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Abstract: The lower Messinian Calcare di Rosignano Formation (Tuscany, Italy, 43◦ N) preserves one
of the youngest and northernmost examples of coral reefs in the Mediterranean. The outcropping
succession of the Acquabona quarry consists of four main facies, namely, in ascending stratigraphic
order: (1) coral boundstone, (2) coralline algal rudstone, (3) serpulid floatstone to packstone, and
(4) peloidal packstone to grainstone. The succession displays a trend toward increasingly more
shallow conditions and progressively more restricted water circulation. The coral reef displays a
limited coral biodiversity and a remarkable abundance of heterotrophs, similar to modern coral reefs
developed at the edges of the ecological niche of symbiont-bearing colonial corals. The widespread
presence of coral colonies pervasively encrusted by coralline algae and benthic foraminifera suggests
that short-term environmental perturbations caused temporary shutdowns of the coral-dominated
carbonate factory. Moving upwards, there are fewer corals and more highly adaptable carbonate
producers like coralline algae and serpulids. This suggests that the decline of corals had been caused
by the conditions in the basin becoming more stressful, up to the collapse of the coral community. The
overall succession indicates that coral-dominated ecosystems located at the edges of the coral zone
are very sensitive; they can be affected even by minor perturbations and easily collapse if negative
conditions persist.

Keywords: Porites; encrusting foraminifera; coralline algae; serpulids; decapods; Miocene; shallow-
water carbonates; Tora-Fine Basin

1. Introduction

Symbiont-bearing colonial corals (i.e., colonial corals harboring in their living tissues
unicellular photosynthetic dinoflagellates, the zooxanthellae, which live in a mutually
beneficial symbiotic relationship with their host) are one of the primary shallow-water
calcifiers of the late Cenozoic, inhabiting an environmentally narrow ecological niche in
the photic zone of tropical seas [1,2]. This narrow niche is currently severely threatened by
the ongoing climate change [3–6]. Warming and eutrophication result in the massive loss
of coral domains with bleaching events becoming increasingly common [7–9].
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At the edges of this niche, i.e., at higher latitudes, in restricted marginal marine
environments and in turbid water settings, symbiont-bearing coral communities display
the full extent of their ability to adapt [10–16]. It has been proposed that these somewhat
‘extreme’ settings can even serve as refugia against certain environmental fluctuations. For
example, relatively high-latitude settings may prove favorable for low-latitude taxa under
the current conditions of anthropogenic global warming [17–19].

However, living on the fringes has its disadvantages. Indeed, when the environmental
conditions at a reef site exceed the ecological threshold suitable for corals, the coral com-
munity may quickly collapse. Recovery is not guaranteed even if optimal conditions are
subsequently restored, and the aftermath of a coral reef demise is a debated topic [20–22].
Despite the growing body of literature on the recovery of modern coral reefs from bleaching
events [23–27], these neontological case studies can only figure out what happens in the
few years that follow the environmental perturbation. The study of the geological record is
required to understand the long-term pattern of response and (potential) recovery of coral
reef systems [12,28–30].

During the Messinian, Mediterranean coral reefs had to deal with multiple stressors, in-
cluding enhanced glacioeustatic oscillations [31], temperature and nutrient variations [32–35],
and a progressively more restricted basin [36]. The transition from the early Cenozoic
greenhouse conditions to the near-modern icehouse conditions indeed occurred during the
Miocene, with the Late Miocene atmospheric pCO2 reaching values similar or only slightly
higher than the current ones [37]. The tectonically driven restriction of the Mediterranean
also added new layers of sensitivity to orbital forcing to the basin, notably with respect to
salinity [38,39]. Yet, despite these multiple stresses, this period was associated with the de-
velopment of common, widespread, euphotic coral reefs in the Mediterranean [33,34,40–42]
(Figure 1), making the Late Miocene of the Mediterranean the ideal setting for investigating
the response of coral reefs to environmental stressors.

The reef complexes of the Calcare di Rosignano Formation of Tuscany (central Italy),
which developed during the Late Miocene, provide a relevant example of the behavior of
coral reefs at the margins of their own ecospace. These bioconstructions were located at
the northern edge of the reefs’ distribution in the Mediterranean during the Messinian,
with the Acquabona outcrop representing the northernmost, large-sized coral reef of the
period [43,44]. Having developed at the periphery of the coral reef belt, the Acquabona reef
represents a key example of the response and adaptability of corals to stressed marginal
marine conditions. By integrating quantitative and qualitative analysis, the present paper
analyzes short-term as well as long-term ecological succession in the Acquabona reef
and interprets their paleoenvironmental relevance. Microfacies evidence can provide
information on the aftermath of competition processes between reef-building organisms as
well as snapshots on this long-lost ecosystem. In addition, the analysis of the succession
can shed light on how this ecosystem evolved through time. Together, they disclose
precious information that can more directly correlate with modern reefal environments,
thus delivering useful insights to envision the future of coral reefs.
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tion pathways of larvae [53]. Such a connectivity was lost during the Burdigalian, as the 
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Figure 1. Distribution of the most relevant Upper Miocene coral reef outcrops of the Mediterranean
area (after Perrin and Bosellini [33] and Franseen et al. [45]). The area depicted in the subsequent
Figure 2, including the study site, is also indicated herein.

2. Paleogeography, Paleoclimate, and Coral Reefs in the Mediterranean During
the Late Miocene

Modern equatorial currents predominantly move from East to West [46], leading the
coral larvae to spread westward from the coral-rich Indo-West Pacific [47]. During the
earliest Miocene, the (proto-)Mediterranean was connected to both the Atlantic and the
Indo-Pacific Oceans [48], thus representing a wide and deep seaway for Indian Ocean-
derived waters [49,50]. Climate models support a westward flow also during the Early
Miocene [51], and the fossil record indicates that the Indo-Pacific has been a marine biodi-
versity hotspot for at least the last 25 million years [52]. Because of this, during the earliest
Miocene, current-driven larval distribution patterns likely allowed for species to enter
the Mediterranean basin from the tropical Indian regions, following the modern distribu-
tion pathways of larvae [53]. Such a connectivity was lost during the Burdigalian, as the
connection with the Indo-Pacific narrowed and closed for the first time, only to reopen
intermittently (as a shallow seaway) until the Langhian–Serravallian transition [48,50,54,55].
At about the same time, the connection with the Paratethys was also lost [56], although
some intermittent exchange would temporarily occur until the Late Miocene [57]. At the be-
ginning of the Late Miocene, the Central Mediterranean was still relatively well-connected
with the Atlantic Ocean [58], whereas the Eastern Mediterranean had begun to experience
restricted circulation. In spite of that, corals do not seem to show any clear endemism in the
various Mediterranean sub-basins during the latest Miocene [34], although the diminishing
connectivity should have led to higher degrees of endemicity [59,60].

During the Late Miocene, the global climate saw an overall cooling trend that started
after the Middle Miocene Climatic Optimum (17 to 15 Ma) [61]. As early as in Tortonian
times (11.61–7.25 Ma), the volume of the East Antarctic Ice Sheet was comparable to the
present one [62], and the Arctic glaciations accelerated, resulting in an increase of the
latitudinal and seasonal temperature gradients [63]. During the Messinian (7.25–5.33 Ma),
cooling affected the mid- to high-latitude regions, thus bringing their sea surface tempera-
tures to nearly modern values, whereas only a minor drop in temperature was recorded in
the tropics [62].

This mid- to high-latitude cooling resulted in a decrease in the biodiversity of reef
corals, reef fishes, and bryozoans across the Mediterranean region [64,65].
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Paleoproductivity indicators (including organic matter accumulations and microfos-
sil assemblages) in the Mediterranean suggest marine biogenic blooms during the Late
Miocene—Early Pliocene interval [66], which are likely related to local increases of flu-
vial inputs [67] as well as to a global dust-driven fertilization of marine ecosystems [68].
Two major washhouse events are recognized in the Tortonian of the Mediterranean, at
10.7 Ma–9.7 Ma and around 8.9 Ma [35,69]. During these events, the average precipitations
increased to ca. 200% above present-day values, which led to freshwaters entering the
Mediterranean at an increased rate [35].

The Tortonian distribution of the symbiont-bearing colonial corals within the Mediter-
ranean shifted southwards compared to the Serravallian. This shift is attributed not to
changes in trophic or paleoceanographic conditions but rather to the progressive cool-
ing of the global climate [33]. In spite of this cooling, Tortonian shallow water carbon-
ates are rich in symbiont-bearing colonial corals. Notable and well-studied outcrops
are located in southern Spain [70–74]; the Balearic Promontory [70,75,76]; northern Mo-
rocco, Algeria, and northern Italy (although no proper reefs have ever been reported in
the latter area) [33,70,77]; southern Italy [70,78,79]; the Hyblean shelf [80–82]; Malta and
Lampedusa [82–86]; Crete [87,88]; southern Turkey [89]; Cyprus [90,91]; the Eratosthenes
Seamount [92,93]; and Libya [94] (Figure 1). Notably, the vast majority of these coral-
bearing carbonates developed during the late Tortonian [33,42], after the aforementioned
washhouse events [35].

During the Messinian, the progressively cooling climate reduced both the geographi-
cal distribution of symbiont-bearing colonial corals and their genus-level diversity within
the basin [33,64,95]. Nonetheless, a large number of coral-bearing, shallow-water carbon-
ates and reefs are known from the early Messinian of the Mediterranean, with notable
outcrops occurring along the coasts of southeastern Spain [96–101]; Northern Morocco
and Algeria [70,77,102]; northern Italy [70,103,104]; Tuscany [44]; Apulia [105–107]; Cal-
abria, northeastern Sicily, Lampedusa, and Malta [82,84,108–113]; the Tell Mountains of
Tunisia [114]; and Turkey, the Sirte Basin, and Israel [33,115] (Figure 1).

Towards the end of the Messinian, the tectonic activity in the Alboran Sea resulted
in reducing the water exchanges between the Mediterranean Sea and the Atlantic Ocean,
thus leading to the Messinian salinity crisis (MSC) (5.97 to 5.33 Ma) [116] and the basin-
wide deposition of evaporites [117–119]. This unparalleled event led to a major crisis
in Mediterranean ecosystems whose extent and magnitude has long been, and still is,
debated [120–122].

3. Local Geological Setting

The Messinian Calcare di Rosignano Formation was deposited along the eastern
margin of the Tyrrhenian oceanic basin, within what is currently known as the Tora–
Fine Basin [123–125]. The latter is one of the many basins that developed parallel to the
adjoining Northern Apennine mountain chain, being separated from each other by fringes
of topographic highs, during a Neogene extensional tectonic phase (Figure 2).

The basement of the study area consists of the so-called Ligurian units, i.e., igneous
and sedimentary rocks (mostly Jurassic radiolarites, serpentinites, basalts and gabbros, and
Cretaceous deep-water sediments) pertaining to the Ligure-Piemontese oceanic basin [44].
This basement is overlain by upper Tortonian to lower Messinian lacustrine sediments
(the Castello di Luppiano, Argille del Torrente Fosci, and Torrente Sellate formations, i.e.,
the so called “Serie Lignitifera”) and by the Calcare di Rosignano Formation [44,126]. The
latter either overlies the lower Messinian lacustrine sediments or directly contacts the
Ligurian basement [44]. It has been assigned to the lower Messinian based on its planktic
foraminiferal assemblages [44].
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Figure 2. Study area. (A) Regional view of the study area with the position of the latter indicated
in the Mediterranean Sea. (B) Schematic paleogeography of the Neogene and Quaternary basins
between Livorno and Volterra, showing the locations of reef outcrops, including the investigated
reef of the Acquabona quarry, coastal fans, fault trends, and emerging areas; modified from Bossio
et al. [44]. (C) Simplified geological map of the study area; modified from Mazzanti et al. [126].
Fm = Formation; MSC = Messinian salinity crisis.

The Calcare di Rosignano Formation includes basal conglomerates (the informally
named Cantine Conglomerates, rich in pebbles issued from the mafic basement of the basin);
large coral-dominated bioconstructions and the related bioclastic carbonates; lagoonal bio-
clastic carbonates; small coral-dominated bioconstructions associated with coarse-grained
siliciclastic deposits; and stromatolites [44,126,127]. These deposits have been informally di-
vided into different bioclastic sub-units: the Acquabona reef, the lagoonal interval, and the
Castelnuovo reef (ordered in ascending stratigraphic order). These bioclastic sub-units are
separated from each other by subaerial exposure surfaces as well as by coastal terrigenous
siliciclastic wedges with a minor bioclastic component (i.e., the Villa Mirabella and Sant’al
Poggio conglomerates [44]). Different subdivisions have been proposed by other authors,
and a formal separation of the formation is not currently available [128]. The Acquabona
reef, representing the focus of this research, is located in a quarry complex. It is mainly
composed of biogenic carbonates, while the Castelnuovo reef outcrops discontinuously,
as small mounds, in various localities in the Livornesi Mountains and displays a relevant
siliciclastic fraction [44].

4. Materials and Methods

The investigated succession of the Acquabona reef is located within an abandoned
quarry that is currently used as an archery range (43◦25′03.2′′ N; 10◦28′21.9′′ E). It consists of
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a sub-vertical quarry wall that is now partly covered by vegetation. Mesoscale observation
of facies, distribution of macrofossils, and sample collection were carried out on the outcrop
across multiple visits. The carbonate rocks were classified using the grain size categories
of Wentworth’s [129] scale as well as the Dunham’s [130] classification as expanded by
Embry and Klovan [131] and further refined by Lokier and Al Junaibi [132]. Given the
intricacy of sampling within a massive boundstone displaying no clear bedding surfaces,
large rock samples were collected from the core of the reefal structure outward, following
the strike of the overlying layered strata. Twenty-four thin sections were prepared via
repeated embeddings in epoxy resin in order to consolidate the poorly lithified and porous
samples. Thin sections were then studied using a Leica Leitz Laborlux S transmitted light
optical microscope and a Kenyans digital microscope to investigate the microfacies and
textures. The skeletal assemblages were examined and quantified with point counting [133],
using a 200 µm grid and counting more than 800 points in each section. This quantitative
approach, combined with the updated carbonate rock classification developed by Lokier
and Al Junaibi [132], provides a reasonably objective framework for describing the facies
and fostering their comparison with coeval examples across the Mediterranean. In order
to better constrain the foraminiferal assemblages of all sections, the free-living benthic
foraminifera were identified at the lowest possible taxonomic level, divided between large
symbiont-bearing forms (LBF) and small, non-symbiont bearing ones (SBF), and finally
counted [134]. Furthermore, the community of secondary encrusters developing over the
frame-building colonial corals was investigated in detail. Such a community was compared
with those of the Upper Miocene reefs of Cyprus and Eratosthenes Seamount [91,92].

5. Results

The Acquabona reef outcrop consists of a nearly vertical rock wall cut through a
hillside. At the core of the reef, the rock consists of ca. 10 m thick massive boundstone
(Figure 3). Upwards, the boundstone is overlain by layered strata that gently dip northeast-
ward. Moving along the dip direction, the massive boundstone progressively disappears
underground, and the height of the rock wall progressively decreases. There is no indica-
tion other than dipping that the succession has been disturbed tectonically, which allows
for a stratigraphically ordered sampling nearly perpendicular to the bedding direction
indicated by the layered strata overlaying the bioconstruction.

Four main lithofacies can be recognized at the Acquabona outcrop: (1) coral bound-
stone, (2) coralline algal boundstone to rudstone, (3) serpulid floatstone to wackestone, and
(4) peloidal packstone to grainstone (Table 1) (Figures 3–11).

The core of the bioconstruction is formed by a primary framework of coral (Figure 3).
This boundstone facies consists mainly of large colonies of Porites, most of which display a
branched columnar growth form (Figures 3D and 4A,B). The corals are poorly preserved,
being either recrystallized or preserved as molds. Thick encrustations of coralline algae and
encrusting foraminifera can be observed on the best-preserved coral specimens (Figure 4C).
Small patches of sediment trapped among the colonies are also present, including well-
preserved regular echinoids, disarticulated decapod appendages, and much rarer carapaces,
bivalve shells (including pectinids and Spondylus sp.), and molds of gastropods (including
Conidae, large-sized Vermetidae, and forms provided with turbinate and trochoid shells)
(Figure 4D–F). Microfacies analyses of the coral boundstone reveals that the skeletal fraction
(i.e., the bioconstructors and the hard-shelled organisms associated within the bioconstruc-
tion) accounts for between half and two-thirds of the rock volume (Figure 5A–C; Table 1).
Frame builders (i.e., reef corals, coralline algae, and encrusting benthic foraminifera) rep-
resent >80% of the skeletal fraction (Table 1), and, as such, the vast majority of the rock
volume of the reef, thus characterizing the latter as a frame reef [135]. The remaining vol-
ume consists of a very fine sand-sized to mud-sized matrix, with scattered fine sand-sized,
angular, unidentified allochems (possibly originating from the fragmentation of the coral
skeletons) (Figure 5D).
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Figure 3. The investigated succession of the Acquabona quarry, with a stratigraphic log (meters from
the base of the section are indicated in the black-and-white bar on the left). (A) Serpulid floatstone to
wackestone (red arrowhead) and peloidal packstone to grainstone (white arrowhead). (B) Transition
from the coral boundstone (periphery) to the coralline algal rudstone. (C) Landscape view of the
outcrop, taken in 2007, showing the massive coral boundstone (red arrowhead) overlain by the gently
dipping layered strata of the upper part of the succession (white arrowhead). The red arrowhead is
substantially in the same position as in panel D, and the whole rock face is ca. 10 m high. (D) Coral
boundstone facies with a large branched Porites colony (red arrowhead). RCA = Red calcareous algae;
GCA = green calcareous algae; ECH = echinoderms.
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taxonomic identification often impossible. Among the few specimens displaying diagnos-
tic characters, some have been tentatively assigned to the order Corallinales (including the 
genera Lithophyllum and Titanoderma) (Figure 6D–F) and very few to the order Hapalid-
iales (Figure 6G,H). The foraminiferal assemblage is dominated by hyaline SBF, such as 
Elphidium spp., Cibicides spp., and rare Planorbulina sp., associated with relevant amounts 
of porcellaneous SBF, such as Pyrgo spp. (Table 1; Figure 7B–D). Green calcareous algae 
are very rare, but both Halimeda sp. and Acetabularia sp. can be recognized (Figure 7E,F). 

Figure 4. Macrofossils of the coral boundstone lithofacies. (A) Partially dissolved columnar colonies
of the genus Porites (outlined by red dashed lines). (B) A moderately well preserved colony of
Porites (outlined by red dashed lines). (C) Coral colonies (outlined by red dashed lines) encrusted by
coralline red algae (red arrowhead). (D) Pocket of bioclastic sediment trapped within the bioconstruc-
tions and displaying a moderately well preserved test of sea urchin, possibly genus Paracentrotus
(red arrowhead). (E) Decapod appendage (red arrowhead). (F) The internal mold of a Conidae
(red arrowhead).
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cluding the genera Elphidium and Cibicides) associated with relevant amounts of porcella-
neous SBF (including the genus Pyrgo) (Figure 8I). Rare specimens of the hyaline LBF Dis-
cogypsina sp. were also observed (Figure 8J). Although the composition of the foraminif-
eral assemblage is almost the same as in the core of the reef, an overall increase in the 
abundance of specimens (i.e., number of individuals in each mm2 of the section) can be 
observed (Table 1). 

The coral boundstone is overlain by a 0.5 m thick layer of well-sorted coralline algal 
rudstone with a packstone to grainstone matrix (Figures 3 and 8). It displays a dip of about 
10–15° toward NE. The layer consists of an assemblage of small, compact rhodoliths (1–2 
cm in diameter) and coralline algal branches (few centimeters in length and nearly one 

Figure 5. Microfacies of the coral boundstone lithofacies (corals). (A) Low magnification microphoto-
graph of the coral boundstone, displaying abundant colonial corals but also large-sized fragments
of decapod crustaceans (red arrowhead) and mollusks (green arrowhead). (B) Detail of an axial
section of a branched coral colony completely encrusted by sclerobionts (red arrowhead). (C) Detail
of the inner structure of a recrystallized coral colony. (D) Fine sand-sized angular grains and micrite
trapped between sclerobiont-encrusted coral colonies. The red hue indicates the corals; the green hue
indicates the sclerobionts (mainly nubeculariids and coralline algae).



Geosciences 2024, 14, 285 9 of 28

Geosciences 2024, 14, x FOR PEER REVIEW 11 of 28 
 

 

centimeter in thickness), associated with bryozoan colonies and aggregates of encrusting 
serpulids (Figure 9A,B). Upward, coralline algae are still dominant, but the abundance of 
mollusks (mostly oysters) and detrital micrite increases. 

 
Figure 6. Microfacies of the coral boundstone lithofacies (encrusting organisms). (A) Encrusting 
porcelaneous foraminifera (nubeculariids; red arrowhead). (B) Encrusting coralline algae (red ar-
rowhead) and encrusting hyaline foraminifera (Homotrema sp.; white arrowhead). (C) Encrusting 
bryozoans (red arrowhead). (D) Encrusting coralline alga of the genus Titanoderma, order Coralli-
nales; red arrowhead = uniporate conceptacle. (E) Fragment of a coralline alga tentatively attributed 
to the order Corallinales; red arrowhead = uniporate conceptacle. (F) Male gamentangial thallus 
tentatively ascribed to the order Corallinales; red arrowhead = uniporate conceptacle. (G,H) Spo-
rangial thalli tentatively ascribed to the order Hapalidiales; red arrowhead = multiporate concepta-
cle. 

Figure 6. Microfacies of the coral boundstone lithofacies (encrusting organisms). (A) Encrusting
porcelaneous foraminifera (nubeculariids; red arrowhead). (B) Encrusting coralline algae (red ar-
rowhead) and encrusting hyaline foraminifera (Homotrema sp.; white arrowhead). (C) Encrusting
bryozoans (red arrowhead). (D) Encrusting coralline alga of the genus Titanoderma, order Corallinales;
red arrowhead = uniporate conceptacle. (E) Fragment of a coralline alga tentatively attributed to the
order Corallinales; red arrowhead = uniporate conceptacle. (F) Male gamentangial thallus tentatively
ascribed to the order Corallinales; red arrowhead = uniporate conceptacle. (G,H) Sporangial thalli
tentatively ascribed to the order Hapalidiales; red arrowhead = multiporate conceptacle.

Table 1. Skeletal assemblages, sedimentological, and petrographic characteristics of the facies of the
Acquabona quarry outcrop investigated with point counting and foraminiferal area counting.

Lithofacies Coral Boundstone
(Core)

Transition from the Coral
Boundstone to the Coralline
Algal Rudstone

Coralline Algal
Rudstone

Serpulid Floatstone
to Wackestone

Thickness (m) 7 3 1 1

Skeletal fraction 1/2–2/3 1/3–1/2 1/2–2/3 1/4–1/3

Matrix 1/3–1/2 1/2–2/3 1/3–1/2 2/3–3/4

Composition of the skeletal assemblage (% point counting)

Symbiont-bearing colonial corals 46 7.5 3 0

Red calcareous algae 26.5 39 66.5 0.5
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Table 1. Cont.

Lithofacies Coral Boundstone
(Core)

Transition from the Coral
Boundstone to the Coralline
Algal Rudstone

Coralline Algal
Rudstone

Serpulid Floatstone
to Wackestone

Green calcareous algae 0.5 3.5 8.5 0

LBF 0 1 0 0

Encrusting benthic foraminifera 8.5 3 2 0

SBF 2 3 8 6.5

Planktic foraminifera 0 0 0 0

Mollusks 3 9.5 2 11.5

Echinoderms 4 9.5 2.5 19

Bryozoans 1.5 5.5 1.5 0

Serpulids 0 2 3 60.5

Ostracods 0.5 0.5 1 1.5

Decapods 7.5 16 2 0.5

Foraminiferal assemblage (area counting; individuals cm2)

Porcellaneous SBF 1.12 1.71 9.39 7.25

Hyaline SBF 2.04 2.13 10.34 8.46

Agglutinated SBF 0.03 0.02 0 0

Porcellaneous/hyaline ratio 0.55 0.75 0.91 0.86

P/B ratio Entirely benthic Entirely benthic Entirely benthic Entirely benthic
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beculariids (white arrowhead). (E) Halimeda sp. (red arrowhead). (F) Acetabularia sp. (red arrow-
head). 
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line SBF (including Elphidium spp., Cibicides spp., and Planorbulina sp.) and rare agglu-
tinated SBF (Figure 9I,J). Rare specimens of Discogypsina sp. also occur. Overall, free-living 
benthic foraminifera are much more numerous than in the previous facies. 

The coralline algal-dominated lithofacies is overlain by a serpulid floatstone to wack-
estone lithofacies (Figure 3). The latter consists of thin layers of well-lithified bioclastic 
limestone rich in serpulids (including small aggregates) and layers of poorly lithified 
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similar to those of the underlying coralline algal-dominated layers. Overall, skeletal grains 
account for a quarter of the whole rock, and the remaining part consists of micritic matrix 
and very fine sand-sized unrecognizable bioclastic grains (Table 1). 

Figure 7. Microfacies of the coral boundstone lithofacies (decapods, benthic foraminifera, and green
calcareous algae). (A) Fragments of decapods exoskeleton (red arrowhead). (B) Elphidium sp. (C) Cibicides
sp. (D) Planorbulina sp. (red arrowhead) attached to a fragment of a crust consisting of nubeculariids
(white arrowhead). (E) Halimeda sp. (red arrowhead). (F) Acetabularia sp. (red arrowhead).
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trapped between coral colonies; decapod appendage = red arrowhead. (C) Low magnification image 
of the microfacies showing the primary skeletal framework of the boundstone composed of coralline 
algae and corals; red arrowhead = decapod fragment. (D) Decapod fragments (red arrowheads). (E) 
Thallus tentatively attributed to Lithophyllum cf. dentatum (order Corallinales). (F) Thin crust of the 
order Corallinales; red arrowhead = uniporate conceptacle. (G) Plate of Halimeda sp. (H) Multi-taxon 
encrustation, white arrowhead = coralline alga; red arrowhead= nubeculariid; green arrowhead = 
homotrematid. (I) Pyrgo sp. (J) Discogypsina sp. 

The skeletal assemblage is largely dominated by encrusting serpulids (60% of the 
skeletal assemblage; between 1/7 and 1/5 of the whole rock) represented by clusters con-
sisting of various specimens and by poorly sorted fragments (Figure 10B–E). Serpulids are 
associated with echinoderms fragments, mollusks (represented by molds of both bivalves 
and gastropods), small benthic foraminifera, ostracods, and decapod crustaceans (Table 1; 
Figure 10). The foraminiferal assemblage is dominated by porcellaneous and hyaline SBF 
(including the genera Elphidium and Cibicides) (Figure 10F). The abundance of fine-grained 
bioclasts and the absence of relevant microbialite textures, notably wrinkled lamination 

Figure 8. Transition between the coral boundstone lithofacies and the coralline algal rudstone litho-
facies. (A) Scattered columnar colonies of Porites (red arrowhead). (B) Coarse-grained sediment
trapped between coral colonies; decapod appendage = red arrowhead. (C) Low magnification image
of the microfacies showing the primary skeletal framework of the boundstone composed of coralline
algae and corals; red arrowhead = decapod fragment. (D) Decapod fragments (red arrowheads).
(E) Thallus tentatively attributed to Lithophyllum cf. dentatum (order Corallinales). (F) Thin crust of the
order Corallinales; red arrowhead = uniporate conceptacle. (G) Plate of Halimeda sp. (H) Multi-taxon
encrustation, white arrowhead = coralline alga; red arrowhead = nubeculariid; green arrowhead = ho-
motrematid. (I) Pyrgo sp. (J) Discogypsina sp.
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Figure 9. Coralline algal rudstone lithofacies. (A) Northeastward dipping strata characterized by 
the coralline algal-dominated facies. (B) Detail of the small and compact coralline algal nodules; red 
arrowhead = bryozoans. (C) Low magnification image of the microfacies; red arrowhead = serpulid. 
(D) Detail of a small compact coralline algal nodule growing over a fragment of Halimeda sp. (white 
arrowhead); other Halimeda sp. fragments are also present (red arrowheads). (E) Stacked coralline 

Figure 9. Coralline algal rudstone lithofacies. (A) Northeastward dipping strata characterized by
the coralline algal-dominated facies. (B) Detail of the small and compact coralline algal nodules; red
arrowhead = bryozoans. (C) Low magnification image of the microfacies; red arrowhead = serpulid.
(D) Detail of a small compact coralline algal nodule growing over a fragment of Halimeda sp. (white
arrowhead); other Halimeda sp. fragments are also present (red arrowheads). (E) Stacked coralline
algal thalli constituting a nodule; red arrowhead = uniporate conceptacle (suggesting a placement
within the order Corallinales). (F) Titanoderma sp. The red arrowhead indicates the stretching of the
cells in the roof of the conceptacle in proximity of the pore canal, since the conceptacle is not properly
cut, i.e., with a section crosscutting the pore canal, the canal cannot be seen properly; however, the
stretching of the roof cells clearly highlights its presence. (G) Sporolithon sp.; red arrowheads indicates
a stalk cell in a sporangial cavity. (H) Thallus tentatively attributed to the order Hapalidiales based
on the presence of multiporate conceptacles (red arrowheads = pore canals). (I) Porcellaneus SBF (red
arrowheads) and Elphidium sp. (white arrowhead). (J) Spiroloculina sp.
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Figure 10. Serpulid floatstone to packstone lithofacies. (A) Northeastward dipping strata dominated 
by serpulids. Red arrowhead = the overlying peloid dominated facies; white arrowhead = layer with 
abundant articulated bivalve shells characterizing the base of the peloid dominated facies. (B) Low 
magnification image of the microfacies; red arrowhead = gastropod mold. (C) Low magnification 
image of the microfacies with cluster of serpulids (red arrowhead). (D) Detail of a serpulid. (E) 
Abundant echinoderm fragments (red arrowheads). (F) Porcellaneous SBF. 

The serpulid-dominated layers are overlain by ~0.5 m of well-lithified, laminated, 
peloidal packstone to grainstone facies (Figures 3 and 11A) whose base is characterized 
by a 2 cm thick horizon with small, articulated bivalve shells. Peloids are well-sorted and 
show a rounded to cylindrical shape and a size ranging from 100 µm to 200 µm (Figure 
11B–D). The packed texture and the well-defined edges suggest that the peloids derive 
from the erosion and transport of micritized skeletons and cemented allochthonous mi-
crite, like those observed in the other facies. A possible fecal origin of some of the pellets 
is suggested by the presence of cylindrical, sometime curved shape, of part of the peloids 
(Figure 11C). Micritic intraclasts are also present. These grains confirm the detrital origin 
of this facies. The alteration of the carbonates prevents detailed observation of the micro-
texture, but some rounded grains display cortical envelopments, suggesting the possible 

Figure 10. Serpulid floatstone to packstone lithofacies. (A) Northeastward dipping strata dominated
by serpulids. Red arrowhead = the overlying peloid dominated facies; white arrowhead = layer
with abundant articulated bivalve shells characterizing the base of the peloid dominated facies.
(B) Low magnification image of the microfacies; red arrowhead = gastropod mold. (C) Low magnifi-
cation image of the microfacies with cluster of serpulids (red arrowhead). (D) Detail of a serpulid.
(E) Abundant echinoderm fragments (red arrowheads). (F) Porcellaneous SBF.
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Note the well-defined edges of the peloids and the cylindrical shape of some of them (red arrow-
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texture. Note the rounded grains displaying cortical envelopments and thus representing possible 
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6. Discussion 
6.1. Paleoenvironmental Interpretation 

The primary framework of the bioconstruction is exclusively constituted by coral col-
onies belonging to the genus Porites. No other corals have been identified, thus confirming 
the low diversity and the dominance of the cosmopolitan and highly tolerant genus 
Porites, which characterizes all the Mediterranean Messinian reefs. The low diversity of 
the coral assemblage has been related to the gradual northwards shift of the Mediterra-
nean region outside the tropical belt and the closure of the seaway with the Indo-Pacific, 
together with the global cooling of sea surface temperatures [33,34,64,136]. 

The skeletal assemblage of the coral boundstone is dominated by photoautotrophs 
(e.g., calcareous algae) and mixotrophs (symbiont-bearing colonial corals). Together, they 
represent nearly 75% of the identified skeletal assemblage. Heterotrophs instead account 
for about 25% of the skeletal assemblage (including 10% from encrusting benthic forami-
nifera). In modern warm-water tropical settings, where light is the most available form of 
energy, skeletal assemblages are usually dominated by a mixture of photoautotrophs and 
mixotrophs [2]. Consistently, the skeletal assemblage of the investigated succession of the 
Acquabona reef is compatible with a light-dominated setting. Within this context, and 
notwithstanding its poor preservation, the coralline algal assemblage can provide further 
paleobathymetric information. The clear dominance of Corallinales over Hapalidiales 
suggests that the investigated reef should have developed at a water depth of 20 m or less 
[93,137]. A coralline algal assemblage dominated by Corallinales was also reported by 
Fravega et al. [127] in the small coral boundstone of the Castelnuovo reef (one of the other 

Figure 11. Peloid packstone to grainstone lithofacies. (A) Field photo of the fine-stratified peloidal
lithofacies. (B) Overview of the peloidal microfacies showing the well-packed grain texture. Note



Geosciences 2024, 14, 285 14 of 28

the alternation between the lighter grainstone laminae and grayish packstone laminae separated by
erosive, frequently oxidized, boundaries (red arrowheads). (C) Detail of the grainstone laminae. Note
the well-defined edges of the peloids and the cylindrical shape of some of them (red arrowheads),
interpreted as fecal pellets. (D) Detail of the packstone laminae with a very dense peloidal texture.
Note the rounded grains displaying cortical envelopments and thus representing possible ooids
(red arrowheads).

The skeletal assemblage is dominated by colonies of the genus Porites (46% of the
skeletal assemblage; between 1/4 and 1/3 of the whole rock) associated with coralline
algae, encrusting benthic foraminifera, decapod crustaceans, echinoderms, mollusks, small
free-living benthic foraminifera, bryozoans, green calcareous algae, and ostracods (in order
of decreasing abundance) (Table 1; Figures 5–7). Porites colonies are almost invariably
encrusted by a succession of sclerobionts (Figure 5B–D). The first generation of encrusters
growing directly over the coral is usually represented by nubeculariids (encrusting por-
cellaneous foraminifera) and, more rarely, by coralline algae (Figure 6A–C,G). This initial
generation of sclerobionts is commonly followed by a second layer of encrusting organ-
isms, and often by a third. These later generations generally consist of coralline algae,
encrusting porcellaneous foraminifera (nubeculariids), encrusting hyaline foraminifera
(mainly homotrematids), or, more rarely, bryozoans (Figure 6A–C). Coralline algae are
usually very poorly preserved or sterile (i.e., lacking reproductive cavities), making their
taxonomic identification often impossible. Among the few specimens displaying diagnostic
characters, some have been tentatively assigned to the order Corallinales (including the
genera Lithophyllum and Titanoderma) (Figure 6D–F) and very few to the order Hapalidi-
ales (Figure 6G,H). The foraminiferal assemblage is dominated by hyaline SBF, such as
Elphidium spp., Cibicides spp., and rare Planorbulina sp., associated with relevant amounts
of porcellaneous SBF, such as Pyrgo spp. (Table 1; Figure 7B–D). Green calcareous algae are
very rare, but both Halimeda sp. and Acetabularia sp. can be recognized (Figure 7E,F).

Toward the periphery of the bioconstruction, the coral density decreases, whereas the amount
and grain size of the sediment trapped between the colonies increases (Figures 3 and 8A,B).
With the increase in grain size, the amount of micrite pore fill decreases, and cement
becomes more common. The skeletal assemblage in this transition zone, between the
bioconstructions and the overlying layered bioclastic sediments, is dominated by coralline
algae (39% of the skeletal assemblage; between 1/6 and 1/5 of the whole rock) associated
with decapod crustaceans, colonial corals, mollusks, echinoderms, bryozoans, encrusting
foraminifera (both nubeculariids and homotrematids), free-living benthic foraminifera,
green calcareous algae, and encrusting serpulids (Figure 8) (Table 1). Coralline algal
preservation and the lack of fertile specimens prevent accurate taxonomic identification.
The few specimens displaying elements useful for their identification have been assigned to
the order Corallinales (Figure 8E,F). The green algae are mostly represented by Halimeda sp.,
but Acetabularia sp. also occur (Figure 8G). Porites colonies, as well as other large bioclasts,
are still characterized by abundant encrustations of benthic foraminifera (both nubeculariids
and homotrematids) and coralline algae (Figure 8H). Rare bryozoan encrustations also
occur. The foraminiferal assemblage is dominated by hyaline SBF (including the genera
Elphidium and Cibicides) associated with relevant amounts of porcellaneous SBF (including
the genus Pyrgo) (Figure 8I). Rare specimens of the hyaline LBF Discogypsina sp. were also
observed (Figure 8J). Although the composition of the foraminiferal assemblage is almost
the same as in the core of the reef, an overall increase in the abundance of specimens (i.e.,
number of individuals in each mm2 of the section) can be observed (Table 1).

The coral boundstone is overlain by a 0.5 m thick layer of well-sorted coralline algal
rudstone with a packstone to grainstone matrix (Figures 3 and 8). It displays a dip of
about 10–15◦ toward NE. The layer consists of an assemblage of small, compact rhodoliths
(1–2 cm in diameter) and coralline algal branches (few centimeters in length and nearly one
centimeter in thickness), associated with bryozoan colonies and aggregates of encrusting
serpulids (Figure 9A,B). Upward, coralline algae are still dominant, but the abundance of
mollusks (mostly oysters) and detrital micrite increases.
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Based on the microfacies analysis, the skeletal material represents between half and
two-thirds of the rock volume; the remaining part consists mainly of fine sand-sized,
unrecognizable bioclastic grains and micrite (Table 1). The skeletal assemblage is largely
dominated by coralline algae (66% of the skeletal assemblage; between 1/3 and almost 1/2
of the whole rock), associated with Halimeda sp., SBF, fragments of Porites, echinoderms,
mollusks, serpulids, encrusting benthic foraminifera, bryozoans, decapod crustaceans, and
very rare LBF (Table 1) (Figure 9). The coralline algal nodules generally display a compact
structure (Figure 9C,D) and an assemblage dominated by Corallinales (including the genus
Titanoderma) (Figure 9E,F) associated with Sporolithales and minor amounts of Hapalidiales
(Figure 9G,H). The foraminiferal assemblage is dominated by porcellaneous SBF (including
Pyrgo spp. and Spiroloculina sp.), associated with relevant amounts of hyaline SBF (including
Elphidium spp., Cibicides spp., and Planorbulina sp.) and rare agglutinated SBF (Figure 9I,J).
Rare specimens of Discogypsina sp. also occur. Overall, free-living benthic foraminifera are
much more numerous than in the previous facies.

The coralline algal-dominated lithofacies is overlain by a serpulid floatstone to wacke-
stone lithofacies (Figure 3). The latter consists of thin layers of well-lithified bioclastic
limestone rich in serpulids (including small aggregates) and layers of poorly lithified marly
limestone with lesser amounts of bioclasts (Figure 10A). They display an orientation similar
to those of the underlying coralline algal-dominated layers. Overall, skeletal grains account
for a quarter of the whole rock, and the remaining part consists of micritic matrix and very
fine sand-sized unrecognizable bioclastic grains (Table 1).

The skeletal assemblage is largely dominated by encrusting serpulids (60% of the
skeletal assemblage; between 1/7 and 1/5 of the whole rock) represented by clusters con-
sisting of various specimens and by poorly sorted fragments (Figure 10B–E). Serpulids are
associated with echinoderms fragments, mollusks (represented by molds of both bivalves
and gastropods), small benthic foraminifera, ostracods, and decapod crustaceans (Table 1;
Figure 10). The foraminiferal assemblage is dominated by porcellaneous and hyaline SBF
(including the genera Elphidium and Cibicides) (Figure 10F). The abundance of fine-grained
bioclasts and the absence of relevant microbialite textures, notably wrinkled lamination
and/or clotted peloidal fabrics, account for a detrital origin of the micrites (allochthonous
or detrital micrite).

The serpulid-dominated layers are overlain by ~0.5 m of well-lithified, laminated,
peloidal packstone to grainstone facies (Figures 3 and 11A) whose base is characterized by a
2 cm thick horizon with small, articulated bivalve shells. Peloids are well-sorted and show
a rounded to cylindrical shape and a size ranging from 100 µm to 200 µm (Figure 11B–D).
The packed texture and the well-defined edges suggest that the peloids derive from the
erosion and transport of micritized skeletons and cemented allochthonous micrite, like
those observed in the other facies. A possible fecal origin of some of the pellets is suggested
by the presence of cylindrical, sometime curved shape, of part of the peloids (Figure 11C).
Micritic intraclasts are also present. These grains confirm the detrital origin of this facies.
The alteration of the carbonates prevents detailed observation of the micro-texture, but
some rounded grains display cortical envelopments, suggesting the possible presence of
oolites (Figure 11D). Peloids are organized in regular, sub-parallel laminae characterized
by different abundances of micrite (Figure 11B,C). The transitions between the two types of
laminae (packstone vs. grainstone) often appear irregular, erosive, and rich in iron oxides
(Figure 11B).

6. Discussion
6.1. Paleoenvironmental Interpretation

The primary framework of the bioconstruction is exclusively constituted by coral
colonies belonging to the genus Porites. No other corals have been identified, thus confirm-
ing the low diversity and the dominance of the cosmopolitan and highly tolerant genus
Porites, which characterizes all the Mediterranean Messinian reefs. The low diversity of the
coral assemblage has been related to the gradual northwards shift of the Mediterranean
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region outside the tropical belt and the closure of the seaway with the Indo-Pacific, together
with the global cooling of sea surface temperatures [33,34,64,136].

The skeletal assemblage of the coral boundstone is dominated by photoautotrophs
(e.g., calcareous algae) and mixotrophs (symbiont-bearing colonial corals). Together, they
represent nearly 75% of the identified skeletal assemblage. Heterotrophs instead account for
about 25% of the skeletal assemblage (including 10% from encrusting benthic foraminifera).
In modern warm-water tropical settings, where light is the most available form of en-
ergy, skeletal assemblages are usually dominated by a mixture of photoautotrophs and
mixotrophs [2]. Consistently, the skeletal assemblage of the investigated succession of the
Acquabona reef is compatible with a light-dominated setting. Within this context, and
notwithstanding its poor preservation, the coralline algal assemblage can provide further
paleobathymetric information. The clear dominance of Corallinales over Hapalidiales
suggests that the investigated reef should have developed at a water depth of 20 m or
less [93,137]. A coralline algal assemblage dominated by Corallinales was also reported by
Fravega et al. [127] in the small coral boundstone of the Castelnuovo reef (one of the other
informal unit of the of the Calcare di Rosignano Formation) outcropping near Cafaggio
(43◦26′57.4′′ N 10◦26′49.9′′ E), a few kilometers northward from the Acquabona outcrop.
Based on this algal assemblage, Fravega et al. [127] postulated that the examined coral
bioconstruction developed in the euphotic zone (sensu Pomar [138]). A shallow water
context for the investigated coral boundstone is also indicated by the abundance of small
porcellaneous foraminifera [139]. As the coral growth forms, the Acquabona reef does not
show the typical zonation of several Messinian reefs [40,75,107], as it is mostly composed
of branching columnar colonies. This coral shape has been described for the upper slope
facies but also for very shallow reef tracts, and it has been explained as a fast growth
response to relatively rapid sea-level changes or to increasing cooler and higher nutrient
levels, or as a morphological adaptation to withstand high levels of fine-grained clastic
sedimentation. Some good examples are represented by “thicket zones” (estimated to have
developed at a water depth of up to 10 m) in the fringing reefs of Almeria Province of
Spain [96,140], Algeria [112,141], some reefs of central Sicily (Caltanisetta Basin) and of the
Pelagian Islands [82,110], and Apulia [106,107].

The shift from the coral boundstone to the coralline algal rudstone and then to the
serpulid floatstone to wackestone can be interpreted as representing a shallowing of the
depositional environment, and, as such, a regressive trend. Similar to the coral boundstone
facies, the coralline algal rudstone is characterized by a clear dominance of Corallinales
over Hapalidiales. Furthermore, the coralline algal rudstone displays small compact
rhodoliths suggestive of considerable hydrodynamic energy [142]. Compared to the coral
boundstone, the foraminiferal assemblage of the coralline algal rudstone displays a higher
porcellaneous/hyaline foraminiferal ratio, such an increased abundance of porcellaneous
foraminifera being suggestive of shallower water depths [134]. These elements suggest that
the coralline algal rudstone might have developed landward from the reef, probably in a
very shallow environment (possibly at less than 10 m of water depth). Large accumulations
of serpulids are common in shallow lagoonal settings [143–146], suggesting that the serpulid
floatstone to wackestone might represent an even shallower setting. This is also supported
by the persistently high porcellaneous/hyaline foraminiferal ratio [134]. The increase in
the mud fraction might instead be related to a decrease in hydrodynamic energy, possibly
suggesting a marginal setting protected from the open sea by shoals. That said, no back reef
facies was found in between, suggesting that this shift should represent an environmental
change rather than a lateral transition.

The shallowing upward trend is further confirmed by the peloidal packstone to
grainstone facies. The absence of bioclasts, together with the presence of intraclasts and
small oolites, suggests a deposition of this facies in an intertidal setting characterized by a
low hydrodynamic energy.
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6.2. The Significance of the Acquabona Reef

To emphasize the general significance of the Acquabona outcrop in the framework of
Upper Miocene shallow-water carbonate systems of the Mediterranean Basin, the skele-
tal assemblage of the coral boundstone have been compared to those of other Upper
Miocene, coral-dominated, bioconstructions developed at lower paleolatitudes in the East-
ern Mediterranean, namely Cyprus and the Eratosthenes Seamount (Figure 1).

The (heterotroph) vs. (mixotroph plus photoautotrophs) ratio in the Acquabona coral
boundstone is essentially comparable to that of the Upper Miocene coral boundstone of
Cyprus [91], but it is significantly higher than that of the Upper Miocene coral boundstone
of the Eratosthenes that developed on an isolated seamount [92] (Table 2). At high latitudes,
the amount of solar energy (photosynthetically available radiation) is reduced to levels
that make the phototrophs less efficient and allow for a greater abundance of heterotroph
carbonate producers [2]. Similarly, close to landmasses, where the supply of nutrients
from river runoff is higher, heterotrophs are favored given the increased availability of
food. Unlike photoautotrophs and mixotrophs, heterotrophs rely only on the chemical
breakdown of food particles for living, and, as such, they thrive wherever solar energy
is not the dominant form of available energy [2]. Therefore, the higher abundance of
heterotrophs in the Acquabona reef compared to the Eratosthenes reef is consistent with
one being located close to a landmass and the other on an isolated seamount (Figure 1).
Although this is already a relevant element, it is noteworthy to mention that in all the three
examples of Upper Miocene coral reefs, a sizable share of heterotroph carbonate producers
is represented by encrusting benthic foraminifera, a group whose life strategy is still poorly
understood [147–150]. Indeed, while certain living taxa of encrusting benthic foraminifera
may harbor photosymbionts (e.g., Gypsina plana [151,152]; Homotrema rubrum [153]), others
do not [154]. Understanding whether or not a fossil encrusting benthic foraminifera hosted
photosymbionts is obviously more complex. This leads to even greater uncertainties re-
garding to their environmental significance with respect to the heterotrophs vs. (mixotroph
+ photoautotrophs) ratio. Studies on the modern distribution of Nubecularia and Homotrema
(which are the closest living relatives of the two most common types of encrusting benthic
foraminifera in the analyzed Upper Miocene deposits) show that, at tropical latitudes,
both genera (especially Nubecularia) clearly favor well-lit, shallow-water settings [152,155].
It is thus reasonable to infer that their distribution is somewhat limited or controlled by
light. Since nubeculariids and homotrematids represent the majority of the encrusting
benthic foraminifera recognized in the Upper Miocene coral boundstones of Acquabona,
Cyprus, and Eratosthenes [91,92], analyzing the percentage of heterotrophs, excluding
encrusting benthic foraminifera, may provide further useful information. By doing so, the
results indicate that the Acquabona boundstone displays a significantly higher percentage
of heterotrophs compared to the other two sites, consistent with its northerly position and
its proximity to landmasses compared to the other two sites (Table 2), further showcasing
the similarity between the Late Miocene Mediterranean carbonate systems and modern
carbonate systems.

Among heterotrophs, decapod crustaceans (shrimps, crabs and kin) are particularly
relevant in the investigated Acquabona succession. They represent more than 5% of the
skeletal assemblage in the coral boundstone, and nearly 15% of the assemblage at the
transition between the coral boundstone and the coralline algal rudstone [Table 1]. In both
cases, they are the most common type of free-living carbonate producers in the assemblage.
This comes as no surprise, as crabs represent one of the most diverse components of the
present-day coral reefs communities [156], and Porites-dominated bioconstructions are no
exception, as reported by Abele [157] for the living Porites colonies along the Caribbean coast
of Panama, where decapods are especially diverse and abundant. Although a decapod
assemblage consisting of both anomurans and brachyurans has already been reported
from the Acquabona outcrop by De Angeli et al. [158], their local abundance was greatly
underestimated by previous studies [44], possibly due to the difficulties in separating
decapod remains from other shell fragments in thin sections (especially bivalves).
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Table 2. Comparison between the Acquabona outcrop Upper Miocene coral boundstone and other
Upper Miocene coral boundstones from other areas of the Mediterranean.

Composition of the Skeletal
Assemblage (% Point-Counting)

Coral
Boundstone—Core
(Acquabona)

Coral Boundstone—
Transitional
(Acquabona)

Coral Reef
(Eratosthenes
Seamount [92])

Coral Reef
(Cyprus [91])

Symbiont-bearing colonial corals 46 7.5 38 25

Red calcareous algae 26.5 39 32.5 35

Green calcareous algae 0.5 3.5 0 1

Large benthic foraminifera 0 1 9.5 0.5

Encrusting benthic foraminifera 8.5 3 5 24

Small benthic foraminifera 2 3 7 2

Planktic foraminifera 0 0 0 0

Mollusks 3 9.5 4 6

Echinoderms 4 9.5 3 2

Decapods 7.5 16 0.5 2.5

Sessile heterotrophs 1.5 7.5 0.5 1.5

Others 0.5 0.5 0 0.5

Autotrophs + mixotrophs 73 51 80 61.5

Heterotrophs 26.5 48.5 20 38

Based on paleogeographic reconstructions, the Acquabona reef should have been
located around 35–40◦ N [159], which is way north of any modern coral reef of a similar
size. Currently, the northernmost structures of this type are found in the Iki and Tsushima
islands of Japan, at 33–34◦ N [10,11]. While, globally speaking, Late Miocene temperatures
were close to the current ones, the Mediterranean temperatures might have been around
some 5 ◦C above modern levels [35,160]. The present-day sea surface temperatures in
the Tyrrhenian Sea off Tuscany (Figure 2) range from 24 ◦C during summer to 11 ◦C
during winter [161]. Therefore, average temperatures 5 ◦C higher than the modern ones
would make the Acquabona paleoenvironment similar or warmer than present-day Iki and
Tsushima Islands (that currently range between 26.5 ◦C in summer and 13.5 ◦C in winter),
and, as such, within the habitability range for corals (18 ◦C to 30 ◦C) [162,163].

Although temperature-wise, during the Late Miocene, the Acquabona area might
have been suitable for the settling of corals, the detailed analysis of the outcrop reveals
a more complex picture. The high degree of encrustation of the coral colonies is a prime
difference between the Upper Miocene reefs of Acquabona and those of Cyprus and
Eratosthenes in the Eastern Mediterranean. Indeed, in the Acquabona site, almost every
colony observed in the outcrop is entirely encrusted. Sessile benthic organisms fiercely
compete for space and light in modern reefs, and this is particularly true for corals and
coralline algae [164,165]. Coralline algae and other sclerobionts can benefit from the cryptic
microhabitats provided by corals, so much so that encrustation alone does not necessarily
demonstrate that a given reef is unhealthy [148,152]. Furthermore, healthy corals are
generally able to fend off coralline algae and other encrusters from their living tissues [165].
However, unhealthy or damaged corals may lose their competitive edge over secondary
encrusters [165], and mass mortality events can trigger a takeover of the reef by other
organisms [166]. Therefore, the pervasive presence of a diverse array of encrusters that
completely covers the coral colonies suggests short-term shutdowns of the coral-dominated
carbonate factory. Small environmental oscillations may have favored the temporary
dominance of coralline algae and encrusting benthic foraminifera over colonial corals.
Having developed at the edge of the coral ecospace, during a period of strong climatic
fluctuations [31,32,36,62,68], even the slightest change may have resulted in a temporary
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shutdown (or at least a remarkable reduction) of the coral-dominated carbonate factory,
thus favoring the temporary dominance of more adaptable and flexible groups such as
coralline algae and encrusting benthic foraminifera [149,167]. Given the high latitude,
it is unlikely that these perturbations were bleaching events. Considering the ancillary
assemblage, cold periods and eutrophication are both possible underlying causes. A similar
pattern of pervasive encrustation can be observed also in those Mediterranean Messinian
carbonate systems that feature a terminal carbonate complex (sensu Esteban [168]). This
kind of deposit is typical of the early stages of evaporite deposition during the MSC and
consists of oolites, evaporitic limestones, fresh- and brackish-water limestones, Porites reefs,
serpulid accumulations, and stromatolites [168]. Compared to the Messinian coral reefs
that developed before the crisis, the coral bioconstructions of the terminal complex are
much richer in encrusting foraminifera (mainly nubeculariids) and microbial crusts [96,169].
This suggests that the pervasive presence of encrusters is, most likely, a proxy for stressed
conditions (i.e., oscillations in nutrient availability, salinity, or a mixture of both).

Considering the overall facies distribution in the investigated Acquabona succession,
a general trend toward more shallow, restricted and, arguably, more stressful conditions,
occurs upwards along the succession. The transition from the coral boundstone to the
coralline algal rudstone is associated with a decrease in water depth. As modern corals
developed up to sea level, their demise is unlikely to have been caused by the decrease
in water depth but rather by the establishment of environmental conditions too stressful
for corals and suitable for the more flexible and adaptable coralline algae. A similar
pattern is also present in the Upper Miocene succession of Malta, where a decline in
coral abundance occurred during a shallowing upwards phase preceding the MSC [170].
The coralline algal rudstone overlying the coral boundstone is further overlain by the
serpulid floatstone to packstone. Serpulids can thrive and form mass occurrences even
in extremely stressful conditions, and especially in restricted settings [145,171]. Within
Miocene carbonate systems, serpulids abundance often increases moving towards stressful,
restricted conditions [96,146].

The serpulid facies is further overlain by the peloidal packstone to grainstone facies.
The latter lacks evidence for the presence of relevant metazoan carbonate producers, proba-
bly caused by the very shallow water setting influenced by tidal excursions. In other Late
Miocene Mediterranean shallow-water carbonate systems, such a dramatic reduction in the
diversity of the skeletal assemblage is usually associated with the dominance of microbial
carbonate like that noted in the terminal complexes [168]. In these deposits, the emergence
of microbialites at the expense of metazoans is suggested to reflect a stress-driven ecosystem
collapse [172–174]. Microbial structures and stromatolites have been reported by Bossio
et al. [44] in the bioclastic deposits that overlay the investigated succession of Acquabona,
namely the lagoonal carbonate interval and the Castelnuovo reef. However, our analysis
did not indicate a relevant microbial contribution to the studied succession. The lack
of a clear microbialite texture represents a relevant difference between the investigated
Upper Miocene reef of the Acquabona reef and other coeval examples of the Mediter-
ranean area. This difference could be related to the following: (a) a major competition
between metazoan and carbonatogenic bacteria in comparison to other coeval Mediter-
ranean settings [40,98,169]; (b) the higher latitude preventing abundant induced and/or
influenced deposition of carbonate (i.e., not related to enzymatic control, like the controlled
precipitation of the carbonate secreted by metazoan, but mediated indirectly by microbial
metabolic processes or influenced by surface-specific organic molecules [175–179]). Further
micro- to nano-morphological observations as well as mineralogical and biogeochemical
analyses will be performed to better investigate this topic in order to elucidate the general
paleoecological evolution of the metazoan/microbial bioconstructions during the MSC.

The overall trend of the lower part of the Calcare di Rosignano Formation toward
more shallow and restricted marine conditions was reported also by Bossio et al. [44]. This
progressive reduction in water circulation is most likely related to the overall reduction
in the connectivity between the Atlantic and Mediterranean basins that occurred during
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the Late Miocene. However, according to Bossio et al. [44], the Acquabona reef is overlain
by the lagoonal carbonate interval, which in turn is capped by a caliche crust. This sub-
aerial exposure surface should be related to a relative sea-level oscillation preceding the
MSC [180]. Indeed, based on geometrical reconstructions, a younger carbonate system,
the Castelnuovo reef, occur above the lagoonal carbonate interval and below the deposits
related to the MSC [44]. However, the geometrical relationships proposed by Bossio
et al. [44] can no longer be verified on the field as the entire area has been engulfed by
vegetation, leaving the question up to debate.

Regardless of the timing of its final demise, the investigated Acquabona succession
clearly displays the effect of environmental oscillations on a reef that shared relevant
similarities with modern ones. Like present-day reefs, the Acquabona reef developed at
very shallow depth and was dominated by colonial corals and coralline red algae. Similar
to modern reefs growing at the fringes of the tropical zone, it was characterized by a
reduced coral biodiversity and a relevant amount of heterotrophs. Therefore, the behavior
of the investigated Acquabona reef can provide useful insights into how modern coral
reefs located at the fringes of the symbiont-bearing colonial corals ecospace will react to
environmental fluctuations. The minor oscillations recorded within the coral boundstone
itself were already able to temporarily shut down carbonate production by colonial corals.
The slightly stronger variations recorded upwards in the succession resulted in the complete
demise of colonial corals, indicating the vulnerability of this type of coral reef.

7. Conclusions

The investigated early Messinian succession of the Acquabona quarry displays the
demise of a coral reef. Sedimentologically, this is manifested as the transition from a coral
boundstone with low diversity to a coralline algal rudstone (still including some rare coral
fragments), followed by serpulid floatstone to packstone, and, finally, by peloidal packstone
to grainstone. The reef interval probably developed in a shallow euphotic setting (possibly
20 m of water depth or less), while the overlaying intervals testify for an increasingly
shallower environment characterized by progressively more restricted water circulation.

The studied succession displays significant similarities with modern reefs developed
at high latitudes as it is characterized by a limited coral biodiversity and includes a relevant
amount of heterotrophs (in particular crustaceans). Much like in modern oceans, the
Acquabona reef displays a higher amount of heterotrophs than other reefs formed at lower
latitudes and farther away from nutrient sources. Given these parallels, it is possible to
consider the Acquabona succession as a useful proxy for understanding the response of
coral reefs to environmental disturbances. The abundance of coral colonies pervasively
encrusted by coralline algae, encrusting benthic foraminifera, and bryozoans suggests
short-term, temporary shutdowns of the coral-dominated carbonate factory caused by
minor environmental perturbations. The overall upward increase in carbonate producers
(coralline algae at first and serpulids later) that are more flexible and adaptable than corals
suggests that deteriorating environmental conditions caused the collapse of the coral factory,
such an environmental degradation being most likely related to the progressive restriction
of the Mediterranean circulation during the Late Miocene. These findings suggest that reefs
developing at the fringes of the coral niche are inherently fragile; they can be damaged
even by minor perturbations and can collapse entirely if unfavorable conditions persists
for too long.
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