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ABSTRACT - The Messinian laminated diatomites exposed in the Capo di Fiume stratigraphic section, near the town of Palena, along
the slopes of Mt. Porrara in the Abruzzo Apennines, contain well-preserved articulated fish skeletal remains, often associated with plants.
A large collection of fossils from this section was accumulated and donated by Erminio Di Carlo to the Museo Geopaleontologico dell’Alto
Aventino, Palena, Italy. Herein, we present the stratigraphy of the Capo di Fiume section and a preliminary biosedimentological study of
the fossiliferous laminated diatomites. A taphonomic and paleoecological analysis of the fish remains deriving from the oldest diatomite
interval of the succession is also included. The sedimentary succession documents the transition from continental to paralic to coastal to open
marine conditions, suggesting the existence of a rather narrow shelf connecting coastal and basinal areas. The deposition of the diatomite
laminae took place through different biological mechanisms, most notably the so-called “fall dump”, which involved the formation of flocs
(mucilaginous aggregates) that included diatom assemblages dominated by Coscinodiscus spp. and Thalassionema nitzschioides. The
macrofossil assemblage of the diatomites and the biosedimentological study of the laminated fossiliferous diatomites have provided new data
regarding the paleoenvironmental and paleophysiographic setting and the ecological relationships. The diatom content of the fossiliferous
(biogenic) laminae as well as the structure and composition of the fish assemblage clearly indicate a depositional marine environment
with depths of up to several tens of meters. The fish assemblage is largely dominated by the round herring Spratelloides lemoinei, which
represented the trophic nucleus of the original fish community. This and other clupeid species and certain “adventitious visitors” occupied
the upper portion of the water column. The “adventitious visitors” are represented by mesopelagic diel vertical migrants (Diaphus edwardsi,
Lestidiops sphekodes, Maurolicus cf. muelleri, Myctophum columnae, Paralepis albyi), which were probably attracted in the Capo di Fiume
paleobiotope by abundant planktonic organisms as well as by shoals of Spratelloides lemoinei. The lower portion of the water column and
the seafloor were well aerated and occupied by a diverse community of demersal fish taxa, especially sparids. The rapid deposition of diatom
mats, abundantly represented in the fossiliferous intervals, may have resulted in the swift entombment of fish carcasses, whose fossilization
was promoted even under relatively well-oxygenated bottom conditions.

INTRODUCTION
Our knowledge of the Miocene history of the
Mediterranean ichthyofauna is largely due to the abundant
remains contained in the Messinian sedimentary rocks
broadly exposed onshore in the entire basin, from the
western localities in Algeria and Spain to the eastern ones
in Crete and Cyprus (e.g., Gaudant, 2002). Articulated
skeletal remains of bony fishes are relatively common
in the diatomaceous sediments (e.g., Arambourg, 1925,
1927; Leonardi, 1959; Sturani & Sampò, 1973; Bradley
& Landini, 1982; Bedini et al., 1986; Gaudant, 2002;
Carnevale, 2004, 2006, 2007) that cyclically accumulated
throughout the basin before the onset of the Messinian
salinity crisis at about 6 Ma (e.g., Pellegrino et al., 2018),
but also in the organic-rich laminated clays and marls
that originated during the three stages of the Messinian
salinity crisis (e.g., Sorbini, 1988; Landini & Sorbini,
1989; Gaudant, 2002; Carnevale et al., 2003, 2006, 2008,
2018, 2019a; Carnevale & Schwarzhans, 2022).
In the Italian Peninsula, Messinian fish skeletal
remains have been reported from a number of localities
in the Emilia-Romagna, Marche and Tuscany regions (see
Landini & Sorbini, 1992). The occurrence of Messinian
ISSN 0375-7633

fish remains in the Abruzzo Apennines was mentioned
by Mazza et al. (1995) in their cursory description of the
stratigraphic section of Capo di Fiume, near the town of
Palena, along the slopes of Mt. Porrara. During the 1990s,
a rich collection of fossils from this locality was assembled
by Mr Erminio Di Carlo. This collection, which includes
a number of nicely preserved fishes, is currently part of
the collections of the Museo Geopaleontologico dell’Alto
Aventino, Palena, Italy. The goal of this paper is to provide
a general account of the Messinian fish assemblage of
Capo di Fiume and to discuss its stratigraphic context,
taphonomic features and paleoecological significance.
GEOLOGICAL SETTING
Mt. Porrara pertains to the Morrone-Porrara Tectonic
Unit (Fig. 1), an ENE-dipping Apennine-verging
monocline, constituted by Mesozoic and Cenozoic
platform-and-basin-derived carbonate sequences capped
by siliciclastic flysch deposits (e.g., Raffi & Forti, 1959;
Crostella, 1967; Patacca et al., 1992), originally located at
the north-western margin of the Apulia Platform (Fig. 2).
Within the Morrone-Porrara Unit, Mt. Porrara, together
doi:10.4435/BSPI.2022.07
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the Bryozoan Limestone Formation and Lithothamnion
Limestone Formation (e.g., Patacca et al., 1992, 2013).
Not far from the Sorgenti di Capo di Fiume, along the
Aventino River, however, the Upper Cretaceous carbonate
deposits are covered by some meters of bauxites (“Terra
rossa”; see Mazza et al., 1995; Mazza & Rustioni, 1996),
which are followed by marls and clayey marls, in turn
overlain by a cyclical marine succession (Fig. 3) capped
by turbiditic deposits. Such a succession is affected by
SW-striking extensional shear planes (Miccadei & Parotto,
1998).
MATERIALS AND METHODS

Fig. 1 - Simplified geological sketch of the studied area (modified
from Carnevale et al., 2011). 1: Gran Sasso-Genzana Unit. 2:
Morrone-Porrara Unit. 3: Agnone Unit. 4: Tufillo Unit. 5: Queglia
Unit. 6: Maiella Unit. 7: Alluvial deposit. 8: Thrust.

with Mts Rotella and Pizzalto, constitute a ridge system
represented by a Jurassic-Upper Cretaceous platform
facies, followed by Upper Cretaceous-Eocene deposits
belonging to the distal carbonate escarpment (Patacca et
al., 1992). These sediments are unconformably overlain
by fragmentary Miocene successions, mostly represented
by the Langhian to Tortonian carbonate-ramp deposits of

The sedimentological analysis of the units exposed
in the Capo di Fiume section has been performed using
polished slabs and thin sections. Thin sections were
examined with a Leica DM 2770 P optical microscope, in
reflected and transmitted light. The micropaleontological
composition of diatom-rich laminae was obtained by
selecting freshly broken sediment chips that were mounted
onto aluminum stubs, sputter coated with gold in an Eiko
IB-3 ion coater, and observed with a JEOL JSM-6510JLV
scanning electron microscope.
The fossil fishes examined in this study were collected
from the better exposed layers of the basal portion of
the first diatomite interval (see below) and are mostly
housed in the collection of the Museo Geopaleontologico
dell’Alto Aventino (MGPAA), Palena. The majority of
these fossils required matrix removal before examination
and were prepared using thin entomological needles.
Measurements were taken to the nearest 0.1 mm using
a dial caliper.
THE CAPO DI FIUME
STRATIGRAPHIC SECTION
Stratigraphy
The Capo di Fiume stratigraphic section (Fig. 3) is
exposed about 3 km south of the town of Palena, along the
motorway “SS 84 - Frentana”, near the Aventino River, in
the vicinity of the Sorgenti di Capo di Fiume. The section
has been described in a series of papers (e.g., Bellatalla
et al., 1992; Carboni et al., 1992; Patacca et al., 1992;
Mazza et al., 1995; Miccadei & Parotto, 1998; Carnevale
et al., 2011) in which its lithological and paleontological
features have been discussed with different degrees of
detail. Here, we refer to Carnevale et al. (2011), who
described the stratigraphic features of the section in great
detail. The section consists of paralic to open marine
mud-dominated sediments of Messinian age overlying
a “Terra rossa” horizon that documents a prolonged
subaerial exposure, thereby providing evidence of the

Fig. 2 - Paleogeographic reconstruction of the Southern Apennine
area during the Late Miocene. 1: Open marine basin. 2: Shelf.
3: Emerged lands. 4: Apenninic orogenic front. 5: Present-day
coastline. Modified from Brandano et al. (2017). The asterisk
indicates the location of the studied section.

Fig. 3 - Stratigraphic column of the Capo di Fiume section. 1:
Mottled grey to dark-brown marl and clayey marl. 2: Fissile darkgrey marl and shaly marl. 3: Limestone. 4: Marly limestone. 5:
Bio-lithoclastic calcarenite. 6: Lime conglomerate. 7: Massy muddy
deposit. 8: Well-laminated (left half) and laminated to massive,
bioturbated (right half) diatomite. 9: Bauxitic (“Terra rossa”)
paleosoil. Modified from Carnevale et al. (2011).

G. Carnevale et alii - Messinian fishes from Capo di Fiume, Italy
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Fig. 4 - a) Panoramic view of the Capo di Fiume section; transition from continental facies (“Terra rossa” paleosoil) to frankly marine facies
(Tripoli Formation equivalent), passing through marsh-swamp to estuarine facies (Lithothamnion Limestone equivalent). b) Polished slab of
a hand specimen of Cretaceous saccharoidal limestone. c) Photomicrograph (transmitted light) of saccharoidal limestone; note the widespread
bioturbations (arrowheads). d) Detail of the bauxitic paleosoil. e) Photomicrograph (transmitted light) of bauxitic paleosoil; note the sparfilled cracks and the carbonate nodules, locally coated with Fe-Al-rich clayey rim. Scale bars: b = 10 mm; c and e = 2 mm. (a), (c) and (e)
modified from Carnevale et al. (2011).
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Fig. 5 - Lithostratigraphy of the Capo di Fiume section. a) Detail of the transition from the lowermost Messinian Lithothamnion Limestone
Fm. equivalent to the lower Messinian Tripoli Fm. equivalent. b) Details of the members of Lithothamnion Limestone equivalent: A = top
of the organic-rich freshwater deposits (freshwater marsh and tidal creeks); B = fetid, thinly laminated sediments (swampy environment);
C1-4 = predominantly marly sediments (brackish environments progressively influenced by marine waters; see text for details); D1 = first
diatomite-bearing interval (frankly marine conditions).

evolutionary transition from genuine continental facies to
frankly marine conditions (Figs 3-4a). The “Terra rossa”
soil covers uppermost Cretaceous limestones (Figs 3-4a),
although a minor fault has locally obliterated the original
stratigraphic contact. According to Carnevale et al. (2011),
the Cretaceous carbonates underlying the “Terra rossa”
deposits consist of medium-sized bioclastic limestones
showing a crypto-crystalline texture and representing a
lithostratigraphic unit named to as Saccharoidal Limestone
(Fig. 4a-c). The name of this lithostratigraphic unit is due
to the “saccharoidal” texture of the biodetritus, almost
exclusively composed of abraded and worn inoceramid
prisms, echinoid radioles and calcisphaerulids (Pithonellalike). Large scale, low-angle planar cross stratification
(Fig. 3) characterized by bidirectional dip is indicative
of offshore marine bars in a ramp-like open-shelf setting.
The top of the Saccharoidal Limestone is extensively
bioturbated (Fig. 4c), showing large horizontal and oblique
burrows likely indicative of a nearshore environment.
The “Terra rossa” paleosoil horizon is exposed with
a thickness exceeding 15 m (Figs 3-4a). The groundmass
of the overlying red-stained illuvial soil (Fig. 4d) is
composed by a fine mixture of yellow to red clay minerals,
Fe/Mn hydroxides, quartz-grains and rare mica flakes. It
also includes isolated and coalescent calcareous nodules,
fine to medium-sand-sized carbonate lithoclasts with
leached rims, locally abundant ferruginous pisoids and
subordinate volcanic quartz and calcitized feldspars (Fig.
4e). The calcareous nodules consist of speckled micrite/
microsparite masses precipitated in the vadose zone,
often surrounded by a Fe-rich clayey red rim. Spar-filled
circumgranular shrinkage cracks and complex networks
of carbonate rhizoliths are the most common pedofeatures
(Fig. 4e). In some cases, the porosity associated with root
activities are partly or totally filled with well-preserved

needle-fiber or whisker calcite cement of vadose origin
(Fig. 4e).
The Messinian transgressive deposits overlying the
“Terra rossa” paleosoil (Figs 3 and 5a) consist in the lower
part of a deepening-up muddy sequence indicative of marsh
to swamp to estuarine environments (members A-C in Figs
3 and 5b), which possibly represents an equivalent of the
Lithothamnion Limestone Formation (Carnevale et al.,
2011). The upper portion consists instead of open-marine
shelf sediments, representing an equivalent of the Tripoli
Formation (Figs 3-4a and 5a; Carnevale et al., 2011). In
particular, the lower portion of the sequence, less than 1.5
m thick, comprises grey to dark-brown mottled marls and
clayey marls with thin, lenticular beds of conglomerates
interpreted as freshwater to paralic marsh deposits
(member A in Figs 3 and 5b); the calcareous pebbles are
characterized by pendant lower coats of white micritic
chalky calcite. The marls appear to be barren and consist
of a micrite-sized pedogenetic carbonate with dispersed
quartz grains, calcareous lithoclasts, clay minerals and,
occasionally, organic particles. The pedogenic nature of
these marls is suggested by the common occurrence of
vadose whisker calcite inside vugs and cavities created
by plant roots. The mottled appearance is given by
light-coloured carbonate rhizoliths, as well by a delicate
network of thin root tubules stained by dispersed organic
particles or filled with black microscopic aggregates
of pyrite framboids (Fig. 6a-c). The dark colour, high
pyrite content, pervasive root burrowing and occurrence
of circumgranular cracks (Fig. 6b-c) suggest a moist
soil originated in a reducing environment in which long
periods of waterlogging favoring iron mobility alternated
with periods of intense drying causing iron concentration
(Carnevale et al., 2011). The uppermost portion of these
freshwater marsh deposits is represented by grey marly
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clays alternating with organic-rich black shales containing
plant remains and fragmented shells of terrestrial
pulmonate gastropods, the latter possibly belonging to the
zonitid genus Vitrea (see Carboni et al., 1992).

The freshwater marsh interval grades upwards into
about 60 cm of fissile and fetid dark-grey marls and
shaly marls with a whitish colour on the weathered
surfaces (member B in Figs 3 and 5b). The shaly marls

G. Carnevale et alii - Messinian fishes from Capo di Fiume, Italy
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Fig. 6 - Photomicrographs (transmitted light) of the Lithothamnion Limestone Fm. equivalent (members A-C; modified from Carnevale et al.,
2011). a-c) Member A. a) Grey to brownish speckled sandy micrite with dark-stained root tubules. b) Close-up of the sandy micrite showing
well-preserved root tubules, some of which filled with a microaggregate of black pyrite framboids. c) Pedogenically-reworked carbonate
with spar-filled root cavities and syneresis features. d) Member B. Laminated black shale showing discontinuous thin lumachella layers with
flattened gastropods and wavy to lenticular laminae of very fine calcarenite/calcisiltite with black veneers of wood fragments. Thin, spar-filled,
transversal sinuous fissures and subhorizontal, flat shrinkage cracks are visible. e-h) Member C. e) Calcisphaerulid-rich packstone/wackestone
with sparse flattened and crashed gastropods, thin-shelled bivalves and disarticulated thick-walled ostracods. f-h) Close-up of calcisphaerulids.
Note in panel (g) a possible excystation stage (arrowhead). Scale bars: a = 3 mm; b = 1 mm; c = 250 μm; d-e = 2 mm; f-h = 100 μm.

are characterized by thin highly fossiliferous layers
containing an oligospecific assemblage of aquatic or
strongly hygrophilous terrestrial gastropods, including
ellobiids (Carychium), lymneids (Lymnaea), hydrobiids
and vertiginids, associated with relatively common
ostracods. The gastropods are indicative of a variety of
swampy biotopes, including stagnant freshwater ponds
(Lymnaea), brackish-water environments with salinity
fluctuating from hypohaline to oligohaline conditions
(hydrobiids), and very humid and densely vegetated
lands (Carychium and vertiginids). In the lower portion
of this interval, the shaly marls alternate with darkbrown and organic-rich layers rich in wood fragments
displaying current-driven wavy to lenticular detrital
laminae (Fig. 6d) composed of bioclastic silt, quartz
grains, organic particles, sporomorphs and very fine and
rounded calcareous lithoclasts. Overall, both molluscs and
lithofacies indicate a permanently flooded area in highly
vegetated wetlands temporarily subject to feeble variations
of salinity and to periodic slow-flowing water currents;
such a scenario is consistent with swamps connected to
marine environments under warm temperate or subtropical
conditions.
The swamp deposits are overlain by about 1.20 m
of marls, limey marls and marly limestone showing a
complex stacking pattern (intervals C1-C4 in Figs 3
and 5b). The fossil assemblages reflect sudden salinity
variations, from hypohaline to oligohaline conditions.

Based on facies associations Carnevale et al. (2011)
subdivided this portion of the succession into four
intervals:
1. The basal interval (C1 in Figs 3 and 5b) consists of
about 30 cm of thinly laminated fetid grey shaly marls,
marls and marly limestone with abundant Dreissena and
Hydrobia together with ostracods and very rare, evidently
reworked, planktonic foraminifers (see Carboni et al.,
1992).
2. The second interval (C2 in Figs 3 and 5b) consists
of 30 cm of marls and silty marls with thin intercalations
of marly limestones. The fossil assemblage, mainly
represented by Dreissena, Melanopsis and small neritids
possibly belonging to the genus Theodoxus, together with
abundant cerithiids, indicates a brackish environment
with a higher salinity than the deposits of the underlying
interval. The microfacies (Fig. 6e-h) is characterized
by abundant calcareous calcisphaerulids, apparently
representing sporomorphs or resting algal cysts, Ammonia,
and disarticulated valves of ostracods, associated with
sporadic reworked planktonic foraminifers.
3. The third interval (C3 in Figs 3 and 5b) is primarily
formed by less than 20 cm of grey marls and silty marls
with thin layers of black shales rich in plant remains.
The fossil assemblage is dominated by potamidids and
cerithioids of the families Cerithiidae, Diastomidae
and Litiopidae, alternated with nearly monospecific
associations of Dreissena concentrated in thin lumachella

Fig. 7 - Lumachella layer containing potamidids, cerithiids and Dreissena from the Lithothamnion Limestone Fm. equivalent (C3 interval).
Scale bar: 20 mm.

98

Bollettino della Società Paleontologica Italiana, 61 (2), 2022

layers (Fig. 7). The mollusc assemblages suggest a further
increase in salinity with respect to the underlying deposits;
however, the occasional occurrence of hygrophilous
terrestrial gastropods (vertiginids) may reflect the episodic
decrease of the salinity.
4. Finally, the uppermost interval (C4 in Figs 3 and 5b)
is represented by 40 cm of silty marls and marly limestones
with a limestone bed at the top, whose fossil assemblage
is characterized by Dreissena, Melanopsis, Theodoxus,
cerithiids and small marine bivalves apparently belonging
to the family Semelidae, associated with rare Corbula.
The microfacies of this uppermost portion is characterized
by a groundmass of calcareous sporomorphs associated
with isolated ostracod valves and displaced planktonic
foraminifers. Due to the presence of marine molluscs it
is reasonable to suggest a brackish-water environment in

close proximity to an open-marine shelf, likely represented
by an estuarine bay.
The estuarine bay deposits are overlain by approximately
30 m of fully marine sediments (Figs 3-4a and 5a) referred
by Carnevale et al. (2011) to as an equivalent of the Tripoli
Formation (see, e.g., Hilgen & Krijgsman, 1999); these
deposits are represented by at least six lithological cycles
of alternating grey organic-rich calcareous marls and
diatomites (D1-D6; Fig. 3). This cyclic stacking pattern
is similar to that commonly observed in other lower
Messinian sedimentary successions of the Mediterranean
region represented by the alternation of sapropelitic and
diatomaceous sediments. Such cyclicity is attributed to
astronomically-driven hydrological changes affecting
the structure and productivity of the water column (e.g.,
Hilgen & Krijgsman, 1999; Pellegrino et al., 2018).

Fig. 8 - Tripoli Fm. equivalent. a) First diatomaceous layer (cycle D1) overlain by a prominent bio-lithoclastic calcarenite layer and by the
second organic-rich calcareous marly layer (cycle D2). b-c) The finely laminated diatomaceous layer is interrupted by non-laminated layers and
by a coarse-grained, slump-related convolute bioclastic bed rimmed by black siliceous cement - arrowheads in panel (b) and detail in panel (c).

G. Carnevale et alii - Messinian fishes from Capo di Fiume, Italy

The first marine cycle is characterized by a relatively
complex architecture (Fig. 3) whereas the overlying cycles
primarily consist of alternations of organic-rich calcareous
marls and diatomites. In general, the succession exhibits a
progressive decrease of the thickness of the diatomaceous
layers, passing from about 180 cm in the first cycle to less
than 50 cm in the sixth one (Fig. 3). The succession starts
(base of the interval D1 in Fig. 3) with a thin horizon (10
cm) of laminated calcareous marls containing abundant
Corbula gibba (Olivi, 1792) and rare dreissenids, overlain
by 40 cm of massive grey marls. The grey marls are
extensively bioturbated and include abundant bivalves,
primarily represented by Corbula gibba with conjoined
valves, and subordinated oysters, cardiids, semelids
and tellinids (Fig. 3). Carboni et al. (1992) reported the
presence of several benthic foraminifers (e.g., Ammonia
beccarii [Linnaeus, 1758], Bolivina sp., Bulimina
echinata d’Orbigny, 1826, Cibicides spp., Elphidium
crispum [Linnaeus, 1758]) and rare globigerinids in these
deposits. The fossil assemblage seems to be indicative of
a marine paleobiotope located at a depth of several tens
of meters and characterized by turbid waters. The textural
homogeneity and the absence of sedimentary structures
related to selective transport by submarine currents
or coastal drift indicate subtidal conditions in a muddominated open coastal flat with a very limited supply
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of sand-sized sediment from the catchment area. These
deposits are covered by about 180 cm of finely laminated
diatomites (Figs 3 and 8a-b) interrupted by non-laminated
layers and by a coarse-grained, convolute bioclastic bed
(Fig. 8b-c). The macrofossil content of this diatomite
interval is relatively rich and includes well-preserved
articulated skeletal remains of teleost fishes documented
herein, among which the round herring Spratelloides
lemoinei Arambourg, 1927 is by far the dominant element.
In addition, a single nearly complete articulated skeleton
of the ochotonid species Prolagus cf. apricenicus Mazza,
1987 (see Mazza et al., 1995; Angelone, 2007), bird
feathers, very rare decapod crustaceans, insects, bivalves
and plant remains (leaves, seeds, cones, fruits) have been
observed. The rather scarce foraminifers are exclusively
represented by ammoniids, bolivinids and rare dwarfed
globigerinids (Carboni et al., 1992; Patacca et al., 1992).
At about 20 cm from the base of this first diatomaceous
interval (Fig. 3), a thin (7 cm thick) massive mudstone
bed containing a nearly monotypic assemblage of Corbula
gibba with disarticulated and conjoined valves, has been
interpreted as a subaqueous gravity-driven mud-flow
deposit triggered by tectonic instability or by a sudden
increase in the sediment loading related to a rapid sediment
supply from the catchment area, in turn determined by an
exceptional climatic event.

Fig. 9 - Tripoli Fm. equivalent. Sedimentological features and microfacies of the second marly layer (cycle D2). a) Polished slabs of a hand
specimen, consisting of a lower coarse-grained layer overlain by an intermediate gastropod-rich layer and topped by a fine-grained layer.
Note the bioturbations (arrowheads). b) Corbula gibba specimens (arrowheads) observed perpendicularly to the bedding plane. c) Massive
occurrence of Corbula gibba specimens observed parallel to the bedding plane. Scale bars: a = 30 mm; b = 20 mm; c = 10 mm.
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Fig. 10 - Tripoli Fm. equivalent. a) Second diatomaceous interval (cycle D2). b) Bioturbations along the bedding plane of diatomite (cycle
D2). c) Panoramic view of the upper part of the section (cycles D2 to D6). d) Normal fault between cycles D3 and D4.

G. Carnevale et alii - Messinian fishes from Capo di Fiume, Italy
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Fig. 11 - Tripoli Fm. equivalent. a) Massive accumulation of ostreids (cycle D6). b) Polished slab of a hand specimen from the ostreid-rich
bed. Scale bar = 30 mm.

The first diatomaceous interval (cycle D1) is overlain
by about 1 m of grey marls with intercalated cm-thick,
graded calciturbidite layers characterized by normal
grading and erosional structures at the base (Figs 3, 8a
and 9a). The basal portion of the marls (see interval D2
in Fig. 8a) contains nearly monotypic accumulations of
Corbula gibba with conjoined valves; the shells seem to
be displaced from their original position, showing the
commissure parallel or sub-parallel to the bedding plane
(Fig. 9b-c).
The marls with calciturbidite intercalations are
followed by 5 m of fetid massive grey calcareous marls
containing abundant and diversified marine bivalves
(Acanthocardia sp., Callista sp., Cardita sp., Cardiidae
indet., Circomphalus sp., Glans sp., Lima sp., cf. Megaxinus
sp., Ostrea sp., Paphia sp., Pinna sp., Venus sp.), often
with conjoined valves, associated with rare gastropods
(Aporrhais sp., Turritella sp.) (Fig. 3). The massive aspect
of this thick muddy and organic-rich interval, absence of
internal sedimentary structure and biogenic reworking,
and the considerable volume of sediment involved
suggest a gravitative mass-flow mechanism for transport
and accumulation, perhaps triggered by seismic activity.
The microfacies consists of a very fine-grained bioclastic
wackestones/packstones with dispersed and randomly
distributed mollusc fragments, Cibicides sp., buliminids,
planktonic foraminifers (Globigerina, Globigerinoides,
Globorotalia and Orbulina; see Carboni et al., 1992),
abundant siliceous sponge spicules, echinoid radioles,
rare small-sized Elphidium, abundant phosphatic material
and organic particles mixed with calcareous lithic grains.
A second, less well-laminated diatomite interval
around 1.20 m thick (cycle D2) lies over the massive grey
marls (Figs 3 and 10a). The macrofossil content includes
rare articulated fish skeletons, scarce bivalves (Cardita
sp.) and plant remains, the latter extremely abundant in
some biogenic laminae. Well-developed trace fossils, lying
almost parallel to the bedding, are also present (Fig. 10b).
The succession continues upward with other four
cycles (D3, D4, D5 and D6) of alternated dark grey
calcareous marls and diatomites (Figs 3 and 10c-d). Each
interval of dark grey calcareous marls is characterized at

its base by thin shell beds consisting of nearly monotypic
assemblages of Corbula gibba with conjoined valves and
the commissure parallel or subparallel to the bedding
plane, alternating with very fine-grained calciturbidites
and contourites. The upper portion of the calcareous marls
intervals is always characterized by common bivalves,
often with conjoined valves and chaotic distribution, and
turritellid gastropods. In the uppermost cycle, the dark
grey calcareous marls also include a massive accumulation
of large oysters (Fig. 11). Planktonic foraminifers are
always relatively common. The stratigraphic marker
Turborotalita multiloba (Romeo, 1965) appears to be
present in the calcareous marls of the sixth cycle.
The diatomites of the upper four cycles (Figs 3 and
10c-d) exhibit a progressive reduction of the macrofossil
content. Articulated skeletal remains of fishes are rare,
represented by poorly preserved specimens of the round
herring Spratelloides lemoinei.
Sedimentological features of the diatomites
The first, finely laminated diatomitic interval of the
cycle D1 (Figs 3 and 8) is characterized by the alternation
of millimetric to inframillimetric, dark (detrital-rich
and mixed detrital-diatomaceous) and pale (diatomrich) laminae (Figs 8b-c and 12a) most likely reflecting
short term (annual to subannual) climate changes.
According to their respective thickness, the alternation
of these two lamina types may result in mud- or diatomdominated laminated packets (“md” and “dd” in Fig.
12a, respectively), which indicate humid vs. arid climatic
phases and consequently major or minor dilution of the
biogenic component of the sediment (e.g., Chang et al.,
1998; Fig. 12a). Within the laminated packets, mm- to
cm-sized phosphatic nodules locally occur (Fig. 12a).
The successive diatomaceous intervals (cycles D2,
D3, D4, D5 and D6) show a gradually less well-expressed
lamination, with commonly occurring bioturbations
(Fig. 12b). In thin sections, detrital-rich laminae appear
composed of silt-sized carbonate grains, echinoid
fragments, foraminifers and siliceous sponge spicules
(Fig. 13a-b), likely reworked from the shallower area
of the platform. Mixed laminae display an intermediate
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Fig. 12 - Tripoli Fm. equivalent. Sedimentological features of the diatomaceous layers. a) Polished slab of a hand specimen from the first
diatomaceous layer (cycle D1); note the fine lamination, and the stacking pattern consisting of the alternation of diatom-dominated (dd) and
mud-dominated (md) packets, pervasively crossed by hybrid fault-vein structures; note also two small phosphatic nodules in the upper part
(arrowheads). b) Polished slab of a hand specimen from the second diatomaceous layer (cycle D2); note the faint lamination and the abundant
muddy fraction. Scale bars = 10 mm.

composition between detrital- and diatom-rich laminae,
therefore reflecting periods of moderate clastic input and
biogenic productivity. The best-preserved diatom-rich
laminae (Fig. 13a-b) are typified by a dense accumulation
of large specimens of marine planktonic diatoms of the
genus Coscinodiscus (Fig. 13c). This may indicate a
periodical stratification of the water column associated to
the development of a subsurface chlorophyll maximum
(e.g., Estrada, 1991; Kemp & Villareal, 2018). Although
such modality of diatom proliferation is often overlooked,
it actually represents a fundamental contribution to the
annual cycle of primary productivity in modern coastal
and pelagic environments, especially during the warm
season, at the end of which the diatoms are involved
in the so-called “fall-dump” (Kemp et al., 2000), a
massive sink toward the seafloor in response to water
column vertical mixing. This may result in the formation
of excellently preserved diatom-rich laminae, hardly

reworkable by the benthic infauna and meiofauna,
even under well-oxygenated bottom conditions (e.g.,
Kemp & Baldauf, 1993; Pike et al., 1999; Shimada et
al., 2008; Pellegrino et al., 2020a, b). The assemblage
comprises other remains of planktonic diatoms, notably
Chaetoceros resting spores (Fig. 13d) and Thalassionema
nitzschioides (Grunow) Mereschkowsky, 1902 (Fig.
13e), as well as scattered benthic-epiphytic diatoms like
Actinoptychus senarius Ehrenberg, 1838 (Fig. 13f) and
Rhabdonema cf. adriaticum Kützing, 1844 most likely
displaced from a shallow-water area (see Pellegrino et
al., 2020a, b), which was occupied, at least in part, by
seaweeds. Chaetoceros resting spores were most likely
produced at the end of bloom events in surface waters, in
response to stressing conditions such as nutrient depletion
(e.g., Rigual-Hernández et al., 2013). Conversely, the
cosmopolitan species T. nitzschioides likely flourished in
surface, nutrient-replete waters, induced by the riverine
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Fig. 13 - Microfacies of the first diatomaceous layer (cycle D1) of the Tripoli Fm. equivalent. a) Photomicrograph (transmitted light) of an
alternation of diatom-rich, mixed and detrital-rich laminae. b) Detail of a detrital-rich lamina overlain by a diatom-rich lamina; note a sponge
spicule at the top of the detrital-rich lamina (arrowhead). c) SEM image of freshly-broken sediment chips parallel to the bedding plane:
valves of large centric diatoms of the genus Coscinodiscus on a lamina surface. d) Chaetoceros sp. resting spore (circled). e) Thalassionema
nitzschioides. f) Actinoptychus senarius. Scale bars: a = 100 μm; b = 200 μm; c = 25 μm; d-e = 5 μm; f = 10 μm.
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inflow, possibly responsible for the displacement of
benthic-epiphytic diatoms, or by water column mixing
(e.g., Rigual-Hernández et al., 2013).
The lamination is frequently interrupted by nonlaminated intervals, and pervasively disturbed by
synsedimentary hybrid fault/vein structures (Fig. 12)
produced by seismic activity or sediment loading. These
features are often associated with calciturbidite layers
rimmed by dark siliceous cement (Fig. 8b-c). The layers
contain Elphidium sp., echinoid radioles, fish teeth and
scales, and fragments of serpulids and barnacles, as well
as abundant, rounded lithoclasts derived from Upper
Cretaceous limestone (Carnevale et al., 2011).
Biostratigraphic remarks
The precise age of the succession is difficult to define
due to the progressive facies evolution, from continental
to frankly marine environments, which documents the
ongoing involvement of the Morrone-Porrara unit in
the foredeep domain (Carboni et al., 1992). Overall, the
succession appears to be stratigraphically continuous
and its lower continental portion may include the
Tortonian-Messinian transition. The mollusc assemblages
recognized in the continental-brackish intervals indicate
an unspecified Tortonian-Messinian age (e.g., Esu &
Girotti, 1989; Harzhauser et al., 2015). The occurrence
of Bulimina echinata in the calcareous marls just below
the first diatomaceous interval is clearly indicative of a
Messinian age (Colalongo et al., 1979). This stress-tolerant
benthic foraminifer increases in abundance between 6.5
and 6.4 Ma in the Tripoli Formation in Sicily (Sprovieri
et al., 1996; Blanc-Valleron et al., 2002). The presence
of the stratigraphic marker Turborotalita multiloba (FCO
ca. 6.4 Ma; Sierro et al., 2001) in the sixth marine cycle
demonstrates the Messinian age of the upper part of the
succession. Moreover, the occurrence of the ochotonid
Prolagus cf. apricenicus in the first diatomite interval
suggests that these sediments can be correlated with the
lower MN13 Mammal Faunal Zone, corresponding to
the upper Turolian mammalian biochronozone (Mazza
et al., 1995).
Sedimentary and paleogeographic evolution
The Morrone-Porrara Unit (Figs 1-2), together with the
Maiella and other adjacent units, was part of the Adriatic
Foreland, at least until the late Messinian, when it began
to be incorporated in the foredeep domain. These units,
geographically connected since the Mesozoic, developed
during the late Tortonian-early Messinian, on a structural
high in the central part of the Mediterranean (Patacca &
Scandone, 1988; Patacca et al., 1990). They were initially
located in the foreland domain, adjacent to slope and basin
units (Montagna Grande, Mt. Arazzecca and Mt. Genzana,
Molise Units; Figs 1-2) (e.g., Sgrosso, 1986; Patacca et
al., 1992). The presence of continental to brackish facies
and of terrestrial fossils in the frankly marine deposits
(Prolagus cf. apricenicus, plant and insect remains) of
the Capo di Fiume section are clearly indicative of the
exintence of emerged areas, most likely islands, in the
Morrone-Porrara unit (Fig. 2). Semi-emerged structures
have been also reported in paleogeographically contiguous
areas, stratigraphically comparable to the Capo di Fiume
succession (Danese, 1999).

The gradual transgressive trend recognizable in the
Capo di Fiume succession could be linked to a glacioeustatic or tectonic control, or to the synergistic effect
of both. As previously discussed, the faunal succession
properly documents the environmental sequence from
continental to frankly marine conditions that were
eventually reached starting from the freshwater marsh
environment hypothesized for the sediments exposed
immediately above the “Terra rossa” paleosoils. Both
sedimentary and paleontological markers of tectonic
instability are easily recognizable in the diatomaceous
and marly deposits, respectively. In particular, while the
diatomites exhibit sedimentary structures attributable
to tectonic disturbance (see above; Figs 8b and 12), the
grey marls covering the first diatomite interval and the
successive calcareous marls show mollusc assemblages
often dominated by the infaunal bivalve Corbula gibba,
especially in the lower portion of the stratigraphic
succession (e.g., Figs 3 and 9b-c). This opportunistic
species is extremely abundant in shelf settings affected
by hypoxia or extreme oversilting (e.g., Di Geronimo et
al., 1987; Diaz & Rosenberg, 1995; Hrs-Brenko, 2006;
Fuksi et al., 2018). The almost exclusive presence of
this opportunistic species is commonly interpreted as the
final evolutionary stage of the so-called “heterogeneous
communities” (Picard, 1965) affected by considerable
environmental disturbance, often of tectonic origin,
consisting of high sedimentation rates and bottom turbidity
(Di Geronimo et al., 1987; Di Geronimo & Robba, 1988).
In particular, Corbula gibba is dominant in unstable sea
beds characterized by organic-rich sedimentary supply
(see Bourcier et al., 1979), being able to exploit abundant
trophic sources (diatoms, bacteria, organic debris) present
on the seafloor, in settings where such resources are mixed
to considerable amounts of inorganic detritus (Yonge,
1946).
THE MACROFOSSIL ASSEMBLAGE
Abundant fossils have been discovered in the first
diatomite cycle of the Capo di Fiume succession (D1),
including numerous plant, invertebrate and vertebrate
remains. Coprolites and regurgitates have been also
observed.
Plant remains (Fig. 14a-c) are primarily represented
by leaves, leaflets, flowers and inflorescences, seed cones,
and fruits and infructescences. The entire flora has been
recently examined by Teodoridis et al. (2015), who
recognized slightly less than 30 taxa. The assemblage is
mostly characterized by sclerophyllous to mesophytic
taxa (Berberis, Carpolites, Chamaecyparis, Cupressus,
Dicotylophyllum, Engelhardia, Ilex, Leguminosae,
Magnolia, Myrica, Paliurus, Phoenicites, Pinus, Salix,
cf. Sapindus, Tetraclinis, cf. Trigonobalanopsis, Typha),
documenting a coastal, non-swampy, riparian (wet soil)
vegetation with remarkable abundance of woody elements
living in semi-arid to sub-humid conditions.
Invertebrate remains are primarily represented by
fragmentary or largely incomplete specimens observed
during the microscopic analysis of the sediment and
comprise hexactinellid sponge spicules, bryozoan
fragments, balanid scuta, echinid radioles and serpulid
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Fig. 14 - Macrofossil content of the first diatomite interval of the Tripoli Fm. equivalent (cycle D1). a) Impression of incomplete pinnate leaf
of the palm Phoenicites sp., MGPAA PALB7. b) Indeterminate leaf showing insect-mediated damages; MGPAA uncatalogued. c) Incomplete
needles of Pinus rigios, MGPAA PALB10. d) Prolagus cf. apricenicus, MGPAA uncatalogued. Scale bars: a and d = 50 mm; b-c = 10 mm.

tubes. A single partially complete crab cephalothorax
with an associated left cheliped possibly pertaining to the
family Xanthidae has been also found. Insect remains are
uncommon, mostly represented by isolated wings.
As far as vertebrates are concerned, tetrapods are
represented by the already mentioned articulated skeleton
of the ochotonid Prolagus cf. apricenicus (Mazza et al.,
1995; Fig. 14d), but also by a few isolated bird bones and
poorly preserved feather imprints. The Prolagus specimen
is about 18 cm long and is characterized by a partially
complete skeleton lacking the distal parts of the limbs.
The articulated skeleton is surrounded by a dark-colored
organic halo, which possibly represents the fossilized
residue of the original fur. According to Mazza et al.
(1995), this fossil seems to exhibit evidences of floatation,
as suggested by the loss of the distal limb bones.

Articulated skeletal remains of bony fishes (Figs
15-17) represent the majority of the fossil vertebrates
discovered in the diatomites of the Capo di Fiume section,
with about 250 specimens, of which 222 identifiable
from a taxonomic point of view. The taxonomic analysis
of the fish assemblage revealed the presence of 18 taxa,
belonging to 10 families, among which Spratelloides
lemoinei is by far the dominant taxon, represented by
about two thirds of the identified specimens. A list of the
recognized fish taxa is reported in Table 1. Some of these
fishes were described in detail (Carnevale & Landini,
2001; Carnevale, 2002), including a pharyngognath that
was erroneously referred to an indeterminate species of
the family Pomacentridae (Carnevale & Landini, 2000);
a recent preparation of this specimen (MGPAA PAL002)
revealed the presence of a premaxilla with coalesced
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Family

Clupeidae

Taxon
Alosa elongata Agassiz, 1843

n
18

Etrumeus boulei Arambourg, 1925

1

Sardina pilchardus (Walbaum, 1792)

5

Spratelloides lemoinei Arambourg, 1927

165

Sternoptychidae

Maurolicus cf. muelleri (Gmelin, 1879)

2

Paralepididae

Lestidiops sphekodes (Sauvage, 1870)

1

Paralepis albyi (Sauvage, 1870)

5

Diaphus edwardsi (Sauvage, 1870)

1

Myctophum columnae (Sauvage, 1873)

1

Merlucciidae

cf. Merluccius sp.

1

Batrachoididae

Batrachoididae gen. et sp. indet.

1

Latidae

Lates cf. niloticus Linnaeus, 1758

1

Carangidae

Trachurus sp.

7

Sparidae

Boops roulei Arambourg, 1927

4

Diplodus sp.

4

cf. Pagrus sp.

2

Spicara sp.

2

cf. Mioblennius sp.

1

Myctophidae

Blenniidae

Tab. 1 - List of Messinian fishes from the Tripoli Fm. equivalent
(cycle D1), Capo di Fiume section (Palena, Abruzzo).

ascending and articular processes, which clearly excludes
any possible attribution to the Pomacentridae (see Rosen
& Patterson, 1990), but supporting the inclusion within
the Sparidae; this specimen is tentatively referred herein
to the genus Pagrus.
From an ecological point of view, the fish assemblage
is mostly composed of neritic and coastal epipelagic taxa
(see the definition of ecological categories in Landini
& Menesini, 1984), being in some ways reminiscent
of the nearly coeval assemblages of Raz-el-Aïn, Chelif
Basin, northern Algeria (Arambourg, 1927), and Gabbro,
Tuscany, Italy (Bradley & Landini, 1982). The families
Clupeidae (Alosa elongata Agassiz, 1843, Etrumeus
boulei Arambourg, 1925, Sardina pilchardus [Walbaum,
1792], Spratelloides lemoinei) and Sparidae (Boops
roulei Arambourg, 1927, Diplodus sp., cf. Pagrus sp.,
Spicara sp.) include nearly the half of the recognized
fish diversity with four species-level taxa each. While
clupeids are mostly coastal epipelagic, the sparids are
typical demersal fishes. Additional demersal fishes
recognized in the assemblage are the taxa belonging
to the families Merlucciidae (cf. Merluccius sp.) and
Carangidae (Trachurus sp.). Overall, the structure and
composition of the demersal fish assemblage is consistent
with the so-called “subthermocline sparid assemblages”
(or subthermocline sparid subcommunity) typical of the
tropical and subtropical west African continental shelf
(e.g., Longhurst, 1965; Bianchi, 1992a, b). Benthic
fishes are rather scarce, represented by an indeterminate
batrachoidid and a blenniid (Mioblennius sp.). The
species of the families Myctophidae (Diaphus edwardsi
[Sauvage, 1870], Myctophum columnae [Sauvage, 1873]),

Paralepididae (Lestidiops sphekodes [Sauvage, 1870],
Paralepis albyi [Sauvage, 1870]) and Sternoptychidae
(Maurolicus cf. muelleri [Gmelin, 1879]) are small- to
medium-sized upper slope and mesopelagic fishes that
commonly display vertical migrations to explore the
neritic food resources, primarily represented by planktonic
organisms and fishes. Finally, a single largely incomplete
disarticulated skeleton documents the presence of the
fresh- to brackish water Nile perch, Lates cf. niloticus
Linnaeus, 1758 (see Carnevale & Landini, 2001). Due
to their adventitious character, these mesopelagic and
freshwater taxa cannot be used to interpret the main
physiographic features of the original paleobiotope in
which the diatomites accumulated, although they can
certainly provide useful information about the contiguous
open marine and continental environmental contexts.
TAPHONOMY
The taphonomic analysis of the fossil fish assemblage
has revealed a possible sequence of events that, starting
from the causes of death, favored and promoted the
definitive burial of the remains. The definition of these
mechanisms allows for a more detailed interpretation
of the paleoecological information regarding the
paleobiotope where the fish assemblage documented
herein originally lived. The results obtained from the
taphonomic study will be integrated with those deriving
from the paleoecological analysis of the whole assemblage
and from the sedimentological study of the diatomites,
with the purpose to obtain a reliable paleoenvironmental
frame.
The life cycle of marine fishes is generally regulated
by the predation by other organisms and those concluding
their life cycle for other causes (senescence, diseases,
etc.), constitute a trophic resource for the scavengers.
Consequently, remains of fishes and other vertebrates are
usually rather scarce on the seafloor. A completely different
scenario may occur in the case of catastrophic events or
when peculiar conditions at the bottom can promote the
accumulation and preservation of remains (anoxia, etc.).
Both these phenomena are well documented in the fossil
record and, either in the case of accumulation surfaces
(see, e.g., Leckie et al., 1992) or of mass mortality events,
the presence of peculiar bottom conditions represents a
necessary pre-requisite for the definitive preservation of
the remains.
The causes leading to the death of some of the
examined fishes may be deduced, in some cases, by
particular morphological features observable on the
fossils. Widely gaping jaws, fanned and stiffened fins
and dorsally concave backbone, for example, are typical
features of tetany, a sort of rigor mortis resulted from
death by thermal shock, salinity or alkalinity shock and
respiratory stress (primarily asphyxiation; Elder & Smith,
1984; Ferber & Wells, 1995; Faux & Padian, 2007; Pan
et al., 2015; Marramà et al., 2016).
Several of the examined specimens show tetany
features, which are especially evident in small-sized
non-acanthomorph taxa (e.g., Sardina pilchardus,
Spratelloides lemoinei, Maurolicus cf. muelleri, Diaphus
edwardsi; Figs 15c-g, 16i and 17a). The acanthomorphs,
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Fig. 15 - Fishes from the Tripoli Fm. equivalent (cycle D1). a) Alosa elongata, MGPAA uncatalogued. b) Etrumeus boulei, MGPAA PAL016.
c) Sardina pilchardus, MGPAA PAL024. d) Spratelloides lemoinei, MAGPAA PAL007. e) Maurolicus cf. muelleri, MGPAA PAL114. f)
Diaphus edwardsi, MGPAA PAL009. g) Myctophum columnae, MGPAA PAL014. h) Lestidiops sphekodes, MGPAA PAL010b. i) Paralepis
albyi, MGPAA PAL080. Scale bars: a-b and h = 20 mm; c-g = 10 mm; i = 30 mm.

due to the general stiffening of the axial skeleton as well
as to the complex functional relationships of the upper
jaw bones (e.g., Patterson, 1964; Rosen & Patterson,

1969), show only limited evidence of tetany features.
The main evidence of tetany is therefore represented
by the widely gaped mouths well recognizable in most
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Fig. 16 - Fishes from the Tripoli Fm. equivalent (cycle D1). a) cf. Merluccius sp., MGPAA PAL020. b) Batrachoididae indet., MGPAA
PAL046a. c) Lates cf. niloticus, MGPAA PAL001. d) Trachurus sp., MGPAA PAL040a. e) Boops roulei, MGPAA PAL063. f) Spicara sp.,
MGPAA PAL026. g) Diplodus sp., MGPAA PAL019. h) cf. Pagrus sp., MGPAA PAL004. i) cf. Mioblennius sp., MGPAA PAL017. Scale
bars: a-e and g-i = 20 mm; f = 30 mm.
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of the specimens of Spratelloides lemoinei (Figs 15d
and 17a). Jaw tetany is commonly known to occur from
thermal shock or respiratory stress (Elder & Smith,
1988), although only death by respiratory stress usually
results in widely preserved tetany (e.g., Ferber & Wells,
1995). In this context, anoxia cannot be regarded as the
main cause because the adult specimens do not exhibit
the typical traits of the extreme muscular contractions,
such as the fanned and erected fins and the arching of
body. An alternative possibility can be the chocking due
to consistent ingestion of toxic metabolites produced by
some diatom, dinoflagellate and cyanobacterial blooms
with consequent respiratory paralysis (e.g., BrongersmaSanders, 1957; Glibert et al., 2002; López-Cortés et al.,
2015), or of planktonic organisms able to physically
damage the gills. The latter possibility can be hypothesized
due the common occurrence of Chaetoceros resting spores
in the diatom assemblage. The spores are produced by
vegetative cells possessing brittle setae that are known
to cause extensive irritation and/or damage to fish gills,
which can stimulate a consistent mucilage secretion
by the gill tissues followed by a complete obstruction
of the pharynx, eventually leading to hypoxemia and,
subsequently, to death (e.g., Bell, 1961; Albright et al.,
1993).
The vast majority of the examined fish skeletons are
well-preserved, laterally-oriented, showing a relatively
high degree of completeness and soft tissues in many cases
preserved as a thin dark organic film, usually representing
the eyeball and possibly some of the viscera. All the fish
specimens are characterized by a remarkable compactional
compression, usually normal to the dorso-ventral axis
of the body, lying extremely flattened on the bedding
plane. In general, the bones are articulated or, at least,
closely associated to their original anatomical position.
Usually, the body axis of the fishes is nearly straight,
although some specimens show a varying degree of body
curvature. This is clearly evident in a slab (MGPAA PAL
005; Fig. 17a) containing a school of juvenile individuals
of Spratelloides lemoinei whose total length reaches
about 40 mm, showing a concave arching of the vertebral
column; these individuals were probably characterized by
a coordinated motion and document the most important
evidence of collective mortality observed in the diatomites
of the Capo di Fiume section. Some specimens exhibit
a remarkably contorted (cf. Merluccius sp., Fig. 16a),
S-shaped (Fig. 17b), dislodged or scattered (Fig. 16e, g)
vertebral column. A variety of stages of disarticulation and
dispersion of the skeletal elements can be also recognized,
ranging from a limited unidirectional dispersion of the
distal elements of the caudal-fin rays (Fig. 16h), to the
completely disarticulated skeleton of Lates cf. niloticus
(MGPAA PAL001), showing a randomized dispersal of
the bones (Fig. 16c). While the unidirectional dispersal
of scales (Figs 16h and 17c) and lepidotrichia, as well
as the S-shaped bending of the vertebral column may
be related to the action of weak bottom currents acting
at the sediment-water interface (e.g., Elder & Smith,
1988; Tintori, 1992; Ferber & Wells, 1995; Bieńkowska,
2004; Bieńkowska-Wasiluk, 2010; Chellouche et al.,
2012; Marramà et al., 2016), the incomplete and partially
articulated remains (Figs 16e, g and 17d), and the
disarticulated and dispersed skeletal elements of Lates

109

cf. niloticus are (at least in part) indicative of a biological
disturbance. In this latter case (Fig. 16c), the randomized
dispersion of the skeletal elements seems to document
extensive scavenging activity, thereby suggesting the
persistence of oxic conditions at the bottom (Elder &
Smith, 1988). However, the lack of certain portion of
the skeletons, including the upper jaws, fins and scales
may suggest a more complex post-death history of the
carcass, with the scavenging activity at the bottom that
was preceded by a period of decompositional floating (see
Schäfer, 1972; Ferber & Wells, 1995).
Summarizing, the different preservational states
observed suggest that the carcasses were at different
stages of decay before the complete burial. However,
this does not necessarily imply different residence times
on the seafloor, because different decay rates may affect
specimens under identical conditions (see Hellawell &
Orr, 2012).
Traces of predation
As suggested by Maisey (1994), among fossil fishes,
empirical behavioral data mostly derive from cases of
stomach content or of predation followed by chocking
(see also Ebert et al., 2015). Evidence of predator-prey
interactions between the fish species of the Capo di
Fiume have been observed in a single specimen of the
barracudina Paralepis alby (MGPAA PAL023), whose
stomach contains five articulated skeletons of the round
herring Spratelloides lemoinei, swallowed head or tail
first (Fig. 17d). According to Wilby & Martill (1992),
the preservation of these kinds of prey items is favored
by a chemical microenvironment within the stomach,
which prevent the necrolytic activity through a fast
mineralization of the hard parts.
The microbial contribution to fish preservation
Fossil fishes are recovered from diatom-rich laminae
characterized by the presence of a dense accumulations of
large specimens of marine planktic diatoms of the genus
Coscinodiscus. Throughout the secretion of mucilage,
these diatoms may form large aggregates in the deeper
part of the water column (e.g., Kemp et al., 2000).
As highlighted above, the fast sedimentation of these
aggregates in response to the abrupt reconfiguration of
the water column may result in the formation of tensilestrength mats, which may cause benthic mass mortalities,
also promoting the preservation of the laminated fabric
(e.g., Kemp and Baldauf, 1993; Penna et al., 1993).
Thus, we suggest that the massive sedimentation of the
diatom aggregates largely contributes to the entombment
of the fish carcasses, protecting them from the activity
of scavengers and from the tractive transport by bottom
currents. Noteworthy, the mucilage associated to diatom
mats, mainly composed by Transparent Exopolymer
Particles (TEP) (e.g., Alldredge et al., 1993; Passow
et al., 1994; Armbrecht et al., 2014), constitutes an
excellent substratum for the development of microbial
films (e.g., Westall & Rincé, 1994). The progressive
development of a microbial film on the mucous-rich
matrices increases the isolation between the carcasses
and the aquatic environment, favoring the emergence
of microenvironments characterized by highly reduced
oxygen content (Hoagland et al., 1993). A variety of
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Fig. 17 - Selected taphonomic features observed in fishes from the Tripoli Fm. equivalent (cycle D1). a) Monospecific concentrations of
juveniles of the round herring Spratelloides lemoinei (MGPAA PAL005) showing arched vertebral column and open mouth. b) Spratelloides
lemoinei (MGPAA PAL045) showing S-shaped vertebral column and dorso-ventrally orientated head skeleton. c) Incomplete skeleton of Boops
roulei (MGPAA PAL018) showing unimodal dispersion of the scales along a preferential direction. d) Partially articulated skeleton of the
barracudina Paralepis albyi (MGPAA PAL023) containing five almost complete and fully articulated skeletons of its last meal, Spratelloides
lemoinei. e) SEM images of a putative microbial biofilm. Note the network of filaments, threads and cocci-like structures, likely of bacterial
origin, on the background. Scale bars: a = 50 mm; b and d = 20 mm; c = 30 mm; e = 10 μm.
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microorganisms commonly contributes to the formation of
complex multilayered mats, including cyanobacteria and
purple sulfur bacteria, algae, fungi and cellulolytic bacteria
(Gall, 2001; Iniesto et al., 2015). The enormous diversity
of interacting microorganisms (especially autotrophic
bacteria) within the mat makes this ecosystem a true
superorganism characterized by a global biogeochemical
balance. During the biofilm proliferation, microorganisms
secrete a mucous compound mainly composed of
extracellular polymeric substance (Gall, 1990). Through
this substance, the microbial mat incorporates detrital
particles and organic remains, protecting them from the
hydrodynamic and biogenic action (Gall et al., 1994;
Yallop et al., 1994). The extracellular polymeric substance
also favors the formation of a chemical microenvironment
which promotes the fast mineralization of the organic
remains, preventing the diffusion of chemical species from
the sediment toward the water column (Wilby et al., 1996).
As far as concerns vertebrate remains, the microbial mat
may favor the rapid phosphatization of the bones and, in
certain cases, of the soft tissues (e.g., Martill, 1988; Briggs
et al., 1993). The microbial mats, therefore, preserve
the sediment from the erosion, favoring the formation
of biolaminated levels, partially inhibit the decay of the
carcasses, promote the mineralization of the organic
remains, produce a hostile microenvironment for benthic
infauna and, through the secretion of toxic compounds,
hamper the activity of scavengers (Gall, 1990, 2001).
Microbial mats have been commonly proposed to
promote exceptional preservation of fish skeletons (e.g.,
Gall et al., 1985, 1994; Tintori, 1992; Bravi & De Castro,
1995; Hellawell & Orr, 2012; Iniesto et al., 2013, 2015,
2016; Carnevale et al., 2019b; Leonowicz et al., 2021),
although their effective presence within the sediments
is not easy to demonstrate. However, SEM observation
of the Capo di Fiume fish-bearing diatom-rich laminae
revealed the presence of putative fossilized microbial
films, represented by amorphous matrix, filaments,
(bacterial) fibrils and cocci-like structures covering fish
remains (Fig. 17e).
PALEOECOLOGY
Temporal resolution
A reliable paleoenvironmental interpretation should
not be performed on fossil assemblages characterized by
the mixing of multiple generations of communities. As
matter of fact, spatial- and time-averaging may negatively
impact on the spatial and temporal resolving power of a
fossil assemblage. Time-averaging is the process by which
organic remains deriving from different time intervals may
be preserved together (e.g., Kidwell, 1998). The formation
of a fossil assemblage generally progresses with timeaveraging of variable extent because, also in the case of
absent biostratinomic disturbance (reworking, transport,
dissolution, bioturbation), biological times are typically
short if compared to the normal sedimentation rates. The
duration of the time-averaging is obviously variable and
the term is certainly relative, depending on the scale of the
analyzed phenomenon (Kowalewski, 1996). The variable
intensity of time-averaging is reflected by the structural
composition of the taphocoenosis and, consequently,
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by parameters like temporal resolution, and spatial and
compositional fidelity (Behrensmeyer et al., 2000).
The analysis of these parameters therefore can allow an
evaluation of the time-averaging and of the consequent
reliability of the environmental reconstructions. To
realize a practical comparison between assemblages,
characterized by different levels of biological and
taphonomic temporal resolution, Kidwell & Bosence
(1991) subdivided the broad spectrum of time-averaging
into qualitatively distinct categories. In the case of
the Messinian fish assemblage from Capo di Fiume
documented herein, as discussed above, the analyses have
been based on the articulated skeletal remains collected
from the better exposed layers of the basal portion of
the first diatomite interval, which constitutes the result
of a relatively fast, mostly biogenic, sedimentation. The
a-priori knowledge of the relatively fast accumulation of
each of the diatomite laminae allows to interpret the timeaveraging with major detail. Fossil vertebrate assemblages
recording the fast accumulation of carcasses on the
seafloor are commonly interpreted as census assemblages
or ecological snapshots (e.g., Behrensmeyer et al., 2000),
which represent assemblages reflecting a minimum or
null time-averaging, composed by ecologically consistent
organisms, articulated and well-preserved (e.g., Hallam,
1972; Kidwell & Bosence, 1991; Flessa, 2001). Studies on
modern vertebrate carcasses accumulation suggest that a
part of the original community is usually not involved in
the event, due to the rapidity of phenomenon (e.g., Brett
& Seilacher, 1991). In the Capo di Fiume fish assemblage,
the remains derived from a diatom-rich lamina certainly
document a census assemblage, due to the very reduced
time interval necessary for the accumulation of a single
lamina. Within the first diatomaceous interval, the
fossiliferous layers examined possibly comprise several
hundreds to a few thousands of years and, therefore, the
whole assemblage should be regarded as time-averaged,
characterized by a moderate temporal resolution. However,
the overall oceanographic conditions leading to the
rhythmic accumulation of compositionally and structurally
similar laminae were recurrent through time, as are the
structure and composition of the fish assemblage. For this
reason, from a paleoecological perspective, the whole fish
fauna is regarded herein as a census assemblage.
Trophic structure
The trophic structure of a community is represented
by the cumulative feeding habits of its component
species (Crame, 1990). Due to the incompleteness of
the fossil record only a qualitative or semiquantitative
interpretation of the trophic structure of a paleocommunity
is possible. The study of the trophic relationships within a
paleocommunity may be purely empirical, interpretatively
inferred based on the common habits of their extant
counterparts (e.g., Hoffman, 1977), an approach especially
effective for Neogene taxa, which can be very similar to
their phylogenetically closer extant relatives (Dodd &
Stanton, 1991). Another approach is based on the actual
evidence (see Boucot, 1990), represented by stomach
content and other traces of predation (e.g., Wilson, 1987;
Maisey, 1994). The two approaches are not mutually
exclusive and their integration, when possible, increases
the reliability of the interpretation.
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Fig. 18 - Interpretative sketch of the sedimentary environment of the Capo di Fiume section during the deposition of the fish-bearing
diatomaceous layer (cycle D1). For the sake of simplicity, only the most representative components of the fish and diatom assemblages are
reported. a) Coastal shallow biotope - 1: Lates cf. niloticus; 2: cf. Mioblennius sp.; 3: Batrachoididae indet.; 4: Actinoptychus senarius; 5:
Rhabdonema cf. adriaticum. b) Epipelagic biotope - 1-2: Spratelloides lemoinei (adults and juveniles, respectively); 3: sardines; 4: Coscinodiscus
spp.; 5: Thalassionema nitzschioides; 6: Chaetoceros spp. c) Subthermocline benthic biotope - 1: cf. Merluccius sp.; 2: Diplodus sp.; 3: cf.
Pagrus sp.; 4: Trachurus sp. d) The deposition of diatom mats, rapidly entombing fish carcasses, is suggested to have played a significant
role in promoting the fossilization processes.
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The analysis of predator-prey relationships and the
reconstruction of the trophic structure of fossil fish
communities have been discussed by several authors
(e.g., Zangerl & Richardson, 1963; Bradley & Landini,
1982; Maisey, 1994), in many cases based on lacustrine
assemblages (Perkins, 1970; Smith, 1975; Grande, 1984;
Elder & Smith, 1988).
The interpretation of the trophic structure of the Capo
di Fiume fish assemblage (Fig. 18) is in large part based on
the trophic habits of the extant relatives of the recognized
taxa and, to a lesser extent, on the traces of predation.
The fish assemblage is dominated by far by gregarious
planktivores, primarily represented by clupeid taxa, among
which Spratelloides lemoinei most likely constituted the
trophic nucleus of the entire assemblage (see Etter, 1999).
This species of round herring was represented by different
age classes, which possibly constituted a trophic resource
for different groups of predators. Juveniles were probably
preyed by small-sized predators but also occasionally
by other planktivores with non-discriminatory and
opportunistic feeding behavior, including myctophids
(Diaphus edwardsi, Myctophum columnae), large clupeids
(Alosa elongata, Etrumeus boulei), horse-mackerels of
the genus Trachurus and sparids (Boops roulei). On the
other hand, adult individuals of Spratelloides lemoinei
were a preferred food source by barracudinas (Lestidiops
sphekodes, Paralepis albyi), hakes (cf. Merluccius sp.),
sparids (cf. Pagrus sp.) and, possibly, by the riverine
euryhaline Nile perch (Lates cf. niloticus). Demersal
(mostly sparids) and benthic (batrachoidids and blenniids)
fishes were certainly carnivorous that preyed upon other
fishes, crustaceans, molluscs and annelid worms.
Paleoenvironmental setting
Among the many attempts of fossil fish-based
paleoenvironmental reconstructions (e.g., Zangerl &
Richardson, 1963; Grande, 1994; Grande & Buchheim,
1994; Viohl, 1996; Lund & Poplin, 1998; Grogan & Lund,
2002), very few (e.g., Wilson, 1980, 1988, 1996) were
focused on fossil assemblages with limited or moderate
time-averaging. As discussed above, the recurrent
oceanographic conditions leading to the rhythmic
accumulation of compositionally and structurally similar
laminae, as well as the temporal continuity of the
taxonomic diversity of the fishes may allow to consider the
fish assemblage of the Capo di Fiume section as a sort of
temporally-relaxed census assemblage. Consequently, at
least for the first diatomite interval, whose fish assemblage
is discussed herein, it is possible to reliably define the
main traits of the overall environmental scenario (Fig. 18).
As far as the paleosalinity is concerned, although
some of the fish taxa may be regarded as euryhaline,
the occurrence of mesopelagic diel vertical migrators
(Diaphus, Lestidiops, Maurolicus, Myctophum, Paralepis)
unquestionably indicates a normal marine salinity. Extant
relatives of the dominant species, the round herring
Spratelloides lemoinei, commonly inhabit waters with
salinity values comprised between 32 and 35‰ (Dalzell,
1987), although they may migrate in brackish lagoons
during the reproductive period (Losse, 1968).
The fish assemblage is quantitatively dominated by
coastal epipelagic taxa, followed by demersal taxa that
possibly inhabited subthermocline depths (see Longhurst,
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1965). The extreme abundance of diatoms of the genus
Coscinodiscus, most likely linked to the development of a
subsurface chlorophyll maximum, may indicate minimum
depths comprised between 30 and 120 meters (e.g., Macías
et al., 2014). Round herrings of the genus Spratelloides
are known to reach depths of about 40 meters (Fricke et
al., 2011). Therefore, it is reasonable to assume that the
deposition of the ichthyolitiferous diatomites of Capo
di Fiume took place at depths of several tens of meters.
In addition, it is worth noting that the occurrence of the
mesopelagic diel vertical migrators in the fish assemblage
clearly indicates that considerable depths occurred not far
from the diatomite depositional environment.
The contribution provided by the ichthyofauna to the
interpretation of the possible distance separating the shore
from the diatomite depositional environment is inaccurate.
Extant round herring species of the genus Spratelloides
commonly inhabit coastal biotopes close to the reefs and
seagrass beds (Dalzell, 1985, 1987; Milton et al., 1991),
although it may occasionally aggregate in large schools
with other clupeids, venturing off-shore to cover short
distances. An additional paleoichthyological evidence of
the limited distance between the shore and the diatomite
depositional environment is the single specimen of the
Nile perch, Lates cf. niloticus, whose occurrence suggests
that riverine biotopes certainly characterized the emerged
area (Fig. 18).
Allochthonous fossils, in this case plant macroremains,
may provide more precise indications about the distance
from the shore (Wilson, 1980, 1988). Plant macroremains
consist of leaves, leaflets, flowers and inflorescences,
seed cones, and fruits and infructescences pertaining
to slightly less than 30 taxa (Teodoridis et al., 2015).
According to Ferguson (1985), a plant fossil assemblage
composed by leaves and fruits does not represent a reliable
evidence to evaluate the original plant diversity. The
hydrodynamic features controlling the buoyancy, transport
and accumulation of plant remains has been highlighted by
many experimental studies (e.g., Ferguson, 1985; Spicer
& Wolfe, 1987; Rich, 1989). The presence of abundant
conifer remains, especially needles and seed cones (see
also Wilson, 1980), and the lack of woody remains,
indicates a rather limited distance between the shore and
diatomite depositional environment. A similar result is
suggested by the almost complete articulated skeleton of
Prolagus cf. apricenus, whose excellent preservation, with
abundant traces of dermal tissues (Mazza et al., 1995),
would be indicative of a limited transport (see Grande &
Buchheim, 1994).
Therefore, the sudden facies change from coastal to
open marine conditions documented by the first diatomite
interval suggests a rather narrow shelf connecting
coastal and basin areas, thereby being conducive to the
accumulation of large volumes of gravity-driven deposits
at a short distance from the coast.
CONCLUSIONS
The fossil assemblage recovered in the diatomites of
Capo di Fiume and the preliminary biosedimentological
study of the fossiliferous deposits have provided
several information concerning the water chemistry,
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paleobathymetry, distance from the coast, trophic
structure, and bottom conditions. The diatom content
of the biogenic laminae as well as the structure and
composition of the fish assemblage concur to indicate
a depositional marine environment with a depth up to
several tens of meters. The observation of many indicators
of instability of the depositional environment in the
diatomites and in the overlying calcareous marl deposits
point to a possible tectonic control on the stratigraphic
architecture. The sudden facies change from coastal to
open marine conditions documented by the first diatomite
interval suggests a rather narrow shelf connecting coastal
and basinal areas, conducive to the accumulation of large
volumes of gravity-driven deposits at a short distance from
the coast. The deposition of diatomite laminae may have
occurred through different biological mechanisms, most
notably the so-called “fall dump”, which also involved
the formation of mucilaginous aggregates (flocs) that
included assemblages dominated by Thalassionema
nitzschioides, Coscinodiscus spp., and Chaetoceros sp.
The upper portion of the water column was inhabited by
schools of the round herring Spratelloides lemoinei and
other clupeids as well as by adventitious visitors. These
latter are represented by mesopelagic diel vertical migrants
(Diaphus edwardsi, Lestidiops sphekodes, Maurolicus cf.
muelleri, Myctophum columnae, Paralepis albyi), feeding
upon the epipelagic plankton and different age classes of
Spratelloides lemoinei. The lower part of the water column
and the seafloor were usually well aerated and occupied by
a rather diverse community of demersal and benthic fish
taxa. Although anoxic conditions during the diatomaceous
deposition cannot be aprioristically excluded, caution is
needed in assuming extensive bottom oxygen depletion as
the main causal agent of fossilization. The fast deposition
of diatom mats, abundantly represented in the fossiliferous
intervals, may have resulted in the effective entombment
of fish carcasses, facilitating their fossilization even
under relatively well-oxygenated bottom conditions in
the surrounding environment.
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