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Abstract We present the seafloor morphology and shal-

low seismic structure of the continental slope south-east of

the Balearic promontory and of the adjacent Algero-Bale-

aric abyssal plain from multibeam and chirp sonar data.

The main purpose of this research was to identify the

sediment pathways from the Balearic promontory to

the Algero-Balearic deep basin from the Early Pliocene to

the Present. The morphology of the southern Balearic

margin is controlled by a SW–NE structural trend, whose

main expressions are the Emile Baudot Escarpment trans-

form fault, and a newly discovered WSW–ENE trend that

affects the SW end of the escarpment and the abyssal plain.

We relate the two structural trends to right-lateral simple

shear as a consequence of the Miocene westward migration

of the Gibraltar Arc. Newly discovered steep and narrow

volcanic ridges were probably enabled to grow by local

transtension along the transform margin. Abyssal plain

knolls and seahills relate to the subsurface deformation of

early stage halokinetic structures such as salt rollers, salt

anticlines, and salt pillows. The limited thickness of the

overburden and the limited amount of deformation in the

deep basin prevent the formation of more mature haloki-

netic structures such as diapirs, salt walls, bulbs, and salt

extrusions. The uppermost sediment cover is affected by a

dense pattern of sub-vertical small throw normal faults

resulting from extensional stress induced in the overburden

by subsurface salt deformation structures. Shallow gas

seismic character and the possible presence of an active

polygonal fault system suggest upward fluid migration and

fluid and sediment expulsion at the seafloor through a

probable mud volcano and other piercement structures.

One large debris flow deposit, named Formentera Debris

Flow, has been identified on the lower slope and rise of the

south Formentera margin. Based on current observations,

we hypothesize that the landslide originating the Formen-

tera Debris Flow occurred in the Holocene, perhaps in

historical times.
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Introduction

The south Balearic continental margin and the adjacent

abyssal plain (Fig. 1) are a relatively poorly studied sector

of the Western Mediterranean Sea. The Algero-Balearic

basin is bounded to the north by the tectonically stable

southern margin of the Balearic promontory, known as a

low-seismicity zone within the Western Mediterranean

(Morelli and Barrier 2004). This situation contrasts with

the so-called ‘conjugate’ Algerian continental margin,
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which is seismically and tectonically active (Morelli and

Barrier 2004; Panza et al. 2007).

A 120 km wide sedimentary basin separates the two

margins. The abyssal plain of the south Algero-Balearic

basin is not as flat as one may expect considering only

gravity-driven post-Messinian sedimentary fill of the basin.

The lack of information on the structural setting of this part

of the Western Mediterranean is accompanied by the

paucity of information on the sediment transfer mecha-

nisms from the continental shelf to the abyssal plain.

Seahills 1 are known to exist and to reflect halokinetics of

the underlying Messinian salt (Watson and Johnson 1968;

Stanley et al. 1974).

Deformation of Messinian salts and overburden is

known to occur in Western Mediterranean basins as a

response to gravitational sliding along the continental

margins, especially under the load of a thick Plio-Quater-

nary cover such as in the Gulf of Lion (Gorini et al. 2005;

Lofi et al. 2005), the West Sardinia margin (Sage et al.

2005) and the North Balearic basin (Gaullier et al. 1999).

Salt diapirism has been otherwise related to differential

compaction across fault-controlled basement offsets

(Maillard et al. 2003). Furthermore, in the different geo-

dynamic setting of the Eastern Mediterranean, halokinesis

occurs as a combined effect of compressional tectonic

stress related to continental collision and uneven sedi-

mentary load (e.g. Polonia et al. 2002; Costa et al. 2004).

Therefore, the occurrence of seafloor deformation induced

by halokinesis in the low accumulation rate Algero-

Balearic basin poses the problem of the origin of the

deformation in relation to the tectonic and sedimentation

history of the basin.

This article is based on newly acquired bathymetric and

shallow seismic reflection (chirp sonar) data, and aims to

discuss the origin of the shallow sediment deformation in

the Algero-Balearic basin.

Study area and regional geological setting

The study area is located in the Western Mediterranean

between the Balearic promontory to the north and the

Algerian continental margin to the south (Figs. 1, 2). The

bathymetric survey area was selected in such a way to

integrate the existing multibeam bathymetric coverage of

the Spanish EEZ bathymetry to the north (Grupo de

Trabajo ZEE, 2001), and of the MARADJA ’03 cruise to

Fig. 1 Geodynamic scheme of

the Western Mediterranean.

Adapted from Camerlenghi and

Pini (2008), Mauffret (2007),

and Mauffret et al. (2004).

Middle Miocene Hannibal

Ridge (HR) spreading centre

according to Mauffret et al.

(2004). Bold grey arrows
indicate the spreading direction

and the Miocene westward

opening of the Algero-Balearic

basin according to Mauffret

et al. (2004). Grey area
bordered by hatched line
Messinian Salt deformation

according to Mauffret (2007).

Numbered circles DSDP/ODP

Sites. See Fig. 2 for the detailed

bathymetry of the study area

and its surroundings

1 In this manuscript we use the term ‘seahill’, synonymous of

‘abyssal hill’ for the elevations previously described in the literature

in the Algero-Balearic basin. When describing the newly defined

morphology of these elevations (beginning in ‘‘Results’’), we

introduce also the term ‘knoll’. According to the US Board on

Geographic Names Policies and Guidelines for the Standardization of

Undersea Feature Names seahills are ‘elevations rising generally less

than 500 m from the surrounding seafloor’, while according to the

UNESCO IHO-IOC Standardization of Undersea Feature Names they

are simply a ‘tract of small elevations on the deep seafloor’. In

contrast knolls are defined respectively as ‘elevations rising generally

more than 500 m and less than 1,000 m and of limited extent across

the summit’, and as ‘elevations somewhat smaller than a seamount

and of rounded profile, characteristically isolated or as a cluster on the

sea floor’. Because of the ambiguity of these definitions and the

widespread use of the term knoll in the literature to refer to salt-

related seafloor deformation structures (e.g. MacDonald et al. 2004)

we decided to use both terms, where knolls indicate the sub-rounded

elevations while seahills the more elongated or sinuous ones.
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the south (Domzig et al. 2006). The eastern limit was set to

overlap the location of OGS multichannel seismic profile

(MCS) MS-46 (Finetti and Morelli 1972). The western

limit of the area was determined by the available ship time.

The south Algero-Balearic basin is thought to be floored

by middle Miocene oceanic crust (Panza et al. 2007) as

young as 16 Ma originated at the buried spreading centre

of the Hannibal Ridge (Mauffret et al. 2004). Accordingly,

the oceanic basin opened in approximately E–W direction

following the rift of the Kabylide thrust belt, triggered by

the westward migration of the Gibraltar Arc. According

to others (e.g. Rosenbaum and Lister 2004), extension

occurred approximately in a N–S direction similarly to the

opening of the Provençal Basin, as a result of back-arc

extension behind the eastward migration of the Maghrebian

and Apenninic arcs (see also Hueguen et al. 1998).

Reference is made to the above-cited articles and the ref-

erences therein for details on the two contrasting

hypotheses.

The oceanic crust of the basin floor is covered by about

1,800 m of Miocene sediments that include less than 1 km

thick, deformed Messinian evaporitic sequence (Gallart

et al. 1995; Sàbat et al. 1995). The Plio-Quaternary fill is

about 800 m thick (Mauffret et al. 2004) and is presumably

formed by an alternation of hemipelagic sediments and

turbidites by correlation to DSDP Site 371 (Algerian

abyssal plain, Shipboard Scientific Party 1978) and ODP

Site 975 (Menorca rise, Shipboard Scientific Party 1999),

both to the west of our study area.

The northern continental margin of the Algero-Balearic

basin

The basin is bound to the north by the Emile Baudot

Escarpment (EBE), a NE–SW oriented steep (6.5–7.88)
linear slope that marks the southern limit of the Balearic

promontory (Figs. 1, 2). The EBE is incised by short rec-

tilinear submarine canyons and gullies (Acosta et al. 2001).

The margin is known to represent an oceanic-continental

crust transition along a main south-dipping extensional

fault, whose only two-dimensional seismic image is pro-

vided by the ESCI deep-penetration seismic reflection

profile (Sàbat et al. 1995). According to Maillard et al.

(1992), Acosta et al. (2001) and Mauffret et al. (2004), the

EBE is the morphologic evidence of the right-lateral

strike–slip fault system that bounds the south Algero-

Balearic basin. Another hypothesis (e.g. Rosenbaum and

Lister 2004) explains the EBE as a rifted margin conjugate

to the Algerian margin as a result of N–S extension of the

basin. Submarine volcanism is widespread north and south

of the Balearic Promontory. The Miocene calc–alkaline

volcanic phase of the Valencia Trough related to the

Fig. 2 Location map of the

SBALDEEP swath bathymetry

and seismic reflection survey in

the south Algero-Balearic basin,

Western Mediterranean.

Topography and bathymetry are

after Instituto Geográfico

Nacional (IGN) and GEBCO

and are displayed in coloured
shaded relief with a grid of

variable cell size. SbalDeep
limit of the SBALDEEP

bathymetric survey. ZZE and
Balcom Spanish Economic

Exclusive Zone bathymetry of

the Instituto Español de

Oceanografia (IEO). Maradja
Université de Breagne

Occidentale Cruise, 2003. MCS
2005 and Chirp 2005

SBALDEEP multichannel

seismic reflection and chirp

profiles. MS46_line
multichannel seismic reflection

profile of Istituto Nazionale di

Oceanografia e di Geofisica

Sperimentale (OGS),

incorporated to the SBALDEEP

data set, though it is not

described in this paper.

Numbered circle ODP Site
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north-dipping subduction under the Balearic block (Martı́

et al. 1992), was followed by a Pliocene to Recent alkaline

volcanic phase related to tectonic extension, which resulted

in at least 118 volcanic centres in the submarine south-west

Majorca Volcanic Field and along the EBE (Acosta et al.

2004).

North-east of the steep EBE, the slope is gentler and

incised by the Menorca submarine canyon and its tribu-

taries feeding a wide fan-shaped area called Menorca Fan

(Kelling et al. 1979), whose interpretation as a proper

deep sea fan is questionable according to Acosta et al.

(2002). The Menorca Fan (Fig. 2) is located at the mouth

of the Menorca Canyon draining the continental shelf to

the south of Menorca Island and the channel separating

Mallorca and Menorca islands. Buried or nearly out-

cropping volcanic edifices affect the pathway of sediment

dispersal in the Menorca Fan. In the deep water sector of

the fan abyssal hills produced by halokinesis of Messin-

ian salts also affect sediment pathways (Acosta et al.

2002). The sediment dispersal pathways from the conti-

nental shelf of the Mallorca Island occur via deep sea

channels and gullies that converge towards a narrow

channel (the South Mallorca Trough) along the base of

the EBE.

The southern continental margin of the Algero-Balearic

basin

The narrow, steep and tectonically active Algerian conti-

nental margin represents a complex system of alternating

left and righ-lateral strike–slip faults that are a consequence

of the NW–SE transpression between the African and

Eurasian plates (e.g. Serpelloni et al. 2007). The conti-

nental shelf is narrow, with the exception of margin

embayments and banks, and the slope can be as steep as

158. The entire margin is as narrow as 20 km and is cut by

a complex pattern of canyons with tributaries. The Algerian

margin is considered a tectonically active post-Miocene

sedimentary wedge derived from the continuing northward

relative slow motion of Africa (Deverchere et al. 2005;

Domzig et al. 2006; Mauffret 2007). Compressional stress

is thought to propagate from the North African margin to

the south Algero-Balearic basin in the form of active deep

south-dipping reverse faults and thrusts rooted in the pre-

Messinian sediments and oceanic basement recognized up

to about 30 km north of the base of the continental slope

(Domzig et al. 2006; Mauffret 2007). Tectonics affects the

margin’s morphology by creating slope basins, changing

linear trends of the slope and the shelf break, and alter-

nating rectilinear and sinuous patterns of canyons and

channels. Gravitational sliding of Messinian salt on the

continental slope is thought to trigger seahills development

in response to salt doming at the foot of the slope and

landward tilting of Plio-Quaternary strata in the lower

slope (Domzig et al. 2006).

Post-Messinian sedimentary fill

The abyssal plain between Algeria and the Balearic prom-

ontory is approximately 2,800 m deep and 100–120 km

wide in N–S direction and nearly 400 km long in E–W

direction. The Plio–Quaternary section recovered in ODP

Site 975 (Shipboard Scientific Party 1999; see location in

Fig. 2) on the Menorca Fan, outside of the deep abyssal

plain, indicates bulk (hemipelagic plus turbiditic) sedi-

mentation rates of approximately 5 cm ka-1 for the Pliocene

and 7 cm ka-1 for the Pleistocene–Holocene. The upward

increase in sedimentation rate is determined by an increas-

ing occurrence of terrigenous turbidites that mirrors a

gradual decrease in carbonate content. These changes reflect

a gradual shift from dominantly pelagic to hemipelagic

conditions throughout the late Neogene and the Quaternary.

Accordingly, the late Quaternary hemipelagic sedimenta-

tion rate has been calculated as 10 cm ka-1 by Rupke et al.

(1974) after removing the instantaneous sedimentation of

terrigenous turbidites from the lithostratigraphic columns of

deep sea cores. According to Rothwell et al. (2000, 2006),

the thickest and coarsest turbidites (including mega-turbi-

dites) in the south-eastern part of the Balearic abyssal plain

accumulated during full glacial and deglacial conditions.

Provenance of turbidity currents was both from the southern

European margin (such as the case of the 22 ka megatur-

bidite of Rothwell et al. 1998), and from the Northern

African margin (Droz et al. 2006). However, a causal rela-

tionship between seismicity and generation of turbidites

from the tectonically active Algerian margin has not yet

been demonstrated (Rothwell et al. 2000). Instead, turbidite

occurrence in the south-eastern part of the Balearic abyssal

plain during the late Quaternary appears to be climatically

modulated. Recent findings indicate that distant sources

from the north also contribute to the accumulation of fine

sediments in the deep basin as mostly related to the

spreading of sediment loaded dense shelf waters (Lopez-

Jurado et al. 2005; Canals et al. 2006).

Deformation of the sedimentary fill

Stanley et al. (1974) were the first to report deformation of

southern Algero-Balearic abyssal plain sediments. Shallow

normal faults and gentle folds were attributed to diapirism

of the underlying Messinian salt. In order to explain the

morphological evidence of halokinesis in the abyssal plain,

deformation was considered to act at a rate that was cal-

culated equal or higher than the Quaternary sedimentation

rate. In addition, the seafloor deformation was thought to

interfere with the turbidity current pathways. No other
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studies exist to illustrate sediment deformation in the

Algero-Balearic abyssal plain with the exception of

Mauffret (2007) and Domzig et al. (2006) who describe the

above cited deeply rooted south-dipping reverse faults

propagating northwards compressional stress from the base

of the Algerian continental slope.

Methods

The data presented in this article were collected during the

SBALDEEP survey of the R/V OGS-Explora from 20 to 30

September 2005, including multibeam bathymetry and

shallow seismic reflection data.

The bathymetric survey has completed the existing

multibeam bathymetry coverage of the continental slope and

rise south of Mallorca and Formentera islands, the south-

western end of EBE and the abyssal plain in between the

western half of the Balearic promontory and North Africa

(Grupo de Trabajo ZEE, 2001; Fig. 2). Data quality if good

given the optimal weather conditions throughout the survey.

The multibeam echosounder was a hull-mounted Reson

8,150 full ocean depth sonar system with 234 beams

working at frequency of 12 kHz. The multibeam data

acquisition software was PDS2000. An average of 35%

spatial overlap between swaths guaranteed a 100% bathy-

metric coverage in the abyssal plain. Overlap changed on

the steep basin slopes in the northern part of the survey

area. The total area of the survey is 16,375 km2. The raw

data were corrected for pitch and roll using PDS2000 and

then exported for post-cruise processing at the University

of Barcelona with the SwathEd software.

The final digital terrain model is made of a regular grid

with a cell size of 200 m. Residual noise in the multibeam

data was hard to remove especially in the abyssal plain

sector of the survey, where the topographic gradients are

very low and the signal-to-noise ratio decreases consider-

ably (Fig. 3a).

Sub-bottom profiling simultaneous to the bathymetric

survey was performed by means of a hull-mounted Tele-

dyne Benthos CAP-6600 echo sounder (16 transducers

type AT 471, operating sweep frequency 2–7 kHz). The

acquisition software in this case was Communication

Technology’s SwanPRO. The chirp was run in multi-ping

mode. In this way a nearly constant ping rate of 1 s was used

throughout the survey. The reflected wavelets were received

through listening windows slightly shorter than 1 s. In this

way the horizontal resolution is increased with respect to

the alternation of pinging and long listening windows. The

delay time was not recorded in the digital format.

The SBALDEEP data were integrated also with other

chirp and multibeam data sets from BALCOM (100 m cell

size grid) and the Spanish EEZ (500 m cell size grid) cruises,

provided by Instituto Español de Oceanografı́a, using the

Seismic Micro-Technology Inc., Kingdom Suite software.

Multichannel seismic reflection profiles were also

recorded during the cruise, but they are presently in the

processing phase and out of the scope of this work.

Results

Morphology

The processed bathymetry is displayed in Fig. 3a from a

200 m cell size grid together with the data of the adjacent

surveys to the north, BALCOM and the Spanish EEZ.

Continental slope

The EBE clearly demonstrates two morphological trends.

The known SW–NE trend of the northern part of the EBE

is interrupted by a change to WSW–ENE orientation

south of Formentera Island (Bending Point BP in Fig. 3b).

EBEs morphology also changes from a very high

(1,600 m) and steep (158) slope incised by closely spaced

12–15 km long narrow and rectilinear gullies and canyons

(RC) in the SW–NE sector, to a gentler slope (7.58)
incised by concave erosional escarpments (ES) in its

upper part and by the dendritic pattern of a sediment

drainage system converging into one, generally wider and

short canyon (SC) at the base of the slope. At the scale of

this survey, none of the canyons in either sectors of the

EBE displays a depositional lobe at its termination. West

of the EBE termination, there is a series of narrow and

steep ridges (R1, R2, R3) elongated in SW–NE direction

with progressively lower elevation towards the abyssal

plain. A 550 m high ridge (R4) parallel to the main

escarpment and three other lower relieve seahills with

marked SW–NE orientation (SH1, SH2, SH3) bound the

SW termination of the EBE towards the abyssal plain.

West of R2 and R3, the lower continental slope describes

a wide horse-shoe shaped (HS) embayment bound to the

east by a NW–SE trending long narrow and steep ridge

(R5) perpendicular to all other ridges that have NW–SE

orientation.

Continental rise

Sinuous sediment lineations (sediment flow lines, SFL)

occur on the continental rise within the wide horseshoe

shaped slope embayment west of R1–R5 (Fig. 4). Upslope

they lead to slide scars while downslope they fade into

subdued relief debris lobes. The morphology of the conti-

nental rise differs north-west and south-east of the bending

point (BP in Fig. 3b) of the EB. South-west of this point
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Fig. 3 a Shaded relief image

resulting from the merging of

our original SBALDEEP

multibeam data (in colour, 200

grid size) with data from

BALCOM (in grey, 100 m grid

size) and EEZ (in grey, 500 m

grid size) surveys (Grupo de

Trabajo ZEE, 2001).

Illumination is from the NW.

Boxes and lines correspond to

areas and chirp profiles shown

in greater detail in the following

figures. b Morphostructural and

morphosedimentary

interpretation of a. The inset
places a strain ellipse of right-

lateral simple shear oriented

with the master fault (EBS).

PDZ Principal Displacement

Zone. SubC sub circular

distributions of knolls and

seahills; SHB WSW–ENE

oriented seahill belt; R ridges;

SH Seahills; ES erosional

escarpment; SC short canyons;

RC rectilinear gullies and

canyons; SFL sediment flow

lines; EBE Emile Baudot

Escarpment; BP EBE Bending

point. See text for discussion
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the rise is a narrow (10–20 km) gently dipping smooth

sediment surface connecting the base of the continental

slope to the flat abyssal plain. Northeast of this point the

rise is a wide (up to 50–60 km) hummocky sediment sur-

face, composed of an alternation of seafloor depressions

and ridges with wavelength of 2–5 km and without

appreciable preferred orientations (Fig. 5a). Depressions

and ridges cause differences in seafloor elevation of about

50 m. This morphology corresponds to the westernmost

sector of the Menorca Fan physiographic province descri-

bed by Acosta et al. (2002) in which the subdued

morphology of deep sea channels suggests a sediment

drainage system from the continental rise to the west

towards the abyssal plain.

Abyssal plain

The abyssal plain is flat (at nearly 2,800 m water depth)

in a 10–20 km wide transition zone with the continental

rise, in the westernmost and southernmost surveyed area.

Elsewhere, 1–10 km long knolls and seahills ranging from

a few metres to 40–50 m in height are scattered

throughout the abyssal plain (Figs. 3, 5b). In a zone

parallel to the WSW–ENE trending segment of the EBE,

the seahills are oriented parallel to the continental slope

(seahill belt: SHB in Fig. 3b). Elsewhere, the knolls and

seahills do not show any preferred orientation except for

some roughly sub circular distributions (e.g. SubC in

Figs. 3, 5c). One striking morphostructure (MV in Figs. 3,

5d) is a nearly perfectly circular and symmetric 100 m

high mound of 1 km in basal diameter, with 158 steep

slopes and flat top. This mound is unique in its mor-

phology in the surveyed abyssal plain and differs in shape

from the subrounded knolls, which are not as tall, are

often asymmetrical, and bear gentler slopes and conical

shape (Fig. 5e).

Shallow subsurface sediment structure

Chirp profiles on the steep and rough continental slope,

where hard rocks likely outcrop at the seafloor, typically

consist of a series of hyperbolic diffractions without

penetration. However, on the abyssal plain, the chirp

sonar provides excellent subseafloor details. Penetration is

often up to 130 ms two way travel-time (twtt) corre-

sponding to at least 100 m of penetration in 2,800 m

water depth assuming a conservative p-wave velocity of

1,500 m s-1 in the sediments. All sediment thicknesses

reported below from chirp sonar data are calculated using

such velocity.

The continental rise and abyssal plain sub-bottom

record is made of sub-parallel strong and weak reflectors

typical of turbidites (Figs. 6, 7). The thickness of the

individual layers never exceeds 9–10 m and is more often

within the range of 1–2 m. Onlap terminations are typical

at the sides of the knolls and sediment depo-centres occur

between knolls (Fig. 6a). Reflectivity is lost by scatter

and diffraction over the knolls of larger dimensions

(Figs. 6b, 7a). Some knolls are characterized instead by

chaotic internal configuration or very discontinuous

reflectors (Fig. 7c) suggesting that they are piercement

structures.

There is evidence of widespread folding and faulting in

the shallow sediments imaged by the chirp sonar. Folding

is determined by gentle undulations between knolls.

Deformation appears to decrease up-wards, with the

uppermost sediments filling the synclinals and onlapping

the anticlines (Fig. 7a, c). Faulting is in the form of near

Fig. 4 Morphological evidence of mass transport processes on the

slope south of Formentera Island. Sediment flow lines and the debris

lobes outline the newly discovered Formentera Debris Flow deposit.

See location in Fig. 3a
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vertical, closely spaced, small-throw faults that in most of

the cases reach and offset the seafloor reflector (Fig. 6).

The faults can be either normal, including graben structures

both at the top of anticlines, or reverse. Bright spots, most

likely produced by gas accumulation, mask seismic pene-

tration such as in Fig. 7b.

Fig. 5 a Anastomosing knolls on the Menorca Fan. b Abyssal knolls and seahills in the south Algero-Balearic abyssal plain. c Subcircular

structure of abyssal knolls and seahills. d Individual knoll with conical shape and subrounded top. e Subrounded flat topped abyssal knoll

interpreted as a mud volcano (MV in Figs. 2, 3b). See locations in Fig. 3a

Fig. 6 a Graben structure on

top of a knoll and adjacent

subvertical small throw normal

faults. V.E. 9.5. b Subvertical

small offset normal faults

between two abyssal knolls.

V.E. 11.9. c Subvertical small

offset normal faults affecting

the seafloor topography. V.E.

14.3. All chirp profiles are

located in Fig. 3a. See text for

discussion
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Seismically transparent lens-shaped units are found

below the sediment flow lines (SFL) described in the wide

horseshoe shaped slope embayment west of R1–R2. These

units are characterized by a rough, high-reflectivity upper

surface with hyperbolic diffractions and a weaker non-

erosive basal reflector and represent debris flow deposits

Fig. 7 a Typical acoustic

response across an abyssal

knoll. V.E. 13.4. See Fig. 5d.

b Bright spot V.E. 22.8.

c Complex morphology of an

abyssal knoll likely produced by

fluid and sediment expulsion

V.E. 6.5. All chirp profiles are

located in Fig. 3a. See text for

discussion

Fig. 8 a Acoustic evidence for

the Formentera Debris Flow

deposit (FDF). The thickness of

the deposit is estimated to be at

least 45 m in the central sector

of the profile, where the bottom

of the transparent unit is not

visible. V.E. 3.4. b Thin distal

lobe of the FDF spreading on

the abyssal plain, where it has

no morphologic expression at

the scale of the multibeam

bathymetric survey V.E. 16.5.

All chirp profiles are located in

Fig. 3a. See text for discussion
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(Fig. 8). The high reflectivity of the upper surface reduces

the amount of penetration when compared to the layered

turbidites. The maximum observed thickness of the debris-

flow deposits is therefore in excess of 45 m. While on the

continental rise the debris flow deposits have a morpho-

logic expression in the bathymetric data, other thinner

deposits found in the chirp sonar data in the abyssal plain

do not have morphological expression. Among such

deposits, the one imaged in Fig. 8b fills a fault-induced

seafloor depression and spreads outside it with an average

thickness of about 2 m. The same deposit is encountered

west and east of the ridge R3 (Fig. 8a), suggesting that the

sediment flow has overcome the ridge before settling.

Discussion

Tectonic imprint

The morphology of the SW Balearic margin and of the

Algero-Balearic abyssal plain is controlled by two main

structural trends that differ by about 308 that we interpret as

the morphologic expression of strike–slip faults that bound

to the north the Algero-Balearic basin (Acosta et al. 2001,

2002). The NE–SW direction, parallel to the EBE is con-

sidered as the one belonging to a master right-lateral

strike–slip fault that determines the ocean–continent tran-

sition at the northern margin of the basin. According to the

strain ellipse of right-lateral simple shear (see inset in

Fig. 3b), the newly discovered ENE–WSW structural trend

represents the secondary synthetic shear zone, also with

right-lateral direction of relative movement (e.g. Harding

et al. 1985). The morphology provided by this survey

confirms the horsetail structural geometry for the SW end

of the EBE proposed by Mauffret et al. (1992). It is

interesting to note that both trends are evident not only

along the continental margin, but also in the abyssal plain,

as marked elongations of seahills of the SHB and other

distal seahills (south of SubC in Fig. 3b). The morpho-

logical expression of the master fault dies out in the abyssal

plain at the SW end of the steep escarpment of the EBE.

The change in direction of the continental margin at the

bending point of the EBE is congruent with an antithetic

strike–slip fault with direction approximately perpendicu-

lar to the master fault corresponding to R5 (Fig. 3a).

Alternatively, it could be the product of a change in the

direction of westward spreading of the Alboran plate that is

intermediate between the NE–SW trend of the EBE and the

E–W trend of the of Ibiza and Mazarron Escarpment to the

west of our survey area (Fig. 1).

The steep ridges discovered at the SW end of the EBE

(R1, R2, R3, R4 in Fig. 3b) appear therefore to be located

at intersections between the master fault and the synthetic

fault, where compression and extension typically alternate

along strike slip fault systems. Because the morphology

suggests that these ridges are made of hard rock, and

because of the vicinity and similar structural trend of the

Emile Baudot, Mont Ausias Marc and Mont dels Oliva

volcanic seamounts in the shallower Formentera Basin

(Acosta et al. 2002), we suggest that the ridges are made of

volcanic rocks. Preliminarily, and based on morphological

evidence only, we suggest that these volcanic edifices were

enabled to grow by local transtension along the transform

margin between the Balearic promontory continental block

and the south Algero-Balearic basin oceanic crust. If these

ridges belong to the Quaternary volcanic phase that pro-

duced the SW Mallorca Volcanic Field (Acosta et al. 2001,

2004), the volcanic conduits would be old (Miocene) faults

exploited by fault reactivation, like in the case of the

Columbretes Islands in the Valencia Trough (Muñoz et al.

2005). If the ridges belong to the Miocene strike–slip

tectonic phase, the fresher morphology and the progres-

sively lower relief of the EBEs south-western ridges would

be consistent with an expected relative younger age in the

westernmost sectors of the south Balearic margin following

the westward migration of the Gibraltar Arc.

Regional magnetic anomalies are consistent with the

location and orientation of the inferred volcanic ridges

(Mauffret 1976; Cassano 1991; Zanolla et al. 1998).

Because important regional magnetic anomalies also reflect

NW–SE directions, it is probable that the NW–SE linea-

ments present in the continental margin as elongated ridges

reflect paleo-transform fault zones produced during the

opening of the Valencia Trough and also found on the

Balearic block (Maillard and Mauffret 1999; Mauffret et al.

2004). It is important to note that the newly discovered salt

knolls of the abyssal plain do not correlate with magnetic

anomalies observed by Watson and Johnson (1968).

Halokinesis

The Messinian salt body that underlies the Plio-Pleistocene

sedimentary fill of the Balearic abyssal plain (Montadert

et al. 1978; Gallart et al. 1995; Sàbat et al. 1995; Mauffret

2007) is not imaged by our data, which provide acoustic

images of the seafloor and of the uppermost few tens

of meters of the sedimentary column. The interpretation

presented below relies on a morphological analysis of

structures created by subsurface salt deformation (Watson

and Johnson 1968; Stanley et al. 1974). Indeed, the mor-

phology of the individual knolls and seahills of the Balearic

abyssal plain is compatible with that of subsurface salt

deformation (e.g. the Campeche salt knolls in the Gulf of

Mexico, MacDonald et al. 2004—or the salt domes of the

Ligurian-Provençal Basin, Maillard et al. 2003). In other

Western Mediterranean continental margins, such as the
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Ligurian-Provençal (Gorini et al. 2005) and the West

Sardinia (Sage et al. 2005), the ductile salt wedge has been

shown to glide down the lower continental slope towards

the basin floor. The differential load caused by the pro-

gradation of continental margin sediment wedges

contributes to salt movement from the flanks to the outer

part of the basin (Gaullier and Vendeville 2005). The

resulting deformation is: thin-skinned extensional faulting

upslope; salt, upper evaporites and overburden undulations

in the mid slope; and salt-cored anticlines and diapirs in the

lower slope and in the continental rise along to the rim of

the basin (see also Gaullier et al. 1993). In addition, dif-

ferential compaction across fracture zones in the oceanic

basement triggers salt ridges oriented perpendicular to the

margin in the Ligurian-Provençal basin (Maillard et al.

2003).

The salt deformation structures identified in the south

Algero-Balearic basin are of four types (Fig. 9): (1) WSW–

ENE oriented seahills of the SHB, not known before,

which occur near the base of the slope from which they

are separated by a narrow stripe of undeformed seafloor;

(2) anastomosing seahills that create the hummocky

topography on the continental rise of the Menorca Fan,

without preferential iso-orientation; (3) knolls of the rest of

the abyssal plain that occupy the entire abyssal plain

extending as far south as to 30 km from the base of the

Algerian continental slope; (4) one, perhaps two, small

sub-circular flat topped mud volcano (MV) south of the

SHB.

We think that the SHB (type-1 morphology) does not

result from salt gliding because this mechanism produces

lobes of salt deformation rather than rectilinear ridges. In

addition, the EBE differs from the typical passive margin,

along which evaporites pinch out at a low angle over a

gentle slope. The right-lateral strike–slip nature of the

northern margin of the Algero-Balearic basin, in the

middle and late Miocene, has determined an abrupt sep-

aration between the sediments of the northern continental

block and the deep basin sediments to the south, which

includes the Messinian evaporites. The pinch-out of the

evaporites on the EBE, as imaged in the ESCI multi-

channel seismic line across the EBE (Sàbat et al. 1995), is

indeed sharp and apparently fault controlled. Furthermore,

the SHB is separated from the EBE by high relief ridges

and seahills (R4, SH1, -2, and -3) of the horse-tail

Miocene shear deformation zone that should have impe-

ded the gliding, if any, of the evaporites into the abyssal

plain.

Because straight salt ridges and rollers are more

common salt deformation types above faults, the orien-

tation of the SHB parallel to the WSW–ENE structural

trend along the south Balearic margin suggests that salt

deformation is structurally controlled in this narrow zone

of the Algero-Balearic abyssal plain. Salt deformation is

triggered by both extensional, compressional and shear

stress in the rigid underlying basement (Nalpas and Brun

1993; Odonne and Costa 1993; Schultz-Ela et al. 1993).

Although the orientation of the SHB coincides with that

of the synthetic shear zone propagating into the basin, the

right-lateral strike slip fault zone is supposed to be

inactive at least since the Messinian (Mauffret et al.

2004). Therefore, either this fault has been reactivated

(e.g. by compressional stress propagation into the oceanic

crust, as proposed below), or salt deformation is related to

differential compaction across a pre-existing large-offset

fault. Given the limited thickness of the post-evaporite

sedimentary cover in this area, the subdued morphology

of the salt deformation structures (low-amplitude salt

rollers, salt anticlines and salt pillows) suggests that

halokinesis produced the SHB in a structurally immature

stage of basin evolution.

Conversely, the anastomosing seahills without prefer-

ential iso-orientation that create the hummocky topography

on the continental rise of the Menorca Fan (type-2

morphology) are candidate to be the product of salt

deformation by differential loading of a sedimentary wedge

Fig. 9 Scheme of the different morphologic provinces of the SW

Balearic continental slope, rise and abyssal plain that reflect different

structural settings. (1) WSW–ENE oriented seahill belt (SHB). It is

thought to be the expression of subsurface salt deformation (Salt

rollers) along a right-lateral synthetic strike slip fault. (2) Hummocky

topography with anastomosing knolls on the continental rise of the

Menorca Fan. They are the thought to be the product of salt

deformation under differential sedimentary load. (3) Abyssal knolls

and seahills spread in the entire abyssal plain across the basin. They

are thought to be the product of subsurface salt anticlines and pillows

developed in response to oceanic crust deformation; (4) a small high

flat topped circular mound in the middle of the abyssal plain is

interpreted as a mud volcano extruding sediments and fluids of likely

pre-Messinian origin
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sourced in the Menorca and Mallorca southern shelves

(Kelling et al. 1979; Pickering 1982; Canals et al. 2004) in

the form of subsurface salt anticlines and pillows.

The widespread knolls and seahills in the abyssal plain

south of the SHB (type-3 morphology) are the product of

subsurface salt anticlines and pillows (Jenyon 1986) that

seem too far from the continental slope of either side of the

Algero-Balearic basin to be generated by the compres-

sional stress induced by gravity gliding. The ductile

deformation of the Messinian salt is expected to be

accommodated by contraction within a shorter distance of

the thin-skinned extension on the slope, which is limited to

a few tens of kilometres at most. The limited contraction

related to marginal gravitational extension is shown nicely

in the Levantine Basin in the Eastern Mediterranean, where

the greatest extent of salt deformation in the distal deep

basin is accounted for the differential load of the Nile deep

sea fan sediments rather than marginal gliding (Netzeband

et al. 2006). The density inversion between the heavier

overburden and lighter salt-rock is in general not sufficient

to trigger salt diapirism, especially with a thin overburden

such as that of the south Algero-Balearic basin in the

absence of an additional differential stress (Humphris

1979; Schultz-ela et al. 1993).

The masking effect of the high reflectivity of the top and

base of the Messinian evaporites makes the ESCI deep

penetrating seismic reflection profiles that cross the entire

Algero-Balearic abyssal plain (Sàbat et al. 1995) fail to

disclose the details of oceanic crust deformation. The

straightforward hypothesis would be that of extensional, or

strike–slip faulting pervading the entire Algero-Balearic

basin floor, according to the geodynamic models proposed

for the basin opening since the mid Miocene (see ‘‘Study

area and regional geological setting’’). An alternative

explanation for such distal abyssal plain deformation is the

northward propagation in the oceanic domain of the com-

pressional stress identified in the pre-Messinian basement

of the southern continental margin of the Algero-Balearic

basin as a result of the slow convergence between the

African and the European plates (Domzig et al. 2006;

Mauffret 2007). Near the African continental margin such

shortening is expressed by south dipping thrust faults. The

nature of the deformation underlying the salt layer is

unknown. A postulated shortening in the rigid oceanic

lithosphere (e.g. Krishna et al. 2001) underlying the salt

layer of the south Algero-Balearic basin would activate a

viscous décollement at the base of the evaporites producing

folding and doming (Costa and Vendeville 2001).

We think the fluids pinch the seafloor producing a mound

of extruded sediments that we define as a mud volcano

(type-4 morphology; MV in Figs. 2, 5d). This mound bears

the typical morphology of submarine mud volcanoes (e.g.

Kopf 2002). We exclude that MV is a salt extrusion because

such structures are generally much larger than MV and are

typical of mature structural evolution, with burial under

several kilometres of sediments (Jackson and Talbot 1986).

The morphologic difference between this mound and the

other tens of knolls and seahills in the south Algero-

Balearic abyssal plain suggests a different origin for MV.

Extrusion of fluids, mud, gas and/or hydrocarbons, com-

monly associated to salt domes as in the Israel slope

(Netzeband et al. 2006), the Alboran Sea (Perez-Belzuz

et al. 1997), the Gulf of Mexico (Neurauter and Roberts

1994; MacDonald et al. 2004; Hovland 2005a), and the

Buzachi Peninsula in the North-Eastern Caspian Sea

(Dimitrov 2002) is a candidate process for the origin of MV.

An alternative attractive hypothesis would be that MV is

related to the expulsion of fluids and salt from cooling of

supercritical seawater, as suggested for the Campeche salt

knolls in the Gulf of Mexico, in the Atlantis II Deep salt

body in the Red Sea, and in Lake Asale salt layers

(Ethiopia) by Hovland et al. (2005b, 2006). According to

this hypothesis, and with a closer relation to the Chapopote

asphalt volcanoes located atop of salt diapiric structures of

the Campeche salt knolls, supercritical (T [ 4508 at

hydrostatic pressure exceeding 2,800 m of water column)

would transport upslope in conduits large quantities of

dissolved salt and organic material that would cool at the

sea surface releasing microcrystalline salt and bitumen.

Heat flow measurements are missing from the study area.

However, the high heat flow in the surrounding zones of

the Alboran Sea, the Provençal Basin, and the Balearic

Islands (Foucher et al. 1988; Fernández and Cabal 1992;

DellaVedova et al. 1995; Polyak et al. 1996), exceeding

140 mW m-2 in the abyssal plains east of the Algero-

Balearic basin, are consistent with a thermal regime of a

relatively young oceanic crust in which the significant

variability of the subsurface temperature distribution has

been ascribed not only to the high thermal conductivity of

salt intrusions, but also to possible hydrothermal circula-

tion in the young, fractured oceanic crust by Hutchison

et al. (1985).

Shallow sediment deformation and fluid expulsion

The widespread high-angle small throw faults that pervade

the sediments of the abyssal plain especially around

abyssal knolls and hills (Figs. 6, 7) are compatible with

classical fault patterns in overburden related to salt

movement (e.g. Jenyon 1986). Graben structures are

common in the overburden along the crest of salt anti-

clines. In many cases extension creates step-faulted graben

structures made of several closely spaced high angle nor-

mal faults. Such grabens have been created by flexural

extension rather than collapse due to the likely low struc-

tural maturity of the salt structures. The observed fault
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patterns in two dimensions could be part of a three

dimensional radial fracture patterns, or turtle-back pattern,

typical of the relatively thin and incompetent sediments

overlying a rising salt body.

Alternatively, the two-dimensional character of the

faults matches that of a polygonal fault pattern, which

would indicate volumetric contraction of sediments in

response to pore fluid escape. Although several faulted

systems have been described worldwide bound to deeply

buried strata (e.g. Cartwright and Dewhurst 1998), Gay

et al. (2004) demonstrated that such fault systems can be

active in the uppermost sedimentary sequence affecting

the seafloor morphology as a consequence of compaction

and dewatering due to the overburden load over fine-

grained sediments. One last possibility for the exten-

sional fault pattern above and around the piercement

structures is that of collapse due to subsurface salt

dissolution.

Finally, extensional stress due to uplift and subsidence

in the peripheral zone of a rising salt structure determines

the formation of sets of normal faults, which can be growth

faults when uplift and subsidence are syn-sedimentary

(Jenyon 1986). Reverse faulting is typical of compressional

stress in salt and overburden induced by tectonic load,

gravity gliding, or differential sedimentary load.

The faults, whether they are normal or reverse, should

be considered as active syn-sedimentary faults because

they offset the seafloor reflector and they determine

lateral onlap terminations in synclines between salt

structures even at very shallow sub-bottom depths. Bright

spots and chaotic reflectivity below some low relief knolls

suggest that fluid migration accompanies sediment

deformation. The shallow seismic response in the knolls

and seahills of the south Algero-Balearic abyssal plain

suggests that interstitial fluids are expelled to the seafloor.

The anticlinal structures in the overburden caused by salt

deformation typically induce upward migration of fluids

and gas along permeable strata (most probably coarse

turbidites in our case), fractures and faults, and strati-

graphic trapping where strata pinch out. Post Messinian

fluids can participate in this migration pathway, although

the modest accumulation rates and presumed low organic

carbon content in the Plio-Quaternary sediments do not

favour pore water overpressure or in situ biogenic gas

generation (Shipboard Scientific Party 1999). The rela-

tively thin salt layer and the salt deformation suggested

by the seafloor morphology and the shallow sedimentary

structure, might produce situations where faulting or lat-

eral migration in the Messinian salt have allowed deep

seated (pre-Messinian) fluids to migrate in the Plio-Qua-

ternary sedimentary section. With this respect, the

analysis of deeper penetration SBALDEEP seismic data

and future seafloor sampling will contribute to the

understanding of the origin of MV.

Mass wasting at the Formentera margin

Like most of the previously known continental slopes

surrounding the Balearic promontory (Lastras et al. 2004,

2006; Acosta et al. 2002), the Formentera slope also

provides morphologic and shallow subsurface seismic

evidence for sediment mass wasting. Only one mass

transport deposit has been identified both on the bathym-

etry and seismic reflection data, here named Formentera

Debris Flow deposit (FDF). The minimum length of such

deposit, calculated taking into account only the morpho-

logic evidence, is 30 km, while its minimum areal extent is

370 km2. By assuming a lens-shaped geometry of the

deposit with a calculated maximum thickness at its centre

of 45 m the estimated sediment volume is about 7 km3.

There are a number of possible slide scars apparent from

the seafloor morphology upslope from the FDF.

The submarine landslide that originated the FDF must

be recent or very recent as no sediment drape is visible in

the chirp sonar records above the FDF deposit. The faint

layer only a few milliseconds thick visible on the thinner

FDF (Fig. 8b) most likely is the result of the settling of

the turbidity cloud over the distal part of the deposit

spreading on the abyssal plain. Because the nominal

resolution of the chirp sonar (k/4) is between 5 and 18 cm,

and being the average late Quaternary sedimentation rate

10 cm k years-1 (Kelling et al. 1979) the maximum age of

the slide is a few thousands of years, therefore within the

Holocene and perhaps within historical times.

Conclusions

The SBALDEEP survey of the south-eastern slope and rise

of the Balearic promontory and the adjacent abyssal plain

in the south Algero-Balearic basin has revealed new mor-

phologic characters of the seafloor that we think reflect the

tectonic structure of the margin, the shallow abyssal sedi-

ment deformation induced by subsurface salt deformation,

probable fluid expulsion, and sediment pathways from the

continental shelf to the deep basin.

The morphology of the continental margin is controlled

by two, SW–NE and WSW–ENE oriented, structural trends

that support the right-lateral simple shear hypothesis of

margin evolution as a consequence of the westward

migration of the Gibraltar Arc during the Miocene. Vol-

canic intrusions, likely Quaternary basalts, occur at the

intersection between the main structural lineaments. The

presence of both structural trends in the abyssal plain
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suggest that tectonic stress propagates from the margins to

the oceanic crust of the Algero-Balearic basin.

Four types of salt-induced abyssal plain sediment

deformation structures have been identified: (1) a belt of

elongated abyssal plain seahills thought to be the attenu-

ated surface expression of salt rollers either produced by

reactivated right strike slip faults synthetic to the master

fault of the EBE or by differential compaction above such

faults; (2) anastomosing knolls in the Menorca Fan area

thought to be the product of subsurface salt deformation

and gliding triggered by differential sedimentary load; (3)

abyssal knolls and seahills spread in the entire abyssal plain

across the basin thought to be the product of subsurface salt

anticlines and pillows in a relatively more evolved stage

of basin evolution affected by basement faulting, perhaps

northward propagation of the shortening affecting the

Algerian margin; and (4) a small flat topped circular mound

in the middle of the abyssal plain interpreted as a mud

volcano extruding sediments and fluids of likely pre-Mes-

sinian origin.

A dense pattern of sub-vertical low offset normal faults

on and around the abyssal knolls and seahills occurs as a

result of the extensional stress induced in the overburden

by subsurface salt deformation structures. Shallow gas

seismic character and the possible presence of an active

polygonal fault system suggest upward fluid migration and

fluid and sediment expulsion at the seafloor.

Early stage subsurface evaporite deformation structures

such as salt rollers, salt anticlines and salt pillows are

responsible for shallow sediment deformation. The struc-

tural and sedimentary immaturity of the basin prevents the

formation of structures such as diapirs, salt walls, bulbs, or

salt extrusions.

Sediment mass transport has been documented on the

continental slope south of Formentera Island. One large

debris flow deposit, named Formentera Debris Flow is at

least 30 km long, up to 45 m thick and covers an area of at

least 370 km2. We hypothesize that the submarine land-

slide that originated this deposit occurred in the Holocene,

perhaps in historical times.
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R et al (2002) The Balearic Promontory geomorphology

(western Mediterranean): morphostructure and active processes.

Geomorphology 49:177–204. doi:10.1016/S0169-555X(02)

00168-X

Acosta J, Ancochea E, Canals M, Huertas MJ, Uchupi E (2004) Early

Pleistocene volcanism in the Emile Baudot Seamount, Balearic

Promontory (western Mediterranean Sea). Mar Geol 207:247–

257. doi:10.1016/j.margeo.2004.04.003

Camerlenghi A, Pini GA (2008) Mud volcanoes, olistostromes, and

argille scagliose in the Mediterranean Region. In: McKenzie

JA, Bernoulli D, Cita MB (eds) Major discoveries in sedimen-

tary geology in the Mediterranean realm from a historical

perspective to new developments. Sedimentology, special issue

(in press)

Canals M, Casamor JL, Lastras G, Monaco A, Acosta J, Berné S et al
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Sàbat F, Roca E, Muñoz JA, Vergés J, Santanach P, Sans M et al

(1995) Role of extension and compression in the evolution of the

eastern margin of Iberia: the ESCI-Valencia Trough seismic

profile. Rev Soc Geol Espana 8(4):431–448
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