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A B S T R A C T

During the late Messinian, the Mediterranean Sea underwent the “Messinian Salinity Crisis,” a major event that 
shifted carbonate platforms from coral-dominated to microbialite-dominated systems. While upper Messinian 
microbial carbonates are well documented in the western Mediterranean, new �ndings from the central basin, 
particularly the Salento Peninsula, provide fresh insights into their diversity and evolution. This study focuses on 
enigmatic carbonate fabrics (ECF) from Salento, previously tentatively identi�ed as dendrolites. A multidisci
plinary approach, combining �eld observations, microscopic fabric analysis, and biogeochemical techniques 
(UV-epi4uorescence and SEM/EDS), was applied to investigate their nature and palaeoenvironment. The Salento 
ECF consist of fan-like, lobate structures forming vertically elongated aggregates a few centimeters tall, with 
microstructures containing organic-derived micritic clots and �lamentous remains consistent with cyanobacte
rial microfabrics. These features support their identi�cation as �lamentous dendrolites, comparable to modern 
analogues from Hamelin Pool, western Australia. Stratigraphic and facies analyses suggest they formed in a 
lagoonal environment, very shallow and with 4uctuating conditions, in4uenced by unstable connections to the 
open sea. In particular, although strongly affected by reworking, the sedimentary textures and bioclastic as
semblages associated with the dendrolites indicate a phase of warm, moderate-energy waters with near-normal 
marine chemistry. Unlike modern examples, which show minimal or no mineralization, the Messinian den
drolites display a well-cemented, originally aragonitic microfabric, potentially linked to elevated carbonate 
saturation or to speci�c microbial assemblages that facilitated their preservation. These �ndings represent the 
�rst fossil record of �lamentous dendrolites and highlight the Messinian Mediterranean carbonate factories as a 
key archive for microbialite research.

1. Introduction

During the late Messinian, the Mediterranean experienced a pro
found environmental and biotic crisis, known as the ‘Messinian Salinity 
Crisis’, mainly triggered by the closure of the connections with the 
Atlantic Ocean (Roveri et al., 2014 and references therein). These 
deteriorating conditions had a signi�cant impact on carbonate factories, 
which shifted from coral-dominated in the late Tortonian/early Messi
nian (Franseen et al., 1996), to microbialite-dominated in the late 
Messinian. Upper Messinian microbial carbonates are mainly known in 
the Mediterranean from the western part of the basin, with large and 
well-documented outcrops in southern Spain and north Africa (Esteban, 
1979; Roep et al., 1979, 1998; Riding et al., 1991; Martin et al., 1993; 

Braga et al., 1995; Dabrio and Polo, 1995; Calvet et al., 1996; Feldmann 
and McKenzie, 1997; Krijgsman et al., 2001; Bourillot et al., 2020), but 
several examples have also been reported from the central sector 
(Pedley, 1978, 1979; Saint Martin and André, 1992; Saint Martin et al., 
1996, 1997, 2023; Saint Martin, 2001; André et al., 2002; Moissette 
et al., 2002, 2010; Cornée et al., 2004; Vescogni et al., 2022, 2025). The 
abundance and diversity of these carbonates have led researchers to 
consider the late Messinian of the Mediterranean as a ‘laboratory’ for the 
study of microbialites, providing important insights into their charac
terization and evolution. For example, agglutinated stromatolite, which 
are locally common among present-day microbialites, were virtually 
unknown before the late Messinian (Riding, 2000) and their main fossil 
occurrences have been described from upper Messinian outcrops in 
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Southern Spain (Riding et al., 1991; Martin et al., 1993; Braga et al., 
1995). Similarly, upper Messinian carbonates from the Salento Penin
sula (central Mediterranean) contain micro-laminated dendrolites and 
thrombolites with spheroidal microstructures that have not been pre
viously documented elsewhere in the Cenozoic (Vescogni et al., 2025).

In this paper we focus on upper Messinian enigmatic carbonate 
fabrics (hereinafter referred to as ECF) coming from the same Salento 
outcrop described in Vescogni et al. (2025) (Fig. 1A). In a preliminary 
study on the upper Messinian carbonates of this area, these were 
tentatively compared with dendrolites (Vescogni et al., 2022), i.e. cen
timetric, branched, non-laminated growth-forms related to microbial 
calci�cation (Riding, 1988, 1991, 2000). Here we use a multidisci
plinary approach to describe them, including: a) macroscopic �eld ob
servations of the geometric, sedimentary, and palaeontological features 
of the stratigraphic interval containing the ECF and of the adjacent facies 
belonging to the same depositional system; b) microscopic character
ization of ECF at centimeters to sub-millimeters scales; and c) biogeo
chemical analyses, including UV-Epi4uorescence observation of small 
slabs and uncovered thin sections, and SEM/EDS analyses of unpolished 
fragments and gently etched thin sections. Finally, we compare these 
Salento examples with fossil and present-day dendrolites. This com
parison integrates data from experimental analyses, providing further 
insights into the origin of the Salento ECF, the potential microbial 
consortia responsible for their growth, and their depositional and 
palaeoenvironmental conditions.

2. Geological setting

The Salento Peninsula (Fig. 1A) is located within the southernmost 
emergent part of the Apulia Platform, a major element within the 
complex structural framework of the Mediterranean basin. As a northern 
fragment of the African Plate, during the Mesozoic the Apulia Platform 

was positioned along the southern margin of the Tethyan Ocean and 
since the Triassic has hosted the deposition of shallow-water carbonates. 
From the Late Cretaceous to the Cenozoic, it was involved in the com
plex sequence of events associated with the closure of the Tethys Ocean, 
which eventually led to its collision with the European Plate. As a result, 
the area corresponding to the present-day Salento Peninsula experi
enced further shallowing, leading to the formation of an isolated, 
partially emergent platform. Along the margins of this plateau, several 
carbonate formations were deposited, interrupted by signi�cant hia
tuses due to major episodes of erosion. These carbonate systems mainly 
consist of clinostrati�ed bioclastic deposits and coral reefs, ranging in 
age from the Late Cretaceous to the Late Pleistocene. These units can be 
traced along the south-eastern coast of the Salento Peninsula from 
Otranto to the Leuca Cape (Fig. 1A). Detailed information on the 
structural and stratigraphic setting of the southern Salento can be found 
in Bosellini et al. (1999), Ricchetti and Ciaran� (2013) and Milli et al. 
(2024).

In the Leuca surroundings the succession starts with the Altamura 
Limestone Formation, here represented mainly by Campanian/Maas
trichtian peritidal cycles (Bosellini et al., 1999), followed by the Castro 
Limestone Formation, a lower Chattian coral reef system (Bosellini et al., 
2021 and references therein), and by the Aturia Level, a thin Serraval
lian/Tortonian phosphatic hardground (Vescogni et al., 2018 and ref
erences therein) (Fig. 1B, C). The overlying Messinian limestones exhibit 
a complex con�guration, in4uenced by the presence of various deposi
tional environments and by changes in conditions over time (Bosellini 
et al., 2001, 2002; Bossio et al., 2002; Bosellini, 2006; Brachert et al., 
2007; Vescogni et al., 2008a, 2011; Braga et al., 2009). Along the shelf 
margin the Messinian carbonates belong to the Novaglie Formation and 
display the superimposition of three depositional sequences (Fig. 1B, C). 
The �rst two (NF1 and NF2) consist of lower Messinian Porites reef 
margins with associated slope systems, respectively up to 120 m and 20 

Fig. 1. A) Schematic map of the Salento Peninsula with the location of the study area. B) Geological map of the study area showing the position of the stratigraphic 
section (LC41) and the trace of the three transects depicting the SP-TCC architecture (a-b, c-d, d-e) reported in Fig. 2 (modi�ed from Vescogni et al., 2022). C) 
Stratigraphic setting of the study area; the arrow highlights the stratigraphic unit considered in this study, referred to as SP-TCC (Salento Peninsula Terminal 
Carbonate Complex).
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m in thickness. Both these sequences pass landward into a wide belt of 
oolitic and bioclastic sediments assigned to the Andrano Calcarenites 
Formation. Overlying the NF2 the third Novaglie Formation sequence 
(NF3) is a 12 m thick unit of oolitic calcirudites/calcarenites with 
microbialites, scattered Porites colonizations and small vermetid/ser
pulid bioherms. The NF3 is the stratigraphic interval considered in the 
present study. It has been recently dated to the late Messinian (Vescogni 
et al., 2022). Based on the close similarity in age and carbonate facies, it 
has been compared to the Terminal Carbonate Complex of the western 
Mediterranean, and thus named the Salento Peninsula Terminal Car
bonate Complex (SP-TCC) (see discussion in Vescogni et al., 2022).

The SP-TCC is overlain by the upper Messinian Leuca Breccia For
mation, consisting of breccia deposits about 12 m thick, derived from 
erosion of the underlying Messinian carbonates. The Leuca Breccia is 
followed by thin, scattered outcrops of middle Zanclean marls and by the 
Uggiano la Chiesa Formation, a Piacentian-Gelasian calcarenite and 
breccia succession up to several tens of meters in thickness (Bosellini 
et al., 1999).

3. SP-TCC stratigraphy and carbonate facies

A preliminary characterization of the SP-TCC was presented in Ves
cogni et al. (2022), including stratigraphic architecture, age determi
nation and an analysis of the carbonate facies. The SP-TCC crops out at 
both sides of the Leuca harbor, and at the two locations, Punta Ristola to 
the west and Leuca Cape to the east (Fig. 1B), it exhibits substantially 
different facies associations. In Punta Ristola, the SP-TCC rests on coral 
breccia deposits of the NF2 or directly overlies the Cretaceous. It is up to 
12 m thick and clearly displays a subdivision into three higher- 

frequency depositional cycles (Fig. 2A). Here, the succession consists 
mainly of oolitic/bioclastic packstones and grainstones, also associated 
with Porites colonizations and some thin horizons of laminated stro
matolite. A sharp erosion surface marks the boundary with the over
laying Leuca Breccia Formation.

At the Leuca Cape the SP-TCC is up to six meters thick (Fig. 2B, C) 
and the majority of the succession consists primarily of microbial car
bonates, which exhibit a wide range of arrangements and textures 
(Vescogni et al., 2022). In particular, the SP-TCC rests on top of NF2 
slope deposits and starts with decimetric crusts and small mounds of 
coarse laminated stromatolite. This facies is followed by bioclastic 
grainstone, often cemented by peloidal micrite of microbial origin. 
Enclosed within these latter deposits two additional distinct facies have 
been identi�ed: small, decimeter-thick lenticular serpulid/coralline 
algae bioherms, and a larger build-up composed of coalescent micro
laminated dendrolites and thrombolites, recently described in Vescogni 
et al. (2025). The succession continues with several decimeters of oolitic 
grainstone, which is truncated by a sharp erosional surface. This allows 
for the correlation of this basal SP-TCC interval with the �rst deposi
tional cycle at Punta Ristola.

The overlying upper portion of the SP-TCC at Leuca Cape (Fig. 2C) is 
the depositional system considered in this study. It is approximately 1.5 
m thick and the description of the related facies and their stratigraphic 
relationships, brie4y outlined in Vescogni et al. (2022), is discussed in 
greater detail later in the text. The reduced thickness of this interval, 
together with the presence of pronounced and sometimes overlapping 
erosion surfaces, makes it dif�cult to precisely correlate it with either 
the second or third depositional SP-TCC cycle observed along the 
western side of the Leuca Gulf. As in Punta Ristola, a major erosion 

Fig. 2. SP-TCC stratigraphic settings and depositional facies: A) Punta Ristola (transect a-b). B) Leuca Cape (transects c-d, d-e). C) Stratigraphic section of the studied 
outcrop (LC41); the red arrow indicates the stratigraphic interval considered in this study, depositional facies related to this interval are shown in red. Modi�ed from 
Vescogni et al. (2022). (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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surface at the top of the SP-TCC marks the upper boundary with the 
Leuca Breccia Formation.

4. Materials and methods

4.1. Stratigraphy and facies analysis

The depositional system considered in this study is located at Leuca 
Cape, along the section LC41, a vertical outcrop exposed by the roadcut 
just north of the Leuca lighthouse (39◦47′51.49“N / 18◦22’10.89”E) 
(Figs. 1B, 2C). Field observations enabled detailed characterization of 
the different facies, including their geometries, stratigraphic relation
ships, sedimentary features, and fossil content at the macroscopic scale. 
These data have been integrated with microfacies analyses: from a total 
of 49 samples, 64 thin sections (4.5 × 6 cm) were prepared to identify 
carbonate grains and textures. Microfacies observations were performed 
using a Leitz Orthoplan optical microscope at different magni�cations 
(16×, 25×, 40×, 63×, 100×). Rock textures were described according 
to the classi�cations of Dunham (1962) and Embry and Klovan (1971).

4.2. ECF characterization

4.2.1. ECF structure
ECF were described at different scales, considering both their mes

ofabric (centimeter to millimeter scale), which includes size, shape and 
growth-form, and their microfabric (millimeter to sub-millimeter scale), 
with a focus on their internal structures. Both descriptions, as well as the 
relationships between ECF and the associated sediments, were based on 
microscopic observations of the same thin sections used for microfacies 
characterization. The description of ECF and their related aggregates 
follows the terminology of Shapiro and Wilmeth (2020) used for den
drolites, in which each growth-form, termed a “dendroid”, is differen
tiated into a central stem, referred to as the “trunk” from which several 
small “branches” of various shapes and sizes extend laterally and up
ward (Fig. 8 in Shapiro and Wilmeth, 2020).

4.2.2. UV-epi5uorescence
UV-epi4uorescence observation enables the detection and spatial 

distribution of organic compounds within the microfacies. This tech
nique is particularly suitable in distinguishing, in combination with 
morphological features, mineral precipitates of biogenic origin from 
those formed through abiotic processes (e.g., Neuweiler et al., 2000, 
2003, 2023; Russo et al., 1997; Guido et al., 2022a, 2024; Cipriani et al., 
2024). Small slabs and uncovered thin sections prepared for microfabric 
analysis were employed to assess the presence of organically activated 
luminescence. Fluorescence was induced using incident light emitted by 
a high-pressure mercury vapour lamp mounted on a Zeiss Axioplan 
Imaging II microscope. The system was equipped with high-performance 
wide bandpass �lter sets to discriminate 4uorescence emission based on 
wavelength. Speci�cally, a 436/10 nm band-pass excitation �lter com
bined with a 470 nm long-pass emission �lter (�lter set no. 488006) was 
used to detect green 4uorescence, while a 450–490 nm band-pass 
excitation �lter paired with a 515 nm long-pass emission �lter (�lter 
set no. 488009) was employed to detect yellow 4uorescence.

4.2.3. SEM-EDS
Scanning Electron Microscopy (SEM) coupled with Energy Disper

sive X-ray Spectroscopy (EDS) allowed the investigation of morphology, 
size, and composition of the carbonate components within ECF and 
surrounding matrices. Selected samples were carbon-coated to ensure 
optimal conductivity and were analyzed using an Ultra High Resolution 
SEM (ZEISS CrossBeam 350). In particular, freshly fractured surfaces 
were used to allow better observation of crystal morphology and size. 
Imaging was conducted under the following operating conditions: res
olution of 123 eV, accelerating voltage of 10 keV, probe current of 100 
pA, and a working distance of 11 mm.

Elemental analyses were performed using EDS under the following 
parameters: accelerating voltage of 15 keV, probe current of 10 nA, 
working distance of 12 mm, take-off angle of 40◦, and a live acquisition 
time of 30 s. These analytical conditions were optimized to allow ac
curate identi�cation of the elemental composition at the microscale.

5. Results

5.1. Stratigraphy and facies analysis

The stratigraphic interval under consideration crops out laterally 
over approximately 42 m, with a variable thickness reaching a 
maximum of 1.5 m. Despite the limited size, these deposits exhibit a 
complex architecture (Fig. 3), comprising �ve distinct depositional 
facies. Each of these units is bounded at both its base and top by pro
nounced and irregular erosional surfaces, which contribute to their 
highly variable thicknesses. The topmost �ne-grained laminated stro
matolite is an exception, as its lower contact surface exhibits no clear 
evidence of erosion. These facies are described below in stratigraphic 
order: 

- Laminated limestone (LM – 0/50 cm in thickness): slightly marly 
limestone with �ne, planar to locally wavy lamination, including 
discontinuous dark laminae possibly related to organic matter con
centrations (Fig. 4A). This micro-laminated mudstone contains very 
rare bioclasts, primarily fragments of small benthic foraminifera of 
uncertain attribution, and only rarely is disrupted by traces of bio
turbation (Fig. 4B).

- Strati�ed marly limestone (SML – 0/60 cm in thickness): marly 
limestone with planar-parallel layers ranging in thickness from less 
than 1 cm to 5 cm (Fig. 4C). Microfacies analysis reveals a pre
dominant micro-laminated mudstone, showing the alternation of 
thin layers of compact/peloidal micrite, sometimes with small con
centrations of pellets, and micritic laminae with alignments of fe
nestrae (Fig. 4D). The latter display an irregular to horizontally 
elongated shape, vary in size and abundance among different 
laminae, and may be associated with small gastropod molds. Other 
types of grains are rare, represented mainly by miliolids, small 
rotaliids and small intraclasts made of pellets. Although very rare, it 
is worth noting the presence of ECF, preserved as isolated fragments 
and, in one instance, arranged in a branched growth form. The marly 
limestone strata may display evidence of bioturbation, with the 
disruption of the laminated texture.

- Dendrolite rudstone (DR – 25/140 cm in thickness): this facies is 
hosted within a very irregular depression carved into the sedimen
tary units described above (Fig. 3B). It is a rudstone with a packstone 
matrix and displays a massive appearance, formed by the accumu
lation of sub-spherical to irregular nodules up to several centimeters 
in size (Fig. 4E, F) associated with abundant oyster fragments. No 
distinct sedimentary structures or spatial organization have been 
observed, except for a denser concentration of nodules in the 
southeastern portion of the outcrop. Near the basal and lateral con
tacts with SML the nodules are frequently associated with 
centimeter-sized clasts derived from the erosion of the underlying 
marly limestone. Microfacies analysis of the nodules reveals two 
types of textures.

Type 1: packstone rich in ECF (Fig. 4G), preserved mainly as 
millimeter-sized fragments, and more rarely as larger, branched aggre
gates These remains partially preserve their microfabric and are 
described in detail in chapter 5.2. Other clasts are less abundant and 
consist of gastropod molds, oyster fragments, ostracods, echinoids, and 
small benthic foraminifers (mainly miliolids, some species of Elphidium, 
Ammonia, rare Gypsina and very small rotaliids). All these grains are 
embedded in a compact micrite, which may form denser coatings around 
some of the fragments.
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Type 2: packstone/grainstone containing almost exclusively ECF 
(Fig. 4H), mainly preserved as recrystallized fragments, with only rare 
traces of the original microfabric. No branched aggregates have been 
observed in this case. These fragments frequently display very thin 
micro-laminated, ooid-like coatings and a micritic, sometimes peloidal, 
heavily recrystallized matrix (Fig. 4H, I).

These two textures do not show distinct spatial distribution and are 
closely associated, even within the same nodule. There is also a strong 
similarity between the sediment composing the nodules and the one 
surrounding them. Although macroscopically it appears more compact 
than the nodules (Fig. 4F), the rudstone matrix is actually composed of 
the same two packstones described above, once again intimately asso
ciated without precise spatial distribution. 

- Mollusk 4oatstone (MF – up to 50 cm in thickness): this facies is 
hosted within an erosive depression incised into the DR and LM 
facies. It consists of a massive, slightly marly limestone containing 
abundant oyster and pectinid fragments (Fig. 5A). The 4oatstone 
matrix is �ne-grained packstone that passes into wackestone and 
mudstone toward the top of the facies. These textures contain frag
ments of bivalves, gastropods, echinoderms, sparse small benthic 
foraminifera (small rotaliids, some species of Elphidium, Gypsina, 
miliolids) and ostracods (Fig. 5B). A rudstone horizon crosses the MF 
approximately halfway through its thickness (Fig. 5A), starting at the 
southwestern boundary with the DR and extending several meters 
toward the northwest. It is composed of coarse, isooriented bivalves 
and DR nodules. The occurrence of ECF appears to be very rare and 
limited to the DR nodules within this latter rudstone.

- Fine-grained laminated stromatolite (FLS - 20/60 cm in thickness): 
this last unit rests conformably on SML, DR and MF, with a generally 
sharp contact, though occasionally appearing more gradational. FLS 
consists of the superimposition of millimeter- to centimeter-thick 
undulated carbonate layers of different type (Fig. 5C): a) Mudstone 
layers with dense, sub-horizontal alignments of fenestrae, ranging 
from elongated to irregular in shape (Fig. 5D), sometime alternated 
with very thin laminae of calcite crystals. b) Packstone/wackestone 
layers containing gastropod molds, pellets, small benthic forami
nifera (mainly miliolids), rare echinoderm and serpulid remains 
(Fig. 5E). c) Thin, undulose horizons of compact, micro-laminated 
mudstone (Fig. 5F) with sparse pellets, rarely showing traces of 
bioturbation.

5.2. ECF structure

ECF have been found mainly within the DR facies and are primarily 
preserved as fragments (Fig. 4G, H), although some of them appear to 
retain part or most of their original shape and fabric. In this latter case, 
they exhibit fan-like structures with a more or less jagged, lobate 

outline, ranging in size from 2 mm to over 1 cm (Fig. 6A-C). They also 
exhibit a variable height/width ratio, from relatively 4attened (Fig. 6A) 
to more elongated (Fig. 6C). In a few cases, ECF has been found grouped 
into aggregates, allowing identi�cation as basic elements forming more 
complex structures. On these occasions, the ECF described so far 
resemble branches, vertically or laterally oriented, tightly packed and 
grafted onto one another, forming elliptical, vertically elongated struc
tures (Fig. 6D, E). These growth-forms can reach a maximum height of 3 
cm and a width of 1 cm. A section cut perpendicular to the main axis 
reveals how, within these aggregates, ECF radiate outward from a more 
compact central area, forming irregular rami�cations (Fig. 7A). In a 
single case a more complex arrangement was also observed, in which the 
ECF form a larger, mushroom-like structure approximately 4.5 cm high 
and 6 cm wide, with a basal trunk that broadens upward into a fan- 
shaped morphology (Fig. 7B). This structure is coated with thick, 
irregular encrustations of very dense micrite, often aphanitic and oc
casionally exhibiting a peloidal texture. ECF are engulfed in the type 1 
bioclastic packstone described above, with a dark micritic matrix con
taining mollusk remains, ostracods, echinoderm fragments, and small 
benthic foraminifera (Fig. 6F).

ECF are usually heavily recrystallized, but in many cases, details of 
their internal microfabric can still be observed. These mainly consist of 
�laments, associated with small micrite clots. Filaments are several 
microns in diameter and may exhibit either long, straight forms (Fig. 6C) 
or more sinuous development (Fig. 7D), sometimes forming rami�ca
tions (Fig.7E). In some cases, �laments intertwine, forming tangles of 
various sizes (Fig. 7F). The ECF microfabric may contain rare, small 
bioclastic fragments, such as miliolids and small rotaliids (Fig.7C).

5.3. UV-epi5uorescence

Under UV epi4uorescence, the �laments and micritic clots forming 
the ECF microstructures display bright 4uorescence, typically in the 
yellow-green spectrum (Fig. 8A-E). These 4uorescent features are 
distributed throughout the internal portions of the ECF and are clearly 
visible at magni�cations ranging from 50× to 200×. Fluorescent �la
ments are generally 20–30 μm in diameter and range from a few tens to 
several hundred micrometers in length. The walls of the �laments are 
often not discernible due to their micritized nature; however, by 
superimposing transmitted light with UV-excitation at varying light in
tensities (Fig. 9A, C, E), it is sometimes possible to enhance their intense 
epi4uorescence, thereby revealing their extremely �ne structure (<1 
μm). This approach also improves the characterization of the areal dis
tribution of organic compounds, which are predominantly concentrated 
in the cores of the peloids forming the micrite clots (Fig. 9B, D, F), which 
are irregular in shape and range in size from 20 to 100 μm.

A faint but consistent 4uorescence was detected in the dark micrite 
of the type 1 packstone surrounding the ECF structures. This 

Fig. 3. A) Roadcut exposing the stratigraphic interval investigated in this study (upper portion of the LC41 section); continuous white lines denote the boundaries of 
depositional facies, whereas dashed lines are employed where such boundaries are uncertain. B) Schematic representation of the same interval illustrating the 
different depositional facies; note that the vertical scale is ampli�ed to emphasize the geometric relationships.
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Fig. 4. A) Outcrop view of the laminated limestone facies (LM), resting on oolitic grainstone deposits (OG) and overlain by the dendrolite rudstone facies (DR). B) 
Thin section showing the LM micro-laminated texture; note the discontinuous darker laminae possibly related to concentrations of organic matter. C) Outcrop view of 
the strati�ed marly limestone (SML), with OG and LM at the base and DR facies at the top. D) Thin section of SML showing a micro-laminated mudstone texture with 
abundant fenestrae. E) Outcrop view of the DR facies, highlighting its nodular appearance. F) Outcrop close-up of the DR facies, detailing the nodules and sur
rounding matrix. G) Thin section of the DR facies type 1 packstone, showing ECF fragments embedded in dense, dark micrite. H) Thin section of type 2 packstone/ 
grainstone from the DR facies, showing ECF fragments with ooid-like coatings and a heavy recrystallized micritic matrix. I) Detail of H showing the micro-laminated, 
ooid-like coatings on the ECF fragments.
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4uorescence, typically weak and diffuse, became noticeable under UV 
excitation at higher magni�cations (≥200×), particularly in zones 
where the micrite exhibited a denser or more compact texture (Fig. 8F, 
G). The signal was markedly less intense than that observed in �laments 
and micrite clots within the ECF, but its presence was consistently 
observed across multiple thin sections.

In contrast, the recrystallized micrite of the type 2 packstone/ 
grainstone does not exhibit 4uorescence under UV-excitation. This non- 
4uorescent micrite appears more homogeneous in comparison to the 

4uorescent one and contains dispersed bio- and detrital clasts ranging 
from 50 μm to 2 mm in size. These components show no or only a weak 
luminescent response under UV-excitation.

5.4. SEM-EDS microfabric and chemical composition

Electron microscopy at high magni�cation allowed for detailed 
morphological characterization, showing distinct crystal habits of car
bonate phases associated with the ECF �laments and surrounding 

Fig. 5. A) Outcrop view of the mollusk 4oatstone facies (MF), overlying the LM and capped by the �ne-grained laminated stromatolite facies (FLS). Note the coarser 
rudstone horizon, containing DR nodules, cutting across the MF approximately halfway through its thickness (white dotted lines). B) Thin section of the bioclastic 
packstone composing the MF, showing gastropod remains (yellow arrow) and pectinid fragments (green arrows). C) Outcrop view of the FLS facies resting on the DR 
and overlain by the Leuca Breccia deposits. D) Thin section of the FLS showing a mudstone texture with aligned fenestrae. E) Thin section of the FLS showing a 
packstone/wackestone rich in gastropod molds (blue arrows). F) Thin section of the FLS displaying a micro-laminated mudstone. (For interpretation of the references 
to colour in this �gure legend, the reader is referred to the web version of this article.)
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Fig. 6. A–C) ECF retaining most (A) or part (B, C) of their original shape; red arrows in C indicate the presence of �laments within their microstructure. D) ECF 
aggregates (outlined by yellow dotted lines) embedded in type 1 packstone. E) Close-up of D showing the arrangement of the ECF (outlined by yellow dotted lines) 
within the aggregate. F) Close-up of D highlighting the type 1 micrite with miliolids (yellow arrow) and echinoderm fragments (blue arrow). (For interpretation of the 
references to colour in this �gure legend, the reader is referred to the web version of this article.)
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micrite (Fig. 10), as well as those within the dark, peloidal micrite of the 
type 1 packstone and the recrystallized micrite of the type 2 packstone/ 
grainstone.

SEM observations reveals that peloidal and aphanitic micrite within 
the ECF are characterized by a dense aggregate of �ne-grained crystal 
fabric (Fig. 10A-C). This micrite engulf �lamentous structures, while 
microcavities are partially �lled by sparry and microsparitic cement 
with euhedral to subhedral crystal forms (Fig. 10A, B).

Filaments show diameters ranging from 20 to 30 μm, consistent with 
dimensions obtained through optical microscopy, and were identi�ed 
within ECF structures by the distinct crystal characteristics of the �la
ment walls, their internal �llings and the surrounding micrite (Fig. 10D- 
F). The nanocrystalline carbonate forming both the internal in�llings of 
the �laments and their walls consists of poorly de�ned rhombohedral 
crystals ranging in size from 200 to 500 nm (Fig. 10E, F). Notably, wall 
crystals appear to exhibit a tangential alignment (Fig. 10F), whereas 
in�lling crystals appear randomly oriented (Fig. 10E). The micrite sur
rounding the �laments (Fig. 11A) comprises larger anhedral to sub- 

euhedral crystals (1–4 μm), organized in clots showing the same size 
and texture of the aphanitic to peloidal micrite observed in thin section. 
This micrite contains amorphous carbon-rich material (Fig. 11B), and 
very �ne coccoid to bacilli-like corpuscles, measuring 50–100 nm in 
diameter and 100–500 nm in length (Fig. 11C). Minor tabular crystals 
are also scattered among rhombohedral calcite grains (Fig. 11C). Elon
gated, prismatic crystals, occasionally exhibiting pyramidal termina
tions, are observed within microcavities inside the micrite component of 
the ECF structures (Fig. 11D). These crystals display well-developed 
faces and range from isolated individuals to small aggregates. Their 
size varies from a few micrometers up to several tens of micrometers, 
and they are commonly oriented randomly within the host micrite.

In contrast, micrite and microsparite constituting the type 1 and type 
2 packstone engul�ng the ECF, show well-developed euhedral crystals 
signi�cantly larger than those forming the �laments and associated 
micrite.

Elemental analysis shows that the microcrystals forming the walls of 
the �laments and those of the type 1 dark, peloidal micrite, have a low- 

Fig. 7. A) Section of an ECF aggregate (outlined by yellow dotted lines) cut perpendicular to the main axis; note the irregular rami�cations (blue arrows) radiating 
outward from a more compact central area. B) Large ECF aggregate (outlined by yellow dotted lines) with a widening-upward shape, embedded in type 1 packstone; 
green arrows indicate particularly dense, dark micritic crusts. C) Close-up of B showing an ECF (outlined by yellow dotted lines) incorporating small miliolids (yellow 
arrows) into its microstructure. D) Close-up of B showing an ECF (outlined by yellow dotted lines) containing dark �laments (red arrows) within the microstructure. 
E) ECF (outlined by yellow dotted lines) with evidence of dark, branching �laments (red arrow) within the microstructure. F) Detail of an ECF microstructure with 
�laments forming a branched tangle (red arrows). (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of 
this article.)
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magnesium calcium carbonate composition with subordinate silica 
content, as indicated by weak Si signals in the spectra. Additionally, the 
elongated, white prismatic crystals with pyramidal terminations contain 
S, Sr, and Ba, consistent with a mixed chemical composition of barite 
and celestine. The type 2 micrite also exhibits a low-magnesium calcium 
carbonate composition but presents higher concentrations of siliciclastic 
elements, evidenced by prominent Si and Al peaks.

6. Discussion

6.1. Origin and diagenesis of ECF and associated sediments

The mesoscale morphological features of the ECF suggest a potential 
biogenic origin. Their fan-shaped, lobed form indicates a possible link to 
biotic activity, an impression further supported by the morphology of 
the more complex structures described above. The vertically elongated 

aggregates, composed of interconnected individual ECF that resemble 
small upward- or laterally-oriented branches (Fig. 6D), closely match 
previously described examples of similar centimeter-scale, branched 
dendrolite fabrics (Riding, 1988, 1991, 2000). However, it is the 
occurrence of �laments within the ECF microstructure that allows a 
�rmer recognition of their microbial origin. The diameter of the �la
ments (10–20 μm) and their length over several hundred micrometers 
are compatible with microbial structures, such as �lamentous cyano
bacteria or sulfur-oxidizing bacteria, which are commonly involved in 
microbially induced sedimentary structures (Riding, 2000; Noffke, 
2010). These �laments are observable under transmitted light (Figs. 6C, 
7D-F), but the combined use of this technique with UV-excitation 
(Fig. 9A, C, E) enhances their epi4uorescence signal, revealing the de
tails of the �lament walls as well as submicron structures (<1 μm) that 
may correspond to preserved sheaths or mineralized exopolymeric 
substances (EPS) (Görgen et al., 2021). These �ne-scale epi4uorescent 

Fig. 8. A) Thin section showing an ECF aggregate (yellow dotted line) embedded in type 1 packstone matrix. B-E) Details of A with ECF �laments associated to 
micrite, note the high epi4uorescence (C, E) of �laments and micrite. F-G) Details of A with type 1 packstone associated to the ECF aggregate in which micrite 
exhibits a weak epi4uorescence. (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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structures are indicative of the presence of organic material, potentially 
derived from microbial metabolism or cellular remnants (Neuweiler 
et al., 2000, 2003, 2023; Guido et al., 2022a, 2024; Cipriani et al., 2024). 
Moreover, the concentration of organic compounds within the core of 

peloids forming micritic clots within the ECF supports a model in which 
microbial activity played a role in the nucleation and early diagenesis of 
these carbonate particles. The irregular shape and size range (20–100 
μm) of these clots are consistent with biomineralization processes 

Fig. 9. Filaments (white arrows), �lament walls (yellow arrows) and peloidal clots (red arrows) within ECF observed in: A, B) transmitted light; C, D) UV- 
Epi4uorescence; and E, F) overlapping transmitted light and UV-Epi4uorescence. The integration of visible light and UV-signal enhances the discrimination of 
the organic structures, allowing a pseudo-3D microscale visualization. (For interpretation of the references to colour in this �gure legend, the reader is referred to the 
web version of this article.)
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associated with microbial mediation related to autotrophic and/or 
heterotrophic activities leading to in situ carbonate precipitation 
(Monty, 1976; Chafetz, 1986; Buczynski and Chafetz, 1991; Reitner, 
1993; Pratt, 1995; Reitner and Neuweiler, 1995; Kazmierczak et al., 
1996; Folk and Chafetz, 2000; Riding, 2000; Riding and Tomás, 2006; 
Guido et al., 2012, 2019, 2022b; Vescogni et al., 2008b, 2011). This 
spatial correlation between organic matter and micritic texture further 
reinforces the hypothesis of microbial mediation in the formation of the 

ECF structures.
The distinct difference in 4uorescence response between �laments 

and micrite clots, and bioclastic-rich micrite forming the type 1 pack
stone, allows for a clear distinction between autochthonous compo
nents, resulting from in situ microbial activity, and allochthonous 
micritic particles of detrital origin (Cipriani et al., 2023, 2024). How
ever, the weak 4uorescence observed in the type 1, darkest portions of 
the micrite engul�ng ECF may re4ect the presence of a dispersed organic 

Fig. 10. SEM photomicrographs acquired on unpolished fragments of ECF. A, B) Very �ne crystals of the peloidal and aphanitic micrite (blue arrows) engul�ng 
�laments; larger crystals (white arrows) show microsparite and sparite cements �lling microcavities. C) Detail of the autochthonous micrite crystals. D) Transversal 
section of �lament remains (yellow dotted lines) engulfed in microsparite (red arrow). E, F) Details of the �laments (yellow dotted lines) showing the very �ne 
texture of the walls composed of nanocrystals with a tangential arrangement (blue arrow in F); the �laments are �lled of �ne micrite (green arrow in E) or sparite 
crystals (yellow arrow in F). (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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fraction trapped within the detrital micritic matrix (Guido et al., 2022b; 
Cipriani et al., 2024). This behavior indicates that, despite its 
allochthonous nature, the engul�ng micrite preserve minor amounts of 
organic material, possibly derived from decayed microbial matter or 
incorporated during sedimentation. Such organic remnants may have 
acted as localized nucleation points, partially promoting microscale 
biomineralization processes even within the detrital fraction (Vescogni 
et al., 2022). While the extent of this contribution appears limited 
compared to the biogenic components of the ECF, the 4uorescence 
signal supports the idea of a continuum between purely mechanical 
sedimentary inputs and organo-mineral interactions in the surrounding 
type 1 micritic matrix. Finally, the radically different behavior of type 2 
micrite, with no traces of epi4uorescence, testi�es with its completely 
detrital origin, with no involvement of biomineralization processes.

The morphological and crystallographic features observed in elec
tron microscopy suggest the occurrence of distinct processes also in the 
formation of the �lamentous structures and the nearby micritic com
ponents within the ECF. The presence of nanometric rhombohedral 
crystals within the �lament walls and �llings, coupled with their 
tangential and random orientations respectively, points to biologically 
mediated processes that facilitated carbonate precipitation under vary
ing degrees of organic mediation (Reitner, 1993; Trichet and Défarge, 
1995; Reid et al., 2000, 2003; Reitner et al., 2000; Dupraz et al., 2004, 
2009; Decho et al., 2005; Dupraz and Visscher, 2005; Hendry et al., 

2006; Braissant et al., 2007, 2009; Heindel et al., 2010). In particular, 
the tangential orientation of crystals composing the walls may re4ect a 
templating effect exerted by microbial sheaths or by the extracellular 
polymeric substances (EPS), both commonly implicated in biomineral
ization processes (Görgen et al., 2021). Moreover, the close spatial as
sociation between amorphous carbon-rich material and the crystals of 
the peloidal micrite further supports a model of biomineralization 
(Benzerara et al., 2006, 2011; Dupraz et al., 2009). The �ne corpuscular 
inclusions within the micrite (Fig. 11C) may represent degraded organic 
particles or microbial nanostructures, further reinforcing this interpre
tation (Benzerara et al., 2006; Usui et al., 2020; Guido et al., 2024). In 
addition, the heterogeneity of the type 1 packstone surrounding the 
dendroid structures, including skeletal and detrital grains larger than 10 
μm, is consistent with episodic input of allochthonous material into the 
depositional environment. This may have in4uenced the local 
geochemistry, providing varying degrees of supersaturation and 
affecting microbial activity and carbonate precipitation dynamics 
(Vescogni et al., 2025). In contrast, the type 2 micrite and microsparite 
that have undergone recrystallization display more euhedral and 
signi�cantly larger crystals, indicative of post-depositional diagenetic 
overprinting.

Concerning the EDS elemental analyses, the walls of the �lament and 
the peloidal micrite intimately associated within the ECF structures 
display a low-magnesium calcium carbonate composition with minor 

Fig. 11. SEM photomicrographs of an ECF acquired on thin section (A, B) and unpolished fragments (C, D). A) Same �laments (white arrow) showed in Figs. 9A, C 
and E; note the very �ne crystals of the walls and engul�ng peloidal micrite. B) Detail of the �ne crystals of the �lament walls; note the organic amorphous material 
(red arrow) which engulf the nanocrystals (white arrow). C) Detail showing clay minerals (white arrow) and very �ne coccoid- to bacilli-like corpuscles (yellow 
arrow) strictly associated to autochthonous micrite components. D) Elongated, prismatic crystals (blue arrow), exhibiting pyramidal terminations, within micro
cavities inside the micrite component of the ECF structures; note the remains of putative �laments (yellow dotted line). (For interpretation of the references to colour 
in this �gure legend, the reader is referred to the web version of this article.)
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silica content, different to the type 1 detrital micrite engul�ng the them, 
which exhibits a similarly low-magnesium composition but is enriched 
in siliciclastic elements, as evidenced by elevated Si and Al signals. 
These differing compositions again suggest a different origin of the two 
components, with ECF most probably produced in situ through an 
organic origin, whereas detrital micrite was imported from an external 
source.

The elongated, prismatic crystals with pyramidal terminations, 
found within microcavities of ECF and associated peloidal micrite 
(Fig. 11D), especially in more recrystallized areas, represent a secondary 
mineral phase distinct from the primary carbonate framework. The 
morphology, distribution and random orientation of these crystals sug
gest formation under diagenetic conditions within localized pore spaces. 
The presence of S, Sr, and Ba, suggests a mineralogy consistent with 
barite (BaSO₄) and celestine (SrSO₄). The localization of these sulfate 
minerals within ECF microcavities support their diagenetic origin 
(Guido et al., 2007; Sanz-Montero et al., 2009; Caruso et al., 2015). The 
occurrence of celestine may re4ect processes of calcitization of an 
originally aragonitic composition of the ECF. Aragonite, being meta
stable under burial conditions, is commonly replaced by calcite during 
diagenesis, and sulfate minerals such as celestine can precipitate due to 
the release of strontium within pore spaces during replacement of 
aragonite.

The data presented thus far lead us to interpret the ECF as biotic 
structures, originally aragonitic, and likely associated with biomineral
ization processes mediated by putative �lamentous cyanobacterial 
communities. In particular, the morphology and size of the related ag
gregates closely resemble those of dendrolites, with the ECF represent
ing remnants of branches forming elliptical, vertically elongated 
dendroids (sensu Shapiro and Wilmeth, 2020) (Fig. 12A).

6.2. Comparisons with fossil and present-day dendrolites

6.2.1. Dendrolite types and main features
As already stated, following the original de�nition of Riding (1988, 

1991, 2000), dendrolites are macroscopically non-laminated deposits, 
related to microbial induced calci�cation and with a prevalent centi
metric, dendritic fabric. At the microfabric scale, dendrolites exhibit 
highly variable assemblages, often lacking well-de�ned boundaries. In 
general terms, based on their microfabric, four distinct dendrolite types 
can be distinguished:

a) Sparry dendrolites, also known as dendrites, consist of some cm 
tall, branched growth-forms with a micritic core surrounded by �brous/ 
sparry calcite (Fig. 2 in Frasier and Corsetti, 2003). They are relatively 
rare in Proterozoic shallow-water marine platforms (Sami and James, 
1996; Pope and Grotzinger, 2000; Frasier and Corsetti, 2003; Riding, 
2008). They have been considered as products of abiotic precipitation 
(Sami and James, 1996; Pope and Grotzinger, 2000) as well as biogenic 
structures related to the presence of microbial communities (Frasier and 
Corsetti, 2003).

b) Clotted dendrolites are characterized by a microfabric made by 
the interconnection of small micritic clots, with spherical, elongated or 
more irregular shapes (Fig. 2 in Lee et al., 2015). They are widespread 
mainly from the Cambrian to the Early Ordovician, with phases of 
resurgence during the Late Devonian and at the Permian–Triassic 
boundary. In some cases, they were principally produced by calcimic
robes, primarily Epiphyton, Renalcis, Angusticellularia and other subor
dinate taxa. Most clotted dendrolites seem to occur in shallow-water 
marine environments, where they acted as important components of reef 
structures, alone or in association with metazoans (Riding, 1991, 2000; 
Rowland and Shapiro, 2002; Shapiro and Rigby, 2004; Kershaw et al., 
2007, 2012; Woo et al., 2008: Howell et al., 2011; Lee et al., 2015; Wu 
et al., 2017).

c) Microlaminated dendrolites, as their name suggests, exhibit a 
�nely laminated microfabric, typically characterized by the alternation 
of dark and light laminae (Fig. 9C in Ibarra et al., 2014). They have been 
considered as the products of biomineralization mediated by microbial 
communities and appear to be less common in the fossil record 
compared to the clotted type. Notable examples have been reported 
from the late Cambrian to Early Ordovician of Texas, where they occur 
as short, thick-branched growth forms that developed in shallow-water, 
high-energy, normal marine environments (Lee and Riding, 2023). 
Upper Triassic microlaminated dendrolites from south-west Britain are 
small, �nely digitate structures alternate with stromatolitic layers and 
are thought to have formed in shallow water under high pCO₂ and warm 
conditions (Ibarra et al., 2014). A more recent example is represented by 
microlaminated dendrolites from the same Salento, upper Messinian 
outcrop considered in the present study. These are centimetric dendritic 
growth forms, that formed a large, meter-scale buildup in a shallow- 
water lagoon, under moderate to high energy, variable salinity, and a 
high sedimentation rate (Vescogni et al., 2025).

d) Filamentous dendrolites, commonly shrub-like or tufted, are 
arborescent, elongate structures, a few centimeters in maximum height, 
with a microfabric mainly made by upward-oriented tangles of cyano
bacteria �laments (Fig. 12C). They may display a variety of arrange
ments, with varied degrees of rami�cations and with branches that may 
radiate from a single point or split from a common stem (Claes et al., 
2017). These dendrolites usually have a low degree of calci�cation and 
thus a very limited preservation potential, so only present-day examples 
are known. Examples have been mainly described from hydrothermal, 
hypersaline or in any case super-saturated environments, e.g., in coastal, 
shallow-water hypersaline lagoons in Laguna Mormona (Horodyski 
et al., 1977) and Laguna Guerrero Negro (Javor and Castenholz, 1981) 
in Mexico. They are also known from a salina in Hainan Island, China 
(Zhang and Hoffmann, 1992), and from Hamelin Pool, Western 
Australia, where they form ephemeral growth-forms within the mid to 
lower intertidal zone (Suosaari et al., 2018). Filamentous dendrolites 

Fig. 12. A) Reconstruction of a Messinian dendroid formed by the intercon
nection of numerous small branches (ECF). B) Tentative reconstruction of the 
Messinian dendrolite depositional system. The dendroids were possibly ar
ranged in small clusters, promoting the deposition of type 1 packstone through 
trapping and binding, whereas the intervening areas were �lled with loose 
sediment kept in motion by waves and tides, leading to the formation of type 2 
packstone/grainstone. C) Detail of a present-day Hamelin Pool dendroid clus
ter, showing their vertically elongated shape and �lamentous arrangement; 
maximum dendroid height is 3 cm. D) Overview of a Hamelin Pool dendroid 
colonization, with dendroids occurring either individually or in small clusters 
surrounded by patches of loose sediment; maximum dendroid height is 3 cm. C 
and D modi�ed from Suosaari et al. (2018).
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have also been recorded in other continental settings, such as a high- 
altitude hypersaline lake in the Catamarca region, north-west 
Argentina (Lencina et al., 2021), a shallow geothermal pool at Little 
Hot Creek, California (Bradley et al., 2017) and a hypersaline lake in 
Andros Island, Bahamas (Monty, 1972).

6.2.2. Comparison between Hamelin Pool and Salento Messinian 
dendrolites

From a microfabric point of view, the upper Messinian dendrolites 
described here fall within the �lamentous dendrolite type and, in 
particular, show strong similarities to the present-day examples 
described from Hamelin Pool (Suosaari et al., 2018). The following 
summary is taken from Suosaari et al. (2018), to which the reader is 
referred for a more detailed account.

Hamelin Pool is a shallow-water embayment with limited water 
circulation, hypersaline conditions, and considerable annual variations 
in temperature and water level. These 4uctuating conditions result in a 
reduced number of grazers, allowing microbial communities to thrive. In 
Hamelin Pool, dendrolites are ephemeral and occur only during the 
warmer summer months, when they colonize the mid- to lower intertidal 
zone, forming meter-scale patches characterized by small concentra
tions alternating with areas covered by sediment (Fig. 12D).

The Hamelin Pool dendrolites exhibit a non-laminated, branching 
growth-form composed of clumps of cyanobacteria. They lack a distinct 
axial zone and display a vertically elongated, bushy morphology, 
reaching a maximum height of 3 cm (Fig. 12C). They are primarily 
composed of Lyngbya aestuarii and Lyngbya fragilis, with maximum 
sheath thicknesses of 40 μm and 30 μm, respectively, and are seasonally 
associated with smaller amounts of diatoms as well as other �lamentous 
and coccoid cyanobacteria. In particular, L. aestuarii forms the main 
vertical trunk, while L. fragilis and the other cyanobacterial taxa produce 
secondary branches that radiate outward. The entire structure is sur
rounded by EPS and trapped sediment grains. Hamelin Pool dendrolites 
appear to lack carbonate precipitation and therefore have no preserva
tion potential.

A precise comparison between the upper Messinian dendrolites and 
those of Hamelin Pool is clearly hindered by the absence, in the former 
case, of well-preserved structures at the outcrop scale. However, many 
of the key distinguishing features of these two examples are remarkably 
similar. At the mesofabric level, their overall morphology, size, and 
subdivision into a more compact central core surrounded by outward- 
extending branches show strong convergence. The same applies to the 
dimensions: the �laments are comparable in size, measuring 20–30 μm 
in the Messinian dendrolites and up to 30–40 μm in the Hamelin Pool 
examples. In both cases, �laments appear as individual strands, either 
straight or variably oriented, or arranged in irregularly coiled clusters. 
The taxonomic attribution of the Messinian �laments cannot be estab
lished based solely on morphological features. However, their similar 
size with the Hamelin Pool analogues permits the hypothesis that 
Lyngbya-like microbial communities may have been involved in the 
formation of the Messinian ECF fabric. Furthermore, the presence of 
highly 4uorescent micrite associated with the fossil dendroids could be 
related to decay of organic matter nested among their �laments. These 
organic compounds are likely comparable to the EPS observed sur
rounding the �laments in the modern examples.

A further similarity between the two dendrolite examples comes 
from the analysis of type 1 packstone associated with the Messinian 
dendroids. This sediment is rich in bioclasts and contains dense, dark 
micrite exhibiting a weak epi4uorescence, suggesting a link to the 
presence of organic matter. Analogously, the EPS coating the �laments 
of the Hamelin Pool dendroids contributes to the trapping of sedimen
tary grains and, possibly, of external organic matter associated with the 
detrital material. This organic matrix could play a role in microscale 
biomineralization processes, also contributing to the binding of the 
sedimentary particles.

A notable difference, however, is the lack of mineralization in the 

Hamelin Pool dendrolites, in contrast to the originally aragonitic, lobate 
branches that characterize the Messinian analogues.

The degree of dendrolite mineralization, and, more broadly, that of 
microbialites in general, depends on multiple factors, generally related 
to the type of microbial association and to physicochemical conditions 
operating at both macro- and micro-scale (Riding and Virgone, 2020). It 
is therefore not simple to identify a precise factor responsible for Mes
sinian dendrolite mineralization, since it could be a combination of a 
wide variety of differing parameters, including palaeoenvironmental 
factors (e.g. temperature, pCO2, hydrodynamic conditions), alkalinity, 
availability of free calcium, and the precise type of microbial community 
involved in the biomineralization process, as well as their metabolism.

Finally, it is not possible to compare the macroscopic features of 
these two examples, since the shape, size, and lateral extent of the 
Messinian colonizations have not been preserved. We interpret the 
massive, nodular appearance of the DR facies, containing nearly all of 
the dendrolites described here, as the result of intense reworking. The 
type 1 packstone and type 2 packstone/grainstone in the DR facies 
(Fig. 4G, H) differ in their type of micrite, textures and bioclastic as
semblages, suggesting distinct depositional processes. However, they 
occur closely intermixed without any spatial pattern. This random dis
tribution supports the interpretation that originally adjacent heteropic 
sedimentary deposits were mixed prior to diagenesis. The extremely 
chaotic appearance of the DR facies hinders the identi�cation of the 
speci�c processes responsible for its arrangement, making any inter
pretation quite speculative. One possible explanation involves storm or 
4ood events occurring within a con�ned, protected environment. Such 
events may have promoted repeated winnowing, short-distance trans
port, and local redeposition of sediments. In this scenario, the disruption 
of carbonate bodies with varying degrees of early lithi�cation could 
have resulted in the formation of nodules dispersed within a more 
compact matrix. However, another plausible explanation may be related 
to bioturbation. Despite the absence of evident trace fossils, the nodular 
appearance of the DR facies could result from particularly intense bur
rowing activity by infaunal organisms. In this process, burrows would 
become intertwined and mixed, creating a complex sedimentary 
arrangement with heterogenous porosity, ultimately leading to the for
mation of more porous nodules associated to denser matrix.

6.3. Depositional model

Based on the depositional geometries and the carbonate grain asso
ciation, including miliolids, dasycladacean and coralline red algae, 
Porites corals and ooids, Vescogni et al. (2022) interpreted the SP-TCC 
depositional system as a proximal, shallow-water environment under 
tropical/sub-tropical climate conditions. In particular, the stratigraphic 
interval investigated in the present study has been interpreted as a small 
lagoon, possibly protected from the open sea by the presence of oolite 
grainstone shoals and/or small Porites bioconstructions.

Based on the data here presented, the basal LM facies can be linked to 
very low hydrodynamic conditions, as indicated by the prevalent micro- 
laminated mudstone. Furthermore, the nearly complete absence of 
bioclasts and bioturbation, as well as the likely presence of organic 
matter concentrations, suggest a highly stressed environment, possibly 
resulting from very limited connections with the open sea, which may 
have led to salinity and/or oxygen imbalances.

The nature of the irregular erosional surface separating the LM facies 
from the overlying SML (Fig. 3) is not entirely clear: it could be related to 
high-frequency oscillation of relative sea-level, to changes in the con
nections with the open sea, or to a storm event. In any case, the SML 
palaeoenvironment seems broadly similar to that of the LM. Both facies 
are characterized by �ne-laminated mudstones. However, in the SML 
the occurrence of pellets, gastropods, small benthic foraminifera, as well 
as traces of bioturbation, suggests a less stressed environment. These 
conditions also allowed for colonization by microbial communities. The 
presence of micritic laminae with aligned fenestrae (Fig. 4D) can be 
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possibly interpreted as the result of microbially induced calci�cation, 
and the �rst occurrence of few, scattered dendroids suggests at least the 
presence of suitable oxygen levels.

The origin of the abrupt erosional surface connecting SML to DR 
facies is not easy to reconstruct, and the same explanations proposed for 
the underlying boundary can also be invoked in this case. The recon
struction of the DR facies palaeoenvironment, which represents the 
principal depositional setting of the Messinian dendrolites, is likewise 
not straightforward, mainly because, as previously mentioned, the 
original sedimentary features appear to have been heavily disrupted. 
Nevertheless, some information can be derived from the bioclastic 
fraction of the type 1 packstone engul�ng the dendrolites. The occur
rence of a diversi�ed biotic assemblage, containing gastropods, oysters, 
ostracods, and small benthic foraminifera such as miliolids, some species 
of Elphidium and Ammonia, and especially echinoids suggests a palae
oenvironment that, compared with the previous facies, begins to 
approximate normal marine conditions, in particular with respect to 
salinity. Further insight into DR depositional dynamics, particularly 
regarding the different origins of the type 1 packstone and type 2 
packstone/grainstone, may be gained through comparison with the 
depositional setting of Hamelin Pool dendrolites. Hamelin Pool coloni
zations clearly reveal the presence of two distinct areas arranged into 
irregular patches: a) those occupied by dendroids, either isolated or 
clustered, and b) those �lled by loose sediment (Fig. 12D). These two 
areas can be regarded as distinct sub-settings of the depositional envi
ronment. In the �rst case the �laments of the Hamelin Pool dendroids, 
which are often coated by EPS, contribute to the trapping of �ne-grained 
sedimentary particles (Suosaari et al., 2018) and, possibly, of external 
organic matter associated with bioclastic grains. A similar dynamic, as 
already mentioned, can be tentatively proposed for the Messinian ex
amples, facilitating the formation of the type 1 packstone (Fig. 12B). 
Moreover, as in the Hamelin Pool depositional setting, the possible 
presence of areas occupied by loose sediment among the Messinian 
dendroids could explain the formation of the type 2 packstone/grain
stone. The occurrence of patches and small channels devoid of den
droids, associated with the action of waves a tides, may have promoted 
the formation of grain-supported deposits (Fig. 12B) characterized by 
non-4uorescent micrite of detrital origin. In any case, the hydrodynamic 
conditions were likely not too strong, given the fragile structures of the 
nearby dendroids. The ooid-like crusts often coating the detrital grains 
(Fig. 4H, I) further support the presence of tropical climatic conditions, 
as previously suggested by Vescogni et al. (2022).

The onset of the MF facies terminated the colonization by dendroids. 
The depositional geometries of the MF facies (Fig. 3) suggest abrupt 
formation of a channel, incised into the DR and underlying facies, 
possibly related to a storm event. The occurrence of such an event is 
supported by vertical gradation of the sedimentary textures within the 
MF facies, which pass upward from a dominant packstone to mud- 
supported deposits, as well as by the presence of a distinct rudstone 
horizon cutting across the MF deposits and containing nodules (Fig. 5A) 
that are clearly derived from the erosion of the DR facies 4ank. The 
absence of dendroid colonization can thus be explained by the high- 
energy nature of the MF facies, possibly related to one or more erosive 
events, followed by in�lling of the resulting channel by sediments of 
detrital origin.

The DR and MF deposits gradually pass into the FLS facies, the latter 
being characterized by superimposition of thin layers with different 
textures. These include: �ne-grained stromatolitic horizons, with typical 
micritic layers rich in fenestrae and associated with calcite laminae; 
bioclastic packstone/wackestone containing gastropods, pellets, mil
iolids, rare echinoderms and serpulids; and nearly barren, micro- 
laminated mudstone (Fig. 5C–F). On the whole, these sediments sug
gest a return to low-energy conditions, though possibly characterized by 
periodic oscillations in key paleoenvironmental factors such as salinity 
and oxygen (Vescogni et al., 2022). These 4uctuations may have been 
linked to changes in connections with the open sea, and could have been 

responsible for the alternation among the types of textures described 
above: stromatolites and barren mudstone, associated with restricted 
conditions, and bioclastic packstone/wackestone, re4ecting a palae
oenvironment closer to normal marine settings. Alternatively, the bio
clastic packstone/wackestone could be interpreted as deposited within a 
restricted environment following high-energy events (storms).

7. Conclusions

Small carbonate aggregates in upper Messinian deposits in the 
Salento Peninsula, central Mediterranean, consist of vertically elongated 
growth-forms, a few centimeters tall, made up of interconnected small, 
fan-like, lobate structures. Within these structures, �lamentous remains 
have been observed, comparable in size and shape to present-day cya
nobacterial microstructures.

The size and shape of these aggregates, together with evidence of 
�laments and organic-derived micrite within their microfabrics, suggest 
a microbial, cyanobacterial, origin. In particular they closely resemble 
�lamentous dendrolites, and are compared with present-day analogues 
in Hamelin Pool, western Australia.

The sediments containing the Messinian dendroids, and more 
generally the facies association forming the entire depositional system, 
indicate a palaeoenvironment represented by a small lagoon, charac
terized by conditions 4uctuating over time from restricted to open- 
marine, possibly due to unstable connections with the open sea.

Detailed palaeoenvironmental reconstruction of the dendrolite facies 
is dif�cult because its original sedimentary organization has been 
largely obliterated. A tentative interpretation, has been based on the 
prevalent sedimentary textures and bioclastic assemblages, together 
with comparison with the Hamelin Pool depositional environment. On 
this basis, the Messinian dendroids are thought to have formed in a very 
shallow-water setting, under warm climatic conditions and moderate 
hydrodynamics, with water chemistry similar to normal marine values.

Salento �lamentous dendrolites are the �rst �nding of this micro
bialite type in the fossil record. This is most probably related to their 
higher degree of mineralization compared to present-day analogues, 
which led to the formation of an originally aragonitic microfabric.
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