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A B S T R A C T

In this work, over 3620 km2 from the Palomares continental slope, which is located in the W. Mediterranean Sea,
was analysed to quantify the impact of recent mass movements on this margin. A total of 936 landslides were
identified, mapped and characterised by defining several morphometric variables that outline the accumulated
impact of landslides equivalent to 918 km2 and 10.34 km3 of eroded sediment on the continental slope. The
smallest event area was 0.0014 km2, whereas the largest event area was 32.48 km2. Smaller scars with a higher
headwall gradient tend to dominate when the environment is steeper, and major mass movements are located on
open slopes and structural highs. However, the slight or null correlations between variables indicate that a wide
range of sizes may occur on any slope gradient and at any depth.

The Palomares continental slope is intensively affected by mass movements. Compared with other passive
margins (e.g., the U.S. Atlantic continental margin), landslides mobilised a limited amount of sediment, although
it is comparable to other Mediterranean areas where small- to moderate-sized events are characteristic.

The cumulative size distribution can be defined by a power-law function that describes events larger than 0.7
km2 with an exponent of α = 1.269. These results are consistent with those of other published inventories,
including onshore cases. This result allows us to assume that the scale-invariant properties of the events are
mapped. Scale-invariant properties can be explained by different models; self-organised criticality (SOC) is
probably the most assumed by the scientific community, although alternative models may be nominated. Each
model has important implications in terms of the landslide distribution and long-term landslide history of any
slope. Alternative scenarios, such as submarine slopes, with more precise landslide inventories may contribute to
new hazard assessment models that consider scaling exponents derived from size–frequency distributions.

1. Introduction

Submarine slope instabilities are widespread processes that result in
features collectively referred to as landslides, mass-transport deposits
(MTDs), mass movements or instabilities. They involve diverse groups of

complex sedimentary processes that are recognised as significant
geomorphic processes on slopes (Densmore et al., 1998). Submarine
slope instabilities are considered one of the main offshore geohazards
since, through the effects of dragging, burial, undermining or direct
impact, they can damage infrastructure, such as communication cables
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or pipelines (Clare et al., 2017; Ercilla et al., 2021, among others).
Landslide-generated tsunamis are also real threats to coastal commu-
nities (Clare et al., 2019; Ercilla et al., 2021; Harbitz et al., 2014).

Understanding submarine mass movements involves triggering fac-
tors (e.g., earthquakes), the nature of failed deposits and the prevailing
conditions before failure, at failure and after failure. This approach re-
quires geological and geomorphological data (e.g., classification and
morphometry, distribution, sedimentary and morphosedimentary
characteristics, and stratigraphy) and geotechnical data (e.g., strength
and remoulded strength). All these variables, when available, are mostly
used to characterise single slope failures rather than to provide a
regional vision of the impact of these processes over a continental
margin. (e.g., Kvalstad et al., 2005; Sultan et al., 2004).

Any realistic evolutive submarine-landscape model (e.g., the
morphological evolution of slopes) should include long-term landslide
rates. In this sense, regional inventories of mass movements (magnitu-
de–frequency) and patterns in their distributions are essential (Galli
et al., 2007; Guzzetti et al., 2012; Malamud et al., 2004). Often, the
largest landslides are events of interest as case studies; however, even
small landslides are important for obtaining a complete picture of the
incidence of the process and for building a confident catalogue or in-
ventory. This point is significant not only for achieving improved sub-
marine landslide hazard analysis but also from a sedimentary point of
view. The combined net sediment transport of small events may be as
significant as that of individual large landslides (Casas et al., 2016; Clare
et al., 2019).

The earth sciences are prolific for self-organised criticality (SOC)
phenomena. The SOC was developed from a simple cellular automata
model (Bak et al., 1988). It is linked to the framework of complex sys-
tems, which includes self-organisation (i.e., the process by which a
natural system reproduces itself through its own elements and logic) and
criticality, which refers to the evolution to a critical point where no
lineal response is expected. Many interacting elements and their evo-
lution towards a critical state, depending on minor changes in boundary
conditions, define the SOC models. Formally, if a system exhibits an
SOC, it evolves towards a critical state with scale-invariant properties
where events of various sizes occur, and the distribution of event sizes
follows a power law or tend towards a power law within the limit of
infinite system size (Hergarten, 2002). Heavy rainfall, drainage net-
works or earthquakes follow a fractal (scale-invariant/power-law) size
distribution, and there is evidence of mass movements (e.g., Guzzetti
et al., 2012; Guzzetti et al., 2002; Hu et al., 2009; Micallef et al., 2008;
Micallef et al., 2007; Turcotte, 1999). The scale-invariant properties of
mass movements explained with an SOC model are quite recent and are
sometimes assumed but are still under debate. This phenomenon is
poorly understood (Hergarten, 2002; Tebbens, 2020). A cellular au-
tomaton or sandpile model is a simple model that likely cannot
completely describe sedimentary instabilities; moreover, the number of
observations in which the distribution appears to be a power law is low
compared with that of earthquake statistics, which are documented by
extensive records and catalogues (Guthrie and Evans, 2004; Guzzetti
et al., 2002; Malamud et al., 2004). This fact emphasises the urgency of
increasing the modelling of mass movement statistics.

For any landslide hazard assessment, a deterministic analysis is
needed. However, understanding whether the long-term evolution of
landslide activity is explained by progress towards the critical state
could help us understand the temporal distribution of, in particular,
large mass movements. In the critical state, large events are less likely
than small events (Hergarten, 2002). No slope stability models account
for the scale-invariant properties of mass movements; thus, there could
be a potential research area where scaling is part of the probabilistic
landslide hazard assessment (Guzzetti et al., 2005).

The objective of this work is to explore the morphometry, size dis-
tribution and potential scale-invariant properties of 936 submarine
landslides mapped within the southern Iberian continental margin,
Palomares, where mass movements are extensively spread throughout

the continental slope (Fig. 1). The aim of this study is also to contribute
to increasing regional mass movement inventories in marine environ-
ments where data remains poor because of the limited availability of
high-resolution data and to contribute to the global data available for
mass movement statistics.

2. Geological setting

The Palomares continental margin, located in the Iberian Peninsula
Gulf of Vera (SW Mediterranean Sea), evolved between the eastern in-
ternal zones of the Betic Cordillera and the Algerian basin (Fig. 1). The
study area is located in a scenario of continuous NW–SE convergence
between the Eurasian and African plates, generating the Aguilas Arc
tectonic indentation structure and southeastward tectonic tilting of the
margin (Coppier et al., 1989; Fig. 1).

Several tectonic and sedimentary features shape the continental
margin, including structural highs (Aguilas, Abubacer andMaimonides);
submarine canyons (Gata, Almanzora-Alias-Garrucha and Aguilas);
sedimentary systems, such as contourites and mass movements; and salt
diapir intrusions on the distal margin and Algerian abyssal plain (Ercilla
et al., 2022; Gómez de la Peña et al., 2016; Fig. 1).

The seismic stratigraphy features an irregular basement, is meta-
morphic and volcanic in origin, and is covered by upper Miocene and
Plio-Quaternary sediments (Ercilla et al., 2022; Giaconia et al., 2012;
Gómez de la Peña et al., 2016). The basement was subaerially exposed
during the Messinian salinity crisis produced by Mediterranean Sea
isolation (Estrada et al., 2011). Plio-Quaternary sedimentation was
defined by bottom currents and contourites after the restoration of
marine conditions (Alonso et al., 2023; Ercilla et al., 2016; Juan et al.,
2020; Juan et al., 2016). Mass movements have been described
throughout the whole margin, affecting mainly continental slope con-
tourite deposits.

The present-day continental slope is defined as a narrow and steep
upper slope, a smooth and gentler platform and a lower slope with
highly irregular gradients (Fig. 1). The intraslope Gata Basin has been
identified between the slope platform and the Abubacer High (Ercilla
et al., 2022).

3. Data and methods

The Palomares continental margin was surveyed with swath multi-
beam systems several times for different purposes and at different in-
stitutions. This study merged 2 sets of data obtained with 2 deep-sea
multibeam echosounders, the KS EM12 (13 kHz) and the Atlas Hydro-
sweep DS (14–16 kHz). The first set resulted in a 50 m resolution digital
elevation model (DEM), which covers the southern part of the study area
(Fig. 2) and was provided by the General Spanish Secretary for Fisheries
(SGP). The second dataset was acquired in the framework of the FAUCES
project (Casas et al., 2019), allowing the generation of a 15 m resolution
DEM that covers the area of the Garrucha canyon and its margins
(Fig. 2). Furthermore, the FAUCES project provided TOPAS (topo-
graphic parametric sonar) profiles. TOPAS is a very high-resolution
seismic tool with penetration <150 m and resolution up to cm. The
tool uses the nonlinear propagation of waves through water to generate
a low-frequency acoustic pulse from intermodulation high-frequency
pulses. The system operates with a primary frequency of 18–39 kHz
and a secondary frequency between 0.5 and 6.0 kHz.

The methodological approach for the inventory does not rely on the
study of a specific landslide but rather relies on the complete mapping of
all the events present in the study area. In this sense, the terms sub-
marine mass movements, instability or landslides are used in this work
synonymously, and include all types of sedimentary instability processes
without distinction.

The inventory of instabilities is attained by identifying landslide
failure scars and headwall domains given that the absence of a uniform
and dense seismic profile grid prevents the correct definition of deposits
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(e.g., length or thickness of 936 events over the 3620 km2 analysed).
Among all possible procedures (e.g., ten Brink et al., 2006; Völker et al.,
2011; Clare et al., 2019), the area and volume of sediment displaced by
each event were calculated following the methods described by Chaytor
et al., 2009 or Casas et al., 2016. The morphology observed in the ba-
thymetry does not offer a coherent solution in defining the area affected
by deposits associated with each event; this is especially true when
events have different ages and the displaced sediment has been
reworked and transported in different ways, generating diffuse or
invisible footprints in most cases. Therefore, the definition of the evac-
uation/erosive zone has been found to be a viable alternative for
approaching the size of each event. This area should be bounded by the
scars (headwalls and sidewalls) of each event (Fig. 2). Defining the limit
between evacuation areas and deposits is an exercise with a high degree
of interpretability and may produce inconsistencies. The degree of in-
accuracy is a good geomorphological tool because it is centred on the
easy identification of a prominent morphological feature compared with
the mass movement boundaries, and at the same time allows the
quantification of the minimum amount of sediment involved in each
event. The method applied is therefore defined by the identification and
cartography of landslide scars and, subsequently, the digitalisation of
the bounding polygon that encompasses the region of negative elevation
within the headwall and sidewalls corresponding to the sediment
evacuation area (Fig. 2). The scars and areas were identified by exam-
ining DEMs with different illuminations and slope maps/slope profiles.

The volume of sediment involved (displaced) for each observed
event was approached by the empirical relationship between the head-
wall area (A) and volume (V) in the form of V = 0.009A1.3689. This
relationship was established by calculating the volume between the
surface defining the evacuation area and the synthetic surface simu-
lating the presliding slope for more than 400 events in the Tyrrhenian
Sea (Casas et al., 2016).

For each event, different morphometric parameters were retrieved:
the surface of the eroded area, the depth of the scar, the gradient and
height of the headwall, the length and sinuosity of the scar and the
gradient of the surrounding slope. All these parameters may contribute
to improving the use of other existing databases in marine environments
(León et al., 2020; León et al., 2018; Urgeles et al., 2023).

The identified scars, i.e., only those with surficial expressions, were
classified as recent or subrecent instability events not associated with
the timing or type of instability. Juxtaposed seafloor scars, e.g., small
scars found to overlap with larger scars, have been identified as inde-
pendent features to avoid the overestimation of large events.

3.1. Size–frequency

Magnitude–frequency distributions (e.g., noncumulative and cumu-
lative frequency, probability density or frequency density distributions)
are critical for understanding natural hazards, such as mass movements.
Instabilities seem to have magnitude–frequency distributions that follow

Fig. 1. Physiography and main features defining the Palomares continental margin located in the Iberian Peninsula Gulf of Vera (SW Mediterranean Sea). Several
tectonic and sedimentary features shape the continental margin, including structural highs (Aguilas, Abubacer and Maimonides), submarine canyons (Gata, Garrucha
and Aguilas), and sedimentary systems, such as contourites and mass movements. The Garrucha canyon is formally the Almanzora-Alias-Garrucha canyon.
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power-law functions for both area and volume, although other functions
(e.g., log-normal, logarithmic, etc.) have been tested (Chaytor et al.,
2009; Haflidason et al., 2005; Puga-Bernabéu et al., 2022; ten Brink
et al., 2006; Urgeles and Camerlenghi, 2013). Because one of the aims of
this work was to test the scale-invariant properties of the events
described, in-depth discussion about which function fits better is not
provided. Only heavy-tailed distributions, such as power laws, have
been tested for analysing the scale-invariant properties of sizes. To
determine this value, the plot of the cumulative size distribution (i.e.,
the probability function) on logarithmically scaled axes must be
approximated to a straight line (Hergarten, 2002). Regardless of
whether the obtained cumulative size distribution exhibits a clean
power law behaviour over a reasonable range, a scale-invariant distri-
bution may be assumed. In this case, the scaling exponent corresponds to
the slope of the straight line (Hergarten, 2002). The power–law func-
tions were fitted via linear regression via the least squares method, and

plots were generated from MATLAB software.

4. Results

4.1. Mass movements in the Palomares continental margin

Within the 3620 km2 analysed, 936 scars were identified (Figs. 2 &
3). Instabilities are widely distributed; therefore, to better clarify the
distribution of instabilities, the study area was divided into three envi-
ronmental areas or subregions (SRs): SR1, canyons and channels; SR2,
structural highs and ridges; and SR3, open slope (Figs. 2& 4).

When topographic parametric sounder (TOPAS) profiles are avail-
able, the instabilities are characterised by irregular to lens-shaped or
wedge-shaped transparent acoustic facies (Fig. 5); they rest both on the
seafloor surface and buried below it, forming stacked deposits, or they
are found interbedded within other sediments, such as contourites and

Fig. 2. Map of the areas corresponding to subsets SR1, canyons and channels; SR2, structural highs and ridges; and SR3, open slope. Topas profiles that appear in
Fig. 5 are located. The study merged 2 DEMs, the first with a 50 m resolution, which covers the southern part of the study area, and the second with a 15 m resolution,
which covers the area of the Garrucha canyon and its margins (upper box A). The definition of the evacuation/erosive zone has been found to be a viable alternative
for approaching the size of each event. This area should be bounded by the scars (headwall and sidewalls) of each event (box B). Details of the study area where scars
and areas (in purple) can be observed in box C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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hemipelagites (Ercilla et al., 2022).
These instabilities affected a cumulative area of 918 km2 (Fig. 4). The

mean area of the events was 0.85 km2, and the smallest and largest areas

were 0.0014 km2 and 32.48 km2, respectively (Table 1). The largest
event was located at a 1036 m water depth (mwd) and was associated
with a 36.61 km long scar. The smallest scar was located at 68 mwd and

Fig. 3. Shaded relief map of the study area (3620 km2) and the 936 scars inventoried. The smallest landslide identified (0.0014 km2) was defined by a 124.1 m long
scar at a water depth of 68 m (mwd), and the largest landslide (32.48 km2) by a scar of 36.61 km at 1036 mwd.

Fig. 4. Total observations of scars and related headwall areas. Instabilities are quite balanced between SR1, canyons and channels; SR2, structural highs and ridges;
and SR3, open slopes. The largest instabilities are located in SR3 (with a total affected area of 461 km2), whereas SR1 has the maximum number of small events,
affecting a total area of only 134 km2 but a volume of only 1.2 km3.
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is bounded by a 124.1 m long scar.
The distribution of the total number of identified events among the

three subregions was quite balanced (Fig. 4). SR3 (open slope) has the
largest instabilities, with a total affected area of 461 km2, whereas SR1
(canyons and channels) has the maximum number of events but also has
the smallest instabilities, affecting only 134 km2 (Fig. 4).

The empirical relationship between the headwall area (A) and vol-
ume (V) selected in this work (V = 0.009A1.3689; Casas et al., 2016) is
justified by the similarity, from a sedimentary and geomorphological
point of view, with the area where it was defined. The area–volume
relationships reported in different regions of the world (in subaerial and
submarine environments and for soil/sediment) show exponential
values ranging from 1.09 to 1.45, which are likely related to different
instability processes (Chaytor et al., 2009; Guzzetti et al., 2009; Klar
et al., 2011; Moscardelli and Wood, 2016).

The calculated volumes of sediments involved in mass movements
can help to determine the extent of erosion in the area, and for this
study, this case was equivalent to a total volume of 13.37 km3 of dis-
placed sediments (Fig. 4). The calculated volumes ranged between 1099
m3 (1.099 E-6 km3) and 1.05 km3, with a mean value of 0.014 km3.

4.2. Morphometry

The morphometric parameters measured for the scar features
included in the inventory are summarised alongside their value ranges
in Table 1. The values of those parameters for scars grouped in the
defined subregions are detailed in Table 2.

The identified instabilities exhibit scar lengths and perimeters
ranging between 0.1 km and 36 km long, with areas ranging from 0.001
km2 to 32.48 km2 and a mean value of 0.85 km2. The headwall heights
vary between 2.1 m and 327.2 m, whereas the headwall gradients range
between 1.7◦ and 49.7◦. Moreover, the identified scars are located in
areas with regional gradients of 0.6◦–35.0◦ and water depths ranging
from 27.9 m to approximately 2420 m. The sinuosity indices of the scars
range between 1.2 and 19.5.

Pearson correlation coefficients were computed between the
measured variables detailed in Tables 1 and 2, with the aim of verifying
whether correlations existed. Very low correlations (i.e., <0.5) between
most of the variables were found (supp. material). The scar length and
headwall area had a good correlation (0.88), and the headwall gradient
and slope gradient had a slight positive correlation coefficient of 0.52.
The slope gradient, in turn, was negatively correlated with the scar
perimeter (− 0.39) and scar length (− 0.35).

4.3. Magnitude–frequency distribution

The noncumulative distribution clearly shows that small events (< 1
km2) are more frequent in SR1 (canyons), whereas the largest scar areas
in the inventory (>1 km2) are more frequent along the open slope
(Fig. 6; Table 2). The adjustment to a log-normal distribution reveals a
characteristic size of 0.356 km2 for the whole margin (the area to which
the logarithmic mean corresponds; Fig. 7). This size is greater for SR3
(open slope), with a value of 0.578 km2, whereas it reaches the lowest
value for SR1 (canyons), with a value of 0.160 km2 (Fig. 7).

The cumulative size distribution (probability function) allows us to
test the potential scale invariance properties of the dataset. The power-
law distribution was tested for the whole dataset as well as for every
subregion (Fig. 8). For all the data and subdatasets, the headwall area
partially fits an inverse power law from a cut-off threshold (where the
distribution is below the power function). At sizes less than the cut-off
point, 0.7 km2 are underrepresented by the power law function that
describes the largest events with an exponent of α = 1.269. For all the
subregions and data with different resolutions, the power law is valid for
similar orders of magnitude, with exponents α in the range of 1.1–1.49.
(Table 3; Fig. 8). Therefore, these results seem to be consistent with the
scale-invariant properties of the studied dataset.

Fig. 5. Topas profiles with examples of mass movements and scars affecting highs (A) and canyon heads (B). Instabilities are both on the seafloor surface and buried
below it, forming stacked deposits, or they are found interbedded within other sediments, such as contourites. Only seafloor surface features were included in this
study. The profiles are shown in Fig. 2.

Table 1
Summary of the main morphometric parameters of instabilities mapped along
the Palomares continental margin.

Average Min Max

Scar length (km) 2.60 0.12 36.61
Perimeter (km) 3.25 0.14 38.50
Area (km2) 0.85 0.0014 32.48
Headwall height (m) 52.84 2.10 327.20
Headwall gradient (◦) 14.71 1.70 49.70
Regional gradient (◦) 9.95 0.60 35.00
Scar minimum depth (m) − 1100.34 − 27.92 − 2370.63
Scar maximum depth (m) − 1221.30 − 61.08 − 2418.83
Scar sinuosity 4.56 1.20 19.48

Table 2
Summary of the main morphometric parameters characterising the instabilities
mapped in SR1, canyons and channels; SR2, structural highs and ridges; and
SR3, open slope.

Averages Canyons S. Highs Open slope

Scar length (km) 1.58 3.03 3.43
Perimeter (km) 2.08 3.86 4.39
Area (km2) 0.38 1.17 1.48
Headwall height (m) 60.78 60.28 42.15
Headwall gradient (◦) 22.70 8.73 11.66
Regional gradient (◦) 14.16 10.74 6.46
Scar minimum depth (m) − 980.49 − 1410.52 − 956.67
Scar maximum depth (m) − 1116.42 − 1550.52 − 1070.42
Scar sinuosity 4.68 4.09 4.48
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5. Discussion

5.1. Morphometry and subregions

The scarce slight significant correlations found between most
morphometric variables, e.g., headwall gradient/slope gradient or slope
gradient/scar perimeter/scar length, may indicate that the geometry of
the environment might exert some, but limited, control over the
dimension of events, enhancing smaller scars with a higher headwall
gradient when the environment is steeper. However, although the slope
gradient is important for slope stability, the topographic slope alone

does not sufficiently explain the size distribution on almost any slope
(ten Brink et al., 2006). Notably, large submarine instabilities can occur
on 1–2◦ slopes, while such gradients may be considered stable on land
(Hühnerbach and Masson, 2004; Urlaub et al., 2013). Even so, from the
correlations obtained, a wide range of sizes may occur on any slope
because there is no characteristic size for a particular slope gradient or
slope size; there are only tendencies; this means that stability depends on
a variety of factors in addition to the slope gradient and other compo-
nents related to the mechanical properties of sediments, such as those
related to the pore pressure, which may change over time.

The observed landslides are almost equally distributed among the

Fig. 6. Frequency/area of the headwalls for the Palomares margin. The largest scar areas in the inventory (>1 km2) are more frequent along SR3.

Fig. 7. Density function for the whole inventory and subsets, fitted to a lognormal function. The results of the density functions allow us to define the characteristic
size in the study area (0.356 km2), while it is 0.160 km2 for SR1 and 0.57 km2 and 0.58 km2 for SR2 and SR3, respectively. The table shows the area to which the
logarithmic mean corresponds. (E^mu) and the standard deviation (STD).

L. Retegui et al. Marine Geology 477 (2024) 107411 

7 



three analysed subregions. Those associated with the canyon environ-
ment (SR1) represent 37 % of the total inventory but are also smaller,
accounting for only 9% of the mobilised sediment volume (Fig. 4). In the
canyon walls, high slope gradients are found (14◦ on average), which is
the maximum contribution to the slight negative correlation found be-
tween regional gradients and scar length (− 0.35) at the regional level.
Different works show an inverse relationship between the slope angle
and pore water pressure because a higher flux of water and percolation
develop with increasing slope, allowing lower pore water pressures
within seabed sediments (Rafiei et al., 2019; Wang et al., 2023). In this
context, erosion and the local effect of oversteepening should play a
preferential role as triggers on the canyon walls studied where small
events dominate.

One highly positive correlation, which was valid for the 935 events
observed, was between scar length and headwall area or evacuation area
(0.88). In general, the area, volume and thickness of mass movements
are strongly correlated; therefore, the conversion of these variables is a
good approach for determining their distribution (e.g., Hovius et al.,
1997; Pelletier et al., 1997). Measurements of area tends to be more
reliable than measurements of volume; however, such measurements
could also be difficult when events have diffuse or invisible bathymetric
footprints. In contrast, scars are prominent features that are easily
discernible in bathymetric maps. For those cases, the size of events can
be approached with the relationship between scar length and area
(Fig. 9):

Area = 0.1188*length1.7424

This approach is regional and must be contrasted across different
areas, geological contexts or types of instabilities.

The smallest and largest sizes mapped are 0.0014 km2 (at 68 mwd)
and 32.48 km2 (at 1036 mwd), respectively. According to the observa-
tions summarised in Fig. 4, the ten major events mapped (i.e.,> 10 km2)
are distributed between SR3 (6 events) and SR2 (4 events) and between
870 and 1992mwd. The tenminor events mapped (<0.0095 km2) are all

located on SR1 between 51 and 765 mwd; this means that mainly open
slopes and structural highs cluster the major mass movements, whereas
canyons are affected by minor events. Despite this fact, the practically
negligible correlation between depth and size (− 0.15/− 0.06; Supple-
mentary material) means that no relevant pattern is considered for
hazard assessment. A wide range of sizes can occur at any observable
depth.

5.2. Scale-invariant properties

Different studies have shown evidence of scale-invariant character-
istics of mass movements, resulting in a heavy-tailed distribution; this
means that large events follow a power law given that most datasets
obtained from nature do not exhibit characteristic behaviour at small
sizes (Clauset et al., 2009). Different works attribute this effect to factors
such as undersampling (Guthrie and Evans, 2004; Tanyaş et al., 2019),
changes in the physics of large/small-scale mass movements (Stark and
Guzzetti, 2009), geomorphology (Guthrie and Evans, 2004), and even
sampling resolution differences due to temporal sampling factors
(Williams et al., 2018). The statistical approach used to test scale
invariance or scale-dependent distributions may considerably affect or
lead to biased results (Tebbens, 2020). The discussion of which is the
best method is outside the scope of this work. However, in general, if the

Fig. 8. Plots of the cumulative probability density of the area for the whole inventory and for each subregion. The inverse power law model fits very well when
describing events larger than 0.7 km2.

Table 3
Inverse power law parameters. At sizes larger than the cut-off point, 0.7 km2, the
power law function has an exponent of α = 1.269. For all the subregions, the
power law is valid for similar orders of magnitude, with exponents α in the range
of 1.1–1.49.

Exponent Validity range R2

SR1 1.486 0.3–5.8 0.968
SR2 1.104 0.3–25.91 0.984
SR3 1.146 0.7–32.48 0.971
Whole in. 1.269 0.7–32.48 0.987

Fig. 9. Scars are prominent features easily discernible in bathymetric maps. For
those cases where the measurement of area is difficult with only bathymetric
data, the size of events can be approached, for the study area, with the rela-
tionship obtained with the whole inventory, between scar length and area.
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cumulative size distribution follows a clean power law, a scale-invariant
distribution can be assumed, and the slope in the logarithmic plot is the
scaling exponent (Hergarten, 2002). The uncertainty in determining the
exponents is obvious when bibliographic results are compiled and
compared with the results of this study (Table 3). Mostly from onshore
inventories and using cumulative and noncumulative frequencies, as
well as density distributions covering different ranges, systematic vari-
ations in scaling exponents are reported: 1.16 (Hovius et al., 1997); 1.46
and 1.11 (Stark and Hovius, 2001); 0.96 (Fuyii, 1969); 1 (Sugai et al.,
1995); 1.6–2 (Pelletier et al., 1997); 1.4–3.5 (Van Den Eeckhaut et al.,
2007); and 1.8–3.3 (Tanyaş et al., 2019). Other recent marine in-
ventories yielded exponents of 1.5–1.7 (Casas et al., 2016) and 1.49
(Puga-Bernabéu et al., 2022) in different geologic frameworks.

In addition to the model, which can explain fractal statistics in mass
movements, accurate determination of landslide scaling is important for
describing the relative contributions of large/small events and for
quantifying and comparing different landslide inventories and valida-
tion models (Fig. 10). This is evidenced when the two different bathy-
metric resolutions used in this study, medium- and high-resolution
datasets, are studied individually. Smaller events are detected at a
higher resolution, which could bias the results. To test this hypothesis,
the cumulative size distributions for both subsets were calculated, and
although the cut-off points were slightly different, the scaling exponents
were similar (Fig. 10). We can assume that the large/small size ratio is
not significantly affected. Although the use of homogenous and as-high-
as-possible resolution has to be the main target of a new inventory, in
this particular case, the impact seems not to be significant, and the result
is not distorted.

5.3. Critical landscapes

Amodel that may explain scale invariance is self-organised criticality
(SOC), which is based on a cellular automata model that frames dynamic
systems evolving by local interactions (Bak et al., 1988; Evesque, 1991;
Nagel, 1992). SOC has interesting implications from a geomorphological
point of view in terms of landscape evolution and hazard assessment.

First, it implies the universality of the scaling exponent, i.e., a fixed
ratio of small/large number of landslides (Hergarten, 2002). Rigorous
statistical tests over new and extensive observations, including those
located in marine environments, are critical to determine the variability
of scaling exponents observed.

Second, following the cellular automata model and power law dis-
tribution, a landslide propagates from nucleating sources in avalanche
form (Bak et al., 1988; Micallef et al., 2007). Most likely, this model
cannot represent the complexity of the dynamics of sedimentary in-
stabilities. The diversity of processes and transformations pre- and
postfailure involved in each possible event is a product of the physical
and geotechnical properties of the mobilised sediment (sorting, porosity
and permeability, mineralogy and grain size, etc.) but also of processes
such as hydroplaning, which favours long runouts and low erosion of
mobilised sediment (Hampton et al., 1996; Hungr et al., 2014; Locat and
Lee, 2002; Mulder and Cochonat, 1996; Shanmugam, 2019).

Some kinds of grain flow may be comparable to Back’s sandpile
avalanche model, and at least qualitatively, creep (i.e., slow, long-term
sediment deformation under a constant load) (Nardin et al., 1979) could
be similar to avalanche propagation in SOC models. In this model,
instability is triggered in a small part, and the load is transferred to the
vicinity, where it spreads over a larger area of undetermined size. Creep
can be considered a precursor of instability, and propagation depends on
the spatial distribution of driving forces and shear strength along the
slope, which is the result of the geological history of the slope and is
therefore dominated by long-term factors controlling stability. The SOC
model can be used to understand the complex evolution of slopes as a
system evolves towards a state with an explicit statistical distribution
and spatial correlations. In addition to field measurements (mostly on
land), different stochastic models can generate synthetic inventories of
mass movements where the size distribution shows power-law behav-
iour (Densmore et al., 1998); however, additional field observations are
needed, and additional research on the evolution towards and meaning
of the critical state for landscapes and mass movements is needed, ac-
counting for all the potential physical transformations involved in mass
movement processes. The open question related to the time dependency
of the model (long-term factors), the time required to reach a power-law
distribution or the tuning of the system to changing geological condi-
tions (sea level, tectonics, etc.) also requires new data, such as confi-
dence in the timing of the observed triggering mass movements.

As an alternative to the SOC model, the scale-invariant properties of
mass movements could be linked to the fractal properties of triggers such
as earthquakes or, if we consider terrestrial environments, heavy rainfall
(e.g., Feder, 1988; Turcotte, 1999). However, there is empirical evi-
dence that a single earthquake may trigger many landslides with a size
distribution similar to that of long-term observations (Harp and Jibson,
1995). Pelletier et al. (1997) also reported that there are no differences
between rainfall and earthquake-triggered mass movements. Non-SOC
models based on variables such as soil property distributions (e.g.,
water content), topography, rheology or cohesion have been used to
model landslide scaling (D’Ambrosio et al., 2003; Pelletier et al., 1997).
Preexisting slope heterogeneity (e.g., variability in mechanical proper-
ties) was also proposed as the origin of power law distributions (Katz
and Aharonov, 2006). Cellular automata based on a deterministic model
(e.g., SCIDDICA) can simulate a debris flow process, although its
applicability is dependent on the parameters involved in the real process
to be simulated (D’Ambrosio et al., 2003). Another alternative model
produces power scaling at large events on the basis of Mohr–Coulomb
mechanics. The model, as a result of sediment cohesion, also captures
the common rollover described in noncumulative frequency plots for
small landslides (Jeandet et al., 2019).

5.4. Instabilities and hazards

Regional landslide hazard assessment, beyond any deterministic
analysis of slope stability in a particular area, must address the long-
term evolution of instability activity on a margin; this means charac-
terising not only the magnitude-frequency but also the timing of the
landslides. The probability of landslide-generated tsunamis depends on
the number, size, location and frequency of large submarine landslides.
Moreover, even small landslides are important for improved hazard

Fig. 10. Plots of the cumulative area for two subsets: high-resolution (HR) and
mid-resolution (MR) images. The scaling exponents are practically equivalent
(1.2), whereas the cut-off point decreases from 0.7 km2 to 0.4 km2 for the high-
resolution subset.

L. Retegui et al. Marine Geology 477 (2024) 107411 

9 



analysis because their location (e.g., depth) is also a direct threat to
infrastructure and may trigger local but destructive tsunamis.

The Palomares continental margin is intensively affected by mass
movements, although the capacity of the process to mobilise sediment is
limited compared with that of other passive margins. Large landslides
have been inventoried, for example, along an area of approximately
562*103 km2 in the U.S. Atlantic margin. There, 106 events from 0.89 to
2400 km2, affecting a total area of 15,275 km2, and a total removed
volume of 862 km3 (ranging from 0.002 km3 up to ~179 km3) describe a
scenario where large events affected a very large margin (Chaytor et al.,
2009). Most likely, a better resolution of the DEM used for this inventory
(100m) would better define the sizes present along themargin, although
this inventory outlines a margin 155 times larger, where the landslides
are globally 16 times larger than those in Palomares and where the
volume of sediments involved, for only 11.3 % of events described in
Palomares, is 83 times larger.

Compared with the N Atlantic continental margins, the western
Mediterranean contains only a few cases involving large areas and vol-
umes of sediment (Urgeles and Camerlenghi, 2013). The magnitudes of
instability in the study area are comparable to those in other Mediter-
ranean areas where small and moderate events frequently occur
(Casalbore et al., 2019; Casas et al., 2015; Casas et al., 2011; Casas et al.,
2003; Katz et al., 2015; León et al., 2018; Martorelli et al., 2016). A
comparable study was performed in the Gioia Basin (Tyrrhenian Sea),
where 3350 km2 of canyons, open slopes and highs were screened to find
428 reliable landslide scars affecting an area of more than 85 km2 and a
total volume of 1.4 km3 (Casas et al., 2016). A rough comparison
revealed 1 scar per 4 km2 in the Palomares Basin and 1 scar every 8 km2

in the Gioia Basin, where the area and volume are approximately ten
times smaller; however, both cases can be defined as small to moderate
events. No other detailed study has been conducted in the W Mediter-
ranean, although a recent study in the neighbouring S Alboran Basin,
located SW of the study area, described approximately sixty-seven in-
stabilities on the seafloor or embedded in Quaternary sedimentary se-
quences, with average volumes of 0.41–4.8 km3. Most instabilities are
linked to structural highs or seamounts, although higher volumes of
mobilised sediment occur on low slopes (d’Acremont et al., 2022). A
similar situation has been described in the northern Alboran Basin,
where instabilities are linked to highs and open slopes, affecting the
contouritic sediments that build the continental slopes of the S Iberian
margins (Alonso et al., 2016; Casas et al., 2011). Contourites are usually
prone to failure, which is consistent with observations in the study area
and in other areas around the Iberian Peninsula (Silva et al., 2020;
Teixeira et al., 2023; Teixeira et al., 2020; Teixeira et al., 2019),
although their role in slope instability in Alboran is yet to be revised
(Yenes et al., 2021).

The timing of landslides is a generally outstanding question that has
not yet been satisfactorily resolved. Timing is largely linked to triggers
and preconditioning factors, including earthquakes, rapid sedimenta-
tion and sea level (Hampton et al., 1996; Talling et al., 2014). However,
the role of these factors is sometimes poorly understood because, for
example, not all large earthquakes (e.g., Mw 7) trigger large landslides
(Völker et al., 2011; Sumner et al., 2013). Additionally, different mar-
gins respond differently to sea level; in high-latitude margins, large
landslides correlate with rising sea levels and high stands, whereas in
low-latitude margins, they seem to correlate with low stands. However,
there is not a clear picture of those events with moderate or small sizes
for which timing hypotheses are weakly tested. Real random ages and
uncertainties in measuring ages may result in statistical results in the
same frequency model (Urlaub et al., 2013). Uncertainties in landslide
ages of ±3 kyr may result in a nearly random distribution of ages, even
for nonrandom triggers (Pope et al., 2015).

There are significant uncertainties, poorly calibrated ages, in almost
all submarine instabilities in the western Mediterranean Sea, including
the Palomares margin. There, landslides were extensive and recurrent
during the Plio-Quaternary. Recurrence seems to have increased during

the last period of the Plio-Quaternary, although no available data allow
a precise approach to determine the instability frequency in the area
(Ercilla et al., 2022). Similar information is available in the neigh-
bouring W Alboran Basin, where recently studied instabilities are esti-
mated to be younger than 0.7–1.12 Ma because of their stratigraphic
position (d’Acremont et al., 2022; Galindo-Zaldivar et al., 2018, among
others). Therefore, collecting seafloor samples to date landslides accu-
rately and reducing the large margin of error is one of the pending tasks
of the marine hazard scientific community.

In summary, regional landslide hazard assessment is still a challenge
regarding where landslides occur (i.e., size-frequency; ratio of small/
large landslides; maximum size) and where they are expected to occur
(e.g., Mueller et al., 2016). Although landslides become attractors for
future landslides that tend to cluster, reliable models must be designed
for analyses with respect to landslide susceptibility.

6. Conclusions

• Along more than 3620 km2 of the Palomares continental slope, 936
scars were identified and characterised; this implies approximately
0.25 scars/km2. The characteristic instability is defined for the area
of 0.356 km2, with a mean volume of 0.0108 km3, which is compa-
rable to findings in other Mediterranean areas where small to mod-
erate events dominate. However, on the Palomares margin, recent
instability has been especially common and intense.

• Mass movements affect 918.04 km2 and involve 10.34 km3 of eroded
sediments from canyon walls, structural/volcanic highs and con-
touritic sediments deposited along the open slope; this represents an
average of 2.8 million m3 for each km2.

• Null or scarce slight significant correlations between morphometric
variables were found; this finding indicates that although smaller
scars with a higher headwall gradient seem to dominate when the
environment is steeper, a wide range of sizes may occur on any slope.
There is no characteristic size for a particular slope gradient. Major
mass movements are located in open slopes and structural highs,
although a wide range of sizes can also occur at any observable
depth.

• The cumulative size distribution (i.e., the probability function) is
defined by a power-law function that describes events larger than
0.7 km2 with an exponent of α = 1.269. These results are consistent
with those of other published inventories, including onshore cases,
where power law behaviour is described for a limited range of large
events.

• The scaling exponent α values range from 1.1 to 1.49 for the 3
defined data subsets (i.e., canyon walls, structural/volcanic highs
and open slopes). These results are consistent with other reported
scaling exponents despite their systematic variations. More work is
needed to solve the uncertainty in determining exponents.

• Scaling exponents are useful for comparing inventories, i.e., the
quantitative impact of sedimentary instabilities for different geologic
frameworks, for comparing different resolution inventories and for
developing new hazard probabilistic models considering large/small
size ratios.

• The observed scale-invariant properties can be explained by different
models, SOC vs. alternative models, each with important geomor-
phological implications in terms of landslide distribution and the
long-term landslide history of any slope. To advance this goal,
alternative working scenarios, such as submarine scenarios,
contribute valuable and complementary observations to onshore
inventories.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.margeo.2024.107411.
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Schiettekatte, Leire Anne; 2024; Submarine Mass Movements on the
Palomares Continental Slope (W Mediterranean). Morphometric data
inventory [Dataset], DIGITAL.CSIC; https://doi.org/10.20350/digital
CSIC/16560; http://hdl.handle.net/10261/368171

Acknowledgements

This research received support from the Spanish projects inGRAVI-
TAS (PID2022-138258OB-I00), STRENGH (PID2019-104668RB-I00)
and FAUCES (CTM2015-65461-C2-1-R). The authors from ICM-CSIC
also thank the ‘Severo Ochoa Centre of Excellence’ for accreditation
(CEX2019-000928-S). The authors thank the data provided by the
General Spanish Secretary for Fisheries (SGP). We would like to thank
the anonymous reviewers and Dr. M.A. Clare for their helpful comments,
which greatly improved the article.

References
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Díaz, P., Pérez, N., Vázquez, J.T., Estrada, F., Azpiroz-Zabala, M., Teixeira, M., 2021.
The Guadiaro-Baños contourite drifts (SW Mediterranean). A geotechnical approach
to stability analysis. Mar. Geol. 437. https://doi.org/10.1016/j.
margeo.2021.106505.

L. Retegui et al. Marine Geology 477 (2024) 107411 

13 

https://doi.org/10.1016/J.EPSL.2007.01.040
https://doi.org/10.1016/J.EPSL.2007.01.040
http://refhub.elsevier.com/S0025-3227(24)00195-6/rf0425
http://refhub.elsevier.com/S0025-3227(24)00195-6/rf0425
http://refhub.elsevier.com/S0025-3227(24)00195-6/rf0425
https://doi.org/10.1016/J.OCEANENG.2022.113554
https://doi.org/10.1016/J.OCEANENG.2022.113554
https://doi.org/10.5194/ESURF-6-101-2018
https://doi.org/10.1016/j.margeo.2021.106505
https://doi.org/10.1016/j.margeo.2021.106505

