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Figure 7. Biostratigraphic scheme, based on nannofossil and foraminifera assemblages, indicating the
Miocene biozones and the stratigraphic distribution of the examined outcrops. For the full name of the
outcrops refer to Figure 1. The third-order eustatic curve is reported to show a possible correlation
between the development of seepage systems and low stands.

5. Discussion

We report several features in fossil seep-carbonates of the northern Apennines that can be related
to the occurrence of paleo-gas hydrates. Some of these are similar to those described from present-day
settings where gas hydrates have been mapped or directly observed on the seafloor, therefore their
identification in the sedimentary record provides a quite robust evidence. The vacuolar, spongy and
vuggy-like fabrics in the examined Apenninic carbonates are interpreted as voids and pores previously
occupied by solid substances (possibly crystallization of gas hydrates at the rim of bubbles trapped in
the sediment) [18] preserved by the precipitation of methane-derived carbonates. Monogenic breccias
are made up of very angular micritic clasts of the previously precipitated carbonate crusts and may
represent collapse breccias resulting from the rapid destabilization of gas hydrates within the sediment
pore space [27]. Similar fabrics have been reported in seep-carbonates of the Hydrate Ridge [18] and
in the Oligocene seep-carbonates of the Carpathians [42]. Polygenic breccias include exotic material
derived from the underlying formations and could be related to rapid ascent of fluids released by gas
hydrate destabilization: Similar structures are also described in carbonates associated to gas hydrates
from the Hydrate Ridge (intraformational breccias) [18]. Fluid overpressures, as expected from the
rapid decomposition of hydrates, can also result in the opening of fractures and injection of fluidized
sediments [63–65] as shown in the dense and intricate network of non-systematic carbonate-filled veins
and microfractures, irregularly connected to larger conduits, in the studied seep-carbonates. Layered
carbonate facies show a zebra-like appearance due to the alternation of thin micrite and sparry calcite
layers. This texture likely resulted from carbonate precipitation in contact with pure gas hydrate layers
roughly oriented parallel to the bedding surfaces of the host sediments, as reported from present-day
sediments at Hydrate Ridge, offshore Oregon [18].
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Other markers are more uncertain, as the large dimension and volumes of carbonate bodies
hardly explainable as originated by local anaerobic degradation of organic matter and more likely
are indicative of abundant methane supply by destabilization of gas hydrates [56]. Moreover,
according to various studies, fluid circulation for gas hydrate destabilization may trigger soft-sediment
deformation and mass-wasting processes responsible for the emplacement of chaotic deposits [5,13].
Gas hydrates may act as cement, particularly in fine-grained deposits, improving cohesion and stability
of paleo-slopes; conversely, their rapid decomposition increases sediment pore-pressure and favours
sediment mobilization at all scales. Examined seep carbonate in the northern Apennines are sometimes
associated with slumps, slides and resedimented arenites and debris flow, cemented or encrusted by
micrite with depleted δ13C and positive δ18O. In wedge-top outcrops, seep-carbonates are associated
to chaotic deposits formed by the ascent of a mud diapir [49].

The oxygen isotopic composition of methane-derived carbonates provides important information
on fluid sources and processes occurring within the sediments [27,56]. The ultimate δ18O value
recorded by authigenic carbonates is controlled by several factors, that is, the temperature of formation,
the δ18O composition of the precipitating fluid, the mineralogy and the pH of the solution [66–70].
Heavy δ18O values (>+3.4� up to 14.8�) [18,71] in methane-derived carbonates have been reported
in gas hydrate-bearing sediments worldwide (Hydrate Ridge, Gulf of Mexico). Heaviest oxygen
isotopic values in the examined seep-carbonates are around +5� and +6� (Table 1). Based on these
δ18O values, the temperature of formation of examined carbonates has been calculated applying
the equation by [72] and assuming an original aragonitic mineralogy and pore fluid composition of
0� versus SMOW (average modern seawater). The resulting temperatures are below 0 ◦C which are
clearly unrealistic. Therefore a contribution of isotopically heavier fluids has to be assumed: a possible
influence of gas hydrate decomposition [27] or a contribution from deep-sourced fluids recording
the dehydration of clay minerals [73]. We exclude the clay dehydration process, as the depth to the
detachment surface under the foredeep deposits during the Miocene did not probably exceed 3 km [53],
which is not sufficient to make the clay dehydration process a significant controlling factor on the
oxygen isotopic composition of the carbonates [73]. We suggest that gas hydrate decomposition could
be the main source at least for the heaviest δ18O values in our study. In order to validate this hypothesis,
we discuss the gas hydrate stability in the Apennines during the Miocene.

Gas Hydrate Stability along the Northern Apennine Margin during the Miocene

The stability of gas hydrates within the sediments depends on many factors such as temperature,
pressure, gas composition and saturation, as well as pore-water composition (e.g., salinity) [27].
All these parameters are used to construct the stability curve for a specific gas hydrate structure.
To calculate the vertical extent of the gas hydrate stability zone (GHSZ) we need to know the
temperature profile in the water column and local geothermal gradient. The true depth interval
in which hydrate potentially form within the sediments, called gas hydrate occurrence zone (GHOZ),
is defined by the interceptions of the phase boundary curve with the seafloor and with the geothermal
gradient (Figure 8) [74]. In order to reconstruct the gas hydrates stability in a fossil environment at a
specific depth, we need to consider the bottom water temperature to calculate the GHOZ. In this way,
we avoid introducing errors related to uncertainties on the oceanographic conditions due to paucity
of data.

Paleobathimetric estimates of middle Miocene seep-carbonates in the inner foredeep by [75] and
more recently by [57], place the seepage systems at the average depth of ~1000 m and we used this
value as representative of the seafloor depth in our reconstruction (Figure 8). We calculated the stability
field of pure methane hydrates (crystal structure I) [27] in the Miocene along the northern Apennine
margin, since this methane hydrate structure is the most frequently observed along modern continental
margins. We considered two different hypotheses of temperatures of bottom water, as reported by
various authors for the Mediterranean region during the Miocene and a normal geothermal gradient
of 30 ◦C/km. The value of 4 ◦C has been utilized by [48] for calculating the gas hydrate stability in the
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lower Messinian sediments of the Tertiary Piedmont Basin (northern Italy). The authors extrapolated
that value by applying an exponential curve decreasing from the Messinian sea surface temperature of
18 ◦C [76] until reaching the depth of 1000 m. By using 4 ◦C as minimum bottom water temperature
and assuming modern-day Mediterranean salinity (3.8%) [77] we obtained a GHOZ of ~400 m for the
Apennine setting (Figure 8). We then considered the bottom temperature of 11 ◦C as the highest value
allowing a potential occurrence of gas hydrates within the sediments and consistent with a GHOZ
of few tens of meters (Figure 8). A similar value of bottom water temperature (12–13 ◦C) has been
also used by [41] to demonstrate that gas hydrates were stable at 1000 m water depth in the Western
Mediterranean during the upper Miocene. Considering the paleobathimetry of our seepage systems
and the expected depth of the thermocline located between 500 and 1000 m, the bottom temperature
reported by [78] during the Middle Miocene Climatic Optimum (~15 ◦C at 500 m depth) would support
the value of about 10 ◦C obtained in our model. Therefore, it is conceivable to use this latter value for
the calculation of paleo-gas hydrates stability zones in the Miocene, indicating the potential occurrence
of shallow gas hydrates.

The chronostratigraphic distribution of examined outcrops (Figure 7) shows that they are roughly
concentrated in three main intervals: in the Langhian (MNN5a), in the late Serravallian-early Tortonian
(MNN6b-MNN7) and the late Tortonian-early Messinian (MNN10-MNN11). When comparing seep
distributions with 3rd order eustatic curves of [79], they approximately seem to match phases of
sea-level lowering. However, in the studied cases, we are aware that the biostratigraphic resolution is
conditioned by the duration of the biozone, that could be longer than the seepage activity. Some authors
investigated the correlation between seep-carbonate precipitation and sea-level changes and proposed
the correspondence of seep-carbonates with sea-level lowering [9,15,80]. A drop in the hydraulic
pressure on the plumbing system during sea-level lowering would shift the bottom of the gas hydrate
stability zone into shallower depths, inducing gas-hydrate destabilization [27]. Specific paleoclimatic
reconstructions for the Miocene of the western Mediterranean will provide more accurate estimations.

Figure 8. Evaluation of the gas hydrate stability along the northern Apennines in the Miocene, based
on the assumptions reported in the text. For bottom water temperature of 4 ◦C, gas hydrates would be
stable for 400 m below the seafloor. The value of 11 ◦C represents the highest temperature allowing
the occurrence of gas hydrates in the upper tens of meters of sediments. Water column profiles were
drawn following [48].
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6. Conclusions

We document the occurrence of clathrite-like features in Miocene seep-carbonates from different
structural settings of the Apennine wedge-foredeep system and discuss their possible relationships
with gas hydrate dissociation.

Vuggy fabrics are interpreted as related to voids and pores previously occupied by gas hydrates
dispersed in the sediment, preserved by the precipitation of methane-derived carbonates. It is
suggested that monogenic and polygenic breccias could be related to rapid ascent of bubbles and
growing gas hydrate layers that caused sediment brecciation. Fluid overpressures could result in
the opening of fractures and injection of fluidized sediments. We also considered dimension and
volumes of carbonate bodies, as well as sedimentary instability in host deposits, as possible indicator
of abundant and prolonged methane supply by destabilization of gas hydrates.

We report heavy oxygen isotopic values up to +6� in the examined seep-carbonates and propose
a contribution of isotopically heavier fluids released by gas hydrate decomposition.

Based on the calculation of gas hydrate stability zone for the selected settings, we suggest a
potential occurrence of shallow gas hydrates within the sediments in the upper few tens of meters.
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S1: Full isotopic data.
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