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Abstract. Seep-carbonates are generally related to hydrocarbon
seepage on continental margins. Modern cold seeps are abundant in
actively deforming tectonic settings, suggesting that tectonics is one
of the major controlling factor on fluid emissions. Hydrocarbon see-
pages are considered major geological sources of atmospheric methane,
one of the most important green-house gases, and have also been re-
lated to climate changes. However, the interplay between tectonics and
climate change in forcing seepage is not clearly understood. Miocene
seep-carbonates, formed in a collisional setting such as that of the
Salsomaggiore area of the Northern Apennines (Italy), provide an op-
portunity to assess accumulation and release of methane in response to
tectonics and climate change along a convergent margin. The studied
seep-carbonates are related to fluid emissions of various intensities
coeval with tectonic pulses. New planktonic foraminiferal biostrati-
graphic data reveals that deposition of these seep-carbonates is late
Serravallian-early Tortonian in age and partially coeval with the Miller’s
global cooling event Mi 5 (as used below). These seep-carbonates were
deposited in two stages with different seepage modes. During the first
stage, local tectonic pulses at the onset of the Mi5 event may have
produced slow seepage, whereas during the second stage regional tec-
tonics and more extreme climatic conditions (coolest peak of Mi5
event) may have resulted in a fast and more intense seepage as suggested
by increasing occurrence of chaotic facies. In the Salsomaggiore Ridge,
tectonics and the Mi5 cooling event actively concurred to the deposi-
tion of seep-carbonates in both stages.

Introduction

Studies of seep-carbonates related to hydrocarbon
seepage, and in particular to methane-rich fluids, are of
prominent interest because methane is one of the major

green-house gases and its increase can cause atmo-
spheric temperature rises (Kennett et al. 2003; Etiope
et al. 2008; Etiope 2012). Seep-carbonates have been
related to cold and hydrocarbon-rich fluid vents occur-
ring at sea-floor (Judd & Hovland 2007; Suess 2014). In
the vent’s sites, specialized chemosynthetic biological
communities develop (Campbell 2006; Han et al.
2008; Taviani 2014). When the venting fluids and speci-
fically the methane-rich fluids react with O, dissolved
in sea-water, the methane is oxidized, the newly formed
CO; is released to the atmosphere and carbonates pre-
cipitate at sea floor (Jergensen 1976; Sloan 1998). Mi-
crobially mediated oxidation of methane is recognized
to be the prevailing biochemical reaction at vent sites:
anaerobic oxidation of methane (AOM) of the literature
(Suess 2010 and references therein). These carbonates
have a typical geochemical signature because they are
relatively depleted in °C isotope (Sloan 1998; Greinert
et al. 2001; Campbell et al. 2002; Han et al. 2004).
Many different sources contribute to the fluxes of
methane to and from the atmosphere (Kvenvolden &
Lorenson 2001; Etiope 2012); the fluxes can be synchro-
nous worldwide and extremely variable in rate and in-
tensity over time (Nisbet 1990; Wuebbles & Hayhoe
2002). The present-day emissions of methane derived
from geological sources (mud volcanoes, sediment in-
stability, micro-seepage, marine seepage, geothermal
fluxes) are rather underestimated. It is presumed that
geologically sourced methane comes predominantly
from gas hydrates stored in marine sediments (Hovland
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et al. 1993; Kvenvolden & Rogers 2005; Etiope et al.
2008). According to global estimates, convergent mar-
gins may contain two-thirds of the global gas hydrate
reservoir (Kastner 2001); however, these estimates
should be carefully evaluated (Milkov 2004) especially
with respect to long-term emissions (Bangs et al. 2011)
and detailed global distributions (Suess 2010, 2014;
Suess & Haeckel 2010).

On the basis of geochemical and paleontological
proxy records, some of the climate changes that oc-
curred during the Quaternary (Petit et al. 1999; Monnin
et al. 2001; Kennett et al. 2003) and the Paleogene (ther-
mal maximum/LPTM in Katz et al. 1999 and Dickens
2004) have been related to variations in methane con-
centration in the atmosphere (Dickens et al. 1995; Sluijs
et al. 2007; Secord et al. 2010). Moreover, the Authors
cited above and Teichert et al. (2003) suggested that the
climatic changes controlled the occurrence of seep-car-
bonates related to methane emissions.

One of the primary sources for methane release
into the atmosphere is currently understood to be the
destabilization of gas hydrates, which are very sensitive
to changes in pressure/temperature conditions (Sloan
1998; Suess 2011). Destabilization of gas hydrates is
suggested to occur: 1) during the interglacial times when
the temperature of intermediate water rises and global
warming is amplified (the clathrate gun hypothesis of
Kennett et al. 2000, 2003; Hill et al. 2006), or 2) during
glacial times when sea level drops and hydrostatic pres-
sure at sea floor decreases (Kvenvolden 1993; Fichler et
al. 2005; Luyendyk et al. 2005).

However, tectonics is regarded as one of the ma-
jor factor controlling the release of methane and desta-
bilization of hydrate reservoirs, especially along conver-
gent margins (Lallemand et al. 1992; Suess et al. 1998,
1999; von Rad et al. 2000; Obzhirov et al. 2004; Aiello
2005). Pressure changes due to variations in stress con-
ditions can destabilize gas hydrates and trigger fluid
migrations (Bohrmann et al. 1998; Sassen et al. 2001;
Schwartz et al. 2003; Trehu et al. 2004, 2006; Weinberger
& Brown 2006; Fischer et al. 2013).

Seep-carbonates documenting the fluid expulsion
enriched in methane have been identified in the North-
ern Apennines. These deposits, known as “Lucina lime-
stones” (Ricci Lucchi & Vai 1994) and studied since
long time (see Conti et al. 1993; Taviani 2001, 2014
for a historical review), occur in different tectonic sedi-
mentary settings, from the foredeep to satellite basins
(Conti et al. 2014). Some of these deposits have been
related to tectonic activity, both local and regional,
(Conti & Fontana 2005; Conti et al. 2007, 2010). How-
ever, other seep-carbonates located in the Apenninic
foredeep seem to be associated with climatic changes.
This is the case of seep-carbonates enclosed in the Mio-

cene Vicchio Marls, whose deposition has been related
to the global cooling event Mi3b (Fontana et al. 2013).

In the Salsomaggiore area (Northern Apennines,
Italy; Fig. 1), seep-carbonates deposited during the late
Serravallian have been related by Conti et al. (2007) to
tectonic pulses. However, this time interval is character-
ized by the global cooling event Mi5 (Miller et al. 1991a,
1991b). Therefore, the aim of this paper is to investigate
and discriminate the role of tectonics and climate
change on the deposition of seep-carbonates in the Sal-
somaggiore Ridge (SR). In addition to an updated de-
scription of the sedimentological and geochemical char-
acters of seep-carbonate facies, derived from and com-
plementary to that of Conti et al. (2007), new biostrati-
graphic results based on planktonic foraminifera are
here presented. The resulting updated stratigraphic
scheme allows the identification of timing and mode
of seep-carbonate deposition.

Geological setting of Northern Apennines and Salso-
maggiore area

The Northern Apennines are a fold-and-thrust
belt characterized by stacking of several structural units
(Fig. 1). The complex structure of the orogenic belt is
the result of convergence between the European and the
African plates from the Cretaceous to the Recent. This
process caused the progressive consumption of the
Piedmont-Ligurian Ocean, a portion of the Mesozoic
Tethys (Cavazza et al. 2004 and reference therein), and
the inception of continental collision. Since Cretaceous
to middle Eocene, the collisional processes were related
to the eastward subducting European plate which cre-
ated the Alpine orogenic wedge (Doglioni et al. 1998;
Guegen et al. 1998). Since late Eocene-Oligocene, the
west-dipping subduction and retreating/rolling-back of
African/Adria plate dominated the collisional processes
which created the Apenninic orogenic wedge, while the
Alpine orogen was dismembered by back-arc extension
creating the Balearic Sea (Malinverno & Ryan 1986;
Royden et al. 1987; Patacca et al. 1990; Doglioni et al.
1998; Carminati & Doglioni 2012). During late Oligo-
cene to Recent collisional phases, the internal and pre-
viously accreted oceanic units (Ligurian units) were
thrusted over the western continental margin of Africa,
together with epi-Ligurian wedge-top basins (Boccaletti
et al. 1990; Amorosi et al. 1993; Conti & Gelmini 1994;
Cibin et al. 2001). The fold-and-thrust belt and the as-
sociated foreland basin system of the Apennine oro-
genic wedge migrated eastward toward the foreland
area, where metamorphic basement and a Mesozoic to
Miocene sedimentary succession (Tuscan and Umbrian
units, part of the Africa plate) form the lower structural
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Fig. 1 - a) Location of the study area
and geologic sketch map of
the Northern Apennines. b)
Paleogeographic map of the
area of Salsomaggiore Ridge
(SR) at the leading edge of
the Northern Apennines
orogenic wedge during the
middle-late Miocene (modi-
fied after Mutti et al. 2002).
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units of the Apennines (Doglioni et al. 1998; Guegen et
al. 1998; Argnani & Ricci Lucchi 2001) (Fig. 1a).

During the Miocene, the foredeep depocenters
and the allochthonous units migrated in response to
the advancing orogenic leading edges. At the same time,
the external foreland ramp was flexing and migrating
eastward, while the foredeep depocenters were filled
predominantly by turbidites (Ricci Lucchi 1975, 1986;
Argnani & Ricci Lucchi 2001; Mutti et al. 2009) and
mixed system deposits (sensu Mutti et al. 2002, 2003)
derived from rivers and deltas mainly draining the Alps
and, locally, the Apennines (Fig.1b).

The Salsomaggiore area

The Salsomaggiore Structure is a tectonic window
where the middle-upper Miocene foredeep deposits
(mainly Langhian-Serravallian in the lower structural
units) crop out underneath the allochthonous units
(upper structural units) (Artoni et al. 2004; Figs 1, 2).
The folded Langhian-Serravallian foredeep deposits
form the Salsomaggiore anticline (Salsomaggiore Ridge,
SR from now), which is a fault-propagation anticline

related to a fault buried beneath the Messinian to Re-
cent deposits (Artoni et al. 2007, 2010) (Fig. 2b). The
Langhian unit is made up of hemipelagic marls (Tor-
rente Ghiara Formation) separated from the overlying
Serravallian turbidites (Rio Gisolo Formation) by an
onlap surface (Zanzucchi 2000; APAT-Regione Emilia
Romagna 2000); this surface represents an unconfor-
mity referred to as Ul in the present work (Figs 2 and
3). The facies associations and distribution of the Serra-
vallian foredeep deposits show that they originated by
cohesive and/or turbulent mass flows. They can be as-
cribed to poorly efficient depositional lobes of mixed
system type B (sensu Mutti et al. 2003) directly fed from
a deltaic area; these lobes have proximal coarser-grained
facies (Monte Predella Member) and more distal finer-
grained facies (Varano dei Marchesi Member). On the
south-western limb of the SR, close to Monte Predella
(Fig. 2c), the Serravallian coarse-grained foredeep de-
posits are overlain by hemipelagic and prodeltaic marls
(Case Gallo Formation of Zanzucchi 2000), which are
about 50 m thick. According to Conti et al. (2007), these
marls were eroded and then overlain by a chaotic unit,
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Fig. 2 - a) Geologic map of the Sal-
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b) Cross-section across the
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Messinian to Recent depos-
its. ¢) Schematic geological
map of a portion of the
southern flank of the Salso-
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5-7); in this locality, the
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maximum 10 m thick. This “topmost chaotic unit” con-
sists of disorganized and immature ortho- and/or para-
conglomerates and was included in the Monte Predella
Member in previous works (Zanzucchi 2000; APAT-Re-
gione Emilia Romagna 2000). The Middle Miocene stra-
tigraphic succession is overthrust by the allochthonous
units which are unconformably sealed by late Messinian
to Recent fluvio-deltaic and alluvial deposits (Figs. 2a
and 3) (Artoni et al. 2004, 2010).

The upper part of Rio Gisolo and the Case Gallo
Formations (Figs 2, 3) includes irregular carbonate
bodies and lenses with a typical macrofauna dominated
by lucinid clams, known as “Lucina limestones” (Conti
et al. 1993; Taviani 2001) and related to hydrocarbon
seepage by Conti et al. (2007).

Material and methods

The SR seep-carbonates were studied by integrating previously
published field mapping (Artoni et al. 2010), synthesis of sedimentolo-
gical and geochemical analyses from Conti et al. (2007) and planktonic
foraminiferal biostratigraphy.

Five composite stratigraphic sections crossing the seep-carbo-
nates and their enclosing strata were measured at two sites on the
southern limb of SR (sites 1 and 2 in Figs. 2a and 3). The entire thick-
ness of the studied stratigraphic succession is about 50 m, while that of
individual seep-carbonate unit is around 2-4 m. Seep-carbonates were
also observed in other two sites (site 3 on the southern limb and site 4
on the northern limb of SR, Fig. 2a) but they were not useful for
stratigraphic correlation.

Micropaleontological analysis of planktonic foraminiferal as-
semblages was performed on 22 samples collected at sites 1 and 2 (Figs
2a, 2¢ and 3) where hemipelagic marls of the Case Gallo Formation
crop out. The absence of marly strata at sites 3 and 4 (Figs 2a and 3)
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Stratigraphic units of the Salsomaggiore Ridge
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prevented any biostratigraphic analysis. Samples were dehydrated in an
oven, treated with diluted hydrogen peroxide and washed through a 63
pm sieve. Although a terrigenous component is common, microfossils
are abundant and planktonic foraminifera are only slightly re-crystal-
lized. A semi-quantitative biostratigraphic analysis was carried out on
the >125 pum fraction of the washed residue, and was based on survey-
ing a standard number (9) of fields in a rectangular picking tray. Eleven
taxa that are known to have biostratigraphic significance were consid-
ered and the following abundance categories were distinguished: Trace
(< 3 specimens in 9 fields), Rare (3 to 10 specimens), Common (10 to 30
specimens), and Abundant (> 30 specimens). Biostratigraphic interpre-
tation is based on: 1) the occurrence of marker species, whose first and/
or last occurrences identify zonal and/or subzonal boundaries in the
Mediterranean zonation of Sprovieri et al. (2002); and 2) the abundance
patterns of marker species compared with that recorded in other Med-
iterranean astronomically tuned successions (e.g., Hilgen et al. 2000,
2003; Foresi et al. 2002; Lirer et al. 2002) which provide very accurate
astronomical ages for all of the bioevents. Lourens et al. (2004) and
Hiising et al. (2007) refined age estimates of the bioevents using the
astronomical solution La2004 of Laskar et al. (2004). In this study, we
refer to the biostratigraphic record of Monte Gibliscemi section (Sicily,
southern Italy) which also provides a 8'*O record of the late Serraval-
lian-early Tortonian time interval in the Mediterranean (Turco et al.
2001).

25 geochemical analyses (8°°C and 8'*O isotopes) performed on
18 samples of different sites around the Salsomaggiore Ridge are re-
ported in Table 1. The CaCOj; samples were finely ground in an agate
mortar and aliquots of about 8-10 mg were roasted in vacuo at
350+10°C for 45 min to pyrolize the organic matter that may have
been present in the samples. After roasting, the samples reacted over-
night at 25°C with 100% H;PO, and the released CO,, after cryogenic
purification, was measured by means of a Finnigan Delta S mass spec-
trometer against a laboratory sub-standard CO, gas obtained from a
very pure Carrara marble. The isotopic values are reported in the usual
delta terminology where 8 is defined by the following relationship:

O0=[(Rsa:-Rst)/Rst:] x 10°
where Rsa is the isotopic ratio (*C/'?C or *O/'QO) in the sample and
Rst is the same isotopic ratio in the standard gas. All the samples were
run in duplicate and the reported values are the mean of two concor-
dant results. All the analyses were calibrated versus international stan-
dard references periodically tested (NBS-19, NBS-20 and PDB-1).

Results

Facies of seep-carbonates of the Salsomaggiore Ridge

At the four sites of SR, the seep-carbonates gen-
erally consist of irregular, calcareous bodies, pods and
lenses associated with carbonate breccias, and often
contain abundant seep-related bivalves. Conglomerates
and coarse sandstones are commonly cemented by
authigenic micrite and are a dominant feature at some
stratigraphic levels. In the present work, the data of
Conti et al. (2007) are synthetized and three main litho-
facies are distinguished on the basis of the prevailing
lithology and the isotopic signature of carbonates (Tab.
1); new details on sedimentary features are reported in
Fig. 4.

Lithofacies 1 consists of marly to arenaceous
breccias (Fig. 4A-a) and conglomerate beds that are ce-
mented and encrusted by seep-carbonates (Fig. 4A-a, b).
Cement is pervasive throughout many beds (Fig. 4A-c)
and locally fills veins (Fig. 4A-d). Lithofacies 1 occurs
within the Monte Predella and Varano dei Marchesi
Members. Compared to the other lithofacies, the carbo-
nate isotopic signature of lithofacies 1 shows the highest
OBC and always positive 80 values (Tab. 1). Lithofa-
cies 1 has been generally associated with slow seepage
mode (Conti et al. 2007).

Lithofacies 2 is mainly made up of limestones
(Fig. 4A-e), marly and arenaceous limestones with den-
sely packed bivalves (Fig. 4A-f) and carbonate breccias
that locally alternate with sandstone and sporadic con-
glomerate lenses. This lithofacies is included within the
hemipelagic and prodeltaic marls (Case Gallo Forma-
tion) and rarely is associated with sandstones or con-
glomerates of the Varano dei Marchesi Member. Litho-
facies 2 has the largest thickness (about 2-3 m), areal
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Lithofacies 1
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Fig. 4A - Lithofacies of seep-carbonates of the SR. Lithofacies 1- a) Marly-arenaceous breccias and conglomerate beds cemented by seep-
carbonates; locally, feed cement-filled conduits are cemented and pass through different stratigraphic units. Here, the erosional
surface (ES) between RG1 and RG2 units (see p. 327 and Fig. 7) can be observed. b) Conglomerate bed encrusted by seep-
carbonate. Hammer for scale (=~ 35 c¢m). ¢) Pervasive cementation of sandstone. d) Veins filled with multiple precipitation gene-
rations of sparry calcite; this cement can also occur in other lithofacies. Lithofacies 2 - €) Limestone and marly limestones with
lenticular bedding, local dissolution features and, not clearly visible, fine-grained brecciated carbonates (lithofacies 3) along veins
cross-cutting the bedding. This carbonates laterally interfingers with marls of the Case Gallo Formation. (RG1). f) Marly and
arenaceous limestones with densely packed bivalves in a chemosynthetic epifaunal association (Lucina sp). A typical “Lucina
limestone” with both open and closed (life position) valves. This facies indicates the position of the paleo-seafloor.
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Lithofacies 2
- =

Fig. 4B - Lithofacies of seep-carbonates of the SR. Lithofacies 2 — g) Fossiliferous micrites with small bivalves and foraminifera casts. h)
Calcarenites and marly arenites with expulsion-related conduits; doughnuts and small tubes are visible. The former are conduits
through which sandstone (dark grey spots) moves upward and form concentric rings cemented by white micrite. The small tubes
are probably related to traces of fossils. Lithofacies 3 - i) Monogenic and polygenic breccias eroding a bedded limestone layers
(lithofacies 2) with lenses of coarse-grained calcarenite; both lithologies are cross-cut by a dense network of veins and autoclastic
fractures filled by sedimentary carbonates sediments and diagenetic calcite. 1) Calcarenite and fossiliferous limestone with centi-
metric wide fracture filled with calcite and fossiliferous limestone; in the middle of this vein, there is a younger vein with irregular
shape filled with sparry calcite on the walls and micritic calcite in the center. m) Base of the metric to decametric “topmost chaotic
unit”, comprising reworked seep-carbonate blocks with soft-sediment deformation, blocks of hemipelagic marls, pebbly sandstones
and polygenic conglomerates in the Case Cantoniera section (2a in Fig. 5). n) Conglomerate of Monte Predella Mb. (RG2 unit)
cemented by seep-carbonates; locally, lucinid-like clams are associated with this cemented conglomerate.
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LITHOFACIES STRUCTURES IMAGE SAMPLE* 3 13C (%0) 3 18° (%0)

1 ;)rézszy-cf;;l?;?rl:te pervasive cementation and vein filling Figs.: 4a,c,d |FL15 -8.74 +0.95
b) marly-arenaccous encrustation Fig.: 4b CM1-08-1 26,69 +1.47
breccia, conglomerate
a) fossiliferous micritic oligotypical densely packed faunal assemblage in L CM3-08-1, Val,Va3, from -23,84 to -

2 limestone and calcarenite | life position, fluid-expulsion-related conduits Figs.. 4f, 4g CMS5- 08A, CM5-08B 35.43 from -242t0+0,19
E;l?;l:r}:ilémeswne and lamination, dissolution features Fig.: 4e FL17b, CM2-08 2f;o;2-l&75 to- from +1.39 to +1.86
¢) micritic limestone extensive vuggy fabrics, complex networks of Fig.: 4e FLI, FL4, CM3, CM6-08 | TOm 3012006 40,01 to +0.93

cavities .65
irregular association of centimetric tubes, 02 0=, } B
d) mottled limestone bioturbations and doughnut structures associated to | Figs.: 4d, 4h g(l\;/fglos 2, CM3-08-3, 2f§0511;:21.76 to from -1.01 to— 0.73
centimetric or smaller veins filled by sparry calcite ’
. dense networks of carbonate-filled veins and . . from -31.09 to -

: o X . . +0. +0.
¢) marly limestone autoclastic fractures (millimeter to centimeter wide) Figs.: 41, 41 FL3, PG 491a 34.48 from +0.23 to +0.25
f) monogenic and . . . . . 1490°, 490b, CM2, CM4-08- |from -28.06 to -

: - +
poligenic breccia erosional, vein forming Figs.: 4e, 4i 1. CM4-08-2, CM4-08-3 k439 from -1.05 to +0.89
a?i;lg:;];;_i(;?g;r;e;i;:s s erosional, soft-sediment deformation, chaotic Figs.: 4m, 4n | PG487 -41.43 +2.85

Tab.1 - Summary of the sedimentary features and geochemical signature of the main lithofacies of the SR seep-carbonates. The geochemical

results of 15 samples derive from Conti et al (2007); the three additional samples (CM1, CM4, CM6 from Case Mezzadri site)
provide similar geochemical signature as the 15 samples analysed in the previous work. From lithofacies 1 to 3, the seepage mode
passes from a prevailing slow- to a prevailing fast-seepage. Nonetheless, vein formation and carbonate cements are common to the
three lithofacies and they may represent either fast or slow-seepage mode. See also text and Fig. 4. * See Fig. 9 and Table 1 in Conti et
al. (2007).
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Conti et al. (2007), while section 1c is documented for the first time.
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Fig. 6 - Biostratigraphic interpretation and stratigraphic correlation of the studied sections containing hemipelagic marls. The planktonic

foraminifer zonation of Sprovieri et al. (2002) has been adopted in this study. Absolute ages of the main bioevents are also reported
(after Lourens et al. 2004). The age of the bioevent which defines the MMi7b/MMi7c subzonal boundary has been recalibrated after

Hiising et al. (2007).

extent (maximum 200 m?), and lithology variability. On
the basis of lithology, this lithofacies can be subdivided
into 6 sublithofacies which also reflect variable isotopic
values (Tab. 1). Lithofacies 2 shows the 6*C minimum
values (between -23.84%o and -35.43%0 6°C PDB-1) and
00O mainly around 0%o; slightly negative 8O values
(between -0.73%o and -2.42%0 6'°0O PDB-1) are asso-
ciated with sublithofacies 2a, 2d and 2f. Lithofacies 2
has been mainly related to slow-seepage fluid emission
(Conti et al. 2007).

Lithofacies 3 is a chaotic facies, made up of blocks
of reworked seep-carbonates (Fig. 4B-i-n), blocks of
hemipelagic marls, pebbly sandstones and polygenic
conglomerates cemented by seep-carbonates (Fig. 4B-
n). Clasts of seep-carbonates often show soft-sediment
deformations (Fig. 4B-m). Lithofacies 3 (Fig. 4B-m, n)
occurs in the Monte Predella Member and mainly in the
“topmost chaotic unit” (Figs 3 and 4B-m). One isotopic
datum from calcite in lithofacies 3 gave the lowest value
of dBC (-41,43%0 PDB-1) and highest 6O (2,85%0
PDB-1); this facies has been related to fast seepage
mode of fluid expulsion (Conti et al. 2007).

Biostratigraphic age constraints of the seep-associated
deposits

The results of the planktonic foraminiferal analy-
sis and the biostratigraphic interpretation of the studied

sections at sites 1 and 2 are presented in Figs 5 and 6,
respectively.

In the La Grotta section (1a), the assemblage from
the lowermost marls (sample Gr 2) is characterized by
the occurrence of Paragloborotalia partimlabiata, P. sia-
kensis and P. mayeri (Fig. 5). The co-occurrence of these
species indicates that the lowermost part of the La
Grotta section belongs to Subzone MMi7b (Fig. 6). This
subzone is Serravallian in age ranging from 12.43 Ma to
12.07 Ma (Hiising et al. 2007). In the overlying marls the
co-occurrence of P. partimlabiata and P. siakensis, and
the absence of P. mayeri (sample Gr 3) may indicate
either Subzone MMi7b, if the absence of P. mayeri is
due to its discontinuous occurrence within its distribu-
tion range (see Foresi et al. 2002; Lirer et al. 2002; Hil-
gen et al. 2003), or Subzone MMi7c if the species is
already extinct (Fig. 6). The uppermost hemipelagic
marls in the La Grotta section yield an assemblage
mainly characterized by the occurrence of randomly
coiled Neogloboguadrina atlantica praeatlantica (= N.
atlantica small size in Hilgen et al. 2000, 2003; Turco et
al. 2001) and N. acostaensis s.1. This assemblage is refer-
able to Zone MMi8, which coincides with the first in-
flux of neogloboquadrinids characterized by a random
coiling direction and ranges from the First Occurrence
(FO) of N. atlantica praeatlantica (dated at 11.78 Ma)
up to the Last Common Occurrence (LCO) of Globi-
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gerinoides subquadratus (dated at 11.56 Ma; Lourens et
al. 2004) (Fig. 6). The latter bioevent approximates the
Serravallian/Tortonian boundary (Hilgen et al. 2005),
recalibrated at 11.625 Ma (Hiising et al. 2007) (Fig. 6).
After the LCO of G. subquadratus, neogloboquadrinids
are nearly absent in the Mediterranean, but re-appear as
predominantly dextrally-coiled forms at 11.15 Ma (Hil-
gen et al. 2000; Foresi et al. 2002; Lourens et al. 2004). In
summary, deposition of the hemipelagic marls in the La
Grotta section started during the Serravallian and pos-
sibly ended in the early Tortonian, and the maximum
age of these strata ranges between 12.43 Ma (P. mayeri
First Common Occurrence — FCO) and 11.56 Ma (G.
subquadratus LCO) (Fig. 6).

In the Case Gallo sections (1b and 1c), hemipela-
gic marls overlying the conglomeratic strata yield as-
semblages characterized by abundant randomly coiled

neogloboquadrinids with N. atlantica praeatlantica pre-
vailing on N. acostaensis s.l., associated with G. subqua-
dratus and Catapsydrax parvulus; P. siakensis and P,
partimlabiata are generally rare and not typical (Fig.
5). This assemblage is referable to Zone MMi8. There-
fore, the hemipelagic marls in the Case Gallo section are
also Serravallian-early Tortonian in age, but their max-
imum age is younger, ranging from 11.78 Ma to 11.56
Ma (Fig. 6).

In the Casa Cantoniera and Case Lame sections
(2a and 2b, respectively), the assemblages are very simi-
lar in taxonomic composition (Fig. 5). They consist of
abundant P. siakensis and P. partimlabiata (=P. cf. par-
timlabiata in Foresi et al. 2002), rare neogloboquadri-
nids and very rare G. subguadratus, and they are refer-
able to Zone MM19 (Fig. 6). This biozone is defined as
the stratigraphic interval between the LCO of G. sub-
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- Composite stratigraphic panel showing the updated stratigraphic framework for the SR based on stratigraphic correlation and new

biostratigraphic data (see Fig. 6) from sites 1 and 2. The position of the seep-carbonates is reported on the stratigraphic sections. Note: 1)
the proximal facies of the mixed systems deposits prograde north-eastward; 2) the hemipelagic marls are becoming younger and
partially missing (hiatus) toward the SR’s hinge zone; 3) the erosional surface (ES) is the base of the RG2 unit or “topmost chaotic”
unit of Conti et al. (2007).
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- Oxygen isotope records, based on planktonic (8'*Op (%)) and benthic (8**Oy, (%o)) foraminifera, and planktonic foraminiferal events

which constrain Mi5 and Mi6 global cooling events at Monte Gibliscemi (Italy) (Turco et al. 2001) used as reference section in this
study (figure modified after Turco et al. 2001). Biostratigraphic zonation of Sprovieri et al. (2002) and absolutes ages of bioevents.
Chronostratigraphy of the studied stratigraphic sections (for complete sections see Figs. 5, 6, 7). Note that seep-carbonates are coeval

with the Mi5 cooling event.

quadratus and the Last Occurrence (LO) of P. siakensis
(dated at 11.19 Ma). This biostratigraphic assignment
indicates that the hemipelagic marls at Casa Cantoniera
and Case Lame are early Tortonian in age and younger
than those of the Case Gallo section.

Updated stratigraphic framework of the seep-carbonates
of the growing Salsomaggiore Ridge

Sedimentary facies and biostratigraphic interpre-
tation of the sections, logged through the upper part of
Rio Gisolo and Case Gallo Formations, made it possi-
ble to refine the stratigraphic framework of the rocks
encasing the seep-carbonates (Figs 3, 5, 6 and 7). This
stratigraphic framework, however, is based only on sites
1 and 2, because no datable marls are present at sites 3
and 4 and the mixed-system deposits of sites 3 and 4
cannot be correlated with certainty either with the
mixed-system deposits or with the hemipelagic marls
of sites 1 and 2.

Biostratigraphic interpretation of planktonic for-
aminiferal assemblages indicates that the hemipelagic
marls of the Rio Gisolo and Case Gallo Formations
are referable to the time interval between Zone
MMi7b/c and Zone MMi9 (Serravallian to early Torto-
nian), with a maximum time span between 12.43 Ma and
11.19 Ma (Figs 6, 7, 8). The position of MMi7/MMi8

and MMi8/MMi9 zonal boundaries is inferred (Fig. 6)
because of discontinuous or lacking outcrops of the
hemipelagic marls and intercalation of thick conglom-
erates. Biostratigraphic correlation of the studied sec-
tions, however, suggests that the hemipelagic marls of
the Case Gallo Formation become younger in a SW-NE
direction toward the SR hinge zone where a strati-
graphic hiatus also occurs (Figs 6, 7, 8).

Moreover, these data (Figs 3, 6, 7, 8) allowed the
recognition of an erosional surface (ES), which cuts the
hemipelagic marls of the Case Gallo Formation (sites 1
and 2) (Figs 2c, 3, 6, 7). At site 2 (Case Cantoniera and
Case Lame sections), the ES marks the boundary be-
tween the “topmost chaotic unit” of Conti et al. (2007)
(upper part of Monte Predella Member) and the under-
lying hemipelagic marls (Case Gallo Formation) (Fig.
4m). Although outcrop conditions did not allow to
trace it throughout the study area (Fig. 2a), this ero-
sional surface may represent a major stratigraphic
boundary in the SR succession before the emplacement
of the allochthonous units (see Geological setting). The
unconformity Ul and the ES, therefore, allowed the
subdivision of the middle-upper Miocene succession
of the SR into three local stratigraphic units. These units
are: 1) TG unit, not investigated here, which corre-
sponds to the Torrente Ghiara Formation; 2) RG1 unit
(MMi7b/c-MMi9 Zones) which includes the lower part
of the Rio Gisolo Formation and the Case Gallo For-
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mation; 3) RG2 unit (MMi9? Zone) which corresponds
to the “topmost chaotic unit” of Conti et al. (2007) (Figs
2,3 and 7).

The growth of the Salsomaggiore Ridge

On the basis of the updated stratigraphic frame-
work a syn-depositional uplift of the SR is suggested to
occur in two stages.

The first stage is represented by unit RG1 (Figs 3,
7) ranging from late Serravallian up to early Tortonian
in age (Subzones MMi7b/c-Zone MMi9). In the lower
part of RG1 (Subzones MMi7b/c and possibly Zone
MMi8), sandy and conglomeratic deposits show an
overall coarsening-upward. This trend testifies the
north-eastward progradation, toward the anticline
hinge zone, of the proximal facies belonging to the
mixed systems (sensu Mutti et al. 2003) (Figs 6, 7). Such
a shift appears to be strictly related to the uplift of the
crestal area of the SR (Artoni & Tinterri 2009) as it
typically occurs in a structurally-controlled foredeep
(Muzzi Magalhaes & Tinterri 2010; Tinterri & Muzzi
Magalhaes 2011).

Afterward, hemipelagic and prodeltaic marls of
unit RG1 (Case Gallo Formation), deposited in Zone
MMi8 and part of Zone MMi9 (upper Serravallian —
lower Tortonian), indicate a sharp decrease in coarse-
grained clastic supply (Figs 6, 7). In proximity of the
hinge zone of SR a stratigraphic non-depositional hiatus
was forming: marls of Zone MMi9 directly overlie
coarse-grained mixed-system deposits and marls refer-
able to Zone MMi8 are missing (sections 2a, 2b in Fig.
7). Thus, the hiatus is suggested to have a maximum
duration of 230 kyrs (i.e., duration of Zone MMi8)
(Casa Cantoniera, Section 2a, Figs 6, 7, 8).

The second stage is represented by unit RG2,
above the ES surface, and it corresponds to the “top-
most chaotic unit”, which clearly crops out at sites 1 and
2 (Figs 3, 7). The age determination of unit RG2 is
problematic because no younger deposits are found
above it, except for allochthonous units (Fig. 7). It is
inferred that unit RG2 was deposited during the upper
part of Zone MM19, or slightly afterward, because it
postdates the hemipelagic marls referable to Zone
MM1i9 at site 2 and it includes reworked seep-carbonates
not completely lithified (soft sediment deformation
structures in micritic seep-carbonate clasts derived from
the underlying RG1 unit; Tab. 1).

In this updated stratigraphic framework, the three
lithofacies of seep-carbonates show the following dis-
tribution. In unit RGI1, lithofacies 1 and 2 occurred
during Zone MMi8 (late Serravallian-early Tortonian),
(Figs 6 and 7): lithofacies 1 either cemented or encrusted
the marly- to coarse-grained deposits in correspondence
of the non-deposition hiatus surface (sections 2a, 2b in
Fig. 7); lithofacies 2 interfingered with hemipelagic

marls (section 1b in Fig. 7). In unit RG2 (Zone MMi9
or slightly afterward, early Tortonian), above the ES
erosional surface, only lithofacies 3 can be recognized

(Fig. 7).

Discussion

Tectonic control on seepage: the case of the Sal-
somaggiore Ridge

Tectonics is an important trigger for fluids accu-
mulation and mobility in compressional structures. Pro-
gressive folding or thrusting are generally associated
with formation of multiple generations of fractures,
close to the buried thrust tip or at the crest of an anti-
cline. In fact, thrust faults and anticline crests are known
as preferential locations of hydrate accumulation and/or
dissociation (Le Pichon et al. 1992; Tréhu et al. 1999,
2004, 2006; Sassen et al. 2001; Schwartz et al. 2003;
Aiello 2005; Weinberger & Brown 2006). In appropriate
temperature and pressure conditions for gas hydrates
formations, migration of fluids along fractures may re-
sult in the formation of hydrate seals and trapping of
methane in the underlying strata (Reed et al. 1990; Tre-
hu et al. 1999; Aloisi et al. 2000; Wiedicke et al. 2002).
The rupture of the hydrate seal by tectonic activity al-
lows methane to flow along fractures and contribute to
fluid expulsion that might be released in a short time or
abruptly even during an earthquake swarm (Fischer et
al. 2013). Rapid release of fluids can cause fluid over-
pressure, which, in association with the low shear
strength of surficial sediments, induces instability pro-
cesses, such as sliding, slumping and chaotic deposits
(Maslim et al. 1998, 2004, 2005; Percher et al. 2001;
Mienert et al. 2004).

During the late Serravallian-early Tortonian time
interval, the SR anticline’s hinge zone experienced both
local and regional tectonic pulses, which likely contrib-
uted to fluid mobilization and hydrate dissociation (Figs
6, 7). Local tectonic activity resulted in uplift, subtle
growth and presence of a submarine relief, also sug-
gested by lateral facies associations of mixed systems
(Artoni & Tinterri 2009). Regional-tectonic activity in-
volved Ligurian and epi-Ligurian allochthonous units,
which advanced in different steps (Ricci Lucchi 1986;
Pini 1999). These allochthonous units arrived in proxi-
mity of the SR during deposition of the seep-carbonates,
as evidenced by the increase in Apennine-sourced clasts
cemented by seep-carbonates inside the unit RG2 (Figs
2,3,7) (Conti et al. 2007). During this advancing pulse,
the allochthonous units should have had a wedge shape
similar to the present-day geometry (thickness passing
from 4 to 0 km over a distance of 20 km in a SSW-NNE
direction) (Artoni et al. 2010; Carlini et al. 2013). This
wedge created a differential load on the underlying fore-
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- The two-stage evolution model of fluid-seepage and associated carbonate deposits in the Salsomaggiore Ridge during the late Serra-

vallian (a-b) and early Tortonian (c, d;, d), related to both tectonics (on the right) and climate change (oxygen isotope record on the
left). Oxygen isotope curves of planktonic (8'*Op (%o)) and benthic (8'*Oy. (%o)) foraminifera are from Turco et al. (2001) (see also Fig.
8). Seepage mode is also shown on the right and is based on the main recognized lithofacies (see Fig. 4, Tab. 1 and Conti et al. 2007).
Seepage appears to be controlled by both tectonics and climate changes.

deep units. The resulting lateral lithostatic gradients
should have forced fluids to migrate from the south
(where the allochthonous wedge was thicker and the
lithostatic load higher) to the north, ie. towards the
developing SR (where the allochthonous wedge was
thinner and the lithostatic load smaller). In the crestal
area of SR, both the porous coarse-grained deposits (pri-
mary porosity) and the fracture network (secondary
porosity) represented the preferential locations for
fluids to be trapped, expelled or become caught up in
surficial slope instability. Thus, the SR crestal zone be-
came site of seepage and carbonate precipitation.

Climatic control on seepage: the case of the Salsomag-
giore Ridge

The late Serravallian to early Tortonian time in-
terval (Zone MMi8-Zone MM19) is characterized by a
global cooling event, namely Mi5 (Miller et al. 1991a,
1991b) (Fig. 8). This climatic event is marked by an
increase of the 8'*0O oxygen isotope both in the open
ocean (e.g. Miller et al. 1991a; Wright & Miller 1992;

Shackleton & Hall 1997) and in the Mediterranean (Tur-
co et al. 2001). In the Monte Gibliscemi section (Italy),
the cooling trend started at 11.8 Ma, coinciding with the
base of Zone MMi8 and culminated at 11.4 Ma (max-
imum cooling) within Zone MMi9 (Fig. 8).

The Mi5 event is associated with a glacio-eustatic
sea level lowering of 30-45 m (Miller et al. 1991b). These
authors suggested a causal relationship between the iso-
topic events and the timing of erosional events (uncon-
formities), due to ice volume growth and global sea level
lowering; as a matter of fact, erosional unconformities
preferentially develop during the highest rates of eu-
static sea level falls (Haq et al. 1988; Posamentier & Vail
1988) related to climate changes (Warrick et al. 2009).
Maxima in 8'®*O would then correspond to the most
extreme lowstands similarly to Pleistocene oxygen mar-
ine isotopic stages (MIS) corresponding to eustatic sea-
level changes (Shackleton & Matthews 1977; Shackleton
1987).

Eustatic sea level changes, and consequentially
pressure changes, might induce dissociation of hydrates
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as they move away from their stability zones (Kvenvol-
den 1993) and trigger catastrophic sediment failures
which generate mass-transport deposits (Maslim et al.
1998, 2004, 2005; Katz et al. 1999; Percher et al. 2001;
Bohrmann et al. 2002; Mienert et al. 2004).

At SR, in unit RG1, during Subzones MMi7b/c,
there is no evidence of seep-carbonate deposition, while
during Zone MMi8 lithofacies 1 and 2 started to form
during the onset of the Mi5 event. In unit RG2, possibly
during Zone MM19, the seep-carbonates occur above
the erosional surface ES. Such a surface might be rea-
sonably associated with the eustatic sea level drop and
not only with the regional tectonic pulse. It is hypothe-
sized that seep-carbonates, represented by lithofacies 3
might have formed around the culmination of Mi5 cool
event (benthic foraminifer §'*O maximum at 11.4 Ma).

The evolution of seep-carbonate deposition at the Sal-
somaggiore Ridge

The updated stratigraphic framework, the strati-
graphic distribution of the seep-carbonates and the re-
lationship with tectonic activity (local and regional) and
Mi5 glacial event constrain a two-stage model for seep-
carbonate deposition at SR (Fig. 9).

In the first stage, during Zone MMi7 (Fig. 9a),
subtle growth of the SR and the creation of local sub-
marine relief controlled deposition of mixed-system se-
diments of RG1 unit. Continuous and progressive de-
formation at the SR crestal area and its limbs produced
fracture networks that cross-cut porous, coarse- and
fine-grained deposits of unit RG1. The combination
of tectonic activity and lithology represented an ideal
framework for fluid migration, trapping and expulsion.
Still in the first stage, the onset of Mi5 cool event (base
of Zone MMi8) occurred (Fig. 9b). During Zone MMi8
(Fig. 9b), seep-carbonates started to be deposited either
encrusting or cementing coarse-grained deposits or in-
terfingering with hemipelagic marls (Lithofacies 1, 2)
(Fig. 9b). These lithofacies are mainly indicative of
slow-seepage mode of seep-carbonate deposition (Conti
et al. 2007). Local tectonic activity continued during
deposition of the sediments hosting seep-carbonates
and a local stratigraphic hiatus occurred in proximity
of the anticline hinge zone (Figs 7, 8, 9b, c).

The first stage ended when the shelf to slope
hemipelagic deposition was interrupted by a more in-
tense regional tectonic pulse, which caused the advance-
ment of the Ligurian and epi-Ligurian units toward the
SR (Artoni et al. 2010) and the formation of the ero-
sional surface (ES) (Figs. 6, 7, 9d;). These events mark
and characterize the second stage when a renewed see-
page allowed the deposition of chaotic facies with
Apennine-sourced clasts and the increase of sediment
instability on the flank of the SR (Lithofacies 3) (Fig.
9d,). The “topmost chaotic unit” (Lithofacies 3) or unit

RG2 (Fig. 9d,) was probably linked to increased tec-
tonic activity and possibly to the most extreme eustatic
sea level fall associated to the coolest peak of the Mi5
event (11.40 Ma, Turco et al. 2001). At this stage, tec-
tonics and climate could have concurred to enhance the
rate and intensity of submarine erosion and fluid expul-
sion with fast seepage modality (Figs. 9d;, d,). How-
ever, because of the limitations in dating unit RG2 (see §
above 5) it cannot be excluded that only tectonics might
have acted in this stage.

Conclusions

The study of the seep-carbonates at Salsomag-
giore Ridge (SR) provides new insights on the role of
tectonics, climate change and associated eustatic sea le-
vel fall in the deposition of seep carbonates.

An integrated sedimentological and biostrati-
graphic study of middle-upper Miocene deposits ex-
posed at Salsomaggiore Ridge provides an updated stra-
tigraphic framework for seep-carbonate lithofacies.
Planktonic foraminiferal biostratigraphy assigns the
seep-carbonates to the late Serravallian-early Tortonian
time interval (Zones MMi8 and possibly MMi9 of Spro-
vieri et al. 2002).

Three lithofacies of seep-carbonates are defined.
These lithofacies are associated with two main stages
and intensities of seepage that developed during specific
tectonic and climatic conditions.

In the first stage, slow seepage, characterized by
carbonates of the Lithofacies 1 and 2, took place during
Zone MM3i8 in the early phase of the Mi5 cooling, when
tectonic activity was mildly and locally modifying the
Salsomaggiore Ridge.

In the second stage, fast seepage is associated with
more chaotic deposits (Lithofacies 3) possibly during
Zone MM19. This second stage is related to a regional
tectonic pulse that created the erosional surface (ES) and
possibly enhanced eustatic sea level fall associated with
more extreme climatic conditions (coolest peak of Mi5
event).

In the Salsomaggiore Ridge, tectonics and cooling
event seem to concur to drive the deposition of seep-
carbonates with different seepage mode.
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