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Abstract

Ancient methane seep deposits exposed in the Apennine mountains of northern Italy are key to reconstruct the geodynamic
evolution of the Miocene foredeep basin prior to the Messinian Salinity Crisis. Here, we report on a new Miocene outcrop
of seep-carbonates in the Romagna region which showed indications of paleo-gas hydrate destabilization. We combined
carbonate facies analyses, petrography of thin sections, scanning-electron microscopy and stable isotope analyses to
interpret the origin of these authigenic carbonates and biogeochemical conditions at the time of their formation. These
deposits show vuggy, brecciated and massive-with-lucinids facies and are characterized by light carbon isotope signatures,
as negative as —47.8%o. The oxygen isotope compositions of these carbonates are out of equilibrium with coeval bottom
seawater, exhibiting anomalously-heavy values. We calculated the stability of paleo-gas hydrates, which revealed that gas
hydrates type I (pure methane) were stable at depths>480 m, in agreement with the paleo-bathymetric domain of this
outcrop. This area was geologically active in the Late Miocene and affected by continuous bathymetric changes caused
by the eastwardly-migrating accretionary wedge and foredeep basin. We propose that gas hydrate destabilization and pro-

longed anaerobic oxidation of methane in the shallow sediment produced the studied carbonate deposits.

Introduction

In marine environments, subsurface hydrocarbon generation,
migration and seafloor emission lead to the formation of cold
seeps, which are sites where hydrocarbon-charged fluids are
released into the water column (Campbell 2006) and poten-
tially reach the atmosphere (Weber et al. 2019). Distinct
features of submarine hydrocarbon emissions are a lush che-
mosymbiotic macrofauna (Dubilier et al. 2008) and authi-
genic carbonates, formed by microbially-mediated anaerobic
oxidation of methane (Boetius et al. 2000; Luff et al. 2004).
These carbonates, hereafter named seep-carbonates, are typi-
fied by a distinct geochemical composition which is particu-
larly depleted in 1*C, due to incorporation of methane-derived
carbon (Luff and Wallmann 2003; Peckmann and Thiel 2004;
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Cochran et al. 2022). The dynamic nature of cold seeps con-
tributes to the variability in the morphology, size and distri-
bution of seep-carbonates (Jakubowicz et al. 2020) as well as
of the chemosynthetic habitats at the seafloor (Levin 2005;
Judd and Hovland 2009). Moderate methane fluxes favor the
precipitation of carbonates (Aloisi et al. 2000) and sustain
widespread chemosynthetic communities including micro-
bial mats, tubeworms and bivalves, disposed in a concen-
tric zonation around the seep or forming chemoherm-type
build-ups (Roberts 2001; Taludaker 2012; Ho et al. 2012).
Conversely, high flow rates inhibit benthic macrofauna to
a large extent due to toxicity of sulfide released by AOM,
while favoring the development of seafloor depressions such
as pockmarks and larger craters in low permeability sedi-
ments (Judd and Hovland 2009). Seep-carbonates associated
with seafloor mounds have been reported from gas hydrate
pingoes (Serov et al. 2017) and mud volcanoes (Loher et al.
2018; Panieri et al. 2025; Argentino et al. 2025) and often
display brecciated facies and typical vuggy fabric, multiple
cement generations and chaotic arrangements of fractures
and veins. These structures are indicative of high-energy
conditions during seep-carbonate growth and, together with
anomalously-heavy oxygen isotope signatures (3'%0), can
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be proxies for gas-hydrate dissociation (Bohrmann et al.
2002; Teichert et al. 2005; Bohrmann and Torres 2006). Gas
hydrate dissociation releases '®O-enriched fresh water and
methane into sediments, thus affecting the bulk stable oxy-
gen isotopic composition of seep-carbonates (Nachr et al.
2007; Tong et al. 2016; Han et al. 2014; Loyd et al. 2016).
Gas hydrate-associated carbonates, also known as clathrites,
generally form bodies of large dimension and show pecu-
liar structures and lithologies (Kennett and Fackler-Adams
2000), relatively well described in modern seep settings
(Bohrmann and Torres 2006; Abegg et al. 2007): carbonate
crusts growing within pure gas hydrate layers oriented par-
allel to the bedding surfaces, vacuolar structures that mim-
ics the shape of gas hydrate bubbles, associations of pure
aragonitic and gas hydrate layers (zebra-like structures),
monomictic and polimictic breccias resulting from the rapid
destabilization of gas hydrates formerly present within the
sediment pore spaces. Following present-day analogues,
the possible role of gas hydrates in the formation of fossil
seep-carbonates can the deduced by textural and geochemi-
cal (8'%0) proxies applied in several studies in the Oligocene
and Miocene of the Apennine and Carpathian chains (Dela

Pierre et al. 2010; Argentino et al. 2019a; Conti et al. 2021;
Bojanowski et al. 2021).

Fossil seep-carbonates are therefore crucial in reconstruct-
ing the style and magnitude of past fluid circulation through
the upper crust with implications for geodynamic and past
atmosphere composition (Hryniewicz 2022). In the north-
ern Apennines of Italy, the late Miocene paleo-tectonic and
paleo-environmental context is particularly debated due to
the complex relationships among tectonics, climatic changes
and sea level drops, (Di Giulio et al. 2013; Conti et al. 2024)
with different and contrasting reconstructions which may
be improved by the analyses of the numerous Tortonian to
Messinian seep-carbonates outcrops. Here, Messinian seep-
carbonates are often strongly brecciated with vuggy fabric
and authigenic micrite depleted in '*C and enriched in '30,
as expected during hydrate destabilization. In this study we
investigated for the first time the well exposed outcrops of
seep-carbonates contained within the Late Miocene foredeep
deposits of the Romagna Apennines in the Predappio area
(northern Italy) (Fig. 1). They are of special importance for
highlighting the occurrence of paleo gas-hydrates in deep
marine environments prior to the Mediterranean desiccation.
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Fig. 1 Simplified structural map of the Romagna Apennines (Italy) showing the location of the studied outcrops (Predappio area) in relation to the
main structural elements and geological domains. Modified after Bonini (2006)
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Geological setting

The northern Apennine chain consists of several imbricated
tectonic units bound by thrusts generally verging to the
northeast, formed since Late Eocene-early Oligocene for
the convergence between the European and African plates.
The orogenic wedge developed on top of the subduct-
ing and retreating Adria plate, flexing and progressively
embedding the adjacent foredeep basin (Le Breton et al.
2017). Deposition mainly occurred in wedge-top and in the
foredeep basin filled by the thick turbidite succession of
the Miocene Marnoso-arenacea Formation (Fm) (Argnani
and Ricci Lucchi 2001; Faccenna et al. 2001; Conti et al.
2016). In the Langhian-Messinian, during the migration of
the thrust-front, foredeep siliciclastic deposits were incor-
porated in the accretionary wedge causing the closure of
the foredeep. The closure stage is marked by silty-clayey
hemipelagic slope mudstones, sporadic channelized arena-
ceous bodies and organic-rich mudstones informally named
euxinic shales. These deposits enclose numerous seep-
carbonate bodies, lens-like to stratiform, late Tortonian to
early Messinian in age (Terzi et al. 1994; Conti et al. 2008).
Seep-carbonates formed in different settings and have vari-
ous morphologies: - isolated blocks with a metric exten-
sion included in poorly cemented sandstones deposited in
submarine canyons; - large (up to 100 m) stratiform bodies
included in fine-grained apron sediments over the slope; -
lenticular to stratiform bodies (1-100 m long) in restricted
basins hosted in euxinic shales draping thrust bounded
faults and buried ridges, forming intrabasinal highs (Ghioli
di letto mudstones referring to the closure stage of the Mar-
noso-arenacea Fm foredeep) (Argentino et al. 2019a; Conti
et al. 2024). The Messinian succession passes upward with
evaporitic deposits of the Gessoso-solfifera Fm, consisting
of up to 16 massive gypsum beds, about 30 m thick, made
of both primary (selenitic) and clastic (gypsarenitic) gyp-
sum (Lugli et al. 2007). The passage to the evaporites is
marked by 2 m-thick laminated brown to white carbonates
(Calcare di Base auctorum) interpreted in many outcrops
of microbial origin (Guido et al. 2007) and recently inter-
preted locally as being methane-derived carbonates (Conti
et al. 2024). The carbonate outcrop investigated in our
study pertains to this context and is a new case to determin-
ing the temporal and spatial scales of cold seepage prior to
the Messinian Salinity Crisis. In the studied area the Mes-
sinian succession ends with the discordant, erosive fluvio-
deltaic and lacustrine deposits with brackish water fauna of
the Lago-Mare biofacies (Bassetti et al. 2004), ascribed to
various continental and transitional environments. Climatic
oscillations and tectonics determined the evolution from
brackish “lake-sea” to marginal fluvio-deltaic and marsh
conditions (Lugli et al. 2007).

Methods

A detailed field work of the Predappio area has allowed us
to draft a 1:5.000 geological map (Fig. 2) including the dis-
tribution, facies and geometries of seep-carbonates. A strati-
graphic log, 30 m thick (Fig. 3), was measured in detail in
the well-exposed Sasseto outcrops where seep-carbonates
exhibit different facies and are covered with erosive contact
by conglomerates of the Colombacci Fm. We distinguished
lithology, fossil content, depositional and fluid related struc-
tures, focusing more on the brecciated and vuggy fabrics
due to their significance in relation to paleo-seep dynam-
ics. Eleven samples of carbonate rocks, subdivided in 29
sub-samples, were sampled from all facies (Figs. 2 and 3;
Table 1) for petrographic and isotopic analyses in order to
identify different microfacies and authigenic phases (sample
SM1 was not analyzed as partially altered). Five marly sam-
ples (SM2, SM4, SM5, SM6, SM7) were collected in the
hosting sediments near the contact with carbonate bodies
(Fig. 2) and analyzed for nannofossil biostratigraphy. Thin
sections were studied using a Leitz optical microscope and
investigated via Scanning Electron Microscopy hosted at the
Department of Chemical and Geological Sciences, Univer-
sity of Modena and Reggio Emilia (Italy); semi-quantitative
elemental information were acquired via energy-dispersive
spectrometry (EDS) at accelerating voltage of 20 kV and
spot size 60 mm. SEM-EDS analyses were focused on
three samples (PR8, PR9, PR10) collected from a brecci-
ated and vuggy carbonate facies. Results are reported in
the Supplementary Information. Material for stable C and
O isotope analysis was collected from the microcrystalline
groundmass, and from different cement phases: 18 powder
samples of carbonates, massive and laminated, were ana-
lyzed at the Department of Chemical, Life and Environmen-
tal Sustainability of the University of Parma. About 10 mg
were reacted with 100% phosphoric acid at 25 °C for 24 h.
The purified CO, gas was analyzed using a Finnigan MAT
252 gas isotope ratio mass spectrometer. Replicate analy-
ses of reference materials throughout the session yielded
a precision better than 0.1%o (1s; n=3) for both §'°C and
380 values. A second batch of 11 powders were prepared
and analyzed at the University of Modena and Reggio
Emilia. Powders were obtained using a handheld microdrill
from thin section slabs or polished rock surfaces. Around
0.5 mg were reacted with 100% phosphoric acid at 25 °C
for ~4 h. The purified gas was analyzed on a Isoprime pre-
cisION (Elementar) stable isotope ratio mass spectrometer
at Centro Interdipartimentale Grandi Strumenti (C.1.G.S.)
of the University of Modena e Reggio Emilia. The signal
was checked until a stable response was observed to ensure
complete sample digestion. Accuracy of the measurements
was evaluated by running six replicates of both NBS18 and
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Fig. 2 Detailed geological map of the studied carbonate outcrops near
Sasseto in the Predappio area showing seep facies distribution and
enclosing rocks: at the base, slope mudstones and euxinic shales of the
upper Miocene Marnoso-arenacea Fm and overlying conglomerates of
the upper Messinian Colombacci Fm. The location of the collected
samples is reported (yellow color); samples SM 2, 4, 5, 6, 7 were used

NBS19 reference materials, yielding results in agreement
with recommended values. Repeatability precision (1s) of
three duplicate samples measured in the same session was
better than 0.13%o and 0.084%o for 8'°C and §'%0, respec-
tively. All isotope results are reported in standard & notation
relative to the Vienna-PeeDee Belemnite (V-PDB) standard.

Modelling of paleo-gas hydrate stability

Gas hydrate stability at the time of seep-carbonate for-
mation is difficult to extrapolate since there remain
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exclusively for nannofossil analysis. The numbers adjacent to the bed-
ding symbol refer to the dip angle. The strike of the unconformity in
the upper right runs parallel to the direction of the Forli Line (Fig. 1).
The source of the topographic map is Section no. 254,120, 1:10.000,
Predappio sud (Regione Emilia Romagna)

uncertainties on the paleo-environmental conditions.
However, we estimated the minimum paleo-seafloor depth
at which gas hydrates were stable by assuming: (1) pure
methane-hydrate (structure 1); (2) normal salinity 37 psu
(Flecker et al. 2015); (3) normal geothermal gradient
31 °C/km; (4) bottom water temperature=5 °C (Barbieri
et al. 2000); (5) steady state conditions. The model was
implemented on the graphical user interface CAGEHYD
(Vadakkepuliyambatta 2019) based on the CSMHYD code
(Sloan 2006). Model results for different paleo-depths are
reported in the Supplementary Information.
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Fig. 3 Stratigraphic log of the
Sasseto seep-carbonate out-

crop (Predappio area) showing
facies distribution, structures

and samples. The base of the
seep-carbonates is represented by
euxinic shales of the Marnoso-
arenacea Fm. Sandstones and
conglomerates and fine-grained
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Results
Outcrop geology

The examined outcrops (Sasseto) are characterized by
numerous bodies of methane-derived carbonates distrib-
uted laterally over 800 m in the WNW-ESE direction, in
correspondence with two important tectonic structures
(Figs. 1 and 2): in the western area, the carbonate bodies
are parallel to one of the major buried external fronts of
the northern Apennines (where the Tortonian Marnoso-
arenacea Fm overthrusts the upper Messinian deposits).
The eastern part of the outcrop shows carbonate bodies
aligned to the N-S direction and parallel to the still active
Forli Line. The Forli Line has an N-S anti-apenninic
direction (as shown in Figs. 1 and 2), and is made of dif-
ferent structural elements.
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The carbonate bodies have variable geometries, mor-
phologies and distribution varying from lenticular, amyg-
daloid, pinnacles, stratiform and scattered-irregular, with
thickness of individual bodies from 2 m to up to 30 m and
lateral extent up to 100 m. Stratiform carbonate bodies
are concordant with the encasing deposits (bed attitude is
reported in Fig. 2), except for the basal pinnacular contact
which is almost vertical. The carbonate bodies form reliefs
that stand out on the encasing marly sediments, separated by
valley incisions along which landslide phenomena develop
(Fig. 2). The studied area is folded into an anticlinal struc-
ture with the axis dipping towards SE.

In the Sasseto outcrops we measured a 30 m-thick
stratigraphic composite section (traces a, b, ¢, d in Fig. 2)
through the seep-carbonate bodies from the basal contact
with the euxinic facies of the Marnoso-arenacea Fm to
the upper discordant contact with alluvial conglomerate
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Table 1 Carbonate mineralogy, 3'*C and §'30 values, for samples
from predappio area representing all three facies and different cements.
These results correspond to plot in Fig. 7. Carbonate mineralogy was
established by thin section petrography and SEM

Sample Facies Target phase Predominant 3¢ s%o

Mineralogy (%0)  (%o0)
SM10a P3 Cement laminae Calcite -11.3 1.8
SM10b P3 Peloidal laminae Calcite -145 1.8
PR11 P3 Microsparitic Calcite -34.8 -0.7

cement

PR3a  P3 Micritic laminae Dolomite>Calcite —8.7 4.8
PR3b  P3 Peloidal laminae Dolomite>Calcite —28.1 2.7
PR2a  P3 Micritic laminae Calcite -23.1 3.8
PR2b P3 Peloidal laminae Calcite 478 0.8
PR6 P2 Micrite Dolomite -27.0 5.6
PRS P2 Micrite Dolomite -32.7 5.8
PR4 P1 Light micrite Dolomite -39.8 7.0
PR10a Pl Rim cement Dolomite —-41.6 1.5
PR10b Pl Light micrite Dolomite -350 63
PR10c Pl Light micrite Dolomite -359 65
PR10d Pl1 Rim cement Dolomite 424 3.1
PR10e PI Vuggy micrite  Dolomite —41.6 6.1
PR9a Pl Light micrite Dolomite -395 72
PR Pl Light micrite Dolomite -398 7.9
PR9¢ Pl Light micrite Dolomite -39.7 79
PR9d Pl Rim cement Dolomite -39.7 2.7
PR%9%e PI Sparitic cement  Calcite -385 27
PROf Pl Dark micrite Dolomite -39.6 7.0
PR8a Pl Light micrite Dolomite -36.7 6.3
PR8b Pl Sparitic Cement Calcite -442 0.0
PR8 Pl Sparitic Cement Calcite -39.6 0.2
PR&  P1 Light micrite Dolomite -41.1 7.7
PR8e P1 Rim cement Dolomite -44.1 0.6
PR8f Pl Sparitic cement  Calcite —-43.0 1.2
PR8g Pl Dark micrite Dolomite 412 63
SM3 P1 Sparitic cement  Calcite -312 0.1

deposits of the Colombacci Fm (Fig. 3). Seep-carbonates
exhibit different facies from brecciated to massive and
to microbial laminated carbonates, each characterized by
distinct lithologies, textures, presence/absence of veins or
fractures and fossil content (Fig. 4a, b, ¢, d). We observed
an overall vertical trend in carbonate facies succession,
which is recurrent in the examined area passing from one
side of the outcrop to adjacent areas. Single carbonate bod-
ies can, however, display facies variations both vertically
and laterally. With respect to the age of carbonate bod-
ies, nannofossils in the enclosing marls few meters below
the base of the carbonate outcrops indicate a biozone
MNNSD (Tortonian) and possibly a slightly younger age
(late Tortonian) cannot be excluded based on the occur-
rence of Discoaster pentaradiatus (Muzzioli, master the-
sis). In the proximity of the studied outcrop (Predappio),
the marls above the carbonates indicate an early Messinian
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age. These preliminary data indicate a late Tortonian-early
Messinian age for seep-carbonates, correlated to Montepe-
tra and Brisighella outcrops (Fig. 1).

Facies 1 (P1) is typified bycarbonate breccias com-
posed of heterometric angular to subangular micritic clasts
(Fig. 4c), from 1 tol0 cm in size, with different colors
from grey to brown. Clasts are chaotically dispersed in the
authigenic micritic matrix or in a fine to medium-grained
sandy matrix. Larger clasts derive from the amalgamation
of smaller heterometric clasts, testifying multiple phases
of fragmentation and cementation. Brecciated facies
typically marks the basal portion of the carbonate bodies
where this facies can be up to 15 m thick. Breccias are
also found in the lateral portions of carbonate bodies; in
this case is less intensely brecciated. Brecciated portions
are crossed by a reticulate of veins and extensional frac-
tures, from 1 to 2 mm to 2 cm in diameter. Veins show
an irregular arrangement; in most cases they join together
to form larger veins (1-2 cm). Frequently. elongated frac-
tures merge into vuggy fabrics with cavities ranging from
1 to 3 cm (Fig. 4e, f). The abundance of veins and frac-
tures of centimetric dimension may give to the carbonate
masses the appearance of megabreccias. The vein infill-
ings may contain coquina debris (shell fragments), coarse
sand detritus and carbonate micro-breccias. In this facies
the fossil content is scarce, represented by disarticulated
clams and rare articulated lucinids, or absent. Micritic,
mottled carbonates pervaded by irregular networks of
veins and druses (from few mm up to 3 cm in diameter)
and cut by millimetric-scale fractures are scattered.

Facies 2 (P2) consists of massive marly limestones, pale
brown in colour, with abundant fossil content. Fossils are
densely packed articulated and disarticulated bivalves,
mostly lucinids (Fig. 4b), as irregularly distributed clusters,
in several cases in life position. Fossils range from a few
centimeters, up to fifteen cm in diameter. Facies 2 domi-
nates in the intermediate portion of the carbonate bodies
beneath the microbial laminated carbonates, but it can be
present also in the basal portion, with heteropic contact with
the brecciated facies P1. Typically, this facies has a maxi-
mum thickness of 5-7 m.

Facies 3 (P3) is characterized by laminated microbialitic-
like carbonates composed of millimetric-scale alternations
of brown-dark gray to light grey-whitish laminae (Fig. 4d).
The laminate pattern is sub-horizontal to wavy; macrofos-
sils are very scarce to absent. Facies 3 characterizes the
upper portion of the section, with a thickness of about 5 m.
It is cut by an erosive contact with fluvial conglomerates
of the Colombacci Fm. Facies 3 locally is heteropic with
stratified calcarenites with decimetric beds and occasional
weak lamination.
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Vuggy fabric

Fig. 4 Seep-carbonate facies in the studied outcrops: (a) stratiform
seep-carbonate body containing abundant macrofauna; (b) densely
packed lucinid-like clams in the P2 facies (¢) carbonate monogenic
breccias in the basal portion of the seep-carbonate sequence (P1); (d)
laminated carbonates upsection (P3 facies); (e) network of fractures

Petrography

Samples from the massive facies with lucinid bivalves in
the lower-middle part of the sections are predominantly
made of micrite, forming a pervasive groundmass (Fig. 5a),

filled by authigenic micrite in the brecciated facies; (f) vuggy fabric
with abundant microcavities showing an irregular elongated shape,
oriented parallel to the bed/laminae surfaces, marked by a rim of dark
dolomicrite (P1 facies)

with minor early-diagenetic microsparite (Fig. 5b) and later
sparite. Micrite, light to dark in color, is composed of dolo-
mite but calcite is also present (Table 1). Microspar may
be calcitic and dolomitic. Massive micrite locally con-
tains planktonic foraminifera as well as sand- to silt-sized
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{ Fig. 5 Photomicrograph of the studied seep-carbonates: (a) micritic
carbonates of the massive facies, made up of dolomite and subordi-
nate calcite, locally containing planktonic foraminifera and silt-sized
siliciclastic detrital material sourced from the underlying Marnoso-
arenacea turbiditess; (b) Different generations of microsparitic to spa-
ritic and isopachous cements bordering fractures in the massive facies;
(¢) Pyrite in dark dolomicrite of the massive facies forming patches
of thin microbial laminae; light micrite in the lower right; (d) Dif-
ferent types of micritic intraclasts (dark micrite and peloidal) in the
brecciated microfacies; (e) Isopachous cement and microbial spher-
ules among dolomicrite and dolomicrosparite in the brecciated/vuggy
microfacies; (f) network of fractures and microcavities within dolomi-
crite in the vuggy microfacies. Vacuolar structures are marked by a rim
of dark dolomicrite and filled by equant calcite spars; (g) millimetric
alternations of dark micrite laminae alternated with light microsparitic
laminae with a dense arrangement of peloidal particles with rounded to
ovoidal shape; (h) Micritic laminae alternated with laminae of calcite
microsparite rich in peloids in the upper laminated P3 facies

detrital material mainly aligned along fractures and conduits
(Fig. 5a). Detrital fraction is largely composed of quartz, K
feldspar, phillites and muscovite similar to the detritus of the
underlying Marnoso-arenacea turbidites. Pyrite framboids
were observed as scattered aggregates, partly oxidized, or
forming thin laminae which appear more frequently in the
dolomicrite (Figs. 5¢).

In the brecciated/vuggy microfacies, micritic clasts
of various shape, commonly angular, and color (light to
brown), in some cases peloidal (Fig. 5d), with a closely
packed or apparently chaotic arrangements are associated to
a complex reticulate of fractures and veins filled by isopach-
ous cement made of prismatic calcite crystals with euhedral
terminations and microsparite (Fig. 5¢). Micritic clasts are
very similar to the micritic lithotypes of the massive and
laminated facies indicating derivation from the rupture of
previously formed carbonate concretions. Abundant micro-
cavities (mm to cm size) giving a “spongy” appearance
are present within the cementing dolomicrite and dolomi-
crosparite, in some cases bordered by microbial spherules
(Figs. 5e, f). Larger elongated pores and fissures are also
present, oriented parallel to the bed/laminae surfaces. They
are marked by a rim of dark dolomicrite and filled by equant
calcite spars (Fig. 51).

The carbonate samples from the upper laminated facies
consist of millimetric-thin alternations of dark micrite with
light microspar laminae, white to gray in color (Fig. 5g, h).
They are predominantly composed of calcite or dolomite
and calcite (Table 1). Microsparitic laminae contain abun-
dant peloidal particles, rounded to ovoidal to elongated in
shape, with a preferred orientation parallel to the surfaces
of laminae. Micritic and peloidal laminae are frequently
alternated with white or gray laminae in which calcite/

dolomite microspar includes variable amounts of silica
and clay particles.

Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS)

The SEM-EDS analyses of three samples (PR8, PR9, PR10)
from outcrop facies P1, revealed a recurring chemistry of
the carbonate phases (Supplementary Information). In all
the samples, we recognized a low backscatter dolomitic
phase (Fig. 6) containing 30.3-71.6% m/m CaO and 20.3—
44.8% m/m MgO, in contact with a higher-backscatter low-
Mg calcite phase (up to 2.2% m/m MgO) (Fig. 6a, c, d).
Calcite also fills fractures in the dolomite cements, indicat-
ing it formed later in the paragenetic succession. Pyrite is
abundant and occurs with framboidal morphologies forming
aggregates ranging in size from <5 mm to ~30 mm. Pyrite
is locally distributed in a laminated fashion (Fig. 6b). Parti-
cles of barite have also been identified via SEM-EDS within
the dolomite cements (Supplementary Information).

Isotope geochemistry

The stable carbon and oxygen isotopic composition of the
investigated samples is highly heterogeneous, with common
trends at microfacies scale. Starting from the stratigraphi-
cally lower samples (PR8, PR9 and PR10) from the brec-
ciated facies P1, the §!°C values range between —44.2%o
and —31.2%o (Table 1; Fig. 7). We distinguished mainly 5
microfacies in these isotope investigations (Fig. 7). Over-
all, micrite (vuggy microfacies, light and dark micrites)
has heavier §'%0 and slightly less negative 5'°C compared
to the sparry and rim cements. Two micritic samples from
outcrop facies 2 rich in lucinid clams yielded 8'*C values
of —32.7%o and —27.0%o, slightly heavier than in facies P1
(Fig. 7) and 5'%0 values of 5.8%o and 5.6%.. Moving strati-
graphically upward, samples from the laminated facies P3
show isotopic differences depending on the type of lami-
nae, with the ones rich in peloids having more negative
313C values than the others. The peloidal laminae show
the most negative 8'°C values of the entire dataset rang-
ing from —47.8%o to —14.5%0, and 5'0 values between
0.8%o to 2.7%o. Two micritic laminae show 3'3C values of
~23.1%o and —8.7%o and §'O values of 3.8%o and 4.8%o.
A microsparitic laminae yielded §'°C=—11.3%o and 5'30
= 1.8%0. Microsparitic cement in a sample collected from
facies P3 has 8'°C=—34.8%o and 8'%0 = -0.7%. In general,
micritic samples have heavier 5'%0 compared to the sparry
and rim cements (Fig. 7).
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Fig. 6 Backscattered SEM images of thin sections obtained from the
brecciated carbonates. Lighter colors correspond to heavier com-
pounds. (a) Contact between microcrystalline dolomite and calcite
phases in sample PR8. (b) Laminated pyrite (iron sulfide) accumula-

Discussion

The studied seep-carbonate outcrop in the Predappio area
are included in upper Tortonian- lower Messinian marine
euxinic sediments of the Apennine foredeep (Fig. 2). These
carbonates display an evident vertical trend in carbonate
facies passing from brecciated carbonates dominating the
lower-medium portion of the stratigraphic section to mas-
sive micritic facies rich in large bivalve mollusks and plank-
tonic foraminifera (also found laterally to breccias) (Figs. 3
and 4) on the upper portions. The seep-related sequence
ultimately evolves at the top into laminated microbial
carbonates depleted in macrofauna. The microcrystalline
groundmass is mostly composed of primary micrite, largely
dolomitic and subordinately calcitic, and by early-diage-
netic microspar cements (Fig. 5). Clasts in brecciated facies
are micrites, light and dark in color. Different generations
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tions in sample PRY. Inset shows a close-up view of pyrite framboids.
(¢) Higher magnification on dolomite cements lining a cavity in sam-
ple PRY. (d) Calcite and dolomite phases in sample PR10; calcite fills
the fractures in the dolomite

of cements fill voids and fractures, isopachous cements,
dolomitic rim and later sparitic calcite filling voids (Fig. 6).
The laminated deposits are mostly composed of microlami-
nae (prevalent calcite, subordinate dolomite) rich in peloi-
dal particles alternated with microsparitic layers including
scarce amounts of clay minerals.

The samples from our study showed wide isotopic ranges
(Fig. 7): strongly depleted 3'°C values (—44%o to —27%o)
occur in the massive and brecciated facies, both micrite and
vein cements; whereas in the upper laminated facies seep-
carbonates show less depleted values in 8'*C (up to —8%o).
The anaerobic oxidation of methane releases isotopically
light dissolved inorganic carbon (DIC), which adds up to
other DIC sources already present in the pore water, i.e. Late
Miocene bottom seawater-derived DIC (3'3C~—3.5%o)
(Sabino et al. 2022) and DIC from organic matter oxidation
(>~ —25%0). AOM-derived DIC carries the composition of
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Fig.7 Isotopic composition (3'>C, 8'%0) of carbonate samples from the Predappio outcrop. Different symbols and colors refer to the major outcrop
facies (Figs. 2 and 3) and microfacies identified on thin sections, respectively (Table 1)

methane being oxidized, which in turn is generally much
lighter than —30%o0 (Judd and Hovland 2009). Since these
authigenic carbonates form in the sediment interval of high-
est alkalinity production by AOM, they tend to record 5'°C
compositions<—30%o. The values measured in our sam-
ples clearly point to variable amounts of incorporation of
methane-derived carbon in a methane-charged sedimentary
setting.

The distribution and trend in isotope values of the dif-
ferent seep-carbonates are likely a consequence of varia-
tions in fluid intensity and possibly composition, with the
establishment of diverse environmental settings and facies.

The massive carbonate facies with large bivalves indicates a
seafloor environment with low-moderate flux intensity and
rates of methane oxidation. In fact, high AOM rates would
generate high fluxes of HS™ toward the seafloor which can
cause temporary toxic conditions for macrobenthos (Bagari-
nao 1992; Riesch et al. 2015) relying on well-oxygenated
bottom waters for their metabolic processes. We do not
have site-specific paleo-bathymetric reconstructions for this
site, but the regional geology indications (Di Giulio et al.
2013) as well as the abundance of planktonic foraminifera
in the samples suggest a moderately deep slope environ-
ment, approximately in the range of 500 m to 1000 m. The
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siliciclastic detritus dispersed in micritic carbonates and
concentrated in fractures (Fig. 5a) belongs to the underlying
sediments of the Marnoso-arenacea Fm confirming a fluid
circulation originated from the substratum.

A dominant portion of the studied seep bodies is strongly
fragmented, to form monogenic breccias with clasts made
up of light and dark micrites and abundant vuggy, vacuolar
and drusy fabrics. The complex alternation of overpressure
phases and episodic hydrofracturing would have enlarged
the conduits and dismembered the previously precipi-
tated crusts, forming a multiple reworking of the breccias
(Fig. 4c, e).

The micrite and cements are remarkably enriched in
180; in particular 5'30 in micrite ranges from 6%o and 8%o.
The 'O composition of authigenic carbonates forming
in equilibrium with coeval seawater can be calculated by
applying thermodynamic equations. Assuming an average
3% 0=-0.4%0 (V-SMOW) (James et al. 1994; Lear et al.
2000) and bottom water temperature~5 °C (Barbieri et al.
2000) we obtain values of 3'%0= 0.94%o for low-Mg cal-
cite (Tarutani et al. 1969; Friedman and O’Neil 1977) and
3180=3.5%o for dolomite (Vasconcelos et al. 2005). There-
fore, the values measured in our samples are not compatible
with precipitation in isotopic equilibrium with coeval sea-
water as they are heavier than calculated. We also rule out
post-depositional diagenetic alteration, since the tempera-
ture gradients in the sedimentary column and/or meteoric
weathering would alter the carbonate isotopic composition
toward lighter values (negative 5'0), which is the opposite
to what we observed.

Based on petrographic and geochemical features, we
propose that studied seep-carbonates could be related to
paleo-gas hydrate destabilization, similarly to other coeval
outcrops of the same geographic region (Montepetra, Conti
et al. 2010). Our thermodynamic model for the paleo-gas
hydrate stability zone indicates that gas hydrates were sta-
ble at water depths>480 m (Supplementary Information),
which is consistent with lithological constraints imposed
by our field work datasets and regional geology. We can-
not exclude the contribution from deep-sourced fluids rich
in 180 from clay dehydration at greater depth (Kastner et
al. 1991) to the observed oxygen anomalies. However,
the petrographic features resembling modern clathrites
(Bohrmann et al. 2002; Kennett and Fackler-Adams 2000)
together with methane-related carbon isotopic signatures,
strongly supports the hydrate hypothesis for the origin of
the carbonates in the Predappio outcrop.

The upper portion of the examined seep-carbonate bod-
ies exhibits sedimentological and petrographic features
indicative of a microbial origin (Peckmann et al. 2004) such
as laminations, peloids, elongated micritic particles and
clotted micrite. As observed in other correlated outcrops
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(Brisighella) these characters could be interpreted as cya-
nobacterial (or some other bacterial) or algal origin (Conti
et al. 2024). Similar to the examined features are also stro-
matolites from the Lower Messinian of the Calcare di Base
Fm from Sicily (Oliveri et al. 2010), interpreted as Beg-
giatoa-like sulphur bacteria, as well as structures known
both from modern and fossil benthic coccoidal cyanobacte-
rial mats that underwent early mineralization (Kempe and
Ka’zmierczak 1993). Yet, the 8'3C values as negative as
—47.8%o in peloidal laminae from this facies still point to
variable amounts of incorporation of methane-derived car-
bon, thus suggesting methane-rich sediment conditions.

Petrographic structures and isotope compositions simi-
lar to the ones from this study have been reported from
Messinian-age Monferrato (Septarian Like-Beds in Natalic-
chio et al. 2012) other than Montepetra (Conti et al. 2010).
For these outcrops, the paleo occurrence of gas hydrates
was established based on clathrite facies and oxygen iso-
tope anomalies similar to modern counterparts (Greinert
et al. 2001; Pierre and Rouchy 2004; Teichert et al. 2005,
Bohrmann and Torres 2006; Suess 2020; Bojanowski et al.
2021). Nevertheless not all fractured seep-carbonates are
related to gas-hydrate systems and some may have been
sourced by deeper gas reservoirs from a secondary circuit in
the Montepetra outcrop (Conti et al. 2010).

As reported in modern analogue systems in foredeep
basins worldwide, the hydrate destabilization and high meth-
ane fluxes to the paleo-seafloor would have been favored by
active geodynamic conditions, as occurred during the late
Miocene in the Apennine foredeep affected by continuous
bathymetric changes caused by the eastwardly-migrating
accretionary wedge, and the complex fault-fracture system
in the frontal part of the wedge provided effective migra-
tion pathways for methane-rich fluids (Argentino et al.
2019b). The lack of a precise chronostratigraphic constraint
for the Predappio carbonates, established based on the age
of enclosing rocks, preclude an accurate correlation with
basinal structural events and sea-level changes which could
have favored the gas hydrate destabilization. The future
integration of other chronological methods such as U-Pb
dating recently reported by Giunti et al. (2025) or Strontium
Isotope Stratigraphy (Argentino et al. 2019a) could improve
the resolution of our age model and allow high-resultion
chronostratigraphic correlations with Miocene outcrops in
this region.

Conclusions
In this study we report on a new Miocene seep-carbonate

outcrop in the northern Apennines (Italy) which shows
strong petrographic and geochemical evidence for paleo-gas
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hydrate destabilization. This outcrop is composed of car-
bonate bodies with stratiform to pinnacular geometries,
and having thicknesses up to 30 m and lateral extent up to
100 m. The entire outcrop develops laterally over 800 m and
is hosted in the late Miocene turbiditic foredeep deposits
of the Marnoso-arenacea Fm. We interpreted three main
carbonate facies in a stratigraphic section encompassing
the seep-impacted interval. The lowermost carbonate bod-
ies mainly consist of brecciated limestones in a micritic or
sandy matrix, characterized by veins, fractures, and scarce
fossil content. Moving upward, carbonates are made up
of marly limestones with densely packed bivalve fossils
(mostly lucinids). The uppermost carbonates show a lami-
nated microbialite-like facies barren of macrofossils. This
facies succession can be traced also within individual bod-
ies. Stable isotope analyses on different facies revealed
anomalously heavy isotope oxygen signatures (7.9%o) in
the basal massive facies associated with vuggy appear-
ance and 8'°C<—40%o. Our thermodynamic modelling of
the paleo-gas hydrate stability zone indicates that hydrates
were potentially occurring at depths>480 m, in agreement
with the expected paleo-bathymetry of this slope setting.
Similarly to what observed in modern analogue systems in
foredeep basins worldwide, the active geodynamic condi-
tions in the eastwardly-migrating Apennine foredeep dur-
ing the Miocene would have caused hydrate destabilization
and high methane fluxes to the paleo-seafloor. This process
eventually resulted in the formation of widespread seep-
carbonate deposits now exposed on land. This model, com-
bined with previous studies on coeval outcrops in northern
Italy, provides new insights into cold seepage dynamics in
this sector of the Western Mediterranean during the stages
prior to the onset of the Messinian Salinity Crisis that set the
base for future high-resolution regional chronostratigraphic
correlations.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00367-025-00830-8.
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