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Introduction 

Submarine landslides are geomorphological features that can be detected very frequently along 

continental margins around the world (Hampton et al., 1996; Canals et al., 2004; . From a 

geological point of view, they are one of the most important processes in the modeling of the 

continental margins, modifying the distribution pattern of canyon-channel systems and channel-

levee complexes, and redistributing sediment from the shelf and upper slope to the base of slope 

and abyssal plains (Lastras et al., 2006). This features are very poorly understood, due to their 

inaccessibility, however, thanks to modern techniques of investigation in recent years, have 

increased knowledge about these events. In fact, by combining the information obtained from the 

different investigation techniques, it is possible understand very well the morphologies that exist 

on the seabed and sedimentary structures below it. Sediment instability can be detected by the 

presence of slides masses, scars, or fractures (Prior, 1984). It can be result from a wide range of 

factors and processes such as erosion, sediment deposition, gas, earthquakes, diapirism, 

glaciations, and wave action (Prior 1984, Locat and Lee, 2000). 

The Montera Slide is located in the south eastern Alboran Sea, western Mediterranean region, 

along African continental slope It is a example of a sedimentary instability complex in an open 

slope environment of a tectonically active margin.  

In this paper presents the first morphological and  seismo-stratigraphic results of this area. Were 

analyzed in detail the morphology of the landslide of Montera, and was drawn up a 

geomorphological map of the area; also have been identified and characterized the seismic facies 

and was made a echo-facies map. Finally were measured the thickness of the landslide deposits 

and drew up a map of the thicknesses of deposits to obtain information about the number of 

events that have occurred and their flow direction. 

Geological Setting 

The Alboran Sea is a partially land-locked, east-west-oriented basin in the westernmost 

Mediterranean Sea (Casas et al., 2011), between the Spanish and Moroccan margins (Fig. 1). The 

geodynamic evolution and the main structural features of the Alboran Sea result from the relative 

motion between Eurasia and Africa (Le Pichon et al., 1971; Olivet et al., 1973; Ryan el al., 1973; 

Dewey et al., 1989; Comas et al., 1992; Maldonado et al., 1992; Docherty, 1993; Watts et al., 

1993). Late Miocene tectonics modified the architecture of the Miocene basins and margins, 

forming the present structure, seafloor morphology, and structural boundaries of the Alboran Sea 

(Comas et al., 1992). 

The Alboran Sea displays a complex physiography, with several basins separated by structural 

highs (Olivet et al., 1973; Dewey et al., 1989). During the Quaternary this margin developed a 

variety of sedimentary growth patterns owing to interplay of tectonism, glacio-eustatic sea-level 

changes, and a variable marine circulation system (Casas et al., 2011). These are characterized 

mostly by shelf-margin deltas on the proximal margin and on the distal margins and in the basin 

areas by mass-movements, turbidite systems, and contourites (Huang and Stanley, 1972; Ammar, 



1987; Tesson et al., 1987; Baraza et al., 1992; Ercilla et al., 1992, 1994, 2002; Estrada et al., 1997; 

Alonso and Ercilla, 2007). The sedimentary mass-movement systems are mostly associated with 

structural highs, turbidite systems, and locally with open slope deposits (Casas et al., 2011).  

Regional studies of the seismicity of the Alboran Basin indicate that earthquakes are noumerous 

and extende over the entire Spanish margin (Udìas et al., 1976; Sanz de Galdeano, and Lòpez 

Casado, 1988). Earthquakes magnitudes are moderate in general, but there is historical and recent 

evidence of strong earthquakes in the area ((Udìas et al., 1976). Although a typical earthquake 

within the area has a magnitude of <5, earthquakes with a magnitude of 6.0 may occur offshore 

near the western Alboran Sea slope (Maldonado et al., 1992; Mauffret et al., 1992; Medina, 1995; 

Galindo – Zaldivar et al., 1997; Sanz de Galdeano et al., 2001; Soto and Manzano, 2002; Ait Brahim 

et al., 2002; Martinez et al., 2010; among authors).  

 

Fig. 1 Geological setting of the Alboran Sea and location of the Montera Slide 

 

Gephysical data 

The data used to study Montera Slide were obtained by multibeam bathimetry and seismic 

profiles with different degree of resolution.This data were collected during several cruises. 

Multibeam data was obtained using a multibeam ecosounder. 9 airgun profiles were studied (Fig. 

2) and 9 very high resolution TOPAS (Topographic Parametric Sonar) profiles. The penetration of 
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the acoustic signal achieved with the TOPAS  system varies between 30 and 200 ms (twtt) at the 

full oceanics depths, with decimeter-scale resolution, while the penetration of the air-gun signal is 

about 2-3 s (twtt) and it provides a resolution of tens of meters. 

Kingdom suite software was used to analyze and interpret the seismic profiles. 

   

Fig. 2 Map showing the physiography of the seafloor of the study area, located at a depth ranging 

from about 650 to 1300 m. Black line represent the location of the geophysical data set (Air Gun 

and TOPAS profiles).  
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Results 

Morphology 

 The Montera Slide is located between 750 and 1130 m water depth along the slope province of 

the southern Alboran basin (Fig. 2). The gradients are between 3° and 27°, becoming smoother 

downslope  with a gradient of < 1,5° below 1110 m water depth. This smooth, gentle surface dips 

toward the north and extends down to 1200 m water depth, where is possible observe the toe of 

the slide. Apart from the Montera Slide, other morphological features are present on the slope: 

channels, seafloor undulations, little erosive scars (Fig. 3).  
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Fig. 3 Geomorphological Map of the Montera Slide. Show the morphological domains and the 

linear morphological elements. 

 

The undulation would seem to be due to initial instability phase of the continental slope; the slide 

scars show, contrariwise, typical erosive features. The gullies have small dimension, the length 

between 300 m and 2.5 km and height between 2 m and 20m; they are present along the lower of 

the Montera Slide, between 800 and 1000 m water depth;  the Montera Ridge is observed toward 

the north of the Montera Slide; this High, with SW – NE trend, separates the Alboran Channel with 

Southern Alboran Basin. 

 

 

Morphology of the Montera Slide 

The Montera Slide is a complex mass-movement feature. Its plan-view morphology is clearly 

defined by the presence of  two well-developed headwalls (Upper and lower respectively) 

associated downslope with a striking rough seafloor (Fig. 3). 

The Upper headwall (named H1), located between 740 and 980 m water depth, has a total length 

of the 16 km.  Due has a complex pattern, was divided in two sub-headwalls (H1a and H1b, Fig. 

4.1). Headwall H1a show a well development of the scar, where the erosion activity is visible 
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clearly; it has a length of 9 km, maximum height of the 50 m and a maximum gradient of the 20°.  

Below H1a it’s possible observe an area of 3.2 km2 with high roughness; this area, that is located 

between 820 m and 990 m water depth, has a maximum length of 2 km and a maximum width of 

3 km and represent the depositional area of the mass – movement (Fig. 4.2). 

 The Headwall H1b show a length of the 7 km, maximum height of < 45 m and a maximum 

gradient of the 13°. This sector of the Upper headwall of the Montera Slide is characterized by the 

presence of undulations of the seabed and small erosive slopes. 
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Fig. 4.1;  Zoom on the Upper Headwall of the Montera Slide. Yellow and red lines identify, respectively, the 

sub-headwall 1, and 2. For the explanation read the text. Fig. 4.2; Topographic profile along the sub-

headwall H1_a, shows the height of the scar and the undulation along the seafloor, which represent the 

upper mass flow deposit. Fig. 4.3; TOPAS profile (P1) of the Upper headwall (H1_a), shows clearly the 

erosive feauture of the scar, the mass flow deposit and the hyperboles subottom reflectors, for the location 

see fig. 2, yellow line (P1). Fig. 4.4; Topographic profile along the sub-headwall H1_b, shows a undulation 

on the seafloor that represent the deformed sediments.  Fig. 4.5 TOPAS profile (P2) of the Upper headwall 

(H1_b), shows clearly the erosive scars, by the presence of the transparent echo- facies, but not are present 

evidences of the evacuation of sediments, for the location see fig. 2, blu line (P2). 

 

The Lower Headwall (named H2), located between 870 m and 1020 m water depth, has a total 

length of 8.6 km. Also this headwall present an irregular development and it’s possible divide in 

two sub headwall (H2a and H2b, Fig. 5.1). The H2a show a length of 6 km, has a maximum height 

of 40 m and maximum gradient of 15°; the H2b show a length of 2.6 km with a maximum height of 

8 m and maximum gradient of 8°. 

Below lower Headwall , between 910 and 1130 m water depth, is identified a big slide deposit. It  

covers an area of 30 km2, has a maximum length of 8 km and a width of 5 km; the slope values are 

include between 3° and 1°, with a maximum value of 4° to the 1100 m water depth (Fig. 6), where 

it’s possible identify a small slope in the mass movement deposit, that has a maximum height of 8 

m. 
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Fig. 5.1;  Zoom on the Lower Headwall of the Montera Slide. Yellow and red lines identify, respectively, the 

sub-headwall 1, and 2. For the explanation read the text. Fig. 5.2; Topographic profile along the sub-

headwall H2_a, shows the height of the scar and the deposit area. Fig. 5.3; TOPAS profile (P3) of the Upper 

Headwall (H2_a), shows clearly the erosion along the scar, where is impossible identify the seafloor and the 

lower mass flow deposit, where the subottom is transparent and it’s possible identify distention features, 

that indicate the internal movement of the mass flow sediments, in the middle part of the deposit, and the 

pressure ridge, that represent features which indicate the stop of the movement, in the toe part of the 

deposit, for the location see fig. 2 (P3), green line. Fig. 5.4 Topographic profile along the sub-headwall 

H2_b, shows the height of the scar and the deposit area. 
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Fig. 6.1 Lower mass flow deposit; Fig 6.2 Topographic profile along lower mass flow deposit, it’s possible 

identify little undulation that represent pressure ridges; Fig. 6.3 Topographic profile along the short side of 

the mass flow deposit, it’s possible observe the irregular morphology of the seafloor. 

 

Seismic Facies 

The main elements that characterize the sedimentary structures of the landslide of Montera are: 

1) the headwalls 2) the mass-flow deposits 3) the undulations along the continental slope. 

Both Headwall extend downslope; their characters are similar, both show a transparent facies 

where is impossible identify a reflector of the seafloor . The mass movement  deposit display 

different seismic facies according to the type of seismic records. The air gun profiles (medium 

resolution) show a wavy surface with a wedge shape in the perpendicular profiles to the headwall, 

and lenticular shape the longitudinal profile. The maximum thickness of this wedge is 80 ms. The 

upper surface of the deposit shows a gradual downslope change from  a upward convexity  to a 

modest convexity until a complete flattening in the area of the toe of the deposit. 

In TOPAS profiles, the mass flow deposits show mostly transparent facies, but it was possible to 

identify and demarcate 5 echo facies (Table 1) representative of specific sectors of the study area 

(Fig. 7). These echo facies are: 1) Parallel-regular, type 1; 2) Undulation, type 2; 3) Hyperbolic 4) 

Smooth; 5) Roughness. 

1) The echo facies “Parallel-regular” (in the map with the green color) shows continuous and 

plane - parallel reflectors undeformed below the seafloor; was observed in the area of the 

lower slope and basin, from the depth of 1070 m up to 1150 m, and in the stretch of slope 
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upstream of the upper headwall of the Montera Slide, between 700 m and 760 m water 

deep. In this area the sediments do not appear to have been involved in the phenomena of 

gravitational instability. 

2) The echo facies “Undulation” is typical of the areas that have a reflector below the seafloor 

parallel and wavy. These reflectors, however, show no evidence of rupture. This echo 

facies characterized predominantly the continental slope near the Montera Slide, from 760 

to 110 feet deep. 

3) The “Hyperbolic” echo facies is expressed by hyperbolas on the seafloor and not to the 

presence of reflectors below it. This echo facies characterizes the base of the upper 

headwall, where is possible identify hyperbolas with height between 20 and 40 ms. 

4) Echo facies “Smooth” has a flat bottom and has a transparent background below. This 

facies is found in two distinct areas: 1) along the continental slope in several small areas, 

which correspond to small slopes where it is observed the presence of the seafloor, but 

below it the reflectors are not distinguishable; 2) in the distal part of the deposit of mass 

flow, in the basin  area, between 1120 and 1130 m depth.  

5) Echo facies “Roughness” shows a weakly corrugated seafloor, while below presents a 

transparent reflectors. This facies is characteristic of the mass flow deposit and is identified 

by the depth of 880m up to 1125 m with a minimum thickness of about 20 ms and a 

maximum of about 80 ms. This echo facies ends with a erosive boundary below the mass 

flow deposit. 

 

 
Fig. 7 Echo facies map made using the TOPAS profile  
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The very high resolution of the TOPAS profiles and the air gun profiles, has allowed us to develop a 

map of the thickness of the landslide deposits (Fig.8). It can be observe that the deposit related to 

the upper headwall have a average thickness between 20 and 40 ms (twtt); only in 

correspondence of the central part of the headwall the thickness increase (60 to 80 ms). The lower 

deposit present the major thickness in correspondence in the central part, where reach up 80 ms 

(twtt). The minimum thicknesses are identified in the toe area. 

 

Fig. 8 Thicknesses Map of the mass flow deposits of the Montera Slide; the Thickness (T) are in ms 

(milliseconds -  twtt) 

Depositional Area 

The profiles TOPAS show very well the upper and lower boundary of the mass flow.  

The upper deposit, correlated with the upper headwall, shows a thickness of approximately 7 ms, 

formed by reflections from small wavy and hyperbolas.  
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The lower deposit is connected with the lower headwall, presents a upper surface with small 

undulation, except for the area of the toe, where is observed parallel and horizontal reflections. 

The surface shows a similar trend with values of gradients that decrease in downslope (2 ° - 0.6 °). 

However there is a zone, the center of the deposit along the right side, where the slope profile 

shows a remarkable break, going from a low gradient (0.8 °) to a high one (4 °) and again at one 

low (0 , 6 °). 

A very important feature is represented by the lower boundary of the mass flow deposit. The 

TOPAS profiles show at a depth water ranges between 1.31 and 1.47 s, a distinctly erosive surface. 

This surface extends in length for approximately 9 km over an area of about 28 km2. This basal 

surface erodes underlying reflectors and seems to be the beginning of the event of landslide. It is 

possible to observe that it is to begin below the lower Headwall and going in downslope, tends to 

affect reflectors increasing superficial; this suggests a reduction of the driving forces (Gee et al., 

2005). 

The height degree of deformation of upper surface, the erosive character of the lower boundary, 

and the transparent seismic facies were the criteria used to define this deposit as a mass-flow 

(Hampton et al., 1996; Posametier and Kolla, 2003; Gee et al., 2005; Casas et al., 2011). 

 

Discussion 

The sediment dynamics and evolution of the Montera Slide can be interpreted using morphology, 

geometry, lateral spatial variability of the sediments and trend of the seismic facies. Observing 

these elements therefore it was hypothesized that it may represent a retrogressive landslide. 

Kvalstad et al. (2005) proposed a model for evaluation of retrogressive failure. This can be 

described as follows: 

 An initial slide is developed in the lower and possibly steeper part of a slope, and the mobility 

of the slide material is sufficient to more or less completely unload the earth pressure against the 

initially developed headwall. 

- The unloading of the headwall causes undrained lateral expansion of the soil, while strain 

concentrations develop in the toe area of the headwall. 

- The large shear strain in the strain concentration zones causes strain softening, primarily in 

the marine clay base layer, and progressive failure develops along this layer. 

- The safety factor decreases below unity and the failing soil mass starts to accelerate 

downslope. A triangular front wedge is formed, being pushed along the slide base by a 

gradually distorted rhomb and triangular wedge creating a graben behind the front wedge, 

thus forming a new headwall. 

- The released potential energy is partly consumed as friction along the base and 

circumference of the slide mass, and partly in remoulding of the slide material along the 

slide base and internally in the distorted slide mass. 



- Excess potential energy is transformed to kinetic energy accelerating the slide mass further 

downslope. 

- The reduction in strength gives sufficient mobility to unload the next headwall. The process 

then repeats itself until soil strength and layering or geometry change sufficiently to reduce 

mobility and decelerate the sliding process. 

- If the mobility is too low, the slide mass will block further retrogression along the base 

layer and the process will, if possible, continue along shallower marine clay layers, creating 

steps in the slide. 

The conditions of instability could have been favored by the combination of morphological, 

sedimentary and seismic factors. The continental slope before the slide event has a slope gradient 

between 3° and 5°; the initial area of slipping would be located in the area of maximum slope, 

generating the headwall H2; subsequently would retrograde when upslope sediments become 

unstable due to a lack of support, it would thus the formation of the l 'headwall H1. Each 

retrogression stage would create a series of steps inside the store (Lastras et al., 2004), as seen, 

for example in a TOPAS profile across the deposit of the upper headwall. Since the slope angle 

decrease upslope, retrogression would cease when the driving force is not large enough to 

mobilize sediment, even if sediment partially lacks downslope support (Lastras et al., 2006). 

 

Trigger mechanism 

A triggering mechanism or a their combination, is required to destabilize sediments prone to 

failure. The Montera Slide represent a very complex mass flow and the triggering mechanism is 

unclear, probably the start was for a combination of mechanisms. Probably the height  slope 

gradient (3° - 5°) was the predisposing factor, however, failure could have been triggered by 

seismic shaking or by tectonic activity.  

The geological framework of the Alboran Sea is also characterized by intense tectonic activity, as 

indicated by the earthquakes that have occurred in the study area (Martinez et al., 2010). The 

proximity of the slide, 20 km to ENE, there is a Yusuf Lineament. This lineament shows NW – SE 

oriented escarpments which are the morphological expression of a fault zone (Mauffret et al., 

1992) and correspond to a sub-vertical fault zone (Martinez et al., 2010). Martinez et al., show that 

here the seismic activity is scarce, occurring partially along the main faults. Moreover, some low-

magnitude earthquakes (Mw<3) clearly show that some faults are active at the present (Martinez 

et al., 2010). 

Another lineament is near to the Montera Slide, it is the Alboran Ridge; it constitute a SW – NE 

trending. The main scarps along the Albora Ridge are the morphological expression of the faults 

with SW – NE trend (Campos et al., 1992). Martinez et al., 2010, identifies in the central Alboran 

Ridge a open anticlines and synclines, moreover identifies sub vertical faults associated with these 

folds. In this sector the seismic activity is widespread, but a few moderate magnitude earthquakes 

are present (Martinez et al., 2010). 



Generally, it can be stated, that this sector of the Alboran Sea is affected by intense and shallow 

seismic activity, allow to consider these features as potential geological structures that generate 

eartquakes and therefore trigger slope faliures. 

Along the lower mass flow deposit, perpendicular to the sliding direction, can be observed 

features interpreted as compression ridges resulting from plastic deformation. These features, 

observed also in others mass movement (Prior, 1994; Lindberg et al., 2004, Lastras et al., 2006) are 

generally found in the most distal parts of slides and debris flows (Prior et al., 1994). 

 

Conclusion 

The Montera Slide represents the example of a landslide identify by very high resolution 

multibeam and seismic systems. Its represent a geo – hazard in the an active margin how Alboran 

Sea.  

The combined results obteined from morphology and seismic profiles indicate that the Montera 

slide is a very complex sedimentary instability. Its represent a retrogressive landslide, where the 

first stage of the instability was the gereration of the lower headwall (H2), later, when upslope 

sediments become unstable due to a lack of support, it would thus the formation of the headwall 

H1. The presence of the series of steps inside the store represent different stages of the 

retrogression movement. 

Finally the proximity of the slide with tectonic features and the earthquakes epicenters could be a 

key factor of the trigger mechanism of the Montera Slide. 
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