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Abstract

The world-famous “Pesciara di Bolca” Fossil-Lagerstätte has been examined in its palaeontological and sedimentological
aspects. A re-examination of the co-occurring age-diagnostic larger foraminifers (Alveolina and Nummulites) indicates a SBZ 11
(late Ypresian) age. Sedimentological characters allowed us to distinguish between autochthonous micritic limestones and
allochthonous biocalcarenites–biocalcirudites; the latter are the product of penecontemporaneous transport from nearby areas. The
depositional model here proposed involves a basin with restricted circulation and a prevailing micrite sedimentation. This basin
was affected by relative sea-level oscillations and coarser grained storm-induced deposition. The palaeoenvironmental
reconstruction suggests neighbouring emerged land and very shallow sea bottoms inhabited by large foraminifers such as Al-
veolina and Nummulites. As yet, it is unclear whether a true coral reef was present nearby. The bottom on which the Pesciara
deposits accumulated is interpreted as poorly oxygenated, possibly with stromatolite-like bacterial mats, thus allowing the
exceptional preservation of the fish and plants.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Biostratigraphy; Palaeoenvironment; Sedimentology; Alveolina; Early Eocene; Italy
1. Introduction

The world-famous locality of Bolca is located about
25 km north-east of Verona (northern Italy), in the
Alpone River Valley (eastern Lessini Mts.). In the
surroundings of Bolca, there are several fossil localities
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with exceptional fossil content, including Monte Postale
(with molluscs, fish, corals, foraminifers), Monte
Vegroni (with palms and other plant remains, turtles,
etc.), the Pesciara (with fish, molluscs, foraminifers),
Monte Purga di Bolca (with crocodilians, palms, and
other plant remains), and Spilecco hill (with foramini-
fers, crinoids, shark teeth).

At present, Bolca is the only Italian fossil site
proposed as a candidate for entering the World Heritage
List (Wells, 1996), the UNESCO list of localities of
extraordinary interest for humankind.

The object of the present study is the “Pesciara di
Bolca” (from now on simply Pesciara), which crops out
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on the right side of Val del Fiume, about 2 km north-east
of Bolca (Fig. 1).

The Pesciara Fossil-Lagerstätte, known for its
exceptionally preserved fossil fish since the 16th
century, was exploited at first as an open-cast mine,
then some tunnels were opened to follow the more
productive beds. Quarrying activity from these tunnels
has stopped since 1988. After borehole tests in 1999 and
2000, on the nearby Monte Postale quarrying has
restarted at the end of 2003. The Pesciara outcrop
underwent a substantial “make-up” in 1998, including
building of a stone staircase and an amphitheatre for
educational activities. Only one of the tunnels remains
open to the public.

The scientific debate over the Bolca fossils (mainly
focussing on the Pesciara fishes) provides a unique
opportunity for investigating the historical develop-
ment of geo-palaeontological thinking over more
than four centuries. From the pioneering works of
the 17th and 18th century, where observations were
mixed with religious preconceived ideas, we arrive
to the 19th century gaining a modern scientific view
of the Pesciara Lagerstätte. Solinas (1971) and
Fig. 1. Location map of th
Sorbini (1972) provide valuable summaries on this
long-lasting scientific debate and the history of the
Pesciara.

Over the last four centuries, only a few aspects of the
Pesciara Fossil-Lagerstätte were studied in detail. Since
the beginning of the scientific studies, the attention has
been focussed mainly on the spectacular vertebrate
fauna (the complete history of the so-called “ittioliti” of
Bolca has been reported by Sorbini, 1972). This resulted
in significant advances in the knowledge of the fossil
vertebrate content, whereas palaeoenvironmental inter-
pretation, larger foraminiferal biostratigraphy, and the
relationship between volcanic activity and sedimenta-
tion were largely neglected.

The aim of this paper is to bring new data regarding
the larger foraminifer assemblages and the sedimento-
logical features leading to a new palaeoenvironmental
interpretation of the Pesciara Lagerstätte.

The stratigraphical correlation between the Monte
Postale succession and the Pesciara is at present
unknown, because the first one was never studied after
Fabiani (1915). This correlation is currently underway,
and the results will be soon published.
e Pesciara outcrop.
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2. Geological setting

The Pesciara outcrop appears as a white “patch” of
limestones surrounded by dark volcanoclastic rocks. It
is a block of calcareous beds plunging approximately
south-east with highly variable inclination (about 30–
70°), less than 20 m thick, and covering an area of few
hundred square metres.

The Pesciara beds belong to a lower–middle Eocene
informal unit named “Calcari nummulitici” (nummulitic
limestone), widespread in the western part of Veneto.
This lithostratigraphical unit is not well-constrained,
including limestones with nummulites of different ages
and depositional settings. A comprehensive revision on
a regional scale of these rocks is needed, because there
are various distinct Paleogene carbonate platforms
which were formed after the deposition of the pelagic
sediments of the underlying Upper Cretaceous–Eocene
Scaglia Rossa Fm.

The stratigraphical reconstruction in the Bolca area is
hampered by vegetation cover and the widespread
volcanic rocks. The sedimentary rocks are few, often
dislocated and dismembered by tectonics. Nevertheless,
since the 19th century, several authors attempted to
explain the geology of this area (Suess, 1868; Bayan,
1870; Munier-Chalmas, 1891).

The first modern study of the whole area date back to
Fabiani (1912). He proposed the “Spileccian” stage and
gave a very detailed description of the geology and
palaeontology of the surroundings of Bolca (Fabiani,
1914, 1915) including a famous stratigraphical sketch of
the Monte Postale section.

After Fabiani's (1915) monograph, only Barbieri
and Medizza (1969) published a modern re-examina-
tion of the geology and biostratigraphy in the Bolca
area. However, they did not examine the Monte
Postale–Pesciara area for which the most recent
geological and stratigraphical study remains Fabiani
(1915).

Sorbini (1967) and Massari and Sorbini (1975)
examined the sedimentology of the Pesciara Lagerstätte.

The relationships between the volcanic activity and
sedimentation in the eastern Lessini (including the
Bolca area) were summarised by Barbieri et al. (1982,
1991).

During the late Paleocene–middle Eocene, intense
volcanic activity took place in the central-eastern
Lessini area. The basic volcanic products were ejected
at irregular intervals, with long periods of stasis during
which the normal marine sedimentation took place
(Barbieri et al., 1982, 1991; De Vecchi and Sedea,
1995).
Bolca is close to the eastern side of the
Castelvero Fault, running NNW to SSE, on the
right side of the Alpone Valley. This fault was
crucial for the structural and palaeoenvironmental
evolution of the central-eastern Lessini in late
Paleocene–middle Eocene times. In this time inter-
val, the Castelvero Fault interrupted the extent of the
volcanics westward. It was an effective threshold
separating the western area, with thin and discontin-
uous volcanic deposits, from the eastern one, where
the volcanic rocks prevail. The Castelvero Fault
determined an increase in subsidence in the eastern
area and the onset of the Alpone-Agno graben (or
semi-graben) (Barbieri et al., 1982, 1991). Here were
deposited mainly volcanic rocks, intercalated to
marine carbonates (Barbieri, 1972; De Zanche and
Conterno, 1972), as in the Pesciara.

Close to the Castelvero Fault, tectonics acted
intermittently and contemporary to the main volcanic
stages recognized by Barbieri et al. (1991). They
distinguished six volcanic stages in the late Paleo-
cene–middle Eocene time span. Barbieri et al.
(1991) dated the Pesciara limestone to the time-
interval between the third and the fourth volcanic
stage. Accordingly, the basaltic veins crossing the
limestone are possibly referred to their fourth volcanic
stage.

3. The stratigraphical section

We sampled the Pesciara stratigraphical section both
on the surface and into the tunnels opened to extract the
fossil fishes. As yet, the only detailed stratigraphical
column of the Pesciara limestones has been published
by Massari and Sorbini (1975). We provide here a new
column (Fig. 2).

The stratigraphical succession mainly consists of

1. grey fine-grained limestone, organised into metric
strata sets, with decimetric beds, which are evenly
laminated and separated by thin clayey levels
(“strati a pesci e piante”=“fish and plants-bearing
beds”);

2. coarse-grained biocalcarenite-biocalcirudite with
molluscs and foraminifers (“strati sterili”=“barren
beds”, obviously in regard to fish and plants).

The vast majority of the fish and plants digged out
from the Pesciara comes from five about 1 m thick
levels, described in the scientific literature, together with
some thinner and discontinuous levels never described
nor systematically mined. These five levels are



Fig. 2. Stratigraphic section of the Pesciara succession. The fifth fish-bearing level (L5) has been inferred (see text for details).

24 C. Andrea Papazzoni, E. Trevisani / Palaeogeography, Palaeoclimatology, Palaeoecology 242 (2006) 21–35



Fig. 3. Slump straining the fourth fish-bearing level (L4) close to the opening of the uppermost tunnel.
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intercalated with limestones containing molluscs and
foraminifers, but no fishes. They are referred to here as
“fish-bearing levels”, L1 to L5, from the lowest (L1) to
the highest (L5).

The L5 is no longer exposed, because it was
completely destroyed by the mining activity of the last
four centuries. Conversely, the L4 and L3 were not very
much digged out, because they yield aesthetically
unattractive fishes, being strained and deformed by the
gravity-driven slumping events affecting the levels
themselves (Fig. 3). Therefore, the greater part of the
Pesciara fishes come from the L1 and L2, together with
the now-exhausted L5.

The observation of the thin sections, including
lithological features and palaeontological content,
allowed us to distinguish four main microfacies and
three minor subdivisions (Fig. 4):

• M microfacies. Micritic limestones, often bearing
fish and plants, further subdivided into:
– M1 microfacies. Micritic, evenly laminated lime-
stone with black laminae.

– M2 microfacies. Micritic, irregularly laminated
limestone with white (sparitic) laminae.

– M3 microfacies. Micritic, non-laminated limestone.
• F microfacies. Biocalcarenite–biocalcirudite with
abundant benthic fossils (mainly foraminifers and
molluscs).

• B microfacies. Calcareous–siliceous breccia with
extraclasts.

• N microfacies. Biocalcarenite–biocalcirudite with
abundant nummulites and assilinas.
3.1. M microfacies

This microfacies includes somewhat different types
of limestone, characterized by abundant micritic matrix.
In all cases, there are few recognizable bioclasts, mainly
of very small size. The M microfacies often alternates
with levels bearing larger bioclasts, especially miliolids
and alveolinids, assigned to the F microfacies.

The sedimentological and palaeontological features
of this microfacies agree with that of several well-
known Fossil-Lagerstätten, such as Solnhofen (e.g.,
Barthel et al., 1990).

3.2. M1 microfacies

The main feature of this microfacies is the regular,
thin lamination with alternating levels of light and dark
colour (Fig. 4A, upper part). This varve-like alternation
is indicative of nearly complete absence of bioturba-
tion. In fact, this microfacies is characteristic of the
fish-bearing levels. The dark laminae contain also some
opaque minerals, probably pyrite. In some places there
are brownish “droplets”, probably vegetal remains. The
fossil content is very scarce, including calcispheres,
ostracod valves and very small foraminifers. Among
the latter are possible Verneuilinidae, with a character-
istic profile, rare Valvulinidae, miliolids, and possible
rotaliids. It is worth noting that, among the very scarce
foraminifers recognized from the Solnhofen faüle there
is Gaudryina bukowiensis Cushman and Glazewski, a
Verneuilinidae (Groiss, 1967, cited in Barthel et al.,
1990). Exceptionally, some tracks of benthic organisms



Fig. 4. (A) Thin section showing the F microfacies (in the lower part) and the M1 microfacies (in the upper part); (B) M2 microfacies; (C) M3
microfacies, (D) B microfacies; (E) N microfacies.
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have been observed over the surface of these levels
(Fig. 5).

3.3. M2 microfacies

This microfacies is similar to M1, but the lamination
is in places uneven, often wavy, with thicker, light-
coloured laminae (Fig. 4B). There is a striking similarity
between this microfacies and some laminations of
probable bacterial origin recorded from the “flinz” of
the Solnhofen limestone (see Barthel et al., 1990, Fig.
3.10b). The fossil content is very scarce, as in M1. This
microfacies has been observed especially within L3 and
L4, alternating with the M1 one.

3.4. M3 microfacies

This microfacies is usually not associated with the
fish-bearing levels. It contains again very scarce fossils,
among which are miliolids, textulariids, rare



Fig. 5. An exceptional track of a benthic organism (a worm?) over the
surface of a micritic fish-bearing bed (M1 microfacies).
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Valvulinidae, and possibly ostracods (Fig. 4C). The
absence of lamination and fish remains points to
different water chemistry and/or oxygen content,
affecting the preservation potential.

3.5. F microfacies

This microfacies is represented by more or less
thick biocalcarenitic levels intercalated with the M
microfacies (Fig. 4A, lower part). They are easily dis-
tinguished because of their bioclastic nature: usually
they contain well-preserved foraminifers, both large
(especially alveolinas) and small (often miliolids).
Previously, they have been interpreted as reworked,
devoid of palaeoenvironmental or stratigraphical
usefulness (e.g., Sorbini, 1972). Our observations do
not support this interpretation; whereas the foramini-
fers are certainly transported (resedimented), they are
not reworked. So, they give both stratigraphical and
palaeoenvironmental information. The assemblages,
even if allochthonous, are coherent with provenance
from very shallow palaeoenvironments, in which
communities dominated by Alveolina or miliolids
thrived.

The bioclasts, especially the larger ones, show
some diagenetic alteration due to silicification; starting
from the normal intrabioclastic porosity, autigenic
silica has gradually substituted both portions of the
matrix and part of the calcitic tests. The silica is now
represented by microcrystallline quartz or, less fre-
quently, by chalcedony. The origin of the silica could
be volcanic, but we cannot definitely exclude some
biogenic source.
Summarizing, this microfacies represents the abun-
dant detrital limestones produced presumably at the
edge of the Pesciara “basin”, coming from areas very
close to the latter.

3.6. B microfacies

In the lower part of the section, we found some levels
with brecciated appearance. In thin section they revealed
to contain extraclasts. These extraclasts are distinctly
silicified, they could be confused with the F microfacies,
due to the abundant alveolinas. Nevertheless, all the
alveolinas are completely silicified and, more impor-
tantly, the assemblages indicate an older biozone (SBZ
10, i.e., early Cuisian according to Serra-Kiel et al.,
1998; the Cuisian corresponds roughly to the late
Ypresian) when compared with the F assemblages.
Instead, the matrix and possibly some clasts attest a
middle Cuisian (SBZ 11) age (Fig. 4D).

This microfacies is of particular interest because it
testifies to the existence of an older carbonate platform
below the Pesciara limestone. This breccia could be
linked to a relative uplift of the area. Some bioclasts and
lithoclasts are black, probably because of impregnation
by iron sulphide (pyrite), or manganese oxides and
hydroxides (pyrolusite and/or wad).

3.7. N microfacies

This microfacies is limited to one sample from a
disjointed block coming from the limestones covering
L5 (Fig. 4E). The block sampled is a nummulitic
limestone containing a very rich and apparently
autochthonous assemblage with several species of the
genera Nummulites, Assilina, Discocyclina, and very
few Alveolina. This assemblage, indicating a “normal”
platform (probably more distal with respect to the F
microfacies), points again to a middle Cuisian age.

3.8. The succession

The first fish-bearing level (L1; sampled inside the
tunnel) is known as “Cava Bassa” (lower quarry;
Sorbini, 1967). It is 1.6 m thick, made up of laminated
micrite in decimetric layers interbedded with centi-
metre-thick silty clays. From the basal portion of L1 rare
centimetre-sized amber nodules (Fig. 6) were collected
(Trevisani et al., 2005).

The beds are evenly laminated wackestone yielding
plant remains, fishes, ostracods, and calcispheres; the
lamination is even, parallel and slightly undulated, 1 mm
thick or less, rarely reaching 1 cm. There is a direct



Fig. 6. Transversal section of a portion of the L1 fish-bearing level. Near the top an amber nodule is visible. The typical laminae of the fish-bearing
levels (M1 microfacies) are evident, interrupted by a biocalcarenitic level with silicified alveolinas in the middle part.
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gradation of the laminae, the top of which is capped by a
clay film, sometimes oxidized. Some laminae have a
“massive” appearance, being separated each other only
by a thin clay film. There are grainstone interbeds with
erosional base, a few millimetres to 1 cm thick,
containing alveolinas, miliolids, and other small benthic
foraminifers, along with molluscs, bryozoans, corals,
and algae.

Between the levels L1 and L2 (the second fish-
bearing level) there are 3.1–3.4 m of ruditic biocalcar-
enites with nodular (or “mamellonar” sensu Trevisani,
1994) texture, clearly bounded by silty clays with
interbedded laminated micrites. The base of this layer is
erosional over L1, with an undulated paraconglomerate
bed (0–30 cm thick) containing calcareous lithoclasts,
roughly graded, often silicified and nearly always
oxidized (Fig. 7). These lithoclasts contain the reworked
alveolinas indicating the SBZ 10 Biozone. The micritic
layers are often strongly folded (Fig. 7D). The level as a
whole is here interpreted as a consistent debris flow in a
plastically deformed matrix (micrites of the microfacies
M3 at the top of L1).

The ruditic biocalcarenites contain calcareous litho-
clasts, with rounded to sharp edges. The ruditic fraction
is coarser (reaching over 10 cm in diameter) and more
abundant in the lowermost part of the layer. Inside the
lithoclasts we have found:

a. peloidal grainstone with small benthic foraminifers
(especially miliolids);

b. wackestone–packstone with alveolinids and peloids,
also containing corals, algae, bryozoans and plant
remains; the bioclasts often show broken, abraded
and red- or black-stained tests probably due to
oxidization and/or pyritization; some bioclasts show
vadose cements; silicification is pervasive, as
microcrystalline quartz which replaces calcite start-
ing from the intrabioclastic porosity; the relict texture
is often evident; some lithoclasts and bioclasts are
black, probably because of impregnation by manga-
nese sulphides and/or oxides and hydroxides.

The second fish-bearing level (L2; sampled inside
the tunnel) is made up of decimetric beds of laminated
micrites, intercalated with millimetric to centimetric
silty clay, with an overall thickness of 1.6 m; the L2
level is also known as “Cava Alta” (higher quarry;
Sorbini, 1967). This level is strikingly similar to L1 with
regard to the texture, organization and nature of the
laminae. All over the Pesciara outcrop, 1 m above the
base of L2, we can follow a packstone horizon 3–5 cm
thick, “barren” with respect to fish and plants but
containing abundant peloids and miliolids, together with
alveolinids and molluscs; the bioclasts of this level are
often silicified.

The top of L2 has been eroded by two undulated and
gradated beds, with a lumachelle basal lag and overall
thickness variable between 30 and 50 cm. These beds
are packstones–wackestones with miliolids, molluscs,
alveolinids (sometimes oxidized), corals, green algae,
echinoids and intraclasts; the bioclasts are sometimes
partially silicified. There are centimetre-thick laminated
micrites with ostracods intercalated to these levels.

Over the lumachelle layers the laminated micrites
reappear with two beds whose thickness varies between
25 cm and 0 cm, due to an erosional contact with the
overlying 20 cm-thick bed with a lumachelle basal lag.

Upsection, a 60 cm-thick layer follows, a wackestone
with peloids, miliolids, and alveolinids. Within this level
we recognised millimetric laminations indicating



Fig. 7. (A) Mud-supported, polymictic breccia sampled near the top of
the first fish-bearing level (L1). It contains silicified lithoclasts and
biocalcarenitic lithoclasts impregnated by manganese oxides and
hydroxides (dark “spots”). The level as a whole is here interpreted as a
consistent debris flow in a plastically deformed matrix (micrites of the
microfacies M3 at the top of L1); (B) detail of (A) with some
lithoclasts (to the left) and bioclastic levels with silicified alveolinids
(to the right); (C) detail of (A) with dark lithoclasts impregnated by
manganese oxides and hydroxides; (D) detail of (A) showing the
marked plastic deformation of the bioclastic levels with alveolinids
intercalated with the micrites.
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tractive currents with miliolids; the coarse bioclastic
fraction is almost completely silicified.

The third fish-bearing level (L3; sampled inside the
tunnel) is about 1 m thick. It is made up of 9 laminated
micrite beds, intercalated by several coarser layers
(significantly more common than in L1 and L2) less
than 1 cm thick. The laminated micrites are mudstones–
wackestones with graded laminae capped by clay films,
less apparent than those of L1 and L2. This subtle
lamination is made up of pure micritic limestone
intercalated with fine-grained bioclastic levels. In fact,
other than ostracods, fish and plant remains, the micrites
contain a tiny bioclastic fraction made up of small
benthic foraminifers (especially miliolids), which often
break the laminae surfaces. Moreover, there are light-
coloured, undulated sparitic laminae distinct from that of
L1 and L2. The biocalcarenitic centimetre-thick inter-
beds with erosional base are packstones with peloids,
miliolids, alveolinids and molluscs; the coarser tests are
often silicified.

Upsection, there are 0.5 m covered, near the tunnel
entrance, then 2.35 m of non-laminated (or weakly
laminated) mudstones–wackestones with ostracods,
interbedded with centimetric bioclastic levels (pack-
stones with alveolinids, molluscs, nummulites, and
oxidized extraclasts) becoming thicker and more
frequent upwards (packstone with peloids, miliolids,
molluscs, and alveolinids). These carbonate rocks are
cut through by one of the more conspicuous basaltic
dykes which cross the whole Pesciara succession.

Then, there is a 3 m-thick slump made up of
laminated micrites with ostracods and plant remains.
The syndepositional folding affected the fourth fish-
bearing level (L4, see Fig. 3): fishes collected from this
level are always distorted.

A massive biocalcarenitic level, 1.8 m thick, cuts
through the top of the underlying slump. The biocalcar-
enite is roughly graded, with a lumachelle basal lag
(packstone with bivalves and alveolinids, also contain-
ing miliolids, peloids, and intraclasts) fading upward
into a wackstone with miliolids, alveolinids, molluscs,
peloids, and intraclasts.

The succession ends with 1 m of packstones–
wackestones (arranged in 20–40 cm-thick beds) with
peloids, miliolids and plant remains.

The current top of the Pesciara limestone is an
undulated bed-surface made up by non-laminated
micrites (mudstone) with plant remains and rare
miliolids. Probably in past times, this level represented
the base of the fifth fish-bearing level (L5).

At last, an isolated boulder dislocated in the
lowermost part of the Pesciara outcrop was sampled,
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because it came from the limestones capping in the past
the L5 (Massimo Cerato, personal communication). It is
made up of packstones with abundant nummulites
(often silicified) and assilinas, containing also red algae,
small benthic and rare planktonic foraminifers.

4. Biostratigraphy

Notwithstanding the ancient knowledge of the
Pesciara Lagerstätte, the data about its age are
surprisingly scanty. Usually, its age has been referred
to the early/middle Eocene transition, according to the
study of the calcareous nannoplankton carried out by
Medizza (1975) on a single sample of the succession. He
assigned this sample to the Discoaster sublodoensis
Zone (NP 14 or CP 12). However, this age was in
contrast with that suggested earlier by Hottinger (1960)
on the base of larger foraminiferal assemblages
including Alveolina cremae, Alveolina rugosa, Alveo-
lina distefanoi, and Alveolina rutimeyeri, indicating the
Alveolina dainellii Zone, well below the early/middle
Eocene boundary. Medizza (1975) solved the apparent
contradiction stating that these alveolinids show clear
signs of reworking. This was reaffirmed by Massari and
Sorbini (1975).

In the Pesciara succession, alveolinids occur in almost
all the bioclastic intervals separating the fish-bearing
levels. The tests are usually either quite well preserved or
present a degree of abrasion consistent with a penecon-
Fig. 8. Correlation between the planktonic (P), calcareous nannoplankton (NP
et al., 1998); the arrow indicates the estimated age of the Pesciara sediments
temporaneous transport from a nearby area (Papazzoni
and Trevisani, 2002). Moreover, the taxonomic study of
the whole fauna indicates a time-consistent assemblage
belonging practically to a single biozone. All the
exceptions come from extraclasts clearly distinguished
from the main sediment (Alveolina schwageri from
silicified extraclasts in the lower portion of the section).

The larger foraminiferal assemblage includes Alveo-
lina ex gr. canavarii, A. cremae, A. aff. croatica, A.
decastroi, A. distefanoi, A. levantina, A. cf. minuta, A.
rugosa, Assilina spp., Asterocyclina spp., Discocyclina
spp., Idalina sp., Nummulites pratti, N. prelucasi, N. cf.
rotularius, Orbitoclypeus sp., and Orbitolites spp. This
assemblage is consistent with the one reported by
Hottinger (1960), indicating the A. dainellii Zone, or
SBZ 11 biozone (middle Cuisian; Serra-Kiel et al., 1998).

In a single sample, at the top of L1, we found
surely reworked alveolinids; here there are silicified
black extraclasts bearing among others A. schwageri,
marker of the Alveolina oblonga Zone (SBZ 10, Early
Cuisian). Obviously, this has no consequences on the
dating of the Pesciara succession, which remains
firmly within SBZ 11.

According to Kapellos and Schaub (1973), Schaub
(1981), and Serra-Kiel et al. (1998), the SBZ 11 can be
correlated to the whole NP 13 and the lowermost part
of NP 14 Zone. This implies that the age of the Pesciara
limestones could be restricted to a narrow interval
between the base of the NP 14 and the top of the SBZ
) and the shallow benthic (SBZ) biozonation (modified after Serra-Kiel
.
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11 (Fig. 8). The time-resolution could hardly be so
high, given the uncertainties in correlating different
biozonation systems. Nevertheless, we underline the
agreement between our results and the age based on
nannoplankton reported by Medizza (1975).

5. Facies analysis and palaeoenvironmental
reconstruction

The Pesciara limestone needs a careful investigation
before reaching some conclusion about its palaeoenvir-
onmental setting. Several Fossil-Lagerstätten of differ-
ent ages show a “black shale” facies allowing their
interpretation as poorly oxygenated depositional envir-
onments, with high amounts of organic carbon. Even if
the fish-bearing levels of the Pesciara limestones contain
some pyrite and bituminous material, their overall light
colour is not consistent with a massive accumulation of
organic matter. On the other hand, the exceptional
preservation of fossil fishes requires the absence of
scavengers and reducing conditions within the sediment.
The nearly complete absence of benthic fauna from these
levels (except for some transported tests) points to the
extension of the reducing conditions above the water–
sediment interface. The most common explanation for
this is the more or less marked lack of oxygen, but we
cannot exclude that abnormally high salinity could give
the same result. For instance, this interpretation has been
proposed for one of the best studied Fossil-Lagerstätten,
the Solnhofen Plattenkalk of Late Jurassic age (e.g.,
Keupp, 1977; Barthel et al., 1990; Viohl, 1994). Both
anoxia and hypersalinity are currently associated with
the presence of algal mats made up by cyanobacteria,
presumably thriving in the Pesciara sediments (e.g.,
microfacies M2, and possibly also M1).

The fossil content of the fish-bearing levels includes,
together with the fish, plant remains, algae, worms,
crustaceans, insects, very rare jellyfish, cephalopods,
reptiles, and birds (Sorbini, 1972). In addition, recently
the occurrence of amber has been reported (Trevisani et
al., 2002, 2004, 2005). The lack of autochthonous
benthic biota suggests that the Pesciara is a stagnation
deposit of the classification of Seilacher et al. (1985). It
is unclear whether the pelagic fauna could live within
the water column immediately above the anoxic
(hypersaline?) bottom waters or it has been transported
from adjacent areas. Instead, the transport is obvious for
continental and freshwater organisms.

The biocalcarenite levels were traditionally neglected
as “barren” or simply referred to as “mollusc layers”
(Sorbini, 1972). They actually yield a diverse biota
especially rich in foraminifers (microfacies F and N).
Landini and Sorbini (1996) assigned the fossil fish
fauna from the Pesciara to a reef system (see also
Bellwood, 1996), or at least to the transition between a
reef and a pelagic system. The former authors also
presented a palaeoenvironmental model. Here we
propose a similar model by using data from the
literature, together with our own observations.

First of all, we need to advocate a physiography
allowing rapid changes between high and low water-
energy levels. The more likely hypothesis is that of a
subtropical lagoon, close to an emerged area (Dercourt et
al., 2000). This was possibly represented by an archi-
pelago, primarily of volcanic origin. The subaerial envi-
ronment probably included rivers and coastal swamps.
The transition to the open sea was partially interrupted by
a rising threshold, passing seawards to an oceanic ramp.
The presence of an open, relatively deep basin is inferred
from the taxonomic composition of the fish assemblages,
including different families of pelagic fishes, such as the
Clupeidae (Landini and Sorbini, 1996).

Regarding the origin of the threshold, data are very
few. We have some clues from the bioclastic levels of
the Pesciara: they give no indications about a real coral
reef. So, we prefer to adopt neutral terms such as
threshold, or carbonate buildup (according to Wilson,
1975), excluding any genetic implication.

The facies analysis demonstrates that, except for the
evenly laminated micrite with fishes and plant remains
(M microfacies), the greater part of the limestones in the
Pesciara succession is made up of tempestites
(corresponding to the F microfacies). The storm events
wiped out the threshold carbonate buildup, destroying
part of it and transporting into the Pesciara “basin” the
washover deposits. The resedimented limestone con-
tains miliolid-dominated or Alveolina-dominated fora-
miniferal assemblages. This is consistent with its
provenance from back-reef or very shallow inner
platform according to current palaeoenvironmental
models (e.g., Arni, 1965; Serra-Kiel and Reguant,
1984; Buxton and Pedley, 1989; Jorry et al., 2003;
Beavington-Penney and Racey, 2004). Since the main
fish-bearing levels have a thickness reaching 1 m or
more, we could assume that, over relatively long time
spans, the lagoon had very low hydrodynamic energy.
Because it is unlikely the storm events were lacking for
such a long time, we may assume that periodical sea-
level oscillations were crucial in making more or less
effective the sheltering of the threshold.

Of the impressive Pesciara flora and fauna here we
consider mainly the palaeoecological significance,
whereas the systematics of the fishes has been widely
reported in a vast literature. Instead, some additional
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details are given on the “minor fauna”, especially the
foraminifers.

The palaeoenvironment of the Pesciara could be
compared with (but not completely assimilated to) a
reef-linked depositional system, with some emerged
areas of unknown extension nearby. This is deducted
more from the palaeoecological analysis than from the
sedimentary evidences, because the last are con-
strained by the very small outcrop area. For instance,
we have no direct evidence of a reef facies sensu
stricto, whereas some ecological guilds of fishes
recognized by Landini and Sorbini (1996) clearly
advocate a reef palaeoenvironment.

The Pesciara “basin” was surrounded by very
shallow, normally oxygenated sea bottoms, colonised
by Alveolina- or miliolid-dominated foraminiferal
assemblages. The Nummulites–Assilina-dominated
assemblages were not found in the Pesciara lime-
stones, with the single exception of the L5-capping
limestone (N microfacies). This kind of assemblage
indicates the open, deeper part of the carbonate
platform (e.g., Beavington-Penney and Racey, 2004
and references therein), which was therefore probably
not directly connected with the stagnating Pesciara
bottom.

There are numerous evidences testifying to an
emerged land close to the Bolca area: continental plant
remains (trees, bushes, herbs, coconuts, etc.; Massa-
longo, 1856, 1859a,b), continental animals, e.g., insects
(hymenopterans, orthopterans, termites, etc.; Massa-
longo, 1856; Omboni, 1886; Secretan, 1975), and amber
(Trevisani et al., 2005).

The freshwater palaeoenvironment (rivers and
coastal swamps) is also documented by fossils of
water plants like Eichorniopsis sp. and Maffeia sp.,
freshwater insects (dragonflies), and some fishes like
Eolates sp., Scatophagus sp., and Cyclopoma sp.,
which probably lived in brackish waters close to river
mouths.

6. Depositional model

The depositional model for the Pesciara “lagoon”
arises from partially speculative arguments, but it agrees
with all the palaeoecological evidences reported in
literature, and also with the facies analysis.

We assume that, during a relative sea-level lowstand,
the barrier buildup sheltered very effectively the lagoon.
Here the restricted circulation produced the ideal
environment for the exceptional preservation of the
fossils. On the contrary, when there was a sea-level
highstand, the barrier buildup could not completely
shelter the lagoon; instead, the barrier itself was partially
dismantled and resedimented into the lagoon. At
present, we cannot establish whether the relative sea-
level oscillations were due to the glacio-eustatism or to
volcanic/tectonic movements.

To explain the exceptional preservation observed in
the fish-bearing levels in the Pesciara (which could be
compared to “black shales”) we must assume a
restricted circulation and very low water-energy con-
ditions. However, this is not sufficient: the amazing
preservation of the soft tissues, the even lamination,
the presence of pyrite and bitumen, the almost
complete absence of bottom dwellers and bioturbation,
all indicate that during the deposition of the fish-
bearing levels the Pesciara sea bottom was under
anoxic (disaerobic) conditions. Once again, relative
sea-level oscillations and consequent changes in the
sheltering effect of the barrier buildup justify the
variation in the position of the reduction-oxidation
surface within the sedimentary basin of the Pesciara,
and the variable conditions of oxygenation at the sea
bottom.

The depositional model (Fig. 9) relies first on the
seasonal alternation of wet and arid conditions.

During highstand times, in the wet season (Fig. 9A)
an estuarine circulation set up, so the river inflows
established a low-salinity superficial current seawards,
counterbalanced by a normal-salinity undercurrent
coastward. The net result is a density layering of the
water body. The increasing river inflows raised the
nutrient concentration (making possible even a water
eutrophication, according to Sorbini, 1972) and conse-
quently increasing primary productivity, with organic
material accumulating on the sea bottom. The decay of
this material consumed the dissolved oxygen, raising the
redox boundary and increasing the sea-bottom anoxic
layer thickness. Conversely, during the dry season (Fig.
9B) an anti-estuarine circulation set up, so the high
evaporation rates and the low river inflows concentrated
salts raising the nearshore density. The hypersaline
water sank seawards, counterbalanced by a normal-
marine water flux near the surface. Therefore, the
density layering was destroyed and the redox boundary
sank, making the sea bottom more oxygenated.

On the contrary, during lowstand times, the inter-
changes between the open sea and the lagoon were
extremely reduced due to some kind of threshold. In
these conditions, during the wet season (Fig. 9C) the
estuarine circulation was characterised by strong
superficial current seawards and weak undercurrent
lagoonwards; during the dry season (Fig. 9D) the anti-
estuarine circulation surely sunk to some extent the



Fig. 9. Sketch showing the depositional model for the Pesciara. For details, see the text. Note that, during highstand times, water mixing occurred
(especially in the dry season); conversely, during lowstand times, the circulation patterns did not allow substantial water mixing, producing the best
conditions for the exceptional preservation of fishes. The grey tones of the water indicates, from dark to light, decreasing salinity.
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redox boundary, but could not completely mix up the
water leaving the pycnocline substantially untouched.
Consequently, during the relative sea-level lowstand
times the water body stagnated, with permanent sea-
bottom anoxia, only sporadically interrupted by very
short episodes of benthic colonisation, presumably
triggered by water mixing after strong storms. These
short oxygenated intervals are recorded by rare tracks of
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benthic organisms and rare mollusc and brachiopod
faunas (Mellini and Quaggiotto, 1999).

7. Conclusions

As yet, the biostratigraphy of the “Pesciara” Fos-
sil-Lagerstätte relies on a single nannoplankton age
determination (Medizza, 1975). The age determined by
Hottinger (1960) by means of alveolinids was generally
disregarded both because the foraminifers were consid-
ered reworked and because it did not fit with the NP
zone of Medizza (1975). Our new study of the larger
foraminifers allowed us to refer the whole Pesciara
sediments to SBZ 11 (middle Cuisian, i.e., late Ypresian,
about 50 ma ago; Serra-Kiel et al., 1998). Hints of an
older carbonate platform are given by silicified extra-
clasts containing alveolinids of the underlying SBZ 10
(Early Cuisian). Therefore, all the fish-bearing lime-
stones intercalated with the coarser foraminiferal lime-
stones are of early Eocene age (not early–middle
Eocene as formerly indicated).

Facies analysis allowed us to distinguish between
autochthonous micritic limestones (M microfacies) and
allochthonous biocalcarenites–biocalcirudites (F, N, and
B microfacies). We stress that the allochthonous
sediments are not reworked (except for some elements
of the B microfacies): they come from nearby areas
exactly as the fishes did not live on the autochthonous
micritic muds.

The depositional model involves a restricted “basin”
(this term does not imply a greater depth), where the
interchange of water was very low, affecting the oxygen
content. In this basin, sedimentation was mainly micritic
(microfacies M), possibly with occasional stromatolite-
like bacterial mats (microfacies M2). The coarser
grained deposition of foraminifer-rich limestones
(microfacies F and possibly N) was triggered by sea-
level oscillations and storms. The Pesciara basin was
very close to some emerged land (the extension of which
we cannot estimate), as witnessed by the abundant
continental fossils both of plants and animals.

Some clues could suggest a coral reef (Landini and
Sorbini, 1996), which could be a candidate to build
the threshold isolating the basin from the open sea.
Nevertheless, a real coral reef was never found near
the Pesciara.
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