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[1] Submarine landslides are ubiquitous along Mediterranean continental margins. With
the aim of understanding mass-wasting processes and related hazard at the scale of a large
marine basin encompassing multiple geological settings, we have compiled data on their
geometry, age, and trigger mechanism with a geographic information system. The
distribution of submarine landslides in the Mediterranean reveals that major deltaic wedges
have a higher density of large submarine landslides, while tectonically active margins are
characterized by relatively small failures. In all areas, landslide size distributions display
power law scaling for landslides> 1 km3. We find consistent differences on the exponent of
the power law (θ) depending on the tectonic setting. Available age information suggests that
failures exceeding 1000 km3 are infrequent and may recur every ~40 kyr. Smaller failures
that can still cause significant damage might be relatively frequent (failures > 1 km3 may
recur every 40 years). The database highlights that our knowledge of submarine landslide
activity with time is limited to a few tens of thousands of years. Available data suggest that
submarine landslides may preferentially occur during lowstand periods, but no firm
conclusion can be made on this respect, as only 70 landslides (out of 696 in the database)
have relatively accurate age determinations. The temporal pattern and changes in
frequency-magnitude distribution suggest that sedimentation patterns and pore pressure
development have had a major role in triggering slope failures and control the sediment flux
from mass wasting to the deep basin.

Citation: Urgeles, R., and A. Camerlenghi (2013), Submarine landslides of the Mediterranean Sea: Trigger mechanisms,
dynamics, and frequency-magnitude distribution, J. Geophys. Res. Earth Surf., 118, 2600–2618, doi:10.1002/2013JF002720.

1. Introduction

[2] Submarine landslides have fascinated researchers world-
wide for their exceptional size, the very gentle slopes on which
they occur [Hühnerbach et al., 2004], variety of emplacement
styles, and ensuing implications for geohazard assessment.
Compared to the subaerial environment, the marine environ-
ment bears some unique peculiarities that are responsible
for many of the characteristics of submarine landslides.
Amongst those are the following:
[3] 1. the widespread condition of full saturation, with the

exception of localized presence of free gas, mainly methane
from organic matter decay, particularly in shallow waters;
[4] 2. the load imposed by the water column, which might

have disastrous effects in case of unloading of low-permeability
gas-charged sediments [Vanoudheusden et al., 2004];

[5] 3. the differences in sediment types and their physical
properties [Tanaka and Locat, 1999; Volpi et al., 2003];
[6] 4. the occurrence of unique environmental stresses

(e.g., tides, surface waves, and internal waves);
[7] 5. slopes suffer much localized erosion and groundwater

conditions are relatively homogeneous over large areas, as
opposed to emerged slopes that are frequently compart-
mented by erosional features and groundwater conditions
are not homogenous;
[8] 6. seafloor water temperatures and pressure induced by

the water column allow formation of gas hydrates which alter
the bulk physical properties of the sediments [Sultan et al.,
2004, 2007] and are subject to phase change throughout the pe-
riods of climate and oceanographic variability;
[9] 7. submerged slopes allow phenomena such as

hydroplaning to occur [Mohrig et al., 1998; De Blasio et al.,
2006] after initiation of failure, resulting in debris flows with
extremely large runout on slopes with gradient as low as
< 1° [Masson, 1994];
[10] 8. finally, perturbation of the fluid-free surface

induced by rapid displacement of the landslide mass may
be responsible for the generation of tsunami waves [Ward,
2001; Okal and Synolakis, 2004; Harbitz et al., 2006;
Watts et al., 2003].
[11] The Mediterranean is a geologically complex area

(Figure 1) with a large diversity of geological environments:
back-arc extension [e.g., Calvert et al., 2000; Jolivet and
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Brun, 2010], incipient continental collision [e.g., Royden,
1993], active [e.g., Meier et al., 2004] and passive margins
[e.g., Roca et al., 1999], transcurrent margins [e.g., Schattner
and Ben-Avraham, 2007], large river deltas (Nile, Rhone,
Ebro, and Po), sediment-starved margins, and volcanic islands.
Furthermore, the presence of a thick, widespread salt body in
the relatively shallow subsurface (Messinain salt [e.g., Lofi
et al., 2011]) has profound implications for fluid flow and
tectonics of the continental margins.
[12] TheMediterranean region is also one of the world’smost

vulnerable areas to offshore geohazards, including submarine
landslides. It is vulnerable because the Mediterranean Sea hosts
a very high density of seafloor structures (e.g., oil platforms, off-
shore wind farms, cables, and pipelines) and its coasts are
heavily populated. A study on behalf of the Submarine Cable
Improvement Group showed that 25% of all damage caused
to submarine cables in theMediterranean Sea was due to natural
hazards [Antony et al., 2008] including submarine landslides.
Recent examples of cable breaks induced by submarine
landslides on the Mediterranean margins include those offshore
Algeria in 1954 and 1980 [El Robrini et al., 1985] and 2003
[Cattaneo et al., 2012] and the 1979 Nice airport landslide
[Mulder et al., 1997]. In addition, some installations are
potentially capable of releasing hydrocarbon pollutants
into Mediterranean waters if damaged, which makes the
Mediterranean a highly sensitive area environmentally.
[13] As stated above, the Mediterranean coastline is one of

the most densely populated with 160 million inhabitants
sharing 46,000 km of coastline (3.5 inhabitants per meter of
coastline). In addition, the Mediterranean is the world’s lead-
ing holiday destination, receiving up to 30% of global tour-
ism and an average of 135 million visitors annually; this

number is predicted to increase to 235–350 million tourists
by year 2025 [European Environmental Agency, 1999].
Yet, due to its relatively small size and the proximity of tsu-
nami sources to impact areas, there is limited time for early
warning to reach coastal populations.
[14] The Mediterranean Sea is peculiar in many respects, as

it is, for instance, devoid of large tides and bottom water tem-
peratures are warmer than in the global ocean (~13°C; e.g.,
Della Vedova et al. [2003]). The latter implies that the gas hy-
drate stability zone in marine sediments of the Mediterranean
Sea is thinner than in any other ocean and gas hydrates are
present only in a few localized spots [e.g., Woodside et al.,
1998;Dondurur et al., 2012]. A wider presence of gas hydrates
in sediments of the Mediterranean Sea has, however, been
suspected during the last glacial maximum [Praeg et al., 2007].
[15] The historic record of natural disasters generated by

submarine processes such as tsunamis and volcanic island
eruptions is unusually rich in the Mediterranean. Some of
the historic tsunamis are related to submarine landslides;
e.g., destruction of the harbor of Herod the Great in A.D.
115 at Caesarea Maritima, Israel [Salamon et al., 2007], the
1783 Scilla coastal landslide in Italy [Mazzanti and Bozzano,
2011], the 1979 Nice airport landslide [Assier-Rzadkiewicz
et al., 2000], the 1980 El-Asnam 7.3Ms earthquake and land-
slide [El Robrini et al., 1985], or the 2002 Stromboli volcano
landslide [Chiocci et al., 2008]. In other instances, despite
the lack of direct evidence, tsunami characteristics are diffi-
cult to reconcile with available seismological information
suggesting slope failure phenomena are at the origin of
tsunamis; e.g., the 1908 Messina, Italy [Billi et al., 2008]
and 1956 central Aegean Sea tsunamis [Perissoratis and
Papadopoulos, 1999]. The interaction between tsunamis

Figure 1. Map displaying seismology (USGS-NEIC http://earthquake.usgs.gov/regional/neic/; circles
proportional to magnitude and darker colors representing deeper earthquakes) and seismogenic crustal
faults (trace of the fault plane upper edge) [Basili et al., 2013]. Fault trace thickness is proportional to max-
imum magnitude (Mw) value. Black symbols show location of landslide tsunami (National Geophysical
Data Center/World Data Center Historical Tsunami Database, Boulder, CO, U.S., http://www.ngdc.noaa.
gov/hazard/tsu_db.shtml; symbol size is proportional to tsunami magnitude; year of tsunami is shown in
white outline font) on top of shaded relief [CIESM/Ifremer Medimap Group et al., 2008].
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and slope failure is sometimes rather complex as shown by
the Değirmendere coastal landslide in Turkey, triggered dur-
ing the 1999 Izmit earthquake [Tinti et al., 2006].
[16] With this study, we aim to provide an overview of the

phenomenon of submarine slope failure at the scale of a large
marine basin encompassing tectonically active and passive
continental margins under variable sediment input. We
attempt to do this by evaluating a large data set that, when
treated statistically, sheds new light on the trigger mecha-
nisms, dynamics, and frequency-magnitude distribution of
submarine landslides. The main hypotheses we aim to test
are that (1) the geological setting exerts a significant influ-
ence on submarine landslide activity (geohazard) and overall
flux of sediment derived from such process and (2) climate
and sea level fluctuations also exert a control on submarine
landslide activity.

2. Material and Methods

[17] The data used in this manuscript are a compilation of
information for 696 mass-transport deposits (MTDs) and
924 failure scars (Figure 2) combined with bathymetric
information [CIESM/Ifremer Medimap Group et al., 2008]
and tectonic [Basili et al., 2013] and seismologic data
(U.S. Geological Survey-National Earthquake Information
Center (USGS-NEIC), http://earthquake.usgs.gov/regional/
neic/). Despite the fact that some of the data included in the
database come from unpublished data sets (particularly in the
margins of eastern Iberia), more of these data are collected
from the scientific literature (see Appendix I in the supporting
information). For data extracted from the literature, we only
used sources that included data presented in figure form
that unequivocally imaged and mapped submarine landslide
deposit(s) or failure scars. Data incorporation included capture
or scanning of the map and image registration within ArcGIS
9.2 using available geographic data such as map coordinates
and (less often) coastline elements. The failure scars and

MTDs were then digitized within ArcGIS, and the relevant
information from the article was assigned to each element
(MTD or failure scar). Our final database ultimately contains
information on area, volume, thickness, typology, age, recur-
rence time (if any), geological setting (e.g., strike slip margin
and passive margin), estimated or observed trigger mecha-
nism, relationship to fluid escape structures, name of MTD
(if any), height of the headwall where failure initiated, water
depth at the top and bottom of the headwall, a binary field
indicating whether or not the failure generated a tsunami
(either observed or deduced from modeling results), a binary
field indicating whether or not there is geotechnical informa-
tion available in the surrounding area, and, finally, one or
more reference articles and their DOIs (see Appendix I in the
supporting information). Our analysis most often refers to the
statistics derived from the failure deposits rather than
the failure scarps, as more information could be derived from
the first.
[18] It should be stressed that the information is neither uni-

form nor of the same quality throughout the set of articles used
for input into the database. For instance, ages from radiocar-
bon dating might be reported in calibrated or noncalibrated
years. In many occasions the age is, however, also reported
with respect to the “marine isotope stages” and even more
frequently is just reported with a geologic epoch. In this paper
we do not attempt to compensate for the differences in dating
methods, and ages/timing of failures reported in this paper
should only be considered rough estimates.
[19] Submarine landslide classification information (e.g.,

in slides, slumps, or debris flows [Nardin et al., 1979;
Mulder and Cochonat, 1996; Locat and Lee, 2002]) often
provide some key indications on the failure dynamics that
are useful in determining the failure consequences [e.g.,
Watts et al., 2003]. The typology used in this article most
often honors the terminology used by the authors in the original
manuscripts and includes the terms deep-seated failure (when
recognized mainly in deep penetration seismic profiles

Figure 2. Map of landslide distribution in the Mediterranean Sea according to typology on top of
bathymetric shaded relief [CIESM/Ifremer Medimap Group et al., 2008]. Landslide bodies are set transparent
to identify overlapping deposits. Map shows zones for cumulative distributions in Figure 5.
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ratherthan bathymetric maps), slump, slide, glide, debris
avalanche, debris flow, and megaturbidite. However, in the
literature, MTDs are often classified with generic terms such
as mass-transport deposit, mass-wasting deposit, gravitational
collapse, or mass failure. In some instances, where slope failures
were identified with these generic terms but the manuscript
provided detailed morphology and subsurface data that allowed
a more rigorous classification, we assigned a more specific
term (i.e., slump, slide, or debris flow) to better characterize
postfailure dynamics.
[20] Incorporation within a geographic information system

(GIS) framework of the outline of the mass-transport deposits
together with bathymetric data allowed us to calculate runout
of the failed masses, area, volume (when not reported in the
original article), minimum and maximum depth, minimum
and maximum slope angle, and latitude and longitude of
centroids. If volume was not reported in the original articles,
we calculated the volume taking into account the typology of
the landslide and scaling laws developed for each typology
with available area and volume data (Figure 3). Minimum
and maximum depth as well as minimum and maximum
slope angle were obtained using ArcGIS Zonal Statistics over
the bathymetric and slope-derived grids. Uncertainty of the
volumes reported in the original articles (Appendix I in the
supporting information) cannot be assessed in this paper.
These volumes may be affected by inaccuracies in digitizing
the boundaries of the failure mass or result from limited spa-
tial information (i.e., when submarine landslides are imaged
along only a few seismic lines). It is also not always easy to
distinguish amalgamated events in seismic reflection data,
which may induce a bias toward larger landslides. Volumes
estimated in this work from landslide scaling laws can be
subject to substantial error as a small difference in the expo-
nent of the power law leads to substantial variance in volume
predictions. Larsen et al. [2010] indicated that varying the
exponent of the power law from 1.4 to 1.5 overestimates
the predicted volumes by a factor of 2. The areas from which
these volumes were estimated may also suffer from impreci-
sions in digitizing landslide boundaries in the original articles
and from georeferencing images from one projection system
into that of our GIS project.

[21] Fitting power laws to the size (volume) distribution of
submarine landslides in the Mediterranean Sea was accom-
plished following the method detailed in Clauset et al.
[2009] using the R software [R Core Team, 2012] and the
poweRlaw package [Gillespie, 2013]. For power fits of
bivariate data (e.g., volume-area relationship in Figure 3),
the empirical data were log transformed and a maximum
likelihood (Tukey bisquare) robust linear fit [Venables and
Ripley, 2002] was used to account for problems associated
with outliers and the fitting of data spanning multiple orders
of magnitude.

3. Results

3.1. Spatial Distribution

[22] Despite the recent progress in compiling a detailed
image of the floor or the Mediterranean Sea beyond the
shelf break [CIESM/Ifremer Medimap Group et al., 2008],
large areas have not been surveyed to date by means of
high-resolution geophysical tools such as swath bathymetry.
Therefore, a striking feature of the database is that there is a
noticeable correlation between known slope failure events
and available high-resolution geophysical data. This correla-
tion stresses that, despite recent advances, the catalog of sub-
marine slope failures in the Mediterranean is still incomplete
(especially for the North African margin) and further efforts
need to be undertaken in order to address this situation.
[23] Published data (see Appendix I in the supporting in-

formation) suggest that submarine landslides occur in all
geological settings of the Mediterranean continental margins.
The database (Figure 2) shows two areas where the largest
slope failures appear to concentrate: The Nile delta (region
V) and the Rhone-Ebro margins (region IX). These are not
considered tectonically active areas based on instrumental
seismicity [Vannucci et al., 2004]. Submarine landslides in
areas that show instrumental seismic activity above Mw 6,
such as the Algerian margin, also show submarine landslide
activity, but their areal extent is much smaller (Figures 1
and 2). It is remarkable that the most tectonically active area
(the Hellenic Arc) has a relatively low number of known
slope failure events (Figures 1 and 2). Along the same line

Figure 3. Area versus volume for different failure types. Relationships provided for other submarine
environments such as offshore Puerto Rico (1) [ten Brink et al., 2006], the Storegga Slide (2) [Haflidason
et al., 2005], and the U.S. Atlantic margin (3) [Chaytor et al., 2009] are also reported. Additionally, the
relationship of Guzzetti et al. [2009] for terrestrial landslides of the slide type (4) and the relationships for
subaerial failures in bedrock (5) and soil (6) reported by Larsen et al. [2010] are also plotted.
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of reasoning, the deformation fronts of the Mediterranean
and Calabrian ridges do not appear to host significant subma-
rine landslides. This observation appears to be in remarkable
contradiction with the fossil record, where the majority of
mass-wasting deposits (including olistostromes) are associ-
ated with seismically active Mediterranean margins [Pini,
1999, Camerlenghi and Pini, 2009]. It also appears to be in
contradiction with the common hypothesis that many subma-
rine landslides have been ultimately triggered by earthquakes
(cyclic loading driven by seismic shaking), as this phenome-
non has been reported for most large historical submarine
landslides [e.g., Hampton et al., 1996, Masson et al. 2006].
Therefore, the present distribution of submarine landslides
in the Mediterranean Sea appears to support the existence
in the literature (see Appendix I in the supporting informa-
tion) of a paradigm of earthquakes as triggers of modern sub-
marine landslides and a paradox concerning their distribution
on present-day and ancient continental margins.

3.2. Magnitude Characteristics: Area, Volume,
and Failure Scars

[24] Most of the submarine landslides in the database are in
general of moderate magnitude, with areas that do not exceed
100 km2 and volumes below 50 km3 (Figure 4). Only in some
extreme cases do the landslides affect areas and volumes that
are similar to those of large landslides along Atlantic
continental margins such as Storegga (3500 km3 [Bryn
et al., 2003]), Traednajupet (900 km3 [Laberg and Vorren,
2000]), or the Canary (400 km3, [Masson, 1994]) submarine

landslides. Some examples of extreme Mediterranean land-
slides are the Rosetta Slide Complex on the Nile Fan
[Garziglia et al., 2008], the Early Pleistocene glides and de-
bris flows in the Gela Basin [Trincardi and Argnani, 1990],
and the Plio-Quaternary slumps of the Israeli slope [Frey-
Martínez et al., 2005]. Also, the enigmatic 22 kyr old
megaturbidite on the Balearic abyssal has a volume that ex-
ceeds 1000 km3 [Rothwell et al., 2000], and the Late
Miocene (Tortonian) olistorstromal body at the foot of the
Gulf of Cadiz has been shown to exceed 23,000 km3, though
data suggest that these two deposits result from amalgam-
ation of various events [Droz et al., 2006, Iribarren et al.,
2007]. Seismic data suggest, however, that little time span
occurred between subevents of these two major events
[Droz et al., 2006, Iribarren et al., 2007] and therefore can
be considered as part of one single landsliding event (and
are treated as such within this manuscript). When volumes
and areas are plotted on a log scale, it is evident that there is
a characteristic size inMediterranean landslides. Most of them
range between 10 and 100 km2 and 0.1 and 1 km3 (modal clas-
ses; Figure 4). Separating landslide size according to a simpli-
fied tectonic classification of Mediterranean continental
margins (i.e., binary active-non-active) shows that the modal
size of submarine landslides on passive margins can be 1 to
2 orders of magnitude larger (modal classes are 1–10 km2

for active margins versus 10–100 km2 in passive margins;
Figure 4c). Considering submarine landslides of Late
Pleistocene and younger age, passive margins of the Nile
and Ebro-Rhone rivers, together with the Adriatic Sea

Figure 4. Magnitude indicators of submarine landslides in the Mediterranean Sea. (a) Area (linear scale)
versus frequency, (b) area (log scale) versus frequency and kernel density function, (c) area (log scale) versus
frequency for passive (grey) and active (white with black outline) margins (see Figure 1 for active tectonic
structures in the Mediterranean Sea), (d) volume (log scale) versus frequency and kernel density function.
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region, fed by the Po River, offer the highest sediment fluxes
from submarine slope failure. The sediment fluxes (measured
in cubic kilometers of sediment per kiloyear per square
kilometer of continental margin with a slope greater than 1°)
are, respectively, 30.83, 5.08, and 5.95×10�5 km3kyr�1 km�2

for regions V, IX, and I (see Figure 2). The flux of sediment
from submarine slope failures of Late Pleistocene and younger
age for the active Algerian and Hellenic-Calabrian Arc regions
is remarkably lower with values of 0.38 and 2.20×10�5 km3

kyr�1 km�2 (regions III and VIII; see Table 1 and Figure 2).
3.2.1. Volume
[25] The frequency-volume (or area) distribution of land-

slide events quantifies the number of landslides that occur
at different sizes [Malamud et al., 2004]. Recent studies have
shown that landslide magnitude, in terms of both area and
volume, exhibit power law scaling [Stark and Hovius,
2001; Malamud et al., 2004]. The number of observed land-
slides usually displays a negative power function of the land-
slide magnitude, across some magnitude range. Stark and
Hovius [2001] indicate that this relationship holds true
whether the landslide size is defined from the scar area or
the total area disturbed and whether the landslides are trig-
gered over a long period of time or almost instantaneously
[see Stark and Hovius, 2001, and references therein].
Difficulty in accessing the marine environment has resulted
in few submarine landslide magnitude distributions being in-
vestigated [Issler et al., 2005; ten Brink et al., 2006, Micallef
et al., 2008; Chaytor et al., 2009; Moernaut and De Batist,
2011]. These distributions have been reported to conform to
power law [ten Brink et al., 2006;Micallef et al., 2008], loga-
rithmic [Issler et al., 2005] or lognormal [Chaytor et al., 2009;
ten Brink et al., 2009]. We find that the volume of submarine
landslides in theMediterranean Sea fit to a power law behavior
(Figure 5; NL=259VL

�0.54), over the largest 4 orders of
magnitude (1–1000 km3). Attempting to fit a power law distri-
bution to the whole submarine landslide inventory yields
relatively poor results. Both the lognormal and power law dis-
tributions can only be fit to a subset of the data (Figure 5). To
compare the two fits, a standard technique is to use Vuong’s
test [Vuong, 1989], which is a likelihood ratio test for model

Figure 5. (a) Cumulative-volume distribution of 696 land-
slide deposits. Thick grey line with white center shows power
fit for landslides 1.25–23,000 km3, while grey line shows
lognormal fit for the 0.15–23,000 km3 portion of the land-
slide inventory. (b) Cumulative-volume distribution of the
696 observed landslide deposits separated by region (see
Figure 2). Those occurring in passive margins are shown
with black dots and those in active margins with grey dots.
(c) Exponent of the power laws in Figure 5b sorted by region
type. Circle size shows the p value goodness-of-fit estimator
(labeled). Note that exponents of power laws in active re-
gions appear higher, despite those with the highest values
are the ones with the lowest p values (see also Table 1).

Table 1. Parameters for Landslide Volume-Cumulative Frequency
Distributions in Figure 5ba

Region Type a θ p Value n Interval

I A 135.47 1.17 0.39 6 1.25–137
II A 0.41 0.60 0.94 18 0.0017–4.4
III A 37.93 0.63 0.99 132 0.14–46
IV P 40.71 0.55 0.26 26 2.24–737
V P, S 102.35 0.54 0.96 77 1.70–4210
VI S 20.18 0.46 0.99 22 0.82–23000
VII A 5.74 0.99 0.10 8 0.71–4.6
VIII A, S 21.88 0.51 0.45 15 2.11–2071
IX P 25.92 0.49 0.99 57 0.20–500
All 259.47 0.54 1.00 229 1.25–23000

aRegion types have been broadly subdivided into A: active, P: passive,
and S: strongly influenced by salt tectonics. See Figure 2 for key to regions.
a is the constant and θ the cumulative power law scaling exponent in the
power law relating cumulative number of events (NL) versus volume (V)
distribution (NL= aV

θ); p value is a goodness-of-fit test to quantify the plau-
sibility that the power law provides a plausible fit to the data [Clauset et al.,
2009]. If p≃ 0, then the model does not provide a plausible fit to the data and
another distribution may be more appropriate [Gillespie, 2013]; n: sample
size used in power law fitting; “Interval” refers to the power law fit range.
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selection. The test statistic, the ratio of the log likelihoods of
the data between the two competing models, yields a value
of �0.675, which suggests that one model cannot be favored
over the other. The lognormal distribution fits landslides with
volumes 1 order of magnitude lower, but the fit for the largest
2 orders of magnitude landslides is poorer.
[26] As various authors have pointed out [Stark and

Hovius, 2001; Guzzetti et al., 2002; Malamud et al., 2004;
Chaytor et al., 2009; Stark and Guzzetti, 2009], power law
fit for truncated portions of data may likely reflect observa-
tional limitations, but it may also be due to a more fundamen-
tal characteristic of the area, such as geologic control on the
landslides, or it may be related to a dynamic feature of the
landslide processes that controls their size. In the marine
environment, there is a clear limitation imposed by the reso-
lution of multibeam systems. However, because the data set
in this work is constructed from shallow and deep water sys-
tems, the limitation should not affect the distribution to the
same extent such as that reported in Chaytor et al. [2009].
Furthermore, because of the depositional nature of the marine
environment, most morphologies tend to be draped and
preserved and landslides that are several hundred thousand
or even million years old are commonly observed on the sea-
floor [Lastras et al., 2007]. The exponent (θ) of the power
law equation for landslides in the Mediterranean Sea is 0.54
with a standard deviation of 0.053 (Figure 5). This exponent
is between those reported for the U.S. Atlantic Continental
Margin (1.3) [Chaytor et al., 2009] and the value of 0.44
reported for the series of subevents related to the Storegga
Slide [ten Brink et al., 2006; from data in Haflidason et al.,
2005]. Such a relationship implies that there are 3.5 times
more landslides of 1 km3 than landslides of 10 km3 and ~12
times (3.52) more landslides than landslides of 100 km3 and
so on. A sensitivity analysis shows that variation in the expo-
nent of the frequency-magnitude relationship (θ) related to
uncertainties in volume estimation from the power-scaling
relationships in Figure 3 for landslides which volume was
not reported in the original papers is rather low. Varying
the scaling exponent of the volume to area (V/A) relationship

between 1.1 and 1.5 results in variations of the frequency-
magnitude scaling exponent (θ) of ± 0.04.
[27] Assuming that the truncated behavior of the power law

relationship results from observational limitations and that the
cumulative-volume data conform to a Pareto distribution im-
plies that the median landslide size in the Mediterranean Sea
is 0.14 km3 (the median size from the volumes recorded in
the database is 0.31 km3). The fact that the exponent of the
power law equation (Figure 5a) is less than 1 indicates that
the few largest failure volumes dominate the failure processes.
In this regard, if we look only at landslides of Quaternary age,
the largest 51 landslides out of 471 Quaternary landslides in
the database (i.e., ~10% of the Quaternary population) repre-
sent 95% of the total volume involved in the landslide process.
[28] Separating the landslides in different regions, according

to tectonic setting (Figures 5b and 5c and Table 1), reveals that
different trends exist in the scaling behavior of landslides,
something that can also be seen in the mapped distribution
shown in Figure 2. It appears that the exponent (θ) of the
power law is between 0.46 and 0.55 for landslide distributions
in passive margins and between 0.51 and 1.17 in active mar-
gins, despite that the areas displaying the highest exponent
are also those displaying the lowest goodness-of-fit p value
(Figure 5c and Table 1). Active tectonic areas where signifi-
cant Messinian salt accumulations occur display the lowest
values of θ, probably induced by the presence of relatively
large slope failures related to salt flow and diapirism.
3.2.2. Area
[29] A power law fit of the area of the landslide deposits

versus cumulative number shows an exponent of 0.80
(NL=9399AL

�0.80) and a median landslide size of 19.1 km2.
The power law fits submarine landslides with areas in the
range of 230 to 131,220 km2 (i.e., the largest 4 orders of mag-
nitude), but in this case the lognormal distribution offers a bet-
ter fit over the 0.12 to 7064.2 km2 range, spanning 5 orders of
magnitude, with a mean and standard deviation on the log
scale of 3.07 and 2.52 km2. The surface expression of all de-
posits resulting from mass wasting in the Mediterranean Sea
occupies 18% of its seafloor, therefore highlighting that land-
slide processes are an important sediment remobilization and
transport mechanism offshore. This percentage can be com-
pared with other passive margins such as the Gulf of Mexico
with ~27% or the New Jersey Margin with ~9.5% [McAdoo
et al., 2000]. The tectonically active margins of California with
~7% and Oregon with ~3% [McAdoo et al., 2000] present a
significantly lower proportion. The volcanically dominated
slopes around the Canary Islands present intermediate values
with ~10% of its seafloor occupied by sediment gravity flows
[Urgeles et al., 2001].
3.2.3. Headwall Scars
[30] Headwall scars of submarine landslides in the

Mediterranean Sea may disrupt significant portions of sea-
floor and extend for distances larger than 100 km. However,
about 75% of all failure scars have lengths not exceeding
10 km (Figure 6). The scars may also have considerable
elevation and may often disrupt sedimentary packages up to
100m thick. Some larger events may even cut into sedimen-
tary sequences of 150–300m and even reach 500m deep
(Figure 6). Contrary to previous studies onland [Hovius et al.,
1997], we find that the length of the failure scar and the
maximum depth of incision along that failure scar show no
obvious relationship. Failure scars are found in all water

Figure 6. Scar length to scar height relationship. Note that
scar length can be directly computed for all digitized failure
scars, but scar height is not available for all of them.
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depths in the Mediterranean Sea but particularly above
2800m, and remarkably ~ one third of all failure scars are
found between 200 and 600m water depth on the continental
slope (Figure 7a). The longest failure scars are, however,
found in relatively deep waters, some of them associated with
salt tectonics [e.g.,Woodside et al., 1998; Zitter et al., 2003].
The deeper areas, mainly in the Gulf of Cadiz (Region VI;
Table 1), have an unusually high proportion of submarine
slope failure scars (Figure 7c).

3.3. Dynamic Characteristics: Typology, Runout,
Vertical Displacement, and Slope Gradients

[31] Various classifications of submarine landslides have
been proposed [Nardin et al., 1979, Mulder and Cochonat,

1996; Mulder and Alexander, 2001; Locat and Lee, 2002].
Most of these classifications are based on the subaerial classifi-
cation of landslides by Varnes [1978]. As these classifications
are based on the sediment transport mechanisms, ascribing
one particular failure to one type or another offers important
insights into the mode of emplacement of the observed MTDs
and on the postfailure dynamic characteristics of the land-
slide (including early acceleration and velocity history). In
the scientific literature that we analyzed (Appendix I in the
supporting information), we found that the data presented
often allowed the classification of submarine slope failure
processes into a specific type (e.g., slump, slide, or debris
flow). However, in some cases generic terms such as MTD,
mass failure, or mass wasting, which have no implications in

Figure 8. (a) Typology frequency, (b) typology versus area. CF: coastal failure, DF: debris flow, DS:
deep-seated failure, GL: glide, MT: mass-transport deposit and other generic terms, TU: megaturbidite,
SL: slide, SU: slump.

Figure 7. (a) Maximum angle along landslide scars (top) and minimum and maximum slope angle along
landslide deposits (bottom). (b) Vertical displacement for submarine landslide deposits. (c) Depth distribu-
tion of submarine landslides; (top to bottom) Mediterranean Sea (+ Black sea and Gulf of Cadiz)
hypsography, cumulative scar length per depth interval, number of scars per unit area of seafloor, minimum
and maximum depth of scars, and minimum and maximum depth of deposits; labels for most relevant
features controlling the hypsometry of the Mediterranean and adjacent seas are shown (EAP: Euxine
Abyssal Plain; BAP-HAP: Balearic Abyssal Plain-Herodotus Abyssal Plain; IAP: Ionian Abyssal Plain;
S-H-TAP: Seine-Horseshoe-Tagus Abyssal Plains). When two values (e.g., minimum and maximum along
the landslide deposit) are plotted together, grey-filled bars indicate always the minimum value, and open,
black outline bars indicate the maximum value.
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terms of dynamic behavior of the failed masses, were used
instead (Figure 8).
[32] Landslides that have been identified as slides or glides

show steeper slopes of the V/A relationship compared to other
failure types such as debris flows and debris avalanches
(Figure 3). This lower gradient likely reflects the disintegra-
tive behavior of debris flows and debris avalanches, spreading
over larger areas and commonly traveling longer distances
with respect to slides and glides. However, slumps, a rather
nondisintegrative failure type, also show a relatively low
scaling exponent. The number of failures used for developing
the scaling exponents is relatively small for some failure types
and should be increased for a better characterization of the
V/A relationship.
[33] Differences in the exponent of the V/A relationship

have also been reported for subaerial landslides occurring
in bedrock or soil [Hergarten, 2003; Larsen et al., 2010]
and therefore likely with failure type too. Overall, we find
slightly higher values of the V/A scaling exponent (1.25) than
those reported in the U.S. Atlantic margin (1.099 [Chaytor
et al., 2009]) or the Storegga slide (1.032 [Haflidason
et al., 2005]), and similar to those found off Puerto Rico
(1.292 [ten Brink et al., 2006]). The scaling exponent found
in this study for failures of the slide type (1.46) is close to
the value obtained by Guzzetti et al. [2009] (1.45) for the
same failure type. The scaling exponents for the other failure
types are between those reported by Larsen et al. [2010] for
subaerial failures in bedrock and soil.
[34] In most submarine landslides of the Mediterranean

Sea, it is commonly observed that slope failures do not
completely evacuate the failure area, and therefore the total
length of the landslide deposit offers a reasonable estimate
of runout distance and elevation drop of the failed mass.
Figure 9 displays the position of subaerial and subaqueous
landslides as reported by Hampton et al. [1996], Locat and
Lee [2002], and DeBlasio et al. [2006] and that of subma-
rine landslides in the Mediterranean Sea on the plane Log
(H/R)�Log(V). In Figure 9, H is the fall height, R is the
runout, and V is the volume. As Locat and Lee [2002]

already showed for submarine landslides along other conti-
nental margins, the H/R ratio of submarine landslides in
the Mediterranean Sea for failures of similar volume is an
order of magnitude lower than their subaerial counterparts
(Figure 9). This fact points to a much lower apparent fric-
tion coefficient, which has been interpreted to result from
hydroplaning [Mohrig et al., 1998; De Blasio et al., 2006].
All types of submarine slope failures in the Mediterranean
Sea appear to have lower H/R ratio than subaerial landslides
and cluster in a similar fashion than submarine landslides
reported in other continental margins [Hampton et al., 1996;
Locat, 2001; Locat and Lee, 2002; De Blasio et al., 2006]
(Figure 9). Such clustering includes some failure types that are
unlikely to develop hydroplaning such as slumps (Figure 9),
indicating that other factors such as sustained high pore pres-
sures may play a significant role in runout development.
Debris flows, however, is the only failure type displaying a
somewhat consistent decrease inH/L ratio with increasing vol-
ume, potentially highlighting the effect of hydroplaning.
[35] More than 50% of all landslides in the Mediterranean

Sea originate on the continental slope (Figure 6), but a large
number of events appear to deposit beyond the continental
slope, indicating that the continental rise is often the place
for accumulation of submarine slope failures. Also, most
landslide deposits initiate in slopes <5° (Figure 7), which
comes as no surprise, as failures, particularly those that de-
velop on open slopes, often the largest ones, are limited by
the gradient of the continental slope. Indeed, the modal class
for the maximum slopes, both within landslide deposits and
failure scars, is for slopes between 1 and 2° (Figure 7). A pos-
sible explanation for such low gradients near the initiation
area is that those slopes are rather characterized by sediment
deposition and overpressure development, while above this
angle the predominant process is sediment bypass. Another
possible explanation is that margin stratigraphic architecture
induces flow focusing at the foot of the slope, which results in
higher excess pore pressure compared to that expected from
the sedimentation rates and compressibility/permeability charac-
teristics of continental rise sediments (see Dugan and Flemings
[2000], Stigall andDugan [2010], andUrgeles [2012] for further
details). Most of the landslides arrest on very gentle slopes of
<1° (Figure 7), which is in agreement with the low apparent
friction coefficient (Figure 9) and the observed long runout.

3.4. Timing of Failure and Recurrence Rates

[36] Dating of submarine landslides is a difficult task that is
rarely performed in great detail. The database currently holds
696 instances of mass-transport deposition, of which only
483 contain some age constraints and only 70 have been dated
using relatively accurate techniques. In addition, there is a
wide range in these more accurate dating techniques used in
the literature, resulting in quite variable accuracies of landslide
ages. These dating techniques span from purely biostrati-
graphic age estimates, including those that base dating on
correlation from nearby cores and wells, or estimates based
on broad, linear sedimentation rates to estimates derived
from radiometric techniques including correlation to oxygen
isotope records and radiocarbon dates reported in calibrated
or uncalibrated years. Age resolution within the database
may range from some million years to a few hundred years.
Figure 10 shows that landslides for which relatively accurate
dates exist have mostly occurred since the last sea level

Figure 9. Height to runout (H/L) ratio versus volume for
different landslide types. The fields for submarine and sub-
aerial landslides as indicated by Hampton et al. [1996],
Locat [2001], Locat and Lee [2002], and De Blasio et al.
[2006] are shown with grey polygons. The black line shows
a power fit to debris flows’ data (slope =�0.22 ± 0.02).
Subaerial landslides exclude landslides in quick clays.
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lowstand, while few failures older than 30 ka have actually
beenmapped and dated. The cumulative area involved in those
failures versus timing indicates that for the last 30 ka most of
the sediment flux from slope failure occurred during the last
sea level lowstand (Figure 10) when the Mediterranean Sea
was ~120m lower than it is at present. The plot is dominated
by one dubious (in terms of multiphase character) extremely
large event, the Balearic Abyssal Plain megaturbidite, but re-
moving this event from the plot would result in a similar trend.
[37] For landslides that have just been loosely dated with

an age epoch, 289 landslides (42%) have been attributed a
Late Pleistocene to Holocene age. Of those, 140 landslides
have been dated as Holocene. Considering the time span of
the Holocene (~12 ka), the apparent rate of landslide activity

is higher in the Holocene. It therefore seems clear that there is
a bias toward younger landslides in the database, and the
problem is therefore how to analyze the temporal distribution
of these submarine landslides. Geist et al. [2013] use several
statistical techniques and probability models in addition to
the Poisson model that include clustering and quasiperiodic
behavior. They apply these techniques and models to a series
of Late Pleistocene to Holocene MTDs recorded in two drill
sites in the Ursa Basin, Gulf of Mexico, which are dated using
biostratigraphy and magnetostratigraphy [Urgeles et al.,
2007]. Geist et al. [2013] find that the deposits of these slope
failures can be described by a Poisson process, although some
model results show quasiperiodicity at one of the sites.
[38] Other authors have analyzed the timing and relation-

ship of submarine landslides to climate and sea level changes
using inventories of worldwide dated submarine landslides
containing < 100 large (> 1 km3) events [Korup et al., 2012;
Urlaub et al., 2013]. Korup et al. [2012] suggest a distinct
clustering of submarine and subaerial landslides > 5 km3 at
10–15 ka but propose that such change may be explained
with the transition from statistical noise to a steady state repre-
sentation of mobilization rates by landslides in the sedimen-
tary archive. Urlaub et al. [2013] find no statistical evidence
for a climate control on the timing of submarine landslides
> 1 km3 and show that the observed distribution fits that of
a Poisson process in which events are essentially random.
[39] Because of the pattern in the number of landslides in

Figure 10 not being conclusive, the large uncertainty in re-
currence rates derived from the few reliable dates available,
inaccuracies in the dating methods, and results from previous
studies reported in the previous paragraph, we will assume
that the temporal distribution (at least during the Holocene)
of submarine landslides in our database is that of a Poisson
process. However, there are additional difficulties when
deriving recurrence rates for landslides that have been dated
with an epoch or period. Particularly, for the purpose of this
study it should be noted that a landslide that has been dated
as Quaternary could actually be Holocene because the
Quaternary period includes the Holocene epoch.

Figure 11. (a) Landsliding rates of the Mediterranean basin for the Holocene and Late Pleistocene (<126
kyr) periods showing power law behavior for the four largest orders of magnitude. (b) Landsliding rates
with tentative power law fit for four regions (Figure 2) of the Mediterranean Sea during the Holocene.
Grey and black symbols denote tectonically active and passive regions, respectively. Note steeper gradients
of the power law for tectonically active regions compared to passive regions.

Figure 10. Number of submarine landslide events binned
at 5 kyr intervals with respect to age for the last 100 ka (grey
bars) plotted together with cumulative landslide area (dashed
black line). Bins are constructed from mean ages. Also plot-
ted for reference is the sea level curve from Pillans et al.,
1998 (solid black line). Top plot shows individual landslide
ages with available uncertainty information.
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[40] Assuming such Poisson distribution, recurrence rates
for this study have been calculated as landsliding rates (LR)
according to

LR ¼ N V > vð Þ=ΔT (1)

where N(V> v) is the number of landslide events of volume
(V) larger than a given volume (v), and ΔT is the time interval
considered from present day. The recurrence rate is therefore
LR�1. To account for the uncertainty that some landslides
could actually occur within ΔTwhen the age of the landslides
is reported with an age period that is larger than ΔT, each in-
dividual event within N(V> v) was weighed with a factor
(ΔT� Tef)/Tei where Tef and Tei are the final and initial time
within the landslide age interval. The upper and lower
bounds to the uncertainty interval are provided by the
N(V> v) where Tei is lower than ΔT and the N(V> v) where
Tef is greater than ΔT, respectively (Figure 11). As an
example, for the Holocene (ΔT= 11 ka) relationship a land-
slide that has been dated as 5 ± 0.5 ka old will contribute
one event to N(V> v), while a landslide that has been dated
as “Late Pleistocene to Holocene” will have a Tef and a Tei
of 0 ka and 126 ka and will be weighted with a factor of
0.095, thus contributing little to the mean N(V> v). The un-
certainty range in Figure 11 represents the minimum and
maximum possible N(V> v). For the top value of the uncer-
tainty range the example above will contribute one event
and not contribute at all for the bottom value. Only landslides
with age uncertainty intervals that are completely within the
age period being considered (the Holocene in this example)
contribute one event to the minimum N(V> v).
[41] Rates of submarine slope failure for the whole of

the Mediterranean basin were computed for the Holocene
(0–12 ka) and Late Pleistocene to Present (0–126 ka) periods.
The largest 3–4 orders of magnitude (volume) follow an in-
verse power law relationship (Figure 11a), with slopes of
0.80 for the last 12 kyr and 0.64 for the last 126 kyr.
Considering longer time periods reduces the overall rates of
landslide activity and makes the slope of the power law

gentler, therefore indicating the lack of smaller events as
we go back in time and, probably, the addition of some old
and extreme events. Therefore, the Holocene relationship
probably provides the most accurate picture in terms of
landslide activity of the basin. The landslide rates are higher
for the Holocene period despite the total number of landslides
in this period being lower. According to available data
and extrapolating the power law curve in the area where
the record appears incomplete, one could expect to have
~1.5 slope failures greater than 10�3 km3 every year in the
Mediterranean Sea and only one slope failure in excess of
10 km3 every ~1000 years. Exceptional slope failures ex-
ceeding 103 km3 may only be expected at recurrence rates
close to 40 kyr (Figure 11a). These values should be regarded
as minimum estimates, as adding additional failures or
having additional dates for the failures already present in
the database is only likely to increase the overall LR. The
large uncertainties in these data, particularly for the upper
bound of the uncertainty interval, result from considering
the possibility that the landslides that have been dated with
a longer period (e.g., Quaternary) are actually Holocene or
Late Pleistocene. For the largest magnitude landslides this
effect is exacerbated by the fact that there are no Holocene
but just Quaternary landslides of that magnitude range
(Figure 11a); hence, results should be taken with caution.
[42] Subdividing the data set into different regions (at least

for those where the number of landslides with age constraints
allows for such analysis) shows that during the Holocene the
slope of the power law is steeper for the regions displaying
higher seismic activity, such as regions I and III (Figure 11b)
in agreement with the frequency-magnitude relationships
reported in Figure 5 and Table 1. For landslides > 0.1 km3 in
size the recurrence rates are ~150 years in Region III and
180 in Region V. However, according to Figure 11b, Region
V, a passive margin, may double the number of landslides of
magnitude >10 km3 compared to Region III within the same
time interval.
[43] It should be noted too, that in many instances it is ob-

served that a particular landslide tends to recur at a particular
location (e.g., the Ana Slide on the Balearic slope [Berndt
et al., 2012]; the Big’95 on the Ebro Margin [Lastras et al.,
2004]; and the Rosetta Slide on the Nile Fan [Garziglia
et al., 2008]). Within the database, 63 events are reported
to occur in areas were slope instability is a recurrent phenom-
enon. Examples of recurrence rates for this type of landslides
are very limited because often borehole information is
necessary. A few relevant examples from other areas are
the Storegga slide [Haflidason et al. 2005] and recent results
from the Ursa Basin [Geist et al., 2013] and Nankai Trough
Seismogenic Zone Experiment [Strasser et al., 2012].

3.5. Trigger Mechanisms and Relationship to Fluid
Flow Features

[44] The factors that are reported to induce slope failure in
the Mediterranean Sea are diverse, and in some instances the
combination of two, three, and even four factors are cited.
Amongst the various factors, those that are most commonly
reported are related to an increase in shear stress acting on
the slope. Earthquakes are particularly highly cited as initiators
of submarine slope failures with 341 instances. Diapirism, ero-
sion, and tectonic steepening are also processes that produce
an increase in shear stress and that are often cited as a major

Figure 12. Major factors cited to be involved in triggering
slope failure offshore (separated according to those that in-
crease the driving stress and those that reduce the shear
strength; VD: volcano development, VU: volcano uplift, EQ:
earthquake, TS: tectonic steepening, ST: steepening, ER: ero-
sion, DC: differential compaction, DI: diapirism, AN: an-
thropic, HS: high sedimentation rates, FF: fluid flow, PP:
pore pressure, GH: gas hydrates, GA: gas, SL: sea level).
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factor in triggering slope failures in the Mediterranean Sea
(Figure 12). Despite the thick Messinian evaporite sequence
in the Mediterranean Sea, diapirism is cited as a cause of slope
failure mostly in the Gulf of Cadiz (Region VI) and the Nile
Fan (V), and it is probably an important factor along the
Mediterranean Ridge (VIII). This apparent lack of relationship
in the remaining regions of the Mediterranean Sea is probably
due to the fact that Messinian evaporites in the Mediterranean
Basin are located in the basin floors, where slopes are close to
0, while diapirism in the Gulf of Cadiz affects the accretionary
prism on the continental slope [Gràcia et al., 2003]. The
mechanisms that act to reduce the sediment shear strength
are not described as often as those that act to increase the shear
stress. Amongst those, high sedimentation rates is commonly
stated as one of the major preconditions driving slope failure.
Nonequilibrium consolidation due to high sedimentation rates
of fine, low-permeability sediments is an efficient mechanism
for pore pressure buildup [Urgeles, 2012]. Despite this evi-
dence, pore pressure is cited only 18 times as a factor control-
ling slope failure initiation. Gas hydrates (mostly in the Gulf of
Cadiz) and free gas have also been related to slope failure of
the continental slope. Common presence of pockmarks (108
landslides in the database associate with this feature), mud vol-
canoes, free gas, and gas hydrates suggests that fluid flow is a
major factor controlling initiation of slope failure [e.g.,
Woodside et al., 1998; Lastras et al., 2004; Garziglia et al.,
2008]. Surprisingly, few papers have associated the presence
of gas in marine sediments and pore pressure buildup from
gas expansion during descending sea level [e.g., Lafuerza
et al., 2012] as a major driver of slope instability.

4. Discussion

4.1. Completeness of the Database

[45] Malamud et al. [2004] classified landslide inventories
into two classes: (1) landslide-event inventories that are asso-
ciated with a particular trigger and (2) historical landslide in-
ventories, which are the sum of one or many landslide events
over time in a region. The inventory used in this study falls
in this second category. As Malamud et al. [2004] already
pointed out, type 1 inventories can be quite complete if de-
tailed mapping is carried out shortly after the landslide event.
On the other hand, in historical landslide inventories, the evi-
dence of the existence of many small-size landslides may be
lost due to various degrees of modification. At sea these mod-
ifications are mostly induced by hemipelagic sedimentation
and erosion, including subsequent landslides. The depositional
nature of marine slopes implies that modifications of the sedi-
mentary record and seafloor geomorphology by subsequent
processes is less likely and/or takes place at a slower pace than
in the subaerial environment, and therefore landslide deposits
have a better preservation potential. Accordingly, the potential
for compiling a more comprehensive inventory is higher.
[46] Evidence that landslide populations onshore exhibit

power law scaling is abundant [e.g., Stark and Hovius, 2001;
Malamud et al., 2004]. However, it has been shown that the
range of observed power law scaling is limited to a few orders
of magnitude [Stark and Hovius, 2001; Guthrie and Evans,
2004; ten Brink et al., 2006; Chaytor et al., 2009], as it is also
the case in this study. The scale range over which the power
law holds valid might be imposed by the geomorphic system
[Stark and Hovius, 2001] through properties such as existence

of regional weak layers, pore pressure, and slope angle.
Onshore, Guzzetti et al. [2002] found that the “rollover”
point at which position the power law fit is no longer valid
occurs in relationship to the scale of stream networks, while
Stark and Guzzetti [2009] showed that the primary control is
the relative importance of cohesion over friction in setting
slope stability. Stark and Guzzetti [2009] found that the
scaling of smaller, shallower failures results from the low
cohesion of soil and regolith, whereas the negative power
law-tail scaling for larger failures is tied to the greater
cohesion of bedrock. In the Mediterranean Sea the “rollover”
occurs at landslide volumes of 1.25 km3 (see Figure 5a) and
areas of 230 km2. The volume, and particularly the area, of
such rollover corresponds to landslides of a relatively large
size involving linear dimensions of a few tens of kilometers.
This length is much larger than the scale of geomorphologi-
cal features on submarine canyons, the main element of sub-
marine drainage networks. Also, submarine landslides in our
database involve mostly unconsolidated sediment, and there-
fore, the second hypothesis does not offer a fully satisfactory
explanation to the location of the observed rollover point.
Other factors, such as early diagenesis, overconsolidation,
and slope gradients could perhaps better explain the occur-
rence of the rollover in our database.
[47] We think that the smaller landslides are undersampled

in the database. This undersampling might be due to various
reasons, including the difficulties in accessing the marine envi-
ronment, the resolution of the acoustic mapping methods and/
or their ability to cover areas of significant extent, and also,
probably, because larger landslides tend to attract larger inter-
est from researchers and data for these landslides are more of-
ten published. Seismic strengthening [Locat and Lee, 2002;
Lee et al., 2007] has also been proposed to explain the scarcity
of shallow slope failures in active continental margins. The
relatively high values of the frequency-magnitude exponent
θ in active margins of the Mediterranean Sea suggest, how-
ever, that the scarcity of such slope failures could result from
a mapping resolution problem. Also, the volume to area rela-
tionship (Figure 3) and the height to runout ratio (Figure 9)
for landslides in passive and active margins show similar
values. These two indicators suggest that there is no significant
difference in dynamic behavior of landslides in active and
passive margins. Therefore, there is likely no major difference
in rheology from sediments in these two settings that could
otherwise result from changes in sediment consolidation and
shear strength if seismic strengthening was to play a major
role. Widespread occurrence of mass-wasting phenomena in
fossil outcrops of the circum-Mediterranean collisional oro-
genic belts [Pini, 1999, Camerlenghi and Pini, 2009] supports
the idea that smaller landslides are undersampled in tectoni-
cally active margins.
[48] The methods employed to map the landslides in the

database had various resolutions. The area covered by each of
those acoustic methods differs significantly, with higher resolu-
tion studies covering smaller areas and therefore undersampling
smaller events in the database. However, because of the many
factors potentially involved in determining the occurrence of
the rollover, it is not completely clear whether this rollover
may reflect a combination of geologic constraints and mapping
resolution or just the latter. Assuming the latter case would
imply that the inventory is relatively complete for the range of
failures displaying power law behavior.
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[49] In many landscapes, landslides tend to occur where
they have occurred in the past. It is also important to remark
that, in many parts of the oceans, landslides occur in clusters.
A cluster may contain several landslides of different sizes,
types, and ages. Landslide coalescence introduces a bias
toward the largest failures and is particularly important when
identifying submarine landslides using geophysical data.
Supposing that (1) the larger landslides in the database could
result from coalescing slope failures and that (2) no censoring
of smaller landslides due to surveying limitations is present
in the database, a lognormal distribution would imply that
the landslide catalog is complete over at least 1 more order
of magnitude. Droz et al. [2006] and Iribarren et al. [2007]
suggest that at least two of the largest submarine landslides
could result from amalgamation, and therefore the hypothesis
of lognormal behavior cannot be completely ruled out.
[50] The plot in Figure 10 also highlights that the database

and our knowledge of submarine landslide distribution with
time is limited to a few thousand years. The largest subma-
rine landslides, which have recurrence periods in excess of
that interval, seem to be relatively well represented within
the database, but it is clear that we are missing critical infor-
mation to understand the occurrence of, perhaps smaller but
relatively more frequent submarine landslides. It is also clear
from Figure 11 that the limitations in mapping schemes bias
the estimates of the power law scaling exponents. This prob-
lem needs to be considered carefully if we want to be able to
predict large events [Castillo, 1988] and assess landslide
hazard with any accuracy.

4.2. The Submarine Slope Failure Cycle and Some
Insights on Trigger Mechanisms

[51] The plots in Figures 5 and 11 can be interpreted in a
similar way to that of the Gutenberg-Richter relationship
in seismology. The b value (the slope of the earthquake
frequency-magnitude relationship; analog to our θ slope or
landslide frequency-magnitude exponent) has been reported
to vary with the amount of energy dissipation during the rup-
ture events [Yamaguchi et al., 2011]. This energy dissipation
depends on many processes such as fault heterogeneity, the
stress level imposed on rocks, and pore pressure variations
[Marzocchi and Sandri, 2003], the high b values being usu-
ally associated with rheologically weak materials and/or high
pore pressures [Wiemer and Wyss, 2002]. One could be
tempted to draw an analogy with earthquake seismology
and interpret the changes in the frequency-magnitude expo-
nent θ (Table 1 and Figure 5b) resulting from changes in sed-
iment strength and/or pore pressures. However, at least for
submarine landslides of the Mediterranean Sea, the lower θ
values are probably associated with the higher pore pressures
needed to trigger the slope failures in the relatively seismi-
cally quiet passive margins (Regions IV, V, and IX), thus
in opposition to the inferences made from seismology. We
rather think that the slope of the power fit reflects here the
environmental stresses that each region is subject to; therefore,
the frequency-magnitude exponent θ provides information on
the prevailing trigger mechanism. High θ values could indicate
high environmental stresses and trigger by earthquakes, while
low θ values would reflect rather low environmental stresses
and failure processes dominated by preconditioning factors.
The observed θ values fit well with the idea that sediment de-
posited by hemipelagic sedimentation and other oceanic

processes has a short residence time in active continental mar-
gins and that this sediment is mobilized in frequent but smaller
landslides to the deep sea. Conversely, on passive margins
large sedimentary accumulations tend to build up undisturbed,
and, when some minor perturbation occurs (e.g., relatively
small earthquake), this sediment is mobilized in large land-
slides. Frequency-magnitude relationships [Issler et al., 2005;
ten Brink et al., 2006, Micallef et al., 2008; Chaytor et al.,
2009, Behrmann et al., 2014] and more qualitative analysis
[e.g., Mcadoo et al., 2000, Krastel et al., 2006; Micallef
et al., 2012] for other areas worldwide indicate that changes
in the frequency-magnitude exponent θ with tectonic setting
are global in character.
[52] As shown earlier, most of the flux of landslide material

toward the deeper basin is controlled by the largest landslides
that occur on passive margins, thus stressing the role of these
preconditioning factors. This fact does not preclude that a
majority of the landslides could finally be triggered by earth-
quakes, as reported in section 3.5 (Figure 12), but in passive
margins, the final trigger is marginal in controlling onset of
slope failure. As said earlier, relatively small earthquakes
could actually trigger large-magnitude slope failures if the
right set of conditions (most likely related to sedimentation
patterns and margin hydrogeology) exist in those margins.
[53] Recent work also suggests that, in opposition to the

principles operating in turbidite paleoseismology, the earth-
quake cycle and recurrence of major mass-wasting phenomena
could be disconnected [Strasser et al., 2012; Völker et al.,
2011], implying that steady accumulation of sediments and
buildup of specific slope conditions is a necessary prerequisite
for large submarine landslides to occur. Based on data from
the Middle America and Central Chile trench and forearc sys-
tems, Behrmann et al. [2014] even suggested that it takes 20 to
200 plate boundary earthquakes to set off a medium-sized
(>10 km2) or larger submarine landslide. Figure 4c shows that
the largest Mediterranean submarine slope failures occur in
passive margins, where earthquakes of large magnitude are
not present and recurrence of intraplate earthquakes is longer
than in tectonically active margins. This distribution of slope
failures means that, in passive margins, there must be pro-
cesses at play, other than earthquakes, that precondition the
slope for failure and that large slope failures can be triggered
with much smaller ground motions (if any at all). The size of
these failures also implies relatively homogeneous groundwa-
ter conditions over large areas and highlights the significant
role that fluids probably play in those failures. Dynamics of
these fluids are in turn controlled by changes in both total
and effective stresses (i.e., sea level fluctuations in gas and
gas hydrate systems [e.g., Kayen and Lee, 1991; Liu and
Flemings, 2009; Dondurur et al., 2012; Lafuerza et al.,
2012]), bottom water temperature (mainly affecting gas
hydrates [e.g., Sultan et al., 2004; Pecher et al., 2005; Nixon
and Grozic, 2007]), and, probably most important, the
rate of sediment deposition and sedimentation patterns [e.g.,
Adams and Roberts, 1993; Dugan and Flemings, 2000;
Leynaud et al., 2007]. All of the latter are controlled by natural
climatic variations [Zhang et al., 2001; Lee, 2009].
[54] The relationship between climate and continental

margin hydrogeology has led to considerable debate on the
timing within the climate cycle on which submarine slope
failure is more likely to occur [e.g., McHugh et al., 2002;
Posamentier and Kolla; 2003; Maslin et al., 2004,
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Hühnerbach et al., 2004; Owen et al., 2007] and suggests
that the temporal distribution of submarine landslides at
scales larger than the Holocene could deviate from that of a
Poisson model. Lee [2009] proposes that submarine slope fail-
ure is related to climate variations through sediment input, gas
hydrate stability, and earthquakes from isostatic readjustments
due to ice loading and unloading. Lee [2009] proposes that
combined activity of all these factors is maximum during the
deglaciation phase, therefore inducing weaker slope condi-
tions during periods of global warming. However, classic se-
quence stratigraphic analysis and outcrop-derived studies
favor slope instability occurrence during lowstands/glaciation
[e.g., Flint et al., 2011].
[55] Several authors have highlighted the potential link be-

tween gas hydrates and submarine slope instability, although
these works do not seem to agree on the timing when those
gas hydrates are most likely to influence slope failure. Liu
and Flemings [2009] showed that a drop in sea level, without
taking into account any climate-driven temperature change,
may generate high overpressures and low effective stresses
in the free gas zone beneath hydrates, because the high gas
compressibility implies that the absolute pore pressure drops
much less than the total stress. Sultan et al. [2007] showed
that sea level rise induces widespread dissolution at the top
of the gas hydrate stability zone, while hydrate dissociation
at its bottom due to increasing bottom water temperature is
rather a relatively slow process developing on a much smaller
portion of the slope. However, as stated earlier, occurrence of
gas hydrates in the Mediterranean Sea is limited to a few
locations with high interstitial fluid flow rates such as the
Nile Delta [Garziglia et al., 2008], the Anaximander mud vol-
canoes [Woodside et al., 1998], and the Black Sea [Naudts
et al., 2006]. Much has been speculated over the occurrence
of gas hydrates during glacial maxima, and it seems plausible
that the conditions for stability of gas hydrates within the sea-
floor of the Mediterranean existed only within the deep water
portions of the basin [Praeg et al., 2007].
[56] In the passage from the Last Glacial Maximum (LGM)

to the current interglacial, Mediterranean Sea surface waters
increased their temperatures by 3–6°C [Emeis et al., 2000].
Bottom, deep water temperature during the LGM, at least in
the Western Mediterranean, was on average ~2°C cooler than
in the present interglacial, but high-frequency variations
(millennial-centennial time scale) involved deep water tem-
perature changes of about 1–2°C and in some cases even
4°C [Cacho et al., 2006]. Such temperature variations must
have had a significant effect in areas where gas hydrates
could have existed, particularly the rapid high-frequency
variations associated to Dansgaard-Oeschger oscillations.
These oscillations could have likely resulted in perturbations
of the phase equilibrium of gas hydrates. It should be stressed
here that the rate of temperature and pressure (sea level)
variation it is probably more important than the sense of this
variation, because Dansgaard-Oeschger oscillations were
more likely to result in excess pore pressure that could not
dissipate rapidly enough.
[57] Nevertheless, evidence that fluid migration occurs in

nearby areas where submarine slope failures are present is
often cited in the Mediterranean Sea [Woodside et al., 1998;
León and Somoza, 2011; Lafuerza et al., 2012; Dondurur
et al., 2012]. The seafloor nearby major landslides often
shows evidence of fluid expulsion features such as mud

volcanoes, e.g., the Great Slide in the Anaximander Mountains
[Woodside et al., 1998] or the Rosetta Slide on the Nile fan
[Garziglia et al., 2008], and pockmark swarms [Lastras
et al., 2004;Minisini et al., 2006]. Also, back analysis of some
of the major failures indicates that, in absence of major seismi-
cally induced accelerations, at some passive margins large
overpressures need to be present at depth for submarine slope
failures to be initiated [Urgeles et al., 2006].
[58] Finally, it should be noted also that relatively large

earthquakes such as those of higher latitudes due to isostatic
rebound in response to glacial loading or unloading [Lee,
2009] are not likely in the Mediterranean region, as ice
caps during the Last Glacial Maximum had very limited ex-
tension and were confined to the main mountain belts
(Alps, Pyrenees, and Caucasus [Ehlers and Gibbard, 2008]).
[59] Timing of slope failure in the database is not easy to

interpret in terms of cyclicity and link to natural climate
variations. On the one hand, the fact that most of the largest
magnitude failures are mobilized during lowstand periods
(Figure 10) suggests that pore pressure driven by high sedi-
mentation rates on the slope [e.g., Frigola et al., 2012] and
gas exsolution during lowstands could be a major control in
slope failure initiation in passive margins. Dissolved gas
within interstitial fluids, gas exsolution during lowering of
sea level, and pore pressure induced by gas expansion have
also been documented as potential mechanisms for triggering
submarine landslides [Lafuerza et al., 2012, Dondurur et al.,
2012]. Such gas needs to be trapped in shallow reservoirs
beneath low-permeability sediments, or it can also be trapped
beneath gas hydrates. On the other hand, there are a large
number of slope failures that have been attributed a
Holocene age and, as said above, with a drape of variable
thickness suggesting that failure could have occurred at the
beginning of this period, i.e., during transgression, which
links to some of the factors pointed out by Lee [2009].
However, there is a clear bias toward younger landslides in
the database, as most of the submarine landslides have been
mapped from multibeam and shallow geophysical data; thus,
we favor that submarine landslides are more likely during
lowstand periods.

4.3. The Inventory of Submarine Landslides
of the Mediterranean Sea: Implications
for Hazard and Risk Assessment

[60] Failures greater than 0.1 km3 (relatively large com-
pared to onshore standards) are relatively frequently reported
in the margins of the Mediterranean Sea with a mean recur-
rence interval of ~100 years. These failures may produce lo-
cal damage to coastal and offshore infrastructure such as
ports, submarine cables, and platforms. Therefore, one could
expect that increasing use of the seafloor and exploration ac-
tivities moving into deeper water may lead to a greater num-
ber of incidents. It should be noted, however, that the scale of
such phenomena is well suited for detailed assessment of the
slope conditions, and therefore well-planned development
projects may be able to avoid or mitigate such hazards. Our
database presented here, however, is largely biased toward
landslide events of large magnitude, and probably these
smaller events are much more frequent. Considering that
deeper areas beyond the continental slope are most often
mapped at a much lower resolution than shallow/coastal wa-
ters, the number of relatively small failures should be much
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larger. Indeed, assuming that the power law for Holocene
failures can be extrapolated in the range of failures < 1 km3

implies that we should expect one failure larger than 0.1 km3

every ~25 years, five times more than actually observed.
[61] The relatively good power law fit for landslides larger

than 1 km3 (Figure 11) indicates that the catalog is probably
complete for failures above that size. Nevertheless, the num-
ber of those failures that have been dated with accuracy is
still poor. With the largest slope failures occurring at recur-
rence rates of ~40 kyr (Figure 11), the likelihood of such an
event is quite low. However, these events may have an effect
at the scale of the whole basin and bear a high tsunamigenic
potential regardless of the water depth in which they occur.
Uncertainties in these data are, however, extremely large
(Figure 11) given the few available dates; hence, results
should be taken with caution. Landslides of sizes above
10 km3 may occur more frequently, possibly every ~1 kyr,
which is within the design period of critical infrastructure
such as nuclear power plants. Submarine landslide events
of that magnitude can still bear significant tsunamigenic po-
tential at the regional scale, and therefore their probability
of occurrence should be carefully considered.
[62] Figures 2 and 4c show that there is a large disparity in

the size of submarine landslides in passive and active conti-
nental margins of the Mediterranean Sea. Also, most of the
historically well-documented submarine landslides have oc-
curred in the tectonically active margins of Algeria, Liguria,
the Gulf of Corinth, Aegean, and Northern Anatolian margin
(e.g., EI-Robrini et al. [1985]; Hasiotis et al. [2002]; Rathje
et al. [2004]; Cattaneo et al. [2012]; see Papadopoulos et al.
[2007] for a historical overview). These are relatively small-
sized coastal landslides that are difficult to identify when fully
submarine. This issue highlights that the recurrence rate of
submarine slope failures is clearly higher in active margins de-
spite the size of these landslides being smaller (Figure 4). Such
distribution of submarine landslides between passive and ac-
tive margins is also highlighted by the steeper slope of the
power law relationship (Table 1 and Figures 5b and 11b).
The effects of such small submarine landslides might still,
however, be quite destructive for coastal and offshore infra-
structure [EI-Robrini et al., 1985; Mulder et al., 1997;
Cattaneo et al., 2012], despite the fact that their tsunamigenic
potential is rather limited and of relatively local extent [Assier-
Rzadkiewicz et al., 2000; Rathje et al., 2004; Tinti et al., 2006;
Dan et al., 2007; Mazzanti and Bozzano, 2011]. Submarine
landslides are less frequent on passive margins of the
Mediterranean Sea, but their size is considerably larger (on
average 1 order of magnitude larger); this difference implies
that their tsunamigenic potential is larger as stated in the previ-
ous paragraph. The relatively low recurrence rate that goes be-
yond historical records in areas such as the Gulf of Valencia,
Gulf of Lions, the Nile fan, and the Israeli slope (Figure 2)
implies that preparedness and resilience should be carefully
evaluated in these areas. The problem is complex because
the risk here can be defined as the probability of occurrence
of one of these large slope failures (very low) times the impact
of its occurrence (very high); therefore, we approach an inde-
terminate problem of the type 0 ×∞. A first action toward un-
derstanding whether actual preparedness is adequate or any
particular measures need to be undertaken is a probabilistic
tsunami hazard assessment from submarine landslides for the
Mediterranean Sea in a similar manner to that undertaken for

earthquakes [Sørensen et al., 2012]. We believe that the
database presented in this study is a first step in this direction.

5. Conclusions

[63] The compilation of a catalog of submarine slope fail-
ures has provided important insights into the relevance and
hazard potential associated with occurrence of submarine
slope failures in the Mediterranean Sea, whose vulnerability
is extremely high due to the large coastal population and the
high density of seabed infrastructures. The catalog presented
here is still incomplete, most likely for landslides with a vol-
ume less than 1 km3 and in some areas less than 10 km3.
Additionally, limited dates for landslides in the database and
inability to map extensively below the seafloor imply that the
catalog is incomplete both in space and time.
[64] We find that, in the Mediterranean basin, tectonically

active margins present numerous but small failures, while
passive margins tend to display larger but fewer failures.
This pattern of landslide distribution translates into steep
slopes of the frequency-magnitude relationship for active
margins and gentler slopes for passive margins. The median
landslide size in the Mediterranean Sea according to the data-
base is 0.31 km3. Failures in excess of 1000km3 are only likely
to occur in continental margins fed by large river systems, such
as the Ebro, Nile, Po, and Rhone at recurrence rates in excess of
40 kyr. Transfer of sediment to the deep-sea environment from
mass failure is dominated by the fewer large-scale failures rather
than multiple smaller landslides. Mass-transport deposits cover
18% of the Mediterranean seafloor.
[65] In general we observe that for a similar volume range

landslides in the Mediterranean Sea have 1 order of magni-
tude larger runout compared to subaerial landslides. This re-
lationship appears to be valid for landslides of different
failure dynamics such as slumps and debris flows. Our anal-
ysis of the published literature indicates that there is signifi-
cant confusion in the terminology used to define landslide
processes, and such terminology has important implications
for the dynamic behavior of the failed masses. Therefore,
there is still a need to standardize the information being pub-
lished. Generic terms such as mass-transport deposit, mass
wasting, and mass failure should be avoided if the main sed-
iment transport process can be inferred from geophysical and
sedimentological data. Ideally, the authors should refer to the
classification scheme used to denote the mass-transport fea-
tures observed in their data sets.
[66] Seismic shaking is the most commonly cited cause of

offshore slope failure followed by high sedimentation rates
and ensuing pore pressure buildup. The fact that a large num-
ber of slope failures (a minimum of 25%) are related to fluid
escape structures such as pockmarks, mud volcanoes, and
amplitude anomalies indicates that fluids play a major role
in submarine slope instability. A large number of landslides
originate in water depths exceeding 1000m on slopes < 2°
indicating that the continental rise is a place of high slope
instability and suggesting also that flow focusing could be a
major control in submarine landslide location.
[67] We know very little on the timing of landslide pro-

cesses and the relationship with natural climatic variations.
In our database only 70 out of 696 MTDs have somewhat ac-
curate age determinations. Very few landslides older than
30 ka have been dated, but those available suggest that the
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largest failures occur in lowstand periods. However, many
more landslides have been tentatively dated with an epoch.
Taking those into account, we suggest that climate-induced
stress changes (sedimentary load, sea level, bottom tempera-
ture effect on fluid flow, gas hydrate, and gas systems) during
the deglaciation phase, even at low latitudes, may have a sig-
nificant effect on submarine slope stability.
[68] Failures greater than 0.1 km3, which can produce

damage to coastal and offshore infrastructure, have a mean re-
currence interval of ~100years. Extrapolating power law
behavior in that magnitude range implies, however, that fail-
ures of that size could be 5 times more frequent. Landslides
of moderatemagnitude (>10 km3), whichmay bear significant
tsunamigenic potential, may recur every ~1kyr; hence a prob-
abilistic assessment of the tsunami hazard should be the next
step to undertake.
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