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Abstract

Chondrodonta (Bivalvia) proliferation in peri-Adriatic shallow-water
carbonates: a bioevent preluding the Cretaceous OAE1a and OAE2

Abstract

The opportunistic, oyster-like bivalve Chondrodonta, common in Tethyan Cretaceous shallow-water
carbonates, shows peaks of concentration during the Aptian — Cenomanian time interval. Despite this,
neither a temporal nor a causal relationship between the flourishing of this bivalve and Oceanic
Anoxic Events (OAEs) has emerged yet.

The stratigraphic distribution and the ecological significance of Chondrodonta have been analyzed
to both define the timing between its accumulations and OAEs and infer OAE-related environmental
perturbations triggering its proliferation.

The studied Chondrodonta accumulations occur in inner platform limestones of the lower Aptian
Apulia Carbonate Platform straddling OAEla, and of the upper Cenomanian Adriatic Carbonate
Platform straddling OAE2. The stratigraphic framework around the Chondrodonta beds has been
built using biostratigraphic and chemostratigraphic (5'°C, §'%0, 87Sr/*Sr) data. Palacoenvironmental
changes associated with its proliferation have been inferred by coupling sedimentologic-
lithostratigraphic analyses with the concentration of major, trace elements and REE.

Based on platform-to-basin stratigraphic correlations, the lower Aptian Chondrodonta beds occur
right below the negative §'*C excursion marking the onset of OAE1a and the upper Cenomanian beds
occur below the §'°C positive excursion of the OAE2 interval. In both cases, Chondrodonta appears
in the stratigraphic succession associated with rudist limestones and then reaches a phase of maximum
proliferation and predominance over rudists at the prelude of OAEs.

As emerged by stratigraphic and geochemical analyses, the Chondrodonta proliferation occurred in
an interval of increasing nutrients and in low-energy seawaters with fluctuating oxygenation and
intermittent terrigenous inputs. These environmental changes prevented the settlement of the less
tolerant rudists while they promoted the thriving of Chondrodonta in monospecific (or quasi-) benthic
communities close to the onset of OAEs.

The intervals of Chondrodonta proliferation also correlate to increasing fertility and environmental
deterioration in the nearby basins. Further, the stratigraphic position of lower Aptian and upper
Cenomanian Chondrodonta accumulations in worldwide carbonate platforms located at different
palaeolatitudes and climates, generally predates the onset of OAEs and enables to consider the

proliferation of this bivalve as a regional bioevent.
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Accordingly, the flourishing of Chondrodonta is ascribable within an environmental “window”,
triggered by the changing climate preluding OAEs and mainly resulted in nutrient pulses on the
platforms top. The opportunistic behavior of Chondrodonta was rather efficient in the transition from
oligo- to mesotrophic conditions in shallow-water carbonate areas. This oyster-like bivalve benefitted
from this environmental instability and occupied a short-lived environmental niche between more
stable, stenotopic and eurytopic benthic communities.

The occurrence and duration of this environmental “window” were also controlled by local, quick
fluctuations in other seawater parameters (e.g., oxygenation, terrigenous inputs) and by limiting
environmental factors related to palacogeography and hydrodynamics.

However, further increase of inhospitable conditions leading to OAEs inhibited the proliferation of
the bivalve, allowing fully mesotrophic taxa to dominate the benthic community. This is particularly
demonstrated for the early Aptian Chondrodonta, abruptly outpaced by mesotrophic assemblages at
the onset of OAE]a.

The proliferation of Chondrodonta can be, therefore, used as a regional stratigraphic marker for an
early phase of environmental stress in shallow-water carbonate platforms. Its transitionary
predominance within the benthic community represents the biotic response of the Cretaceous
shallow-water carbonate systems to increasing environmental deterioration peaking with Oceanic

Anoxic Events 1a and 2.




Abstract

Proliferazione di Chondrodonta (Bivalvia) in carbonati di acque basse
dell’area peri-Adriatica: bioevento a preludio degli Eventi Anossici
Oceanici 1a e 2 del Cretaceo

Abstract

La Chondrodonta, un bivalve simil-ostreide e opportunista, ¢ comunemente riportata nelle
piattaforme carbonatiche Tetidee del Cretaceo, con una particolare concentrazione nel periodo
Aptiano — Cenomaniano. Nonostante cid, non ¢ ancora emersa una chiara relazione né temporale né
causale tra la proliferazione di questo bivalve e gli Eventi Anossici Oceanici (OAEs).

Per tali ragioni, la distribuzione stratigrafica e geografica e il significato paleoecologico della
Chondrodonta sono stati analizzati ai fini di stabilire un preciso rapporto temporale tra i suoi accumuli
e gli OAEs e di definire le possibili perturbazioni ambientali alla base della sua proliferazione.

Gli accumuli di Chondrodonta analizzati affiorano nelle successioni carbonatiche di piattaforma
interna della Piattaforma Apula (Aptiano inferiore, a ridosso del’OAEla), e della Piattaforma
Adriatica (Cenomaniano superiore, a ridosso dell’OAE2). Il contesto stratigrafico intorno agli
accumuli ¢ stato ricostruito attraverso analisi bio- e chemostratigrafiche (8'°C, §'80, ¥'Sr/*Sr).
Analisi sedimentologico-litostratigrafiche e geochimiche (concentrazione di elementi maggiori, in
traccia e di Terre Rare) hanno permesso di dedurre le variazioni paleo-ambientali associate alla
proliferazione del bivalve.

Sulla base della correlazione dei record isotopici tra piattaforma e bacino, si ¢ osservato come gli
accumuli di Chondrodonta ricadano al di sotto delle tipiche escursioni nella curva del §'*C che
segnano, rispettivamente, I’inizio dell’OAEla e del’OAE2. In entrambe le successioni stratigrafiche
studiate, la Chondrodonta appare subordinata all’interno dei calcari a rudiste e raggiunge una fase di
massima proliferazione e predominanza sulle stesse rudiste in prossimita dell’inizio degli eventi
anossici. Dalle analisi stratigrafiche e geochimiche ¢ emerso come gli intervalli di proliferazione di
Chondrodonta siano caratterizzati da un aumento di nutrienti oltre la soglia di tollerabilita per le
rudiste, e da fluttuazioni nell’ossigenazione e nell’apporto terrigeno in acque di bassa energia.

Gli intervalli a Chondrodonta sono stati correlati anche ad una crescente fertilita e ad un progressivo
deterioramento ambientale nelle vicine aree bacinali. Dall’analisi della letteratura ¢ inoltre emerso
come la posizione stratigrafica degli accumuli globali di Chondrodonta preceda I’inizio degli OAEla
e 2 in piattaforme carbonatiche poste a differenti latitudini e condizioni climatiche, permettendo di

considerare la proliferazione di questo bivalve come un bioevento a scala regionale.
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La proliferazione di Chondrodonta risulta quindi inseribile all’interno di una “finestra ambientale”,
innescata dai cambiamenti climatici che preludono gli OAEs e principalmente caratterizzata da un
aumento di nutrienti sulle piattaforme carbonatiche. Il bivalve opportunista Chondrodonta beneficia,
infatti, della transizione da condizioni oligotrofiche a mesotrofiche in piattaforma, occupando una
nicchia ecologica posta al passaggio tra comunita stenotopiche ed euritopiche.

La presenza e la durata della “finestra ambientale” sono controllate anche da condizioni paleo-
geografiche e idrodinamiche locali cosi come da locali fluttuazioni nell’ossigenazione delle acque e
negli apporti terrigeni.

L’eccessivo deterioramento delle condizioni ambientali all’inizio degli OAEs inibisce, per contro, la
proliferazione della Chondrodonta provocando la sua scomparsa dalla comunita bentonica in favore
di specie propriamente mesotrofiche, come dimostrato per la Chondrodonta dell’ Aptiano inferiore
all’inizio del’OAE]la.

La proliferazione della Chondrodonta rappresenta, quindi, un marker stratigrafico a scala regionale
del crescente stress ambientale in piattaforma. La predominanza transitoria della Chondrodonta
all’interno della comunita bentonica costituisce la risposta biologica dei sistemi carbonatici di acque
basse al crescente deterioramento ambientale che culmina con gli Eventi Anossici Oceanici la e 2

del Cretaceo.




Introduction

1. Introduction

1.1. The Cretaceous world, between greenhouse and anoxia

Earth’s climate has changed continuously throughout the Phanerozoic, alternating between
greenhouse and icehouse modes (Frakes et al., 1992). In contrast to today’s theoretic icehouse state,
thwarted by global warming due to industrial activities (Randall et al., 2007), the middle part of the
Cretaceous period (Aptian to Turonian) represents an excellent example of greenhouse conditions
(Jenkyns, 1999, 2003; Skelton et al., 2003). This Cretaceous greenhouse mode was mainly induced
by influxes of CO; into the atmosphere from volcanogenic and/or methanogenic sources (e.g., Larson
& Erba, 1999; Jenkyns, 2003), together with a plate-tectonic evolution (Miller ef al., 2005; Pucéat et
al., 2007) and a consequent reorganization of global oceanic circulation (e.g., Weissert et al., 1998;

Poulsen et al., 2003).

The major warming peak marking the middle part of the Cretaceous (Fig. 1.1) consists of
exceptionally high atmosphere and seawater temperatures (Tarduno et al., 1998; Erbacher et al.,
2001; Norris et al., 2002; Jenkyns ef al., 2004). During this time interval, polar regions were occupied
by spacious forests (Francis & Frakes, 1993; O’Brien et al., 2017) and permanent ice shields
presumably lacked at the poles (Frakes et al., 1992; Bice et al., 2006). The seawater was characterized
by the lowest Mg/Ca ratios of Phanerozoic times (“calcite sea”; see Steuber, 2002; Pomar & Hallock,
2008; Ries, 2009) and the sea-level was ~ 100 — 200 m higher than today (Miller et al., 2005;
Takashima et al., 2006; Cloetingh & Haq, 2015). The resulting flooding of huge continental areas
enabled the spread of tropical and subtropical carbonate factories (Hofling & Scott, 2002), with an
exceptional extent (Skelton et al., 2003).

The tropical shallow-water carbonate-producing biota during the Cretaceous included scleractinian
corals, stromatoporoids, rudist bivalves, benthic foraminifers, micro-encrusters (Bacinella-
Lithocodium), nerineid gastropods, dasycladal green algae and calcareous red algae (e.g., Masse,
1992; Scott, 1995; Skelton et al., 2003; Skelton & Gili, 2012). Particularly rudist bivalves, with
aberrant shell morphologies ranging from club- to horn-like, experienced a great proliferation and an
extraordinary adaptive radiation (Steuber et al., 2016 and references therein), occupying several

ecological niches of the level-bottom environment (Skelton, 2018).

However, the middle part of the Cretaceous is also characterized by disturbances in the global carbon
cycle (Scholle & Arthur, 1980; Follmi et al., 2006), referred to as Oceanic Anoxic Events (OAEs;
Schlanger & Jenkyns, 1976; Jenkyns, 2010) and mainly witnessed by the widespread deposition of
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organic carbon-rich sediments (i.e., “black shales”; Schlanger & Jenkyns, 1976) in pelagic and

hemipelagic settings.
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throughout the Phanerozoic
(Takashima et al., 2006 and
therein; Huck,
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reference
2011). Cretaceous
period is marked in red.
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OAEs were triggered by major and rapid influxes of atmospheric CO; into the atmosphere provoking
an abrupt rise in the global temperature (e.g., Larson & Erba, 1999; Jenkyns, 2003). This climate
warming accelerated the hydrological cycle, increased the continental weathering, enhanced the
nutrient discharge to oceans and lakes, and intensified the upwelling and the organic productivity
(Jenkyns, 2003, 2010). All these perturbances during OAEs resulted in the development of thick and
widespread oxygen-minimum zones in the world oceans, associated with high organic-carbon burial
and subsequent drawdown of atmospheric CO> (Weissert et al., 1998; Erbacher et al., 2001;
Heimhofer et al., 2004).

Most OAEs can be traced worldwide as prominent excursions in the 8'°*Cea, curve (Menegatti et al.,
1998; Jenkyns, 2003). Positive §'*Ccar, excursions are linked to the fixation of light carbon isotopes
into the organic matter and to the relative enrichment of heavy isotopes in the remaining carbon

isotope pool (Jenkyns, 2010).

Although still-pending debates on the importance of production versus preservation of organic carbon
and the consequent widespread distribution of black shales in the basins (Schlanger & Jenkyns, 1976;
Hochuli et al., 1999; Erbacher et al., 2001), primary productivity likely was the dominant mechanism
driving the organic-carbon burial during OAEs (e.g., Ohkouchi et al., 2006; Browning & Watkins,
2008). Increased primary productivity reflected major changes in the nutrient supply (Jenkyns, 1999,
2003). The global nutrient budget around OAEs was, indeed, affected by the terrigenous nutrient
input due to elevated hydrological cycling (Follmi et al., 2006), by the upwelling of nutrient-rich
(NO3, POy, Fe and Si) currents from intermediate and deep waters (Kuypers et al., 2002; Poulsen et
al., 2003), as well as by hydrothermal nutrient-enriched brines provided by igneous activity (Leckie

et al., 2002; Kerr et al., 2004; Snow et al., 2005).

The climate instability associated with Cretaceous OAEs and the consequent major changes in the
global nutrient budget inevitably affected the carbonate primary productivity, resulting in crises and
in biotic turnovers both in the deep- and shallow-water domains. In deep-water settings, changes in
the abundance, composition, and morphology of calcareous nannoplankton assemblages have been
interpreted as the response of the pelagic ecosystems to palaeoenvironmental variations (e.g.,
eutrophication) (Erba, 1994, 2004; Leckie et al., 2002; Erba et al., 1999, 2015).

In shallow-water settings (water depth < 100 m), the ecosystems highly depended on parameters like
illumination, nutrient availability, salinity, or hydrodynamic levels. The worldwide Cretaceous
carbonate platforms, in both the New (southern USA, Mexico, and Caribbean regions) and the Old
(mainly around the Mediterranean and Middle East regions) World, were characterized by an episodic

development (Skelton et al., 2003). Their initially similar, overall pattern evolved differently from
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the Aptian times onwards (Skelton et al., 2003; Skelton & Gili, 2012) and showed demises of global
extent, like during the early Aptian and at the Cenomanian — Turonian boundary (Fig. 1.2). The
climate perturbations characterizing OAEs often resulted in the demise and drowning of carbonate
platforms (e.g., Wissler et al., 2003; Millan et al., 2011; Korbar et al., 2012; Nufiez-Useche et al.,
2020). In many other cases, platforms did not drown but experienced turnovers in the benthic
communities and recorded, therefore, the biotic response of the carbonate systems to global climate
crises (e.g., Hofling & Scott, 2002; Huck et al., 2010; Rameil et al., 2010; Amodio & Weissert, 2017;
Husinec & Read, 2018; Frijia et al., 2019; Hueter et al., 2019).

New World Old World
_ Fig. 1.2.
Time/Ma Stages ‘ Increasing extent of carbonate platforms h OAEs . .
uE Synoptic history of
Masstrichiian Tithonian and
70 Cretaceous
- . carbonate platform
80 development (blue)
S s in the New World
Coniacian
90 1 Turonin and the Old World,
w2 . ..
Cacomanin - with  timings of
100 | IRT major  platform
crises (bold
110 | IR horizontal  lines)
and oceanic anoxic
120 o=
events (OAEs)
0 - (Skelton et al.,
2003; Skelton &
o
Gili, 2012).
140
150

The two major oceanic anoxic events of the Cretaceous, those of the late early Aptian (OAEla, Selli
Event) and of the Cenomanian—Turonian boundary (OAE2, Bonarelli Event) registered some of the
highest temperatures reconstructed for the Cretaceous Period (Fig. 1.1; see Jenkyns, 2018 and
references therein), promoting severe climate and environmental changes. Particularly, the vast

congregation of rudist bivalves underwent two of its three major extinction events during the two
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anoxic events (Ross & Skelton, 1993; Gili et al., 1995; Skelton & Gili, 2002; Masse & Steuber, 2007;
Steuber et al., 2016; Skelton, 2018).

L1.1. The early Aptian Oceanic Anoxic Event la
The late early Aptian OAEla (i.e., Selli Event — Schlanger & Jenkyns, 1976; Jenkyns, 2010) has an

estimated duration of ~ 1.2 Ma (Erba, 2004) and represents the focus of much of the previous research
on OAEs (Weissert et al., 1985; Larson, 1991; Follmi ef al., 1994; Menegatti et al., 1998; Bralower
et al., 1999; Weissert & Erba, 2004; Skelton & Gili, 2012; Bottini et al., 2015; Bottini & Erba, 2018

among many others).

The Barremian - Aptian climate warming was primarily linked to the emplacement of the Ontong
Java Large Igneous Province (LIP) in the Pacific Ocean (Larson, 1991; Larson & Erba, 1999; Tejada
et al., 2009; Follmi, 2012). The large amount of CO> released into the atmosphere and dissolved in
seawater by submarine and subaerial volcanic activity (Follmi, 2012; Erba et al., 2015) and, secondly,
by methane hydrate dissociation (M¢éhay et al., 2009), triggered a sequence of climate disturbances
that accelerated the hydrological cycle and increased precipitation rates, fluvial discharge, and

continental runoff (Follmi et al., 2006; Najarro et al., 2010).

The characteristic isotopic signature of OAE1a is a negative spike in both the §'*Cear (Fig. 1.3) and
813Core curves followed by a positive excursion (Menegatti et al., 1998; Leckie et al., 2002; Jenkyns,
2003; Herrle et al., 2004; Tejada et al., 2009). The negative 8'3Cean spike resulted from an input of
isotopically light carbon in the carbon isotope pool, in contrast to the enhanced carbon burial driving
the global §'*Cearn to positive values. Possible processes supplying isotopically light carbon at the
onset of OAE1a included large-scale venting of volcanogenic carbon dioxide and/or dissociation of
gas hydrates and/or thermal metamorphism of coals, either singly or in combination (e.g., Jenkyns,
2003, 2010). High resolution geochemical studies (e.g., Jenkyns, 2018) also highlight at least three
cooling episodes (i.e., “cold snaps”) of probable global distribution punctuating the long-term warmth
recorded during OAEla. These cold snaps represented transient falls in temperature and increased
marine-dissolved oxygen levels. They correlated to increases in carbon-isotope values and positive
8'3C.arp shifts and were probably due to a rise in the quantities of organic matter being buried globally
with consequent potential drawdown of atmospheric CO> (Jenkyns, 2018).

The onset of the negative 8'*Ceary excursion coincides with a widespread black shale deposition in
basinal settings (Fig. 1.3; Menegatti ef al., 1998) as well as with increased open oceanic sea-surface

temperatures (SST; e.g., Dumitrescu et al., 2006) and with photic-zone euxinia, the latter highlighted
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by specific biomarkers (i.e., chlorophyll and bacteriochlorophyll degradation products) marking the

occurrence of green sulfur bacteria within black shales (see Pancost et al., 2004).

CISMON SECTION

(Menegatti et al., 1998; Erba et al., 1999;
Weissert & Erba, 2004; Malinverno et al., 2010)

13
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Fig. 1.3. The reference 8'3Ceap curve of the Cismon
Apticore in southern Alps (Menegatti et al., 1998; Erba
et al., 1999) showing the typical negative excursion in
isotopic values (C3 — C4) preceding a positive shift.
The nannofossil (A) and planktic foraminiferal (B)
biostratigraphy is from Weissert & Erba (2004); the
nomenclature of the C-isotope C2 — C7 segments and
the black shale levels are from Menegatti et al. (1998)
and the nannoconid decline and crisis intervals as well
as the magnetic polarity (C) are from Malinverno et al.
(2010); the numerical age of the Barremian — Aptian

boundary (D, E) is after Ogg & Hinnov (2012).

The climate and environmental disturbances linked
to OAEla resulted in crises in both the pelagic and
the neritic carbonate production (e.g., Weissert et
al., 1998; Pancost et al., 2004; Dumitrescu et al.,
2006; Follmi et al., 2006; Najarro et al., 2010). The
anoxic event is coeval with a sea-level rise and with
a major change in nannofossil assemblages (Erba,
1994; Menegatti et al., 1998; Bralower et al., 1999;
Erba ef al., 1999). The early Aptian decrease in
nannoconids from the calcareous nannoplankton
assemblages (i.e., “nannoconid crisis” preceded by
a decline; see Fig. 1.3 and Erba, 1994) immediately
preceded the §'*Ccan, anomaly and the related black-
shale deposition (Erba, 2004; Luciani et al., 2001,
2006). The nannoconid crisis is interpreted as the
response of the pelagic ecosystem to early
palaeoenvironmental variations that culminated in
the OAEla-related high-productivity event (Erba,
2004; Weissert & Erba, 2004; Erba & Tremolada,
2004; Erba et al, 1999, 2010, 2015). Such
variations are likely related to ocean eutrophication
and acidification (Erba ef al., 2010, 2015), despite
the latter mechanism is still under debate (see Gibbs

et al.,2011; Naafs et al., 2016).

In shallow-water settings, there is global evidence
for a profound environmental change during
OAEla (Fig. 1.4). The warmer and more humid

climate increased precipitations and continental

weathering, which combined with a stronger upwelling near coastlines due to intensified atmospheric

and oceanic circulation. As a result, the nutrient input (e.g., phosphorous) to shallow-water areas

increased (Follmi, 1996, 2012), provoking carbonate platforms demise (Weissert ef al., 1998; Wissler

10
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et al., 2003) and biotic turnovers from oligo- to meso- or even eutrophic benthic communities on the

platform top (e.g., Immenhauser et al., 2005; Millan et al., 2009; Skelton & Gili, 2012; Stein et al.,
2012; Huck et al., 2014; Amodio & Weissert, 2017; Hueter et al., 2019).

Carbonate platforms of the northern Tethys and the proto-North Atlantic drowned resulting in the

deposition of condensed sequences and in the formation of hardgrounds, immediately before and
during OAEla (Weissert et al., 1998, Wissler et al., 2003; Follmi et al., 2006; Follmi & Gainon,
2008; Bover-Arnal et al., 2009; Millan et al., 2011; Najarro et al., 2011; Godet, 2013; Huck et al.,
2013, 2014; Nunez-Useche et al., 2020 among others).

-BuojuO

PLATFORM
DrownNING

SETREVEIR-E

Fig. 1.4.

Simplified model of possible drivers of early Aptian
environmental and palaecoceanographic changes at the turn of
OAEla, from Huck et al. (2012). The negative §'3C anomaly
(white circle) represents a defined stratigraphic interval in
time, which is embedded in a time window comprising the
neritic and the pelagic response modes of Tethyan carbonate
systems (three grayish slices: micro-encruster blooms,
platform drowning, and pelagic black-shale deposition) to
environmental changes related to the anoxic event
(increasingly darker colors signify increasing importance of

the factor).

Conversely, carbonate platforms of the Central and Southern Tethys continued to grow under highly

stressed conditions and with minor platform growth rates (Immenhauser et al., 2004; D’ Argenio et

al., 2004; Huck et al., 2010; Amodio & Weissert, 2017; Husinec & Read, 2018). Shallow-water

benthic communities adapted to changes in the nutrient input, resulting in turnovers from oligotrophic

(e.g., corals, partly rudists) to meso- and eutrophic (e.g., orbitolinids, Bacinella-Lithocodium)
associations (Pittet et al., 2002; Huck et al., 2010, 2014; Rameil et al., 2010; Stein et al., 2012;
Graziano, 2013; Godet ef al., 2014; Amodio & Weissert, 2017; BouDagher-Fadel & Price, 2019;

Hueter et al., 2019, 2020).

1.1.2. The Cenomanian — Turonian Oceanic Anoxic Event 2

The Cenomanian/Turonian boundary event (i.e., OAE2 or Bonarelli event) has an estimated duration

of ~ 300 — 500 kyr (Kuypers et al., 2002) and is considered to have caused the extinction of about
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20% of marine genera (see Fig. 1.1) (Raup & Sepkoski, 1986). This event is characterized by anoxic
conditions stretching from the photic zone to areas deeper than 3500 m (Pancost et al., 2004), and by
the worldwide deposition of black shales in basinal settings (Fig. 1.5). The Cenomanian/Turonian
climate warming was mainly induced by large emissions of CO; into the atmosphere, due to an intense
volcanic activity associated to the emplacement of the Carribean and High Artic Large Igneous
Provinces (Snow et al., 2005; Kuroda et al., 2007; Jenkyns ef al., 2017). Such a great release of CO»
increased temperatures and precipitation rates (Heimhofer et al, 2018), enhanced terrestrial
weathering and increased the nutrient load delivered to oceans which fueled, in turn, primary
productivity (Leckie ef al., 2002; Jenkyns, 2003, 2010; Owens et al., 2013; Jenkyns et al., 2017).
Other possible factors enhancing primary productivity are the nitrogen fixation (Junium & Arthur,
2007), the phosphorous regeneration from organic-rich sediments (Mort et al., 2007; Monteiro et al.,
2012) and the release of great quantities of micro-nutrients like hydrothermal iron due to submarine

volcanogenic activity (Adams et al., 2010).

© TOC Increase in Sediment Adh Mountain Ranges [[] shallow Ocean

@ Black Shale and/or Organic Rich Sediment [ LIPs (Pre-Cenomanian) O Epi-Continental Sea
— Mid-Ocean Ridges . LIPs (Cenomanian-Turonian) . Land

== Subduction Zones [C] Deep Ocean

Fig. 1.5. Distribution of black shales and/or increased organic carbon sediments during OAE2 (from Takashima et al.,

2006).

OAE2 represents a major short-term perturbation of the global carbon cycle, reflected by a globally
positive excursion in §'°C (2%o to 4%o) in both marine, terrestrial organic and inorganic carbon (e.g.,

Schlanger & Jenkyns, 1976; Tsikos et al., 2004; Jenkyns, 2010; Jarvis et al., 2011). The long-term
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warming during OAE2 is also interrupted by a transient fall in temperature (i.e., the so-called Plenus

Cold Event or Benthic Oxic Event; Jenkyns et al., 2017; Jenkyns, 2018).

Global changes and extreme environmental conditions during OAE2 provoked extinctions followed
by speciations in the calcareous nannoplankton (Erba, 2004). Changes in the planktic community are
linked to the submarine volcanism, as supported by peaks in redox-sensitive trace metals in sediments
and shells across OAE2 (Turgeon & Brumsack, 2006; Hetzel et al., 2009). Furthermore, the loss of
water column stratification at the end of the Cenomanian has been invoked for the extinction of
deeper-dwelling foraminifers (Rotalipora sp., Globigerinelloides bentonensis) as well as for having
facilitated the vertical advection of nutrients to fuel primary productivity (Leckie ef al., 1998, 2002;
Huber et al., 1999).

Shallow-water carbonate platforms experienced demise and drowning during OAE2, as witnessed by
shallow-water deposits abruptly overlain by pelagic facies with calcispheres and planktic foraminifers
(e.g., Jenkyns, 1991; Korbar et al., 2012). Only few carbonate platforms, like the Apennine Platform
(Parente et al., 2007, 2008; Frijia & Parente, 2008) and the Mexico Platform (Elrick et al., 2009),
recorded a nearly continuous growth. Due to climatic and oceanographic differences, the northern
Tethyan carbonate platforms were strongly controlled by the rate of terrigenous input whereas the
southern ones were considerably affected by hypersaline events (Philip & Airaud-Crumiere, 1991).
The worldwide synchronous occurrence of microbialitic facies in different shallow-water areas during
OAE2 has been interpreted as an episodic eutrophic phase alternating with oligo-mesotrophic
conditions and “normal” carbonate production (see Frijia et al., 2019). This cyanobacterial
proliferation on carbonate platforms was probably directly triggered by the Large Igneous Provinces
volcanism (Philip & Airaud-Crumiere, 1991; Erba, 2004; Frijia et al., 2019).

A major crisis and biologic turnover affected the benthic organisms for at least one million years
(e.g., Philip & Airaud-Crumiere, 1991; Erba, 2004; Vaziri-Moghaddam & Kalanat, 2020), resulting
in a decline in diversity and in partial extinctions. Particularly, rudists underwent a severe extinction
event during OAE2: the dominantly aragonite-secreting rudists disappeared, the calcite-dominated

forms diversified, and the family Hippuritidae appeared.

1.2. Chondrodonta beds in Cretaceous shallow-water carbonate platforms

1.2.1. The bivalves of the genus Chondrodonta
Chondrodonta Stanton, 1901 is an oyster-like bivalve, common in shallow-water carbonates of the

Cretaceous Tethyan Realm. It had a discontinuous stratigraphic distribution, with a peak abundance
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during the Aptian — Cenomanian period (Posenato et al., 2018, 2020). The oldest reported
Chondrodonta accumulations may date back to the (?) Berriasian (Masse et al., 2015) as well as the
youngest accumulations likely deposited during the (?) Campanian (Freneix & Lefévre, 1967),
although the low biostratigraphic resolution of shallow-water carbonate successions prevents to

constrain more precise ages.

10cm | —_—

JU

Fig. 1.6. Reconstruction of Chondrodonta joannae (Choffat) in life position forming a bouquet-like congregation like

low shrub. For comparison, a radiolitid bouquet on the right (Posenato ef al., 2020).

Chondrodonta had a predominant calcite, dorso-ventrally elongated and slightly inequivalve shell. It
was an epifaunal filter-feeding and represented one of the Mesozoic cementers (e.g., lithiotids,
rudists, oysters) with a gregarious life-habit (Fig. 1.6). Chondrodonta developed a “mud-sticker”
strategy of bottom stabilization (e.g., Ayoub-Hannaa & Fiirsich, 2011) like the rudist elevator
ecological morphotypes (i.e., radiolitids and hippuritids; see Skelton & Gili, 2002) and formed highly
dense aggregates (bivalve mounds, reefs, pavements, carpets) which influenced the sedimentation
rates and the dynamics of the carbonate platforms (Gili ef al., 1995; Riding, 2002; Skelton & Gili,
2012; Harper, 2012; Posenato & Masetti, 2012; Bassi et al., 2017).

Chondrodonta accumulations are reported worldwide (Dhondt & Dieni, 1992, 1993), from Japan and
the Middle East to the Caribbean, in a set of marine sub-environments including tidal flats, lagoons,

back-reefs and platform margins. The bivalve is documented both in monospecific biostromes (e.g.,
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Phelps, 2011; Phelps et al., 2014; Posenato et al., 2018) and within rudist facies (e.g., Bover-Arnal et
al., 2010; Posenato et al., 2020).

The valves of Chondrodonta are often found still articulated due to the dorso-ventrally elongated and
tightly interlocked chondrophores, which “allowed very little motion of valves” (Stanton, 1901, p.
302). For this reason, the diagnostic taxonomical characters of the inner shell surface are generally
not detectable and, therefore, the systematic position of Chondrodonta is still debated. A
reorganization of the available systematic remarks of the bivalve has been attempted in the studies of

Posenato et al. (2018, 2020), summarized here below.

1.2.2. Systematic remarks
Chondrodonta was tentatively placed by Stanton (1901, 1947) within the Pectinacea whereas
Douvillé (1902), based on a supposed dimyarian condition, suggested a close relation with Pinnidae.
Other authors referred it to the Ostreida (e.g., Hoernes, 1902; Schubert, 1903; Nevesskaya et al.,
1971; Dhondt & Dieni, 1993; Bieler et al., 2010), or to “doubtful members” of Ostreida (Cox &
Stenzel, 1971; Carter, 1990). The affinity with oysters proposed by Dhondt & Dieni (1993) was based
on the occurrence of chomata in some Chondrodonta shells. However, these structures also occur in
the Plicatulidae (Carter ef al., 2012).
Freneix & Lefévre (1967) proposed a close affinity of the family Chondrodontidae with Plicatulidae
and Prospondylidae, due to the same cemented right valve, to the lack of the byssal attachment and
to a similar oyster-like morphology. In the most recent classifications of Bivalvia, Carter et al. (2011)
placed Chondrodontidae within the superfamily Plicatuloidea (Order Pectinida). This classification
is supported by recent observations on the shell composition and microstructures (Posenato et al.,
2018). The affinities with the living Plicatula are (1) the cementation on the right valve, (2) the
occurrence of an inner aragonitic layer, replaced in the fossil shells by sparry calcite cement, and (3)
an outer layer of simple and irregularly crossed foliated calcite. However, Plicatula and
Chondrodonta also show significant differences, mostly concerning the hinge and ligament

morphologies.

The morphology of the hinge plate and of the chondrophores of Chondrodonta were used to
distinguish three subgenera (Freneix & Lefevre, 1967). Chondrodonta s.s. is characterized by a
smooth hinge plate, with C. munsonii (Hill) as type-species. This type of hinge plate occurs also in
the Aptian C. glabra Stanton, documented from both Texas (Stanton, 1901, 1947) and southern Italy
(Gargano Promontory; Posenato et al., 2018). C. glabra Stanton represents an early evolutionary

phase of the bivalve, characterized by a small size and by a prevailing smooth, non-plicate shell with
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a short hinge plate. C. glabra developed a “mud-sticker” bottom stabilization and produced
moderately elongated, stick-like shells (Guerzoni, 2016; Posenato et al., 2018).

Chondrodonta (Cleidochondrella) is characterized by a double chondrophore of the attached valve,
with C. elmaliensis Freneix and Lefévre as type-species (Santonian — Campanian in age).
Chondrodonta (Freneixita) Stenzel (pro Chondrella Freneix and Lefévre) is, instead, distinguished
by a double elongated scar on the hinge plate, formerly considered by Douvillé (1902) as a muscle
scar, and reinterpreted by Freneix & Lefévre (1967) as an internal ligament coupled with the resilium
between the chondrophores. Based on the hinge plate morphology, C. joannae (Choffat) can be
referred to the subgenus Chondrodonta (Freneixita), characterized by a large shell with considerably

morphological variability ranging from elongate-ovate to fan-shaped forms (Dhondt & Dieni, 1993).

1.2.3. Stratigraphic distribution of the Chondrodonta accumulations

Although some authors report Chondrodonta in Southern Tethys shallow-water limestones of
probable (?) Berriasian — Hauterivian age (see Pratt & Smewing, 1990; Zaghbib-Turki, 2003; Masse
et al., 2015), the first recognized occurrence of C. glabra is documented in the Barremian — early
Aptian of the Caribbean Province (Scott & Finch, 1999; Phelps ef al., 2014). In the Mediterranean
and Middle East Provinces, the first occurrence of Chondrodonta is documented in Switzerland
(Wissler et al., 2003; Bover-Arnal ef al., 2011), in southern France (Masse, 1993; Leonide et al.,
2012), in Italy (Graziano et al., 2013; Graziano & Raspini, 2015) and in Oman (Immenhauser ef al.,
2004), in limestones of Barremian - early Aptian age.

The first Chondrodonta species with plicate shells is reported in the Carribean Province and ranges
from the early Albian (C. youngi Scott) to the middle — late Albian (C. munsoni Stanton; Scott, 2007;
Scott & Filkorn, 2007; Scott & Hinote, 2007).

Along the Tethyan margins, the better-known plicated C. joannae (Choffat) spreads during the Late
Cretaceous (e.g., Dhondt & Dieni, 1993; Ayoub-Hannaa & Fiirsich, 2011; Ayoub-Hannaa et al.,
2014). In the Adriatic Carbonate Platform, for instance, this species produced thick and widespread
shell accumulations, formerly used as regional marker beds (e.g., Gusi¢ & Jelaska, 1993; JurkovSek
et al., 1996). In literature, the most recent observations of Chondrodonta are in the middle - upper
Turonian carbonates of Israel (Bein, 1976; Frank et al., 2010) and in the (?) Santonian — lower

Campanian shallow-water limestones of Turkey (Freneix & Lefevre, 1967).

Although Chondrodonta has been reported in several studies on Cretaceous shallow-water
limestones, datasets collected in multiple decades of research and with different methods inevitably

complicate the assignment of a precise stratigraphic position for these bivalve accumulations.
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Moreover, despite its great abundance and wide stratigraphic and geographic distribution, there is a
very little available literature focusing on the possible palacoenvironmental significance of the
proliferation of this bivalve, especially with respect to the stratigraphic intervals of Cretaceous OAEs.
According to some authors (Graziano, 2013; Posenato et al., 2018, 2020), Chondrodonta can be
considered as an opportunistic, r-strategist taxon and its proliferation around the times of Cretaceous
OAEs could be interpreted as evidence of environmental instability (e.g., nutrient loading) leading to
population blooms (Posenato et al., 2020) and predominance over other biota (e.g., rudists).

However, the exact timing between its proliferation and the onset/termination of OAEs as well as the
possible factors triggering its flourishing have not been understood yet; therefore, the role of
Chondrodonta within a context of environmental stress in shallow-water carbonate platforms at the

turn of oceanic anoxic events, is today still unclear.

1.3. Aim and general outline of the Thesis

The Thesis aims to define a precise time-relationship between the proliferation of Chondrodonta and
some of the major Cretaceous OAEs as well as to shed a light on the possible palacoenvironmental
factors triggering the flourishing of this bivalve. The objective is to highlight the stratigraphic
occurrence, distribution, and ecological significance of Chondrodonta with respect to the
palaeoenvironmental changes (e.g., from oligo- to mesotrophic benthic communities) recorded in
shallow-water areas during OAEs.

The selected Chondrodonta accumulations crop out in shallow-water carbonate platforms of the
central Tethys: the Apulia Carbonate Platform (early Aptian) and the Adriatic Carbonate Platform
(late Cenomanian). The choice of the abovementioned Chondrodonta-bearing stratigraphic
successions is mainly linked to the geographical proximity of the outcrops (circum-Mediterranean
area). Also, the good exposure of all the studied stratigraphic sections has been deemed essential for
more precise and detailed analyses.

To define the precise stratigraphic position of the Chondrodonta accumulations with respect to the
Oceanic Anoxic Events la and 2 time-intervals, sedimentologic-lithostratigraphic, biostratigraphic
and chemostratigraphic (5'°C, 8'%0 and ®’Sr/*®Sr) analyses have been carried out on the selected
outcrops. The concentration of major, trace elements and REE has been measured to outline the
geochemical pattern of the Chondrodonta-bearing outcrops and to help palaeoecological and
palacoenvironmental interpretations.

After this introductory first chapter, the second chapter (2) gives a brief introduction on the methods

used. The third chapter (3) focuses on the Chondrodonta accumulations of the lower Aptian Apulia
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Carbonate Platform (Gargano Promontory, SE Italy) and integrates data of stratigraphic sections
spaced ~ 5 km apart. The aim is to determine both the temporal relationship between the
Chondrodonta beds and the OAEla interval and the palacoenvironmental changes triggering the
flourishing of the bivalve. Results are then compared to the coeval major environmental perturbations
recorded in the adjacent Adriatic/Ionian Basin.

The fourth chapter (4) deals with the stratigraphic interval of proliferation of Chondrodonta in the
upper Cenomanian Adriatic Carbonate Platform (northwestern Istrian Peninsula, NW Croatia). The
aim is to define both its stratigraphic position with respect to OAE2 and the possible
palaeoenvironmental changes at the base of its flourishing. Results are correlated to the coeval major
perturbations recorded in the nearby basinal settings.

Chapter five (5) presents a literature review on the Chondrodonta accumulations worldwide reported,
aimed to highlight the precise stratigraphic occurrence and the possible synchronicity of these beds
at the turn of the late early Aptian OAEla and of the late Cenomanian — early Turonian OAE2. The
sixth chapter (6) summarizes and draws the conclusions on the results previously presented and

discussed.
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2. Methods

The following methods have been integrated to define the precise stratigraphic position and the
ecological significance of the Chondrodonta accumulations investigated in this Thesis. The
stratigraphic framework around these bivalve beds was built using biostratigraphic and
chemostratigraphic (8'3C, §'0, ¥Sr/*Sr) data. Sedimentologic and petrographic analyses were
coupled with major, trace elements and REE concentrations to infer palacoenvironmental changes

associated with the proliferation of Chondrodonta.

2.1. Fieldwork, lithofacies analysis and biostratigraphy

The investigated stratigraphic intervals were sampled at decimetre- to metre- scale and a higher
sampling density was applied across the Chondrodonta accumulations.

Textures were classified based on Dunham (1962), Embry & Klovan (1971), Insalaco (1998) and
Lokier & Al Junaibi (2016). Rock components for lithofacies definition were analysed semi-
quantitatively and expressed in terms of relative abundance (abundant, common, rare) with respect to
the texture of the rocks.

The biostratigraphic schemes here used are based on the most recent reviews of small benthic
foraminifers (Veli¢, 2007; Schréeder ef al., 2010; Chiocchini et al., 2012) and of dasycladales (Carras
et al., 2000).

2.2. Geochemical analyses

2.2.1. 03C and 680 curves
In all the investigated sections, samples were collected at variable spacings, generally between 0.2 —
1 m and analysed for the §'°C and 8'%0 ratios within the purest micritic portion of the rock matrix.
To obtain a clear isotope signal free from contamination by bioclasts or by recrystallization, the
polished slabs were studied under a binocular microscope and checked with the respective thin
sections to identify the most suitable areas to be drilled. The best-preserved Chondrodonta and rudist
shells were also selected and their grade of preservation was checked under a binocular microscope
by analysing visible growth increments, compact fibrous microstructure of the outer shell layers and

impacts of bioerosion and fracturing.

About 5 mg of powder was obtained from each sample by micro-drilling polished slabs with a 0.5 —

0.8 mm Tungsten drill-bit and a hand-held drill. The analyses were performed either at the Museum
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fiir Naturkunde of Berlin, Germany or at the School of Earth, Energy and Environmental Sciences of
the Stanford University, California, U.S.A.. At the Museum fiir Naturkunde, approximately 400 pg
of sample powder was reacted in 12 ml vacutainer by individual acidic addition (orthophosphoric
acid, H3POg4 at 98%) at 30°C. The oxygen and carbon isotopic compositions were measured using a
Thermo Finnigan GASBENCH II coupled online with a Thermo Finnigan DELTA V isotope ratio
mass spectrometer. Pure CO; (4.5) was used as reference gas and calibrated against the VPDB
standard by using [AEA reference materials (NBS 18, NBS 19). Reproducibility of replicate
measurements of lab standards (limestone) is generally better than 0.10%o (one standard deviation).
Some of the samples underwent duplicate analyses to test the reliability of the isotopic signals related
to possible micro-variations in the sedimentary textures.

At Stanford, the micritic fraction of the samples was drilled out using a dental micro-drill. Between
50 — 100 pg of sample powder was analysed using a Thermo Finnigan GASBENCH interfaced with
a Thermo Finnigan DELTA PLUS XL mass spectrometer via a Thermo Finnigan ConFlo III unit. The
weighed-out samples were then placed in sealed vials that were flushed with He gas and reacted with
0.5 ml of phosphoric acid for 1 h at 72°C. The precision obtained from the instrument is 0.021%o and
0.045%o (1 o) for carbon and oxygen, respectively, based on the six measurements of the NBS 19 lab
standard.

All results are reported in per mil (%o), in the conventional d-notation with reference to the Vienna

Pee Dee Belemnite (VPDB) standard.

Reliability check. The 8'*C and 8'%0 values measured in the studied sections have been interpreted
considering the possible issues deriving from the diagenetic alteration of shallow-water carbonates.
In the last decades, the high-resolution 8'*C stratigraphy has been successfully applied to the
correlation of Cretaceous shallow-water carbonate platforms and hemi-pelagic deposits (e.g.,
D’ Argenio et al., 2004; Wissler et al., 2004; Parente et al., 2007; Burla et al., 2008; Vahrenkamp,
2010; Huck et al., 2011; Di Lucia et al., 2012; Amodio & Weissert, 2017). However, syn- and post-
depositional diagenetic alteration (Allan & Matthews, 1982; Lohmann, 1988; Marshall, 1992; Oehlert
& Swart, 2014, 2019; Schmitt er al., 2020) as well as biological fractionation and local
palaeoceanographic conditions may cause the §'3C composition of shallow-water carbonates to
deviate from the global open ocean value (Patterson & Walter, 1994; Immenhauser et al., 2008;
Amodio et al., 2008; Huck et al., 2017). A positive covariance between §'3C and §'30 bulk values is
often used to infer either decreasing alteration in the freshwater phreatic zone (Swart & Oehlert, 2018)
or diagenetic alteration under the meteoric water influx in the mixing zone (Allan & Matthews, 1982).

As aresult, several studies propose the lack of covariance between §'°C and §'0 values as indicative
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of the unaltered nature of samples (e.g., Grotzinger et al., 2011 among others). Nevertheless, recent
studies point out that a lack of correlation between §'*C and §'%0 alone cannot be used as proof for
sample preservation and that changes in sediment source through time can also produce paired shifts

in 8!3C and §'30 values (Swart & Oehlert, 2018; Oehlert & Swart, 2019).

2.2.2. 878r/5Sr ratio

About 3 to 10 mg of powder was obtained from each sample by micro-drilling polished surfaces of
Chondrodonta and rudist shells. A 0.5 mm Tungsten drill-bit with a hand-held drill was used,
following the method described in Frijia & Parente (2008). To assess the preservation of the original
shell microstructure, shells were screened petrographically using visible light and, where possible,
analysed in terms of elemental composition of Mg, Sr, Mn, and Fe (see Brand & Veizer, 1980; Steuber

et al., 2005; Frijia et al., 2015; Schmitt et al., 2020).

Samples were analysed either at the Institute of Geology, Mineralogy and Geophysics of the Ruhr
University Bochum (Germany) or in the class 1000 clean laboratory of the Chemical and Geological
Sciences Department at the University of Modena and Reggio Emilia (UNIMORE). At Bochum, after
strontium separation by standard ion-exchange methods, strontium-isotope ratios were analysed on a
Finnigan MAT 262 thermal-ionization mass spectrometer and normalized to an *Sr/*¥Sr value of
0.1194 (see Huck et al., 2010 and Frijia et al., 2015 for details). At the UNIMORE, about 5 to 10 mg
of powder from each sample was cleaned and dissolved, following the procedures described in Li et
al. (2011) and Vescogni et al. (2014). In the dissolution steps, samples were sequentially leached
using a solution of 0.3% w/w acetic acid to obtain two solutions with about 30% and then 40% of
dissolved material. The second leachate was collected, evaporated to dryness, and dissolved in 3N
HNO:s for the Sr separation. After centrifuging, samples were loaded into Eichrom Sr spec-resin filled

columns, washed with 3N HNOj3 and Sr was, finally, eluted with MilliQ(r) water.

The ¥’Sr/%%Sr ratio of the samples was determined using a double-focusing MC-ICP-MS with a
forward Nier—Johnson geometry (Thermo Fisher Scientific, NeptuneTM) housed at the Centro
Interdipartimentale Grandi Strumenti of the UNIMORE (see Lugli et al., 2017 for details).

The 37Sr/*®Sr values were corrected for instrumental bias to a NIST SRM 987 standard value of
0.710248 (McArthur et al., 2001) following the procedure of Howarth & McArthur (1997) and
McArthur ef al. (2001) to derive numerical ages based on the look-up table of McArthur et al. (2001)
(version 5: 04/2013). The numerical ages were then translated into the chronostratigraphic ages of

the Geological Time Scale of McArthur ef al. (2012, 2020). Minimum and maximum ages were
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obtained by combining the statistical uncertainty (2 s. e.) of the mean values of the Sr-isotope ratios

with the uncertainty of the seawater curve (see Frijia ef al., 2015 for details on the procedure).

Concentrations of Ca, Mg, Fe, Sr, and Ba were measured with the Perkin Elmer Optima 4200 DV
ICP-OES housed at the UNIMORE. About 2 to 5 mg of powdered samples were repeatedly washed
with Milliq water, dried down and dissolved in IN HNOj;. Samples were then centrifuged, and the
supernatant transferred and diluted with Milliq to a 4% nitric acid solution for Mg, Fe, Sr, and Ba
analyses. An aliquot of the sample was further diluted to measure Ca. The ICP-OES was externally
calibrated with multi-element calibration standards, prepared in a matrix of 4% nitric acid in the
concentration range from 1 ppb to 10 ppm for all the elements. Precisions were typically better than
5% RSD (relative standard deviation) for Ca, Mg, Sr, and Fe and better than 20% for Mn and Ba.

In samples with not sufficient material to measure both trace element concentrations and ’Sr/%Sr,

elemental concentrations were measured by the LA-ICP-MS analysis (see below).

Reliability check. The 3'Sr/*°Sr ratios measured in the studied samples have been interpreted
considering the possible issues deriving from the diagenetic alteration of shells. The outer low-Mg
calcite layer of Cretaceous rudist and oyster shells has been widely recognized as a suitable archive
for the Sr-isotope composition of ocean waters, allowing to precisely date shallow-water limestones
using the Strontium Isotope Stratigraphy (SIS) (e.g., Steuber et al., 2005; Frijia & Parente, 2008; Boix
et al.,2011; Huck & Heimhofer, 2015; Frijia ef al., 2015; Schmitt et al., 2020). The concentration of
strontium, iron and manganese in shells is commonly used for estimating the degree of diagenetic
alteration (Ullmann & Korte, 2015). Several elemental threshold values have been suggested for both
rudists (Fe < 100 ppm, Mn < 50 ppm, Sr > 700 ppm; Steuber ef al., 2005; Frijia et al., 2015) and
Chondrodonta (Mn <250 ppm, Sr > 500 ppm; Damas Molla et al., 2006). Considering that diagenesis
is usually associated with a decreased Sr concentration coupled with increased Fe - Mn concentrations
and increased ®’Sr/*Sr ratios, only shells with low iron and manganese concentrations in skeletal

calcite and high strontium concentrations are, usually, considered suitable for SIS.

2.2.3. Major, trace elements and REE concentration
2.2.3.1. Geochemistry of carbonates: an overview
In the geochemical study of rocks and sediments, major elements (Ca, Al, Mg, Na, K, Si, Ti, Fe, Mn,
and P) are the main rock constituents and are conventionally distinguished from trace elements (e.g.,

Cr, Zr, Ni) by having a concentration greater than 0.1%.
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The concentration of both major and trace elements in stratigraphic sections is considered a useful
tool to decipher the geochemical environment associated to the deposition of carbonate rocks (e.g.,
Frimmel, 2009; Bodin et al., 2013; Westermann et al., 2013; Fantasia et al., 2016; Coimbra et al.,
2017; Dickson et al., 2017; Engelke et al., 2018; Ozyurt et al., 2020), as it gives information on the

detrital input, on the palaeoproductivity conditions and on the seawater oxygenation.

Al and Ti (as well as Si and Zr) are generally derived from crustal rocks and, therefore, their
concentration in limestones provides information on the detrital/terrestrial input (Brumsack, 2006).
Based on the assumption that Al represents the major clay mineral detrital input (Brumsack, 2006;
Pearce et al., 2009), the concentration of many major and trace elements is usually normalized to
Aluminum before being interpreted (see Calvert & Pedersen, 1993; Morford et al., 2001; Tribovillard
et al., 2006; Hetzel et al., 2009; Pearce et al., 2009; Westermann et al., 2013; Sanchez-Hernandez &
Maurrasse, 2016; Hueter ef al., 2019 among others).

P is considered an important source of nutrients for the ocean, which drives primary productivity on
various time scales (e.g., Tyrrell, 1999; Benitez-Nelson, 2000). The flux of dissolved P into the
seawater is mainly controlled by continental runoff via river water (F6llmi, 1996; Compton et al.,
2000) and an increase in the concentration of P in carbonates is usually interpreted as indicative of

higher nutrient levels in the oceans (Follmi, 1996; Hetzel ef al., 2009; Westermann et al., 2013).

Variations in the concentration of Redox-Sensitive Trace Elements (RSTE) in marine sediments are
used in geochemical studies to characterize changes in the redox state during the deposition of
carbonate rocks (Algeo & Maynard, 2004; Tribovillard et al., 2004, 2006; Brumsack, 2006). Under
reducing conditions, RSTE are less soluble in the seawater and are preferentially transferred from the
water column into the sediments (Tribovillard ef al., 2006). The reducing conditions occurring during
OAEs, for instance, enhance the transfer of RSTE into organic-rich sediments (see Algeo & Maynard,
2004; Snow et al., 2005; Tribovillard et al., 2006; Pearce et al., 2009; Jenkyns, 2010; Stein et al.,
2011, 2012; Owens et al., 2017); the latter become, therefore, richer in RSTE with respect to the
average shale values of Wedepohl (1971, 1991). Increased uptake of RSTE during basinal black shale
deposition further reduces their concentration in the seawater reservoir of the platform top, resulting
in a decrease of the RSTE concentration in shallow-water carbonates (see Algeo, 2004; Hueter et al.,
2019). Conversely, increases in the concentration of RSTE may represent a shift to more “normal

marine” and more oxygenated conditions on the platform top.

To reconstruct the palaco-redox conditions of sedimentary deposits, a suite of RSTE is generally

recommended to be used rather than a single element (Tribovillard et al., 2006). The overall changes
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in the RSTE concentrations should be looked at different temporal scales due to their variable
residence time in the oceans (from a few kyr to hundreds of kyr; Ku et al., 1977; Sholkovitz &
Schneider, 1991; Shields & Stille, 2001; Bodin et al., 2007). Nevertheless, due to their different
solubility in waters with variable levels of oxygen, overall decreases in the RSTE concentration in
shallow-marine deposits are commonly assigned to an oxygen deficiency phase (Algeo & Maynard,

2004; Tribovillard et al., 2006; Bodin et al., 2007; Hueter et al., 2019).

Rare Earth Elements (REE) are an extremely coherent group in terms of chemical behavior, widely
used to trace oceanographic processes and as proxies of water-mass oxygenation (e.g., Webb &
Kamber, 2000; Nozaki, 2008; Frimmel, 2009; Liu et al., 2019; Ozyurt et al., 2020). Due to their
coherent chemical properties in the marine system, REE exhibit systematic changes across their series
(from La to Lu), related to the progressive filling of the f-electron shell (Zhang et al., 1994; Zhang &
Nozaki, 1996, 1998; Nozaki, 2001; Azmy et al., 2011). Particularly, the Cerium concentration in the
seawater shows an anomalous behavior compared to other REE, due to its tetravalent state in oxic
environments leading to its enhanced removal from the water column by scavenging processes
(Elderfield, 1988; Nozaki, 2008). Cerium, together with Europium which shows a similar behavior,
is a redox-sensitive element considered as a natural proxy for revealing interaction processes between
particles and solutions, and redox reactions (e.g., Kim et al., 2012). Consequently, the Cerium (Ce)
anomaly (Ce/Ce*; i.e., the deviation of the Ce concentration relative to neighboring trivalent REE)
can be used to trace seawater redox conditions in sediments where diagenetic alteration and/or a
detrital source of REE content can be excluded (e.g., De Baar et al., 1988; Kim et al., 2012; Bodin et
al., 2013; Chen et al., 2015; Li et al., 2019; Hueter et al., 2019; Ozyurt et al., 2020).

2.2.3.2. The LA-ICP-MS analysis and interpretation of the results
Elemental concentrations in bulk samples were measured by the Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) analysis. The purest micritic fraction of all samples was

properly checked under a binocular microscope avoiding shells, bioclasts and cements.

The concentration of a selected group of RSTE (V, As, Mo, U) was measured to assess the
oxygenation state of the water as well as the concentration of P was used to estimate the
palaeoproductivity conditions. Measured concentrations include Al and Ti, used to approximate the
abundance of terrigenous matter, and rare earth elements (REE). Particularly, the cerium anomaly
(Ce/Ce* ratio) was used as further proxy for the degree of seawater oxygenation. This set of elements

has been commonly used in the geochemical characterization of Cretaceous shallow- and deep-water
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limestones (e.g., Hetzel et al., 2009; Pearce et al., 2009; Stein et al., 2011, 2012; Westermann et al.,
2013; Sanchez-Hernandez & Maurrasse, 2016; Dickson et al., 2017; Owens et al., 2017; Hueter et
al., 2019 among others) and, for the aim of the Thesis, it has been used to evaluate the geochemical
concentrations within the intervals of proliferation of Chondrodonta with respect to the limestones

deposited above and below.

The elemental concentrations were determined using a 213 nm, Q-switched Nd:YAG laser from New
Wave connected to a Thermo Finnigan ELEMENT?2 sector field ICP-MS, located at the Max Planck
Institute for Chemistry of Mainz (Germany) (Jochum et al., 2007). Each sample was measured in
three spots in two areas of the thick section. Standard settings of the laser system were (1) an energy
density of 7 J cm™2, (2) a pulse rate of 10 Hz, (3) low oxide production rates (ThO/Th < 0.5 %), (4) a
laser spot diameter size of 60 — 120 um, and (5) washout, blank count rate, and ablation times of 45,
20, and 110 s, respectively. NIST-612 and MACS-3 were used as calibration material and *Ca as an
internal standard to calculate absolute element concentrations from signal intensities. Precision (1
relative standard deviation) is about 5 — 10%.

All elemental concentrations in the bulk samples were normalized to Al and plotted as element/Al
ratios. This step was aimed to correct the effect of variable dilution by carbonate and biogenic silica

as well as to highlight the relative enrichment (or depletion) of elements with respect to clay (e.g.,

Calvert & Pedersen, 1993; Morford ef al., 2001).

REE concentrations were normalized to the Post-Archean Australian Shale (PAAS) standard values
given in Taylor & McLennan (1985). After the normalization, the Ce anomaly (Ce/Ce*) was defined
following the Nozaki’s (2008) calculation:

Ce/Ce* =2Cen/ (Lan + Prn)
where N stands for shale- (i.e., PAAS-) normalized concentrations.

Reliability check of the REE signal. Contamination by terrestrial clays can control the primary REE
content of ancient marine carbonates (Nothdurft et al., 2004; Liu et al., 2019). Several lines of
evidence can be used in combination to infer a diagnostic seawater REE signature. Beside negative
Ce anomalies (0.38 — 0.81; average 0.57), the Y/Ho ratio can be used as tracer to assess whether
carbonate particles reflect a primary marine signature or siliciclastic components (Bau, 1991; Nozaki
et al., 1997; Nothdurft et al., 2004; Frimmel, 2009; Liu et al., 2019). According to literature, typical
Y/Ho ratios in marine carbonates free from terrigenous contamination, generally show a wider range

of values (44 — 74, with an average of 45.50) compared to the modern seawater Y/Ho ratio of 60 or
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even higher (Bau, 1991, 1996; Nozaki et al., 1997; Liu et al., 2019); Y/Ho ratios with a value of 35
or lower are, instead, more likely to reflect a siliciclastic contamination (Chen et al., 2015). Also,
Ling et al. (2013) propose high Aluminum (> 3500 ppm) and Scandium (> 2 ppm) concentrations as

indexes of terrestrial contamination on both the REE signal and the Ce anomaly.

A small quantity of terrestrial particulate matter (i.e., shale), which has a high REE content, may also
deviate the overall REE pattern from the typical seawater-like one (the South Pacific deep-water
curve of Zhang & Nozaki, 1996), making it closer the North American Shale Composite of Gromet
et al. (1984). REE may also take up the ‘bell-shaped’ pattern, characterized by MREE (i.e., Mid REE;
Sm, Eu, Gd, Tb, Dy) enrichments and declining HREE (i.e., Heavy REE; Ho, Er, Tm, Yb, Lu) and
LREE (i.e., Light REE; La, Ce, Pr, Nd), typical of limestones contaminated by siliciclastic and/or by
riverine influence (Della Porta et al., 2015 and references therein). The terrestrial influence on the
REE signal is also supported by a LREE/HREE ratio close or even above 1.

The ratio can be calculated using the following formula (see Menendez et al., 2018 and references

therein):
LREE/HREE = (Lan + 2*Prx+ Nd) / (Ern + Tmn + Ybx + Lun)
where N stands for shale- (i.e., PAAS-) normalized concentrations.

Furthermore, original REE patterns can be significantly altered during carbonate diagenesis (Azmy
etal.,2011; Smrzka et al., 2019; Ozyurt et al., 2020 and references therein). Several parameters have
been investigated to assess the potential diagenetic influence on the REE signature in limestones
(Nothdurtt et al., 2004; Frimmel, 2009; Liu ef al., 2019). It has been shown that the progressive REE
scavenging during post-depositional diagenesis may produce a positive correlation between the Ce
anomaly and XREE (i.e., summation of REE + Y abundances) as well as between the Eu anomaly
and XREE (Shields & Stille, 2001; Shields & Webb, 2004). The Eu anomaly, like the Ce anomaly,
can be calculated following the definition of Bau & Dulski (1996):

Eu/Eu* = 2Eun / (Smn + Gdn).
where N stands for shale- (i.e., PAAS-) normalized concentrations.

Similarly, an absence of correlation between Ce/Ce* and Eu/Eu* implies a negligible or absent
influence of post-depositional alteration on the measured Ce/Ce* (e.g., Liu et al., 2019).
Given these conditions, the relationship between Ce/Ce* and Pr/Pr* can be used to characterize redox

conditions by the La anomaly diagram (Bau & Dulski, 1996).
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The La anomaly diagram (Bau & Dulski, 1996; Bodin et al., 2013) is, indeed, used to assess both the

genuine/real Ce anomaly and whether the Ce/Ce* ratio could be used to trace the real seawater

oxygenation state.

A negative Ce anomaly can also be
artificially created by a La enrichment
rather than by a Ce depletion and,
therefore, Bau & Dulski (1996) proposed
to compare the Ce anomaly with the Pr
anomaly to trace a potential La anomaly.
According to Bau & Dulski (1996), in the
La anomaly diagram (see an example in
Fig. 2.1) field I indicates no anomaly, field
Ila indicates a positive La anomaly
causing an apparent negative Ce anomaly,
field IIb indicates a negative La anomaly
causing an apparent positive Ce anomaly,
field IIla indicates a genuine positive Ce
anomaly and field IIIb indicates genuine

negative Ce anomaly.

Ce/Ce*

1.2

114 Na |1b
1.04 |
0.94
o
0.84 4 o e /Glalse
OO 08
0.7 & % o0
o o0 1]s}
0.64 lla
0.51
0.4 4
.
0.3 ]
Angles limestone . ®
.
0.2 T T T T T T T T T T T
08 09 10 14 12 13 14 15 16 17 18 19 20
Pr/Pr*

Fig. 2.1. Example of Lanthanum anomaly diagram (from Bodin
et al., 2013) in which all samples fall within the IIIb field,

indicative of a genuine/real negative Ce anomaly.

The Pr/Pr* anomaly used in the La anomaly diagram is calculated following the definition of Bau &

Dulski (1996):

Pr/Pr* = 2Prn / (Cen + Ndn)

where N stands for shale- (i.e., PAAS-) normalized concentrations.

27



Chapter 3

3. Chondrodonta proliferation within the lower Aptian Apulia
Carbonate Platform

3.1. Abstract

The lower Aptian Chondrodonta bedsets within the inner platform limestones of the Apulia
Carbonate Platform (Gargano Promontory, southern Italy) underwent stratigraphic and geochemical
analyses to assess the environmental controls on the proliferation of Chondrodonta and its timing and
causal relationship to OAE]a.

Chondrodonta occurs with sparse to common individuals within requieniid rudist limestones, forms
monospecific biostromes during the early phase of environmental stress and then rapidly disappears
at the peak of OAE1a. It proliferates in an interval of fluctuating seawater oxygenation with relatively
increased trophic sources and correlates also with increasing nutrient levels in the nearby pelagic
realm.

These fluctuating and unstable environmental conditions right below the onset of OAE]la created an
environmental “window” favourable for Chondrodonta to flourish, outplaying the less tolerant
benthos (i.e., rudists). Further increase in inhospitable conditions leading to OAEIla, constituted an
upper threshold for Chondrodonta and allowed mesotrophic taxa like Bacinella-Lithocodium and

orbitolinids to dominate the benthic community.

3.2. Geological setting

The Apulia Carbonate Platform (ACP) represents a major palaco-geographic domain in the central -
southern margin of the Mesozoic Tethys (Bernoulli, 2001; Bosellini, 2004). During the Cretaceous,
it was located at tropical palaeo-latitudes, either in a set of isolated carbonate banks (Eberli et al.,

1993; Bosellini ef al., 1999a) or as a broad peninsula (Bosellini, 2002).

From a structural point of view, the ACP represents part of the stable and relatively undeformed
foreland of the southern Apennine thrust belt (Bosellini ez al., 1999a) (Fig. 3.1). The westward margin
of the ACP is today buried under the Apennine thrust sheets (Bradanic foredeep) whereas the
eastward and northward margins are bounded by the basinal deposits of the Ionian of the Umbria-
Marche Basins, respectively. To the southeast, the Jurassic — Early Cretaceous margin of the ACP
lies 20 — 30 km offshore the present Apulia coastline (De Dominicis & Mazzoldi 1989; De Alteriis
& Aiello, 1993).
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Fig. 3.1. Distribution of Jurassic — Quaternary sedimentary deposits along the Apulia Carbonate Platform (ACP) and the
adjacent Adriatic Basin (Morsilli, 2016; Morsilli et al., 2017).

The margin of the ACP is characterized by an overall aggrading architecture with different geometric
and depositional features (Bosellini ez al., 1999a; Borgomano, 2000; Hairabian et al., 2015). Although
Cretaceous inner platform facies extensively crop out in the Apulia region, the ACP margin and its
transition to the coeval Ionian/Adriatic basinal succession are exposed only on the Gargano
Promontory (from Middle Jurassic to Eocene) and on the Maiella Mountain (from Upper Cretaceous
to Miocene) (Morsilli & Bosellini, 1997; Bosellini et al., 1999a). Elsewhere, the platform margin is
located offshore in the Adriatic Sea to the east and beneath the Apennines foredeep to the west,

covered by Cenozoic successions (Morsilli et al., 2017).

The Gargano Promontory (south-eastern Italy; Fig. 3.2) represents the north-eastern margin of the
ACP (Bosellini et al., 1999a; Borgomano, 2000; Morsilli ef al., 2017). It was partially involved in the
Neogenic southern Apennines and Dinaric thrust belts and is currently interpreted as a deformed
foreland. It is folded in a gentle and broad NW-SE anticline, dissected by Miocene — Pliocene reverse
and normal faults and by Pleistocene strike-slip faults (Bertotti ef al., 1999; Brankman & Aydin,
2004; Billi et al., 2007).
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Fig. 3.2. Simplified geological map of the Gargano Promontory (Morsilli, 2011; Morsilli ez al., 2017).

The outcropping carbonate succession on the Gargano Promontory records a suite of depositional
environments ranging from inner platform-peritidal to relatively deep-water pelagic (Morsilli &
Bosellini, 1997; Bosellini et al., 1999a; Borgomano, 2000). The Gargano outcrops are also relevant
as potential analogs of the opposite Adriatic Carbonate Platform (AdCP), whose limestones occur

from Istria to Greece and in the Adriatic offshore (Bega, 2015).

The backbone of the Gargano Promontory mainly consists of Upper Jurassic to Eocene carbonates of
platform-to-basin settings (Martinis & Pavan 1967; Masse & Luperto Sinni, 1989; Bosellini et al.,
1993). The only Mesozoic part of the shallow-water succession is estimated to be ~ 5 km thick and 1
- 2 km thick in the coeval basinal area (Morsilli ef al., 2017). A small outcrop of upper Triassic
evaporites (i.e., Anidriti di Burano; Martinis & Pieri, 1964) occurs on the northern seashore (Fig. 3.2).
The exposed succession also comprises Miocene sediments, unconformably overlying the Cretaceous

and Jurassic deposits in scattered outcrops throughout the Promontory.

During the Late Jurassic — earliest Cretaceous (Callovian p.p. — Valanginian p.p.), shallow-water and
slope-basin domains were connected by marginal and depositional slope areas (Morsilli & Bosellini,
1997). The geometry of the platform—slope transition is still poorly constrained for the Valanginian
p.p. - early Aptian interval (Bosellini ef al., 1999a). Approximately 500 - 600 m of inner platform
deposits are preserved (San Giovanni Rotondo Limestone) and abundant calciturbidites occur in the

adjacent slope succession (lower Mattinata formation), gradually passing to basinal deposits (upper
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Maiolica formation). Margin-bioconstructed (rudists-sponges) facies occur only at Montagna degli

Angeli (Monte degli Angeli Limestone), in the southern part of the Promontory (Fig. 3.2).

The margin and the adjacent slope of the ACP suddenly became inactive during the early Aptian and
underwent major physiographic changes during the upper Aptian — Cenomanian interval. In the
Albian — Turonian interval, a tectonically-induced relative sea-level lowstand provoked a subaerial
exposure of the southern Apennines carbonate platforms and the deposition of diachronous bauxite
horizons (considered as ? late Cenomanian — Turonian p.p. in age on the Gargano outcrops; Hairabian
et al., 2015). A subsequent reflooding of the ACP (Turonian p.p. - ? Coniacian) produced several
complexes of lobes, mainly composed of bioclastic calcarenites and deposited at the base of the slope
up to the Danian p.p. (Monte Acuto Limestone). The Paleocene - early Eocene interval records further
failures along the platform margin (Bosellini et al., 1999a; Adams et al., 2002), resulted in the

deposition of mega-breccias and bioclastic turbidites throughout the entire Gargano Promontory.

3.3. Stratigraphic framework

The San Giovanni Rotondo Limestone (SGRL) (sensu Cremonini et al., 1971; Luperto Sinni &
Masse, 1986; Claps et al., 1996) here investigated, represents the inner platform deposits of the Lower
Cretaceous ACP. The SGRL crops out on the eastern and south-eastern Gargano Promontory (Fig.
3.2, 3.3A) and changes eastwards to the margin facies of the Monte degli Angeli Limestone and to

the slope and basin deposits of the Mattinata and Maiolica formations (Bosellini ez al., 1999a).

The SGRL is a 500 - 600 m-thick shallow-water carbonate succession spanning the upper Valanginian
p.p. - Aptian p.p. (Claps et al., 1996) (Fig. 3.3A). A first sedimentological description was given by
Luperto Sinni & Masse (1986), then revised by Claps ef al. (1996) who divided the stratigraphic
succession into three members (Fig. 3.4).

Member 1 (140 m thick, partially equivalent to the Borgo Celano Member of Luperto Sinni & Masse,
1986), late Valanginian — middle Hauterivian p.p. in age, consists of a monotonous and non-cyclic
subtidal succession of metre-thick mudstones and wackestones beds, and scattered decimetre-thick
skeletal or oolitic grainstones to packstones.

Member 2 (~ 310 m thick, partially equivalent to the Loferitic member of Luperto Sinni & Masse,
1986), middle Hauterivian p.p. — upper Barremian p.p. in age, consists of a cyclic succession
characterized by a quasi-periodic alternation of “loferitic” beds with centimetre-thick layers of green
shales and stromatolites, commonly with dinosaur footprints on the bed surfaces (Bosellini &

Morsilli, 2001; Petti et al., 2008).
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Fig. 3.3. A) simplified geological map of the Gargano Promontory (Morsilli et al., 2017) with location of the studied
sections (Borgo Celano and San Giovanni). B) location of the two stratigraphic sections in the Borgo Celano area, sampled
on opposite sides of the hill following the bedding dip of the Chondrodonta bedset. C) location of the stratigraphic section
in the San Giovanni Rotondo area. Orange dotted lines indicate the position of the Chondrodonta bedsets according to

the bedding dip measurements.

Member 3 (~ 100 m thick, partially equivalent to the Requieniid member of Luperto Sinni & Masse,

1986), upper Barremian p.p. — lower Aptian p.p. in age, shows a variety of facies ranging from
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subtidal high-energy thin-bedded calcarenites to domal stromatolites; Chondrodonta (cfr. Graziano,
2013) or “ostreids” (cfr. Di Palma, 1995; Claps et al., 1996; Spalluto et al., 2005) accumulations mark

the base of this member.

Lithostratigraphy after
Spalluto et al. (2005) and
Spalluto & Pieri (2008)

Lithostratigraphy after Lithostratigraphy after
Luperto Sinni & Masse (1986) Claps et al. (1996)

not exposed not exposed not exposed

Sannicandro
Sannicandro Limestone
Limestone

Fig. 3.4. Comparison of the lithostratigraphic frameworks proposed for the inner platform carbonates of the Lower
Cretaceous San Giovanni Rotondo Limestone (Luperto Sinni & Masse, 1986; Claps et al., 1996) and of the Upper Jurassic
— Lower Cretaceous Bari Limestone (Spalluto ez al., 2005; Spalluto & Pieri, 2008). To be noted the difference in
nomenclature and age between lithostratigraphic members given by the groups of authors, due to the low stratigraphic

resolution.

Spalluto et al. (2005) and Spalluto & Pieri (2008) merged the SGRL and the Callovian p.p. —
Valanginian p.p. inner platform Sannicandro Limestone (sensu Luperto Sinni & Masse, 1994;
Morsilli & Bosellini, 1997) into the Bari Limestone (Fig. 3.4), exposed in the Murge area (central
Apulia). The Bari Limestone has been further divided into three stratigraphic members and a fully
Aptian p.p. age has been proposed for the uppermost Chondrodonta and Requieniid member (partially
equivalent to member 3 of Claps et al., 1996).

Although the time-discrepancy in the lithostratigraphic frameworks proposed for the Upper Jurassic
- Lower Cretaceous inner platform limestones of the Gargano Promontory due to a low stratigraphic
resolution (Fig. 3.4), the stratigraphic sections here studied are referred to the uppermost SGRL,
according to Claps ef al. (1996).

In the shallow-water carbonates of the Gargano Promontory, Chondrodonta-bearing beds are reported

in lagoon to tidal flat settings (Luperto Sinni & Masse, 1986; Claps et al., 1996; Graziano et al., 2013;
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Guerzoni, 2016; Posenato ef al., 2018) and in a resedimented, tens of metres-long, slab of margin
(Guerzoni, 2016; Morsilli et al., 2017). This Thesis focuses on the Chondrodonta accumulations of
the south-eastern Gargano Promontory (Checchia Rispoli, 1921), belonging to the upper Barremian
p.p. - lower Aptian SGRL (Di Palma, 1995; Claps et al., 1996; Guerzoni, 2016; Posenato et al., 2018)
and equivalent to the lower Aptian p.p. Bari Limestone (Spalluto et al., 2005; Spalluto & Pieri, 2008;
Graziano et al., 2013).

3.4. Methods

Well-exposed outcrops located along road-cuts (Fig. 3.3B, C) facilitated the identification of textures,
sedimentary structures, and fossil content. The stratigraphic sections measured in the Borgo Celano
area (Fig. 3.3B) have been analysed by several authors in the last decades (Luperto Sinni & Masse,
1986; Claps et al., 1996; Spalluto et al., 2005; Graziano et al., 2013; Guerzoni, 2016; Posenato et al.,
2018); data of the San Giovanni stratigraphic section (Fig. 3.3C) are here presented for the first time.

Thin sections of 176 samples (53 for San Giovanni and 123 for Borgo Celano) were used to integrate
field descriptions and to define lithofacies and biostratigraphic constraints. A total of 7 polished slabs
of Chondrodonta-bearing samples was studied to aid the sedimentological analyses and
interpretations. Spectral gamma-ray measurements were made with a hand-held spectrometer
(Radiation Solutions model RS-125) to measure relative variations in the concentration of organic

matter in the bulk rocks on the lower part of the Borgo Celano outcrop.

The Chondrodonta accumulations are here defined as “bedsets” (Campbell, 1967) as they are
composed of superimposed levels forming a unique set of Chondrodonta beds, about or more than 1
m thick and laterally continuous (see Posenato et al., 2018 for the detailed taphonomic description).
The classification of oligo-, meso- and eutrophic associations is based on the nutrient gradients in
modern low latitude waters reported in milligrams of chlorophyll a per cubic metre of seawater (see
Fig. 2 in Mutti & Hallock, 2003) and estimated for the Lower Cretaceous dominant benthos (see Fig.
10 in Rameil ef al., 2010). Rudist limestones are here considered indicative of oligo- to mesotrophic
conditions and the replacement of rudists by mesotrophic taxa like orbitolinids and Bacinella-
Lithocodium is considered indicative of elevated nutrient levels (Vilas et al., 1995; Rameil et al.,

2010; Huck et al., 2010; Najarro et al., 2011; Nuiiez-Useche et al., 2020).

For the 8!°C and §'30 analyses on the bulk rock, 140 samples (53 for San Giovanni, 32 for Borgo
Celano 1 and 55 for Borgo Celano 2) were collected, coupled with the best-preserved shells (7
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Chondrodonta and 2 rudist shells in San Giovanni, 1 rudist and 6 Chondrodonta shells in Borgo
Celano).

Samples from the San Giovanni and the Borgo Celano 2 sections were analysed at the Museum fiir
Naturkunde of Berlin whereas samples from the Borgo Celano 1 section were analysed at the School

of Earth, Energy and Environmental Sciences of the Stanford University of California, U.S.A.

A total of 12 shell fragments of Chondrodonta (n = 7) and rudists (n = 5) were sampled for Strontium
Isotope Stratigraphy (SIS). Five fragments of Chondrodonta shells from the Chondrodonta bedset
(7.1 = 9.25 m) and two well-preserved fragments of requieniids in rudist floatstones (21 — 21.7 m)
were chosen for the San Giovanni section. At Borgo Celano, two rudist fragments and one of
Chondrodonta shell from the Chondrodonta bedset (15.5 — 16.1 m) and one fragment of rudist and
one of Chondrodonta from a bivalve floatstone (placed 4 m below the Chondrodonta bedset) were
chosen. Ten samples were analysed at the Department of Chemical and Geological Sciences of the
UNIMORE and two samples at the Institute of Geology, Mineralogy and Geophysics of the Ruhr

University of Bochum (Germany).

A total of 19 samples (13 for San Giovanni and 6 for Borgo Celano) was collected for the
measurement of the concentration of major, trace elements and REE by the LA-ICP-MS analysis,

performed at the Max Plank Institute for Chemistry of Mainz (Germany).

For details on the sample preparation and on the analytical procedures used for all the geochemical

analyses, see Chap. 2, par. 2.2.1 —2.2.3; for the complete geochemical dataset, see Appendix 1.

3.5. Results

3.5.1. Lithofacies and lithofacies associations
Based on sedimentologic and petrographic analyses of outcrops and thin sections, eleven lithofacies
were identified (Tab. 3.1, Fig. 3.5). Textures change from mud- to grain-supported to even
bindstones; the benthic fauna is mainly represented by bivalves (requieniids and Chondrodonta),
foraminifers and dasycladales. Micro-encrusters (e.g., Bacinella-Lithocodium) are particularly

concentrated in some stratigraphic intervals.

The eleven lithofacies were grouped into three lithofacies associations (LA) and interpreted in terms
of depositional environment (Tab. 3.1). Lithofacies association 1 (LA1) consists of mud-supported

and bioturbated BW and MD facies episodically interbedded with beds of PP and BF (Fig. 3.5).
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Microbialites form both stromatolitic bindstones (ST) and discontinuous laminar microstructures in

MD, BW and PP.

Fig. 3.5. Photographs of the eleven lithofacies in their peculiar characters recognized in the investigated sections. A)
bioturbated mudstone (MD). B) bioclastic wackestone (BW). C) bivalve floatstone (BF). D) peloidal-bioclastic
wackestone-packstone (PP). E) stromatolite (ST). F) peloidal-foraminiferal packstone-grainstone (PG). G) bivalve
floatstone-rudstone (RF). H) oncoid floatstone-rudstone (OF). I) floatstone-rudstone with common Bacinella-
Lithocodium (LB). J) Bacinella-Lithocodium bindstone (BL). K) Chondrodonta boundstone (CB), bouquet-like shell
aggregates from the upper part of the Chondrodonta bedset in the Borgo Celano area.

Chondrodonta boundstones (CB) also occur. The benthic fauna is composed of scattered bivalves
(e.g., requieniids, Chondrodonta) and of common micro-encrusters like Thaumatoporella and

Cayeuxia.

36



Chondrodonta on the lower Aptian ACP

Lithofacies
Bed . e
features Sedimentary association
Lithofacies Textures and Components and diagenetic | and
. features depositional
thickness .
settings
Chondrodonta and requieniid l]i‘l‘r’rtgif:“"“’
Massive and | fragments (r), dasycladales (1), discon tir’luous
MD - Mudstone; tabular foraminifers (r), small-sized microbial
Bioturbated mudstone- centimetre- | oncoids (1), solitary corals (r), Jaminae
mudstone wackestone | to metre- echinoderm spines (r); eloi dal,—
thick beds Thaumatoporella (c-r), peie
Cayeuxia talli (r); peloids (c-r) grainstone
’ pockets
Foraminifers (a-c),
Salpingoporella sp.(a-c), Peloidal-
Massive and | small-sized oncoids (c-r), grainstone
BW - Bioclastic tabular solitary corals and echinoderm | pockets,
wackestone Wackestone | centimetre- spines (r), bivalve and bioturbation,
to metre- gastropod fragments (r), discontinuous
thick beds ostracods (r); microbial
Thaumatoporella (c); peloids | laminae
(c-1)
Foraminifers (c-r), ostracods Horizontal shell
: Ta}bular and (a-1), dasycladales (r), bivalve | layers
PP - Peloidal- Packstone- thin-layered 6 ’ i ’ 1 ’
bioclastic decimetre- ragmeqts (1), so 1t§ry corals rare
kst wackestone t0 metre- and echinoderm spines (r); discontinuous
packstone . Thaumatoporella (c-1); microbial
thick beds . .
peloids (a) laminae
Requieniids (a),
Massive and Chondrodonta (c), nerineids LA1
Floatstone; tabular (c-r), oncoids (c-1), Breakage of Low-energy
BF - Bivalve mudstone- decimetre- foraminifers (c-r), shells, rare protected
floatstone wackestone t0 metre- Salpingoporella sp. (c-r), micro- lagoon
matrix . solitary corals and echinoderm | encrustations passing to
thick beds . .
spines (1); Thaumatoporella tidal flat
(a-r); peloids (c-r)
Tabular to
domal
decimetre- Ostracods (r), bivalve
ST - to metre- fragments (r), foraminifers (r); | Planar, wavy,
Stromatolite Bindstone thick beds or | Thaumatoporella (c), dome-shaped
centimetre- microbialitic laminae (a); laminae
thick layers | peloids (a-c)
within mud
facies
Tabular and
nodular
decimetre-
Boundstone; | thick beds
mudstone- forming a Chondrodonta (a), requieniids
CB - wackestone | unique (), foraminifers (), Horizontal shell
Ch bedset; dasycladales (r); . .
ondrodonta or layers, microbial
boundstone wackestone- she!ls both Thaumatop or.ella (0), . . crusts
ou horizontally | Cayeuxia talli (c-r), microbial
packstone oriented crusts (c-1); peloids (r)
matrix (e,
toppled) or
in life-
position
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Foraminifers (a-c),
. Salpingoporella sp. (c), small-
PG - Peloidal- Thin-layered | . P d £0P9 ds (c- p- (©)
- Packstone- centimetre- sized oncoids (c-r), Micritization
foraminiferal grainstone: o undetermined bivalve micro- ’
packstone- . ’ . fragments (c-r), echinoderm .
. grainstone decimetre- . - Th Il encrustations
grainstone thick beds spines (r); Thaumatoporella
(c-r); peloids (a), mudclasts
(c), aggregate grains (r)
Requieniids (a-c),
. Chondrodonta (c), nerineids . .
Massive, (c), oncoids (c), foraminifers Bioerosion,
Floatstone- tabular, and ’ dasvelad ’1 bivalve lenses,
RF - Bivalve rudstone; occasionally (a~c), dasycladales (c-), breakage of
floatstone- packstone- lense-shaped undetermined blvalye shells, LA2
. ) fragments (c-r), echinoderm A )
rudstone grainstone centimetre- . . . | micritization, High-energy
spines (c-1), solitary corals (r); .
matrix to metre- Th . micro- open lagoon
. aumatoporella (r), peloids .
thick beds ) encrustations
(a-c), mudclasts (c-r), ooid
fragments (1)
Oncoids (a), nerineids (a-c),
foraminifers (a-c),
Floatstone- Massive and dazycladqles d(?b_'r)’l
OF - Oncoid rudstone; tabular undetermined biva ve Micritization
. fragments (c-r), solitary corals . ’
floatstone- packstone- decimetre- . . micro-
. (1), echinoderm spines (r); .
rudstone grainstone to metre- h I encrustations
- thick beds aumatoporella (c-r),
matrix Cayeuxia talli (r); peloids (a-
¢), ooids (r), mudclasts (1),
aggregate grains (r)
Requieniids (a-c), oncoids (a-
¢), nerineids (c-r),
LB - Floatstone- Chondrodonta (c-r), solitary
Floatstone- rudstone; corals (c-r), echinoderm spines
rudstone with | packstone- | Lapular (r); foraminifers (c), Micro-
common rainstone or decimetre- dasycladales (c-r); encrustations
. & thick beds Thaumatoporella (1), LA3
Bflcmella.- Wack.estone Bacinella-Lithocodium (c), Moderate-
Lithocodium matrix Cayeuxia talli (r); peloids (a), energy
mudclasts (c-r), aggregate lagoon under
grains (r) stressed
Bacinella-Lithocodium (a); conditions
. Centimetre- | undetermined bivalve Laminar to
BL - Bacinella- to fragments (c-r), foraminifers atchy cloud
Lithocodium Bindstone decimetre- (r), echinoderm spines (r), IP;I icro}j uay
bindstone thick solitary corals (r), small-sized encrustations
nodular beds | oncoids (r); Thaumatoporella
(r); peloids (c-1)

Tab. 3.1. Summary of the main sedimentological characters of the lithofacies associations and of the 11 lithofacies
recognized in the studied sections. Components considered are, in order, skeletals, micro-encrusters and non-skeletal
grains. Their relative abundance is expressed as: a, abundant, ¢, common, r, rare. Laminar and patchy cloudy shapes of

Bacinella-Lithocodium bindstones are from Huck ez al. (2010).

This mud-dominated lithofacies association is interpreted to have been deposited in low-energy
protected subtidal settings with a mostly restricted marine circulation, as indicated by the poorly

differentiated biotic assemblages. Inter-supratidal facies and sedimentary structures (i.e., lithofacies
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ST, fenestrae, and exposure surfaces) indicate occasional shifts to tidal-flat settings. Subtidal cycles,
with occasional exposure surfaces at the top, prevail whereas peritidal cycles, capped by stromatolites
plus subaerial exposures, are less common. Apart from the singular occurrence of CB, all lithofacies
of LAI are typical of the inner platform settings documented in many adjacent Tethyan carbonate
platforms (e.g., Husinec & Read, 2011, 2018; Di Lucia et al., 2012; Amodio & Weissert, 2017 among
others).

Lithofacies association 2 (LLA2) consists of grain-supported facies (PG, RF, OF) with high skeletal
content and diversity (Fig. 3.5). The benthic fauna is composed of common to abundant bivalves
(requieniids, Chondrodonta), nerineid gastropods, foraminifers and dasycladales. Based on textures
and skeletal components as well as on the absence of exposure surfaces or inter-supratidal
sedimentary structures (common in LA1), LA2 can be interpreted as deposited in a typical subtidal
environment or open lagoon. The latter is characterized by a more open circulation with bivalve
accumulations (RF) and high-energy events (PG, OF). A similar interpretation of this type of

lithofacies association has been given for other inner platform settings (e.g., Husinec & Read, 2018).

Lithofacies association 3 (LLA3) is based on the occurrence of Bacinella-Lithocodium both as
bindstones (BL) and as micro-encrustations in floatstone-rudstones (LB) (Fig. 3.5). These micro-
encrusters are concentrated in specific intervals of the stratigraphic succession, in which they
predominate over other biota. BL and LB facies alternate with LA2 grain-supported lagoon facies
and, less commonly, with mud-supported beds of LA1l. Bacinella-Lithocodium facies have been
considered as indicative of environmental stress on the platform top (e.g., Immenhauser et al., 2005).
LA3 can be therefore interpreted as deposited in moderate-energy lagoon settings under

environmentally stressed conditions.

3.5.2. Stratigraphy and geochemistry
3.5.2.1. The San Giovanni section
The San Giovanni stratigraphic section (Fig. 3.3C, 3.6) is 23.8 m thick and records low-skeletal, mud-
supported facies gradually passing to grain-supported rudist beds with Bacinella-Lithocodium micro-

encrustations.

The lower part (0 — 15.9 m, SGRL, uppermost member 2 to lowermost member 3) is mostly composed
of LAl metre-thick massive mudstones (MD), miliolid-algal wackestones (BW) and peloidal

packstones - locally wackestones (PP).
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Thin sections analysis
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is highlighted in orange; see par. 3.5.1 and Tab. 3.1 for the description of lithofacies and lithofacies associations.
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Microbial activity generates both decimetre-thick tabular and domal stromatolites (ST) and
discontinuous peloidal — microbial laminae in MD, BW and PP. All these beds are abundantly
bioturbated and show common ephemeral emersion-related features like breccias, vugs and fenestrae.
Less common LA2 thin-bedded peloidal packstone-grainstones (PG) and oncoid floatstone-rudstones
(OF) are intercalated and gradually increase upwards in thickness and frequency. Chondrodonta and
nerineids, oncoids, miliolids and micro-encrusters (e.g., Cayeuxia, Thaumatoporella) are common;
ostracods are locally abundant and horizontally oriented in thin layers (4 — 5.4 m).

The Chondrodonta bedset (base of member 3, CB and locally BF) occurs between 7.1 — 9.25 m, on
top of a tabular stromatolite and is overlain by BW, PP and OF beds rich in oncoids and
Thaumatoporella (10 — 13.5 m). The occurrence of Salpingoporella muehlbergii is only at the base
of the section and the association of Cuneolina sp., Debarina sp., Praechrysalidina infracretacea,
Pseudolituonella sp. and Salpingoporella sp. occurs above the Chondrodonta bedset (~ 10 m from
the base).

The upper part of the section (15.9 — 23.8 m, SGRL, member 3) lacks stromatolites and is mainly
composed of LA2 and LA3 facies. The base is made of a metre-thick peloidal-packstone (PP) overlain
by thin-bedded peloidal-foraminiferal packstone-grainstones (PG) interbedded with centimetre-thick
requieniid beds (RF) and metre-thick oncoid floatstone-rudstones (OF).

Requieniids increase upwards in size and abundance and are locally arranged in lenticular
accumulations. Chondrodonta occurs as common bioclast together with nerineids, dasycladales
(Salpingoporella sp.) and foraminifers (miliolids, P. infracretacea, Cuneolina sp.); orbitolinids are
scattered within requieniid facies (17.5 — 21 m from the base). Bacinella-Lithocodium micro-
encrustations (LB) occur commonly across the upper part of the section; a Bacinella-bindstone (BL)
occurs between 18.5 — 19.3 m in association with requieniid fragments and orbitolinids. The first

occurrence of Salpingoporella dinarica is at 18.5 m above the base of the section.

The §'°C curve in the San Giovanni section (Fig. 3.6) records an overall upward decreasing trend
from +0.1%o to -1.1%0 and a range of values between +0.7%o and —4.8%o, with a mean of -1.3%o.
Above the Chondrodonta bedset, a sharp negative shift from -0.6%o to -2.4%o (9.8 — 10.1 m) marks
the onset of a negative plateau that extends up to 15.9 m and contains the most negative values of the
entire 3!°C curve. The overall decreasing trend in §'80 is less marked and does not show abrupt

positive or negative shifts; §'*0 values decrease from -2.7%o to -4.6%o, with an average of -3.9%o.
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3.5.2.1.1.  Major, trace elements and REE

The concentration of Al in the San Giovanni section ranges between 50 and 1000 ppm for most of
the stratigraphic section (Fig. 3.7). An only sharp positive peak, of ~ 3200 ppm, is recorded right
above the top of the Chondrodonta bedset (at 10 m), in correspondence of an oncoid-floatstone with

ephemeral emersion-related features.

The measured P/Al ratio averages around 0.06 with weak increases up to 0.1 within the Chondrodonta
bedset and a marked decrease in its uppermost part. The Ti/Al ratio oscillates between 0.03 and 0.06
throughout the section and shows a minimum of ~ 0.035 within the Chondrodonta bedset (at 8.7 m).
The highest values, between 0.05 and 0.06, are instead reached close to the major peak in Al (10.1 -
10.5 m).
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Fig. 3.7. Palacoproductivity (P/Al), detrital input (Ti/Al and Al) proxies, Redox-Sensitive Trace Elements, Ce anomaly
(expressed as Ce/Ce* ratio) and Y/Ho ratio measured for the San Giovanni section. P, Ti, and RSTE concentrations are
reported as ratios on the concentration of Al in the bulk rock and plotted against the lithostratigraphic column and the
813C and 8'%0 curves. For the description of lithofacies and lithofacies associations, see par. 3.5.1 and Tab. 3.1. The

concentration of Al is reported in ppm.

The Redox-Sensitive Trace Elements (RSTE)/Al ratios are generally low (Fig. 3.7). Within the
Chondrodonta bedset, both the V/Al and the Mo/Al ratios show short fluctuations, between 0.01 and
0.02 and between 0.001 and 0.002, respectively. The As/Al and the U/Al ratios show sharper positive
peaks, up to 0.003 and up to 0.01, respectively. At the top of the bedset (from 9.4 m), all the RSTE/Al

ratios abruptly decrease.
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A negative Ce anomaly is recorded for the entire section. The highest values of the Ce/Ce* ratio occur
above the Chondrodonta bedset (from 9.4 m) with peaks of 0.85 to 0.9 whereas, within the bedset,
values range around 0.65. The Y/Ho ratio ranges between 35 and 60, with the highest values reached

within the bedset and the lowermost ones reached immediately above it, from 10.1 m.

3.5.2.2. The Borgo Celano 1 section
The Borgo Celano 1 stratigraphic section (Fig. 3.3B, 3.8A) is 25.3 m thick (SGRL, members 2 and

3) and consists of lime mud-rich beds interbedded with grain-supported and bioclastic deposits.
Bacinella-Lithocodium micro-encrustations occur in the uppermost part of the section.

Most of the section consists of alternating LA1 and LA2 facies associations with rare LA3. The
lowermost 13.5 m are characterized by metre- and decimetre-thick for-algal-Thaumatoporella
wackestones (BW), bioturbated mudstones (MD) and molluskan floatstones with common
Chondrodonta, requieniids and nerineids (BF).

These lithofacies are intercalated with decimetre-thick, thin-bedded peloidal-foraminiferal
packstones and grainstones (PP, PG) and bioclastic-oncoid rudstones and floatstones (OF, RF). The
abundance of skeletal material is moderate, especially for foraminifers and dasycladales; ostracods

are locally common and micro-encrusters, except for scattered Thaumatoporella, are rare.

Upwards (13.5 — 22.5 m), the bioclastic content, especially requieniids, decreases gradually.
Microbial activity generates discontinuous microbial-peloidal laminae in MD and BW and decimetre-
thick domal and tabular stromatolites (ST), interlayered with mudstones and grain-supported facies.
Ephemeral emersion-related features like vugs and fenestrae are common. The Chondrodonta bedset
(15.5 — 16.1 m, SGRL, base of member 3, CB and locally BF) overlies a tabular stromatolite and is
followed by ~ 3 m of limestones depleted in mollusks, foraminifers and dasycladales and relatively
enriched in Thaumatoporella and other micro-encrusters (e.g., Cayeuxia thalli). The last occurrence
of S. muehlbergii is recorded 11 m above the base of the section. Cuneolina sp., P. infracretacea,
Nezzazzatids, Debarina sp. and Pseudolituonella sp. gradually appear upwards; Mayncina sp.,
Salpingoporella heraldica and Actinoporella podolica occur around the Chondrodonta bedset.

The uppermost part of the section (22.5 — 25.3 m) consists of LA2 and LA3 facies associations and
starts with a massive peloidal packstone-grainstone (PG) rich in foraminifers (miliolids, Cuneolina
sp., P. infracretacea) and dasycladales (Salpingoporella sp.). It is followed by oncoid floatstone-
rudstone beds (OF) and bivalve (requieniids, Chondrodonta) floatstones with scattered orbitolinids

and common Bacinella-Lithocodium micro-encrustations (LB).
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Fig. 3.8A.

Borgo Celano 1
stratigraphic log
(base:

41°40°31.38”°N,
15°39°58.40°E; top:
41°40°27.35”°N,
15°40°01.85”’E)
including
biostratigraphy.
Rock-components of
thin  sections are
analysed semi-
quantitatively and
their abundance is
expressed relative to
the rock texture. The
Chondrodonta bedset
is  highlighted in
orange; see par. 3.5.1

and Tab. 3.1 for the

description of
lithofacies and
lithofacies

associations and Fig.
3.6 for the complete
legend.

The 8'3C curve in the Borgo Celano 1 section (Fig. 3.8B) records an overall slightly upward

increasing trend from -2.1%o at the base to -0.9%o at the top, with a mean of -0.9%o. In the lower part

of the section, the positive trend is punctuated at 11 m by a negative shift from +0.1%o (the highest

value of the §'*C curve) to about -3.0%o. This shift marks the base of a negative plateau occurring up
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to 18 m, with values averaging around -0.9%o. The 8'%0 curve exhibits a similar, slightly increasing
trend from -4.6%o at the base to -3.8%o at the top, with an average of -3.7%o0 and no sharp positive or

negative shifts.
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The total gamma ray intensity is generally below 20.0 API units in the first 13 m of the Borgo Celano
1 section (Fig. 3.8B). It shows an overall increase upsection, with peaks up to 40.0 (8§ — 11.5 m) and
50.0 API units (at 19.8 m). The concentration of uranium is lower than 2 ppm in the first 13 m and

increases upwards with peaks of more than 5 ppm (at 18.4 and 20 m, respectively). Above 20 m,
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signals of both total gamma ray and uranium decrease. The concentration of thorium ranges around
2 ppm throughout the section, with peaks of 4 ppm between 8 — 11.5 m. Values decrease to 1 ppm
only in the upper part (17 - 20 m from the base). The concentration of potassium varies between 0

and 0.4% throughout the section and shows sharp concentration peaks at 10, 17 and 20 m from the

base.
.
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Fig. 3.9. Palacoproductivity (P/Al), detrital input (Ti/Al and Al) proxies, Redox-Sensitive Trace Elements, Ce anomaly
(expressed as Ce/Ce* ratio) and Y/Ho ratio measured for the Borgo Celano 1 section. P, Ti, and RSTE concentrations are
reported as ratios on the concentration of Al in the bulk rock and plotted against the lithostratigraphic column and the
8'3C and 8'30 curves. For the description of lithofacies and lithofacies associations, see par. 3.5.1 and Tab. 3.1. The

concentration of Al is reported in ppm.

In the measured tract (11.7 — 17.2 m from the base) of the Borgo Celano 1 section (Fig. 3.9), the
concentration of Al starts increasing within the Chondrodonta bedset (15.4 — 16.1 m) from ~ 160 to
500 ppm and reaches a peak of 1100 ppm at ~ 17 m.

The measured P/Al ratio oscillates between 0.02 and 0.14 and decreases within the uppermost part of
the Chondrodonta bedset, from 0.1 to ~ 0.03. The Ti/Al ratio oscillates between 0.03 and 0.055, and
averages around 0.04 within the Chondrodonta bedset.

The Redox-Sensitive Trace Elements (RSTE)/Al ratios have generally low values (Fig. 3.9). Both
V/Al and U/Al ratios show the highest value (of 0.03 and of 0.009, respectively) at 12.5 m, in
correspondence of the lowermost value of Mo/Al. Both Mo/Al and As/Al ratios show the highest
value, of ~ 0.004, at the base of the Chondrodonta bedset (15.4 m).
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A negative Ce anomaly is recorded for the entire Borgo Celano 1 section (Fig. 3.9). The Ce/Ce* ratio
ranges between ~ 0.65 and 0.90 in an overall increasing trend. The Y/Ho ratio ranges between 35 and

55, with the lowermost values reached within the Chondrodonta bedset.

3.5.2.3. The Borgo Celano 2 section
The Borgo Celano 2 stratigraphic section (Fig. 3.3B, 3.10A, B) is 56.8 m thick (SGRL, member 2

and 3) and shows lime mud-rich facies alternating with grain-supported and bioclastic beds.
Bacinella- Lithocodium micro-encrustations are common in the lower-middle part of the section and

stromatolites predominate in the upper part.

The lowermost 7.6 m are composed of alternating LA1 and LA2 facies successions, with a generally
low skeletal abundance. This lower part of the section is marked at the base and at the top by tabular
stromatolites (ST) and contains bioturbated mudstones (MD) and Thaumatoporella-wackestones and
packstones (BW and PP). These are interbedded with massive decimetre-thick peloidal-foraminiferal
packstone-grainstones (PG) and molluskan-oncoid floatstone-rudstones (OF, RF) with requieniids
and nerineids. The Chondrodonta bedset (1.7 — 2 m, base of member 3, CB) occurs within both mud-

and grain-supported facies.

In the middle part of the section (7.6 — 31.1 m), stromatolites are absent and the skeletal abundance
generally increases. This part consists mostly of interbedded LA2 and LA3 skeletal-rich facies,
arranged in massive decimetre- to metre-thick requieniid-oncoid floatstone-rudstones, in both
granular and muddy matrices (RF, OF and BF). Requieniids increase upwards in size and abundance.
These skeletal-rich facies are interbedded with thin-bedded peloidal-foraminiferal packstones and
grainstones (PG, PP) and, commonly, with lithofacies LB. Bacinella-Lithocodium micro-
encrustations form bindstones (BL) between 9.5 and 14.3 m. Common constituents of this middle
part include requieniids, small benthic foraminifers (miliolids, P. infracretacea, Cuneolina sp.,
Debarina sp.) and dasycladales (Salpingoporella sp.). Thaumatoporella is locally abundant and
orbitolinids occur within rudist and Bacinella-Lithocodium facies. Bacinella-Lithocodium micro-
encrustations (LB) eventually disappear in favour of muddy strata (MD, BW) and, upsection, of grain-

supported strata (OF, RF).

The upper part of the section (31.1 — 56.8 m) records the complete disappearance of the LA3 facies
association and of rudist limestones. It is composed of LA1 facies with interbedded thin LA2 intervals

and is characterized by predominant stromatolites (ST) (Fig. 3.10B). These occur either as centimetre-
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thick wavy laminae within MD, as tabular decimetre-thick beds alternating with PP, PG, OF and BW,

or as tabular and dome-shaped decimetre- to metre-thick beds (between 46.1 — 56.8 m).

The abundance of macro-fossils, especially requieniids, is generally low in the upper part of the
section; exceptions are noted for S. dinarica, which reaches its highest concentration between 38.7 —
38.9 m, and for an orbitolinid-rich wackestone (Mesorbitolina lotzei, Praeorbitolina cormyi) at 50 —

51.5m.
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The §'3C values in the Borgo Celano 2 section (Fig. 3.10A, B) increase up-section from -1.9%o at the
base to -0.7%o at top, with an average of -0.2%o. The lower part (0 — 7.6 m) contains a negative peak
of -2.2%o (7 m). Values slightly increase in the middle part (7.6 — 31.1 m) and a short negative shift,
from +0.3%o to -0.1%o, occurs around the Bacinella-rich level (12 — 15.8 m). In the upper part of the
section (31.1 — 56.8 m) two negative peaks, of -1.7%o and of -1.9%., occur respectively at 33.4 m and
at 44.6 m, in correspondence of beds with ephemeral-emersion related features. The most positive
peak of the stratigraphic section, of +2.8%o, occurs at 46.35 m (Fig. 3.10B). The §'*0 curve also

increases up-section, rising from -4.0%o at the base to -3.5%o at the top.
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3.5.3. Chondrodonta bedsets

The Chondrodonta bedsets occur in the lower-middle part of the studied sections (see Fig. 3.6, 3.8A,
3.10A), interbedded with carbonate mud-rich facies and stromatolites. The bivalves belong to the
species C. glabra Stanton (Posenato et al., 2018), form para- to autochthonous accumulations and
occur in an almost monospecific association with subordinated requieniids. C. glabra shells, 8 - 12
cm long on average, are mostly articulated, present a generally low degree of breakage, and show a
variable orientation and distribution throughout the bedsets. The outer calcite shell layer is preserved

whereas the inner aragonitic one is dissolved (see Posenato et al., 2018).

The Chondrodonta bedset in the Borgo Celano 1 section (Fig. 3.11A, B), about 60 cm thick and
deposited on top of a 40 cm-thick tabular stromatolite, is composed of nodular floatstone-rudstone
beds in which chaotically oriented shells and small bouquet-like aggregates (see Fig. 3.5K) are
scattered between dense sheets of sub-horizontal individuals. The upper surface of the bedset shows
three sub-circular knobs (Posenato ef al., 2018), about 20 — 30 cm high and 1.5 — 3 m in diameter and
characterized by vertical oriented valves often arranged in bouquet-like aggregates (Fig. 3.11A, D).
In the flat surfaces among the reliefs, horizontal valves locally micro-bioturbated are frequent (Fig.
3.11C). In the Borgo Celano 2 section, a few hundred metres eastwards, the same Chondrodonta

bedset is half the thickness and directly overlies subtidal oncoid beds.

Shells occur within a Chondrodonta fragments-packstone (Fig. 3.11E) (micro-facies CP in Posenato
et al., 2018) or in a peloidal-bioclastic wackestone-packstone matrix (Fig. 3.11F) (micro-facies PWP
in Posenato et al., 2018). The Chondrodonta fragments-packstone is characterized by large
Chondrodonta shells often encrusted by microbial crusts, up to 2 mm-thick, and nubeculariid layers
(see Fig. 9D in Posenato et al., 2018). The peloidal-bioclastic wackestone-packstone is dominated by
very fine peloids with a locally faint lamination detected by peloidal accumulations in millimetre-
thick laminae. Beside Chondrodonta, small benthic foraminifers, dasycladales and Thaumatoporella

are secondary micro-components.

In the San Giovanni section, the Chondrodonta bedset is 170 cm thick (Fig. 3.12A, B), deposited on
top of a 60 cm-thick tabular stromatolite. It is composed of a lower sub-set, about 60 - 70 cm thick
and arranged in decimetre-thick tabular beds, and of an upper sub-set of nodular and undulated beds,
100 - 120 cm-thick on average. In the tabular sub-set, Chondrodonta is absent to locally common,
scattered in small patches with shells mostly sub-horizontal or, less commonly, in upright position.
In the nodular subset, shells increase considerably in abundance and are arranged in floatstone-

rudstones of sub-horizontal shells packed in dense sheets (Fig. 3.12C), interbedded to floatstone
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patches (i.e., parautochthonous accumulations) with chaotically oriented individuals beside bouquet-
like aggregates; the abundance of both individuals in up-right position and bouquets increases towards

the top of the bedset (Fig. 3.12D).

Chondrodonta |
bedset

Fig. 3.11. Field photographs of the Chondrodonta bedset of the Borgo Celano 1 section. A) roadcut of the bedset; arrows
point to the three knobby reliefs recognized in Posenato et al. (2018). B) same roadcut on which the bedset and the
underlying stromatolites have been highlighted. C) abundant and frequently sub-horizontal shells on the upper surface of
the bedset. D) shells in up-right position and arranged in bouquet-like aggregates within the knobby reliefs. E-F) thin
sections from the Chondrodonta bedset, showing E) sub-horizontal shells bearing in a Chondrodonta fragments-

packstone matrix and F) sub-vertical shells bearing in a wackestone-packstone matrix.
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nodular
sub-set

tabulari==---=-"
__-:sub-set

Fig. 3.12. Field photographs of the Chondrodonta bedset of the San Giovanni section. A) roadcut of the bedset. B) same
roadcut on which the bedset and the underlying stromatolites have been highlighted; the bedset has been divided into a
lower tabular sub-set and an upper nodular subset. C) close-up of the densely packed sub-horizontal shells in the lower
nodular sub-set; arrows point to scattered individuals with a sub-vertical orientation. D) close-up of the upper nodular
sub-set, in which shells are frequently in up-right position (some of these pointed by arrows) and in small-bouquet-like
aggregates. E-F) thin sections from the Chondrodonta bedset, showing E) sub-horizontal shells bearing in bioclastic

wackestone matrix and F) sub-vertical shells bearing in a Chondrodonta fragments-wackestone matrix.

The bedset in San Giovanni forms a monospecific association in which requieniids occur only rarely.
Chondrodonta shells occur either within a peloidal-bioclastic wackestone-packstone (Fig. 3.12E) or
in a Chondrodonta fragments- and bioclastic-wackestone matrix (Fig. 3.12F), passing to a mudstone
in the upper part. Small benthic foraminifers, dasycladales and Thaumatoporella are subordinated

micro-components; Cayeuxia is common in the uppermost part of the bedset.
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3.6. Interpretation and discussion

3.6.1. Reliability of the geochemical results

In the studied sections, scatterplots of §'3C and §'®0 show no significant correlation for individual
lithofacies nor for lithofacies associations (Fig. 3.13A, B), suggesting that variations in '>C are not
the result of facies changes. In the analysed samples, most of the isotope bulk values is coherent with
the rudist and Chondrodonta shells isotope values (see also §'°C and §'*0 curves in Fig. 3.6 and
3.8B).

The analysed samples partly overlap the Aptian isotopic field of the Apennine Platform shallow-
water carbonates (Di Lucia et al., 2012; Schmitt et al., 2020) and plot within the lower range of
Barremian - Aptian seawater (“low-latitude’) biotic calcite field of Prokoph et al. (2008) (Fig. 3.13C).
With respect to the field of the Aptian Apennine Platform carbonates, an important tail of more
depleted §'°C and §'®0 values is observed. The moderate inverted “J” stable isotope pattern (more
visible for the San Giovanni section; see Fig. 3.13A, C) indicates an impact of meteoric diagenesis
(Allan & Matthews, 1982; Lohmann, 1988), mainly affecting LA1 and LA2 facies. In the presented
dataset, LAl and, subordinately, LA2 facies, contain frequent exposure-related features like spar-
filled fenestrae, micro-vugs and thin intraformational brecciated levels (Fig. 3.13A, C). Despite this
evidence of meteoric alteration, not all samples located below emersion surfaces have negative §'3C
values as well as not all samples with negative 6'°C values are associated with exposure surfaces.
These findings confirm the complexity of the stable isotopes’ behavior in shallow-water carbonates
associated to exposures (e.g., Immenhauser ef al., 2003; Theiling et al., 2007; Christ ef al., 2012) and
suggest that some negative excursions may be related to changes in the primary marine carbon isotope

signal.

Considering the potential for diagenetic effects, a conservative approach was chosen to use the §'3C
profiles for stratigraphic correlations (e.g., Huck et al., 2017). All samples with evidence of
exposure/dissolution features at the outcrop or at the microscope scale were discarded and a
smoothing procedure was run to highlight low-order trends and excursions in 8'*C (see Fig. 3.6, 3.8B,
3.10A, B). The general trend of 8'*C values is more likely to record the long-term global variations
of the open ocean than higher-order fluctuations; the latter are more likely to result from variations
in local environmental conditions on the shallow platform (Colombie et al., 2011).

The overall isotope trends and excursions, which extend across multi-metre-thick intervals in both
San Giovanni and Borgo Celano, can be traced and correlated across the two sections (e.g., the

positive 8'3C peak at the top of the Chondrodonta bedsets, which precedes a decreasing trend of the
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curve). This evidence suggests that isotopic patterns in the smoothed data are, therefore, significant

and reflect a control overriding the local-scale diagenetic processes.
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In the presented dataset, all shell samples have Fe and Mn concentrations below the conventional

threshold indicative of diagenetic resetting, and they show no covariance with Sr concentrations (Tab.

3.2). The Sr content is higher in rudist shells (558 ppm to 1109 ppm) than in Chondrodonta shells

(57 to 708 ppm), as also observed by Schmitt et al. (2020) in samples from the Apennine Platform.

No correlation between decreasing Sr content and increasing/decreasing ®’Sr/*¢Sr in rudists and

Chondrodonta shells (Fig. 3.13D) as well as no covariance of Sr concentration with §'3C or §'%0
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values, were observed. Only one sample from the Chondrodonta bedset of San Giovanni, despite its
high Sr concentration, yields an ¥Sr/*Sr value higher than the isotope composition of the sample
matrix (sample DPG11-A; see Tab. 3.2). On the other hand, a few samples with low Sr concentration
also have low ’Sr/%¢Sr values (Tab. 3.2). This evidence indicates that strict thresholds in Fe, Mn and
Sr concentrations are not perfect screening mechanisms for identifying samples with primary isotope
ratios.

Internal consistency of Sr isotopic values among different components within the same bed or nearby
beds is, instead, considered as a strong evidence for preservation of the original signal (McArthur et
al., 2004, 2012). Therefore, samples with elemental concentrations below the published elemental
threshold values (e.g., Sr> 500 ppm for Chondrodonta and Sr > 700 ppm for rudists) were considered
for SIS only when their Sr-isotope values were within the analytical error (8*%107 in average), with
respect to other shells from the same bed or from the nearby beds. Only one sample (SG14-D; see
Tab. 3.2), despite its internal consistency of the Sr isotopic value, was discarded for the SIS due to a

lower Sr concentration with respect to the one measured in the matrix.

To reveal the possible influence of terrigenous input on the REE signal, several lines of evidence
have been used (Nothdurft et al., 2004; Liu et al., 2019; see Chap. 2, par. 2.2.3.2 for details). Both
stratigraphic sections show a negative Ce anomaly, in a range of 0.64 — 0.9 at San Giovanni (averaging
0.75) and of 0.72 — 0.93 at Borgo Celano 1 (averaging 0.83) (see Fig. 3.7 and 3.9). The concentration
of Al averages 669 ppm at San Giovanni and 437 ppm at Borgo Celano 1 whereas the concentration
of Sc averages 0.17 ppm at San Giovanni and 0.12 ppm at Borgo Celano 1 (see Appendix I). In both
cases, values are clearly lower with respect to the upper concentration limits (3500 ppm of Al and 2

ppm of Sc) which may exert a terrigenous influence on the Ce anomaly (Ling et al., 2013).

The Y/Ho ratio, used as tracer to assess whether carbonate particles reflect a primary marine signature
or siliciclastic components (e.g., Nothdurft et al., 2004; Frimmel, 2009; Liu et al., 2019) averages 46
at San Giovanni and 46.7 at Borgo Celano 1, indicating marine carbonates likely free of
contamination from terrigenous material (Bau, 1991, 1996; Nozaki et al., 1997; Liu et al., 2019).
However, the uppermost four samples at San Giovanni (DPG12A, 13, 14A and 19; see Fig. 3.7) in
correspondence of the highest concentration of Aluminum (between 1000 and 3200 ppm) show the
lowest Y/Ho ratio, between 31 and 40, indicative of a possible siliciclastic contamination (Chen e?
al.,2015). At Borgo Celano 1, the lowest Y/Ho ratios, between 39 and 41 (SG14 and 18; see Fig. 3.9)

correspond to an increased concentration of Al (between 450 and 1150 ppm).
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+2
. BSr/Sr | +2s.e. | FSr/Sr s.e. M Sr Fe Mn ) Age (Ma
Location | Sample Component measured | (*10%) | corrected | mean (}lgl/g Wge | (e | Qoo Min prbe fe(ll’\re()i Max
(*10%)
DPG11-A Chondrodonta | 0.707538 19 0.707541 1847 708 919 493
DPGI10B-E | Chondrodonta | 0.707453 9 0.707456 1266 130 46.5 436
g DPG10B-C | Chondrodonra | 0.707425 ) 0.707428 1670 423 100 277
= DPGI10B-F | Chondrodonta | 0.707415 6 0.707418 1362 181 385 2.87
% - DPGI11D-B | Chondrodonta | 0.707396 7 0.707399 1705 283 40 176
E § mean 0.707415 21 1252 125.87 126.35
San U 5 | DPG11-m matrix 1351 66 179 5
Giovanni
DPG38-A requieniid 0.707415 3 0.707395 1075 1109 35 i
DPG37-A requiennd 0.707426 18 0.707429 1021 963 2908 12
mean 0.707412 34 124 55 125.75 126.65
DPG37-m matrix 1136 61 128 4
BCG3-1 requiennd 0.707404 5 0.707410 1718 720 37 346
€4 5G14-D Chondrodonta | 0707412 6 0.707415 1713 57 42 115
E s mean 0.707410 34 12448 125.65 126.60
S BCG-m matrix 1949 96 185 10
Borgo
Rakmey SGEB-A | requienid 0707415 | 4 | 0.707418 979 | 558 | 742 | 563
S5G6B-B requieniid 0.707419 6 0.707422 na na na na
SG6A Chondrodonta | 0.707414 ] 0.707417 2589 463 348 3.54
mean 0.707419 3 1259 12598 126.08
SG6-m matrix 1543 73 136 9

Tab. 3.2. Elemental concentrations and Sr-isotope ratios of the studied rudist and Chondrodonta samples collected from
the San Giovanni and the Borgo Celano 1 sections. Sr-isotopes values have been corrected for interlaboratory bias (see
text for further details). Preferred numerical ages have been derived from the look-up table of McArthur et al. (2001,
version 5: 04/2013), which is calibrated to the Geological Time Scale of McArthur ez al. (2012) and Ogg & Hinnov
(2012). See text for details on the precision estimation and on the calculation of minimum and maximum ages. In italics,
samples discharged from the Strontium Isotope Stratigraphy (SIS); in bold, the mean value of the Sr isotope ratio for each
sample set and the preferred numerical age derived from it. Minimum and maximum ages were obtained by combining
the statistical uncertainty (2 s. e.) of the mean values of the Sr-isotope ratios with the uncertainty of the seawater curve

(see Frijia et al., 2015 for details on the procedure).

This finding is partly confirmed by the overall PAAS-normalized REE patterns (Fig. 3.14A). The
concentration of REE in the San Giovanni and Borgo Celano 1 samples, normalized to the Post-
Archean Australian Shale (PAAS) standard values given in Taylor & McLennan (1985), has been
plotted against the South Pacific deep-water curve of Zhang & Nozaki (1996) which displays the
typical seawater REE signal, and against the North American Shale Composite of Gromet et al.
(1984). At San Giovanni, a slight enrichment in HREE (i.e., Heavy REE) with respect to LREE (i.e.,
Light REE) occurs in most samples (Fig. 3.14A). Although the difference in concentration between
LREE and HREE is not clearly marked as in the South Pacific deep-water curve, similar overall REE
patterns have been formerly interpreted as indicative of a marine signal of REE (see, for instance,
Fig. 7 in Hueter et al., 2019 and Fig. 6A in Ozyurt et al., 2020). However, the uppermost four samples
(DPG12A, 13, 14A and 19) show the typical “bell-shaped” pattern, characterized by an MREE (i.e.,
Mid REE) enrichment and declining LREE and HREE, and interpreted as an indicator for
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contamination and/or riverine influence (see Della Porta ef al., 2015; Hueter et al., 2020). The latter
samples also correspond to the lowest Y/Ho ratio measured for the San Giovanni section as well as
to a LREE/HREE ratio above 1 (see Menendez ef al., 2018 and references therein), further supporting

a siliciclastic influence limited to the stratigraphic interval between 9.3 — 13.2 m (see Fig. 3.7).

The overall PAAS-normalized REE patterns for the Borgo Celano 1 section display a signature closer
to the North American Shale Composite with respect to the San Giovanni samples (Fig. 3.14A). REE
patterns are almost flat (exception given for sample SG14) and the enrichment in HREE with respect
to LREE is neglectable. The typical “bell-shaped” pattern is clearly visible in the uppermost sample
(SG18), which also records a low Y/Ho ratio and the highest LREE/HREE ratio (close to 1). These
findings suggest a higher siliciclastic input in the uppermost part of Borgo Celano 1 (between 16 and
17 m) as well as an overall more pronounced terrestrial contamination with respect to the San

Giovanni section.

All samples, from both San Giovanni and Borgo Celano 1, were further screened for diagenetic
alteration, which may exert an influence on both the REE patterns and the Ce anomaly (Nothdurft ez
al., 2004; Frimmel, 2009; Liu et al., 2019). Positive correlations between the Ce anomaly and XREE
(i.e., summation of REE + Y abundances), between the Eu anomaly and XREE as well as between
Ce/Ce* and Eu/Eu* have been formerly used to assess the potential diagenetic effect on the REE
signature in limestones (Shields & Stille, 2001; Shields & Webb, 2004; Liu ef al., 2019). In the San
Giovanni samples, very low or absent positive correlation between the abovementioned parameters
is observed (Fig. 3.14B, C, D), suggesting an irrelevant influence of post-depositional alteration on
the measured Ce/Ce* and on the general REE signal. In contrast, weak to moderate positive
correlations in the same parameters occur in the Borgo Celano 1 samples (Fig. 3.14B, C, D),

indicating the possible influence of post-depositional alteration.

Furthermore, the relationship between Ce/Ce* and Pr/Pr* has been used to characterize redox
conditions by the La anomaly diagram of Bau & Dulski (1996) (Fig. 3.14E). Most of the San Giovanni
samples and half of the Borgo Celano 1 ones fall within the IIIb field, indicative of a genuine negative
Ce anomaly due to a real depletion of Ce with respect to the neighboring REE (i.e., La and Pr), and
not artificially created by a La enrichment (Bau & Dulski, 1996; Bodin et al., 2013; Hueter ef al.,
2019). Three samples from San Giovanni and the other half of the Borgo Celano 1 ones (collected in
the uppermost part of the section) fall within the Ila field, indicating a slightly over-estimated negative

Ce anomaly due to a positive La anomaly.
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Fig. 3.14. A) the PAAS-normalized REE patterns of the San Giovanni (blue) and Borgo Celano 1 (orange) sections,
plotted against the North American Shale Composite of Gromet ef al. (1984) and against the South Pacific deep-water
curve of Zhang & Nozaki (1996). Abbreviations: LREE (i.e., Light REE; La, Ce, Pr, Nd), MREE (i.e., Mid REE; Sm,
Eu, Gd, Tb, Dy), HREE (i.e., Heavy REE; Ho, Er, Tm, Yb, Lu). B) correlation between the Ce anomaly (Ce/Ce*) and
YREE. C) correlation between the Eu anomaly (Eu/Eu*) and XREE. D) correlation between Ce/Ce* and Euw/Eu*. E) the
lanthanum anomaly diagram, showing samples falling within the Ila and I1Ib fields of Bau & Dulski (1996).

To sum up, samples from the San Giovanni section display an overall diagnostic seawater REE
signature, with a minimum siliciclastic input (concentrated only between 9.3 — 13.2 m) and a
negligible to absent diagenetic overprint.

Samples from the Borgo Celano 1 section must be, in contrast, treated carefully for the interpretation
of the redox state. Although some indexes suggest a negligible terrigenous input (high Y/Ho and low
LREE/HREE ratios), the shale-like REE pattern as well as the positive covariance between the REE
anomalies (see above and Fig. 3.14) suggest at least a partial alteration of the REE signal and of the

Ce anomaly due to both siliciclastic and diagenetic influences.
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Therefore, the negative Ce anomaly recorded at San Giovanni can be considered more reliable in
indicating the real seawater signal and can thus be used, coupled with the RSTE/Al ratios, to estimate

the redox state during the deposition of the studied limestones.

3.6.2. Correlation of the stratigraphic sections

The integrated high-resolution framework based on biostratigraphy, SIS and C-isotope stratigraphy
enables correlation of lithofacies and lithofacies associations.

The benthic foraminiferal assemblage at the base of the three sections (Fig. 3.6, 3.8A, 3.10A),
including Cuneolina sp., P. infracretacea, Mayncina sp. and the last occurrence of the dasycladacean
alga S. muehlbergii (0.5 m at San Giovanni and 11 m at Borgo Celano), indicates a lowermost Aptian
age (Chiocchini ef al., 2012). Above the Chondrodonta bedsets, the co-occurrence of Debarina sp.,
Pseudolituonella sp. and S. dinarica indicates either an early (Chiocchini ef al., 2012) or early - late
(Di Lucia et al., 2012) Aptian age. The co-occurrence of M. lotzei and P. cormyi within the uppermost
part of the Borgo Celano 2 section (see also Claps ef al., 1996) suggests a late early Aptian or,

possibly, an early late Aptian age, according to the most recent review of Schrdeder et al. (2010).

The mean 37Sr/*Sr from the Chondrodonta bedsets at San Giovanni (0.707415) and at Borgo Celano
1 (0.707410) are statistically indistinguishable (see Tab. 3.2), suggesting that they are roughly coeval.
The first occurrence of Debarina sp. a few metres above the top of the Chondrodonta bedsets,
supports this interpretation. The isotopic values indicate an estimated age of 125.87 &+ 0.6 Ma at San
Giovanni and of 125.65 + 1 Ma at Borgo Celano, corresponding to the lower part of the early Aptian,
consistent with the biostratigraphic data. Samples of a bivalve floatstone 5 m below the Chondrodonta
bedset at Borgo Celano 1 have an *’Sr/*¢Sr mean value of 0.707419, calibrated to an age of 125.98
Ma + 0.1. A rudist floatstone 12 m above the Chondrodonta bedset at San Giovanni has a value of
0.707412, calibrated to an age of 125.75 Ma = 1. The similar ®’Sr/*®Sr values among sections constrain
the age of the Chondrodonta bedsets within the early Aptian, at the boundary between
Globigerinelloides blowi and Leupoldina cabri planktic foraminiferal zones, according to the
GTS2012 (Ogg & Hinnov, 2012).

The negative excursions in §'3C above the Chondrodonta bedsets are interpreted to be correlative, as
are the negative excursions around the Bacinella-rich interval. The Chondrodonta bedsets have

therefore been used as stratigraphic datum to correlate the stratigraphic sections (Fig. 3.15).

Both stratigraphic sections are characterized by a benthic community dominated by Chondrodonta

and micro-encrusters in the lower part and by Bacinella-Lithocodium in the upper part. These biotic
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changes reflect a stressed platform ecosystem during the deposition of the lower Aptian San Giovanni
Rotondo Limestone, preventing the thriving of a diversified macro- and micro-benthic fauna. Similar
biotic turnovers, indicative of environmental stress, have been documented worldwide during the
early Aptian (Rameil et al., 2010; Huck et al., 2010; Skelton & Gili, 2012; Stein et al., 2012; Huck
et al., 2014; Nunez-Useche et al., 2020 among others).
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Fig. 3.15. Attempt of correlation between the investigated sections based on SIS, biostratigraphy, §'3C curves and on the
vertical evolution of lithofacies. The Chondrodonta bedsets are here used as datum. See par. 3.5.1 and Tab. 3.1 for the

description of lithofacies and lithofacies associations.

Relative sea-level fluctuations in the stratigraphic sections are indicated by both ephemeral emersion-
related features in the lower part and by a facies shift towards open shelf deposits in the middle-upper
part. These fluctuations can be attributed either to decreased carbonate production or to eustatic
changes. Along the margin of the ACP, a pronounced lower Aptian backstepping of at least 5 km
landward is indicated by pelagic facies (Marne a Fucoidi formation) overlying the slope and margin
succession. This backstepping, interpreted as a drowning unconformity (Bosellini et al., 1999a;

Graziano, 2013) or as a partial drowning (Morsilli ef al., 2017), is coeval with the drowning phase
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documented in many other lower Aptian Tethyan platforms (Husinec et al., 2012; Bover-Arnal et al.,
2012; Maurer et al., 2013; Pictet ef al., 2015 among others). However, no high-resolution sequence
stratigraphic studies of the lower Aptian inner platform facies on the ACP have been carried out to
date and the short stratigraphic interval analysed in this study prevents a broader scale comparison to

track sea-level changes at a regional or global scale.

3.6.3. Platform-to-basin correlation: the OAEla interval on the ACP

The §'3C record of the studied sections can be used in combination with biostratigraphic markers and
SIS to achieve a chemostratigraphic correlation with the §'*C curves of the Cismon Apticore in
southern Alps (Menegatti ef al., 1998; Erba ef al., 1999) and of the Adriatic Basin adjacent to the
ACP (Luciani et al., 2001, 2006) (Fig. 3.16).

The beginning of the negative 6'°C trend in the studied sections (1.6 m at San Giovanni and 11.1 m
at Borgo Celano) is correlative with the top of the magnetochron M0 of Malinverno et al. (2010),
right below the onset of the C3 segment in the Cismon section. The C3-C6 chemostratigraphic
segments of the Selli Event (Menegatti et al., 1998; Erba et al., 1999; Malinverno et al., 2010) are
here placed within the middle-upper part of the San Giovanni section and in the lower part of Borgo
Celano composite. The beginning of the C3-C4 segments within the Cismon Apticore is correlated
with the negative shift right above the Chondrodonta bedsets (Fig. 3.16). The positive shift of the C6
segment in the Cismon Apticore is tentatively correlated with the Bacinella-rich level. Higher in the
Borgo Celano composite section, the increasing §'°C values associated with thick stromatolite beds
are tentatively correlated to the C7 segment. According to this interpretation, both the San Giovanni
and the Borgo Celano §"3C curves would capture the entire perturbations of the global carbon cycle

associated with OAE1a, including their prelude in the upper C2 segment.

This chemostratigraphic correlation places the Chondrodonta bedsets within the uppermost C2
segment, making them coeval with the Chondrodonta accumulations of the Monte degli Angeli
Limestone margin facies (see Graziano, 2013; Guerzoni, 2016) exposed along the southern Gargano

Promontory (Fig. 3.3A).

The chemostratigraphic C3—C4 segments (Fig. 3.16) correlate in the studied sections with an interval
of peloidal packstone-grainstones and lime mud-rich facies with scarce to absent skeletal components
like mollusks, foraminifers and dasycladales (see Fig. 3.6, 3.8A, 3.10A). This decreased abundance
of organisms indicates deposition under stressed conditions during the first part of OAE]la, as also

suggested by the trace element concentrations in the San Giovanni section for this tract (between 9.3
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and 13.2 m; see Fig. 3.7). Decreased RSTE/AI and P/Al ratios occur coupled with an increase in both
Al (ppm) and Ti/Al concentrations, which also partly alter the Ce anomaly and the REE signal (see
par. 3.6.1). Increased Al (ppm) and Ti/Al may indicate short episodes of enhanced weathering of
continental rocks. During the OAEla interval, indeed, weathering was usually triggered by CO>
pulses from active volcanism that resulted in higher average temperatures (O’Brien et al., 2017) and
likely more accentuated precipitation cycles (Tejada et al., 2009). Increased siliciclastics, together
with dysaerobic seawaters and lower nutrient levels may explain, therefore, the impoverished fauna

in the C3—C4 segments of the ACP.

Stressed conditions on the ACP in the lower part of OAE]a are further suggested by the gamma ray
profiles of the Borgo Celano 1 section (see Fig. 3.8B). The increase in the total API units and,
particularly, in uranium (ppm) across the C3-C4 tract may indicate a progressive enrichment in
organic matter. Similar trends, with a marked gamma ray peak caused by an increased concentration
of uranium, have been observed in the lower part of the Shu’aiba formation in northern Oman
(Vahrenkamp, 2010). The OAEla interval in the Shu’aiba formation (c¢fr. “Maximum Flooding
Interval”; see Vahrenkamp, 2010) is marked by a gamma ray peak caused by the uranium, interpreted

as indicative of an enrichment in organic matter.

This enrichment in organic matter at Borgo Celano also correlates with a global biocalcification crisis
(Weissert & Erba, 2004; Erba et al., 2010; Giraud et al., 2018), carbonate platforms drowning in
northern Tethys, and biotic turnover (from rudist- to Bacinella-Lithocodium-dominated) on carbonate

platforms of the southern Tethys (e.g., Skelton & Gili, 2012; Huck et al., 2014).

The San Giovanni section and the lower part of the Borgo Celano composite have been further
correlated to the 8!°C curve of the Coppitella section in the Adriatic Basin. This section is made of
the pelagic deposits of the Marne a Fucoidi formation (Fig. 3.3A). Black shales occur only in the C6-
C7 segments (cfr. “lower” and “upper” black shales in Luciani ef al., 2001, 2006), are absent in the
C3-C4 segments and not exposed in the C5 (see Fig. 3.16). Both the micropaleontological
associations and the stratigraphic position of black shales at Coppitella indicate that eutrophication
occurred only from the upper part of OAE1a interval in the Adriatic Basin (i.e., from the C6 segment;

Luciani et al., 2001).

Moderate and high fertility conditions have been interpreted for the lower (C6 segment) and upper
(middle C7 segment) black shales, respectively (see Fig. 6 to 9 in Luciani et al., 2001). The same

time interval was characterized by biotic turnovers in the shallow-water settings of the ACP. Indeed,

62



Chondrodonta on the lower Aptian ACP

the gradual disappearance of rudists in favour of orbitolinids and Bacinella-Lithocodium assemblages
is indicative of a gradual shift from oligo- to mesotrophic conditions across OAEla, according to the
nutrient gradients for benthic communities proposed by Mutti & Hallock (2003) and Rameil et al.
(2010).
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Fig. 3.16. Chemostratigraphic correlation of the studied sections (San Giovanni and Borgo Celano composite) with the
reference 8'3C curve of the Cismon Apticore in southern Alps (Menegatti et al., 1998; Erba et al., 1999) and with the !*C
curve of the pelagic Coppitella section on the Gargano Promontory (Luciani et al., 2001, 2006), representative of the
Adriatic Basin adjacent to the ACP. The §'*C curve of the Cismon Apticore has been taken from Erba et al. (1999), the
nannofossil and planktic foraminiferal biostratigraphy is from Weissert & Erba (2004); the nomenclature of the C-isotope
C2-C7 segments and the black shale levels are from Menegatti et al.(1998) and the nannoconid decline and crisis intervals
as well as the magnetic polarity are from Malinverno ef al. (2010); the numerical age of the Barremian — Aptian boundary

is after Ogg & Hinnov (2012).
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The Bacinella-rich level of San Giovanni and Borgo Celano (i.e., chemostratigraphic C6 segment)
correlates to the deposition of the “lower” black shale and to moderate fertility conditions in the
Adriatic Basin (Fig. 3.16; see Luciani ef al., 2001). An increased nutrients input on the ACP in this
tract is also suggested by the more open-shelf facies of the coeval Coppa di Pila limestones (northern
Gargano; Fig. 3.3A). Here, orbitolinid-rich mudstones with subordinate Bacinella-Lithocodium
micro-encrustations are overlain by foraminifers- and bivalve-rich beds, indicative of restoration of

normal-marine conditions at the end of the anoxic event (Guerzoni, 2016).

Transient peaks in the abundance of Bacinella-Lithocodium, coeval with black shale deposition
during OAE]a, also occur on the Arabian and Adriatic platforms and have been interpreted to reflect
meso-eutrophic conditions on the platform top (e.g., Immenhauser et al., 2005; Huck et al., 2010;
Rameil et al., 2010; Hueter et al., 2019).

The smaller magnitude bloom of Bacinella-Lithocodium on the ACP, with respect to the Arabian and
Adriatic platforms, can be attributed to moderate nutrient levels on the platform top, coeval to the
only moderate fertility conditions in the Adriatic Basin.

A transgressive and deepening-up trend is further interpreted at the base of the Bacinella-Lithocodium
interval on the Arabian and Adriatic platforms (Huck ef al., 2010). On the ACP, a transgressive
episode at the base of the Bacinella-Lithocodium facies is suggested by the deepening-up trend
interpreted from open shelf LA2 deposits progressively replacing restricted subtidal LA1 facies in
the C5-C6 segments (see Fig. 3.6, 3.8A and 3.15).

3.6.4. Palaeoenvironmental controls on the proliferation of Chondrodonta
During OAEla, environmental disturbances triggered by the Barremian - Aptian climate warming
(Larson, 1991; Larson & Erba, 1999; Tejada et al., 2009) caused biotic stress in the shallow- and
deep-water domains (e.g., Pancost ef al., 2004; Dumitrescu et al., 2006; Follmi et al., 2006; Najarro
et al., 2010). Ocean eutrophication (i.e., “nannoconid crisis”; Erba, 1994, 2004) and carbonate
platforms demise (Weissert et al., 1998; Wissler et al., 2003) are widely documented. Intensified
precipitation and biogeochemical continental weathering triggered by the warmer and more humid
climate, increased the nutrient (e.g., phosphorous) input to shallow-water areas (Follmi, 1996, 2012;
Compton et al., 2000). The reinforced upwelling towards coastlines, due to intensified atmospheric
and oceanic circulation during greenhouse periods, also resulted in the widespread accumulation of
phosphatic sediments in shallow-water areas (F6llmi, 2012). As a result, the higher trophic levels on

the platforms top promoted biotic turnover from oligo- to mesotrophic benthic communities during
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OAEla (e.g., Immenhauser et al., 2005; Skelton & Gili, 2012; Huck et al., 2014; Amodio & Weissert,
2017; Hueter et al., 2019). Nevertheless, biotic changes in the shallow-water benthic communities

occurred also in the prelude phase of the anoxic event.

Chondrodonta is considered an opportunistic, r-strategist taxon and a relatively high nutrient
availability has been suggested as a prerequisite for its thriving (Posenato et al., 2018, 2020). This
interpretation is supported by the stratigraphic occurrence of the studied Chondrodonta bedsets on
the ACP, in an interval of transition from oligo-mesotrophic (i.e., rudists) to fully mesotrophic (i.e.,
Bacinella-Lithocodium, orbitolinids) biotic assemblages (Fig. 3.6, 3.8A, 3.10A).

A relative increase in the P/Al concentration and its trend within the Chondrodonta bedset of the San
Giovanni section (see Fig. 3.7) suggests relatively higher and fluctuating trophic levels during its
deposition. These nutrient fluctuations, which occur just below the onset of OAE1a, correlate with an
oligo-mesotrophic regime in the Adriatic Basin (see par. 3.6.3) and with increasing eutrophication in
the nearby pelagic Cismon Apticore (Fig. 3.17; see Bottini et al., 2015). The latter correlation further
suggests the increase of trophic sources to have occurred at a broader to even regional scale, with
respect to the single outcrop scale. However, stratigraphic evidence on the major sources of P on the

ACP during the proliferation of Chondrodonta still needs to be investigated.

The facies analysis of the Chondrodonta bedsets on the lower Aptian ACP indicates a low-energy
and restricted subtidal environment during their deposition. The RSTE/Al ratios at San Giovanni (Fig.
3.7) and, in a lesser extent, at Borgo Celano 1 (Fig. 3.9) show fluctuating trends within the
Chondrodonta bedsets, suggesting that rapid changes in the local redox conditions did not exclude
them. The high values of the negative Ce anomaly at San Giovanni further support less oxygenated
seawaters during the interval of proliferation of this bivalve. These findings indicate that
Chondrodonta was resilient to variations in the seawater oxygenation and circulation as confirmed
by literature, where most Cretaceous monospecific (or quasi-) Chondrodonta biostromes are
documented in low-energy, protected areas of the inner platform (Malchus et al., 1995; Leonide et
al., 2012; Phelps et al., 2014; Millan et al., 2014; Nanez-Useche et al., 2020 among others).

Although recent studies question anoxia as a driving mechanism for the demise of rudist—coral
ecosystems in the prelude of OAEla (see Hueter et al., 2020), fluctuating seawater oxygenation may
have represented a stressor for less tolerant benthic communities, enabling the more resilient

Chondrodonta to outpace them.

The stratigraphic position of the Chondrodonta bedsets on the ACP corresponds also to an interval

of increasing water temperature in pelagic settings (Fig. 3.17), far below the cooling episodes
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recorded within OAEla (see Jenkyns, 2018). Although the bivalve is also documented in cooler-
water settings in the Aptian (e.g., Millan et al., 2014), warmer waters could have enhanced its

proliferation before the onset of the Selli Event.

|San Giovanni Rotondo Limestones | | Cismon Apticore
o ) . nannofossil nannofossil
main biotic Borgo Celano Cismon section temperature index nutrient index
LA assembl. 54321012 2 3 4 5 2040608 5 10
2 A -
s 13 §
O C%o 5 '
— (VPDB) e ‘=
= e T
IOVAN (ks
_— 3| =
= P - I &
— S 2 ==
— o E
] E <
—_ a C3-C4 =
— [} 8 =
~ o = =
— | B~ P E .
— & |3 _Y
=~ 5% 2 o : g ) D
C% c o
veoe) 2 = L
Legend ~ Chondrodonta &> Bacinella-Lithocodium O‘%gr’e ,ng?fg:t‘?@ m//( warm eutmphic
Srudists A\ orbitolinids == stromatolites s, ,?’so,,)/@»},-« £
Bacinella-rich level Chondrodonta bedset e

Fig. 3.17. Attempt of reconstruction of the palacoenvironmental fluctuations influencing the proliferation of
Chondrodonta within the lower Aptian SGRL. The main biotic events in the studied sections are compared to the
temperature and nutrient fluctuations in the nearby pelagic realm of the Cismon section. The §'3C curve of the Cismon
Apticore has been taken from Erba et al. (1999), the nannofossil and planktic foraminifers biostratigraphy is from Weissert
& Erba (2004); the nomenclature of the C-isotope C2—C7 segments is from Menegatti et al. (1998) and the Nannoconid
decline and crisis intervals as well as the magnetic polarity are from Malinverno et al. (2010); the nannofossil temperature
and nutrient indexes are from Bottini ef al. (2015); the numerical age of the Barremian — Aptian boundary is after Ogg &

Hinnov (2012). See par. 3.5.1 and Tab. 3.1 for the description of lithofacies associations.

In addition to warmer and more humid conditions of the early Aptian (Erba, 1994; Weissert & Erba,
2004), changes in water chemistry (e.g., salinity and pH) may have facilitated the Chondrodonta
proliferation by excluding other benthic competitors and potential predators. The early dissolution of
the aragonitic inner shell layer in the Chondrodonta bedsets of Borgo Celano has been interpreted by
Posenato et al. (2018) as possible consequence of a different aragonite saturation state related to

seawater acidification during OAEla. Because major changes in CO: concentrations did not
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apparently result in any prolonged surface ocean acidity below or during OAEla (see Naafs et al.,
2016), the seawater acidification as cause co-favoring the flourishing of Chondrodonta cannot be

determined nor excluded.

The geochemical proxies of the San Giovanni section also show changes towards the top of the
Chondrodonta bedset (i.e., towards the onset of OAEla; see Fig. 3.7 and 3.16). The relative decrease
in the RSTE/AI and in the P/Al ratios, coupled with an increased concentration of Al and Ti/Al
indicative of a terrigenous input, may reflect the exacerbation of the environmental stress on the ACP

at the onset of the anoxic event, which resulted in conditions that excluded Chondrodonta.

It is, therefore, conceivable that the proliferation of this opportunistic bivalve took place in a short
and confined environmental “window”, triggered by the changing climate peaking with OAE1la and
mainly resulting in nutrient pulses on the platforms top. The occurrence and duration of this
environmental “window” was also controlled by local palacogeographic and hydrodynamic settings.
Indeed, low-energy, restricted seawaters with fluctuating oxygenation allowed Chondrodonta to
outplay the less tolerant rudists and to form monospecific biostromes close to the onset of OAE]a.
Other environmental fluctuations (e.g., seawater temperature and acidification) may have also
contributed to its transient dominance within the benthic community.

This environmental “window”, witness of a progressive deterioration of the carbonate platform
preluding OAEla, was also contemporaneous to the biotic crisis in the pelagic environment, as
Chondrodonta flourished on the ACP within rudist limestones during the nannoconid decline and
proliferates (i.e., Chondrodonta bedsets) right below the nannoconid crisis interval (see Fig. 3.17).
The exacerbation of the environmental fluctuations and the extreme deterioration of the shallow-
water carbonate system on the ACP at the onset of OAE1a reached the threshold for Chondrodonta,
causing its disappearance and its final replacement by fully mesotrophic taxa like Bacinella-
Lithocodium and orbitolinids. The opportunistic behavior of Chondrodonta can be, therefore,
considered rather efficient in the transitional context between more stable, stenotopic and eurytopic

benthic communities.

3.7. Conclusions

The Cretaceous oyster-like bivalve Chondrodonta is commonly found in lower Aptian shallow-water
limestones that record considerable climate and environmental changes; despite this, a precise time
and causal relationship between the proliferation of this bivalve and the environmental perturbations

linked with OAE1a has not emerged yet.
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The lower Aptian Chondrodonta accumulations within the inner platform facies of the ACP, have
been correlated to the uppermost chemostratigraphic C2 segment of C-isotope curve straddling
OAEla. Chondrodonta appears on the ACP within rudist limestones and reaches a brief phase of
maximum proliferation in monospecific biostromes (Chondrodonta bedsets) that terminate abruptly
right below the negative §'3C excursion (C3 segment) of OAE1a.

Increasing nutrient load preluding the onset of OAEla created an environmental “window”
favourable for Chondrodonta to proliferate outpacing the less tolerant benthos (i.e., rudists). Low
energy, restricted circulation and fluctuating seawater oxygenation controlled the occurrence and
duration of this environmental “window” on the ACP. Further increase of inhospitable conditions
leading to OAEla (i.e., terrigenous inputs coupled with decreased nutrients and dysoxic seawaters)
inhibited the proliferation of Chondrodonta, allowing Bacinella-Lithocodium and orbitolinids to

dominate within the benthic community.
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4. Chondrodonta proliferation within the upper Cenomanian
Adriatic Carbonate Platform

4.1. Abstract

The upper Cenomanian Chondrodonta accumulations within the inner platform limestones of the
Adriatic Carbonate Platform (northern Istria, Croatia) underwent stratigraphic and geochemical
analyses to assess the timing and causal relationship between the proliferation of this bivalve and
OAE2.

Chondrodonta appears on the AdCP within radiolitid rudist limestones and reaches a phase of
maximum proliferation and predominance in the benthic community (i.e., Chondrodonta-rich
interval) in the upper part of the Savudrija section, correlated to the upper Cenomanian §'°C curve
below the onset of OAE2 and to increasing eutrophication in the nearby basin settings.

The changing climate leading to OAE2 created a scenario of environmental stress mainly
characterized by increasing nutrient load as well as by intermittent terrigenous inputs and cool
seawaters with fluctuating oxygenation and circulation. These environmental changes represented
stressors for the rudist community of the AdCP, allowing the opportunistic and more resilient

Chondrodonta to become the dominant benthos at the prelude phase of OAE2.

4.2. Geological setting

The Adriatic Carbonate Platform (AdCP) represents one of the major Mesozoic carbonate platforms
of the peri-Mediterranean area. The whole stratigraphic succession, spanning a Triassic to Eocene
age (Veli¢ et al., 2002; Tisljar et al., 2002; Vlahovi¢ et al., 2005) widely crops out in several countries
bordering the eastern Adriatic Sea, from Italy to Albania (Fig. 4.1) and is estimated to be 8 km thick
(Bréi¢ et al., 2017).

The AdCP developed as an isolated platform starting from the Middle Triassic, due to a rifting phase
which dismantled and drowned the former carbonate deposits (e.g., TiSljar et al., 2002; Veli¢ et al.,
2003; Vlahovi¢ et al., 2005; Cazzini et al., 2015). During the Early Jurassic, these rifting processes
resulted in the development of the Apulian, Apennine, and Adriatic platforms (Veli¢ et al., 2003;
Korbar, 2009). The AdCP then underwent a drifting phase up to the Late Cretaceous (Husinec &
Sokac¢, 2006) when the first collision with Eurasia commenced and led to a compressional phase for
the peri-Adriatic domains (i.e., Dinarides, Hellenides and Southern Alps) (Stampfli & Mosar, 1999;
Husinec & Sokac, 2006; Korbar, 2009).
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Fig. 4.1. The Adriatic Carbonate Platform (AdCP) deposits

(Vlahovi¢ et al., 2005). The studied section, in the Cape Savudrija
area, is marked by the red star. 2007). During the Eocene, due to the

karstification of the platform (Otonicar,

southwestern migration of Dinaric fold-
and-thrust belt, part of the previous foreland started to subside, gradually becoming a foredeep

overlain by flysch deposits (Veli¢ et al., 2003; Wrigley et al., 2015).

Compared with other sectors of the AdCP affected by Cenozoic (Paleogene) deformation processes,
the Istrian Peninsula remained relatively stable. It represents one of the few areas of the AACP where
a stratigraphic continuity can be observed (Korbar, 2009; Huck et al., 2010) and shows a structural
setting resulted from the late Paleogene and Neogene thrust and fold propagations (Marton et al.,
2008, 2014; Korbar, 2009) (Fig. 4.1).

The Istrian carbonate succession is composed of shallow-water limestones of Middle Jurassic to
Eocene age (Dragicevi¢ & Veli¢, 2002; Tisljar et al., 2002). Veli¢ et al. (1995) divided the succession
into four transgressive-regressive mega-sequences, all interrupted by major subaerial exposures
(Tisljar et al., 1998; Veli¢ et al., 2003; Vlahovi¢ et al., 2003). The first mega-sequence spans the
upper Bathonian — lower Kimmeridgian, the second one spans the upper Tithonian — Aptian, the third
one spans the Aptian — Santonian, the last one spans the Eocene and is mostly irregularly covered by

Quaternary deposits (Veli¢ et al., 2003).

The whole Jurassic — Eocene stratigraphic succession crops out in the northwestern Istrian Peninsula

(Fig. 4.2). Particularly, Eocene flysch deposits extensively occur in the northern part of the Peninsula
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whereas its southern part is characterized by a broad and gentle anticline plunging toward NE (Fig.

4.2B) (e.g., Plenicar et al., 1969; Polsak & Siki¢, 1969). The anticline displays Upper Jurassic

shallow-water carbonates at its core and Lower Cretaceous to Cenomanian successions on both flanks

(Fig. 4.2B). This regional trend is interrupted by an ENE-WSW-oriented thrust (north of Umag area;

Fig. 4.2B, C) culminating in a parallel anticline structure (Cape Savudrija promontory).
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Stratigraphic framework

Fig. 4.2.

Stratigraphic  framework of the
studied area, from Posenato et al.
(2020). A) Geographic location of
the Istrian Peninsula (NW Croatia).
B) Schematic geological map of NW
Istria; legend: I3 (2-3),
Kimmeridgian - Tithonian; K1 (1),
Valanginian; K1 (2), Hauterivian; K1
(3, 4), Barremian - Aptian; K1 (5),
Albian; K2 (1), Cenomanian; K2 (2),
Turonian; El1, 2, lower to middle
Eocene; E2, 3, middle to upper
Eocene; Q, Quaternary. C) Focus on
the Cape Savudrija outcrop in the
Umag area. D) The lower part of the
Cape Savudrija succession and E) the
upper part, with two Chondrodonta
mounds (abbrev. Co) showing a

topographic relief of few decimetres.

The Cenomanian carbonates of the Istrian Peninsula, extensively cropping out in Croatia, are

ascribable to the Milna formation (Gus$i¢ & Jelaska, 1990, 1993) equivalent to the Povir formation

cropping out in Slovenia (JurkovSec et al., 1996). The Milna formation represents inner platform

shallow-water limestones mainly composed of bivalve biostromes (of mostly para-autochthonous

radiolitid and chondrodontid shells) and microbial laminites (Steuber et al., 2005). It is overlain by

the uppermost Cenomanian — lower Turonian Sveti Duh formation, composed of fine-grained

limestones with planktic foraminifers (Jenkyns, 1991; Gusi¢ & Jelaska, 1993; Davey & Jenkyns,
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1999). The latter indicate a pelagic incursion over the platform and mark the initial phase of the
Cenomanian — Turonian drowning of the AdCP (Gusi¢ & Jelaska, 1993). This drowning has been
formerly interpreted as induced by the global Cenomanian - Turonian eustatic sea-level rise (Gusi¢
& Jelaska, 1993) which also produced, in suitable settings, the Cretaceous OAE2 postulated by
Jenkyns (1991).

The stratigraphy of the Savudrija area (Fig. 4.2D, E), focus of this Thesis, is quite simple and consists
of inner platform limestones of the Cenomanian Milna formation, conformably overlying Albian
limestones and dolomites (Veli¢ & Vlahovi¢, 1994). The coeval platform margin, instead, occurs in
offshore seismic profiles, less than 15 km westward the Cape Savudrija tip (Grandi¢ et al., 2013;
Veli¢ et al., 2015).

The sampled part of the succession comprises upper Cenomanian peritidal carbonates, mainly
consisting of subtidal wackestone-packstones and bivalve floatstone-rudstones alternating with
stromatolitic beds (Tisljar et al., 1983; Steuber et al., 2005; Mezga et al., 2006; Moro et al., 2007;
Posenato ef al., 2020).

Particularly, the lower sampled tract is mostly composed of radiolitid rudists with subordinated
monopleurids, either forming biostromes or occurring as scattered individuals in mudstone-
wackestones (PolSak, 1967a; Plenicar ef al., 1969). A significant change in the bivalve associations
is recorded upwards, where the succession becomes Chondrodonta-dominated. Such an evident
taxonomical change has been formerly used as stratigraphic marker for the upper part of the
Cenomanian carbonates of Istria (PolSak, 1967b; Plenicar ef al., 1969) as well as for the upper part

of the Milna (Gusi¢ & Jelaska, 1990) and the Povir (Jurkovsec et al., 1996) formations.

4.4. Methods
A well-exposed outcrop (Fig. 4.2C), located along the rocky coast in the NW-SE elongated

promontory of the Cape Savudrija area (or Punta Salvore in the past geological literature), allowed
the identification of textures and sedimentary structures as well as an easy recognition of both the
fossil content and the upward changes in the bivalve associations.

Thin sections of 75 samples were used to integrate field descriptions and to define lithofacies and

biostratigraphic constraints.

For the §'°C and §'%0 analyses on the bulk rock, 67 samples were collected together with the 30 best-
preserved shells (20 Chondrodonta and 8 rudist shells) and analysed at the Museum fiir Naturkunde

of Berlin.
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Three shell fragments of Chondrodonta (n = 1) and rudists (n = 2), collected between 4.1 and 27.5 m
in the stratigraphic section, were sampled for the Strontium Isotope Stratigraphy (SIS). Two samples
were analysed at the Department of Chemical and Geological Sciences of the UNIMORE and one
sample at the Institute of Geology, Mineralogy and Geophysics of the Ruhr University of Bochum
(Germany).

A total of 29 samples has been collected for the measurement of the concentration of major, trace
elements and REE by the LA-ICP-MS analysis, performed at the Max Plank Institute for Chemistry
of Mainz (Germany).

For details on the sample preparation and on the analytical procedures used for all the geochemical

analyses, see Chap. 2, par. 2.2.1 — 2.2.3; for the complete geochemical dataset, see Appendix I.

4.5. Results
4.5.1. Lithostratigraphy

The Savudrija section (Fig. 4.3A, B) is 42.5 m thick and consists of inner platform limestones with
prevailing grain-supported beds (see also Moro ef al., 2007). Based on the major changes in textures,
sedimentary structures and fossil associations, the Savudrija section has been divided into three

stratigraphic intervals.

Stratigraphic interval 1 (0 — 13.5 m; Fig. 4.3A) is organized in peritidal cycles. These cycles are
mainly composed of massive, decimetre-thick bioclastic (foraminifers, Thaumatoporella
parvoversiculifera) and often bioturbated wackestones, alternating with decimetre- to metre-thick,
thin-bedded peloidal-foraminiferal packstones and, in the upper part of the interval, with decimetre-
to metre-thick rudist floatstone-rudstones in a mud-supported matrix. Centimetre-thick beds of
mudstones, in some cases bioturbated, are also present. These lithofacies are capped by tabular
decimetre-thick inter-supratidal stromatolites composed of planar to wavy laminae or, episodically,
by dissolution cavities that usually represent the upper part of the cycles. Grain-supported beds,
consisting either of thin-layered centimetre- to metre-thick peloidal-foraminiferal packstone-
grainstones or of rudist floatstone-rudstones in a granular matrix, occur in the lower part of the
interval. The few macro-fossils of stratigraphic interval 1 are almost totally represented by rudists

(radiolitids and rare monopleurids).

Stratigraphic interval 2 (13.5 — 26.3 m; Fig. 4.3A, B) is dominated by metre-thick tabular to lense-

shaped rudist floatstones and floatstone-rudstones. Rudist shells occur in an occasionally bioturbated
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Fig. 4.3A. Savudrija stratigraphic log (lower part)

(45°30°19.18°N, 13°30°30°’E). Rock-components are analysed
semi-quantitatively and their abundance is expressed relative to
the rock texture; see Tab. 4.1 and Fig. 4.4 for the description of
lithofacies. Abbreviations: L. A., lithofacies associations; S. 1.,

stratigraphic intervals.

lime mud-matrix or in a grain-supported
matrix with sign of fragmentation,
bioerosion and micritization.

These rudist beds are mostly interbedded
decimetre-thick

with centimetre- to

peloidal packstones and packstone-

grainstones  containing common to
abundant foraminifers (e.g., Chrysalidina
gradata), dasycladales, T.
parvoversiculifera and rare ostracod shell
fragments.  Stromatolites, bioturbated
bioclastic wackestones and centimetre-
thick mudstone-beds occur rarely and are
mostly concentrated in the uppermost part
of the stratigraphic interval.

The macro-fauna is more abundant with
respect to stratigraphic interval 1 and is
mainly represented by rudists (radiolitids
and subordinated monopleurids and
caprinids); Chondrodonta appears as a
subordinated component in the upper part,
associated with rudist beds. The top of the
stratigraphic interval is marked by a major

exposure surface.
Stratigraphic interval 3 (26.3 — 42.5 m;

Fig. 4.3.B) is
Chondrodonta

mainly composed of
accumulations with
abundant Chondrodonta shells, arranged

in boundstones and in decimetre- to metre-

thick floatstones and floatstone-rudstones, in some cases lense-shaped. These beds mostly alternate

with bioturbated foraminifers - 7. parvoversiculifera wackestones, peloidal-foraminiferal packstone-

grainstones and centimetre- to decimetre-thick inter-supratidal stromatolites with fenestral and clotted

microfabrics.
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Rudist floatstone-rudstones arranged in
decimetre- to metre-thick tabular or lense-
shaped beds are scattered in the middle - upper
part of the interval.

The entire stratigraphic interval 3 is
Chondrodonta-dominated; radiolitid rudists
mostly occur as subordinated components in
Chondrodonta beds and episodically become
major components only at the top of the
interval. Beside bivalves, also foraminifers
(e.g., miliolids, C. gradata), dasycladales and
T. parvoversiculifera are common micro-
components; aggregate grains and micritic
intraclasts can also occur within the grain-

supported beds.

Based on outcrop and thin sections analyses,
ten lithofacies were identified (Fig. 4.4, Tab.
4.1). Textures range from mud to grain-
supported to even bindstones and the benthic
fauna is mainly represented by bivalves
(radiolitids and Chondrodonta), foraminifers,
dasycladales and micro-encrusters like 7.

parvoversiculifera.

The ten lithofacies have been grouped into
three lithofacies associations (LA) and
interpreted in  terms of  depositional
environment (Tab. 4.1). The recognized
textures, biotic assemblages and interpretations
are comparable with those described for the
Cenomanian carbonates of Istria (PolSak,
1967a, b; Plenicar et al., 1969; Bréi¢ et al.,

2021), as well as with upper Cenomanian inner
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Fig. 4.3B. Savudrija stratigraphic log (upper part)
(45°30°19.18’N, 13°30°30’E). Rock-components are
analysed semi-quantitatively and their abundance is
expressed relative to the rock texture; see Tab. 4.1 and Fig.
4.4 for the description of lithofacies and Fig. 4.3A for the
legend. Abbreviations: L. A., lithofacies associations; S. 1.,

stratigraphic intervals.
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Fig. 4.4.
Photographs  of
the ten lithofacies
distinguished
within the
Savudrija section.
A)  bioturbated
mudstones, MD.
B) bioclastic
wackestones,
BW. )]
stromatolites, ST.
D) peloidal-
bioclastic
packstones, PP.
E) peloidal-
foraminiferal
packstone-
grainstones, PG.
F) rudist
floatstones, RF.
G) rudist
rudstones, RR. H)
Chondrodonta
floatstones, CF. I)
Chondrodonta
rudstones, CR. J)
Chondrodonta
boundstones, CB.
See Tab. 4.1 for a
detailed

description.
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. Lithofacies
Sedimentary association
. . Textures, bed features and
Lithofacies . Components . . and
and thickness diagenetic depositional
features setliings
MD — Mudstone, mudstone-
. wackestone; tabular Ostracods (1), foraminifers (r), 7. . .
Bioturbated . S Bioturbation
mudstones centimetre- to parvoversiculifera (r)
decimetre-thick beds
Undetermined bivalve fragments (r),
BW - Wackestone; massive small-sized oncoids (c-r), ostracods Bioturbation,
Bioclastic and tabular decimetre- | (c-r), foraminifers (a-c), dasycladales | peloidal
wackestones thick beds fragments (1), T. parvoversiculifera pockets
(a-c), peloids (c-r)
Planar to wavy
Bindstone; laminated, Small-sized oncoids (r), ostracods (r), | lamination;
ST - . .. LA1
. tabular decimetre- foraminifers (c-r), 7. fenestral and
Stromatolites . .. . Low-energy
thick beds parvoversiculifera (c-r), peloids (a-c) | clotted
. . protected
microfabrics lagoon
Packstone, rarely Undetermined bivalve fragments (r), passing to
PP - wackestone-packstone; - .
. . foraminifers (a-c), dasycladales tidal flat
Peloidal tabular and thin- . -
. fragments (1), T. parvoversiculifera
packstones layered decimetre- to (a-c), peloids (a)
metre- thick beds P
Floatstone, floatstone-
rudstone; mudstone- Rudists (a-c), Chondrodonta (1), Bioturbation,
RF - wackestone to . . .
. . undetermined bivalve fragments (1), bivalve lenses,
Rudist packstone matrix; . . .
. . ostracods (r), foraminifers (c), dissolution
floatstones in tabular to occasionally ..
. dasycladales fragments (c-r), 7. cavities at the
mud-matrix lense-shaped arvoversiculifera (c-r), peloids (c) top of the beds
decimetre- to metre- p P p
thick beds
Rudists (r), undetermined bivalve
PG — Peloidal- | Packstone-grainstone, fragments (c), foraminifers (a-c),
foraminiferal grainstone; thin-layered | dasycladales fragments (c), T Micritization,
packstone- centimetre- to parvoversiculifera (r), peloids (a), bioerosion
grainstones decimetre-thick beds aggregate grains (1), micritic
intraclasts (c) LA2
Fl.o atstone-rudstone Rudists (a), Chondrodonta (c-r), . . High-energy
RR - with packstone- . : Bioerosion, open lagoon
. . . gastropods (r), undetermined bivalve .
Rudist grainstone matrix; . bivalve lenses,
. . fragments (c-r), oncoids (1),
rudstones in massive and . shell
. foraminifers (a-c), dasycladales
granular occasionally lense- N fragments,
. : fragments (c-r), T. parvoversiculifera o
matrix shaped decimetre- to (c-1). peloids () micritization
metre-thick beds P
Floatstone, floatstone-
rudstone with
CF - mudstone-wackestone | Chondrodonta (a-c), rudists (), Bivalve
Chondrodonta to packstone matrix; ostracods (r), foraminifers (c-r), lenses, LA3
floatstones in tabular to slightly dasycladales fragments (r), 7. fragmentation Moderat
mud matrix lense-shaped parvoversiculifera (c-r), peloids (c-r) | of shells oderate-
decimetre- to metre- le;ergi under
thick beds s t;ge(:;e d ¢
CR - Floatstone-rudstone | o, 11odonta (a-c), rudists (c-r), | Bivalve conditions
Chondrodonta with packstone- .
. . . ostracods (c-r), foraminifers (a-r), lenses,
rudstones in grainstone matrix; .
. dasycladales fragments (1), T. fragmentation
granular tabular to slightly arvoversiculifera (c), peloids (a-r) of shells
matrix lense-shaped P P
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decimetre- to metre-
thick beds
Boundstone with Horizontall
wackestone to- Chondrodonta (a), rudists (c-1), . y
CB - . . . oriented and
grainstone matrix; foraminifers (r), dasycladales
Chondrodonta N toppled shells
tabular and nodular fragments (1), T. parvoversiculifera .
boundstones . . within layers,
decimetre- to metre- (c-r), peloids (a) .
. bivalve lenses
thick beds

Tab. 4.1. Summary of the main sedimentological characters of the lithofacies associations and of the 10 lithofacies
recognized in the Savudrija section. Components considered are, in order, skeletals, micro-encrusters and non-skeletal

grains. Their relative abundance is expressed as: a, abundant, ¢, common, 7, rare.

platform carbonates of Central and Southern Apennines (e.g., Di Stefano & Ruberti, 2000; Parente et
al., 2007, 2008; Pandey et al., 2011; Korbar et al., 2012; Frijia et al., 2015, 2019).

Lithofacies association 1 (LA1) consists of mud-supported facies like bioturbated mudstones (MD,
Fig. 4.4A) and bioclastic wackestones (BW, Fig. 4.4B), episodically interbedded with stromatolites
(ST, Fig. 4.4C), peloidal packstones (PP, Fig. 4.4D) and rudist floatstone-rudstones in a mud-
supported matrix (RF, Fig. 4.4F). The benthic fauna is mainly composed of rudists (mostly
radiolitids), subordinated Chondrodonta, foraminifers and micro-encrusters like T.
parvoversiculifera. This mud-dominated lithofacies association is interpreted to be representative of
a low-energy, protected subtidal environment with periodical shifts to tidal-flat settings. The poorly
differentiated biotic assemblages indicate a mostly restricted marine circulation. Subtidal facies
capped either by stromatolites with occasional fenestrae or by dissolution cavities, can be inferred as

peritidal and subtidal cycles, respectively.

Lithofacies association 2 (LLA2) consists of grain-supported facies like peloidal-foraminiferal
packstone-grainstones (PG, Fig. 4.4E) and rudist floatstone-rudstones in a granular matrix (RR, Fig.
4.4G), with a higher skeletal content and diversity. The benthic fauna is mainly composed of rudists
(mostly radiolitids, subordinated monopleurids, scattered caprinids), scattered Chondrodonta,
abundant foraminifers (e.g., C. gradata), undetermined bivalves and dasycladales, rare gastropods.
Based on textures, skeletal components and on the rare inter-supratidal sedimentary structures, LA2

can be interpreted as deposited in a typical subtidal environment, with a more open circulation.

Lithofacies association 3 (LA3) is based on the occurrence of Chondrodonta-rich beds, either in the
form of lense-shaped boundstones (CB, Fig. 4.4J), or as shell fragments in floatstone-rudstones within
a wackestone (CF, Fig. 4.4H) or a packstone-grainstone matrix (CR, Fig. 4.41). Chondrodonta is

particularly abundant in the upper part of the stratigraphic succession, where it predominates. Rudists
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are only subordinated and foraminifers, 7. parvoversiculifera, dasycladales and other bioclasts are
rare. Coupling the lithofacies textures with the high concentration of Chondrodonta with respect to
any other benthos, this lithofacies association can be interpreted as deposited in moderate-energy
subtidal settings, presumably under stressed environmental conditions, not favourable for the thriving

of a diversified benthic fauna.

4.5.2. Biostratigraphy and geochemistry
In the Savudrija stratigraphic section, the biostratigraphic association composed of Chrysalidina
gradata D’Orbigny, Pastrikella balcanica (Cherchi, Radoici¢ and Schroeder), Vidalina radoicicae
Cherchi and Schroeder, Pseudorhapydionina dubia (De Castro), and Pseudolituonella reicheli Marie,

has been recognized from the base to the top (Fig. 4.5).

The 8'3C curve in the Savudrija section does not show abrupt shifts. Only a more evident negative
trend occurs in the upper part, visible in both single values and in the 3-points moving average (i.e.,
smoothed) curves. Overall single values range between —2.8%o and +3.5%o, with a mean of +1.6%eo.
In stratigraphic interval 1 (0 — 13.5 m) the 8'*C curve is almost flat; a weakly positive trend is more
visible in the smoothed curve, with single values oscillating around +1.9%o. A slightly positive-
negative shift occurs in stratigraphic interval 2 (13.5 — 26.3 m), visible in both the single values and
the smoothed curve. Here, single values reach a maximum of +3.5%o (at 15.8 m), followed by a
gradual decrease up to +1.4%o. Interval 3 (26.3 — 42.5 m) shows the most negative single values,
reaching —0.3%o at 32 m from the base, right below the interval of maximum proliferation of
Chondrodonta (i.e., lithofacies CB, Chondrodonta boundstone). This negative, although not abrupt,
trend is also depicted in the smoothed curve.

The §'80 curve shows a flatter pattern in both single values and the smoothed curve. Single values
slightly decrease up-section, from -2.0%eo at the base to -2.3%o at the top. The most positive value, of
—0.1%o, 1s reached in stratigraphic interval 1 (0 — 12 m), at 7.5 m from the base. The most negative
value, of —3.0%o, is reached in the uppermost part of interval 3 (26.3 — 42.5 m), at 39.6 m from the

base of the section.

The concentration of Al in the Savudrija section ranges between 100 and 480 ppm in the lower part
(0 —26.3 m) and is characterized by an almost flat profile with slightly decreasing values (Fig. 4.5).
At the base of the Chondrodonta-rich interval (26.3 m) the concentration of Al increases, with sharp

positive peaks up to ~ 1500 ppm (at ~ 32 m). Above 34.8 m, the concentration abruptly decreases.
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The measured P/Al ratio is generally lower than 0.5 for most part of the stratigraphic section. It starts

increasing within the Chondrodonta-rich interval (from 30.4 m from the base) where sharp positive

peaks, of 1.6 (at 31.6 m) and of 1.5 (at 38.5 m), occur. The concentration of Ti/Al ranges around 0.04

for the entire section and shows an almost flat curve. In the Chondrodonta-rich interval, no abrupt

changes in the concentration of Ti/Al occur.
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The Redox Sensitive Trace Elements (RSTE)/Al ratio are generally very low, close to zero for most
part of the section (Fig. 4.5). Their curves are almost flat up to ~ 30 m from the base of the section,
with only weak concentration peaks. In the Chondrodonta-rich interval (from 30.4 m), all RSTE/Al
ratios increase and show a fluctuating trend. Sharp positive peaks occur at 31.5 - 32 m and, above
them, another major increase in concentration (more visible for the As/Al and Mo/Al ratios) occurs

at ~ 38 m.

A slightly negative Ce anomaly is recorded for the entire section, with values of the Ce/Ce* ratio
oscillating between 0.9 and 1. A sharp negative peak occurs only at 27 m, where the Ce/Ce* ratio
reaches a value of 0.25. The Y/Ho ratio mostly ranges around 30 and shows positive peaks, up to 60,

only starting from 22.7 m from the base of the section.

4.5.3. Changes in the biotic associations: the Chondrodonta-rich interval

The macro-fauna of the Savudrija section is mostly composed of rudists and Chondrodonta, with
subordinated gastropods, pectinoids and undetermined ostreids. Upward changes in the bivalve
associations can be traced throughout the fossiliferous beds.

Stratigraphic interval 1 records very few rudist- sparse floatstones with a generally low density of
individuals (Fig. 4.6A). Only in the uppermost part of the interval (9.5 — 10 m) rudists and other
bivalve fragments are more abundant (Fig. 4.6B). Rudists form either autochthonous accumulations
of 5 cm-long shells, or parautochthonous accumulations composed of moderately broken valves.
Within the rudist community, radiolitids prevail and are in some cases arranged in small bouquets;

monopleurids are common to rare (see Fig. 4.6A, B).

In stratigraphic interval 2, the thickness and the frequency of fossiliferous beds increase. Rudists are
more abundant, form autochthonous and parautochthonous accumulations and occasionally occur in
10 cm-thick and 1 m-wide lenticular beds. The orientation of shells is occasionally horizontal and
oblique, and the rate of fragmentation is low to moderate. Rudists still predominate in the bivalve
community; radiolitids prevail with shells up to 25 cm long (Fig. 4.6C). Subordinated monopleurids
and rare caprinids also occur in the uppermost part of the interval. Chondrodonta appears in the
stratigraphic section as common to rare component in rudist limestones (Fig. 4.6D). Its shells are 7 —
8 cm long on average and mostly still-articulated. Rare undetermined pectinoids and ostreids are also

present.

In stratigraphic interval 3, the bivalve community becomes Chondrodonta-dominated, whose

Chondrodonta specimens are ascribable to C. joannae (Choffat) (see Posenato et al., 2020).
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Radiolitids, with less common monopleurids and caprinids, occur either in scattered accumulations
alternated to Chondrodonta beds or as subordinated components within the latter (Fig. 4.6E, F).
Chondrodonta reaches a phase of maximum concentration between 32 and 40 m from the base of the
section, here defined as Chondrodonta-rich interval.

The Chondrodonta-rich interval is composed of several beds with densely packed, toppled shells,

interbedded with inter-supratidal stromatolites and subtidal lithofacies (Fig. 4.7A).

TLle i et s drs X% e R

6 K —'ﬂ‘!ﬂlﬂ-!r i
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Fig. 4.6. Field photographs of the bivalve associations within the Savudrija section. A) Sparse monopleurid floatstone.
B) Dense radiolitid floatstone-rudstone. C) Radiolitid floatstone-rudstone with shells up to 25 cm long. D) Rudist
floatstone-rudstone with scattered Chondrodonta shells (abbrev. CH). E) Chondrodonta (below the yellow line) and rudist
(above; abbrev. R) floatstone-rudstone with toppled, horizontally orientated Chondrodonta shells. F) Chondrodonta
floatstone-rudstone with scattered radiolitids. Photograph orientation: F) represents a layer section, A-E) represent layer

surfaces.
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Fig. 4.7. Field photographs of the Chondrodonta-rich interval in the upper part of the Savudrija section. A) detail of a
stratigraphic segment of the upper part of the Savudrija section with repetitive Chondrodonta accumulations; a schematic
corresponding erosional profile is reported on the left. See Fig. 4.3A, B for the complete profile and legend, and Tab. 4.1
for the description of lithofacies and lithofacies associations. B) detail of the thickest Chondrodonta accumulation, where
three internal beds (i.e., 1, 2, 3) can be recognized. The first internal bed, ~ 30 cm thick, is composed of very abundant,
densely packed, and horizontally oriented Chondrodonta shells (C). The second internal bed, ~ 50 cm thick, shows
prevailing Chondrodonta shells less densely packed, moderately fragmented and with a more chaotical distribution of
toppled shells. These alternate with small radiolitid lenses approximately 1 m in length, composed of mostly bioeroded
and, rarely, in life-position shells (D). The third bed, 40 — 50 cm thick, is similar to the first bed and is composed of
densely packed, toppled Chondrodonta shells with a higher rate of fragmentation (E). F) a bed-plane surface with
Chondrodonta shells up to 50 cm long. Abbreviations: CH, Chondrodonta; R, radiolitids.

Chondrodonta occurs in both dense floatstone-rudstones (i.e., parautochthonous accumulations) and
boundstones (i.e., autochthonous accumulations). The shell completeness is variable without
evidence of transport and current orientations. Shells, up to 50 cm long, are mostly horizontally
oriented; only small sized Chondrodonta shells occur in upright position whereas larger individuals
are always toppled. In these beds, C. joannae occurs together with pectinoids (e.g., Neithea) and with
scattered rudist bouquets. The bed-plane surfaces of the Chondrodonta beds, often largely exposed,

show a very high shell coverage rate (see Fig. 4.7F).

The bed with the highest shell concentration is ~ 130 ¢m thick and occurs between 32 and 33.3 m in
the stratigraphic section, above a 30 — 40 cm-thick stromatolitic bed (Fig. 4.7A). The Chondrodonta
accumulation is mono- to pauci-specific and can be further divided into three beds (Fig. 4.7B, C, E).
Chondrodonta-rich beds alternate with small radiolitid lenses, about ~ 1 m in diameter, containing
mostly bioeroded individuals, rarely in life-position (Fig. 4.7D). Another well-exposed
Chondrodonta bed-plane surface occurs above, between 33.6 — 34 m from the section base and shows
the most spectacular C. joannae deposit (Fig. 4.7A, F). This surface, with an exposure of more than
5 m?, is composed of complete and very large shells of C. joannae, up to 50 cm long, prevailing over
small sized and fragmented individuals. Shells are generally curved, and no individuals were found
in life-position. Rose diagrams of the growth directions of shells, created by Posenato et al. (2020)
for the whole uppermost surface (Fig. 4.8.1-3) and for separated quadrants (Fig. 4.8.4), show a general
random distribution.

The abundance and predominance of Chondrodonta over rudists slightly decrease only in the topmost
part of the stratigraphic section (40 — 42.3 m) where rudist-dominated assemblages with subordinated

Chondrodonta shell fragments occur (see Fig. 4.3B).
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4.6. Interpretation and discussion

4.6.1. Reliability of the geochemical results

Fig. 4.8.

The bed-plane surface of the
Chondrodonta interval
shown in Fig. 4.7F, taken
from Posenato et al. (2020)
(and labelled as “fossiliferous
bed R217). Panel 1, bedding
surface. Panel 2, arrows
indicate position, size, and
growth direction of
Chondrodonta shells. Panel
3, the rose diagram indicates
the shell growth direction
occurring on the whole
surface, calculated on straight
segment indicated in Panel 4a
— d, with no reference to the
arrow lengths. Panel 4a — d,
rose diagrams plotted for
each sector in which the
Chondrodonta-rich  surface
has been divided; the straight
segments were obtained by
joining the apex and the end
of each arrow drawn in Panel

2.

In the Savudrija section, scatterplots of 3'*C and §'80 show no significant correlation for individual

lithofacies nor for lithofacies associations (Fig. 4.9A, B), suggesting that variations in §'*C are not

the result of facies changes. In the analysed samples, most of the isotope bulk values is coherent with

the rudist and Chondrodonta shells isotope values, thus suggesting a lack/minimal impact of

diagenetic processes on the bulk (Fig. 4.9A; see also §'°C and §'%0 curves in Fig. 4.5).

The analysed samples almost totally plot within the Cenomanian — lower Turonian seawater (“low-

latitude™) biotic calcite field of Prokoph et al. (2008) (Fig. 4.9B) and partly overlap the upper
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Cenomanian isotopic field of the Apennine Platform shallow-water carbonates (Frijia & Parente,
2008; Schmitt et al., 2020). The inverted “J” stable isotope pattern, typical of carbonates affected by
meteoric diagenesis (Allan & Matthews, 1982; Lohmann, 1988) lacks in the analysed samples,
indicating that the isotope patterns are free from meteoric alteration. A weak tail of more depleted
8'3C and 8'%0 values is observed only in LA3. Based on facies analysis, LA3 (see Fig. 4.3B) indicates
deposition in a more restricted environment, more subject to water mass ageing or to short-lasting

subaerial exposure episodes.
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Fig. 4.9. A) C and O correlation for the bulk of each lithofacies association and for Chondrodonta and requieniid shells,
plotted against the isotopic range of both the Cenomanian — lower Turonian shallow-marine tropical-subtropical
carbonates of Prokoph ef al. (2008) and the upper Cenomanian shallow-water carbonates of the Apennine Platform (Frijia
& Parente, 2008; Schmitt ez al., 2020). B) C and O average correlation for single lithofacies, lithofacies associations and

shells.

Despite this possible evidence of meteoric alteration, not all samples located below emersion surfaces
in the Savudrija section have negative 8'°C values as well as not all samples with negative §'°C values
are associated with exposure surfaces. This finding suggests that some negative excursions may be
related to changes in the primary marine carbon isotope signal and confirm the complexity of the
stable isotopes’ behavior in shallow-water carbonates associated to exposures (e.g., Immenhauser et
al., 2003; Theiling et al., 2007; Christ et al., 2012).

To exclude any possible diagenetic influence on the samples, a conservative approach was chosen for
the use of the §'3C profile for stratigraphic correlations (Huck et al., 2017). All samples from the

entire Savudrija section which showed evidence of exposure/dissolution features at the outcrop or
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microscope scale, were discarded and a smoothing procedure was run to highlight low-order trends
and excursions in 8!°C. The general trend of §'3C values is, indeed, more likely to record the long-
term global variations of the open ocean than higher-order fluctuations; the latter are more likely to
result from variations in local environmental conditions on the shallow platform (Colombie et al.,

2011).

In the presented dataset, all shell samples (from both rudists and Chondrodonta) have not provided
enough material for the measurement of the elemental (Fe, Mn, Sr, and Mg) concentrations, thus
preventing careful considerations on the degree of alteration on the bivalve shells.

However, during the shell drilling, the areas of most obvious alteration have been avoided and only
the pristine portion of the single shell has been considered. Chondrodonta and rudist samples here
used for the 3’Sr/*Sr stratigraphy were selected considering both the degree of shell preservation
(observed under microscope) and the overall consistency of the Sr-isotopic ratio among shells from
the same stratigraphic horizons. Internal consistency of Sr isotopic values among different
components within the same bed or nearby beds is considered strong evidence for preservation of the
original signal (McArthur et al., 2004, 2012).

The ¥7Sr/*%Sr ratios calculated on rudist and Chondrodonta shells of the Savudrija section, give
absolute values of 0.707401 in the lower part of stratigraphic interval 1 (4.1 m), of 0.707407 in
stratigraphic interval 2 (17.8 m) and of 0.707410 in the lowermost part of stratigraphic interval 3
(27.5 m) (see Tab. 4.2 and Fig. 4.5).

According to Frijia ef al. (2015), when samples are collected in a short interval (less than 20 — 30 m)
in shallow-water successions with no evidence of intervening stratigraphic gaps, their values can be
ascribed as statistically indistinguishable (see discussion in Frijia et al., 2015). Therefore, also
considering the analytical precision of the measurement (see Tab. 4.2), the mean value of 0.707406

given by the three analysed samples has been used for the Strontium Isotope Stratigraphy (SIS).

sompe | compne | 7S [22nse ] T e 2000
SA4.1-B rudist 0.707398 7 0.707401
SA17.8-A rudist 0.707404 3 0.707407
SA27.5-A Chondrodonta | 0.707407 7 0.707410
mean 0.707406 5 95 95.25 95.60

Tab. 4.2. Sr-isotope ratios of the studied rudist and Chondrodonta samples collected from the Savudrija section. Sr-

isotopes values have been corrected for interlaboratory bias (see text for further details). Preferred numerical ages have
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been derived from the look-up table of McArthur ef al. (2012) (LOWESS fit 6), which is calibrated to the Geological
Time Scale of McArthur et al. (2020). See the text for details on the precision estimation. In bold, the mean value of the
Sr-isotope ratio set, and the preferred numerical age derived from it. Minimum and maximum ages were obtained by
combining the statistical uncertainty (2 s. e.) of the mean values of the Sr-isotope ratios with the uncertainty of the

seawater curve (see Frijia et al., 2015 for details on the procedure).

To reveal the possible influence of terrigenous input on the REE signal, different lines of evidence
have been used (Nothdurft ez al., 2004; Liu et al., 2019; see Chap. 2, par. 2.2.3.2 for details). The
Savudrija stratigraphic section shows an apparent slightly negative Ce anomaly, in a range of 0.25 —
0.99 (averaging 0.9) (see Fig. 4.5). The concentration of Al averages 329 ppm and the concentration
of Sc averages 0.09 ppm, in both cases clearly lower with respect to the upper concentration limits
(3500 ppm of Al and 2 ppm of Sc) which may exert a terrigenous influence on the Ce anomaly
(Sholkovitz & Shen, 1995; Ling et al., 2013).

However, the Y/Ho ratio, used as tracer to assess whether carbonate particles reflect a primary marine
signature or siliciclastic components (e.g., Nothdurft et al., 2004; Frimmel, 2009; Liu ef al., 2019)
averages 33.3, indicating marine carbonates likely reflecting a siliciclastic contamination (Chen et

al., 2015).

This finding is confirmed by the overall PAAS-normalized REE patterns (Fig. 4.10A). The
concentration of REE in the Savudrija samples, normalized to the Post-Archean Australian Shale
(PAAS) standard values given in Taylor & McLennan (1985) has been plotted against the South
Pacific deep-water curve of Zhang & Nozaki (1996) which displays the typical seawater REE signal,
and against the North American Shale Composite of Gromet ef al. (1984). All REE patterns at
Savudrija are way far from the South Pacific deep-water curve. Most samples show the typical “bell-
shaped” pattern, characterized by an MREE (i.e., Mid REE) enrichment and declining LREE and
HREE, and interpreted as an indicator for contamination and/or riverine influence (see Della Porta et
al., 2015; Hueter et al., 2020). Few samples show, instead, a flat pattern like the North American
Shale Composite indicating, also in this case, a siliciclastic contamination (Gromet et al., 1984). The
terrestrial influence on the REE signal is also supported by a LREE/HREE ratio, in all samples close

or even above 1 (see Menendez et al., 2018).

All Savudrija samples were further screened for diagenetic alteration, which may exert an influence
on both the REE patterns and the Ce anomaly (Nothdurft et al., 2004; Frimmel, 2009; Liu et al.,
2019). Positive correlations between the Ce anomaly and XREE (i.e., summation of REE + Y

abundances), between the Eu anomaly and ZREE as well as between Ce/Ce* and Eu/Eu* have been
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formerly used to assess the potential diagenetic effect on the REE signature in limestones (Shields &
Stille, 2001; Shields & Webb, 2004; Liu et al., 2019). In the Savudrija samples, very low or absent
positive correlation between the abovementioned parameters is observed (Fig. 4.10B, C, D),

suggesting an irrelevant influence of post-depositional alteration on the measured Ce/Ce* and on the

general REE signal.
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Fig. 4.10. A) the PAAS-normalized REE patterns of the Savudrija section, plotted against the North American Shale
Composite of Gromet et al. (1984) and against the South Pacific deep-water curve of Zhang & Nozaki (1996).
Abbreviations: LREE (i.e., Light REE; La, Ce, Pr, Nd), MREE (i.e.,, Mid REE; Sm, Eu, Gd, Tb, Dy), HREE (i.e., Heavy
REE; Ho, Er, Tm, Yb, Lu). B) correlation between the Ce anomaly (Ce/Ce*) and ZREE. C) correlation between the Eu
anomaly (Eu/Eu*) and ZREE. D) correlation between Ce/Ce* and Eu/Eu*. E) the lanthanum anomaly diagram, showing

samples mostly falling within the I and Ila fields of Bau & Dulski (1996).

Furthermore, the relationship between Ce/Ce* and Pr/Pr* has been used to characterize redox
conditions by the La anomaly diagram of Bau & Dulski (1996) (Fig. 4.10E). Only few samples plot

within the IIIb field, indicative of a genuine negative Ce anomaly due to a real depletion of Ce with
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respect to the neighboring REE (i.e., La and Pr), and not artificially created by a La enrichment (Bau
& Dulski, 1996; Bodin et al., 2013; Hueter et al., 2019). Most samples fall within I and Ila fields
which indicate, respectively, an absent anomaly and a positive La anomaly causing an apparent

negative Ce anomaly (Bau & Dulski, 1996).

To sum up, samples from the Savudrija section display a negligible to absent diagenetic overprint.
Nevertheless, the siliciclastic input is considerably high and prevents to use the Ce anomaly, coupled
with the RSTE/Al ratios, to delineate the real seawater oxygenation state. For this reason, the redox
conditions during the deposition of the Chondrodonta-rich interval at Savudrija can be only generally
estimated. For the aim of this Thesis, the seawater oxygenation state has been considered only in
terms of variations/fluctuations within the Chondrodonta-rich beds with respect to the lower

stratigraphic interval.

4.6.2. Stratigraphic age attribution

The benthic foraminiferal association recognized within the Savudrija section (Fig. 4.5) is ascribable
within the V. radoicicae - C. gradata concurrent-range zone of Veli¢ (2007) of the Upper Cretaceous
deposits of the Adriatic Carbonate Platform as well as within the lower part of the C. gradata - P.
reicheli biozone of Chiocchini et al. (2012) for the central Apennine Carbonate Platform. This
suggests an upper Cenomanian age for the studied section.

The benthic foraminiferal biozones of Chiocchini ef al. (2012) have been tied by Frijia ef al. (2015)
on the Upper Cretaceous ammonite zones of Wright & Kennedy (1981, 1984) and Gale (1995, 1996).
The C. gradata - P. reicheli biozone has been found corresponding to the upper part of the C.
guerangeri, to the entire M. geslinianum and to part of the N. juddii ammonite zones, confirming an
upper Cenomanian age for the Savudrija section. However, the resolution given by biostratigraphy

alone is not sufficient to constrain a more precise age for the studied shallow-water limestones.

The most significant tie-point, commonly used for the correlation of upper Cenomanian stratigraphic
sections, is the onset of the typical positive excursion in the §!°C curve characterizing the Cenomanian
— Turonian Boundary Event, or Oceanic Anoxic Event 2 (OAE2, Bonarelli Event). The OAE2
represents a major short-term perturbation of the global carbon cycle, which is generally reflected by
a prominent positive excursion in 8'*C (2%o to 4%o) in both marine, terrestrial organic and inorganic
carbon (e.g., Schlanger & Jenkyns, 1976; Scholle & Arthur, 1980; Tsikos et al., 2004; Jenkyns, 2010;
Jarvis et al., 2006, 2011). The reference 8'*C curve for the English Chalk of Jarvis et al. (2006,2011)

is, for instance, marked by a positive excursion of about +3%o at the onset of OAE2. This excursion
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can be equated, according to Tsikos et al. (2004) and Gale et al. (2005), with the boundary between
the C. guerangeri and the M. geslinianum ammonite zones.

Although the §'*C composition of shallow-water limestones could deviate from the global open ocean
value, due to syn- and post-depositional diagenetic alteration as well as to biological fractionation
and local palaeoceanographic conditions (Allan & Matthews, 1982; Marshall, 1992; Immenhauser et
al.,2008; Oehlert & Swart, 2014; Huck et al., 2017), the typical positive excursion in absolute values
at the onset of OAE2 is well visible also in the §'3C profiles of Tethyan shallow-water carbonate
platforms (e.g., Frijia & Parente, 2008; Korbar et al., 2012; Frijia et al., 2015, 2019; Navarro-Ramirez
et al., 2017; Vaziri-Moghaddam & Kalanat, 2020).

The §'3C pattern in the Savudrija section is almost flat and lacks such a positive shift in absolute
values; the deposition of the Savudrija limestones during the OAE2 interval is thus unlikely. Only a
slight negative shift occurs in the upper part of the section (see Fig. 4.5). A similar flat — slightly
negative pattern of the 8'°C curve occurs in upper Cenomanian shallow-water limestones of the
Apennine Platform, right before the typical prominent positive excursion recorded at the onset of
OAE2 (see Frijia & Parente, 2008; Frijia et al., 2015, 2019). These limestones fall within the C.
gradata - P. reicheli foraminiferal biozone of Chiocchini et al. (2012) and within the uppermost part

of the upper Cenomanian C. guerangeri ammonite zone.

Therefore, considering the information given by both biostratigraphy and carbon-isotope patterns, a
correlation between the Savudrija section and the Apennine Platform §'*C curves of the upper
Cenomanian M.te Cerreto (Frijia & Parente, 2008) as well as of the Cenomanian — Turonian M.te
Coccovello (Frijia & Parente, 2008; Frijia ef al., 2015), has been attempted (Fig. 4.11).

Further, the 8'°C curve of Savudrija has been plotted against the reference curve of the upper
Cenomanian — lower Turonian pelagic Eastbourne chalk (Paul et al., 1999; Jarvis et al., 2006, 2011)
calibrated on the GTS2020 by Cramer & Jarvis (2020), and against the 8'°C curve of the upper
Cenomanian Furlo section in the nearby Umbria - Marche basin (Bottini & Erba, 2018).

In the proposed correlation, the flat — slightly negative pattern characterizing the §'3C curve of the
Savudrija section is found corresponding to the flat — slightly negative pattern occurring in both the
lower part of the M.te Cerreto and M.te Coccovello sections and the upper part of the Furlo basinal
section. This finding supports the estimated stratigraphic position of the Savudrija section below the
onset of OAE2, given by biostratigraphy.

Furthermore, the obtained ®’Sr/%6Sr ratios of the Savudrija section (Tab. 4.2) can be correlated with
Sr isotopic values occurring before the onset of OAE2 in the M.te Cerreto section, thus corroborating

the stratigraphic correlations via C-isotopes.
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These observations confirm an upper Cenomanian age and a stratigraphic position below the OAE2
interval for the here studied Istrian section. Therefore, the Chondrodonta-rich interval of Savudrija

corresponds to a phase occurred right below the onset of the anoxic event.
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Fig. 4.11. Attempt of stratigraphic correlation between the Savudrija section and the 3'*C curve of the M.te Cerreto section
in the Apennine Platform (Frijia & Parente, 2008). The 8'*C curve of Savudrija has also been plotted against the 3'°C
profiles of M.te Coccovello (Apennine Platform; Frijia & Parente, 2008; Frijia et al., 2015), of Furlo (Umbria - Marche
basin; Bottini & Erba, 2018) and of the reference English Chalk (Paul et al., 1999; Jarvis et al., 2006, 2011), the latter
calibrated on the GTS2020. The Cenomanian — Turonian Boundary Event (grey square) is from Jarvis et al. (2006).
Benthic Foraminiferal Zones are from Chiocchini et al. (2012), tied on the Ammonite Zones of Wright & Kennedy (1981,
1984) and Gale (1995, 1996) by Frijia et al. (2015). Planktic Foraminiferal Zones are from Coccioni & Premoli Silva
(2015), and Calcareous Nannoplankton Zones are from Sissingh (1977), both calibrated on the GTS2020. Calcareous
Nannoplankton Zones (*) for the Furlo section are from Roth (1978) and Gambacorta ef al. (2015). Sr-isotopes for the
Apennine Platform are from Frijia & Parente (2008). Abbreviations: P. d. & P. i., P. dubia & P. laurinensis; F. c., F.
catinus; H, H. helvetica; CTB, Cenomanian — Turonian Boundary. See par. 4.5.1 for the description of lithofacies and

stratigraphic intervals within the Savudrija section.

4.6.3. Palaeoenvironmental controls on the proliferation of Chondrodonta
During OAE2, environmental disturbances triggered by the mass release of CO» associated to the

Carribean and High Artic Large Igneous Provinces emplacement (Snow et al., 2005; Kuroda ef al.,
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2007; Jenkyns et al., 2017), caused biotic stress in terrestrial and in both shallow- and deep-marine
ecosystems (e.g., Jenkyns et al., 2017; Bottini & Erba, 2018; Frijia et al., 2019; Laurin et al., 2019).
Major turnovers and extinctions in the planktic community are widely documented (Leckie et al.,
1998, 2002; Huber et al., 1999; Erba, 2004; Turgeon & Brumsack, 2006; Hetzel et al., 2009).

The increase of temperature and precipitation rates enhanced terrestrial weathering which, in turn,
resulted in a major nutrient load delivered to oceans and in an increased primary productivity (Leckie
et al., 2002; Jenkyns, 2003, 2010; Owens et al., 2013; Jenkyns et al., 2017; Heimhofer et al., 2018).
Other possible factors promoting primary productivity were the nitrogen fixation (Junium & Arthur,
2007), the phosphorus regeneration from organic-rich sediments (Mort et al., 2007; Monteiro et al.,
2012) as well as the release of great quantities of micro-nutrients like hydrothermal iron coming from
the submarine volcanogenic activity (Adams et al., 2010).

Consequently, many shallow-water areas recorded episodic eutrophic phases characterized by
synchronous cyanobacterial proliferations (Philip & Airaud-Crumiere, 1991; Erba, 2004; Frijia et al.,
2019) which caused a crisis in marine ecosystems and extinctions of some benthic organisms (e.g.,
Philip & Airaud-Crumiere, 1991; Parente et al., 2008; Vaziri-Moghaddam & Kalanat, 2020). Most
shallow-water carbonate platforms experienced demise and drowning or, when resilient, showed a
marked biotic turnover and a facies change throughout the event (e.g., Jenkyns, 1991; Parente et al.,

2007, 2008; Frijia & Parente, 2008; Korbar et al., 2012; Frijia et al., 2019; Brci¢ ef al., 2021).

However, the time interval preceding the onset of the anoxic event was also characterized by climatic
instability with frequent fluctuations in temperature, nutrients, and in other environmental parameters
(e.g., Hetzel et al., 2009; Pearce et al., 2009; Jenkyns et al., 2017; O'Brien et al., 2017; Bottini &
Erba, 2018; Laurin ef al., 2019; Schroder-Adams et al., 2019; Baker et al., 2020).

The proliferation of the opportunistic, oyster-like bivalve Chondrodonta has already been suggested
as indicator of relatively high nutrient availability in shallow-water areas in time intervals straddling
the early Aptian OAE]la (see par. 3.6.4 and Posenato et al., 2018; Nufiez-Useche et al., 2020; Del
Viscio et al., 2021). This interpretation would support the flourishing of Chondrodonta joannae in
the studied limestones of the Milna formation in the AdCP. Here, the bivalve gradually blooms within
radiolitid rudist limestones and reaches a phase of maximum proliferation (i.e., Chondrodonta-rich
interval) where it becomes the dominant genera, forming mono- to pauci-specific accumulations (Fig.
4.6,4.7).

A relative increase in the P/Al concentration and its trend within the Chondrodonta-rich interval with

respect to the lower stratigraphic tract (Fig. 4.5) suggests relatively higher and fluctuating trophic
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levels during its deposition, likely above the threshold for rudist communities (see Fig. 10 in Rameil
etal.,2010).

By means of both §'3C chemostratigraphy and biostratigraphy, the Savudrija section has been
correlated to the 8'3C curve of the upper Cenomanian Furlo section in the nearby Umbria - Marche
basin, located ~ 200 km southwest (Bottini & Erba, 2018). The relatively increased nutrients at
Savudrija correlate to a discreetly higher fertility peak in the nannofossil record of the nearby Umbria
- Marche basin (Fig. 4.12; Bottini & Erba, 2018). This peak has been translated into a shift from
oligo- to mesotrophic conditions occurred at ~ 400 kyr prior to the onset of OAE2 (see discussion
and Fig. 7 in Bottini & Erba, 2018) and further suggests that the relative nutrient increase occurred
not only on the AACP but probably on a broader geographical scale. However, stratigraphic evidence
on the major sources of P on the AACP during the proliferation of C. joannae still needs to be

investigated.

The facies and the geochemical analyses of the Savudrija section also highlight a subtidal
environment episodically shifting to tidal flat settings during the deposition of the Chondrodonta-rich
interval (Fig. 4.3B). The increased and fluctuating concentration of Al (ppm) in this stratigraphic tract
supports the occurrence of nearby emerged areas (Maticec et al., 1996; Moro et al., 2008) and further
indicates that terrigenous inputs (also supported by the siliciclastic-contaminated REE signal and Ce
anomaly; see par. 4.6.1) likely exerted an influence on the seawater oxygenation during the
proliferation of this bivalve (Fig. 4.5). The latter is also suggested by the RSTE/AI ratios in the
Chondrodonta-rich interval, showing overall fluctuating patterns compared to the flat curves in lower
part of the stratigraphic section.

Quick changes in the seawater circulation and oxygenation as well as in the siliciclastic input, which
likely represented stressors for other benthos (e.g., rudists), did not exclude Chondrodonta. The
resilience of this bivalve to such fluctuations is further supported by the great shell elongation of the
Savudrija C. joannae, interpreted by Posenato et al. (2020) as necessary to avoid the commissure
burial and the gill suffocation produced by high carbonate sedimentation rates and fecal products

entrapment among shells in low agitated seawaters.

The Chondrodonta-rich interval also correlates to a colder seawater temperature phase, indicated by
the nannofossil indexes in the Umbria - Marche basin (Fig. 4.12). The positive peaks and the overall
increased concentration of the RSTE/Al ratios within the Chondrodonta-rich interval of the Savudrija
section (i.e., stratigraphic interval 3; see Fig. 4.3B), indicate a higher seawater oxygenation which

suggests a colder seawater temperature during the proliferation of Chondrodonta.
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Fig. 4.12. Attempt of reconstruction of the palacoenvironmental fluctuations possibly influencing the proliferation of
Chondrodonta within the upper Cenomanian Savudrija section (Milna formation, Adriatic Carbonate Platform). The
Chondrodonta-rich interval (in yellow) is compared to the temperature and nutrient fluctuations in the nearby pelagic
realm of the Furlo section in the Umbria - Marche Basin (Bottini & Erba, 2018). Benthic Foraminiferal Zones are from
Chiocchini ef al. (2012), tied on the Ammonite Zones of Wright & Kennedy (1981, 1984) and Gale (1995, 1996) by Frijia
et al. (2015). Planktic Foraminiferal Zones are from Coccioni & Premoli Silva (2015), calibrated on the GTS2020.
Calcareous Nannoplankton Zones are (a) from Sissingh (1977), calibrated on the GTS2020 and (b) from Roth (1978) and
Gambacorta et al. (2015). See par. 4.5.1 and Tab. 4.1 for the description of lithofacies associations and stratigraphic

intervals within the Savudrija section.

Cooler seawaters might have promoted the superstratal mode of life of Chondrodonta, enabling this
bivalve to filter in a vertical position and at a greater distance from the substrate (10 —20 cm; Posenato
et al., 2020). In contrast, the constratal mode of life of rudists (see Chap. 1, Fig. 1.6) was characterized
by the bivalve commissure projecting only few centimeters above the sediment-water interface (Gili
et al., 1995; Gili & Goétz, 2018; Posenato et al., 2020). Beside fluctuations in nutrients, oxygenation
and in the siliciclastic contamination, a cooler seawater probably represented another stressor for the

rudist community, allowing Chondrodonta to proliferate in such a scenario of environmental changes.
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All these findings suggest that the proliferation of Chondrodonta joannae on the upper Cenomanian
AdCP took place during a phase of environmental stress triggered by the changing climate leading to
OAE2. A gradual shift from oligo- to mesotrophic conditions, coupled with intermittent terrigenous
inputs and with cool seawaters characterized by fluctuating oxygenation and circulation, represented
stressing factors for the rudist community of Savudrija but did not prevent the thriving of
Chondrodonta. The high resilience of this opportunistic bivalve to quick changes in water parameters,
allowed it to outplay the less tolerant benthos and to flourish in pauci- to monospecific accumulations

at the prelude phase of OAE2.

4.7. Conclusions

Accumulations of the oyster-like bivalve Chondrodonta commonly occur in upper Cenomanian
shallow-water limestones of the Adriatic Carbonate Platform; despite this, a precise time and causal
relationship between the proliferation of this bivalve and the environmental perturbations linked to
OAE2 has not emerged yet.

The Chondrodonta joannae-rich beds along the rocky coast of the Savudrija area (northern Istria,
Croatia), have been correlated to the upper Cenomanian chemostratigraphic C-isotope curve below
the onset of OAE2. Chondrodonta appears on the AACP within rudist limestones and reaches a phase
of maximum proliferation and predominance over rudists in the uppermost part of the studied section
(i.e., Chondrodonta-rich interval).

The Chondrodonta-rich interval deposited within a scenario of environmental stress triggered by the
changing climate leading to OAE2. Increasing nutrient load, intermittent terrigenous inputs, and cool
seawaters characterized by fluctuating oxygenation and circulation, represented stressors for the
rudist community of Savudrija allowing the opportunistic Chondrodonta to become the dominant

benthos at the prelude phase of OAE2.
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5. Regional occurrence of Chondrodonta accumulations

The oyster-like bivalve Chondrodonta has been widely documented within and outside the
Cretaceous Tethys (e.g., Dhondt & Dieni, 1992, 1993), in a set of shallow-marine sub-environments
including tidal flats, lagoons, back-reefs and platform margins. The bivalve has a discontinuous
distribution spanning from the (?) Berriasian (Masse et al., 2015) to the (?) Campanian (Freneix &
Lefévre, 1967) but likely shows a peak abundance during the Aptian — Cenomanian period (Posenato
et al., 2018, 2020). A literature review of the worldwide Chondrodonta accumulations documented
at the inner platform scale and spanning the stratigraphic intervals of OAEla (late Barremian — early
Aptian) and OAE2 (late Cenomanian — early Turonian) is here reported. Nevertheless, datasets
collected in multiple decades of research and with different methods inevitably complicate the
assignment of a precise stratigraphic position to all the documented Chondrodonta accumulations,

especially with respect to the intervals of Cretaceous OAEs.

5.1. Worldwide Chondrodonta accumulations in the late Barremian — early
Aptian

Although only few studies on Berriasian — lower Barremian shallow-water carbonates report
Chondrodonta accumulations in Southern Tethys (e.g., Pratt & Smewing, 1990; Zaghbib-Turki,
2003; Masse et al., 2015) and in the proto-North Atlantic (e.g., Phelps et al., 2014), upper Barremian
- lower Aptian Chondrodonta accumulations have been extensively documented worldwide. With
few exceptions (Posenato er al., 2018, 2020), only limited attention has been given to the
palaeoecological significance of Chondrodonta accumulations. Only a few authors (e.g., Phelps et
al., 2015; Posenato et al., 2018; Nufiez-Useche et al., 2020) have interpreted Chondrodonta as an
indicator of ecological stress in a mesotrophic domain. Other authors (e.g., Leonide ef al., 2012;
Bonin ef al., 2016) consider it as a component of oligotrophic (cfr. “Urgonian”) communities.
Determining the precise stratigraphic position of every Chondrodonta bed reported worldwide for the
late Barremian — early Aptian interval, is challenging. Only by integrating recent high-resolution
studies on the stratigraphic, environmental, and ecological evolution of worldwide carbonate platform

successions spanning OAE]la, a synthesis of the global accumulations was feasible (Fig. 5.1).

In the Helvetic domain (Switzerland) of the Northern Tethys, Chondrodonta occurs within
oligotrophic coral-rudist limestones (Wissler et al., 2003) of the uppermost Barremian — lower Aptian

succession, below the drowning interval associated with mesotrophic associations (Follmi et al.,
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2006). Chondrodonta also occurs in both rudist limestones and monospecific biostromes in the (?)
upper Barremian — lower Aptian carbonates of Hungary (Csészar et al., 1994), below an interval with
abundant Bacinella-Lithocodium and orbitolinids. In the Maestrat Basin (SE Spain), Chondrodonta
occurs in monospecific biostromes prior to OAEla (Malchus et al., 1995) but is interpreted as
recording “normal marine conditions” (Bonin et al., 2016). In the Vocontian Basin and Provence
Platform domains (SE France), stepwise drowning events prior to OAEla (Masse & Fenerci-Masse,
2013; Giraud et al., 2018) are characterized by Urgonian limestones with episodic orbitolinid levels.
Leonide et al. (2012) report local chondrodontids in Urgonian rudist facies extending to the

uppermost chemostratigraphic C2 segment.
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Fig. 5.1. Synthesis of the occurrence of Chondrodonta within worldwide inner platform carbonates during the main biotic,
environmental, and stratigraphic events spanning the uppermost Barremian — lower Aptian (including OAE1a) interval.
The stratigraphic sections (not to scale) have been reported and integrated from (1) Wissler et al., 2003; Follmi et al.,
2006, (2) Malchus et al., 1995; Bonin et al., 2016, (3) Huck et al., 2010, (4a) Graziano & Raspini, 2018, (4b) Amodio &
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Weissert, 2017, (5) Pittet ef al., 2002; Immenhauser et al., 2004; Rameil et al., 2010; Huck et al., 2010, (6) Nuiiez-Useche
et al., 2020, (7) Phelps et al., 2014, 2015. Graphics inspired by Amodio & Weissert (2017).

In the Central and Southern Tethyan realm, the upper Barremian — lower Aptian Apennine Platform
(Amodio & Weissert, 2017) is characterized by a shift toward mesotrophic conditions with Bacinella-
Lithocodium and Palorbitolina lenticularis. Graziano & Raspini (2018) interpret abundant
Chondrodonta, in both monospecific biostromes and associated with Bacinella-Lithocodium and P.
lenticularis, as an indication of mesotrophic conditions. Orbitolinid-rich rocks of earliest Aptian age
and extensive Bacinella-Lithocodium intervals at the turn of OAEla occur in Oman (Pittet et al.,
2002; Rameil et al., 2010; Huck et al., 2010); here Chondrodonta floatstones are interpreted as
oligotrophic communities proliferating probably up to the uppermost C2 segment, although
“abundant oysters” (cfr. Immenhauser et al., 2004) are also reported within Bacinella-Lithocodium
facies. Rudist-Chondrodonta limestones interbedded with orbitolinid-rich beds occur in the (?) lower
Aptian shallow-water successions of Ethiopia (Bosellini et al., 1999b) and Somalia (Barbieri ef al.,

1979) and in the (?) Barremian — Aptian limestones of Afghanistan (Abdullah ef al., 1980).

In the proto-North Atlantic, Najarro et al. (2011) report Chondrodonta within oligotrophic
assemblages of the Basque-Cantabrian Basin that underlie and overlie OAE1la. Conversely, in the
Lusitanian Basin (Portugal), Huck et al. (2014) interpret the replacement of oligotrophic rudist-coral
limestones by orbitolinid-oyster-rich facies with subordinate Bacinella-Lithocodium, as due to
paleoenvironmental perturbations and incipient drowning associated with OAEla. In the Gulf of
Mexico, Chondrodonta occurs in association with Bacinella-Lithocodium in (?) Barremian — lower
Aptian limestones of the Atima Platform in Honduras (Scott & Finch, 1999). In the Comanche
Platform (Texas) Phelps et al. (2014, 2015) report Chondrodonta within upper Barremian rudist
limestones and as lower Aptian monospecific biostromes (up to the top of the C2 segment) and
interpret them as response to increased detrital clay input, preceding sea-level transgression and
platform drowning during OAEla. Similarly, in the Cupido Platform (Mexico) which drowned after
OAEla, Nunez-Useche et al. (2020) interpret the occurrence of lowermost Aptian orbitolinid- and
Chondrodonta-rich beds as a short mesotrophic event caused by both sea-level transgression and
increased continental weathering due to a more humid climate. Chondrodonta in the Cupido Platform
occurs also within oligotrophic assemblages at the onset of OAEla, below an extensive Bacinella-
Lithocodium interval recording environmental instability and mesotrophic conditions during the

anoxic event.
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5.2. Tethyan Chondrodonta accumulations in the mid-late Cenomanian — early

Turonian

A few studies report Chondrodonta accumulations in lower — middle Cenomanian shallow-water
carbonates, mostly concentrated in Central (Tisljar et al., 1998, 2002; Di Stefano & Ruberti, 2000;
Husinec et al., 2000; Vlahovi¢ ef al., 2011) and Southern Tethys (Sharp et al., 2010; Razin et al.,
2010). In contrast, mid-upper Cenomanian to lower Turonian accumulations have been extensively
documented in Tethyan inner platform settings (e.g., Dhondt & Dieni, 1993 and references therein).
As for the Barremian — Aptian interval, also in this case only a few authors (e.g., Ayoub-Hannaa &
Fiirsich, 2012; Posenato et al., 2020) give attention to the palaeoecological significance of the
proliferation of this bivalve. Most authors only quote and/or report Chondrodonta within rudist
limestones or in monospecific biostromes; this datum, coupled with the almost total lack of recent
high-resolution studies, prevents a precise definition of the stratigraphic position of all the globally
observed Chondrodonta accumulations. However, a synthesis of the available literature on the mid-

upper Cenomanian — lower Turonian accumulations is here provided.

In the Provence Platform (southern France) of the Northern Tethys, Chondrodonta has been reported
in association with rudists in upper Cenomanian inner platform limestones (Philip, 1998). In south-
central Pyrenees (northern Spain), Drzewiecki & Simo (2000) report chondrodontids in rudist
limestones from both lagoon and back-margin facies of the upper Cenomanian Santa Fe formation.
Chondrodonta is also documented in radiolitid bioherms deposited within upper Cenomanian
calcarenite shoals of the western Iberian margin (western — central Portugal) (Berthou et al., 1979;

Callapez, 2008).

In Southern Tethys, Chondrodonta is observed within the (?) middle — upper Cenomanian rudist
limestones of the Yilanli formation in Turkey (Ozer et al., 2001) as well as in association with rudists
and corals in the upper Cenomanian Zebbag formation of Tunisia (Zaghbib-Turki, 2003).
Chondrodonta also occurs as subordinated component in rudists communities of the upper
Cenomanian shallow-water carbonates of Israel (Bein, 1976; Frank et al., 2010). In the upper
Cenomanian — lower Turonian Mishrif formation, widely exposed in the Middle East, Chondrodonta
occurs as subordinated component in inner platform rudist biostromes from Iraq (Al-Dabbas et al.,
2010) and U.A.E. (Burchette & Britton, 1985; Burchette, 1993), where “intact Chondrodonta” (cfr.
Burchette & Britton, 1985) also form ~ 1 m-thick biostromes.

In Egypt, Chondrodonta is documented in the inner ramp facies of both the upper Cenomanian Galala

formation (Pandey et al., 2011; Saber, 2012; Ayoub-Hannaa & Fiirsich, 2012) and the lower Turonian
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Abu Qada formation (Ayoub-Hannaa & Fiirsich, 2012). Here, the bivalve occurs in rudist limestones
together with corals and coralline sponges (Pandey et al., 2011) as well as in quasi-monospecific
biostromes (“C. joannae association”; cfr. Ayoub-Hannaa & Fiirsich, 2012), where it is interpreted
as indicator of highly stressful environmental conditions. In northern Oman, Chondrodonta shells
and “large” shells fragments (cfr. Adams et al., 2011) are reported as associated components of
radiolitid limestones from the upper Cenomanian inner platform Natih formation (Philip ez al., 1995;

Grélaud et al., 2010; Adams et al., 2011).

In Central Tethys, Chondrodonta (i.e., C. joannae) accumulations are abundantly documented in
shallow-water carbonates from both the Apulia and the Adriatic platforms (see Fig. 5.2). In Croatia,
for instance, the upper Cenomanian Chondrodonta Limestone, widely exposed in Istria and in the
Dalmatian islands, is typically represented by alternating stromatolites, C. joannae floatstones and
(in the top part) pelagic limestones witness of platform drowning (Gusi¢ & Jelaska, 1993; Steuber et
al., 2005; Husinec & Jelaska, 2006). The Chondrodonta Limestone is also coeval (see Steuber et al.,
2005) to the Chondrodonta-dominated upper part of the Milna formation (Gusi¢ & Jelaska, 1990)
analysed in this Thesis (see Chap. 4) and has been formerly used as stratigraphic marker for the upper

part of the Istrian Cenomanian carbonates (PolSak, 1967b; Plenic¢ar ef al., 1969).

In northeastern Italy, several authors report upper Cenomanian C. joannae accumulations. In the
Karst of Trieste and the Isonzo Karst areas, Chondrodonta occurs within the inner platform
limestones of the upper Cenomanian Monrupino formation, in association with radiolitid-Neithea
limestones (Caffau et al., 1995; Pons et al., 2011; Cucchi & Piano, 2014) as well as in decimetre-
thick monospecific biostromes (Dhondt & Dieni, 1993; Cestari & Sartorio, 1995; Caffau et al., 1995;
Cucchi & Piano, 2014). Particularly, in the lower part of the Monrupino formation, Tentor et al.
(1994) and Cucchi & Piano (2014) ascribe the C. joannae accumulations within the Chondrodonta
Member (sensu Cucchi et al., 1987).

In central Italy, C. joannae occurs in lagoon facies associated to caprinid biostromes of the (?) middle
- upper Cenomanian Lepini Mountains (Latium region; Carbone & Sirna, 1981). Chondrodonta
biostromes, up to 60 cm thick and with a variable amount of associated rudists, are also observed
within the Maiella Mountains (Abruzzi region; Sanders, 1996; Paris & Sirna, 1996). In southern Italy
(Apulia region), C. joannae is reported by Spalluto (2012) within the inner platform facies of the (?)
middle — upper Cenomanian Bari Limestone (i.e., Sannicandro level sensu Azzaroli et al., 1968).
Moreover, Le Goft (2016) reports Chondrodonta-dominated beds (with shells up to 40 cm long) in

the upper Cenomanian Llogara succession (Albania) and infers them a synchronous deposition with
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the C. joannae accumulations from Croatia and southern Italy (i.e., within the Sannicandro level; see

Le Goff, 2016).

Chondrodonta accumulations
in mid-upper Cenomanian -
lower Turonian

shallow-water limestones
bordering the Tethys Ocean

Fig. 5.2. Summary of the C. joannae accumulations reported in literature within mid-upper Cenomanian — lower Turonian
shallow-water carbonates of the Tethyan realm. The late Cenomanian palacomap on the background is from Scotese

(2014).

5.3. Chondrodonta proliferation: a regional bioevent preluding OAEla and

OAE2

The analysed lower Aptian Chondrodonta of the Apulia Carbonate Platform appears as subordinated
component in requieniid limestones and then proliferates right below the onset of OAEla (i.e.,
Chondrodonta bedsets; see Chap. 3). The flourishing of this oyster-like bivalve occurs in a scenario
of increasing environmental stress on the platform top, coeval to a biotic crisis in the nearby pelagic
realm (i.e., nannoconid decline and crisis; Erba, 1994, 2004). The extreme environmental
deterioration at the onset of OAEla reached the threshold for Chondrodonta and allowed the

mesotrophic Bacinella-Lithocodium and orbitolinids to dominate the benthic community.
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According to literature, the early Aptian Chondrodonta globally thrives both in association with
coral-rudist assemblages and in mesotrophic conditions, where it predominates forming monospecific
(or quasi-) biostromes before being replaced by fully mesotrophic taxa (Fig. 5.1). Except for the
Apennine Platform, these bivalve accumulations globally predate the onset of OAE1a, suggesting the
transient dominance of Chondrodonta in the benthic community as a precursor of the strong
environmental stress and of the fully mesotrophic conditions the worldwide carbonate platforms

underwent during the anoxic event.

The analysed upper Cenomanian Chondrodonta of the Adriatic Carbonate Platform appears within
radiolitid limestones and then proliferates below the onset of OAE2 (i.e., Chondrodonta-rich interval;
see Chap. 4). The bivalve flourishes and becomes the dominant macro-benthos during an
environmental stress phase occurred on the platform top at the prelude of the anoxic event and
correlates to increasing eutrophication in the nearby basin settings.

In literature, the majority of the Chondrodonta accumulations is documented in Tethyan shallow-
water carbonates of late Cenomanian age, likely below the onset of OAE2 (Fig. 5.2). Only in few
cases (e.g., Al-Dabbas et al., 2010; Ayoub-Hannaa & Fiirsich, 2012) the accumulations are dated up
to the early Turonian, although the lack of high-resolution studies prevents to verify this stratigraphic
position.

A coeval origin for all the Chondrodonta-rich stratigraphic intervals deposited on the whole Adriatic
Platform has been formerly suggested (Gusi¢ & Jelaska, 1990, 1993; Steuber et al., 2005; Husinec &
Jelaska, 2006) and further extended at least to the Chondrodonta accumulations of the upper
Cenomanian Apulia Carbonate Platform (Le Goff, 2016). The proliferation of Chondrodonta in
shallow-water carbonates of the Central Tethys as a synchronous late Cenomanian event witness of
environmental instability preluding OAE2, is thus likely. Further high-resolution analyses are,
however, required to confirm this hypothesis and to eventually extend it to these bivalve

accumulations of Northern and Southern Tethys.
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6. Conclusions

The oyster-like bivalve Chondrodonta, common in Tethyan Cretaceous shallow-water carbonates,
shows peaks of concentration during the Aptian — Cenomanian time interval. Despite its abundance
and widespread geographic distribution, neither a temporal nor a causal relationship between the
flourishing of this bivalve and OAEs has emerged yet.

In this Thesis, the stratigraphic occurrence, distribution, and ecological significance of Chondrodonta
have been analyzed. The aim was to define the exact timing between the Chondrodonta
accumulations and some Cretaceous OAEs, as well as the possible OAE-related environmental
perturbations (e.g., changes from oligo- to mesotrophic associations) which triggered the proliferation

of the bivalve.

The studied Chondrodonta accumulations occur in inner platform limestones of the lower Aptian
Apulia Carbonate Platform (ACP) straddling OAEla, and of the upper Cenomanian Adriatic
Carbonate Platform (AdCP) straddling OAE2. The stratigraphic framework around the
Chondrodonta beds was built using biostratigraphic and chemostratigraphic (5'°C, §'*0, 87Sr/*Sr)
data. Sedimentologic-lithostratigraphic and petrographic analyses were coupled with the
concentration of major, trace elements and REE measured through the Laser Ablation analysis, to

infer palacoenvironmental changes associated with its proliferation.

o The lower Aptian Chondrodonta of the ACP appears within requieniid limestones and reaches
a brief phase of maximum proliferation in monospecific biostromes (i.e., Chondrodonta
bedsets), right below the negative §'°C excursion marking the onset of OAEla (see Chap. 3).
Increasing nutrient load coupled with low-energy, restricted seawaters with fluctuating
oxygenation, allowed Chondrodonta to proliferate and to outpace the less tolerant rudists.
Further increase of inhospitable conditions leading to OAE1a inhibited the proliferation of these
oyster-like bivalves, allowing fully mesotrophic taxa like Bacinella-Lithocodium and
orbitolinids to dominate the benthic community.

o The upper Cenomanian Chondrodonta of the AACP appears within radiolitid limestones and
reaches a phase of maximum proliferation and predominance over rudists (i.e., Chondrodonta-
rich interval) below the onset of OAE2 (see Chap. 4). Increasing nutrient load, intermittent
terrigenous inputs, fluctuating oxygenation and circulation, represented environmental stressors
that allowed Chondrodonta to become the dominant macro-benthos and to outpace rudists at

the prelude of the anoxic event.
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o In literature, most of the worldwide lower Aptian Chondrodonta accumulations predate the
strong environmental stress that affected the shallow-water carbonate deposition during OAEla
(see Chap. 5). Similarly, a synchronous late Cenomanian proliferation of Chondrodonta is
documented, at least within carbonate platforms of the Central Tethys, below the onset of

OAE2.

Combining all these observations and results, mostly based on the chemostratigraphic position of the
studied accumulations, it is conceivable that the proliferation of Chondrodonta took place in a
scenario of increasing environmental deterioration leading to OAE1la and OAE2. The flourishing of
this oyster-like bivalve, mostly triggered by nutrient pulses on the platforms top and coeval to
increasing fertility in the nearby basins, occurred during an environmental “window” that preludes
the early Aptian and the late Cenomanian OAEs.

Chondrodonta benefitted from this environmental instability and occupied a short-lived ecological
niche during the shift from oligo- to mesotrophic conditions in shallow-water carbonate areas. The
opportunistic behavior of this bivalve was rather efficient in the transitional context between more
stable, stenotopic and eurytopic benthic communities. This ecological niche is particularly
demonstrated by the widespread lower Aptian Chondrodonta beds, which are placed in a transient

phase between oligo- and fully mesotrophic assemblages.

Although high nutrient levels mainly triggered the Chondrodonta proliferation, the occurrence (or
the lack) and the duration of its environmental “window” were also controlled by local limiting
environmental factors related to palaecogeography and hydrodynamics as well as by — at least local —
quick fluctuations in other seawater parameters. Indeed, as resulted from lithostratigraphic and
geochemical analyses on the Chondrodonta accumulations of both the ACP and the AdCP, the
interval of proliferation occurred in low-energy and restricted seawaters with fluctuating oxygenation
and intermittent terrigenous inputs. All these environmental fluctuations represented a hostile
threshold for the settlement of the less tolerant rudists, while they promoted the thriving of
Chondrodonta, which bloomed in monospecific (or quasi-) benthic communities close to the onset of
OAE:s.

However, the exacerbation of the environmental fluctuations and the extreme deterioration of the
shallow-water carbonate system during the anoxic events exceeded the upper threshold for
Chondrodonta, causing its disappearance and the proliferation of fully mesotrophic taxa, as

demonstrated at least by the early Aptian Chondrodonta beds.
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In conclusion, the proliferation of the opportunistic, r-strategist Chondrodonta can be used as
stratigraphic marker for an early phase of environmental stress preluding the onset of anoxic events
in shallow-water carbonate platforms. The Chondrodonta-dominated communities represent a short-
living biotic event occurring in the Cretaceous shallow-water carbonate systems as a response to the

environmental deterioration before the onset of Oceanic Anoxic Events 1a and 2.

As practice shows in these cases, further analyses would enable to extend this conclusion to other

Cretaceous Chondrodonta accumulations preluding other major and minor OAE:s.
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Geochemical dataset

Appendix I - Geochemical dataset

Chapter 3 - Chondrodonta within the lower Aptian Apulia Carbonate Platform

C- and O-isotope data

San Giovanni section, 8'*C and 8'%0 in bulk samples
Height 3-points mov. 3-points mov.
Sample (n%) 8%*Cvros | 8'*Oveop averl')age 813CvrpB averglge 818%0vrpB

DPG42 23.4 -1.12 -4.65 -1.12 -4.65
DPG41 23.2 -1.35 -4.57 -1.23 -4.61
DPG40 23 -1.42 -4.64 -1.29 -4.62
DPG39 22.3 -0.50 -3.65 -1.09 -4.29
DPG38 21.65 -0.89 -4.51 -0.94 -4.27
DPG36 21.4 -0.42 -3.71 -0.60 -3.96
DPG37 21.25 -1.01 -4.69 -0.77 -4.31
DPG35 20.8 -1.05 -4.50 -0.83 -4.30
DPG34 20.6 -1.03 -4.74 -1.03 -4.65
DPG33 19.8 -0.62 -4.14 -0.9 -4.46
DPG32 19.1 -1.61 -4.54 -1.09 -4.47
DPG31 18.5 -1.38 -3.88 -1.20 -4.19
DPG30 17.8 -0.52 -4.12 -1.17 -4.18
DPG29C 17.25 -0.73 -4.07 -0.88 -4.02
DPG29B 16.7 -0.93 -3.97 -0.73 -4.05
DPG29 16.4 -1.11 -4.82 -0.92 -4.29
DPG28 15.8 -1.54 -3.90 -1.19 -4.23
DPG27 15.7 -2.53 -3.98 -1.73 -4.24
DPG26 15.3 -0.93 -3.81 -1.67 -3.90
DPG25 15.1 -2.98 -4.42 -2.15 -4.07
DPG24 14.65 -3.26 -4.51 -2.39 -4.25
DPG23 14.3 -2.10 -4.30 -2.78 -4.41
DPG22 14.05 -2.49 -4.22 -2.62 -4.34
DPG21 13.9 -1.75 -3.53 -2.11 -4.02
DPG20 13.8 -3.20 -4.46 -2.48 -4.07
DPG19 13.25 -0.85 -3.38 -1.93 -3.79
DPG18 12.45 -2.68 -4.06 -2.24 -3.97
DPG17 12.1 -1.92 -3.86 -1.82 -3.76
DPG16 11.8 -4.76 -4.11 - -

DPG15 11.5 -2.07 -4.57 - -

DPG14B 11.17 -2.85 -3.57 -2.48 -3.83
DPG14A 10.55 -2.15 -4.13 -2.31 -3.85
DPG13 10.1 -2.28 -3.13 - -

DPG12 9.8 -0.63 -3.69 -1.87 -3.80
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DPGI12A 9.4 -0.69 -3.31 -1.15 -3.71
DPGI11C 8.9 -1.30 -3.61 -0.87 -3.54
DPG11 8.7 -0.73 -3.70 -0.91 -3.54
DPGI11E 8.2 -0.90 -3.73 -0.98 -3.68
DPGI11D 8 -0.43 -3.36 -0.68 -3.60
DPG11B 7.8 -1.05 -3.56 -0.79 -3.55
DPG10B 7.45 -0.95 -3.53 -0.81 -3.48
DPG10 7.25 -0.59 -3.87 -0.86 -3.65
DPG9 6.7 -2.00 -4.10 -1.18 -3.83
DPGS 5.7 -0.68 -4.02 -1.09 -3.10
DPGS5.1 5.15 -0.71 -3.60 - -
DPG7 4.8 -0.87 -2.93 - -
DPG6 4.4 -0.28 -4.08 -0.98 -4.07
DPGS5 4.05 -1.28 -3.48
DPG4 3.5 -0.95 -4.05 -0.63 -4.05
DPG3 2.55 -1.04 -3.55 -0.75 -3.89
DPG2 1.6 0.66 -2.79 - -
DPG1* 1.45 0.10 -3.59 - -
DPGO 0.4 0.09 -2.70 -0.63 -3.43
*Diagenized samples are marked in red.
San Giovanni section, 8'*C and 8'30 in shell samples
Sample Shell (m) | 83Cveps | 8'30veDB
DPG38-B Rudist 21.65 1.33 -3.07
DPG38-A Rudist 21.65 0.43 -3.77
DPG11C-A Chondrodonta 8.9 -0.56 -3.92
DPG11-B Chondrodonta 8.7 -0.58 -3.67
DPGI11-A Chondrodonta 8.7 -0.25 -3.77
DPGI11D-A Chondrodonta 8 -0.69 -3.38
DPG10B-C Chondrodonta | 7.45 -0.04 -3.57
DPG10B-B Chondrodonta | 7.45 -0.66 -3.59
DPGI10B-A Chondrodonta | 7.45 0.25 -3.83

Borgo Celano 1 section, 8'3C and 8'%0 in bulk samples

Height 3-points mov. 3-points mov.
Sample (n%) 8%Cvros | 3" Ovros avelPage 813CvrpB avelglge 3'3%0vrpB
GPBC13 25.1 -0.85 -3.81 -0.85 -3.81
GPBC12 24.1 -0.21 3.72 -0.53 -3.77
GPBCl1 23.1 -0.29 -3.81 _0.45 -3.78
GPBC10 22.1 -1.16 -4.37 -0.55 -3.97
GPB(9.5 21.6 -0.09 3.11 -0.51 -3.76
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GPBC9 21.1 -0.25 -2.97 -0.50 -3.48
GPBC8.45 20.5 -1.06 -3.05 - -

GPBC8 20.05 -0.23 -3.50 -0.19 -3.19
GPBC7.5 19.55 -0.15 -2.93 -0.21 -3.13
GPBC6.9 18.95 0.42 -2.35 0.02 -2.92
GPBC6.5 18.55 -0.95 -3.27 -0.23 -2.85
GPBC5.9 18 -2.75 -3.67 - -

GPBCS.5 17.55 -0.65 -3.12 -0.39 -2.91
GPBC5.1 17.15 -1.07 -3.58 -0.89 -3.32
GPBC4.66 16.71 -0.43 -3.80 -0.71 -3.50
GPBC3.9 15.95 0.39 -2.84 -0.37 -3.41
GPBC3.5 15.35 -1.24 -4.18 -0.43 -3.61
GPBC3.1 15.05 -0.69 -3.96 - -

GPBC2.65 14.7 -0.61 -3.84 - -

GPBC2.05 14.1 -1.24 -4.20 -0.70 -3.74
GPBC1.55 13.6 -1.19 -3.92 - -

GPBC1.05 13.15 -2.64 -4.87 -1.71 -4.41
GPBCO0.5 12.55 -2.97 -4.85 - -

GPBC26.0A* 12 -0.51 -3.92 - -

GPBC25.0A 11 0.96 -2.62 -0.97 -3.90
GPBC24.0A 10 -0.53 -3.47 -0.74 -3.65
GPBC22.9A 8.9 -0.65 -3.74 -0.07 -3.28
GPBC22.0A 8 -0.65 -4.15 -0.61 -3.79
GPBCI19.8A 5.8 -1.62 -4.61 -0.97 -4.17
GPBCI8.0A 4 -1.31 -4.33 -1.19 -4.36
GPBC15.0A 1 -1.66 -4.58 -1.53 -4.51
GPBC14.0A 0 -2.09 -4.57 -1.69 -4.49

*Diagenized samples are marked in red.

Borgo Celano 1 section, 8'3C and 6'%0 in shell samples
Sample Shell (m) 33Cvrps 8 130vrpB
BCG3-A Rudist 16 -0.71 -4.36
BCG2-A Chondrodonta 16 -0.26 -4.29
BCGI1-A Chondrodonta 16 0.89 -3.46
SG14-C Chondrodonta 16 1.60 -2.94
SG14-B Chondrodonta 16 0.96 -2.53
SG-14A Chondrodonta 16 0.93 -2.50
SG6-A Chondrodonta 11.75 0.23 -2.25

Borgo Celano 2 section, 6'3C and 6'%0 in bulk samples

Height 13 18 3-points mov. 3-points mov.
Sample (m) 0" Cveop | 87Oves average 8'3Cveps | average 8'%0Ovrps
DG59 55.1 -0.71 -3.46 -0.71 -3.46
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DGS58 54.8 -0.17 -3.16 -0.44 -3.31
DGS57 54.3 0.08 -3.45 -0.27 -3.36
DG56 51.3 -1.53 -3.57 -0.54 -3.40
DGS55 50.7 -0.60 -3.19 -0.68 -3.40
DG54 50.4 -1.36 -3.22 -1.16 -3.33
DG353 49.9 0.89 -3.53 -0.36 -3.31
DGS52 49.1 -0.52 -3.46 -0.33 -3.41
DGS51 47.3 0.56 -3.85 0.31 -3.62
DGS50 46.35 2.80 -3.55 0.95 -3.62
DG49 45.8 -0.75 -4.04 0.87 -3.81
DG48 45.2 1.17 -3.29 1.08 -3.63
DG47 44.6 -1.89 -3.86 - -

DG46 43.3 0.49 -4.03 0.31 -3.79
DG45 42.4 -0.63 -3.62 0.35 -3.65
DG44 41.5 -1.13 -3.96 -0.42 -3.87
DG43 40.5 -0.25 -3.07 -0.67 -3.55
DG42 39.8 -1.00 -4.06 -0.79 -3.70
DG41 38.8 0.93 -3.85 -0.11 -3.66
DG40 37.75 0.54 -3.92 0.16 -3.95
DG36.5 36.5 1.15 -3.63 0.87 -3.80
DG35.8 35.8 -0.23 -3.92 0.49 -3.83
DG34.1 34.1 -0.23 -3.73 0.23 -3.76
DG33.4 33.4 -1.70 -4.03 - -

DG32 32 1.12 -2.59 0.22 -3.41
DG31.4 31.4 1.26 -2.36 0.72 -2.90
DG30.35 30.35 -0.21 -4.40 0.72 -3.12
DG29.1 29.1 -0.32 -4.08 0.24 -3.62
DG28.5 28.5 0.59 -3.38 0.02 -3.96
DG27.7 27.7 0.56 -3.37 0.28 -3.61
DG26.2 26.2 1.01 -3.47 0.72 -3.40
DG25* 25 0.55 -3.39 - -

DG23.5 23.5 0.69 -2.88 0.75 -3.24
DG22.6 22.6 0.04 -3.56 0.58 -3.30
DG21.6 21.6 -0.03 -3.84 0.23 -3.42
DG20.8 20.8 -0.44 -3.23 -0.14 -3.54
DG20 20 -0.15 -3.98 -0.21 -3.68
DG19.2 19.2 -0.44 -3.88 -0.34 -3.70
DG18.7 18.7 -0.68 -4.19 -0.42 -4.02
DG18.1 18.1 -0.51 -3.53 -0.54 -3.87
DG17.8 17.8 -0.25 -3.53 -0.48 -3.75
DG16.8 16.8 -0.79 -4.41 -0.52 -3.82
DG15.8 15.8 -0.96 -3.97 -0.67 -3.97
DG14.8 14.8 -0.58 -3.86 -0.78 -4.08
DG14 14 -0.59 -4.20 -0.71 -4.01
DG13.5 13.5 0.30 -3.93 -0.29 -4.00
DG12.5 12.5 -0.37 -4.48 -0.22 -4.20
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DGI12 12 -0.25 -4.09 -0.10 -4.17
DG9.5 9.5 -0.94 -4.02 -0.52 -4.20
DG8.5 8.5 -0.41 -3.93 -0.54 -4.01
DG8 8 -0.40 -4.39 -0.59 -4.11
DG7 7 -2.24 -5.03 -1.02 -4.45
DG6.35 6.35 -1.93 -4.46 -1.52 -4.63
DG3S.7 5.7 -0.93 -4.01 -1.70 -4.50
DGS5.0 5 -1.92 -4.01 -1.59 -4.16

*Diagenized samples are marked in red.

Major, trace elements and REE concentrations

San Giovanni section, major and trace elements concentration in bulk samples

Sample (m) Al P P/Al Ti Ti/Al | Sc (ppm) | V (ppm)

(ppm) | (ppm) (ppm)
DPGI19 | 13.25 | 941.26 | 33.45 | 0.036 | 46.91 | 0.0498 | 0.2022 13.44
DPGI4A | 10.55 | 1171.61 | 49.22 | 0.042 | 69.79 | 0.0596 | 0.2772 9.27
DPG13 10.1 | 3358.22 | 69.30 | 0.021 | 177.83 | 0.0530 | 0.8272 16.78
DPGI2A | 9.4 955.08 | 19.17 | 0.020 | 46.20 | 0.0484 | 0.2193 7.65
DPG11IC | 8.9 160.53 | 16.81 | 0.105 | 6.73 | 0.0420 | 0.0690 3.60
DPG11 8.7 148.54 | 13.70 | 0.092 | 5.07 | 0.0342 | 0.0537 2.21
DPGIIE | 82 290.14 | 15.49 | 0.053 | 12.67 | 0.0437 | 0.0842 2.24
DPGIID | 8 210.81 | 13.71 | 0.065 | 9.68 | 0.0460 | 0.0837 3.44
DPG11B | 7.8 382.08 | 18.96 | 0.05 | 16.65 | 0.0436 | 0.1160 2.85
DPGI0B | 7.45 | 22324 | 16.01 | 0.072 | 9.00 | 0.0404 | 0.0820 2.50
DPG10 725 | 197.90 | 19.56 | 0.099 | 8.10 | 0.0409 | 0.0750 2.55

DPG8 5.7 320.81 | 22.25 | 0.069 | 15.43 | 0.0481 0.0773 2.72
DPGO 0.4 336.98 | 27.29 | 0.081 | 13.86 | 0.0411 0.1023 6.64
669.01* 0.175

*The average value is marked in blue.

San Giovanni section, trace elements concentration in bulk samples

Sample | (m) | VAl |, A% | asal | MO Imoar | YV | war |, Y

(ppm) (ppm) (ppm) (ppm)
DPG19 | 13.25 | 0.0143 | 2.15 | 0.0023 | 0.66 | 0.0007 | 2.31 |0.0025| 0.49
DPGI14A | 10.55 | 0.0079 | 3.15 | 0.0027 | 1.95 | 0.0017 | 3.06 |0.0026 | 0.76
DPG13 10.1 | 0.0050 | 2.32 | 0.0007 | 1.77 | 0.0005 | 3.37 |0.0010| 1.30
DPGI2A | 9.4 | 0.0080 | 0.52 | 0.0005 | 0.24 | 0.0003 | 1.75 |0.0018 | 0.66
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DPGI11C 89 10.0224 | 047 | 0.0029 | 0.31 | 0.0019 | 1.59 | 0.0099 | 0.46
DPGI11 87 10.0149 | 0.21 | 0.0014 | 0.17 | 0.0011 | 1.54 | 0.0104 | 0.44
DPGI1E 82 | 0.0077 | 0.19 | 0.0007 | 0.21 | 0.0007 | 1.14 | 0.0039 | 0.58
DPGI11D 8 0.0163 | 0.39 | 0.0018 | 0.24 | 0.0011 | 1.68 | 0.0080 | 0.51
DPG11B 7.8 1 0.0075 | 0.27 | 0.0007 | 0.16 | 0.0004 | 1.55 |0.0041 | 0.64
DPGI10B | 745 | 0.0112 | 0.23 | 0.0010 | 0.14 | 0.0006 | 2.10 | 0.0094 | 0.56
DPG10 7.25 10.0129 | 0.26 | 0.0013 | 0.16 | 0.0008 | 1.76 |0.0089 | 0.66
DPGS 5.7 10.0084 | 0.20 | 0.0006 | 0.51 | 0.0016 | 1.67 |0.0052 | 0.37
DPGO 0.4 | 0.0197 | 0.25 | 0.0007 | 0.11 | 0.0003 | 1.57 |0.0047 | 0.26
San Giovanni section, REE concentration in bulk samples
Sample | (m) La Ce Pr Nd Sm Eu Gd
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
DPG19 13.25 | 0.5151 | 0.909 | 0.1099 | 0.3685 | 0.0745 | 0.0172 | 0.068
DPG14A | 10.55 | 0.8882 | 1.5136 | 0.1908 | 0.6414 | 0.1287 | 0.0281 | 0.1137
DPG13 10.1 | 1.8938 | 3.6676 | 0.4595 | 1.511 | 0.2983 | 0.0665 | 0.2372
DPG12A | 9.4 |0.5397 | 0.9034 | 0.1178 | 0.3994 | 0.0865 | 0.019 | 0.0766
DPGI11C | 89 | 0.216 | 0.3023 | 0.0379 | 0.1412 | 0.0305 | 0.0087 | 0.0364
DPGI1 8.7 10.1862 | 0.2362 | 0.0329 | 0.1318 | 0.0261 | 0.007 | 0.0329
DPGI1E | 82 |0.2976 | 0.3691 | 0.0482 | 0.1858 | 0.0437 | 0.0086 | 0.046
DPG11D 8 0.2452 | 0.2956 | 0.0405 | 0.1476 | 0.0321 | 0.0092 | 0.0402
DPG11B | 7.8 |0.3301 | 0.3972 | 0.0541 | 0.2034 | 0.0439 | 0.0107 | 0.0488
DPGI10B | 7.45 | 0.2903 | 0.3418 | 0.0461 | 0.1719 | 0.0385 | 0.0094 | 0.0448
DPG10 7.25 10.3382 | 0.3724 | 0.0498 | 0.1779 | 0.0378 | 0.0095 | 0.0518
DPGS 5.7 10.2407 | 0.3176 | 0.0454 | 0.169 | 0.0324 | 0.0071 | 0.036
DPGO 0.4 |0.1808 | 0.3003 | 0.038 | 0.1359 | 0.0275 | 0.0066 | 0.025
Sample | (m) Tb Dy Ho Er Tm Yb Lu
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
DPG19 13.25 | 0.0105 | 0.0593 | 0.0132 | 0.0357 | 0.0052 | 0.0309 | 0.0054
DPG14A | 10.55 | 0.0166 | 0.0967 | 0.0217 | 0.0575 | 0.0074 | 0.0478 | 0.008
DPG13 10.1 | 0.0378 | 0.1994 | 0.0421 | 0.1157 | 0.0165 | 0.1017 | 0.0192
DPGI2A | 9.4 |0.0122 | 0.0698 | 0.0164 | 0.0464 | 0.0059 | 0.039 | 0.0064
DPG11C | 89 |0.0062 | 0.0391 | 0.009 | 0.0252 | 0.0036 | 0.0213 | 0.0037
DPGI11 8.7 10.0056 | 0.0361 | 0.0082 | 0.0273 | 0.0031 | 0.0232 | 0.0038
DPGI1E | 82 |0.0072 | 0.047 | 0.0116 | 0.0346 | 0.0051 | 0.0268 | 0.0049
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DPGI1D 8 0.0062 | 0.0394 | 0.0098 | 0.0294 | 0.0046 | 0.025 | 0.0041
DPGI1IB | 7.8 |0.0077 | 0.0501 | 0.0126 | 0.0394 | 0.0054 | 0.0342 | 0.0056
DPGI10B | 7.45 | 0.0064 | 0.0467 | 0.0109 | 0.0323 | 0.0048 | 0.0289 | 0.0047
DPGI10 7.25 1 0.0074 | 0.0473 | 0.0128 | 0.0371 | 0.0054 | 0.0303 | 0.006
DPG8 5.7 10.0056 | 0.034 | 0.0083 | 0.025 | 0.0029 0.02 0.0026
DPGO 0.4 | 0.004 |0.0237 | 0.0058 | 0.0162 | 0.0028 | 0.0128 | 0.0023

San Giovanni section, PAAS-normalized REE concentration in bulk samples

La Ce Pr Nd Sm Eu Gd

Sample | (m) 38* 80 8.9 32 5.6 1.1 4.7

DPGI19 | 13.25| 0.014 | 0.0114 | 0.0123 | 0.0115 | 0.0133 | 0.0156 | 0.0145

DPGI4A | 10.55 | 0.023 | 0.0189 | 0.0214 0.02 0.023 | 0.0255 | 0.0242

DPG13 10.1 0.05 0.0458 | 0.0516 | 0.0472 | 0.0533 | 0.0605 | 0.0505

DPGI2A | 94 0.014 | 0.0113 | 0.0132 | 0.0125 | 0.0154 | 0.0173 | 0.0163

DPGI1IC | 8.9 0.006 | 0.0038 | 0.0043 | 0.0044 | 0.0054 | 0.0079 | 0.0078

DPGI11 8.7 0.005 0.003 | 0.0037 | 0.0041 | 0.0047 | 0.0064 | 0.007

DPGIIE | 8.2 0.008 | 0.0046 | 0.0054 | 0.0058 | 0.0078 | 0.0078 | 0.0098

DPGI1D 8 0.006 | 0.0037 | 0.0046 | 0.0046 | 0.0057 | 0.0083 | 0.0085

DPGIIB | 7.8 0.009 0.005 | 0.0061 | 0.0064 | 0.0078 | 0.0098 | 0.0104

DPGIOB | 7.45 | 0.008 | 0.0043 | 0.0052 | 0.0054 | 0.0069 | 0.0086 | 0.0095

DPGI10 7.25 | 0.009 | 0.0047 | 0.0056 | 0.0056 | 0.0068 | 0.0087 | 0.011

DPGS8 5.7 0.006 0.004 | 0.0051 | 0.0053 | 0.0058 | 0.0064 | 0.0077

DPGO 0.4 0.005 | 0.0038 | 0.0043 | 0.0042 | 0.0049 | 0.006 | 0.0053

Tb Dy Ho Er Tm Yb Lu

Sample | (m) 0.77 4.4 1 2.9 0.4 2.8 0.43

DPGI19 | 13.25| 0.0136 | 0.0135 | 0.0132 | 0.0123 | 0.0129 | 0.011 | 0.0126

DPGI4A | 10.55 | 0.0216 | 0.022 | 0.0217 | 0.0198 | 0.0185 | 0.0171 | 0.0186

DPG13 10.1 | 0.0491 | 0.0453 | 0.0421 | 0.0399 | 0.0412 | 0.0363 | 0.0447

DPGI2A | 94 | 0.0158 | 0.0159 | 0.0164 | 0.016 | 0.0147 | 0.0139 | 0.0149

DPGIIC | 8.9 | 0.0081 | 0.0089 | 0.009 | 0.0087 | 0.0091 | 0.0076 | 0.0085

DPGI11 87 1 0.0073 | 0.0082 | 0.0082 | 0.0094 | 0.0077 | 0.0083 | 0.0088

DPGIIE | 8.2 | 0.0094 | 0.0107 | 0.0116 | 0.0119 | 0.0128 | 0.0096 | 0.0114

DPGI1D 8 0.0081 | 0.009 | 0.0098 | 0.0101 | 0.0115 | 0.0089 | 0.0096

DPGIIB | 7.8 0.01 0.0114 | 0.0126 | 0.0136 | 0.0136 | 0.0122 | 0.013

DPG10B | 7.45 | 0.0083 | 0.0106 | 0.0109 | 0.0111 | 0.0119 | 0.0103 | 0.0109
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DPGI10 7.25 | 0.0096 | 0.0107 | 0.0128 | 0.0128 | 0.0135 | 0.0108 | 0.0139
DPGS8 5.7 ] 0.0073 | 0.0077 | 0.0083 | 0.0086 | 0.0074 | 0.0071 | 0.006
DPGO 0.4 | 0.0052 | 0.0054 | 0.0058 | 0.0056 | 0.007 | 0.0046 | 0.0054

*Post-Archean Australian Shale (PAAS) REE standard values given in Taylor & McLennan (1985) are
marked in green.

San Giovanni section, REE proxies in bulk samples

Sample | (m) | Ce/Ce* | Y/Ho | Eu/Eu* | Pr/Pr* | XREE Iﬁl;l;:lg
DPG19 13.25 | 0.877 | 3735 | 1.124 1.079 2.715 1.018
DPG14A | 10.55 | 0.844 | 3528 | 1.082 1.100 4.526 1.167
DPG13 10.1 0.903 | 31.05 | 1.165 1.109 9.972 1.234
DPGI2A | 94 0.823 | 40.56 | 1.090 1.113 3.004 0.893
DPG11C | 8.9 0.760 | 52.13 | 1.201 1.039 1.351 0.549
DPGI1 8.7 0.687 | 53.90 | 1.090 1.044 1.203 0.479
DPGI1E | 8.2 0.696 | 50.55 | 0.890 1.038 1.722 0.534
DPGI11D 8 0.671 | 5235 | 1.168 1.095 1.443 0.501
DPGIIB | 7.8 0.672 | 51.56 | 1.071 1.073 1.891 0.519
DPGI0B | 7.45 | 0.666 | 51.21 | 1.046 1.073 1.637 0.527
DPGI10 7.25 | 0.642 | 51.90 | 0.974 1.094 1.850 0.502
DPGS 5.7 0.694 | 4444 | 0.953 1.101 1.317 0.749
DPGO 0.4 0.832 | 4586 | 1.177 1.066 1.05 0.776

0.751* | 46.01

*The average value is marked in blue.

The formulas used for the calculation of the above parameters are reported in Chap. 2, par.

2.23.2.
Borgo Celano 1 section, major and trace elements concentration in bulk samples
Al P Ti . Se \%
sample | (W | @pm) | @pm) | A | pm) | VAT | (ppm) | (ppm)
SG18 17.27 | 1120.33 | 14.09 | 0.013 | 58.46 0.052 | 0.2871 24.77
SG14 16.1 566.29 | 16.58 | 0.029 | 23.54 0.042 | 0.1616 13.04
SG12 15.66 484.59 | 11.14 | 0.023 | 19.01 0.039 | 0.0990 5.45
SG11 15.5 176.98 15.43 | 0.087 7.65 0.043 | 0.0666 5.03
SG42 13.3 73.47 11.75 | 0.160 2.86 0.039 | 0.0326 2.23
SG6 11.75 204.55 14.18 | 0.069 9.71 0.048 | 0.0764 3.78
437.7* 0.12
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*The average value is marked in blue.

Borgo Celano 1 section, trace elements concentration in bulk samples

Sample | (m) | V/Al (p‘;fn) As/Al (pl\:l‘:l) Mo/Al (plljm) U/Al (p:m)
SG18 17.27 | 0.022 2.07 0.0019 1.35 0.0012 | 2.55 |0.0023 | 0.97
SG14 16.1 | 0.023 0.68 0.0012 1.12 0.0020 | 2.93 |0.0052 | 0.52
SG12 15.66 | 0.011 0.71 0.0015 0.45 0.0009 | 1.86 | 0.0038 | 0.35
SG11 15.5 | 0.016 1.03 0.0033 1.17 10.0037 | 1.69 |0.0053 | 0.29
SG42 13.3 | 0.030 0.11 0.0015 0.02 | 0.0003 | 0.65 |0.0089 | 0.18
SG6 11.75 | 0.019 0.19 0.0010 0.17 | 0.0009 | 1.06 |0.0052| 0.24

Borgo Celano 1 section, REE concentration in bulk samples

Sample | (m) La Ce Pr Nd Sm Eu Gd
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
SG18 17.27 | 0.8531 | 1.6277 | 0.1917 | 0.6966 | 0.1436 | 0.0311 | 0.1273
SG14 16.1 {03712 | 0.6822 | 0.0825 | 0.3048 | 0.0624 | 0.0141 | 0.0647
SG12 15.66 | 0.2149 | 0.3467 | 0.0438 | 0.1574 | 0.0344 | 0.0075 | 0.0313
SG11 155 1 0.1741 | 0.28 | 0.0331 | 0.1273 | 0.0258 | 0.0063 | 0.0275
SG42 13.3 | 0.0725 | 0.0836 | 0.0163 | 0.0651 | 0.0123 | 0.0018 | 0.0109
SG6 11.75 | 0.162 | 0.2518 | 0.0336 | 0.1192 | 0.0259 | 0.0051 | 0.0191

Sample | (m) Tb Dy Ho Er Tm Yb Lu
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
SG18 17.27 1 0.0192 | 0.111 | 0.0237 | 0.0704 | 0.0081 | 0.0621 | 0.0103
SG14 16.1 | 0.0099 | 0.062 | 0.0135 | 0.0381 | 0.0059 | 0.0343 | 0.0062
SG12 15.66 | 0.0054 | 0.0279 | 0.0071 | 0.0211 | 0.0027 | 0.0163 | 0.0032
SG11 15.5 1 0.0043 | 0.0274 | 0.0056 | 0.0161 | 0.0019 | 0.0129 | 0.0022
SG42 13.3 | 0.0021 | 0.0147 | 0.0038 | 0.0109 | 0.0017 | 0.0085 | 0.0013
SG6 11.75 | 0.0034 | 0.0195 | 0.0051 | 0.0142 | 0.0022 | 0.0124 | 0.0019
Borgo Celano 1 section, PAAS-normalized REE concentration in bulk samples
La Ce Pr Nd Sm Eu Gd
Sample | (m) 38* 80 8.9 32 5.6 1.1 4.7

SG18 17.27 | 0.022 | 0.0203 | 0.0215 | 0.0218 | 0.0256 | 0.0282 | 0.0271
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SG14 16.1 0.01 0.0085 | 0.0093 | 0.0095 | 0.0111 | 0.0129 | 0.0138
SG12 15.66 | 0.006 | 0.0043 | 0.0049 | 0.0049 | 0.0061 | 0.0068 | 0.0067
SG11 15.5 | 0.005 | 0.0035 | 0.0037 | 0.004 | 0.0046 | 0.0057 | 0.0059
SG42 13.3 | 0.002 0.001 | 0.0018 | 0.002 | 0.0022 | 0.0017 | 0.0023
SG6 11.75 | 0.004 | 0.0031 | 0.0038 | 0.0037 | 0.0046 | 0.0047 | 0.0041
Tb Dy Ho Er Tm Yb Lu
Sample | (m) 0.77 4.4 1 2.9 0.4 2.8 0.43
SG18 17.27 | 0.025 | 0.0252 | 0.0237 | 0.0243 | 0.0203 | 0.0222 | 0.0239
SG14 16.1 | 0.0128 | 0.0141 | 0.0135 | 0.0131 | 0.0149 | 0.0123 | 0.0143
SG12 15.66 | 0.0071 | 0.0063 | 0.0071 | 0.0073 | 0.0067 | 0.0058 | 0.0075
SG11 15.5 | 0.0056 | 0.0062 | 0.0056 | 0.0055 | 0.0049 | 0.0046 | 0.0051
SG42 13.3 | 0.0028 | 0.0033 | 0.0038 | 0.0038 | 0.0042 | 0.003 0.003
SG6 11.75 | 0.0044 | 0.0044 | 0.0051 | 0.0049 | 0.0056 | 0.0044 | 0.0044

*Post-Archean Australian Shale (PAAS) REE standard values given in Taylor & McLennan (1985) are
marked in green.

Borgo Celano 1 section, REE proxies in bulk samples
Sample | (m) | Ce/Ce* | Y/Ho | Eu/Eu* | Pr/Pr* | XREE LHIE%EE::/
SG18 1727 | 0.925 | 41.17 | 1.071 1.022 | 4.950 0.962
SG14 16.1 | 0.896 | 39.19 | 1.032 1.026 | 2.28 0.693
SG12 15.66 | 0.819 | 50.27 | 1.068 1.063 | 1.274 0.747
SG11 155 | 0.843 | 52.72 | 1.099 | 0.994 | 1.040 0.794
SG42 133 | 0.723 | 48.12 | 0.739 1.189 | 0.489 0.542
SG6 11.75 | 0.782 | 48.81 1.076 1.100 | 0.924 0.805
0.831* | 46.71

*The average value is marked in blue.

The formulas used for the calculation of the above parameters are reported in Chap. 2, par.
2232,
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Chapter 4 - Chondrodonta within the upper Cenomanian Adriatic Carbonate

Platform

C- and O-isotope data

Savudrija section, 6'*C and 6'30 in bulk samples
Height 3-points mov. 3-points mov.
Sample (n%) 8*Cveos | 3" Ovros averl')age 813CvrpB avelPage 830vrps

SA42 42 2.08 -2.66 1.74 -2.46
SA40 40.4 1.10 -1.72 1.53 -2.21
SA39.6 39.6 1.90 -3.00 1.69 -2.46
SA38.5 38.5 1.28 -2.00 1.42 -2.24
SA37.2 37.2 1.10 -2.92 1.43 -2.64
SA37.1 37.1 0.46 -2.70 0.95 -2.54
SA36.1 36.1 1.61 -2.48 1.06 -2.70
SA35.6 35.6 0.31 -2.00 0.79 -2.39
SA35.4A 354 0.46 -2.35 0.79 -2.28
SA34.8 34.8 0.82 -2.81 0.53 -2.39
SA34.7A 34.7 0.10 -2.92 0.46 -2.69
SA33.8 33.8 1.25 -1.94 0.72 -2.55
SA33.5 33.5 1.49 -2.03 0.94 -2.30
SA33.3 33.3 0.75 -2.41 1.16 -2.13
SA33 33 0.42 -2.13 0.89 -2.19
SA32.5 32.5 1.35 -2.00 0.84 -2.18
SA32 32 -0.30 -2.18 0.49 -2.10
SA31.6 31.6 0.61 -1.93 0.56 -2.04
SA31.3 31.3 0.51 -2.37 0.28 -2.16
SA31.2 31.2 1.17 -2.06 - -

SA31 31 0.95 -1.62 0.69 -1.97
SA30.6 30.6 1.37 -1.79 0.94 -1.93
SA30.4 30.4 1.45 -1.38 1.26 -1.60
SA30.1A 30.1 1.25 -2.24 1.36 -1.80
SA29.1 29.1 1.36 -1.93 1.36 -1.85
SA28.8 28.8 0.58 -1.91 1.06 -2.03
SA28.75 28.75 0.63 -1.96 0.86 -1.93
SA28.6 28.6 2.20 -2.44 - -

SA27.5 27.5 0.60 -2.34 - -

SA27 27 1.25 -1.86 0.82 -1.91
SA26.3 26.3 1.74 -1.75 - -

SA26 26 1.34 -2.25 1.07 -2.02
SA25.7 25.7 2.30 -2.08 1.63 -2.06
SA24.7 247 2.91 -1.79 2.18 -2.04
SA23.9 23.9 2.46 -2.27 2.55 -2.05
SA23.1 23.1 2.83 -2.13 2.73 -2.06
SA22.7A 22.7 2.42 -2.59 2.57 -2.33
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SA22.1 22.1 2.92 -2.27 2.72 -2.33
SA21.4 21.4 2.65 -2.02 2.66 -2.29
SA21.1 21.1 2.16 -2.73 2.58 -2.34
SA20.6 20.6 1.89 -1.85 2.24 -2.20
SA19.4 19.4 2.50 -2.41 2.19 -2.33
SA17.8 17.8 291 -1.61 2.44 -1.96
SA17.3 17.3 3.23 -1.38 2.88 -1.80
SA16.7 16.7 3.45 -1.60 3.20 -1.53
SA16.1A 16.1 2.86 -2.52 - -

SA15.5 15.5 2.64 -2.64 3.11 -1.87
SA14.3 14.3 247 -2.26 2.85 -2.17
SAl4 14 2.03 -1.44 2.38 -2.11
SA12.4 12.4 2.46 -2.32 232 -2.01
SA12.3 12.3 2.73 -1.86 2.40 -1.87
SA10.8 10.8 1.90 -1.86 2.36 -2.01
SA9.8 9.8 2.13 -1.61 - -

SA8.4 8.4 2.37 -1.34 2.33 -1.69
SA7.4 7.4 1.89 -1.47 2.05 -1.56
SA7.2* 7.2 2.32 -1.72 - -

SA6.8A 6.8 1.23 -1.88 1.83 -1.56
SA6.5 6.5 2.43 -2.05 1.85 -1.80
SA5.4 54 2.22 -1.39 1.96 -1.77
SAS5.2 5.2 2.14 -1.49 2.26 -1.64
SA4.1 4.1 1.39 -1.59 1.92 -1.49
SA3.7 3.7 1.62 -1.63 1.72 -1.57
SA2.3 23 1.95 -1.40 1.65 -1.54
SA2 2 2.38 -2.47 1.98 -1.83
SA1.2 1.2 1.71 -2.50 2.01 -2.13
SA0.9 0.9 1.87 -2.28 1.99 -2.42
SA0.3 0.3 1.38 -1.97 1.66 -2.25

*Diagenized samples are marked in red.

Savudrija section, 6'*C and 6'30 in shell samples

Sample Shell (m) | 8"Cveps | 6 '*OvrpB
SA37.2-A Chondrodonta | 37.2 3.24 -1.80
SA34.8-A Chondrodonta | 34.8 1.23 -3.30
SA34.7-D Chondrodonta | 34.7 2.86 -2.10
SA34.7-C Chondrodonta | 34.7 1.84 -2.29
SA34.7-B Chondrodonta | 34.7 2.41 -1.92
SA34.7-A Chondrodonta | 34.7 2.15 -2.68
SA33.5-A Chondrodonta | 33.5 2.51 -2.53
SA33.3-B Chondrodonta | 33.3 2.88 -1.84
SA33.3-A Chondrodonta | 33.3 3.15 -2.38
SA33-C Chondrodonta 33 2.90 -2.35
SA33-B Chondrodonta 33 2.36 -1.83
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SA33-A Chondrodonta 33 2.30 -1.62
SA32-A Chondrodonta 32 3.32 -1.43
SA30.4-A Chondrodonta | 30.4 2.65 -1.31
SA30.1-E Chondrodonta | 30.1 2.65 -1.64
SA30.1-D Rudist 30.1 2.22 -2.80
SA30.1-C Chondrodonta | 30.1 2.64 -2.53
SA30.1-B Chondrodonta | 30.1 2.54 -2.31
SA30.1-A Rudist 30.1 2.34 -2.74
SA27.5-B Chondrodonta | 27.5 2.46 -2.98
SA27.5-A Chondrodonta | 27.5 2.20 -1.61
SA24.4-A Chondrodonta | 24.4 2.79 -2.54
SA23.1-A Rudist 23.1 2.70 -2.99
SA22.1-A Rudist 22.1 3.04 -2.87
SA17.8-B Rudist 17.8 2.34 -3.41
SA17.8-A Rudist 17.8 2.16 -2.60
SA4.1-B Rudist 4.1 2.34 -2.18
SA4.1-A Rudist 4.1 1.92 -1.94

Major, trace elements and REE concentrations

Savudrija section, major and trace elements concentration in bulk samples
Al P Ti . Sc \%
sample ) ) | pm) | @pm) | "M @pm) | VAT opm) | opm)
SA42 42 305.41 61.78 0.202 13.79 | 0.0451 | 0.1082 4.85
SA40 40.4 614.50 | 62.23 0.101 2594 | 0.0422 | 0.1527 40.35
SA39.6 39.6 311.54 | 66.23 0.212 11.35 | 0.0364 | 0.1008 16.97
SA38.5A | 38.5 35.95 52.65 1.464 1.08 0.0302 | 0.0625 7.61
SA37.2 37.2 131.51 58.96 0.448 4.12 0.0313 | 0.0497 15.45
SA36.1 36.1 167.57 | 49.70 0.296 6.36 0.0379 | 0.1004 8.14
SA34.8 34.8 107.10 | 63.47 0.592 3.184 | 0.0297 | 0.0402 8.18
SA33.8 33.8 698.97 | 60.03 0.085 25.61 | 0.0366 | 0.1836 13.98
SA33.3 33.3 824.31 54.32 0.065 28.82 | 0.0349 | 0.1434 19.04
SA33 33 815.14 | 73.74 0.090 29.59 | 0.0363 | 0.2699 51.06
SA32.5 32.5 12426 | 64.99 0.523 3.59 0.0289 | 0.0453 8.99
SA32 32 1415.10 | 65.39 0.046 56.33 | 0.0398 | 0.2201 45.81
SA31.6 31.6 30.30 52.67 1.738 1.25 0.0415 | 0.0315 8.80
SA30.4 30.4 597.20 | 60.84 0.101 23.62 | 0.0395 | 0.1106 9.45
SA29.1 29.1 461.91 52.19 0.113 19.07 | 0.0412 | 0.1039 5.31
SA27 27 154.11 | 48.67 0.315 5.44 0.0353 | 0.1860 8.02
SA25.7 25.7 25493 | 45.93 0.180 9.07 0.0355 | 0.0464 2.72
SA23.9 23.9 101.71 | 49.18 0.483 3.56 0.0350 | 0.0329 11.56
SA22.7B | 22.7 102.13 | 55.42 0.542 4.16 0.0407 | 0.0300 2.58
SA21.4 21.4 14736 | 58.97 0.400 5.61 0.0381 | 0.0346 3.99
SA19.4 19.4 266.35 | 65.70 0.246 11.78 | 0.0442 | 0.0787 3.25
SA17.3 17.3 141.69 | 52.43 0.370 5.56 0.0392 | 0.0418 10.79
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SA14.3 14.3 142.71 62.62 0.438 4.67 0.0327 0.0339 2.03
SA12.3 12.3 199.59 57.04 0.285 7.96 0.0398 0.0618 4.14
SA7.4 7.4 448.23 48.41 0.108 20.33 0.0453 0.1211 3.47
SA5.4 54 214.64 48.43 0.225 8.31 0.0387 0.0648 5.33
SA4.1 4.1 282.15 61.18 0.216 12.27 | 0.0434 0.0742 5.59
SA2 2 168.02 59.34 0.353 7.19 0.0428 0.0720 4.39
SA0.3 0.3 278.26 4991 0.179 9.72 0.0349 0.0816 4.66
329.06%* 0.0925
*The average value is marked in blue.
Savudrija section, trace elements concentration in bulk samples
As Mo U Y
Sample (m) V/Al (ppm) As/Al (ppm) Mo/Al (ppm) U/Al (ppm)
SA42 42 0.015 | 0.32 | 0.0010 | 0.890 | 0.0029 1.44 | 0.0047 | 0.373
SA40 404 | 0.065 | 0.19 | 0.0003 | 0.397 | 0.0006 456 | 0.0074 | 0.741
SA39.6 396 | 0.054 | 0.74 | 0.0023 | 3.525 0.0113 2.61 0.0083 | 0.138
SA38.5A | 38.5 | 0.211 | 0.08 | 0.0025 | 0.340 | 0.0094 2.65 | 0.0739 | 0.478
SA37.2 37.2 | 0.117 | 0.19 | 0.0015 | 0.556 | 0.0042 2.76 | 0.0210 | 0.266
SA36.1 36.1 | 0.048 | 0.12 | 0.0007 | 0.168 0.0010 2.41 0.0144 | 0974
SA34.8 348 | 0.076 | 0.11 0.0011 | 0.267 0.0024 2.57 | 0.0240 | 0.044
SA33.8 33.8 | 0.020 | 0.69 | 0.0009 | 0.745 0.0010 395 | 0.0056 | 0.296
SA33.3 333 | 0.023 | 0.60 | 0.0007 | 0.702 0.0008 3.02 | 0.0036 | 0.256
SA33 33 0.062 | 2.09 | 0.0025 | 3.673 0.0045 298 | 0.0036 | 1.120
SA32.5 325 | 0.072 | 0.21 0.0017 | 0.544 | 0.0043 5.08 | 0.0409 | 0.077
SA32 32 0.032 1.93 | 0.0013 | 1.287 | 0.0009 5.21 0.0036 | 0.221
SA31.6 31.6 | 0.290 | 0.12 | 0.0041 | 0.343 0.0113 427 | 0.1408 | 0.089
SA30.4 30.4 | 0.015 | 0.49 | 0.0008 | 0.865 0.0014 3.56 | 0.0059 | 0.133
SA29.1 29.1 | 0.011 | 0.13 | 0.0002 | 0.620 | 0.0013 349 | 0.0075 | 0.147
SA27 27 0.052 | 0.14 | 0.0009 | 0.383 0.0024 498 | 0.0323 | 1.575
SA25.7 257 | 0.010 | 0.08 | 0.0003 | 0.227 0.0008 1.61 0.0063 | 0.062
SA23.9 239 | 0.113 | 0.12 | 0.0012 | 0.185 0.0018 3.19 | 0.0314 | 0.038
SA22.7B | 22.7 | 0.025 | 0.13 | 0.0013 | 0.180 | 0.0017 1.83 0.0180 | 0.037
SA21.4 21.4 | 0.027 | 0.09 | 0.0006 | 0.190 | 0.0012 2.10 | 0.0142 | 0.055
SA19.4 19.4 | 0.012 | 0.32 | 0.0012 | 0.482 0.0018 0.94 | 0.0035 | 0.085
SA17.3 17.3 | 0.076 | 0.11 0.0007 | 0.313 0.0022 2.09 | 0.0148 | 0.076
SA14.3 143 | 0.014 | 0.14 | 0.0009 | 0.190 | 0.0013 0.92 | 0.0065 | 0.045
SA12.3 12.3 | 0.020 | 0.26 | 0.0013 | 0.472 0.0023 1.38 | 0.0069 | 0.068
SA7.4 7.4 0.007 | 0.77 | 0.0017 | 1.963 0.0043 1.79 | 0.0039 | 0.142
SA5.4 54 0.024 | 0.23 | 0.0011 | 0.523 0.0024 2.31 0.0107 | 0.122
SA4.1 4.1 0.019 | 0.28 | 0.0010 | 0.315 0.0011 1.58 | 0.0056 | 0.094
SA2 2 0.026 | 0.19 | 0.0011 | 0.169 | 0.0010 1.25 | 0.0074 | 0.160
SA0.3 0.3 0.016 | 0.41 0.0015 | 0.698 0.0025 1.16 | 0.0041 | 0.130
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Savudrija section, REE concentration in bulk samples

Sample (m) La Ce Pr Nd Sm Eu Gd
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)

SA42 42 | 0.5576 | 0.9326 | 0.0948 | 0.3566 | 0.0670 | 0.0161 | 0.0693

SA40 40.4 | 0.8493 | 1.2163 | 0.1212 | 0.4653 | 0.0851 | 0.0209 | 0.1024

SA39.6 39.6 | 0.2469 | 0.4863 | 0.0511 | 0.1991 | 0.0396 | 0.0090 | 0.0350

SA38.5A | 38.5 | 0.5959 | 1.0167 | 0.1034 | 0.3881 | 0.0790 | 0.0188 | 0.0787

SA37.2 37.2 | 0.3448 | 0.5380 | 0.0528 | 0.2045 | 0.0386 0 0.0443

SA36.1 36.1 | 0.4470 | 0.7411 | 0.0795 | 0.3085 | 0.0610 | 0.0152 | 0.0726

SA34.8 34.8 | 0.0336 | 0.0616 | 0.0072 | 0.0295 | 0.0065 | 0.0018 | 0.0066

SA33.8 33.8 | 0.3701 | 0.7552 | 0.0927 | 0.3192 | 0.0697 | 0.0157 | 0.0608

SA33.3 33.3 | 0.2239 | 0.4462 | 0.0510 | 0.2001 | 0.0412 | 0.0087 | 0.0328

SA33 33 0.2238 | 0.4153 | 0.0535 | 0.1855 | 0.0436 | 0.0123 | 0.0418
SA32.5 32.5 | 0.0864 | 0.1611 | 0.0184 | 0.0741 | 0.0144 | 0.0035 | 0.0147
SA32 32 0.2715 | 0.5004 | 0.0607 | 0.2077 | 0.0404 | 0.0098 | 0.0313

SA31.6 31.6 | 0.0666 | 0.1373 | 0.0159 | 0.0639 | 0.0124 | 0.0033 | 0.0141

SA30.4 30.4 | 0.1873 | 0.3857 | 0.0436 | 0.1604 | 0.0320 | 0.0065 | 0.0268

SA29.1 29.1 | 0.1728 | 0.3357 | 0.0395 | 0.1459 | 0.0272 | 0.0062 | 0.0235

SA27 27 0.6725 | 0.3227 | 0.1244 | 0.5698 | 0.1133 | 0.0279 | 0.1501

SA25.7 25.7 | 0.0852 | 0.1687 | 0.0186 | 0.0693 | 0.0139 | 0.0025 | 0.0106

SA23.9 239 | 0.0606 | 0.1188 | 0.0138 | 0.0511 | 0.0092 | 0.0020 | 0.0086

SA22.7B | 22.7 | 0.0439 | 0.0823 | 0.0103 | 0.0353 | 0.0058 | 0.0007 0

SA21.4 214 | 0.0819 | 0.1578 | 0.0181 | 0.0676 | 0.0130 | 0.0026 | 0.0112

SA19.4 19.4 | 0.1395 | 0.2995 | 0.0407 | 0.1111 | 0.0237 | 0.0107 | 0.0186

SA17.3 173 | 0.1241 | 0.2429 | 0.0284 | 0.1100 | 0.0205 | 0.0051 | 0.0185

SA14.3 143 | 0.0661 | 0.1322 | 0.0142 | 0.0539 | 0.0111 | 0.0031 | 0.0106

SA12.3 12.3 | 0.0991 | 0.1944 | 0.0229 | 0.0858 | 0.0171 | 0.0037 | 0.0147

SA7.4 7.4 | 02115 | 0.4157 | 0.0459 | 0.1792 | 0.0361 | 0.0075 | 0.0309
SA5.4 54 | 02203 | 0.4287 | 0.0484 | 0.1854 | 0.0359 | 0.0078 | 0.0320
SA4.1 4.1 | 0.1365 | 0.2512 | 0.0417 | 0.1119 | 0.0268 | 0.0147 | 0.0189
SA2 2 0.2013 | 0.4230 | 0.0510 | 0.1968 | 0.0419 | 0.0101 | 0.0381
SA0.3 0.3 | 0.1910 | 0.4096 | 0.0471 | 0.1768 | 0.0372 | 0.0080 | 0.0321
Sample (m) Tb Dy Ho Er Tm Yb Lu
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
SA42 42 | 0.0098 | 0.0558 | 0.0113 | 0.0302 | 0.0040 | 0.0261 | 0.0037
SA40 40.4 | 0.0140 | 0.0850 | 0.0184 | 0.0527 | 0.0070 | 0.0466 | 0.0069

SA39.6 39.6 | 0.0049 | 0.0278 | 0.0054 | 0.0135 | 0.0019 | 0.0131 | 0.0016

SA38.5A | 38.5 | 0.0117 | 0.0640 | 0.0132 | 0.0333 | 0.0043 | 0.0268 | 0.0036

SA37.2 37.2 | 0.0064 | 0.0357 | 0.0071 | 0.0168 | 0.0023 | 0.0160 | 0.0023

SA36.1 36.1 | 0.0116 | 0.0734 | 0.0186 | 0.0557 | 0.0066 | 0.0456 | 0.0066

SA34.8 34.8 | 0.0010 | 0.0059 | 0.0012 | 0.0025 | 0.0007 | 0.0034 0

SA33.8 33.8 | 0.0095 | 0.0528 | 0.0115 | 0.0316 | 0.0046 | 0.0309 | 0.0049

SA33.3 33.3 | 0.0055 | 0.0324 | 0.0070 | 0.0201 | 0.0031 | 0.0211 | 0.0031

SA33 33 0.0073 | 0.0561 | 0.0182 | 0.0611 | 0.0105 | 0.0706 | 0.0115
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SA32.5 32.5 | 0.0021 | 0.0120 | 0.0024 | 0.0053 | 0.0009 | 0.0059 | 0.0009
SA32 32 0.0052 | 0.0322 | 0.0071 | 0.0204 | 0.0029 | 0.0240 | 0.0040
SA31.6 31.6 | 0.0021 | 0.0126 | 0.0023 | 0.0061 | 0.0010 | 0.0064 | 0.0009
SA30.4 30.4 | 0.0039 | 0.0232 | 0.0048 | 0.0127 | 0.0018 | 0.0138 | 0.0018
SA29.1 29.1 | 0.0035 | 0.0225 | 0.0045 | 0.0130 | 0.0022 | 0.0166 | 0.0023
SA27 27 0.0219 | 0.1435 | 0.0337 | 0.0938 | 0.0119 | 0.0784 | 0.0113
SA25.7 25.7 | 0.0016 | 0.0104 | 0.0019 | 0.0043 0 0.0055 | 0.0006
SA23.9 23.9 | 0.0011 | 0.0076 | 0.0012 | 0.0028 0 0.004 0

SA22.7B | 22.7 0 0.0059 | 0.0007 | 0.0012 0 0.0012 0

SA21.4 21.4 | 0.0015 | 0.0087 | 0.0017 | 0.0042 | 0.0006 | 0.0031 | 0.0004
SA19.4 19.4 | 0.0034 | 0.0174 | 0.0033 | 0.0078 | 0.0015 | 0.0081 | 0.0015
SA17.3 17.3 | 0.0029 | 0.0132 | 0.0027 | 0.0072 | 0.0012 | 0.0063 0

SA14.3 143 | 0.0016 | 0.0078 | 0.0016 | 0.0039 | 0.0007 | 0.0031 | 0.0005
SA12.3 12.3 | 0.0021 | 0.0117 | 0.0025 | 0.0056 0 0.0061 0

SA7.4 7.4 1 0.0046 | 0.0275 | 0.0054 | 0.0143 | 0.0022 | 0.0156 | 0.0020
SAS5.4 54 1 0.0041 | 0.0257 | 0.0048 | 0.0105 | 0.0018 | 0.0117 | 0.0014
SA4.1 4.1 0.0043 | 0.0169 | 0.0041 | 0.0100 | 0.0020 | 0.0107 | 0.0015
SA2 2 0.0057 | 0.0301 | 0.0061 | 0.0155 | 0.0019 | 0.0137 | 0.0019
SA0.3 0.3 0.0048 | 0.0248 | 0.0048 | 0.0124 | 0.0018 | 0.0114 | 0.0017

Savudrija section, PAAS-normalized REE concentration in bulk samples

Sample (m) La Ce Pr Nd Sm Eu Gd
38* 80 8.9 32 5.6 1.1 4.7

SA42 42 0.0146 | 0.0116 | 0.0106 | 0.0111 | 0.0119 | 0.0146 | 0.0147
SA40 40.4 | 0.0223 | 0.0152 | 0.0136 | 0.0145 | 0.0152 | 0.0190 | 0.0217
SA39.6 39.6 | 0.0064 | 0.0060 | 0.0057 | 0.0062 | 0.0070 | 0.0081 | 0.0074
SA38.5A 38.5 | 0.0156 | 0.0127 | 0.0116 | 0.0121 | 0.0141 | 0.0171 | 0.0167
SA37.2 37.2 | 0.0090 | 0.0067 | 0.0059 | 0.0063 | 0.0068 0 0.0094
SA36.1 36.1 | 0.0117 | 0.0092 | 0.0089 | 0.0096 | 0.0109 | 0.0138 | 0.0154
SA34.8 34.8 | 0.0008 | 0.0007 | 0.0008 | 0.0009 | 0.0011 | 0.0016 | 0.0014
SA33.8 33.8 | 0.0097 | 0.0094 | 0.0104 | 0.0099 | 0.0124 | 0.0143 | 0.0129
SA33.3 33.3 | 0.0058 | 0.0055 | 0.0057 | 0.0062 | 0.0073 | 0.0079 | 0.0069
SA33 33 0.0058 | 0.0051 | 0.0060 | 0.0057 | 0.0077 | 0.0112 | 0.0089
SA32.5 32.5 | 0.0022 | 0.0020 | 0.0020 | 0.0023 | 0.0025 | 0.0032 | 0.0031
SA32 32 0.0071 | 0.0062 | 0.0068 | 0.0064 | 0.0072 | 0.0089 | 0.0066
SA31.6 31.6 | 0.0017 | 0.0017 | 0.0017 | 0.0019 | 0.0022 | 0.0030 | 0.0030
SA30.4 30.4 | 0.0049 | 0.0048 | 0.0049 | 0.0050 | 0.0057 | 0.0059 | 0.0057
SA29.1 29.1 | 0.0045 | 0.0041 | 0.0044 | 0.0045 | 0.0048 | 0.0056 | 0.0050
SA27 27 0.0176 | 0.0040 | 0.0139 | 0.0178 | 0.0202 | 0.0253 | 0.0319
SA25.7 25.7 | 0.0022 | 0.0021 | 0.0020 | 0.0021 | 0.0024 | 0.0022 | 0.0022
SA23.9 23.9 | 0.0015 | 0.0014 | 0.0015 | 0.0015 | 0.0016 | 0.0018 | 0.0018
SA22.7B 22.7 | 0.0011 | 0.0010 | 0.0011 | 0.0011 | 0.0010 | 0.0007 0
SA21.4 214 | 0.0021 | 0.0019 | 0.0020 | 0.0021 | 0.0023 | 0.0023 | 0.0024
SA19.4 19.4 | 0.0036 | 0.0037 | 0.0045 | 0.0034 | 0.0042 | 0.0097 | 0.0039
SA17.3 17.3 | 0.0032 | 0.0030 | 0.0032 | 0.0034 | 0.0036 | 0.0046 | 0.0039
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SA14.3 143 | 0.0017 | 0.0016 | 0.0016 | 0.0016 | 0.0019 | 0.0029 | 0.0022
SA12.3 12.3 | 0.0026 | 0.0024 | 0.0025 | 0.0026 | 0.0030 | 0.0034 | 0.0031
SA7.4 7.4 0.0055 | 0.0051 | 0.0051 | 0.0056 | 0.0064 | 0.0069 | 0.0065
SA5.4 54 0.0057 | 0.0053 | 0.0054 | 0.0057 | 0.0064 | 0.0071 | 0.0068
SA4.1 4.1 0.0035 | 0.0031 | 0.0046 | 0.0034 | 0.0048 | 0.0133 | 0.0040
SA2 2 0.0052 | 0.0052 | 0.0057 | 0.0061 | 0.0074 | 0.0092 | 0.0081
SA0.3 0.3 0.0050 | 0.0051 | 0.0052 | 0.0055 | 0.0066 | 0.0073 | 0.0068
Tb Dy Ho Er Tm Yb Lu
Sample (m) 0.77 4.4 1 2.9 0.4 2.8 0.43
SA42 42 0.0128 | 0.0126 | 0.0113 | 0.0104 | 0.0102 | 0.0093 | 0.0086
SA40 40.4 | 0.0182 | 0.0193 | 0.0184 | 0.0181 | 0.0177 | 0.0166 | 0.0161

SA39.6 39.6 | 0.0064 | 0.0063 | 0.0054 | 0.0046 | 0.0048 | 0.0047 | 0.0037

SA38.5A 38.5 | 0.0152 | 0.0145 | 0.0132 | 0.0115 | 0.0107 | 0.0095 | 0.0085

SA37.2 37.2 | 0.0084 | 0.0081 | 0.0071 | 0.0058 | 0.0059 | 0.0057 | 0.0053
SA36.1 36.1 | 0.0150 | 0.0166 | 0.0186 | 0.0192 | 0.0165 | 0.0163 | 0.0154
SA34.8 34.8 | 0.0013 | 0.0013 | 0.0012 | 0.0008 | 0.0019 | 0.0012 0

SA33.8 33.8 | 0.0123 | 0.0120 | 0.0115 | 0.0109 | 0.0115 | 0.0110 | 0.0115
SA33.3 33.3 | 0.0072 | 0.0073 | 0.0070 | 0.0069 | 0.0079 | 0.0075 | 0.0073
SA33 33 0.0095 | 0.0127 | 0.0182 | 0.0210 | 0.0264 | 0.0252 | 0.0267
SA32.5 32.5 | 0.0028 | 0.0027 | 0.0024 | 0.0018 | 0.0023 | 0.0021 | 0.0022
SA32 32 0.0067 | 0.0073 | 0.0071 | 0.0070 | 0.0074 | 0.0085 | 0.0094

SA31.6 31.6 | 0.0027 | 0.0028 | 0.0023 | 0.0021 | 0.0027 | 0.0023 | 0.0022

SA30.4 304 | 0.0051 | 0.0052 | 0.0048 | 0.0043 | 0.0046 | 0.0049 | 0.0042

SA29.1 29.1 | 0.0046 | 0.0051 | 0.0045 | 0.0045 | 0.0055 | 0.0059 | 0.0055

SA27 27 0.0284 | 0.0326 | 0.0337 | 0.0323 | 0.0299 | 0.0280 | 0.0264

SA25.7 25.7 | 0.0021 | 0.0023 | 0.0019 | 0.0015 0 0.0019 | 0.0013

SA23.9 23.9 | 0.0014 | 0.0017 | 0.0012 | 0.0009 0 0.0014 0

SA22.7B 22.7 0 0.0013 | 0.0007 | 0.0004 0 0.0004 0

SA21.4 21.4 | 0.0019 | 0.0019 | 0.0017 | 0.0014 | 0.0015 | 0.0011 | 0.0010
SA19.4 19.4 | 0.0044 | 0.0039 | 0.0033 | 0.0027 | 0.0037 | 0.0029 | 0.0036
SA17.3 17.3 | 0.0038 | 0.003 | 0.0027 | 0.0025 | 0.0031 | 0.0022 0

SA14.3 143 | 0.0021 | 0.0017 | 0.0016 | 0.0013 | 0.0019 | 0.0011 | 0.0013
SA12.3 12.3 | 0.0027 | 0.0026 | 0.0025 | 0.0019 0 0.0021 0

SA7.4 7.4 0.0060 | 0.0062 | 0.0054 | 0.0049 | 0.0055 | 0.0056 | 0.0047
SAS5.4 54 0.0053 | 0.0058 | 0.0048 | 0.0036 | 0.0045 | 0.0042 | 0.0033
SA4.1 4.1 0.0056 | 0.0038 | 0.0041 | 0.0034 | 0.0051 | 0.0038 | 0.0036
SA2 2 0.0075 | 0.0068 | 0.0061 | 0.0053 | 0.0049 | 0.0048 | 0.0044
SA0.3 0.3 0.0063 | 0.0056 | 0.0048 | 0.0043 | 0.0047 | 0.0041 | 0.0041

*Post-Archean Australian Shale (PAAS) REE standard values given in Taylor & McLennan (1985) are marked
in green.

Savudrija section, REE proxies in bulk samples
LREE/
% * *
Sample (m) | Ce/Ce* | Y/Ho | Eu/Eu* | Pr/Pr YREE HREE
SA42 42 0.920 | 32.84 | 1.098 0.934 2.608 1.219
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SA40 40.4 | 0.845 | 40.29 | 1.028 0.916 3.833 0.933

SA39.6 39.6 | 0992 | 25.68 | 1.126 0.934 1.274 1.350

SA38.5A | 38.5 | 0.930 | 3599 | 1.107 0.936 2916 1.264

SA37.2 372 | 0.895 | 37.32 0 0.905 1.576 1.199

SA36.1 36.1 | 0.894 | 52.25 | 1.051 0.946 2918 0.582

SA34.8 348 | 0.909 | 35.89 | 1.281 0.955 0.206 0.857

SA33.8 33.8 | 0.936 | 25.60 | 1.127 1.073 2.126 0.900

SA33.3 333 | 0.959 | 36.22 | 1.115 0.968 1.352 0.793

SA33 33 0.872 | 61.30 | 1.349 1.094 2.332 0.238
SA32.5 325 ] 0926 | 31.03 | 1.120 0.958 0.480 1.019
SA32 32 0.895 | 30.78 | 1.289 1.069 1.439 0.838

SA31.6 31.6 | 0966 | 38.41 | 1.164 0.967 0.435 0.780

SA30.4 304 | 0980 | 27.78 | 1.040 0.997 1.038 1.082

SA29.1 29.1 | 0932 | 32.55 | 1.151 1.015 0.964 0.837

SA27 27 0.254 | 46.67 | 0.973 1.280 3.951 0.543

SA25.7 25.7 | 0971 | 32.01 | 0.955 0.981 0.456 1.759

SA23.9 239 | 0941 | 30.23 | 1.067 1.011 0.319 2.618

SA22.7B 227 | 0.887 | 49.60 | 1.358 1.089 0.225 5.248

SA21.4 214 | 0939 | 30.70 | 1.003 0.998 0.428 1.613

SA19.4 19.4 | 0907 | 2530 | 2.373 1.268 0.772 1.247

SA17.3 173 | 0939 | 28.12 | 1.220 0.988 0.659 1.661

SA14.3 143 | 0989 | 2748 | 1.363 0.958 0.356 1.127

SA12.3 123 | 0937 | 2649 | 1.114 1.008 0.534 2.512

SA7.4 74 | 0968 | 26.14 | 1.058 0.956 1.141 1.033

SA5.4 54 | 0953 | 25.14 | 1.077 0.976 1.142 1.428

SA4.1 4.1 0.757 | 2293 | 3.029 1.414 0.746 1.022

SA2 2 0.958 | 26.28 | 1.186 1.002 1.198 1.167

SA0.3 0.3 0.992 | 26.99 | 1.085 0.994 1.094 1.222
0.905* | 33.38

*The average value is marked in blue.

The formulas used for the calculation of the above parameters are reported in Chap. 2, par.
2232,
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