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ABSTRACT

During the Eocene, shallow-water carbonate systems were significantly impacted by climate fluctuations and
hyperthermal events. Following the peak temperatures of the Early Eocene Climatic Optimum (EECO), a general
cooling trend began, with short-lived (~200 kyr) warming events occurring alongside it. In the early Bartonian
(around 40.1 Ma), a warming event known as the Middle Eocene Climatic Optimum (MECO) occurred, lasting
approximately 500,000 years. In this scenario, the types and calcification rates of marine organisms such as corals
and larger benthic foraminifera (LBF) were influenced by global CO, and oceanographic changes, which had a
major effect on photic carbonate factories. To better understand the effects of these factors on carbonate
factories, a detailed study of shallow-water facies types, distributions, and evolution was conducted. The Middle
Eocene Monte Saraceno sequence, located on the eastern margin of the Apulia Carbonate Platform (Gargano
Promontory, southern Italy), was selected as a case study to investigate the relationships between carbonate fac-
tory types and climatic changes around the MECO event. This study identified two distinct intervals with different
modes of carbonate production, separated by a sharp boundary. The lower interval consists of clinostratified,
thick beds of rudstone to floatstone, mostly made up of various large Nummulites tests, indicating an early
Bartonian age (Shallow Benthic Zone 17). Instead, the upper interval consists of coral floatstone to rudstone
with a packstone matrix, rich in branching corals in association with gastropods, bivalves, and rare small larger
benthic foraminifera. The appearance of Heterostegina sp. and Glomalveolina ungaroi in this interval indicates a
late Bartonian age (Shallow Benthic Zone 18). By integrating biostratigraphic and stable-isotope data, the
lower interval, with abundant Nummulites, was linked to the MECO event, during which higher sea-surface tem-
peratures seem to enhance larger benthic foraminifera proliferation, as already occurred in the Early Eocene.
However, in the late Bartonian, the sharp transition to a coral-dominated carbonate factory, with rare larger ben-
thic foraminifera showing smaller sizes, could be attributed to a drop in temperature that created the conditions
more favourable to corals. Overall, this study provides compelling evidence of how environmental changes can
affect marine carbonate production, also highlighting the importance of investigating these relationships, to bet-

ter understand climate change in the past, present and near future.
© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

34 million years ago) may be used as a reference model for predicting
future climate conditions. The Paleaocene-Eocene boundary was

Significant transient and long-term changes occurred in Earth's cli-
mate during the Paleaogene, culminating in the transition from global
greenhouse to icehouse conditions (Zachos et al., 2001). Due to its
general warmth and high atmospheric pCO,, the Eocene Epoch (56 to
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marked by a pronounced but transient warming event (Paleaocene-
Eocene Thermal Maximum: PETM), followed by increasingly high
temperatures culminating in the Early Eocene Climatic Optimum
(EECO) in the late Ypresian; to this extreme warming followed a
gradual cooling trend lasted up to the Eocene-Oligocene transition. In
the early Eocene, high levels of atmospheric CO, led to extremely
warm climate and decreased meridional temperature gradients (Van
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der Ploeg et al., 2023). Subsequently, during the Middle Eocene, the
general cooling trend was episodically interrupted by transient
climate warming events, most of them short-lived (<200 kyr). During
the early Bartonian (at ~40.1 Ma), a ~500 kyr warming event occurred,
known as the Middle Eocene Climatic Optimum (MECO). This interval
has been identified in the Southern, Atlantic, Pacific, Indian and Tethyan
Oceans (Bohaty and Zachos, 2003; Jovane et al., 2007; Bohaty et al.,
2009; Cramwinckel et al., 2018; Giorgioni et al., 2019). It was associated
with pronounced changes in the hydrosphere, atmosphere, and bio-
sphere. The 6'20 records indicate a global warming of ca. 4 to 6 °C of
both surface and deep waters, which was associated with shoaling of
the calcite compensation depth (Bohaty et al.,, 2009; Edgar et al.,
2010) and elevated pCO, (Bijl et al., 2010).

Important evidence of the MECO comes from sediment cores in the
Indian and Atlantic sectors of the Southern Ocean. Here, a negative shift
in 6'80 values at 41.5 Ma, followed by a 1.8 %. increase in benthic 6'0
values between ca. 41 and 37 Ma, interpreted as ~6 °C cooling, has
been recognized (Bohaty and Zachos, 2003; Edgar et al., 2010). Bohaty
et al. (2009), Edgar et al. (2010), and Khanolkar et al. (2017), among
others, show a negative CIE during the MECO event. Conversely, in Italy,
this hyperthermal event has been identified in two deep-water sections,
the Contessa and Alano sections. Here, high-resolution palaeomagnetic
investigation and analyses of planktonic and benthic foraminifera inte-
grated with oxygen and carbon isotope measurements have been con-
ducted (Jovane et al., 2007; Boscolo Galazzo et al., 2013; Luciani et al.,
2010; Spofforth et al., 2010). According to Jovane et al. (2007) and
Boscolo Galazzo et al. (2013), the 6'3C curve of Contessa and Alano sec-
tions presents a positive peak, which for the Contessa section corresponds
to 0.6 %o at 40 Ma. It represents the first evidence in the northern hemi-
sphere of the MECO, comparable with the stable isotope anomaly ob-
served in the Indian-Atlantic sector by Bohaty and Zachos (2003).

Moreover, the evolution of shallow-water carbonate factories is sub-
ject to the influence and control of various factors, such as global and re-
gional fluctuations in climate, global and local tectonic activity, changes
in eustatic sea levels, and the evolution of benthic biota over time
(Hontzsch et al., 2013). Throughout the Eocene, the high temperatures
favoured the calcitic larger benthic foraminifera (LBF) flourishing in
the shallow-marine carbonate environments of the Tethys (Pomar
etal, 2017). LBF, as important carbonate producers, represent powerful
bioindicators (proxies) of environmental changes (Wilson, 2008;
Pomar et al., 2012).

Specifically, the EECO (52-49 Ma; Zachos et al., 2001) and the post-
PETM events coincide with peaks in the species-level diversity of K-
strategist LBF (Hottinger, 1998; Hontzsch et al., 2011). Likewise, from
the middle Ypresian up to the Bartonian, the size of LBF increased signif-
icantly (Hottinger, 2001). In addition, the early to late Bartonian bound-
ary has been recognized as crucial time for the biological change in the
Tethys realm (Martin-Martin et al., 2021). During this period, biota such
as LBF and scleractinian corals were strongly affected by these changes.
Variations in benthic foraminiferal assemblages mainly indicate
changes in water depth, organic matter flux to the seafloor, oxygenation
and temperature (e.g., Gooday, 2003; Murray, 2006). During the Middle
Eocene, the dominant biota were large nummulitids belonging to the
genera Nummulites and Assilina. Additionally, alveolinids were quite
abundant during this time, even if their maximum diversification
dates back to the Early Eocene. Right before the Late Eocene, the
nummulite lineages with reticulate surfaces started their evolution, ac-
companied by small radiate forms and new genera with chambers
subdivided into chamberlets, such as Heterostegina and Spiroclypeus.
Moving into the early Oligocene, the LBF fauna became less diversified,
with the extinction of the orthophragmines and a few species of the
genus Nummulites.

LBF required similar ecological conditions, e.g. nutrients, light, tropical
and subtropical water temperature of other organisms as z-corals
(Hottinger, 1983; Hallock, 1985, 2000) occupying similar ecological
niches (Martin-Martin et al., 2021). However, their response to the
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temperature increasing, UV exposure and/or presence of nutrients,
seems to be different. Specifically, when the temperature exceeds the
corals' threshold, they expel their symbiont algae, leading to bleaching
(Hallock, 2000; Hontzsch et al., 2013; Pomar et al., 2017). Hence, impor-
tant producers of CaCOs, such as corals and larger benthic foraminifera
(Langer, 2008), were sensitive to changes in water quality. Examples of
LBF-coral co-existence have been described from the late Palaeocene up
to Lutetian Sierra Espufia-Mula Basin successions (Betic Cordillera, S
Spain), the Moroccan Ghomarides Domain (Moroccan Internal Rif Zone)
(Martin-Martin et al., 2020, 2021, 2023; Tosquella et al., 2022), and the
Priabonian Nago Limestone (northern Italy) (Luciani, 1989; Bassi, 1998;
Bosellini and Papazzoni, 2003). However, the Eocene was considered a
transitional period for the coral reef evolution in which the warm
hyperthermal events, including MECO, seem to be detrimental for the
coral's growth (Martin-Martin et al., 2021; EI-Azabi, 2023). This carbonate
factory variation is likewise observed in various locations, including the
Mossano section (Italy), the Prebetic platform and Betic Cordillera (south-
ern Spain), the Maiella platform (Italy), the Gavrovo-Tripolitza area
(Greece), northern and central Turkey, Tunisia, and the El-Ramliya area
(Egypt). In Greece and the Maiella platform, coral reefs became significant
contributors to the platform during the Priabonian, although they were
generally present but not as prominent during the early-middle Eocene
(Moussavian and Vecsei, 1995; Vecsei and Moussavian, 1997; Barattolo
et al,, 2007). In NW Turkey, the Thrace Basin during the Early Eocene
was dominated by larger benthic foraminifera, with the first coral reefs
appearing in the upper Bartonian and becoming more prominent in the
late Bartonian to Priabonian (Middle-Late Eocene) (Ozcan et al., 2010;
Less et al, 2011). Studies on the Prebetic platform (SE Spain) indicate a
dominance of LBF and coralline red algae during the Eocene, with a grad-
ual decrease in orthophragminids and nummulitids towards the upper
part of the Middle Eocene succession. The occurrence of corals was asso-
ciated with the global cooling event at the Bartonian-Priabonian bound-
ary (Hontzsch et al., 2013). These biological changes were also observed
by Martin-Martin et al. (2021) in the Sierra Espufia-Mula basin in the
Betic Cordillera, southern Spain, in which the early-late Bartonian bound-
ary (SBZs 17-18) was characterized by biological change, including the
end of increasing LBF test sizes linked to increased heterotrophism in
shallow-marine waters and a recovery of zooxanthellate corals. In the
Siouf Member of Tunisia, the abundance of Nummulites is linked to the
Middle Eocene Climatic Optimum (MECO) warming peak also correlated
with a rapid sea level rise and the development of a shallow-water car-
bonate platform in central Tunisia from 40.5 Ma to 39.8 Ma (Messaoud
et al,, 2023). Likewise, in the El-Ramliya area (Egypt), El-Azabi (2023)
linked the corals (Acropora genus) lacking during the Bartonian age, to
the warm temperatures reached during the MECO event.

The detailed study of the palaeoenvironments and related facies
evolution of the Middle Eocene Monte Saraceno sequence, promises to
be a useful case study to identify short and long-term environmental
changes in the shallow-water domain. In particular, the main purpose
of this work is: i) to interpret the carbonate facies shift between the
lower nummulitic and upper corals facies; ii) to investigate the impact
of the MECO event on a shallow water succession, also exploring the
evolution of a carbonate ramp system across this time; and iii) to in-
crease the “knowledge of the geological record” of LBF-coral response
to the MECO event.

2. Geological and stratigraphic setting

The Gargano Promontory (Fig. 1A), located in the Apulia Region
(Southern Italy), is the foreland of the Southern Apennine orogenic sys-
tem. This area was slightly deformed and uplifted during the Neogene
period, primarily as the result of the tectonic activity associated with
the Apennine and Dinaric thrust belt convergence (Doglioni et al.,
1994; Bertotti et al., 1999; Brankman and Aydin, 2004).

The Gargano Promontory belongs to the Apulian Carbonate Platform
(ACP, Fig. 1B) and was a major palaeogeographic element of the southern
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Fig. 1. A) Geological map of the Gargano Promontory (modified after Morsilli et al., 2017); B) Apulian Carbonate Platform reconstruction based on offshore seismic profiles and exploration
wells (based on Morsilli et al., 2017); C) aerial photograph of the investigated area (Monte Saraceno).

passive margin of the Tethys Ocean formed during Jurassic and
Cretaceous time. The ACP is one of the so-called peri-Adriatic platforms
partially comparable to the Bahama banks in terms of facies, shape, size
and also in the internal architecture (Eberli et al., 1993; Bosellini et al,
1999; Morsilli et al.,, 2017, 2021).

The Gargano Promontory consists of a thick succession of Jurassic to
Eocene carbonate rocks (Fig. 1A) with different facies belts including
inner platform, margin and slope-to-basin deposits (Morsilli and
Bosellini, 1997; Bosellini et al., 1999; Borgomano, 2000; Morsilli et al.,
2004, 2017; among others). The various stratigraphic units have been
organized into depositional supersequences on the basis of the occur-
rence of various types of unconformities (Bosellini et al., 1999; Morsilli
et al., 2021), such as the Eocene Monte Saraceno Sequence, which is
characterized by an extensive basal disconformity. In the Monte
Saraceno area (Fig. 1C), this 250 m-thick sequence starts with a
megabreccia interval (Grottone Megabreccia — late Ypresian?),

followed by Lutetian-Bartonian calcarenitic deposits (Coppa d'Apolito
Calcarenite and Monte Saraceno Limestone), passing to coeval pelagic
deposits of the Scaglia Formation known locally as the Punta Rossa
Limestone (Bosellini and Neri, 1995; Bosellini et al., 1999; Adams
et al., 2002; Matteucci et al., 2012; Morsilli et al., 2021). Instead, in the
north-eastern part of the Gargano, a 350 m-thick interval of middle
Eocene calciturbidites and scattered breccia beds (Peschici Formation;
Bosellini et al., 1993) covers disconformably the Upper Cretaceous
basinal deposits of the Scaglia Formation, above an important hiatus
(Fig. 1A).

In detail, the formations belonging to the Monte Saraceno Sequence
(Fig. 2) are:

i. Grottone Megabreccia. This unit, 50-60 m thick, consists mainly of
thick breccia and megabreccia beds, frequently amalgamated, made
of several channelized bodies. It has been interpreted to have formed
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Fig. 2. Stratigraphic relationships among the units of the Monte Saraceno sequence.

(Modified after Bosellini and Neri (1995).)

via repeated catastrophic margin collapses with rock falls and debris-
flow episodes that caused partial dismantling of the Cretaceous—
Palaeocene and early Eocene deposits (Bosellini et al., 1999).

. Punta Rossa Limestone. This is the middle Eocene basinal (proximal) fa-

cies, consisting of chalky, whitish and sub-horizontal, thin-bedded
lime mudstone. This unit crops out spectacularly along the 50-60 m-
high white sea-cliff of the Monte Saraceno (see Fig. 1B). There are
several 20-30 cm thick calciturbidites within the succession, which
appear to be characterized by frequent truncation surfaces and discor-
dances (slump scars).

Coppa d'Apolito Calcarenite. This unit mostly consists of fine-grained
calcarenites, which are frequently bioturbated and amalgamated,
and thin to medium calciturbidite beds, sometimes channelized, full
of LBF (Discocyclina and Nummulites). Rare breccia layers, with clasts
and matrix derived from the same unit, occur locally. Cemented
patches or cemented layers, attributed to concretionary calcite ce-
mentation, are the striking feature of this unit.

Monte Saraceno Limestone. This is the uppermost unit of the sequence
and is represented by clinostratified, coarse calcarenites and
rudstones, consisting mostly of nummulitids capped by a floatstone
with abundant branching corals and subordinated gastropods and bi-
valves. The nummulitic clinoforms, with a variable inclination from
16° to 25°, pass laterally to basinal stratified deposits of Punta Rossa
Limestone (Adams et al., 2002). This unit was interpreted by
Bosellini et al. (1999) as a proximal slope passing to small patch-
reefs growing on the deeper margin and probably related to a sea-
level drop (lowstand shelf edge — forced regression). Adams et al.
(2002) provide a detailed facies description of the Monte Saraceno
carbonate system, focusing attention on the relationship between
slope inclination and sediment fabric. He describes four different
slope facies in detail: facies 1) packstone-grainstone with larger fora-
minifera (Nummulites, Discocyclina), benthic smaller foraminifera
(rotaliids, miliolids, textulariids), echinoid spines and shell fragments;
facies 2) skeletal packstone to rudstone with larger foraminifera
(Nummulites, Discocyclina), benthic smaller foraminifera (rotaliids,
miliolids), echinoid spines and fragmented shells; 3) packstone with
larger foraminifera (Gypsina, Alveolina, Asterigerina), benthic smaller

foraminifera (rotaliids, textulariids), red and green algae, echinoid
fragments and bivalve shell fragments; 4) packstone to floatstone
with in situ corals and coral fragments, larger foraminifera
(Nummulites, Gypsina, Asterigerina), benthic smaller foraminifera
(textulariids), coralline algae and echinoid spines.

v. Peschici Formation. This is a thick succession (350 m) of graded
breccias and calciturbidites alternating with thin pelagic lime-
mudstone. This unit crops out outside of our study area (see
Fig. 1A). The basal contact is a spectacular marine onlap that
infills a huge submarine scar, deeply eroded into underlying
Upper Cretaceous Scaglia Fm (Bosellini et al., 1999; Morsilli
etal, 2021). The large hiatus between the Peschici Fm and Scaglia
Fm has also been recognized in the Adriatic offshore in some ex-
ploration wells (De Alteriis and Aiello, 1993).

Previous authors determined the age of the Monte Saraceno deposits
based on the larger foraminiferal assemblages, especially with reference
to the genus Nummulites. Tellini (1890) in a complete revision of the
nummulites of the Gargano Promontory, Tremiti and Maiella area, was
the first author to recognize and collect the Nummulites species around
the Monte Saraceno area. Later Matteucci (1971, 1978) and Matteucci
et al. (2012), based on the foraminiferal assemblages, assigned the
Monte Saraceno nummulitic zone to the upper Lutetian (SBZs 15-16)
and lower Bartonian (SBZ 17), sensu Serra-Kiel et al. (1998). He assigned
to the early Bartonian (SBZ 17) the Monte Saraceno Limestone, due to the
occurrence of Nummulites brongniarti (SBZ 17) (Matteucci et al., 2012).

In this study, on the basis of the identified skeletal components, we
assign to the SBZ 17 (lower Bartonian) the Monte Saraceno clinoforms;
the occurrence of Heterostegina sp. and Glomalveolina ungaroi in the up-
permost coral facies, indicates a middle to upper Bartonian (SBZ 18,
sensu Less et al., 2008).

3. Material and methods
In order to reach the goals of this study, the standard methodology

based on the field observations, sampling, measurement of stratigraphic
logs, detailed facies mapping and laboratory analysis has been applied.
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The sedimentary lithofacies were characterized through the outcrop ob-
servation whilst, the laboratory study, was subdivided into microscope ob-
servation and stable isotope analysis (8'3C, 6'%0), performed at the
Laboratory of Paleoclimatology and Isotope Stratigraphy (Ferrara, Italy).

176 samples and 110 thin sections have been studied under an optical
microscope for the microfacies and fossil assemblage characterization. In
particular, grain types and size, texture, diagenetic features, and the skele-
tal grains and biostratigraphic distribution of the LFB have been reported.

Dunham (1962) and Insalaco (1998) classifications were used to
classify the textures. Depositional textures for lithofacies definition
were analysed semi-quantitatively and expressed in terms of relative
abundance.

For geochemical analysis, the lime mudstone part of 134 samples has
been microdrilled and analysed for 5'>C and 6'®0 values. To avoid large
bioclasts or recrystallization, the polished slabs were studied under a bin-
ocular microscope and checked with the respective thin sections before

Sedimentary Geology 461 (2024) 106575

the microdilling. All results are reported in per mil (%), in the conven-
tional 6 notation with reference to the Vienna Pee Dee Belemnite (VPDB)
standard.

4. Results
4.1. Monte Saraceno section

To thoroughly analyse the depositional geometries, architecture, and
spatial distribution, a comprehensive lithofacies map was created at a
scale of 1:5000. This detailed map allows for a close examination of
the various lithofacies present in the study area, providing insights
into their characteristics, lateral extension and stratigraphic relation-
ships, and distribution patterns. The map represents a valuable tool in
understanding depositional geometries, facies transitions, sedimentary
environments, and the overall geological context (Fig. 3).

- 2 '/
A |

~ bedding
& . faults

B8 B9 PR: Punta Rossa limestone
I MGb: Grottone Megabreccia

" stratigraphic section

NRF: Nummulitic rudstone to floatstone |
1 CFR: Coral floatstone to rudstone
8 6wr (B): Gypsinae WK\PK
" GWP (A): Gypsinae WK\PK
| FC: Fine calcarenite
I oF: Discocyclinid floatstone
B cc: coarse calcarenite

. Monte Saraceno
limestone

. Coppa D’Apolito
calcarenite

Fig. 3. A) Lithofacies map of the Monte Saraceno area with location of the stratigraphic section (orange line). The black box identifies the detailed log along the section. B) Panoramic view
showing the carbonate facies shift between the lower nummulitic clinoforms (NRF) and the upper coral facies (CFR).
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The stratigraphic section, measured from the upper interval of the 104.5 m, highlights the different lithofacies associations (Fig. 4).
Coppa d'Apolito Calcarenite to the top of Monte Saraceno Limestone Moreover, the upper 31.5 m of the studied section, where a tran-
(41° 41’ 38.04” N; 16° 03’ 9.88” E) with a total thickness of sition in carbonate factories occurs between the nummulite-rich

Eros. profile

o 195 MONTE SARACENO

SECTION
(GARGANO)

30 100

LEGEND
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B DF: Discocyclinid floatstone
| NRF: Nummulitic rudstone to floatstone
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Bl GWP: Gypsina wackestone to packstone
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Fig. 4. Stratigraphic section of Monte Saraceno. The NRF, CFR, BW, and GWP lithofacies belong to Monte Saraceno Limestone and DF lithofacies to the upper interval of Coppa D'Apolito Calcarenite.
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clinoforms and coral facies, is exceptionally well exposed and has
undergone detailed analysis.

4.2. Lithofacies
Based on analysis of textures and skeletal components both in outcrop

and thin sections, five main lithofacies have been distinguished (Fig. 5;
Table 1): i) Discocyclinid floatstone (DF); ii) nummulitic rudstone to

Sedimentary Geology 461 (2024) 106575

floatstone (NRF); iii) coral floatstone to rudstone (CFR); iv) Gypsina
wackestone to packstone (GWP); and v) bioclastic wackestone (BW).

4.2.1. DF — discocyclinid floatstone

This floatstone very rich in LBF, with a packstone to grainstone ma-
trix, contains a great abundance of orthophragmins associated with
nummulitids. The LBF association, characterized by Discocyclina and
Nummulites presents also small rotaliids (some Asterigerina rotula),

¥
3oy
o ¥ e

2

Fig. 5. Photomicrographs of the identified lithofacies (plane polarized light). (A-B) Nummulites size variation in nummulitic rudstone to floatstone facies. A) Packstone to wackestone dom-
inated by small nummulites (about 2 mm in diameter); B) floatstone with discocyclinids and Nummulites (DF); C) MS(A) 1.2 sample characterized by large nummulites (about 6 mm
in diameter); D) Gypsina wackestone to packstone (GWP); E-F) floatstone to rudstone with coral fragments and peloid facies CRF; P = peloids; C = corals; Gh = Gypsina hook-shaped;
E = echinoderms; Ro = rotaliids; Et = Ethelia alba; N = Nummulites; D = Discocyclina.
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Table 1

Recognized lithofacies of Monte Saraceno section with the relative abundance of components. Studied samples and fossil content (common, abundant, present and/rare) are also shown.

Sedimentary Geology 461 (2024) 106575

Lithofacies Fossils and non-skeletal grains Fossils and non-skeletal grains present and/or rare
common and/or abundant™
DF Discocyclinid floatstone ~ Nummulites*, Discocyclina*, bivalves, Textulariids, small rotaliids, Corallinaceean red algae, acervulinids
echinoderms, miliolids
NRF Nummulitic rudstone to  Nummulites*, Asterigerina rotula, peloids Gypsina hook-shaped, Gypsina, miliolids, Gyroidinella magna, discorbids, textulariids,
floatstone articulated red algae (fragments), echinoderms
CFR Coral floatstone to Corals*, peloids*, Gypsina, miliolids, Small thick Nummulites, Gypsina hook-shaped, Sphaerogypsina globula, Asterigerina rotula,
rudstone echinoderms Gyroidinella magna, Heterostegina, discorbids, textulariids, small rotaliids, articulated red algae,
non-articulated red algae (Sporolithon), Corallinaceean algae (Lithoporella), bryozoans,
gastropods
BW Bioclastic wackestone Echinoderms Bivalve shells, Asterigerina rotula, Heterostegina, Operculina, coral fragments, peloids
GWP(A)  Gypsina wackestone to Gypsina*, Gypsina hook-shaped, peloids, Small thick Nummulites, Operculina, Gypsina linearis, Sphaerogypsina globula, miliolids,
packstone with discorbids, echinoderms, articulated red Planorbulina, Asterigerina rotula, Gyroidinella magna, Fabiania cassis, Mississippina binkhorsti,
Nummulites algae textulariids, unspecific rotaliids, bivalve shells, Ethelia alba?, Lithoporella, bryozoans
GWP(B) Gypsina wackestone to Gypsina*, Gypsina hook-shaped, miliolids, ~ Coral fragments, textulariid, small rotaliids, Heterostegina, Glomalveolina ungaroi, Gypsina

packstone with corals

Gyroidinella magna

linearis, Fabiania cassis, Pyrgo, echinoderms

miliolids, textulariids and acervulinids. Furthermore, coralline red algal
fragments, bivalve shells and echinoid plates are common.

4.2.2. NRF — nummulitic rudstone to floatstone

This lithofacies is characterized by clinostratified thick rudstone to
floatstone beds with abundant LBF. They are represented by the large
nummulitids (Nummulites) mostly at the bottom of the section becom-
ing smaller going up through the section (Fig. 5A). Furthermore, some
rotaliids (Asterigerina rotula often dissolved, Rotaliconus), textulariids,
Miliolids, Gypsina (rarely hook-shaped), molluscs (bivalves and rare
gastropods), echinoids, ostracods, red algal fragments (articulated and
non-articulated), and scattered bryozoan are also present.

4.2.3. CFR — coral floatstone to rudstone

This lithofacies, that corresponds to the uppermost part of the Monte
Saraceno log (see Fig. 4), is characterized by yellowish rudstone to
floatstone in massive or amalgamated beds full of coral branches and
branching colonies usually slightly reworked. In situ corals rarely
occur, mostly in the lower part of this unit. The main components of
the packstone matrix are peloids associated with coral fragments and
red algae. Less abundant are echinoids, bivalves, ostracods, rotaliids
(Asterigerina rotula, Gyroidinella magna), textulariids and rare plank-
tonic foraminifera. Specifically, articulated, non-articulated red algal
fragments (Lithothamnion) and Corallinaceean algae (Lithoporella)
occur in the whole sections, whilst the association of green algae with
miliolids, discorbids and acervulinids (Gypsina, Sphaerogypsina) is
present only at the bottom of this stratigraphic unit, where Heterostegina,
nummulits and encrusting foraminifera are rare.

4.2.4. BW — bioclastic wackestone

This lithofacies, laterally intercalated with coral floatstone to
rudstone (CFR) lithofacies, is represented by skeletal components be-
longing to various taxa. There were recognized rotalids (rare
Asterigerina rotula), Heterostegina, Operculina, textulariids, molluscs
(bivalve shells), echinoids, ostracods, red algae and scattered coral frag-
ments, sometimes dissolved.

4.2.5. GWP — Gypsina wackestone to packstone

This lithofacies is characterized by whitish to yellowish
wackestone to packstone beds rich of acervulinids (Gypsina linearis
and Gypsina frequently hook-shaped) with miliolids, small rotaliids,
echinoids, bivalve shells, gastropods, bryozoans, Corallinaceean
algae (Lithoporella), fragmented articulated red algae, and peloids.
This facies occurred either in association with small Nummulites
(GWP(A)), in the upper interval above the nummulitic clinoforms
(see Fig. 3A), and inter-fingered, with the coral lithofacies (GWP(B)).
Here the species Glomalveolina ungaroi and Heterostegina sp. occasion-
ally occur within this facies.

4.3. LBF—coral facies shift

The upper part of the Monte Saraceno presents different skeletal
components compared to the lower and the other parts of the investi-
gated area.

At the uppermost level, a distinct surface marks the boundary be-
tween the clinostratified succession and a massive limestone enriched
in fragments of branching corals, along with scattered in situ massive
corals visible at a smaller scale (Fig. 6).

This important carbonate factory change has been described in the
stratigraphic section, which focuses on the last 31.5 m of the entire mea-
sured section (Fig. 7).

Starting from the bottom, metric strata of rudstone to floatstone rich
in nummulites associated with other smaller benthic foraminifera
occur. The presence of large numbers of Nummulites of various
sizes is the most prominent feature of this interval until a decrease,
at about 3 m, either in size and abundance (see thin section pictures
B-C of Fig. 6). The transitional zone is marked by a floatstone in a
packstone-wackestone matrix in which small nummulitids (<2 mm),
red algae, acervulinids, echinoid spines and sporadic miliolids are pres-
ent. The entire nummulitic interval, from the base to the Nummulites—
coral boundary, is totally lacking in coral fragments. The boundary
between the nummulitic interval and the upper coral facies occurs at
about 4 m. From here to the end of the section, 30 m of scattered
branching coral's fragments, rarely including in-situ coral colonies,
immersed in a peloidal wackestone to packstone matrix, laterally inter-
calated with the bioclastic wackestone (BW) and the Gypsina
wackestone-packstone (GWP(B)) lithofacies appear.

44. Coral-rich interval

The upper part of the Monte Saraceno Limestone, characterized by
the presence of numerous caves of variable size, with corals exposed
in 3-dimensions within the caves, allows us to study from a macroscopic
point of view the coral facies analysing their spatial distribution, mor-
phology and internal structures with great detail. Here in-situ massive
to platy coral colonies transitioning to chaotic breccias containing
fragments of branching coral sticks occur. Within this interval,
Matteucci et al. (2012) identified seventeen coral genera, including
Stylophora, Dendracis, Astreophora, Cyathoseris, Actinacis, Goniopora,
Phyllocoenia, Cereiphillia, Antiguastraea, Leptomussa, Michelottiphyllia,
Ilariosmilia, Plocophyllia, and Wellsia. For the present study, two caves
(A and B) have been examined (Fig. 8).

Cave A: Stratigraphically, the cave, 2 m high and 6 m wide, is set at a
12 metre height starting from large nummulite-coral facies transi-
tion. Specifically, the cave's walls point out numerous coral frag-
ments with a branching structure and variable dimensions. Their
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Monte Saraceno LBF-coral shift

Fig. 6. Outcrop photos and thin section pictures highlighting the nummulite-coral facies shift. A) Coral floatstone to rudstone microfacies (CFR); B and C) nummulitic floatstone with small
nummulites in the interval below the boundary (B), and the larger nummulites underlying (C); D and E) rudstone with nummulites in clinostratified layers. The red dots represent the

location of the collected samples in this interval.

dimensions range from few centimetres up to 10-15 cm, immersed
in a mudstone-wackestone matrix (Fig. 9).

Cave B: Cave B, located stratigraphically lower than the previous
cave, with its 6 metre height and about 10 meter width, is the largest
cave observed on the Monte Saraceno outcrop. Similar to the others,
this cave is composed of coral fragments immersed in a fine-grained
matrix. However, it represents the only cave in which it was recog-
nized, in the lowest part, an isolated coral with platy morphology.

Summarizing, comparing both caves, most of the corals are
branching or represented by fragments of branches. Furthermore, the
spatial distribution of the fragments and the poor sorting suggest that
transport is not related to a unidirectional flow but, rather, to a limited
transport with a minimal coral reworking.

4.5. Stable isotopes

From the base to the top of the Monte Saraceno section, with a
total thickness of 104,5 m, there is a gradual 6'>C decreasing
trend starting from ~—0.62 %0 to ~—4.67 %o values (Fig. 10A). How-
ever, the values between 21 and 31 m, corresponding to the upper
part of the discocyclinid floatstone (DF) lithofacies, increase from
—2.40 %o to —1.60 %, until reaching ~0.7 %. in '3C values in the
upper 6 m, equivalent to the base of nummulitic rudstone to
floatstone (NFR) facies. In addition, going upwards throughout
the Monte Saraceno section, the curve highlights a gradual nega-
tive trend still related to the nummulitic abundance. This phase
persists until the sharp negative CIE, linked to the carbonate facies
shift to the coral facies and a reduction of the Nummulites genus
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Fig. 7. Sedimentological and schematic log of the upper 31,5 m of the Monte Saraceno section inclusive of biostratigraphy. See text and Table 1 for lithofacies description.

either in size and abundance. This CIE interval, is marked by the
first appearance of Heterostegina sp. and Glomalveolina ungaroi,
and the lack of large nummulites in the upper interval of our

study section. Moreover, the 6'3C and §'80 values in the Monte
Saraceno section show a significant positive correlation (r? = 0.7)
(Fig. 10B).

10
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Fig. 8. Coral caves of the Monte Saraceno outcrop. Stratigraphically the caves are located respectively at 6 m and 12 m above the nummulites—corals facies shift.

5. Depositional model and carbonate factories

The Eocene shallow-water carbonate is usually depicted worldwide
as typical ramp systems (sensu Burchette and Wright, 1992), in which
the ramp is subdivided into an inner ramp (euphotic zone with sea-
grass dominated association), a mid ramp (meso-oligophotic zone
with typical LBF association and other sciaphilic organisms) and an
outer ramp (deep-oligophotic to aphotic zone) (Romero et al., 2002;
Beavington-Penney and Racey, 2004; Nebelsick et al., 2005; Martin-
Martin et al., 2021).

However, considering the carbonate platform geometries of this
study, the palaeoenvironmental reconstruction of Monte Saraceno
best fits with the non-rimmed shelf platform model (sensu Wilson,
1975; Read, 1985), or with a profile similar to a distally steepened
ramp (Schlager, 2005, p. 64), rather than a classical Eocene homoclinal
ramp-like system. Here, the euphotic outer shelf (inner ramp equivalent
in terms of facies) and the slope and base-of-slope settings (mid to outer
ramp equivalent) were observed. Within the slope, the occurrence of
different LBF representing shallow to deep environments, allows us to
divide it into proximal and distal.

Likewise, the foraminifera lifestyle and their functional morphology
are useful factors for palaeoenvironmental and palaeoecological recon-
struction. According to Hallock and Pomar (2009) and Mateu-Vicens
et al. (2009), within the Nummulitidae and Amphisteginidae families,
the shape changes relating to the light intensity. They present robust
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inflated forms in well illuminated, shallow-water settings becoming
flatter and thinner with depth. Moreover, the texture, skeletal compo-
nent analysis and the spatial distribution of the identified lithofacies,
are essential to better reconstruct a realistic depositional model.

Our results suggest that the lithofacies of the Monte Saraceno Lime-
stone span from distal slope to shallower settings, as the outer shelf
with a probable seagrass meadow occurrence. In order to describe the
two different types of carbonate factories with LBF and coral lithofacies,
we propose two distinct depositional models (Fig. 11).

The clinoforms, rich in LBF, show a transition from a distal slope to an
outer shelf setting. Here, the numerous occurrences of LBF (large flat
Nummulites and Discocyclina) belonging to discocyclinid floatstone
(DF) lithofacies are typical of a distal slope setting, below the chlorocline
(meso-oligophotic zone). In the nummulitic rudstone to floatstone
(NRF) lithofacies, the association of both flat and thick shape
Nummulites, with porcelaneous foraminifera (miliolids), acervulinids
(Gypsina hook-shaped), and rotaliids (Gyroidinella magna, Asterigerina
rotula), indicates a proximal slope setting within the mesophotic zone.
In this setting, the floatstone to rudstone textures indicate moderate
and episodic hydrodynamic energy, able to rework skeletal sediments
and transport ephiphytic foraminifera from shallower to deeper
environments. In addition, going to the shallower zone, or outer shelf
(euphotic zone), rare small and thick Nummulites associated with abun-
dant hook-shaped acervulinids occurred (Gypsina wackestone to
packstone lithofacies). According to Ungaro (1996), the hooked
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Fig. 9. A) Branching coral colony; B and C) detail of coral stick fragments inside the Monte Saraceno caves (yellow dotted lines and red arrows). Note the branching morphology of coral
sticks immersed in a fine matrix (white); D and E) plane polarized thin section of branching coral fragments within a wackestone matrix (¢ = coral).

morphology represents an ephiphytic adaptation of the gypsinids
attached to the edge of the seagrass leaves and it is considered a strong
indicator of vegetated areas. This adaptation has been identified in the
fossil record (e.g. Ungaro, 1996; Beavington-Penney et al., 2004) and
in recent alveolinid fauna of the Caribbean as well (Eva, 1980).
Furthermore, peloids, discorbids, and other seagrass indicators as
Sphaerogypsina globula, Planorbulina, Fabiania cassis, Gyroidinella
magna, and Asterigerina rotula could suggest the presence of seagrass
meadows.

In the coral floatstone to rudstone (CFR) lithofacies, the association
of coral fragments with shallow water components such as peloids,
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acervulinids (Gypsina sometimes hook-shaped), miliolids, small
rotaliids and corallinaceean algae (Lithoporella) and, the minority
of deeper skeletal association (small robust Nummulites and
Heterostegina), strongly indicate a euphotic factory. The euphotic
Gypsina wackestone to packstone (GWP) lithofacies is also interfingered
with coral floatstone to rudstone (CFR), stratigraphically correspondent
to the SBZ 18 (Fig. 11, B-model). This interfingering is directly visible in
the outcrops adjacent to the coral rich-facies, where coral fragments are
abundant with few Nummulites. Moreover, within the coral floatstone
(CFR), the wackestone to packstone matrix texture would suggest a
low-energy setting, maybe related to a baffling effect of the abundant
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Fig. 10. A) Stable isotope results (6'%0, 6'C) and Shallow Benthic Zones (SBZs) of Monte Saraceno section. The Monte Saraceno isotopic curve is obtained from 6'C and 6'%0 values from
lime mudstone portion of selected samples. The wide coloured lines correspond to the 3-point moving average. The SBZ 18 has been determined according to the appearance of the
Heterostegina sp. and Glomalveolina ungaroi. See text and Table 1 for the lithofacies description. B) 8'%0-8'3C scatterplot of all Monte Saraceno samples. The regression lines are given

for reference with the square correlation coefficients ().

branching corals. Hence, the high concentration of coral fragments in
the outcrop adjacent to the coral floatstone to rudstone (CFR) lithofacies
and their absence in the small isolated outcrop, few tens of metres east-
wards (see Fig. 3A), seem to suggest a patchy distribution of corals in the
outer shelf setting (facies mosaic) and not a continuous and widespread
shelf margin coral.

6. Discussion
6.1. The “nummulite bank” and slope cementation processes

The Monte Saraceno Limestone consists of a slope-to-basin succes-
sion in which prograding nummulitic clinoforms (NRF) are capped by
a coral-rich facies (CRF). The clinoforms, with an average angle of 20°
to 26°, pass tangentially basinwards to almost horizontal beds with
some slide scar features (Adams et al., 2002). Considering the well ex-
posed depositional geometries, it is possible to infer a relative “shallow”
basin about 150 m deep. Moreover, Adams et al. (2002) showed that the
linear slope profile of the Monte Saraceno clinoforms, which is directly
correlated to grain size and texture, generally indicates deposition at
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or very close to the angle of repose. Compared to other middle Eocene
examples that have typical ramp geometries (cfr. Beavington-Penney
et al., 2005 and references therein), the Monte Saraceno nummulitic
clinoforms show a very high angle of slope, thus not fitting in a classical
ramp model. Hence, Guido et al. (2011) interpreted the Monte Saraceno
clinoforms as a nummulite bank, demonstrating that this succession
was interested by an intense microbial activity with in-situ production
of automicrite that leads to a syndepositional cementation of the bank.
Evidence of these activities is dense micritic masses, binding structures
(Fig. 12A), peloidal texture (Fig. 12B-C), and clotted micrite patches
(Fig. 12D). They considered the metabolic activity as the trigger mecha-
nism allowing the precipitation of peloidal micrite between larger
grains and consequently an early cementation of the clinoforms.

In this context we suggest that the unusual high angle of the Monte
Saraceno slope, for such kind of deposits (i.e. nummulites banks and Eo-
cene ramps), can be explained through a large nummulite production
and deposition close to the angle of repose and a slope stabilization by
binding and syndepositional cementation by microbial activities, that
preserve the original angle and prevent further displacement of the
nummulite tests.
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Fig. 11. Schematic section and depositional models of the investigated area. (A-MODEL) Nummulitic clinoform lithofacies represented by outer shelf (GWP(A)), proximal slope (NFR) and
distal slope (DF) settings; (B-MODEL) coral interval consisting of GWP(B) and CFR lithofacies into an outer shelf setting. See text and Table 1 for the description of the lithofacies.

Similarly to Monte Saraceno, throughout the Earth's history,
automicrites or microbialites have played a crucial role in carbonate
platform and reefal environments (Reitner, 1993; Camoin et al., 1999).

During the Cenozoic, few carbonate slope examples stabilized by mi-
crobial activity have been studied. However, microbial stabilization of
slopes has been identified as a significant factor in the late Miocene
Cariatiz carbonate platform in SE Spain (Reolid et al., 2014) and in the
Tongue of the Ocean in the Bahamas (Holocene) (Reolid et al., 2017).
In this latter example, the slope angles exceed 35°, with Halimeda plates
as a major constituent. These authors show that the occurrence of mi-
crobial binding prevented the slope failure by an early-stage (several
tens of years) lithification, thus preserving the steep angles of the slope.

In Palaeozoic and Triassic platforms, carbonate slopes with angles
steeper than 30° are attributed to stabilization processes involving organic
framebuilding, microbial binding, and early lithification especially in their
upper sections, compared to grain size (Kenter, 1990; Keim and Schlager,
1999, 2001; Della Porta et al., 2003, 2004; Kenter et al., 2005; Adams and
Kenter, 2014). As a specific example, Marangon et al. (2011) studying
the well-known Latemar platform (Triassic) describe an external margin
and a steep slope (~35°) dominated by microbial products that formed
and stabilized the slope sediments by trapping and bounding processes.

6.2. MECO and carbonate factory shift

Accurately determining the response of shallow-water carbonate
factories to the Middle Eocene Climatic Optimum (MECO) on a global

14

scale is a challenging task. To achieve a comprehensive understanding,
it is crucial to integrate and compare high-resolution studies that
focus on the stratigraphic, environmental, and ecological evolution of
various carbonate systems spanning the middle Eocene age.

The Monte Saraceno outcrop represents an optimal scenario in
which it is possible to infer the relationship between the carbonate fac-
tory shift and the climatic changes. In particular, although symbiotic or-
ganisms such as corals and LBF show similar ability to adapt to
oligotrophic conditions (Hallock, 1988), they seem to react differently
during warmer events (Martin-Martin et al., 2021; El-Azabi, 2023).
The different genera that occurred in the studied succession, the LBF de-
creasing in size in the lower nummulitic interval and the Heterostegina
sp. and Glomalveolina ungaroi FO in the upper coral facies, allows us to
constrain the different sub-zones within this interval (SBZs 17-18). In
the Monte Saraceno section, the lack of corals seems linked to the LBF
flourishment and diversification during the MECO event (SBZ 17,
sensu Papazzoni et al., 2017), confirming the unfavourable coral re-
sponse compared to LBF. Here, LBF appear to be less sensitive to the
temperature rise parameter decreasing in abundance and size going to-
wards the following temperature drop (Fig. 13).

The significant changes in larger benthic foraminifera (LBF) assem-
blages occurred during the Middle to the Late Eocene, involving both
extinctions and the first appearances of various lineages, enable us to
identify the SBZs 17-18 within the studied interval. Specifically, during
the Middle Eocene giant nummulitids of the genera Nummulites and
Assilina, but also porcellanaeous foraminifera as alveolinids occurred.
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Fig. 12. A) Photomicrograph of a microbial binding (white arrow) with dense micrite connecting the different bioclasts; B and C) photomicrographs of a peloidal micrite in a nummulitic
floatstone (black arrow); D) autochthonous clotted micrite patches with an antigravity fabric
(Modified after Guido et al. (2011)).

Moreover, the Late Eocene was characterized by reticulate and small ra- Heterostegina and Spiroclypeus whilst, the early Oligocene, with a more
diate Nummulites, nummulitids bearing secondary chamberlets such as restricted fauna containing only three small Nummulites and lacking
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Fig. 13. Interpretations of main Eocene climatic events, trophic resource continuum, LBF specific diversity and coral events in the Tethyan domain are also illustrated (modified after
Martin-Martin et al., 2023). Comparison between previous studies and Monte Saraceno highlighting the end of increasing in size of LBF and the Heterostegina sp. first occurrence in the
LBF-coral facies shift.
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orthophragmines and small Assilina. Moreover, during the post-MECO,
the LBF assemblages also show significant changes with the local first
and last occurrences of some LBF, in particular, the disappearance of
alveolinids, and the initial dominance of Heterostegina, Spiroclypeus,
the Nummulites fabianii group, Pellatispira, Chapmanina, and Silvestriella
(Less and Ozcan, 2012; Ozcan et al., 2014, 2018). This LBF turnover,
corresponding to significant bioevents in the Tethys, marks the SBZ
17-18 boundary (Papazzoni et al., 2017).

Late Palaeocene up to Lutetian examples of the Sierra Espufla-Mula
Basin successions (Betic Cordillera, S Spain), the Moroccan Ghomarides
Domain (Moroccan Internal Rif Zone) (Martin-Martin et al., 2020, 2021,
2023; Tosquella et al., 2022), and the Priabonian northern Italy succes-
sions (Nago Limestone) (Luciani, 1989; Bassi, 1998; Bosellini and
Papazzoni, 2003), showed the co-existence of LBF and corals. Neverthe-
less, the LBF turnover and its relationship with the coral occurrence,
have been demonstrated in several Mediterranean localities (e.g.
Mossano section, Italy; Prebetic platform and Betic Cordillera, Spain;
Maiella platform, Italy; Gavrovo-Tripolitza area, south Greece; Northern
and Central Turkey; Tunisia; EI-Ramliya area, Egypt). Specifically, the
Gavrovo-Tripolitza area (southern continental Greece) and Maiella
platform (Italy) corals' occurrence, as coral reefs, were dated as
Priabonian although, during the early-middle Eocene, they were gener-
ally present but not as a major platform contributor as LBF (Moussavian
and Vecsei, 1995; Vecsei and Moussavian, 1997; Barattolo et al., 2007).
Likewise, Less et al. (2008) in the Mossano Section (Italy) supported
the LBF turnover studying the change of co-occurring fossils such
as the disappearance of large-sized Nummulites, followed by the
appearance of the genus Spiroclypeus and by the disappearance of
orthophragmines in the middle Eocene acme. In NW Turkey, the Thrace
Basin during the Early Eocene was dominated by larger benthic forami-
nifera whilst the first coral reef appearance is dated as late Bartonian to
Priabonian (Ozcan et al., 2010; Less et al., 2011). Moreover, studies on
the Prebetic platform (SE Spain) show that during the Eocene a great
dominance of LBF and coralline red algae is coupled with a scarcity
in corals until the Late Eocene, with a gradual decreasing of
orthophragminids and nummulitids towards the upper part of the
Middle Eocene succession. Hence, the corals' occurrence associated
with the demise of many symbiont-bearing larger foraminifera in the
northern and southern Tethyan realm, was related to the later global
cooling event at the Bartonian-Priabonian boundary (Hontzsch et al.,
2013). This is also reflected in the Sierra Espufia-Mula basin (Betic
Cordillera, S-Spain), recently studied by Martin-Martin et al. (2021).
They highlight the importance of the lower-upper Bartonian boundary
(SBZs 17-18) as a critical scenario of biological change. In the Sierra
Espufia-Mula basin, similarly to the Monte Saraceno section, the end
of the increasing size of LBF tests, the last occurrence of Alveolina,
Orbitolites and giant Assilina and the FO of the genus Heterostegina
have been documented. Here, the marked reduction in specific diversity
of hyaline LBF (nummulitids and orthophragminids) was related to an
increase of trophism in the shallow-marine waters, which led to a re-
duction in the prevalence of LBF and a recovery of the zooxanthellate
corals that gradually increase in size, number, and diversity (Martin-
Martin et al,, 2021). Similarly, Messaoud et al. (2023) in the Siouf Mem-
ber (central Tunisia), integrating the abundance of microfossils, stable
isotopes, and astrochronology, show that the maximum abundance of
nummulites is linked to the MECO's warming peak. The hyperthermal
event from 40.5 Ma to 39.8 Ma, in this area, was also correlated to a
fast sea level rise, and associated mesotrophic condition, that promotes
the formation of a shallow water carbonate platform. In the north
Eastern Desert of Egypt, in the El-Ramliya area, the absence of the
coral genus Acropora and the abundance of LBF were associated with
the MECO hyperthermal event (El-Azabi, 2023). Specifically, the high
nutrient levels, reached during this warm event, were considered detri-
mental for the coral growth (Hallock, 2000). Outside the Mediterranean
Realm, the response of the shallow-water carbonate systems during the
MECO event seems to follow the same pattern, with the flourishing of
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LBF (Khanolkar and Saraswati, 2019) and a reduction, or even the
total absence of corals, which start to increase during the subsequent
post-MECO cooling (Martin-Martin et al., 2021).

6.3. The isotopic variation across the Monte Saraceno section

Diagenetic, biological and physico-chemical processes can signifi-
cantly influence the chemostratigraphy hiding the primary signal
(Wendler, 2013). Oxygen isotopes present in carbonates are predomi-
nantly influenced by various factors, including the temperature during
their formation, the mineral composition, the §'%0 value of the fluid re-
sponsible for carbonate precipitation (6'80w), pH, salinity, and more
(Swart, 2015). However, 5'80 is often used as a proxy for temperature
in marine environments (Fio et al., 2010). Conversely, carbon isotopes
are more resistant to diagenetic processes (Schrag et al., 1995; Swart,
2015) although, mineralogy, kinetic effects and 6'3C signal from the dis-
solved organic carbon can influence §'3C values (DIC; Wendler, 2013).
The influx of factors such as carbonate material from outside the
basin, terrestrial runoff, organic matter productivity, weathering, and
burial rate, patterns of water circulation and stratification, as well as
evaporation, can alter 6'3C values, mostly in proximal depositional envi-
ronments (Saltzman and Thomas, 2012; Lauchli et al., 2021).

Thus, examining the correlation between &'3C and §'80 values is
considered a fundamental method to evaluate the degree of diagenetic
alteration (Brasier et al., 1996) in which, a significant positive correla-
tion (r? > 0.6) suggests a diagenetic overprint of the primary isotopic
signature (e.g. Fio et al,, 2010). In this study, the 8'3C and 620 values
in the Monte Saraceno section show a significant positive correlation
(r? = 0.7) suggesting a diagenetic modification of the primary signal
(Fig. 10B). Furthermore, the linear correlation in 6'>C-8'80 values sug-
gests a mixing of two mineral end-members, specifically marine calcite
and diagenetic calcite (Banner and Hanson, 1990).

The isotopically heavy end-members, with §!3C values of around
0.7 %o, come from samples mostly between 31 and 37 m, associated
with the nummulitic flourishment within the nummulitic rudstone to
floatstone (NRF) lithofacies, could be related to the peak of a warm cli-
matic perturbation, the MECO event (Fig. 14). Conversely, the upper
sharp negative CIE, associated with a shift to the coral facies and a re-
duction in size and abundance of Nummulites genus, could be a result
of a simple lithofacies shift rather than the strong evidence of a temper-
ature drop, the MECO-cooling. Moreover, the discocyclinid floatstone
(DF), nummulitic rudstone to floatstone (NRF) and Gypsina wackestone
to packstone (GWP(A)) lithofacies and the marked LBF decreasing in
size before the transition to coral floatstone to rudstone (CFR)
lithofacies (around 70 m), as well as the first occurrence (FO) of
Heterostegina sp. and Glomalveolina ungaroi within the coral-rich
(CFR) and Gypsina wackestone to packstone (GWP(B)) lithofacies,
allow us to constrain the studied interval to the Shallow Benthic
Zones (SBZs) 17-18. This enables us to compare the 6'>C shift to the sta-
ble isotope anomaly observed during the Middle Eocene Climatic
Optimum (MECO) in various records, such as those from the
Indian-Atlantic sector of the Southern Ocean (Bohaty and Zachos,
2003), the Contessa section (Jovane et al., 2007), and deep-sea sediments
drilled during Ocean Drilling Program (ODP) and Integrated Ocean
Drilling Program (IODP) expeditions (Cramer et al., 2009; Moebius
et al., 2015; Henehan et al., 2020; Westerhold et al., 2020, among others).

Based on available proxy records, it is indicated that the Middle
Eocene Climatic Optimum (MECO) greenhouse warming episode, around
40 million years ago, included approximately 400,000 years of gradual
surface and deep ocean warming. This prolonged warming phase was
followed by a short peak warming period, after which a relatively rapid
cooling occurred over a span of approximately 100,000 years (Van der
Ploeg et al., 2023). In addition, conversely to preceding early Eocene
hyperthermals, as the PETM event (Zachos et al., 2010), the MECO is not
marked by a contemporaneous negative 6'>C excursion, as also shown
by the CIE of this study.
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Fig. 14. Comparison of carbon isotope records and Shallow Benthic Zones (SBZs) between the Monte Saraceno section and Westerhold et al. (2020) and Cramer et al. (2009) datasets. The
SBZ 18 has been associated with the Heterostegina sp. and Glomalveolina ungaroi first occurrence. See text and Table 1 for the description of the lithofacies.

7. Conclusions

The study of the palaeoenvironmental evolution of the Middle Eo-
cene Monte Saraceno sequence, in the Apulia carbonate platform
(Gargano Promontory, Southern Italy), highlights a sharp transition
from a nummulite-dominated carbonate factory to a coral-rich interval.
Thus, a detailed study of their distribution and evolution could be a use-
ful key to identify short and long-term environmental changes in the
shallow-water domain.

To obtain a reliable picture of the palaeoenvironment, a detailed
identification of the skeletal components, integrated with isotopic
analysis of stable isotope 8'3C and §'80, was applied. Among the
skeletal components, in order to identify the middle to late Eocene
shallow benthic foraminiferal zones, LBF, mostly at the genus level
were determined. In the Monte Saraceno outcrop, the lithofacies
identification (NRF, DF, CFR, GWP(A-B), BW) allows us to recon-
struct two different palaeoenvironmental models: i) A-model,
attributed to the MECO event, characterized by the distal
slope (discocyclinid floatstone (DF) lithofacies), proximal slope
(nummulitic rudstone to floatstone (NRF) lithofacies) and outer
shelf (Gypsina wackestone to packstone (GWP(A)) lithofacies); ii) B-
model, assigned to the post-MECO cooling, represented by the upper
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coral facies (CFR) laterally intercalated with the Gypsina wackestone to
packstone (GWP(B)) outer shelf lithofacies.

Additionally, the marked LBF decreasing in size just before the tran-
sition to the upper coral interval and the first occurrence (FO) of
Heterostegina sp. and Glomalveolina ungaroi within the coral and
acervulinid-rich (CRF and GWP(B)) lithofacies, can provide significant
insights to constrain the studied interval within the Shallow Benthic
Zones 17-18. In addition, the 6'3C and 6'%0 values showing a significant
positive correlation strongly suggest a diagenetic overprint and, more in
detail, a mixing of two mineral endmembers, marine calcite and diage-
netic calcite. Thus, we consider the positive '>C trend within the
nummulitic-rich lithofacies (NRF) as possible evidence of the MECO
event, contrary to the sharp negative shift moving upwards to the CFR
lithofacies, probably associated with a simple facies shift.

In summary, we infer that the LBF-coral carbonate facies shift that
occurred in the Monte Saraceno Limestone during the early-late
Bartonian is strongly controlled by the MECO event. In particular, the
calcitic larger foraminifera flourishment and lack of the aragonitic corals
are related to the effects of the MECO warming. In contrast, the further
post-MECO cooling represents favourable conditions for coral growth,
as well documented during the onset of the icehouse period at the
boundary between Eocene and Oligocene.
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Hence, ancient shallow marine carbonate platforms and the various
related carbonate facies, play a crucial role as valuable archives of past
climate changes. These platforms, through their in situ biological depo-
sition, provide a stratigraphic record of palaeoclimate documenting var-
ious physical variables within shallow marine environments, including
circulation patterns, and sea level fluctuations and temperature.

In conclusion, the carbonate factory shift from a nummulite-
dominated assemblage within the MECO hyperthermal event to a
coral-dominated carbonate factory during the subsequent cooling
phase highlights the sensitivity of carbonate ecosystems to evolv-
ing climatic conditions. These observations can be used in forecast
models for the next global warming scenario.
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