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In the Miocene of the northern Apennines, a widespread carbonate precipitation was induced by the expulsion of methane-rich
fluids. Numerous outcrops of cartbonate masses share sedimentological, textural and geochemical features with present-day gas
hydrate-associated carbonates. We hypothesize the contribution of paleo-gas hydrate destabilization on the base of the heavy
oxygen isotope signature, the presence of distinctive sedimentary features (breccias, pervasive nonsystematic fractures, and soft
sediment deformation), the close association between seep carbonates and sedimentary instability, and the huge dimensions of

secp carbonates bearing brecciated structures.

1. Introduction

Authigenic 13C depleted carbonales have actually been
described to form within or in proximity to gas hydrates, and
gas hydrate-associated carbonates have been sampled {rom
present-day settings in direct contact with the sea-floor or
a tew melers below it [1-3]. These seep carbonates, called
clathrites [4, 5], show peculiar lithologies and structures
such as vacuolar or vuggy-like structures resembling the
shape of gas hydrate bubbles, monogenic and polygenic
breccias, resulting from the rapid destabilization of gas
hydrates. Highly brecciated structures are usually reported
and restricted to large chemoherm complexes [1, 6, 7].

It is well known [8] that gas hydrate stability depends
on temperature, pressure, and availability of gas and water.
Different geologic processes, such as sea-level drop, tectonic
uplift, climate changes, and hot fluid rise, can induce the
destabilization of gas hydrates. Their destabilization causes
the release of huge amounts of fluids (gas and water), thus
triggering large-scale continental slope instability: slumps,
slides, mud diapirisim and seafloor collapses. Gas hydrate
destabilization can also affect the oxygen isotope composi-
tion due to the release of 180-enriched water (see [9] and
references therein).

Very few examples of seep carbonate-rich rocks recording
the formation of gas hydrates within the sedimentary column
have been documented [10-14]. Gas hydrates cannot survive
for long geological times either because buried sediments
are submitted to increasing geothermal conditions or are
tectonically uplifted. In fossil sediments, the study of the
interaction between seep carbonates, hydrate destabilization,
and sediment instability is particularly difficult, owing to
the lack of a direct recognition of fluid seepages and to the
absence of precise quantifications of palecenvironmental fac-
tors (pressure, temperature, and paleodepth) conditioning
hydrate stability conditions.

Following present-day analogues, the only means to infer
a possible role of gas hydrates in fossil seep carbonates
are geochemical (oxygen isotope signature) and textural
(presence of distinctive sedimentary features such as breccias,
pervasive nonsystematic fractures, and sott sediment defor-
mation) described in clathrites. Additional evidences can
derive from the close association between seep carbonates
and sedimentary instability, and the large dimensions of seep
carbonate masses bearing brecciated structures.

Cold seep carbonates and associated lithologies were
discovered in various geological settings of the northern
Apennines during the Miocene [15-18] (Figure 1). Many
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FIGURE 1: Seep carbonates of the northern Apennines (stars). Numbers 1-11 refer to outcrops enclosed in the Epiligurian deposits, 12-15 in
the Tuscan Units, and 16-50 in the Marnoso-arenacea and related slope mudstones. The outcrops considered in this work are 10 referring to
Sasso Streghe, Le Prade, Montandone; 25 to Castagno d’Andrea; 47 to Montepetra and 48 to Poggio delle Campane (modified from [15]).

seep carbonates are characlerized by negative 9"*C and posi-
tive 9'®0 values, by various types of brecciated structures and
fluid-flow conduits, and are associated with intense sediment
instability such as slumps, intratormational breccias, and
olistostromes. In this paper, we report the results of 12 years
of studies on seep carbonates, obtained from field work,
facies analysis, geochemistry, and biostratigraphy, focussing
on structures and clues highlighting the seepage activity and
the possible relationships with gas hydrate destabilization.

2. Geological Setting

The northern Apennines is a thrust and fold belt charac-
terized by the stacking of several structural units of oceanic
and continental origin (Figures 1 and 2). The complex
structure of the chain is the result of the convergence and
collision between the European and the Adria plates from the
Mesozoic to the present. Starting from the Early Cretaceous,
an intraoceanic accretionary prism caused the progressive

conswmption of the Piedmont-Ligurian Ocean, a portion
of the Tethys ([20] and references therein). The complete
closure of the ocean during Middle-Late Eocene caused
the rapid uplift and erosion of the Alpine orogenic wedge
and the inception of the continental collision. During the
collision (late Oligocene to Recent) the internal oceanic
units (Ligurian units), which were deformed and accreted
during the Alpine orogenesis, were placed over the western
continental margin of Adria while the thrust system migrated
toward the foreland involving the Tuscan and Umbrian units,
which were deposited on the Adria plate (Figure 2) [21--23].
Foredeep basins have developed and migrated casterly and
northeasterly in response to the advancing Apenninic fronts
which progressively have accreted the foredeep deposits
(Figure 2). Starting from late Oligocene, the migration of the
thrust belt was coupled with the counterclockwise rotation
of the Corsica-Sardinia block and of the northern Italian
peninsula [24, 25].
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FiGure 2: Schematic sketch of the migration of the Apennine thrust-belt foredeep system. (a) From the Late Oligocene to Early Miocene. (b)
In the Late Miocene, ELB: Epiligurian basin, OUT: outer Tuscan Units, LIG: Ligurian Units (inodified from [19]).

At present, the Apenninic orogenic wedge is [ramed by
two superposed structural levels. The upper, allochthonous
structural level is made up of the accreted Ligurian unifs.
These comprise Mesozoic oceanic and forearc deposits
derived from the closure of the Ligurian-Piedmont ocean
and ils continental margins [26]. On top of the Ligurian
units, the Epiligurian wedge-top basins are characterized by
a middle Eocene-carly Messinian succession [27-29]. The
lower structural level (Tuscan-Umbrian Units) consisls of
metamorphic basement and Mesozoic to Paleogene carbon-
ate successions folded and segmented by thrusts.

The Miocene paleogeography of the northern Apennine
orogenic wedge and associated foredeep basin is depicted in
Figure 2. The foredeep depocenters and Epiligurian wedge-
top basin migrated in response to the advancing orogenic
leading ecdges. At the same time, the external ramp was
migrating and flexing toward outer areas of the foreland
basin. The foredeep depocenters were mainly filled by sheet-
like turbiditic deposits derived from fluvial and deltaic
systems draining the Alps. By contrast, the Epiligurian clastic
deposits testity to local Apenninic sources [30]. Deltaic
turbiditic systems are mainly located on the orogenic wedge
and wedge-top basins; mixed turbiditic systems are at the
leading edges of the orogenic wedge and inner foredeep;
deep marine turbiditic systems are situated in axial foredeep
depocenters and on the foreland external ramp.

In the northern Apennines, mass-wasting products
(slumps, slides, block falls, and debris and flows), also known
as olistostromes, are common [31, 32]. They occur either in
the Epiligurian wedge-lop basin, or close to the toe of the
orogenic wedge [33, 34], and even in the inner part of the
foredeep basins [35]. They might be related to instability

Figure 3: Castagno d’Andrea carbonates (number 25 of Figure 1),
the basal part of the body is severely brecciated.

caused by fluid seepage [36]. They form complex units of
various sizes, from a few meters to hundreds of meters, and
derive from masses of both foredeep deposits and Ligurian
units slided oft submarine slopes.

3. Apennine Seep Carbonate Distribution
and Characters

Authigenic seep carbonates in the northern Apennines are
concentrated in Middle-Late Miocene pelitic successions
in two diltterent geological settings: in the foredeep and
in Epiligurian wedge-top basins (Figures 1 and 2) [15,
37]. In the foredeep, seep carbonates (Figure3) occur
in marly and clayey hemipelagites and fine-grained tur-
bidites, located in the inner slope (closure flacies), and
in intrabasinal highs in the inner side of the foredeep



FiGure 4: Sasso Streghe carbonates (number 10 of Figure 1): note
the large pinnacle in the middle, and the lateral extension of the
body on the left. On the right the diapiric mélange of Montardone
crops out (argillaceous badlands).

(pelitic intervals of [38]). Closure facies are essentially slope
deposits, Langhian-early Messinian in age, thinning laterally
and capping huge arenaceous turbiditic bodies (Monte
Cervarola and Marnoso-arenacea I'ms). Pelitic intervals
are Langhian-carly Serravallian in age, intercalated within
Monte Cervarola and Marnoso-arenacea Fis; they are com-
posite bodies, including intraformational and subordinate
extraformational sediments, with a lateral extent of 10—
30 km. The intraformational sediments are basin plain and
slope lithofacies, partly involved in spectacular megaslumps.
The extraformational are Ligurian, Subligurian, Epiligurian,
or Tuscan deposits, derived from the migrating thrust front.

In the Epiligurian basins, seep carbonates occur in
the lower part (Serravallian-early Tortonian) of the pelitic
Termina Marls Formation (Figure 4).

In the field, seep carbonates occur in a variety of
morphelogies: lenticular-amygdaloid or scattered irregular
bodies, pinnacles, irregularly thickened levels ranging in
diameter from a few centimeters to several decameters
(Figures 3 and 4). The maximum thickness is about
30 m. They are commonly poorly stratified and strongly
bioturbated (as indicated by burrows, mottled structures,
and trace fossils), but some seep carbonates show a clear
stratification. The marly and fine calcarenitic lithofacies are
typically associated with abundant fossil remains, consisting
of thick recrystallized closed shells and moulds of lucinid and
vesicomyid-like clams, thin shells of modioloid-like mussels,
and small gastropod shells. The fossil preservation shows
unabraded condition; lucinid-like shells can be very large
(up to 25cm), thick and articulated, and so densely packed
as to represent a striking feature ot the deposit. In contrast,
coarser facies are markedly impoverished in fossil content,
bivalve coquina is abundant and valves, when articulated, are
generally isolated or more often packed but disarticulated.

Seep carbonate dominant rock types are calcilu-
titic/marly limestones, calcareous marls, and calcareniles.
Enclosing sediments are hemipelagic/turbiditic mudstones,
muddy sandstones, and marlstones, characterized by low
permeability but severely fractured.
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4, Evidence of Paleo-Gas Hydrates in
Seep Carbonate Formation

Following present-day analogues (described in great detail
by [1]), the only means to infer a possible role of gas
hydrates in fossil seep carbonates are (1) the heavy oxygen
isotope signature, (2) the presence of distinctive sedimentary
features (breccias, nonsystematic fractures, and soft sediment
deformation) linked to clathrites, (3) the close association
between seep carbonates and sedimentary instability, and (4)
the huge dimensions of seep carbonate deposition bearing
brecciated structures.

Among seep carbonates of the northern Apennines,
numerous outcrops show the peculiar features listed above,
that could suggest relationships with gas hydrate destabiliza-
tion.

In this paper we have selected four significant outcrops
covering a wide area from Modena to Tuscan-Marchean
Apennines (Figure 1). Three are in the foredeep: Montepetra
(47 of Figure 1) and Poggio delle Campane (48) enclosed in
the inner slope hemipelagites (closure facies), and Castagno
d’Andrea (25) in the pelitic intervals of the foredeep. Sasso
Streghe (10 of Figure 1, which includes several bodies) is
located in the Epiligurian wedge-Llop basins.

These outcrops are made of large carbonate bodies
characterized by negative 91*C and positive 9'%0 values,
by various types of brecciated structures and fluid-flow
conduits, and are associated with intense sediment instability
such as slumps, intratormational breccias, and mud diapirs.
In the following section we report data from field work, facies
analysis, petrography, geochemistry, and biostratigraphy,
focussing on features indicating possible relationships with
gas hydrate destabilization.

4.1. Clathrite-Like Structures

4.1.1. Dimensions. In the field, the examined carbonates
consist of huge isolated lenticular-amygdaloid, stratiform
bodies and pinnacles ranging in extension from 10 to 100 m
and with a maximum thickness up to 30m (Figures 3 and
4). They can be laterally repeated with a close distribution
and disposed in irregular thickened levels as long as 200
300 m. The lateral distribution of levels is conformable with
the stratification of the enclosing mudstones, and the lateral
contact with host sediments varies from sharp to transitional.

4.1.2. Seepage-Induced Breccias. Monogenic, and polygenic
breccias are abundant and generally restricted to the basal
portion of carbonate bodies. Monogenic breccias (Figure 5)
are made of heterometric angular clasts, ranging in size
from few millimeters to 5-10 centimeters, composed of
the authigenic micrite from the seep carbonates. Clasts are
chaotically dispersed in a micritic matrix or in a fine to
medium-grained sandy matrix. Larger clasts derive from
the coalescence of heterometric smaller clasts, testifying
various cycles of cementation and fragmentation. In many
cases, monogenic breccias pass gradually to a dense network
of nonsystematic carbonate-filled veins and microfractures,
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I'iGure 5: Monogenic breccias and irregular network of veins,
Poggio delle Campane (number 48 of Figure 1).

irregularly connected to a larger vein network. Fossils
are commonly reworked and disarticulated; they occur as
isolated shells or are organized in discontinuous levels;
layers of shell detrilus are also present. Lateral extension is
decimetric to metric.

Polygenic breccias (Figure 6) are characterized by a
complex framework of carbonate, arenitic, and pelitic
clasts of various provenance (both extraformational and
intraformational) and dimensions, chaotically floating in
the micritic matrix. Clasts are heterometric (from some
millimeters to 50 cenlimeter in diameler), generally very
angular, rarely subangular; sometimes clast size gradually
decreases from the base to the top of carbonate masses.
Intratormational clasts are made of carbonates from the
various facies, or are supplied by lithotypes of the host
turbidites and hemipelagites. Extraformational clasts derive
trom various sources such as Ligurian, sub-Ligurian, Epilig-
urian or foredeep arenaceous turbidites (Tuscan units) older
than those including seep carbonates. Allochthonous clasts
can also derive from the Ligurian nappe front and are now
intercalated within foredeep or Epiligurian sequences. Fossils
are scarce to absent and commonly disarticulated or repre-
sented by bivalve coquina in packstones or grainstones. In
tew cases, polygenic breccias are clast-supported. They form
units ranging in thickness from some centimeters to a few
meters, randomly distributed and often interdigitated with
fine-grained carbonate cemented sediments. Pseudofluidal
textures are observed.

4.1.3. Textures. Examined seep carbonates show many struc-
tures similar lo those reported by [1] in the Hydrate Ridge
gas hydrate-associated carbonates. Micritic-marly limestones
and fine calcarenites show vacuolar and vuggy-like fabrics,
and stromatactis-like structures resembling drusy crystals.
Vuggy structures are often associated with irregular patches
of monogenic carbonate breccias and irregular network of
carbonate-filled veins (Figures 7, 8, and 9).

Void infillings are made up of carbonate cements and/or
coarser sediments (calcarenites, microbreccias, and coquina
debris). The abundance of veins and fractures of centimetric
dimension give the carbonate masses the appearance of
megabreccias. In thin section the micritic groundmass is
crosscut by an intertwined network of irregular fissures.

FiGURE 6: Polygenic breccias: clast dimensions vary from some mm
1o about 20 cin. Sasso Streghe (number 10 of Figure 1).

FIGURE 7: Micritic limestones with dense network of carbonate-
filled veins and conduits. Maximum diameter of conduits is 2 cim.
Colline, near Castagno d’Andrea (number 25 of Figure 1).

Vein diameter ranges from 1-2 millimeters to 2 centime-
ters, they are not systematic and show a sinuous to irregular
distribution; in most cases they can join forming veins of
major dimensions (1-2 ¢cm) containing abundant black iron
sulfides. In some cases, veins and rims are lined by acicular
ar botryoidal aragonite. The vein infillings can also contain
coquina debris.

4.1.4. Sediment Instability. The examined seep carbonates
occur in deposits associated with intense sediment instability,
such as intraformational slumps, soft-sediment deformation
structures, and mud diapirs. Slumps and slides predomi-
nate in the toredeep (Montepetra, Poggio delle Campane,



Ficure 8: Micritic limestones with extensive vuggy and spongy
fabric; maximum dimension of cavities is 1cm, Sasso Streghe
(number 10 of Figure 1).

FIGURE 9: Vuggy structures associated with monogenic breccias
and irregular network of carbonate-filled veins (diameter 3-4 mm),
Castagno d’Andrea (number 25 of Figure 1).

Fioure 10: Intraformational slump in closure pelites of the
foredeep, near Montepetra (number 47 of Figure 1).
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Castagno d’Andrea; Figure 10), where carbonates are hosted
in pelitic successions deposited in intrabasinal structural
highs. The formation of structural highs is linked to synsedi-
mentary thrust activity, related to blind thrusts. Intrabasinal
highs are developed very close, some tens of kilometers,
to the front of the paleo-Apennine wedge represented by
the allochthonous Ligurian nappe. They formed during
the closure stage of the foredeep, generally related to the
synsedimentary growth of anticlines. Field analyses suggest
that detachment folding was the leading mechanism of
anticline growth and of synsedimentary instability along the
anticline flanks. In this structural setting, the fold geometry
can deflect and confine the mass transport deposits sourced
from the Ligurian nappe (olistostromes). The occurrence of
sediment sliding sourced both from intraformational and
extraformational sediments, and the ascent of blocks of
already compacted rocks and clasts from the underlying
basin-plain turbidites of the Marnoso-arenacea Fm, in some
cases seem to indicate a contribution from diapiric rising
of fluids [17, 18]. In the Epiligurian basins, seep carbonates
are lateral to a huge sedimentary mélange (Montardone
mélange; Figure 4) recently interpreted as a diapir on the
basis of the distribution and geometry of the mélange, the
vertical abrupt contact with the hosting Termina marls,
the occurrence of huge seep carbonates associated with the
mélange, and the presence of polygenic breccias at the base
of carbonates.

The marginal portion of the diapir is characterized by
diffuse slope instability with the emplacement of coalescent
debris flows involving blocks of authigenic carbonates.
Minor lens-like bodies of chaaotic deposits are present in seep
carbonates at different levels, resembling sill-like intrusions
of diapiric material.

4.1.5, Isotopes. The 9"C and 080 analyses indicate that
examined seep carbonates are depleted in '*C and slightly
but significantly enriched in *O compared to carbonates of
surrounding sediments. The 1*C depletion and 2O enrich-
ment reach the maximum values in the brecciated portions
of the larger seep carbonates. In Sasso Streghe outcrops
the carbon value has an average = —37%o, and the 9'%0
value range from 0.1 to 5.4%e relative to the PDB standard
(19, and unpublished data]. In enclosing pelites values vary
narrowly in most samples, showing a slight depletion in
180 (9180 from -3.11 to —4.47%o) that suggests derivation
of oxygen from seawater. The Montepetra carbonates (MP5
and FC bodies, [17]) show negative carbon values (from
~36.02 to —52.68%0) associated with enriched values of 180
(8130 from 2 to 5.97%o). The Castagno d’Andrea carbonates
constituting the main massive micrite portion of the body
show an average 81°C = —24%o [16] and carbonates in the
brecciated units have an average = —36.0%o0 PDB. The O
values (8130 = +1.2%0 PDB) show a slight but significant
enrichment in 880 for chemoherms when compared to
values of carbonate phases present in enclosing pelites. In
samples from Poggio Campane the carbon values reach
~32.2%o0 and 980 +2.21%o.
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5. Discussion

In tfossil Apenninic seep carbonates, we found structures
that ate very similar to “gas-hydrate related rock structures”
reported by [1] in present-day carbonates of the Hydrate
ridge in the Cascadia margin. In the Hydrate Ridge, the
authors recognized a direct relationship between gas hydrates
and sediment fracturing: carbonates show layered megapores
and veins as relict of the original gas hydrate tabric, and dif-
ferent types ol breccias formed by growing and decomposing
gas hydrate near the sediment surface. In addition carbonates
are involved in sedimentary instability processes. The heavy
oxygen isotopic signatures are also a peculiar feature.

In the Miocene Apenninic seep carbonates, vacuolar
and vuggy-like structures of irregular shape (Figures 7, 8,
and 9) look similar to hydrate layers observed in modern
sediments. Monogenic breccias (Figure 5) share many char-
acters with mudclast breccias and intraformational breccias
“chemoherm-typical,” described in [1], and to “irregular
edifices” reported in [39], due to ascending bubbles and
growing gas hydrate that caused sediment brecciation. We do
not esclude that part of these features are collapse breccia,
related to the rapid destabilization of gas hydrates in the
sediment pore spaces. Both recent and fossil breccias have
very angular clasts, a similar irregular clast-supported fabric,
and abundant pores. Polygenic breccias (Figure 6) in studied
sediments are also similar to polymictic lithologies of [1).
The large dimensions of Miocene carbonate edifices (Figures
3 and 4) bearing brecciated structures, as well as the close
association with sedimentary instabilities (Figures 4 and
10) are also reported in modern hydrate-associated settings.
Geochemistry provides an additional evidence. Apenninic
scep carbonates show negative carbon values (0"3C up to
—52.68%0) associated with enriched values of 180 (3'¥O up
ta 5.97%») that could be likely due to decomposition of gas
hydrates.

All these elements seem to indicate that the decom-
position of gas hydrates played a role in the precipitation
of methane-derived carbonates in wedge-top and foredeep
basins ol the northern Apennines, during the Miocene.
The gas hydrate destabilization was not substitutive but
contributory to surtace microbial methanogenesis and could
permil a large amount of fluids to be released in a short time.

In the northern Apennines inferred paleobathymetric
data are compatible with gas hydrate stability field [40],
as estimated on the basis of benthic foraminiferal fauna
characteristics, indicating intermediate water depth (upper
slope) tor the seep carbonates [17, 18].

We hypothesized different mechanisms in the foredeep
and in wedge-top basins, resulting in geological responses
largely dependent on rate and duration of fluid expulsion
processes.

Carbonates in the foredeep (Castagno d’Andrea, Mon-
lepetra, Poggio delle Campane) are related to intrabasinal
highs where methane accumulation in the hinge zone may
torm a hydrate seal, trapping methane in underlying strata.
Teclonic movements could have disrupted the underlying gas
hydrate stability zone, as a consequence of upward move-
ment of the base of gas-hydrate stability field due to uplitt

ol the structural highs (cf. [41]), and/or anomalous heating
by waters moving up along faults [42, 43]. Seal rupture
by tectonic activity allowed methane seepage that sustained
chemosynthetic biota and consented carbonate precipita-
tion. Gas hydrate dissociation produced large amount of gas
and water released in a short time, thus favouring more
intense fluid activity triggering mass wasting deposits, such
as sliding and slumping, and sand/mud diapirism.

Decomposition of gas hydrates and weakening of the
mechanical strength of sediments encouraged failure along
low-angle slopes producing more slides and some slumps
rather than debris flows, as indicated by [44] in modern
geological settings. The lack of turbidity deposits at the foot
of the slumps could be a further clue to their gas-hydrate
dissociation-related origin. Fluid overpressures was probably
facilitated by the tectonic loading of Apennine thrust-
sheets, related to underthrust foredeep deposits dewatering.
The occurrence of extraformational deposits (olistostromes)
within pelitic intervals testifies a close position of the
deformational front. This intense activity could also explain
the ascent of blocks of already compacted rocks and clasts
{rom the underlying basin-plain turbidites.

In epiligurian wedge-top basins we hypothesize mud
diapirism due to the tectonic loading by overthrusting, and
the generalion of a large amounl of methane-rich fluid for
gas-hydrate destabilization. The occurrence of methane-rich
fluids, testified by authigenic carbonates, contributed to gen-
erate overpressured shales ascending along sin-sedimentary
faults. The fine-grained nature of the matrix of buried debris
flow deposits, common in epiligurian succession but absent
in the foredeep, incorporated in the accreted terranes of
the Apenninic thrusts, favoured the build-up of the excess
pore pressure necessary for the evolution of mud diapirs.
In our opinion, the polygenic extraformational breccias in
epiligurian seep carbonates originated not only from hydro-
fracturing and erosion of the country rocks during gas
hydrate destabilization and mud eruption, but also from the
reworking of buried slides and debris flows, common in the
epiligurian succession (sedimentary mélanges). The surface
expression of the mud diapir is affected by diffuse slope-
instability with the emplacement of coalescent debris flows
also involving blocks of authigenic carbonates.

6. Conclusions

Authigenic seep carbonates in the northern Apennines are
concentrated in Middle-Late Miocene pelitic successions in
two different geological seltings: in the foredeep and in
epiligurian wedge-top basins.

By comparison with present-day analogues, we infer a
possible role of gas hydrates in the precipitation of fossil
seep carbonates of the Apennines. The factors that have
allowed us to hypothesize the paleo occurrence of gas
hydrates are the heavy oxygen isotope signature, the presence
of distinctive sedimentary features (breccias, soft sediment
deformation) related to clathrites, the close association
between seep carbonates and sedimentary instabilitics, and



the large dimensions of seep carbonate deposition bearing
brecciated structures.

Carbonates in the foredeep are related to intrabasinal
highs where methane accumulation in the hinge zone formed
a hydrate seal, trapping methane in underlying strata. Seal
rupture by tectonic activity induced gas hydrate dissociation,
resulting in carbonate precipitation and triggering mass
wasling deposits. Decomposition of gas hydrates and weak-
ening of the mechanical strength of sediments encouraged
failure along low-angle slopes producing more slides and
some slumps rather than debris flows.

In epiligurian wedge-top basins, carbonates are associ-
ated with a diapiric mélange, generated by overpressured
shales ascending along sin-sedimentary faults, related to
gas hydrate dissociation. We assumed that the fine-grained
nature of the matrix of buried debris flow deposits, common
in epiligurian succession but absent in the foredeep, tavoured
the build-up of the excess pore pressure necessary tor the
evolution of mud diapir. The polygenic extraformational
breccias in epiligurian seep carbonates originated not only
trom hydrofracturing and erosion of the country rocks
during gas hydrate destabilization and mud eruption, but
also from the reworking of buried slides and debris flows.
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