€otsch et al., 1998; Davey and Jenkyns, 1999; Wissler et al.,
2003, 2004; D'Argenio et al., 2004; Immenhauser et al., 2005;
Parente et al., 2007, 2008; Amodio et al., 2008; Burla et al., 2008;
Elrick et al., 2008; Mill�an et al., 2009, 2011; Huck et al., 2010,
2011; Strohmenger et al., 2010; Vahrenkamp, 2010; Najarro et al.,
2011; Tesovic et al., 2011; Di Lucia et al., 2012; Husinec et al.,
2012; Korbar et al., 2012; Stein et al., 2012; Huck et al., 2013;
Papp et al., 2013).Q1

Strontium isotope stratigraphy (SIS) is a well established che-
mostratigraphic method (McArthur, 1994; McArthur and Howarth,
2004; McArthur et al., 2012). It is based on the empirical observa-
tion that the Sr isotope ratio of the ocean, recorded by marine
carbonates and phosphates, has varied during the past and on the
assumption (verified for the present ocean; DePaolo and Ingram,
1985) that at any moment the Sr isotope ratio of the ocean is ho-
mogeneous, because the residence time of Sr is much longer than
the ocean mixing time. By assembling a database of the Sr isotope
ratios of well preserved and well dated marine precipitates, a ma-
rine reference curve for the past 590 Ma of geologic history has

been built and continuously refined during the last decades
(McArthur et al., 2001; McArthur and Howarth, 2004; McArthur
et al., 2012). The use of the reference curve as a stratigraphic tool
is facilitated by its conversion into a look-up table, giving the nu-
merical ages and the 95% confidence limits for any value of 87Sr/86Sr
interpolated in steps of 0.000001. The method has proven espe-
cially useful in dating and correlation of Upper Cretaceous shallow-
water carbonates, which often lack chronostratigraphically signif-
icant markers like ammonites, planktic foraminifers and calcareous
nannoplankton (Steuber, 2001, 2003; Steuber et al., 2002, 2005,
2007; Masse and Steuber, 2007; Frijia and Parente, 2008a,b;
Schlüter et al., 2008; Boix et al., 2011; Huck et al., 2011; Vicedo
et al., 2011; Steuber and Schlüter, 2012; Caus et al., 2013; Vicedo
et al., 2013; Albrich et al., 2014).

In this paper we integrate SIS and carbon isotope stratigraphy
for building a high-resolution age-model for the Upper Cretaceous
shallow-water limestones of the Apennine Carbonate Platform of
southern Italy. Carbon-isotope stratigraphy outperforms SIS in the
upper Cenomanian-lower Turonian interval, where accurate cor-
relationwith the reference curve of the English Chalk is favoured by
the prominent positive excursion associated with the CTB event
(Bonarelli event, OAE2; Parente et al., 2007; Frijia and Parente,
2008a,b). For the middle Turonian to Campanian, SIS is used to
establish a first version of the agemodel and to help the correlation
of the d13C curves of the ACP with the reference curve. Integration
of the two methods allows further refinement and validation of the
age-model.

From our chemostratigraphically constrained age-model we
derive the first accurate chronostratigraphic calibration of the
ranges of some species of benthic foraminifers that are widely used
in the biostratigraphy of central and southern Tethyan Late Creta-
ceous carbonate platforms.

2. The Apennine Carbonate Platform: palaeogeography,
stratigraphy and facies models

The Apennine Carbonate Platform (ACP) of southern Italy com-
prises Mesozoic carbonate successions deposited in shallow trop-
ical waters at the south-western margin of the Neo-Tethys Ocean.
Theywere part of a palaeotectonic domain, variously called Adria or
Apulia, which has been alternatively interpreted as a promontory of
the African continent (Channell et al., 1979; Schettino and Turco,
2011) or as an independent continental block, separated from Af-
rica by an oceanic corridor (Dercourt et al., 1986; Stampfli and
Mosar, 1999; see also Bosellini, 2002, for a review on the prom-
ontory versusmicroplate controversy). In the reconstructions of the
Mesozoic palaeogeography of Adria, the ACP is an element of a
more or less articulated system of carbonate platforms separated by
deep basins (D'Argenio et al., 1973; Mostardini and Merlini, 1986;
Sgrosso, 1988; Menardi Noguera and Rea, 2000; Patacca and
Scandone, 2007). Shallow-water carbonate sedimentation started
in the Middle Triassic and was established over large areas in the
Late Triassic, persisting with minor interruptions until the Late
Cretaceous. After a long phase of subaerial exposure, neritic car-
bonate sedimentation was locally re-established in the late
Paleocene-Eocene with the foraminiferal limestones and characean
marls of the Trentinara Formation (Selli, 1962) and again in the
early Miocene, with the red algae and bryozoan limestones of the
Roccadaspide, Cerchiara and Cusano Formation (Selli, 1957). This
last phase of shallow-water carbonate sedimentation was eventu-
ally terminated in the middle Miocene by drowning below the
photic zone, followed by deposition of deep-water siliciclastics
(Sgrosso, 1998; Lirer et al., 2005; Patacca and Scandone, 2007).

The total thickness of the exposed portion of the Mesozoic ACP
is about 4000 m (D'Argenio and Alvarez, 1980; Frijia et al., 2005).
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The maximum thickness of the Cretaceous carbonates is about
1000e1200 m. In particular, the most complete successions show a
thickness of 400e450 m between the upper Cenomanian, marked
by the Cisalveolina fraasi (Gümbel) beds, and the base of the Tren-
tinara Fm. (Sartoni and Crescenti, 1962). Following the abrupt
disappearance of the high-diversity larger foraminiferal assem-
blages of the upper Cenomanian, which has been associated with
the Oceanic Anoxic Event 2 (Parente et al., 2007, 2008), there is a
60e80m thick poorly fossiliferous interval which is generally dated
as Turonian. This is overlain by rudist-rich limestones that have
been generally referred to as “Senonian” in age (e.g. Carannante
et al., 1999). The depositional system and fossil associations of the
“Senonian” rudist limestones have been described in several papers
(e.g. Carannante et al., 1997, 1998, 1999, 2000; Ruberti et al., 2006,
2007). In a recent synthesis, two end-member depositional settings
have been recognized on the basis of sedimentological, taphonomic
and palaeontological characters (Simone et al., 2003). In the more
external and/or high-energy areas, rudist lithosomes are thicker,
grade laterally into clean bioclastic grainstone and are made of
highly diversified rudist assemblages dominated by large hippur-
itids and thick shelled radiolitids and plagioptychids. In more in-
ternal and/or low-energy areas rudist-rich beds alternate with fine-
grained foraminiferal limestones and are characterised by oligo-
typic rudist assemblages dominated by small radiolitids.

The lithostratigraphy of the Upper Cretaceous carbonates of the
ACP has been recently redefined in the framework of the new
edition of the geological map of Italy at 1:50,000 scale, coordinated
by the Italian Geological Survey (project CARG). The successions
studied in this work can be referred to the upper part of the “Calcari
ad alveoline e dolomie laminate” Member (Alveolinid limestones
and laminated dolomites Mb) and the overlying “Calcari a

radiolitidi” Formation (Radiolitid Limestones Fm) (Di Stefano et al.,
2011; Servizio Geologico d'Italia, 2010).

3. Material and methods

3.1. Field work, sedimentology and biostratigraphy

In this study we investigated three sections of Upper Cretaceous
shallow-water carbonates of the ACP, along an NWeSE transect
from the Cilento promontory to the Campania-Lucania border
(Fig. 2). TheMt. Coccovello section (40�0205000 N-15�4202400 E; fig. 2)
was logged from a few metres below the first occurrence (FO) of
Cisalveolina fraasi to the top of the Radiolitid Limestones Fm.,
marked by the base of the overlying Paloecene-Eocene Trentinara
Fm. The Mt. Varchera section (40�1204500 N-15�3701800 E, fig. 2) also
starts a few metres below the FO of C. fraasi, goes through about
180 m of the Radiolitid Limestones but does not reach the base of
the Trentinara Fm because of tectonic disturbance. The Trentinara
section (40�2303900 N-15�0703700 E; fig. 2) is entirely within the
Radiolitid Limestones Fm. and is capped by the Trentinara Fm. The
upper Cenomanian-Turonian part of the Mt. Coccovello and Mt.
Varchera sections were previously investigated by Parente et al.
(2007, 2008) and Frijia and Parente (2008a,b). The rudists and
facies of the Trentinara section have been previously discussed in
several papers (Ruberti and Toscano, 2002; Cestari and Pons, 2004;
Ruberti et al., 2006, 2007). The lithology, sedimentology and fossil
content of the studied sections were described in the field at a dm-
scale. Field observations were integrated with the study of about
750 thin sections. The biostratigraphic scheme presented in this
paper incorporates some species that have been introduced in open
nomenclature in previously published biozonations (e.g.

Fig. 2. Schematic geological map of the southern Apennines (modified from Bonardi et al., 1988), with location of the studied sections.
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Nummoloculina cf. irregularis Decrouez and Radoi�ci�c) and Nezza-
zatinella cf. aegyptiaca Said and Kenawy, see Chiocchini et al., 1994,
2008). A systematic revision of some of these taxa is beyond the
scope of this work and is the object of a companion paper (Arriaga
et al., submitted for publication). All the samples and thin sections
used for the present paper are stored at the University of Naples
Federico II (collection M. Parente) and at the University of Potsdam
(collection G. Frijia).

3.2. Isotope geochemistry and concentrations of trace and major
elements

Samples for carbon-isotope stratigraphy were collected at in-
tervals ranging from 50 cm to 1.5 m, except where poor outcrop
conditions dictated a larger spacing. Powders were produced by
micro-drilling polished rock slabs with a tungsten carbide drill bit
of 0.5 mm ∅. In most cases it was possible to obtain pure micrite by
carefully selecting for microdrilling mudstones, wackestones or the
micritic matrix of mud-dominated packstones and floatstones.
Only for levels entirely made of grainy bioclastic facies, the ana-
lysed powder was obtained from the bulk rock. In any case, care
was taken to avoid cement-filled cavities, veins and areas showing
petrographic evidence of diagenetic alteration.

The oxygen and carbon isotope composition was analysed on a
total of 745 samples, using a Finnigan Gas Bench II at the Institute
for Geology, Mineralogy and Geophysics of the Ruhr-University of
Bochum (refer to Parente et al., 2007, for details on the analytical
procedure). The results are reported as d values with reference to
the Vienna-Pee Dee Belemnite (VPDB). Precision (1s), monitored by
repeated analyses of international standards and of a laboratory
standard, was ±0.09‰ for carbon and ±0.13‰ for oxygen isotopes.
Replicate measurements gave reproducibility in the range of ±0.1‰
for d 13C and ±0.2‰ for d 18O.

Eighty-one fragments of radiolitid shells and three shells of
undetermined bivalves were analysed for SIS. Whenever possible,
multiple samples were collected from each stratigraphic level, in
order to test the internal consistency of the data. The samples were
selected in the field by a preliminary assessment of their preser-
vation with a low magnification hand lens. Only compact-shelled
radiolitid specimens were chosen. Laboratory preparation and
further screening of the selected shell fragments followed the
method described in Frijia and Parente (2008b). In order to assess
the preservation of the original shell microstructure, the samples
were passed through a complete petrographic screening (optical
microscope, cathodoluminescence, SEM). A further screening step
was performed by analysing the elemental (Mg, Sr, Mn and Fe)
composition of the shells. The micritic matrix and calcitic cements
of some samples were also analysed in order to gain deeper insight
into the diagenetic evolution. Concentration of Mg, Sr, Fe and Mn
was determined with ICP-AES at the Geographisches Institut of the
Ruhr-Universit€at of Bochum (refer to Frijia and Parente, 2008b; Boix
et al., 2011 for analytical procedures and reproducibility of replicate
analyses). Strontium isotope analyses were performed at the
Institute for Geology, Mineralogy and Geophysics of the Ruhr-
University (Bochum, Germany). After strontium separation by
standard ion-exchange methods, strontium-isotope ratios were
analysed on a Finnigan MAT 262 thermal-ionisation mass spec-
trometer and normalized to an 86Sr/88Sr value of 0.1194. The long
term mean of modern seawater (USGS EN-1), measured at the
Bochum isotope laboratory during the period when the samples
were analysed, was 0.709158 ± 0.000004 (2 s.e., n¼ 180). Themean
value of the USGS EN-1 standards run together with the samples
analysed for this study is 0.709159 ± 0.000005 (2 s.e., n ¼ 22). The
87Sr/86Sr ratios of the samples were adjusted to a value of 0.709175
for the USGS EN-1 standard, to be consistent with the

normalisation used in the compilation of the ‘‘look-up’’ table of
McArthur et al. (2001; version 4: 08/04). A mean value was calcu-
lated when more than one sample was available for one strati-
graphic level. When more than one level was sampled in a thin
interval (less than 15 m), with no evidence of intervening strati-
graphic gaps, we derived the numerical age from the mean value of
all the samples. This procedure is based: a) on the assumption that
significant changes of Sr isotope ratios are not expected to occur
over time intervals much shorter than the Sr residence time (2 Ma),
b) on an estimated long-term accumulation rate of a few tens of m/
Myr. Following the assumption that the sedimentary dynamics of
Upper Cretaceous rudist-bearing carbonates of the southern
Apennines was similar to that of temperate carbonates (Simone
et al., 2003 and references therein), we use the accumulation rate
for “cool-water” carbonates from Schlager (2000). The precision of
the 87Sr/86Sr mean value for each stratigraphic level is given as 2 s.e.
of the meanwhen the number of samples (n) is�4. When n < 4, the
precision is considered to be not better than the average precision
of single measurements (2 s.e.¼ ±0.000007) and is calculated from
the standard deviation of the mean value of the standards runwith
the samples (±0.000024 for n ¼ 1, ±0.000017 for n ¼ 2 and
±0.000014 for n ¼ 3). The numerical ages of the samples analysed
in this study were derived from the look-up table of McArthur et al.
(2001, version 4: 08/04), which is tied to the Geological Time Scale
of Gradstein et al. (2004; hereinafter GTS2004). Minimum and
maximum ages were obtained by combining the statistical uncer-
tainty (2 s. e.) of the mean values of the Sr-isotope ratios of the
samples with the uncertainty of the seawater curve. The numerical
ages were then translated into chronostratigraphic ages and
corresponding standard biozones (ammonites, planktic
foraminifera and calcareous nannoplankton) by reference to the
GTS2004.

4. Results

4.1. Stratigraphy and facies

The studied sections show a very similar stratigraphy and facies
evolution. They can all be ascribed to an inner platform setting. The
Trentinara succession shows slightly more open marine facies
whereas the most restricted ones occur at Mt. Coccovello, where
peritidal cycles dominate the successions and subaerial exposure
surfaces are more frequent. Five main lithofacies associations have
been identified on the basis of texture, components (mainly skel-
etals) and sedimentary structures (Fig. 3):

LF1: characean-ostracod mudstone. This lithofacies generally
makes medium beds (10e20 cm) at the top of LF2 (see below). It
is dominated by mudstone textures but wackestones sporadi-
cally occur. The main skeletal components are characean oogons
and ostracod shells, often with articulated valves. Subordinate
(common to rare) Decastronema kotori Golubic, Radoi�cic and
Seong-joo cyanobacteria are also present, together with rare
Thaumatoporella algae and discorbids. Small vugs and bird-eyes
occur frequently in this lithofacies as well as microbrecciated
levels and circumgranular cracks. The sedimentological char-
acters suggest a deposition in ephemeral supratidal ponds or in
a brackish coastal lagoon.

LF2: Thaumatoporella mudstone to bindstone. This lithofacies
occurs usually in medium to thick beds (10e40 cm) capping (or
alternating with) LF4 or LF5 and showing different textures from
mudstones to packstone/bindstone. According to the texture,
components, sedimentary and diagenetic features, it can be
further subdivided in:
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Fig. 3. Some representative microfacies of the studied sections. A characean-ostracod mudstone (LF1), ch: characean oogons, os: ostracods, dis: discorbids (P 428, Mt. Coccovello); B
Thaumatoporella/Decastronemawackestone (LF2a), th: Thaumatoporella alga, dec: Decastronema kotori (P 929, Trentinara); C Thaumatoporella-foraminiferal wackestone (LF2b), th:
Thaumatoporella alga (P 924, Trentinara); D ostracod-miliolid mudstone (LF3), os: ostracods (P 897, Trentinara); E Foraminiferal wackestone/packstone (LF4) (P 797, Trentinara); F
Rudist rudstone (LF5) (P 962, Trentinara); G characean-ostracod mudstone (LF1) with dissolution cavities filled by Thaumatoporella-foraminiferal packstone (LF2) (P 552, Mt.
Coccovello); H fenestral mudstone (LF3). The larger vugs have a geopetal fill of crystal silt followed by sparry calcite (P 916, Trentinara). Scale bar is 1 mm for all the photographs.
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LF2a: Thaumatoporella/Decastronemamudstone-wackestone.
This facies is dominated by Thaumatoporella, a micro-
problematicum (incertae sedis) with calcareous test, and/or
Decastronema kotori. Ostracod shells together with small
peloids are common. Small benthic foraminifers are also
present even if rarely. This facies shows, in place, parallel
lamination, dissolution cavities and bird-eyes. The deposi-
tional setting was probably the interdidal zone of a tidal flat,
also considering the affinity between Decastronema and the
modern cyanobacterial genus Scytonema inhabiting the
intertidal flat of Andros island (Golubic et al., 2006)

LF2b: Thaumatoporella-foraminiferal wackestone to bind-
stone. This facies is dominated by Thaumatoporella and
subordinate benthic foraminifers. Rudists and undetermined
bivalves fragments as well as sponge nodules are rare. Non-
skeletal grains are represented by abundant micritized
grains. This facies is, often, slightly argillaceous and shows
faint parallel lamination with Thaumatoporella thalli (often
strongly compacted) aligned parallel to bedding. Dissolution
seams are common. The possible depositional setting of this
facies is a restricted intertidal to very shallow subtidal
lagoon.

LF3: ostracod-miliolid mudstone-wackestone. This lithofacies
occurs in beds 15e40 cm thick beds. It is characterized by os-
tracods, miliolids and, subordinately, other small benthic fora-
minifers and Thaumatoporella. Dissolution cavities and
birdseyes are also common. The inferred depositional setting is
intertidal to low-energy shallow subtidal lagoon.

LF4: Foraminiferal wackestone to grainstone. This lithofacies
usually overlies LF5 but often can alternate with LF2. It occurs in
medium to thick beds (25e50 cm). The main components are
represented by small and large sized benthic foraminifers.
Thaumatoporella algae and bivalve fragments (mainly rudists)
are common. Microbial/Sponge and Lithocodium-like nodules,
ostracods and Decastronema are rare. Dasycladalean algae are
common in this facies in the Upper Cenomanian (mainly Trip-
loporella and Russoella), very rare in the Turonian-Campanian
(mainly Neomeris and Salpingoporella). Among the non-
skeletal grains, peloids are abundant to common. The deposi-
tional setting of this facies was probably a more or less open
subtidal lagoon.

LF5: Rudist packstone-rudstone. This lithofacies occur in me-
dium to very thick beds (20 to >100 cm). It is characterised by
mono-to oligospecific assemblages of radiolitid rudists. The
matrix of the floatstone and rudstone range from bioclastic
wackestone to packstonemade of small fragments of rudists and
foraminifers. Other bioclasts are represented by rare fragments
of ostreids and Thaumatoporella. Peloids are common. Rudist
fragments are frequently encrusted by Lithocodium. The depo-
sitional setting of this facies was probably a subtidal open
lagoon.

4.1.1. Mt. Varchera
This section is exposed on the south-west slope of Monte Var-

chera, about 7 km south-east of Sanza, (Fig. 2). We sampled a 250m
thick succession starting ~2 m below the FO of Cisalveolina fraasi.
Based on the sedimentological and lithological characters the sec-
tion can be subdivided into four intervals (AeD, fig. 4).

Interval A (0e24 m) starts with a 1 m-thick rudist floatstone
(LF5), followed by 13 m of bioclastic mudstones-wackestones and
subordinately wackestones-packstones (LF3-4). A dense network of
selectively dolomitized Thalassinoides burrows characterizes the

first 6.5 m. The bioclasts include larger foraminifers, small benthic
foraminifers (mainly miliolids), rudists, ostreids and thin-shelled
bivalve fragments. These levels are overlain by 10 m of pack-
stones to floatstones with radiolitids and ostreids (LF 5). Rare
foraminiferal wackstones (LF4) also occur. The first part of this in-
terval (0e12 m) contains rich and diverse larger foraminiferal as-
semblages consisting of Cisalveolina fraasi, Chrysalidina gradata
D'Orbigny, Pseudolituonella reicheli Marie, Biconcava bentori
Hamaoui and Saint-Marc, Vidalina radoicicae Cherchi and
Schroeder, Coxites zubairensis Smout, Trochospira avnimelechi
Hamaoui and Saint-Marc, Pseudorhapydionina dubia (De Castro),
Pseudorhipidionina casertana (De Castro), Nezzazata spp., Trocholina
sp., Broeckina sp., Dicyclina sp., Rotalia sp. Then, the diversity is
sharply reduced leaving an assemblage consisting mainly of
Chrysalidina gradata, Pseudolituonella reicheli and Pseudo-
rhapydionina dubia. The larger foraminiferal content allows to refer
the first part of this interval to the Chrysalidina gradata e Cis-
alveolina fraasi biozone of De Castro (1991) and to the equivalent
Chrysalidina gradata e Pseudolituonella reicheli zone of Chiocchini
et al. (2008) (Fig. 1).

Interval B (24e73 m) consists, at the base, of thin-bedded
mudstones-wackestones (LF3), often laminated, with small
benthic foraminifers ostracods and discorbids and less abundant
rudists and other undetermined bivalve fragments. This facies (LF3)
from 8 m above the base of the interval, becomes regularly alter-
nated with fine-grained Thaumatoporella-foraminiferal
packstones-grainstones (LF2b) and rare foraminiferal wackestone-
packstone (LF4). Fenestrae and dissolution vugs are common in
the laminatedmudstones-wackestones that are often characterized
by brecciated, pseudo-nodular or dolomitized bed tops. The last
20 m of interval B are mainly made of mudstones-wackestones
(LF3), passing toward the end of the interval to wackestones and
packstones with benthic foraminifers, Thaumatoporella and peloids
(LF2b) and rare levels of foraminiferal limestones (LF4). The
microfossil content of this interval is very scarce in the lower part,
where only small benthic foraminifers are found (lituolids, mil-
iolids, textularids, Nezzazatinella sp.). In the middle-upper part
benthic foraminifers become more diverse and abundant, with the
appearance of Moncharmontia apenninica (De Castro), Reticulinella
kaeveri Cherchi, Radoi�cic and Schroeder, Pseudocyclammina
sphaeroidea Gendrot, Scandonea samnitica De Castro, Rotorbinella
scarsellai Torre. Based on its benthic foraminiferal associations, this
interval can be referred to the Pseudocyclammina spp. zone of De
Castro (1991), corresponding to the Nezzazatinella cf. aegyptiaca-
Nummoloculina cf. irregularis zone of Chiocchini et al. (2008)
(Fig. 1).

Interval C (73e220 m) consists of abundant rudist floatstones
(LF5), alternating with Thaumatoporella-Decastronema mudstones-
wackestones and bindstones (LF2a) and foraminiferal-peloidal
packstones to grainstones (LF4). The rudist-rich beds are thicker
andmore frequent in themiddle part of the interval. They consist of
dense accumulations of radiolitid shells and fragments. The benthic
foramifers assemblages consist of: M. apenninica, S. samnitica,
Accordiella conica Farinacci, Nezzazatinella sp., Dicyclina schlum-
bergeri Munier-Chalmas, R. scarsellai, P. sphaeroidea.

Interval D (220e250 m) is mainly made of thin-bedded, often
laminated, mudstones-wackestones with Thaumatoporella and
Decastronema kotori (LF2a). More rarelyforaminiferal wackestones
and packstones of LF4 are also found. Among the benthic fora-
minifers we identified: M. apenninica, S. samnitica, A. conica,
D. schlumbergeri, R. scarsellai, P. sphaeroidea. Based on the micro-
fossils content, intervals C and D can be referred to the Accordiella
conica- Moncharmontia apenninica zone of De Castro (1991) and to
the equivalent Accordiella conica-Rotorbinella scarsellai zone of
Chiocchini et al. (2008) (Fig. 1).
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4.1.2. Mt. Coccovello
The studied succession crops out on the southern slope ofMonte

Coccovello, near Maratea (Fig. 2) and consists of ~460 m of Upper
Cretaceous shallow-water carbonates. The section was logged from
~50 m below the FO of C. fraasi to the top of the Radiolitid Lime-
stones Fm., which coincides with the base of the Paleocene-Eocene
limestones and marls of the Trentinara Fm. It has been subdivided
into three intervals (AeC, fig. 5).

Interval A (0e73.5 m) consists in the first 50 m of laminated
mudstones-wackestones with miliolids and ostracods (LF3), alter-
nating with foraminiferal wackestones-packstones (LF4) and to
dolomite beds, often brecciated. Evidence of subaerial exposure is
frequent. The last 23 m of the interval are made of 8 m of bio-
turbated foraminiferal wackestonesepackstones (LF4) with
dolomite-filled Thalassinoides burrows, followed by 10 m of
wackestones to floatstones with very thin fragments of rudists and
ostreid shells (LF5) and 5 m of mudstonesewackestones with
milioids and benthic foraminifers (LF3 and rarely LF4). The larger
foraminifera of this interval are represented by: Cisalveolina fraasi,
Chrysalidina gradata, Pseudolituonella reicheli, Biconcava bentori,
Vidalina radoicicae, Coxites zubairensis, Trochospira avnimelechi,
Pseudorhapydionina dubia, Pseudorhipidionina casertana, Nezzazata
spp., Trocholina sp., Broeckina sp., Dicyclina sp., Rotalia sp. Like at Mt.
Varchera the biotic diversity is reduced in the last 15 m of the in-
terval where, among larger foraminifers, only Chrysalidina gradata,
Pseudolituonella reicheli and Pseudorhapydionina dubia are present.
The upper 23 m of this interval can be referred to Chrysalidina
gradata e Cisalveolina fraasi biozone of De Castro (1991) and to the
equivalent to the Chrysalidina gradata e Pseudolituonella reicheli
zone of Chiocchini et al. (2008) (Fig. 1).

Interval B (73.5e155 m) consists in the first 20 m mainly of
Thaumatoporella and ostracod mudstones-wackestones (LF2a) alter-
nating in the lower part with laminated mudstones-wackestones
with birdseyes, discorbids and small miliolids (LF3) and in the up-
per part with foraminiferal-peloidal wackestones-packstones (LF4).
Laterally discontinuous m-thick levels of dolomitised intraclastic
breccias occur in the middle part of this interval. Foraminiferal asso-
ciations are generally very poor. The most significant species are
Nezzazatinella sp., which is present from the base of the interval,
M. apenninica, P. sphaeroidea, R. kaeveri and S. samnitica occurring few
metres above, and R. scarsellai, appearing in the upper part of the
interval. According to the microfossil content, this interval can be
referred to the “Pseudocyclammina spp.” zone of De Castro (1991),
corresponding to the Nezzazatinella cf. aegyptiaca e Nummoloculina
cf. irregularis zone of Chiocchini et al. (2008) (Fig. 1).

Interval C (155e450 m) consists mainly of rudist-rich lime-
stones (packstones, floatstones and rudstones; LF5) alternating
mainly with laminated mudstones-wackstones and bindstones
with Thaumatoporella, Decastronema kotori and small peloids
(LF2a). Rare foraminiferal-peloidal wackstone-packstones (more
rarely grainstones) of lithofacies LF4 also occur. From 340 m to
400 m distinct levels of LF1 occur frequently, capping LF2 beds
which often show dissolution vugs. The benthic foraminiferal as-
sociations of this interval comprise: D. schlumbergeri,M. apenninica,
P. sphaeroidea, Murgella lata Luperto Sinni, R. scarsellai, A. conica,
S. samnitica, Scandonea mediterranea De Castro, Reticulinella fleuryi
Cvetko, Gusic and Schroeder, Siphodinarella costata Schlagintweit,
Husinec and Jez. Based on its microfossil content, this interval can
be referred to Accordiella conica-Moncharmontia apenninica zone of
De Castro (1991), corresponding to the Accordiella conica-
Rotorbinella scarsellai zone of Chiocchini et al. (2008) (Fig. 1).

4.1.3. Trentinara
This section has been sampled along two adjacent road cuts of

the provincial roads SP113 and SP83, near the village of Trentinara

(Fig. 2). The studied succession is 300 m thick and is entirely
referable to the Radiolitid Limestone Fm. (Fig. 6). Three intervals
can be distinguished.

Interval A (0e145 m). It is mainly made of laminated
wackestones-packestones and bindstones with Thaumatoporella,
Decastronema, microbial/sponge nodules, small benthic foramini-
fers and ostracods (LF2a-b). Thin beds of rudist packstones to
floatstones (LF5) and foraminiferal-bioclastic wackestone-pack-
stone (LF4) are locally intercalated in the first 80e100 m.The last
25 m of the interval are characterized by the presence of distinct,
closely spaced levels of characean-ostracod mudstone (LF1). The
benthic foraminifers of this interval are represented by:
D. schlumbergeri, M. apenninica, P. sphaeroidea, M. lata, R. scarsellai,
A. conica, S. samnitica, R. fleuryi, S. mediterranea, S. costata, Nezza-
zatinella sp.

Interval B (145e240 m). Here the abundance and thickness of
rudist-rich levels (LF5) increase drastically. They are intercalated
with mudstones to packstones with Thaumatoporella, small benthic
foraminifers, Decastronema, microbial/sponge nodules, ostracods
and with foraminiferaleThaumatoporella wackestones to grain-
stones (LF2a-b and LF4). The foraminiferal content is similar to that
in interval A except for the last 10 m, where Keramosphaerina ter-
gestina (Stache) and Calveziconus cf. lecalvezae Caus and Cornella
have their first appearance.

Interval C (240e297 m). This part of the section records a
decrease in the abundance and thickness of rudist levels. It is
mainly characterized by slightly dolomitized Thaumatoporella-
Decastronema and Thaumatoporella-foraminiferal wackestone-
packstone (LF2a-b) alternating with foraminiferal wackestone-
packstone (LF4). The top of the section is unconformably overlain
by the Trentinara Fm. Based on the microfossils content, the whole
succession can be referred to the Accordiella conica-Moncharmontia
apenninica zone of De Castro (1991), or to the equivalent Accordiella
conica-Rotorbinella scarsellai zone of Chiocchini et al. (2008) (Fig. 1).

The most important foraminiferal taxa described in the three
studied sections are figured in Figs. 7, 8 and 9.

4.2. Carbon isotope stratigraphy

4.2.1. Mt. Varchera
One hundred and seventy-six samples were analysed for theMt.

Varchera section (Fig. 4). The lower part of the curve (0e39 m)
shows a pronounced positive excursion, with isotopic values
constantly >þ2‰ and a peak ofþ4.4‰ 1m above the LO of C. fraasi.
Then, carbon isotope ratios make a very sharp negative excursion
with a minimum of�5.1‰ in the middle part of interval B, at a level
close to the FO of M. apenninica and P. sphaeroidea. This is followed
by another positive d13C excursion, which peaks at about þ2.8‰,
before decreasing to pre-excursion values of þ0.5‰. The next
segment of the curve is marked by a positive trend, with super-
imposed small scale fluctuations, culminating in a third d13C spike
with a maximum value of þ2.7‰ in the upper part of the rudist-
rich interval C. Above this level the d13C values fluctuate
aroundþ1e2‰ before abruptly decreasing to aminimumof�2.3‰
in the uppermost part of interval C. In the last 45 m of the d13C
curve, values oscillate between 0 and þ1.6‰ without any definite
trend.

4.2.2. Mt. Coccovello
Three hundred and eleven samples were analysed for the Mt.

Coccovello section (Fig. 5). The first 115 m of the d13C profile have
been already described in greater detail elsewhere (Parente et al.,
2007). The isotopic curve starts with a ~40 m thick interval of fluc-
tuating andmainly negative d13C values. This is followed by amarked
positive excursion, which peaks at þ5.4‰ in the lowermost part of
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interval B, just above the LO of P. dubia. From this level the isotopic
values decrease to aminimumof�1.1‰ in themiddle part of interval
B. A second prominent positive excursion starts close to the FO of
R. kaeveri, peaking at þ2.8‰ at about 120 m from the base of the
section. This is followed by a plateau, with values between þ1

and þ2‰, which characterizes the upper part of interval B and the
lowermost part of interval C. A third prominent positive excursion
covers the next 15 m of the d13C curve, peaking at þ4.1‰ at ~188 m
from the base. Over the next ~100 m the isotopic curve shows an
oscillating trend with values between 0.6 and 2.8‰. The only

Fig. 4. Lithologicalesedimentological log, biostratigraphy, isotope stratigraphy and chronostratigraphy of the Mt. Varchera section. The thick curve represents the 3-point moving
average of C-isotope ratios. The chronostratigraphic calibration is constrained by Sr isotope stratigraphy and carbon isotope correlation with the well dated reference curve of Jarvis
et al. (2006).
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remarkable event is a negative spike, reaching�0.83‰, in themiddle
part of the interval C. In the upper part of interval C, from the FO of
A. conica and until the end of the section, the d13C profile shows a
general decreasing trend with superimposed minor oscillations. The
last 50 m of the curve show negative d13C values, mainly fluctuating
between �0.7 and �2.3‰, except for the last 30 m where values as
negative as �4.1‰ are found.

4.2.3. Trentinara
Two hundred and fifty-eight samples were analysed for the

Trentinara section (Fig. 6). The first 100 m of the isotopic profile do
not show any prominent trend or event. This part of the curve is
characterised by values oscillating mainly between þ0.5 and 2.5‰,
except in its middle part, where an interval with more negative

values is present. Then, the d13C values start increasing; they reach
a maximum of þ3‰ at about 120 m from the base and abruptly
decrease to �1.2‰ just before the first level with M. lata. The next
27 m of the d13C profile are characterized by high amplitude fluc-
tuations around a mean value of 1‰ without any definite trend.
Above this interval there is a prominent positive excursion starting
from isotopic values around 0‰, peaking with values betweenþ2.2
and þ3.2‰ that make a plateau of ~30 m, before returning to the
pre-excursion values at around 200 m from the base of the section.
This positive C-isotope event is followed by a general decreasing
trend characterized by high amplitude fluctuations of around
3‰.The last 13 m of the d13C profile show an abrupt drop of the
isotopic values fromþ0.5 to �6.7‰ just below the contact with the
Trentinara Fm.

Fig. 5. Lithologicalesedimentological log, biostratigraphy, isotope stratigraphy and chronostratigraphy of the Mt. Coccovello section. The thick curve represents the 3-point moving
average of C-isotope ratios. The chronostratigraphic calibration is constrained by Sr isotope stratigraphy and carbon isotope correlation with the well dated reference curve of Jarvis
et al. (2006). See Fig. 4 for legend.
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4.3. Sr-isotope stratigraphy

The late Cenomanian-Maastrichtian (93.05 ± 0.2e65.0 ± 0.1 Ma;
Gradstein et al., 2004) portion of the marine strontium isotope
reference curve (McArthur et al., 2001; McArthur and Howarth,
2004) is derived from the Chalk of southern England (McArthur
et al., 1993) and from the Western Interior Seaway (McArthur
et al., 1994). In this interval, the curve is characterized by two
steep segments, a descending branch in the latest Cenomanian-
middle Turonian and an ascending branch in the latest Turonian-

Maastrichtian, separated by a turning point with the lowest
values in the late Turonian. The very narrow half-width of the 95%
confidence intervals on the estimated 87Sr/86Sr value (about
±0.000004), combined with the high slope of the curve on both
sides of the late Turonian minimum, allows for a potential
maximum precision of ±200e700 kyr in Turonian-Maastrichtian
successions (McArthur et al., 2001). These characteristics make
the Late Cretaceous one of the most favourable interval for
high resolution dating and correlation of marine carbonates
with SIS.

Fig. 6. Lithologicalesedimentological log, biostratigraphy, isotope stratigraphy and chronostratigraphy of Trentinara section. The thick curve represents the 3-point moving average
of C-isotope ratios. The chronostratigraphic calibration is constrained by Sr isotope stratigraphy and carbon isotope correlation with the well dated reference curve of Jarvis et al.
(2006). See Fig. 4 for legend.
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Fig. 7. Selected benthic foraminifers from the Cenomanian-Turonian interval of the studied sections. AeC Crhysalidina gradata (a and c: P314, Mt. Coccovello, b: GF 14, Mt. Var-
chera); DeE Pseudorhapydionina dubia (P298, Mt. Coccovello); FeG Cisalveolina fraasi (f: GF19 and g: GF14, Mt. Varchera); HeI Pseudolituonella reicheli (h: GF14 and i: GF15, Mt.
Varchera); L Nezzazatinella sp. (corresponding to N. cf. aegyptiaca of Chiocchini et al., 2008) (P324, Mt. Coccovello); M Vidalina radoicicae (GF17, Mt. Varchera); NeP Reticulinella
kaeveri (n and p: GF 66, Mt. Varchera, o: P352, Mt. Coccovello). White scale bar ¼ 1 mm, Black scale bar ¼ 200 mm.
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Fig. 8. Selected benthic foraminifers from the Turonian-Campanian interval of the studied sections. AeB Accordiella conica (a: P 934 and b: P 1044, Trentinara); C Pseudocyclammina
sphaeroidea (P 871, Trentinara); D Nezzazatinella sp. (corresponding to N. cf. aegyptiaca of Chiocchini et al., 2008) (P 933, Trentinara);EeF Scandonea samnitica (c: P 793 and d: P 1033,
Trentinara); G Rotorbinella scarsellai (P 1043, Trentinara); HeI Moncharmontia apenninica (h: P 1078 and i: P 1060, Trentinara); L Calveziconus cf. lecalvezae (P 1027, Trentinara); M
Reticulinella fleuryi (P 1057, Trentinara); N Siphodinarella costata (P 882, Trentinara). White scale bar ¼ 200 mm, Black scale bar ¼ 100 mm.
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4.3.1. Evaluating the preservation of samples
The first step, when using marine carbonates for SIS, is to care-

fully evaluate the degree of preservation of the samples. In fact, only
marine precipitates that have retained the original Sr-isotope ratio
of the oceanwill give correct SIS ages. Many studies proved that the
low-Mg biotic calcite of bivalve shells, and especially of rudists, is
one of the most suitable material for Cretaceous carbonates
(Steuber, 2001, 2003; Steuber et al., 2005; Frijia and Parente,
2008a,b; Steuber and Schlüter, 2012; Boix et al., 2011; Vicedo
et al., 2011; Caus et al., 2013; Huck et al., 2013; Albrich et al.,
2014). Samples showing a good preservation of the original shell
microstructure have the best chance to have retained their original

Sr-isotope ratio. Petrographic observations with the optical micro-
scope (under polarized light and cathodoluminescence) and SEM
show an excellent preservation of the prismatic microstructure of
the shell for most of the samples of rudist shells analysed for this
work. Only in a limited number of samples we found evidence of
alteration, highlighted by partially fused ormicritized calcite prisms
(Fig. 10). Analysis of the concentration of some major and trace el-
ements is also a powerful tool to estimate the degree of alteration of
a sample of biotic calcite. Diagenesis usually proceeds by decreasing
Sr concentration and increasing Fe and Mn concentrations (Brand
and Veizer, 1980; Al-Aasm and Veizer, 1986; Brand et al., 2012).
However, in some case studies, low Fe and Mn concentrations have

Fig. 9. Selected benthic foraminifers from the Coniacian-Campanian interval of the studied sections. AeB Murgella lata (P 915, Trentinara); C Dicyclina schlumbergeri (P 818,
Trentinara); DeE Scandonea mediterranea (d: P 1022 and e: p 1035, Trentinara); F Keramosphaerina tergestina (P 1028, Trentinara). White scale bar ¼ 2 mm, Black scale bar ¼ 1 mm.

G. Frijia et al. / Cretaceous Research xxx (2014) 1e3014

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

YCRES3095_proof ■ 17 November 2014 ■ 14/30

Please cite this article in press as: Frijia, G., et al., Carbon and strontium isotope stratigraphy of the Upper Cretaceous (Cenomanian-Campanian)
shallow-water carbonates of southern Italy: Chronostratigraphic calibration of larger foraminifera biostratigraphy, Cretaceous Research (2014),
http://dx.doi.org/10.1016/j.cretres.2014.11.002



been found also in diagenetic calcite (Steuber et al., 2005; Frijia and
Parente, 2008a,b; Boix et al., 2011; Vicedo et al., 2011), suggesting
that diagenetic fluids are not necessarily enriched in Fe and Mn. In
fact, solubility of Mn and Fe predominantly depends on the redox
potential of diagenetic fluids. Most of the rudist samples analysed
for this study have low Fe and Mn concentrations (Table 1 and
Fig. 11), below the thresholds used by different authors to discrim-
inate well preserved material (Steuber, 1999; Steuber et al., 2002,
2005; Huck et al., 2011). Furthermore, our samples do not show
any clear diagenetic trend of increasing Fe and/or Mn with
decreasing Sr concentration (Fig. 11). Shells with well preserved
pristine microstructure and high Sr content show, in some cases,
higher Fe concentration than samples with petrographic evidence
of recrystallization and low Sr concentration. Therefore, we did not
use Fe and Mn concentration as the prime criterion of diagenetic
screening and relied mainly on Sr concentration. Most of the shells
retaining the pristine microstructure show a Sr concentration
>1000 ppm, which is the mean value of Sr concentration inmodern
brachiopods and bivalves (Al-Aasm and Veizer,1986; Carpenter and
Lohmann, 1992). However, for our dataset we used a cut-off limit of
750 ppm,which is slightly below the 800 ppm threshold adopted by
Steuber et al. (2005) in their study on theUpper Cretaceous platform
carbonates of the island of Bra�c (Croatia). Samples with a Sr con-
centration above this limit where used for SIS, but only if they also
passed the petrographic screening of pristine microstructure pres-
ervation (Table 1 and Fig. 11).

The next step of our diagenetic screening procedure was to
compare the Sr concentration and the Sr-isotope value of different
rudist shells (with different degree of preservation) and different
components (rudists, matrix, cements) from the same level. Our
data show that late diagenetic cements, micritic matrix and poorly
preserved rudist shells have lower Sr concentration and higher Sr-
isotope values than pristine shells. This is the trend expected for
diagenetic alteration or for mixing of pristine and diagenetic ma-
terial (Banner, 1995). For this reason, when a set of well preserved
shells from the same level showed a scatter in Sr isotope ratios
>20 � 10�6, we discarded the sample with the highest 87Sr/86Sr
value (i.e. P582B, P614G-F, see Table 1). In our dataset, these enig-
matic outliers are very rare. With very few exceptions, shells from
the same bed, which passed all the steps of our diagenetic screening
procedure, have 87Sr/86Sr values within the limits of the analytical
precision (2 s.e. ¼ ±7 � 10�6). This coherence and concordance of
data can be considered as strong evidence that the samples we used
for SIS retained their original marine Sr-isotope signature
(McArthur, 1994; McArthur et al., 2006; Brand et al., 2011).

4.3.2. Mt. Coccovello
At Mt. Coccovello we collected for SIS 54 samples from 25

different stratigraphic levels. The average spacing was 15 m in the
Radiolitid Limestones Fm. The 87Sr/86Sr mean value of bivalve
samples just above the end of the largest C-isotope positive
excursion of the d13C curve gives an age of 93.44 Ma, corresponding

Fig. 10. Thin section (AeB) and SEM (CeD) photomicrographs of rudist shells. AeB compact portion of the outer shell layer of two different rudist shells, showing a well preserved
prismatic structure; growth lines are evident in A (crossed nicols, scale bar ¼ 500 mm) (a: GF140, Mt. Varchera and b: P 301, Mt. Coccovello); C SEM photomicrograph showing the
original prismatic ultrastructure of a rudist shell (GF 113, Mt. varchera); D SEM photomicrograph showing a rudist shells whose original microstructure has been partially altered by
diagenesis. Note the partially fused and micritized calcite prisms (GF 142, Mt. varchera).
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Table 1
Elemental and isotopic composition of biotic calcite, micrite and cement from the studied sections.

Sample Component Section Mg (ppm) Sr (ppm) Fe (ppm) Mn (ppm) 87Sr/86Sr 2 s.e. (*10�6) Preservation

P323 A1a Undet. bivalve Mt Coccovello nd nd nd nd 0.707361 7 P
P323 A3a Undet. bivalve Mt Coccovello nd nd nd nd 0.707363 6 P
P325 A2a Undet. bivalve Mt Coccovello nd nd nd nd 0.707363 7 P
P 363 A Rudist Mt. Coccovello 3608 1155 64 0.5 0.707303 7 P
P 363 B Rudist Mt. Coccovello 2589 1193 51 0.5 0.707293 7 P
P 363 M Matrix Mt. Coccovello 3849 434 78.8 2.3 0.707336 7
P401 A Rudist Mt. Coccovello 1252 1004 8 0.5 0.707332 7 P
P401 B Rudist Mt. Coccovello 1601 876 7 0.5 0.707324 7 P
P404 A Rudist Mt. Coccovello 1669 1019 9 0.5 0.707320 7 P
P404 B Rudist Mt. Coccovello 1783 996 7 0.5 0.707327 7 P
P423A Rudist Mt. Coccovello 2624 1339 15 0.5 0.707359 7 P
P423B Rudist Mt. Coccovello 2554 1284 18 0.5 0.707367 7 P
P425A Rudist Mt. Coccovello 2076 1491 20 0.5 0.707359 7 P
P425B Rudist Mt. Coccovello 1324 1315 43 0.5 0.707361 7 P
P425C Rudist Mt. Coccovello 1416 1207 13 0.5 0.707343 7 P
P442A Rudist Mt. Coccovello 1162 1197 19 0.5 0.707370 7 P
P442B Rudist Mt. Coccovello 1496 1448 14 0.5 0.707368 7 P
P474AA Rudist Mt. Coccovello 2030 1738 8 0.5 0.707381 7 P
P474AB Rudist Mt. Coccovello 2245 1352 12 0.5 0.707387 7 P
P474AC Rudist Mt. Coccovello 3409 1467 5 0.5 0.707402 7 P
P495AA Rudist Mt. Coccovello 1347 1241 19 0.5 0.707408 7 P
P495AB Rudist Mt. Coccovello 1732 1059 20 0.9 0.707407 7 P
P495AC Rudist Mt. Coccovello 1960 1388 16 1.3 0.707413 7 P
P513A Rudist Mt. Coccovello 1682 1196 43 0.5 0.707427 7 P
P513C Rudist Mt. Coccovello 1537 1551 15 0.5 0.707431 6 P
P520A Rudist Mt. Coccovello 1472 2228 12 0.5 0.707434 7 P
P520B Rudist Mt. Coccovello 1731 1358 23 0.5 0.707421 7 P
P520C Rudist Mt. Coccovello 1716 1256 20 0.5 0.707440 7 P
P525A Rudist Mt. Coccovello 1831 1599 10 0.5 0.707431 7 P
P525B Rudist Mt. Coccovello 1707 1504 6 0.5 0.707432 7 P
P555 Rudist Mt. Coccovello 2176 1490 13 0.5 0.707462 7 P
P557 Rudist Mt. Coccovello 1991 1376 8 0.5 0.707458 7 P
P568A Rudist Mt. Coccovello 2112 1164 19 0.5 0.707461 7 P
P568B Rudist Mt. Coccovello 2435 1495 75 0.5 0.707447 7 P
P570A Rudist Mt. Coccovello 1813 1184 7 0.5 0.707453 7 P
P570B Rudist Mt. Coccovello 1937 1318 2 0.5 0.707448 7 P
P572A Rudist Mt. Coccovello 2045 1424 17 0.5 0.707485 7 P
P572B Rudist Mt. Coccovello 1905 1432 16 0.5 0.707455 7 P
P574A Rudist Mt. Coccovello 1994 1421 3 0.5 0.707453 7 P
P574B Rudist Mt. Coccovello 2353 1351 35 0.5 0.707459 7 P
P581A Rudist Mt. Coccovello 1581 1591 12 0.5 0.707481 6 P
P581B Rudist Mt. Coccovello 1984 1631 11 0.5 0.707466 7 P
P582A Rudist Mt. Coccovello 1853 1227 14 0.5 0.707465 7 P
P582B Rudist Mt. Coccovello 2420 1083 15 0.5 0.707491 7 A
P605A Rudist Mt. Coccovello 1195 1253 10 0.5 0.707478 7 P
P605B Rudist Mt. Coccovello 1443 1407 4 0.5 0.707472 7 P
P614A Rudist Mt. Coccovello 1115 1206 91 3.7 0.707480 7 P
P614B Rudist Mt. Coccovello 1059 1237 55 2.1 0.707510 7 A
P614G Rudist Mt. Coccovello 1005 1253 111 2.3 0.707530 7 A
P614F Rudist Mt. Coccovello 995 271 166 4.4 0.707524 7 A
P624A Rudist Mt. Coccovello 941 944 104 2.4 0.707522 7 A
P624B Rudist Mt. Coccovello 1151 717 179 5.9 0.707501 7 A
P633A Rudist Mt. Coccovello 1874 841 131 16.4 0.707532 7 A
P633C Rudist Mt. Coccovello 1323 1160 143 11.5 0.707510 7 P

GF72 B Rudist Mt. Varchera 2020 891 9 0.6 0.707290 6 P
GF72 A Rudist Mt. Varchera 1552 1063 2 0.5 0.707293 7 P
GF72M Matrix Mt. Varchera 2833 205 45 4.0 0.707411 7
GF113 A Rudist Mt. Varchera 1827 764 12 0.5 0.707321 7 A
GF113 M Matrix Mt. Varchera 3588 233 99 2.6 0.707381 7
GF124 B Rudist Mt. Varchera 2146 484 9 1.4 0.707316 7 A
GF124 A Rudist Mt. Varchera 1734 645 21 1.4 0.707316 7 A
GF124 M Matrix Mt. Varchera 2116 164 59 2.7 0.707444 6
GF140 Rudist Mt. Varchera n.d. n.d. n.d. n.d. 0.707323 7 P
GF142 B Rudist Mt. Varchera 1901 826 14 0.5 0.707352 7 PA
GF142 A Rudist Mt. Varchera 2628 781 13 0.5 0.707319 7 P
GF142M Matrix Mt. Varchera 2532 209 96 1.8 0.707436 7
GF144 Rudist Mt. Varchera n.d. n.d. n.d. n.d. 0.707322 7 P
GF149 Rudist Mt. Varchera 1706 949 89 1.3 0.707468 7 A
GF149 M Matrix Mt. Varchera 2743 227 57 2.5 0.707427 7
GF149 T Cement Mt. Varchera 2545 106 18 4 0.707812 7
GF150 B Rudist Mt. Varchera 2482 1030 102 2.0 0.707341 7 P
GF150 A Rudist Mt. Varchera 2369 1104 273 2.0 0.707337 7 P
GF150 Rudist Mt. Varchera n.d. n.d. n.d. n.d. 0.707336 7 P
GF150 T Cement Mt. Varchera 2721 106 11 5 0.707837 7
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to the early Turonian (Table 2). The positive d 13C excursion has
been correlated to that occurring worldwide in the Cenomanian-
Turonian boundary (CTB) interval (Parente et al., 2007, 2008;
Fig. 5 and 13), thus indicating the good agreement between SIS and
C-isotope stratigraphy. The next analysed level for SIS comes from
the first rudist floatstone found above the end of the positive C-
isotope excursion occurring at ~130 m from the base of the section.
The mean Sr-isotope value of 0.707298 of this level is the lowest
measured for the whole Coccovello section and falls in the late
Turonian 87Sr/86Sr minimum of the reference curve of McArthur
et al. (2004). For this isotopic ratio two possible numerical ages
are obtained (89.58 and 90.66 Ma), which bracket the middle-late
Turonian boundary. From this level until the top of the section
the 87Sr/86Sr values show a regular increasing trend, corresponding
to the late Turonian-Maastrichtian segment of themarine reference
curve (McArthur et al., 2004). Our densely spaced SIS data allow an
accurate chronostratigraphic calibration of the studied section. A
level at about 190 m from the base, ~2 m above the last prominent
positive C-isotope excursion, has a mean 87Sr/86Sr value of
0.707326, which translates into a numerical age of 89.04 Ma, cor-
responding to the Turonian-Coniacian boundary. The 87Sr/86Sr
mean value of 0.747431, obtained from a level at ~323 m from the
base of the section, gives an age of 85.65 Ma, which corresponds to
the earliest Santonian, very close to the Coniacian-Santonian
boundary. Higher up, a level at ~373 m from the base of the sec-
tion yields a Sr-isotope value of 0.707458, which gives an age of
83.18 Ma, corresponding to the earliest Campanian, very close to
the Santonian-Campanian boundary. The highest 87Sr/86Sr value of
0.707510 has been measured few metres below the unconformity
separating the Radiolitid Limestones from the Paleocene-Eocene
deposits of the Trentinara Fm. This value translates into an age of
79.90 Ma, which indicates a early-middle Campanian age for the
top of the Cretaceous limestones at Mt. Coccovello.

4.3.3. Mt. Varchera
AtMt. Varchera seven rudist levels where sampled but only four

of them provided suitable material for SIS (Fig. 4). The first samples
come from a rudist floatstone at about 73 m from the base of the
section. Their 87Sr/86Sr mean value of 0.707292 indicates a late
Turonian age and is within error from the value obtained at Monte
Coccovello from the stratigraphically correlative rudist floatstone.
Above this level, which plots in the late Turonian minimum of the
marine reference curve, the other SIS samples depict a gradual
increase of the 87Sr/86Sr ratio up to a maximum of 0.707397 found
at the top of the section. This value translates into a numerical age
of 86.88 Ma, corresponding to the late Coniacian (Table 2).

4.3.4. Trentinara
Six rudist levels where sampled from the Trentinara section

(Fig. 6). The last level, just beneath the unconformity separating the
Radiolitid Limestones from the Trentinara Fm, did not give suitable
material for SIS. The lower part of the section can be dated as
middle Coniacian, based on the mean 87Sr/86Sr value of 0.707363
(87.82 Ma) obtained for a level at about 33 m from the base. Like in
the other sections, the 87Sr/86Sr values increase regularly up-
section. The highest 87Sr/86Sr value (0.707502) has been obtained
from a level about 25 m below the base of the Trentinara Fm. This
value translates into an age of 80.64 Ma, corresponding to the early
Campanian.

5. Discussion

5.1. C-isotope stratigraphy

Carbon-isotope stratigraphy is essentially practiced bymatching
the patterns (i.e. the isotopic trends and excursions) of the d13C
profile retrieved by a succession under study with a reference d13C

Table 1 (continued )

Sample Component Section Mg (ppm) Sr (ppm) Fe (ppm) Mn (ppm) 87Sr/86Sr 2 s.e. (*10�6) Preservation

GF165 Rudist Mt. Varchera 1647 1127 25 0.5 0.707476 7 A
GF165 M Matrix Mt. Varchera 2799 254 95 8.9 0.707455 7
GF179 Rudist Mt. Varchera 1507 989 14 0.5 0.707397 7 P
GF179 M Matrix Mt. Varchera 3244 229 73 3.1 0.707481 7

P 805C Rudist Trentinara 1315 1125 0.5 0.5 0.707374 7 P
P 808 A Rudist Trentinara 1500 1419 69.7 0.8 0.707362 7 P
P 808 C Rudist Trentinara 1448 1500 151.9 6.1 0.707354 7 P
P 808 M Matrix Treninara 2764 382 41.7 2.3 0.707431 7
P 899 A Rudist Trentinara 1609 1505 55.2 0.5 0.707457 7 PA
P 899 D Rudist Trentinara 1583 1274 57.6 0.5 0.707434 7 P
P 899X Rudist Trentinara 2356 877 0.5 1.4 0.707456 7 PA
P 899G Rudist Trentinara 1714 1258 0.5 0.5 0.707414 7 P
P 941 A Rudist Trentinara 1909 1666 37.3 0.5 0.707463 7 P
P 941 C Rudist Trentinara 1718 1518 73.4 0.5 0.707455 7 P
P 941 M Matrix Treninara 3516 310 43.3 2.9 0.707509 7
P 966X Rudist Trentinara 1735 1156 0.5 0.5 0.707469 7 P
P 966 B Rudist Trentinara 1397 1461 84.2 0.5 0.707462 6 P
P 966M Matrix Trentinara 3167 239 13.2 2.9 0.707531 7
P 966T Cement Trentinara 2597 127 0.5 3.2 0.707743 7
P 968C Rudist Trentinara 1534 987 0.5 0.5 0.707476 7 P
P968T Cement Trentinara 2399 139 23.8 1.6 0.707675 7
P 971A Rudist Trentinara 1860 998 0.5 0.5 0.707464 7 P
P 971M Matrix Trentinara 3790 227 14.4 1.9 0.707518 6
P1008A Rudist Trentinara 2014 1101 22.0 1 0.707507 7 P
P1008D Rudist Trentinara 2642 1103 39.8 0.7 0.7074979598 7 P
P1008M Matrix Trentinara 2817 377 82.0 2.8 0.70755 7
P1010A Rudist Trentinara 1459 890 15.8 0.5 0.7075239604 6 PA
P1010M Matrix Trentinara 3631 358 71.4 2.7 0.707576 9
P1023X Rudist Trentinara 2115 716 28.8 1.6 0.7075309606 7 A
P1023G Rudist Trentinara 2975 447 23.1 2.6 0.7075339607 7 A
P1023M Matrix Trentinara 3950 317 61.6 3.1 0.707569 6

P ¼ preserved, PA ¼ partially altered, A ¼ Altered.
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curve. The reference curve has two requisites: it is assumed to
represent the record of the global ocean isotopic signal and is well
calibrated to the geological time scale. When a good matching is
found, the chemostratigraphic correlation with the well-dated
reference section can be used to build an accurate age-model for
the section under study. This empirical process of correlation by
matching is often much more problematic for shallow-water car-
bonate successions, compared with hemipelagic and pelagic suc-
cessions. Post-depositional diagenetic alteration (Dickson and
Coleman, 1980; Allan and Matthews, 1982; Lohmann, 1988;
Marshall, 1992), biological fractionation and local palaeo-
ceanographic conditions may cause the carbon isotope signal of
platform carbonates to deviate from the open ocean global signal
(Weber and Woodhead, 1969; Patterson and Walter, 1994; see
Immenhauser et al., 2008, for a recent review).

Strong covariation between d13C and d18O is commonly taken as
proof of diagenetic alteration under the influx of meteoric water in
the mixing zone (Allan and Matthews, 1982), or as a trend of pro-
gressively decreasing alteration within the freshwater phreatic
zone (Swart, 2011). The isotope ratios cross-plot of fig. 12 shows no
covariance between carbon and oxygen, indicating that neither of
these processes left his mark on the samples selected from the
studied sections.. Strongly fluctuating, relatively low d13C values
associated to an invariant d18O trend have been linked to meteoric
diagenesis below subaerial exposure surfaces (Allan and Matthews,
1982; Lohmann, 1988). This pattern is observed in some segments
of our isotopic profiles, accompanied by sedimentologic evidence of
subaerial exposure (see Figs. 4, 5, 6). We did not attempt correlation
by carbon isotope stratigraphy over these segments, considering
that their original isotopic signal had been strongly overprinted by
meteoric diagenesis.

The major features of the d13C curves of the studied sections, i.e.
the lower frequency isotopic trends and excursions, are not asso-
ciated to any specific lithofacies and persist across major facies
changes. Therefore, we conclude that, while the higher order
fluctuations could be the result of variations of environmental
conditions on the platform, the low-frequency trends and the
major excursions, and especially the positive ones, record the

long-term carbon isotope signal of the open ocean. A similar gen-
eral conclusion was reached by Colombie et al. (2011) after a
thorough evaluation of the carbon isotope records of Kimmeridgian
shallow-marine carbonates of the Swiss Jura.

A correlation between the major features of the carbon isotope
profiles recovered from the studied sections and the Late Creta-
ceous d13C carbonate reference curve of Jarvis et al. (2006) is shown
in Fig. 13. The reference curve contains a very prominent positive
excursion of about 3‰ in the Cenomanian-Turonian boundary
(CTB) interval, corresponding with the oceanic anoxic event 2
(OAE2, Bonarelli event). Another sharp positive excursion, of about
1‰, marks the Turonian-Coniacian boundary. The reference curve
contains many other lower amplitude events (<0.5‰). We agree
with F€ollmi and Godet (2013) that the signal to noise ratio in car-
bonate platform carbon isotope curves is usually too small for
reliable identification of such minor events. Matching of the carbon
isotope curves of the studied sections with the reference curve was
constrained by independent tie-points, derived from biostratig-
raphy and SIS. The very prominent d13C positive excursion occur-
ring near the base of the Mt. Coccovello and Mt. Varchera sections
has been already correlatedwith the CTB event (Parente et al., 2007,
2008; Frijia and Parente, 2008b). Above the CTB, both the d13C
curves show an interval of negative carbon isotope values which is
likely the results of meteoric diagenesis. This is supported by the
presence, in the corresponding segments of the studied sections, of
subaerial exposure surfaces associated with microkarstic features
and dolomitized breccias. This interval of negative d13C values is
followed, both at Mt. Coccovello and at Mt. Varchera, by a positive
excursion of about 2‰. We tentatively correlate this peak with the
“Pewsey” event, which occurs in the uppermost part of the middle
Turonian (Jarvis et al., 2006). This is a very minor event in the
reference curve (<0.5‰) but it could have been amplified by local
processes in shallow-water environments (F€ollmi and Godet, 2013).
Moreover, the correlation is strongly supported by SIS ages (Fig. 13).
The successive d13C event that we used for correlation is the well
pronounced positive peak found at 170 m from the base of the Mt.
Coccovello section and at about 160 m from the base at Mt. Var-
chera. We correlate this peak to the latest Turonian “Hitch Wood”

Fig. 11. Sr, Fe, concentration and 87Sr/86Sr in samples analysed for this study (AeB). The arrow indicates the diagenetic trend from pristine shells to altered shells to diagenetic
calcite (micrite and cement). The dashed horizontal line indicates the threshold Sr concentration (750 ppm) used in this study. Above this value it is assumed that the original
marine Sr-isotopic ratio has been retained (see text for further details). Note that most of the rudist samples analysed for this study have very low Fe concentrations and that late
diagenetic cements, micritic matrix and poorly preserved rudist shells have lower Sr concentration and higher Sr-isotope values than pristine shells.
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Table 2
Strontium Isotope Stratigraphy of the studied sections.

Sample Component Section Metres from
the base

87Sr/86Sr 2 s.e. (*10�6) 87Sr/86Sr mean 2 s.e. mean
(*10�6)

Age (Ma)

Min Preferred Max

P 805C Rudist Trentinara 32.5 0.707374 7
P 808 A Rudist Trentinara 33.5 0.707362 7
P 808 C Rudist Trentinara 0.707354 7
mean 0.707363 12 87.34 87.82 88.50
P 899 D Rudist Trentinara 114 0.707434 7
P 899G Rudist Trentinara 0.707414 7
mean 0.707424 20 83.71 85.98 86.50
P 941 A Rudist Trentinara 151 0.707463 7
P 941 C Rudist Trentinara 0.707455 7
mean 0.707459 8 82.40 83.12 84.20
P 966X Rudist Trentinara 178 0.707469 7
P 966 B Rudist Trentinara 0.707462 6
P 968C Rudist Trentinara 180 0.707476 7
P 971A Rudist Trentinara 182.5 0.707464 7
mean 0.707468 6 82.02 82.64 83.26
P1008A Rudist Trentinara 215.5 0.707507 7
P1008D Rudist Trentinara 0.7074979598 7
mean 0.707502 9 79.37 80.64 81.49

P323 A1a Undet. bivalve Mt. Coccovello 82.9 0.707361 7
P323 A3a Undet. bivalve Mt. Coccovello 82.9 0.707363 6
P325 A2a Undet. bivalve Mt. Coccovello 85.5 0.707363 7
mean 0.707362 14 92.7 93.44 94.45
P 363 A Rudist Mt. Coccovello 0.707303 7
P 363 B Rudist Mt. Coccovello 129.3 0.707293 7
mean 0.707298 10 89.28 90.66 91.41
P401 A Rudist Mt. Coccovello 0.707332 7
P401 B Rudist Mt. Coccovello 190.3 0.707324 7
P404 A Rudist Mt. Coccovello 0.707320 7
P404 B Rudist Mt. Coccovello 195.3 0.707327 7
mean 0.707326 5 88.83 89.04 89.23
P423A Rudist Mt. Coccovello 0.707359 7
P423B Rudist Mt. Coccovello 220.8 0.707367 7
P425A Rudist Mt. Coccovello 0.707359 7
P425B Rudist Mt. Coccovello 0.707361 7
P425C Rudist Mt. Coccovello 224.3 0.707343 7
mean 0.707358 3 87.72 88.08 88.36
P442A Rudist Mt. Coccovello 0.707370 7
P442B Rudist Mt. Coccovello 255 0.707368 7
mean 0.707369 17 87.06 87.63 88.47
P474AA Rudist Mt. Coccovello 0.707381 7
P474AB Rudist Mt. Coccovello 0.707387 7
P474AC Rudist Mt. Coccovello 278.3 0.707402 7
mean 0.707390 12 86.59 87.08 87.56
P495AA Rudist Mt. Coccovello 0.707408 7
P495AB Rudist Mt. Coccovello 0.707407 7
P495AC Rudist Mt. Coccovello 302.3 0.707413 7
mean 0.707409 14 85.80 86.51 87.07
P513A Rudist Mt. Coccovello 0.707427 7
P513C Rudist Mt. Coccovello 317.8 0.707431 6
P520A Rudist Mt. Coccovello 0.707434 7
P520B Rudist Mt. Coccovello 0.707421 7
P520C Rudist Mt. Coccovello 323.8 0.707440 7
P525A Rudist Mt. Coccovello 0.707431 7
P525B Rudist Mt. Coccovello 328.3 0.707432 7
mean 0.707431 4 84.85 85.65 86.06
P568A Rudist Mt. Coccovello 0.707461 7
P568B Rudist Mt. Coccovello 369.8 0.707447 7
P570A Rudist Mt. Coccovello 0.707453 7
P570B Rudist Mt. Coccovello 371.8 0.707448 7
P572A Rudist Mt. Coccovello 0.707485 7
P572B Rudist Mt. Coccovello 373.8 0.707455 7
P574A Rudist Mt. Coccovello 0.707453 7
P574B Rudist Mt. Coccovello 376 0.707459 7
mean 0.707458 9 82.40 83.18 84.43
P581A Rudist Mt. Coccovello 0.707481 6
P581B Rudist Mt. Coccovello 381.3 0.707466 7
P582A Rudist Mt. Coccovello 0.707465 7
mean 0.707471 10 81.65 82.48 83.33
P605A Rudist Mt. Coccovello 0.707478 7
P605B Rudist Mt. Coccovello 412.3 0.707472 7
mean 0.707475 17 81.00 82.26 83.55

(continued on next page)
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event of Jarvis et al. (2006). SIS numerical ages of about 89 Ma,
derived from levels bracketing this peak in both the sections,
strongly support this correlation (Fig. 13). Above this event, the
chemostratigraphic correlation becomes more problematic. Some
segments can be convincingly correlated between the three car-
bonate platform sections but their correlation to the reference
curve is less compelling (Fig. 13). We tentatively identified the
“Santonian-Campanian Boundary Event” of Jarvis et al. (2006) in
the Trentinara d13C curve by matching it with the positive peak at
170 m from the base of the section. Above this level, carbon isotope
values show a marked negative trend, which could be the equiva-
lent of the regular decrease of d13C values shown by the reference
curve between the “Santonian-Campanian Boundary Event” and
the mid-Campanian event of Jarvis et al. (2002, 2006). Correlation
is even less compelling for the Mt. Coccovello section, where, based
on SIS, the decrease of d13C values starts much earlier than the
Santonian-Campanian boundary (Fig. 13).

5.2. Chronostratigraphic calibration of the Apennine carbonate
platform biostratigraphy

After the first synthesis by Sartoni and Crescenti (1962), the two
most widely used biostratigraphic schemes for the Mesozoic
shallow-water carbonates of the central-southern Apennines have
been proposed by Chiocchini and Mancinelli (1977) and by De
Castro (1991). Chiocchini et al. (1994, 2008) revised the previous
biozonation of Chiocchini and Mancinelli (1977). These biozonal
schemes are very similar, with minor differences in the choice of
the index species of the biozones and in the chronostratigraphic
ages of the biozones. To this regards, it is worth stressing again that
both Chiocchini et al. (1994, 2008) and De Castro (1991) state
clearly that the chronostratigraphic ages of their biozones are only
a crude approximations and are not substantiated by any direct
correlation with the standard ammonite biozones, which are the
foundation of Cretaceous chronostratigraphy.

In this study we have derived a chronostratigraphic age-model
for the studied sections by integrating SIS and C-isotope stratig-
raphy (Fig. 14). This age model can be used to calibrate the chro-
nostratigraphic age of the biostratigraphic events. This
chemostratigraphically constrained chronostratigraphic calibration
is relevant also for other central Tethyan carbonate platforms (i.e.
the Apulian, Adriatic and Gavrovo-Tripolitza carbonate platforms)
whose biostratigraphy is largely based on the same species of larger
foraminifers which are used in the ACP. Also for these platforms the
chronostratigraphic age of the biozones was so far poorly

constrained. The only chronostratigraphically reliable data have
been recently produced for the Upper Cretaceous carbonates of the
island of Brac (Adriatic platform) integrating SIS and biostratig-
raphy (Steuber et al., 2005).

The chart of the most important biostratigraphic events which
have been recognised in the studied sections and their chro-
nostratigraphic calibration is given in Fig. 15. It is worthmentioning
that the ranges of many of the species appearing after the CTB
extinction (Parente et al., 2008) extend until the top of the studied
sections, which corresponds to the lower-middle Campanian ac-
cording to our chemostratigraphic scheme. In other areas, these
species are reported to range into the upper Campanian and
Maastrichtian (Fleury, 1980; Steuber et al., 2005; Velic, 2007). For
these species we can only constrain the age of the FO and give a
minimum estimate of their LO.

The chronostratigraphic ranges of the most significant late
Cenomanian taxa (Cisalveolina fraasi, Chrysalidina gradata, Pseu-
dolituonella reicheli, Pseudorhapydionina dubia, Pseudo-
rhipydionina casertana, Coxites zubairensis, Biconcava bentori,
Vidalina radoicicae) is mainly constrained by C-isotope stratig-
raphy (Parente et al., 2008; this study). According to the critical
review by De Castro (1983), the total range of C. fraasi is limited
to the upper Cenomanian. Fleury (1980) considered the range of
this important marker reaching the lower Turonian whereas a
late Cenomanian age is accepted in the recent schemes by Velic
(2007) and Chiocchini et al. (2008). In the studied sections, the
FO of C. fraasi is found at a level that can be correlated by carbon
isotope stratigraphy to the middle part of the Metoicoceras
geslinianum ammonite zone (Parente et al., 2007; this study). The
LO is still within the same ammonite zone, at a level that can be
correlated with the top of the Rotalipora cushmani planktic
foraminiferal zone (Parente et al., 2008). In the ACP, most of the
late Cenomanian larger foraminifers disappear together with
C. fraasi. The only survivors are C. gradata, P. reicheli and P. dubia,
which disappear 15e20 m above, in levels which can be corre-
lated by carbon isotope stratigraphy with the lower part of the
Neocardioceras juddi ammonite zone (i.e. in the latest Cen-
omanian) (Fig. 15). This two-steps pattern of larger foraminifers
extinction during the latest Cenomanian has been related to the
palaeoenvironmental perturbations accompanying the OAE2
(Parente et al., 2008). The low-diversity benthic foraminiferal
assemblages of the uppermost Cenomanian-lower Turonian are
characterized by few specimens belonging to small and archi-
tecturally simple morphotypes. These taxa, so far never described
in detail, have recently been investigated making them useful for

Table 2 (continued )

Sample Component Section Metres from
the base

87Sr/86Sr 2 s.e. (*10�6) 87Sr/86Sr mean 2 s.e. mean
(*10�6)

Age (Ma)

Min Preferred Max

P614A Rudist Mt. Coccovello 422 0.707480 7 0.707480 24 79.89 81.97 83.71
P633C Rudist Mt. Coccovello 446.5 0.707510 7 0.707510 24 78.14 79.90 81.91

GF72 B Rudist Mt. Varchera 0.707290 6
GF72 A Rudist Mt. Varchera 72.5 0.707293 7
mean 0.707292 17 89.26 90.43 91.46
GF140 Rudist Mt. Varchera 156.4 0.707323 7
GF142 A Rudist Mt. Varchera 159.5 0.707319 7
GF144 Rudist Mt. Varchera 161 0.707322 7
mean 0.707321 14 88.74 89.13 89.49
GF150 B Rudist Mt. Varchera 0.707341 7
GF150 A Rudist Mt. Varchera 0.707337 7
GF150 Rudist Mt. Varchera 179.5 0.707336 7
mean 0.707338 14 88.21 88.76 89.17
GF179 Rudist Mt. Varchera 219.8 0.707397 7 0.707397 24 85.89 86.88 87.7

Numerical ages from McArthur et al. (2001; look-up table version 4: 08/04). Chronostratigraphy from Gradstein et al. (2004). See the text for details on the calculations of
numerical ages and on the estimates of the precision.
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future biostratigraphic use (Arriaga et al., submitted). One of the
most commonly reported species was formerly cited as Valvu-
lammina picardi (Chiocchini and Mancinelli, 1977) and has been
later referred to Nezzazatinella cf. aegyptiaca (Chiocchini et al.,
1994, 2008). According to our chemostratigraphic correlation,
this species, that we indicate as Nezzazatinella sp., (following
Arriaga et al., submitted for publication) appears in the upper-
most Cenomanian, very close to the CTB (Figs. 14 and 15).

The first true Turonian newcomers are Moncharmontia apen-
ninica and Pseudocyclammina sphaeroidea. These two taxa occur at
the same level at Mt. Coccovello whereas M. apenninica FO is a few
metres below P. sphaeroidea at Mt. Varchera (Fig. 14). Both these
taxa were generally indicated as first occurring in the Turonian by
De Castro (1991). According to Chiocchini et al. (2008), the FO of
M. apenninica in the central Apennines is in the upper Turonian,
while P. sphaeroidea appears considerably later, in the lower Con-
iacian. According to Velic (2007), both these species have their FO

in the upper Turonian, with P. sphaeroidea slightly preceding
M. apenninica. According to our scheme the FO of these taxa is in
the lowermost Turonian, at a level that can be correlated chemo-
stratigraphically to the lower part of the Tethyan ammonite zone
Watinoceras devonense.

Reticulinella kaeveri is present at Mt. Coccovello and Mt. Var-
chera in a very thin interval of about 10e12 m (Fig. 14). SIS data by
Frijia and Parente (2008a) were compatible with two alternative
options for the chronostratigraphic range of this species: the upper
part of themiddle Turonian or the upper part of the upper Turonian
(see figure 6 in Frijia and Parente, 2008a). The integration of C-
isotope stratigraphy with SIS indicates that the first alternative is
the correct one: the range of R. kaeveri can be correlated with the
upper part of the Collignoceras woolgari ammonite zone, in the
upper part of themiddle Turonian (Fig.15). A slightly younger range
(lower part of the upper Turonian) is reported by Chiocchini et al.
(2008) in the central Apennines.

Fig. 12. Cross-plot of d13C vs. d18O for the three studied sections. The dataset shows no covariance between O and C isotopic values. Relatively depleted d13C values associated to an
invariant d18O trend are probably due to the overprint of meteoric diagenesis (see text for further details). The shaded rectangle in the diagram indicates the isotopic field of Late
Cretaceous pelagic carbonates of central Italy (Scaglia Fm; after Stoll and Schrag, 2000) whereas the dotted rectangle represents the range of well-preserved biotic calcite of shallow
marine tropical-subtropical carbonates (after Prokoph et al., 2008).
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Fig. 15. Chronostratigraphic ranges of selected benthic foraminifers of the Apennine Carbonate Platform, based on the chemostratigraphic correlation of figures 13 and 14. The
ranges of some species are truncated at the top by the unconformity capping the Upper Cretaceous rudist limestones. For some species there is a good match with the chro-
nostratigraphic ranges obtained by Steuber et al. (2005) in the Adriatic Carbonate Platform. Notice that, for sake of comparison, the SIS ages of Steuber et al. (2005) have been
recalculated with the look-up table of McArthur et al. (2001, version 4: 08/04), Time scale from Gradstein et al., 2004.
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The FO of Scandonea samnitica can be precisely correlated with
the lower part of the Collignoceras woolgari ammonite zones, which
corresponds to the lower part of the middle Turonian (Fig. 14). The
range of this species extends to the top of the studied sections
(lower-middle Campanian). In the central Apennines a lower
Coniacian-upper Santonian range is reported for this species by
Chiocchini et al. (2008). According to Velic (2007) in the Adriatic
Platform S. samnitica is present from the Coniacian to the upper
Campanian. However, in the island of Bra�c this species has been
reported from the lower part of the Gornji Humac fm., dated as
early-middle Turonian by strontium and carbon isotope stratig-
raphy (Steuber et al., 2005; Korbar et al., 2012) (Fig. 15).

Rotorbinella scarsellai first occurs both at Mt. Coccovello and Mt.
Varchera about 20m below the prominent positive C-isotope peak
of the late Turonian (Fig. 14), at a level which can be very accurately
correlated by SIS to the middle part of Subprionocyclus neptuni
ammonite zone (Fig. 15). This age is slightly older than the base of
the Coniacian reported as FO for the taxa by Chiocchini et al. (2008)
in the central Apennines. On the other hand, a considerably
younger FO (middle-upper Santonian) is reported by Velic (2007) in
the Adriatic Platform.

Reticulinella fleuryi is first found both in the Mt. Coccovello and
in the Trentinara section in levels which can be precisely dated by
SIS as middle Coniacian and can be correlated to the middle part of
the Gauthiericeras margae ammonite zone (Fig. 14). The range of
this species extends to the top of the studied sections. R. fleuryi has
been first described from the Upper Cretaceous deposits of the is-
land of Bra�c (Croatia) by Cvetko et al. (1997). These authors found
the species in the highest part of the Gornji Humac formation and
in the Pu�ci�s�ca formation, and gave an upper Santonian-middle
Campanian range. The same range is reported by Velic (2007) in
the Adriatic Platform. However, SIS data on the Upper Cretaceous of
the island of Bra�c support a middle Coniacian age for the upper part
of the Gornji Humac Formation (Steuber et al., 2005). Furthermore,
Schlagintweit and Sander (2008) found R. fleuryi at Weisswasser, in
the Gousau Group of the Northern Alps of Austria, just beneath a
rudist limestone which was dated by Sr-isotopes (Steuber, 2001) as
middle Coniacian. These two isotopic ages agree with the middle
Coniacian FO of R. fleuryi observed in the southern Apennines
(Fig. 15).

The FO of Accordiella conica is at the lower-middle Coniacian
boundary and can be correlated with the base of the Peroniceras
tridorsatum ammonite biozone (Fig. 14). According to De Castro
(1991) and Chiocchini et al. (2008) the range of A. conica is
Coniacian-Campanian. The same range is indicated by Velic (2007)
for the Adriatic Platform, but an FO in the lower-middle Coniacian is
supported by SIS in the island of Bra�c (Steuber et al., 2005) (Fig. 15).

Dicyclina schlumbergeri first occurs few metres above the FO of
A. conica at Mt. Varchera, while it is first found below the FO of
A. conica at Mt. Coccovello (Fig. 14). Therefore this biostratigraphic
event can be also referred to the base of the middle Coniacian. The
range of this species extends to the top of the studied sections
(lowermost middle Campanian). According to Cherchi and
Schroeder (1990) the range of D. schlumbergeri is Coniacian-
Santonian while Velic (2007) gives a Coniacian-Maastrichtian
range. In the Upper Cretaceous of the island of Bra�c the FO of D.
schlumbergeri is reported in the upper part of the Gornji Humac
Fm., at a level that is dated as middle Coniacian by SIS (Steuber
et al., 2005) (Fig. 15). It is worth noting that the determination of
Dicyclina at the species level is problematic when centred sections
through the embryonal apparatus are not available. Incorrect spe-
cific attribution could be the reason of the different stratigraphic
ranges given for D. schlumbergeri by different authors.

Murgella lata has a narrow stratigraphic range in the studied
sections. The FO of this taxa is in the middle Coniacian

(Gauthiericeras margae ammonite zone) whereas its LO is some
40 m above and can be dated as lowermost Santonian, close to the
Coniacian-Santonian boundary (Fig. 14). A late Coniacian-Santonian
age is reported for this species in the Apulian platform (Luperto-
Sinni and Ricchetti, 1978) whereas Velic (2007) reported a
Santonian-lower Campanian range in the Adriatic Platform. The
middle Coniacian age for the FO ofM. lata is supported by SIS also in
the Upper Cretaceous limestones of the island of Bra�c (Steuber
et al., 2005) (Fig. 15). Recent investigations in the central Apen-
nines (L. Consorti, personal communication) reported the occur-
rence ofM. lata some 10 m below the FO of K. tergestina. This would
support a wider range, extending into the lower Campanian (see
below).

Scandonea mediterranea first occurs together with M. lata in the
middle Coniacian and disappears ~55m below the top of Trentinara
section, in a level which can be dated as early Campanian by SIS and
correlatedwith theMenabites (Delawarella) delawarensis ammonite
zone (Fig. 14). Velic (2007) reported the range of this taxa as base
Santonian-upper Campanian, whereas Chiocchini et al. (2008) give
an upper Santonian-lower Campanian range. Finally, Steuber et al.
(2005) reported a Coniacian-lower Campanian range, constrained
by SIS (Fig. 15).

Siphodinarella costata is a benthic foraminifer recently described
by Schlagintweit et al. (2014) from shallow-water carbonate de-
posits of the Adriatic Carbonate platform (Croatia and Slovenia). In
Croatia it occurs in the upper part of the Gornji Humac Fm, in as-
sociationwithM. lata in an interval which would correspond to the
middle-?upper Coniacian using the SIS dating of Steuber et al.
(2005) (Fig. 15). However, Schlagintweit et al. (2014) state that its
stratigraphic range could be even wider. In the Apennine platform
S. costata occurs in a narrow interval both at Mt. Coccovello and
Trentinara (~40 and 10 m respectively) overlapping with the upper
part of the range ofM. lata (Fig. 14). Chronostratigraphic calibration
by carbon isotopes and SIS indicates that the range of this species in
the ACP is upper Coniacian-lower Santonian.

Keramosphaerina tergestina occurs at Trentinara only in two
beds at about 235 m from the base of the section (Fig. 14).
Combining carbon isotope stratigraphy and SIS we correlate this
level with the Menabites (Delawarella) delawarensis ammonite
zone, in the upper part of the lower Campanian. The occurrence of a
dm-to m-thick marker level with K. tergestina is also reported from
the upper part of the Aurisina Limestones in the Trieste Karst area
(Caffau et al., 2000; Venturini, 2005). The age of this level is
commonly considered as very close to the Santonian-Campanian
boundary, with some support also from SIS (Cestari, 2002;
Maritan et al., 2003; Venturini, 2005). Also in the central Apen-
nines this species is reported to occur very close to the Santonian-
Campanian boundary (Chiocchini et al., 2008). A Santonian-lower
Campanian range is reported by Velic (2007) for K. tergestina in
the Adriatic Platform, but the largest specimens are said to occur
only in the uppermost Santonian-lowermost Campanian. SIS data
from Steuber et al. (2005) supports a lower to middle Campanian
range for both K. tergestina and the orbitolinid Calveziconus cf.
lecalvezae, with an FO in the middle part of the lower Campanian
(Fig. 15). Furthermore Sr-isotope values from levels yielding the FO
of K. tergestina and C. cf. lecalvezae from Bra�c island are very close to
the isotopic values obtained for levels about 15 m below the FO of
these two taxa in southern Apennines (0.707481 ± 9*10�6 vs
0.7007502 ± 9*10�6). In the Trentinara section Calveziconus cf.
lecalvezae first occurs in the K. tergestina beds and is found up
section for some more 35 m (Fig. 14). Its LO can be dated as earliest
middle Campanian. A larger range, covering almost the whole
Campanian, is reported for this species in the Adriatic Platform
(Velic, 2007). However, it is important to note that Fleury (1980, see
also Fig. 1) reported in the lower Campanian of Greece the presence
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of a taxon, called Orbitolinides K, which occurs immediately above
the LO of K. tergestina. Unfortunately, Fleury (1980) does not give
any photograph of this taxon and therefore a direct comparison
with the southern Apennine specimens is not possible.

5.3. Upper Cretaceous biostratigraphy of the Apennine Carbonate
Platform

The re-evaluation of the ranges of the main foraminiferal taxa of
the Upper Cretaceous deposits of the Apennine platform allowed us
to revise and improve the biozonation scheme currently adopted
for the central and southern Apennines (Chiocchini et al., 2008;
Fig. 1). Moreover, for the first time the larger foraminiferal biozones
can be anchored to the chronostratigraphic scale by isotope stra-
tigraphy (Fig. 16).

Chiocchini et al. (2008) reported three biozones covering the
interval upper Cenomanian-lower Campanian:

Chrysalidina gradata and Pseudolituonella reicheli zone, defined
at the base by the FO of C. gradata and at the top by the LO of these
two taxa. According to Chiocchini et al. (2008) this biozone has a
late Cenomanian age. Our data allow to precisely correlate the top
of this biozone with the lower part of the Neocardioceras juddi
ammonite zone in the uppermost Cenomanian (Fig. 16).

Nezzazatinella. cf. aegyptiaca and Nummoloculina cf. irregularis
zone. It extends from the LO of C. gradata and P. reicheli to the FO of
A. conica and R. scarsellai. Chiocchini et al. (2008) reported a
Turonian age for this biozone. Our data place the lower limit of the
biozone in the uppermost Cenomanian and the upper limit at the
lower/middle Coniacian boundary correlatable with the base of the
Peroniceras tridorsatum ammonite zone (Fig. 16).

Accordiella conica and Rotorbinella scarsellai zone. It is defined at
the base by the FO of A. conica and R. scarsellai and at the top by the
LO of these two taxa. Chiocchini et al. (2008) give a Coniacian-
Campanian age. Our chemostratigraphic data constrain the lower
limit of this biozone at the lower/middle Coniacian boundary
whereas its upper limit extends beyond the lower/middle Campa-
nian boundary (Fig. 16).

Besides precising the chronostratigraphic age of the biozones of
the Chiocchini et al. (2008) scheme, we propose to refine it by
adding four subzones (Fig. 16):

Cisalveolina fraasi subzone, defined by the total stratigraphic
range of C. fraasi. Its chronostratigraphic range is upper Cen-
omanian, corresponding to the middle part of the Metoicoceras
geslinianum ammonite zone.

Reticulinella kaeveri subzone, defined by the total stratigraphic
range of R. kaeveri. Its chrononostratigraphic range is in the upper
part of the middle Turonian and can be precisely correlated with
upper part of Collignoceras woolgari ammonite zone.

Scandonea mediterranea sub-zone, between the FO of
S. mediterranea and the FO of Calveziconus cf. lecalvezae. The chro-
nostratigraphic range of this subzone extends from the middle part
of the middle Coniacian (middle part of Gauthiericeras margae
ammonite zone) to the upper part of the lower Campanian (upper
part of the Menabites (Delawarella) delawarensis ammonite zone).
The biostratigraphic range of S. mediterranea extends for a few
metres into the following subzone.

Calveziconus cf. lecalvezae subzone, defined by the total strati-
graphic range of C. lecalvezae. Its chronostratigraphic range extends
from the upper part of the lower Campanian (upper part of the
Menabites (Delawarella) delawarensis ammonite zone) to the
lowermost middle Campanian (lower part of Hoplitoplacenticeras
marroti ammonite zone).

6. Conclusions

The integration of carbon- and strontium isotope stratigraphy
allowed us to establish a well constrained chronostratigraphic
scheme for the Upper Cretaceous (upper Cenomanian-middle
Campanian) shallow-water carbonates of the Apennine Carbonate
Platform (southern Italy). The main advantage of using the two
methods in conjunction is that Sr-isotope stratigraphy provides
independent tie points that facilitate the correlation of the car-
bonate platform d13C curves with the reference curve of the English
Chalk. Then, carbon isotope stratigraphy can be used to further
enhance stratigraphic resolution.

The age model established by isotope stratigraphy allowed us to
constrain for the first time the chronostratigraphic age of the main
biostratigraphic events found in the Apennine Carbonate Platform
(FOs and LOs of larger foraminifers) and to correlate themwith the
standard zones of ammonites, planktic foraminifers and calcareous
nannoplankton. This result is of great interest because the same
species are found in other peri-Tethyan carbonate platforms, from

Fig. 16. Refined late Cenomanian-Maastrichtian biostratigraphy of the Apennine Car-
bonate Platform. The larger foraminiferal biozones of the Chiocchini et al. (2008)
scheme have been anchored to the chronostratigraphic scale by isotope stratigraphy.
Moreover, we propose four new subzones, which increase considerably the biostrati-
graphic resolution (see text for details).
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the Adriatic Platform of Croatia, Serbia, Montenegro and Albania, to
the Pre-Apulian Platform of the Ionian islands and the Gavrovo
Platform of continental Greece, to the carbonate platforms of
Turkey, the Levant Platform of Sinai and Israel and the carbonate
platforms of the Arabian Plate. For the few species for which the
chronostratigraphic range has been already constrained elsewhere
by isotope stratigraphy (i.e. Steuber et al., 2005; Korbar et al., 2012;
for the Adriatic Platform), it can be shown that it is synchronous
across different platforms. Future work could establish a well
constrained larger foraminiferal biostratigraphic scheme for the
peri-Tethyan Upper Cretaceous carbonate platforms, perfectly
correlatedwith the standard ammonite zones. Moreover, strontium
isotope stratigraphy can be used as the foundation of a standard
larger foraminiferal biozonation across different facies (inner
platform to platform margin) and different palaeobiogeographic
provinces (from the Caribbean to the Pyrenean realm, to the
northern and southern Tethyan margins).

The refined stratigraphy of the Upper Cretaceous shallow-water
carbonates of the Apennine Carbonate Platform proposed in this
paper open many interesting research avenues. Some of the most
promising ones include:

- Refining the regional sea-level history and comparing it with
reference sea-level curves (Miller et al., 2004; Haq, 2014; see
also the discussion in Steuber and Schlüter, 2012) to better
address the hypothesis of glacio-eustatic sea-level changes
during the Late Cretaceous greenhouse (Bornemann et al., 2008;
Galeotti et al., 2009; Parente et al., 2010; MacLeod et al., 2013).

- Looking at the evolution of the Upper Cretaceous rudist lime-
stones of southern Italy in the framework of global palae-
oclimatic and palaeoceanographic changes.

- Constraining the timing and addressing the causes of the final
demise of the Apennine Carbonate Platform after more than
140 my of nearly continuous shallow-water carbonate sedi-
mentation from the Late Triassic to the middle Campanian.
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Appendix

List of taxa mentioned in the text.

Accordiella conica Farinacci, 1962
Biconcava bentori Hamaoui and Saint-marc, 1970
Calveziconus lecalvezae Caus and Cornella, 1981
Chrysalidina gradata D'Orbigny, 1839
Cisalveolina fraasi (Gümbel, 1872)
Coxites zubairensis Smout, 1956
Dicyclina schlumbergeri Munier-Chalmas, 1887
Keramosphaerina tergestina (Stache, 1889)
Moncharmontia apenninica (De Castro, 1966)
Murgella lata Luperto Sinni, 1966
Nezzazatinella cf. aegyptiaca Said and Kenaway, 1957
Nummoloculina cf. Irregularis Decrouez and Radoi�cic, 1977
Pseudocyclammina sphaeroidea Gendrot, 1968
Pseudolituonella reicheli Marie, 1954
Pseudorhapydionina dubia (De Castro, 1965)
Pseudorhipidionina casertana (De Castro, 1965)
Reticulinella fleuryi Cvetko, Gusic and Schroeder, 1997
Reticulinella kaeveri Cherchi, Radoi�cic and Schroeder, 1989
Rotorbinella scarsellai Torre, 1966
Scandonea mediterranea De Castro, 1974
Scandonea samnitica De Castro, 1971
Siphodinarella costata Schlagintweit, Husinec and Jez, 2014
Trochospira avnimelechi Hamaoui and Saint Marc, 1970
Vidalina radoicicae Cherchi and Schroeder, 1986
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