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ARTICLE INFO ABSTRACT

Editor: Professor L Angiolini Nowadays, but also in the geological record, coral communities living in marginal conditions (i.e. low light, high
turbidity, extreme temperatures, high nutrients and sediment input) are quite common and there is evidence that
some of these reefs, often associated with mesophotic environments, may be more resilient to the current global
warming trend, thus serving as possible ecological refugia.

As an attempt to understand the response and resilience to past warming events of marine calcifying organ-
isms, such as zooxanthellate corals of marginal reefs, herein we reconstruct the palaeoenvironment of an
Oligocene mixed siliciclastic-carbonate system in the Tertiary Piedmont Basin (NW Italy), where a suite of coral
assemblages formed small buildups at the edge of a coarse-grained delta system. Geochronological dating by
strontium isotope stratigraphy places the coral buildups in the middle Chattian, thus within the Late Oligocene
Warming Event (LOWE): a crucial climatic event for coral reefs as characterised by substantial warming coin-
cident with declining atmospheric CO,.

The depositional model that we propose is ascribed to a fan-delta system, deposited within a narrow valley
cutting through the metamorphic basement, where small and laterally discontinuous coral buildups grow-up in
the prodelta setting, thus suggesting a mesophotic environment. In this context, the coral buildups appear to have
been intermittently deactivated or smothered by fine-grained terrigenous input during flood phases or shifts in
distributary channels until their final suffocation by fluvial sediments input.

Within the coral buildups, the four distinguished coral facies (branching Stylophora floatstone, Acropora-Sty-
lophora floatstone/rudstone, Goniopora/Caulastraea pillarstone, and mixed-coral domestone) are characterised in
general by sediment-resistant corals and by specific taphonomic features.

These coral facies shifted in time and space during the LOWE, highlighting the noteworthy adaptability and
resilience of Oligocene corals to a complex interplay of environmental stressors such as turbidity, hydrodynamic
energy, sediment and nutrient supply within a mesophotic setting.
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1. Introduction

The Oligocene epoch corresponds to the apex of Cenozoic coral reef
growth and represents a crucial period for understanding the response of
corals reef ecosystems to palaeoenvironmental stressors. Numerous
Oligocene coral reefs occur worldwide (e.g. Michel et al., 2020)
including the Mediterranean region (Perrin and Bosellini, 2012), and
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especially in Italy, where a broad spectrum of reef types and deposi-
tional settings is recorded: i.e. the Rupelian barrier reef/lagoon system
of the Lessini Shelf in northeastern Italy (Bosellini and Trevisani, 1992;
Bosellini et al., 2020), the pure carbonate Chattian fringing reef complex
of the Castro Limestone in southern Italy (Bosellini and Russo, 1992;
Bosellini, 2006; Bosellini et al., 2021), and the various upper Rupelian-
Chattian coral assemblages and reefs of the Tertiary Piedmont Basin

Received 20 March 2024; Received in revised form 30 May 2024; Accepted 7 June 2024

Available online 8 June 2024
0031-0182/© 2024 Published by Elsevier B.V.


mailto:alessandro.vescogni@unimore.it
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2024.112330
https://doi.org/10.1016/j.palaeo.2024.112330
https://doi.org/10.1016/j.palaeo.2024.112330

F.R. Bosellini et al.

(TPB) that crop out in Liguria and Piedmont (NW Italy) and that are
associated with mixed carbonate-siliciclastic settings and turbid-water
conditions (Pfister, 1980, 1985; Fravega et al., 1987, 1994; Quaranta
et al., 2009; Briguglio et al., 2021a, 2021b).

Quite recently, coral reefs exposed to relatively high turbidity,
reduced light penetration and a significant sedimentary input have
gained a considerable scientific attention (see Zweifler et al., 2021 for a
review), debunking the paradigm that clear, warm and oligotrophic
waters are necessary for an optimal coral reef growth. In modern oceans
there is evidence that turbid-water reefs may be more resilient to climate
change impacts, especially to prolonged period of high sea-surface
temperature that usually causes severe bleaching events (Morgan
et al., 2017; Sully and van Woesik, 2020; Rosedy et al., 2023), thus
serving as possible ecological refugia (Smith et al., 2014; Assis et al.,
2016; Cacciapaglia and van Woesik, 2016).

Looking at the geological record, many coral reefs and coral assem-
blages are associated to marly and mixed carbonate-siliciclastic sedi-
ments (Wilson and Lokier, 2002; Sanders and Baron-Szabo, 2005 for a
review; Morsilli et al., 2012; Santodomingo et al., 2015, 2016; Reuter
et al., 2019) and their frequency increases throughout the Phanerozoic
(Kiessling, 2002).

These types of marginal-turbid coral reef environments have been
called “coastal low light reefs” (Renema, 2019) or “brown mesophotic
reefs” (Zapalski et al., 2021; Majchrzyk et al., 2022) in order to under-
line that low light conditions (i.e. mesophotic) may also occur at shallow
depths under the control of turbidity and sedimentation rate. In these
settings, the coral assemblage is usually dominated by massive and
branching morphotypes. In contrast, terms such “oceanic low light
reefs” (Renema, 2019) or “blue mesophotic reefs” (Zapalski et al., 2021;
Majchrzyk et al., 2022) indicate relatively deep conditions in clear-
water settings, typically characterised by the occurrence of platy corals.

Herein we present a study focused on the coral assemblages of a
mixed siliciclastic-carbonate system from the TPB which is well exposed
at the locality named Gelati (about 20 km south of Acqui Terme, Pied-
mont, NW Italy) (Fig. 1a, b). The TPB is known for its rich coral localities
since the 19th century, some of which represented by true reefs, while
others are characterised by scattered coral occurrences (Quaranta et al.,
2009). So far, however, the TPB coral assemblages have been described
mainly with respect to their coralline algae associations (Fravega et al.,
1987, 1994; Vannucci et al., 2003, 2010) and only few localities have
been investigated with special attention to corals and providing coral
facies (Pfister, 1980, 1985; Fravega et al., 1987; Briguglio et al., 2021b).
As a result, detailed palaeoecological reconstructions and depositional
models have yet to be proposed.

By a detailed facies analysis and characterization of the coral as-
semblages we aim: 1) to reconstruct the ecosystem dynamics depicted by
a first colonization event, the development of small coral buildups and
their final demise; 2) to evaluate the changes in the composition of the
coral assemblage and associated biota, such as coralline red algae, in
order to assess the mutual effects of environmental factors such as
turbidity, hydrodynamic energy, sediment and nutrient supply; and 3)
to propose a detailed depositional model.

2. Geological setting

The TPB is a sedimentary basin outcropping along the Liguria-
Piedmont border (NW Italy) and is considered as a late- to post-
orogenic basin that evolved in a piggy-back position on the Mon-
ferrato Complex thrust belt. Its depositional history is strongly
controlled by tectonic and eustatic events (a.o.: Gelati and Gnaccolini,
1988; Capponi et al., 2009). The basin deposits unconformably overlie
the Ligurian Alps, Sestri-Voltaggio Zone, and NW termination of the
Northern Apennine and include non-marine to marine sediments (upper
Eocene? - upper Miocene) (Lorenz, 1969; Quaranta et al., 2009; Federico
et al., 2016, 2022; and reference therein) (Fig. 1a).

The study area (Fig. 1b) is located in the southwestern portion of this
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Fig. 1. A. Simplified structural map of north-west Italy (modified from Dela
Pierre et al., 2010). B. Geological map of the Gelati surroundings and location
of the study area (modified from Federico et al., 2022).

thrust-top basin, that during the Oligocene recorded a general marine
transgression, from NE to SW with respect to the present orientation.
The progressive flooding happened over an articulated continental
substrate, with high reliefs and deep valleys carved on metaophiolithes
and related metasediments of the Voltri Unit (Capponi et al., 2016;
Federico et al., 2016, 2022; and references therein). On this substrate
the basal basin-fill sedimentation accumulated up to 150 m of
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siliciclastic non-marine to shallow marine sandstones and conglomer-
ates (Molare Formation, Oligocene). These deposits were related to
sandy and gravelly beaches and to a fan-delta to prodelta system fed by
the erosion of the underlying Voltri Unit. The Molare Fm. also contains
coral-rich bodies such as biostrome and bioherms, grading upwards to
sandstones, siltstones and marly siltstones. The coral assemblages can be
found directly on the metamorphic substrate or embedded within the
clastic deposits, as those investigated in the present study (Lorenz, 1969;
Gnaccolini, 1981; Pfister, 1980, 1985; Fravega et al., 1987; Vannucci
et al., 1997, 2003).

The Molare Fm. is followed by silty sandstones, siltstones and marls,
with sandstone and conglomerate thick lenses interbedding (Rocchetta -
Monesiglio Formation, upper Oligocene - lower Miocene) (Ghibaudo
et al., 2014; Briguglio et al., 2021a, 2021b; and reference therein).

3. Materials and methods
3.1. Stratigraphy and lithology

To characterise the stratigraphic architecture and sedimentological
features of the Molare Fm. extensive fieldwork was carried out in a study
area about 14 km south from Aqui Terme, in the province of Alessandria.
Traditional mapping techniques were used to identify and map different
lithofacies (Fig. 2). GPS position was carefully recorded during the
mapping process to facilitate the creation of accurate digital maps. In
addition, photogrammetric surveys were conducted using a DJI Mavic
Pro UAV equipped with a high-resolution camera capable of capturing
images with a resolution of up to 12 megapixels. The images were
processed using Agisoft Metashape software to create 3D point clouds,
digital elevation models (DEMs), orthomosaics and a digital outcrop
models (DOMs). These photogrammetric data were integrated with the
field data and inserted in QGIS software for a geometrically correct
lithofacies map distribution.

Based on the thickness and degree of preservation, three carbonate,
coral-rich outcrops were selected for detailed description and mea-
surement of stratigraphic logs (Fig. 2).
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- Cascine section (Fig. 3): 36.5 m in thickness; start 44°32'52.112” N -
8°26'10.793" E.

- Valletta section (Fig. 4): 12.7 m in thickness; start 44°32'45.819” N -
8°26'5.071" E.

- Streghe section (Fig. 5): 14.7 m in thickness; 44°32'43.130” N -
8°26'3.987" E.

3.2. Coral facies analysis

The coral-rich facies have been defined on the basis of their domi-
nant coral genera and type of colonies growth fabric. Coral taxa have
been identified directly in the field or through analysis of thin and
polished sections, both at the generic and species level. Growth forms
have been described through the bidimensional measurement of colony
size: maximum diameter and maximum height of colonies in growth
position, mean diameter of coral branches when preserved as rubble.
Coral growth fabrics have been named according to the terminology
proposed by Insalaco (1998).

The occurrence of coral genera and growth forms has been semi-
quantitatively evaluated, leading to the distinction of three categories:
1) absent/rare, 2) common, and 3) abundant. Estimation of coral cover
has been provided using the line-intercept transect method (Perrin et al.,
1995; Bosellini et al., 2021) along some well exposed surfaces. Microf-
acies analysis of the sediments within the coral facies has been per-
formed on a total of 130 thin sections, with identification of rock
textures and skeletal components. Carbonate textures have been named
following Dunham (1962), whereas the textural classification of Embry
and Klovan (1971) and Insalaco (1998) have been used for a general
description in the field. The percentage of carbonate content of the inter-
coral sediment has been determined through gasometric measurements
using a Dietrich-Friihling calcimeter and the siliciclastic content
consequently calculated and examined by X-ray diffraction analysis
(Bragg-Brentano Philips diffractometer). According to Wilson (2005),
based on the siliciclastic amount, inter-coral sediments can be separated
into “mixed carbonate-siliciclastic facies” (36-90% siliciclastic) and
“carbonate facies” (6-35% siliciclastic).

Along with the microfacies analysis, a study of primary taphonomic

Valletta

Streghe

Google Earth

Fig. 2. Detailed geological map of the study area with indication of the three measured stratigraphic sections.
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Fig. 3. Cascine section with the stratigraphic position of the identified coral facies coupled with vertical changes in inter-corals sediment texture, carbonate content,
semi-quantitative estimation of coral diversity, inferred growth forms, taphonomic signatures and quantitative evaluation of coralline red algae palaeoecological
informal groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Valletta section with the stratigraphic position of the identified coral facies coupled with vertical changes in inter-corals sediment texture, carbonate content,
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informal groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Streghe section with the stratigraphic position of the identified coral facies coupled with vertical changes in inter-corals sediment texture, carbonate content,

semi-quantitative estimation of coral diversity, inferred growth forms, taphonomic signatures and quantitative evaluation of coralline red algae palaeoecological
informal groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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processes affecting coral skeletons has been performed. Taphonomic
signatures that we considered are fragmentation, abrasion, encrustation,
and bioerosion. Their degree of incidence has been semi-quantitatively
estimated according to three categories: 1) absent/low, 2) moderate,
3) high. We refer to Silvestri et al. (2011) for detailed description of
taphonomic processes and signatures recognized in fossil corals. Semi-
quantitative estimation of the incidence of taphonomic processes have
been integrated with data obtained from traditional microfacies anal-
ysis, thus concurring to identify a suite of coral microtaphofacies (MTFs)
along the measured stratigraphic sections.

As regards scleractinian corals, the classification system adopted
herein takes into consideration the systematics based on recent molec-
ular analysis and phylogenetic relationships between traditional fam-
ilies (Fukami et al., 2008), together with macro-morphological
characters used in recent systematic revisions (Budd and Stolarski,
2009; Budd et al., 2012).

As regards calcareous red algae, recent studies on modern specimens
based on multigene analyses have led to a deep revision of their classi-
fication, also affecting the subdivision of fossil taxa. For a detailed
summary of these aspects readers can refer to Briguglio et al. (2021b).
The present study follows the classifications of Rosler et al. (2016) and
Pena et al. (2020), but for the palaeoecological interpretation we use the
informal groups of lithophylloids (including Lithophyllum), mastophor-
oids (Lithoporella and Spongites), melobesioids (Lithothamnion and Mes-
ophyllum), and sporolithaceans (Sporolithon). Even if they have no more
a taxonomic value, these groups are still useful as they bring together
taxa with comparable palaeoenvironmental requirements (see for
example Adey and Macintyre, 1973; Bosence, 1991; Aguirre et al., 2000;
Kroeger et al., 2006; Vannucci et al., 2010; Singh et al., 2020; Briguglio
et al., 2021b). A first study of the red calcareous algae assemblage of the
study area was made by Pastorino (1994), in this paper those original
data were completely revised and reprocessed focusing only on their
palaeoecological meaning. Along the three selected logs a total of 199
thalli has been analysed and identified in thin section. The presence in
percentage of the recognized groups is reported along the stratigraphic
logs together with the other main coral facies features (Figs. 3,4,5).

3.3. Age determination

Very few and broken oyster shells were recovered during sampling
and they were used to perform a geochronological calibration of the
succession by measuring their strontium isotope content. The Sr isotope
curve of the last 590 Ma is kept consistently updated (McArthur and
Howarth, 2004; McArthur et al., 2012, 2020) and thus accurate chro-
nostratigraphic dating may be achieved in time-intervals with especially
steep trends in the Sr isotope curve, such as the transition from the
Oligocene towards the Miocene (Vescogni et al., 2014; Kocsis et al.,
2018). Oyster shells used herein to run this analysis are also considered
among the most accurate specimens for SIS: their low-Mg calcite ensures
a high resistance to diagenetic alteration (McArthur, 1994; Ullmann and
Korte, 2015). Within the study area, a total of five samples has been
collected. Two samples came from several broken pieces of undeter-
mined oysters, recovered from the uppermost part of the section
Streghe, and three more fragments of oysters were recovered from the
sandstones almost 30 m above the top of Streghe section (Fig. 2).

The selected specimens were checked for signs of recrystallization or
crystal overgrowthsand only well preserved, microlaminated portions of
the shells were chosen for the analyses. These were cleaned in an ul-
trasonic bath to remove any adherent sediment and the external part
was shaved off with a microdrill to avoid sampling any altered parts that
may have come in contact with diagenetic fluid. Unfortunately, the
retrieved material was too small to make a thin section and check the
preservation on a cathodoluminescence microscope, and only a stereo-
scopical inspection was feasible, and gave positive results. All the
geochemical analyses were performed at the Institute for Geology,
Mineralogy and Geophysics of the Ruhr-University (Bochum, Germany).
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Strontium element was separated using a standard cation exchange
process, and then the isotopic ratios were analysed on a Finnigan MAT
262 thermal-ionization mass spectrometer. The USGS EN-1 measured at
the laboratory at the time when the samples were analysed was
0.709161 =+ 0.000005 (2 s.e., n = 451). The mean value of the USGS EN-
1 standards run together with the samples analysed for this study is
0.709200 =+ 0.000005. The %7Sr/%0Sr ratios of the samples were cor-
rected for interlaboratory bias, using the long-term Bochum value of this
standard, to a value of 0.709161 for the USGS EN-1 standard to be
consistent with the normalization used in the compilation of the “look-
up” table of McArthur et al. (2001; version 4: 08/04). This table, which
is tied to the Geological Time Scale of Gradstein et al. (2004) (GTS2004),
was used to derive numerical ages from the studied samples. Minimum
and maximum ages were obtained by combining the statistical uncer-
tainty (2 s.e.) of the mean values of the Sr-isotope ratios of the samples
with the uncertainty of the seawater curve. The numerical ages were
then translated into chronostratigraphic ages and corresponding stan-
dard biozones by reference to the GTS2004. An attempt to correlate the
GTS2004 with the new GTS2020 was also made.

4. Geochronological dating

The isotopic data retrieved from the oyster shells collected from the
top of Streghe section gave 87Sr/%0Sr values of 0.708165 and 0.708151,
which indicate a geochronological age comprised between 25.34 and
24.53 Ma, and thus corresponding to the late middle Chattian according
to all version of GTS previously mentioned. This time interval, included
within the SB 23 Zone (Cahuzac and Poignant, 1997), coincides with the
Late Oligocene Warming Event (LOWE) (Zachos et al., 2001; Zhang
et al., 2013): a still poorly known and enigmatic interval of time which,
according to the most recent reconstruction, occurred between ~26.5 to
24 Ma and was characterised by an unexpected inverse correlation be-
tween global sea-surface temperature and pCO-.

The isotopic data retrieved from the oyster shells collected 35 m
above Streghe section gave 87Sr/%°Sr values of 0.708329 and 0.708360,
which indicate a geochronological age comprised between 21.94 and
21.27 Ma, and thus corresponding to the middle Aquitanian according to
all version of GTS previously mentioned.

5. Lithofacies and measured logs

The study area displays sedimentary lithofacies that encompass
conglomerates, claystones-marlstones, coral limestones and fining-
upward marine siliciclastic sandstones (Fig. 2). While the clastic-
terrigenous lithologies are briefly described in this section, the coral-
dominated carbonates will be discussed in more depth throughout
chapter 6.

5.1. Conglomerates

This facies is characterised by an up to 30 m thick sequence of coarse
to medium-sized orthoconglomerates that exhibit a fining-upward
trend. These conglomerates rest on the metamorphic basement and
are primarily composed of serpentinite, with a minor amount of meta-
basite, metasediment and quartz pebbles/cobbles (grain size variable to
40-50 cm to less than 5 cm) embedded within a reddish sandy matrix
(Fig. 6a). The conglomerates themselves are typically thick-bedded with
erosional bedding planes. The pebbles within the conglomerates tend to
be discoidal and rounded and display a preferential orientation parallel
to the stratification. At the Cascine section (Fig. 3), the conglomeratic
interval presents a general dip towards SW with a variable angle along
dip-direction from 30° to 8°. In the upper-middle part (between 22 and
29 m) cross-bedding stratification with marked foreset is clearly visible.
Towards the Valletta section, this lithofacies passes laterally into a mix
of clay and fine-grained conglomerate. It should be noted that the fossil
content within this lithofacies is poorly preserved, with only



F.R. Bosellini et al.

Fig. 6. Main lithofacies of the study area. A. Conglomerates. B. Claystones-
marlstones passing into the BSF coral facies. C. Marine sandstones with scat-
tered pebbles.

resedimented coral fragments, bivalves, and a small number of benthic
foraminifera.

5.2. Claystones-marlstones

This lithofacies crops out for about 8 m and primarily consists of
claystone-marlstone deposits with rare sandstone beds. The carbonate
content is notably low and ranges between 0 and 8%, but in localized
areas towards the top of the succession, it can increase up to 60%.
Claystone-marlstone deposits either overlap the metamorphic basement
moving towards NE, or located directly above the conglomeratic hori-
zons moving towards SW. The layers within this lithofacies are typically
between 0.5 and 7 m thick, although in some cases, they can occur as
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thin intercalations within the coral beds (Fig. 6b). It is noteworthy that
the fossil content within this lithofacies is limited to scattered small
undetermined leaf remains.

5.3. Marine siliciclastic sandstones

This facies crops out extensively in the upper part of the study area
(Fig. 2), with an overall thickness of about 35 m. In the Cascine section
coral limestones are overlapped by 4 m of cross-bedded fining upwards
marine siliciclastic sandstones. These sandstones have a carbonate
content of 9% and exhibit a fining-upward texture, passing from coarse
to medium, and are interspersed with pebbles/cobbles (Fig. 6¢) some-
times arranged in discontinuous beds. More upwards, the medium to
fine-grained sandstones become increasingly well-stratified, displaying
hummocky cross stratification (HCS). The fossil content of this partic-
ular facies is relatively sparse and limited to a few fragments of bivalves
used for Sr dating.

5.4. Measured logs

The stratigraphic logs have been measured in order to intercept the
three most representative coral outcrops, but other smaller and scattered
coral levels crop out in the area (Fig. 2). In particular the total thickness
of coral limestones ranges about from 3 m to 15 m and it thins out
laterally. The measured sections show limited variations in respect to
lithology and biogenic content.

1) The Cascine log (Figs. 2, 3) is located in the north-eastern part of the
study area. The profile consists in a well-bedded succession
composed at the base of claystone-marlstone strata containing only a
thin (40 cm maximum) lensoidal marly limestone with coral frag-
ments. This unit is followed by 22 m of cross-bedded deltaic con-
glomerates and siltstones. A 4.8 m thick succession of coral limestone
beds (from 30 to 100 cm in thickness), separated by thin clay-rich
intervals, covers directly the coarse-grained conglomeratic de-
posits. After the demise of coral growth, the succession continues
with cross-bedded sandstones (through cross-lamination to HCS)
alternated with conglomerate beds in the lower part.

2) The Valletta log (Figs. 2, 4) is located in the central-eastern part of
the study area. Coral limestones crop out for about 10.5 m overlying
a marly level. Coral-rich beds are alternated with usually thin
terrigenous intervals; a relatively thick level (about 50 cm)
composed of conglomerates and clays is also present around 7.5 m
from the base.

3) The Streghe log (Figs. 2, 5) is located in the south-central part of the
study area, about 70 m westward from the Valletta log. In the lower
part of the succession the first coral levels (up to 40 cm thick) are
alternated with deltaic conglomeratic and silty beds. In the upper
part of the log coral limestone beds are more continuously devel-
oped, with an overall thickness of about 7.5 m.

6. Coral facies

Coral-bearing beds are in general alternated with clay-rich horizons
and along the measured sections they display a variable overall thick-
ness, from about 4.5 m (Cascine section) up to 10.5 m (Valletta section).
Four different coral facies have been identified: branching Stylophora
floatstone (BSF), Acropora-Stylophora floatstone/rudstone (ASFR),
Goniopora/Caulastraea pillarstone (GCP), mixed-coral domestone
(MCD); their descriptions and interpretation are reported below and
summarized in Table 1.

6.1. Branching Stylophora floatstone (BSF)

This facies is characterised by branching coral fragments included in
a prevalent packstone matrix (occasionally wackestone and grainstone).
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Table 1
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Comparative table summarizing the main palaeontological and sedimentological features of the four coral facies.

Coral facies Type of coral Coral fabric Coral growth Main coral Secondary coral Micro- Inter-coral Inter-coral
assemblage forms genera genera taphofacies sediment type sediment texture

BSF rubble floatstone fine-branched Stylophora Acropora, MTF1 mixed carbonate  packstone
Branching deposits (massive, Goniopora, siliciclastic (wackestone,
Stylophora phaceloid) Antiguastrea, grainstone)
floatstone Dipsastraea,

Caulastraea

ASFR rubble floatstone to thick-branched Stylophora, Caulastraea, MTF2 carbonate mudstone to
Acropora- deposits rudstone (phaceloid, Acropora Goniopora, MTF3 packstone
Stylophora massive) Astreopora,
floatstone/ Antiguastrea,
rudstone Dipsastraea

GCP in situ pillarstone thick-branched, Goniopora, Dipsastraea, MTF2 carbonate wackestone to
Goniopora/ bioherms phaceloid, Caulastraea Stylophora, packstone
Caulastraea (massive) Acropora
pillarstone

MCD in situ domestone massive, Dipsastraea, Astreopora, MTF4 carbonate / wackestone to
Mixed-coral bioherms (phaceloid, Antiguastrea, Goniopora, mixed carbonate packstone
domestone thick-branched) Variabilifavia Caulastraea, siliciclastic (grainstone)

Stylophora, Acropora

The occurrence of BSF is restricted to the basal part of the studied sec-
tions (Figs. 3-5) and is represented by coral beds from 30 to 75 cm thick;
their lateral continuity is usually limited and they may alternate with
clay levels and conglomerate deposits.

The coral fauna is mainly composed of fine-branching Stylophora
thirsiformis (Michelotti, 1874) (Fig. 7a) and more rarely of Acropora
haidingeri (Reuss, 1864). Stylophora branches are here particularly thin
(average diameter 3-4 mm), and some specimens exhibit a preserved
secondary order of branching. Acropora is conversely preserved as single
branches up to 7 cm long. Isolated sticks of Goniopora nummulitica
(Reuss, 1864) (average diameter of branches 3—4 cm), few small massive
knobby colonies of Antiguastrea lucasiana (Defrance, 1826) and Dipsas-
traea subdenticulata (Catullo, 1856) together with phaceloid Caulastraea
pseudoflabellum (Catullo, 1852) in growth position sparsely occur
(Fig. 7b).

The intra-coral matrix contains few other biotic components, repre-
sented by some plant remains, small benthic foraminifera, fragments of
coralline algae, very rare fragments of bivalves, gastropods and
serpulids.

Microtaphofacies associated to BSF has been named as MTF1. Frag-
mentation and abrasion are scored as scarce-moderate (Fig. 8a) to high.
Encrustation is nearly absent or represented by thin, sparse, dish-
omogenous, crusts made by coralline algae exclusively of the mas-
tophoroids group or by foraminifera. Although some traces of boring
worms (Trypanites) occur on corals (Fig. 8b), bioerosion is scored as low.
In all the three examined sections intra-coral sediment has a relatively
abundant siliciclastic content (varying from a minimum of 31.2% to a
maximum of 61.6%). It is in fact the only coral facies whose sediments
can be classified for the most part as “mixed carbonate-siliciclastic”. This
siliciclastic component consists of grains of serpentinite, quartz, clay
minerals (chlorite, illite and kaolinite) and subordinate feldspar.
Authigenic metal oxides and pyrite are also common.

6.2. Acropora-Stylophora floatstone/rudstone (ASFR)

This facies is represented by coral floatstones to rudstones with
mudstone to packstone matrix. ASFR is quite common all along the three
stratigraphic sections (Figs. 3-5), representing also the last coral facies
before the overlapping sandstones at the top of the succession. Beds
range from 15 to 75 cm in thickness and are in general horizontally
continuous, although significant lateral variations of the coral diversity
and coral cover commonly occur. ASFR deposits are frequently alter-
nated with thin clay levels devoid of biogenic components.

Fragments of branching Stylophora thirsiformis and Acropora hai-
dingeri dominate this facies, mainly forming monospecific layers

(Figs. 7c-f); their diameter (average 5.5 mm) is larger than in the BSF
and are often isooriented, forming in this case floatstone deposits. In
places, fragments of Stylophora and Acropora are also associated to other
corals, such as phaceloid colonies of Caulastrea pseudoflabellum, both as
fragments and in growth position, isolated Goniopora sticks, or to some
massive colonies tilted or in growth position (Astreopora, Antiguastrea,
Dipsastrea).

Inter-coral matrix contains highly fragmented remains of coralline
algae, small bivalves and gastropods, small benthic foraminifera
(namely miliolids and rotaliids), serpulids, ostracods, fragments of
barnacles, sponges and very rare echinoids.

Two different microtaphofacies, indicated as MTF2 and MTF3, have
been distinguished within ASFR. MTF2 is the most common, it is asso-
ciated to floatstones where coral branches seem to be locally isooriented
parallel to bedding planes and Acropora is dominant (Fig. 8c), and occurs
in all the three sections. The inter-coral matrix has usually a wackestone
texture. MTF2 exhibits low fragmentation and abrasion, with thin
branching corals preserving their delicate morphological structures.
Acropora seems on the whole less fragmented and abraded than Stylo-
phora. Bioinfestation is weakly developed and typically sparse, espe-
cially as concerning bioerosion, which leaves most corals nearly
unaffected. Both traces referred to Entobia and Trypanites can be
distinguished. Encrustation mostly occurs as sparse, occasionally frag-
mented, with crusts formed by foraminifera (namely Miniacina and
Planorbulina) (Fig. 8d) and coralline red algae. In order of importance
the latter are represented by melobesioids, mastophoroids, lith-
ophylloids and sporolithaceans. MTF3 is less common, recognized only
in the Cascine section, but clearly different from MTF2. It can be found
within coral rudstones and the most diagnostic taphonomic signature is
the generally high level of fragmentation, which affects not only the
most delicate morphologies but also the more resistant ones (i.e.
massive) and is as well documented by the abundant fine biogenic
detritus dispersed in the inter-coral matrix (Fig. 8e). MTF3 is also
characterised by a high level of bioerosion; most traces are referred to
Trypanites (Fig. 8f), although several traces of Entobia are also present.
Abrasion is scored as moderate, as well as encrustation, which consists of
few sparse monotaxon crusts related to encrusting foraminifera or
coralline algae, difficult to identify because of their fragmentation de-
gree. The siliciclastic content, mainly represented by serpentinite,
quartz and clay minerals, is variable (from 12.5% to 30.8%), but always
lower than the 35% threshold that defines carbonate sediments.

6.3. Goniopora-Caulastraea pillarstone (GCP)

This facies is less common and mainly present along the Streghe



F.R. Bosellini et al. Palaeogeography, Palaeoclimatology, Palaeoecology 649 (2024) 112330

Fig. 7. Coral facies. A. BSF: floatstone with rubble of branching Stylophora thirsiformis (base of the Cascine section). B. BSF: floatstone dominated by thin-branching
fragments of Stylophora thirsiformis, with sticks of branching Goniopora nummulitica in the upper part (Cascine section). C. ASFR: rudstone dominated by thin-
branching fragments of Stylophora thirsiformis (Cascine section). D. ASFR: rudstone dominated by branching fragments of Acropora haidingeri (Cascine section). E.
ASFR: Stylophora thirsiformis in growth position (Cascine section). F. ASFR: floatstone-rudstone with branching Acropora haidingeri (Streghe section). G. GCP: pha-
celoid colonies of Caulastraea pseudoflabellum in growth position (Valletta section). H. GCP: densely-packed and tilted pillars of Goniopora nummulitica
(Streghe section).
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Fig. 8. Coral microtaphofacies. A. MTF1: well preserved corallites (red arrows) on the surface of a thin Stylophora double branch (Streghe section). B. MTF1: coralline
algae crust (green arrow) and Trypanites perforations on coral fragments (yellow arrows) (Streghe section). C. MTF2: isooriented Acropora branches (Streghe section).
D. MTF2: Planorbulina crusts on Acropora (green arrows) (Streghe section). E. MTF3: inter-coral matrix with abundant biogenic fragments (Cascine section). F. MTF3:
extensive bioperforation by Trypanites (yellow arrows) on coral fragments (Cascine section). G. MTF4: thick coralline algal crust (green arrows) on a fragment of
Stylophora (Cascine section). H. MTF4: large traces of bioperforation on a coral fragment (yellow arrows) (Cascine section). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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section (Fig. 5), with beds 50-100 cm in thickness. GCP consists of low
diversity pillarstones of thick-branched or phaceloid coral colonies
respectively belonging to Goniopora nummulitica and Caulastraea pseu-
doflabellum, in growth position or preserved as dense, tilted assemblages
(Figs. 7g-h and 9a-b). Pillarstones are typically densely packed but
laterally very limited and sometimes interfingering into branching coral
rudstones and floatstones, which often constitute also their substrate
(Fig. 9b). Goniopora sticks are up to 80 cm high, whereas Caulastraea
colonies have a maximum diameter of 70 cm and a thickness of 40 cm.
Some massive colonies such as Dipsastraea subdenticulata may occur, and
fragments of highly recrystallized Stylophora and Acropora are dispersed
in the matrix as well.

Corals are embedded in a lime-mud matrix with a wackestone-
packstone texture and a reduced amount of other biogenic compo-
nents. The microtaphofacies associated to this facies fits the MTF2,
already described above for the SAFR facies. Coralline red algae are rare
in the GCP and mainly represented by melobesioids with a lesser amount
of mastophoroids. The siliciclastic content spans from 21.7 to 31.6%,
thus indicating fully carbonate sediments.

6.4. Mixed-coral domestone (MCD)

This facies consists of mostly massive coral colonies in growth po-
sition embedded in a fine wackestone/packstone (rarely grainstone)
matrix. MCD is mainly restricted to the middle-upper portion of the
studied sections (Figs. 3-5), forming beds 50 to 120 cm in thickness.
Coral colonies are usually not densely packed (Fig. 9g), but in some cases
a coral cover of 50-60% has been estimated by the line-intercept tran-
sect method. The coral assemblage is composed of a dominant suite of
coral taxa, basically Dipsastraea subdenticulata, Antiguastrea lucasiana
and Variabilifavia confertissima (Reuss, 1868), associated to less common
Astreopora meneghiniana (d’Achiardi, 1866) and Goniopora nummulitica.
Colony size is variable, with some corals ranging from 10 to 20 cm in
diameter and some others considerably larger (50-70 cm in diameter).
The growth form can be considered massive in a broad sense; there are
some domal and globous colonies together with some fungiform and
tabular habits and most of them are much more developed in width than
in height (Fig. 9c-h). Several colonies show ragged margins (Fig. 9d) and
evidence of stress bands. Several phaceloid colonies of Caulastraea
pseudoflabellum occur as well, both in growth position and resedimented.
Some rubble of branching corals (namely Stylophora with some Acrop-
ora) is present as well.

Microtaphofacies associated to MCD has been named MTF4. The
most diagnostic taphonomic signature is the high encrustation, often
represented by widely distributed crusts of coralline algae (Fig. 8g). In
order of importance they are melobesioids, mastophoroids, spor-
olithaceans and lithophylloids. The occurrence of small rhodoliths,
usually composed of monospecific encrusting thalli of Lithothamnion and
Sporolithon formed around fragments of branching corals or small
metamorphic pebbles, is a typical feature of this MTF. Sparse crusts
made by encrusting foraminifera (Planorbulina and Placoxylina) have
been also recognized. Fragmentation and abrasion are scored as high, as
they affect also resistant coral morphotypes (i.e. massive). Bioerosion is
on the whole moderately developed as well, although boring traces
(Fig. 8h) are usually difficult to identify because of intense abrasion of
the coral remains.

The intra-coral matrix contains few small benthic foraminifera and
fragments of bivalves and gastropods. This sediment shows a highly
variable siliciclastic content (7.5 / 58.7%), thus ranging from carbonate
to mixed carbonate-siliciclastic.

7. Discussion
This study shows that the coral-bearing beds are composed of

different facies, each with their unique sedimentological, palae-
ontological and taphonomical features. Their analysis and
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interpretation, together with detailed stratigraphic and sedimentolog-
ical reconstructions, depicts a complex mixed carbonate-siliciclastic
sedimentary environment where depositional conditions and environ-
mental factors changed in time and space. These changes may have
controlled life, composition and preservation of the coral assemblages.

The depositional model that we present here for the Gelati outcrops
(Fig. 10) is the first detailed reconstruction ever proposed for the TPB
coral localities and derives from the combination of the sedimentolog-
ical features with the palaeoecological interpretation of the coral facies
as described in the two following paragraphs.

7.1. Depositional model

Based on the lithofacies occurrences and their vertical and lateral
organization, a detailed depositional model for the Gelati area has been
reconstructed (Fig. 10). The sedimentary succession in this study area
exhibits a general transgressive trend, which influenced the entire TPB
(Federico et al., 2022 and references therein). At certain intervals, this
trend was interrupted by varying terrigenous inputs, ranging from ma-
rine to continental conglomerates, particularly evident in the marginal
areas, along with the sporadic occurrence of coral-rich facies. In contrast
to the broader regional distribution of the Molare Formation, the strat-
igraphic architecture in this confined area displays high-frequency
transgressive/regressive cycles with a facies pattern of the deposi-
tional systems passing from retrogradational to progradational.

The sedimentary succession is stratigraphically and spatially orga-
nized within a valley carved on the metamorphic basement, gradually
infilled by continental alluvial deposits passing into marine facies. This
erosional feature is attributed to continental exposure associated with
deformation and uplift of the Alpine chain during the Eocene and early
Oligocene (Capponi et al., 2009; Ghibaudo et al., 2014; Federico et al.,
2022; Morelli et al., 2022, and references therein). The palaeovalley
initiated its progressive infilling with a sequence of fining-upward
conglomerates. In the Streghe area, these conglomerates, approxi-
mately 30 m thick, are interpreted as alluvial coarse-grained sediments
deposited in a braided river setting during the initial phase of trans-
gression or late lowstand. In terms of sequence stratigraphy, they
represent the typical incised valley fill deposits. These continental de-
posits gradually fill the lowest part of the palaeovalley and onlap the
present eastern flank, as depicted in the geological map (Fig. 2). Sub-
sequently, they change abruptly to an interval containing fine-grained
conglomerates, clay, and very coarse sandstones, prominently
observed at the base of the Streghe and Cascine sections. Despite the
dominance of terrigenous input, these lithofacies are distinctly depos-
ited within a marine environment, as testified by scattered and resedi-
mented lenticular coral-rich beds (BSF coral facies). The lithofacies of
this interval are interpreted as the distal portion of a fan-delta system or
coarse-grained delta (Gilbert-type), specifically representing the initial
bottomset part, corresponding to the prodelta setting.

These lithofacies also indicate a rapid transgression over the pre-
ceding continental facies, characterised by a retrogradational trend and
onlap termination against the upper part of eastern flank of the palae-
ovalley (Fig. 2). In fact, along this eastern flank (Cascine section), ma-
rine clays and conglomerates are gradually overlain by a 20 m thick
conglomeratic body with steep foreset that can be interpreted as a small
fan-delta, that starts to prograde over the former prodelta clay setting.
Towards the upper part of this conglomeratic unit, the presence of high-
angle cross-bedding suggests the existence of fluvial bars within the
topset of the fan-delta. Fan-deltas or Gilbert-type deltas are commonly
recognized in various areas where the Molare Formation is exposed
(Gnaccolini, 1981; Fravega et al., 1987; Rossi and Craig, 2016; Federico
et al., 2022). The conglomeratic foreset to topset beds are confined to a
small eastern area (Cascine section), indicating an increase in terrige-
nous input, which can be interpreted as a short-term regressive phase
(Fig. 2). This fan-delta system undergoes abrupt deactivation, with the
conglomeratic interval initially overlain by a thin clay layer and
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Fig. 9. Coral facies. A. GCP: colony of Caulastraea pseudoflabellum settled directly on the top of tilted columnar branches of Goniopora nummulitica (Streghe section).
B. GCP: Tilted columnar colony of Goniopora nummulitica on the top of the Acropora-Stylophora floatstone-rudstone (Streghe section). C. MCD: globous-domal colony
of Goniopora mummulitica (Cascine section). D. MCD: large fungiform colony of Dipsastrea subdenticulata (Cascine section). E. MCD: domal colony with a flat lower
surface of Antiguastrea lucasiana (Cascine section). F. MCD: domal colony of Variabilifavia confertissima (Cascine section). G. MCD: globous-domal colonies engulfed in
the marly sediments (Valletta section). H. MCD: massive colony of Astreopora sp. (Cascine section).
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Fig. 10. Schematic representation of a fan-delta depositional system with associated coral buildups. A. Three-dimensional view of the depositional system infilling an
incised valley. It highlights the distribution of active and inactive lobes with a braided river system and delineates a classic fan-delta including topset, foreset, and
bottomset strata. Coral buildups are notably situated along the transition between the prodelta (bottomset) and the clinostratified foreset beds. B. Plan view of the
fan-delta system, showing both the emerged topset and the submerged parts of the delta front (foreset) and the prodelta (bottomset). C. Cross-section view (X-X) of a
single coral buildup, reconstructing its relative growth position within the sedimentary depositional model.

subsequently by slightly resedimented and in situ coral-rich beds (as
observed in the Cascine section). This sharp transition is interpreted as a
high-frequency transgressive pulse, accompanied by a significant in-
crease in water depth and a transition to a prodelta setting. The coral-
rich beds of the Cascine section, limited in thickness and lateral exten-
sion, are contemporaneous with other carbonate intervals documented
in the Streghe and Valletta sections (Figs. 4, 5). In these sections, the
conglomeratic foreset beds are absent, and the coral-rich beds form
laterally discontinuous small buildups directly overlying the prodelta
clay and conglomerates. Finally, the succession in both sectors is over-
lain by thick sandstones deposited in a shoreface to offshore transition
setting. The demise of the coral carbonate factory is attributed to the
substantial influx of these sandstones and rare conglomerates, indicating
a massive input of siliciclastic sediments.

The lithofacies types and their architecture and spatial distribution
enable the reconstruction of the depositional model for the Gelati area
(Fig. 10). Additionally, they suggest that the coral buildups are laterally
discontinuous and confined to the prodelta setting, likely in a lateral
position with respect to the active fan-delta lobes. These buildups appear
to have been intermittently deactivated or smothered by fine-grained
terrigenous input during flood phases or shifts in distributary channels.

7.2. Palaeoecological interpretation of coral facies

Along the measured sections, coral facies are interdigitated with
conglomerates and claystones-marlstones and, according to the above
reconstructed physiographic and depositional setting, they indicate a
colonization in a deltaic environment at the depositional boundary
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between these lithologies, thus in a relatively deep setting and under
“brown mesophotic” conditions (sensu Zapalski et al., 2021; Majchrzyk
etal., 2022) Fig. 10). The measured sections also show the occurrence of
two main colonization phases: the first is recorded only in the lower part
of the Cascine section, while the second is detected in the upper part of
the Cascine section and in all carbonate levels of Streghe and Valletta
sections.

The first colonization by corals is represented at the base of the
Cascine section by the “branching Stylophora floatstone” (BSF). This
coral assemblage, embedded mostly in a micritic sandstone where the
non-carbonate component is abundant (up to 60%), is dominated by a
rubble of branching Stylophora thirsiformis deposited in the distal part of
the fan-delta (close to the transition between foreset and bottomset).
The microtaphofacies MTF1 associated to these corals shows in general a
relatively high level of fragmentation and abrasion but is by far the less
affected by bioinfestation suggesting a fast transport and a relatively
short surface residence time of coral remains before burial. Thus, the
duration of these coral assemblages is here assumed as very short,
mainly controlled by periodic episodes of more abundant sedimentary
run-off determined by higher fluvial activity. Although it is not possible
to establish exactly the original growth environment of these corals, the
ecological requirements of their present-day counterparts suggest
growth at shallower depths where they probably formed small and
ephemeral carpets (sensu Riegl and Piller, 1999). Fast-growing
branching corals belonging to the pioneer and highly plastic genus
Stylophora (Loya, 1976; Shaish et al., 2007) are retained as particularly
suitable to cope with strong sediment accumulation and possibly with
high nutrient supply. Such branching growth forms are by far the most
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effective with respect to sediment clearance by passive removal (Staf-
ford-Smith, 1993) and Stylophora has been in fact reported even in the
upwelling-influenced high-nutrient environment of the Gulf of Aden
(Yemen) (Benzoni et al., 2003). Fragments of branching corals, mostly
dominated by Stylophora, are reported from the mesophotic deltaic
palaeoenvironment recorded in Friuli (NE Italy) during the early Eocene
(Bosellini et al., 2022).

The BSF, documenting the initial stages of coral colonization also of
the second phase, may be also related to a low stand phase of fluvial
activity, during which rivers exerted a strong erosion and discharged
great amount of siliciclastic sediments.

The second phase of colonization, represented in all the three
measured sections, continues with a complex alternation of the three
facies ASFR, GCP, and MCD. Although some zonation is illustrated in the
static model of Fig. 10, ecosystem dynamics is actually represented by
the interdigitation of these facies and is strictly connected to the extreme
instability of the depositional environment. The periodic migration of
river mouths may have caused changes in substrate type, hydrody-
namics, turbidity (brightness), nutrients, etc., leading to rapid changes
in coral facies in space and time.

The “Goniopora-Caulastraea pillarstone” (GCP) facies, associated to
microtaphofacies MTF2, is embedded in a muddy micrite mostly
exhibiting a wackestone texture, which is consistent with a fine-grained
sedimentation and generally low hydrodynamic conditions, fitting with
a depositional setting coincident with the distal part of the fan-delta
where reduced light penetration and turbid-waters are also inferred.
Phaceloid corals and thick-branched corals, which compose the mono-
generic coral pillarstones, have been interpreted as reflecting high
turbidity conditions possibly alternated to phases of fine-grained sedi-
ment accumulation that likely forced corals to a partial shifting to het-
erotrophy and to a high tolerance to sediment veneer (Sanders and
Baron-Szabo, 2005).

Phaceloid corals, such as Caulastraea, are reported as able to change
their way of feeding in response to high-turbidity phases (Dryer and
Logan, 1978; Dupraz and Strasser, 2002) and also as representing an
adaptation to muddy substrate and high sedimentation rates (Dryer and
Logan, 1978). Some small-polyped corals belonging to the family Por-
itidae, like Goniopora, are known to be highly tolerant to sediment being
able to settle their larvae even into mobile substrates and their juvenile
forms to develop in spite of constant rain of sediment (Rogers, 1983;
Stafford-Smith, 1993). In the Cenozoic fossil record, and especially in
the Oligocene, phaceloid corals like Caulastraea and Goniopora/Actinacis
paucispecific thickets, known as well as “pioneer” assemblages (Bosel-
lini and Stemann, 1996; Sanders and Baron-Szabo, 2005) colonized the
muddy and turbid lagoon of the barrier reef/lagoon system of the Cas-
telgomberto Limestone in northern Italy (Bosellini and Trevisani, 1992;
Bosellini et al., 2020).

The “mixed-coral domestone” facies (MCD), associated to micro-
taphofacies MTF3-4, is instead interpreted as a coral assemblage
thriving in a relatively shallower and exposed setting, but also periodi-
cally affected by sedimentary input connected to fluctuations of fluvial
activity. Water energy was probably quite high, favoring sediment
clearance on corals and relative water transparency. Within these
environmental conditions, small coral patches dominated by massive
morphotypes were able to develop.

Massive corals, in particular those with large corallites, are retained
as most effective in active sediment rejection, whereas branching forms
are known to face sediment accumulation mostly through passive
removal (Bak and Elgershuizen, 1976; Stafford-Smith, 1993). The rag-
ged margins exhibited by several massive-tabular colonies, together
with evidences of growth anomalies and irregular knobby surfaces
document events of sediment coverage and partial mortality followed by
phases of recovery (Sanders and Baron-Szabo, 2005; Reuter et al., 2019).

Inter-coral matrix exhibits a packstone texture and MTF3-4 is the
most affected by fragmentation (52%) and abrasion (59%). This signa-
ture may be explained both as an effect of bioerosion-induced
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fragmentation, reflected by the analogously higher bioerosion index
(65%), or as an effect of more intense resedimentation due to water
movement and/or transport. Relatively higher hydrodynamic condi-
tions are also inferred by the occurrence of quite large massive growth
forms and the thicker diameter of the associated branching corals. The
high bioerosion degree may be interpreted as indicative of a long
resilience of both living and death corals before complete burial.
Although the occurrence of traces due to worms is widespread, traces
referred to boring sponges are remarkably frequent within this MTF.
This taphonomic signature may be indicative of a setting where sus-
pended mud was kept at low levels or possibly absent. Bioerosion due to
boring sponges is known to produce large amount of biogenic debris,
which is a typical feature of this MTF, being up to 98% of bored substrate
deposited as fine sediment “chips” (Hutchings, 1986; Perry and Hep-
burn, 2008). The occurrence within the inter-coral matrix of frequent
pebbles of metamorphic rocks is consistent with a relatively proximal
setting and/or with occasional episodes of coarse-grained run-off, which
likely contributed to rubble formation, as documented in other similar
contexts (Tomassetti et al., 2013).

The “Acropora-Stylophora floatstone/rudstone” (ASFR) is quite
interdigitated with both GCP and MCD, with this rubble often forming a
suitable substrate for the settlement of corals such as the phaceloid and
thick-branched colonies of the GCP facies (Fig. 8b). The periodic sedi-
ment burial and re-exposure of older coral rubble, suitable for new coral
recruitment, is in fact reported as a process characterizing most
sediment-influenced coral communities (Perry, 2005).

As regards in particular the Acropora-dominated floatstones, associ-
ated with microtaphofacies MTF2 (the same of GCP facies), the prefer-
ential orientation of coral branches parallel to the bedding plane is
consistent with some transport by unidirectional currents. Significantly
different degrees of taphonomic alteration occur between the dominant
components (namely Acropora) and the associated scattered fragments
of Stylophora, with these latter more affected by fragmentation, abrasion
and bioerosion. The general better preservation of Acropora allows thus
to assume that these corals have been affected by a lesser transport than
Stylophora and that probably their original life environment was not far
away from where they have been deposited. The higher incidence of
bioerosion on Stylophora may depend both on intrinsic factors, such as
the higher skeleton density of Stylophora which is thus retained more
attractive for borers (Highsmith, 1981), and on environmental causes. It
is hence realistic to suppose that Stylophora originally colonized settings
more suitable for flourishing of a macroboring community and that
bioerosion on these corals was thus mostly pre-depositional.

It is important to underline that Acropora, which is known in the
present-day oceans as a genus typical of shallow, well-lit agitated waters
(Wallace, 1999), displayed in the geological record different ecological
requirements, with these corals often found associated to deeper, low
energy and possibly turbid-water settings (Schuster, 2002; El-Azabi,
2023), also together with a strong resilience to major ocean chemistry
changes (Stolarski et al., 2016). To increase light catchment, it is here
supposed that Acropora adopted a shape consisting of straight simple
branches and lacking of secondary branches, being vertical trend of
shape and orientation a strategy to optimize light capture (Graus and
Macintyre, 1976). Reduced light penetration likely determined a
decrease of calcification (Rogers, 1990; MacDonald and Perry, 2003),
responsible of weakening corals and making them more vulnerable to
some episodes of higher energy and definitely to breakage with conse-
quent rubble formation.

7.3. Palaeoecological interpretation of red algae associations

The four main informal groups considered herein (lithophylloids,
mastophoroids, melobesioids and sporolithaceans) have been tradi-
tionally used as reliable palaeobathymetric (in relation to brightness
conditions) and palaeoclimatic markers (Adey, 1979; Bosence, 1991;
Aguirre et al., 2000; Braga and Aguirre, 2004; Kroeger et al., 2006;
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Vannucci et al., 2010; Sarkar, 2017; Singh et al., 2020 and reference
therein). In particular lithophylloids, here represented only by the
heliophilic genus Lithophyllum, are typical of cool to warm shallow-
waters. Mastophoroids are dominant taxa in very shallow tropical wa-
ters. Melobesioids taxa commonly dominate tropical environments
below 20 m water depth and down to 110-120 m, and in modern reefal
environments are relevant components below 10-15 m. Sporolithaceans
algae exhibit ecological characteristics similar to those of the
melobesioids.

The corallinacean algae association retrieved along the three exam-
ined logs confirms the palaeoenvironment conditions indicated by the
coral assemblages. The considerable amount of mastophoroids along the
Valletta and Cascine sections, also coupled in Cascine to Lithophyllum,
indicate shallow-water, marine tropical conditions. The general abun-
dance of melobesioids and the occurrence of sporolithaceans, which are
among the deepest dwelling taxa retrieved, are here rather interpreted
as indicators of poor seafloor irradiation, possibly related to an
increased water turbidity. This could be enhanced by increased runoff of
the riverine-deltaic system reacting to the active tectonic but also to the
deteriorating climatic condition of the uppermost Oligocene. This is
particularly visible along the Streghe section, where the dominant
melobesioids are associated with sporolithaceans, thus indicating a
higher turbidity level than in the other two successions.

The general dominance of melobesioids, coupled to abrupt changes
in the percentage of the other three coralline algae groups even in
samples which are stratigraphically close, also supports the idea of a
quite unstable environment. Sudden variations in light conditions could
have occurred, possibly related to sharp variations of the sedimentary
input in space and time.

7.4. Coral buildups in fan-delta systems: palaeodepth and main
controlling factors

The depositional model reconstructed for the Gelati area sheds light
on the intricate relationship between sedimentary processes and the
development of coral buildups within fan-delta systems. Coral devel-
opment along fan-delta or nearshore turbid-water setting is not un-
common in modern environments as well as in the fossil record. Starting
from the seminal works of Roy and Smith (1971) and Mount (1984)
many authors have worked on these mixed carbonate-siliciclastic sys-
tems (Wilson and Lokier, 2002; Wilson, 2005; Perry and Smithers, 2006,
2010; Browne et al., 2012, 2019; Morsilli et al., 2012; Perry et al., 2012;
Santodomingo et al., 2015; Moura et al., 2016 among others). However,
in turbid-water contexts like these, inferring the palaeodepth of coral
growth presents challenges compared to oligotrophic and clear seawater
settings (Fabricius et al., 2016). The real water depth of the prodelta,
though potentially shallow, can be difficult to ascertain accurately due
to the persistent turbidity influencing visibility and sedimentation rates.
In this context the presence of light-dependent organisms cannot help
the palaeoecological reconstruction, considering that corals or other
reef-building organisms can thrive and flourish also in the mesophotic
setting (e.g. Lesser et al., 2009, 2018; Pérez-Castro et al., 2022).

Fan-delta systems, characterised by dynamic sedimentary processes
and variable terrigenous input, often provide a complex yet conducive
environment for coral growth. Similar to the findings in the Gelati area,
various studies have documented coral buildups within fan-delta set-
tings worldwide. For instance, in the Borneo area, coral reefs have a high
resilience where terrigenous sediment discharge is high (Browne et al.,
2019). These reefs demonstrate resilience to sedimentation stress,
adapting to fluctuating conditions by adjusting growth rates and
morphology (Morgan et al., 2017). Other examples are known in the
fossil record such as in the Eocene of the Pyrenees, where an extensive
coral buildup, up to 50 m thick, developed inside a prodelta mud-rich
setting (Morsilli et al., 2012). As well as the patch reef developed in
the Miocene of the eastern Borneo along the Mahakam Delta (Wilson,
2005) and along the eastern Kalimantan in Indonesia (Novak et al.,
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2013; Santodomingo et al., 2015), where branching corals can be
dominant (Kusworo et al., 2015). In these environments, like in the
Gelati area, typical deep mesophotic platy corals may be absent as the
polyps on their upper surface would be easily “suffocated” and buried.

In the context of fan-delta systems, coral buildups may exhibit lateral
discontinuity due to periodic smothering by sediment influx during
flood events or shifts in channel patterns. Such dynamics are evident in
the Gelati area, where coral-rich beds intermittently alternate with fine-
grained terrigenous deposits. This pattern suggests that coral growth is
influenced by the interplay between sedimentation rates and hydrody-
namic conditions within the deltaic environment.

According to Wilson (2005), nutrient supply is often associated to
siliciclastic input and is here supposed to represent a major environ-
mental constraint for coral fauna. Turbidity entails a complex interac-
tion between sedimentary input, mean grain-size of the sediment
eventually suspended in the water column and water energy. A certain
degree of water movement (i.e. hydrodynamic conditions) is supposed
to be necessary to maintain mud particles in suspension for a long time
(Woolfe and Larcombe, 1999), thus possibly determining higher
turbidity conditions in the most proximal part of the bottomset (pro-
delta) where the combination of fine-grained sedimentation and the still
active effect of water movement favoured nearly chronic mud
suspension.

8. Conclusions

In the face of rising global temperatures, coral reefs are one of the
ecosystems most threatened and for which a global severe decline is
expected even if global warming is limited to 1.5 °C, as recently indi-
cated by the IPCC report 2022. It is, however, emerging the evidence
that coral reefs living in marginal settings provide better and suitable
conditions to escape the effects of the current global warming trend with
respect to shallow, euphotic coral reefs, and thus acting as potential
ecological refugia.

Deltaic palaeoenvironments hosting reef coral assemblages, in
particular thoseshallow and turbid mesophotic (“brown mesophotic
reefs”), show a good record throughout the Cenozoic, also during
climate warming events, thus becoming extremely useful to understand
the dynamics and durability of these coral ecosystems and to provide
empirical evidence of their long-term response and resilience to climatic
perturbations.

In this study we have characterised coral buildups that formed at the
edge of a fan-delta system during the middle Chattian, and thus in
coincidence with the Late Oligocene Warming Event (LOWE). The main
outputs are the following:

e By an accurate field-work and facies analysis we provide a detailed
depositional model of an Oligocene coral reef associated to a fan-
delta system. Despite the Tertiary Piedmont Basin (TPB) is quite
rich of coral outcrops that attracted the interest of geologists and
palaeontologist since the 19th century, our model is the first pro-
posed so far.

e We document that coral growth took place in the prodelta setting,
and thus within a mesophotic environment. We depict here a com-
plex mixed carbonate-siliciclastic sedimentary environment where
depositional conditions and environmental factors changed in time
and space, controlling life, composition and preservation of the coral
assemblages. The reef colonial corals formed small buildups, later-
ally discontinuous and intermittently deactivated or smothered by
fine-grained terrigenous input during flood phases or shifts in dis-
tributary channels.

The ecosystem dynamics depicted by the first colonization event by

branching Stylophora corals, the development of the small coral

buildups and their final demise, clearly occurred under strong
fluviatile control. Final suffocation is attributed to the substantial
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influx of sandstones and rare conglomerates, indicating a massive
input of siliciclastic sediments.

e We define four different types of coral facies (branching Stylophora
floatstone, Acropora-Stylophora floatstone/rudstone, Goniopora-Cau-
lastraea pillarstone, mixed-coral domestone). Their coral assem-
blages are characterised according to coral taxonomic composition,
growth forms (branching, phaceloid and massive) and taphonomic
features. Coral facies appear quite interdigitated as strictly con-
nected to the extreme instability of the depositional environment.

o All coral assemblages are represented by sediment-resistant taxa and

look quite resilient, adapting and shifting in time and space ac-

cording to the changes of stressors like turbidity, hydrodynamic
energy, sediment and nutrient supply, in turn imposed by river
activity.

Our results shed a light on the fossil record of Oligocene mesophotic

reefs and provide useful data for better understanding the long-term

resilience of these ecosystems and their capacity to support diversity
and ecological functions.
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