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Abstract

We present new field data from three outcrops adddne methane-derived authigenic carbonates
in the foredeep of the northern Apennines that aianthemosynthetic fauna and record a long
history (~ 1 Ma) of shallow fluid seepage linkedsafloor anaerobic oxidation of methane. The
studied outcrops show similar features in termsasbonate morphology, facies, spatial distribution
and lateral and vertical contacts with the enclpsiadiments. Methane-derived carbonates occur in
two structural positions: 1) on the slope of theratonary wedge in hemipelagites draping buried
thrust-related anticlines, and 2) at the leadingeedf the deformation front in the inner foredeep,
within fault-related anticlines standing above #ugacent deep seafloor as intrabasinal ridges. We
compare fossil seeps with two extensively investidanodern analogues: the Hikurangi Margin,
offshore New Zealand and Hydrate Ridge, on the &hacmargin, offshore the U.S.A. These
analogues share a similar compressive structuttahgand are marked by the presence of variably
extensive and voluminous methane-derived carbohatkes and chemosynthetic fauna on the
present-day seafloor. The comparison allows usdpgse a model for the evolution of fluid seeps

on thrust-related ridges. At the deformation frant|ift and geometry of the anticlinal ridges are
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controlled by the growth of splay faults, mostlynl, connected to the basal detachment, favoring
the migration of fluids toward the incipient anind. Fold development generates extensional
stresses in the hinge zone of the anticline, promgothe development of normal faults; fluid
migration pathways and seafloor seeps shift froenfthelimb toward the crest of the ridge as the
structures evolve. After reaching a mature staghinvthe wedge, the structure is less active and
buried in the slope environment of the evolvedmrla the slope setting, far from the deformation
front, thrust faults and extensional faults in bdrianticlines remain the main fluid migration

pathways to sustain seepage at the seafloor.

Key words. Methane-derived carbonates, accretionary prisnticlanal ridge, fluid migration,

Miocene seep, northern Apennines, Hydrate Ridgeytdngi slope.

1. Introduction

Expulsion of hydrocarbon-rich fluids is a commorogess in accretionary wedges where
tectonic thickening and underplating generate ploiid-overpressures and induce fluid migration
(Gill et al., 2005; Ding et al., 2010; Crutchleyatt, 2015; Klaucke et al., 2015; Tavani et al120
Thrust-related anticlines on the lower slope oframonary wedges and in the inner foredeep
represent ideal structures for the accumulaticappping and dissipation of methane-rich fluids
(Moretti et al., 2002; Morley, 2007; Barnes et 2D10; Leifer et al., 2010; Netzeband et al., 2010;
Evans and Fischer, 2012; Morley et al., 2014; Hraseal., 2016), and may create the optimal
conditions for gas hydrate formation and destadiion (Judd and Hovland, 2009; Laird and
Morley, 2011; Krabbenoeft et al., 2013).

In foredeep settings in front of accretionary mss large amounts of organic matter of

terrestrial and marine origin accumulate withinbtdite-rich hemipelagic sediments (Canfield,



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

1994). During burial, the organic matter underge®geral biogeochemical processes that lead to its
progressive mineralisation (eg. Jgrgensen, 198@fi€d, 1994). The organic matter that escapes
oxidation close to the seafloor is converted to haeé by microbial processes involving
methanogenic archaea in the upper sedimentary coland by thermal maturation at greater
depths. Methane-rich fluids formed at depth tenantgrate upward through diffuse intergranular
flow and/or advective flow through structural orasiyraphic permeable pathways (e.g. Moore et
al., 1990; Carson and Screaton, 1998; Krabbenaedt. £2013), eventually mixing with shallow
methane sources. Thrust-related anticlines caniggdwecal extensional settings at their crests for
methane-rich fluid expulsion (eg. Morley, 2007; feeiet al., 2010; Laird and Morley, 2011; Evans
and Fischer, 2012; Beaudoin et al., 2015), favautine precipitation of thick authigenic carbonates
(Teichert et al., 2003; Johnson et al., 2003, 2@x&inert et al., 2010) linked to the anaerobic
oxidation of methane (AOM). Methane that is notsuomed via AOM, either advectively escapes
to the seafloor resulting in methane seepage,maires trapped below the AOM zone where it can
accumulate as free gas or gas hydrate, if withengtls hydrate stability zone.

The contribution of deep fluid sources to the lvalpore-water methane budget increases
with distance from the toe of the accretionary mri¢Torres et al.,, 2004), reflecting upward
advection in response to burial and tectonic cosgio@ that increases pore pressure at depth
during continued deformation of the wedge. Deepflumay also flow along the basal décollement
and reach the seafloor through frontal thrustshatdeformation front (Yamada et al., 2014; Chen
et al., 2017). The concomitance of tectonic agtjvibpographic relief and escape of methane may
contribute to generate soft sediment deformatiahssmdimentary instability (Cochonat et al., 2002;
Johnson et al., 2006; Conti et al., 2008, 2010sEl al., 201Q)

The northern Apennine orogenic belt consists oliglifted paleo-accretionary prism that
was mainly formed during the Neogene and is astatiaith carbonates recording seepage activity
(Conti et al., 2004; Dela Pierre et al., 2010). &tecstudies on Miocene seepage in the northern

Apennines have demonstrated that seep-carbonateedat the front of the paleo-wedge (Conti et
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al., 2017 and references therein) during differstéiges of foredeep migration, recorded as
synsedimentary growth strata on thrust-relatedclmdéis. Such examples provide a unique
opportunity to better constrain relationships amantclinal growth, fluid expulsion and carbonate
precipitation. In this study we present new fielatad from three key outcrops in the northern
Apennines, representative of a long and dynamiotyi®of seepage (~ 1 My) during the advance of
the Miocene wedge-foredeep system. Stratigraphicsaructural results from our field study are
compared with two extensively investigated moderal@gues that share a similar structural setting
near the fronts of accretionary prisms: the Hikgravargin, offshore New Zealand’s east coast,
and at Hydrate Ridge, in the Cascadia accretionagge offshore Oregon, U.S.A. These modern
methane-related seep systems are marked by thenpeesf thick MDAC bodies on the seafloor
(Bohrmann et al., 1998; Trehu et al., 1999; Gréieeial., 2001; Johnson et al., 2003; Klaucke et
al., 2010; Krabbenhoeft et al., 2013). It has beeted that modern analogues reveal only partial
stages of seepage activity (e.g. Plaza-Favero#d.,e2011; Crutchley et al., 2015; Klaucke et al.,
2015; Mohammedyasin et al., 2016) while the idergtfon of buried authigenic carbonates may be
difficult on seismic data due to resolution lim{Zsndresen, 2012; Ho et al., 2012). On the other
hand, seismic and seafloor data from modern anak@illow observations at a basin-wide scale
and may allow the recognition of fluid migratioratpways that are rarely identified in the
geological record (Nyman et al., 2010; Nelson gt24117).

The objective of this study is to improve our ursi@nding of methane-related seepage systems on
accretionary settings, by integrating structural atratigraphic evidence from onshore outcrop data
with modern offshore analogues. We first presesuramary of recurring features at three key seep
carbonate outcrops in the northern Apennines, rmgeof structural position, geometry and
bounding relationships. We then compare these werdaesolution information from modern
analogues on the Hikurangi and Cascadia margings dbtmparison allows us to propose an
evolutionary model of paleo-seepage on fault-relatéges in accretionary settings, and provides

new insights into the variability and dynamics ot&nt and modern seep-carbonate settings.
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2. Geological setting

2.1 Apennine structural setting

The northern Apennine mountain chain is a fold gimdst belt characterized by the stacking
of multiple structural units of oceanic and contitad origin (Fig. 1). The complex structure of the
chain is a result of convergence and collision eetwthe European and the Adria plates from the
Mesozoic to the present. Starting from the Earlgt@reous, an intraoceanic accretionary prism
caused the progressive consumption of the Piedingatian Ocean, a portion of the Tethys Ocean
(Argnani and Ricci Lucchi, 2001). Closure of thecsag during Middle-Late Eocene caused rapid
uplift and erosion of the Alpine orogenic wedge anel inception of continental collision. During
the collision (late Oligocene to Recent) the inémceanic units (Ligurian units) were placed over
the western continental margin of Adria (Tuscan bimsbro-Romagna units) (Fig. 1). Subduction
of the Adria plate under the European lithosphewught about flexure of the foreland and the
formation of foredeep basins. The migration oftiéetonic front is generally related to roll-badk o
the subducting Adriatic slab (Carminati and Doglid2012). Migration was accompanied by the
development of small basins on top of the orogemdge, filled by Epiligurian units (Conti et al.,
2016; Argentino et al., 2017) (Fig. 1). Beyond #awvancing Apenninic front, foredeep basins were
mainly filled by sheet-like turbidites within depatters that migrated to the northeast and were
progressively incorporated into the prism (Fig. 2).

The advance of the accretionary wedge causemdtkddep to segment into inner and outer
sectors. Successive stages of migration, uplift eodure produced numerous lithostratigraphic
units with complex lateral relationships (Tinteamd Muzzi-Maghalaes, 2011; Di Giulio et al.,
2013). A simplified scheme of the units filling thkeedeep basins during the Miocene is presented

in Figures 1 and 2. The age of the Apennine thbedts decreases toward the northeast, in the
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direction of wedge advancement and foredeep mayrdfrig. 1). In the Burdigalian, closure of the
Tuscan foredeep (filled by turbidites of the Faltex Fm) was followed by deposition of slope
hemipelagites of the Vicchio Fm (Figs. 1, 3) (Cagitial., 2010, 2017). During the Langhian, the
newly formed foredeep was filled by thick turbiditef the Marnoso-arenacea Fm (Umbro-
Marchean units); its progressive involvement in thecretionary wedge resulted in the
fragmentations of the inner sector through the kbgreent of intrabasinal highs draped by
hemipelagites (Pelitic lithofacies of Fig. 3). Teeme-grained sediments on top of the structural

highs host several large seep-carbonate bodieshvainé the subject of the present study.

2.2 Authigenic carbonates - isotopic evidence of methane seepage

The carbon isotopic composition of authigenic cadies can be used to assess their origin
from methane via either AOM, organoclastic sulfii@éuction, or methanogenesis (e.g. Teichert et
al., 2014). Th&"C composition of the biogenic methane is signiftbadepleted in°C (values as
negative as -110%. VPDB) compared to thermogenichamet (-50 to -30%. VPDB) (Whiticar,
1999). Howeverd*C values recorded by MDAC at seeps are generaliige than methane
carbon due to mixing with dissolved inorganic carb&rom sea-water (-3%0) and from
mineralisation of marine organic matter (-25%. t0%2) (Whiticar, 1999). Typical MDAG'*C
values range from -60%. to -30%. (Judd and HovlandQ9). Seep-impacted sediments are
characterized by high concentrations of reducedpoomds (HS, CH,) which diffuse from the
sulfate-methane transition (SMT) and may reach #eafloor and sustain characteristic
chemosynthetic ecosystems including bacterial lmwadisa variety of clams, mussels and tubeworms
(e.g. Kiel and Tyler, 2010; Boetius and Wenzh688Y13; Taviani, 2014; Grillenzoni et al., 2017).
In the northern Apennines, several previous studase shown that the stable isotope (C and O)
compositions of carbonates and chemosynthetic falloa the identification as MDACs (Conti et

al., 2004, 2017; Argentino et al., 2017). Tableutnmarises results for the outcrops examined in
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this study: authigenic micrite ranges from -42%+26%o0 and calcite cements from -30%o t0 -14%o.
Enriched 3°C values suggest some influence of organoclastfatsureduction and/or biogenic

fossil influence in these locations. In Table 1 tagbonate mineralogy is also reported. From
previously published XRD analyses (Conti et alQ20we observe a dominance of low-magnesium
calcite with minor high-Mg calcite and dolomite. elipresence of chemosynthetic fauna in our
outcrops is consistent with a surface or shallowssafloor environment that may have been

episodically charged with methane through time.

3. Methods

Three outcrops (Moggiona, Corella, Castagno d’'&adiFigs. 1, 3) were selected for their
good stratigraphic exposure and wide lateral (up@® m) and vertical (50 m) extent. Carbonate
bodies are concordant within vertically to sub-hontally bedded host rocks, facilitating outcrop
observations of their lateral geometries, thickassand internal facies. A detailed geological
investigation was performed at each site and waaskd on the assessment of carbonate body
geometries, terminations and contacts with the sediments, spatial distribution and relationships
with nearby regional structures. These field obs#ons were integrated with published studies
(Conti et al., 2004, 2010; Fontana et al., 2013ruter to provide a reliable scheme representative
of the outcrop-scale variability of seep-impactegasits of the Apenninic foredeep. In our study
we also consider small scale recurring featureh saiscthe presence of minor carbonate blocks
around the main bodies and facies distributionth&y help our understanding of the physical
evolution of the seepage (e.g. growth directiorgepage intensity). The age of the main authigenic
carbonate bodies was determined based on bios#altig analysis of nannofossils in samples of

the over- and underlying host sediments.

4. Results from Miocene case studiesin the Apennines
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In this section we present a description of thecrags, their structural setting and an
estimate of seepage duration. A summary of reayfieéatures at these seep carbonate outcrops in
terms of morphology, spatial distribution, lateaald vertical contacts with enclosing sediments and

carbonate facies is reported in Table 2.

4.1 Field observations of carbonate outcrops

Moggiona [43°47'02.6"N 11°46'58.1"E]

Outcrop description. MDACs are present in the basal member of Vicéhro (Fig. 3a) representing
the early stage of the closure of the Outer Tuscastdeep (Falterona Fm.). The base of the member
is not exposed, as it is cut by the regional ovedghof the Falterona Fm. The basal Vicchio
member is characterized by marls and silty mahie;silt content increases upward as well as that
of sporadic cm-thick layers of fine-grained aresitdDACs are located in the footwall syncline at
the base of the thrust, close to the tectonic fivezet (Fig. 3a). The thickness of the MDAC interval
is 20-30 m with a lateral extent of ~200 m. Beddattitude is vertical-subvertical, with an average
strike N70W.

Carbonate morphology and contacts with enclosing sediments. MDACs form bodies ranging from
5-100 m and up to 8 m thick (Figs. 5a, b); two demaieter-sized blocks are also present. The
carbonate bodies have a vertical attitude and@reardant to host sediments; they strike parailel t
the main Apennine structural trends. Morphologies mostly stratiform although the main
carbonate body presents an irregular profile witbng lateral thickness variations. The contact
between carbonates and host sediments varies fl@arp 40 gradual in correspondence with
progressively decreasing cementation. Severalrdifteypes of contacts can be recognized: pinch-
out lateral terminations, bifurcations, multipléardigitation of carbonates with enclosing marls,

lateral repetitions of rounded concretions and texl(Fig. 5c¢).
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Facies association. The basal portion of large carbonate bodies @&satterized by dense arrays of
conduits with orientations varying from vertical tsub-horizontal, frequently displaying
crosscutting relationships (Figs. 5b, 6a). Condanesgenerally a few centimeters in diameter, with
circular cross sections and few decimetre longllimjs of silty particles typically associated Wit
coquina debris. Conduit-rich facies give way to thedt micrites pervaded by a dense network of
thin (mm) fractures that locally widen into druske cavities. The top of the carbonate bodies is
commonly marked by assemblages of chemosynthatitafaeither articulated and in life position
or dismembered shells oriented parallel to bedding.

Age. Based on nannofossil assemblages of the enclosantg, the age of the seep carbonates can

be ascribed to the Burdigalian, MNN3b biozone (Cenal., 2017) (Fig. 4).

Castagno d’Andrea [43°53'15.1"N 11°40'32.6"E]

Outcrop description. The outcrop exposes in the basal portion of sipalterval made up of marls
and silty marls within the Marnoso-arenacea Fm. agimum thickness of the pelitic interval is
~200 m and extends laterally over ~12 km. The optds within a gentle synclinal structure
dipping at N30E (Fig. 3b). The southern part ofititerval is not exposed due to the regional thrust
of the outer Tuscan units over the Marnoso-aren&tea detached at the level of varicoloured
marls and mudstones (Fig. 3b). The outcrop inclddas large seep-carbonate bodies, vertically
staked and distributed on 3 stratigraphic horizooscordant to the enclosing sediments and to
main structural trends (Fig. 3b). Large carbonaidids are laterally surrounded by small bodies
concordant to enclosing strata (Fig. 7). Sedimastability features, in the form of small-scale
slumps, occur locally in host sediments above grbanate bodies (Fig. 3b).

Carbonate morphology and contacts with enclosing sediments. Carbonates display different
morphologies (pinnacle-like to stratiform), from-3@ m wide and 5-10 m thick (Fig. 7). The
middle and upper stratiform bodies are connectatl bg pinnacular structures (up to 8 m high)

with an irregular profile laterally interfingeringith host pelites, and by branching structuresgFig
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7a, b, ¢). The basal contact is highly irregularkad by < 0.5 m sized micritic concretions (Fig.
7d). Lenticular bodies have an irregular thickn€Bgy. 7a). Lateral transitions to enclosing
sediments are sharp to gradual, with lateral repes of small concretions.

Facies association- Stratiform bodies are characterized by an irragfiamework of fractures and
drusy-like cavities, associated with branched veinghe upper portions, dense arrangements of
lucinid-like clams are observed. The main faciepirmacle-like bodies are polygenic breccias with
mixing of various lithotypes and disarticulated nota (Fig.7c). Clasts are derived from older
underlying successions and from previously preaipd carbonate crusts. Monogenic breccias
caused by autoclastic processes are presentbhodibs (Fig. 6b).

Age. Calcareous nannofossils of the enclosing madgate the Langhian MNN5a subzone (Conti

et al., 2004) (Fig. 4).

Corella [43°56'59"N 11°34'59.8"E]

Outcrop description. The outcrop is located within the same pelitieimal as Castagno d’Andrea,
approximately 10 km northwest, in a higher strapric position, close to the top of the interval
(Fig. 3c). The study area is within an anticlinetisture whose axis is oriented NW-SE, parallel to
the thrust of the Outer Tuscan Units over the Maorarenacea Fm. (Figs. 1, 3c). Carbonates are
located on the northern flank of the anticline ahadw vertical attitudes as the surrounding strata
and to the main structural trends. Six large caab®ibodies and several minor meter-sized blocks
are vertically distributed within two stratigraphiorizons (Fig. 8a).

Carbonate morphology and contact with enclosing sediments- Carbonates are stratiform to
lenticular, with a lateral extent between 50-23@mal thicknesses up to 30 m (Fig. 8b). Basal and
upper surfaces are rather flat. Lateral contacsuaually sharp, with pinch-out terminations (Figs.
8a, b); in a few cases the contact is marked hyrdations giving way to smaller (<1 m) blocks.
Larger carbonate bodies are vertically connectedri@gular minor meter-sized bodies, or by

highly cemented strata (Fig. 8c).
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Facies associations. The basal portion of bodies is characterized byireegular framework of
fractures, conduits (Fig. 6¢) and drusy-like cadtiand polygenic breccias (mm to cm sized)
associated with disarticulated bivalves (Fig. 8dpnogenic breccias occur at various levels. A
dense concentration of articulated lucinid-likedbes is observed at the top of the bodies (Fiy. 6d
Structures indicating small-scale sedimentary ibties are scattered throughout (Fig. 3c).

Age. The nannofossil assemblages of the pelitic imilerare characterized [8phenolithus
heteromorphus associated with specimensHdlicosphaera waltrans, and the concurrent absence
of Helicosphaera walbersdorfensis andHelicosphaera ampliaperta. Despite the moderate state of
preservation and the scarce abundance of nannigfag® interval can be confidently ascribed to

the Langhian MNN5a subzone (Fig. 4).

4.2 Sructural position of seep carbonates

The three outcrops reported above are represantaitithe regional development of MDAC
in two main structural positions within the Apengiraccretionary system: internal to the prism,
within buried fault-related anticlines along theteyuslope close to the orogenic front; and in an
external position in the inner foredeep, in faelated anticlines that form intrabasinal ridgeshwit
seafloor expression.

(1) Internal position: Moggiona is representativetos setting (Fig. 2). MDACS in this setting are

hosted in fine-grained sediments draping thrustibled folds and buried ridges constituted by the
older accreted turbiditic units. Thrust faults am®stly blind and only in few cases reach the
surface. Slope sediments with MDAC occurrences rcaweide extent, up to 100 km parallel to the
structural trend of the chain, and record the alsatage of the foredeep before overriding by
allochtonous units. Buried structures have beegtikgded generating small ponded basins that

were successively incorporated in the orogenic wedg
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(2) External position in the inner foredeep: Castad’Andrea and Corella are representative of this
setting (Fig. 2). Seep-carbonates are hosted ie-gmined intervals sedimented above these
intrabasinal ridges surrounded by basinal turbsdiéhe ridges form topographic highs that extend
laterally for 10-15 km. In this setting, thrust ksuare connected to the basal detachment through
growing splay faults. After having reached a matstage, the structure was deactivated and
accreted in to the prism. Castagno d’Andrea ancel@oare developed in the same intrabasinal

high, and represent two subsequent phases of seeglated to growth of the structure.

4.3 Estimated duration of seepage activity

Our structural and stratigraphic mapping and tresgnce of MDAC and chemosynthetic
fauna above growing anticlinal structures sugdestd carbonates are likely associated with paleo-
methane seepage during the Miocene. The duraticsegpage activity, however, is difficult to
assess from the fossil record. An estimate can liaired from the age of marly sediments
enclosing the MDAC, dated using nannofossil strapyy. However, this method is limited by the
uncertain relationships between the rates of sedsmtien of the marls and those of carbonate
precipitation. Our observations of chemosynthigtima within the MDAC are consistent with near
seafloor precipitation and seepage concomitant saétimentation. If so, the bracketing ages from
nannofossil biostratigraphy provide a maximum daoraibof seepage activity. A complementary
approach for constraining the lifespan of the sgesystem is based on the average growth rate of
seep carbonates, as reported in the literatureorBay al. (2009) measured the U/Th ages of a
carbonate crust (6 cm thick) at the Central Nileplsea fan and estimated the average aragonite
and high-Mg calcite growth rates, as 5 cm/ka ar&l dn/ka, respectively. Luff and Wallmann
(2003) obtained a similar growth rate for authigemialcite based on a numerical model
(precipitation of 1-2 cm of calcite in 310 year8pplying these values for calcite growth to the

Corella outcrop, the thicker carbonate body (~30Fg; 3C) would record minimum period of ~



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

600 ka, while minor bodies (=10 m thick) could hdgemed in ~200 ka. These minimum values
are within the estimated maximum duration of thenudossil biozone of the host sediments
(MNN5a, ~ 1 Ma). These values should be consideredugh estimate, since carbonate growth
directions may vary in response to fluids pathwaysund the growing authigenic body (Hovland,
2002) and fluid flow can vary significantly oveme, with episodes of high flux giving way to
periods of low intensity and minor carbonate pri¢atipn (Teichert et al., 2003). Carbonate
precipitation and seepage activity in structuraibyrolled systems is also sensitive to fault-valve
behavior (Bolton et al., 1999; Sibson, 2000; Teitle al., 2003). Despite these limitations, the
values estimated for the duration of seepage amstidnelated anticlines of the Miocene foredeep
system, are on the order of several hundred thougaars. This estimate is in agreement with data

obtained from Montepetra intrabasinal high, lat@déine (Conti et al. 2010).

5. Modern seep sites and methane-derived carbonates at accr etionary wedges

We present information from two present-day seftimj gas seepage and carbonate
formation, the Hikurangi and Cascadia convergentrgma. Seepage systems have been
investigated using geophysical methods (multibeathymetry and backscatter imagery, seismic
reflection profiles of varying frequency contentat provide information over large areas and at

variable subsurface resolution (imol m), complemented by investigations of individuaégs

using seafloor observations and sampling.

5.1 Hikurangi Margin, offshore New Zealand

Methane seepage resulting in the development dfigariic carbonates is widespread on

New Zealand’s Hikurangi subduction margin (Greinefrtal., 2010), where oblique convergence

between the two colliding plates causes pronourfoing, faulting and pore fluid expulsion
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(Townend, 1997). Studies of pore fluid chemistrypatticular seep sites indicate a biogenic source
for the methane being released (e.g. Koch et GILGY but there are also indications of deeply-
rooted fluid sources migrating upward along thifasits to the seafloor (e.g. Plaza-Faverola et al.,
2016). As such, a thermogenic origin for gas ates@@ep sites cannot be ruled out. Of the sites
published to date on the margin most are obsew@ddur on the crests of thrust-faulted anticlinal
folds along the mid slope of the deforming wedgar(ts et al., 2010; Greinert et al., 2010). This
correlation indicates preferential fluid flow foagsthrough thrust-fold structures, as opposeddo th
intervening slope basins, where strata are motdyfteag and deep-seated thrust faults do not occur.
Several studies on the Hikurangi margin have sheamous seep carbonates on the ridges,
recognized as highly-reflective areas of seafld@armmalous topographic relief (Jones et al., 2010;
Liebetrau et al., 2010; Dumke et al., 2014; Koclalet2015; Plaza-Faverola et al., 2016), some of
which cover areas several hundreds of meters addms®pouawe Bank (near the southern end of
the margin), high-resolution seismic profiles alémvthe recognition of strong positive amplitude
reflections closely distributed above and adjadenseismic chimneys which may indicate the
presence of carbonates and/or gas hydrates (Krabb&ret al., 2013; Koch et al., 2015). In the
Wairarapa Area, Klaucke et al. (2010) observed regvdocks of authigenic carbonates up to 25 m
in diameter, a few meters high at the seafloor,ctvdiorm clusters surrounded by small satellite
blocks. At the Tui and North Tower seep sites, cadbes form massive chemoherms that stand
several meters above the seafloor (Bowden et@Ll3)2 in the subsurface they intercalate laterally
with well-stratified turbidites and may have dimems exceeding the area of high reflectivity
mapped at the seafloor. Other examples from thelk®maRidge show elevated features several
meters high, with various shapes from oval or hstsge like to ridge-like features. Jones et al.
(2010) reported a knoll up to 12 m high and ~40 miameter at Bear’s Paw site. The distribution
of chemosynthetic communities and seep carbonateth® Hikurangi Margin is variable and
ranges from seeps with no-MDACs and no-chemosyiathiaina to those with occurrences of

massive carbonates with large area€alfptogena sp. shells, or tubeworms (Bowden et al., 2013).
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365 5.2 Seeps at Hydrate Ridge, Cascadia Margin, Oregon U.SA.

366

367 The formation and continued evolution of the Cdscaccretionary wedge is a result of the
368 oblique subduction of the Juan de Fuca and Goatagpbeneath the North American plate offshore
369 western North America. Abyssal plain sedimentsdamainated by turbidites and hemipelagites of
370 the Astoria and Nitinat submarine fans are accratadi uplifted into a series of thrust ridges and
371 intervening slope basins that form the active ammary wedge. The structures of the Cascadia
372 accretionary wedge were initially identified and ppad using seismic reflection data and high-
373 resolution bathymetry by Goldfinger et al. (1992971) and MacKay et al. (1992). Sediment
374 deformation is concentrated at the leading edgdefdeformation front, where material is folded
375 and faulted into elongate anticlinal ridges thandgtas much as 700 m above the adjacent abyssal
376 sea floor, thus representing intrabasinal highdividual ridges are typically 20-30 km in length, a
377 few kilometers in width, and in many cases arcuaggan view (Davis and Hyndman, 1989; Tryon
378 and Brown, 2001). The structures generally strizealtel to the main structural trends, plunging
379 laterally towards their closure. Hydrate Ridge Ie tsecond anticlinal ridge back from the
380 deformation front of the Cascadia accretionary vee@dqd is formed from both seaward and
381 landward vergent thrust faults (Johnson et al.,6200wo of nine margin-wide, left-lateral strike-
382 slip faults (Goldfinger et al., 1997) bound Hydr&&lge to the north and south. The presence of
383 mixed vergence thrusts, overlying thrust-fold rislgend slope basins, and strike-slip faults within
384 the Hydrate Ridge region has resulted in deformatio create high permeability dipping
385 stratigraphic horizons and fractures (Torres ¢t28l04) that facilitate tectonic dewatering (Johmso
386 etal., 2003; 2006).

387 The crest of Hydrate Ridge is associated withtamédance of authigenic carbonates (slabs,
388 crusts, buildups), gas hydrates and seafloor metsarps (Suess et al., 1999; Trehu et al., 1999;

389 Greinert et al., 2001; Johnson et al., 2003; Toeted., 2004). These features are inferred t@cefl
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up-dip migration pathways driven by anticlinal feowg of fluids (Johnson et al., 2003; Weinberger
et al., 2005). Hydrate Ridge hosts remarkable saépenate complexes, forming pinnacles up to
90 m high and 150 m wide (Bohrmann et al., 199&it&rt et al., 2001; Teichert et al, 2003).
Chemosynthetic fauna (e.g. Suess et al., 1999¢ia¢sd with seep-carbonates are observed on the
crest of Hydrate Ridge and have been mapped bgadesonar (Johnson et al., 2003). Drilling
during ODP Leg 204 recovered abundant gas hydit&e,gas, authigenic carbonates, and AOM
related diagenetic products within the summit oftiteern Hydrate Ridge and identified the
importance of both structural and stratigraphicdrots for methane charged fluid flow toward the

crest of the structure (Trehu et al., 1999; Toetesl., 2004).

6. Discussion: the Miocene seeps compar ed with moder n analogues.

The features observed within outcrops of Miocerethane-derived authigenic carbonates
(Table 2) show several similarities with active g@ge systems on accretionary ridges, in terms of
structural position, dimension and geometry ofdh#higenic bodies, and their spatial distribution.
Below we first compare the Apennine seeps withenghsm to those of the Hikurangi margin, then
the seeps of the inner foredeep intrabasinal highthose of the Cascadia margin. Finally, we

present a model of the evolution of seepage systenagcretionary margins.

6.1 Seeps on the slopes of the accretionary wedges: comparison with the Hikurangi margin

The modern wedge-slope seeps of the Hikurangi marfjiNew Zealand are comparable
with the Moggiona seeps of the Apennines in terinstroictural position, morphology and spatial
distribution of the carbonate deposits. In botresaseep-carbonates precipitated on the slope of th
accretionary wedge mainly within hemipelagites drgpghrust-bounded folds that are composed of

the older imbricated units. Deep-rooted thrust tkaalre assumed to have acted as the primary
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pathways for the upward migration of methane-rithnds. In Hikurangi slope, closer to the
seafloor, extensional faulting around the apexi@fural folds (e.g. Barnes et al., 2010; Riedel et
al., 2018) provides permeable pathways for fluickas. In the final stages of ascent to the seafloor
where confining pressures reduce even furthercgagorm its own migration pathways that do not
depend on pre-existing structural fabrics (Koclalet 2015; Riedel et al., 2018). It is in this sub-
seafloor depth interval (10s of meters) that weeekgree gas migration to diverge into multiple
ascent pathways, rather than being confined tocpéat structural conduits. This process could be
manifested in patches of authigenic carbonate jpitation with no preferential spatial pattern. On
the other hand, some carbonate distribution pattemthe Hikurangi margin are clearly related to
inherent tectonic structures (e.g. at Omakere Ridgehis case, it is clear that fluid flow thrdug
these structures controls the overall distributadnseepage and carbonate precipitation at the
seafloor, which follow structural trends. This sition is well expressed by the Moggiona outcrop
(Fig. 9a) and it has also been described by Cdrdl.2010) for the Upper Miocene Montepetra
seep (northern Apennines), developed in a simitautext. The seep-impacted deposits and their
host structures were eventually incorporated im® orogenic wedge and fluid migration was
deactivated, but the geologic record of seepageegses remain preserved. The Moggiona seep-
carbonates and the modern seeps at Hikurangi Malgm share similarities in terms of faunal
content and the geometries and of the carbonateefoBoth form wide stratiform bodies with
complex lateral terminations and multiple laterdé&mations with enclosing pelitic sediments. The
spatial distribution of satellite blocks at the Mpgna outcrop is similar to the carbonate blocle th

have been observed at the Omakere Ridge (Liebetralu 2010; Bowden et al., 2013).

6.2 Seeps on intrabasinal highs: the comparison with Hydrate Ridge

Apennine seeps in the inner foredeep show severaitgral and stratigraphic similarities

with those observed on Hydrate Ridge. The struthosition and lateral extent of the fossil pelitic
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interval hosting carbonates (~12km) is comparablecale to that of the anticlinal ridges of the
Cascadia Margin (Davis and Hyndman, 1989, Tryoralgt 2001). At Hydrate Ridge, tectonic
deformation and accretion of thick saturated tutbsdpromoted enhanced dewatering and fluid
migration along the basal detachment and throudaysfaults. Permeable stratigraphic layers
within the hangingwall and footwall sequences otish faults may act as secondary pathways that
focus fluid flows towards ridge crests (MacKay ét 4992). Extensional faults and fractures
develop at the crest of the intrabasinal high essponse to flexural extension of the thrust-relate
folds and/or hydrofracturing related to excessiveeppressures (e.g. Trehu et al., 2004; Crutchley
et al., 2013). Additional similarities between tlleocene seeps on thrust-related anticlines and the
modern seeps of Hydrate Ridge include carbonate@metwgy and facies. The Castagno d’Andrea
seep-carbonates form pinnacular-like geometriespemable to those reported from Hydrate Ridge,
although at a smaller scale. Detailed facies ammalgkthe fossil seeps revealed the presence of
intraformational breccias, hydrofractures and ligtimch facies (Figs. 6) similar to facies reported
at Hydrate Ridge by Greinert et al. (2001). In sarases the Miocene carbonates include vuggy
facies that strongly suggest a carbonate-forminghawism by growing and decomposing gas
hydrates (e.g. Bohrmann et al., 1998). The corniobuof paleo-gas hydrate destabilization to the
precipitation of authigenic carbonates in the nemthApennines has been hypothesized by Conti et
al., (2010) based on heavy oxygen isotope signatamnel the presence of clathrite-like carbonate
facies (breccias, pervasive non-systematic frasturaggy fabrics). These proxies have not been
observed in the outcrops presented in this studywever, the assessment of paleo-gas hydrate
occurrence and destabilization is challenging armgth-Bpatial resolution techniques amnd situ
measurements as reported by Bojanowski et al. (2@bbld provide more robust evidence.
Paleobathymetric estimates of Miocene seep-carbsnadsed on plankton/benthos ratio in host
sediments (Aharon and Sen Gupta, 1994; Grillenebral., 2017), place the Apennine seepage
systems at the upper-middle bathyal zones (~10@@mth), likely within the gas hydrate stability

zone. A similar depth for gas hydrate occurrencthenOligocene-Miocene is postulated by Pierre
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and Rouchy (2004) for the western MediterranearBdggnowski (2007) for the Silesian Basin and
by Dela Pierre et al. (2010) for the Tertiary Pieshinbasin. The hypothesis of paleo-gas hydrate
occurrence in the Apennine ridge is also suppdotethe frequent association of seep-carbonates
with small-scale sedimentary instabilities withimetsame pelitic interval and in close proximity
(Conti et al., 2008, 2010), which is a common cbtadialso at modern counterparts (e.g. Cochonat

et al., 2002; Johnson et al., 2006; Ding et alL2E&llis et al., 2010; Klaucke et al., 2015).

6.3 A model of seepage evolution on accretionary ridges

The comparison of fossil seeps with modern couargspallows us to propose an
evolutionary model of the Apennine seeps, condistéth reconstructions reported for modern
analogues (Fig. 9). Our results support a link leetwthe development of thrust-related anticlines
and the onset and evolution of seepage along tligevioredeep system as a whole. In particular,
based on the distribution, morphology and strafigraposition of seep carbonates, we assume that
seepage occurs in specific positions controllethieyhosting thrust-fold structure.

In the inner foredeep, at the leading edge of thi@rdhation front, blind faults connected to the
basal detachment produce broad anticlines. Duhigydarly stage of development of an anticlinal
ridge, migrating fluids are conveyed toward thaprent anticline and seepage is expected to occur
at the forelimb in correspondence with the propagadf the thrust fault to the seafloor (Fig. 9bl),
consistent with the model of Klaucke et al (2018)e Castagno d’Andrea outcrop is representative
of this early stage of seepage, with seep carbsrate stratigraphically located at the base of the
pelitic interval, close to the thrust fault (Figb)3 The occurrence of several vertically stacked
carbonate bodies of moderate thicknesses testitfifse intermittent nature of seepage activity. As
deformation proceeds, fault-related folding causesprogressive growth of the ridge. Seepage is
inferred to move toward the hinge zone of the &ng¢ as extensional stresses create well-

developed fault-fracture systems that provide wffit pathways for migrating fluids at the crest



494  (Fig. 9b), as has been observed at modern siteklwide (Johnson et al. 2003; Morley, 2007,
495 Barnes et al. 2010; Crutchley et al 2010, 2013feledt al., 2010; Laird and Morley, 2011; Evans
496 and Fischer, 2012; Krabbenhoeft et al. 2013; Modewl., 2014; Beaudoin et al., 2015). During
497 this mature stage, the flux of methane-rich fluisisnore stable and vigorous at the crest of the
498 ridge, promoting the precipitation of thick authige carbonates near the seafloor that record
499 prolonged seepage activity. We interpret the Carelltcrop, characterized by a remarkable lateral
500 and vertical extent at the crest of the intrabddingh, formed during this mature stage (Fig. 9b2).
501 Subsequently, the structure was accreted in tlenmpand the seepage system deactivated. Where
502 fold uplift is unable to keep pace with foredeegisentation rates and regional subsidence, coarser
503 basin plain turbidites will onlap onto the ridgefdre being buried. In such a case, the pelitic
504 interval is preserved within the arenaceous suames$he growth and the uplift of the structural
505 high creates favorable conditions for gas-hydrassatiation by the upward movement of the gas
506 hydrate stability zone (e.g. Paull et al., 1994)e Tocusing of fluids underneath the crest of the
507 anticline might also be favored by the shallowirgtlte base of gas hydrate stability zone in
508 proximity of the main fault, due to the advectidnn@rm fluids (Laird and Morley, 2011; Klaucke
509 et al., 2015). The dynamics of gas hydrates cdubdefore be an additional controlling factor for
510 seepage distribution on the ridge.

511 Seeps also developed in a more internal positrothe slope of the accretionary wedge,
512  within hemipelagites draping thrust-bounded folist tare composed of the older imbricated units.
513 This situation is well expressed by the Moggiondcamp. Although the temporal/structural
514 relationships between the two systems discussedeadre difficult to assess in the fossil recaid,,
515 is possible thatseeps on the wedge slope may hgpeited the migration pathways of the
516 previously deactivated foredeep seepage systemrsbaiing accreted to the prism.

517

518 7.Conclusions

519
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Remarkable seep-related MDAC outcrops of Miocege #cated within accretionary
wedge-foredeep system of the northern Apennine® Heeen characterized through geological
mapping, facies analysis, and dating the host sadisrby nannofossil biostratigraphy.

Our observations allow a summary of recurring fesgat seep carbonate outcrops in terms of their
morphology, spatial distribution, lateral and weati contacts with enclosing sediments and
carbonate facies. Based on these features, we dhgileseepage occurs in specific positions
controlled by hosting thrust-fold structures, ndyadt the crest and on the forelimb, both withimlan
external to the advancing wedge. Our findings amécked and supported by a comparison with
two modern analogues, the Hikurangi Margin, offehblew Zealand and Hydrate Ridge, on the
Cascadia margin offshore Oregon, U.S.A., that shasinilar compressive structural setting at the
front of accretionary prisms, and are marked byespitead and thick seep-carbonate bodies.
Integrating the evidence from fossil seeps and tiedern analogues, we propose a new
evolutionary model for seepage systems on acciatyamndges, which provides an unequivocal link
between the development of fault-related anticlined the onset and evolution of the seepage.
Carbonates precipitated during different stagethefaccretionary wedge migration, both in slope
deposits on the frontal part of the wedge in refato buried anticlines, and on intrabasinal ridges
of the inner foredeep. During ridge growth, fluidignation pathways and seep carbonate
precipitation moved from the forelimb of the stiuwet toward its crest, following the development

of extensional fractures and faults.
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Figure captions
Fig. 1.Simplified geological map of the northernefpmines (ltaly) showing the main structural
units and the location of the studied outcrops: MQA and COR and stand for Moggiona,

Castagno d’Andrea and Corella, respectively.

Fig. 2. Diagram showing the main structural elersenit the Apennine wedge-foredeep system
during the Miocene and their relationships with emying structures. The structural position of
seeps discussed in this study is also indicatedSe®ps on the slope of the accretionary wedge,
associated with buried anticlinal ridges coveredablgemipelagic slope deposits (Moggiona). B.

Seeps on intrabasinal highs at the deformatiort {i©astagno d’Andrea and Corella). Not to scale.

Fig. 3. Geological maps and cross sections oftildiesd outcrops displaying the spatial distribution
of seep-carbonates (in red) and their relationshifls regional thrusts and the main structural dren
(NW-SE). a) Moggiona b) Castagno d’Andrea c) Cearelhuthigenic carbonate bodies are

concordant to bedding and are always located iripity of and parallel to major overthrusts.

Fig. 4. Calcareous nannofossil biostratigraphicesoh for the Lower-Middle Miocene of the
Mediterranean area showing the chronostratigrapbsition of the studied outcrops (MOG, CA,
COR). FCO= first common occurrence; LCO= last comraocurrence; LO= last occurrence; PB=

paracme beginning; PE= paracme end; AS= acme spike.

Fig. 5. Examples of carbonate geometries and oelstiips with the host sediments at the
Moggiona outcrop: a) Plan view of the MDACs (in yeshowing their spatial distribution and

dimensions. Carbonate bodies are concordant wiivestical host strata, hence the widths at



807 outcrop approximate their thicknesses. The circdeshed line indicates the area shown in c. b)
808 facies distribution on the largest ( ~100 m wida)oonate body. c) Close up view of minor satellite
809 blocks and bifurcating lateral termination from te@me body of b. Authigenic carbonates are

810 highlighted in pink on the right side of the figure

811 Fig. 6. Examples of recurring carbonate faciehadxamined seep sites. a) Conduits at the base of
812 a carbonate body at the Moggiona outcrop. Theyeavaneters long, up to 2 cm in diameter (close
813 up at bottom right) and are oriented perpendictdahe basal surface of the body. b) Autoclastic
814 breccias in seep-carbonates, Castagno d’Andreaoputc) Carbonate-filled fractures at Corella

815 outcrop. d) Densely packed chemosynthetic faunai(lid clams), Corella outcrop.

816 Fig. 7. Examples of different carbonate geometaied relationships with the host sediments at the
817 Castagno d’Andrea outcrop. a) The main carbonatly lshows an irregular profile with strong
818 lateral thickness variations and a bifurcated teation. b) Pinnacle-like structures marked by an
819 irregular lateral geometry that results in a chmes-tree like profile. ¢) Facies distribution oéth

820 same body. d) Small carbonate concretions occuatitige base of a pinnacular body.

821 Fig. 8. Carbonate geometries and relationships thiéhhost sediments at the Corella outcrop. a)
822 Distributions and shape of seep-carbonates as rdappiigure 3c; the carbonate bodies (in red)
823 are concordant with subvertical host strata, so thielths at outcrop correspond to thicknesses. b)
824 Facies mapping within the carbonate body repredentéhe left side, showing the distribution of
825 conduit-rich facies and seep-related fauna. Thaular dashed line indicates the area shown in c. c)
826 Vertically stacked lenticular carbonate bodies ralieed with small concretions showing

827 relationships with hosting sediments.

828 Fig. 9. Conceptual models of development of sebpseathrust-related anticlines in two different
829 structural positions in the wedge-foredeep syst@hon the slope of the accretionary wedge on
830 hemipelagic sediments draping buried anticlineByad¢hrust and extensional faults in the anticline

831 are the main fluid migration pathways and sustagpage at the seafloor (the Moggiona outcrop is
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well representative of this type of seepage). lihiwithe foredeep basin at the leading edge of the
deformation front; the anticline acts as an inteat@ high segmenting the foredeep; sedimentation
on the anticline consists of diluted turbidites dremipelagites. Seeps are distributed along the
seafloor projection of the thrust (b1). The prodegaf folding generates extensional stressesan th
hinge zone of the anticline, promoting the develeptof normal faults. During this stage, seepage
shifts toward the crest of the ridge following thew migration pathways (b2). Shown in yellow

and light blue color are terrigenous turbidites hethipelagites respectively.

Tab. 1. Carbonate mineralogy and C and O isotopmposition of the studied methane-derived
carbonate deposits. Chemosynthetic fauna is afsartel. LMC = low-Mg calcite, HMC = high-

Mg calcite, Dol = dolomite.

Tab. 2. Summary of main recurrent features in treet selected outcrops, representative of

Miocene seeps of the northern Apennines linkethiast-related anticlines.



Outcro Carbonate Carbonate d3*C 30 Chemosynthetic Reference
P component mineralogy (%o VPDB) (%0 VPDB) fauna
micrite matrix LMC, Dol -42.3t0 -26.7 -1.5t01.1 -
Corella Ve;ug(l)nrlr?idaggms Argentino et al., 2017

calcite cement LMC -29.5 t0-26.6 -5.7t0-1.0 Y

Castagno micrite matrix LMC, Dol 41.310-15.8 09t012  Lucinid clams Conti et al., 2004, 2017

d’Andrea
micrite matrix LMC -40.2 to -24.9 -5.8t00.7

Moggiona Lucinid clams Conti et al., 2017
calcite cement LMC -25.7t0-13.6 -9.9t0-1.6




Carbonate geometries and spatid
distribution

- Few isolated large (up to 250 m) stratiform bodies with constant thickness (up to 30 m), concordant
to bedding of enclosing sediments (Fig. 8a)

- Lenticular bodies (up to 100 m), irregular in thickness (along strike variations) (Fig. 5a, 7b)
- Pinnacle-like geometry (up to 8 m high) discordant with the host sediments (Fig. 7c, d)

- Composite, pinnacular to lenticular geometries, with a christmas-tree like shape (Fig 7¢)

- Large bodies surrounded by satellite small meter-size blocks (Fig. 7d)

- Scattered meter-size bodies horizontally and verticaly distributed (5a)

Laterd
contacts
Relationships with
the host sediments
Vertical
contacts

- Pinch-out with progressive thinning of the body in few meters (Fig. 8b)
- Bifurcations with large single bodies splitted in two minor branches (Fig. 5a, b; 8a)
- Multiple interfingering of carbonates with host pelites (Fig. 7b, ¢)

In each of these cases, the contact between authigenic carbonates and enclosing pelites can be sharp,
due to the lithological contrast (Fig. 7d), or transitiona with a progressive decrease in cementation up
to scarcely cemented marls and siltstones

- Lower and upper stratigraphic contacts between carbonates and pelitic sediments marked by sharp
boundaries without connections with other bodies

-Vertica repetition of highly cemented levels or concretions above maor bodies, in correspondence
of more permeable silty turbiditic strata

- Cross-cutting relationships with vertical or subvertical protrusions and pinnacles (Fig. 3b; 7¢)

Main carbonate facies

- Abundant conduits and irregular framework of veins and drusy-like cavities, associated with
breccias (Fig. 6a, b). No articulated fauna; coquina debris and disarticul ated shells may occur. This
facies characterizes the basal portion of bodies

- Polygenic and monogenic breccias, mainly in pinnacles (Fig. 6b)

- Abundant articulated chemosynthetic fauna (Lucinid and Vesycomid), often in life position, mainly
present in stratiform and lenticular bodies (Fig. 6d)
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We provide summary of recurring features at seep outcrops in the northern Apennines
Fossil seeps are compared with anal ogues from modern compressive settings
The onset and evolution of seeps are linked to the development of anticlinal ridges

We propose a new evolutionary model for seeps on accretionary ridges



