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Abstract The seafloor morphology and the subsurface of

the continental slope of the Olbia intraslope basin located

along the eastern, passive Sardinian margin (Tyrrhenian

Sea) has been mapped through the interpretation of high-

resolution multibeam bathymetric data, coupled with air-

gun and sparker seismic profiles. Two areas, corresponding

to different physiographic domains, have been recognized

along the Olbia continental slope. The upper slope domain,

extending from 500 to 850 m water depth, exhibits a series

of conical depressions, interpreted as pockmarks that are

particularly frequent in seafloor sectors coincident with

buried slope channels. In one case, they are aligned along a

linear gully most likely reflecting the course of one of the

abandoned channels. The location of the pockmarks thus

highlights the importance of the distribution of lithologies

within different sedimentary bodies in the subsurface in

controlling fluid migration plumbing systems. A linear

train of pockmarks is, however, present also away from the

buried channels being related to a basement step, linked to

a blind fault. Two bathymetric highs, interpreted as pos-

sible carbonate mounds, are found in connection with some

of the pockmark fields. Although the genetic linkage of the

carbonate mounds with seafloor fluid venting cannot be

definitively substantiated by the lack of in situ measure-

ments, the possibility of a close relationship is here pro-

posed. The lower slope domain, from 850 m down to the

base of the slope at 1,200 m water depth is characterized

by a sudden gradient increase (from 2� to 6�) that is driven

by the presence of the basin master fault that separates the

continental slope from the basin plain. Here, a series of

km-wide headwall scars due to mass wasting processes are

evident. The landslides are characterized by rotated, rela-

tively undeformed seismic strata, which sometimes evolve

upslope into shallow-seated (less than 10 m), smaller scale

failures and into headless chutes. Slope gradient may act as

a major controlling factor on the seafloor instability along

the Olbia continental slope; however, the association of

landslides with pockmarks has been recognized in several

continental slopes worldwide, thus the role of over-pres-

sured fluids in triggering sediment failure in the Olbia slope

can not be discarded. In the absence of direct ground tru-

thing, the geological processes linked to subsurface struc-

tures and their seafloor expressions have been inferred

through the comparison with similar settings where the

interpretation of seafloor features from multibeam data has

been substantiated with seafloor sampling and geochemical

data.
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Introduction

In recent years, our understanding of geological processes

acting on submarine slopes has greatly advanced through

the interpretation of both modern and ancient systems

(Pratson et al. 1996; Weimer and Slatt 2004; Flint and

Hodgson 2005 and references therein). In particular, the

complex seafloor morphology and subsurface setting of

modern continental slopes has been revealed through the

coupling of high resolution multibeam echo-sounders and

side-scan sonar equipment with 2D and 3D seismic data

(Locat et al. 1999; Dugan and Flemings 2000; Posamentier
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and Kolla 2003; Steffens et al. 2004; Mosher and Piper

2007; Normark et al. 2009). In particular, geophysical and

geochemical investigations of the seabed have provided

striking evidence for the widespread seepage of gas-rich

fluid at the seafloor in different sedimentary environments

along continental margins, both in active and passive set-

tings (Judd and Hovland 2007 and references therein). The

study of the processes associated with subsurface fluid

migration have received increasing attention because they

give information regarding the distribution of hydrocarbons

in the subsurface, and the degree of integrity of the reser-

voirs (O’Brien et al. 2002; Heggland 2005; Ligtenberg

2005; Van Rensbergen et al. 2007). Fluid venting at the

seafloor also plays a crucial role in the establishment of

specific and unexpected ecosystems at the seafloor, and

furthermore, it can represent a substantial hazard to

exploration drilling and to offshore installations (Sultan

et al. 2001; Hovland et al. 2002; Judd and Hovland 2007;

Pilcher and Argent 2007; Zakeri 2009; Cathles et al. 2010).

Along continental margins, many slope sectors show a

close relationship between sedimentary dynamics, subsea-

floor stratigraphy, structural setting, subsurface fluid

migration pathways and seafloor seepage (Boe and Ottesen

1998, Gay et al. 2006). Seafloor conical depressions,

formed as a consequence of fluid expulsion (pockmarks;

King and MacLean 1970), occur in many submarine slopes

worldwide (Hovland 1991; Rise et al. 1999; Cochonat et al.

2002; Berndt 2005; Rollet et al. 2006; Gay et al. 2007).

Recently, pockmarks have also been observed on seafloor

sectors marking the courses of shallowly buried channels

(Gay et al. 2003, 2006) or in correspondence with deep and

shallow tectonic or salt-related structures (Geletti et al.

2008; Andersen and Huuse 2011). Complexes of pock-

marks are also found in association with authigenic car-

bonate ridges and carbonate mounds, especially in the

Atlantic margin of Europe and in the Mediterranean Sea

(Aloisi et al. 2000; Magalhães et al. 2003; Hovland et al.

2005; Masson et al. 2003; Mazzini et al. 2004; Dupré et al.

2007; Judd et al. 2007; Bayon et al. 2009a, b; Huguen

et al. 2009; Dupré et al. 2010). It has been documented that

gas and fluids entrapped in the subsurface can lower the

shear strength of the sediment, triggering in turn submarine

landslides (Kvalstad et al. 2005; Paull et al. 2007). Also

active or inherited tectonic structures can promote and

enhance landslides, by controlling the slope topography

and the gradient and the distribution of subsurface dis-

continuities that can also be used by fluids as preferential

escape pathways (Gay et al. 2007; Géli et al. 2008; Xie

et al. 2003; Hovland et al. 2010; Huuse et al. 2010). In

terms of geohazard assessment, gas seepage is an element

to be carefully considered, and the recognition of the

geomorphic elements directly linked to it is crucial in terms

of risk assessment and mitigation.

In this work, through the analysis of high-resolution

multibeam bathymetric data and seismic profiles, we

present a morphological description of the seafloor and

shallow subsurface of the Olbia continental slope (eastern

Sardinian margin). The main aim of this work is to map the

geomorphology and the internal geometries of the features

linked to subsurface and seafloor fluid flow and to sediment

instability that can represent a potential geohazard for

offshore installations and the environment. In the study

area, geotechnical and geochemical seafloor samples are

not available, thus the activity of the geological features

linked to fluid venting (pockmarks and carbonate mud

mounds) are not directly assessed. Notwithstanding, we

propose an interpretation where features and processes

related to geohazards have been reconstructed through the

coupling of multibeam and shallow subsurface data. Fur-

ther studies through direct in situ investigations are how-

ever necessary to verify the present-day activity of these

geological processes along the Olbia continental slope.

Regional setting

The eastern Sardinian margin is the passive margin of the

central Tyrrhenian back-arc basin, formed as a conse-

quence of the European-African collision (Malinverno and

Ryan 1986) (Fig. 1). In the Sardinian sector, rifting started

in the Late Miocene (Tortonian) and ended in the Late

Pliocene (Kastens and Mascle 1990; Sartori 1990). Along

the eastern Sardinian margin, the rifting morphology is still

evident as a series of structural highs that bound the in-

traslope basins of the upper sector of the margin. The

continental slope of the Olbia intraslope basin, the subject

of this study, is located in the northern part of the eastern

Sardinian margin (Fig. 1). The slope is around 25 km wide

(Figs. 1, 2a) and is flanked landward by a 20 km wide

shelf, with the shelf-break located at around 120 m water

depth (Ulzega et al. 1988).

Seismic profiles show that the continental slope is

characterized by a marked high-amplitude reflector corre-

sponding to the Messinian unconformity (Fabbri and Curzi

1979). A seismic profile crossing the DSDP Site 132 (in the

center of the Tyrrhenian basin) shows that this interval

coincides with the top of the evaporite sequence and that it

is probably composed of horizons of sulphate evaporites

that alternate with terrigenous sediments (Ryan et al.

1973). In the Olbia continental slope, the seismic profiles

show that the Messinian reflector lies below around 0.20 s

of Plio-Quaternary deposits, thus indicating a low rate of

sedimentation (averaging *3.37 cm/1,000 years). Mor-

phologically, the Olbia continental slope is composed of an

upper, low gradient, less than 2� dipping sector (from 500

to 850 m depth), and a lower (downslope from 850 m to
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around 1,250 m), high gradient, 6� dipping sector (Figs. 1,

2a) controlled by a high-angle extensional fault that sepa-

rates the continental slope from the Olbia basin (Marani et al.

2004; Gamberi and Dalla Valle 2009; Dalla Valle and

Gamberi 2010). Owing to the lack of seismicity along the

eastern Sardinian margin, the fault is considered, at the

present, to be an inactive tectonic element (Marani et al.

2004). The Olbia continental slope is dissected by several

slope channel systems, of which the main is the Caprera

system that consists of three distinct slope channels (Figs. 1,

2a). Two of these channels (C1 and C2) are considered still

active (Dalla Valle and Gamberi 2010), whereas the south-

ernmost channel (C0) is almost completely abandoned

(Figs. 1, 2a). At present, the slope channels of the Olbia

continental slope are not connected with a subaerial drainage

system. For this reason, during high-stand periods, most of

the terrigenous input furnished to the deep water is thought to

be mainly delivered by the interaction between southward-

flowing alongshore currents and the wind-generated, semi-

permanent gyre centred offshore the Bonifacio Strait

described by Artale et al. (1994).

Data and methods

The present study is based on the interpretation of data

collected during the TIR-99 cruise carried out by Institute

for Marine Sciences (ISMAR-CNR) of Bologna in 1999. A

bathymetric survey was performed along the eastern Sar-

dinian margin downslope from around 500 m water depth

(Marani et al. 2004). The bathymetric data were acquired

with a Kongsberg-Simrad EM12-120S and processed at

ISMAR with in-house software developed by Ligi and

Bortoluzzi (1989). Bathymetric and shaded relief maps

were obtained by gridding the data with an interval of 25 m

using Global Mapper software (Figs. 1, 2a). Subsurface

information is furnished by a closely spaced grid of Airgun

profiles, collected during the TIR-99 multibeam survey,
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Fig. 1 Shaded relief map of the northern sector of the Olbia

intraslope basin in the Tyrrhenian Sea from multibeam bathymetric

data (see location in the lower right inset). The Olbia intraslope basin

is articulated in a 25 km wide continental slope, a 20 km wide basin

plain that is bordered to the east by the Etruschi and Baronie

seamounts. The study area corresponds with the box and is shown in

more detail in Fig. 2 The studied sector of the Olbia continental slope

is bordered to the north by the C1 and C2 slope channels and to the

south by the Mortorio slope channel. The southernmost slope channel

systems of the Olbia basin, the Tavolara system, is also indicated.

Contour interval: 50 m

Mar Geophys Res (2011) 32:193–205 195

123



and by a low density grid of 30 kJ Sparker collected by

ISMAR-Bologna during the BS-77 cruise in 1977.

Results

The Olbia upper continental slope: slope channels

and buried channel forms

The Olbia continental slope is dissected by the C0 slope

channel, which consists of an upper, completely buried

segment (from 550 to 700 m water depth) and a lower,

partially buried segment (from 700 m to the base of the

slope, at 1,200 m depth) (Fig. 2a). A 4 km wide, down-

slope narrowing to 1 km, bathymetric low is the seafloor

expression of the buried segment of the C0 channel

(Fig. 2a). Within the bathymetric low, lying around 15 m

below the surrounding seafloor, two subtle linear depres-

sions (C0a and C0b) separated by a topographic high are

present (Fig. 2a). The two depressions have a depth rang-

ing from 60 to 15 m moving downslope, with a SW-NE
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Fig. 2 Olbia continental slope: a shaded-relief map showing the C0
slope channel and the main fluid-venting and mass wasting related

features present along the Olbia continental slope. The thin, white
dotted lines indicate the course of the C0a and C0b channel forms

inferred from the mapping of the corresponding linear depressions.

The dashed-dotted line indicates the crest of the ridge separating the

two C0a and C0b linear depressions. The black dashed lines indicate

the position of the bathymetric profiles of figure a and b. The bold
dashed white lines correspond to the traces of the seismic profiles of

Fig. 3 (BCO 17), Fig. 4 (TIR99-98), Fig. 6 (TIR99-101) and Fig. 7

(TIR99-100) (contour interval: 50 m); b bathymetric profile traced

across pockmarks related to the buried sector of the C0 slope channel

(see figure a for the location). c Bathymetric profile traced across the

‘‘Giant Pockmark’’ (see figure a for the location)
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trend and with broad U-shaped flat floors (both channels

are less than 1 km in width) (Fig. 2a). The two C0a and

C0b depression converge at around 700 m depth, just

upslope form the lower, partially buried sector of the C0

channel (Fig. 2a). A seismic profile shows that the two

depressions are located above two channel forms buried

below around 80 ms of sediments (Fig. 3). The northern

channel form, located below the C0a depression, is the

widest, 800 m wide, with a U-shaped channel floor, filled

by a package of high-amplitude, parallel reflectors (Fig. 3).

The southern channel form, located below the C0b

depression, has a gentle V-shaped profile, and is filled with

more irregular reflections sometimes arranged in a cut-and

fill stacking pattern (Fig. 3). To the NNW of the C0a and

C0b channel forms, a series of smaller V-shaped channel

forms (less than 500 m in width), filled by chaotic seismic

facies, forms a *3.5 km wide belt (Figs. 2a, 3). Similar to

the C0a and C0b channel forms, the V-shaped channel

forms are buried below parallel reflectors but they are not

associated with seafloor linear depressions (Figs. 2a, 3).

The lower, partially buried segment of the C0 slope

channel, from around 700 m depth to the base of the slope

(1,200 m water depth), is clearly evident in the bathymetric

data (Fig. 2a). This segment of the C0 channel is around

1 km wide and 100 m deep. In this segment, the C0 slope

channel is flat bottomed, and is partially infilled by parallel

high-amplitude, continuous reflectors (Fig. 4). Taking into

account the type of the sedimentary architectural element

(channel) and the seismic facies, we can argue that the

channel infill of the lower sector of the C0 slope channel

consists of coarse-grained sediments. This sector of the C0

channel is flanked to the north by the H1 bathymetric high

(Figs. 2a, 5a).

The Olbia upper continental slope: fluid-linked

geomorphic features

A series of conical depressions, interpreted as pockmarks,

are scattered on the seafloor of the Olbia continental slope

(Figs. 2a, 5a, b). In particular, pockmarks are found both

above the small V-shaped channel forms and correspond-

ing to the C0a linear depression that stands above the C0a

channel form, and more rarely in the continental slope

sector south of the C0 slope channel (Figs. 2a, 5a, b).

The pockmarks above the V-shaped channel forms can

be divided into two groups: a group consisting of 8 small

pockmarks (\500 m wide) that have in general a circular

shape, around 20–35 m deep, with a cone-shaped profile

(Fig. 2a), and an another group with at least 3 large

pockmarks (up to 500 m in width) that have generally an

elliptical shape, and an irregular floor (Fig. 2). In particu-

lar, the largest of these pockmarks (‘‘Giant Pockmark’’ in

Fig. 2a) is around 1.5 km wide, 20 m deep, and shows a

subtle mounded morphology on its floor (Fig. 2a, c).

Downslope from the seafloor sector above the buried

V-shaped channel forms, a series of pockmarks are aligned

in a single train, resembling a gully around 9 km long and

10 m deep (Figs. 2, 5a).

To the south of the C0 slope channel, the upper Olbia

continental slope is characterized by the presence of
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Fig. 3 NW-SE-trending 30 kJ Sparker seismic profile of the upper

segment of the C0 slope channel showing the two buried C0a and C0b
channels below the subtle C0a and C0b linear depressions at the

seafloor and the further small, buried channel forms to the north (see

Fig. 2 for location of the seismic line)
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isolated pockmarks, pockmarks clustered in fields, and

pockmarks arranged in linear trains (Figs. 2a, 5b). In cor-

respondence with the pockmarks, seismic profiles show

bent reflectors that in general characterize the entire sedi-

mentary cover (*0.2 s), from the acoustic basement cor-

responding with the top of the Messinian reflector to the

seafloor (Fig. 6). However, vertical columns of bent

reflectors buried below undisturbed reflectors do not reach

the seafloor can be also interpreted as extinct pockmarks

(Fig. 6).

Where the pockmarks are aligned, this results in a fairly

straight gully similar to that developed above the buried

channel forms to the north of C0 and described previously

(Fig. 2a). The gully starts at around 630 m water depth, is

15 m deeper than the surrounding seafloor, and runs along

the dip of the continental slope (Fig. 2a). In the lower slope

sector, at around 900 m water depth, the gully evolves in a

straight, 80 m deep chute that ends at the base of the slope

at 1,200 m water depth (Fig. 2a).

Two bathymetric highs, H1 and H2, are also present in

the Olbia continental slope (Figs. 2a, 5a, b). H1 flanks to

the north the partially buried sector of the C0 slope channel

(Figs. 2a, 5a). It has a flat top around 60 m above the

surrounding seafloor and is about 5 km long and 2 km

wide, with steep flanks (12� for the flank facing the C0

channel) (Figs. 2a, 5). The top of the H1 high is capped by

a sedimentary cover around 0.1 s thick, where pockmarks

are developed (Figs. 2a, 4, 5a,). The pockmarks above the

H1 high are less than 500 in width, and around 15 m deep

(Figs. 2a, 5a). Internally, the H1 high consists of irregular

to chaotic reflection, and causes the complete blanketing of

the underlying units (Fig. 4). The H1 high is not bounded

by faults, and rather a moat is developed on its northern

flank (Figs. 4, 5a). Given this evidence, H1 high can be

interpreted in two ways: as an erosional remnant, or as a

constructional edifice consisting of hard rocks. The first

hypothesis implies that the erosion of about 80 ms of

sediment had occurred in the whole of the Olbia slope

away from the H1 high, and thus is quite unrealistic. For

this reason, the H1 high is best interpreted as a construc-

tional edifice, and it can be tentatively referred to as a

carbonate mud-mound. This interpretation is supported by

the presence of pockmarks on the top of the H1 high.

The H2 high has an elliptical shape and stands in the

middle slope sector (Figs. 2a, 5b). It is around 2.5 km long,

with its top at about 60 m above the surrounding seafloor;

it is surrounded by a circular moat (Fig. 5b). Internally it

consists of strongly disturbed reflectors and the acoustic
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basement below the structure is less reflective than in the

adjacent areas (Fig. 7). Given all this evidence, and its

similarity with the H1 mound, the H2 is also interpreted as

a hard rock, constructional edifice.

The Olbia lower continental slope: mass wasting

processes

The lower sector of the Olbia continental slope, between

800 and 1,200 m water depth, has an average dip of 6�, and

this setting is likely to be controlled by the presence of the

main extensional fault that separates the Olbia slope from

the Olbia basin plain. This sector is the only sector of the

Olbia continental slope that is affected by mass wasting

processes: a network of various linear or arcuate escarp-

ments arranged in a stepwise pattern, mark the beginning

of the lower slope sector (Fig. 2a). The headwall scars

cover a total area of around 8 km2 (totalling about 40% of

the total lower slope area). The largest headwall scars are

located just southward from the lower reach of the C0 slope

channel. They are arcuate, 1.3 km wide, with the evacua-

tion area set at around 40 m below the undisturbed, sur-

rounding seafloor (Fig. 2a).

The rotated blocks underwent only very limited down-

slope translation and are found perched above the base of

slope as displaced masses (Figs. 2a, 8). Slumping and other

mass movement processes are presumably recent, as

revealed by truncated surficial reflectors, which can be an

indicator that instability is still in progress (Figs. 6, 7).

Upslope from the rotated blocks, at 900 m depth, two

landslide scars, around 1.5 km wide, with a relief of around

20 m, nucleate in correspondence with the break in slope

that marks the edge of the high-gradient sector (6�) of the

continental slope (Figs. 2a, 8). To the south of the landslide

scars, a subdued escarpment can correspond with an area of

incipient failure (Fig. 3). The landslides are not associated

with pockmarks; the closest one is located about 3.5 km

upslope from the network of headwall scars (Figs. 2a, 8).

South of the landslide scars, the distal slope sector is

also dissected by a series of rectilinear headless chutes

(Figs. 2a, 8). One of the chutes is connected with a linear

train of pockmarks on the upper slope (Fig. 2a). The chutes

are linear, generally 3 km long and around 500 m wide,

with a gradient of 5�–6�. The headless chutes end at the

base of the slope, where no evidence of related fan-shaped

deposits is present (Figs. 2a, 8).

Discussion

Subseafloor setting as a control on the development

of pockmark fields

Pockmarks are generally interpreted as the expression of

upward fluid migration and seafloor seepage from over

pressured biogenic/thermogenic methane, oil, or other pore

fluids (Judd and Hovland 2007). In the Olbia continental

slope, the presence of buried pockmarks, and pockmarks at
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Fig. 5 3D perspective views of the fluid-venting-related features of

the Olbia continental slope. a Particular of the C0 slope channel and

of the flanking H1 high and of the pockmarks related to these

geomorphic elements. The gully formed as a consequence of linear

coalescence of pockmarks is also indicated. b Detail of the H2 high

and of the surrounding seafloor where scattered pockmarks are

present. Vertical exaggeration of 97
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the seafloor, are evidence that upward fluid migration has

been a long-lasting process, and could be active in the

present. The nucleation of the observed pockmarks just

above the acoustic basement, corresponding with the

Messinian unconformity, indicates that the source for the

ascending fluids is in the Messinian or in the deeper pre-

Messinian deposits. A similar, deep source for fluids has

been reported from many areas of fluid seepage in the

Mediterranean areas (Baraza and Ercilla 1996; Woodside

et al. 1997; Acosta et al. 2001; Casas et al. 2003; Somoza

et al. 2003; Geletti et al. 2008; Gamberi and Rovere 2010).

Regarding the triggering mechanisms for pockmark

development, we must take into account that the eastern

Sardinian margin is tectonically inactive (Sartori 1990;

Marani et al. 2004), thus earthquakes cannot be advanced

as a triggering agent for fluid overpressure development

and subsequent pockmark formation. Similarly, pockmarks

in the OB cannot be due to gas hydrates, which are not

present in the subseafloor of the study area (Klauda and

Sandler 2005). Thus, with the available data, the precise

cause for overpressure build up and pockmark formation in

the Olbia slope cannot be determined.

The largest field of pockmarks of the Olbia slope is

located in correspondence with the upper, buried sector of

the C0 slope channel and in the seafloor sector above the

small V-shaped channel forms to the north of it (Fig. 2a).

The infill of the two branches (C0a and C0b) of the upper

sector of the C0 slope channel and of the small V-shaped

channel forms to the north of it is made up of mostly

discontinuous high-amplitude reflectors, which may cor-

respond to sand-prone sediment (Fig. 3). The sandy sedi-

ments are buried below a sediment drape that was

deposited after the channel activity ceased and presumably

consists of fine-grained and mostly hemipelagic slope

deposits that, having a thickness of around 0.1 s may act as

an impermeable barrier (Fig. 3). Pockmark arrays follow-

ing the course of buried channels have been observed along

the west African continental margin (Haskell et al. 1997;

Gay et al. 2006; Pilcher and Argent 2007). They have been

interpreted as resulting from vertical fluid escape from the

channel infill that, acting as a drainage pipe, entraps fluids

rising from deeper levels (Gay et al. 2006). Following

overpressure development, the fluids are released from the

channel infill (Gay et al. 2003, 2006). A similar mechanism

can explain the distribution of pockmarks above the

channels in the Olbia slope that thus represents a further

example showing the efficiency of subsurface lithologies in

controlling fluid migration plumbing systems and the

location of seafloor seepage.

The available data are not sufficient to precisely deter-

mine the setting of the gully resulting from the train of

pockmarks in the southern part of the study area. However,

in the available seismic line the linear array of pockmarks

overlies a basement step that may be the result of a blind
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Fig. 6 Seismic profile crossing

the southern train of linear of

pockmarks. It overlies a step in

the basement that likely

corresponds with an inactive

extensional fault. Buried

pockmarks are also present. The

lower, high gradient Olbia slope

sector is dominated by landslide

processes, with perched rotated

blocks that show a very limited

translation along a basal shear

surface. F main extensional

fault separating the Olbia

continental slope from the Olbia

basin plain
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fault. Therefore the gully may be the result of fluid

migrating and focussing along a tectonic discontinuity. A

similar case has been documented by Pinet et al. (2009) on

the seafloor of the St. Lawrence Estuary, where an

alignment of pockmarks is structurally controlled by the

buried basement.

Fluid seepage and carbonate mounds

In the Olbia continental slope, clusters of randomly dis-

tributed pockmarks are also found away from the buried

channels (Fig. 2a). Clusters of pockmarks are found in

association with the topographic highs along the slope: one

of the clusters is located around the H2 high, and pock-

marks are also found on the top of the H1 high (Fig. 5a, b).

Although precise age relationships between the pockmarks

and the growth of the H1 high, which is interpreted as a

carbonate mud mound, cannot be established, the associa-

tions of fluid venting features with carbonate mounds may

point to a possible linkage of seafloor seepage and mound

growth. The connection between deep-water carbonate

mounds and active hydrocarbon leakage has been proposed

with a conceptual model by Henriet et al. (1998, 2002). In

addition, the results of numerical modelling by Naeth et al.

(2005) indicate that, in some cases, carbonate mounds may

be surface expressions of underlying fluid migration sys-

tems. In active seepage sites, expulsion of gas-rich fluids

commonly supports the precipitation of chemosynthetic-

derived, authigenic carbonates as crust or concretion at the

sediment/water interface (Judd and Hovland 2007).

Hydrocarbon-derived, vent-related carbonate hard-grounds

or build-ups, with their stable substrate, can be used by

coral to settle and grow (Judd and Hovland 2007). The

close association between deep-water carbonate ridges and

structures indicative of subsurface fluid flow and seafloor

seepage has been reported from many continental margins

both from high-latitude settings (Hovland et al. 1994;
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characterized by chaotic reflections and causes the acoustic blanket-

ing of the underlying section. It is flanked by a moat. It is draped by

continuous reflectors that likely represent fine-grained deposits.

Landslide processes are prevalent in the lower, high-gradient slope

sector, and presumably are active at the present day. F main

extensional fault separating the Olbia continental slope from the Olbia

basin plain
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Henriet and Mienert 1998; Masson et al. 2003; Halliday

et al. 2008; Kenyon et al. 2003) and from mid-latitude,

Mediterranean regions and adjacent domains (Ballesteros

et al. 2008; Bayon et al. 2009a, b; Pinheiro et al. 2006,

Fernández-Puga et al. 2007; Dupré et al. 2010).

No reported evidence of hydrocarbon-related plumbing

systems along the seafloor and the presence of authigenic

chemosynthetic carbonates are available for the eastern

Sardinian margin. Therefore, the geomorphic features rela-

ted to fluid venting described in this paper represent the first

documentation showing that, at least in the Olbia continental

slope, the escape of hydrocarbon-rich fluids that has pro-

moted also carbonate-mound formation has been active in

the past, and could also be active at the present day.

The H1 and H2 highs are at present buried beneath a

thick sediment drape, thus an environmental change lead-

ing to unfavourable conditions for mound growth must

have occurred in the area (Henriet et al. 2002). Based

exclusively on multibeam and seismic data we can only

speculate about the controls on mound growth and demise.

During low-stand periods it can be argued that strong

bottom currents established hydrodynamic conditions

favourable for the colonisation of suitable methane-derived

substrates by coral communities, with the main clastic

input funnelled within the Caprera slope channel system by

the major Sardinian rivers. In high-stand periods, the bot-

tom currents can play a minor role, owing to their less

energetic activity, and the sediment-charged, river-linked

nepheloid layers were able to spread unconfined across the

whole Olbia continental slope, causing the mounds to stop

growing and to be buried beneath thick hemipelagic

deposits. Similar models for the evolution of carbonate

mounds taking into account also the effects of bottom

current activity has been also proposed for the carbonate

mound regions in Northeast Atlantic regions such as the

Norwegian margin, the Porcupine Bank and Porcupine Sea

Bight, and the Rockall Trough, by O’Reilly et al. (2003),

Wheeler et al. (2005), Mienis et al. (2006), White (2007),

and White et al. (2007).

Mass wasting

The lower sector of the Olbia continental slope is the locus

of intense mass wasting processes as the network of shal-

low-seated landslide scars and the presence of displaced

masses at the toe of the continental slope demonstrates

(Figs. 2a, 8). The slid masses appear to have rotated along

a shallow basal shear surface with very limited, if any,

translation, and are perched along the dip of the slope,

arranged in a stepwise fashion (Figs. 6, 7, 8). The style of

the failure is presumably retrogressive, with the upslope

limit of the large landslides coinciding with the transition

between the lower slope and the upper, gentler slope. In the

Olbia continental slope, pockmarks are located in an

undisturbed slope portion upslope from a network of

landslides that occur in the distal, steeper slope sector,

pointing to a major role of seafloor gradient in promoting

sediment failure. However, fields of pockmarks located

upslope from areas affected by mass wasting processes

have been frequently reported in many continental slopes

elsewhere, suggesting also the studied case that a close

relationship between fluid-charged sediments and the lower

slope landslides cannot be discounted. In addition, despite

the presence of the basin master fault just below the basal

shear surface of many landslides, we reject the hypothesis

of a genetic linkage between this tectonic structure and

mass wasting phenomena. This is supported by the lack of

large historical earthquakes in the area, and by the tectonic

quiescence of the whole upper sector of the eastern Sar-

dinian margin since the Late Pliocene (Trincardi and

Zitellini 1987; Mascle and Rehault 1990; Sartori 1990).

Conclusions

The present paper demonstrates that through the coupling

of multibeam and seismic data it is possible to infer the
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presence of several geological processes that can represent

remarkable geohazards for human activities and for the

environment. However, these methods do not allow us to

establish whether the processes of fluid venting or mass

failure are still active. In order to complete a geohazard

assessment, the use of other methods that can furnish

geotechnical and geochemical information regarding the

state of the sediment (shear strength, pore pressure, etc.) is

necessary.

This study shows that also in a passive margin not

presently affected by tectonic activity, earthquakes, and

gravity tectonics, and characterized by a very low sedi-

mentation rate, relevant phenomena of subsurface fluid

migration and pockmark formation can occur (Fig. 9). In

particular, the pockmarks of the Olbia continental slope are

the first report of subsurface fluid flow and seafloor seepage

on the whole eastern Sardinian margin.

The location of pockmarks above abandoned channels

and a blind fault indicates that both the stratigraphy and the

structure of the subseafloor control the development of

subsurface plumbing systems. In particular, the distribution

of the lithologies in the subsurface can control the sites of

seafloor venting. In addition, seafloor highs associated with

pockmark fields point to a possible linkage between car-

bonate mound formation and subsurface fluid flow. The

carbonate mound growth and demise have been tentatively

linked to changes in the depositional regime, possibly

driven by glacially-induced variations in bottom-current

activity. In term of geohazard assessment both the pock-

marks and the carbonate mounds represent a risk for off-

shore installations as submarine cables and oil pipelines. In

particular, the presence of a hard substrate linked to the

presence of carbonate mounds represents an additional risk

for drilling operations related to exploration wells and oil

rig installation and anchorage.

The lower, steeper sector of the continental slope is

affected by mass wasting. Slope gradient could play a key

role in controlling seafloor instability; however, the pos-

sibility that in the Olbia lower slope, rising fluid can cause

overpressure and weakening of some stratigraphic horizons

cannot be ruled out.
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