A serpulid-Anodontia-dominated methane-seep deposit
from the upper Miocene of northern Italy
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A limestone deposit with an unusual fauna is reported from the late Miocene of northern Italy (Ca’ Fornace site). The
petrography of the carbonate and its distinct carbon isotope signature (with §'3C values as low as -57.6%o) clearly identify
this limestone as an ancient methane-seep deposit. The dominant faunal elements are serpulid tubes belonging to Protis,
and extremely inflated, medium-sized shells of the lucinid bivalve Anodontia mioinflata sp. nov. Also common is the
small bathymodiolin Idas aff. tauroparva, plus some large specimens of the lucinid Lucinoma, and poorly preserved,
medium-sized specimens of a possible vesicomyid bivalve, an arcid bivalve, small gastropods of the genera Laeviphitus
(Elachisinidae), Anatoma (Scissurellidae), as well as desmophyliid and caryophyllid scleractinian corals. This faunal
assemblage is quite distinct from the typical Miocene seep faunas in northern Italy, which are dominated by large bi-
valves of the Lucinidae (Meganodontia), Vesicomyidae (Archivesica), and Bathymodiolinae, possibly due to a shallower
depositional depth of the Ca’ Fornace site.
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Introduction

Miocene methane-seep deposits and their fauna are well-
known from northern Italy. They are called “Calcare a
Lucina” (CAL) due to the superabundance of the large lucinid
bivalve Meganodontia hoernea (Des Moulins, 1868). Further
common faunal elements include the lucinid Lucinoma pe-
rusina (Sacco, 1901), Bathymodiolus mussels, large vesico-
myid clams of the genus Archivesica, and the most common
gastropods are the neritid Thalassonerita megastoma and
the vetigastropod Homalopoma domeniconii (Moroni 1966;
Taviani 1994, 2011; Kiel and Taviani 2017). Similar faunal as-
sociations occur at present-day methane seeps throughout the
world’s oceans (Sibuet and Olu 1998; Van Dover et al. 2002;
Olu et al. 2010; Kiel 2016). The present-day Mediterranean
Sea, however, represents an exception from this, its seep fau-
nas being dominated by small bathymodiolins (ldas), small
vesicomyids (Isorropodon) and the moderately sized luci-
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nid Lucinoma kazani (Salas and Woodside 2002; Olu et al.
2004; Zitter et al. 2008; Taviani 2011; Taviani et al. 2013).
Also Pliocene seep deposits in northern Italy lack the large
bathymodiolins and vesicomyids and are dominated instead
by smaller lucinid taxa (Monegatti et al. 2001; Cau et al.
2015; Kiel and Taviani 2018). It has been suggested that the
present-day Mediterranean seep fauna originated after the
Messinian salinity crisis (Taviani 2001, 2003; Olu et al. 2004).
Here we report a late Miocene, pre-salinity crisis meth-
ane-seep fauna from Ca’ Fornace in northern Italy, with a
quite different character compared to those presently known.

Institutional abbreviations.—BS, Museo Regionale di
Scienze Naturali, Torino, Italy; MGGC, Museo Geologico
Giovanni Capellini, University of Bologna, Italy; MSF,
Museo Civico di Scienze Naturali, Faenza, Italy; NRM,
Swedish Museum of Natural History, Stockholm, Sweden.

Other abbreviations—CAL, Calcare a Lucina.

https://doi.org/10.4202/app.00472.2018
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Geological setting

The Ca’ Fornace site providing the material discussed in this
paper is located in the Sintria creek valley, next to Brisighella
(Ravenna province) in the Romagna Apennines, near a
bridge on the provincial road to Zattaglia, at 44°14°38.9”N,
11°44°0”E (Fig. 1). The presence of Miocene seep carbon-
ates and related fauna in the Sintria creek area is recorded
by Vai et al. (1997). For instance, Ca’ Fornace is about 1600
m downstream of the Tortonian CAL site of Pietralunga and
750 m from the Le Lame CAL outcrop (Aharon and Sen
Gupta 1994; Peckmann et al. 2004). Both outcrops belong
to classical CAL seep carbonates embedding the emblem-
atic giant lucinid Meganodontia hoernea. Boulders, mostly
ascribable to typical “Calcare a Lucina” and fewer atypical
limestone blocks entrapping the fossils here considered, oc-
cur out of any coherent stratigraphic setting as alluvial errat-
ics on Pliocene-age Argille Azzurre Formation. The atyp-
ical CAL limestone rocks have never been studied in any
detail before (Taviani 2001: fig. 20.8) but seem deprived of
the large CAL bivalves (cf. Taviani 1994; Kiel and Taviani
2017). In the current lack of stratigraphic sections hosting
these atypical CAL carbonates their precise age is difficult
to establish with confidence but conjecturally hypothesized
to be late Miocene (Tortonian/?early Messinian) as for the
other CAL in the region.

Material and methods

Thin sections of ca. 60 micrometer thickness were prepared
and viewed and photographed under an Olympus SZX10
stereomicroscope. Samples for carbon and oxygen stable
isotope analyses were extracted from the counterparts of the
thin sections using a hand-held microdrill, and carbonate
powders were reacted with 100% phosphoric acid at 75°C
using a Kiel III online carbonate preparation line connected
to a ThermoFinnigan MAT 252 mass spectrometer. All val-
ues are reported in per mil relative to PDB by assigning a
8'3C value of +1.95%o and a 'O value of -2.20%o to NBS19.
Reproducibility was checked by replicate analysis of labora-
tory standards and was better than +£0.05%o.

Fossil invertebrate specimens were extracted and pre-
pared from the rock matrix using a pneumatic hammer;
small gastropods were photographed using a Hitachi S-4300
scanning electron microscope, and a Cognisys Stackshot
3X stacking image system and the Zerene Stacker software,
combining 20 to 25 pictures for each composite image.

Results

Petrography and stable isotopes.—The seep deposit is
dominated by micrite with varying amounts of biodetritus;
hand samples with large Lucinoma shells contain few serpu-
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Fig. 1. Map showing location of Ca’ Fornace seep deposit in the Sintria
creek valley on the map of Italy (B) and in the Sintria creek valley (A).

lid tubes but cavities lined with banded and botryoidal rim
cement, and with locally abundant fecal pellets (Figs. 2A, C);
late diagenetic spar in the center of the cavities is rare. Hand
samples dominated by serpulid tubes have virtually no cav-
ities (Fig. 2B). Pyrite is finely dispersed throughout all sam-
ples, and occasionally occurs in clumps, especially around
fecal pellets (Fig. 2C—F), and as linings on the outer surface
of mollusk shells. Wood and bone fragments occur, but only
sporadically. The carbon isotope values of most carbonate
phases fall in a narrow band ranging from -45 to -35%o, the
main exception being those of the banded botryoidal rim
cement, which reach as low as -57.6%o (Fig. 3). The corre-
sponding oxygen isotope values range from -0.2 to +1.75%e.

Fauna.—The dominant macrofauna are serpulid worms,
represented by rare large tubes (Fig. 4B) and abundant small
specimens (Protis sp.) indistinguishable from those of the
late Miocene Case Rovereti seep deposit (Vinn et al. 2013).
Protis tubes rarely seem to attach to one another (Fig. 2D)
and they are also only rarely attached to other substrates
such as bivalve shells. Protis was seen in direct associa-
tion with all other species, except for the large Lucinoma
(Fig. 5A). A large serpulid tube was attached to a solitary
coral (Fig. 4B).

Regarding chemosymbiotic bivalves, most common are
the lucinid “Anodontia” mioinflata sp. nov. followed by the
bathymodiolin Idas aff. tauroparva (Sacco, 1898), originally
described as Modiola exbrocchii var. tauroparva (Fig. 5D—
F), both of which have so far not been reported from any
Miocene seep deposit in Italy. Other chemosymbiotic bi-
valves are far less common and include Lucinoma sp. and
few specimens of a medium-sized putative vesicomyid, po-
tentially belonging to Isorropodon (Fig. 5B). In addition, we
found one specimen of a non-chemosymbiotic arcid bivalve
(?Asperarca sp., Fig. 5C). Noteworthy is the occurrence of
the gastropod Laeviphitus sp. (Fig. 6D, E); species of this
genus have been reported from several Recent vent and seep



KIEL ET AL—MIOCENE METHANE-SEEP FROM ITALY

Table 1. List of species found at the Ca’ Fornace seep deposit.

Species (family) Figure

Annelida

Protis sp. (Serpulidae) S5A

large serpulid 5B
Bivalvia

arcid (?Asperarca sp.) 6C

Idas aff. tauroparva (Bathymodiolinae) 8

“Anodontia” mioinflata (Lucinidae) 9

Lucinoma (Lucinidae) 6A

Isorropodon? (Vesicomyidae?) 6B
Gastropoda

Anatoma (Scissurellidae) TA

skeneid 7C

Laeviphitus (Elachisinidae) 7D.E

Hyalogyrina? (Hyalogyrinidae) 7B
Cnidaria

Caryophylliidae 5C

Dendrophyllidae 5C
Porifera

“keratose” fabric ‘ 3C,D

settings world-wide, but not yet from any fossil example of
these habitats. Further gastropods include small specimens
belonging to Anatoma (Scissurellidae) (Fig. 6A), perhaps
a Hyalogyrina (Fig. 6B), and a small “skeneid” (Fig. 6C).
Specimens of solitary scleractinian corals (Fig. 4C) are not
uncommon and are mostly found in hand samples that con-
tain only few serpulid tubes. Structures resembling that of
“keratose” sponge fabric (cf. Luo and Reitner 2014) were
seen associated with serpulid tubes and a bivalve shell
(Fig. 2E, F). The full list of species found at the Ca’ Fornace
seep deposit is given in Table 1.

Discussion

The petrography of the Ca’ Fornace seep deposit is simi-
lar to that of many other Cenozoic seep deposits in the
Mediterranean region (Peckmann et al. 1999; Natalicchio et
al. 2015) and world-wide (Peckmann et al. 2003; Campbell
et al. 2008; Amano et al. 2010; Kiel and Hansen 2015). The
very negative 8'3C values of the carbonate (down to -57.6%o)
clearly indicates that the oxidation of biogenic rather than
thermogenic methane lead to carbonate precipitation at this
site (Whiticar 1999; Peckmann and Thiel 2004). These 8*C
values are among the lowest ever reported from any fos-
sil seep carbonate. Three further sites with values around
-58%o are known: the Miocene Montepetra site in north-
ern Italy (Taviani 1994), concretions with Conchocele from
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Fig. 2. Petrographic character of the late Miocene Ca’ Fornace seep deposit, Italy, illustrated by scanned thin sections (A, B) and thin section micrographs
(C—F). A. Cavity in micrite (m), lined with banded and botryoidal cement (bbc), and filled with fecal pellets (fp) in the upper part and micrite in the lower
part. B. Serpulid tubes cemented by micrite. C. Close-up of section in A, showing banded botryoidal cement (bbc), micrite (m), fecal pellets (fp), and
clumps of pyrite (p). D. Close-up of section in B, showing details of the serpulid tubes. E. Sponge fabric (sf) around bivalve shell. F. Close-up of sponge

fabric, also showing scattered pyrite framboids (p).
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Fig. 3. Isotope plot; all values against the PDB standard.

the Cretaceous of Seymour Island, Antarctica (Little et
al. 2015), and a Pliocene site in the Ogikubo Formation
in Nagano Prefecture, Japan, with a §'3C value of -58.8%o
(Majima et al. 2005).

With its abundant serpulid tubes and Anodontia spec-
imens, the fauna of the Ca’ Fornace seep deposit is very
different from any other Miocene seep deposit in northern
Italy. Only at the late Miocene Case Rovereti site occur
patches with similarly abundant tubes of the serpulid Protis
(Vinn et al. 2013). Serpulids are known from modern seep
sites, even in abundance, but they seem to lack particular
adaptations to the seep environment (cf. Vinn et al. 2013).
Quite likely they are suspension-feeders taking advantage
of the abundance of bacterioplankton at seeps (cf. LaRock
et al. 1994).

Among the bivalves, only the large Lucinoma is shared
with other sites, but the dominant lucinid Anodontia was
previously unreported from Italian Miocene seeps (Moroni
1966; Taviani 2014; Kiel and Taviani 2017). Also the mod-
erately small, oval vesicomyid from Ca’ Fornace (lsorro-
podon?) differs markedly from the large and elongate Archi-
vesica species, and also from the large, inflated “Pliocardia”
italica, reported from other Miocene CAL deposits (Kiel
and Taviani 2017). Vents and seeps are typically settled by
large bathymodiolins whereas small bathymodiolins such
as ldas typically colonize whale and wood falls (Distel et
al. 2000; Lorion et al. 2013). This pattern can also be seen
in the fossil record (Goedert and Squires 1990; Goedert et
al. 1995; Amano and Little 2005; Kiel and Amano 2013;
Jenkins et al. 2018), including the Neogene of Italy (Moroni
1966; Bertolaso and Palazzi 1994; Dominici et al. 2009;
Danise et al. 2016; Kiel and Taviani 2017). The occurrence
of Idas aff. tauroparva at the Ca’ Fornace seep site is thus
remarkable, also because in the present-day Mediterranean
Sea, Idas is widespread not only at whale falls but also at
seeps (Olu et al. 2004; Ritt et al. 2010, 2012; Giusti et al.
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Fig. 4. Fauna of the late Miocene, Ca’ Fornace seep deposit, Italy. A. The
Anodontia-serpulid-association. B. Specimens of the large serpulid (Is)
among numerous specimens of the small serpulid Protis sp. C. Scleractinian
corals; car, caryophillid; den, dendrophyllid; all specimens housed at MSF.

2012). The only other fossil occurrence of Idas at a seep is
Idas olympicus from an early Oligocene site in the Pysht
Formation in western Washington State, USA (Kiel and
Amano 2013). The small bathymodioline Adipicola apen-
ninica Danise, Bertolaso, and Dominici, 2016, described
from a Serravallian whale fall in the Emilian Apennines
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Fig. 5. Bivalves from the late Miocene Ca’ Fornace seep deposit, Italy (A—F). A. MSF 2132, large Lucinoma sp., view of right valve. B. MSF 2133,
vesicomyid?, view of right valve. C. MSF 2134, arcid bivalve ?Asperarca sp., view of left valve. D-F. Idas aff. tauroparva (Sacco, 1898), medium-sized
specimens consisting of left valves. D. MGGC.22005. E. MGGC.22006. F. MSF 2135. G. BS.117.03.016-1, type specimen of Modiola exbrocchii var.
tauroparva Sacco, 1898, from the early Miocene of Sciolze, Italy.

(Danise et al. 2016) is easily distinguished from ldas aff. Remarkable is the occurrence of the minute deep-
tauroparva by its much longer anterior shell margin, and its ~ water elachisinid gastropod Laeviphitus. A few species
more strongly curved shell. are known from extant vents and seeps world-wide, in-
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Fig. 6. Gastropods from the late Miocene Ca’ Fornace seep deposit, Italy. A. MSF 2136, Anatoma sp.; lateral view with selenizone visible at the whorl
angulation. B. MSF 2137, Hyalogyrina? sp.; view of top of whole shell (B,), close-up of early whorls (B,), arrow indicates transition from protoconch to
teleoconch. C. MSF 2138, skeneiform gastropod, lateral view. D, E. Laeviphitus sp. D. MSF 2139, adapertural side of adult shell. E. MSF 2140, close-up
of protoconch.

cluding Laeviphitus atlanticus from hydrothermal vents
at the Mid-Atlantic Ridge (Warén and Bouchet 2001), L.
japonicus Okutani, Fujikura, and Sasaki, 1993, from hy-
drothermal vents off Japan, and L. verduini van Aartsen,
Bogi, and Giusti, 1989, from unspecified habitat in the
Tyrrhenian Sea; plus further records of Laeviphitus sp.
from seep off New Zealand and from brine pools in the
Red Sea (Vestheim and Kaartvedt 2016). Regarding its
paleontological history, Laeviphitus sp. was reported
from the Danian (early Paleocene) cold-water coral reef
facies at Faxe in Denmark (Lauridsen and Schnetler 2014)
while Laeviphitus aquitanicus, has been described from
the Burdigalian (early Miocene) of France (Lozouet 2015).
Along with the Italian material discussed here, these re-
cords document a remarkably long geological history of
this elusive genus.

Corals are not uncommon at extant seep sites (Hovland
and Thomsen 1997; Hovland and Risk 2003; Ledn et al.
2007; Lindberg et al. 2007), though their relationship to
seepage is debated. An at least partial reliance on the
seeping hydrocarbons has been suggested (Hovland and
Thomsen 1997; Hovland et al. 1998; Hovland and Mortensen
1999), but stable isotope work in the Gulf of Mexico sug-
gests that Lophelia pertusa branching scleractinian corals
use exposed seep carbonate for attachment only after most
seepage has ceased (Becker et al. 2009). Depending upon

species, solitary corals may be equally attached to hard
substrates or live partially embedded in mud. At any event,
solitary corals have been uncommonly reported from fos-
sil seep deposits in Washington and Oregon (Goedert and
Peckmann 2005), California (Schwartz et al. 2003), and
New Zealand (Campbell et al. 2008). Colonial, including
dendrophyllids and caryophillid solitary corals also oc-
cur in Neogene deep-water cold seep sites in the northern
Apennines (Monegatti et al. 2001; Vertino et al. in press).

Water depth has a great impact on the taxonomic com-
position of seep faunas (Sahling et al. 2003; Cordes et al.
2010) and such pattern is also known from the fossil re-
cord (Amano et al. 2010; Kiel 2010). Indeed, several lines
of evidence suggest that the unusual character of the Ca’
Fornace seep fauna might relate to a shallower depositional
depth compared to other CAL sites, possibly in the order
of 150-300 m water depth: (i) extant species of Anodontia
live mostly in shallow water with only a few species occur-
ring in depth down to 500 m (Taylor and Glover 2005), and
Anodontia is the most common bivalve at Ca’ Fornace; (ii)
also common at Ca’ Fornace is ldas, and extant ldas tends
to occur in shallower water than the larger bathymodiolin
genera (Distel et al. 2000; Lorion et al. 2013); (iii) likewise,
also the absence of large vesicomyids and bathymodiolins
from the Ca’ Fornace site is in line with this “shallower
water” hypothesis.
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Conclusions

The fossiliferous limestone found at Ca’ Fornace is here iden-
tified as ancient seep deposit based on its petrography and its
very negative 8'3C values (as low as -57.6%o), which indicate
the oxidation of biogenic rather than thermogenic methane.
Its fauna is quite distinct from that of other Miocene seep
deposits in northern Italy, especially due to the dominance of
the lucinid Anodontia, and the presence of the small bathy-
modiolin ldas. This distinctive character might be the result
of a shallower depositional depth of the Ca’ Fornace site
compared to other “Calcare a Lucina” seep faunas in Italy.
The Ca’ Fornace seep fauna broadens our knowledge of the
diversity of seep faunas in the Italian Miocene.

Systematic palacontology

Class Bivalvia Linnaeus, 1758
Subclass Heterodonta Neumayr, 1884
Family Lucinidae Fleming, 1828
Genus Anodontia Link, 1807

Type species: Anodontia alba Link, 1807 (type by monotypy); Recent,
Caribbean Sea.

“Anodontia” mioinflata sp. nov.

Fig. 7.

Etymology: Combination of the age of the species (Miocene) with the
globosity of the shell.

Type material: Holotype: MGGC.22003, well-preserved, articulated
shell. Paratypes: MGGC.22004 (two disarticulated valves embedded
in rock matrix), MSF 2141 (internal mold of right valve), MSF 2142
(articulated specimen with shell remains). All from the type locality
and horizon.

Type locality: The Ca’ Fornace seep deposit in the Sintria creek valley,
northern Italy.

Type horizon: Presumably late Miocene.

Material.—The type material, and 11 specimens housed at
MSF from the type locality and horizon.

Dimensions.—The holotype is 19 mm long, 17.5 mm high,
and 13.5 mm wide (articulated); the largest specimen is
23 mm long.

Diagnosis.—Subcircular, strongly inflated shell (T/L-ratio
ca. 0.81-0.88); posterodorsal area large, marked by distinct
ridge running from umbo to posteroventral margin; anterior
adductor muscle scar elongate and long, reaching well below
midline of shell, deviating from the pallial line by ca. 20°.

Description.—Solid, medium-sized, subcircular, strongly
inflated shell (L/H-ratio ca. 1.1; T/L-ratio ca. 0.81-0.88);
beaks prominent but only slightly elevated above hinge line;
both anterior and posterior margins slightly truncate, ven-
tral margin well-rounded; posterodorsal area large, marked
on the exterior by a fine double line, and on the interior by a
distinct ridge; lunule indistinct, if any; surface sculpture of
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Fig. 7. The lucinid bivalve “Anodontia” mioinflata sp. nov. from the late
Miocene Ca’ Fornace seep deposit, Italy. A. MGGC.22003, holotype, an
articulated specimen, view on the dorsal side (A;) and on the right valve
(A,), arrow indicating lower end of anterior adductor muscle scar. B. MSF
2141, paratype, right valve embedded in rock matrix, arrows indicate an-
terior adductor muscle scar. C. MSF 2142, paratype, view on posterodor-
sal side, arrows indicate the double line delimiting the posterodorsal area.
D. MGGC.22004, paratype, the outer side embedded in rock matrix and
carbonate mineral deposits on the inside, but showing the general shell
outline; left valve (D) and right valve (D,).

fine commarginal growth lines. Anterior adductor muscle
scar thin, elongate, reaching down to about 66—70% of shell
height, detached from pallial line for most of its length, at
an angle of ca. 20°.

Remarks.—A large number of species often differentiated
through subtle morphological shell characters have been
recognized in the edentulous lucinid genus Anodontia
(Taylor and Glover 2005). Most living species in Anodontia
inhabit shallow settings, rarely reaching down to 500 meters
and none is known from bathyal seep habitats. Fossil speci-
mens of this genus in the Mediterranean basin are currently
assigned to the extant A. fragilis Philippi, 1836 and relates
to shallow water situations (Chirli 2015); however, some
fossil attributions of A. fragilis are questioned by Taylor and
Glover (2005) and identified as Leucosphaera. Our material
consists of very globose shells definitely different from any
known fossil representative, and its deep-water seep hab-
itat is almost unique although the genus has been recently
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discovered also in a Pliocene cold seep (Kiel and Taviani
2018). We believe that this warrants the institution of a new
species. The preservation state of our material suggests a
prudential collocation in “Anodontia” sensu lato.
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