Cretaceous Research 173 (2025) 106133

& CRETACEQUS
H

Contents lists available at ScienceDirect

Cretaceous Research

journal homepage: www.elsevier.com/locate/CretRes

Paleoenvironmental changes in the western Tethys carbonate
platforms during OAE-2: Implications from phosphorus, 5'80, 8'3C and
facies analysis

Check for
updates

Sahara Cardelli ¢, Barbora Kiizova *°, Michele Morsilli %, Renato Posenato ?,
Thierry Adatte ¢, Brahimsamba Bomou ¢, Jorge E. Spangenberg ¢, Lorenzo Consorti ©,
Amerigo Corradetti b Marco Franceschi °, Valentina Brombin ?, Gianluca Frijia &~

2 Dipartimento di Fisica e Scienza della Terra, Universita di Ferrara, Ferrara, Italy

b Dipartimento di Matematica, Informatica e Geoscienze, Universita degli Studi di Trieste, Trieste, Italy
€ Institute of Earth Sciences, University of Lausanne, Lausanne, Switzerland

9 Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland

€ Istituto di Scienze Marine, Consiglio Nazionale delle Ricerche (ISMAR-CNR), Trieste, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 6 June 2024

Received in revised form

16 March 2025

Accepted in revised form 21 March 2025
Available online 1 April 2025

Oceanic anoxic event 2 (OAE-2) is one of the largest paleoclimatic events of the whole Phanerozoic which
occurred at the Cenomanian/Turonian Boundary (CTB). It caused major perturbation of the C-cycle at
global scale together with changes in other geochemical cycles. OAE-2 severely impacted marine and
terrestrial settings causing faunal turnovers both in pelagic and neritic environments. The exact mech-
anisms triggering OAE-2 are debated but it is believed that the main driver was a massive injections of
volcanic CO; in the atmosphere. The effect of OAE-2 on deep-water communities has been extensively
documented in literature. In contrast, less data are available for their shallow-waters counterparts.
Geochemical and semiquantitative facies analysis on samples from two carbonate platforms located in
Italy (former western Tethys) are presented in this paper, where new data from the Friuli-Adriatic Car-
bonate Platform are compared with a well-known section from the Apennine Carbonate Platform. Our
data show a good correlation between these platforms, located 1000 km apart. Phosphorus concentra-
tions are low except for two intervals: (1) at the onset of the OAE-2 and (2) in the late phase of the event.
The 880 record shows an increase of the Sea Surface Temperature (SST) during the event interrupted by
a cooler interval. Our data indicate a correlation between geochemical changes and faunal turnover of
benthic foraminifera and rudists, suggesting the co-occurrences of several causes for the demise of these
groups during OAE-2.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Late Cretaceous super-greenhouse period (Steuber et al.,
2005; Takashima et al., 2006) witnessed one of the most signifi-
cant paleoceanographic and paleoclimatic events of Earth'’s history:
the Oceanic Anoxic Event 2 (OAE-2, Bonarelli Event). This occurred
at the Cenomanian/Turonian boundary (CTB, ca. 94 Ma) and rep-
resents one of the largest short-term (~430—930 kyr) perturbations
of the global carbon cycle in the stratigraphic record (Gangl et al.,
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2019). OAE-2 was due to a sharp rise of paleotemperatures that
culminated in the highest values of the whole Cretaceous during
the early Turonian (O’Brien et al., 2017).

Global warming led to an acceleration of the hydrological cycle,
enhanced continental weathering, and increased input of nutrients
into the oceans, which resulted in high primary productivity and
the development of anoxic conditions in many oceanic basins
around the world (e.g. Snow et al., 2005; Jenkyns 2010; Owen-
Smith et al., 2017; Clarkson et al., 2018). The proposed main
trigger mechanism for the onset of OAE-2 was increased levels
of greenhouse gases in the atmosphere-ocean system related to
high volcanic activity of mid-ocean ridges (Larson 1991; Seton et al.,
2009) and/or volcanic outgassing associated with the emplacement
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of Large Igneous Provinces (LIPs) (Larson 1991; Jones and Jenkyns
2001; Du Vivier et al.,, 2015). Sedimentologically, the most charac-
teristic expression of OAE-2 is the deposition of organic carbon-rich
levels (black shales), at global scale (Schlanger and Jenkyns 1976;
Takashima et al., 2006; Jarvis et al., 2011).

The deposition and preservation of high amounts of organic
matter caused a global positive shift of 3'>C values (2—4 %o) of
organic and inorganic carbon, in both marine and terrestrial sedi-
ments (e.g. Scholle and Arthur 1980; Tsikos et al., 2004; Jarvis et al.,
2011). This large Carbon Isotope Excursion (CIE) is the key che-
mostratigraphic characteristic of the OAE-2 (e.g. Tsikos et al., 2004;
Kraal et al., 2010). The OAE-2 CIE presents a distinct pattern
composed of two positive peaks, a trough, and a plateau phase
before the 8'3C values return to their pre-event values (e.g., Paul
et al., 1999; Jarvis et al., 2011). This pattern is clearly identifiable
in reference curves of the OAE-2 carbon isotope fluctuations
derived from hemipelagic and pelagic sedimentary successions.
Nonetheless, in recent years, an increasing number of studies have
reproduced the complex pattern of OAE-2 CIEs also in
shallow—water successions, where similar excursions have been
confirmed (Parente et al., 2007, 2008; Korbar et al., 2012; Frijia
et al, 2015, 2019; Bomou et al., 2020). These findings allowed
high-resolution comparison between deep-water and shallow-
water areas, and enhanced the understanding of the response of
neritic areas to oceanic perturbations.

A complex interplay between variations in nutrients supply, the
spread of anoxia in many oceanic basins, eustatic sea level and
temperature fluctuations, as well as modification of several
geochemical cycles, affected the carbonate platform production
during the OAE-2 (Steuber et al., 2023 and reference therein;
Kiizova et al., 2024). This resulted in many carbonate platforms
drowning during the late Cenomanian (e.g. Drzewiecki and Simo
1997; Brcic¢ et al, 2017), or preserving a continuous shallow-
water record across the CTB interval. These resilient platforms,
however, were severely impacted by OAE-2, with major faunal
turnovers among their benthic communities (Parente et al., 2008;
Navarro-Ramirez et al., 2017; Frijia et al., 2019; Bomou et al., 2020;
Steuber et al., 2023; Krizova et al., 2024).

Despite evidence of the profound impacts of OAE-2 on carbon-
ate platforms evolution, the causes and trigger mechanisms and
their link to the observed paleoenvironmental changes are yet to be
fully understood. A recent study suggests that temperature changes
might have been the major factor responsible for the faunal turn-
over of larger benthic foraminifera and rudists at the CTB (Krizova
et al., 2024). Nevertheless, significant uncertainty still exists with
regard to the impact of other factors, such as anoxia, sea-level
fluctuations, geochemical variations and overall nutrient supply
(see Steuber et al., 2023; Petrizzo et al., 2025 for a review).

This study aims to clarify the interplay between increase in
temperature and other factors, by reporting a detailed investigation
of three shallow carbonate stratigraphic sections cropping out in
the Friuli-Adriatic Carbonate Platform and the Apennine Carbonate
Platform of Italy, where a continuous record of the OAE-2 in
shallow—water carbonates is preserved (Parente et al., 2008;
Jenkyns 2010; Owens et al., 2013; Clarkson et al., 2018; Frijia et al.,
2019; Krizova et al., 2024).

Several geochemical proxies (P, 5'80, 3"3Ccarp, 3'>Corg, TOC) have
been used to understand nutrient cycling, as well as organic matter
accumulation and preservation. In particular, for the first time,
phosphorus (P) measurements are presented for the carbonate
platforms of the Tethyan realm. Phosphorus, is considered a proxy
for primary productivity and P concentration data have been used
to shed significant insights into the nutrient cycling during the
OAE-2 event (Mort et al., 2007). Despite their relevance, the P re-
cords across the entire OAE-2 are rather limited and mostly derived
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from deep water deposits (Mort et al., 2007; Gertsch et al., 2010;
Kraal et al., 2010; Westermann et al., 2010; Bomou et al., 2013). To
date, P cycling in shallow—water carbonates has been addressed
only by one study from the Mexico Platform (Bomou et al., 2020)
and this lack of data hampers a full understanding of nutrient
cycling during OAE-2 (Kraal et al., 2010). Finally, we complete the
dataset with a comprehensive sedimentological and paleontolog-
ical characterization of the studied sections to enhance under-
standing of the paleoenvironmental impact of OAE-2 on the
shallow-water carbonate platforms of western Tethys.

2. Geological setting

The Cretaceous peri-Mediterranean area was largely character-
ized by an articulated system of isolated carbonate platforms
separated by pelagic and hemipelagic basins (Vlahovic et al., 2005;
Patacca and Scandone, 2007), with a low-energy inner platform
setting predominating, rare high-energy shoals, and subtidal areas
characterised by larger foraminifera and rudists (Parente et al.,
2008; Frijia et al., 2015).

The Friuli-Adriatic Carbonate Platform (hereafter, FCP) repre-
sented the northernmost margin of the larger Adriatic Carbonate
Platform (AdCP). The latter was one of the largest Mesozoic car-
bonate platforms of the peri-Mediterranean region, which devel-
oped on the proximal passive margin of the Adria microplate from
the Late Triassic, extending across contemporary western Balkans
to northeastern Italy (Vlahovic et al., 2005; Picotti and Cobianchi,
2017; Picotti et al., 2019; Consorti et al., 2021). The FCP was a
persistent shallow-water domain during the Cretaceous with a
major episode of major subaerial exposure suggested by the pres-
ence of paleokarst features in the latest Cretaceous to Paleocene.
The platform was bounded by the Belluno and Tolmin-Slovenian
basins (Fig. 1B, see Kiizova et al., 2024 for a detailed geological
description).

Lithostratigraphically, the intervals investigated for this
research (Fig. 1C) belong to the “Aurisina limestone” unit (upper
Cenomanian to lower Campanian), which consists of facies
deposited in a low-energy inner platform setting. The “Aurisina
limestone” is mainly composed of peritidal cycles consisting of
alternating thick layers of rudist floatstones and thin layers of
wackestone with cyanobacteria (Decastronema spp.), algae (Thau-
matoporella spp.) and benthic foraminifera. The most notable
feature of the lower part of the “Aurisina limestone”, observed in
the field, is the occurrence of large bivalves like Chondrodonta and
rudists (Posenato et al., 2020; Del Viscio et al., 2022; Krizova et al.,
2024). Locally the basal part of the “Aurisina limestone” contains
the so-called “Zolla member” (Fig. 1C). The latter is composed of
bivalve (rudists and Chondrodonta) -foraminiferal floatstone asso-
ciated with, or intercalated to, dolomitized and laminated dark
grey, organic-rich wackestones, often containing the pelagic algal
taxon Pithonella. Around the CTB, a temporary platform drowning
was recorded over a major part of the AACP, possibly related to the
interplay of local factors and global perturbations associated with
OAE-2. This drowning caused the disappearance of numerous
shallow-water benthic invertebrate taxa and the occurrence of
planktonic organisms, including calcispheres (Vlahovic et al., 2005;
Korbar et al., 2012; Brci¢ et al.,, 2021). Nonetheless, recent data
(Krizova et al., 2024) indicate that the Friuli sector of the AdCP,
although severely affected by the OAE-2, did not drown and pre-
served an almost continuous record of shallow—water facies during
OAE-2.

For this study, two areas situated around 50 km apart were
analyzed: Monrupino and Devetachi. The first of these (MR;
45.71613° N, 13.81028° E) is located 11 km northeast of Trieste
(Trieste Karst area) (Fig. 1D) and comprises a 95 m-thick composite
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Fig. 1. (A) Present day distribution of Adriatic and Apennine carbonate platform deposits (AdCP and ACP respectively) from Vlahovich et al., (2005). The red star indicates the
position of the two sections studied in the Friuli sector of the AdCP (Devetachi and Monrupino, in the Friuli Carbonate Platform FCP) and the green star the location of the section in
the ACP (Raia del Pedale). (B) Cretaceous paleogeographic map (after Picotti et al., 2019) of the Friuli Carbonate Platform (FCP); (C) Simplified lithostratigraphic units of the
northwestern part of the Adriatic Carbonate Platform from Consorti et al. (2021). (D) Geological map of the Italian Karst (simplified from Jurkovsek et al., 2016). (E) Simplified
geological map of southern Apennines (from Parente et al., 2007). The position of the studied Raia del Pedale section is indicated by the green star.

section of Cenomanian—Turonian shallow-water carbonates; the
second section (DEV; 45.86878° N, 13.57274° E) is located close to
the Italian—Slovenian border and crops out in the so-called Gorizia
Karst area (Fig. 1D). This stratigraphic section has been studied in
detail by Krizova et al. (2024) and consists of 144.4 m of upper
Cenomanian—middle Turonian shallow—water carbonates. Here,
only the first 70 m encompassing the OAE-2 interval are
considered.

The two Friuli carbonate successions from north-east Italy were
compared to the reference OAE-2 shallow—water section of Raia del
Pedale (RdP - southern Italy; Fig. 1A, E; Parente et al., 2008;
Clarkson et al., 2018; Frijia et al., 2019), belonging to the Apennine
Carbonate Platform (ACP). This paleogeographic unit consists of a
thick pile of Mesozoic carbonates deposited in shallow tropical
waters at the southwestern margin of the Neo-Tethys Ocean (Frijia
et al., 2015 for details on the geological evolution of the ACP).

3. Material and methods

This study was carried out through a multidisciplinary
approach, integrating the datasets of Kiizova et al. (2024) for the
Devetachi section (FCP), and of Frijia et al. (2019) and Parente et al.
(2008) for the Raia del Pedale section (ACP). All data from the
Monrupino section (FCP) are presented for the first time in this
study, while the facies analysis descriptions, carbon and oxygen
data from Devetachi, as well as most geochemical analyses (5'3C,
6180, 63Corg, TOC) from Raia del Pedale (ACP) have been published
in previous studies (Frijia et al, 2019; Kfizova et al., 2024).
Tables with all the new geochemical data (bulk rock and shells) are
provided as “Supplementary Material”. The presented dataset
consists of: (1) facies and micropaleontological analyses; (2) carbon
and oxygen stable isotope values of bulk samples and shells; (3)
organic carbon isotopes analyses; (4) TOC contents derived by
Rock-Eval Pyrolysis; (5) P concentration data. Samples and thin
section material (coded DSS, SD, REP and EM) are stored at Uni-
versity of Ferrara. Except for stable isotope analyses of carbonate
and organic carbon (Cearb, Corg) and oxygen, all samples were pre-
viously reduced to powder in two steps. The rock slabs of several

cm were first crushed into pieces no bigger than 5 mm by a jaw
crusher Fritsch “Pulviresette 1”, and finely powdered by a mortar
mill Model “MG 100” Laarmann, with an agate grinding set.

3.1. Fieldwork and thin-section microscopy

The stratigraphic sections of Devetachi and Monrupino were
sampled at decimeter - to-meter intervals. A higher centimetric
resolution sampling was applied across particular intervals. In total,
265 samples were collected and 90 thin sections were prepared for
petrographic and micropaleontological analyses. Thin sections
were used for diagenetic observations, and to select the most
suitable samples for geochemical analyses. Sample composition for
facies analysis was semi-quantitative and is reported in terms of
relative abundance.

3.2. Determination of 6">Ceqr, and 60

The stable isotopes composition of 141 samples of bulk rock and
64 samples of well-preserved rudist and Chondrodonta shells were
determined from the Monrupino section. About 2—3 mg of powder
was obtained for each sample by micro-drilling a polished rock slab
under a binocular microscope. Polished thin sections were analyzed
to identify areas free of bioclasts and/or evidence of recrystalliza-
tion. The micro-sampling was performed using drill bits of different
diameters: 0.8 mm for lime mudstones, 0.5 mm for the micritic
matrix of granular bioclastic facies, and 0.3 mm for the shells. Stable
isotope analyses were carried out at the University of Ferrara (Italy)
using isoFLOW (Elementar©) and a PrecisION IRMS (Elementar®©) in
continuous flow. The results are reported as ¢ values relative to the
VPDB standard. Precision (1), monitored by repeated analyses of
international and laboratory standards, was +0.1 %o for carbon and
oxygen. Replicate measurements gave reproducibility in the range
of +0.1 %o for 63Cearp, and +0.2 %o for 6'80. All samples (irrespective
of their absolute isotopic values) with macro- and micro-evidence
of subaerial exposure/dissolution features were not plotted in the
isotopic profiles, following the approach of Del Viscio et al. (2022)
and Krizova et al. (2024). Nineteen bivalve shell samples from the
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Raia del Pedale section were measured for 6'80, using the same
shells used in Frijia et al. (2019) to build the 6'3C shell curve
throughout OAE-2. In all sections, where different shell fragments
were analysed for single beds, average 6'>Carp, and 6'80 values were
calculated in order to minimize the effects of diagenesis and/or
shell ontogenic isotopic variability.

3.3. Determination of organic 8'>C

Organic 6'3C (6"Corg) analyses were conducted on 37 samples
from the Devetachi section following same procedure described by
Khozyem et al. (2021). Two to 4 g of powders were weighed into
50 ml Falcon™ vials and reacted with 1.2 M HCI acid at room
temperature until the carbonate portion was completely dissolved.
After this, the tubes were centrifuged using a Bench Top Centrifuge
NEYA 8 XS, to concentrate the residue, which was rinsed with
deionized water (Milli-Q) at least 3 times, until a neutral pH was
reached, and dried in an oven at 40 °C (~16 h). After drying, the
insoluble residue samples were regrounded and submitted to
organic carbon isotope analysis by flash combustion on a Carlo Erba
1108 elemental analyzer (EA) connected to a Thermo Fisher Scientific
Delta S isotope ratio mass spectrometer (IRMS), operating in the
continuous helium flow mode via a Conflo Il split interface
(EA—IRMS). Organic carbon isotope analyses were performed at the
Institute of Earth Sciences of the University of Lausanne (UNIL,
Switzerland). The 6!3Corg values are reported relative to VPDB. The
calibration and assessment of the reproducibility and accuracy of
the isotopic analysis were based on replicate analyses of laboratory
standard materials and international reference materials. The
reproducibility was better than 0.1 %o 513C0rg (10).

3.4. Determination of total organic carbon (TOC)

A total of 69 dry powdered whole rock samples from the
Devetachi section were analyzed using a Rock-Eval 6 pyrolyzer (Vinci
Technologies) at the Institute of Earth Sciences, University of Lau-
sanne, Switzerland. Following the procedure outlined by Percival
et al. (2015), approximately 65—80 mg of each sample (depend-
ing on whether the sample was more carbonate- or organic matter-
rich, a distinction made based on color) were measured into gauze
crucibles, and their precise mass was determined. A carousel was
loaded with fifty crucibles. The samples were placed in an oven and
initially heated at 300 °C under an inert atmosphere, gradually
pyrolyzed up to 650 °C (heating rate of 25 °C/min). After this first
step, the samples were transferred into another oven and gradually
heated up to 850 °C in the presence of air. The resulting CO and CO,
were analyzed spectrally.

The Rock-Eval 6 results include total organic carbon content
(TOC, wt.%), hydrogen index (HI, mg HC/g TOC, HC = hydrocarbons),
oxygen index (OI, mg CO,/g TOC), and T2 values (°C, OM thermal
maturity indicator, the temperature at which maximum cracking of
kerogen in a sample occurs). The HI and OI parameters are used to
distinguish between algal/bacterial (type I and II kerogens) and
terrestrial and/or reworked (type IIl and IV) OM. HI (in mg HC g~!
TOC) corresponds to the amount of HC released relative to TOC. Ol
(in mg 02 g~ ! TOC) corresponds to the amount of oxygen released
as CO and CO,, relative to TOC. The Tpax, Ol, and HI parameters were
only interpreted for TOC values > 0.25 wt% (Espitalié et al., 1985).
Samples were calibrated using the IFP160000 standard with an
instrumental precision of 2 % (Espitalié et al., 1985; Percival et al.,
2015; Khozyem et al., 2021).
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3.5. Determination of total phosphorus (P)

Total phosphorus analyses were performed for the Devetachi
(n = 42) and Raia del Pedale (n = 56) sections, and were con-
ducted at the University of Lausanne using the ascorbic acid
molybdate blue method (Eaton et al, 1996). About 100 mg
(+5 mg) of powdered sample were weighed and placed in
decontaminated glass bottles covered with aluminum foil for
ventilation. A 0.5 ml solution of magnesium nitrate (1 M) was
added to degrade organic matter. After drying at 100 °C, the
bottles underwent ashing in a furnace at 550 °C for 2 h and
30 min. Subsequently, 10 ml of HCl (1 M) was introduced, and the
bottles were placed in an ultrasonic bath for sample disaggre-
gation to release phosphorus from the sediment matrix. The
samples were then filtered and diluted tenfold. A solution con-
taining 90 pl of molybdate mixing reagent and ascorbic acid was
added to 3 ml of the solution. The intensity of the blue color,
correlating with phosphorus concentration, was measured with
an ultraviolet-visible (UV/Vis) PerkinElmer Lambda 25 spectro-
photometer. The concentration of PO4 (in mg/L) was obtained by
calibration with internal standard solutions with a precision
better than 5 %. In this study we chose to determine total P (Ptot)
instead of sedimentary P fractions, as it likely more robustly re-
flects phosphorus dynamics in ancient marine settings (Gertsch
et al., 2010; Bomou et al., 2013, 2020). In order to overcome
possible bias on total P content imposed by changes in facies/
sedimentation rates in the studied sections, P mass-accumulation
rates (P MAR-mg/cm?/kyr) were calculated using the equation
reported by Bomou et al. (2013). Evaluation of the sedimentation
rates in both the Raia and Devetachi sections were estimated via
carbon-isotope correlations of the OAE-2 intervals (onset to peak
a, peak a to peak b, peak b to the end of OAE-2) in the studied
sections with the Late Cretaceous 8'3C reference curve of Cramer
and Jarvis (2020). Due to the lack of time constrains below and
above the OAE-2 interval in both sections we chose a more
conservative sedimentation rate for these intervals which was
considered smaller than the minimum obtained through OAE-2.
A rock density of 2.5 g/cm3 was used for pure limestone and
for the laminite facies (slightly argillaceous) following Bomou
et al. (2013).

4. Results
4.1. Friuli Carbonate Platform: facies analyses and geochemistry

The two studied sections of the FCP exhibit a similar facies
evolution, both consisting of inner platform limestones where
peritidal cycles dominate. Evidence of short-lasting emersion epi-
sodes is quite frequent, occurring mainly in their lower and upper
parts. Dominant skeletal components are larger foraminifera and
molluscs (mainly rudists). Chondrodonta are quite abundant in the
upper Cenomanian interval.

Implementing the data from Kiizova et al. (2024) with the new
analyses performed in this study, fifteen lithofacies were identified
in the FCP across the CTB based on texture, grain types, and sedi-
mentary structures. These lithofacies have been grouped into 4
lithofacies associations and interpreted in terms of depositional
environment (Table 1, Fig. 2). The benthic fauna includes mainly
bivalves (rudists and Chondrodonta), benthic foraminifera, dasy-
cladales, and micro encrusters problematica. A complete descrip-
tion of the facies evolution and geochemistry of the two sections
from the FCP is reported below.
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Table 1
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Lithofacies from the Friuli-Adriatic Carbonate platform with the main characteristics (texture, components, and sedimentary structures), their occurrence in the two studied
sections (DEV — Devetachi; MR — Monrupino), lithofacies association (LA), and interpreted depositional environment.

. : : . ce Lithofacies association and
Lithofacies Lithofacies description Occurrence depositional environment
MDST/WKST with micropeloids, sparse
MDST/WKST with ostracods, Thaumatoporella and small
@ micropeloids benthic foraminifera. Sometimes with DEV
cement-filled vugs.
WKST/PKST often with cement-filled vugs
and/or rarely fenestrae, peloids, small benthic
WKST with vugs foraminifera, sometimes intraclasts, and rare DEV
Thaumatoporella, ostracods, nubecularids, LA1
cyanobacterial filaments and nodules. . .
Intertidal setting
Laminated bindstone with intercalation of
Laminated bindstone thin, organic-rich crinkly laminae and DEV; MR
micropeloidal-bioclastic laminae.
Faintly laminated PKST, with micritized
. intraclasts, small fragments of ostracods and
Laminated PKST bivalve shells, in place residual organic MR
matter.
PKST with peloids, fragments of bivalves,
- PKST with peloids small benthic foraminifera, ostracods and DEV; MR
Thaumatoporella. LA2
Bioclastic GRST with bivalve shell fragments Intertidal to shallow
Bioclastic GRST (rudists and Chondrodonta), often peloids. . subtidal setting
m with peloids Sometimes few small benthic foraminifera DEV; MR
and echinoderm fragments.
WKST/PKST with large and high diversity
@ WKST/PKST benthic foraminifera, peloids, moderate DEV
with larger foraminifera fragmented bivalve shells, ostracods and
Thaumatoporella.
PKST/FLST, occasionally GRST, with large
PtKST/dF LfST with i gastropods, intraclasts, bivalve fragments DEV: MR
gas rogt_: > 'TgTen s (usually rudists), peloids and fragments of t LA3
and intraclasts green algae.
Shallow water inner
WKST/PKST with small, thin rudist _tﬁlelitfortm sefgng i
e fragments, rare benthic foraminifera, with low to mogerate
@ th\i,xlfﬁgi/s':t’lf(rz-rr;veﬂ:!s ostracods, and rare gastropods. DEV water energy
9 Micritized intraclasts are common and
dascycladaceans present in few beds.
Microbioclastic-micropeloidal PKST, partially
dolomitized, rudist and indeterm
Microbioclastic WKST/PKST, recrystallized bivalve fragments, echinoderm MR
often dolomitized fragments, sometimes benthic foraminifera.
Rare ostracods and rare calcispheres or
sponge spicules.
Microbioclastic PKST with highly fragmented
indeterm. bivalve shells, echinoderm
- Microbiodlastic PKST fragments, often micropeloids, present DEV: MR
rotalids. Sometimes also rare corals and
small gastropods, in place with calcisphere.
Bioclastic PKST with highly fragmented
" rudist bivalve shells, Chondrodonta and .
- Bivalve PKST ostreid shells and echinoderms fragments, DEV; MR LA4
often peloids.
Moderate to high
Rudist PKST with highly fragmented, thin- water energy open
Rudist PKST/FLST elongated rudist and subordinated DEV; MR sublidal setting, with
Chondrodonta shell fragments tidal channels
FLST/RDST with large Rudist shells and
. fragments. Sometimes intraclasts and peloids x
Rudist FLST are also present, and rare benthic DEV; MR
foraminifera.
FLST/RDST with Chondrodonta and DEV: MR
@ Chondrodonta FLST/RDST subordinated rudist shells. ,

4.1.1. Monrupino section

The facies evolution in the Monrupino section shares strong
similarities with the Devetachi section except for having a poorer
benthic foraminiferal content. For comparison with Devetachi, the
succession was divided into four stratigraphic intervals (1—4,
Fig. 3).

Interval 1 (0—31 m): the base is characterized by 7 m of thick
beds (ranging from 80 cm to 3 m) of bioclastic-bivalve packstone
(BP) followed by a floatstone with fragmented and whole rudists.
Upwards, the section continues with around 14 m of blackish, fetid
and partially dolomitized microbioclastic-micropeloidal packstone
(DW) with sporadic calcispheres in the last meters. This facies is

present only in this section and is likely associated with the so-
called “Zolla Member” (see section 2), a lithostratigraphic unit
that is laterally discontinuous across the FCP. Alternating with the
DW facies, between about 9 and 13 m, centimeter-thick layers of
laminated bindstone (LB) are present. The uppermost part of in-
terval 1 is represented by 7 m of packstone with highly fragmented
indeterminate bivalve shells packstone (MP). The foraminifera in
this interval are quite rare and mainly represented by: Cuneolina
sp., Discorbidae, Miliolidae, Neodubrovnikella turonica, Rotorbinella
mesogeensis, Rotorbinella sp. This assemblage suggests a late Cen-
omanian age (Chiocchini et al., 2012; Schlagintweit and Yazdi-
Moghadam, 2022; Kiizova et al., 2024).
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Fig. 2. Representative microfacies of the Cenomanian/Turonian interval of the Friuli Carbonate Platform. (A) Wackestone/packstone with large benthic foraminifera (white arrows
indicate Pastrikella balcanica specimens)— WF (sample: DSS 1.5; Section: DEV); (B) laminated bindstone— LB (DSS 7-4b; DEV); (C) packstone with highly fragmented, thin elongated
rudist shells — RP (EM 28.2; MR); (D) Chondrodonta floatstone/rudstone — CH (EM 9.8; MR); (E) packstone/floatstone with gastropods (white arrows) — GP (SD 10.9; DEV); (F) Rudist
floatstone — RF (REP 51.4; MR); (G) peloidal packstone — PP (REP 38.5; MR); (H) wackestone/packstone with cement-filled vugs and/or fenestrae — WV (REP 71.2; MR). The scale bar

is 2 mm for all the photographs.

Interval 2 (31-66 m) begins with a regular alternation
of centimeter-thick layers of bioclastic bivalve packstone (BP)
and Chondrodonta floatstone (CH), capped by 10 m of
packstone—floatstone with thin elongated rudist fragments (RP). At
the top of interval 2, there are thick meter-scale beds of bioclastic

packstone with rudist debris (BP) (Table 1; Fig. 3). No foraminifera
are present.

Interval 3 (66—86 m) consists mainly of BP facies alternating
with meter-thick beds of rudist floatstone (RF), with the exception,
in the middle part, of 3 m of packstone/grainstone with gastropods
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column indicates the Cenomanian/Turonian boundary defined by biostratigraphic data. VPDB — Vienna Peedee belemnite. Geochemical data available as “Supplementary Material”.

(GP). A few, centimetre-thick layers of peloidal packstone (PP) and
grainstone with peloids and bivalve shell fragments (BG) are also
present in this interval. The foraminiferal fauna in this interval is
scarce, except for a single sample in which Rotorbinella sp., and
Discorbidae were found.

Interval 4 (86—95 m) starts with 4 m of bioclastic grainstone
with peloids (BG), followed by 2.4 m-thick beds of wackestone with
cement-filled vugs and fenestrae (WV), which passes into a peloi-
dal packstone (PP) towards the top. Dolomitization is quite
frequent. The most significant benthic foraminifera are: Cuneolina
sp., Miliolidae, Nezzazatidae, Nezzazata sp., Scandonea sp., Siphop-
fenderina sp., Spiroplectammina multicamerata. This assemblage
suggests a Turonian age according Frijia et al. (2015).

4.11.1. Stable isotope data (6">Ceqrp, 6'80) of bulk micrite and bivalve
shells. Closely spaced sampling allowed for the reconstruction of a
high-resolution 3'3C and 3'®0 record using both bulk-rock and
bivalve shell samples (respectively black and green curves for C-
isotopes, and red and light blue for O-isotopes, Fig. 3).

One hundred and twenty-eight samples of bulk-rock and 64 of
rudist shells were analyzed for the Monrupino section. Unfortu-
nately, the shell record at Monrupino is incomplete due to the
absence of well-preserved shell fragments in the lowest 25 m of the
section. The 6'3C and 6'0 trends in the bulk rock and the shell
material are very similar, with a consistent difference in the abso-
lute values of~ 2 %o, with the shells having, generally a more posi-
tive signature for 6'3C. Furthermore, the §!3C shell values show
higher variability compared to the bulk across the same interval
(Fig. 3). This pattern is also observed in the Devetachi succession
(Krizova et al., 2024; see Fig. 4).

At the base of interval 1, the 3'3C isotope curve exhibits an
increasing trend, reaching a first peak of positive values, with a
maximum of 4.36 %o at ~28 m (Fig. 3). Subsequently, the 3'3C trend
shows a minor inflection, which lasts 2 m followed by a subtle
increase, culminating in a second maximum 313C raw bulk value of

4.83 %o around 37m. Here also, the shell curve records the highest
value of 6.36 %eo. From this point upwards in interval 2, the 5'3C bulk
curve shows a plateau with values of between 3.7 and 4.4 %o. This
trend is mirrored in the shell 5'3C profile, despite the slightly higher
values of the rudists' signature (between 4.2 and 5.8 %o). From the
base of interval 3, the carbon isotope profiles (bulk and shells)
exhibit a sharp decreasing trend, which becomes stable in interval 4
with values fluctuating around 2 and 2.5 %o. The 3'80 bulk profile,
from the base of the section, shows a general decreasing trend both
in the raw bulk and shell components towards the top with values
of between —1.3 and —4.7 %o (raw bulk) and between —2.9
and —5 %o (shells) at the top of the section.

4.1.2. Devetachi section

The upper Cenomanian—lower Turonian of the Devetachi sec-
tion was subdivided into four intervals (1—4, Fig. 4) by Kiizova et al.
(2024). Here we report a refined description of the intervals and a
more detailed facies characterization based on semiquantitative
facies analyses (Fig. 4). For biostratigraphic and chronostratigraphic
results the reader is referred to Kiizova et al. (2024) and to Fig. 4,
where the stratigraphic ranges of the most relevant identified taxa
are reported.

Interval 1 (0—20 m) comprises in its lowest 15 m, a coarsening
upward trend from microbial bindstone (LB) that evolve upwards
into wackestone/packstone with benthic foraminifera (WF) alter-
nating with decimetric beds of peloidal packstone (PP) and bio-
clastic grainstones (BG). In the top 5 m of interval 1, microbioclastic
packstone (MP) and wackestone with thin rudist shells (WP) are
present. Between 10 and 20 m from the base of the section, spo-
radic calcispheres were found, mainly in the microbioclastic pack-
stone (MP) and laminated bindstone (LB) facies. Interval 2
(20—40 m) is characterized by a 5 m thick interval where
centimeter-scale layers of bivalve packstone (BP) alternate with
Chondrodonta floatstone (CH). This is followed upwards by a 10m-
thick rudist interval dominated by thin elongated fragments of
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their shells (RP), capped by 3 m of Chondrodonta floatstones (CH).
Interval 3 (40—60 m) consists of two floatstone beds with large
gastropods (GP) and in an interval dominated by WP facies. Be-
tween 50 and 60 m, thick layers of rudist floatstone (RF) are also
present.

Interval 4 (60—70 m) is marked by very thick beds of mudstone
with micropeloids (MW) and wackestone with microcavities (WV),
alternating with thinner beds of PP and RF. Fenestrae, cement-filled
vugs, and emersion surfaces are found only in these top 10 m.

4.1.2.1. Organic geochemistry: 613C0rg and TOC. The 613C0rg is scat-
tered, but broadly shows an inverse trend to the 3'3Ceyp data.
Tables with 3'3Cear, and 380 isotopic data (bulk and shells) from
the Devetachi succession are provided in the SI. A total of 36
samples were analyzed to build the 613C0rg profile through the
Devetachi section. The values vary between —25.5 %o and —21.3 %o
(Fig. 4) and display a broad positive excursion from 0 to 13 m.
Across the entire lithostratigraphic interval 2, the 513C0rg values
start to decrease, reaching a minimum of —26.6 %0 between 26 and
29 m from the base. In the last portion of the isotopic curve
(stratigraphic intervals 3 and 4), the 613Corg rise again in a second,
less negative, broad positive excursion, peaking at —21.9 %o around
meter 53.

The TOC values are relatively low throughout the entire section,
ranging from a minimum of 0.03 % to a maximum of 0.18 %, reached
at 12 m from the base, corresponding to the first positive excursion
of the 3"®Corg curve. Due to the very low TOC values, the other
parameters obtained from Rock-Eval Pyrolysis analysis (HI, O, Trpax)
are unreliable and therefore hamper a precise characterization of
the organic matter type.

4.1.2.2. Total phosphorus concentration. A total of 42 samples were
analyzed for total phosphorus content (Pyy). The average Py is
18 ppm with most values ranging from 5.8 to 42.6 ppm (Fig. 4). Two
samples display 301 and 132 ppm, which are values much higher
than the Py average (see supplementary information). These two
outliers correspond to the foraminiferal wackestone (WF) and
microbioclastic packstone (MP) facies that do not show signs of

diagenetic alteration, and are close to laminated bindstone (LB). If
the two outliers are excluded, the Py profile shows a fluctuating
trend, with three spikes of relatively positive values (Fig. 4). The
first positive Py spike is found in the lowest 10 m of the section,
with a maximum of 29.2 ppm. This is immediately followed by a
second rise in Py, with a second maximum of 31 ppm at 17.2 m.
The third and final positive Py fluctuation is found at 38 m where
at the highest peak is 42.9 ppm. From here, the Py values remain
relatively high (another peak of 42.9 ppm at about 53 m) and only
decrease towards the top of the section (Fig. 4).

4.1.3. Apennine Carbonate Platform

4.1.3.1. Raia del Pedale. A detailed geochemical, sedimentological,
and petrographic study was carried out on the OAE-2 interval of
Raia del Pedale (RdP) by Frijia et al. (2019). The section is 70 m thick
and characterized by meter-scale subtidal—peritidal cycles con-
taining benthic foraminifera, green algae, molluscs (mainly rudists),
ostracods, and microproblematica (Thaumatoporella algae), indi-
cating deposition in an inner setting of a carbonate platform. Two
distinct intervals of slightly argillaceous “dark” laminites (LAM1
and LAM2 in Fig. 5) have been reported at the onset of the OAE-2
and during the plateau phase of the 3'3C curve (Frijia et al., 2019).
The interval corresponding to OAE-2 at RdP and the position of the
most relevant facies are presented in Fig. 5.

4.1.3.2. 6'%0 shells chemostratigraphy. The 19 bivalve samples
analyzed for 3'80 have values ranging from a minimum of —4.5 %o
to a maximum of —3.4 %o (average —3.8 %o). The 8'80 shell profile
shows an overall decreasing trend from the onset of the OAE-2 to its
which is, however, interrupted by a prominent interval of relatively
positive values (between —3.37 %o and —3.29 %). This interval
corresponds to the trough phase of the C-isotope curve (Fig. 5).
After this positive shift the 3'®0 profile, shows a pronounced
negative inflection correlatable with the peak b of the 83Ceup
excursion. Here the most negative 380 values are found (—4.43 %o).
From this point the 3'80 curve returns to more positive values
within a general decreasing trend to top of OAE-2.
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4.1.3.3. Raia del Pedale: total phosphorus concentration. At RdP the
Ptor content ranges from 3.8 to 34.5 ppm (Fig. 5). Po values exhibit a
fluctuating trend divided into three main positive excursions
(Fig. 5): (1) The first one (between 13 and 15 m) comprises a
maximum value of 19 ppm, corresponding to the lower portion of
the first “laminites” defined by Frija et al. (2019; LAM 1 in Fig. 5); (2)
the second positive Py excursion occurs between 41 and 47 m,
with the highest value of 34.5 ppm (at 45.7 m). This corresponds to
the plateau phase of the 3'3C curve and correlates with the lower
part of the second “laminites” of Frijia et al. (2019; LAM 2 in Fig. 5).
(3) The third and last positive Pty sharp excursion coincides with a
narrow interval between meters 64 and 65, above the OAE-2 in-
terval (Fig. 5).

5. Interpretation and discussion
5.1. Stable isotope signal preservation

The carbon and oxygen isotopic signal in shallow-water car-
bonates can deviate from the open-ocean global signal due to
various processes (e.g. syn- and post-depositional diagenetic
alteration, biological fractionation, local paleoceanographic condi-
tions; Marshall, 1992; Immenhauser et al., 2008; Swart and Oehlert,
2018). Recent studies of the CTB interval in shallow-water

carbonate sections have proven that reliable high-resolution 3'3C
curves can be obtained by microsampling micrite matrix, which
occurs either as calcareous mudstone or as a matrix in granular
bioclastic facies (Parente et al., 2007; Frijia et al., 2015; Del Viscio
et al,, 2022; Krizova et al., 2024). Several studies have demon-
strated that, although this material can be partly the product of
diagenesis (Dickson and Coleman, 1990), under favorable condi-
tions it can preserve the major trends and excursions of the
pristine marine signal (Weissert et al.,, 1985; Joachimski 1994;
Immenhauser et al., 2002).

Traditionally, the absence of 5'3C vs. 880 covariance is used as
an indicator of unaltered isotopic composition (Frijia et al., 2015;
Del Viscio et al., 2022 and reference therein), although the presence
of covariance is not by itself a definitive indication of diagenesis
(Grotzinger et al., 2011). In the Monrupino section, there is no
covariance in 5'3C and 880 results (Fig. 6A—C), suggesting that
neither mixing-zone diagenesis, nor facies type influenced samples
preservation (Fig. 6A: R%ur = 0.022). Furthermore, all facies average
values plot within the Cretaceous well-preserved “low-latitude”
biotic calcite field (Veizer and Prokoph, 2015; green rectangle in
Fig. 6C). Lithofacies associated with restricted intertidal and inner
platform settings (LB, WV, and DW facies) show more depleted 3'3C
and 380 values, as also observed in the Devetachi section (Kiizova
et al., 2024) (Fig. 6C). Rudist and Chondrodonta shells with well-
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Fig. 6. Cross-plot of carbonate 5'®0 vs. 3'3C values for the Monrupino (MR - this study) and Devetachi (DEV from Kiizova et al., 2024, for comparison) sections. (A) Individual bulk
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2015).

preserved original microstructure from Monrupino exhibit a slight
covariance of 3'3C and 3'®0 composition (Fig. 6B: R%yr = 0.37).
Nonetheless, most rudist shells isotopic values from the Monrupino
section align with findings from Frijia et al. (2015, 2019), derived
from the late Cenomanian—Campanian rudist shells from the ACP
(blue rectangle in Fig. 6B). They also match the 3'0 composition of
well-preserved Late Cretaceous rudists studied by Steuber et al.
(2005) (pink rectangle in Fig. 6B) and are in line with the values
measured in rudist shell fragments from the nearby Devetachi
section (Kiizova et al., 2024). This evidence points to good preser-
vation of 3'3C and 580 composition of the shells in the Monrupino
section.

5.2. Regional to supra-regional OAE-2 correlations of western
Tethys carbonate platforms

The Devetachi and Monrupino sections show similar 3'3C car-
bon fluctuations both in the bulk and bivalve shell curves for the
upper Cenomanian—lower Turonian interval.

This allows for high-resolution correlations between the two
sites. The main isotopic signature used for correlation is the large
positive 3'3C shift (up to ~5 %o) observed for the bulk and shell

10

curves in both areas. Whilst slightly more positive and more
variable values are noted for the shell curve compared to the
bulk, the correlation potential is still high. In particular, in the
Devetachi section, the positive excursion can be correlated with
the OAE-2 CIE documented by Kiizova et al. (2024). The high-
resolution 83C curves of Devetachi and Monrupino, and in
particular the shells profiles, capture the complex structure of
the 5'3C excursion at the Cenomanian/Turonian boundary shown
by the European reference section at Eastbourne, England (Paul
et al., 1999; Jarvis et al., 2006, 2011; Falzoni and Petrizzo, 2020,
Fig. 7).

Integrating bulk rock and shell §'3C profiles in both studied
sections, we identified the four main segments of the OAE-2
described in the reference section (Paul et al., 1999) and the three
positive peaks a, b and c introduced by Jarvis et al. (2006). Some of
these isotopic features were identified with a high degree of con-
fidence in the Devetachi section, thanks to the close match between
the bulk and shells curves in this area, with the Eastbourne refer-
ence profile. In the Monrupino section the absence of a clear trough
in both the bulk and shell §'3C records, makes more uncertain the
identification of isotopic peaks a and b. Nevertheless, the good
match between isotopic correlations and facies occurrence in both
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sections suggest that the position of the OAE-2 segments at Mon-

rupino is quite robust (Fig. 7).

The good correlation between the presented shallow—waters
sections and the reference pelagic 3'3C curves further reinforces
the conclusion that diagenesis, heavily affecting shallow water

1

environments, has not obscured the original marine isotopic signal
of the FCP successions.

The 3'3C correlation allows the evaluation of facies evolution in
the FCP in the context of the OAE-2. As shown in Fig. 8,
centimeter-thick laminated bindstones (LB facies; brown vertical
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bar - LAM1), and levels with sporadic calcispheres (green vertical
bar) are present in both successions. LAM1 preceedes and follows
the onset of the OAE-2, suggesting a deterioration of the envi-
ronmental conditions pre-OAE-2. The calcispheres interval co-
incides with the onset of the excursion. These are more abundant
in the Monrupino section, associated with the “Zolla member”,
and indicate a slight relative sea level rise, already demonstrated
in many sections pre OAE-2 in the FCP (e.g. Drzewiecki and Simo,
1997; Brc¢ic et al., 2017). Abundant Chondrodonta floatstone beds
and approximately 10 m of thin-elongated rudists fragments
packstone/floatstone are the dominating facies through the trough
phase of the carbon-isotope curve. The presence of distinctive
gastropod facies (pink vertical bar — GP, Fig. 8) is a shared lith-
ostratigraphic marker between the two FCP sections, occurring at
the end of the 3'3C plateau phase. Lastly, facies suggesting very
shallow depositional conditions with ephemeral emersions (WV
facies) are abundant in both sections following the end of the
OAE-2.

Chemostratigraphic correlation of the FCP 3'3C records with that
from the ACP (Raia del Pedale section) allows the identification of
close similarity in facies and geochemistry evolution (Fig. 8). In
both areas, peritidal to shallow lagoonal facies dominate
throughout the entire OAE-2 interval. In both carbonate platforms
pre-OAE-2, OM-rich laminated facies (LAM1, Fig. 8) occur, followed
by a thick interval of massive/crudely bedded floatstone-rudstones
with thin elongated rudist fragments (ERF - red vertical bar, Fig. 8)
between the isotopic peaks b and c of the 3'3C curve. Above this
interval, both areas experienced a decrease in faunal diversity of
benthic foraminifera and rudists until the end of OAE-2. Interest-
ingly, the thickness of the OAE-2 interval (40—50 m) is comparable
between the studied FCP and ACP sections and the 3'3C bulk and
shells curves from the ACP present overlapping values. In contrast,
the FCP 3'3C profiles show a clear offset between the shell and the
bulk curves (Fig. 8). Furthermore, in the FCP sections the shells yield
higher 3'3C values than in the ACP. The reason behind these pat-
terns is not clear but might be linked to larger internal variability of
shell isotopic values in the FCP samples than in the ACP and/or to
local variations of the 3'3C pool. The shells curves in all sections
preserve in detail the OAE-2 8'3C record and prove to be a very
robust tool for 8'3C correlation. This finding is very relevant for
successions where bulk data are not reliable (e.g. diagenetically
altered).

The Devetachi and Raia del Pedale sections also share compa-
rable TOC content (Fig. 8), with average values of 0.08 % for Raia del
Pedale and 0.09 % for the Devetachi section. These values are typical
of carbonate platforms (Hunt, 1995). The highest TOC values are
observed in both sections within the laminites-dominated interval
(LAM1) predating the onset of OAE-2 (pink arrows in Fig. 8). A
second, minor increase in TOC is also observed at Raia del Pedale
corresponding to the second laminites interval (Frijia et al., 2019,
LAM 2 of Fig. 8). In the Devetachi section, the upper portion of the
OAE-2 interval, only comprises one thin bed of dark laminites, most
likely due to the presence of frequent gaps (lack of exposed
outcrop) in this part of the section. This may be also true for the
Monrupino section, where no OM-rich laminites were found,
potentially for the same reason (Fig. 8).

The 613Cmg curves from the Devetachi and Raia del Pedale sec-
tions show two distinct broad peaks separated by a trough interval
with the lowest 613C0rg values occurring in both sections between
peaks a and b of 8!3Ccarp. The first positive broad peak aligns with
the onset of OAE-2, as defined by the 513Ccarb profile, whilst the
second occurs after the b peak (Fig. 8).

In both the Devetachi and Raia del Pedale sections (Fig. 8), the
BBCorg curve shows these positive shifts corresponding to the
“laminites” units of Frijia et al. (2019, LAM 1 and LAM2 of Fig. 8).
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According to Frijia et al. (2019), the 3'*Coyg fluctuations at Raia del
Pedale do not relate to changes in OM type (continental vs. marine),
but rather reflect a shift in productivity, driven by photosynthetic
microorganisms/bacterial activity, resulting in an in-situ fraction-
ation of carbon isotopes. The close correspondence between lam-
inites intervals, 3'3Corg and a TOC shift between the RdP and DEV
suggest a common mechanism and a likely coeval increase of mi-
crobial productivity associated to the OAE-2 perturbations.

5.3. Paleotemperature reconstruction

The Cenomanian was characterized by rising sea-surface tem-
peratures that reached maximum values during the early Turonian
both in open seas and marginal/coastal areas (e.g., O’'Brien et al,,
2017; Huber et al., 2018; Kiizova et al., 2024). The trend was
interrupted only by a transient cooling episode (~150 kyr long) in
the latest Cenomanian, which Gale and Christensen (1996) named
“Plenus Cold Event” (PCE). Oxygen isotopes measured on bulk
carbonates and macrofossil shells (e.g., Paul et al., 1999; Tsikos et al.,
2004; Voigt et al., 2006; Jarvis et al., 2011; O’Brien et al., 2017;
Falzoni and Petrizzo 2020) have been used extensively as paleo-
temperature proxies in several basins in Northern Europe, the
Western Interior Seaway (WIS), and the North-Equatorial Atlantic
Ocean, to better identify these important paleotemperature varia-
tions during the OAE-2 and comparing those with faunal changes
(faunal turnovers, originations, extinctions). Recently, high-
resolution paleotemperature reconstructions in upper Cen-
omanian — middle Turonian shallow-water carbonates have been
provided by Kfizova et al. (2024), based on the 3'80 analysis of
rudist shells from the Devetachi section. The Kiizova et al. (2024)
data are here integrated with 3'30 analyses from Monrupino and
Raia del Pedale sections to constrain, for the first time, the tem-
perature evolution in different Tethyan carbonate platforms during
OAE-2 and to compare it with the deep-water records.

Considering the highly debated issue of deriving absolute tem-
perature from mollusc 8'80 data in coastal areas (Kiizova et al,
2024), here we interpret oxygen isotope data in terms of cooling
or warming trends (Fig. 9), rather than absolute temperatures.

The Devetachi, Monrupino and Raia del Pedale 80 profiles
show a generally similar trend, with decreasing 3'%0 (suggesting
warming) spanning the entire OAE-2, interrupted by a positive
inflection (suggesting cooling), occurring between peaks a and b of
the 3'3C excursion. This cold snap correlates with the interval of
cooling identified by geochemical TEXgg (Forster et al., 2007, Fig. 9),
and 380 proxies (e.g. Falzoni and Petrizzo, 2020) from pelagic
settings and corresponding to the PCE. According to our chemo-
stratigraphic correlations, we can place the PCE in the studied
sections, between the peak a and b of the 8'3C curve, where the
3180 shell profile presents an interval of more positive values
(Fig. 9).

In some instances, local factors might have a substantial impact,
creating a local response to global CO; fluctuations (O’Brien et al.,
2017 and references therein), which may generate different
reconstructed temperature fluctuations at different sites (O’Connor
et al.,, 2020). This is not the case for the studied sections, which
record coeval 3'80 fluctuations to that observed in deep-water
sites, potentially implying that cooling and re-oxygenation of bot-
tom waters occurred nearly simultaneously in the neritic and
pelagic settings. The PCE thermal instability may have triggered
increased mixing of water masses with the replenishment of sur-
face productivity via upwelling (Forster et al., 2007) and was likely
sustained by the coeval introduction of a range of redox-sensitive
trace metals into global ocean waters (Jenkyns et al., 2017;
Clarkson et al., 2018; Sweere et al., 2018). According to Parente et al.
(2008) and Frijia et al. (2019), the upwelling of deep, nutrient-rich
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waters flooded over neritic settings and transported excess nutri-
ents on isolated shallow-water platforms triggering a cascade of
biological changes including the extinction of larger foraminifera.
We explore this possibility in the following section, discussing the P
changes across the OAE-2 in the FCP and ACP.

5.4. Phosphorus

The key factors triggering deposition of black shales in different
Tethyan locations during the OAE-2 were likely the combination of
enhanced primary productivity and increased preservation of
organic matter (OM), due to dysoxic to anoxic bottom-water con-
ditions (Huber et al., 2002; Kuypers et al., 2002; Erba et al., 2004;
Hardas and Mutterlose, 2007; Mort et al., 2007; Friedrich et al,,
2008). The source of nutrients required to fuel high marine pri-
mary productivity during the OAE-2 remains uncertain. Various
proposed mechanisms include strong up-welling of nutrient-rich
intermediate and deep waters (Parrish and Curtis 1982; Einsele
and Wiedmann 1983; Arthur et al., 1987; Poulsen et al., 2001),
increased hydrothermal input of biolimiting nutrients and trace
metals (Sinton and Duncan 1997; Kerr 1998; Larson and Erba 1999;
Turgeon and Creaser 2008), leaching of nutrients from flooded
continental shelf areas (Jenkyns 1980; Erbacher et al., 1996;
Hilbrecht et al., 1996; Jarvis et al., 2002), and increased riverine
nutrient delivery in a warm climate setting, generally characterized
by intensified hydrological cycle and weathering (Manabe and
Bryan Jr, 1985; Handoh and Lenton 2003; Bjerrum et al., 2006;
Wagner et al., 2007).

To sustain increased marine productivity and ocean anoxia,
enhanced P regeneration in response to bottom-water oxygen
depletion was crucial, provided that nutrient P was upwelled into
the photic zone (Van Cappellen and Ingall, 1994). Modeling studies
indicate that prevailing anoxic conditions during black shale
deposition in the OAE-2 led to increased P release from organic
matter (Bjerrum et al., 2006; Tsandev and Slomp 2009; Clarkson
et al., 2018). In the studied section, however, conditions remained
mostly oxic throughout the whole of OAE-2 and therefore P
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accumulation appears to be more complex and possible the results
of several interplaying mechanisms. Furthermore,

P distribution in sedimentary successions can be affected by
changes in lithology/facies and sedimentation rates. In order to
overcome this possible biases, we also calculated P mass accumu-
lation rates to account for variable sedimentation rates and litho-
logical changes in P content (Bomou et al.,, 2013 and reference
therein).

The patterns of Py curves at Raia del Pedale and Devetachi
sections are comparable and exhibit similar variations and absolute
values (Fig. 10). In the studied Tethyan sections Py values remain
consistently low throughout the entire OAE-2 interval (Raia del
Pedale ranging from 4 to 35 ppm and Devetachi between 6 and
43 ppm) except for two stratigraphic intervals. Pyogmar curves show
a marked correspondence with Py profiles (Fig. 10), highlighting
two prominent peaks/intervals of P enrichment. The similarity
between Pyt and Piormar curves suggests that the observed P fluc-
tuations can be considered primary and not biased by differences in
sedimentation rate and/or facies. A first interval of high P content
occurs in both sections straddling the onset of OAE-2 (first lower
blue arrow, Fig. 10). Several studies have observed an increase in
total sedimentary phosphorus predating OAE-2 and the associated
significant rise in primary productivity (Mort et al., 2007, 2008;
Tsandev and Slomp, 2009; Kraal et al., 2010).

The increase of P delivery would have been driven by enhanced
continental weathering and sustained by the transition from oxic to
anoxic conditions resulting in decreased phosphorus burial effi-
ciency. Increasing seawater P concentrations may have promoted
an expansion of anoxia (AE1 of Clarkson et al., 2018). This, in turn
allowed better preservation of OM, and pore waters switched from
being a P sink to a P source sustaining the productivity-driven 3'3C
positive excursion in a positive feedback loop (Mort et al., 2007).

Such a scenario is not supported by the results from the inves-
tigated sections. Indeed, the presence of facies relatively enriched
in TOC (laminites) are found both in the FCP and ACP pre-OAE-2,
but these are alternated with organic-lean beds. Furthermore,
there is no paleontological or clear geochemical evidence
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and the peaks a, b, and c are placed after Fig. 7.

suggesting anoxic conditions (this study; Zhou et al., 2015; Frijia
et al., 2019). Therefore, the possibility of phosphorus recycling
due to the occurrence of anoxic—dysoxic conditions in the studied
shallow—water settings seems unlikely. This suggests that the P
accumulation in the Devetachi and Raia del Pedale sections was
rather the result of the combined P delivery from external sources
and/or increased P concentration associated with biological
activity.

In both the Devetachi and Raia del Pedale sections, the high Pyt
accumulation pre-OAE-2 is found in the “laminites” interval (LAM1,
Fig. 10), thus suggesting peculiar phosphatic accumulations linked
to benthic activity of microbial mats (Krajewski, 2011). Cyanobac-
teria directly absorb phosphorus from the surrounding environ-
ment, sourced from adjacent sediments, waters, or other biological
processes promoting phosphorus accumulation or fixation
(Bhardwaj et al., 2024). In many microbialites, mineralization pro-
cesses promoted by bacteria and cyanobacteria, convert organic
compounds containing phosphorus into more stable inorganic
compounds. The higher phosphorus concentrations in the laminite
levels at Raia del Pedale and Devetachi sections, although linked to
preferential enrichment in P by microbial activity, would have
required substantial levels of P in the surrounding waters.
Enhanced P influxes, pre-OAE-2, might have been linked to increase
in continental weathering as suggested by Sr and Li isotope shifts
recorded at the onset of the OAE-2 (Frijia and Parente, 2008; Pogge
von Strandmann et al., 2013; see Fig. 10). Evidence of total P fluc-
tuations related to changes in detrital input are observed in coeval
sections in Tibet (Bomou et al., 2013) and Mexico (Bomou et al.,
2020). Figure 10 shows the good correlation between the Pyt
abundance records in the Devetachi and Raia del Pedale sections
and those from the Barranca del Canon section, in the Guerrero-
Morelos Platform of Mexico (Bomou et al., 2020). Interestingly
the highest Py concentrations in the Mexican section are also
found in stratigraphic intervals rich in laminites (darker beds in
Fig. 10). This points to a link between these facies, the P enrichment,
and continental weathering, which may have caused episodic
mesotrophy and fluctuating redox conditions in a usually oligo-
trophic and oxic depositional environment. Py, values decrease
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immediately after peak a of the 3'3C curves and stay low across the
PCE in both studied sections and in the Mexican platform.

A second interval characterized by high Py concentrations in
both the Devetachi and Raia del Pedale sections starts after peak b
of the 3'3C curve (the so-called plateau phase of the OAE-2, Fig. 10).
This is associated with the second “laminites” interval (LAM2 in Fig.
10) of Frijia et al. (2019), again suggesting a possible link between
these facies and the Py fluctuations. In the carbonate platform of
Mexico, a second peak of Py values is also noted in a correlatable,
but not microbially laminated interval.

A second injection, post PCE, of CO, by volcanic activity has been
proposed based on trace element enrichment and Os isotopes data
(Snow et al., 2005; Eldrett et al., 2014; Du Vivier et al., 2015),
whereas 380 and U isotopes data suggest a second increase of
temperatures (after the drop at the PCE) and the return of wide-
spread anoxia (e.g. Clarkson et al., 2018; Falzoni and Petrizzo, 2020).
Geochemical evidences, based on trace element enrichment data
(Snow et al.,, 2005; Eldrett et al., 2014) and Nd isotopes from
Eastbourne (Zheng et al., 2013), also suggest a second pulse of
enhanced global weathering influx. Nonetheless, this interpreta-
tion is debatable. The second interval of high Py values in the
studied sections could have, slightly, different explanations than
the one occurring pre-OAE-2. Parente et al. (2008) argued that
during the initial phase of the OAE-2, high productivity and excess
organic carbon burial were mainly localized at the margins of the
Atlantic Ocean. The thermal instability during the PCE caused the
collapse of thermal stratification of ocean water triggering the de-
livery of high amounts of nutrients to surface waters. These large
influxes of nutrients might have affected also neritic settings and
the isolated tropical carbonate platforms of the Tethyan realm. As a
result, the positive fluctuations in total phosphorus concentration
we observed during the plateau phase of the OAE-2 §'3C curve,
could be attributed to an increase in nutrient availability, caused by
changes in ocean circulation and upwelling, with a (minor)
contribution from terrestrial weathering. Interestingly, this second
pulse in Py concentrations and resumed increase in temperatures
coincide, in the studied sections, not only with a second interval of
abundant deposition of organic-rich laminites, but also with the
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final step of extinction of larger benthic foraminifera (LFE 2 in
Fig. 10) and a significant rudists extinction event (Philip and Airaud
Crumiere, 1991; Steuber et al., 2023; Petrizzo et al., 2025). Krizova
et al. (2024) suggested that the observed rate of temperature
changes and their magnitude were able to wipe away most of the
biotic communities of the carbonate platform at the OAE-2.
Nonetheless, the data presented here suggest that a very “unfor-
tunate” series of killing factors rather than temperature alone co-
occurred during the OAE-2. These overcame critical thresholds for
most carbonate bioproducers (Parente et al., 2008; Frijia et al.,
2019; Krizova et al., 2024; Petrizzo et al., 2025), which, therefore,
ceased to exist. Only the less specialized groups among benthic
foraminifera and the bacteria were able to thrive in these detri-
mental environmental conditions.

Lastly, it is important to point out that the strong similarities
between facies and Py fluctuations between the western Tethys
platforms and the Atlantic ones (Mexico platform) indicate that the
evolution of carbonate platforms during the OAE-2 was mainly
modulated by global processes. This testifies the high sensitivity of
coastal and shallow settings to paleoenvironmental changes asso-
ciated with OAE-2.

6. Conclusions

A comprehensive study including geochemical (Pior, 0">Cearp,
6B3Corg, TOC, 6'%0), sedimentological, and stratigraphic analyses
was carried out on three successions spanning the CTB in the Friuli
Carbonate Platform of northern Italy and the Apennine Carbonate
Platform (ACP) in southern Italy. Fifteen lithofacies and four lith-
ofacies associations were identified in the FCP, indicating deposi-
tion in an inner platform setting with intertidal to shallow subtidal
facies. For the first time, the interval corresponding to the OAE-2 of
the FCP is described in detail, allowing a correlation with the coeval
well-studied shallow-water carbonates of the ACP. The comparison
reveals similar facies evolution, geochemical and biotic changes
during OAE-2. This suggests a similar response of shallow-water
carbonate ecosystems to the perturbations associated with the
OAE-2. 6'%0 analysis on well-preserved bivalve (mainly rudists)
shells allowed the reconstruction of paleotemperature trends
during the OAE-2 at the studied sites. Oxygen isotopic values are
consistent with global warming pulses during the OAE-2, inter-
rupted by a cold interval correlated with the so-called “Plenus Cold
Event”.

Phosphorus concentrations in the studied sections are in line
with the few published global P accumulation curves during the
OAE-2, and with the only available record from shallow—water
carbonates of Mexico. This suggests a global influence on P accu-
mulation in platform carbonates. Our findings also show that P
accumulation in carbonate platforms seems to be associated with
different mechanisms: increase in detrital input at the onset of
OAE-2, and mainly refueling of surface primary productivity
through upwelling, in the late phase of the event. Our results also
suggest the important role of bacteria on P accumulation/preser-
vation through various metabolic processes.

The results of this work highlight the multiple possibilities of
phosphorus recycling in shallow environments and the multifac-
eted nature of phosphorus dynamics during OAE-2. Laminites/
microbialites-rich intervals are present in both FCP and ACP at
specific stratigraphic levels and their abundance is associated with
episodes of increased temperature and P (nutrients levels).
Conversely, the main bioproducers of late Cenomanian carbonate
platforms (benthic foraminifera and rudists) were severely
impacted by the increase in temperatures and trophic levels,
experiencing a major turnover and extinction before the end of
OAE-2. The similarities between the “new world” and “old world”
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carbonate platform records in terms of geochemical and facies
changes, clearly indicate a global control on platform evolution
during OAE-2.
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Microploblematica
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Foraminifera

Cuneolina d’Orbigny, 1839

Discorbidae Ehrenberg, 1838
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