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Submarine canyon dynamics 

exeCutive summAry 1

This synthesis, sketched during the course of the workshop discussions, was developed and
consolidated in the months thereafter thanks to further inputs, assembled by Silvia Ceramicola, that
were received from the meeting participants. The editor, Frederic Briand, reviewed and edited the
entire Monograph, with special attention to this opening chapter where his correspondence with
Peter Harris, Pere Puig, Namik Çağatay, Marie-Claire Fabri and David Amblas was particularly
useful. His gratitude is extended to Valerie Gollino for attending to the physical production of the
Monograph under tighter deadlines than usual.

1. IntroduCtIon

The 47th CIESM Research Workshop gathered 16 invited researchers from nine countries and from
distinct scientific disciplines to address in a brainstorming format questions related to the
formation, evolution, geo-hazard potential and vulnerability of the submarine canyons of the
Mediterranean Sea, Black Sea and Marmara Sea which altogether are close to one thousand in
number. Our overall objective was to analyze canyons occurring in different geological and
climatic settings (active and passive margins, starved and depositional sedimentary environments,
regions affected by intensive bottom currents, fault activity, etc.), so as to gain a better
understanding of their activity in space and time. 

Discussing submarine canyon dynamics through a multidisciplinary approach allowed us to
identify both advances in knowledge and remaining gaps concerning the controlling factors
underlying the formation, development, ecological functioning and vulnerability of canyons at
various time scales. As a result, we identified a number of recommendations for future research
and actions that the interested reader will discover in this synthetic chapter, drafted as a collective
effort in the months following our meeting. The subsequent chapters, each written by a workshop
participant, detail the specificities and dynamics of submarine canyons within and beyond the
Mediterranean domain.

Submarine canyons occur worldwide on both passive and active continental margins as single
features or arranged in hierarchic systems that may or may not be (a) river-associated, (b) shelf-
or slope incising and (c) slope-confined or blind. They evolve over geological timescales and
provide important connections from coastal areas to the deep ocean basins (Shepard and Dill 1966).
Canyon systems may generate geo-hazards both for coastal infrastructure (harbors, coastal roads
and railways, etc.), due to the retrogressive slope failure (mass wasting) of their heads, and to

1 to be cited as:
Ceramicola S., Amaro T., Amblas D., Çağatay N., Carniel S., Chiocci F.L., Fabri M.C., Gamberi F., Harris P., Lo Iacono
C., Jipa D., Kontoyiannis H., Krastel S., Mascle J., Puig P., Vázquez J.T. and F. Briand. 2015. Submarine canyon
dynamics - Executive Summary. pp. 7 - 20 In CIESM Monograph 47 [F. Briand ed.] Submarine canyon dynamics in
the Mediterranean and tributary seas - An integrated geological, oceanographic and biological perspective, 232 p. CIESM
Publisher, Monaco.
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offshore structures such as pipelines, communication cables, etc. (see Canals et al. 2006; Piper and
Normark 2009; Puig et al. 2014). Canyons are often characterized by specific local circulation
and surface productivity waters; they exhibit higher particle fluxes and higher sediment
accumulation rates than their surrounding open-slope areas, representing important habitats for
benthic ecosystems (Vetter and Dayton 1999). Additionally, as submarine canyons act as major
off-shelf conduits, they contain the highest density of marine litter in the oceans (CIESM 2014;
Pham et al. 2014). Thus, a correct understanding of their dynamics and hazard potential is essential
to identify and protect vulnerable marine settings.

2. SubmArInE CAnyonS: ImportAnCE, tErmInology And SCAlE

2.1 Importance

Early Interest in the evolution, occurrence and distribution of canyons in the World Ocean was
initially driven by the need to lay cables and pipelines across the seafloor, to support naval
submarine operations, to understand the geological evolution of continental margins as well as
the oceanographic and biological processes associated with such features (Heezen et al. 1964;
Shepard and Dill 1966; Piper 2005). In addition, depositional submarine fans may be found at the
down-slope terminus of canyons together with their often extensive fan valley complexes which
have been studied in detail as analogues for ancient deposits of economic significance for oil and
gas exploration (e.g., Walker 1992; Clark et al. 1992). 

Oceanographic processes such as internal waves, coastally-trapped waves, the modification (e.g.,
bathymetric steering) of outer-shelf, and upper-slope geostrophic currents cause the mixing of
canyon waters and upwelling of cold, nutrient-rich waters to the sea surface (Hickey 1995; Sobarzo
et al. 2001; Langone et al. 2015). For example, ocean mixing rates inside Monterey Canyon are
as much as 1,000 times greater than rates measured in the open ocean (Carter and Gregg, 2002).
Canyons that incise the continental shelf have also been implicated in the local amplification of
tsunami at the adjacent coastline (Matsuyama et al. 1999; Ioualalen et al. 2007). The upwelling and
mixing associated with canyons enhance local primary productivity and the effects extend up the
food chain to include birds and mammals. As a result, commercially important pelagic and
demersal fisheries, as well as cetacean feeding grounds (e.g. Rennie et al. 2009), are commonly
located at the heads of submarine canyons (Hooker et al. 1999).

Recent interest has focused on benthic habitats associated with submarine canyons, particularly the
heads of shelf-incising canyons that are characterised by steep (vertical to overhanging) bedrock
exposures where biologically diverse communities may settle (see Cooper et al. 1987; Brodeur
2001; Orejas et al. 2009; De Mol et al. 2010; Huvenne et al. 2012; Yoklavich et al. 2012).
Submarine canyons that extend across the continental shelf and approach the coast are known to
intercept organic-matter-rich-sediments that are transported along the inner shelf zone (e.g. Shepard
1963; Martín et al. 2007, 2011; Piper and Normark 2009; Walsh and Nittrouer 2009; Amaro et al.
2010, 2015; Cunha et al. 2011). It is such a process that causes organic rich material to be supplied
to the head of Scripps Canyon and transported down-slope, where it provides nourishment for a
diverse and abundant macrofauna (Vetter and Dayton 1998, 1999; De Leo et al. 2010). This also
explains why seagrass was found at 3,400 m water depth (Gage et al. 1995) at the base of Setubal
Canyon off Portugal. Canyons that do not have a significant landward extension would presumably
not intercept littoral sediments and would not be expected to contain such a rich biodiversity. 

2.2 terminology and scale

Shepard (1963, 1981), in his pioneering morphogenetic classification, recognised that submarine
canyons may have several origins and restricted his definition to “steep-walled, sinuous valleys
with V-shaped cross sections, axes sloping outward as continuously as river-cut land canyons and
relief comparable to even the largest of land canyons”. This definition therefore excludes other
seafloor valleys such as delta-front troughs (located on the prograding slope of large deltas); fan
valleys (the abyssal, seaward continuation of submarine canyons, some of which are remarkably
long); slope gullies (incised into prograding slope sediments); fault valleys (structural-related,
trough-shaped valleys, generally with broad floors); shelf valleys (incised into the shelf by rivers
during sea level low stands, generally less than 120 m deep); and glacial troughs (incised into the
continental shelf by glacial erosion during sea level low stands, generally U-shaped in profile and
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having a raised sill at their seaward terminus). ‘Box’ canyons have been described as characterised
by amphitheatre-shaped heads, steep and high valley walls, constant valley width, flat floors and
low drainage densities (Paull et al. 1990; Robb 1990). They are the offshore analogue of
morphologies observed on land (Robb 1990), in desert landscapes, on Earth and on Mars (Malin
and Carr 1999).

Submarine canyons are generally composed of three sections: 1) a canyon head, cutting the upper
part of the slope or incising the shelf edge; 2) a middle canyon, generally incising the continental
slope, with or without tributary branches; and 3) a canyon mouth debouching at abyssal depths
often into basin areas. The heads of some submarine canyons terminate on the slope, making so-
called “blind” or “headless” canyons. The largest canyons, however, commonly incise into the
continental shelf and may even continue as shelf valleys that have a direct connection to modern
terrestrial fluvial systems. Analysing canyon morphometry can reveal important information
concerning their evolution and relative maturity. Canyon thalwegs can be rectilinear or sinuous,
and the long profile can be concave or convex in shape, with steps or knick points (Mitchell 2004).
The mean depth of canyon incision in Mediterranean canyons is about 1,600 m, which is small
compared with global averages (Harris et al. 2014). 

Figure 1. Schematic presentation of a submarine canyon (adapted from Encyclopaedia Britannica 2010).

Regarding the dimensions of submarine valleys (minimum length or depth range), Harris and
Whiteway (2011) specified in their classification of “large” canyons that canyon features had to
span a minimum of 1,000 m depth range (canyon features that did not extend over at least 1,000 m
were excluded). Furthermore, the width/depth ratio (incision) of the canyon was required to be less
than 150:1 and canyon incision had to exceed 100 m – features incised less than 100 m were
excluded. It is understood that these size limits are arbitrary and are wholly dependent upon the
resolution of the bathymetric data used to map canyons. 

3. SubmArInE CAnyonS of thE mEdItErrAnEAn, blACk And mArmArA SEAS

3.1 mediterranean Sea 

The Mediterranean Sea is characterized by some remarkably young canyons (Pliocene-
Quaternary), while others are much older, conditioned by the km-scale lowering of sea levels
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during the Messinian salinity crisis ca. 5.5 Ma (i.e., Gulf of Lion and Liguria margin). Some
canyons formed on active margins after the Messinian event such as the canyons incising the
Ionian Calabrian margin (Coste 2014; Ceramicola et al. 2014). In comparison to their oceanic
counterparts, canyons in the Mediterranean Sea have been described as more closely spaced
(14.9 km), more dendritic (12.9 limbs per 100,000 km2), among the most steep (mean slope of
6.5o), shorter (mean length of 26.5 km) and with a smaller depth range (1,613 m) than canyons that
occur in other regions of the world (Harris and Whiteway 2011).

The inventory of Mediterranean submarine canyons is far from complete as it largely depends on
the resolution of the available seafloor data (Harris and Whiteway 2011; Würtz 2012; Harris et al.
2014). So far more than 800 examples of large canyon systems have been counted by Harris et al.
(2014) for the Mediterranean Sea using Shuttle Radar Topography Mapping (SRTM30_PLUS)
30-arc second database (Becker et al. 2009). In recent years national and international programmes
have funded acquisitions of new higher-resolution morphological data (e.g., MAGIC Program for
Italian continental margins), allowing canyon systems never observed before to be identified (see
Trincardi et al. 2014; Langone et al. 2015). It must be noted that for the European sector of the
Mediterranean Sea the seafloor data compilation is quite advanced and is made available to the
scientific community via European digital databases (i.e., EMODNET), while the quality and
resolution of available data are much lower for the African sector. We have little doubt that the
number of canyons incising the Mediterranean Sea will likely turn out to be much higher than
what it has been estimated so far.

The most important and widespread canyon systems have been located on the western continental
slopes of the Mediterranean Sea (see Fig. 2 below). In this Monograph the interested reader will
find detailed examples from the Alboran Sea (Vázquez et al. this volume), Catalan-Balearic
margins and Gulf of Lion (Amblas et al. this volume), Ligurian margin (Mascle et al. this volume),
the Tyrrhenian Sea (Gamberi this volume), the Calabrian (Ceramicola et al. this volume), the
Sicilian margin (Lo Iacono et al. this volume) and references therein. The western basins of the
Mediterranean Sea are older (25Ma) and have formed as a consequence of tectonic rifting, whereas
the younger eastern margins are associated with subduction of the African plate under the European
plate (Mediterranean ridge). Most of the Western Mediterranean canyons are partly superimposed
on former sub-aerial/submarine valleys created during Messinian times (roughly between 6 and
5Ma) when the sea level dropped drastically, perhaps by 1,200 to 1,500 m (see CIESM 2007).

Figure 2. The highest density of Mediterranean submarine canyons is found in the northwestern
Mediterranean depicted here. Composite image based on data sets from the MediMap Group (2005) and
GEBCO Digital Atlas (IOC, IHO and BODC 2003).
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The Italian Adriatic margin is a portion of foredeep almost filled by debris produced by dismantling
of the Alps, Apennines and Dinarides, and shows canyons only in its southernmost part (see Carniel
et al. this volume); the Ionian Sea is a relict, old oceanic (and therefore deep) crust that was
destroyed by the collision between Africa and Europe and its margin is carved by a countless
number of canyons; the Tyrrhenian Mio-Pliocene back-arc basin shows deep, long but solitary
canyons to the west (Sardinia), to the East (Campania), to the North (Liguria) and to the south
(Sicily and Calabria); finally the western Mediterranean Oligo-Miocene back arc basin shows
diffuse canyons and channels carving the western Sardinia margin (Chiocci this volume).

In the younger continental margins of the eastern Mediterranean Sea, originated by collision and
subduction tectonics, canyon systems developed less intensively: only Cyrenaica and Western Egypt
continental slopes show significant canyon networks (see Mascle et al. this volume). 

3.2. black Sea 

Our Workshop allowed the first general review of the Black Sea canyons (Popescu et al., this
volume) for which there is relatively little information. While the Danube (also called Viteaz)
Canyon has been more thoroughly and more systematically investigated than others (see for
example Popescu 2002; Lericolais et al. 2002; Popescu et al. 2004), our discussions were enriched
by recent significant data on other Black Sea canyons (e.g. Pasynkova 2013; Gulin et al. 2013). 

The characteristics of Black Sea canyons strongly depend on the relief of the coasts they are
associated with. On the basis of their dynamics, two main categories of canyons can be considered:
active and inactive (inoperative). The active canyons face the mountainous Black Sea coasts
(Crimean, Caucasian and Pontic mountains) in zones with narrow shelves. They deeply incise the
shelf, have steep walls, high gradient thalwegs and receive coarse-grained sedimentary load from
closely discharging rivers. In this category, the submarine canyons located close to the Caucasian
coast are the best known, because of their pronounced societal relevance. In the Caucasus a close
relationship exists between the main submarine canyons (Bzyb, Kodori, Inguri, Rioni, Supsaand
Chorokhi/Çoruh) and the rivers discharging near the respective canyon heads. The canyons are
channelling down-slope, to the deep marine environment, transporting an important amount of the
Caucasian rivers sediment. This leads to intensified shoreline erosion and affects human settlements.

Figure 3. Geomorphologic zoning of Black Sea (from Popescu et al. this volume). Color coding and symbols:
1. continental shelf; 2. continental slope; 3. basin apron; 3 a. deep sea fan complexes; 3 b. lower apron;
4. deep sea (abyssal) plain; 5. paleo-channels on the continental shelf filled up with Holocene and recent fine
grained sediments; 6. main submarine valleys-canyons; 7. paleo-cliffs near the shelf break; 8. fracture zones
expressed in the bottom morphology.
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The largest inactive canyons of the Black Sea (Danube and Dnieper canyons) are located in the
north-western and western sectors, characterized by low, accumulative coasts and extensive shelf. 

Black Sea canyons clearly show the influence exerted by alternating episodes of glaciation and
deglaciation in the Quaternary, which seem to have controlled their evolution. In this respect the
Danube and Dnieper canyons are models for presently inactive canyons located far away from the
coastline, and with no apparent connection to rivers. 

3.3. Sea of marmara

Our Workshop was enriched by the presentation of the first general compilation of bathymetric and
seismic data on the submarine canyon systems of the Sea of Marmara (Çağatay et al. this volume
and references therein). Located on a major dextral continental transform fault boundary, the Sea
of Marmara has steep continental slopes (up to 30° slope angle) that are marked with numerous
canyons extending into the ~1,250 m-deep strike slip basins. The Marmara canyons are commonly
short (1-3 km), except for the the İzmit, North İmralı and Şarköy canyons which range between
30 and 50 km long. The canyons started forming by tectonic and erosional processes mainly during
the Plio-Quaternary, with uplift of the basin margins and subsidence of the deep basins. Some of
the canyons such as the İzmit and Şarköy canyons occur on faults or fault zones (see Çağatay et
al. this volume). The evolution of all Marmara canyons, including those that are fault-controlled,
was strongly influenced by climatically controlled cyclic sea (lake) level oscillations. The Şarköy
and Bosporus canyons are found at the extension of the Çanakkale (Dardanelles) and İstanbul
(Bosporus) straits. Their morphology was strongly modified by erosional and depositional
processes resulting from the passage of large water masses between the Mediterranean and Black
seas. At present, the water exchange through the canyons plays a major role in oxygenation and
biological diversity of the Marmara and Black seas basins. On the southern margin the sinuous
North İmralı Canyon most probably developed at the shelf extension of the Kocasu River by
erosive activity of the turbidity currents. In the Sea of Marmara mass wasting and turbidity current
activity in the canyons were more frequent and effective during the periods of low sea level and
lacustrine to marine transitions.

4. fACtorS ControllIng / AffECtIng CAnyon formAtIon

4.1 long term controlling factors 

Submarine canyons are erosive features occurring across continental margins that result from the
interplay of three major controlling factors: (1) Geodynamic setting and structural controls, (2)
Depositional/erosive processes, (3) Sea level changes.

In the long term, canyon formation is strongly controlled by the allogenic processes connected
with the geodynamic setting and the structural framework that create continental margins. In the
Mediterranean Sea and in the Sea of Marmara, many continental margins are the result of recent
extensional processes that have led to steep slope gradient and, often, narrow shelves. During the
rifting episodes, various sets of faults were created along the Mediterranean margins that later
became preferred sites for canyon formation. Rifting and foundering processes also result in the
flooding of sub-aerial valleys that are progressively invaded by the sea and can consequently
become submarine canyons. Rift areas are also affected by strong uplift of hinterland areas. Such
a geodynamic process is capable of creating high relief coastal ranges often carved by rivers with
mountainous regime with high energy flooding events that erode the continental slope, particularly
in areas with narrow shelves. In the latter cases (e.g., French Riviera, Calabria, Algeria, Sicily),
the terrigenous river inputs are directly transported to canyons and energetic high volume sediment
gravity flows can contribute to their deepening.

In the Mediterranean Sea, canyons also develop along compressive continental margins where
high gradient continental slopes are maintained by thrust tectonic and folding. Here, structures
have in general a trend parallel to the margin, and canyons with alternating slope-parallel and
slope-transverse tracts often occur in the crossing of accretionary wedges. 

Tectonics, through the activation and deactivation of single faults, also controls canyon evolution
on smaller time scales. On active or re-activated margin segments (e.g. Calabria, Algeria, Southern
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France, Sea of Marmara) fault evolution can cause renewed slope steepening and canyon
excavation and enlargement, canyon abandonment and changes of canyon courses. 

The origin of submarine canyons is also intrinsically tied to erosional processes occurring on
continental slopes. On open slope regions, different kinds of unconfined gravity flows may use
irregularities of the seafloor of any origin (i.e. slide scars, seepage depressions, faults, etc.) as
preferential paths, resulting in the self-organisation of gravity driven flows and finally leading to
canyon formation. Mass wasting along continental margin plays perhaps the most important role
in creating areas where flows are gradually focused and finally confined during the initial phases
of canyon excavation. Mass wasting processes are usually enhanced by high sedimentation rates;
thus sediment input at margin scale and areas with high sedimentary fluxes can control the timing
and location of canyon formation. In addition, mass wasting processes are often characterized by
a retrogressive pattern of erosion that can eventually lead to shelf-break indentation favouring the
connection between slope erosional areas and sediment input from the coastal areas (Micallef et
al. 2014). In this way canyons are established as erosional fairways where transport of sediment
from the shallow coastal areas to the deep sea is accomplished. 

Submarine canyons, as long-life geomorphic elements, are affected by sedimentary processes that
are highly variable in time. Following the initial phase of canyon excavation, fluctuations between
erosional and depositional regimes will usually take place until a canyon is completely filled and
ceases its activity. The evolution of erosional and depositional processes within canyons results
from the complex interplay between various controlling factors that act at different temporal and
spatial scales. These key parameters, that can be allo- and auto-genic, are summarised in Fig. 4 in
relation to their respective duration.

Figure 4. Factors controlling canyon formation over geological time.

Sea level change is of course another important allogenic factor controlling canyon nucleation and
evolution. Around the Mediterranean basin, the Messinian event that resulted in a “geologically
sudden” sea level drop (estimated on the order of 1.5 km) played a specific and major role in
canyon evolution. During the Messinian in fact most of the present day continental slopes were
reshaped by sub-aerial erosion, with the upper parts of many present-day canyons acting as rivers. 

Sea level variations of smaller amplitude are also particularly relevant to the canyons of the
Mediterranean margins. The alternation of glacial and interglacial periods that occurred repeatedly
during the last 2.5 Ma is indeed responsible for many of the features of present-day canyons. They
cause eustatically-controlled coastal advancement and retreat that are particularly important in
driving the energy and the volume of the flows that enter canyon heads. Canyons with heads
located at the shelf break, far from the coastline, are at present mainly sediment starved and
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undergoing a passive infilling phase. However, their morphology can still provide a record of the
processes that were active during the past lowstands of sea level, when they were connected to
rivers. As the Mediterranean shelf is often quite narrow, many canyon heads remain connected to
the coastal area during the present highstand of sea level. In this context, hyperpycnal flows, storm
reworking and long-shore current transport can feed sediment to the canyon heads that are then
shaped by active processes of erosion, sediment transport and deposition along the canyon axis.
Once the submarine canyon is formed, the same factors will keep on controlling its morphological
evolution and the canyon will evolve through autogenic process (trending to equilibrium). 

Figure 4 summarizes the principal factors controlling submarine canyons formation and evolution
over the long-term:

1) Geodynamic setting and structural controls:
a. Rifting,
b. Basin formation, 
c. Creation of coastal range, 
d. Presence/absence of continental shelf and coastal plane, 
e. Tectonics (creating steep continental margin slopes), 
f. Faulting (creating weak zones). 

2) Depositional/erosional processes:
a. Self-organization of gravity driven flows: before canyon formation any kind of

unconfined gravity flow will use irregularities of the seafloor of any origin (i.e. slides,
seepages, faults) as preferential paths, resulting in self-organisation that will end with
canyon formation.

b. Sediment input on margin scale: discharging downslope sediments, sedimentary flux,
turbidity currents, confined morphologies.

c. Mass wasting, retrogressive erosion, high sedimentation rate (favour remobilization and
determine how prone is a slope to fail).

3) Sea level changes
a. Importance of Quaternary sea level fluctuations in submarine canyons formation and

evolution. 
b. Messinian event, a specificity of the Mediterranean basin which contributed to reshape

most of its continental slopes.

4.2 natural and human-induced factors affecting canyon dynamics in historical time

Submarine canyons can be affected by natural processes that strongly differ in nature, intensity,
frequency and spatial/temporal scale. The short-term processes interesting submarine canyons are
meant here as those occurring since the initiation of the present sealevel highstand stage, around
6 kyr BP. They match the actual geologic and oceanographic scenarios of continental margins.
They involve oceanographic and sedimentary dynamical processes affecting the physical and
chemical setting along canyons (seafloor and/or water column): examples are storms, dense water
cascading, internal waves, river floods, turbidity currents, debris flow, canyon flank avalanches and
collapses (Puig et al. 2014; Tallin et al. 2014 and references therein). Human activities, especially
deep-sea trawling fisheries developed at industrial scale in the last 50 years (Puig et al. 2012;
Martín et al. 2014) may be included in that category. 

The natural and human-induced processes maintaining canyon dynamics do strongly differ in
space and time. Large oceanographic events, such as dense shelf water cascading, and extensive
turbidity currents, can affect the sedimentary environment and the habitat distribution at the scale
of an entire continental margin, developing for thousands of km from the canyon head to the
deepest sectors of the depositional channels (Khripounoff et al. 2003, 2009; Canals et al. 2006;
Vangriesheim et al. 2009). On the other hand, small-scale mass movements or internal waves and
tides can be localized in specific canyon areas, such as canyon heads or flanks (Gardner et al.
1989; Xu et al. 2010). Defining the minimum scale of processes for which a canyon can be
considered a dynamic environment is still an unresolved issue.
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Figure 5. Factors affecting canyon dynamics over the short term.

Important gaps in knowledge have been filled in recent years thanks to comprehensive research,
but a solid understanding of canyon dynamics is still lacking. We note, for example, a critical
absence of integrated datasets, which would include sedimentary, ecological and oceanographic
observations over long time spans. This is due in part to the evident mismatch between the spatial
and temporal scales of observations of various scientific groups working on canyon-related topics:
they often observe the same natural phenomena under different perspectives.

5 - ImportAnCE of SubmArInE CAnyonS to humAn SoCIEtIES

5.1 geo-hazards and mass wasting

Where the canyons deeply incise the continental shelf and develop close to the coast, the prominent
headword erosion can provoke collapse of coastal infrastructures (see Casalbore et al. 2014;
Ceramicola et al. 2014a; Migeon et al. 2011; Casalbore 2011). Such failures have the capacity to
create tsunamis (e.g. Rahiman et al. 2007; Zaniboni et al. 2014; Macías et al. 2015), and may even
cut back to the coast and cause direct damage to coastal shore infrastructure or initiate coastal
landslides. 

Several near-shore areas of the Mediterranean Sea (Alboran, Aegean, Tyrrhenian and Ionian Seas),
southern Black Sea and the northern Sea of Marmara are characterized by very narrow shelves and
by canyons initiating very close to the coastline. Such settings are especially prone to tsunami
generation by failures of canyon heads. Striking examples are the 1977 Gioia Tauro (Italy) and
1979 Nice (France) landslide-tsunamis at canyon head (Casalbore et al. 2014; Dan et al. 2007). In
both cases, the failures were induced by civil engineering activities linked to harbor development
and caused waves several meters high that resulted in severe damages and also in human casualties
in the latter case (Colantoni et al. 1992; Assier-Rzadkiewicz et al. 2000). Comprehensive and
detailed analyses of submarine canyon heads, including the geotechnical properties of the seafloor
and sub-seafloor, are a strict requisite in refining the current geo-hazard assessment models to
inform stakeholders with concrete protection measures.

As indicated repeatedly in this volume (e.g., Chiocci; Gamberi), submarine canyons can also
capture flash floods and channelize strong turbidity currents, that are able to reach down-canyon
velocities >10 m/s with the potential to break pipelines and cables (see Piper et al. 1999), now so
essential to maintain our lifestyle. 

It is widely accepted that mass wasting events do play an important role on canyon initiation and
evolution (Micallef et al. 2012). Failures at midslope locations followed by upward retrogression
may initiate canyon formation (Pratson and Coakley 1996). In addition, canyon flanks become
unstable, mainly due to basal erosion produced by gravity flows. This process is the cause of
canyon widening, as witnessed by the large number of complex scars and instability features
observed on canyon walls.
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Such slope sediment failures may also trigger tsunamis. For failures on the open slope, landslides
with the following characteristics are usually considered to trigger tsunamis of significant height:
(1) shallow-water to intermediate depths (<1,000 m); (2) significant volumes (>2 km3); (3) stiff
cohesive material (e.g., consolidated clay); and (4) rapid initial acceleration of the failed material
(Ward 2001). Of course the combination of these factors is crucial in determining the magnitude
of the generated waves, given that even a small volume in very shallow water may produce higher
waves than a very large volume in deep water. Most failures in canyons are much smaller than the
2 km3 mentioned above, but failures of canyon heads may occur very close to the coast and in
shallow waters. 

5.2 fishing and living resources

The deep submarine canyons and adjacent slopes of the Mediterranean Sea are increasingly
impacted by anthropogenic activities such as industrial fishing (Puig et al. this volume), litter
accumulation and chemical pollution (see CIESM 2014; Canals et al. 2013). 

Deep-sea organisms are highly sensitive to the arrival of external inputs. Therefore canyons
channelling organic matter are sectors of increased biomass and productivity which can exceed that
of other deep-sea habitats by orders of magnitude depending on the canyon (Tyler et al. 2009; De
Leo et al. 2010; Vetter et al. 2010; Huvenne et al. 2011). No pattern in diversity, abundance and
biomass is universal because different taxonomic groups show a variety of patterns according to
particular environmental conditions at specific depths and localities which may alter biodiversity
trends. The general lack of taxonomic resolution in canyon studies does not permit to resolve the
controversy on whether canyons are hotspots of biodiversity or not (Cunha et al. 2011).

5.3 trawling damage

Bottom trawlers now reach down to 800 - 900 m water depth regularly, with a limit fixed at
1,000 m in European waters thanks to EU regulations. They have devastating impacts - both
biological and physical - on marine ecosystems and have become a major driver of seafloor
disturbance by remobilizing and resuspending sediments, furthermore causing major changes in
the morphology of continental slopes. This has been extensively documented in La Fonera Canyon
- also known as Palamós Canyon, Catalan margin - where a monospecific fishery targeting blue
and red shrimp Aristeus antennatus has been operative for several decades between 400 and 800 m
depth (see Puig et al. 2012; Martín et al. 2014a and 2014b). 

It was found there that bottom-trawling, by continuously stirring the soft sediment on the seabed
over the years, led to a reduction of 80% in meiofauna abundance and of 50% in its biodiversity
(Pusceddu et al. 2014). Deep-sea trawling has become a global threat to seafloor biodiversity and
ocean health, causing effects similar to those originated by man-accelerated soil erosion on land.
This is a major cause for concern in our region, given the wide spatial distribution of fishing effort
in the Mediterranean continental margins, which largely involves bottom-trawls. Enhanced particle
fluxes collected by sediment traps and attributed to bottom-trawling have been reported from other
sites such as Foix Canyon (Puig and Palanques 1998b), Guadiaro Canyon (Palanques et al. 2005)
and Blanes Canyon (Lopez-Fernandez et al. 2013)

5.4 marine litter and contaminants

As noted in a previous CIESM Monograph, the Mediterranean is the sea most affected by marine
debris in the world. These originate mainly from land-based sources and are greatly enhanced in
the summer months by coastal tourists who generate in only one season up to 75% of the annual
waste (CIESM 2014). To compound the problem, plastics and microplastics are now ubiquitous
in the marine environment, reaching mean densities of more than 100,000/ km2 in the
Mediterranean Sea (Collignon et al. 2012). Plastics are not biodegradable, persisting in the
environment for thousands of years.

A great variety of marine debris is found in the Mediterranean, from the beaches to the deep-sea
floor. Marine litter is mostly composed of plastics (bottles, bags, caps, lost fishing gears),
aluminium (cans, pull tabs) and glass (bottles). Litter, especially plastic, is present in all
Mediterranean submarine canyons in considerable quantities, especially when the canyon head is
located close to the coast (see Fabri et al. 2014). 

CIESM Workshop Monographs n°47 16

Submarine Canyon DynamiCS - Sorrento, Italy, 15 - 18 April 2015

08288243-.qxp  29/01/2016  11:47  Page16



Since submarine canyons act as natural conduit routes and accumulation sites for marine debris and
contaminants which they transport from surface waters to the deep-sea, the general trend is an
accumulation of litter with increasing depth (Galgani et al. 1996; Ramirez-Llodra et al. 2013) . A
recent review of marine litter distribution in European seas evidenced the highest litter density in
submarine canyons and the lowest on continental shelves and on ocean ridges, except on rocky
slopes that may retain fishing gears (Pham et al. 2014).

Organisms living in canyon environments are exposed to both physical and chemical harm, the
latter encompassing persistent organic pollutants (POPs), that include pesticides, herbicides, plastic
additives and pharmaceuticals - a cause for serious concern. A recent study (Koenig et al. 2013)
carried out in Blanes Canyon provided strong evidence that contaminant levels at 900 m depth
were higher inside the canyon than on the adjacent slope. Those contaminants were hydrophobic
pollutants closely linked to particle deposition and episodic sediment transport events.

6. Why protECt mArInE CAnyonS? And hoW? 

Submarine canyons often provide refuge to a number of vulnerable communities (e.g., spawners,
cold-water corals) and therefore are the target of intense fisheries. Steep canyon walls (often rocky
and cliff-like) located towards the canyon heads are among the most diverse and productive benthic
habitats. Cold-water corals can occur here, in patches, reefs or in large mound structures and can
be viewed as ecosystem engineers as they often create important habitats for a diverse fauna
(Mortensen and Buhl-Mortensen 2005; Post et al. 2010; De Mol et al. 2010; Huvenne et al. 2011).
Some of these communities are within areas of intense fisheries and many of these habitats are
severely damaged or under threat. For example, trawling activities can trigger the mobilization of
surface sediments, making them available for transport towards greater water depths (sediment
gravity flows), which can result in changes in sediment accumulation rates, modification of surface
sediment properties, reduction of morphological seabed complexity and decreasing epibenthic and
infaunal abundance and diversity (Puig et al. 2012, and this volume).

The steepest areas of canyon seafloor, comprising “escarpments” (a seafloor gradient exceeding
5o over an area >100 km2), were mapped by Harris et al. (2014) in a global assessment of seafloor
geomorphic features. They found overall that 820,960 km2 of canyon area (i.e. some 18.7%) consist
of escarpment. Interestingly, no more than 1% of escarpment areas - potentially the most
ecologically valuable canyon areas - are currently protected worldwide. 

Marine Protected Areas (MPAs) cover about 4% of the Mediterranean Sea (CIESM 2011a) and
the protection offered to submarine canyons by the existing MPA network is negligible. 

As noted in a number of reports, for example in Marin and Aguilar (2012), less than 50% of
Mediterranean MPAs have management plans, and only 20% appear to have sufficient financial
and human resources. A further, major concern is the fact that too few of the Mediterranean
submarine canyons enjoy legal protection. As shown in Fig. 6 below, taken from Fabri et al.
(2014), there are fortunate exceptions like the Lacaze-Duthiers, Pruvost, Bourcart, Couronne,
Planier, Cassidaigne and Stoechades canyons which fall ‘under the protection’ of three French
MPAs (Parc Marin du Golfe du Lion, Parc National des Calanques, Parc National de Pro-Cros),
or the Petit Rhône and Grand Rhône canyons that are covered by a Restricted Fishing Area ...
whereas in the same French EEZ other major canyons like Marti, Sète, Saint-Tropez and Var are
left without protection. 

Further east in the Ligurian Sea, the tripartite 84,000 km² Pelagos Marine Mammals Sanctuary was
established in 1999 - the outcome of a joint initiative taken by France, Italy and the Principality
of Monaco. Designed to secure a major feeding area for western Mediterranean cetaceans, in
particular Fin whales (see Hoyt 2005), it does not extend protection to submarine canyons benthic
habitats that are impacted by bottom trawl fishing and other stressors. Overall, the protection of
hundreds of vulnerable Mediterranean submarine canyon habitats is currently inadequate and in
need of urgent attention.
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Figure 6. Geographical localisation of the submarine canyons that benefit or not of some protection in the
French coastal waters of the Mediterranean Sea. Submarine canyons from West to East: LD: Lacaze-
Duthiers, PR: Pruvost, BO: Bourcart (Aude), MR: Marti (Hérault), SE: Sète, MO: Montpellier, PRH: Petit
Rhône, GRH: Grand Rhône, CO: Couronne, PL: Planier, CS: Cassidaigne, LC: La Ciotat, SI: Sicié, TL: Toulon,
STO: Stoechades, ST: Saint-Tropez (not considered in this study), CA: Cannes, VA: Var. (from Fabri et al.
2014)

Yet there are rays of hope for the future: for example in the Palamós canyon off Catalonia,
scientists, the Catalonia Fishermen’s Association and the Autonomous Government of Catalonia
have engaged a collaboration to seek sustainable approaches for the exploitation of the red shrimp
Aristeus antennatus. Obviously Mediterranean canyons should be managed in a coordinated
manner, via an ecosystem-based approach that will require the design of a comprehensive, adequate
and representative MPA network. “Comprehensive” means that MPAs must encompass the full
range of canyon ecosystems, recognised at an appropriate scale, within and across different
bioregions. The MPA network will be “adequate” if it has the required level of reservation to
ensure the conservation of ecological viability and integrity of populations, species and
communities. This includes replication of ecosystems as essential insurance against loss or damage
caused by either natural events or anthropogenic activities outside the control of managers. Finally,
the MPA network should contain examples of the full range of different canyon types that are
“representative”, which means that the canyons that are selected for inclusion in MPAs should
reasonably reflect the biotic diversity of the marine ecosystems that exist in the region (Harris
2007).
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Marine science can help answer management questions (see Table 1 below) and contribute to the
design of a MPA network for the protection and conservation of Mediterranean Sea submarine
canyons in several ways. A first step is to identify the different types of canyons that exist and map
out, to our best available knowledge, where they occur. Ecological differences between canyons
will be driven, to some extent at least, by geological and oceanographic factors such as the lithology
of the margin, tectonic setting, canyon age and the physical processes currently acting within them
(e.g., the frequency and spatial footprint of slumping and turbidity currents, canyon-induced ocean
mixing and upwelling, etc.). From a management perspective, a better understanding is required
of the particular vulnerability that canyons have to human impacts. While much of this work can
be initiated immediately using existing data sets, further research is needed to adequately address
many of the questions posed by managers and authorities (Table 1).

Table 1. Management questions and conservation priorities for Mediterranean submarine canyons.

7 – ConCluSIonS – mAIn gApS In knoWlEdgE And kEy rECommEndAtIonS

The Workshop discussions pointed out many gaps in knowledge regarding the driving factors of
canyons’ formation, their development and ecological functioning, in terms of both long-term
(tectonics, sea level changes, sediment dynamics) and short-term processes (flash floods, surge
waves, internal waves, up-welling/down-welling, ecosystems functioning, trawling damage, etc.).

Among the top priorities identified by our group: 

1) Establish an updated inventory of canyons incising the Mediterranean, Black and Marmara seas
and their characteristics, based on geological, physical oceanographic and biological data, in order
to improve our global understanding of their distribution and enable regional comparisons between
canyon systems.

management Questions research priorities

What types of canyons exist in the
Mediterranean and where are they located?

• Identify the main canyon types that exist in
the Mediterranean and their location. 

What controls where they are found?

• Understand the geological and physical
processes that control Mediterranean canyon
distribution to enhance our ability to predict
ecological differences between canyon
types.

What organisms are found in Mediterranean
canyons?

• Characterize Mediterranean canyon
biodiversity to better understand, protect and
conserve them.• Characterize community
structure, including patterns of distribution
and abundance.

What ecological roles do Mediterranean
canyons play?

• Understand the roles of Mediterranean
canyons in supporting various life stages of
living marine resources and the processes
that regulate these ecosystems.

What are the impacts from natural and
anthropogenic threats on Mediterranean
canyons?

• Determine the anthropogenic and natural
threats to Mediterranean canyons and assess
the ecological impacts and their subsequent
recovery, if any, from them.
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2) Improve our understanding of the natural drivers controlling canyon functioning (e.g.
hydrodynamics, sediment transport, seabed composition, and fluxes of particles), their ecosystems
and the current impacts caused by anthropogenic activities.

3) Develop national and international monitoring programmes based on repeated geophysical
surveys and long-term biological, chemical and physical oceanographic time-series observations
in critical areas for geo-hazard assessment, ecosystems preservation, trawling damage, etc. in order
to assess hazards and vulnerabilities and plan a correct management

4) Promote canyon habitat mapping (e.g., multibeam sonar mapping, oceanographic data together
with biological sampling, ROVs, AUVs observations, numerical modelling) so as to gain a better
understanding of canyon biodiversity and of their environmental status.

5) Connect existing mapping infrastructures and databases at regional and national levels (e.g.,
EMODNET, EMSO). Add layer dedicated to submarine canyons, their habitats and their
vulnerabilities.

6) Assess the evolution and resilience of submarine canyons in the context of climate change
scenarios.
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Geomorphology of Mediterranean submarine canyons 
in a global context- Results from a multivariate analysis 

of canyon geomorphic statistics 

Peter T. Harris and Miles Macmillan-Lawler 

GRID-Arendal, Norway 

ABSTRACT 

Submarine canyons in the Mediterranean and Black Seas stand out as globally different based on 
studies of global canyon geomorphology; they are more closely spaced, more dendritic (more 
limbs per unit area), shorter, have the smallest mean area, are among the most steep and have a 
smaller depth range than canyons that occur in other regions of the world. Here we present the 
results of a multivariate analysis of submarine canyon geomorphology to explore in more detail 
the apparently unique attributes of Mediterranean canyons. We find that Mediterranean canyons 
can be divided into six Classes, dominated by "Class 4" that is characterized by small area, close 
canyon spacing and a relatively high percentage of shelf incising canyons. On a global basis, Class 
4 canyons are found to occur mainly (68%) on active continental margins. Examples of other 
regions in the world containing large numbers of Class 4 canyons are described. 

l.INIRODUCTION 

Submarine canyons in the Mediterranean and Black Seas stand out as globally different based on 
studies of global canyon geomorphology (Harris and Whiteway, 2011; Harris et al., 2014a). 
Mediterranean canyons are more closely spaced, more dendritic (more limbs per unit area), shorter, 
have the smallest mean area, are among the most steep and have a smaller depth range than canyons 
that occur in other regions of the world. The question arises: "What physical processes explain 
these observed geomorphic attributes that are unique to Mediterranean canyons?" 

The explanation for these differences is not simply due to a difference in data quality for the 
Mediterranean compared with other areas. The bathymetric models used by Harris and Whiteway 
(2009) and by Harris et al. (2014a) used versions of the Smith and Sandwell (1997) satellite 
altimetry dataset. The SRTM PLUS 30 v7 arc second model (Becker et al., 2009) incorporated data 
from the Mediterranean margin of the highest quality (based on multibeam sonar data; Amante and 
Eakins, 2009; Becker et al., 2009). But this factor does not explain the differences in observed 
geomorphology. Take canyon spacing, for example; some locations exhibiting close canyon 
spacing, such as the South Pacific, are not based on exceptionally high-quality data (Harris and 
Whiteway, 2011). Furthermore, locations having excellent data quality do not necessarily exhibit 
closely-spaced canyons, such as the margins of Japan and of the United States. Inspection of the 
global database for canyon length, slope, area and depth range confirms the view that the observed 
differences cannot be explained by data quality alone. 
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Other factors that might explain the geomorphic attributes unique to Mediterranean canyons 
include global sea level changes and density currents (Harris and Whiteway, 2011; Harris et al., 
2014a). Sea level lowering and desiccation of the Mediterranean basin that occurred during the late 
Miocene "Messinian Salinity Crisis" (e.g. Loti et al., 2005; CIESM, 2007) may have played a role 
in regional canyon development. The subaerial exposure and erosion of the continental margins 
bordering the Mediterranean are well documented in the literature (Hsti et al., 1978; Druckman et 
al., 1995; Rouchy and Caruso, 2006) and this phase of subaerial erosion is a unique feature of that 
region's geological history. The incision of the margin by rivers during this period would have 
created incipient canyons that were further developed by submarine processes following re-filling 
of the Mediterranean basin. However, tectonic uplift and margin progradation will have 
significantly modified or masked many canyons formed during the late Miocene, particularly along 
the northern active margin of the Mediterranean (e.g. Bertoni and Cartwright, 2005; Ridente et al., 
2007). A large percentage of shelf-incising canyons might be expected if subaerial erosion had 
played a major role in canyon development, and yet the Mediterranean does not in fact have a 
large percentage of shelf-incising canyons compared with other regions of the world (Harris and 
Whiteway, 2009). 

Another possibility is the role played by erosive density currents formed in winter by cooling of 
shelf water masses, which cascade down submarine canyons. In the Gulf of Lion, down-canyon 
current speeds of up to 85 em s·1 have been measured at 5m above bottom in 750 m water depth 
associated with winter cooling events (Canals et al., 2006). Similar oceanographic processes have 
been invoked by Mitchell et al. (2007) to explain the headward erosion of Bass Canyon located in 
southeastern Australia during the Pleistocene. But it is not clear how this process alone could 
explain the geomorphic differences observed. 

In order to explore possible reasons behind the geomorphic differences between the Mediterranean 
and other canyons in the world ocean, a new global database of submarine canyons (Harris et al., 
2014a) is here analysed using multivariate statistical methods. The new geomorphic data are based 
on interpretation of the Shuttle Radar Topography Mapping (SRTM30_PLUS) 30-arc second 
database (Becker et al., 2009) as modified by Harris et al. (2014a) to include better quality data 
in the region around Australia. "Large" canyons were mapped in this study based on the definition 
of Harris and Whiteway (20 11), which requires canyons to extend over a depth range of at least 
1,000 m and to be incised at least 100 m into the slope at some point along their thalweg. 
Differences in canyon morphology highlighted by the results of multivariate analysis will be 
presented and discussed with the aim of seeking further possible explanations for the unique 
geomorphic attributes exhibited by Mediterranean canyons. 

2. METII:ODS - MULTIVARIATE ANALYSIS OF CANYONS 

A total of 9,4 77 submarine canyons are included in the global database compiled by Harris et al. 
(2014a) which also provides the compiled geomorphic attributes for each canyon, used here as 
input variables for a multivariate analysis. The input variables used are length, width, mean canyon 
depth, canyon depth range (delta depth), canyon spacing and the frequency of occurrence of shelf­
incising canyons. Detailed descriptions of these variables are as follows: 

Length: the maximum length of the canyon as calculated using a bounding box. 

Width: the maximum width of the canyon as calculated using a bounding box. 

Mean depth: the mean depth of the canyon polygon. 

Delta Depth: the difference between the minimum depth and maximum depth within the canyon. 

Spacing: the distance between adjacent canyons measured as the distance to the nearest canyon. 

Frequency of occurrence of shelf-incising canyons: this is a measure of the area of shelf incising 
canyons divided by the total area of canyons that occurs within a given area, expressed as a 
percentage. The number was calculated as the percent of area of shelf incising canyon polygons 
occurring within a search radius of 500 cells. 
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The variables for each canyon were calculated in ArcGIS based on the geometry of the canyons 
and analysis of the modified SRTM30_PLUS bathymetric model. Each of the six variables was 
rasterised to a standard 0.5 minute grid (consistent with the modified SRTM30_PLUS bathymetric 
model). Each variable was scaled so that its range was between 0 and 100 to ensure equal weighting 
in the classification process using a linear transformation. The classification used the Iso cluster 
unsupervised classification algorithm in ArcGIS, run for between 3 and 20 classes. 

3.REsULTS 
There are 817 canyons in the Mediterranean and Black Seas (refereed to here as simply the 
Mediterranean), which is the focus of the analysis presented here. The first step in our analysis was 
to calculate the discrete clusters for different canyon classes calculated for the global database of 
9,477 canyons and then examine the numbers of canyons in each cluster occurring in the 
Mediterranean. The number of canyons from 3 to 20 clusters that occur in the Mediterranean 
(shown in Table 1) illustrates that with 6 clusters there are 4 significantly large populations in the 
Mediterranean (i.e. having more than 20 members; Classes 1, 3, 4 and 5). Adding additional 
clusters does not result in the creation of a greater number of significantly large clusters. Hence, 
six clusters was the number used in the present study to assess canyon populations. 

Table 1. Number of canyons from the Mediterranean according to Class for differing numbers of clusters 
calculated for the global canyon database. With six clusters there are four significantly large populations in 
the Mediterranean (i.e. having more than 20 members; Classes 1, 3, 4 and 5). Adding additional clusters 
does not result in the creation of a greater number of significantly large clusters. Hence, six clusters was the 
number used in the present study to assess canyon populations. 

Cmyon 3 4 s 6 1 8 9 10 ll 12 13 14 IS 16 17 18 19 
cw- Cluster Cluster Cluster Cluster Clusta- Clllller Clusta- Clllller Clllltec Cluster Cluster Cluster Cluster Cluster Clusler Clusta- Clllller 

1 78 113 47 37 41 18 22 41 22 32 17 18 17 16 11 14 14 

2 736 1 1 1 3 3 5 13 13 11 12 11 18 10 12 10 11 

3 3 700 507 143 0 0 0 1 2 0 1 3 8 10 7 8 3 

4 3 260 614 367 118 177 0 114 34 11 0 1 3 4 3 3 

5 2 22 395 551 4 69 0 490 0 8 5 0 1 4 1 

6 0 11 8 461 455 0 238 151 0 0 1 101 0 13 

7 0 103 9 225 495 1 0 188 152 158 2 0 0 

8 1 139 5 157 5 323 15 3 16 55 105 126 

9 0 8 7 6 274 443 310 0 0 17 28 

10 0 7 0 6 9 284 358 285 0 1 

11 0 0 18 0 5 227 290 318 11 

12 0 4 118 0 3 6 255 371 

13 0 4 19 0 0 73 205 

14 0 4 12 19 0 5 

15 0 3 21 3 0 

16 0 3 4 3 

17 0 3 11 

18 0 2 

19 0 

3.1 Principle Component Analysis 

Geomorphic attributes of six canyon classes for the global ocean and for the Mediterranean (Tables 
2 and 3, respectively) provide the basis for the assessment of the geomorphic attributes that 
characterize each type. A principle component analysis (PCA) was conducted on the global dataset 
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(Appendix A) to highlight the most important characteristics defining each canyon type (i.e. the 
longest and most coherent eigenvectors). 

Table 2. Global canyon geomorphic statistics with standard deviations (SD). See text for description of 
variables. 

A~ area 
Average delta Averagemem Average Avenge Sp.:ing Incisedness 

Class NuoiJc£ 
(bn2)±SD 

depdJ. depth lcogth widlh 
(km)±SD (%) 

(m)±SD (m)±SD (km)±SD (bn)±SD 

1 2968 325 ±429 1,634±683 2,648 ±950 36±26 13 ± 10 15.0±55.0 5% 

2 159 3,636 ± 2,704 2,851 ±985 2,739 ±642 163 ±50 58±30 13.7 ± 25.8 6% 

3 2783 391 ± 558 2,026 ±976 2,464 ± 1.071 41 ± 32 14 ± 12 8.25 ± 8.77 31% 

4 3154 237 ±309 1,578 ±594 1,856±968 30±21 11 ±9 9.64± 14.6 61% 

5 378 1,754 ± 1,445 3,514 ± 1,124 2,056±699 102 ±49 40±24 15.8 ± 35.3 72% 

6 35 9,944 ± 5,417 3 ,669 ± 1 ,159 2,468 ±627 286 ± 62 116±43 11.4± 21.7 73% 

Total 94T1 463± 1.041 1.833 ±895 2,.308 ± 1 ,()37 41±38 l.S ± 16 11.2 ± 33.3 34CJ, 

Table 3. Mediterranean canyon geomorphic statistics with standard deviations (SD). See text for description 
of variables. 

Average area Average delta A~ mean Avt:ll'ap A wage Spacing lnr.isednea 
Class Numbc:r" 

(km2)±SD dcpth(m) depth 1cngdt width(km) 
(bn)±SD ('It) 

(m)±SD (bn)±SD ±SD 

1 37 395 ±436 1,565 ± 686 2,135 ±820 44±32 14 ± 9 16.0±23.0 10% 

2 1 3,510 3,107 1,646 159 47 9.51 8% 

3 143 146 ± 187 1,679 ± 775 1,926 ± 717 26±20 9±7 4.86±5.59 33% 

4 614 135 ± 199 1,465 ± 518 1,497 ±658 23 ± 17 8±7 5.77±9.62 63% 

5 22 1,849 ± 1 ,326 2,482 ± 728 1,500 ± 397 100±53 59±24 11.1 ± 39.7 74% 

6 0 - - - - - - -

Total 817 199±426 1,536±612 1,601 ±698 21±~ 10± 11 6.22± 12.0 .S.S'JJ 

The PCA for Class 1 canyons shows that they are characterized by length and width (and hence 
area; component 1; canyon length, width and depth are highly correlated) and by mean depth 
(Component 2). Class 1 canyons are globally the second most common type (n = 2,968), but in the 
Mediterranean Class 1 canyons constitute only a small population (n = 37). In the Mediterranean 
Oass 1 canyons are located almost exclusively in the Ionian Sea, Gulf of Sidra region (Fig. 1 ); there 
are also two occurrences in the Tyrrhenian Sea and two in the eastern Mediterranean. Class 1 
canyons exhibit a large spacing both globally and in the Mediterranean (Tables 2 and 3). Because 
of their small number, Class 1 canyons are not expected to significantly influence the average 
geomorphic character of Mediterranean canyons as a whole (Tables 2 and 3). 
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Figure 1. Distribution of canyon classes in the Mediterranean detennined by multivariate statistical analysis 
of the global canyon data set as described In the text. Place names refer to discussion In 1he text. There are 
no Class 6 canyons In the Mediterranean Sea. The continental shelf area (after Harris 9t aJ., 2014a) Is shaded 
light green. 

The PCA for Class 2 canyons shows that they are characterized by area, length and width 
(Component 1) and by depth range (delta depth, Component 2). Class 2 canyons are not a globally 
significant category (n = 159) and there is only one occurrence of Class 2 in the Mediterranean in 
the Gulf of Sidra (Fig. 1). 

The PCA for Class 3 canyons shows that they are characterized by area, length and width 
(Component 1) and by the percentage of shelf incising canyons (incisedness) and canyon spacing 
(Component 2). Class 3 canyons are globally the third most common type (n = 2,968), and in the 
Mediterranean Class 3 canyons are the second most common type (n = 143; Tables 2 and 3). In 
the Mediterranean Class 3 canyons are locafA::d in the eastern Mediterranean off the coast of Egypt 
and south of Crete (Fig.l). Class 3 canyons in the Mediterranean are significantly smaller in area 
than their global counterparts (146 ± 187 versus 391 ± 558 km2, respectively) and also more closely 
spaced ( 4.86 ± 559 versus 8.25 ± 8.77 km.2, respectively) although their degree of incisedness in 
the Mediterranean (33%) is comparable to the global average (31 %; Tables 2 and 3). 

The PCA for Class 4 canyons shows that they are characterized by area, length and width 
(Component 1) and canyon spacing (Component 2); the percentage of shelf incising canyons 
(incisedness) is also important (Component 2). Class 4 canyons are globally the most common 
type (n = 3,154), and in the Mediterranean Class 4 canyons are also the most common type 
(n = 614; Tables 2 and 3). Class 4 canyons are widely distributed throughout the Mediterranean 
but are most common in the western Medite:rranean and in the Black Sea (Fig.l). High 
concentrations occur in the Alboran Sea off the coast of Algeria, in the Gulf of Lion, the Ligurian 
Sea and in the western Black Sea. Class 4 canyons in the Mediterranean are significantly smaller 
in area than their global counterparts (135 ± 199 versus 237 ± 309 km2,respectively) and they are 
also more closely spaced (5.77 ± 9.62 versus 9.64 ± 14.6 km2, respectively). As in the case of 
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Class 3 canyons, the degree of incisedness of Class 4 canyons in the Mediterranean (63%) is 
comparable to the global average for that Class (61 %; Tables 2 and 3). 

The PCA for Class 5 canyons shows Chat they are characterized by length, width and area 
(Component 1) and by delta depth and mean depth (Component 2). Class S canyons are not 
common globally (n = 378), and there are only a small number of them in the Mediterranean 
(n = 22). Class S canyons exhibit a large spacing both globally and in the Mediterranean (Tables 
2 and3). Because of their small number, Class S canyons are not expected. to significantly influence 
dl.e geomorphic character of Mediterranean canyons as a whole (Tables 2 and 3). 

Class 6 canyons are globally rare (n = 35) and there is no occumnoe of a Class 6 canyon in the 
Mediterranean. Class 6 canyons are the world's largest, having dl.e greatest mean area, length, 
width, mean depth, delta depth and pen:entage of incisedness. As noted by Harris et al. (2014a), 
dl.e world's largest canyons tend to occur in the polar regions of the oceans. 

3.2 A• S*•eut of Cl2IIIS 4 Ciil)OiM outside of the Mcdi1emmr:aD 
From the above it can be seen that Class 4 canyons are numerically dominant and thetefore exert 
a dominant influence on canyon geomorphic attributes that characterise the Mediterranean 
canyons. 'Iherefore an assessment of the occurrence of Class 4 canyons beyond the Meditetranean 
is warranted. An assessment of locations around the world where large numbers of Class 4 canyons 
occur outside of the Meditmanean has been carried out using the focal variety tool in An:GIS 
(Fig. 2) and the results are described here. 

In the Celebes Sea-Timor Sea region (Fig. 2A) concentrations of Class 4 canyons occur around 
the island of Sulawesi in the Flon:s Sea and along the southern margin of the island of Java. Sevend 
Class 4 canyons feed into Bone Gulf in southem Sulawesi and are visible in multibcam imagery 
presented by camplin and Hall (2014) who describe a regional PlioceDe tectonic event Chat caused 
a ''major influx of clastic sediments from the north and the development of a southwatd-flowiDg 
canyon system". Class 3 canyons dominate in this region oven\11 (Class 4 canyons are regionally 
subor:dinatc to Class 3) and Class 5 canyons also occur in significant numbers. 

Concentrations of Class 4 canyons occur off the east coast of Taiwan extending northwards into 
the East China Sea and around the Okinawa Trough (Japan; see Oiwane et al., 2011); anodl.er 
group occurs on both the east and west coasts of the island of Kalusunan in the Philippines 
(Fig. 2B). These groups of Class 4 canyons are separated by a cluster of Class 3 canyons, located 
between Taiwan and Kalusunan • 

.... 
I 

00MII'IIIMCIIIW'Ot1Cia• 

0 Clut 1 canyons 
0 ctan 2 canyons 
- C6au3e:arr;ons 
O caass 4 unyoM 
- Ciass6unyons 
- Class 6 tell'yOns ·------ _.,., 

.... .,. ___ ·-

Figure 2. Map showing the global distribution of c:anyon classes produced using foc:alstatistice. The majority 
canyon type over a 100 1cm mOVing window was ceJcullded in Arc:GIS. The map illu$1ra.t$$ diffel'ent regions 
containing local concentrations ot Class 4 canyons (see tBxt for details). 
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In the Bay of Bengal, Class 4 canyOD.II outnumber all other cla.saes and dominate the ~gion 
(Vag. 2C). They are most common around the Ancl.aman Islands and Sri Laut:a. Other canyon 
claalle6 are muc:h len common and~ are only afew groups of Class 3 and i.solal!ld oa:unenc:es 
of Class S canyons. The tectonic selting of this 1\\gion i& complex (Cw:ray, 2014) since the 
And a man Islands side of the Bay of Bengal is considered an ac:tive plate JIUUgin whenm Sri I.a.ob 
is conside~ to be a passive margin (Fig 3). 

Arctic Ocean .. 

Medlt~rranean 

North Pacll\c Ocean 

.. ----···--·-···--·····hw!PJ .............. . .. . _ .. , 

South Pacific Ocean 

Indian Ocea n . • 
Cont1nenul \ 

North 
Atlantic 
Ocean 

M..S. 

South 
Atlantic 
Oce;tn 

Margin Type •• · -·-·-·-•••• ···-····-~-- • •• ·-·· •• • •• •• • • •• ••••••• •• J ••••• •• •• ••••••••• 6d's 
..., Southern Ocean 
w Actl~ 
O Paul~ 

Flgure3. Map shcMtng 1he gllobal dlsl!tbu11on oledllre and pa.allle plate margins.. 

Fwlbet east adjacent to the Arabian Peninsula and Gulf of Aden, Claas 4 canyons dominate the 
conlinmtal margin. with groups ofCJ.us 4 canyons interspersed with one or two Class 3 canyons 
(Fig. 2D). Fk:re again the teceollic seUing is compklt wilh active seafloor rifting in the Gulf of 
Aden and plate collision between India and the Arabian Plate (Fournia- et al., 2010). 

Drake Pa.uage contains COIIIOellttations of Clas8 4 canyons (Pig. 2B), C$pecially off the southern 
coart af Tierra del Fuego, adjacent to the Antarctic Peninsula. and around the island af South 
Georgia.. In 1hia region Cla&s 4 canyons outmmlber all olher Cla.slle6. 'lb.cy are lnttaspaB(.(J with 
some Claas S canyons and with lMser numl:len of Class 3 ca:nyoru. 

Several large groups of Class 4 canyons are located off the coast of the eastern United States 
(Fig. 2F} and 80'Dthem Clreel:llal¥l (Pig. 2G), providillg examples oftheir0C4l11tl\111Ce along a passive 
conlinmtal margin. One conlinuoWl group of around thirty Class 4 e&nyOilll is located offsllcne of 
Che8apealce Bay and another la!ge group is locall.ld east of Cape Cod (Shepard.l981; Mi~. 
2008). These groups liR! interspersed with isolated Class 5 and 6 canyOilll and small groups of 
Claa8 3. A group of about 18 C1w 4 caJ1YOilll ex«end wilhout imem!pCion along the southern and 
southeastern margins of Gnlenland. 

C~ons of Cla&s 4 canyons~ in 1he Gulf of Callfamla, around the soulhem tip of the 
Baja Califomia Pminnda and as an cmnsive semi-cootinuous group, inllmpCII:'Sed with individiJal, 
l110lated Class 5 canyOD.II, extending akmg the weitem ~of Mexico (Rdmnl.tz and Guti.6mz.. 
Estrada, 1970) from Putzto Vallarta southwanb to Gua•emala, El Salvador and Nicaragua 
(Fig. 2H). Clw 4 canyons also domina~ along large se<:ti.ons of the ea.a~m margin of South 
America (Fig. 2). 

In the northeast Pacific, along the western coasts of British Columbia (Can•da) and the United 
S1ates, Claa8 4 canyoll8 dominate <m:rlarge areas {Pig. 21). One cootim•ous group extends a1aog 
the entim coast of British Columbia (apart from one lqe Class 6 canyon) and a semi.-COil.tinu.ous 
group extellds northwanls from Sm Plancisco to the Columbia Rivu mou!b, inmpersed with a 
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few Clan S C8II.}'OI1ll (Shepard, 1981). Tectonic proceslle8 are lhougtrt to have exerted control on 
the geomorphology of some Briti.&h Columbia canyon.s (Haais er al., 2014b) and on some 
Califomia canyons (I.e Dlilttec n al., 20 10) but not on otbera (Gan!ner n al., 2003). 

4. DJsa.rssloN 
4.1 SiguiAmwoaf)f R&U1111fJ1114W)W ef"P:ial 
Out of817 canyon5 in the Medill!mmea:a, 614 (over7S%) ~W daaified bee 1111 Claas 4,much men 
thaD the global average of Clas& 4 compri.sing 33._, of all canyo11.11. Therefore, canyon 
geomCIIphologie atatiJtica in the Meditma:oeim ~W atrongl:y govemed by this Clas& mel the ovenill 
alln"bute& of small area, short length, nanow widlh mel c1-canyon spacillg are atttibutable to tbe 
dominanoe of Class 4 canyom in the Medi.tmanean n~gion. 

An llliSCIIillllllllltof other locati011.11 1110und the wDIId when! laige n!lll1beni of Cla88 4 cany01111 ~ 
(Fig. 2) I!Uggem a pattm1 of~: Clan 4 canyons appear to~ more commollly alon.g 
activeplatemaxginscompaed with passivemaigin.s (Fig. 3).1n factthenumberofCI.ass4canyom 
occuning along ac1ive margins (II = 1 :J"TO) is much gRill1er than the IIII!Dber found alon.g passive 
margins (n = 908); i.e.68%ofC!asa 4canyon.s occur on active margins. Buttbe.re is conaiderable 
varilltion Algi.OD8lly aa described above. 

Some other clear sssociaficm are that Classes 3, 4 a:od S canyons an~ often fOWld togdher in tbe 
examplos stadied (Fig. 2). Howevel', wbemls Claas 3 mel 4cany011.11 tend~asdiscnteclus1ers 
of five or men, Claas S cany011.11 are often solilaly and~ itd&spened wilh Clas.i 4 canyon.s. 
Controla of tectonism a:od sediment input exhibit broad vari.atiom and lh~D is no siogle process 
that appem:s to dominate in 1he form.atioo of Claas 4 canyom. 

42 R&il&mmce of alllJODIIJOIIDipidogy ill QU)W e"\IOhdim 
Shepanl. (1981) summ.ari.zed tbe two main proc;esses aun"butlld to canyon formation: i) mass 
wasting and retrograde slumping of lhe continental slope and ii) erosion by tudri.dity Cllmlllls 
souroed from the cootinental shelf. 1'hese two processes (Fig. 4) are not mnh••lly exclusive and 
are probably CCIIIl:edlpUI!lDeCIUs and spatially coo,gruous on many slopes, but CODSidering the two 
processes sepmately pro\'i.dea a framework to interpn:t lhe statistical data 'We now have aVllilable 
on canyon geoilltQfpllic ai!D"butea. _.,_ 

F".gur& 4. Scllanwie dill(lramsllhowing ew~kllicln of &ubmalln& cenyon' ovar lhrM tim& alice$ {T110 13) by 
tQ p1 " 1 1 : u : I) - ~ng end IGboyullldlil 81u"llfng of the con1fnen1111 •lclpe and I~ erolllon by turtlldlty 
C~~rrerrts souroed from th& con1fnental 8hetf. Th& rooand&llng couuw of deet~ly Incised, matur11 canyon 
thalwep formed by eroalon by tutllldrtes waa 8Uft881ed by Gee et 81. (2007). 
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Modelling has revealed the importance ofheadward erosion driven by sediment flow downcutling. 
in which tributaries are the precursors of larger submarine canyon systems (Pratson and Coakley. 
1996). Enlargement by slumping has been shown to explain the morphology of some canyon 
systems (Sultan et al .• 2007). Fluid escape along a section of continental slope prone to slump­
failure may theoretically produce a self-organised canyon (Orange et al .• l992). 

The two processes (Fig. 4). taken as a model for canyon formation. make at least three predictions 
that can be tested: 

1. The occurrence of shelf-incising canyons should correlate approximately with regionally 
averaged sediment discharge to the coast. 

2. Shelf incising canyons are on average larger than blind canyons because they are only 
formed towards the end of the evolutionary cycle involving incipient blind canyons. 

3. The number of blind canyons should exceed the number of shelf incising canyons because 
shelf incising canyons are only formed towards the end of the evolutionary cycle involving 
(often several) incipient blind canyons. 

Prediction Number 1 was addmscd by Harris and Whiteway (2011) who plotted modeled sediment 
discharge data (lA:ulwick and Probst, 1998) versus the percentage of shelf incising canyons for all 
non-polar margins on earth (Fig. 5). The resulting plot demonstrates that a strong relationship 
(r = 0.68) exists between these parameters. as the proposed model predicts. 
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Figure 5. Plat of the fraction of canyons ocoorrfng In each geographic region (excluding the Arctic and 
Antarctic) that incise the continental shelf (modified from Harris and Whiteway, 2011) versus 1he rate of 
sediment disthatge modelled by Ludwig and Probst (1998), measured in million tonnes per year per grid cell 
(2o Lat.ltude by 2.5o Longitude). Sediment discharge values plotted here are estimated from Ludwig and 
Probst (1998; 1heir figure11) by 1aking 1he average value for modelled grid cells occurring within the specified 
geographic regions. The linear correlation coefficient r = 0.68 for the data shown. Active regions are shown 
In red and passive In green. 

The second and third predictions can be tested based on statistical data (Table 4) published by 
Harris et al. (2014). The data show that the average size of shelf- incising canyons is mare than 
twice that of blind canyons. as per prediction number 2. Furthermore. blind canyons outnumber 
shelf-incising canyons by a ratio of more than 3 tol (see Table 4), which supports prediction 
number 3. What can also be seen is that the statistics are consistent across all ocean regions; the 
average size of shelf- incising canyons exceeds that of blind canyons. and blind canyons outnumber 
shelf-incising canyons in every ocean region. The Meditemmean is no exception to this globally 
consistent pattern (Table 4). 
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Table 4. Statistics on shelf incising and blind canyons (from Harris et al., 2014). The data show that blind 
canyons outnumber shelf incising canyons by a ratio of more than 3 to1, whilst the average size of shelf 
incising canyons is more than twice that of blind canyons. 

All canyons Self-incising Blind canyon 
Self-incising Blind canyon 

Ocean average size average size 
No. No. No. km2 km2 

Arctic Ocean 404 75 329 2,160 600 

Indian Ocean 1,590 295 1,295 754 415 

Mediterranean Black 
817 307 510 307 134 

Sea 

North Atlantic 1,548 293 1,255 997 355 

North Pacifie 2,085 489 1,596 751 281 

South Atlantic 453 73 380 894 594 

South Pacifie 2,009 368 1,641 584 292 

Southern Ocean 5 71 176 395 1,104 949 

All Oceans 9,477 2,076 7,401 777 375 

CoNCLUSIONS 

The unique geomorphic attributes of Mediterranean canyons are due to the dominance of Class 4 
canyons in that region. Apart from their occurrence on active margins, there is no other obvious 
common factor among the global occurrences of Class 4 canyons (Fig. 2) that has emerged from 
our assessment. The identification of other factors (apart from their occurrence on active margins) 
that may control the formation of Class 4 canyons awaits future research. 

The model for canyon formation put forward by Shepard (1981) includes two basic processes: i) 
the mass wasting and retrograde slumping of the continental slope and ii) erosion by turbidity 
currents sourced from the continental shelf. This model provides the basis for making three 
predictions that have been tested using available data: 

1. the occurrence of shelf-incising canyons correlates approximately with regionally averaged 
sediment discharge to the coast; 

2. shelf incising canyons are on average larger than blind canyons; and 

3. the number of blind canyons exceeds the number of shelf incising canyons. 

The available data are consistent with these three predictions. Furthermore, the geomorphic data 
for the Mediterranean region shows that the average size of shelf- incising canyons exceeds that 
of blind canyons, and blind canyons outnumber shelf-incising canyons. 

* this chapter is to be cited as: 

Harris P .T ., Macmillan-Lawler M. 2015. Geomorphology of Mediterranean submarine canyons in 
a global context- Results from a multivariate analysis of canyon geomorphic statistics. pp. 23 -
35 In CIESM Monograph 47 [F. Briand ed.] Submarine canyon dynamics in the Mediterranean and 
tributary seas- An integrated geological, oceanographic and biological perspective, 232 p. CIESM 
Publisher, Monaco. 
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AnENDIX A. PlUHCIPAL COMI'ONENT ANAL~ SIX CLASSJ.S 
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SUBMARINE CANYON DYNAMICS - Sorrento, Italy, 15 - 18 April 2015 

"Rocky'' versus "Sedimentary" canyons around the 
Mediterranean and the Black Seas 

Jean Mascle1, Sebastien Migeon2, Marianne Coste, Virginie Bassoon 
and Pierrick Rouillard 

1 Observatoire Oceanologique de Villefranche, Villefranche-sur-mer, France 
2 Geoazur, Sophia-Antipolis, France 

INTRODUCTION 

Submarine canyons are commonly interpreted as erosive features and areas of bypassing for 
sediments, nutrients and organic matter (Normark and Carlson, 2003; Shepard, 1981 ;Twichell and 
Roberts, 1982). The largest canyons are classically 1000-1500 m deep, up to 20-50 km wide and 
several tens of kilometers long (Normark and Carlson, 2003; Harris and Macmillan-Lawler, this 
volume). Two main types of canyons are usually distinguished by geologists (Goff, 2001; Twichell 
and Roberts, 1982): (I) immature canyons. They consist of small and relatively straight features, 
often organized in clusters, and restricted to the continental slopes; submarine failure and mass 
wasting processes are the main mechanisms controlling their development, (2) mature canyons. 
These consist of rather wide submarine valleys deeply indenting the continental shelf and slope and 
fed by more or less continuous sediment supply delivered by river inputs and/or coastal currents. 

For decades, almost since their discovery, the origin of canyons, particularly those of the 
Mediterranean Sea, has been a matter of strong scientific debate. 

Canyon morphology is classically divided into four geomorphologic domains (Fig. 1): the head, 
the thalweg, the lateral walls and the distal reaches or mouth (Cronin et al., 2005). (a) Most canyon 
heads are characterized by amphitheater-like features made of abundant small sedimentary scars 
due to repetitive small-scale mass-wasting processes (Green et al., 2007). Heads are active areas 
in term of current activity and sediment transfer, which erode the upper slope ultimately up to the 
shelf break . (b) Canyon thalwegs can be either almost straight or quite sinuous depending of local 
slope angle variability, volume of sediment supplies and importance of tectonic controls (Laursen 
and Normark, 2002); canyon trends can effectively be largely controlled, and deflected, by fault 
scarps, active faulting (<;agatay et al., this volume), margin tectonic uplifts (Cerami cola et al., this 
volume). (c) Canyon walls may often be relatively steep (frequently up to 30-40°), sometimes 
nearly vertical; canyon lateral slopes may be affected by large sediment failures, erosional 
processes and dense flows. Depositional areas, expressed as terraces, confined levees and, 
sometimes, sedimentary ridges, can also develop in this setting (Babonneau et al., 2004 ). (d) The 
transition between the distal domains of canyons and their depositional channels still remains 
difficult to image from subsurface geophysical data. These areas may be characterized by the 
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development of thalweg chalmels when the canyons are progressively loring their topographic 
expmw~ion (Croain et al., 200.5; ace: alBO Ambw et al., dliB vol~J:~De) and ~t wilh =or lees 
elnuoas clumnd-levee syetems such 88 in most major della-related. sed:imeiWil'y IX'IIlCS (for enmple 
the Rhone or Nile cones). 

Figure 1. Sc:henwJ~c; morphology r1. a tubmlllfne C31)'0n (Iller WQrtz, 2012). 

Ill the Meditm'lllleaD Soa (Fig. 2) most major c;anyonll}'lltelllllllppeal' superimpolled on pn~vious 
tectonic lineaul.ems, such 88 falllt eystems issued from variaas rifting episodes (depending of the 
-.,),from II:Qellt teclollic ~vatian (Cenunilda u al., this volu:ale) and from aai~ ~. 

Ill the small Medilllmillean basin canyon developmmt may however rely on various ~ses, 
which can mon.lO'Vet be combined. Alllao,g them: 

(a) ac:aial (or fluvial) a:oaion dwing low4tand eea level8, imaged u well by 8el8mlc data aczoss 
cootineDtal shelves (Ebro, Nile; see Amblas et al., this volume). In the western Medilemillean 
domain, sw:b COIII:ro1 may have been particalarly intense dilrin8 the Me8$inian event, when sea­
lcvc:l may have dropped up to l..S km; 

(b) Jdrogn!llllive erosion, triggered by R!peated submarine laDdalidea; 

(e) frequent bypasllin3 by debris flows, turbidity Clllmlts, hype;qrycnal flOWll or up and down 
C11Da118 r~:lsted to tides and em~. to intemal Wl!Vea. 

Caac;ading ciiiiiiDtil, issued from pr~XeSSCS of dense waten formation (see Puig et al., this volumo), 
have alBO been identified 88 one of the Jne('hanism• 8ellel.'lltin3 oeafloor erosion. Erosion leads 
iUelf to di&placeiiiCnt of large volumes of sillldy particles able to ~~ impact thalweg 
mo~phologies (Gaudin et al., 2006; Trincmdi t1 al., 2007). 
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Figure 2. l.bpho-belhymetay of lhe MedlteiTIIIIeen See shi:Ming lhe mllln c:.nyon ~ ~"-nnel e)'\11111"" 
.-ound 1he b.uln;lhe norltrwtMitllm M!dtenanean m1111Jina llljlpiHII1t by fllrto be 1he an~ a wtlera CIIIIVOflll­
lha moll abundant. (elter P.Aig11011 et Ill., 2012). 

We first presem hem a brief geological overview of submarine canyoos around the Medim:raneml 
Sea, based on recelll det•!!OO ~ym.ell'y maps of the Meclllrzrenesn Sea (eee Fig.1) and 
in part on a pi\MoWI paper (Migecm et al., 2012). We then diiiCUBs two cue atudieB, which we 
consider to be representative of two "endmt1111bera" of the lqe Mediterranean canyoos families 
<-Haai& and Macnrillan.Lawler, thi3 vol~~m~~) at leut tl:vm a geological point of view; 

(1) "Rocky" emyCIDII, which 10 incleo.ting steep CODtinental slopes, and along which haid 
rocl:ll oule:rop8-. aftm exposed: in Che:ir lal:ge majority th-c:.anyons am superimposed on 
line8 of we$:ness ~to pul, -tor ~n: tcctoniea; for a signifieant number of them 
they may alae have been partly rejuvell.llted dllring a canaiderable sea-level drop wbich 
owuaed &w million.s years ago clurlng 1he Me$81nlan event. 

{2) "SMmenkuy~ emy01111, that ~R plldl.y fed md ~by re~:CD.t soft sc:dim.::llla; the8e 
last fea!urell cut across wide and thickly sedimmted cantinmtlllshelves and slopes built in 
reladon to submarine deiW ~ as Iazge clastic cones; moet of these sedimentary 
c:anyona lie at tho mouth of major riven aw;b 11.11 the Ebro (Amblas et al., thi3 volume), the 
Danube~ etal., thi3 volume) or, the Rhone and tbeNile (thi3 papa-) . 

.Amoclg the ''rocky" canyons we ha.ve sele.cted die example of the kiviera and Liguria m.argfns 
(Fig. 3). The same type of steep, and almoat noo-sedimented canyons, cut hawevCil' llm'liWI many 
OCher contineotlll slope segmenu all arolllld the Medilemlnean Sea. includio,g off Corsica, wemm 
Sa:roinia, Calalnia, ~ md along 1he 80\lthcm Aegean dom•in, 
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Figure 3. Main cenycns o1 the RMerail.lgu~a Margin !rom Nice to Gienova and oft' not11rweetem Corsica 
(urcMJIIIhecl DTM at 25m be.secl en swath ba!I?Jmi!Ciy data; courteay s. Mig eon). 

In the case of ihe western Medite1'1'1Ulea11 Sea we Chink that most of lbese featutt:s were finlt created 
when the continental slope was in ib buildiog, i.e. dwiDg the rifting and drifting episodes, 
approrim•tely be:tweca 3$ md 20 my ago, ~h led Co the: m:a!ion of this llllb-buill. Today the8e 
canyons, wboseupperdorn•in• h.ll.ve 'likdy been rejuYen.alled8.!1 aerial valleysclulin& the Mes.sinian 
low stand. ~n diMctl.y a:oncutting Paleozoic, Mesozoic md Alpines rod:!. 

All an elUI!IlPle of the: "aedinumlary" cay0118, we will focus here on die RDutta canyon, whidl 
dlarai:terizes ihe BgyptianCOIItinen.lal M&f8in and initiates ju.rt fifteen miles off Ale:undlia. (Fis. 4). 
Today the RoleJUJ submarine canyon c:ons1itatet the unique marine exutozy through which most of 
the wljtm!J s~~pplic:s Ul1.DIIpJrtcd by the Nile: Rivet' an: ddivm'ld and deposited on the Nil~; submarine 
cone and iU n011hern bonierins Hl'l.\'ldocus ahylsal plain (Rouillard, 2010; Mipon et m., 2012). 
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A Bllll!l' 0YJ11MBW 01'111& MAIN~ CANY'()t( SYS'D!MS 

Recent detailed ba!hymetric 'yntheses of theMedi:tenanean basin8 (seePi3. 2) ha.w made possible 
to highlight the stroDg COD11ul8 DOt cmly between the weBtau aDd eaBti:IU dom..U.s, but a1Bo 
between the various submarine canyon networks rotting across their respedive continental 
-afns . 

.. WafanM fit 2'&'1An 1a:in 
Along the Wettem Mediterranean continental marginll diffem~t aJnS, cllarac:Urized by strongly 
COill1'a81ed canyon motphologles, can be dUtlngulehed (Fig. S). 

Figure 5. The l1"lllh we .,..,, Meclt8111111N11 Sell CIIII)'Cifle I!Yillei•• (h purple) (after P.Aigeon et ill, 2012). 

While parts of these oontra.stB IDliY relate to di1flln!nce~~ in RI&Olulion of available bathymllllic data, 
Fipre 5 clearly illalltl.'ate8 that the most imparlmlt and 'Wi.llespread canyon system ha.!l developed 
along the Nonhwestem Mediterranean Sea contin~J~~tal slape8. Thc:re ~ may au~ivc::ly 
®sene, from west to ea.tt,a netwotk of canyons l'lllllliDg across lhe Gulf of Valencia and Oltaloni.a 
&lopes, mezgiog, at dep1h, illlt> a long an4 me.ndering channel throvgh which most of 1he Ebro 
.....ti!M!Itlll}' IIUpplies arelnillBported into the abyBsal plain (see Amblaa et al., tbU volume). Prom 
the Pyrenean bcmlers to the vicinity of Marseille, numerous canyons C1tt across tbe Gulf of Lion 
~(Fig.6). 
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These canyons are covered by hemipelajp.c muddy sediments and entail thick Pliocene and 
Quaternary sediments (Fig. 7 a and b) dqlo;sited tbough times on the wide continental platfonn by 
bcndc:rillg livers, paiticG1ady ~Rhone:. 

(a) (b) 
Flgur& 7: StUnalfne vlew8 wt1hln two~ the (Wf of uan ceeyona: {a) recent burrowed 80ft sedmen!S In 8iiCB 
cenycn; {b) aemf.lnduralecl Plooene {'I) matts In Monfllellercenycn (DocUments 1rcm the ~P' Meclseacen 
IUrveyll). 

A dense networlc. of 8eismlcdaUI r¢C41ded &a'O!IS ~G1ilfofUon platform lwdeii!J)I1.8Inlled lbat 
moat of these -t "sedimentary" -type canyons are however superimpoeed on fanner IIUb-
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aerialfvalleys c-.ted during Messinian times (roughly between 6 and S My ago), when the sea 
level d!opped drastically (pedlaps on the order of 1200/lSOO m). ~ el!St, from Marseille to 
Oeoova. almost all canyoDB 1111' clem:ly matdliag fmm« geologi.!:d u:ai.t8 and! or teetooic tt\llldJ and 
have been S11ongly mbaped, at least in lhm upper coarse&, with aerial ezosion operating on the 
area dwiJI8 lhe Mesdniab low stand. These fealw:oes cut ac10es vario\18 ~logical. fOI'IDIItions, 
made eitber of massive limestone (east of Marseille), EMtamorphic and volcanic roeks (from 
Toulon to Frej118), alp:int;-derived units and come Pliocene coD31omerates (from Cannes to 
Genova) o&n ~y exposed at the &eabcd (F~g. 8a). 

Flgur& 8: aubm&llnnlsws Wllllln two racily cart)'Ons: {a) probable Pliocene conglomerate l'llll& var canyon; 
(b) metamcrp* rcc:kll h 1he vatnxl C8ll)'lll'l (DocUments Item 111e A/WoP Meclae~ survevs). 

A comparable setting ~ the westem Corsica margin (Fig. 8b) and lihly the ~ 
colliinental slope off Sardima, where the dfec:ts of Measlnian erosion may al.8o have been 
superimposed on pxevi0118 submarino valJeys and canyons cn~~~led at the origin of the WeS!em 
M.edilr:mnean basin. 

~in -uDn-.s offSIII'dinia (Gambc:zi, 1his volume), Ncrir:m Sicily (l.o Iaconuo etal., 1his 
volllme) and westem Calabiia (Cermnicola t1 al., this volllllll'>) no ~luge canyons can be seen around 
the Tyrrhenian Sea (Chiocei, thi.s volume); Ibis ia likely a. conseqaen.oe of the ver, recelll age of 
1hiB basin c-.ted in tho last 7 my, for ill westem border, and ODly in the laat 3 to 2 my for ill 
sou!hem COI'II«, and whose eolllinemal sl!JP" have therefore been little afieded by submarine 
d.cpoeltion and ero~Jion so far. ()lily short, often sub-lillear, Qlll)'OilB or gulley3 em Into lhe naaow, 
tectooically active and uplifting continental slopes along lhe North African margins, where 
m.oreovez the drain.a,ge pattern consists of short-lived riftrs wilhout sustainable water supply. A 
comparabJe 8dling pn::wil3 alcnJg the Albonm Sea nmd!c:m IDlllgin wb::re SUOilg deep cum:a18 play 
an impartllnt role in sediment dispersion (VizqDU et al., tbill volume) . 

... Jleerp 'fr fis:.wete M MJ1. .Bl8ct $tetfJJ 

Aroa:ad the Eas1em Mediten:anea:a b&ain.IJ (Fig. 9), oDly eastcn Calabria, Cyrenail:a and Wman 
de.mt (Western Egypt) continental slopes show significant canyon networlal. 
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F"lflur& 9. The main-Med!erranean See canycns aystema (i\ purple) (after P.Aig11011 « sJ., 2012). 

Off Calabria ID08t. of~ QII.)'ODS appear~ -eaec~ to short moumain-!Ripplicd Iivas as 
a c:o!lBC'JCj~ of a genc:zal, aDd still uUvc:, ~tal.11plif\ (Ccnmicola et lll., diU volume:). Only a 
few significant cany01111 _,_ be: obeavcd We.rt of the: Pclopcmne8e, South of~ aDd south of 
'1\iJby a& well as offtbe LeVlllllille c:oast. Littlo is kllown on these featu:ms, which ~n allloc:ated 
on ac:tive tectolli.c zolle8. IWati.vely short ca:o.yonB Cllll. be seen off Cynmaica and ~ Westem 
desert. These featun~~, po68ibly nljuvenatcd duri:og the Mes!inian low stand, an~ not anymon~ 
c:omJeded with any aerial drainage system and probably did not evolve since that time, exei!pt 
may be: during Quaternazy pluvial period&. Off the: Nile delta only one siD,gle and large CIIII.}'Oil 
exists today: emnding just at the: mouth of the Rosetta lmmch of tbe Nile River (Fig. 9). The 
Roadta canyon, feeds a COillp.lex meandering channel system through which most of the erosion 
pnlducU from the Nile Rivtl' am dispersed into the nadhrm ~deep abyssal plain. Wilh 
tbe exception of a few short canyons in ~cally uUVe llfta!l, such as in the Marmara. Sea 
(ye,Jlday et al., thi8 volume) and near the No:dh Anatolia uoa.gh (NO!Ith Aegean), no sipificant 
canyon can be observed within the very shallow Aegean Sea, which is a vuy &hallow domain. 
Finally several important canyons ch.arilcteri7.e the Black Sea alona both its Southern and 
Nortbe•stem ~and padic:ulady along il8 We=n shelf and slope whm Cbe Danube c:omJ~, 
across a wide eedimen!ed platform, with a aimlous canyon llself colllleC1ing to a dl•nnet and levee 
ll~ ~ u al., diU volume). 

Two CASB S'l'UDJIIS 

. .Mlldlem~-PCIIIJOR&plii»W 
Along the Riviml and £..iauria margins, the continental &helt' is very narrow, raJ13ina from a 
maxim11111 of 2 tm to leu 1han 200 m (in front of Nice llirport). On averap the 8hdf Jmak. is 
always qaile close from Cbe coutalllld lie& at an average wa=: deplh aroan4 SO..UlO m; It may even 
be shallower and Is foond at than 20 m in front of Nice a1rpo1t (.Dan et lli., 'Jt¥fl). Baaed on its 
morphological cbaracteristica the Liguria margill can be: dinded in a wemrn and an eastem 
lleglllellta, ~Jepam:d by a SW-NE tmldingri~ or Imperia prvmootory (Lauoqoe u al., 2011). 
Prom Nice to the Ou1f of Gc:alova (Fig. 3) scvc:at.eal CIIII.YO!lll Cllll. be de~. 1'heee ~yons 

CIESM Worbllop Monoarepha n•47 44 

                             8 / 12

https://ciesm.org/catalog/index.php?article=1047


 
St1BMAR1NE CANrON DYNAMICS-Somll110,1tatt. 15 -18 Apil2015 

inilia.te either at !ihallow water dep!h, dm!dly at tho mouth of rivers feeding the Liguria/Riviera 
continental slope and basin (Var,l'llillon, Roya, Nervia Argenlina riven), or along the outer 
CODtinm1ll! shelf; someli!ne! tbeae canyons may even have initiated at greater depth diredly on tbe 
upper continental slope. All along tbe two segments the cootinental slope appears quite steep 
(average llllgl.e of 11") and reaches, in less than 20 bn, water depths of more than 2000 m 
(Cochonat a al., 1993). Such lll.lll:bd steepness in tbe conlinemal slope, which allows tbe 
observation of outaopa (see Fig. Sa), is a diJ:ect con.sequeoce of tectonic inversion processes in 
progM&aleading to the remolriliz:a:tion of former tran8vene lineamen18 and even to tbe c:realion of 
new fault zone!, pmticulady attbe foot of the margin ~thoux et al.. 1992; l..ar:roque et al., 2009). 
One CCJ~~Sequenoe of such new tec1Dnic activi!.y is a~ uplift (Bigot-C«mier et al., 2004; Sage 
et al., 2011), wbi.c:h in 111m leads to enhancanenls of w.dimentary gravity flow and mass wasting 
proc:enes, including ~yin some canyons. Along the we.rtem coast of Corsica the quasi 
absence of a:osion-del:ived supplies, except by potential flash flows, has prevented most of the 
canyOU8 to be fed by sipificant sedimentary cowz at least in their upper tbalweg; it is thtft:fi:me 
possible to directly obs«ve, dariD,g deep dives, exposed ba.!lemeouocks,such M granite, voltani.c, 
mewnotphic units (see Fig. 8b), in which these canyons- as atrial valleys dariD,g tho Messinian 
- low stand, were litely created as a consequence of the riftin3 of the Lipri.an basin dllring 
Miocene. 

• '1111 NiJD WjOll 

By far tbe Nile deep-sea cone (Fig. 10) today represents tbe largest Plio-Quatem.ary cla.!ltic 
arenmulation of the Meditmanean Sea (Benaic:he et al.,1999). 

FIQur& 10. 3D '41ew (from Nolth) of too NI&<:O!l& (based on a DTM at 100m); ttl& Ro8etla c:anyon {to ttl& rtatrt 
~stat too mouth ot 1he Nl& Rosetta branch}, 1a todrty 1:11& only acllll& C811)'01'1111rough 111tlleh eroslen-<leiMid 
sediments anttnlllllpCII18d end deiwnd to th& contin&ntal slope and deep ab)IIISill plain. 

At leut s~ Me!illi:Di.an u- (fmly ago) lhe Nile River has 1:011tinu0Wily delivlm:d ...!imc:u.li to 
1he clecp Hc:rodotull abyisal plain tha:llb to vaiOUB ~~etworb of c;uyooa md cbmads that have 
coatinuausly C":Volved 1hrough Pli.!x:ar: md Quaternary 1imu (Ducaa11011 u al., 2009). 1'his lw 
~suited in lhe c:o!l311:00ion of an appt:Ollimately 2000-2500 m !hid. Pliocene a:nd Qualemluy 
sedimaltary bulge, the pre8elll-<iay N"lle ~ cone~. 2002) . .Amo!lg lhe four diatinc:t 
mosph~ pro~ that have been recoguU.ed on morpbologic groullds (l.oDc:b: eta/., 
2002) cmly the wMc:m one today shows a laa,g and wide canyOD, the RoeeUa canyon, ~ding 
jual at tho IDOIIlh of the Roadla branch of the Nile (Garziglia u al., 2008) (Fig. 11). 

At the pn:IIC3lt higblltand of ~~ealc:vel, pal1ide8 delivered by dJ: N"lle Ri¥a: ~deposited on dJ: 
<'1mtinc:utal shelf md aloug the c:out d~~e to a w~ARI coaml ~t and on tho colllillc:ntal 
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slope.Dwingtbelastsea-levellowscandandweteventabovetbeNileRiversoun:es,acoonedion 
between the river and the <:1111yon wu established and the Roaetta Canyon served as the main 
c:oDduit for tbe delivery ofbigh IIIIIOUJIIB ofpWdea to the deep basin. 

On ru contillental slope a complex llttwork of at least follf cbannel-kvee -~ $hOW$ a 
westward mipation in time. Acconiin& to Garzislia e1 al. (2008) 1111d Roui1lal.d (2010) sa.ch 
migration seems to have been controlled by inmoonnected pia}" of~ distinct med>•ni•ms: 

(a) Quatmwy <:limatie fluctualicms (Dw:anou a al., 2009) and partiallarly mcmsoon var:i.ati.ons 
(Revel et al., 2010 and 2014) (It) large a:ad n~peated auhmarino landolides that have affected tbe 
upper eoa1i:ocmal alope (Garziglia et al., 2008), and (c) t'mjuent modifi<:ations in dJ: ~on of 
vciou8 feeding catl)'OII8, which wC~-e appaeaxlly buried and rewOibd fur some of them by repealed 
mass-wasting eventB (Rouillard, 2010). 

• •• .. 

• • 

Failure-related scr.~ 

Flgur& 11. Rosetta e&¥n wua~~~a, at only 70m wa1er dep111, on tha conunentaJ all IIIII Just nor1IIWMI of lila 
Aosetta branctl of lila Nla <- IMihh lila I'IICianGI&). The canyon I$ cut In an area st*nllbld to numerous 
m&sS wasting pr!lcan&$, wl'ich IIIM!I diiSCOin!ICtecl QuatenuuyC611)'0n$ "&ncesllln!;• from previous cllenne~ 
li!Mie syslemS. The current canyon conneds wi1h DSF8, the lui cllennel-sylllllm through which sedimiii'IIS 
.-e dlrecllyt~ to lila lower llopo lnl ~ plllln. 

'11M; mmt. J:I::II:CCit deep cb.annc:l!J;vee IJ7tlll'm i3 cl~ly ~y ~ to dae Ro~~etta Canyon, 
whlchfnhiates on lheoutercontlne'l:tal&hdfbyonly70m waterdeplh,atabo\1130 km offlhe NIJe 
Rosetta branch. The canyon, wb()j;e dlallow head c!Uplaya a. typU:al amplrilbt.ilter-like mo:tphology 
~lilting from repeated mass wasting, is about 25 km loog, 200-250 m deep a:nd progre.uively 
DJIIIOWS from 8 to 5 km downslope. 2D and 3D seismic reflection data tied to petroleum wells 011 

the ()(II!fjgental shelf have allowed to identify nine other buried canyons in the a!\la <:haracterized 
by variOWIIIizea, ahapee, sinuoeity, and 1eo,gthB of sholfinc:iBion and built since the Upper PlioceDe 
(Rouillard, 2010) (Fig. 12). 'l'hrec: cmyons have: vay lib:ly been fonsoed du:D:og the last 120 lty 
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feeding and tile Rosetta Canyon waa libly folmed only about SO ky ago. We estimate that la!e 
Quat.cmary canyODS have: a pa:iod of activity in the: Oidc:l: of 40 b. 

Canyons fuxmed before the beginning of Quatemaey climsto-eDSCa1ic variations (1,8 My ago) 
clearly show larger dimensions with longer inci.ai.o!IIS in the continental shelf and mom complex 
jnfilling, nggesting loDger time of activity due to d.iffc:llent conditiona in sediment aupply and 
cllmale 011 Nile~. in tec10nic regime 011 the margill and in global eu.e•etism (ROIIlllard.2010). 

Flgur& 12. Rosetta canyon (010) and Its variOUs Quale mill)' • ancestors • as detected !rom 3D aelamlc data 
(Aoullard, 2010). 

We suspect that these canyODS, whose period of activity is in the order of 3S-40 ka, II!\SIIlt from 
diffcm:D.t ~ses offonn•lion and evollltioa.. 

CoNc::ulsioNs 
Prom this brief IIUIVOY of the main M.editsranean canyon syatemB,and 1ivm the short pRlSelltaliODS 

of two <:a.sc: ~. we: may Wlldvdc: die following: 
• (1) I.ikt; for lll08t of the rivers, a large majority ofMedi:tm'a.oean canyons am superimposed on 
lines of weakness, themselves COIISCiqiiiiiiC of past or R!Clent tecumic activi.1ies. 'l'he6e tec1oDically 
COII.lrolkd lineauu;D~~J *" da:ived c:i1hc:r from pn:viou.s~:~:gioa.al. geological evolldi011 (Alpa chains 
for example in thecaseoftheRi~ IIIJII.1in),oraredirectly inhtzj!wl from various riftin3 
epi.sods thst have: a:eatlld, and shaped, the: wc:stem Medilmlmean Sea margins between Upper 
Oligoc:e;no mdMioceDe (from eaatem Spain to wc:atem Sa:tdima), during lato ~ andP!ioc:>eDe 
(eastern Sardlnla, 11011bem Sicily, westem Calabria), or poealbly before, as fat as early Me$0zolc 
(for example along the Libya Margin). This geodynamic control haa oftalltd to c:tW~t; canyoos, 
which are now ~ and in which gravity flow and mass wasting piOQesses wen and are 
prevailiog.Mudlyo~~~~gc:r, and leesiDlltaR:~:~~DyOIIIJ, may, bowc-:vc:r, also beclosdy c;QDtrolkd by 
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tectonics occuring either on active continental margin segments (such as Southern Calabria, 
Western Peloponnese), simply tectonically active area (Marmara Sea) or slope segments, which 
are progressively tectonically reactivated (e.g. central Liguria margin, Algeria, Cyprus, Crete 
margins). 

- (2) In western Mediterranean Sea particularly the upper part ofthalwegs of most canyons appears 
to have been deeply entailed or re-shaped under aerial to sub-aerial conditions. During the 
Messinian time span (roughly between 6 to 5 My ago) the sea level may have dropped by several 
hundred meters (possibly up to 1.5 km) below the present day level and such conditions have led 
to aerial expositions of many of the upper continental slope segments. The Messinian event 
constitutes therefore an important specificity which has strongly impacted the evolution of many 
Mediterranean canyons. As a consequence of this aerial erosion, canyons walls often show rock 
outcrops directly exposed on the seafloor. These features constitute what we propose to distinguish 
as« rocky» canyons. Such rocky canyons, cutting directly accross indurated geological units, 
may however also characterize areas where tectonic and uplift are still active (or have recently 
been active) and where the sedimentary supply remains very low. (e.g. Southern Calabria, Algeria). 

- (3) In contrast to the majority of canyons, the Ebro, Rhone, Nile, Danube canyon systems and, 
at some stage, smaller river-linked canyons (such as the Var) and their related long and sinuous 
channel/levee systems run and cut across thickly sedimented platforms and gentle continental 
slopes. By opposition to« rocky» canyons we propose to term these features« sedimentary» 
canyons. Even if these canyons are mainly controlled by interconnected mechanisms such as 
climatic and/or eustatic fluctuations (e.g. Rhone, western Nile canyons), dense flows and mass 
wasting processes, their location may have been influenced by preexisting subaerial valleys (e.g. 
Gulf of Lion) inherited from the Mediterranean specific Messinian event and/or from previous 
tectonic controls. 
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Canyon comparison as a key to constrain some scientific problem 
about their geology 

Ftancesco L. Chiocci 

Department of Earth Sciences, University of Rome Sapienza, Italy 

INTR.ODUCI'ION 

Since the pioneering studies of Francis P. Shepard, submarine canyons have attracted the attention 
of marine geologists as very spectacular, singular and relevant element of continental margins. 
They are in fact extremely relevant in many respects: pathway of shelf pollutants to the low­
resilience deep water environment, site of upwelling/downwelling oceanographic processes, 

hotspot for biodiversity, route for turbidity current feeding deep sea fan and turbiditic complexes, 
fmally one of the most prominent geohazard feature in the marine environment. 

Although they represent one of the more attractive and best studied geological features of the 
seafloor, still many question remain unanswered. How do they form? Why do they form? How do 
they evolve? 
Are they linked to the erosional activity of rivers during sea level lows (as can be the case of the 
Mediterranean during Messinian time) or are they independent from subaerial watercourses (as can 
be again the case of the Mediterranean where most of the canyons are located in front of small 
streams or where no watercourses exist)? 
Are they evolving retrogressively from a self- organisation of widespread mass- wasting of the 
slope or are the hyperpycnal flows from the coast/shelf the key morphogenetic factor? What is 
their relation with faults and tectonic features? Why are some meandering and others straight? 
Why will in some case two canyons run parallel to each other without connecting for tens of 
kilometres? 
Technological advances continuously offer new data and interpretative hints to the research 
community such as multibeam bathymetry, data from seafloor observatories, 3D seismics and 
high- resolution oceanographic modelling, but the episodic nature of some processes and the 
difficulty to navigate the canyons (for instance with AUV or deep tow instruments) still leave 
many aspects to be completely understood. 

Therefore constraints, if not answers, may arise from comparing different canyons in different 
geological/geodynamic/physiographic setting in regions where canyons are common and a full 
coverage of multibeam bathymetry allows for a complete and detailed comparative 
geomorphologic analysis. Such a region is Italy, where the MaGIC (MArine Geohazard along the 
Italian Coast) project was realised in recent years, funded with 5.25 M€ by the National Civil Defense 
Department. 

The project involved the whole Italian marine geology scientific community (three CNR institutes, 
seven universities, OGS- Trieste) and provided 73 sheets of the "Map of Geohazard Features of 
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the Italian Seas" plwl a web- GIS database (lnfor.Manl) to rettiove in I1!8l time all the maps (m!6011t 

in sci.IIO!ific litm~~~~re dealing with the marine geology of lhe Italian Seas. 

Some 39,000 nautical mlle11 of multibeam data bave been acqubed and mtepated with 10,000 
from pii:)vioWIINIV~- AlmO!Jt 213 of the llalian c:oaBt3 have been c:ov=d by the: proj~ u we 
excluded sballow epi.eoolinental seas (e.g. NDithem- c:eolral Adriatic, nodhem Tyttbenian, Sicily 
Channel) as in geneftl they host few geohazani featme.!l (Fig. 1). 'lbedepdumge we invemg;ated 
is SO- lOOOm w .d. even if we reached ehallower watc:r at canyon bead or everywhere needed and 
we stopped deeper (80- 90111) when~ wide shelve~~ were pn!IKI!It. The setting- up of «nm"'l 

proceduJ:u for data acquisilion, proceasing, intetp:u:ution and wutognipllic ~oo hall been 
compk:x aod reikrative due to the need ofhavi!lg stalldardmeehods suitable for the difiemrt realms 
(ehc:lfto slope, vo!Williclrucky to pOOjmmtaty. c:ovc:n:d seafloor, etvSion dominated to deposition 
dominated envir:unments, ••• )and trying to diffenntiato between murphulogil;al (objective) and 
ga~etic (interpmative) ~mation of the depicted fea!l:a:es. 

The tllllet was acllieved by the ~teblishment of a complex and comprdl.ensi:Ye JI(ID!ellClalllre and 
legend, a four b:vel of iu.t.l:;qm:tation and cartograpllic n:pm~entation, rangiug in ~e from 
1:250.000 to 50.000 (mainly) and up to llltCII\I detailed scale!~ for specilic pointB of inteJe&t. 

OcNR-IGAG O cNR-IAMC OcNR-ISMAR OcoNISMA DoGs 

Figure 1. ~n 11\111) elf the 72 ~ p-ocllloed ~Mag~ Prgject. Th• -ltudled ~tte fully QCMired by 
multlbeam da!a with enhanl*lgMmcrphoiOgjlcal Interpretation aimed at de1tllng geohaZ.ard teatur&a on 
cgn1fnental1!11111'gfn, Qlfl)'O"' -ng 1he fl,.. CG!our$ nfcallllhe ~ re.pc~lllllble for data ecqulllltign 
and ln181!lrallllfon. 
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TheNfoN, tlwik:ll to th~ Magic project. a detailed and COD!inuous mullllleam mapping is now 
available all along the invmigated Italian cootinel!tal m.axgina, whose geology is aa varied aa that 
of coastal clomainJ (see Fig. 2). The Adriatic is a portion of fo~ almost filled by debris 
produced by dismantling of the Alp&, Apennines and Dinsride.!l, and shows canyans aoly in its 
""'''"""most part; the IODian Sea. is a relict of old 0001nic (and therefore deep) CNst that was 
~ye4 by die collision between Afrlea and Europe and Its Dl.l1l'gil1 is carved by a co\llWees 
DIIDlber of canyons. The Tyrrbenlan Mio-Pll~ back- arc basin ahows deep,l011g but solitary 
canyans bolh to we$t (Sardinia) and to the :Bast (CampaDia), both to the North (Ligutia) and to the 
sooth (Sic::il.y and Calabria). PinaD.y the weatem Mc:dilc:;rranea Oligo-Mi- baclt m: bas:in 
ahoWB ~ cmyoDB and cbanuc:Js carving die wew:m Saxdinia margin. 

Figure 2. Physloaraphk; c:hart Gf 1he llallan Seat, alter MaGie Pnl!lld. Cenyona and el081onal area 819 In 
pwple. 
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By comparing this setting we may tty to 81111li'er acieo!ific: question such as: 

1) Why I1N! CQ1rJ0M in tM wutm1 Tyrrhmian ~a tmJy prumt in tM GulfQ/Ngplu, in Calahria 
and b1 Ugurlo.? 

For the latter two the shalt lclm!ntial stm1m with steep blllia located in the mountain .l'llllp close 
1o the ~t, the Quata:IWy tcctolllc: upllft,lhc: lack of ~talshdf and the eei8111ld.ty may 
ac<:o~~Dt far high sedimentation rate on the alope. But in tbe Glllf of Naples none of the above 
factors is pre&ent. Instead hugo explosive volcanie oroptiom OOC'IImd there, witb possible hugo 
input of vok:an01:LaB1ic ~ to the maq:in, fed by the ae1ivi.ty of Campi Fk:gr\':i volcauo at 
first and 1atu by Vesuvio and RIX(M"''lfina volcanoes. 

-,, CAmpi Fleerel 
', (main eruptions: 

' \ Cl39 ky.NYT I~ 

\ @ ·\2} 
·/rry@ Sommo-Vesuvlo 

\.':::;:;) 100 (30 ka t o 1944) 
Ischia * 

1000 Green Tuff 55 ky 

Flgllre 3.. The WN around the Gulf of Naple. IIJ domlna!ed ~ 
.atvo volca110011; 011pedoly Campi Flogrol produced e hugo 
amount of J¥0C!ut ~~~ to two main «Jq:11011iv& ~ana of 
lgrimbrile CampeM (IC) and N!lollflOiilan Yellow Tuff {NYT), whose. is indiceled. 

We thenlfore bypoChe8ize that high sedimematioo rate of volcaoocla.rtic: matnial is respansiblt: 
for the pn\'leDC8 of canyons that were tha conduit from when a huge amotmt of sedimem was 
evacuated from tbc: ~stal ato::a, the (at that time Sllbaaially exposed) <Xll!1iu:malshelf aad the 
Vollumo River dnlinage haain (Fig. 3). Thtzoefore tbe age of main explosive e!Vptians (Napolitan 
YollowTuff and Campanian Ignimbrite, IS and 39 k:yr BP,mpectively) c:on.stnlin theagaandtha 
rate of c:anyon fOI'IDIItion. 
MO!le>Over tile Cuma c:anyon IUIIlling notth of lsdri.a lw been partiaD.y dismantled by the activity 
of debris flows due to the R~S~~Ipi1CI8 of the Monte Bpomao in lsc:hia. 

Simllari.y the Magnaghl canyon fll!llliDg just eoldh of Isc.bia lsland, has been completdy Biled op 
and erased by a. hu.ge debris avalanrbe CMated by tbe same~-As M~ Epomeo is tbe 
infiDing of a aldem foaned just some 5000 yems BP, the <:ase of the Oulf of Naples demonstrates 
how fa.st eanyODB ean be: to~ and dis!UIIdcd. 
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2) Why in the lt»>ltm and~ :tea the two silks t1f the Calabrian Arc show compleuly 
dtlforent canyon try&tt!IIV? 

Both sides are similar in tel'lll8 of bedrock geology, teaonil.:t;, climate but the canyon pa!l£m and 
character is stn"tingly diffCIII!nt.ln the 'I'ynhenilm they an~ few, exlnm!.ely long and not c:o~:elated 
at all wilhmain wateii:>JV.tse~; d!c:y often show R:juveDa!ion proces-or eha:agc: in the eolll'lle due 
to tectonic movement on abe slope (Fig. 4). To the CQII!r8r.')' on the Ionian side of Caldnia they are 
many and closely spii~Ced, often located in from of small &~ram mouths. They show IDIIIIiple and 
c;unplex beads dlat ~and eoiiiiiCX:t many iDc::illiona in tbe uppc;r alope. 

The~ of veey difiereot canyon pattems in two regioos po:ims out a close CO!IlleCtion of 
overall drainage pauem of the margin with the geodynamic R!8lm of the two sides of the arc.ln 
the ~you:og ba.;karc T,tzbenilm buin, whcR ~c 1110-mDAI.ti are fast and \UY vllliable 
in a sllort time, the r-eserce of sul>sidini seccors of the lll8llJin and imraslope basin trllpped the 
gravity flows and hinders the fomlation of a large netwcllt of canyon; ODly few long canyons 
developed.ln the eutem IODian fcnm: b.uin the high sedj""""'ation Illto, the older age and the 
relalively eonstant tectonic~ caused the fonnation of a wideep-ead ~~etworlr:: of CBn)'Oll$ that 
carve the whole margin. 

Flg11'8 4. Gioia MeshlaC811)\lns (to 11lUOU11l) and Ai¥4lt01a <*l)'CI'I {10 1ll8 narlll), boCh reaelllng 1ll8 Sbotitloll 
Cen)'lon (to 1ll8 weal) In the~ ~ntan Sea. Her& tiiCiodc movements occ:urmg on the alope 
oontrcllll& c:aJiliOn geometry. 

3) 11 the C01fJ1011 hud inherenJly npre.unting a g~? 
The 31l8wer appears to be positive ei:ther in the long· and short- term. 
In the Meditemul.ea:a, Nioe 1979 and Oioia Tauro 1977 10 two "'"'mples of vs:y similar limlll1 
f'allllre& (few mliHOill8 of cubic meter&) at amyOD bead that caused eeveral meter&- high t.wnami 
wa.v~ and in Nice also several c:asualties. This is a. well tnown geohazard that is parti.calarly 
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R~levant in the Mediten'anean R~gioo wbem the risk cao:oected to landslide- generated tsunamis is 
Vt:l:'j high nat negligible in ~t to lhc: ea:dhqlllllcl'.'- galc:nted UIJDIUIIia, J:n fact for lhc: IaUer, the 
seiamlc maplllld.t does IIOC e:u:eed 7 .S and the short dis1lln~ does IIOC allow for early- wal'lllll3 
systems (aa the Pacific DART) to be deployed. Landslide- generated tsqnamja may be far mare 
fR,queu.t in geologically active regicm.a oven if aw:h ovont& may have 110t been rec:onled in the 
hi8torlcal record becaQse of the •mall Q1entoflhe coas1al area affecteG and because IIIey maloly 
ocall' 011 roct:y sb.l.lru that were ftml.OCe and hardly inh.ahi%ed before lhe last century. Nowadays 
p%\MoUilly remote rocky c:oam are hea.my oxploi.ted for towiB:m in mm.y parta of Fl'liiiCO, Italy. 
a-.~. 

Ill several Cll.!le8 failllre at canyon bead is lmown for occured but involvillg smaller volume of rocts 
or with different fail~ modes, lllld ao witholll producing taunami. wavOB. Cuy011 heads ~n 
~tly 111181able and Sllbject to fail as canyons nawrally evolve by retro~oo oflhefr bead. 
We may a.uume that canyon heads willllOOIIer or later inevilably ~h the coast and affect the 
stability of the subaerial slope. If one obsol:ves the c:h.aracters of a rocky <lOIISt close to a canyon 
bed, ODe will oftu note a ehazp coinci~ between cany011 head and waatal morphology 
(see fuDowin3l'l'igure£ S to 8). 
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Agure 6. Ognlna coast. The Catania canyon head reaches the coast, unbuttresslng the lava flows and 
impacting nearshore facies. Azimuthal aerial photo of the coast in Fig. 5. 

Figure 7. Eastern coast of Upari Island, here the morphology is controlled at different scale by the presence 
of canyon heads. They are responsible for 1he large gulf nonh and south 1he Momerosa headland (at the 
centre of 1he image) and 1he small embayments on 1he southern part of the island. aerial photo of the coast 
in Fig.5. 
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Flgur& 8. so VIeW of lh& &a.lllllm 8lcl8 ollll& Maosslna 811'811. The 181'1 tnbu1ar1811 of Meaalnla canyon car118.111he 
slope and ma1c11 the coastal niC)fJlllology. In this case an • "'JIIai eocl8l8 beCiluee11 &!oelanal aciMiy ol C8JI)Q"18 
and ocnstNc11onaJ ac1Miy of fan deltas fed by slreams on the coast. A:ztnulhaJ aerial photo of lh& coast In 
Flg.5. 

It is tbmlfon~ R!llliCIII8blC-' to inteqnt tho ooa.staliii.CIIphology 85 tho n!JU!t of -t (?) <l08.Iilal 
landslldee 1hat shaped 1he coast beeaQse of canyon head ~ of the cliff. 1.8 it poealble 
tbel'!:fo:re to exdade geohazard pottntial for those canyon beads that show no morphological 
comapondeooe w:ilh the ooa.rt1 Wb.ere thee ia ~but canyon head am nowadays far 
&om the cliff, lhls fact may illdl&at~; pb.ase8 of a:'08!011 and lnflD!ng (po6dbly d.dven by glacio­
eustatic changes) so that canyon are undergoing a period of relative quiescence. 

4) Pinally (but tbiB is not an e.xh.l!ultive list) w.lly mtUf1 CQI'lYOll liN kx:atd exactly in front of main 
harboNT.s, .so #muing an u:tmMly high /rm:aTd for dinct (landslide) or indirect (t.Jimami) 
tlutn.ttion of 81/Ch lmpmttmt brfrll/lt1'1JCt1t;nS: 

Consider Gioia Tauro, for i:nJtanl:e (Pig. 9). It is today the main translripmeut po1t of tho whole 
Medlltzranean, one of the main entry point for Civil Protection during possible emagen.cy chle 10 
strong eanhqnake in soldhem Italy aod i!s ell1lw is located ex.actly in front of one of lhe 4- S 
canyon l:lfJad5 of the 300 km long Tyahenian coast of Calabria. This situation is DOt uncommon 
for odler ca.o:y0118.1.8 d!is just an~ coincida!ce? One: may azgae dl.at a compkx ln1erplay 
between submarine geomarpbolo8Y, oceanographic processes and societal development does 
account for such a setting. In fact is it possib!Co' tha:t wavo tdua:lion IC-'t the c::oa5t OII.Sbonl canyon 
head b<: ~by a lower baght of storm wave and dlm:m ~the liiOIIt auilabk landil!,g 
'itefursmall fishing boats. SIICh ailuation may havefil.vouredthodeYdopmentofcoastal villaf.es, 
then towns,lhen cilia with the need of building hal:bolii"S in plac:es that were the moat favo!llllble 
for small boatB but the moat dilll!dVIIIItageoua for large ~s. ThiB iB the case of Ci10 
Marina lua:bour and canyon where the development of coutal infras~ caueed a shit\ 
betwclen favourable/unfavourable conditi0118, so that a receutly built new hmbour had m be closed 
for damages just a few year& after the inauguralicm (Pig. 10). 

CIESM Worbllop Monoarepha n•47 58 

                             8 / 10

https://ciesm.org/catalog/index.php?article=1047


 
St1BMAR1NE CANrON DYNAMICS-Somll110,1tatt. 15 -18 Apil2015 

1----11 500 m 

Gioia Tauro 
commercial harbor 

F"lflur& 9. The head of aiclie Te.uro canyon is lOcated a few I'Aincteds milletS from 1he entrance of aioie Tauro 
hariiOur, lh& main ll'enahipment lwtlour of 1he Mlld~errenean. Hate in 1877 a tsun11mC198nic IMdslide 
occurred dumg pier CCI'ISIIUC1Ion. 

FIQure 10. ClrO mlllfna canyon head a!l'ec:1sthe euler part otthe llalbour (upper right). Ctll Malina nowadays 
Ill a ra1tlel' 1111'11& tcvm bUt In the past was a fllherman 'Ill lag& wtlere small boats - r.dlQ on the b&ac:tl 
(lOWer rfgh1). 
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* this chapter is to be cited as: 

Chiocci F .L. 2015. Canyon comparison as a key to constrain some scientific problem about their 
geology. pp. 49- 58 In CIESM Monograph 47 [F. Briand ed.] Submarine canyon dynamics in the 
Mediterranean and tributary seas - An integrated geological, oceanographic and biological 
perspective, 232 p. CIESM Publisher, Monaco. 
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Interaction of large landslides and canyons off NW -Africa 

Sebastian Krastel 

Institute for Geosciences, Kiel University, Germany 

ABSTRACT 

Landslides are important during the evolution of canyons. The origin of many canyons is due to 
mass wasting events and subsequent headward erosion. Failures of canyon walls are important for 
shaping the morphology of canyons. Such failures are usually relatively small. Another type of 
interaction may occur if large landslides on the open slope occur in close vicinity to canyons. This 
type of interaction can be well investigated at the NW -African continental margin, which is 
characterized by abundant canyons and gullies as well as large but infrequent mass wasting events. 
Major canyons at the NW -African continental margin include the Dakar Canyon off Senegal, the 
Cap Timiris Canyon off Mauritania and the Agadir Canyon off Morocco. Giant landslide 
preferably occur in areas which do not show a large concentration of canyons and gullies. These 
areas allow the accumulation of thick sedimentary successions which may fail and form large­
scale landslides. Most of the landslides interact with nearby canyons at the lower slope or 
continental rise because the landslides spread over larger areas and occasionally hit the canyons. 
We observe different behaviors for this type of interaction between canyons and landslides. The 
Dakar Slide off Senegal destroys the Dakar Canyon, which is 'only' about 75 m deep at this 
location and not protected by a well-developed levee. This destruction leads to a reorganization of 
sediment transport processes in Dakar Canyon. A similar setting of a giant landslide (Cap Blanc 
Landslide) and canyon (Cap Timiris Canyon) is found off Mauritania. The Cap Timiris Canyon, 
however, is protected by a very well developed levee and the landslide did not enter the canyon. 
The Agadir Landslide enters Agadir Canyon off Morocco but the canyon is still about 500 m deep 
at this location. Hence, it does not change canyon morphology significantly. 

INTR.ODUC110N 

Gravity driven sediment transport is widespread on all types of continental margins; it may occur 
in canyons and channels as well as on the open slope. Submarine canyons are major incisions at 
continental margins around the world (Harris and Whiteway, 2011). The origin of canyons may 
be caused by mass wasting events at a mid slope locations and subsequent headward erosion or by 
downslope traveling sediment-laden gravity flows, so-called turbidity currents (Daly, 1936; 
Twichell and Roberts, 1982; Pratson and Coakley, 1996; Harris and Macmillan-Lawler, this 
volume). A combination of both processes (downslope and upslope erosion) is also suggested by 
several authors (e.g., Pratson and Coakley, 1996). 

Canyons represent a highly dynamic environment due to passing tidal and turbidity currents, 
forming complex sea floor features (Huvenne and Davies, 2014 and references therein) . They 
represent important pathways for transportation of sediment from the shelf into the deep sea 
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(Damuth, 1994; Bouma, 2001; de Stiger et al., 2007; Galy et al., 2007). Often steep canyon walls 
become unstable and fall into the canyons thereby introducing slide/slump and debris flow material, 
which is incorporated into the canyon mainstream for downslope transport. This process is the 
most common cause of canyon widening (Posamentier, 2003). Canyons may evolve into channels, 
which are bounded by depositional levees (lmran et al., 1998). 

Submarine landslides occur on continental margins worldwide. Landslide processes on continental 
margins include translational sliding, rotational slumps, and debris flows. Debris avalanches are 
widespread on the flanks of volcanic islands. The size of submarine landslides varies over several 
orders of magnitude; they may be very large with volumes of several 1000s of km3 and runout 
distances of up to 900 k:m (Nisbet and Piper, 1998). The largest landslides are found on passive 
margins. Active margins are characterized by a large number of small events and a small number 
of large events. This distribution is probably linked to a power-law distribution of trigger 
mechanisms, such as earthquakes that destabilize quickly accumulated marine sediments (Yamada 
et al., 2010). Landslides and sediment gravity flows are also a significant geohazard to seafloor 
infrastructure, e.g. pipelines and telecommunications cables and some have generated tsunamis 
(Tappin et al., 2001; Bondevik et al., 2005). 

It is well known that submarine landslides do play an important role during canyon evolution 
(Micallef et al., 2012a; Harris and Macmillan-Lawler, this volume). Failures at canyon heads cause 
upward retrogression of the canyon (Pratson and Coakley, 1996). Such failures at canyon heads 
are especially dangerous if canyon heads are close to the coast as they may trigger local tsunamis. 
For instance a relatively small failure of a canyon head offshore the port of Gioia Tauro (Italy) 
triggered a 5 m wave causing relevant damage to port facilities in 1977 (Colantoni et al., 1992; 
Zaniboni et al., 2014; Chiocci, this volume). 

Less is known between the interaction oflarge-scale landslides and canyons. In previous years, we 
investigated several major landslide complexes and canyons systems offNW-Africa (e.g., Krastel 
et al., 2006, 2012; Antobreh and Krastel, 2006, 2007; Henrich et al., 2008). The passive margin 
off NW -Africa is characterized by relatively high accumulation rates (locally exceeding 10 cmlka, 
Martinez et al., 1999) as a result of high primary productivity caused by oceanic upwelling while 
fluvial input is very low. Mass wasting off NW -Africa has intensely been studied in the past. The 
NW -African continental margin is characterized by very large but infrequent mass wasting events 
(Fig. 1; Weaver et al., 2000; Wynn et al., 2000; Krastel et al., 2012). In addition, several major 
canyon systems were discovered along the margin despite the low fluvial input in current times 
(e.g., Antobreh and Krastel, 2006; Henrich et al., 2010; Pierau et al., 2011). 

In this paper, we will focus on the interaction between major mass wasting events and canyon 
evolution based on selected examples. We will show that canyon dynamics may be heavily affected 
by large scale mass wasting in some cases while its influence is relatively minor for other systems. 

MATERIAL AND MEI110DS 

Hydroacoustic, seismic and sediment core data have been recorded during numerous cruises in 
the past years. Sediment echo sounder data were mainly collected using an Atlas Parasound system, 
which is a 4kHz narrow beam parametric system. Bathymetric data were acquired using different 
multibeam echo sounders. High-resolution multi-channel seismic data were collected using single 
GI-Guns (Volumes of 0.4 or 1.71) and different streamer systems with small group distances. 
Sediment samples were taken by means of standard gravity and giant box corers. 

REsULTS 

Fig. 1 shows the distribution of canyon/channels and landslide deposits in the survey area. The 
survey area extends from the Senegal in the south ( ..... 12°N) to the southern part of Morocco in the 
north (-35°N). We point out that not the entire margin is mapped with hydroacoustic systems and 
that additional surveys will result in a more detailed map. 

Canyons and channels are widespread along the entire margin. Some of them are relatively small 
upper slope canyons and gullies while some have very large dimensions and can be traced for 
more than 500 km from the shelfbreak to the continental rise. The largest systems are the Agadir 
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canyon off Morocco and tho Cap Tlllliris CanyonJChamJ.el off Mauritania. Boch are described in 
III.CR detail bdow. Sevc;ral hu:ge-sc:al~ lands lid~ are found aloDg the maxgin itsc:lt. The: ~t 
lancJsHIIe& (&>m 80'IIIh to DO!th) arelheDIIbr Slide, the M8'JI!'itanla Slide Compkx, lhe Olp Blw 
Slide, tbe Sahara Slide and tbe Agadir Slide. Each of them i8 ~ severallO,OOO Jan2 of sea 
Ooor. La:ge-sc;ale lmc!•lidee 111\1 a1ao wide~Jm*[ on the .f1anka of tho Canary lalaDdJ but tbey 111\1 

~ lhe ecq~e ofdQ papea". 

Diftem~t types af immlc:tian between large-scale mass wasting and submarine canyons were found 
for diff&tut sec:ti~ of the margia.ln tho following- will f~ ben, 011 i) tho aectian od's-gal 
(Dabr Slide and Dabr Cuyotl), li) the am~ off Mauritania (Oip Timili$ Canyon and Cap Blw 
and Mauritania. Slides) and iii) th~ Agadir Canyon mcllandslifle aru. 

81 CIESM Worbllop Monogrepha n*47 

                             3 / 11

https://ciesm.org/catalog/index.php?article=1047


 
st1BMAR1NE CANrON DYNAMICS-Somll110,1tatt. 15 -18 Apil2015 

D:*Ja' C'a:a:yoll ad DUx Slido fl1 Seaepl 
'I'IM; Dakar Cayou iDWe8 11!& ronrinenlal slope of Sa!~:gal ac:at ~ c:ity of Dakar (Fig. 1). The 
canyon wu mapped from tbe upper slope at a. water depth of -1300 m down to a. 'Miter deplb of 
-4100 m where the c:anyon di.sappear.ed (Y~g. 2,Pierau et al., 2010, 2011). At the upper slope, the 
cuy011 iB deeply ioc::ised in the ~ &e.Jimc:nla (up to 700 m) aDd ahoWB a. width of- 10 km. 
lncl8ioo depth ~to les8 than 20 m at tbe condnellW rise at 4100 m water depch Vlbere It 
finally disappean;. The c:anyon i8 almost straigbt and doe.!! not show any aignifiCIIIIt sinuosity; it 
I'UII8 in a NW-SE d.Dcticm. The Dllkar Canyon ia typ.ically V -ehaped in tbe proximal seetor aDd 
changes Into a more U·ehape ~at the dis1al pan. Oen.ezaD.y, the canyon bouom h filled wilh 
coarse material (Pierau et al., 2011). Sewnl COMS taken in the canyon thalweg indica1e that the 
highest fnlqueney in turbidite activity in the Dakar Cany011 ia confined to major climatic 
termlnadon8 when mnob:illzatiOD of eedlmelll3 from the shelf has bcc:D trigg=d by tbe eu.slatlc 
sea-level rise. In addition, some episodic tulbidile events coincide with the timing of Heinrich 
events in the North Atlantic. During these time&, oontineD!al c:lirnate has cllaupd rapidly, with 
e~ for hi!lila: dll8ls~~pply ove;r NW ~.which hu fed md:ridi.ty W~I\:~~.~8. (Pieran et al.., 
2010). 

Flgur& 2. ParapedMI Wlw of Dakar ~nand DaKar Sid&. Mod1led a!'lllr Kraslel 1!11 81. (2012). 

Dakar Slido is ODly patly mapped (Fig. 2).1t ahoWB a headwall with a leDgdl of at le.ut 90 Jan in 
water depth$ of2,000...3,100 m. The slide I& slwated between two canyons, the Dakar Ouxy011 in 
the north and the Diola Canyon in the south (Meyu et al., 2012). The age of Dakar Slide is 
llllkuoWII. The bathy:meaic data show that the headwall of the Dabr Slide inter!iectB with Dllkar 
canyon atabollt 3900m 'Miterdepch (Fig. 2). A aedes ofPanl&ou•11.i profile$ (Fig. 3) &t~:ates tbe 
change of cuyon m01:phology in this ~gion. A first cross section in about 3300 m of Wll1U depth 
(Fig. 3a) shows a -300-m deep incised V-ahaped Cllllyon. The cron section cbangf>!l to a U-slulpe 
in-3700 m watc:rdepth.IDM.on depchis -1!10 m andkveei start to devdop (fig 3b). Signifi<:at 
chan'" occur further downslope. The channel-depth~ sipificantly to about 75m at the 
po:int, wbml the beadwllll of Dakar Slide bits the canyon. A partly desttoyed levee is visible on 
the SE-s:ide ofdl: canyon (Fig. 3c), while the NW levee sceiiiB to be in~ No cb11.11ad is viBible 
only S Jan further downslope (Pia. 3cl) lnltthe sedimeotec:hosounderdata.ahow a. rough seafloor, 
which is eypieal for landslide deposil!. Hence, we uaume that the canyon was deS!royed by the 
laadolide. 
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Flgur& 3. Close-up of the area wt1ere the headwaJ of Dakar Sllcl& NIB the DalcBr CBnycn. The dea'aaalng 
~ clep1h and t11e parUal dMI:Nellon of the IIMI6 au99est tllat Dakar Sllcle dMil'Oyed the canyon. NC118 
lhm the praflle llhown u flgur& d b plglted In - dlred!on. 

The illtemal struc~ af die chwmel is imaged au aeis:mic data (Fig. 4). The profik ean be 
subdivided borizomall.y into three p&rta. Th~ canyon itldf, whid1 is dmroyed, a aonhcm put 
whc3 Wi!DM!ta liR) coutiauo!IB and undisturbed, and a soud:lem part ~ 1he sedimm!i liR) 

disturbed.~ aoudlc:m unili rqm:ac:Dt lewisii de: dcpoaitB, wbik die aodhc:m put shoWB a wc:U­
~velaped levee. Th~ illtemal fill af ~ eanyon clearly cbaages illl lleUmic appea:r~~~~~QC. 
High-m~plilud~chaotic:~ IIR){OUIIid auhe ~aftbeeanyoa, which is ovc:rlaill by a tbkl. 
1rii:D.IIplll:llllliL Some bigh-m~plilude partly ~f..........t ~-imaged <:1oee to~ JR8elll· 
day Kll floor. 
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Although ab&olllte 1ime4 oftbe single~ cam1ot be ~llshed from seismic dalaal011e, their 
dnonology can bedd"miued (Fig. S). Afta'lhecanyon was formed, it was apaflrwayforturbidi:ly 
c:ummt, which deepened the<:anyoo. A levee~ wu illitiated duo to ovemp:ill of the turbidity 
CQ:Iftnl8. ~ rlgbt-haDd nOI!ibem !¢"Re is beUc:r <kvelopcd dwllhe 1¢1\.-han.d soldhem levee. AJ\er 
the canyon wu tennin.ated the first time by a.lll:Ul wasting evart, tbe canyonlw•me active again. 
It W8.11 eroded by turbidity cumo.ta, which contributed to the levee formation documented by 
I!Ddistulbed wlimc:D.IIL Afta:the 8eQmd md final tcmrinAiion caused by the Dakar Slide, it is most 
lihly to assl!lllll Chat ihe confined flows travellin3 in Dakar Canyon flllther apslope oow spread 
over a large area filrtber down slope. 
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Figure 5. Ske1r:h lhowfng lho cwolulfon af 1-O.klll' Cenyan. a) a deeply 
incilltld canyon is lormtld by turbidily curreme. b) Tho canyon is doebOJOd by a 
landaliclllfllrlhe finll time. e) Tho c:anron wat; ree.ctMIIIId and erodlld byturtlility 
CUmlll'lta. l.eveM are forming. d) The eanycn W8.ll dKII'O)'ed by Dakar SUd&. 
Turtlldlly currents travelling In Dakar canyon now SflRJa.d _, a largo an1a 
fUr!her doWn Slape. 
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The continental margin off Mauritania 

The continental margin off Mauritania is described in detail by Krastel et al. (2006). Two large 
landslides (Mauritania Slide and Cap Blanc Slide) are found in this area. Turbidity current activity 
on the margin is evidenced by numerous gullies, canyons and channels. A large concentration of 
upper slope canyons and gullies is found in an area between Cap Timiris and the Mauritania Slide 
Complex, between 19°20'N and l8°20'N (Fig. 1). Typical incision depth is between 50 and 150m 
deep at water depths of 1000-2000 m but may reach 250m in some locations. The spacing is up 
to 10 canyons per 100 km at the 2000 m isobath. In between are numerous small gullies <25 m 
deep, which are roughly spaced 1-5 km apart at the 2000 m isobath. The canyons and gullies merge 
downslope and form shallow channels, which are usually <70 m deep at a water depth of 3000 m. 
The number of canyons and channels north and south of the described section is significantly less. 
Thus we identified a spacing of three canyons per 100 km between 21 °N and 22°N at water depths 
of 1000-2000 m (Krastel et al., 2006). 

The largest and most fascinating canyon/channel is the Cap Timiris Canyon (Fig. 6). This feature 
is described in detail by Antobreh and Krastel (2006) and ZUhlsdorff et al. (2007). The canyon can 
be traced for more than 500 km, though not all sections have been mapped in detail (Fig. 6). The 
upper -220km (Fig. 6b) show a dominantly V-shaped and deeply entrenched canyon exhibiting 
many fluvial features including dendritic and meander patterns, cut-off loops and terraces. Terraces 
exhibit a variety of internal structures, suggesting they originated through different processes 
including sliding/slumping, uplift-induced incision and lateral accretion (Antobreh and Krastel, 
2006). Cap Timiris Canyon is one of very few prominent examples of a huge submarine 
meandering channel system that does not have a recent obvious or even active connection to a 
sub-aerial river system in the hinterland (Ziihlsdorff et al., 2007). 

However, canyon origin is ascribed to an ancient river system in the adjacent, presently arid Sahara 
Desert that breached the shelf during a Plio/Pleistocene sea level lowstand and delivered sediment 
directly into the slope area. Antobreh and Krastel (2006) suggest that the initial invading 
unchannelized sheet of sand-rich turbidity flows initiated canyon formation by gradually 
mobilizing along linear seafloor depressions and fault-controlled zones of weakness. They propose 
that the development of canyon morphology and structure was influenced by the stages of active 
flow of the coupling river system, and hence could act as a proxy for understanding the paleo­
climatic evolution of a 'green' Sahara since Plio/Pleistocene times. 

The more distal part of Cap Timiris Canyon, about 500 km off the shelf break (Fig. 6c), is made 
out of a number ofNW-SE oriented linear segments, up to 20 km or more in length. It also displays 
at least four older abandoned linear channel segments, which are either partly or completely 
in:filled. The channel depth seems to decrease quickly in the distal segment shown on Fig. 6c. This 
brings up the question of whether the channel was destroyed by the nearby Cap Blanc Slide in a 
way similar as the Dakar Canyon. Sediment echo sounder data, however, show that the deposits 
of the Cap Blanc Slide onlap the well-developed levee of the distal Cap Timiris Canyon but did 
not destroy the levee or the channel (Fig. 7). Hence, the decreasing channel depth is most likely 
caused by the decreasing slope gradient and reduced transportation energy of the turbidity currents. 
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Flgur& 7. Sdnent echo SOI.I1d8r proll& s~ an onlap ~the deposits cf th& C. Blanc 5111:18 en the 
~ cf dbltal Cap 11m!~ ~n. See Fig. 6 for location cf prvflle. Modified a1ter Krtllltel « aL (2006). 

It is inta:e,rting m note Chat most canyon&!cbannels off Mauritania are found in areu that are oot 
a.ffe;;ted by latp: ~ IIIIIBS waB1iog (fig.l).l'hus c;ayou are fow:ld jmmcdiatt:ly DCII1h 8lld 80Qlh 
of lhe Mmritania Slide Complex but no prominent(':3ll}'CIIlll~n fo1md upslope of1he slide headwall 
01 burled belleath the slide eedlmelll3. Hen.oe, it 18 unlil:ely Chat canyons are just not visible In the 
landslide area5 because they an~ deltroyed by tho lmdalides. Krutel et al. (2012) suggeet that 
c:anyans off Mauritania. represent an effective palhway fur ~gular downslope sediment transport 
by IUib.idi1y ~~~~.evacuating ocdimc:atll away from lhe slope, wbile the: areas without c;ayODB 
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become iDcieasingJ:y burdened by deposition of thick &edimmlaly ~ons.lnfl:equent ttiggm, 
es~y ~ lack of rcguhir Cllrthquaht, rcwlt in loo,g perioda of undiaturbed scdjme'lt 
accumolatiOD; ~ lhl.ek I'OOimelltary packat" OQCuioDAll.y fai!M large lalldellde$ in areas 
without canyons. 

FIQur& 8. ,..lliPGdMI WIW of !~Qadir canyon and AQattr Slkle. See Flfil. 1 fer IOca.Uon (tal<lln 1'rcm Ki8Biel 111 
Sl., 2016). 

ApdirC'myoll IIIIIIAplir Slido 
Aglldir Canyon i3 one of die la:tgeit submarine canyons in 1he world; it i3 4SO kmlollg, up to 301m 
wide and 1150 m deep. It inci.sea the MOIOIX» Shelf at 200 m water depth and fl>nnjnatea on the 
floor of A,p.dir Basinat4300 m water depth (Figs. 1, 8).1b.e upper canyon wtwoshelf-inci.sing 
tn"butariea lhat 111111:ge at a depth of2200 m (Fig. 9); below thia the canyon fomLII a ainglec:ooduit 
that~ arolllld a sa:iei of vo~c seamowt8 on the lawa: dope (Wynn eta/., 2000). The 
AplirCanyon supplies sediment to thtMorocan '1'1nbidite System, which comprises lhree inler­
con!WJwl deep-wattr basins: Agadir Basin, Seine Abyssal Plain and Madeira Abyssal Plain (Wynn 
eta/,, 2002). Coriog and drilling of tho Moroccan TUrbidite Sysmn n~vealed a long sequence of 
tlirbiditeii,DIIOA!y soun:ed:from 1he Morooc:an CO!llinc:atallllllll!liD and the volcaiA: Canm:y lillands. 
Individual flow cleposiU can be (:(ll'!elaced between all chree twin&, ac;ross a clisuloce >1200 tm 
(Wynne~ a/., 2002: ~nz eza/., 2009). lndividllal flawdeposia infbe Moroa:an '1\ubidite Sysmn 
may lUd1 volumes of> 100 km', although these large-sc:ale events ~~~:e relatively infn!quent wilh 
a~ interval of about 10.000 yea.ra (over tilt last 'JJJOIX)O yean). 

While the Moroccan 1\u.b:idite System is extremely wen investigawl, almost no data of the 
potential soun:e areas of the major turbidites originating in the Agadir canyon lWII wee available 
until-t times. This area wa.a smveyed during RV Merian a:uise MSM32 in late 2013. The 
Agadir Slidc:origin•tin,g about200 lan3011thof1he canyon wa.aWDBi.detl:d as potaltialao\11\'efor 
somt of tilt major lllrbidi.le£ discovered in the Moroooan TUrbidite System as major landslide& 
may disintegrate and transform. imo IUib:idity cur:m~ts. The flow dynamics of this major landslide 
was inve&tigated by Krastel et al. (2016). They showed daat tho Agadir slide originated as &lab-type 
~and rapidly disintc:grated aud transfflTDl<'11 into a debris 1low, whidl entc;n:d Agadir Cany011 
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at 2500 m wa!er depth (Figs 8; 9). However, the <lebri.il flow did not di.sintegnlle imo a t1ll:ttidi1y 
Clllmlt when it~ the canyon despite a significant inl:rea.se in slope angle. The rnaw:ial was 
1riii1SpOfted a& debrite fur at kast aootber 200 Jan down ~ canyon but not re£Ch the wider 
~Turbidite Sye(em. 

I 
3420000 / 

Pathway of d&bris flow into 
LOwOf Agadir canyon 
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m 

·200m 
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F"19ure 9. Plliapecti-te ~-of 1h& upperaeclion of lh&~r C8llyOII ~ two main lributariea but no dear 
tol.lo:atb• fllr lllllle«U flllurM. Moclfted after Krallel ~ 111. (2016). 

We tbe~fare assume that tbe major Ullb:idi:te.!l deposited in the Mmoc:can Tlall:idim Systan lllllllt 
have oriain.•~e<' from ~ beadwall area of Agadir Canyon. The badx)'metric map, however, does 
aot !!how my o!Mous ilulic:alions for major~ fail~~RS ill !his ~gion. This obeervationw~ts 
that the turbidity C1III1!IItt! originate in the bead n~giooof Agadir Canyon without leav:i:og major 
land.ilide scm:p;t~ behind. The initial failuft; Wll.!lmost lihly smaD bot tbe t1Uhidi1y cumenl8 eroded 
'ipiticaot amouots of 4¢dill!f2lts from the canyon ftoordaring thedow!Wope joumey, which wen\ 
illeo~poi~ illlhe tutbidity euaal.li. Depoeilion Cook plaoe when the tutbidity eiiDal.ls ~hed 
tho Mmoc:can Tuxbidi.te System whln thoy llpiNd over a large art~a at Vfii:Y Low slope qlea. 

DlsaiSSIOIM AND OONCl.DSJON 

Submarine mass wasting is an important proc:esa during canyon evolution. Fllillns at eanyoo 
headland canyon f1anb are impottant ~for eanyon initiation, upwml.retrogresaion oftbe 
canyon bead, and widening of the canyon. Such fall- are usually relatively small but may be 
~ill c;ayOII.IJ &ywtema.ln d!is manumpt,-mow that giant land•t;.b oDgiDaUIIg at tbe 
open slope at the NW-Afri.can CODti:nentallllBigill may abo illft~~e~~Ce canyon evolution. This is 
clearly demonstrated by the Dat.ar Slicle and Dakar Canyon of Senegal. The Dat.ar Canyon is a 
deeply incised, almost maigJrt canyon, which is destroyed repea!edly by tbe large Dat.ar Slide. 
Dakar Slide Cll.lm Dakar Cauyon in about 3900 m ~depth, wh= Dakar Canyon iB <:W"Qtly 
about 75 m deep mel Ollly 'protected' by a lllllllll.left-haDd Jeveo. This lovee is partly deBttoyed by 
~ Dat.ar Slide, wbic:h filled the canyon completel:y. Turbidity c:ommlll originating at the upper, 
sliD imact part of Dat.ar Cmyon spread over ~alger axu.s after the canyon was demoyed, as they 
are no longer confined by the canyon. Hence, 1he de$11QCtion of ~ eanyon kads to a. 
~on of ~ot 1miBpo1t pathWl!Ys. Slldl a type: of de81ruclion is ODlypoNible if levt":e 

CIESM Woibllop Monoarepha n'47 

                            10 / 11

https://ciesm.org/catalog/index.php?article=1047


 
SUBMARINE CANYON DYNAMICS - Sorrento, Italy, 15 - 18 April 2015 

heights are not too high. A similar type of construction and reorganization of canyons systems is 
also observed for certain 'sedimentary' canyons in the Mediterranean Sea, e.g. in the Rosetta 
canyon area of the Nile river (Mascle et al., this volume). 

A major landslide (Cap Bane Slide) is also found in close vicinity to the distal part of Cap Timiris 
Canyon off Mauritania. The landslide, however, is not entering the canyon because it is not able 
to pass the well-developed right-hand levee of the canyon. Another type of interaction between 
large canyons and landslides is found at Agadir Canyon. A major landslide enters the canyon in 
about 2800 m water depth where the canyon is still almost 500 m. The landslide is therefore not 
able to destroy the canyon but thick debrite deposits are found at the canyon floor. We suggest that 
canyons with moderate incision depth and without well-developed levees are especially prone to 
destruction by landslides. 

The widespread presence of canyons may prevent the slope to fail because canyons represent an 
efficient pathway for semi-continuous downslope sediment transport of major amounts of 
sediments. This setting is not leading to the accumulation of thick sedimentary successions, which 
may fail as large-scale landslides. 

While our findings are based on a small number of examples at the NW-African continental 
margin, we expect similar settings at other passive continental margins. But we do not think that 
our fmdings are relevant for active margins characterized by more frequent but generally smaller 
landslides. Such landslides are too small for having a significant influence on the canyon 
morphology and resulting sediment transport pattern. 

* this chapter is to be cited as: 

Krastel S. 2015. Interaction of large landslides and canyons off NW -Africa. pp. 59 - 69 In CIESM 
Monograph 47 [F. Briand ed.] Submarine canyon dynamics in the Mediterranean and tributary 
seas - An integrated geological, oceanographic and biological perspective, 232 p. CIESM 
Publisher, Monaco. 
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ABSIRAcr 
The disturbance of the marine sedimentary environments by commercial bottom trawling is a 
matter of concern. The direct physical effects of this fishing technique include scraping and 
ploughing of the seabed and increases of the near -bottom water turbidity by sediment resuspension. 
However, the quantification of the sediment that has been resuspended by this anthropogenic 
activity over the years and has been ultimately transferred along and across the margin remains 
largely unaddressed. The analysis of sediment accumulation rates from sediment cores collected 
along the axes of several submarine canyons in the Catalan margin (northwestern Mediterranean) 
has allowed to estimate the contribution of bottom trawling to the present -day sediment dynamics. 
210Pb chronologies, occasionally supported by 137Cs dating, indicate a rapid increase of sediment 
accumulation rates since the 1960-70s, along with a strong impulse in the industrialization of the 
trawling fleets of this region. Such increase has been associated to the enhanced delivery of 
sediment resuspended by trawlers from shelf and upper slope trawling grounds towards submarine 
canyons, as a consequence of the rapid technical development at that time, in terms of engine 
power and gear size. This change has been observed in La Fonera (or Palam6s) Canyon (one of 
the most prominent canyons of the region) at depths greater than 1700 m, while in other canyons 
not so deeply incised it is restricted to shallower regions (-1000 m in depth) closer to fishing 
grounds. Two sampling sites from La Fonera and Foix submarine canyons that exhibited high 
sediment accumulation rates (0.6-0.7 em y-1) were revisited several years after the first 
chronological analyses. These two new cores revealed a second and even more significant increase 
of sediment accumulation rates in both canyons which occurred circa 2000 and reached values 
higher than 2 em y-1

• This second change at the beginning of the 21st century has been attributed 
to a preferential displacement of the trawling fleet towards slope fishing grounds surrounding 
submarine canyons, and to new technical improvements in trawling vessels, presumably related to 
subsidies and aids provided by the European Commission to the fishing industry. 
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INrRODUCI'ION 

Bottom trawlers are commercial fishing vessels actively pulling nets along the seafloor with the 
aim of capturing fish and other marine species for human consumption or other industrial uses. 
Bottom trawling is carried out worldwide and its depth range has progressively expanded during 
the last years, from shelf and coastal environments towards deep-sea regions (Morato et al., 2006). 
The Catalan continental margin (NW Mediterranean) has supported an important bottom trawling 
activity during decades, currently reaching down to 800-900 m water depth. Deep-sea trawling in 
this region is mainly targeting the highly priced blue and red shrimp Aristeus antennatus (Risso, 
1816), whose life cycle is closely related to submarine canyons environments (Sard~ et al., 1994). 

Bottom trawling poses many biological and physical impacts in the marine environment, and has 
been identified as a major force of seafloor disturbance by remobilizing and resuspending 
sediments, inducing the formation of nepheloid layers and sediment-laden flows, and by causing 
major changes in the morphology of continental slopes (Puig et al., 2012; Martinet al., 2014c). 
The trawling-induced resuspended sediment particles can be intercepted by submarine canyons and 
transported down-canyon, thus increasing sediment fluxes in deeper canyon regions. 

An early study conducted in La Fonera (or Palam6s) Canyon that analyzed a sediment core 
collected in the lower canyon axis, at 1750 m depth, documented a doubling of the sedimentation 
rate after the 1970s. Parallel analysis of historical fisheries data revealed that the local trawling fleet 
rapidly increased in terms of engine power during the same time period, which led to propose that 
the new sediment accumulation trend was a consequence of the enhancement of trawling-induced 
sediment resuspension and transport towards the lower canyon reaches (Martinet al., 2008). 

To validate the hypothesis of a sedimentary regime shift caused by trawling activities in the Catalan 
margin, and to provide a broader view of this phenomenon at a margin-scale, several sediment 
cores taken from submarine canyons have been recently analyzed, including new cores from 
previously studied sites in La Fonera Canyon (Martin et al., 2008), and in Foix Canyon (Sanchez­
Cabeza et al., 1999). Here we report the main results derived from this new coring effort and 
discuss the observed changes in sediment accumulation rates . 

.Mm.'HODS 

A KC Denmark A/S 6-tube (inner diameter 9.4 em; length 60 em) multicorer was used to collect 
undisturbed surface sediment cores along the axis of several submarine canyons incised in the 
Catalan margin (Fig. 1A). These cores were obtained during the past four years in several 
oceanographic cruises onboard the RV Garda del Cid. 

In May 2011, a sediment core was collected in La Fonera (Palam6s) Canyon (PC) at 1820 m water 
depth, 1.5 km away from the core analyzed in the same canyon region by Martinet al. (2008). In 
July 2012, three sediment cores were collected in Arenys Canyon (AC) at 1074 m, 1410 m and 
1632 m water depth, respectively. During the same cruise, two other sediment cores were obtained 
in Besos Canyon (BC) at 1238 m and 1487 m water depth. This submarine canyon was revisited 
in September 2014 to collect a shallower core at 810 m water depth. In October 2013, a sediment 
core was obtained at 865 m water depth in Foix Canyon (FC), close to the location where a former 
core was collected in 1993 and studied by Sanchez-Cabeza et al. (1999). 
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Figure 1. A: Bathymetric map of the Catalan margin showing the submarine drainage network and the major 
fishing harbors of this region (black ships). Sediment coring (red dots) was conducted at the axes of La 
Fonera, also known as Palam6s Canyon (PC), Arenys Canyon (AC), BesOs Canyon (BC) and Foix Canyon 
(FC). Bottom trawling activities on this margin are conducted on a daily basis (excluding weekends and local 
holidays) on the shelf and upper continental slope, including submarine canyon rims and axes, down to 800-
900 m water depth. B: Plot showing the evolution over time of the official total engine power (sum of the 
horsepower of all trawlers) of the major fishing harbors shown in the map. Note the rapid increase that 
occurred during the 1960-70s. 

Sediment cores were sliced on-board at 1 em intervals and the sections obtained were freeze-dried 
for further analysis. For the purpose of this document, only 21% and 137Cs activities are presented, 
from which sediment accumulation rates over the last 100-150 years have been derived. The 
concentrations of 210Pb were determined by alpha-spectroscopy following Sanchez-Cabeza et al. 
(1998). 137Cs concentrations were measured by y-counting of dried, homogenized samples in 
calibrated geometries for 2-3·105 s on a high purity intrinsic germanium detector. Sediment 
accumulation rates were calculated based on a one-dimensional, steady-state constant 210Pb 
flux/constant sedimentation model constrained by the 137Cs concentration profiles (Masqu6 et al., 
2003). 

Historical data of the characteristics of the trawling fleet operating in the region studied were 
obtained from official bulletins and databases provided by the Spanish Ministry of Agriculture, 
Livestock and Environment. The temporal evolution of the total engine power (sum of the 
horsepower of all trawlers) of the major harbors of this area (black ships in Fig. lA) is shown in 
Fig. 1B. Total engine power is considered to be a reliable proxy for the size and weight of the gear 
that a boat can tow, as well as for working depth and haul duration, indicative of the capacity to 
resuspend bottom sediments (Martin et al. 2014c). 

REsm.TS AND DiscusSION 

Arenys Canyon 

The sediment cores collected in Arenys Canyon were previously studied by Toro (2013) and are 
presented in Fig. 2. The results show a constant and fairly similar sediment accumulation rate at 
the two deeper stations, accounting for 0.057 ±- 0.001 g cm-2·y-1 (0.082 ± 0.002 em y-1) at 1410 m 
water depth and 0.066 ± 0.001 g cm-2-y-1 (0.096 ± 0.002 em y-1) at 1632 m water depth. However, 
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two clear sediment accumulation rates were observed at the shallower site: the lower part of the 
sediment core (13-20 em) displays an accumulation rate of 0.054 ± 0.002 g cm-2·y-1 (0.063 ± 
0.003 em y-1), while the surface sediment unit (0-14 em) has a higher accumulation rate of0.203 
± 0.009 g em-2·y-1 (0.332 ± 0.015 em y-1). The sedimentation model estimates that the change in 
the accumulation rates took place during the 1960-70s. 

In this submarine canyon, the change in sediment accumulation rates attributable to the 
resuspension by trawling activities is only recorded in the shallower core closer to fishing grounds, 
where sedimentation rates have increased five times with regard to the natural (pre-1960-70s) 
ones. The constant and similar sedimentation rates observed in the two deeper cores located 
offshore from the trawled slope regions suggest that the trawling-resuspended sediment in this 
canyon region is mainly transported along-margin, with limited off-shore dispersal. The 
morphological characteristics of the Arenys Canyon, with a wide canyon axis and absence of a 
defmed canyon head incised on the shelf edge, may favor this behavior. 
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Figure 2. Excess 210Pb activity profiles and sedimentation rates of the three sediment cores collected along 
the Arenys canyon axis in July 2012. See core locations in Figure 1 A. 

BesOs Canyon 

The two deeper cores collected in July 2012 in the Besos canyon axis were previously studied by 
Juan-Dfaz and Paradis (2014) and are presented here together with a shallower core collected in 
September 2014. At the deeper site, 1487 m water depth (Fig. 3 C), the sediment core displays an 
apparent surface mixed layer (SML) and a constant sediment accumulation rate down to 18 em of 
0.065 ± 0.002 g cm-2-y-1 (0.091 ± 0.002 em y-1). This sedimentation rate is in agreement with those 
found in the two deeper cores from the neighboring Arenys Canyon (Figs. 1A and 2). The excess 
210Pb concentration profile from the sediment core collected at 1238 m water depth (Fig. 3 B) is 
more complex. At the lower part of the core (20-26 em), a constant accumulation rate of 0.083 ± 
0.006 g cm·2·y-1 (0.117 ± 0.009 em y-1) is observed. Above, a portion of the sediment core (15-19 
em) shows an anomalous excess 210pb activity profile denoting a non-steady-state sedimentation, 
and above it (5-14 em) the previous sediment accumulation rate is reestablished, accounting for 
0.081 ± 0.005 g cm-2·y-1 (0.125 ± 0.008 em y-1). Finally, in the uppermost part of the sediment 
core, an apparent SML of 4 em is observed. In general, a mean sedimentation rate of -<>.12 em y-
1 seems to prevail through time at this canyon site, although it was disrupted during a certain period 
by the arrival of sediments at a non-constant rate. The X-radiograph and grain-size analysis of this 
sediment core (not shown) do not suggest that this portion of the sedimentary column could be 
caused by a massive arrival of sediments in a single event (i.e., as a turbidite or debris flow). A 
possible explanation could be a transitory alteration of the natural fluxes by the onset of trawling 
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activities in this submarine canyon, which affected this part of the canyon for a limited period of 
time, since the sedimentation model suggests that this disruption occurred circa the 1960-70s. 

At the shallower canyon location, at 810 m water depth, one observes a clear change in sediment 
accumulation rates (Fig. 3A). The excess 210Pb activity profile from this sediment core shows that 
the bottom part (30-50 em) displays a constant accumulation rate of 0.34 ± 0.03 g cm-2-y-1 (0 .43 ± 
0.03 em y-1) and that above this unit a non-steady-state sediment flux prevailed until present times. 
The sedimentation model indicates that this change occurred during the 1960-70s, in accordance 
with an alteration by bottom trawling activities of the natural sedimentation in the upper canyon 
reaches. Given the non-constant sediment flux in this upper portion of the sediment core, the 
accumulation rates could not be properly calculated, but if we integrate all the episodes that have 
constituted this sedimentary unit, taking into account the mass accumulated over the last 40-50 
years, we obtain a mean sedimentation rate of0.60-0.75 em y-1

• 
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Figure 3. Excess 210Pb activity profiles and sedimentation rates of the three sediment cores collected along 
the Besas canyon axis in September 2014 (A) and in July 2012 (Band C). See core locations in Figure 1A. 

La Fonera (PalamcSs) Canyon 

The sediment core collected in 2002 in La Fonera canyon axis, at 1750 m water depth, recorded 
for the first time the post-1970s increase in the sedimentation rates linked to trawling activities 
(Martinet al., 2008). This core showed two contrasting sedimentary units: a deep unit without 
physical structures and a 21Dpb and 137Cs derived sedimentation rate of 0.35 em y-1 underlying a 
topmost sedimentary unit with a higher sedimentation rate, estimated at ...{).7 em y-1, as well as a 
well-preserved horizontal laminae. This increase in the accumulation rates and the preservation of 
physical structures in the sedimentary column was associated with the enhancement of trawling­
induced sediment resuspension and transport towards deeper canyon reaches, observed to occur 
as sediment gravity flows funneled through tributary valleys on the canyon flanks (Palanques et 
al., 2006a; Martinet al., 2007). The excess 210Pb and total 137Cs activity profiles of this sediment 
core are shown in Fig. 4A. 

In May 2011 a new sediment core was collected from a nearby canyon axis location at 1820 m 
water depth. The deepest layer at which 137Cs was detected was at 44 em, providing the -1954 
time marker, when this artificial radionuclide was first introduced to the environment as a 
consequence of atmospheric nuclear bomb testing. A broad increase of 137Cs activity could be 
observed upwards, with two relative maxima at 39 and 36 em depth, corresponding to the historical 
peak fallout around 1963 (Fig. 4B). From bottom to top, one can identify a section (47-37 em) with 
a constant slope of the excess 21~ activity profile, denoting a steady-state accumulation of 
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sediment that allowes calculating a rate of 0.20 ± 0.02 g cm-2 y-1 (0.25 ± 0.02 em y-1
). From 36 em 

depth to the sediment surface, the excess 210fJb activity proflle suggests a non-steady-state 
accumulation of sediment, presumably generated by a series of depositional events. The 
combination of the 210Pb sedimentation model and the 137Cs proflle allows dates this change in the 
early 1970s. Taking into account the sediment thickness accumulated since that period, we obtain 
a mean sedimentation rate in the upper part of the core of -1 em y-1 (Fig. 4B). 

To conduct a comparison between both cores, we considered that the regions of the two sediment 
cores where the slope of the excess 210Pb vertical profile changes (i.e. due to a change in the 
sedimentation rates in the early 1970s), represent synchronous time horizons. Hence, in Fig. 4C 
the vertical axis of the core collected in 2002 was shifted 23 em downwards to confront the sharpest 
210Pb discontinuities in both profiles. The synchrony of the change in sedimentation rates is further 
supported by the occurrence, at consistent depth intervals, of the 137Cs maxima and the deepest 
appearance of detectable 137Cs in the profile. Also, 210Pb concentrations at the depths confronted 
in Fig. 4C are consistent with the radioactive decay of this radionuclide (T112= 22.3 y) and with the 
nine years elapsed between coring operations. 

Even though the pre-1970s sedimentation rate in the 2011 core has been estimated in 0.25 em y-1 

and the post-1970s layer accounts for an average rate of -1 cmy-1, the simple comparison with the 
2002 core suggests that an enhancement of sediment accumulation might have occurred in this 
submarine canyon during the last decade. The 23 em of sediment that appear to have been 
accumulated in nine years would represent a recent sedimentation rate of -2.5 em y-1, an order of 
magnitude higher than the pre-1970s values (Fig. 4C). 
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Figure 4. Excess 210Pb and total 137Cs activity profiles of sediment cores collected from the lower La Fonera 
(Palam6s) canyon axis in 2002 and 2011. A doubling of the sediment accumulation rates after the 1970s was 
observed in 2002 by Martin eta/. (2008). The core collected in 2011 confirms such a change, but the 
comparison between both cores suggests a more rapid change in sediment accumulation rates during the 
last decade. 

FoixCanyon 
In October 2013, a sediment core was obtained in the Foix canyon axis at 865 m water depth, 
revisiting the location of a previous core collected in Apri11993 and analyzed by Sanchez-Cabeza 
et al. (1999). This allowed the study of the evolution of the sediment accumulation rates at this site 
with a time difference of 20 years (Fig. 5). 
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The 1993 sediment core showed a clear 137Cs concentration profile, with the 1954 time marker 
occurring at 25 em, the 1963 fallout peak at 23 em, and the 1986 Chernobyl accident peak at 7 em 
(Fig. SA). The excess 210Pb activity profile showed an apparent SML of 5 em and a fairly constant 
slope that corresponded to a sediment accumulation rate of 0.51 ± 0.02 g cm-2 y-1 (0.58 ± 0.3 em 
y-1) (Sanchez-Cabeza et al., 1999). 

In the 2013 sediment core, analyzed by Juan-Diaz and Paradis (2014), 137Cs was not measured 
and the horizon of supported 210Pb was not reached (Fig. 5B). However, the same supported 21% 
activity of the 1993 sediment core (30 ± 1 Bq·kg-1) was assumed to reflect the excess 210Pb 
activities. At the bottom of the 2013 sediment core anomalous values of excess 21opb activity were 
found and above them (43-23 em) a constant 210Pb slope allowed determining a unit with a 
sediment accumulation rate of 0.61 ± 0.04 g cm-2 y-1 (0.72 ± 0.04 em y-1). Above it, and up to the 
sediment surface, the 21% slope increases considerably and accounted for a sediment accumulation 
rate of 1.6 ± 02 g cm-2 y-1 (2.2 ± 0.3 em y-1). The sedimentation model establishes this three-fold 
increase of sedimentation rates around year 2000 (Fig. SB). This new change at the beginning of 
the 21st century is in agreement with the recent increase inferred in La Fonera Canyon after the 
comparison of the two available sediment cores (Fig. 4C). 

The comparison between the two sediment cores collected 20 years apart in the Foix Canyon is 
shown in Fig. 5C. In this occasion, the excess 210Pb activities from 1993 were corrected by 
theoretical decay unti12013, and both vertical profiles were overlapped by shifting the 1993 core 
30 em downwards. By doing so, the anomalous 210Pb values at the bottom of the 2013 core 
coincided with similar anomalous values observed in the 1993 core around year 1963, at the level 
of the 137Cs fallout peak. In fact, if the SML at the top of the 1993 core is not considered, two 
distinct 210Pb slopes can be defined, being separated by these anomalous values. A top unit shows 
a sedimentation rate of 0.76 em y-1 (considering that 23 em were deposited in 30 years, from 1963 
to 1993), which agrees with the 0.72 em y-1 rate determined in the bottom part of the 2013 core; 
overlying a deeper unit with a lower sedimentation rate of 0.58 em y-1 (Fig. 5C). Therefore, it 
seems that a subtle increase of sediment accumulation rates caused by bottom trawling activities 
may have also occurred in Foix Canyon during the 1960-70s, in accordance with the changes 
observed in other submarine canyons of the Catalan margin. 
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Figure 5. Excess 210Pb and totai 137Cs actMty profiles of the two sediment cores collected 20 years apart in 
the Foix canyon axis. A constant sediment accumulation rate was assumed in 1993 by Sanchez-Cabeza et 
a/. (1999), while in the sediment core collected in 2013, a noticeable change in sediment accumulation rates 
was detected circa 2000. The combination of both cores without considering a SML in the 1993 one also 
suggests a subtle increase of sediment accumulation rates -1960-70s. 
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CoNCLUSIONS AND PR.OSPECI'S 

The analysis of sediment accumulation rates from various sediment cores recently collected along 
the axes of several submarine canyons of the Catalan margin has evidenced that bottom trawling 
activities have altered the natural sedimentary dynamics in all studied sites since the 1960-70s. The 
resulting increase in sediment accumulation rates seems to be limited to canyon regions close to 
fishing grounds, while deeper areas remain unaffected as a consequence of a predominant along­
margin transport of the trawled-induced resuspended particles. 

In addition, an even more significant change in sedimentation rates has occurred in specific 
submarine canyons since the beginning of the 21st century, accounting for values >2 em y-1• Such 
enhanced sedimentation rates may seem in contradiction with the slight decrease in total power of 
the local trawling fleet obtained from the official databases. The reality is that ship-owners have 
been continuously introducing technical improvements in their trawlers (namely more powerful 
engines and larger gears), a practice that leaves no trace in the official reports. The official 
decreasing trend mainly reflects a reduction in the total number of vessels, since a large dismantling 
of trawlers has been occurring in the Catalan harbors since the 1990s, motivated by subsidies and 
aids provided by the European Commission to the fishing sector. However, even though the new 
constructed vessels are officially limited to <500 Hp, their real horsepower is generally much 
higher. 

Together with the not declared increase in installed power, one must take into account that, over 
the last decades, the Catalan trawling fleet has evolved towards an increasing economic 
specialization and dependence in the Aristeus antennatus fishery (Alegret and Garrido, 2008). 
This may also contribute to the significant increase of sediment accumulation rates within specific 
submarine canyons, as a result of progressive concentration of the fishing effort over this species 
and the subsequent increase in trawling-induced resuspension (and relocation) of sediments 
surrounding submarine canyons. 
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A case study on vulnerable marine ecosystems in Cassidaigne 
Canyon - New technologies to track anthropogenic impact 

Marie-Claire Fabri~ Annaelle Bargain~ Aurelien Amaubec~ Ivane Painwd~ 
Laura Pedel and Ewen Raugel 

lfremer, Centre de Mediterranee, La Seyne sur Mer, France 

ABSTRAcr 
Canyons are subjects of increasing human exploitation, which calls for increased focused 
management and conservation attention. The development of appropriate European policies and 
Marine Protected Areas, including for deep sea habitats, implies the development of adapted 
monitoring tools and methods to assess benthic-habitat quality in coastal waters and provide spatial 
information about the extent and composition of vulnerable marine resources also in deep waters 
as required by the recent European Marine Strategy Framework Directive. This paper reviews 
several methods that could be used for a benthic-habitat assessment. Vessel monitoring system data 
could be used to focus monitoring on anthropogenic impacted areas. Multi-beam echo-sounder 
data and backscatter data classification could be used for the production of reproducible habitat 
maps based on signal segmentation, provided a high resolution at the acquisition. Side-Scan Sonar 
and textural analyses may be useful to differentiate bottom types. The use of submersibles designed 
to manoeuvre in complex topography together with the use of acoustic instrument and HD images 
for 20 mosaicking and 3D reconstruction help to increase the capabilities to study (and monitor) 
environments inaccessible up to now. The last method presented in this paper is the production of 
predictive habitat maps. A case study on the Cassidaigne canyon is shown where protected cold­
water coral species co-exist together with heavy anthropogenic impact (red mud discharge). 

INTR.ODUCI"ION 

Soft substrate bottoms compose the major part of the deep seafloor. Nevertheless some topographic 
features may enhance the heterogeneity of continental slopes like submarine canyons. These 
submarine valleys form part of the drainage system of continental margins. They are major 
pathways for material and organic carbon transported from the land to the deep sea (Puig et al., 
2008). They have been suggested to be hotspots of biological activity and are preferential areas for 
the recruitment of megafauna! species (Sarda et al., 2004). Canyons probably play an important 
role in structuring the populations and life cycles of benthic megafauna fishery resources that are 
associated with them. For example, canyons provide important habitats for fished species, such as 
hake (Merluccius merluccius), red shrimp (Aristeus antennatus) and Norway lobster (Nephrops 
norvegicus) (Danovaro et al., 2010). Those commercial resources live within ecosystems that are 
becoming vulnerable with regard to fishing pressure. Thus canyons may provide a heterogeneous 
set of habitats, often hosting both Vulnerable Marine Ecosystems and rich fishing grounds, as 
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shown for the Gulf of Lion (Fabri et al., 2014), Which accounts for their listingas key marine 
habitats by the General Fisheries Commission for the Mediterranean (GFCM, 2009). 

Monitoring ecosystems imply measuring and quantifying. Statistical tools previously developed 
to monitor coastal areas are based on multiple sampling and on the presence or absence of species 
known for a particular ecological trait reflecting an adaptation to a particular unbalanced 
environment. However, the complex and steep topography, the locally enhanced currents, the 
occasional down-canyon flushing events and the hard substrates found in submarine canyons 
(Mascle et al., this volume) make sampling, surveying and monitoring difficult and did limit early 
studies. 

The objective of this paper is to present the evolution of monitoring methods applied in marine 
environment as supported by technological advances (e.g. remote sensing techniques, autonomous 
and remotely-piloted vehicles) and oriented towards the monitoring of ecosystem spatial 
distribution. 

1 - 'fRADmONAL MEiliODS FOR MARINE ENVIRONMENT AND BEN'1111C COMMUNITIES 

MONITORING 

Mathematic indexes (combination of criteria) provide measurements of anthropogenic impact or 
progress of restoration efforts in marine environment quality. Indexes based on biological variables 
are commonly based on the absence of sensitive or the presence of tolerant species and were 
developed to follow ecosystem response to a gradient of disturbance (e.g. enrichment in organic 
matter). 

The large list of existing indexes is mainly focused on the monitoring of infauna communities 
living inside the sediment and requires sediment sampling, sorting and taxonomic classification 
(Diaz et al., 2004). Generally species are grouped according to their ecological traits (tolerant vs 
sensitive, filter vs deposit feeders). It is noteworthy that the evolution through time went from the 
development of indexes based on extensive samples in which an exhaustive community 
identification was realized towards indexes based on a reduced number of species known to be 
tracers of a disturbance. In submarine canyons extensive samples are not realistic (for time and 
technical reasons) and most of the species are not described yet (Bouchet, 2006), and so an indirect 
measurement of a disturbance using a limited number of known species is the common way to 
monitor infauna (Fontanier et al., 2012; Amaro and Kiriakoulakis, this volume). 

The study of fragile epifauna communities living erected on the bottom (e.g. sponges and 
gorgonians) requires non destructive optical techniques. Indexes based on optical images have 
been developed, taking advantage of the recent access to waterproof cameras available to the 
general public. Very few indexes exist to measure community statements from optical images, 
and they were mainly developed in the coastal and photic zone (0-60 m) (Ballesteros et al., 2007; 
Creocean, 2009; Deter et al., 2012; Gatti et al., 2012; Seytre and Francour, 2008). The use of non 
destructive methods to monitor deep-sea ecosystems such as engineer species providing a structural 
habitat, a refuge and food to other species and recently exposed to anthropogenic pressure is a 
new challenge for research. 

2 - TOWARDS MONITORING TilE SPATIAL DISfRIBUfiON OF BEN'1111C DEHP-SEA COMMUNITIES 

Recent advances in seafloor technology (e.g. the development of autonomous and robotic vehicles, 
new in situ measurements techniques) create new opportunities for seafloor observation in the 
challenging deep-sea environments. They significantly increase the accessibility of submarine 
canyons, and provide tools to achieve a new break-through in deep-sea communities monitoring. 

Soft substrate bottoms compose the major part of the deep seafloor. Nevertheless even if some 
topographic features may enhance the heterogeneity of continental slopes like submarine canyons, 
an exhaustive monitoring is not realistic in the deep sea. Areas known for their anthropogenic 
pressure need to be targeted for an efficient monitoring. 
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• Vessel Monitoring System data 

Vessel Monitoring System (VMS) data can be used in order to highlight areas of heavy fishing 
pressure. The VMS is a satellite-based monitoring system which at regular intervals 
(http://www .marinetraffic.com) provides data to the fisheries authorities on the location, course and 
speed of vessels longer than 15 meters. 

These data gathered by year indicate heavy pressure areas (Martinet al., 2014) and probably the 
location of the original facies linked to the corresponding resources (Funiculina quadrangularis 
sheltering Norway lobster and lsidella elongata sheltering red shrimps). These original facies may 
have been swept away by repeated trawling as observed in the adjacent canyon off the Spanish 
coasts (La Fonera canyon, off Spain) (Martinet al., 2014a). In that example multi-beam echo­
sounder data were used to evidence the smoothering action of trawlers on the seafloor modifying 
the morphology of the seafloor above 800 m (Puig eta[., 2012; Pusceddu eta[., 2014; Puig eta[., 
this volume). 

It is not known whether anthropogenic pressure is as intense in the Gulf of Lion since VMS data 
are not available from the French government. The idea to use Spanish VMS data to follow Spanish 
fleet fishing in the Gulf of Lion would allow to focus on heavily pressurized areas and define 
which part of the Gulf of Lion canyons could be investigated with new technics (high resolution 
data, access to quantitative data). 

• High resolution Multi-Beam Echo-Sounder (MBES) and backscatter data classification 

Up to now the use of AUV or ROY has focused on specific geological morphology (e.g. 
hydrothermal vent, fluid seepage and mud volcanoes) detected from a previously-built large 
bathymetry collected from a ship. Submersible embark a scientific pay load and travel along a 
predefmed transect to build a high resolution map. 

A monitoring objective would be to launch a submersible in an autonomous mode to cover a large 
surface on soft substrate where meadows of Vulnerable Marine Ecosystems have been described 
to live on in the past in order to measure the extent of the habitat (ecosystem) or to detect 
anthropogenic impact. Increased resolution is the key to discriminate habitats using either 
bathymetric or backscatter data. 

Facies classification based on backscatter data from high-resolution MBES is a technique 
commonly used for substrates (Dupre et al., 2010; Vertino et al., 2010) and starting to be used for 
biological habitats (Micallef et al., 2012b). Automatic segmentation, opposed to expert 
interpretation, of backscatter data together with ground-truth sampling or video data could help to 
the development of fast and repeatable methods of seabed classification for an efficient monitoring 
with regard to environmental and anthropogenic impact assessments (Stephens and Diesing, 2014). 

• Side-scan sonar and textural characteristics 

When seafloor cannot be differentiated on the basis of acoustic backscatter, a textural analysis 
from side-scan sonar may be useful to differentiate bottom types. Side-scan sonar data are used in 
the interpretation for the construction of geological maps (Cochrane and Lafferty, 2002; Greene 
et al., 2013; Kaeser et al., 2013). These data are generally of high quality and facilitate 
interpretation of the textural characteristics. Side-scan sonar has also been demonstrated to allow 
observation of trawl damage (Darwin Mounds, NE Atlantic) at almost 1000 m water depth as well 
as the decrease in coral abundance (Roberts et al., 2006). 

The use of high-resolution side-scan sonar data could be a way to map and measure the extent of 
erected megafauna species meadows (e.g. Funiculina quadrangularis and Isidella elongata) as 
they should induce a difference in the sediment texture compared to flat sediment areas. In a 
monitoring purpose the advantage would be to benefit from the automatic segmentation that could 
be used on a large area (as opposed to a manually drawn classification from a video mosaic). A 
temporal evolution of the spatial extent of large scale ecosystems could be monitoring based on 
high resolution signals. 
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• AntooomOllJ and mhptjc vMidM <e.e, Hybrid RemcR 0Jlm'tr4 Vehicle) 

'I'IM; e-va:~ demand for biow~ md IU:OII81ic dala of d:r: Wlderwat~;r environmcat hu 
prompted lhe French oceenographic instilute IFREMER. to de£ign a new vehicle to meet novel 
scientific exploration challenges (Brignone et al., 2013). 'The main objective of Ibis hybrid 
UDde.rwater IObotic symm (HR.OV Arlmne) ill to rom.bi:oe the ability to gather higb Rl60lutioll 
data alld pe:tform lnepecliOil and bltcrvelllion tub while maintaining operational co~ to a 
minimum. 1'hil will enable wider -s by the scientific community to highly speciatirMI vehicles 
dMigned to meet their goals. 

~ im.llle-Dta1iclll oflhls oew Wlde;rwatervdlicle l'e$po!Ub to novel dWJeDge& in~ 
scimce. The scientific community needs to explore and perform in!a'Valtion wn in n.atmal 
en'Yironmenta whete mcnphology ~nts obstacles to existing underwater vehicles. Such 
enYiroJrlllell.t& i:adude P:Dderwater canyons, aewnounl8, ridges rift valley walls and rontinental 
mcgins, where the p:redominanlly rocky or bard sub8lrale favors the development of rich faonal 
sdtlematts. The new vehicle Chat will join the lnsticute's opentional fltetin 2016~lytargets 
lllllpp:ing, sampling and monitoring tasl:s through the imple~entation of a hybrid arcbi~ec~Un~ to 
bridge between canomw ROV and AUV syA::mB (Fig. 1). 

Fig. 1. ~ ROV Mann& (!!remer) wtallable to lhe ad&rrtlllc;c:ommunrty !rom 2016 Ill 08slgned to IIIMp.te 
tl unewn and rough &!Mronmerna SUCh 811 c:ai)'Ont. 

H-ROV Ariamie is aLiion battezy ope;rall!d unde:twatet syatem lhatCII.Il be~ andCipiii1ited 
in Celhered (ROV) or ~u& (AUV) modes. The vehicle'& weight (1.8 toll$ in ee1hm:d 
caofiguratian, 1.6 tans in autono111011s) and dimensioos (25m x 1.8111 x 1.2m) are rompatible wilh 
operalion from small ve&llels. The opemtional maximum depth for the vebic:le ill set to 2SOOm. 

W"llh the objective to mJS& R:fea.,._ Qf1ical md ~tric: ~of the aeafloor wilh &amples 
collected ill siN and surveY' to be tepeaeed ov« time in Older to measure lhe tlemporal evolatioo 
of the erosyatelll8 spatial extenta, navigation pedomJanoes fuHill several goals a~~eh as cruising at 
a c:onstant apc:ed and altitude a& wdlu hepil!,g a fix posili011 and bciag ~located. Intrina:ic 
etabilliy Is ~ to facllltate preei8e ~n wbich 1$ performe>d w:ilh two electrical 
m.anipulators. A motorized ba!lket allowing to aary down a sampling box and four tube cores » 
well a& a suction sampler (6 bowls) fixed on the SlrUcCUre 1m1 a"Yllilabl& for the scimtific aJillllllllli1y 
wodi:og for the H-ROV Alilmne. 
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• 8agtot gnd yidtm fgr 2D JM&8ips and 3D IrP'!Mfn'rtjon 

Specie& orec:o6}'atema spalial. di.slribution aa~~e~~ament from optical image8 ia available in die deep 
- ~ .-t tedmologiea allow 3C.imtista to U!le subma:sibles, wata:proof- and geo­
re~ data. Video alld image sampling p:rovidt a IIOil-deBtrllcdve altemalive to phy&lcal 
wnplina bat are subject to anlllllber of dl•lknges 8lllOil3 which the identification of taxa wilhout 
physical specimens. High Definition image quality is highly recon:unended in onler to see the 
defining ch.arac:tmstiea allowing a speci.e11 to be recogDized on image,!! or video filmll wilh no 
misidentification (Howell et al., 2014). HD video sm:vey data collec1ed along ll'lmllec:t line& for 
11.110 in ecol.ogU;al data malysia may be galhezed into a geo-mmmced 2-<~imeos:iou moeaic so aa 
to fac::ililatc c:a.rtugraphy of CQlsyatcm spatial di.slribution (liBIIIIIly a verW:al..........ra oxthogonal to 
a flal horlzonlal bouom) (Fabrl n 411., 2011 ). A mo&alc CIUied at regqlar m=val enableu '"'''P'l' aJ 
Dl.OilitQring of thupatial extJ:;ot ofan ecosystem on flat boUoms (Matcoo ~ 411.,2014; Olu-LeRoy 
n 411. ,1tHT). Most of 2D aigomhms suppose that lhe seafloor dues DOt present strong variations 
and that scene is seen from the top. 

'Ibis is heo:ce a challenging issue to perfonn mosaiclting of vertical cliffs, or of any complex 
atroctlm:> having both horizontal and vertil:81 ~. '!'be lirst challenge is in the uquisition 
(lii0Qe88. For dna pu1p011e a digital tilk:amcn haa bcea -~ on the H-R.OV Aamnc: (Fig. 2). 

Fig. 2. A tl~-mounted digital camera (NIIIion 6100} will be Wlllllllll& on H-ROV Mann& (llremerl to <:I'N.Ie 
pllo1o rnosalca of wrtlcal struclu1'911. 

Tben, wilh the appropriate acquisition, images will be p:roceslled through a 3D model of the scene 
(usillg 'lltniCtlinl from motion' technique&) (Br:uno ~ al., 2011; Nicosovici eJ at., 2009). For that 
pmpoac:, video fi1mB or slill image~~ nc:c:d to be m;ordc:d in repeated li:NIKda allowing &c:vc:ral 
views of die: objed& (c:.g. norlh, south, east, west vU:wa). Thc:&c: ~lliremc:nt.t should be c:asily 
j\I!Al!Hiin lhe ftnure with the very easy-~ H-ROV Arlanne. This will enable to~ 
3D temln:d g~ced ~ throup non-demactivc: measuremems. 
Hani bottom substrates o:ftm display complex a~ for which 3-dim.ension mosaics can bring 
supplementary information on lhe speci..erllayout and ammgement with n~gam to predators, 
Clllmi!B or &illi:og expo!JIIR' for imta:a.l:e. 

• Hjch moluliop Multi-Bam, F..cho Sounder IM!ffl.il data eM p;djOOyc hemw mnds;la: A C88e 
•AAb' 111 !he ryrid•lwe £"''Y2" 

The increa.!iDg nc:c:d to mana.ge and p1l.ltut vulnerable marine CQlsystems h.a.!l moti:valtd lhe use 
of pmli.ctive modeling tools, which prodw:e continuous maps of pomttial species or habitat 
distribution from a limited niiiD.ber nf oblle!Vation poinl! and full coverage environmental da!a. 
Predic1ive habilat mapp.illg is quite a recent way of woxling at populatioa scale, taking advantage 
oftbe spatial infnrrn•ti011 brought by MBES lcdmologies. 
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C6liotJiiiiU ~1111161!1i1N6U1 
-200-~11 

'-*lty"""Y I:JOm. ""~ .... 

F".g. 3. Locelion cf the Caaaid&igne canyon in the Norlh-w.tem Medi1arra1U1en Sea. The high resoMion 
bllllrymelly cave111g111n:i Cold-Wider CcnJ dlltrlbutlan Ulll8d for lht prudll;tf~ hllbllld rnocleiiii'IJ e-n (from 
FabiUf al., 2014). 

Study areamdia8 
The Cassi.daign& su'bm.ar:in& canyon is lhe laxgest of til& Pr.ove~~Ce coast between til& Gulf of Lion 
and lhe Ligurian Sea, between Mmeille and Toulon (F'Ig. 3). This c:anyoo COII!Iisl:! of an inci.sion 
up to 1700 m deep and 20 km long, locamd 8 tm soulh from lhe coast. The geueral water 
cin::ulation is we.rtward along tbe continental slope and is COII!Itrained by two dominant winds: 
nm:th-IXI!thwe.rt wind8 (upwelling favorable wind.!!) and I'O"fl!east winds (downwelling fa.vorablt: 
winds). Prevailing winds from nar:tb-west co west (Mistnll.) induce a.displemneot of Slllface waters 
to the open sea., generating six upwellings in lheGulfofLian (Millot, 1990). In re!etion co wind 
and coast-line diret::tian and, possibly, to the ~of lhe cenyon,lhe most in!nJse upwelling 
of the Gulf of Lion is cemered within lheCassidaigne canyon offMJirseille(Aibetole and Millot, 
200:3). 

This canyon ~ a pre&rellti.al habitat fur lhe cold-water coral speci~ Madnporr.t oaw1ttta which 
form colonies SllppOI.fed by a CO""'")'l skeleton, providing a mactural habitat. for olher species and 
idenlified as a sensitive habitat of relevance for Che 111an83tment of priority species in the 
Medllmanean Sea by lhe Geneta1 Fiaherles (\)mmlu!on for lhe Medllet'l'alleall (GFCM, 2009). 
Their 8patial distribution Is of con.oem for the Marble Suategy Pramewod. ~-

The Cau!cJalgne canyon ba.s received red mud d!scharpd by lhe GWanne Alumioium Wto1'y 
slnce 1967 (Dauvln, W10; FODllllllet ~ al., 2012). From 1967 to 1988, darlng 21 yCIIl'S, a mas ill~ 
dispo881 of~ruiduu coming from two pipeline$ at320 mdql1b from two separate factot:le& 
affe.e1eO lhe canyon. smce 1988 red mud cllscharge Wll8 reduced as 011e factory stopped prodqctlon. 
The entire ~ al.011g the canyOil axis was covered by red mud below 3SO m depth. The red 
mud also draped sCecp in eliDed rock c."""""""s and wu found undemc:ath overilanp (Falni eta/., 
2014). Tbeobj~ to etuplheoutflow by2015 (1his year:!) would =taiDJ:y hc:Jpwld-watercond 
apcoc::ic:s to survive. 
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The episodically severe up- and down-welling current regimes may be the driving force for the 
complete spatial coverage of the natural seabed by man-made discharges, but also for the settlement 
of CWC in the Cassidaigne canyon. Predictive habitat mapping in this canyon will allow to better 
understand the spatial distribution of cold-water coral population, as in the Cap de Creus canyon 
in Spain (Lo Iacono et al., this volume). 

Material 
Occurrences of CWC colonies (Madrepora occulata) were plotted in a GIS from video records 
(using Adelie-GIS and Adelle Video ©Ifremer) collected during 4 cruises (ESSROV 2010 with 
Victor 6000 ROV from Ifremer, MEDSEACAN 2009 with Achille ROV from Comex, MARUM 
2009 with Achille ROV from Comex, ESSNAUT 2013 with Nautile from Ifremer). 

Seafloor characteristics (e.g. slope, curvature, eastness, northness, rudgness, bathymetric position 
index, etc.) were extracted using ArcGIS from the tO-meter resolution bathymetric data (RESON 
Seabat 7150 multibeam echosounder (24kHz)) collected during ESSROV 2010 cruise. 

In order to get the environmental conditions in the CWC habitat areas, the MARS 3D (Lazure and 
dumas, 2008) hydrodynamic model (in its version V10.2) was set up in the Cassidaigne canyon 
over the period September-December 2013 (for another example of hydrodynamic model see 
Camiel et al., this volume). The CASCANL configuration uses a 170x197 mesh grid at a horizontal 
resolution of 400 m, and 60 vertical generalized sigma levels (for which the levels are refined 
close to bottom and surface). The general circulation forcing at open boundaries is provided by the 
operational MENOR model configuration of the NWMED (Gamier et al., 2014). The atmospheric 
forcing (wind, heat fluxes, rain) is provided by the ARPEGE (Meteo-France) model. Thanks to a 
refined bathymetry at 10m resolution, a two-way nesting is operated in the CASCANL 
configuration, with an embedded zoom at 80 m horizontal resolution centered on the canyon 
(CASCANS configuration). This nesting is performed using the AGRIF (« Adaptive Grid 
Refmement In Fortran ») tool (Debreu et al., 2008), and enables to take into account the effect of 
fme scale bathymetry over bottom currents and retroactions over larger scale. Comparisons of 
model results with satellite images (ocean color and sea surface temperature) and in situ data 
(hydrology and current) were performed in order to validate the model, both in terms of processes 
(through their physical signature patterns) and statistically (through quantitative comparisons at 
ftxed stations or along vessels transects). The model provides hourly information on the hydrology 
(temperature, salinity, density) and dynamics (currents) of the area. The fust sigma levels near 
sea bottom (roughly 10 meters) were considered for the predictive habitat mapping. 

Methods 

A statistical model is used to relate observed species distribution to seafloor characteristics and 
environmental conditions near bottom ( 10 m) and to determine the contribution of each variable 
to the species distribution. Three groups of statistical methods commonly used to discriminate 
which of the environmental parameters influence the ecosystem distribution will be tested on the 
study area. 

-The Ecological-Niche Factor Analysis (ENFA) is based on the niche concept and compares, in 
the multidimensional space of ecological variables, the distribution of the localities where the focal 
species (only one species at a time) was observed to a reference set describing the whole study area 
(Hirzel et al., 2002; Hirzel and Le Lay, 2008). This model determines the marginality (preference 
for specific conditions) and specialization (narrowness of the niche envelope) of the species 
regarding to each variable. 

- The maximum entropy method (MAXENT) is a general approach for modeling species 
geographic distributions with presence-only data. Maxent is a general-purpose machine-learning 
method in which the idea is to estimate a target probability distribution by finding the probability 
distribution of maximum entropy (i.e., that is most spread out, or closest to uniform), subject to a 
set of constraints that represent the incomplete information about the target distribution (Elith et 
al. , 2011 ; Phillips et al., 2006). 

- Generalized Linear Models (GLM) and Generalized Additive Models (GAM) are multiple 
regressions often used for modeling species distributions with presence-absence datasets together 
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with stepwise selection of predictors (Guisan and Zimmermann, 2000). They are based on an 
assumed relationship (link function) between the response variable (occurrence of CWC) and the 
explanatory variable (seafloor & environmental data). GLMs are based on linear regressions but 
allow for non-linearity and non-constant variance structures in the data. GAMs are semi-parametric 
extension of GLMs, their strength is their ability to deal with highly non-linear and non-monotonic 
relationships between the response and the set of explanatory variables (Guisan et al., 2002). 

The two ftrst groups (ENFA and MAXENT) present the advantage of requiring only presence 
data, a frequent situation in the case of animal observations where absences are difficult to assess 
in the fteld (e.g. mobile or hidden species). The last group (GLM/GAM) based on presence and 
true-absence data should be more robust (results are under process). 

Preliminary Results and Discussion 

Our ftrst attempts in using ENF A and MAXENT models evidence three parameters influencing 
the distribution of Madrepora occulata: water density, bottom rugosity and current speed. These 
results need to be confirmed using regression models (GLM /GMA). Statistical model results will 
be used to produce habitat suitability maps of the potential local distribution. Localities selected 
by the models for being probable habitats for ewe should be visited for ground-truthing in order 
to validate the model and eventually extend the actual protected area. Absence of species at selected 
localities of course will be attributed to anthropogenic impact and red mud discharge in this canyon. 
The objective to stop the outflow by 2015 should help ewe inrecovering their original 
distribution. Predictive habitat maps will guide future monitoring of cold-water corals and help 
assess their spatial recovery when not too late. 

The potential predicted distribution may be larger than the effective distribution, generally due to 
biotic interactions (e.g. interspecific competition or predation) or geographic barriers that have 
prevented dispersion or colonization or human influence (anthropogenic impact). These modeling 
methods help in predicting suitable habitats for vulnerable marine species or ecosystems to support 
conservation planning and marine protected area network design. 

CoNCLUSION 

Autonomous and remotely-piloted underwater vehicles, high-resolution acoustics techniques and 
high-definition images increase the efficiency with which benthic habitat maps are produced. They 
should become dynamic monitoring tools permitting ( 1) the production of synoptic maps that 
integrate useful information needed to detect a perturbation (2) the use of semi-automatic 
segmentation to produce efficient and reliable classification to create habitat maps and reduce the 
amount of manual editing (3) a frequent and reproducible assessment of the spatial distribution of 
a community to evidence a response to a perturbation (4) the development of accurate predictive 
habitat maps which constitute invaluable tool for conservation management. All these 
technologically-based methods could be efficiently applied at an ecological scale on condition 
that the resolution is provided at a meter scale. 

* this chapter is to be cited as: 

Fabri M.C., Bargain A., Arnaubec A., Pairaud 1., Pede1 L., Rauge1 E. 2015. A case study on 
vulnerable marine ecosystems in Cassidaigne Canyon - New technologies to track anthropogenic 
impact. pp. 79- 86 In CIESM Monograph 47 [F. Briand ed.] Submarine canyon dynamics in the 
Mediterranean and tributary seas - An integrated geological, oceanographic and biological 
perspective, 232 p. CIESM Publisher, Monaco. 
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ABSI'RA.cr 
We present in this paper different studies on canyon systems, adopting distinct approaches, distinct 
temporal and spatial scales. Most of our study areas coincide with the NW Sicilian canyons, which 
present striking differences in their morphologies in response to the Plio-Quaternary tectonic 
evolution of the northern Sicilian margin. Present-day sedimentary processes have been inferred 
through the morphometric analyses of bedform fields observed in some the canyons studied, likely 
controlled by the action of supercritical flows. These active processes could be responsible for 
enhancing biological activities along canyons. This is also conf'rrmed by an on-going study of the 
impact of trawling fishery on the morphology and sedimentary environments of the Sicilian 
margin, where intense deep-sea bottom trawling activities are registered in some of the canyons. 
Finally, we present the main results of the application of habitat distribution models in the Cap de 
Creus Canyon (NW Mediterranean), considering them as possible contributions in developing 
sustainable methods for the management of natural resources. The multidisciplinary and holistic 
perspective that a rises from these studies suggests that the integration of different approaches 
should be considered by future scientific investigations looking at submarine canyons as dynamic, 
interactive natural systems. 

1 - INrRODUCIION 

Submarine canyons are prominent features recognized as complex systems regulating the natural 
dynamics of continental margins. Canyons play a key role in source to sink sedimentary processes, 
they drive meso-scale oceanographic circulation, organic carbon redistribution and finally the 
functioning of ocean ecosystems. Despite their importance, some of the scientific issues regarding 
the evolutionary and present-day maintenance processes of submarine canyons and their role in 
maintaining ocean biodiversity are still controversial. This is mainly due to the lack of high­
resolution datasets and long-term observations. Moreover, the wide spectrum of geologic, biologic 
and oceanographic processes occurring along canyons make these complex settings far from being 
understood and suggest that efforts towards multidisciplinary approaches can lead to a better 
knowledge of global patterns in canyon dynamics. We present here case studies from the NW 
Sicilian Canyons (Southern Tyrrhenian) and from the Cap de Creus Canyon (NW Mediterranean) 

87 CIESM Workshop Monographs n"47 

                             1 / 10

https://ciesm.org/catalog/index.php?article=1047


 
SUBMARINE CANYON DYNAMICS - Sorrento, Italy, 15 - 18 April 2015 

illustrating different although interrelated approaches and scales in the study of submarine canyons. 
We will present an analysis of long and short term shaping geologic processes contributing to the 
development of the NW Sicilian Canyons. In addition, we present evidence of trawling fisheries 
along the NW Sicilian margin which suggests that human activities have potential implications on 
the alteration of natural landscapes and sedimentary transport processes along canyon systems. 
Finally, we will highlight the role of the Cap de Creus Canyon in hosting and preserving sensitive 
habitats such as the cold-water coral communities, demonstrating the need for solid species 
distribution models in the management of deep-sea natural resources. Datasets used in this work 
have been collected along the NW Sicilian Margin in 1982 (Department of Industry of the Italian 
Government), 1996 (CNR- Sicily 96 Cruise), 2001, 2004 (CARG Project) and 2009 (MaGIC 
Project). Metadata about fishing effort (from VMS) along the Sicilian Margin have been provided 
by the University of Rome "Tor Vergata". Data from the Cap de Creus Canyon have been collected 
in 2004 by Fugro N.Y., AOA Geophysics and the University of Barcelona. 

2 -DEvELoPMENT OF NW SICILIAN CANYONS UNDER A COMPLEX TECTONIC SEITING 

2.1 - Geological setting of the NW Sicilian margin 

The Sicilian margin corresponds to a young, tectonically active shelf to slope setting linking the 
Sicilian-Maghrebian Thrust Belt to the Tyrrhenian oceanic realm, developed during the late 
Neogene-Quaternary time span. This region originated as a consequence of a complex interaction 
of compressive events, crustal thinning and strike-slip faulting. Late Miocene-Early Pliocene high­
angle reverse faults produced structural highs along the margin, giving origin to semi-enclosed 
intraslope basins (e.g. the Palermo Basin), termed "peri-Tyrrhenian basins" by Selli (1970). These 
basins were eventually filled with Upper Neogene to Quaternary turbiditic, evaporitic, hemipelagic 
and volcaniclastic deposits, up to 1200 m thick. In the present-day, the upper plate seismicity of 
the northern Sicilian margin is defined by compressive focal mechanisms to the west and 
extensional to strike-slip mechanisms to the east. Inshore and offshore geological data on the 
northern margin suggest that while the mainland sector is uplifting, the offshore area is presently 
subsiding, causing differential vertical movements of the margin (subsidence vs uplift). 

22- Geomorphology and long-term development of the NW Sicilian canyons 

Multi Beam swath bathymetry along the NW Sicilian Margin reveals a dense submarine canyon 
network, with up to 21 canyons mapped along a distance of 110 km. Sicilian Canyons show 
striking differences in their morphology and in the sedimentary processes which governed their 
evolution, despite their close spacing along a continental margin controlled by the same large­
scale tectonic, sedimentary and oceanographic processes. Three main canyon typologies can be 
distinguished in the study area: 1) steep and deeply incised sediment-fed canyons; 2) steep and 
incised retrograding canyons (some of them being slope confined); 3) gently sloping, sinuous to 
meandriform sediment-fed canyons (Fig. 1). The first type corresponds to the Eleuterio and Oreto 
Canyons, in the Gulf of Palermo (Figs. 1,2). The second type corresponds to the retrograding 
canyons of the Gulf of Palermo (Figs. 1 ,2). The third type of canyons has been observed in the Gulf 
ofCastellammare (Figs. 1,3), 
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Flgur& 1. I'AIII Beam ba!tlymebll: model ct the PM Sk:tlan Mar;n, shOW"V the two main c:enyon systems 
deollcl1bed In tlls paper. Th& ttne cllferent <:Oiored areas ll the top.~~glrt lfl88t c:orrespond to the line canyon 
SY*Im types d8scrtled ll the aedlcn. 

Depth (m) 

0
.. • "!'!L 

·1000 ~~ 

Figure 2. Multi Beam 3D II1IOdel of the Palenno c:anyon 11)'81em. 
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Palermo Basin 
slope 

Flgur& 3. MCS pro1118 crossing lhe Palermo Basll. 

Palermo intra-slope 
Basin 

Gulf of Pakmw - In the Palmno Basin, the OMto and Bleuterio Canyons (l'ype 1) btuch the 
shelf edge at a depth of 110m and develop toWBids the Palermo i:ottaslopo coufined Basin until a 
dl:!pth of 1500 m, libly govemed by moderate aediiJ!!!I!!taxy t1uvia1 input& from tho Oreto and 
Eleuterio Rivm. 'I11c8e ~you displ&y a ~~lightly sinuous shallow n::adl., followed in tho distal 
bs:mch by a su:aigb.t path. Thc:Eieuterio Canyon,localed ind!c:eastA:miiiUA sector of tho Pakzmo 
G1ilf, 18 ~ largeat erosive fcalqre of the: Palermo Baaln, up to 4SOO m wide and about11lan long 
(Fig. 2). Contra.stina to the sediment-fed O:reto and Bleuterio Canyons, mainly concrolled by top­
down tmbidil.y Clllmds andhype!pyCII81 flaws, the shelf-jndmting Amlella,Addaura Canyons and 
the slope collfined Maodt.no Canyon m; mostly cao!rolled by bounm-ap l'dl'ogl'ading Jl'let'Jtanisms 
(Fig. 2). These last canyons (Type 2) develop over a steep slope, in a secux- where the CGII!inenlal 
shelf displaYJ its minimum width of 35 tm, bounded inllhol:e by the Me6o-Cenozoic carixmale 
promontcny Mount 1\!llogrino (Fig. 2). 1'b.eB& canyon.s, with steep gradients from 7 to 13, 
potaltially evolved following axW~ogtca~ive migraliml of staW:d laudolides, actually coal~ 
along tho qpper a1ope (Fig. 2). Mulli. Oaann~:l S~:ill!DU: ~ show 1hat tho Plio-Quatemary 
&IICCellsion developed over low~ refle.etcn wilh Vlltlable amplilllde oonstilutibg the: Meeo­
Cenozoic clllbonate units, oatcropp.ing onland and downthrown by high angle oormal faults 
toward.!! !he Paleano imra-slope Basin. The Plio-Qaa!emary clastic succeuion, several b.undred 
mdel'lllhi.clr.:, is deqlly cat by the Palermo submarine canyons (Fig. 2). The 81leep gradimts of the 
slope and ita convex-up geometry litely favoured the development of landslides along the lower 
slope, clll"Ving the Plio-Quaternaxy succession and giving origin to the canyons retrograding 
towards tho &belf-ID.Iligin. Sei&mil; recoM8 cro68iDg the Palermo Ba.sin reveal tho pRII&IIOO of an 
undiBturbed Plio-Quatemary IJIICQI!sai.on which hu beon deeply eroded and eventually jnfiDod by 
onlapping sub-horizomal deposits, up to 0.7s thidl:, augptiag a polycycla: dc:velopment, with 
altematedqlosit!OIIal andenl$1ve phase$~ to the margin and canyon evolld!Oil (Fig. 3). Deql 
and old foclslons along the foot of the elope were likely buded propstively by uncon.soll~ 
mas&-WII.!Itin3 depollits resulting from the £ubsequent bottom-up migration of the Pale11110 
Olnyons. Tbe lack of incisions deeper than 1500 m (Fig. 2) must be related to the S1rUcCm'al barrier 
c:onfining ~ Palermo intra-slope Basin, hampering the action of sediment transport proce.!llleS 

aloog deqlerdepths and favouring a depositional selling similar to a "~sac". The retrograding 
evolution of the Palmno Canyons could be driven by the aetive tec!OIIics desa:ibod along the 
nortbem Sic:ili•n ma:rgio, wilh tiliog movemeu.IB that may iDduclo a p.rogreaaive OVCII'-M...,...ing of 
the slope and CO!l5CCjllalthcdwe.rd c:zollion towards lihall.owc;r and stab!~: alope ~llln. A rel~:vant 
dOWII8lope ~ lD seafloor illc.Uaatloa 18 evi<kllt al0118tho Pal=mo dope in a deplh ran~ of 
200-400 m, w~ deepez eectors &how an over-erldcal slope extHdlng 12.". The: high lnclln•t!oo 
would &Your slopeinsldlililies evolving ba.ctward towards shallow depth£, over a less steep slope. 
This general model has been reported in other tectonically active n:wgins of the Medill!zranean, 
such as the not1b-eastem Cretan margin. 

Gulf of <Astellammare - The lillbmarine canyons of the Gulf of Cutellamm- (I'ype 3) an~ 
cliiBtc'll:d in the soulh-easta:a sector of tho dope (Fig. 4). In dDs regioo., COilli"8BW!g to the cany011 
type8 of the Gulf of Palermo, a m•mbc:r af gmtly sloping narrow mt:llndriform eanyons and ka 
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incised gullies breach the shelf maigin and extend landwml in small and nanowing hoadsc:mps 
(Fig. 4). These c:anyons 10 mainly dominat.od by sttODg fluvial inputs and develop over a less 
incli:nedwbsttale. ThoCastell-Qmyon(Fig.4)istbemajarincisicmoflheOulfand~s 
maximum depth at a:roUDd 2500 m, CO!IIleCti:og with tho deep-- basin at the foot of tho Uatic:a 
volceDicediti.ce.SeiamU;~profile3c:olle<:tedaloagthoupperdoponwealadenseMtwod. 
of bw:ied VlllkYB and vcrtic;ally ~ dumnc:l-lc:vec: systems drroughaot most of tbe Plio­
PleiBtocc:ae IIOQQe8sion over a 1~8 iDwed p~~:-PliO<lC3le wb811ale. Top-down IQ:Ibidity flow8 
flushing 1hroogh wbmadne caa:yODB aecm w be: the primary mechaul11111. rc:aponalblc: for building 
the Culell•mma~ sbelf W elope syetem and for 110111Uhlng the buill shlce 1he upper Plloceae 
IIIUilthe present day. '1\ll'bldhy eutre!llSre'Wedw rlwr~lmentdiscll.ilrges promocedtheC!e8tion 
ofacomplexsedimenwyr.ystem.,developedwi:thmeanderingchannelf.,Cribamrie&and~.At 
the depCh of 1100 m., the colll'Se of the Ca.scellamare Canyon appears w be heavily influenced by 
the major moxpho-strac1111'al feature.!! of the IIOIH:>OUfined inn-slope Castensmm.are Basin. Along 
tbis sector the convex-up longitudinal profile suggests a tectoDic uplift active during the 
Qwdmwy, in aoc:aniance with previous obs«valicms, which produced a V profile C1'0ii8 seaion 
and an incision of the Castdla!IIllm Canyon of up to 94 mat a depth of 1300 m. Similar neo­
tec:WDi.c related fea!D!:es have been observed in active convexgent maq:im, such aa tho South 
Colom.hian and New baland-Hiturangi maxgins. 

Depth (m) • • 800 6 · 1000 -2000 

Flgu,_ 4. Multi Be.n 3D model of the Catellaml!lfle Canyon. 

2.3 - P& 1-day w!iuw••y piiX doat: die NW Sic:ilim Alll.J'D 
NW Sicilian c:myOIIB located along the caa(cnJmoat ~ of eli.Ch gulf and in fulll.t of the moat 
prominent pxlliiiOIIIori~ and capes actoal1y display the: decp;at iDc:ision.ln c:oo.llaat, the: R3t of 
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NW Sicilian canyons generally display a smoother morphology and a reduced axial incision. This 
observation suggests an enhanced activity of the easternmost submarine canyons in present time, 
or at least since the beginning of the actual highstand sea-level phase. This could be due to the 
action of eastward storm-associated longshore currents crossing the outer shelf and steered towards 
the heads of the easternmost canyons, which may have been also accentuated by the narrowing of 
the continental shelf and by the actual geometry of the coast. Canyons can trap sporadic downslope 
gravity flows which may reduce the draping hemipelagic sedimentation along them, although in 
situ measurements are required to confirm this hypothesis. Similar processes have been largely 
documented in submarine canyons of the NW Mediterranean and Portuguese margin, where almost 
the totality of resuspended sediments transported across the shelf are flushed along the last canyons 
of gulfs during extreme winter storm events. 

Turbidity cu"ent reconstruction based on numerical modelling of cyclic steps 

A network of nine gullies breaching the shelf-edge in front of Cape Zafferano, in the Gulf of 
Palermo, displays a set of crescent-shaped bedforms along their thalweg in a depth range of 125-
1050 m (Fig. 5). These crescent-shaped bedforms are here interpreted as cyclic steps, which are 
upslope-migrating asymmetrical bedforms generally observed along the thalweg of active canyon 
systems and are controlled by the action of alternating supercritical (erosion) and subcritical 
(deposition) turbidity currents. Rough estimations of the turbidity currents which generated the 
cyclic steps can be made using a numerical model for a given range of flow characteristics. The 
numerical model uses an average grain size, and the stoss and lee side slopes of observed bedforms 
as input data, running several thousand of simulations for flows combining different discharges, 
Fronde numbers and sediment concentrations. The synthetic bedform lengths and amplitudes 
predicted by these simulations are eventually compared to the dimensions of the observed cyclic 
steps, fitting then the most appropriate characteristics of their genetic flow. The cyclic steps of 
Cape Zafferano displaying a more pronounced and apparently "fresh" morphology are used here 
as input for the model (Fig. 5). The average characteristics for the bedforms in the deeper section 
of the gully (700-800 m water depth) are summarised in Table 1. The model calculations indicate 
that the cyclic steps observed are likely generated by flows around 1 meter thick, with average 
velocities of 0.8 m/s. The maximum velocities at the tow of the steep lee sides reach values of 
-1.5 rnls, whereas in the flatter stoss sides the flow has a maximum thickness of about 2.4 m 
combined with a minimum velocity of -o.2 m/s (Fig. 5). 

Table 1. Bedform characteristics of profile A-A' in Fig. 5. 

Step# Slope Stoss side [m] Slope Lee side[-] Length [m] Amplitude [m] 

Step 1 -0.008 0.164 224 5.8 

Step 2 0.026 0.217 198 13.2 

Step 3 0.003 0.110 249 3.1 

Step 4 -O.Q38 0.063 286 5.0 

Average -0.004 0.138 239 6.8 
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F"IQUAI 5. Cycle ~~tepa IIIOng lha guly netwarlt of 1hlf Zt1111t111110 Canyon. Blllh)!n11tbic profila aoai'!Jltllt ,_ 
Jll01l011.11Q8d cyclic stll~~&811d esltna!lon ofgeneclc flOWs be.sed on numeltcal modell~ 

3 - ANmR:oPoGmoc: IMPACIS AL01!iG 1BB NW SimJAN MAR:GIN: BI'F&:nl OF TltAWLII!IG 
ACI1Vli1I!S ON 'DIB MOIIPIIOLOOY OF !1.I1!MARINI!. CANYONS 

Recent aod oa-goillg a&ee&8111tlll8ofbuman activities along~ NW SlciHao Marghl at\\ unveiling 
with ~ted detai!J ~ fislring c:ffult.s wi1hin ~ n:gion. The ~ illdos1rial and 
teeb:nological development whidl oc:waodi:n the last docadea allowed the ttawling f1eetB to m.ch 
deeper depths, while mapping af soafloor morphology ill now po~~~~iblo at incnlalliD,gl.y higher 
resolution. The Vessel Monitoring Sysmn (VMS) i8 a satellite-based technology that allows to 
track the position af fW1in8 vessell with a Leng1h Over AD (LOA) Larger than ISm. Jntesratin8 
the Multi B~ balhymc:Uy offshore NW Sicily with the VMS data from ttawllng ac1ivilieBdurillg 
the last Dine yeiii'S b.a!lm:c:ally ~a poti:Dtially SUODg ~ oftbe dcc:p-sea bottom lnlwllng 
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fisheries at the scale of the entire margin, specifically targeting some of the NW Sicilian canyons. 
The VMS data related to the activity of the Italian fleet were processed using the R package 
VMSbase", a spatial platform based on the methodology described in 27 and 28. According to the 
acquired VMS data, trawling vessels largely operate along the NW Sicilian margin for depths 
ranging from 50 m to 700 m, except in areas with rough and abrupt morphologies, such as large 
rocky outcrops, structural highs or the walls of the steepest canyons. Trawling activities are 
persistent along the Sicilian canyons which display smoother slopes and a less articulated 
morphology. One of the most impacted canyons is the Oreto Canyon, in the Gulf of Palermo, with 
high fishing intensities registered along the thalweg in a depth range of 350-650 m. In the same 
area, the gully system east of the Oreto Canyon, where cyclic steps were observed, is subject to 
high trawling efforts, with vessel tracks running parallel to the contour and cutting the gully axes 
at a depth range of 400-650 m. In this region, some of the gullies display a smoother morphology 
and reduced incision not easily explained by the action of natural processes, and coinciding with 
the areas where maximum fishing effort occurs. The impact of trawling thus could have a 
potentially underestimated implication in altering deep-sea sediment transport pathways. Recent 
studies showed the cumulative effect of this persistent anthropogenic activity resulting in noticeable 
increases in gravity flows and sediment accumulation rates inside canyons. Moreover, observations 
from the NW Mediterranean demonstrated that trawling activities are able to deeply modify canyon 
landscapes through a constant removal of sediments from fishing grounds, smoothing and reducing 
the complexity of canyon flanks. Trawling activities can clearly alter benthic habitats on which fish 
and other marine organisms rely, strongly impacting epibenthic and infaunal abundance and 
diversity, confirming trawling as a major threat to deep seafloor ecosystems at a global scale. 

4- HABITAT DISTRIBUITON MODELS IN 11IB CAP DE CRmJs CANYON 
(NW MIIDITF.RRANEAN). CoNrRIBUITONS FOR SCIENCE-BASED MANAGEMENT OF NATURAL 
RESOURCES 

The persistence of fishing activities along submarine canyons during the last decades suggests 
that canyons may funnel organic-rich flows potentially increasing the abundance of commercially 
important demersal fish stocks. Submarine canyons are increasingly described as particularly 
suitable habitats for listed Vulnerable Marine Ecosystems (VMEs) such as cold-water coral (CWC) 
reefs, coral gardens and sponge dominated communities, owing to their favourable environmental 
conditions provided by complex oceanographic and geochemical regimes. Understanding the role 
of submarine canyons in regulating ocean biodiversity is then of primary importance for the 
management of natural resources. Predictive habitat modelling has shown great promise improving 
our understanding of the spatial distribution of benthic habitats. These models are based on 
complex non-linear statistics, and offer a way to extrapolate limited, point-based information to 
produce full coverage habitat maps, describing biological distributions and spatial variations over 
a range of scales. The application of predictive models along the Cap de Creus Canyon (NW 
Mediterranean) has shown the high-resolution spatial distribution of 3 CWC species (Madrepora 
oculata, Lophelia pertusa, Dendrophyllia cornigera). A probabilistic spatial ensemble has been 
produced by merging the outcomes of three predictive approaches, providing a robust prediction 
for the three species (Fig. 6). According to the models, CWCs are most likely to be found on the 
medium to steeply sloping, rough walls of the southern flank of the canyon (Fig. 6), aligning with 
the known CWC ecology acquired from previous studies in the area. Indeed since the Cap de Creus 
canyon is the last of several canyons cutting the continental shelf of the Gulf of Lion, fast sediment 
discharges and high-organic material flushes to the deep-sea have been observed mainly through 
its thalweg and its southern flank. 

Based on our experience, we recognize that habitat and species distribution models have intrinsic 
limitations related to the complexity associated with natural environment dynamics, especially 
along submarine canyons, which are geologic features subject to variable and sometimes 
contrasting sedimentary, oceanographic and biogeochemical regimes. On top of that, modellers 
need to cope with the frequent lack of solid and comprehensive datasets and specific sampling 
designs, especially in deep-sea settings. Despite these limits, predictive models remain a way 
forward in describing the spatial distribution of specific sensitive habitats, showing a strong 
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po1eD.1ial as an objective approach for the plamring and m.an.agem:mt of renewable oatmal Rl1iCIUroOS 

along submarine c:anyons. 

Habitat Suitability 

Cap de Creus 
Canyon 

Madrepora oculata predictions 

Figure 6. Preclc:IMI811S8!1'1111& map (60 m resohrtlon} for M/ldiepola oculallldllltr1bu1fon In lhe Cep d& cr­
Cen)1on. 

S - Mm:.TIDillCIPI.IKIIY ltJ!S8AliCB iii'RMJS IN THE STUDY OP SUBM:iiJIII!IB CANYONS 

In our wod:. we aimed to de.!lmlle a ran,ge of oatmal and human procease,!l along Sllbm.ar:ine <:anyOII!l 
which, de6p:ite ac:1i:og at diffelent temporallllld spatial scales, am tightly inte%connec1lld. I...ong­
tmn tectcmic and sedjmentmy pro~:ems since the lato-Pii.ocene to the plliH!It have driven the 
aww c:oatiguratiODB afNW Sic::ilian cany01111 (Fig.l). Although locatod a few km apart along the 
aamc: 1:0111i:aemal ma.rgill, the local dilfemJ.~:Cs in the attu~:lunll settin,ga and tl.uvial i:apau of the 
Cam:ll!!!7!!!l- and Palem1.0 Basins an:: maialy m.poDai"blc for the vatiahility in c;myon 
III.Oipbologies, and possibly in the main ..-!immtaty and -ograpllic ~su associ~ to 
them. For ex.ample, sbelf-ibcislng canyoll.8 likely intercept the orgallic-mattez-ridl sediments 
1ran.Sported along the shelf zone an4 - more prone than the slope oonflned rcii'Ogllldlng canyons 
to enh.._ sedimentary, oceanographic and geochemical ~set. Present-day observations 
de£cribe rctrogra.din3 canyons confined to the upper slope as inactive ~. sporadically 
reactivated by bottom currents and internal waves in settings with moderate to stroog 
hydrodynamics. The sedimentary and -ograpbic activity scmelime8 observed in c:anyons can 
lead to a strong biological prodac1ivi:ty. Thia ia reflectled in the on-going analysis of the fishing 
eflolt along lhe NW Sicilian Margin, where some of the mapped canyoos - subject to inte!llle 
ttawling activities, confinning that human impact is 811 additional diatuibance proce!iS aloog 
canyom. Finally, the development of solid spalial pllldictive 8Dalyses,lakiog into ac:count nalunll 
and human proc lillie&, ia in<8a.aingly requiiecl to develop fea.aible methods for plmning futunl 
auatainable ~D~~~~~~gemeD.t af canyon mouroes. However, we are still far fr:om producing a 
eowpxebemive Wl.deut....,.ting of ~:anyon c:voluiionaxy mcdmri•'liB or from fully undmbiuding 
lhc Rhdionship& betwCC31 &edim.:ala!y and b:i.ol.ogi~ activitic:6 along lhl;m. M011:0ver, too few 
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case studies are currently available on the impact of bottom trawling on canyon dynamics. It is 
suggested that only through more multidisciplinary and integrated research efforts we can gain a 
comprehensive understanding of canyon systems as a whole. 

* this chapter is to be cited as: 

LoIacono C., Agate M., Sulli A., Cartigny M., Robert K., Gori A., Russo T. 2015. Development, 
human impact and habitat distribution in submarine canyons of the Central and Western 
Mediterranean. pp. 87 - 96 In CIESM Monograph 47 [F. Briand ed.] Submarine canyon dynamics 
in the Mediterranean and tributary seas- An integrated geological, oceanographic and biological 
perspective, 232 p. CIESM Publisher, Monaco. 
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Organic matter transport and deposition in the Whittard Canyon 
and its possible effects on benthic megafauna 

Teresa Amaro1 and Konstantinos Kiriakou1akis2 

1 Hellenic Center for Marine Research (HCMR), Heraklion Crete, Greece 
2 John Moores University, School of Natural Sciences and Psychology, Liverpool, UK 

ABSTRACT 

The Whittard Canyon (NE Atlantic) is one of the largest canyon systems on the northern Bay of 
Biscay margin. It likely receives a high input of organic matter from the productive overlying 
surface waters, and part of this organic matter may eventually be transferred down the canyon into 
the Whittard Channel extending from the canyon mouth onto the Biscay Abyssal Plain. In this 
study we re-examine and integrate the current knowledge on the possible transfer of organic matter 
through this canyon and its effects on the megafauna communities. We show that the canyon­
mediated transport of OM can provide favourable environmental conditions (current regime, food 
input) to sustain megafauna communities, but that at greater depths other mechanisms can also be 
important. The insights obtained here contribute to our wider understanding of submarine canyons 
in general. 

l.INIRODUCTION 

Submarine canyons are large geomorphological structures that incise continental shelves and steep 
slopes along continental margins. They can be highly dynamic sedimentary environments where 
sediments rich in organic matter (OM) are trapped or transported downslope across the shelf and 
slope to greater depths (e.g. Rowe et al., 1982; Hecker, 1990; Duineveld et al., 200l;Tyler et al., 
2009; De Stigter et al., 2007; Garcia et al., 2010; Canals et al., 2013; Puig et al., 2012). This 
capacity enriches the canyon ecosystem and has profound consequences on the biota (Maurer et 
al., 1994; Vetter and Dayton, 1998; Ingels et al., 2009; De Leo et al., 2010; Amaro et al., 2010; 
Huvenne et al., 2011). When compared to adjacent areas of the continental slope, canyons are up 
to 30 times more effective in burial of organic carbon (e.g. Nazare Canyon, Masson et al., 2010; 
Pusceddu et al., 2010). For instance, the presence of frenulate siboglinids and thyasirid bivalves 
(typical organisms from chemosynthetic environments) in canyon sediments is indicative of high 
organic loading (Cunha et al., 2011). Canyons also play an important role in feeding and 
reproduction of a broad range of benthic and demersal species (Vetter et al., 2010) as there is 
enhanced food availability in these areas. They provide important habitats for various life stages 
of benthic and demersal fishes and invertebrates along continental margins and they constitute 
important sources of larvae for surrounding habitats (Vetter and Dayton 1998, 1999; Company et 
al., 2008). As a result, submarine canyons have often been termed hotspots of biomass, abundance, 
metabolic activity and carbon mineralisation when compared to the adjacent slope at comparable 
depths (Vetter, 1994; Tyler et al., 2009; Amaro et al., 2010; De Leo et al., 2010). 
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Submarine canyons are also one of the most heterogeneous habitats in the deep sea. They typically 
encompass a range of sub-habitats, reflecting their topographic and geomorphological diversity. 
This high degree of heterogeneity supports abundant and diverse burrowing, epibenthic mobile and 
sessile faunal communities of all size classes. Nevertheless, each canyon is a unique system with 
a large degree of heterogeneity (McClain et al., 2010). 

The Celtic margin situated in the NE Atlantic is incised by a large number of submarine canyons 
(Fig. 1). The comparatively productive waters overlying this area supply the deep-sea sediments 
with high levels of OM and carbon (Lam pitt et al., 1995; Longhurst et al., 1995; De Wilde et al., 
1998; Joint et al., 2001). It seems likely that the canyons on the Celtic margin concentrate part of 
this export and are important focal areas for budgeting carbon fluxes. 

The Whittard Canyon is one of the large canyons on the Celtic margin and has recently become 
the object of detailed investigations. As a large and dendritic canyon system, with multiple 
branches converging into a single deep-sea channel extending onto the Biscay Abyssal Plain, and 
situated below comparatively productive surface waters supporting a high export flux of OM, the 
Whittard Canyon seems the ideal focal area for concentrating OM fluxes on the continental margin. 
Whilst the Whittard Canyon has recently become the object of detailed investigations, information 
on its physical functioning and its ecosystem is still limited (Reid and Hamilton, 1990; Duineveld 
et al., 2001; Duros et al., 2011; Huvenne et al., 2011; Ingels et al., 2011). Following earlier 
observations indicating relatively rich benthic life in the Whittard Canyon (Duineveld et al., 2001), 
we seized the opportunity to provide an overview of the current knowledge in the Whittard Canyon, 
focusing our paper on the OM transfer through this canyon and its effects on the megafauna 
communities. 

2. SITE DESCRIPI10N 

The Whittard Canyon is a large dendritic canyon system that lies in the continental slope off the 
Celtic margin between the Goban Spur and the Meriadzek Terrace (Fig. 1). The canyon system 
extends from the upper slope around the 200 m isobaths to down-slope into larger channels onto 
the abyssal plain. The upper part of the canyon is a complex system of smaller canyons and valleys 
distinctly V-shaped in cross section and narrow thalweg. The width of the canyon falls to 700 m, 
with the sidewalls attaining a height of 800 m. The main canyon branches form the middle and 
lower canyon, are more U-shaped in section and have a broader thalweg. Towards the abyssal 
plain the height of the side walls reduces to about 100 m (Reid and Hamilton, 1990). The 
westernmost branch of the Whittard Canyon is the longest, with an along- channel length of 
160 km. At almost 4000 m depth, all branches come together at the foot of the continental slope. 
Beyond 4000 m the canyon continues as a single broad valley that gradually descends for another 
150 km to the Biscay abyssal plain at 4300 m depth (Zaragosi et al., 2000). 

On the abyssal plain the Whittard Canyon continues as a meandering channel. Together with the 
Shamrock Channel it constitutes the main tributary of the Celtic Fan, a deep-sea fan fringing the 
continental margin, fed by sediments originating from the shelf and adjacent land masses and 
funneled through submarine canyons down the continental slope. The morphology of the Celtic Fan 
and its tributary channels is described in detail by Zaragosi et al. (2000), on the basis of multibeam 
and 3 .5 kHz seismic data and sediment cores. The Whittard Channel starts at the base of the 
continental slope at about 4100 m depth, where it connects to the mouth of the dendritic Whittard 
Canyon system. From there it descends along a sinuous course in Sth to SE direction for about 
100 km until the junction with the Shamrock Channel at about 4600 m. Further downstream the 
single channel splits up in a number of smaller and less distinct channels in the middle fan area. 
The Whittard Channel is 2.5-3 km wide, with 70-150 m of relief from the channel floor to the 
right levee crest. Levees bordering the channel are strongly asymmetrical; the right levee named 
Whittard Ridge is 60 km wide and covered with sediment waves, while the left one is less than 
10 km wide. On the basis of analyses on cores collected from the fan, Zaragosi et al. (2000) 
concluded that frequent low-density turbidity currents were predominant during the last glacial 
lowstand and rise of sea-level, whilst during high sea-level conditions hemipelagic deposition 
prevailed, punctuated only occasionally by high-density turbidity currents and/or non-cohesive 
debris flows . Current meter observations by Reid and Hamilton (1990) suggest that the present-
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day environment is c:h.araoc1erize by weak bottom cummtll, too weak to res~~~pend and transport 
aedimen!B from the seabed. Yet, Duineveld et aJ. (2001) found iodi.cati01111 for biological 
c:mi• '"" nt in die: Whiuanl Cmy011 c:xtending to die lowcz ~yon~. wbidllhey .uributed 
to 1ate1'al transport of fresh OM down 1be canyon. 

• 

·~· 

3. OllGA!!uc MAlTI!R 

3.1. Susyulod plldil;:u1ldo Jllllller (IIPOM) 
~ have: bc:al. vt:ry few studic:s e-xamining eoDOai.1J'ali.ons and ~silion of Sllllpended 
paltlculate organic 1111111er (sPOM) m the WhlltlW Canyon. Near boUom (<10m abo~ bouom) 
sPOM oolJectled u.sin3 stand-alone pumps in Huvenne et al. (2011) were 2 to 3 times hi3her in die 
upper p.arts of lhe canyon at die: far we stem and eastem brancbes (> 2000 m depeh; one statiao at 
each end) than at lhe deeper (tine stati.ona < 3000 m depth) m.ot:e centnll pat&. The ob&eJved 
de<nuo in &l'OM CO!IIIClelltratiOilll with water depth wu also a C' •m"'<'D fee~ in both cues, 
auri.buled to~ lees ~c n.at~m: of ~ogl'lq)hic COnd.itiO!l$ at die: deeperpar!B. ePOM in that 
atudy smned to be flub phytoplantron-deri'Yedaa ~by ~he low molarCIN m!i.os ( 4.1-
7 .7). In additi011 the same aulhon showed that tbe nutritional quali1y of ePOM was higher in tbe 
upper parts, aa evidmced by the elevated ooncenlrlllicms of essential fatty acids, doc:osahe:uenoi.c 
fatty acid (DHA) and e.icotiapentaeDoic: fatty acid (EPA) in sPOM. BPA and DHA an~ 
bi06YIIIhc:lli2'Aid primarily by phytopmkt011 and ~ axo; pivoeal in ~ c:eosystcm fuaclioning, 
aa lhey bqely conll.\')111.\')pbic U'8ll8fer e:ft'lclency to hlgh.er cropbic le'Yele (Mullez-N&'Yarra,ttt aJ., 
2004).1n these locations of the upper canyon, these high conca~trati01111 and mdritional quality of 
sPOM (lhe latter ia defined by the n~latively high concentrations of EPA and DHA in sPOM; see 
Kiriakoulakis et al., 2011)-to be m~ponsible for the~ ofa rich COIDIIIIIIIity c:on.aiJting 
of cold-waka' coi!Ils and aa~ organism.& (Buvc:UDe et al., 2011; Mon:i& et at., 2013). By 
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contrast, in the deeper and more impoverished parts of the canyon, one fmds no cold-water corals. 
Although the sPOM data in Huvenne et al. (20 11) were from a small number of locations and the 
sampling only provided a 'snapshot' (sPOM was collected in early summer 2009 soon after the 
phytoplankton bloom), the presence of a flourishing Lophelia pertusa population is often linked 
to a supply of relatively fresh OM (Orejas eta/.,2009; Wagneretal.,2011; Duineveldetal., 2012; 
Morris et al., 2013). The exact mechanism between the apparent coincidence Lophelia occurrence 
and the water column characteristics is not clear yet, but it has been suggested that downslope 
processes like resuspension by internal waves and tides (Ivanov et al., 2004), dense shelf water 
cascading, sediment gravity flows (Puig et al., 2012) and turbidity currents to greater depths, could 
result not only in canyon flushing, but also in focused enrichment and deposition of OM to greater 
depths (Duineveld et al., 2001; Masson et al., 2010). These mechanisms provide favourable 
environmental conditions (current regime, food input) to sustain the megafauna communities, even 
when they are outside the optimal depth and density envelopes reported elsewhere in the NE 
Atlantic. 

Recently, Amaro et al. (2015) showed with a yearly deployment of sediment traps at the outer 
deeper ( -4000 m depth) central part of the canyon (Whittard Channel) that the occurrence of mass 
aggregation of megafauna organisms is not necessarily the result of down-canyon transport of 
OM. Amaro et al. (2015) showed, and that the highest flux of fresh OM arriving at the deeper end 
of the Whittard Canyon is due to local settling of phytodetritus after the spring phytoplankton 
bloom. In their study gravity-driven episodic events, provided low nutritional quality material. 

3.2. Sedimentary organic matter (SOM) 

Duineveld et al. (2001) showed that the sedimentary organic carbon (SOC) content in the surficial 
sediments at the middle-lower central channels of the Whittard canyon (2735 to 4375 m water 
depth) was higher, (0.9-1.1% of dry sediment), than in the surface sediments of the open slope 
stations of the Goban Spur, (0.4--0.5% of dry sediment), although there was no clear downslope 
trend. Canyons acting as 'traps' of OM have been observed before in the European Margin 
(Masson et al., 20 10). This was related to the high sedimentation rates in the canyon which promote 
carbon burial by reducing the oxygen exposure time (OET) of the sediment (Kiriakoulakis et al., 
2011). The high SOC levels observed in Duineveld et al. (2001) persisted down core to 5 em in 
the upper middle section, but deeper the SOC content dropped to levels comparable to the Goban 
Spur 2-3 em below the surface. This was attributed to coarser grains sizes of the canyon sediments 
that increase OET and have a weaker mineral association with OM (Hedges and Keil, 1995). Other 
investigations (Huvenne et al., 2011; Amaro et al., 2015) showed that surficial sediments in several 
locations within the Whittard Canyon were practically indistinguishable from open slope values 
(0.1 -0.7% SOC of dry sediment). Both studies showed that the highest SOC values were closer 
to the Whittard Channel (i.e. the deep central section). Clearly the mechanisms for the often 
mentioned 'OM enrichment' in submarine canyons are not fully understood and perhaps cannot 
be universally applied. It appears likely that they vary both spatially and temporally in relation to 
the complex topography and its interaction with the current and tidal regime that could promote 
deposition or erosion of sediment (Huvenne et al., 2011), the nature of gravity flows (Haughton, 
2009), the impact of the resident benthic fauna (Ingels et al., 2011; Amaro et al. , 2015) and the 
supply and lability of OM (Huvenne et al., 2011; Kiriakoulakis et al., 2011). 

The lability of sedimentary OM (SOM) from various locations within the Whittard Canyon has 
been investigated (Duineveld et al., 2001; Huvenne et al., 2011; Ingels et al., 2011; Amaro et al., 
20 15). The molar C/N ratios of the frrst 10 em of sediments mostly show a marine unaltered (i.e. 
'fresh') signal (most values 4-8), although there were occasionally higher (up to 20; Duineveld et 
al., 2001; Ingels et al., 2011). Microbial degradation, benthic bioturbation or episodic deposition 
of resuspended degraded material with high C/N ratios could all be likely reasons for this 
observation. In addition there was no consistent trend with depth emphasizing the complexity and 
the multitude of the transport processes affecting this vast system. Fewer studies have provided a 
more detailed insight on the bioavailability of SOM, mainly by investigating phytopigments, 
nucleic and fatty acids in selected locations. Duineveld et al. (200 1) showed that concentrations 
of phytopigments and nucleic acids decreased both down slope and down core within the canyon, 
suggesting a lowering of OM bioavailability both in fme (vertical) and larger (distance from shelf) 
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scales. Ingels et al. (2011) supported the former observation by showing that small scale (vertical) 
heterogeneity in SOM quality (expressed mainly as relative contributions of phytopigments to 
Carbon) within the same core can explain much of the variation of the meiofaunal communities 
of the canyon. The importance of SOM (nutritional) quality to benthic communities has also been 
highlighted by Huvenne et al. (2011), and Amaro et al. (2015) who found appreciable 
concentrations of essential fatty acids (EPA and DHA) in the surficial sediments from several 
areas of the central upper and middle parts of the canyon. These seem to be associated with the 
presence ofCWCs in the same areas. Similarly Amaro et al. (2015) showed that 'fresh' OM (using 
phytopigments as proxies) in sediments from the Whittard Channel was associated with abundant 
elpidiid holothurians. Latter organisms have been frequently found associated with favourable 
quality and quantity of sedimentary OM (De Wilde et al., 1998; Amaro, et al., 2010; Billett et al., 
2010; De Leo et al., 2010). The same authors suggested that the SOM origin was related to 
overlying phytoplankton blooms rather than gravity driven processes through the canyon. When 
these were detected (using sediment traps) they resulted in accumulation of low quality degraded 
material. 

4. CoNCLUSION 

This overview represents the first attempt to reveal the fuller picture of the flow of the OM transfer 
through Whittard Canyon and its effects on the megafauna communities. The Whittard Canyon 
seems to play a role in transfer of shelf production (and terrestrial carbon) to the deep sea. The OM 
quality seems to depend on the overlying production of the water masses and the distribution of 
the fresh OM seems to be coupled with processes in the canyon such as the gravity flow events. 
However, down the canyon and specifically on the Whittard channel, the fresh OM found in the 
area is decoupled from such processes and most of the OM supply is more likely linked to local 
phytodetritus deposition, concentrated within the topographic depression formed by the Whittard 
Channel after redistribution by bottom currents. The occurence of abundant megafauna 
communities both in the upper canyon and channel is linked to OM quality and quantity. However, 
the data analysed here are only a snapshot of the conditions within the Whittard Canyon. There is 
a need to get more data on mega-macro-meiofauna abundances in Whittard Canyon in relation to 
OM (quality, quantity) thru a multi-year study to understand the processes behind these patterns. 
In submarine canyons susceptible to being affected by dense shelf-water cascading events, 
simultaneous measurements of water temperature and salinity should be made to compute water 
density. Observations in submarine canyons should be combined with external forcing conditions 
(e.g., winds, surface waves, and river discharges) to correctly discern the mechanisms involved in 
shelf-to-canyon sediment delivery. 
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ABSTRAcr 
The first part of the paper presents an overview of the Black Sea canyons which are evident in the 
present-day morphology of the marine basin. Two types of canyons are revealed- the active and 
the passive canyons. The study then concentrates on the analysis of the Danube Canyon. The 
canyon morphology is reviewed, in correlation with the Upper Quaternary paleo-Danube channels 
and the structure of the Danube Deep Sea Fan. Erosive flow along the canyon axis producing 
bottom down-cutting and instability of the walls is regarded as the process controlling the 
morphological evolution of the Danube Canyon. The lowstand-time morphology of the shelf is 
reconstructed, based on the filled-up paleo-channels and the wave-cut terrace extension. The buried 
channels clusters suggest two main directions of the paleo-Danube drainage systems. partly 
discharging in the Danube Canyon. The high paleo-Danube sedimentary influx appears to represent 
the major control on the canyon development. The age constraints for the canyon initiation are 
currently non-existent. It is conceivable that the youngest phase of evolution of the Danube Canyon 
corresponds to the last Black Sea lowstand. 

1. INIRODUCI'ION 

1.1 Objectives, me1hodology, study area 

For the sediments discharged by rivers in marine basins. the canyons are the most important way 
to reach their final destination. the deep marine bottom. Due to the diversity of its surrounding 
terrestrial relief (Fig. 1). the Black Sea accommodates many canyons with multiple aspects. Ignored 
for a long time by scientists, the Black Sea canyons slowly begin to represent attractive themes of 
study. Beneficiary of several international research projects, the Danube Canyon is now at a 
relatively high level of knowledge. representing a reference point for other studies of this kind 
from the Black Sea area. 

The present paper stands for a review of the information regarding the Black Sea canyons. Sparse 
literature data are the base for the Black Sea canyons overview. The focus of this study is on the 
Danube Canyon, covering a study area at the edge of the northwestern Black Sea shelf. The head 
of the Danube Canyon is located 130 km east of the town of Constanta (Romania). The canyon is 
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extended soutbeastward by the D8DIIbe Channel, through the Danube Deep Sea Fan (Fig. 1). 
Complex geological and geophysical inveJtigatiom (swath bathymmy in the c:anyon 81\la 
c:ombinecl with sub-bottom profiling and diffi:nut type8 of seillllli.co protilin,gs) were cmied out in 
this axea in tb:: fnlmc:wol:k of llldioaal, ~-Rom•nim and Gc:rmao.-Rnmallim "''''''Mll'l projeoct~~ 
(Wingulh fft al., 1997, 2000; Wong fft 411., 1994, 1997, 2002; Panilll996, 2009; Popeecu, 2002; 
Pope.!IC1I and.Leri.col.ais, 2003; ~ fft 411., 2004,lnicolais, 2JXfl), and tllae dala.are analysed. 

Flgur& 1. Blaclc Sea morphOlogy. Detailed 111ew of the noltll" a IIIMn Black Sea area. Earth salellte I mag&. 

1.2. BJadl: Sea~ featwes 
Tile Black Sea ia located almost at the boundary between Europe and Asia. The aoutbeastml and 
nO!l'lhea.atem Black Sea is ClOII.Strained by the Pantie and Caucas11.11 MtoiiDtain•. The Crimean 
Mountajoo113 Pcaiuula benders tb:: sea buin to tb:: no.nh. Low J:did temin (low standing loess 
plateaux,~ Danube delta and the Dobrogem geological unlta) fJUlTOQJI(b the II.O!ihwe$tem and 
westen Black Sea. Tht south·w~tem aection of the sea is apia mountlinoua - the Balbna 
Mountains flank the coastal zone. 
HydToklgy and hydrochemllltry. Tile almost toUl isolation is one of Blaclt Sea special 
eharacteristics. The Blaclt Sea is coonected to the Meditlm:liD.ean Sea thro!lgh tho Bospo~ 
Danlanolles D.lllroW sywtem of 81IaitB (c:alled also Tu:ltish Straita). In this geographic: iaolation 
Cllllditi.on,doe to ~bigh c-11 waterro:nafT, ~Biaek Sea salinity isqllitc:low fora ~body 
(17 to 21 %.). 

Tbe Black Sea ll!<mpendurt; and salinity stratification rmricta the vutical wmz mixing, and 
CCIIIlleqllently the oxygen from atmosphere does not racb the deep water, wbic:h became anoxic. 
The decaying Oll!anie matter ac;cumulated in time led to the pn~sent day hydrogen sulphide 
saturation of the deep, anoxic: Black Sea water. The upper laye~r of oxic ID.I1Iine willlr (about lSO 
- 200 m thic;k) pn!Ciiully sllppO!tS thee~ biological liCe in the Blaek Sea ec;osystem.. 
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Coaslilne. 1'he 4870 tm long Blact. Sea coamline (Sianchev et al., 2011) is &bind by six states, 
'1\U'k:ey, Georgia. Russian Federation, Ukraine, Romania and Bulgaria. 

'lbn:e main Blac.t: Sea morphodynamic types of 008BI.8 are diatingaished by Panin {2005): (I) low, 
aocumulaUve c:>oii8W, in~ ftmiB of die: maio livea' molllh ZOIIell, maial.y wilh sa:ndy =npk;x bmier 
boacbeB; (2) 1110rive 008BI.8 within which active difh in loe!!s mel loe~&-lib deporit&lowlltandin,g 
pia team and plains, sometim.~ with very narrow beac~ in front of the cliffs: (3) mountainous 
COtiStS, wilh cliffs, marine ~.lmd£1ides, with sandy or p.vely beeches. 

13~ 
'l'be BIIK:k Sea shelf~ about 30% of die: sea liRa (R06B et al., 1974; Panin, Jipa,1998). 
'l'be largm shelf develo,;autmt is in the nOithwmem part of the Black Sea, between lhe Crimean 
peninsula andlhe Danube Delta. wheretheshdf can be -tban 190 k:m wide (Fig. 2).1ncomrast 
lheshdfwidlh from lhesouthem mdeastem BIIK:k Sea is less than20 km (Rou etal., 1974). Tbe 
ahdf is IIIOAly lihalJowc:rthan 100 m. but. in the IIQdhweetan an:a ~ shdflm:ak read:a -140m 
to -170m in water depth (Popescu,2002). 

LEGEND 

r. --· 
' ~ 
2 

3 - 3· - 3b 

• -••• 
s \ 
6 

7 " 
8 1 

Figure 2. OeomorphOiogic; zonr.; o1 the Black Sea (after flo88 et sJ., 1974, Panln, E and G. Jon, 1997). 
Legend: 1, ca"rtfnentllla shelf; 2, cuitira ilal liap&; 3, buln epa"~: 3e ·deep-fen~-: 3b • lo¥.oer 
llfli'Dn: 4, deep -(abyssal) plain; 6, peieCKhannela on 1118 corrttlerrtal&hell tiled up with Holooene and 
niiCIIntfina grained sediments; 8, main &U:marine llllllrys • c:enyona; 7, palec>diff& neerthe stlelfbrealc; 8, 
lrac1ur& zona 8lCP'88II8d h 1h&llotlonl morphOlogy. 

Along the high relief 90'111hein and 11011h-ea.uern Black Sea coast.s, the cootineulal &lope Is steeper 
and ml68Cd by numeroll3 ~yon.s. Tbe &lope 11m\ aafoc:iatc:d with ~ wide shelf from die 
nortbwell1em Black Sea is smoother and its gradient is gentler. 

In lhe deep Blact. Sea area, Ross et al. (1974) separated tbe basin apron and tbe abyssal plain 
phy'iographic units. Di£1inc1 fea!Dres of tbe baain apron are deep sea fan$ oflazie tributariea and 
mainly of~ D&llllbe Rive&:. 'IIIe BuDDe Abyaaal Plain, from die almost plaDc: area in 1hc: cenll'al 
part of the Black Sea, ~plli!KIIIta only about l2'JI> of lhe IKI.Ilfl~~Xi'ac» (R06B et al., 1974). 

The <liffmmc;es in die continental shelf width of westem and DOl:lh-westem Black Sea, COillpl1llld 
to lhe eas1lml and southern sections of lhe sea, control the dynamics of ~YOilJI located in tbe 
~regions: in tbe DlJ)I•J!l!!inOU$ eastern and soulbem coaSial ~ wll= the &helfis nam>w 
the: canyons lll'c: ~ve even duril!g the~ and~ c:atirely orpmtially die: wljmc:atload 
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brought by rivers imo the sea, wbile in the ~na of VC!I}' wide aholf tho canyOOll aJ:I') ac1ive ooly 
during lowslanda. 

M EPIT ERRANt:AN 

-
l)~nubc 
Raver 

-

Dniepr 
River 

-

Don - Dnicstr and - Other 
River South Bug rivers rivers 

Flgur& 3. The Black Sea draJnaoe basin (!rem F\'lp88cll, 200.2). 

The Blac.k. Sea drainage basin Is v~:~:y larp, snmmtng mote 1han 2 ml1llon eq.km, and the walel' Is 
c:olleacdfrom about011e tbirdofehe Burope 1el'ritory (Fig.3). ~ large8t rivera, wilb Che greatest 
~whmeut baaiDB 1111d tho hu:ger watG" a:od sedimc:at disdla:r:ge ar\') 1~ ill Che aodh-tem 
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Black Sea. The Danube River has a moan water disdl.aige of about 200 km' .yr1 and the Ukrainian 
rivem Dllieper, Southern Bug and Dllietiter c.ontribut& with about 6S km' .yr "1• 

'l'hc:DaaubeRivca:islb::pr:Wowi:uant~~e~Jirrw::mt4'QIIIributor:.&iafl-~upto~BOBpOIUB 
region, and doWII deep ill the Black Sea basin. Dnlestez, Dnieper an4 Soutbem Bug rivel'll are 
prese!dly cliscllsrtPn8 their se-Jimmtary load into lagOOII' separated by beach bal!iers from tbe sea. 
During lhe lowAallds all these riven Sllpplied sediments directly to tbe deep Bl.a.ck Sea. 

A1ler tho liilo Oates 1 and n dams- bllilt in 1970 and 1983 mlpfldively ,tho Danube se.Jiuet 
~ ctimjmsbM by almost 40-4S 'if, 1111d the sMimCD.t load introduc:ed by lhe Danube River 
into lhe Blul. Sea is J¥K Wp;r lhan 30-40 million tlyr. (PIIIIin and Jipa, 1998, 2002). Out of 1his 
sediment 810Ck !he lluoral zooe In front of the Danube Della n:cdve$ ooly 10-12. 911 ~ 
sandy rnalnial. 

Figure 4. Mah .edmentary emlronmenlllln th~ north--b•m Billc:k Setl (aftlllr Pv.nln and Jlpa, 1991, 21102). 
Legend: 1•2, Areu under 11» lnftuenee of Uknllnlln rtvere (A. Cn~eo~Wr: B. Cnlepel) eedment dllchll!ll~: 3, 
c.M:Ie Della front arN; 4. Dana prodelta aree.; 6-8, Westem Black Sea 00111fnental the II- (6, area 
WldBf th& ln11u&n<:e ot th& DanubHlom& 89dment drflt; 6, seclrnent slaMd 81'88); 7, Shell break and the 
"'*moat ccnlfnerrtal &k)l)& zone; 8, dllep-aea fans area; 9, deep eea t1ocr area. 

15 Diad!:. Sea etdjnw•ls diltlibatioll 
Sandy sediments domin.ate in lhe ()08stlioe area. On th& sh&lf b&sidea shelly &&dimenta, a variety 
of silty and muddy depoaits - well develop&d. The distribution of tho main sedimentary 
c:llViroum.c:ats Cllllb:: nodh-wc:W:m Bladt Sea 4'QIIti!lM!Ial shc:lf iJ illiiBtl'lded in Fig.4. The: deep-
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water sediments are very fine grained, consisting of Coccolith muds with various carbonate 
content. Silty and sandy sediments were deposited by turbidity currents on the basin slope and in 
deeper areas (Shimkus and Trimonis, 1974). 

1.6 Past Black Sea level and environmental changes in the Upper Quaternary - Holocene 

Along the Black Sea geologic history large-scale sea level changes and consequently drastic 
reshaping of land morphology, strong erosions and large accumulation of sediments in the deep 
part of the sea have led to significant modifications of the environmental settings. The Quaternary 
was especially characterised by very spectacular changes, driven by global glaciation and 
deglaciation episodes. 

During these changes the Black Sea level behaviour was influenced by the restricted connection 
with the Mediterranean Sea via the Bosporus- Dardanelles straits. When the general sea level 
lowered bellow the Bosporus sill, the further variations of the Black Sea level followed specific 
regional conditions, without being necessarily coupled to the Ocean level changes. 

One of the main consequences of the lowstands was the interruption of the inflow of Mediterranean 
water into the Black Sea, which became a brackish or almost freshwater giant lake. 

The main glacial periods of the Quaternary in Europe (Danube, GUnz, Mindel, Riss and WUnn) 
corresponded to regressive phases of the Black Sea as well, with lowstands down to -100 and 
even -120 m. As mentioned above, the regressions represent phases of isolation of the Black Sea 
from the Mediterranean Sea and the World Ocean. Only the connection with the Caspian Sea could 
sometimes continue through Manytch valley. 

Correspondingly, during regressions, under brackish/fresh water conditions, the particularities of 
fauna assemblages had a pronounced Caspian character. On the contrary, during the interglacials, 
the water level rose to levels close to the present level; the Black Sea was reconnected to the 
Mediterranean Sea, and the environmental conditions as well as the fauna characteristics underwent 
marine Mediterranean influences. 

We shall discuss mainly the upper part of the Pleistocene when the lowstands influenced the 
present-day Danube canyon morphology and evolution. 

During the warm Riss-Wtirmian (Mikulinian) interglacial that corresponds to the Karangatian 
phase of the Black Sea (since 125 ka BP to- 65 ka BP), the water level exceeded the present-day 
level by few metres (8 to 12m). The saline Mediterranean water penetrated through the Bosporus, 
and the Black Sea became saline (up to 30 even 37 %o}, with a steno- and euri-haline marine 
Mediterranean type fauna (Nevesskaya, 1970). The sea covered the lowlands in the coastal zone, 
including also the Danube river mouth zone (a large gulf was formed at that time). 

The last Upper Wtirmian glaciation (Late Valdai, Ostashkovian) corresponds to the Neoeuxinian 
phase of the Black Sea. This is a very low-stand phase, down to -110 + -120 m. The shoreline 
moved far away from the present-day position, especially in the northwestern part of the Black Sea, 
and large areas of the continental shelf were exposed. At depths between-100m and -80 m, a 
drowned paleo-shoreline represented by wave cut terraces and fields of dune-like structures occurs 
(Popescu et al., 2004; Ryan, 2007; Lericolais et al., 2007). The hydrographic network, especially 
the large rivers as Paleo-Danube and Paleo-Dnieper, incised up to 90 m the exposed areas. The 
Neoeuxinian basin during the glacial maximum (-19 + -16 ka BP) was completely isolated from 
the Mediterranean Sea, and, correspondingly, the water became brackish to fresh (3+ 7 o/oo and even 
less), well oxygenated, without ~S contamination. The fauna was brackish to fresh water type with 
Caspian influence. 

At about 16 + 15 ka BP the postglacial warming and the ice caps melting started. As the supply of 
melting water from the glaciers through the Dnieper and the Dniester rivers, as well as the Danube 
River, to the Black Sea was very direct and important, the Neoeuxinian sea-level rose very quickly, 
reaching and overpassing at- 12 ka BP the Bosporus sill. Some researchers believe that in this 
phase a large fresh-water outflow through the Bosporus-Dardanelles straits towards the 
Mediterranean (Aegean) Sea occurred. Kvasov (1975) calculated that the fresh water outflow 
discharge was about 190 km3/year. 
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At the beginning of the Holocene, some 9-7.5 ka BP, when the Mediterranean and the Black Seas 
reached the same level (close to the present day one), a two-way water exchange was established, 
and the process of transformation of the Black Sea in an anoxic brackish sea started. During the 
last 3 ka BP, a number of smaller oscillations of the water level took place ("Phanagorian 
regression", "Nymphaean" transgression, a lowering of 1 +2 min the Xth century AD, with a slow 
rising continuing up-today). 

The hypothesis formulated by Ryan et al. (1997) considers that during the Younger Dryas cooling 
( .... 11 ka BP until 9 ka BP), under more arid and windy climate, the Black Sea experienced a new 
lowering of the level (down to more than-100m). At the same time, the Mediterranean Sea 
continued to rise, reaching by 7.5 ka BP the height of the Bosporus sill, and generating a massive 
inflow of salt water into the Black Sea basin. 

More recent interpretations propose refmed scenarios of reconnection of the Black Sea with the 
Mediterranean. Data seem to indicate a rapid transition from a fresh to brackish lake to the modem 
Black Sea around 9400 years ago (Ryan et al., 2003; Major et al., 2006; Hiscott et al., 2007; Bahr 
et al., 2008). 

It seems that a highstand at about -20-30 m was reached during the deglacial to the earliest 
Holocene, but the timing and the temporal extent of this event is still under discussion (Ryan et 
al., 2003; Hiscott et al., 2007; Lericolais et al., 2007a). The present-day Danube canyon is related 
to the last lowstands of the Black Sea - the Neoeuxinian one and, possibly, those of Younger 
Dryas. 

2. BLACK SEA CANYONS- BACKGROUND 

Information regarding Black Sea canyons is not very abundant. Aspects of the Black Sea canyons 
will be found in Algan et al. (2002), Wong et al., (1994 and 1997), Lericolais et a/.(2002), Dimitrov 
and Solakov (2002), Popescu and Lericolais (2003). Popescu et al. (2004), Dondurur and f;if~i 
(2007), Pasynkova (2013) and Gulin (2013). 

Significant knowledge on canyon heads came through the investigation of the coastal zone 
morphodynamics carried out by Georgian scientists (Bilashvili, 2004; Papashvili et al., 2010) 
while cruises focused on deep-water cold seeps or deep sea fans provided important data on the 
lower reaches of some Caucasian or west Crimean submarine canyons (Liidman et al., 2004; 
Akhmetzhanov et al., 2005; Naudts et al., 2006; Klaucke et al., 2006; Bohrmann and Pape, 2007; 
Wagner-Friedrichs, 2007; Sipahioglu, 2013). 

2.1 Black Sea canyons and the coastline morphodynamics 

Black Sea canyons characteristics depend on the relief energy of the coasts they are associated 
with. From this viewpoint the Black Sea offers two different environments (see Fig. 1). 

The southern and eastern Black Sea coastline is mountainous. The relief behind this coast is very 
high, with summits of almost 4000 m (3937m - K.a~kar Dag1 in the North Anatolian Mountains) 
or close to 6000 m (5642 m- Mount Elburs in the Greater Caucasus Mountains). In the southern 
Crimean Peninsula the relief is also elevated, but the altitude is in the 600-1 ,545 m range. 

From the Crimean Peninsula to the north of the Bosporous Strait the Black Sea coast shows a low 
relief, reaching a hilly morphology only southward of Varna (the easternmost extension of the 
Balkans) and northward of Constanta (N orthem Dobrogea Plateau). lbis is a low, accumulative 
coast (Panin, 2005). 

In the Black Sea basin the shelf extension is well correlated with the shoreline morphodynamics, 
and this also influences canyons development. More frequent submarine canyons occur in the 
southern and eastern Black Sea area with mountainous shoreline, very narrow shelf (Fig. 1) and 
coarse-grained sediments. In areas with low-relief shoreline, the shelf is wide and have fine-grained 
(sandy and silty) sediments (like in the northwestern Black Sea area) and the submarine canyons 
are scarcer and less closely spaced. 
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Figure 5. Major eubl!lame canycns 1'I!:Hn die caucasian,-*"" Black Sea. ~& Earlll sa!ellhll IIIIIW used 
as ba.ckGround lrroa.g&. Ba111ym81ry In me111ra. 

2.2 SliMIW!jne alllJ- in file ten, Ooc!rim BJadi: Sea-
The submminc: Qll)'ODB lo<:an::d do~~e to tb& Cau~:Uian c:oast are die moo I'QI!OI'Inod ill tb& Blul. 
Sea area. In cbis area. a close rdstionshlp appears 10 edst between the c~~nyon and die rivers. The 
major canyons af this area (Bzyb, Kodori, Inguri, Rioni, Supsa, and Chorokhif<;onlb) are all 
11.1180Ciated with rivlliB (Jaosb:vili, 2002). 

The Csaca.sian coast is associated with very narrow shelf areas. In the Bll!mni-Kobllleti. SR of 
Sokhumi and Adler-Pilsunda. ZODe8 (Fig.S) the &belt ia less than S tm wide. In these areas the 
cayon's hcada ill.cig die amow shelf, md areloc:ated at dose viQuil.yoftberivlliBmouih. The 
Chol:oi;bi Qllyon bead appeart> at 70-140 m from the Chorokhl (~)river mouth, at 7-8 m 
water depth (Bilashvili, 2004). Before h.al:bor and river man.a,ganent works W~~rec:anied oat, the 
Poti Sllb!narine Cllllyon head wu aurveyed at the 10m iaobath lllld at about 600 meta:s from the 
ahorelllle and from oae afdle Riolli river moalbs {Papashnli n al., 2010). The head afdle 801Jthc:m 
branch af 1he Nataneb:i Canyoo OCCIIl'8 at the Batwni hmbor e.o!:I:~~I~Ce, at about 10 m water depth 
(Bilashvili, 2007). 

The shelf ia wider and the <Xl!ltioeiiW slope gentler elope in die Pil8unda-Sokbmi marine aM 
and between Kodari and Inguri canyons. This is why the cayons from these are8.ll occur 25-35 tm 
offahonl. 

Sdsmlc sect!OII& (Akhmelzhanov n fll., 2f¥f1) point out the conuvo-upwaro p!'Oflle in che QllyOIIB 
lower read! parts, at water depth of 1400-1600 m.. On the bottom of the So'kbnmi and Natanebi 
cmycm there an~ gra.vela with large C'llmlll.t ripplea and also very large 1Kl011111. 

The seismic inve4tiplions carded oat by SJpehioglu (2013) revesled the pruence of several older, 
buried channels in the QllyoDS sedimenlal:y strli<:1Dre from the marine area westward af the 
Chorokhi (~) riveriDOlllh. The liiTllllgemeo.t oftbeae eroe:icm aurfacea n~voals limited lllleral 
migration of the submarine valley 8lld In other casee tb& l011gdme ~of tb& canyon. 
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Legend: lSI Large canyons (SJ Deep sea fan channels. 

23 S•• .. ••ine c:aii.)OD8 oftbe Anetoti.,, l'•llfoo• Bllct Sea aa 
'l'he ADatolia:a zm10 ia ~ Wp.rt Blul. Soa IDO'IIIIlllinoua coast, wilh a 900 1m east-west e.lttellsiOD 
(Fig. 6). Steep slope and shelf an~&.!~ ~gli-Inabolu and Fatsa-Rize) of 2-4 k:m width a!ttrn.am:s 
wilh le# extea.dve areu of larger 8helf (7-10 11m widlh iD Fataa-Sibop lllldBregli-~fha mar.ille 
ZODe.'l) lllld gentler slope, associatw! with deep sea fan build up. The main c:anyon.s (Sakarya and 
Yesbilinn•k) appear in the milder slope area!!. They have a higher dendritic tmld, showing a 
&YBWD wilh a maiD cba:anc:llhalwc:g aDd S(':Vc:ml limba. 

0.11 the Larp scale batbymeuic mapa, some of the Ana!olian canyon.s appear to c:ross or each the 
100m bathymdric C1ll'ft and collld be IX)Osidered as shelf-incising. This is the case of the Sllk:Jirya 
Canyon. AB Algan et al. (2002) ~ ~ Sabtya Cliny011 displays two heads, omning at 
about-SOmaudrespectively -10m wmrdepih. 

Mappin3 1be continental slope In the area of the Y eshflirmak River DlO'IIIh [)ondum and ~Vi 
(2007) havobeenabl.e to ~ly 11:111:ethecanyon.s axee.ID tbis way ~yi1M41led a Vt:1r'/ denBo, 
dmdriti.c system of canyons. 'lbe canyoos heads am 3 to 9 km away from the sbelf'bMak, at 500 
to 800 m water depth, which 18 a good c:xampk of slope-co!lfiDed canyon.s. 
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2.4 BladtSea ca:tjWI of tile Ojn-•-

'I'IM; su~ c;G)'QIIB from die <"'rirmm m:a oc:eur wilhin two physiographic ZODU; dJ: gentle 
slope of tbe Don-Kuban deep sea fan and the steep slope of the Sevastopol· Yalta (Crimean 
eacarpmmt) and An.apa-Gelendzik 8IU.!I (Fig. 7). The Don-Kuban (Kumani.) Canyon, the best 
bowu from 1b axu, is wc:ll indenlillg die sbdf soldh of 1b Km:h S1rait. 

Legend: I -........ I Large canyons c:::::J Main deep sea fan channels. 

Figure 7. Large CI!JIVCII"i' from 1he nonhem Blad!Sea bufn, 1he Crlmelllllll'IHL &del lite pltture from Google 
Eallh.~ln~. 

2.S Bl.:lc.Sea ca:t.JOiif of die IQ}!QI.,. -=a 
Completing the pn~vi0118 data by DiIorio n al. (1999), Okay 61 al. (2011) mapped the eastem 
BolpoiOWI outlet area and identified a lihallow marine fan and a canyon &yBtem. The c:anyons 
&liP* as a blu1.ch of submarine valleyB oriented ttansverBally to the <:Oaflt alignment (Fig. 8). The 
main Bospo~ous canyons are S0-55 km 1003. W"llhin tbis system at 1ta.st 12 canyons are disll'ilnltecl 
in an about liS km wide area,llt011heast of the Bosporous Sttait. They are quite closely spaced, 
witha7-8lan~bc:tweaudjaeal.tcany0118.Tbedcnd!ilicupectof1heBoaporo113canyODB 
is minimal, the main canyons showin8 no mon~;lhan one limb. 

Figure 8. ~rDU$ submarine carl)'lln syalllm. Lell-alcle Image (from Google Eanh) allows 1h8 general 
dlslltbuUon ctlhe Boeporous eenyona. Oe1all ct Ill& oentraJ can)'On aystem (rnodlllllld from Okay (It 111., 2011) 
h 1he rfgtrto(lfd& tnage. 
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2.6 SLDnwjno _,_ af ibe 111 2 ? 11 ll1act Sea bain 

u~ all ob:r BIWt S~:a ca:o.yOilS,'" ~:myODB in~ Weitan p81t of~ basin~ far away 
from the co.utline, at tbe e4&e of a wide shelf (Fis. 9). Pre8en!ly they have no CQIIllection with 
rivera, and are not functional. 

100km 

Flg11'8 9. l..aiV& aubmalfne ~ ll'om 111e W8.lll8m and na111,_tem Blacll: See. bash. Sa!ellle plciUr& 1'l'cm 
Ooogle Ear!h. Bathymetry In meters. 

Tbe most important ~:my011.11 from the wcatcm and IIOI'th~ Blul. Sea basin~'" Da:Dube 
Canyon and 1he Dnieper Canyon (Fi3. 9). They are bolh shdf·indeoted, but lhe smaller ~:myODB 
close by are not iDcising tbe sbelf. The lmgta' development of tbe Danube and Dnieper ~:myons was 
facilitated by the loa,ger and milder slopo c:oDilocted wilh the «ideel»ive Danube md DDiepea' deep 
aea nw. 
The submarine canyons distributed on lhe edge of the Bulgarian shelf, wbere the continental slope 
ia atcepa:, are ~~hotter md seem to be a!~ !led. 
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3. THE DANUBE RIVBR. CANYON- A CASE STUDY 

3.1 Mmpbology 
The Danube Canyon (also called the Viteaz Canyon) is part of a 60 km long submarine trough with 
a NW to SE course (Fig.lO). 

Figure 10. Morphology of the north-western Black Sea margin (after Popescu et aJ., 2004). The Danube 
canyon is deeply incised into the shelf. 

The 26 km shelf-indented segment of the ttough, northwestward from the shelfbreak, is the Danube 
Canyon. At the shelfbreak. level the canyon is about 6 km wide, and landward is getting narrower 
(Fig. 11 ). The canyon flanks are steep, with up to 30° declivity. They are part of an older erosional 
surface, infilled by sediments with a chaotic seismic facies, overlain by well bedded sediments 
(Fig. 12). The modern thalweg, 400 to 600 m wide and up to 400 m deep, is cut into these stratified 
sediments. The canyon shows significant longitudinal changes in morphology, direction and 
gradient. In the southeastern part of the canyon (segments C, D and E in Fig. 11}, close to the 
shelf-break, there is a single entrenched axial thalweg, downstream progressively becoming more 
stable, straighter and deeper. 

Strong meandering of the thalweg line, including meanders, is visible in the sector C of the canyon 
(Fig. 11). The canyon shows significant longitudinal changes in morphology, direction and 
gradient. In the southeastern part of the canyon (segments C, D and E in Fig. 11), close to the 
shelf-break, there is a single entrenched axial thalweg, downstream becoming progressively more 
stable, straighter and deeper. Strong meandering of the thalweg line, including abandoned 
meanders, is visible in the sector C of the canyon (Fig. 11). 
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Figure 11. Balhymebto 3D m!IP of th& o.ue Cwlycn (EM 1000 IIUUbeam da!a) (from PuiW lit 8/., 
2004). Til& net boX allows a achematle rejll'~on cfth& cenyon morphOlogy, and 111e aegrnema A toE 
aepMI!ed elong the C8llyCII\. Oialft:t pell~a of tha lllalweg in segment 8 ete numbel'&d 1 to <4. Slla.dad etelllS 
ml!llc lhe 'lleep cenyon ~lea. 

Clo6& to tho landward end of tho cu.yon, tho sogment B (Fig. 11) is a trough with aoveral 
c:mvs:gi:og small d:uumelJ (1 to 4 in Fig. 11) and with gentler walb. At the landward e.xlnlmi.ty 
(segment A inFig.ll) thecmyon bed iB concavo, with DO thalweg line aDd its walb ue~m~Dien 
inclined. 

DoWllB11eam of the liheltt:m:d. the subm.a:rine valk:y """-" ac:bmnc:J, wilh I!DlOOth, c:ODCa~llp 
profilo. A kni<:lpoint ma:r:ka the bou:ada:ey between the c:uyon lllld the c:bam!ol. 

'I'IM;~ ln:ngitndillal profil~; point3 to the s\rollg~!ldliDgoftho vall~;y,from I~ than 40m 
in sc:gmcatA to about 230m ia ec:gmcatB,appl"'i"'•tely 400 mcorm~pondin,g to~ segmc:atC 
lllld 600 m c:Jose to the shc:lfbsuk (segii!QIIB D and E) (Fig. 13). Along with the COIIIinu.oWJ Wal 
~;~t. ~ ~yon walls bec:om~; ~ and steeper and wida and widc:z doWll.lllnlftm 
<&om s• to 20>- 30- stoep aDd &om 2 1an to 6 m. wi&). 

3.2 C'icnrs!e--lluliml 
'l'bc: 1l'allsvcnal*""smjc l'eflee1ion J;!EOfik:8 revc:al the~ of ao eroeion av.tl'al:e at about 240m 
UDdc::r tho pt'eSCII.t-day thalwc:g (F'.Jg. 12). This surfa= rc:f1e.cl8 the c:roeion proce8$ which initiated 
th~; finlt auhmariDe valh:y stage:. Tbi8 mmpbologic iab.c;rited future wM subsequmlly dc-:veloped 
by the c:;rollional and depoeiliml.al ac1ivilie$ of the Danube Caoyon. Thalwc:g dOWJICIIUing ~ 
instability of the ilaab, pnlbably triggering be41dward erosion of tho c:auyon u in tho app!l;R\IItly 
imma~ ~~egment B (Pig. 11). Ero6i.on ill~ Wal thalwc:g al3o m.Wied in fail~Jm~~;lllargiug the 
major vall~;y in ~ma~ac:gmen~&D and E(Fig. ll),<lim:lly (011 thnonhanflaDk)ortb:rougb 
a &ywtc::m oflata:al gullie8 (on tho southc:m:flank). SegmentC iu ZOIIUffec:tcd by crolli011 118 wdl; 
~hc:d tance& were ~ted by failures inside the 1111\ior valley, while ablllldoned meanders 
nc:at:by the ~you walls det• a wi•• d the inslebility lllld widc:aiag of~ c:anyw. The &edimeut.s 
with two difli:reDt Nimjc W:ie8 are tbereiJUhofthe~ stages ofpmial wljmmh!ry jnfiDjng 
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of the canyon trough. Ail revealed by the st11dy of other a!lbmarine canyons (Sbepanl, 1981), the 
Danube Canyon evolved through a siiCCieS8ion of erosion and depollitioo events. 

nuTWT SW Skm 

Danube Canyon 

Figure 12. Seclrnernruy structure oftll& Danube Canyon (part of eel&mle lndustltal proftl& P841S-44) {trcm 
Pcpeacu tit at., 2004). The line 18 allua!ed-- segrnem D. Cenycn steep llanles ar& In prolcngaUon of an 
ancient eraaional surface (marlald in dashed line). clocumenting a pnwious phase of car!)'On diiMIIO!li!IIUIL 
Tlut lnflll a:nlltll of a cl1ao1lr: lel1mlc far:lae IM!IItoln by a hlltl~~q~ltucle bedded fac.,., and II h:laled by 
th~ moclllm thalweg. 
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Figure 13. Longitudinal depth profl& along ttl& axial tha!Mig of the Danube Cwlycn/Chal'flel (trcm EM 1000 
munlbeam da!a) (.!rom Popeacu, 200.2). 
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The five segments of the canyon (Fig. 11 ), showing distinct features of morphology, orientation 
and gradient, are interpreted as zones of canyon advancement towards the coast. They also 
represent different maturity stages developed along the Danube Canyon valley. 

Wong et al. (1994) consider that the Danube Canyon originated by processes of mass slumping 
produced on the continental slope and in time developed by subsequent retrograde slumping, 
during the following sea level rise episodes. The results of our studies indicate that canyon 
evolution was mainly due to erosion by heavily loaded bottom currents and/or by sediment flow 
generated during low sea levels stages. This idea is in agreement with the mechanism previously 
suggested by Shepard (1981), Pratson et al. ( 1994) and Pratson and Coakeley (1996). 

There are significant morphology and structure features pointing out that the erosion processes 
generated the morphological features of the Danube Canyon. The axial thalweg is the erosional 
active zone of the canyon, where the canyon bottom downcutting resulted in trough entrenching. 
Sediment failures developed on the canyon lateral walls and headwalls due to the advancing 
entrenchment. These processes resulted in the canyon widening and promoted further landward 
shelf penetration by canyon head ward erosion, along the sediment flow path and toward the source 
of the flow. Instability due to the presence of shallow gas in sediments and fault-controlled 
instability possibly contributed as additional mechanisms to cause sediment failures inside the 
Danube Canyon and its tributaries. 

During the last Black Sea water-level lowstand the paleo-Danube River discharged close to the 
Danube Canyon head, maybe through a deltaic build-up (Fig. 14). During this most recent active 
stage of the canyon water, salinity was very low in the freshwater domain, which could have 
determined the initiation ofhyperpycnal flows. In our opinion, the sediment-loaded flows related 
to the paleo-Danube River system stand for the main control factor of the Danube Canyon 
evolution. 

33 Danube Canyon dating 

The big unknown of the canyon evolution remains the age of this system. Currently, there is no 
independent age information either on the Danube Canyon incision and infill or on the fluvial 
buried channels we identified on the shelf. We can only assume that: 

(1) The Danube Canyon is the most recent canyon related to the Danube River that developed in 
this part of the margin and its relief is preserved in the sea-floor morphology covered only by the 
Holocene deposits; therefore it was functioning during the last lowstand level of the Black Sea. 

As a general rule, sea-levellowstands in the Black Sea do not necessarily correspond to global 
lowstands. The last sea-level lowstand in the Black Sea in particular, known as the "Neoeuxinian", 
was generally considered as matching the marine isotope stage 2 (Chepalyga, 1985 and references 
therein), but this correspondence was recently questioned (Major, 2002). The canyon was thus 
active during the last lowstand, but the age of this period is still uncertain. 

(2) Buried fluvial incisions on the shelf are sealed only by the thin Holocene blanket, so that they 
formed during the last sea-level lowstand. Consequently, they are coeval to the youngest phase of 
canyon evolution. 

(3) The evolution of the canyon is related to the evolution of the Danube Channel, since they are 
parts of a unique canyon-channel system that acted as a whole. Previous estimates of the age of 
the Danube Channel (Popescu et al., 2001) were based on the correlation of the fan sequences 
with the sea-level curve (Wong et al., 1994; Winguth et al., 2000). The Danube Channel was 
active during the last lowstand but also during earlier glaciations low-stands (Wong et al., 1994; 
Winguth et al., 2000), as indicated by the succession of sediment bodies evidenced in the deep­
sea fan system and by 14C datations in the distal part of this system (Strechie-Sliwinski, 2007). 

Consequently, it is conceivable that the youngest phase of evolution of the Danube Canyon 
corresponded to the last lowstand of the Black Sea, but canyon formation has also undergone 
previous stages. Unfortunately, age constraints for the canyon initiation are currently non-existent, 
and further investigation is necessary to solve this problem. 
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3.4 Control factors 
Sediment input. It has long been observed that many submarine canyons were spatially connected 
to rivers on the continent (fwichell et al., 1977; Fulthorpe et al., 1999). Modelling also indicated 
that canyon evolution should be most active when sediment influx to the slope is greatest (Pratson 
and Coakeley, 1996). 

The Danube Canyon is presently situated more than 100 km from the Danube mouths. As river 
sediment is trapped by southward currents along the coast and on the inner shelf, the present-day 
supply to the canyon is interrupted (Panin, 1996). This was not the case during lowstand times 
when part of the shelf was exposed, allowing direct fluvial sediment delivery to the shelf edge 
and to the Danube Canyon (Panin, 1989). 

In order to clarify the spatial relationship between the river and the canyon, we attempted to 
recognize (1) the location of the paleo-Danube river and (2) the location of the paleo-shoreline 
during the last lowstand period in the Black Sea, which was implicitly the last active period of the 
canyon. We investigated seafloor morphology and shallow stratigraphy of the continental shelf in 
front of the Danube mouths with the purpose of tracking buried fluvial channels - as a diagnostic 
feature of ancient drainage systems, and wave-cut terraces- generally considered as indicating the 
proximity of the coastline. 

Paleo-rivers. We identified numerous completely filled channels on the continental shelf down to 
-90 m water depth (Fig.14). Theyreach400-1500min widthand20-30 min depth. Channels are 
sealed only by a thin mud drape parallel to the sea bottom. There is no independent indication of 
the age of these incisions. However, their stratigraphic position lying directly under the 
discontinuity at the base of the Holocene strongly suggests that they formed during the last 
lowstand. 

The distribution of the buried channels clusters around two main directions that seem to correspond 
to two distinct drainage systems (Fig. 14). 

The southern system points straight towards the Danube mouths and most probably represents the 
paleo-Danube River. On the outer shelf the river apparently splits into several arms similar to a 
deltaic structure comparable in size to the modem Danube Delta, and lies close to the Danube 
Canyon. 

The origin of the northern system is so far uncertain. 

Paleo-coastline. A submerged wave-cut terrace was mapped for about 100 km on the outer shelf, 
below water depths varying between -90 m and -98 m (Fig. 14 ). The variable depth of the terrace 
seems to be related to the presence of the canyon since the terrace is obviously shallowest around 
the canyon head. This could be the effect of the redistribution of wave energy when approaching 
the shoreline, as energy is focused on promontories and dispersed in gulfs. 

The last lowstand paleo-coastline should thus have been situated between this submerged terrace 
and the deepest buried fluvial channels (Fig. 14). 

Our data show ( 1) a great number of buried fluvial channels on the shelf that suddenly disappear 
below -90 m depth, and (2) a wave-cut terrace on the outer shelf, with an upper surface varying 
between -90 and -98 m. This is consistent with a major lowstand level situated somewhere around 
-90 mdepth. 
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F'.gura 14. The hypalhetical PaJeo.Dan!DI COII'8e Clllllle exposed shelf area CUing 1he Jawalands and 111e 
caaslllne locallcn dose to Ill& shell-«eak du~ng 1he 1..881 Glacial (!rem Popescu tlf ai., 2004). 

CoWieC}uently, durin& che INt water lowstan4 tht Danube Canyon evolved In a shellow 
environmmt af!iodwl by high sediment supply. The paleo-coa.rtline waa forming a wide gulf in 
wlili:h it .-a dlat two bnw:hi!I'J of the zin1r- t1owing. The c:anyon 'Wa8 entiall.y aubmelp)d 
and eilxl•tM In ~ eoulhem pat of 1hi& plf, In front of 1be paleo-Danube DIJ)uW alld below the 
baM: of the wavo-ac1i.on zone, aa attested by tbe poaition of tbe wave-cut cerra.ce. 
Memwhile, it should be noted dlat 1be c:anyon developcxl unda 111:11hwatc:r eonditicma that 
~tilt Black Sea<lulio310Vt'Simlds. 'l'be llhortclls1llncebetween lherlvermolllhs lllldtbe 
canyon head, under environmental condi:tians Chat particularly favoor1he fonn.a!ion ofhype!pycoal 
c:oaenl!l, suggeata that the high sedimentary iD1lox via tho paleo-Danube waa a major c:oo.ttol on 
che canyon devdopm.e:bl. 
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Gtu. The shelf edge of lh~ nodh-westem margin of tho Black Sea oontain.s evidence of abundant 
8hallow gas aod ~n!ll a2'.011e afhi3b fl1lid dischalge (Vusilev aod Dimi:trov, 2000). Num-.s 
gas eeepe have been identifie4 in dU an:a (Bgorov d fll., 1998). Most of them'" l<K:8ted inside 
the D81111be Cany011 and along the landward prol.oDgati011 of the CIII1YOI1 (Fig. lS). 0aB seepa wen~ 
also identified along lhe shelf 1nak, on sub--.art faults nodh of the c1111yon, on the upper sl.ape 
and In tho u_pper Danube chsnn.el, Wlually reltl%ed 10 1allure areas • 

• • 

N44•oo 

N43°40 

• 
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EJo•oo 
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EJO•Jo 

• • • ' 

F'.gute15. Ule&lion af 9M seeps in rei lilian to 1118 morpholOgy of the canycn 8nlllll (from Popescu 81111., 2004, 
I1Minawn after E'QOI'O¥ fit W., 1898). 

Our seismic profiles show gas-related acoustic tmb:idi:ty beneath lhe canyon, but also along its 
prolongati011., COIIIIDOIII.y «aellpOoad.lllg to tbe spatial distributiOD of tho gas eeepe. The: gas an:a 
aloDg the canyon haa a limited lateml emnt, &O daat the ~of the gas eacape ZODe8 inside 
the Danube canyon i8 not due 10 ex~ of a widespread shallow gas zone totbe seafloor through 
eros!OD. In ad.clltlon, 1he allpment of lhe gu seeps follows tbe same ~on landward of tbe 
cayon (Fig. l:S), which 1:0uld be in ~dation wilh C:OWfiiMIIIion alon,g a I1:giOI1al fault aod dw.s a 
possible indic:ation for a deep fault under !be canyon. M01e0ver, profiles amm major blllied 
paleocanyQQS show acoustic turbidity clu.stering preferentially in the canyon areas (Pope.!ICU and 
Lerlc:olais, 2003). It -.. p.robabl.e that tbe locadon of 1he gwy facies could have favored 
instability in the canyon ams and po68ibly ~.....dim em failu:ml. 

4. CONa..us:JoNs 
The Blact Sea e1111yons characteriS1ic:s depend on the ~:diet energy aflhe ClOilllits lhey are associated 
with. Considering lheir present-day dynamic chanlc1l:ristie&, there are two main categories of 
cayQQS in the Blaclt Sea; active C1111YQ11B and inactive (ioopa:alive) onea. 
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The active canyons are located in front of the mountainous Black Sea coasts (Caucasian and Pontic 
mountains), in zones with narrow shelf; they deeply cut this shelf, have steep walls and high 
gradient thalwegs and receive coarse-grained sedimentary load from closely discharging rivers or 
their deltaic built-up. 

The northwestern and western part of the Black Sea, characterized by low, accumulative coasts and 
extensive shelf, is the region where the largest canyons (Danube and Dnieper canyons) are located. 
Only during the sea lowstands the paleo-rivers Danube and Dnieper extended across the shelf and 
fed the respective submarine canyons. The canyons formed in front of large shelf areas with low 
relief energy coast are generally supplied with finer-grained sediments and their deep-sea fan 
systems differ from the systems of mountainous coasts. 

The Danube Canyon is a major erosional feature, deeply indenting into the shelf edge. The canyon 
consists of a main trough with steep flanks and a flat bottom incised by an entrenched thalweg. The 
sedimentary structure of the canyon shows evidence of previous cycles of erosion, followed by 
partial infilling and subsequently reincised by the modem canyon. Thus the canyon has not 
undergone a single-phase catastrophic formation, but a cyclic evolution with several erosion cycles 
of different magnitude. 

On the basis of the geomorphological analysis, it appears that the main mechanism for canyon 
development was the sediment-flow-driven retrogressive erosion and even canyon-head wall 
failure. Sediment flows were most probably generated as high-density currents at the mouths of 
the paleo-Danube River, favoured by the low salinity conditions of the Black Sea basin during its 
lowstand phases. The high sediment influx in this part of the margin was therefore a major control 
on the canyon development, but other complementary controls (gas-related instability, deep fault 
control) could have contributed as well. 

The Danube Canyon is connected to the Danube Channel and to channel-levee system on the 
Danube fan that extends to the abyssal plain down to 2200 m depth. The canyon represents the 
upper end of this system and acted as a gateway for transferring sediments between the shelf and 
the deep basin. High river discharge in the vicinity of the canyon, with probable hyperpycnal flow 
at the river mouths, suggests that a quasi-continuous river-canyon-fan channel system functioned 
in this part of the margin, ensuring highly effective transfer of the terrigenous sediments towards 
the deep sea. 

* this chapter is to be cited as: 

Popescu I., Panin N., JipaD., Lericolais G., Ion G. 2015. Submarine canyons of the Black Sea 
basin with a focus on the Danube Canyon. pp. 103- 121 In CIESM Monograph 47 [F. Briand ed.] 
Submarine canyon dynamics in the Mediterranean and tributary seas- An integrated geological, 
oceanographic and biological perspective, 232 p. CIESM Publisher, Monaco. 
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Submarine canyons of the Sea of Marmara 

M. Namtk <;agalay1 ~ Giilsen U¢u§1 ~ Kadir K. Eri§• ~Pierre Hemy2 ~ 
Luca GasperinP ~Alina Polonia3 

1 frO EMCOL and Geological Engineering Department, Faculty of Mining, istanbul, Turkey 
2 CEREGE, Aix-Marseille Universite, Coll~ge de France, IRD, Europole de l'Arbois, 

CNRS, Aix-en-Provence, France 
3 CNR, Institute of Marine Geology, ISMAR, Bologna, Italy 

ABsrRAcr 
The Sea of Marmara canyons occur on the steep (10°-29°) slopes fonning the boundaries of the 
.... 1250 m-deep transtensional basins along the North Anatolian Fault zone. Most of the canyons 
were initiated by tectonic and erosional processes mainly during the Plio-Quaternary, when the 
basin margins were uplifted and deep basins subsided. Some, such as the izmit, :}arkoy and 
probably the Bosporus canyons, are localized by faulting. However, their morphology was 
modified by increased turbidity current and mass wasting activity during the Quaternary glacial 
low-stand periods. The :}arkoy and Bosporus canyons occur at the extension of the c;anak.k.ale 
(Dardanelles) and istanbul (Bosporus) straits, and are associated with shelf valleys. Their 
morphology was strongly modified by erosional processes by passage of large water masses 
between the Mediterranean and Black Seas, especially during interstadials and meltwater phases. 
The sinuous North imrah Canyon most probably developed at the shelf extension of the Kocasu 
River by turbidity currents. 

INTRODUCI'ION 

As in the case of all active tectonic continental margins around the world, the Sea of Marmara 
margins are incised by a number of submarine canyons (e.g., Clauson, 1973, 1978; Ergin et al., 
1991, 2007; Lewis and Barnes, 1999; Laursen and Normark, 2002; Chiang and Yu, 2006; 
Mountjoy et al., 2009; GOriir and c;agatay, 2010; Gasperini et al., 2011; Zitter et al., 2012; Lofi 
etal.,2005; Harris and Whiteway,2011; Wiirtz,2012; Harris andMacmillian-Law1er, this volume) 
(Fig. 1). The Sea of Marmara, located on a continental transform-fault plate boundary between the 
Eurasian and Anatolian-Aegean plates, is a tectonically very active basin (Fig. 1). East of the Sea 
of Marmara, the North Anatolian Fault (NAF) fonning the transform plate boundary splays into 
branches and accommodates a total of .... 2 .5 em/year dextral motion (Straub and Kahle, 1999; 
McClusky et al., 2002). Most of this motion occurs on the northern branch of the NAP (i.e., the 
Main Marmara Fault; Le Pichon et al., 2001}. 

The Sea of Marmara consists of three transtensional basins; the c;marcik, Central and Tekirdag 
basins (Fig. 1). These basins are separated by the NE-trending Central and Western highs. The 
continental slopes connecting the shelf edge at ..... -90 m to the deep basins have slope angles ranging 
between 6° and 29°, and are incised by a number of submarine canyons with different 
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II!Oiphologic:al and tectonic~. suc:h as !zmit Canyon (Gasperini a al., 2011), North lmnw 
Canyoo and c:anyooa located 011 the soulhem alopl' ofTe'kiJ:dat Basin including ~ ~arldiy Canyoo 
(&gin et al., 2007; Zi.Uer et al., 2012). 

The Mmmam ~you were initiated by tecloi!U: aDd aoai.onal ~.aDd their evolution was 
a1rollgly illfl~ by sealevel c;haugee and water-IIIII.N movcmenla between the Meditemlll­
aud Bid: Seis. 'l'bq bave ~a. sc:dimt:at oondW. from shelf to~ deep sub-basiDs, eepeQally 
during~ pc:rlocls of low eea levd. 

In driJ allldy wedMcribe th.emaincanyouystem& in theSea.ofMmnara.inl:llldin& lzmit,North 
lmra:h, solllh-wesmrn TekinlaJ Basin, ~llltDy, and BoSJ!IOI'U' canyons. We~ ihe faccors 
""P"'"ible fortbeirevohttion aod thmrolt; u w!irnmtCOO!IniLi, u.sin& BM300 multi-beam, Chilp 
sub-bottom and multi-channel seismic and core data, and tbe manned submersible (Nautile) 
obsei'Vlltions in ihe case of the tzmit Canyon. 

• • • --

Sr!JDYAKBA 
ae.w.p aJIII:IIIi:og 
The Sea. of Marml1.ra is a t~oa¥:ally aeti.ve baain because of il&locati011 on the North ADatolim 
Fault (NAP) zone, a major~ COI!Iillc:utal transfODD fault bollllda.ty bc:tweca the Emuiau and 
Allatoliaa-Aegem plate8 (Pig. 1; I.e Picho!l a al., 2001; Amlijo et al., 2005; ~eo,gar et al., 200S). 
It ba& a trough-like depreaaion (i.e., ihe Mamw:a ll'OIIgh) locateO between a telativdy narrow 
(-20 Ian wide) IIOtthem ahelf and a 45 km-wid.c eouihcrn shelf (Fig. 1). The Marmara troup 
CODSis1ll ofcme-1150 DHI.eep ~slip basins; ihe~Cen1rilland Tekirdilibasin.sfrom 
eaat to weat (Fig. 1). These aub-ba.ain.s are separated by the NE-tre:oding Central and Weatem 
higbs, l'isins -700 m above ihe deep basin floor. The continaltal slope.!! leading from ihe ahelf 
brW:. at- -90 m to the deep sub-basins are pnerally steep with slope 81131M rangi:llg up to 29". 
The steepest slope with a common slope 81131e of w• to 26° is observed on ihe northern margin 
of the (;man.:tk Basin, which is rnarlrtd by norihem branch of tbe NAF, ihe Main Marmara Fanlt 
(Le Pichon et al., 2001). The southern slope,!! of tbe sub-basins are len steep with slope angles 
wmmonly vmy:iDg between 6° and 16•. 

'I'he Sea of Mamara ba.ain stalted forming 111 a lihallow water lake, "Mal:mara Lake", within a 
broad shear zone du:t:ing Late Mioc:eDe (~n,gOr etal.,l985, 2005; Olii:Uretal.,1997). The bu:in 
is aituatc:d ovc;r the hy~ bearing, 'l'b:rnoe ~are baain of Palaeoceuc:-Middlt; ~ 
age (OOrilr and Okay,1996). TheMarmant lake WM occ;allioually flooded by~ wan:rs 
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during the Messinian and Pliocene, when the <;anakkale Strait probably also started its 
development (<;a~atay et al., 2006; Melinte-Dobrinescu et al., 2009). The present-day morphology 
of the Sea of Marmara with its transtensional deep basins and transpressional highs, is the result 
of the Plio-Quaternary activity of the NAF (~engor et al., 2005; Becel et al., 2010; Grall et al., 
2010). 

The most active northern branch of the NAF zone (the Main Marmara Fault) enters the Sea of 
Marmara in the Gulf of izmit, and extends westwards to connect with the Ganos Fault and North 
Aegean trough. This branch follows the Izmit Canyon in the east, and cuts across the mouths of 
Bosporus and ~arkoy canyons in the north and southwest, respectively (Fig. 1). The southern 
splays of the NAF occur north of imrah (the South Marmara Fault; Le Pichon et al., 2013) and in 
the Gemlik Gulf (Fig. 1). The NAF (mainly the northern branch) activity in the Sea of Marmara 
has created devastating earthquakes with 250-300 year average recurrence interval (Ambraseys and 
Finkel, 1991; Ambraseys, 2002, 2004). The latest earthquakes were the 1912 Miirefte-~arkoy 
earthquake (Mw 7 .3) in the western shore and the 1999 Kocaeli (izmit) (Mw 7 .4) and Dtizce 
(Mw 7 .2) earthquakes in the eastern Sea of Marmara region. 

Oceanographic setting 

The Sea of Marmara is a transitional basin between the Aegean Sea and the Black Sea. It is 
connected with these adjacent seas via the <;anakkale (Dardanelles) and Istanbul (Bosporus) straits 
having sill depths of -65 and-35m, respectively. The sea and its straits have a two-way flow 
system with an upper current of Black Sea waters (salinity: 18%) and a lower current of 
Mediterranean waters (salinity: 37%), with the pycnocline between the two water masses located 
at-20m (Be§iktepe et al., 1994). 

The two-way connection of the Sea of Marmara with the adjacent seas commonly existed during 
the interglacial periods. Because of the shallow <;anakkale Strait sill depth, however, the Sea of 
Marmara was disconnected from the Mediterranean Sea and became a brackish-water lake during 
glacial periods (e.g., <;agatay et al., 2000, 2009, 2015; Aksu et al., 1999, 2002). One-way 
connection with a Black Sea outflow occasionally occurred depending on the climatic conditions. 
For example, strong intermittent Black Sea outflows to the Sea of Marmara and from there to the 
Aegean Sea occurred during the Melt Water Pulses and Dansgaard-Oeschger (D-0) events of 
Marine Isotope Stages 3 and 4 (MIS 3 and MIS 4) (Chepalyga, 1995, 2007; Bahr et al., 2007; 
<;a~atay et al., 2015). During such events, the water level in the Marmara "lake" was controlled 
by the sill depth of the <;anakkale Strait, which was probably variable because of erosion and 
tectonic uplift of the sill (Yaltrrak et al., 2002; <;a~atay et al., 2009, 2015). During the glacial sea­
levellowstands the Sea of Marmara shelves were subearially exposed. 

THE MARMARA SUBMARINE CANYONS 

The Sea of Marmara continental margins are marked by numerous submarine canyons. Their 
length is mostly limited by the width of the continental slope, and therefore commonly varies from 
1 to 13 km on the basin margins (Goriir and <;a~atay, 2010; Zitter et al., 2010), except for the 
izmit, North irnrah and ~arkoy canyons which are 36,33.5 and 50 km long (Fig. 1). The southern 
slopes of the Tekirdag and Central basins with low slope angles have the longest, widest (1-3 km) 
and deepest (up to 400 m) submarine canyons, whereas the northern continental slope of the 
<;marcilc. Basin and northwestern slope of the Tekirdag Basin with steep slopes (up to 2~. are short 
(1-2 km long) and narrow (few hundred metres) (Zitter et al., 2012). 

Most of the Sea of Marmara canyons have a straight course, extending from the shelf edge to the 
base of the continental slope. The only exception is the North imrah Canyon on the southern slope 
of the <;marctk Basin, which is sinuous (Fig. 1). All the canyons are associated with erosional 
gullies. Some canyons show branching towards the shelf edge. Others are characterized by arcuate 
head scars near the upper slope-shelf edge area, such as the Biiyiik c;ekmece Canyon and the 
canyons located southern slope of the Tekirdag Basin (Fig. 1). Some large canyons are located on 
the faults and are associated with submarine landslides (e.g., izmit and ~arkoy Canyons) near their 
junctions with the deep basins. The ~arkoy and the Bosporus canyons are connected with the 
outlets of the <;anakkale and Bosporus straits on the shelf. 
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izmit Canyon 
This canyon is located on the northern branch of the NAP, connecting the izmit Gulf with the 
<;marclk Basin (Fig. 2A,B). The fault rupture of 1999 Kocaeli Eartquake (Mw=7.4) extended 
westward with decreasing lateral offset in the canyon ((:aktr et al., 2003; Ucarkus et al., 2011; 
Gasperini et al., 2011). The canyon bends from E-W toN-S at 200m water depth. The length of 
the canyon below this bend is 33.5 km. The canyon has been offset-100m right-laterally by the 
NAP during the Holocene (Polonia et al., 2004). Manned submersible (i.e., Nautile) dives in the 
canyon shows the presence of a 25 em high fault scarp at 600 m water depth which may have 
formed as a part of the 1999 izmit rupture (Gasperini et al., 2011) (Fig. 2C). Micro bathymetry data 
also show evidence of recent faulting at the canyon floor (U~arku§ et al., 2010). 

Its location on the active fault, with the presence of the active fault scarp, strongly suggests a fault­
controlled origin for the izmit Canyon. It has been subsequently carved and modified, by subaerial 
erosion and turbidity currents during multiple glacial low-stand periods. Its northern wall in its 
lower course and mouth is bordered by Tuzla submarine landslide covering an area of 32 km2 

(Ozeren et al., 2010; Zitter et al., 2012) (Fig. 2A. This landslide involves multi-phase rotational 
sliding of some 250m-thick Devonian shales and a thin cover of Late Pleistocene-Holocene 
sediments. There is also a smaller landslide to the south of the canyon as can be seen in the 
bathymetry map and the seismic reflection line (Fig. 2A,B). These landslides on both flanks of the 
canyon were most probably triggered by the seismotectonic activity along the northern branch of 
theNAF. 

The Nautile dive show that the canyon floor is commonly covered by bioturbated mud (Fig. 20). 
General absence of recent erosion or sedimentary structures (e.g., ripples and scours) in the canyon 
floor is suggestive of recent low current activity and low sediment transport. However, in some 
parts of the canyon floor, N-S trending scarps formed by semi-consolidated sediment bed, are 
suggestive of differential erosion in the past. The canyon floor is colonized by a rich benthic fauna 
of bivalves, anemones, shrimps and foraminifera (Fig. 2C,D). 

Norlh imrah Canyon 
This is the only submarine canyon with a sinuous course in the Sea of Marmara (Figs 1 and 3A). 
The canyon is located on the relatively less steep (average slope angle: lO<l) south margin of the 
<;marclk Basin (Fig. 1). It is the second longest canyon in the Sea of Marmara, with a length of 
33.5 km. The upper course of the canyon is situated between the shelf edge at -90 m and the -350 m, 
west of the imrah Basin, and intercepted by the dextral North imrah strike-slip fault with a vertical 
slip component. The canyon displays branching in the uppermost slope area near the shelf edge 
(Fig. 3A). It is generally accepted to represent the offshore extension of the Kocasu River, which 
represents the largest drainage network in the entire Marmara region, supplying 4.64 km3/yr of 
water and 1.98 x 106 tons/yr of suspended sediment (EIE, 1993). It was recently suggested, 
however, that the canyon was connected with the outlet of the Gemlik "paleo-lake" during the last 
glacial period (V ardar et al., 2014 ). Absence of high resolution seismic reflection and bathymetric 
data hinders tracing of the shelf extension of the canyon. 
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The lower course of the canyon is located on a steeper margin between the imrah and <;marctk: 
Basins. It makes a sharp bend towards the northeast at -850 m water depth, near the eastern flank 
of the Central High, and opens to the southwestern comer of <;marctk: Basin with a 165 km-long 
and up to 6 km-wide channel (Fig. 3A). At the convex-inward part of the bend there is a point-bar 
deposition. 

The walls of the North imrah Canyon are marked by numerous gullies and erosional scours. The 
latter feature is mainly marked on the convex-outward part of the sharp bends in the sinuous 
channel. At water depths of 270-350 m, in the upper slope area, the V -shaped canyon channel is 
100-120 m deep and show deposition of layered sediments on the banks (levees). Thickness of the 
bank sedimentary sequence increases to the east towards the imrah Basin (Fig. 3B). The eastern 
canyon wall is occasionally represented by chaotic reflections suggesting mass-wasting deposits. 
The erosional and mass-wasting processes and deposition of the point bar in the canyon's channel 
all suggest strong current activity. 

Even though the upper course of the canyon is cut by the North imrali fault, both the seismic 
sections and bathymetry show very little fault control on its sinuous morphology. Such sinuous 
channels are widely believed to have been formed by turbidity currents (e.g., Shepard and Dill, 
1966; Wynn et al., 2007; Huang et al., 2012). The North imral1 Canyon was probably carved by 
the Kocasu River and the turbidity currents especially during glacial low-stand periods when the 
base level was lowered and the river directly discharged its water and sediment load to the shelf 
edge and the upper slope. 

~y and o1her canyons on the south-western slope ofTekirdag Basin 
These canyons off the Marmara Island on the south-western slope of Tekirdag Basin show 
branching with an upslope increase in the number of tributaries towards the shelf edge (Fig. 4A). 
The upper courses of the canyons are straight and branching, whereas the lower courses are curved. 
The ~arkoy Canyon and two other canyons to the east appear to merge together and open to 
Tekirdag Basin at ca -1100 m (Fig. 4A.B). Chirp subbottom profiles across the canyons and cores 
located at the canyon mouths show the presence of debris flow deposits and coarse shelly sand beds 
(Fig. 4B,C) (Zitter et al., 2012). The last debris flow deposit occurs within the marine unit, which 
has been deposited in the last 12.6 ka BP. 

The western flank of the ~arkoy canyon is formed by the Ganos Landslide Complex with an area 
of 80 km2 (Zitter et al., 2012) (Fig. 4A). The landslide complex shows an undulatory (wavy) 
surface and retrogressive slope failures. The general strike of undulations are perpendicular to the 
slope, which suggests several possibilities, including sediment waves formed by the undercurrent 
of Mediterranean water, slow downslope sediment sliding, creeping, and/or lateral spreading 
(Fig. 4A.B). 
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Flgur& 4. (A) Slop& gradient map of ncl1h ~Marmara laland, sou1hem slOpe ofT~ Basin, ahOIWing the 
c:enyons lnc:ludlna the lower oourte of the $alll4v Canyon. 111e c:anycns 81)pear to rnera& and op&n to 
Teldrdll!i &.ln. Alllo -n b GIIIIOili.An:llllil!l Complex Ill the Wl)lll -¥no 8trilce "'" Gera F~fl Fa­
lOcation - F".g. 1. (8) awrp aubbotlrlm pnlfil& at:rOSS 1he slope Gf 1he landslide and mou1hs of canyon&. 
all0¥.tlg th& tlllllllfiNIIl!l mass w11811ng da!l061t8. (C) Cor&s loea!&d at th& mou111 ol catlYQnll ocn111Wng dellr1s 
flow depoeiW (modlfl&d alter Zlt!8r fit R#., 2012). 

The SO km-long ~arlWy Caoyonl&locate<l at the conlinuatiOil of 1he S" of Marmara outlet of the 
c;anakkale Stnlil, and connects the -60 m-deep strait's channel with the 1100 m-deep south­
we8terll (:OI'Det of Tddrdaf Basitt {FI,p. 1, !lA). The CIID)'OD 18 l'e$po11.Sible fur U'allBpOitiDg the 
saline and dense MediteJ:rllDWI waters as the undeR:urrent to the deep Tekinfal Basin. It is 
illtaeepted at its mooih in 1he &outh-western Tclirdaf Basitt by the Btlih- slip Ganoe Fault 
segment of the NAF and further up by the subparallel S!rike-slip fllult!l branching off the Ganos 
Fault and having a rc:v-00111po!lC31t (Fig. 58).~ lawa: wa:rsc: of the Canyon i8 UIIidc:;rlain near 
WI mou!h by the Ganoa Landslide Complex, which partly oovers the Ganos Fault (Zitter et al., 
2012). 1'he eanyon bc:Dd3 towa.rd3 nortbea.at at- -400 m, aDd then follows the westcn edge the 
Ganos Landslide, tunring nOith-nDI:thean (Fig. SA). Several no~ triblllaries join the 
~a:ddJy Canyon from the alope off die Ma:l:ma.nl blaDd (Pig. 4A). 
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The Ganoa Landslide Complex ill ch.aracterized by high IIIi.croseim!ic activi1y displaying normal 
aDd striko-6lip foc:al mecbmilllll5 (Orgtoo. 2011). Tho seiamieity ill illte;qmlted to &bow NE-SW 
exteDBion and sliding of die Ganos I adslide Complex over a NB-<Iipping CIUBtal dewclmv::o:lt 
&urfaoe (Zhter et fil., 2012). The absence of high re&Olution mulli·beam bathymdrlc dala In the 
upper course of tbe canyon hindem a detailed moxphalogical analysis of the canyon'' channel. 
However, seismic ldlec1ion data &bow that tbe canyon ha8 aU-shaped profile in ita upper course 
clotie to the ~anakkale Slniit and a V-lih8ped profile in its lower co~~~~~edose to the TetiR!al Basin 
(Elgin u ol., 'JIXrf). 'I'll;; 8':iB:mic: datB display also slope failwl:& 011 both euWu mel WC8Icm walls 
of tbe canyon. 

Figure 5. (A) Olgllal ei!MIIfon model-balllymelly map of~ C8/rjcn (mccltllld aft« Glllcapn et &, 20101. 
Fer lcca!fon - {B) MuiU-dlannel seismic pro111& aaoas ~ canyon showing aelsmk: atrallg111Slf11C 
sequencea. Unit 1 Is probably of Ea!!V PUooen& age above a posslll& Maosslnlan erosional surface (slglrtly 
modified 8ller E'.lfn et at., 2007). 

Tbe thalweg of the canyon is draped by 25-3 m-tbict. Holocene mud consisting of so.bequal 
amounta of silt and day with minor sand (&gin e1 ol., 2007). The Holocene sedimentati.on mte in 
tb thalweg of the chmoel varieB from 20 aDd 25 cmlkyr. The avemge grain size of the aurficial 
wtimmt in d!c: ~011 ~ with wat.Q' depdl. This suggeaU a dawDslope ~of die 
cuaent screngtb. with deepening and widening of !be canyon channel (Brgin et al., 1991). The 
~~from tbe OIIIW'partof the c:anyonchanneloear its moa!h caotBin coarser sedi.mmts 
with up to SS<i> sand and gravel (Bigi:n et fil., 1991). The co~ grain fraction of tile aurfaoo 
aedimeDlli iDcllldee shells ofpelec;ypods,ga.stropoda, foraminifera, Olltlaoods, ed!inoida, bryozo8m 
aDd~ algae:. 
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Offshore Multi-channel seismic data and onshore stratigraphic studies suggest that the geological 
evolution of the Sarkoy Canyon and the <;anakkale Strait extends back to the Late Messinian when 
the Mediterranean was desiccated and then flooded during the Pliocene (Lofi et al., 2005; <;agatay 
et a/.,2001; Melinte-Dobrinescu et al., 2009) (Fig. 5B). During the Pliocene, the NAF as a major 
strike-slip fault, started its activity in the region and caused strong deformation around the Sarkoy 
Canyon (Okay etal., 1999; Seeber etal., 2004; Armijo etal., 2000; Sengor etal., 2005) (Fig. 5B). 
The most marked evidence of this deformation is the uplift of the -1000 m-high (above sea level) 
Ganos Mountain, north of the Ganos transpressional bend. The canyon appears to have been 
considerably modified since the Pliocene by cyclic glacio-eustratic sea level changes. During 
especially the glacial periods when low lake levels existed in the Sea of Marmara, the shelf and 
the uppermost slope regions were exposed to subaerial erosion and the erosional and depositional 
activities in canyons increased. The evidence of this increased canyon activity is observed by the 
more frequent submarine landslides, debris flows and turbidites found in cores recovered from 
the canyon mouths and deep basins (GOriir and <;agatay, 2010; Zitter et al., 2012; Grall et al., 
2013; McHugh et a/.,2014) (Fig. 4C). 

Low lake levels between 90 and 110m below the present sea level prevailed in the Sea of Marmara 
during the Last Glacial Maximum (LGM) and late glacial, which have been documented by the 
presence of shoreline terraces and wave-cut erosional features (Ergin et al., 1997; Aksu et al., 
1999; Eri§ et al., 20 11). Paleo shorelines at -85 m corresponding to the last lacustrine stage before 
the last marine connection 12.6 ka BP are present on the northern shelf (<;agatay et al., 2003; 
2009; Eri§ et al., 2011). 

Bosporus Canyon 
The Bosporus canyon connects with the shelf extension of the Bosporus Strait's outlet, i.e., the 
Bosporus shelf valley, on the northern shelf of the Sea of Marmara (Figs. 1, 6A,B ,C). The Bosporus 
shelf valley is broadly sinuous and winding (Fig. 6A,B). It joins the Bosporus Canyon at 60-70 m 
depth on the outer shelf. In the inner to mid-shelf area, the Bosporus shelf valley includes a 
channel-levee complex of early Holocene age (Eri§ et al., 2007). Near the junction with the 
Bosporus Canyon, the Bosporus shelf valley is U-shaped and displays some wave-cut terraces at 
-48 m and -65 m, and a berm at -85 m (Fig. 6D). The last feature is indicative of a paleoshoreline 
of the Marmara "Lake" (Eri§ et al., 20 11), observed in many locations on the northern shelf of the 
Sea of Marmara and dated -12 ka BP (<;agatay et al., 2003, 2009; Polonia et al., 2004). The 
unconformity surface together with the berm is draped by a Holocene marine mud unit. 

Figure 6. (page opposee) (A) Contoured bathymetry map of the northern shelf and northern part of the 
Cmarc•k Basin, showing the sinuous Bosporus shelf valley and steep slope (Eri~ eta/., 2011). (B, C) 
Multibeam bathymetry maps showing canyons (stars in map (C) on the slope and the shelf extension of 
Bosporus Canyon and Bosporus Strait's outlet (Bosporus shelf valley) (modified after Tur, 2015). (D) TOCIN 
Seismic reflection profile near the junction between Bosporus shelf valley and the Bosporus Canyon. The 
profile shows wave cut terraces and a berm representing paleoshoreline dated -12-13 ka BP (modified after 
Eri~ eta/., 2011). 
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The canyon's remaining course is located on the very steep (20-29° slope angle) northern 
continental slope of the <;marctk Basin (Fig. 6C). The canyon channel conveys a slow up canyon 
flow of Mediterranean waters towards the Black Sea. Below the junction with the Bosporus shelf 
valley, the Bosporus Canyon on the steep continental slope becomes gradually wider as it 
approaches the 1250 m deep <;marctk Basin. Within the channel thalweg, the surficial sediments 
are mostly mud, consisting of subequal amounts of clay and silt, and locally gravelly mud (Ergin 
et al., 1991). The sediments become fmer down the canyon, with a relative increase in the clay­
size fraction, suggesting northward increase in the current strength, approaching the Bosporus 
Strait. The shell (biogenic carbonate) content of the sediments decreases with water depth in the 
canyon. The shells consist of coralline algae, pelecypods, gastropods, echinoids, bryozoans and 
foraminifera. The deeper part of the canyon channel (>70 m depth) is characterized by a 
pelecypodal-foraminiferal assemblage (Ergin eta/., 1991). 

The Bosporus Canyon is likely to have a similar origin to that of the ~arkoy Canyon, although the 
faulting control is not so clear and the age of the Bosporus channel is disputable. WNW -ESE 
trending extensional faults east and west of the Bosporus shelf valley have been observed on 
seismic reflection lines (<;agatay et al., 2009; Gorur and <;agatay, 2010) and tectonic and faulted­
valley origin of the Bosporus has been proposed (Ytlmaz and Sakms;, 1990; Goka§an etal., 1997; 
~engoc, 2011). The oldest dated sediments of the present-day Bosporus channel are so far 26 ka 
BP (<;agatay eta/., 2000). However, the sediment infill belonging to much older periods may have 
been swept by the strong currents involving inflows and outflows through the strait, or may have 
been preserved only in the depressions in the basement of the Bosporus channel, which have yet 
to be drilled. 

Flooding of the Marmara "Lake" by torrential Black Sea outflows, especially during the 
interstadials and melt water pulses, was probably effective in carving of the Bosporus shelf valley 
and Bosporus Canyon. Such strong Black Sea outflow events have been reported during the 
interstadials of Marine Isotope Stages 4 and 3 and the Melt Water Pulses during 16-15 ka BP 
(Chepalyga, 1995, 2007; Bahr et al., 2007; <;agatay eta/., 20 15) and just after the Younger Dryas; 
the last event is evidenced by the formation of the channel-levee complex in the Bosporus shelf 
valley (Eri§ eta/., 2007). 

CoNCLUSIONS 

The Sea of Marmara canyons occur on the steep slopes (> 10°) of the -1250 m-deep transtensional 
basins between the splays of the right lateral North Anatolian Fault. They are commonly short (1-
3 km), except for the the izmit, North imrah and ~arkoy canyons which are 36,33.5 and 50 km 
long. The canyons started forming by tectonic and erosional processes mainly during the Plio­
Quaternary, when the basin margins were uplifted and the deep basins subsided. Some of the 
canyons such as the izmit, ~arkoy and probably the Bosporus canyons occur on faults or fault 
zones. However, their subsequent evolution was strongly influenced by climatically controlled 
cyclic sea (lake) level changes. The ~arkoy and Bosporus canyons at the extension of the 
<;anakkale (Dardanelles) and Bosporus straits have evidenced passage of large water masses 
between the Mediterranean Sea and Black Sea, and their morphology was strongly modified by 
erosional and depositional processes, especially during interstadials and melt water pulses, when 
one-way flow regime operated through the straits and the Sea of Marmara. The sinuous North 
imrah Canyon most probably developed at the shelf extension of the Kocasu River by erosive 
activity of the turbidity currents. Mass wasting and turbidity current activity in the canyons were 
more frequent and effective during the periods of low sea level and transition from lacustrine to 
marine conditions in the Sea of Marmara. 
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Currents and sediment fluxes in canyons and deep outflow 
channels at the southwest Cretan margin (Eastern Mediterranean) 

Kontoyiannis H., S. Stavrakakis, A. Karageorgis and V. Lykousis 

Hellenic Centre for Marine Research, Greece 

ABsrRAcr 
A general picture is provided for the deep current and the lithogenic sediment-flux regime within 
the Samaria Canyon, south of Crete, and the deep channel to the west of Crete were Cretan Dense 
Water can potentially outflow into the Ionian Basin. The relevant phenomenology concerns the 
periods a) 1997-1998, at the west Cretan outflow channel, b) 2005-2006, at the Samaria Canyon 
and c) 2011-2012, at the west Cretan outflow channel. In 1997-1998, a strong southward bottom 
current (mean speed -15 em/sec) was associated with the dense water plume in the Cretan outflow 
channel. In 2005-2006, the bottom (1600 m) and the intermediate (1000 m) flows in the Samaria 
Canyon were topographically controlled with weak mean speeds (-2 em/sec), the lithogenic fluxes 
were very weak, lower than 100 mg m·2 d-1, with an indication of a possible lithogenic input from 
the land in the winter period. In 2011-2012, no dense plume was observed in the west Cretan 
outflow channel, the bottom flow was southward along bottom contours and very weak (mean 
speed -1-2 em/sec) while the lithogenic fluxes were lower than 120 mg m·2 d-1• 

INrRODUCI10N 

Most submarine canyons are located at the continental margins of the world ocean. Therefore, 
they are the natural conduits of settling mass that is transferred from the continental shelf to the 
deep sea (Gardner, 1988; Huang et al., 2014 ). The oceanographic published record includes many 
multidisciplinary studies combining analyses on hydrodynamics, particulate matter dynamics and 
settling fluxes in canyons. Some informative studies on European submarine canyons exist for the 
Cap Ferret canyon (Ruch et al., 1993), the Grand-Rh6ne canyon (Durrieu de Madron, 1994; 
Durrieu de Madron et al. , 1999; Palanques et al., 2008) and the Cap de Creus canyon (Canals et 
al. , 2006; Lastras et al., 2007). The deep outflow channels are in fact canyon-like bottom structures 
in which newly formed dense-water plumes cascade towards the deeper oceanic layers. These 
dense plumes often originate in shallow marginal seas and then flow over a sill into the deep ocean, 
as is the case of the Cretan Dense Water outflowing from the Cretan Sea into the Ionian and the 
Levantine basins (Figure 1, Figure 2). 

The HCMR (Hellenic Centre for Marine Research) participated in EU projects, such as PELAGOS 
(Insights into the hydrodynamics and biogeochemistry of the south Aegean Sea, Eastern 
Mediterranean) and MATER (Mass Transfer and Ecosystem Response) in the mid and late 1990s, 
that included investigations on the Cretan deep outflows, whereas in 2005 and 2006 its participation 
in the HERMES project (Hotspot Ecosystem Research on the Margins of European Seas) was 
specifically targeted on issues related to the Samaria and the Lithinon canyons south of Crete 
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(Figunl2). HERMES involved the acquisition of time seri8s of c:UIIell1li and aediment·ttap fluxes 
in these c:anyon& &l.oDg with buic: hydrogn!pbi.e SUIVC)'B in the wiclc:l: atudy area south of ~te. In 
2011-2012,inlbeframewod:oflbeHERMIONBprojeet(Hocspot&osyatemR~andMan's 
Impact on EwapeanSeas), HCMR cominued with the sim:ultaneowl investigation oftbe deep flows 
and the !ediment-hp fluxes in the deep oulflow channel to the west of Cn!te ~ 2). 

P.reviou oc:-eaDographle worlt in the apedfic study area sooth of Crete in-roms basically 1he 
hydrographil: investi38tiOOG in the framework of lbe POEM (Phy£ical Oceaoogiaphy of the F••tem 
MedUmanean) project in tho period from the late 19808 to tbe mid 1990s. POEM focwled on the 
aub-buin c::imllation IJ1m;tUml in the East Mcd.itc:;amean, inchu:ting the area aouth of~te. thus 
providing valuable illformadon on the 1111\lor circulation ~ affecting oor 8Wdy are. 
(Rohinson et al., 1991). Plevious wade. that ~krs to lbe Samaria and Li:tbinon Olny0118 is by Alves 
et al. (.2007) in wbich it is suggosted that their developmont on the slopes c:an be Rllamd to tho 
pr-.acc: of a~Jb..licrial. canyOII.IJ 0!16hore and fziable substrate rocb on 1he wlllilu:atal alope. 01her 
previous woik tefers in 1he atea tefer& to the submarine slides in the Utblnon Cmyon (Huson and 
Foman, 1985), lbe mlation.sbips between enzymatic activities and organic clll:ban in sediments 
(Polymellllkou ~t al., 2008), and tho biochemical composition of sedimentary Olpllic m.atter 
(Po81;eddl• et al., 2010). 

The main simof tbis paper is to provide anovezall p:ic1ure of the deep Clllmll8 and ~fluxes 
in tbelle deep channels over a period from tho late 908, i.e., tho years of the MATER project, to tho 
mid 2000, i.e., 200S and 2006 durillg the HERMES project, to d1e paiod 2011-2012 dm:in,g lhe 
HFRMIONB project. The deep current meter and eedlment-flux dal2 In these c~~nyons are 
acc:ompanied with hydrograpbU: data of profiles of physical wamr c:llaracteristics. 
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Figure 1. Gross baltom ~fll{hf ct 1he Cretan ~n .-.lhe E&lllllm Medllllrran&an. 

Pll!w SAMPLING AHD MBliiODS 

Ill aU tho p:rojeda men1ioncxl above, the hydrograplili: wod:: was c:a:aied out "Yia a Sea-Bird 
llloc1ronlc:s llpiiU CI'D profllezthat we& lowered in die wau:rcolumndown to a.depdl of-I-Sm 
above tbe sea. bottom. In most, bat not all, of lbe hydrograpbic: smveyuddi:tional sensor& of light 
transmi••ion and dissolved oxygen senson wen auached to the Sea-Bird ClD underwa!er llllit. 
The ligbt nnomjssiom meMII:Rmellta We« acqiJiRd with a Cbdsc:4\ .ALPHAtracka MkJI 8ell80f 
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that mea.!IIIM the intensity of a well-collimated light beam of 660 nm at 2S em from ib emission 
point, The: light 1ra'Damiuion llleaBIII1:111C31t .iJ expm!ICd in tcrma of die pc;n:a~t ratio of 1he light 
Intensity at 2S em away from che emis&lon to 1he li&Jit intrnslty at lhe emlulon point. 

Figure 2. Elcpanded VIew olllle study area 10 111e soU11!West o1 Crete. The bold lines noted aa '4' and '5' 
hlca1l8 the axes ~the Sam IIIIa and the Ll1hlnon Canyons reapedh'ely. StaUcns A13, HWC and C48 are 
moo~r~g loce!fons cUtlg the MATER (1997·1998), th& HERMKlNE (2011-2012) and the HEIIMES (2005-
2006) E\J pro )&cis, rapectt<~Wt. All CIC I 888 rdcUI CID poaltb 19 du~ng the HERMES prof&Ct, The IJOO.m 
(red) llOttom ocrrtours to the nort!MMt ol Crete rdcUI the locallon of the ell! bel-. the CnMM Sea and 
the Ionian S9a. Locatlone A13 and HWC are In the ch~Plei of 1h& Cl'etan Dente Wetet ou1ilow 10 the WNt 
ol ~. whlc:h ''~the W'QIIIed Anllkylhera Shit. 

The moorings -insUum.eofed wilb sediii!C3lt trap11 (PPS313 Technicap with 0.125 or co11ecting 
an1a 8lld 12 R!Ceiving cups) 8lld Aanderaa CUIIeu1 meters (type RCMS 8lld RCM9). 'the oear­
bottomttllpf&Dd waa~tmeters wen: poeitionedabout 1$ mabove die bottom. Tbeaualyac:e of die 
sediment-trap material was for O!ianic and inorsanic carbon, biogenic silict. and lithogenic 
frac1i.on. We wiD report b.el:e on lh& lilhogenic fraction, wbicb in general oc:c:upies the gnllllellt 
pc:m:311age of the total .....!jmc:at -.talt. 

The preparation of 1he sediD'll'>!t traps and sample pmcessin,g followed the protocol ofHeusmer n 
al. (1990). Briefly, upon mcovezy of the trap, samples well!> stol:ed at 2 oc in the dark until 
~. Swimmm WCR ~moved by sic:ving 1he sample through l mm nylon muh, and lhca 
by band under a.li8bt mi.a:Qsc:ope usin,g fine tweezen. The subsamplin& was obtllined 1111ing a. 
peristaltic pump (Perimalic Premier, Jencon.s Ltd.), an ortri.lal stim>r, a round-fla.U:. and glass 
beakeD. The subaamplu we~:filteml ontodilfemn filter types (e.g. Millipn0.4S J.llllDanrin•l 
poresizeforopal aDd Wbatm•n GFIF0.7 Jllllnominalporeslze fororpnlccatbon) and rinsed wilh 
filmed seawala' befce they waun.sJ:yz.ed. T01al mau filiUS - c:alml•l!eil for an samples. The 
major CODBtitueD.tB well!> determined aoc:oidiD,g to Molw:o n aJ. (1990) as folloWB: opal (bioge;oic: 
al&a.) was deti uuiued wilh exlr8C1ion of llillca into 2M Na,_CO, &Ollltion at&$ •c for~ (Mo:rtlocl: 
and Proelic:h,1SI8SI), m:pnic ll:l.8!mr wa.!! determiDed by doUbling paltiC'IIlate Olpllic carbon values 
(Ootdon 1970), tho carbonate content W1IB c:alculated aa inorganic carbon x833, the lithogeuic: 
compoDent (quanz, feldsparl), cakite, alumillos:ilk:ates, ~vy m!Derab) was calculated by 
suhtractin31he concentration of lhe other lhree CODS!itaents from the tolal wei&Jit. 
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Figure 3. Pro!les of 88llnlty, potBn1lal temperature, llssolved 
oxygen and potetrtlal density at station A13 In January 1998. 
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Figure 4. Progre.Ne 
vectgr d IIIIJ 111111 of 
bottom c.vrent at A13. 

The late 90s we& a period durillg which ~ in~Niflcation and dc:IISifieatiOil of the outilow of the 
Ctmn Daise Water through the Cldan Straits, that started in the late 80s and peaked in the mid 
90s ( 1 995) and at that time wu dense enough to ~upy the bottom layen of the East 
Mediten........., wu fudher-uning (Roelbc:a-etal., 199.5; ':['be(K:ha:J::iB u <d., 1999; KomoyiamliB 
n al., 2005; Theoc:haria n al., 2002). F'J311re 3 shows hydrographic profiles at sution Al3, at tbe 
west CietBn Straits in Jamwy 1998. Tb.el:e is bottom layer of CietBn Dense Wat!or e:mmdillg from 
~ m do"WII to the boUom at ~800 that is~ by bighca: denBily, twip<aidul\>, &alinity 
and oxygen. This deNe watel' ma.u is oulflowing from tbe Cretan Sea towards the soa!h 011 tbe 
bottom of the outflow clumnel. Figu1e 4, which ill a ~ssive vector diagnun of the bottom 
c\DT\:31t at Al3 fen: the period JUlie 1997-luly 1998, shows dli& bottom outnow. Ac:ooonlio,g to 
Figure 4, the progressive vector diaplaeemelli& of~ bottom current are ditee1ed to the soulh 
(-170"-180") and travel a total disWlce of approximately 4600 tm in about 13 mon1hs, which 
implies a mean cm:m~t speed of -15 cm/ll'liC. ThiB is a substantial bottom flow. Stronger bottom 
C1111elllll reacbfng ...40 em/tee were obflerved in the mid 90s (1994-1995) in the outflow clwmela 
to the east of <::me attbe Ka.!lsoa Strait(Komoyiannis,l999). 

b. B)lhutJ ... 'i•""*'H'IIIIIIi ~- :fllas in200S-1JX16 
Figure S shows~ h:ydroppbic profile& within the Samaria canyon at scatinn C48 in May 200S. 
The salinity maximmn (-393) bdweG~ 100-200 m is the Levantine lrl1amedia1e Water (LIW) 
thati& alBo acc0111plllliod by a 1~ oxygen mninmm. The oxygen mjninmm recorded at ...(i()()m 
I& dqe to tht 'rl'an$iliODAI Meditell'ai1Ull Water (TMW), A weak aod broad mgim1JID in !be $8lilrlty 
profile between -1400-2000 m is due to the contributions from ~tan Dense Water (CDW) 
outf1owll in !he yean after !he early 2000s (Theochari& u al., 2002; Km!toyiannia et <d., 2005). In 
thoee years the CDW was DOt dense e110ugh to reach !be bottom of !be eastern Mcdll=anean, but 
in tht vicinity of !be Cretan Stnlits it was spreading in layen between -1000 m and -2500 m. 
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May2005. 
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Flgur& 6. PrograaaMI vec10r diaGrams forth& cumlllrt8 at C48 ~ lha pettod May 2005-May 2006 (panel 
'a' forth& bottom curent at de!lCh 1960 m, and panel 'b'for th& currant at dell1h 1000 m) and lha bottom 
currant at dep1h 1500 mat HWC {panel 'c') dU~IIg th& period May 21)11-Aibi'Oua/V 2012. Sc81881n X·Y 8lC88 
are th& sam& for panels 'b' and 'C', whereas there IS a 50% reducllon forth& x-y 9C8Ieos In panel 'a' rela!lv& Ill 
'b'and 'c'. 
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Tbec:llllent at tho boUmn of the Samaria Canyon atC48 with a depth of 196'0 m is predominantly 
to die soulhWQt, i.e., &long die c:anyon uia, wilh a IIICaD speed of -3 c:m/~ (Fi~ 6). Strong 
topoppblc C4!11lrolseEmS to exist at 1hl& pollilion aod deplh. Highel' in tho walei'CXllumn at 1000 m 
at C48, the current however is mostly &long a northwest-to-southeast line. Thia orientation agees 
with the ge;nend ciR:ulation in tbis 111\1.1!. whidl is, 10ugbly, parallel to tho CrlllaD IIOIIIh c:oa.st, i.e., 
die orientation of the 1000-m depth c:onto\11' (Figure 1}. The mean epeed 118 1000 m b a liu!e 
weaker, around 1.8 cm.lst:e. The speed maxima do oot exceed -14 cmfsec at both depehs. 

Tbe ~ series of die lilhogenie c:omponcat of tho IIIIIBB illlll at C48 is shown in FigaR: 7. The 
lilhogeruc c:ompooent I& in genml more chan SO% of the cocal ma.ss flux. 
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The lilbogenicm.ass flllxea arec:ll.ar:aaerized bylowvalllea: lawerfhan 1001118 ~ d·1• The boUmn 
fluxes show aeoo!inllillg ~.~the inteo:nediate f!lllteti show a loc:al weak peakan:IUIId 
JIID.IIllt)" aDd Febroaty 2006. It is po~~sib~ !hat wi:o.termiDfalls in 1b: same pc:liod migbthave cmiiCd 
~nic input at the coastal areas of soldh Cniie and ihil input may affect the intermediate flllxe8 
at 1000 m 118 it propaglltes ol'lilhore and aint:s. 

c.B,W~t~.Y\7.aa:t...,lllld~IIIIU:Ihw:.tin~11-~12 

Fi~ 8 shows the hydn.;gr:aphic profiles at station HWC in Febnwy 2012, whma!! Figure 6 
pa:oel 'c:' shows the progrenivo vector diagram of the bottom cumlllt at the aame station. No sharp 
chauge8 of the hydrologic pwpa:ties (temperallm:, saliaity, deoaity), which would~ a 
boUmn plllme 8.!1 in 1998, are detected near tho boaom. The bottom C'llllalt is in genetally din:lc:ted. 
to the south, paralJel to tho bathymetric contours, but is eX1mnely weak(- 1-2 cm.lst:e) and near 
the lb:shold ~Oil Cor most of the deploymcat pc;riod. 

F'igure 9 shows the -om of the lilbogenic component of the mass flux at HWC fwm May 2011 
to February 2012. Low-flux values again cbanictaize the lilhogenic: flux R!gime in the An1:ik:ylhem 
outflow cb.aa:nd. ODe poNibility Cor the~ value3 oflilho~ matmal. in late Ma.y 2011 
is the input from the atmospbere info the Cletan Sea which in period8 of predo:rninam soa!herly 
winds, such as mid and la1e spring, is dominated by African dust that is tnlll.&fm:ed nDitb. 
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~ compk:x botlom-brllin oflhc: ooutiuemalM~ mll:Egin lodle 80Ulh ofCrl::e illchlde8 
deep canyons, such as the Samaris. and the r ittrinon Canyons that start from die near share 8ftiA 

south of O:ete 8lld plunge down inlo the eastem Meditma.nean at deptha ex<'«din,g 3 km, but abo 
CIIIIOD.·~ cllam!.c:ls of 1hc: <::mm ~ Watc;r ou1flow dW stait from die sillaxu. of~ <::mm 
S1raits and 83ain descend inlo the deep east Meditemmean. We provide a brief overview of deep 
cWietd:i and lithogeai.c sedimem ftux.es in these boaom geomotphologic ~s (canyons and 
deep outflow cbaunels) in~ &Outhwe.rta:n cmm margin wid! yea:dy-lcmg obac:tvatioaa dllliug 
1he period$ 1997-1998, 2005-2006 and 2011-2011. 

In 1997-19981hc: den.se Wlller plume on the bottom of the wm Cretan outflow cbannel created a 
stllmg sou1hwa:rd bottom C111'R)Dt (mc:an speed -lS cm/SQ;), In 2005-2006, die botlom t1ow at 
1600 m and 1be flow at 1000 min die Samaria CAnyon- topOgl'llpldcal CO!ll1'<llled with we& 
mean speeds (-2 em/sec), 8lld lhe lilbogenic fluxes lesa than 100 mg m2 ct1• '1'hele was a possibility 
Cor inl:zeaaed lithogenic: input from the lmd in tho wiDtel' peziod.ln 2011-2012, then~ wu uo den.se 
O'lltflow plume in 1hc: west Cretan outflow cJunncJ. However, 1be bQuom flow w&$ southward 
along boUDmcoutoars bmvezyweak (mtan speed -1-lcmfsec)wbile the lithogenic flaxes­
lowerthan 120mgm·ld·'. 

• tbi.s chap1l!z is lD be ci%ed as: 

Kontoyialmis H., StamWkiB S., Kllrageoigis A., Lykouaia V. 201S. Cuueuts and sediment t1uxes 
In canyons alld deep ou1flow clwmele at the 801111rweet Cretan margfll (Bulem Medllemnean). 
pp. 137 • 143 In CIBSM Monograph 47 [F. Briand ed.] Submarine canyon dynamics in the 
Meditem1De1111 and lributaly seas • .AJ1 integrated geologieal, ocoa:nographie a:od biological 
peaepecdve, 232 p. cmsM Publlsh.e:r, MOIW». 
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Interdisciplinary investigation of off-shelf transport in the 
southern Adriatic Sea: the role of Bari Canyon 

Sandro Carniell, Alvise Benetazzo1, Fenlinando Boero2.3, Alfredo Boldrin1, 

Fnmcesco M. Falcieri1, LeonanJo Langone4, Mauro Sclavo1, Marco Taviani4 , 

Fabio Trincardi4 and Davide Bonaldo• 

1. INIRODUCI'ION 

1 CNR-ISMAR, Venezia, Italy 
2 Universita del Salento, and 3CNR-ISMAR, Genova, Italy 

4 CNR-ISMAR, Bologna, Italy 

Submarine canyons (SC) are submarine valleys with walls of variable steepness, often 
characterized by tributaries, deeply incising the sea floor of the continental shelf/slope, and mostly 
continuing seaward (Shepard and Dill, 1966; Hickey, 1995) . The submarine canyons of the 
Mediterranean Sea are more ubiquitous than perceived, where the availability of recent 
investigation techniques yields more than 500 structures (Harris and Whiteway, 2011; Harris and 
Macmillan-Lawler, this volume). 

Historically, the first motivating reasons of interests for SC exploration trace back to economic 
reasons, such as exploitation of fossil energy reservoirs or sand deposits, and engineering pipelines 
deployments; more recently, the scientific community realized that these deep regions play a key­
role in ecosystem functioning (Wiirtz et al., 20 12) both for a series of physical, biological, chemical 
aspects (reflecting on biodiversity, climate change issues and fisheries), and for their role in 
connecting continental shelves to deep ocean regions as well (and possibly vice-versa). 

Indeed these deep incisions within the sea bottom act as tipping-points and natural accelerators, 
conveying relatively large water masses from "shallow" regions to "deeper" ones in cascading 
areas, whereas in other areas they are often the trigger of upwellings. In both cases, they reduce 
the residence time, increase the mixing rates, allow organic and inorganic particles to be flushed 
and/or resuspended, so enhancing local productivity and boosting food webs. 

Although recent efforts have clearly demonstrated the pivotal ecological role of Mediterranean 
SC, resulting in an increased number of studies (e.g. Della Tommasa et al., 2000; Boero, 2015), 
much remains to be understood about their functioning mechanisms. Reasons are multiple, among 
which technical difficulties in operating and obtaining measurements in deep marine regions, 
different jurisdictions on waters and military use of bottom areas. In addition to this, the 
intrinsically interdisciplinary approach required to fully understand the complexity and ecological 
role of submarine canyons has been hampered by a long-lasting reductionist approach, based on 
the processes division into "scales" (both spatial and temporal) . 
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In the Mediterranean, several large canyon systems are hypothesized to have been formed at the 
time of a drastic sea-level lowering in the late-Miocene (Messinian), and ensuing refill, while 
many others, typically smaller in extent, reflect the evolution of continental margin during the 
Quaternary. In the latter case, global sea level oscillations played a key role in connecting the head 
region of several canyons to river valleys down-cutting the entire continental shelf at low stands. 
In such cases, canyons that have been connected to a fluvial feeding systems may have undergone 
significant processes of down-cutting by turbidity current likely generated through hyperpycnal 
flows. Many questions about SC remain open (Wiirtz et al., 2012), related also to their origin 
(retrogressive failure indenting the shelf edge, erosion by turbidity currents, subaerial erosion of 
the upper canyon, sidewall erosion related to sediment movement down the canyon). In certain 
Mediterranean settings, the role of erosive cascades of density bottom-hugged currents originated 
on the shelf and capable to flush a canyon mimicking a low density turbidity current flow is 
becoming evident (Malanotte-Rizzoli et al., 2014). This is the case of most canyon systems located 
on North Mediterranean slopes (Gulf of Lion, Ligurian Sea, Aegean Sea; e.g. Canals et al., 2006). 
While these canyon settings are impacted by the flow of cold water during major Cold Air 
Outbreak events from northerly winds, the south Adriatic slope is impacted by a similar 
atmospheric process but more indirectly and with a significant buffering effect induced by the 
orientation and extent of its broad shelf region. 

We use the Southern Adriatic Sea as an ideal study area for investigating some of these open 
questions, suggesting a possible multi-disciplinary approach in order to shed some light on 
processes such as: the interaction between open-slope and canyon dense water downflows, the 
canyons' role in triggering upwelling currents in a circulation cell (that may lead not only to off­
shore, but also to on-shore fluxes, with paramount ecological implications, Hickey, 1995; Canepa 
et al., 2014; Boero, 2015); the interaction with the bottom boundary layer and the canyons' role 
as bottom shapers; their relationship with meteoceanic events taking place on the continental shelf. 

2. MEAsUREMF.NTS AND MODEI.LING APPROACHES IN TIIR SoU'IHERN ADRIA11C 

The Adriatic Sea is a semi-enclosed, basin in the Northern Mediterranean Sea (see Figure l,left 
panel), elongated in the NW-SE direction. Its northern sub-basin, gently-sloping and nearly 50 m 
deep on average, spans from the gulf of Venice to south of Ancona, providing a broad basin for 
North Adriatic Dense Water (NAdDW) formation by surface cooling under the effect of dominant 
cold northeasterly winds. South of Ancona, the bottom depth drops from 150 to 280m below the 
mean sea level in the I abuka pit. 

The shelf eventually breaks off the Apulian and Albanian coast, dipping into the Southern Adriatic 
Pit, 1200 m below the mean sea level. The SAP is connected to the Jabuka Pit by the Palagruza 
Sill in the North, and to the deeper Ionian Sea by the Otranto Sill in the South. As an interface 
between the Mediterranean and an epicontinental basin acting as a cold engine for regional 
circulation, the Southern Adriatic Margin is thus a crossroads for a variety of hydrodynamic, 
geological and biological processes. 

During the last decade, observational investigations of dense water dynamics in the Southern 
Adriatic Margin underwent a change in strategy in the wake of two major elements. 

On the one hand the appearance of the first large-scale seabed mapping at an unprecedented degree 
of detail, obtained by the joint use of traditional sampling techniques and new technologies such 
as multi-beam echo-sounding (Ridente et al., 2007; Trincardi et al., 2007), allowed to identify 
patterns of geomorphological features indicating the occurrence of partially recognizable 
hydrodynamic regimes (Verdicchio and Trincardi, 2006). On the other hand, the advent of 
relatively high-resolution modelling at basin scale (Carnie! et al., 2009), made possible by 
increasing computational capabilities, allowed a more detailed description of Dense Water (DW) 
preferential migration and cascading paths and their spatial scales. These factors, together with the 
increasing awareness of the strong space and time variability of DW dynamics, progressively 
drove the measurement approach towards a long-term, high-frequency strategy relying on the 
deployment of fixed moored instrumental chains on some key zones of the continental margin. 
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'I'IIc# wm: idcatified based 011 geological and modemng c:We. of DW ac1ivity, and sod1 point 
observations were flanked by a set of tmditional (e-3. CID, XBT, L-ADCP) and non-traditional 
(Seismic OceBDr~g~aphy, Mic:to-ati:UcCllre lllrbule:nce profiling) mea•Ol'emems carried out dllling 
ocoaaogn~pbi<: cruise6 for providing aspatilll pic1unl ofDearly-instmta:neoua illformllfion, 

After eadler worb (e.g., Bipami f!t al., 1990; Villbi6 and Otllc, 2001), an extensive, 
intenlisciplinsry da1a set was collected on the Solllhem Adri.a!ic Margin Slid on the Bari canyon 
in particular during the last decade, in the fillmewori: of a IIIIID.ber of national and intemati.onal 
c:fli:n18, -has EuroSTRATAFORM ~ (Ridemc: et al., 'JJXJ7; 'l'l:i:al:mli f!t al., 2/:m; Tul\:heuo 
n al., 2lXfl) or ADRIASEISMIC Oceanographic cruise (Camiel et41., 2011). 

Togc:ther with tell:lpc:l'lllme, salinity Slid C~~~Tent velocity, swpended Hdiment samples were 
collected at lhR!o lllOOiillg sites on the main branches of the Bari canyon and the neighbomin,g 
QPe11 slupe IIQdh of the oondlllts from Mardi 2004 to AprillOO$ (Turc.betto f!t al., ?Jm). A longer 
campaip was set up from Mareb 2009, asain an tbe two cb•nnds oftbe Bali canyon but with a 
thin! mooring deployed down-slope and south of the canyon. 

An e-ptiooal. c:oolillg episode <MGU<:d in winter 2012, providing a paiawount oppoxtu:uily for 
ln~tlgatingDWd:ynaallaJ:to1hl&end,twodedlcaledrapidendronmental~mentcampalps 
lll!llled Operation Dense Water (ODW 2012) Wille cmied out from lalle Man.:h to late April20ll, 
and~ by a model~ven sampling stta~egy. 

The la!ge amoont of data co~led during the ODW 2012 campllip and the mooring a<:Q.vity, 
together with those recorded in the Noltbern AdrWic especially dming tbe 2012 Cold AirOulb:reak 
event (Mihanovic f!t al., 2013), provided a sound validation set for a variety of o:wnerical model 
experiments aimiD,g at a broe.d eh.anlc;terization ofNAdDW dynamie& a:nd their drivers. 

NAdDW formation, ~ and ct~$Cftlf!ng have been modelled by means of tbe COAWST 
(CoupledOcean,Atmospbere,Wave,SPAimentTranspalt)System(Wamernal.,2010),coupling 
a fully 3-D, primitive equa!icm, hydrodynamic model (Regional Ocean Modeling System, -
Shl:hc:pc:tkin and Mewiiliams, 200S), a phase-avc;ragcd apcc1ral wave modd (Simulating Waves 
Nearshore, see Booij u al., 1999) and a -e<llment tranepott module (Co-unity Sediment 
'Transpolt Modeling Systan. see Wamernal.,2008). The syaan was implrmenmd wilh refl:ftnce 
to the period NovemberOl, 2011 to June 30,2012, over an eddy-pecniltingngular grid with 1 tm 
bori71!!!tal m10lllli011, and vmically wbdmdc:d into 30 ta:rain-!ollowing levels,~ in order 
to acbieve lmpr.oved resolation close to the swface (for belle!' describUlg <:eo ling and densiflcation 
processes) anddosetothe bo1tom (aimingtoc:.apiUre vertical variahili1ywilhin the boUom-lnlgging 
DW vein). While a complete desa:iption of the model settings can be found in the wolks by 
Benetazzo f!t aJ. (2014) and Omriel et 41. (201Sa), it iB wonhwhile ree-oDing here that the aet of 

147 CIESM Worbllop Monogrepha n'47 

                             3 / 12

https://ciesm.org/catalog/index.php?article=1047


 
st1BMAR1NE CANrON DYNAMICS-Somll110,1tatt. 15 -18 Apil2015 

implementations was cbaraocterized by diffemtt combination of fon:ing factors aucb as tides, 
ri:vc:~ iapld, ~D.ts and waves, sc:lcdi.vely aclivatcd or deactivated in order to in'mJligate 
lheir effects on DW dynam!~ and lbelr lntemlaliona. 

3. OBsii&VATICJNS IN 11m AoluA'DC - BAlli CANYON AND S0ura AoluATIC MA:8aiN 
3.1 Goco•MM~~J eeaillg 
Tbe Sou!bem Adriatic Margin (see Fi~ 1) was shaped during the last half million years over a 
teetouic IJ1ItlctUnl of Mesozoic caxbonate platforma COIIIrolliD,g lateral yariehiJity in shelf width 
and dip gradienta (De' Domillic:i.$ and Mazzoldl, 1987). Local margin dlla and deformatiOIIS are 
nevel1hdeu controlled by patttms ofPleistoca:te ~sive mqaenc:ies, wha:e ma.!IS wasting and 
alope failunl gave lis& to deep inc:iBiana on the shelf edge. Tbe pro~ve evolution of these scars 
towards a <:aDyOD CODfiguralion (su.c.h as in lhe ease of Bar! Qln)'OII, F~ 1) or: a alicle-<lepoelt 
fonn (Gondola a!ifle, see apin Figure I, ript panel) depended OD tbe frequency of failure and tbe 
locatioo of the head with II!ISpectto lho ~.controlling tbe capability of capturing denao bottom 
cum:nli dw:iDg both highstand (denae shelf wider eaac:adin,g) or lowstaDd (sedimenJ-drivca 
llll'bidity Clll'rents, see RillenJe et al., 2007). 

Thus tho~ ~of tho Bari canyon sysmn (Figure 2), approximately 10 km wide and 
ertmc!ing ~for 30 km.,~ oflhn:e sub-parallel ~ts carving the oomincatalslope 
in the W-R direction. The 11011hemmost oonduit, referred as Moat A (Trincardi et al., 2007) is 
sinunua, sl~ed, downslope-broadening, and displays erosional fea!unls on il! nodhem 
aank. aDd lih:ly umddy deposit~~ on the soud:ll:m cme. South of Moat A, two llhdf-indenting 
chmnds develop with a sipificanJ cross-slope variability in mOiphology and gradient. Adjacent 
to Moat A, C'hannel. B appearastraigbt,ooDfillledanderosional in the upper slope (down to 620 m), 
nmower and sil!uous down to 750 m and eventually men defined unlil di.&apP""'ring in water 
depch.$ paltZ than 1100 m {Trlncardi et al., 1JX11). The aouthemmo.t conduit, idenlified as 
Channel C, is broader, straight and asymmetric, being separated from Channel B by a genlly­
aloping (0.6~) mounded Rllief in tho north and fhmked by a ateep southem wall in the south 
(Ridente et al., 1JX)7). 
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At a smaller scale, the Bari canyon system exhibits (see again Figure 2) the marks of a complex 
morphodynamic activity, involving the conduits and the neighbouring slope. Seismic profiles show 
a lateral spreading of the southern levee of channel B towards conduit C, consistently with flows 
predominantly overbanking to the right of the conduit (Trincardi et al., 2007). Furthermore, 
erosional features in the median relief between B and C suggest the presence of energetic mass 
exchanges from the northern to the southern channel (Ridente et al., 2007). Along the southern wall 
of canyon C, approximately 700-850 m deep, furrows have been observed, prevailingly oriented 
along-axis and progressively right-veering downslope (Verdicchio et al., 2007). About 10 km 
seaward, at a depth ranging between 800 and 950 m, sediment undulations oriented in the NNE­
SSW direction and with wavelength of 700-1300 m have been described by Trincardi et al. (2007) 
and Foglini et al. (2015), where mooring DD was positioned. 

Interestingly, even south of the Bari canyon the continental margin towards the Otranto strait 
appears marked by highly-energetic, nearly contour-parallel currents (Foglini et al., 2015), with 
extensive erosional fields along the slope change and a transverse scouring involving a canyon 
system, formerly delivering coastal sediment to the deep basin during the Last Glacial Maximum 
and now relict and partially disconnected from the shelf. 

In fact, a manifold pattern of erosional and depositional bedforms indicative of a strongly space­
and time-variable hydrodynamic regime (Verdicchio and Trincardi,2006) studs the whole South 
Adriatic Margin. Their metrics and disposition, made readable by new techniques of multi-beam 
echosounding combined with stratigraphic chirp data (Foglini et al., 2015), mark on a broader 
scale the activity of interacting bottom currents at the edge of this reach of the continental shelf. 

32 Hydrology 

Thermohaline properties on the continental margin exhibits seasonal modulation, with (potential) 
temperature at near bottom ranging overall between 12.20 (Langone et al., 2015) and 14.42 oc 
(Turchetto et al., 2007), with a maximum typically occurring in December and a minimum in 
March-April. Salinity in tum spans a narrower range (38.62-38.74 during Spring 2012 event, see 
Langone et al. , 2015). Hydrodynamic regime displays a strongly variable bottom current intensity 
throughout both the open slope and the canyon conduits, with pulses up to 0.60 m/s and 0.75 m/s 
respectively, corresponding to cold, dense shelf waters transit. 2004-2005 EuroSTRATAFORM 
dataset reports a nearly constant current direction in the open slope north of Bari canyon, oriented 
on average along the regional isobaths and with a few degrees downslope veering in presence of 
stronger speed (>0.30 m/s) episodes (Turchetto et al., 2007). Positions of active moorings are 
presented in Figure 1 (right panel). Observed potential density at moorings BB, CC, DD,registered 
during ODW 2012 campaigns are shown in Figure 3. 

Current directionality in the canyon proper exhibits instead a more variegate behaviour. Both the 
available datasets (2004-2005, see Turchetto et al., 2007 and Rubino et al., 2007; and 2009-2012, 
see Langone et al., 2015) highlight in BB a clustering along two directions (see Figure 3), one 
oriented southward along the regional contours, and one oriented downslope along the conduit 
axis Whilst the former is dominant during most of the year, the latter is especially active in spring, 
corresponding with dense water arrival. Dense water downflow takes place along both directions 
(Turchetto et al., 2007), but with a fundamental difference in water properties; indeed, as along the 
conduit the NAdDW cascading signature is most clear in terms of both velocity and thermohaline 
properties, in the slope-parallel direction only the kinetic signal is strong, while the density 
signature is only partially retained. Lower velocity (less than 0.20 m/s) concomitant with smaller 
density anomaly (below 29.2 kg/m3) can be interpreted as a signature of the background 
circulation, exhibiting thermohaline properties that can be ascribed to the Modified Intermediate 
Levantine Water (Carniel et al., 2015). 

In tum, the steep southern wall of conduit C acts as a major constraint for the flow along the 
canyon axis towards the off-shelf direction, practically independent of the physical properties of 
the water mass. 
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Figure 3. Upper panel$: cbsei'Y8d dredional currentWIOclly (m &-')and palen1l8l clenslly (kO m4) at moo~n{lll 
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Toge4hc;r with a physical ~on of water ma&set tnlll&i1in,g 1hrough lhi8 &edor of the 
comlllental margin, 1he avall.ab:ill.ty of Y"fly or Ionge~ ob&«YYItional records allow& the 
ldentifl~Oiloftimlng and 11!1)dQ!ation of deb8e watc:r ~ 011the 001ldllil8 of~ Bari canyon. 
SeveralstQdle$(e.g. Vlllhlc and Orllc, 2002; Rubino u al.,2011) ld.ealtify m 2-4molllhs the period 
needed for NAdDW 10 p:t'O.PIIgate from 1hc generation basin 10 the Socitbern Adriatic region. Oil 
1he 01her haod, clutlng w:ill='-sprlng 2011 episode, high-~ cold alld low-8allnlty water 
palset ~ been ob8erved on lilt contlntntallllJitlln since mid Febnwy, Ollly two -weeks afte;r the 
Cold Air Outbted:. incepcion, wilh negative 8hil\ in cempem~~~re on tbe oniez of 0.35 - 0.60 oc. 
S'llbsequeot imrasi.ons of cold water -were recorded umil June, wilh variable dl.ar&.cterU!ics along 
1he continem.llllJI!8in (I..angooe et al., 2015). 

Besides traditional measuring strm:gies, new advances toward nearly-synaptic observation of 
l.arg1HcaJe pal!mla of dense water Bp!RI8oding al011g the continental IIllll'gin m; made possible by 
aeimlic oceanographic technique.!~ (Holbrook a al., 2003). By using the techniques primarily 
designed to image sub-seafloor geologic ilti'D.CI:UI'e!, it Wll.!l ~ec:entl.y shown that it i8 posn"ble 10 
provide image! of water layers in the ocean, since tbe lower frequency sound waves used (from 
about 10 10 200 Hz) are coherently ref!.~ directly by tbe therm.obaline boundaries between 
water masses on tho scale of meters to tens of meters (Ruddick et al., 2008). Such acoustic 
III.OIISilrem.eots wen~ intllgniled with oXpmdable Balhy-Them1ographs (XBTs) or Conductivity· 
T~Depth (CTD) C8.!lts duriDg tho international ADRIASEISMIC cruise (March 3-16, 
2009), carried out on board tho CNR RJV Uronia in tho sotdhem Adriatic Sea. It was the first 
OxtX'rimi:!Dt in &ei&mic OCOIIIIOgrapby that specific:a1Jy targeted 111J:Uc!l.IR!6 in shallow wats:11 (along 
tho westem!Dl~Iginoftho Adria!ic: Sea betw-lhoGargauo piOII10II.toey and thoBaricanyon,&OO 
Figure 1). 
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3 3 Sediment transport and biologica1Jbiogeochemical aspects 

The export rate of organic carbon provides a proxy for the efficiency of the biological pump in 
delivering mass, produced by phytoplankton in the photic layer, into the deep ocean (Boldrin et 
al., 2011) and Bari canyon is considered to play an important role in the sediment transport 
dynamics in the southern Adriatic basin, representing an efficient conduit in delivering suspended 
sediment from the continental shelf to the deep basin (Turchetto et al., 2007). In this, long-term 
sampling via time-series sediment traps allows a characterization of timing and biogeochemical 
composition of sediment transiting in the measurement zone. 

A set of sediment traps moored along the continental margin, together with current meters and 
other instruments, provided background for a number of inferences and, particularly, important 
information about cross-shelf sediment transport. Turchetto et al. (2007) showed that, although 
dense water downflow processes involve also the open slope, the Bari canyon acts as a main 
pathway for off-shelf sediment fluxes, and highlighting that the DSW cascading is responsible for 
the higher particle delivery both in the open slope and canyon stations. Monitoring efforts in the 
Bari canyon highlighted that the main organic carbon source is constituted by vertical sinking of 
marine phyto-detritus, ranging from....()()% during dense water cascading, up to 90% during low 
energy conditions (Tesi et al., 2008), the remaining part constituted by horizontally-advected 
kerogen and soil-derived organic carbon in almost similar proportions. 

Superficial sediment sampling on the continental shelf and on the slope allows the identification 
of the origin of laterally-advected particles. Tesi et al. (2008) assessed the origin of exported 
sediment, highlighting that the direct transport of material from river mouths and inshore region 
is practically excluded in present highstand conditions and therefore that the downfl.owing matter 
is mostly resuspended on the slope and outer shelf. In contrast, Langone et al. (2015) concluded 
that during the 2012 DSW cascading events particles in transit in the water column had a larger 
contribution of fresh organic matter resulted from enhanced productivity, which was quickly 
transferred from surface waters of Northern Adriatic shelf to the bottom of Southern Adriatic. 
Overall, DSW cascading acts as a primary control on the particulate fluxes through the western 
margin of the Southern Adriatic, whereas storm-induced sediment transport can play a secondary 
role (Langone et al., 2015). 

Due to the prolonged flushing of sea bottom during DSW cascading and the low but relatively 
constant organic carbon supply during the rest of the year, the Bari canyon appears to be a suitable 
area to be colonized by sessile deep-sea benthic communities (e.g., cold-water corals). 

Conspicuous megafauna! sessile communities, including cold-water and sponge habitats, show an 
asymmetric distribution in the southern Adriatic with most diverse and abundant live corals settling 
on the western side, especially the Bari canyon (faviani et al., 2015). This observation has been 
hypothesized to be at least partly a response to the seasonal action of dense shelf water cascading 
flushing the canyon and adjacent areas by limiting excess silting and favouring the food web 
(Taviani et al., 2015). 

This brief summary provides an account of the wealthy set of traditional and new-generation 
observational data currently available on the Southern Adriatic Margin, and in particular on the 
Bari canyon system. In this picture, a number of questions should be framed into a multi­
disciplinary context arise. What are the interactions between dense shelf water cascading and 
large-scale circulation in the Bari canyon and what is, in integral terms, the relative weight of 
open-slope and canyon cascading in NAdDW descent? How does this relate to the hydrological 
and geological patterns observed (or conjectured) in this zone? What is its relationship with the 
forcing factors driving water cooling in the Northern basin? Vice versa to what extent does canyon­
induced upwelling recirculate deep sea matter towards the continental shelf, and in general what 
are the mechanisms and connections by which Mediterranean circulation and large-scale 
atmospheric patterns control cross-shelf mass transport? 
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4. MODEL RESULTS 

Although near-bottom currents in the Bari canyon region were recently explored by Rubino et al. 
(2012) by means of a reduced-gravity numerical model, the extent of some conclusions was 
admittedly limited by the coarse bathymetry resolution and the impossibility of accounting for the 
effect of air-sea interactions and ocean dynamics at regional scale. 

Benetazzo et al. (2014) addressed these questions by investigating the process dynamics using a 
coupled numerical model approach and adopting a high-resolution description of the bathymetric 
forcing, modeling the whole Adriatic basin under the effect of a number of variable drivers. In this 
direction, a comprehensive description of dense shelf water formation and spreading processes 
was stimulated by the exceptional Cold Air Outbreak event of 2012 and the ODW dataset, that also 
provided a striking examples of how deep basin dynamics (including those characterizing the Bari 
canyon system) can be intrinsically linked with shelf processes 

From 29 January to 13 February 2012 the Northern Adriatic basin was hit by a Cold Air Outbreak 
with strong, cold and persistent winds blowing from SE across the Karst and the Dinaric Alps, with 
a prolonged establishment of large significant wave height (more than 2 metres), current velocity 
(up to 1 m s-1) and turbulent heat fluxes at the air-sea interface (up to 800 Wm-2, see Mihanovic et 
al., 2013). As a response, a steady circulation pattern appeared, with a cyclonic gyre in the gulf of 
Venice and an intense meridional stream from the K varner gulf towards the Italian coast and then 
southwards along the shelf contours, partially recirculating north of Ancona. 

The southernmost front of the very dense water originated in the northern basin (up to record­
breaking value of 30.30 kg m-3) left the generation basin, reaching the southern basin before the 
end of the Cold Air Outbreak. In subsequent weeks, dense water vein migrated southwards parting 
into two branches south of Ancona: hence, the fraction flowing along the deepest reaches of the 
shelf was partially deviated towards the Jabuka Pit before proceeding towards the Southern 
Adriatic Pit across the Palagruza Sill, whilst the shallower fraction maintained its nearly-coastal 
route, exhibiting a meandering behaviour especially south of the Gargano promontory, compatible 
with the pulses observed at the mooring stations by Langone et al. (2015), with a PDA greater than 
29.2 kg m-3, and with the propagation of topographic waves along and off the continental shelf 
(Carnie! et al. , 2015a). 

Dense water cascading, initially occurring as intermittent pulses, becomes progressively more 
regular as the process becomes dominated by the buoyancy difference and as the memory of the 
kinetic energy injection during the Cold Air Outbreak is lost. At the end of April the South Adriatic 
Pit appears completely renewed, with the 29.2 kg m-3 isopycnal set about 900 m deep and a 
cyclonic circulation established along the lower slope. With the depletion of the generation basin 
in May, the cascading intensity progressively decreases up to eventually ceasing in June. 

Figure 4 shows some modeling results (for a complete model validation see Carniel et al., 2015a; 
Bonaldo et al., 2015), such as the vertically integrated water and sediment fluxes along the western 
margin within the period 01 February- 31 May, 2012. Although most ofthe western slope is hit 
by dense water cascading, in the Bari canyon water and sediment transport occur with special 
intensity and with a strong spatial variability. Vertically averaged velocity on the NAdDW vein 
(Figure 4, left bottom panels) and mean acceleration patterns of bottom currents (right) are also 
shown. 
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anrent speed (up toO .SO m s-1) ocxurs dlll'ing February 2012 butbefOI'e lht mival oftbe NAdDW 
veill, soggc:atillg that this zo~~e i8 ot:dinarily active unda the cffea of s1ror1g c:outal stoi'IDB 
ch.aracterized by local cooling. Cumm speed fnlqoentl.y exowtin,g 0.30 m a·1 in the Febluaty­
April period can give lise to tbe erosional featare8 observed in lh.e downslope flank of tbe waves 
by Fogliai et al. (201S). 
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An intercomparison among the results of our set of numerical experiments allowed to identify the 
role played by various forcing factors in controlling dense shelf water formation and spreading. 

Although the general pattern of DSW dynamics (formation north of Ancona, presence of a northern 
gyre and a zonal current, splitting into a "coastal" and a "Palagruza" stream modulated by the 
transit in the Jabuka pit, down:flow distributed along the western margin) is a common aspect for 
all implementations considered, major implications from variations in model settings and forcings 
concern timing, dense shelf water volume and thermohaline and dynamic properties, and 
distribution between the coastal and deep streams. 

Benetazzo et al. (20 14) pointed out the role of wave coupling in modulating heat and momentum 
transfer from the atmosphere into the water column and the relevance of explicitly computing the 
intensity of Stokes currents. In the absence of these factors, surface currents in the northern basin 
are reduced by about 20% the average current speed and heat fluxes are reduced by 10%. This 
results in a different estimate of overall dense water volume approaching the SA (3160 km3 vs 
2075 km3, Carnie! et al., 20 15b). Furthermore, potential vorticity conservation implies that a dense 
water vein leaving the generation basin at a higher speed establishes at a shallower depth, favouring 
the coastal path and the eventual passage through the Otranto Strait on the continental shelf rather 
than across the Otranto Sill (Carniel et al., 2015a). Tides as well have been found effective in 
modulating instantaneous dense water fluxes (Benetazzo et al., 20 14), urging a deeper exploration 
of the role of the tidal forcing in driving dense water dynamics. Although autumn 2011 was not 
characterised by exceptional riverine freshwater input, Camiel et al. (2015) estimated that this 
factor accounts for approximately 30% difference of dense water production. 

The same authors evaluated the effect of the presence of suspended sediment along the water 
column, suggesting that in the absence of a substantial influence on the overall fluxes, the effect 
of density (and horizontal density gradients) on the spatial distribution can concentrate part of the 
vein towards the deeper zones, enhancing Jabuka pit renewal and the "Palagruza" stream. 

To complete the picture, other works (Camiel et al., 20 15b) showed how interface processes can 
modulate ocean circulation and cooling and condition the pathways of newly dense water up to its 
eventual cascading into the Southern Adriatic Pit. 

Further they highlighted two recurrent features of dense water downflow, namely the relevance of 
open-slope in the overall off-shelf fluxes and the role of shelf break morphology in selectively 
triggering cascading processes. Based on the same model results described by Benetazzo et al. 
(2014), Bonaldo et al. (2015) point out the role of the topographic constraint in driving DW 
cascading under the dynamic effect of shelf indentations and variations in seabed slope and 
curvature. 

5. DiscuSSION AND CONCLUSIONS 

Submarine canyons are key-regions playing a relevant ecological role in connecting the shelf 
regions to the deeper ones, where in situ measurements are very difficult to be collected and long­
term series are very scarce. Therefore, a good practice to employ when studying these underwater 
conduits is to follow an integrated use of available data and high-resolution numerical modelling. 
This approach is valuable for capturing dense water dynamics variability in space and time, and 
for interpreting available measurements in terms of interacting processes at different scales (Rubino 
et al., 2012). Lessons learned from the activities carried out in the Southern Adriatic during the last 
decade represent a sound background for the analysis of canyon dynamics and their relation with 
open-slope processes in a broader framework. A similar approach has been also proposed by Fabri 
et al. (this volume), as support to "habitat mapping" procedures. 

In the specific case of the Bari canyon system, the collection of long-term series of continuous 
temperature, salinity and current velocity data at near-bottom layer in the main conduits provides 
a comprehensive picture of current regime and thermohaline properties, their modulation in time 
and interannual variability (Langone et al., 20 15). Suspended sediment sampling by means of 
automatic sediment traps undergoes well-known limitations related to the low measurement 
frequency, unavoidable in the case of long deployments, and to the difficulties in reconstructing 
the transport regime actually responsible for the observed sediment deposition. Some effort towards 
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a continuous, high-frequency suspended sediment transport monitoring strategy would probably 
pay back with a clearer identification of the drivers and intensity of sediment transport processes, 
permitting an assessment of their dynamic implications especially during intense events. 
Nevertheless information provided by sediment traps allowed to draw important inferences about 
sediment transport seasonal and interannual variability (Turchetto et al., 2007; Langone et al., 
20 15), their origin (Tesi et al., 2008) and a proxy of its distribution along the continental margin 
(Langone et al., 2015; CarDiel et al., 2015a). 

Recent high-resolution, state-of-the-art modelling efforts shed additional light on the processes 
taking place on the Bari canyon from a continental margin perspective. The extensive data set 
highlighting the intense processes occurring on the Bari canyon was combined with state-of-the­
art model results, showing that dense water downflow in the open slope (experimentally observed 
albeit with a locally weaker intensity) is responsible for the majority of mass transport towards the 
Southern Adriatic Pit. In general, while the forcings acting on the dense water mass during its 
formation and its spreading are crucial in determining the "capture efficiency" of the shelf break 
(namely, the ratio between total dense water approaching the Southern basin and the cascading 
fraction), the distribution of downflow along the margin appears controlled by the large-scale shelf 
m01phology. Seabed topography, and especially variations in slope and curvature, then defines 
preferential pathways for the downflowing streams. In tum, NAdDW descent is a main (but not 
the unique) cause for the emergence of peculiar patterns of erosional and depositional bedforms 
with intermediate characteristics between the well-known categories of contourites and turbidites. 

Successes and limitations arising from this experience indicate major axes to be addressed in dense 
water processes and submarine canyon hydrodynamics modelling strategies. Besides the obvious 
opportunity of having an appropriate horizontal (at least eddy-permitting) and vertical (both close 
to the surface and close to the bottom) resolution for the computational grid, Bonaldo et al. (20 15) 
emphasize the importance of a detailed bathymetric description, with special attention to the trade­
off between numerical stability and quality of the topographic information (Haney, 1991 ). Waves 
and tides appear as essential ingredients for a comprehensive insight on the processes related to 
DW formation and propagation. In particular, the paramount importance of air-sea interactions 
and their modulation by waves highlights the necessity of an integrated, fully coupled modeling 
approach. The challenge of a model fme-tuning by improved parameterizations and an extensive 
calibration appears as a staging post in this direction. 

More generally, if recently relevant progresses have been achieved in understanding the driving 
mechanisms and the preferential pathways of continental margin flushing, its on-shelf counterpart 
is still partly unexplored. Whilst the function of canyons in off-shelf transport may in a way appear 
diluted by the broader extent of open-slope downflow, their role can gain centrality as funnels for 
upwelling circulation from the lower slope and abyssal plain to the shallow coastal zone (Hickey, 
1995; Connolly and Hickey, 2014; Canepa et al. 2014; Boero 2015). 

As suggested by some, the effect of these processes in governing the functioning of ecosystems is 
potentially fundamental. For instance, Canepa et al. (2014) point out that beach stranding of 
Pelagia noctiluca jellyfish occurs in greatest concentrations in proximity of submarine canyon 
heads, leading to hypothesize a seasonal migration strategy along submarine canyons for a number 
of other species (Boero, 20 15), based on fluctuations in temperature and nutrient supply. 

If the cold engines of the Mediterranean warrant the deep water renewal at sub-basin level (with 
the Gulf of Lion acting in the Western Mediterranean, and the Northern Adriatic and Northern 
Aegean acting in the Eastern Mediterranean) by cascading phenomena that flow through canyons, 
(the Bari canyon being the route of the Northern Adriatic cold engine), the upwelling generated 
by canyons might be a further engine system leading to localized vertical mixing. Cascading 
phenomena are not generated by canyons but use canyons (Malanotte-Rizzoli et al., 2014), whereas 
upwelling phenomena are often generated by canyons. In this way, the vertical mixing of 
Mediterranean waters may be due to a combination of both cascading and upwelling phenomena. 
The impairment of the cold engines (as happened during the Eastern Mediterranean Transient) 
might be, at least partially, buffered by the synergistic action of a myriad of canyons indenting a 
the whole Mediterranean slope and generating localized upwellings. 
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Unwinding the thread of these concepts is a real challenge, as it is evident enough that a coherent 
view of submarine canyons functioning intersects marine trophic networks, nutrient and carbon 
exports, fisheries, climate dynamics, towards a global reach that is far beyond the apparently local 
canyon dynamics. 
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ABSTRAcr 
The tectonically active Ionian continental margin of Calabria is incised by a dense network of 
submarine canyons, here investigated using multibeam morpho-bathymetric data integrated with 
subbottom and seismic proftles. These data indicate that the canyons have formed since the mid­
Pleistocene, in response to km-scale uplift of Calabria over the last ca. 1 Ma. Despite their young 
age, the canyons have incised the continental slopes and (narrow) shelves south and east of Calabria 
over lengths of tens of kilometers, widths up to 2 km wide, and relief in place greater than 200 m. 
Some canyons are isolated, others have formed hierarchic systems with five or more canyons 
merging to build dendritic systems that extend over perimeters of 50 km and may or may not be 
connected to onshore drainage networks. The canyons are inferred to have developed by a 
combination of retrogressive (headward) erosion and offshore sediment shedding, driven by rapid 
differential uplift interacting with glacial-interglacial variations in relative sea level. Many canyon 
headwalls lie close to or at the coast, and so represent potential geohazards to coastal communities 
and infrastructures. 

TEcroNIC SETilNG 

The Ionian Calabrian margin (ICM) is an accretionary complex that has grown during a rapid 
southeastward advance over the last 10 Ma in response to rollback of the underlying subduction 
zone during opening of the Tyrrhenian Sea (Sartori, 2003; Minelli and Faccenna, 2010). 

The complex includes the onshore Calabria-Peloritani Block, composed in part of basement rocks 
dissected by NW -trending shear zones and an offshore accretionary wedge dominated by landward 
dipping thrusts that extends more than 200 km to the front of the prism at 4500m water depth 
(Fig. 1). Near the Calabrian coast, older thrusts are overlain by sediments of the Crotone­
Spartivento Fore-Arc basins (Fig. 1), up to 3 km thick and dating back to the mid-Miocene. The 
inner part of the Crotone Basin is exposed on land, the result of km-scale uplift of onshore areas 
since the mid-Pleistocene, c. 1 Ma (Westaway, 1993), coincident with a reduction or cessation of 
subduction zone rollback. The margin remains seismically active although no recent large 
earthquakes (magnitude >5) have been recorded. 
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F".gur& 1. Tectonic aetlilg of the Ionian C8JIIbrian Margil (ICM). 
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The ge®~G~plu:Jlogy oflbe !o!dan Ol1abriao margin~ SUQng diff~ bet'weell nOl1bem lllld 
soa!bem sectors (Fig. 2). In the ncn:tbem sector, ea.rt of Ollabri.a.. tbe margin is cbaracCtrised by 
all:uctural highs mel illtrulope bui:nJ, wlili:h lepll&ent an offshon.l extell.liion of the Ollllhcn tlu:uat­
fold belt of the IIOUlhem Apellllinea. Here the QOI!tlnental shelf is brotder (2 bn) and the~ 
cootioental slope is overall rather genfle(2-S0 ).1n tbe southem sector, in camrast, the<xmtineutal 
shelf is 11.11110w to absent, and the slope dips steeply (S-15°) to the flatfl.oais of the deep-water em,. 
an: builla (Ccnmicola et al., 2014). 
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Figure 2. Morphological seHing of the Ionian Calabrian Margin (ICM). 

SUBMARINE CANYONS 

Recent investigations in the framework of the MAGIC project (Marine Geohazards Along the 
Italian Coasts), funded by the Italian Civil Protection agency, have revealed a dense network of 
canyons with di.fferent morphology and organization along the ICM. The nature and dynamics of 
the canyons have been studied through seabed mapping using morpho-bathymetric data, integrated 
with subbottom profiles and multichannel seismic data. 
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Canyons an~ seen to incise the continental slopes and (118110w) shelves offshore Calabria, in both 
acmhem md eoulhc:m acdon. Cany01l3 c:xlcnd over leDgdiB ofCeDB ofD!ometers, with widlhB of 
up to 2 km, and AAool!lel'-to-tlllweg ~lief in places tpUter 1ha.n 200 m. Nine ()811yon &ymms 111\\ 
recogniwl. .ome consisting of i.sollded canyons, wbile otbem form hieran:bic systema wilh five 
or IIICin' c:anyona zmrgiagto form dendri.ac llllllpbologiea (fi,g. 3). In die sollll:an sec:tar, hN.dWllllJ 
of ~e d.elldrllic &y81tm8 have a caql!f!ower mOiphology lbat can ext.elld over pedmetezs more 
than S:O lim long. Some canyons incise the shelf and may connect to OllJib.ore drainage networks, 
whereas other!~ lin' rwtrieted to the lihelf edge or the slope. 

In both 1he uo!lhem and aoutbc:m ~loiB, seiai!W: profiles aero63 the Cala!n:im eanyO!liJ show 
them to poat-Gate a regional unconformity~ to be of mill-Plei.stocene aae (Fig. 4). The age 
of the sedimen!ill is based on comla!:ion to prominent IIIIICGIIfomlities observed within the onshcne 
Cxotone Buin (Fig. 4; z«drin et ol., 2012, 2015). A mid-P~ onaet of c:anyon W:ision is 
coos!stent wilh 1he pre&en.oe OMhore of a fosllil C81l)'Ott of mi4-Pltlstoceoe age in 1he uplifted 
Crotone Basin (Zecdlin et ol., 2011). This is quite an inllmsting ruult, aa most Meditmanean 
eany01111 (especially from the Weatem ba.ain) an~ inherited from el06ion during the Mea&illilm 
aallnlty crl.sl& c.$$ Ma ago, whereu the Calabrlan ()811yons ba~ &velop¢0 over milCh ehotter 
timescal" and independently of older erosional~ (Fig. 4). 
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Figure 4. Seismic lines VIDEPI across the ICM margin and their interpretation. PQ1 lower Pliocene, PQ2 
upper Pliocene-lower Pleistocene, PQ3 upper Pleistocene. Source: Coste (2014) 

Despite their young age (<1 Ma), the canyons have been very dynamic, incising the margin over 
wide areas and to depths of more than 200m. The supply of sediments from onshore erosion may 
have played a role in the development of some canyons, but the presence of canyons that do not 
reach the shelf indicates that retrogressive headward erosion has been an important part of their 
growth. We infer that most canyon systems, especially those in the southern sector where the 
continental slope is steeper, have been characterized by intense mass wasting processes in the 
form of slides and failures in the headwall areas and turbidity cwrents in the distal areas. 

Many of the canyons of the ICM have the particularity of having their headwalls very close to the 
coastline (Fig. 2). Steep headwalls and observations of many small-scale slide scars support the 
inference of retrogressive (landward) erosion as an ongoing aspect of canyon dynamics. Some 
canyons thus represent a potential geohazard to coastal communities and local infrastructures 
(Fig. 5). An example is the CirO Marina harbour that is built over the S km wide headwall of the 
Alice canyon system (Fig. SC}. Mass wasting related to the landward retrogression activity of the 
Alice canyon headwall have been considered responsible of frequent harbor damaging and for this 
reason regular and accurate monitoring should be planned in order to understand how fast and in 
which areas the headwall is approaching the coastline. 
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CoNCLUSIONS 

Seabed and near-bottom geophysical datasets have been integrated to identify nine canyon systems 
along two sectors of the Ionian Calabrian margin. The tectonic setting has resulted in differing 
shelf-slope morphologies between the northern and southern sectors. It is not clear what is the 
origin of these features as they differ for shape and characters, but we infer both tectonic control 
(km scale vertical uplift the last 1Ma) and sea-level changes during the glacial-interglacial 
fluctuations as the two important long-term factors controlling the development of the ICM canyon 
systems through a combination of enhanced sediment supply and retrogressive erosion. Some 
canyon headwalls of the southern sector reach the coast; their continued retrogression represents 
a potential geohazard for coastal communities and infrastructures. 

* this chapter is to be cited as: 

Cerami colaS., Coste M., Praeg D., Migeon S ., Zecchin M. 2015. Submarine canyon systems along 
the Ionian Calabrian margin, Central Mediterranean Sea. pp. 157- 163 In CIESM Monograph 47 
[F. Briand ed.] Submarine canyon dynamics in the Mediterranean and tributary seas - An integrated 
geological, oceanographic and biological perspective, 232 p. CIESM Publisher, Monaco. 
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SubnNJ• ine canyons and channels of tbe Tynbeoian Sea: 
from geoJogical observations to oooanogmpbic, 

biologiad and hazards studies 

Fabiauo Gamberi 

ls#Mo diSci we Mtuine, JSMAR, c-riglio Na:dort4k delle Ricuclu!, CNR, Bologoo, Itdy 

INTimUc:imN' 
The Tyrdlenlan Sea sits in a complex podynamic region cJomin"%ed by 1he COII:Yelpoce between 
the African and Buruian pla!e8 Chat rmilis in the building of the Apellllinic-Maghldrian chain 
and in back-ac baa:in opeaiog. Tb two you:ag basin plaiDB of the Va'rilov 1111d Ma!:8:i1i bal:k-m: 
regi008, located atdqllhs of more than 3000 m, are 8111T0111ld.edby inlraslope basiN developed on 
the easmn Sardinian, the DOrthem Sicilian and lhe ea.!ltan rtalian mainland IIl.lllgin8 (Fig. 1). 

Flgur& 1. Ba!hymellfc map of th& ~nlan S&a. 
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The Sardinian margin ~presenl!l the passive margin of tho Tynbenian Sea back-are sysmn and is 
~byDCgligibleovczallva:ticalmovcments,lawsrisrnicily,alcla!ivelylmgeshelfud 
a low-tellef hinterland. The nortbem Sicillan and~~ Calabrlan ~are tectonically 
active, aze c~ by high ra1e8 of wztical movements, have l1.lll:roW COIItinentalshdvea 8Dd 
an higb-1\llief hil:!.terland. As a COillleqlllllll;O,Iho 'I'ynteDia:a Sea ~presents a natmallabonilory to 
talthow diffm:nt gcod:yua:mif; ec:UiDgs impact tho develupmellt l1.lld tho~ of suhma:Dne 
draina&e networks from soan::e to sink. 

The Tyobenian Soa c:anycm show diff&ent cbarac:umstics of their head regions, some of them 
loeated -m:y close to the p~~:8ellklay COII.Stline and thUB n:presen1ing an elc:mellt of b.azardB to 
~-Thedifferelltpositions of the canyons beads lllso imply that feeding 'yslrmSto the 
deep sea. are varied, being represented by direct hyperpycnal flow of riverbome sediment, by 
c:outal ....di!M!!t n~wcding due to ocea:nograpllic proc miiB 8Dd by lauclslicle often IIiggeied by 
eanb.quah8. In addition, the diffc:m~t wawr deplh of die heW of tho call70118 and their location 
with respect to shoreline phpiography mast impact on coastal ooeanoppbil: processe.!!, a:eatin3 
local periUrbatiOOll that c:an modify their Iegional cbaractmi. The canyon and clwmel systems of 
die Tynhenian Sea are both i:lw:ti.ve 1111d active- in the latta c:ue showing a variety of Cll)llioo•l 
l1.lld depoaitlonal behaviOIIrS. In addition, they show 1be developm.e;ot of highly varied Internal 
pom.orpbic elemems that reveal a large environmental divel'!li:ly that llliiSt be tahn into account 
when studying biological n~&pons!IB to sedimentaly and ~c proc:ea&IIB and when 
WOEkiD,g Clll ~habitat m.appiDg. 

CANYON BRADS: 1BB IMPACI' 01' oc::J!ANOGitAPI, Ol!iSIIOKB GJ!liOGY • a..JMATB AND S11A 
I.1M1L V AlUM'IO!N'S ON SBDQIBI!In' JI.OOTIMG 

rn lhtb01che1Dpartof1heSardinia margln,the<'U'tfnenl!ll shelf a up to20bn wide. Canyons have 
heads that incise ihe shelf far a leng1h of about 7 tm. The shelf break is loc:alled at a depth of 150 
m, wblnas the Cllll.yoo hoada reach depth of ooly 100 m (Fig. 2). 

. ... 
\ .... 
\ ... 

... 

.... 

.... 

.... -.... 
-

Figure 2. Shaded relief mage ~the northern pon1on of lh&-*'!\ Sardinian margh. 

The COtUtal ,yscem.s developed dllring ihe last low £tlllld of sea level are located at a depth of 
120 m, ihWI during the last low stand of sea level rivers dilectly fed sediment to the beads of the 
can.ycm. Elongated depositional bodies, resulti:og from the R!WOdiog of coutal &O"limMt due to 
long-Uo:re Cll!l'ent& ate aao p:ruellt close to the canyOil heads, showblg that ocetDQgraphic 
process~ conm"buted M well to ihe sediment budget deliv~ to ihe can. yon beads during ihe last 
sea level low stand. Thehoadaofihecany01188l\')flanbd landward by a continuous littoral banUir 
formed whc:a the sea levd was about 90 to 80 .lllellei below pm1e11t day. 'I'b:y bounded a lagoon 
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seawald and 1!!m>m isolated tho c:anyon heads from any input of rivetbome sediment, thus 
dicCalillg the ODBet of CIID.)'Oil clc:aaivation du:riD,g lhc: first~ of lhc: !au: sea level lise. 

In ihe central sector of ihe Sardinian margin, the Orosei-Gonooe canyon system rep:resem an 
exception having its head very close to the shcnline (Fig. 3). 

'l'he Oro!lei-Gonooe ca~~.yOil system 8how& that the~ of canyon head rwogradatiOil can be 
impo11:a111 and can be a soun:e of hazards to coaslal inf'ra.strac1ll even in passive n:wgins.lt also 
showsthattheextentofcanyonheadmrogllld•tionisnotalwaysdinlctlyrelatedtoib~ 
to large drainage arc:a on land, sin= the Oroeei-Gonoae cany011 head :fal;e$ a vay 81iiAll liver. 

In the Sicilian m.argin many of the canyons have their heads very close to the coa.rtline (Fig. 4). 

-
---
-·-·-

Flgur& 4. Shaded relief tnaoe of the north9a8tem Slcllan margin. 

In this <:alit; it appears that at ihe present time tbe c:anyon heads 2e oftm diJ:ectl.y fed by 1hedlorne 
aeclimelltB partil;u1ady during tho flash tlood events that in ~nt year:w have been a typical 
catasttophlc proce$$ ill the area. 
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In many cao.yOilll of 1he Slclliao lllll.'gln the canyon beads occupy a wide eea1Joor ponlon and can 
be an hazard to coastal ~ 8.!1 shown in the image of Fig. S where cha!mels that am 
loc;ated at the heads of tho Mjlezzo cao.ycm.a-adj-nt to the p:ien of the Milazzo i:nduBtrialarea. 
In addit!Oilitappearl) 1hat In someeaae&lhecanyOil heads act• einkof eedime!ll,cau.e:ing&edlment 
starvation along the shallow water axus aod favollring coastal erosion and ft:ftat. 

CAN1roN OOlJUII: llilftliiiAT CliiOMOil'IIIC I!I..DoiBNTS RJil'IU!SIINT A VAml!T!' OP 
BIM'YIItCNMI!N' SBrDNOS 

The subm.arine clumnels andcanyana oftbe 'I)n'bimi.an Sea are chllrar;C.,i71'ld by both erosiooal and 
deposi1ional attitude and f~. -~ va.ry.ing alcmg Vt:l:'J 6bort di.stanc;e wi.dlin the same 
system. Local closed depressions comspood to IIIU$ of foc'a8alng flow eros!Oilal behaviour in 
plunge pools, and farm circular or elonga!ed loc:•lirAllll fea!ures. They can be up to 3 km long and 
up to 50 m deep and dl.ua give lis& to longitudinally isolsted envir:onmenta alou,g a chaii'MI (11' 

<:all)'Oil COW'8e. 
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A further common erosional element Chat c:ausea longitudinal m'li1onmental varialions along 
cbauDds and <:ftii.)'Oil3 COD&ials of QOSS cb.a:nnd Cl8c:a.l'piDC31181hat roiDC:ide with gradient W:n:a8e 
and are oflen auoc:hued wilh smaller scale el\lSional crescentic scours (Fig. 6). 1'he:se erosional 
escm:pments can have variable dim.cmic:m.s, going from small. 10m high -.upmenta, to large, up 
to 100 m high featums. In some c:a.ae& they sepan~te two &eCtol'\1 of a channol or a canyon with 
depositional auillld.e, th\1$ ~areas oflonglllldlnal environmental~-

Erosinnal clumnels show in gmeral steep flankll and a V -shaped axial incision; however, deposition 
can ocx:mloc:al1y al110 in Jhia type of c;mdllila. This ia for CJUIIIlple die case of cbaunc;ls in wbidl 
Incision 18 at»"'P"nied by a p!'031\\aelve II8I'I'OWing Chat leaves cemw:es hanging at variau& helgbts 
above lhe enmmc:bing channel floor (Fig. 6). Dqlositicm of mainly fine grained and thin bedded 
tw:bidites _. in the ttlrl1iC>ea from the upper,lnw-eDergy part of flows fmmelled within the 
channel; coarser and lhlcker bedded fac:les depoeiled by lhe higher e;aergy lower pa1t of flows are 
however found whm lhe lt2i""""" are at a low height above lhe channel axis. 

Depositional <'ba"""'s lin' a!Bo c:llarlleteri.zed by a vllliety of intomal elemeuts. MNDderiD,g 
channel• show depo«<donal dement& that are d.e:veloped mainly on the Inside of \lend.$ that are 
often comparable to river point bars (Fig. 7). 

F'.gur& 7. Balltyme1ric rMj) of a -of tile S1rcmboi alclp8 vel ley. 

Meandering depositional channels 10 often characterized by a single cbannel element, but lhay 
also diaplay BnMm"iehedevdopmc:atofmulli-cbannc:l ~.likdy U tl.lo;8Wtofflnw palhway 
divel'ience COIIJiected with lhe dynamics of sinuosity developmem. Single tbread menderina 
clwmels also show longitudinal variations wilh form.ali.onJ of knickpo:inta and ~ssiOIIS of 
vllliablesizell. This patta.D appears to be dictated by lhe vlll)'i:ogcb.uacta of flows along a~ 
meaodelin3 ~y Cl\l8%ing Vllliable mvlronmenlal seufnp. 
Mullip.lf>-cbannltnu:ts develop also wilhin slraightdwmela or canyons. They are often associated 
with mid-cb.an:nel and side-attQclled bars. In IIOIDI: of wbidl, seismic tiDes appear to sob!Jtanliale 
that lateral accretion ~ses are the prin.cipal. 3fOWih motif (Fig. 8). 
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Flgur& 8. Ba!lrymetlfc map of one dlatal aec10r Clf1he Sboulbcllslope valley. 

This setting appearri to be best developed in ~latively ~luge and low gradient channels, often in 
c;oincidcDOe wid! 1:011duit ~t.. 
Flat, relatively fea!l.lreles~; canyon and channel floor are also chsractelistic of some systems. Also 
in tbis case a gradual tmmil:i.oo between a cbannel-axia and a channel-margin depositional setting 
iB !IOID¢.....,. mdent. Cb.mnel ~~~~~rgin cn•ilwmeuu have a sciBmic facie& lhat iB ilu:ticalive of 
tbinntr and fintr grained deposits deposited by lower eneqy flow portioos dian thm correlative 
c:oaner-grained facies wilhin the axial part of tbe c:ooduit. 

S:mallc;r -to geuuox!iDc ele111C1118, suc;h u sedimeat waves and IIOOIJIB an: developed in 1DII1IY 
tracts of canyoos and chsnnel8. SMime'!l waves appear 'Dhiquitoll$, developed on ihe bead.!! of 
C8II.}'OII8 and channels. Their wavelength can give indication of the grain.Qze of tbe ~ 
deposits and of tbe vaialimls of enc;rgy level at die ~oor. Sco1.11'3 have a vaxiety of Corms and 
dimension.a and represent locaJiwl bi3h~ erosional environments wilhin oth.ezwise lower 
energy deposi:tiooal seffin,p . 

• dds chap1r:r is to be cited as: 
Gamberi P. 2015. Submarine canyons and channi!ls of tbe TyDhenian Ses: from geological 
~ODS too ~c illllliglaphic, biological andbazaxda studies. pp.l<S!S -170 In CIBSM Mmlograph 
47 (.F. Briand ed.] Submarine canyon dynamics in the Mediterranean Slid tributary - • An 
ildegiatt>d geolagical,oceanogniphic and biological pmpective,232 p. CIESM Publi!her, Mo!!.aco. 
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The long-term evolution of submarine canyons: insights from the 
NW Mediterranean 

ABSTRAcr 

D. Amblas1, M. Canals1 and T .P. Gerber 
1 GRC Geociencies Marines, Universitat de Barcelona, Catalonia, Spain 

2 Statoil, Research Center Austin, Austin, Texas, USA 

A fascinating aspect of submarine canyons is that they resemble river valleys. As with fluvial 
systems, the study of submarine canyon and channel long profiles sheds light on the fundamental 
processes controlling their long-term form and dynamics (i.e. morphodynamics). In this short 
paper we summarize a number of recent studies, based mainly on observations and measurements 
from the Catalano-Balearic Basin (NW Mediterranean), that relate the long-profile form of canyons 
and channels to the processes that control their evolution. We briefly present a model for the long­
prof.tle curvature of submarine canyons that includes the combined effects of turbidity currents 
and background (i.e. hemipelagic) sedimentation, and compare the range of model profile shapes 
with those observed on the present-day NW Mediterranean slope. We then summarize work on a 
3D seismic volume over the present-day continental slope that documents how submarine canyons 
and their interfluves co-evolve on constructional (i.e. prograding) margins, work that has broadened 
our view of canyons as purely erosive features to one in which canyons can persist through long­
term margin growth. Finally, we discuss evidence from the present-day seafloor and shallow 
subsurface for long-profile adjustment at or near tributary junctions in the extensive Valencia 
deepwater channel network. 

INTR.ODUCI'ION 

The intriguing similarity between submarine canyons and river valleys was first recognized in 
early bathymetric measurements along continental margins (Daly, 1936). The apparent geomorphic 
similarities between fluvial and deepwater systems - similarities that are now well documented in 
swath sonar maps of the seafloor- has motivated numerous comparative studies (Shepard, 1981; 
McGregor et al., 1982; Pratson and Ryan, 1996; Mitchell2005, 2006; Straub et al., 2007; Amblas 
et al., 2011). Central to all of these studies is the question of why such similar landforms should 
exist in subaerial and submarine environments when (1) few continental slopes have ever been 
exposed to subaerial processes and (2) the surface processes that shape landscapes and seascapes 
differ in some important ways. Clearly these differences are in many cases less important than the 
similarities in the formative processes. So what can we say about these similarities? 

The total relief observed in many terrestrial mountain belts is comparable to that observed along 
the world's continental slopes. Consider the NW Mediterranean Basin (Fig. 1). The height 
difference between the highest eastern Pyrenean mountain range and the coastline is nearly 2900 m, 
similar to the maximum depths attained in the Catalano-Balearic Basin (Fig. 1). This observation 
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R~minds us tbat the orogenic uplift tbat generates subaerial R~liefhas a !illb!naline analogue, when~ 
marine shelf-to-basin relief is generated by a combination of tectonics (lithospheric: emnsion or 
sulldumoo at the lrllnJition to ocean c:ruat) and sedimentation (the eh.m.cterutic clinofonn of 
COII!inenlallll.lllgin stratigraphy). To the extent that thiJ relief provides the potential mexgy for 
auid flow and aedimellt lriiDBpOrt, it iB perhaps uusurprising that both envir:onments are 
c~ by draiDago patteriiB. Fig~XR' 2 &bows a compariBon between the beadwaten of a 
river (Ter River) 1111d a aubiDlllino c1111yon (La Follml Canyon). 1'be&e drainago systems llha.nl 
aimilarmor.pbol~ d!at illdude amain sio.uoU& valky swwuudc:d by bibtJliiciu with stc:cp fla:Db 
cut by well-developed gullic:a. Intc:rc:atillgly, at 18 km doWUB1R:am in bod! the sllhaexial. aDd 
submarine: nlh:y8 we obiJc:rve the-hc:igbt diff<m~cc: (1300 m) aDd~ c:ontributillg 
dralnagc: areu (140 Dr .in the :rivet lllld 120 mr ill the canyon). 
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On land we associate tbeso pal!lml.s with the action of riven and debris flows (e.g. Pelletier, 2004). 
And wr; genc:rally aBIRlll:lc: dUit submal:inc: debris flows and tu:lbidity cum:nli gcnc;rate die 
~g peaem onlhesesfloor(Shqlanl, 1981;Parm, 1981; Prman and Coakley, 1996; 
lmran et al.,l998: Hmi.s 8lld Macmman-l.awler, this volume). AF. our in~ i8 in the cmnnletive 
effed of IJIIIfal:e prcc esses acting over amesc:al~ of landscape ovolutian, wo will hrietly ClOil8ider 
In whatfu!Jom lhe gCOIIIO!IPhiC UIID&pottlam widely used 10 model ter~ lmd~ evohdion 
and those proposed fardeepwaterenviroome!d!l.ln doing so we will focwl on the laog-profile (or 
along thalweg) llhlpe of riveillmd submarino cany01111 and cbaD:nels, &i:oce they ani easily ll1eU1liiid 
and call be related directly 10 1he predicdOIIB of procees law8 devdoped 10 e;q~laln them. 

A 8 

Ter River 

La Fonera Canyon 

01461~012 

Distance (km) 

Flgu111 2. A) Motphometrl~ oomp~~rlton of the upper <lOU'- elf "nlr River end La Fonera Canyon. The 
._lrtlcln ollhtJ ~ '-lhlil- n bcllh-(1& m). SIJIIIca!lon n Flg.1. B)Aiong-lhelweg dep1h proflle 
(I.e. canyon lang-proflla) of lho tf~P~~r <lOU11118 of Tar Rlwr and La Fanera •marne Cenyon. Vertical 
ex~~gg~~llldion i& xa in 110111 -. 

Tim LONG-I'IlOI'ILB SBAPB OF RIVEIIS AND SUBMAJIDIB CANYONS 

NIIDI.Ilrou.sllllll8.lillmll of submarino cmyon and c:bannelloug profiles show llllliOOth, c:oncave­
up~ not~ tboeeobeervedalongri~tbalweg.& (Flg. 3). Bxplanatians for die long-prcflJe 
C:W¥a!me of river profiles is weD-established (Snow 8lld Slingerland. 19&7; Sinha. and Pm:ter, 
1996; Sklar and l).U,trich, 1998), and a number of studies - either by way of fluvial analogy or 
analylliB of wmc:ut gnM.ty now meclumics - havr; .~ 1he ~ that m:1hought 10 
c:ootribute 10 lang-profile concavity in submarine settings (e.g. Pilmez et al., 2000; Kneller, 2003; 
Pilmez and lmran, 2003; Mitchell, 200Sa; Gerber et al., 2009). So wbatm: these explanations,and 
how do d:r:y diff«? 
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'I'IIen: an: two ptimary ~1lds on IODg-prof& ~vity in river8; (1) ium:asing wata: di8duiige 
with dow:usiieam ~due to iocn!as:i:og drainage mea. and (2) deporitioo in alluvial basins due 
to a dive.1gmc:e in bedload sediment transport. Clearly ooly the first of these operams in bedrock 
rivers, generaD.y ~using a p:tOCLl£' law of the form 

(1) 

~ '1/(Jr.t) iB bed ekvatiau, U(x,{) is the lc:dollil: uplift Illle, A(Jr,t) is ~ c;QDJributiDg drainage 
-.a, S(x,t) iB the bed slope,kiB a (dimensional) coefficient, andx is dowruttumdimmce (HoWllld 
et a/.,1994; Kirby aDd Whipple, 2001). At steady-state with constar1t uplift,~ bed slope can be 
expressed as 

I 

(U)• .: s- "i A· 

(2) 

where the mio min (>0) Set$~ eh•nnel concavity for iaocreas:iDg drainage are« (or di&dwgc) 
and the coefficient Ull: eontrols the overall slope ma,gnitude&. Mitchell (2004, 200S) argued that 
asimilar relatiamhip might govem submarine canyon long-profiles. In lbia view, U rqmesenta the 
~u.od rate of~ sedimem fallout that slowly builds the oolltinemal slope, while A 
is 1hc drainage are« defined upslope from a point in 1he e1111yon thalweg. To makti lbia analogy, 
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Mitc:heU (2004, 2005) equated larger drainage 811!>11.11 to a ~ fn!quency of sedimeD1 gravity 
flows initiatiog on the slope. Note that this definition of A did not include the effects of tl.ows 
origin mug landward of canyon heads on the continm.tal shelf. 

The snrfa~ evolution of alluvial basins ill genenilly modelled using a diffusion equation of the 
fonn 

a11 a a11 ---v--a 
ill ax ax 

(3) 

whm: o(x,t)(>O) is tbe subsidalce rate and \l(x,t) is a flllvial diffilsivity that is linearly piopaltional 
to tbe stream lli.scharp pez unit widlh af channel q,. [L 2T"1]. A detailed derivation of (3) is beyond 
the scope of this conllibution (see Paola.. 2000 for a. tbomugh di.scu.ssion). Of interest here is the 
long-profile form predicted by the rela!i.an. At. steady state (3) can be wrium as 

(4) 

1\lr (011.8tant \1, lhe COIIC&vity of the alhlvlallOll.g·profile is given by lhe fiM term an tbe RHS of 
(4). 'lbi8 i8 1he depo&itiocal or 'storage' concavity lllld almply repz~nts the decrea.te in slope 
requ:ired to for depoal.tion to balabce 1he 8Ubsldencc. For a. steady fluvial profile lhat prograde$ 
whh COJIS1a.Qt velocity V, a 8imllar tam appearB (VS/\l) rept1*nting the additional 'storage' 
conc.vity RqUired to sustain progmdation. The sec:olld term will illcreue 1hi& 1:011eavity If q. (and 
hence \1) ~ doWJIB1I'eGI. 

Gc:tbc:;r et QJ, (2009) propolled a model for 8llbma1:iDe canyon loug-profile~~lhat haB analogica to 
both the bedroc:k (1) and alluvial (4) case&. They view submarine Cllll)'ODB on OODstructional 
m.a:rgins as prognldin,g landfOlllllllhat adv~~.~~Ce basinward wilh 1he c;Q~~Iina!tal alope. AB in the 
Mik:hell (2004, 2005) model, a 301111:0 term n.~~ntin,g background sedimentation is included, 
but iB defined by the avemge mm:phology (OOIDIIlOIIly sigmoidal) of the open continental al.ope. 
Sediment lraniiport within the canyon iB driven by turbidity cum111ts, ud ill de&cn'bed by a 
simplified version of the 3-eqoalion model of Parker (1986). For a steady long-profile in the 
traveling wave (progradational, V'>O) coordinate 'i = x- Vt the general n!lation is: 

d'•l .~(v + dK)- R• 
dx ' K dX K 

(5) 

Here R.CiJ is a backgtO'IIIId $edimentation rste and 'K{i) is an effective diffusivity. Note that both 
a storage term and a tenn related to downstream increa.s« in K favour long-profile ~vity, 
which is off.&et by background ~entation. As in iht alluvial case, tbe diffuaivity K in.czeases 
with in~ing diec.barge q, (ih.ough nonlin.early). However, the dependence is unre~ to 
Cributa.ry in pat and its effect on bedload transport; rathez, it arises from ibe:ir ~on of a 
suspended sediment balabce for a 1Urll:idity currem lllld an assumed relation for fluid entrainment 
into 1he flow. For a prograding, C4DyQDized margin, (5) C4D be used to p:t\\'dict a OOD1inuum of 
long-profile forms with intercan.yon and canyon end-membe1'8 (Fig. 4). It C4D also be used to 
predict a graded (or 'bypw') long profile (V=O). Devdopmeut oftbe model W8.3largdy inspired 
by -and sob8equenll.y uaed to explain - obKrva!i.o~~& ehow.ing emoolh lollg-pro!Ue concavity along 
Clllly0118 in ra1ha diffa:al.t lllope ...uings al011g the paallive NW Medl~ m.atgib. 
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HIGH +--- Background sedimentation in canyons --+LOW 

On the South Ca!.alan margin, a few lmge canyons 2e incised imo a ralt!.tr ll.al'lQW shelf and eJ:tend 
acro&&asmoothlow-gradieut slope (Amblasetal., 2006). AmlYB and:&M canyom show a siDgle 
entte:~~~.:h.cd ch$ with a nearly <:QII.Stant width and morphology from the shelfbreak to the canyOil 
moa!h (Fig. Sa). Tbese canyons display a nearly constant width and moxphology from the shelf 
lneak. to the <:anyon mouth, and a single mtnmcbed clmte in seismic <:rosa sectioD (Gerber et al., 
2009). n.- Clbsm'lltiO!lS auggm lligaificant lcmg-tam ....Jiment bypass to the coutigu.ous 
Valencia Qannel. The con.cave-up cwndwe dUplayed by the lOD3·p:rofile!l of these canyons 
indicate!~ tbat turbi.di!.y-c:urll!ntthroughput e~ bactgrolllltd inpu.ts to lhe canyons (G«bee' et al., 
2009). 

In cootrast, the Ebro margin canyons are numemas and generally display low relief, most be• ding 
at orneartheedgeofthe wideEbrocontineD!al shelf (Fig. Sb). The long-profile of these canyons 
gc:llmlll.y dispLays a CODe&vc---up ""ature, llimilar to those ~ed along the Soldh C.tabm 
margin{Amblu etal., 2011). However, a ream su.bsllrface sttldy based. on a 3D sei£miccubein 
the vicinity of Orpesa Canyon showa a convex-concave (sigmoidal) long-profile cwvalure on its 
mid-Pkiato!:elle ~~~~CC:stor (Amblas et al., 2012; see DeXt se;;tion). ThiB chanp in IOD,g-pr:ofile 
C1ll'VIIIUre hJIS been Interpreted as a shift to a canyon domin!ltfA by Ulibldlty CGimlll! from ooe 
strongly influenced by the pattern of sedimelttlltioo that built the open-slope canyon inttrlluves 
(Amblaa et al., 2012). The prognlllli.ve steepening of the Ebro margin from mid-PleiBtocene to 
preeent ~118 and Kneller, 2009; Ambw et al., 2012), and th.e effect of canyon capture and 
piracy (Lai u al., 2013) wollld have ddamined the obsaved change in sedimentation style. It is 
mevant to note that in tectonically active margins, lil:.e the Sicilian IIIIIIgin, the convex-up 
curvawre of tbe loug-profile of eubmariDe canyous ha8 been inlerpreted as a con.seq~ of 
tlectolli.c uplift (Lo lacooo et al., this volume). 
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lnctu.singly available 3D seismic dala. sets show that many modem submarine canyon.a haw: 
coevolved togelher with their interfluves during outbuilding of the COIItinerual margin (e.g., 
WODham d Q/,, 2000; Deptul:k et al.,11XY'J; SUaub md Mohrig, 2009; Amblu d Q/,, 201Z). The 
predominant view of canyons as purely erosive fealllles (Shepanl, 1981) impli~ that buried 
c:anyons1ep::c:seut submarine landforms that aze rapidly em and then pa.nively filled. The D!mube 
Canyon in tho Blu.k. Sea (Popescu u a/,, tbia volume) md the ~ Cmyon in the Egyptian 
oonlfnental margin (Mascle u al., thi$ voblme) show good e:a:amples In lhls regard. An allemative 
view is that some loug-lived canyons can persist (i.e., maintain their overall morphology) over 
limellal!e during which significant margin prognufation OCCUI8. For tbia to occur there IDIISt be 
aa ...Jjmc:at storage, bod! wilhiD the Cllllyon and aloog the opc:n slope. The modeliJIIIIIIDlllize 
above (Eqn. S) has been used to rep:resent this cue (Fig. 4), and in essence treats canyon.a on 
comuucti.on.al margins 8.!1 clinoforms which, togethta' with inta'l:anyon slope,!!, define the all:it.e­
avezaged l.oDg profile shape of the margin. 

The aforementioned 3D seismic cube, provide>~~ by BG Group thloa3h tilt Spanish project 
BDINSBD3D (CI'M2007-64880/MAR), shows prograding and aggllldiDg sbelf-mmgin clinoforms 
with the canyon ineiBing the outer shelf and slope near ().rpesa Canyon, on the Ebro IIIIIIgiD 
(Amblas u fll., 2012.). A seismic profile coupling the modem Olpesa ~g with its ~lying 
mid-Pkistocene sur:face reveals a. gmera1 subparallel stacking pattern of moderam- to hish­
a.mplitude seismic efl.ec:ti.on.a, similar to the prograding clinoform m:hitii<:1Dnl observed in the 
aamc: cllroaosmiligrapbic: intc:rval oldaide the Cllllyon (Fig. 6). ThiB seismic~ illdicates 
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long-tmn net sediment storage in the canyon, deep:ite the libly occ~~mDC~e of periods of erosion 
and lJ'msic:ut diBcquilibrium that c:ould be li.INIO<lialcd with ~-l~;vc:llowslands. This pattau of 
nested canyon 81rela benealb th.e Bbro •h.elf and •lope ha$ beEn observed elsewhere on the II1Jil1fn 
(Field and Gazdner,l990; Bmoni and Cartwright, 2005). 

A 

TWT (s) thalweg infin 

02606076 1 12616 

Figura e. A) 3-D VIeW~ S1aCk.ed modem and mld.f'leiiiiiDCen& surf-around Orp&ea canycn <-Fig. 1 
for locatiOn) along Wl1tl Ill& seismiC pro111e alloWing 1he 11lii!W&g 1n1111. TWT. two-weytraYeiUme. Band C) 3-D 
111ew of mld·Piel1110een& surfae& around Orpesa canyon '1111!1111& seismic; proftle eoupl~ 1lle modem and 1he 
mld-Pfelslcc)ene thalWeg. 

EQw..m:imJM AMD TIWiliiiiNCB OF SUBJoWIDIB CANYONS 
Submarine c:any0115 and channels show discontinllitiea in their long profile which m~emble widely 
obiKIIVed aubaeriallaW;kpointB.In river buinB, knic:kpointB an~ genemlly in~ aa evidenoe 
for down.stream ba8e level fall, and their form b.a& been uee>d to illfer erollion law& goveming 
upsuum migration (Howanl et al., 1994; Whipple and Tucm, 2002). Submarine k:nickpoints 
have been shown to initiate 'W!!tlw tectonic: motion displacea the seafloor (e.g. Mitchell, 2006), 
w~ channel levees arc: bJ:eacbe.d (~;.g. Pirml:i: u lll., 2000; Gambc:rl, this volume) or follaw:ing 
submarine base level changea (e.g. Adeogba u al., 2005). It is worth mentionin3 that, tboll3h not 
~hem, the modeling frameworll:. snmmari:rM above can be Wll!d to investiga!e ttansient 
lmlg-profile cm!lution. 
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Fig. 8 

Distance along Yaleocm Chamel Thalweg (Jon) 

1 Vatenda Channel 
2 Orpesa Can)'OO 
3 Hirta Canyon 
4 V1na16s Canyon 
5 Fobc Canyon 
6 Ses6s Canyon 
7 Atenys C..nyon 
8 Btanes Canyon 

~es in~ md cbmad long-profile3~provi~<i!~~es aboot~ous equiliJnium 
caoditions in sintJe canyons <Win submarine Ylllley oetworim. One of tbe l.alp!t submarine valley 
networks in the Meditemnean ill the Valencia Trough turbidite system (VTI'S). The VTI'S is 
l.oc8ted in tho CatalaDO-Balearic Baain and routes aedimmt from a network of more dw1 1100 
~Dar ldlome~ of sobmarint cayODtllld ~-cb.almel syetemslhat 8hare a co•l!ll")n tiDal 
caodait in the Valencia O.•nnet (Fig. 7). The integrated analysis of channel thalweg bathymeuy 
in the vrrs shows contiguoua loog-profiles through most of the submarine drainage netwolt., 
although evidc~ for lra:llllicat ioc::isi011 in the form of hi<:kpointa is observed in two of ill 
lributariu: Vlna!W md Hilta canyOIIS (Fig. 8). By ~clill3 the adjusted long profiles 
downs!IUm of the knic:tpoims, it i8 possible to estimate the rna,gnifnde of c:bannel adjll.!tment in 
the clrainage 1111twork. Bll!led 011 the locati011 and fOIIll of the unadjusted profiles upstream of the 
knickpojnm, .Amblaa et al. (2011) su~lcd two po~~siblc: lriggA:iD,g ~bmi8'1D!! for bi~kpoint 
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initiation: (a) a change in sediment routing fon::ed by a larp debris flow at ll,SOO yr BP (i.e. 
BIG'9.5 debria flow) that di.s:ruptcd the upper n:aebes of die V1'TS (I..asuu et al., 2002), and (b) 
a chabgc in dowDcuUiog rale8 alo113 the ValCIICia Qannet mld.clle C0\11'8C dQe to 8hlfting sedfment 
input during glacio-eustatic lowatands. Based 011 tbe timing of these, l011g-cetm avemge inci.si011 
rates in the Valencia Cb!IIII!el have been estjrnat!ld to bo between 7.7 to 12.1 m k;yr1 near the 
Vinsroe jllllricm and 3.3 to .5.2 m kyr1_. d!e Hil:ta jwlrion. 1'be8e valuc3 should be tab:a as 
I'OIJ3b ~ for marimnm en!renchment rates in 1be sabmarill.t chaon.el. 

2500 4 

c 
~ .. ·g .. 
~ 
j .. 
g 1000 

~ 
iii 

soo 

Hanging 
canyon 

6 1 Valencia Channel 
2 Orpesa Canyon 
3 Hirta Canyon 
4 Vinar6s Canyon 
5 Foix Canyon 
6 Bes6s Canyon 

•.~--------~ •• ~--------~,.~.--------~,~ •• --------~w~.~--------~2>0 

Distance along Valencia Channel Thalweg (km) 

F".gur& a. Zccm cl; the 'fll*' and middle course of tile V8lanci8 dnlna.g& netwcrlt (sae F"og. 6 for IIICII.Iiorl) 
allOWing intetpeted IN!Uret. of canyon-chal•lelien911rolilea. Rlr Hilla and Vinaro!ls ~ns. daahed I nee 
allOW power-law ftla to prolllea aboYe knlclqlohrts that are prcfecled below the knlclqlolnts and down the 
\lalencla aids. Also ahownl8 a powel'la.Wftt 1D the O!peaa and Yalencla COIIII*IO!Id long-proftle. Modified 1'l'om 
Amblae t1t 111. (2011). 

CONa.vs:toNs 
Advanoea in geophysical mapping of die aeafloor and subswface baw: provided new owottunities 
to Ulldcrstand Elldh-~ proc;c~~see along OOII1incatal margia ~~C~~IIC!IJ.lC". We have adopced tbe 
approach of temstrial geomotpbologis1s in using the loo,g-profiles of canyon and ch.annel tbalwegs 
to id.ebtify 1be signature of~lle* that IICII!pt d!e eeaOoor and buiJd margin etrata. Our uatural 
laboxatoly has been the Catalano-Balearic Basin in the NW Meditemmean, when! after decades 
of iDiaglng we h.a'Ye docJm..,oted in de1lll1 an aten.sive submarine drainage netwQit. that route& 
aedimellt 6:om mar:ginB with c:oo.ttuliDg morphologies through a aingle ''lnmk" CODduit to an 
ultimate sink oo tbe Valencia Deep Sea Fan. Observati0118 from this margin have led to detailed 
ti.c:ld-bascd c:ompari801111 (AmblaB et al., 2006, 2011, 2012) and DWiivatcd and iuformcd the 
development of motphodynamic models of submarine canyonloo,g-profiles (Gerbu et al., 2009). 
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Submarine canyons and related features in the Alboran Sea: 
continental margins and major isolated reliefs 
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The analysis of a data set of multibeam bathymetry plus high resolution seismic and parametric 
proffies allow us to characterize the geomorphologic units on the Alboran Sea-floor as well as the 
evolution of morpho-sedimentary systems along the Pliocene and Quaternary, later than the main 
erosive Messinian event. Since the opening of the Gibraltar Straits, the sedimentary evolution of 
this basin has been controlled by the interchange of water masses between the Atlantic Ocean and 
the Mediterranean Sea. Basin physiography is also a consequence of the Pliocene-Quaternary 
compression which has progressively uplifted the sourrounding reliefs and deforms the interior and 
the margins of the basin. On this scenario, several submarine canyons and gullies have been 
developed in this basin which traverse especially the northern margin and the flanks of the Northern 
Alboran Ridge, without affecting the African margins. This fact must be related to the action of 
bottom contour currents which constitute the main morpho-sedimentary process. The influence 
of water masses distributed the sedimentary input carried by rivers and coming from the erosion 
of surrounding ranges. In the southern margin of this basin this influence is stronger and inhibits 
the development of transversal submarine canyons. 
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INrRooocrJ:o:H 
The Alboran Sea conati!!Jtu the westernmost physiographic unit of the Mediteuanea.n Sea. It is a 
semi-eJX:Iosed basin ~ by the Iberian and African margins and it is divided in two main 
baaina (Eas!em Alboran aod Weatem Alboran) connected by a narrow corridor (Alboran Throup) 
and two main m~r&-eJope buinB (Solllhem Alboran and Moll:il). & phy$lography 1a ~ 
by lllliiOW 1:0!1~ lllx:lves, peeudo<Olll:'eiii!W COI!Iinc:ntal slope8, two wide: msg:i:o.al. plateaus 
(MP): thoMoulouyaMP011 tbeaout!HutemOOIIIillental dope aDd theDji.bouu-MoerilMPOilthe 
nCJithem. one, and several mwpb.ologic ttaib (slnlctaral and vokauic highs and ridges) (Fig. 1). 

5"W 

Continental shelf 

- Continental slope 

- Main Basin Floor 

EURASIA 

4"W 3"W 

- Isolated shelf 

- Structural High or Banks 

Submarine landslides 

+-+ Gravitational scarp 

2"W 

- Submarine fans 

- Intra slope basins 

- Marginal Plateau 

Flgur& 1. (A) Plat&-tectonle tell erne of th& lbero-MaGhreblan region (mod1'1ed 1rcm V6:z:quez and Vegaa. 
2000). WAS: '•'o"eatemAJboran SUbcluellcll Zelle. {8) PhySiographic Map of 111e Ab:ifan S&a basin plottBd on 
a hl11hachunodel. A c:ompllrion of multi beam biLII1yrno1ry (SO ,. 50 m) ha been UMd forth& c:ol'allnld!on d 
thla model 1n:1 has~ plotted on a oeneral hlll&had& model based on ETOPO ba1llymetry (1000 ,. 1000m). 
On land, a D'll.!mcdel ha& been used based on the 1* x 1* filet. available from the 2000 Shullle Rader 
1\)IIOGI'IIIhv MINion, th~ 1'910~ II about eo m. BS: Barazullctt. SA&: South Abxwl Buln, WNJ: Wett 
Alboran basin. (Modified from Madaa « sl., 2015). 
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Atlantic and Ml>ditmauean water IIIIISllM are COIIIl:eCted tbrough the Strait of Gibraltar and lhey 
meet and interac:t in tb Alboran Sea. This ooeanographic gateway conlrols tb water masses 
ch.a:ages and the compklx phy!iagraphy of the Alboran Soa Basincoodilian.s lhe dynamica of these 
IIIIISllM. In tbis R!pld tbe distt:Ibutian of ridges, seamauo!3 8lld marginal plateaus acts as ob!tades 
to the i.ntelmedia!e 8lld deep flows. The pn!SIIDt-day cirwlation is defined by thieo major water 
masses: 1) lhe sur6cial Atlantic Water (AW) chanicterized by <36-36.5 psu salinity, average 
llmlpel'a.ttlnl of 16'C, extended down to 150-250 m water depth that de!c:n'bes two lllllicyclonic 
gyn~~~, Westem and Eaatem; 2) low density (LD) Medi:tmanean water, fOI'III.ed by the Wmem 
Intermediate Water (WIW, 37-37.7 psu aalinity, ~ of 12.9-13"C, exteuded doWil 300 
m water depth) and uvllllli:oe llltll!lmediate Water(LIW, aaliDity of385 pau, teDiplll'a.tlln of 13.1-
13.2"C), whicl1 on the Spanish c:oo.ti:oental alope oDly e.xtellda daWil to (iOO:m water depth; and 3) 
the underlying high density (liD) Meditei'I1IIIND water, fanned by tbe Wemn Meditel'niii08D 
Deep Water (WMDW, 38.40-3852 psu saliDity, ~of <12.7-12"C) which ia largely 
mtricted to the M-margin (below 180m water depth, deep baB.inB 8lld the Spanish baae­
of4lope below 600m watar depth) (Millo«, 2009 md Ief-themn) (Fig. 2). 

--+ AW (0-2!Kl m) 

Flgur& 2. Ba1llymetlfc mllj) olllle Ablran Sea Wl1h 1118 prew~t-clrty regional Clr'cllla110n model L.egend: AW, 
A!lflntic Willet; wrw, Wealllm lntermeci818 Water; LIW, .__tine lntermedillle Welllr; WMDW, Western 
Medlternlnean Deep We11er; and ShW, Shelf Wll!er (a mbdure ~ AW.,.;! WJ.4DW). 

'l'ho Albomn Sea Basin lw beeD formed in the c:onlllxt of tbe Western Meditem1D11811 bad-m: 
dm:iD,g the Upper O~Mi- riltio,g (Comas et al., 1999; Jolivet and Fa=a, 2000), in 
tho inlclrior of the Gihtaltar Arc ~-Rif orogen) dm:i:og the 'WeiStward migratioa of the Al.borm 
Crustal Domain (Platt et al., 2003). Sttc«:hing 1111d IIIOI1IIal faulting in the cxtcDSional plwe 
produced COIItiDc:altal. QUit thimring aC«~~Dpolllric:d by ac'R'nl. ande«iiic voh:mW:: episodes (DIIggea 
et at., 2004). This region has hem under compmulicm from the Late Mi.oc:'l::nc to the pm~ent 
~ et al., 2013).ll is dl.m:*tizcd by 111; ~-!ion of a broad deformation m:a 
and s1rain pmUtioning (de V10C31tc et al., 2008). The ~t vmicty of focal. earthquakc.IIK'>f.bmrim• 
l'llll,giDg from Jll" thrust to~ slip and aonnal tinJI.!i:llg (Stich eta/.,2010 andrei- tbc:n:in) 
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and the presence of penetrative linear structures on the seafloor evidence the intense and varied 
active tectonics in this region (Gracia et al., 2006; Ballesteros et al., 2008; Vazquez et al., 2008). 

The basement of the Alboran Domain has been deforled from the Tortonian to the present 
simultaneously the tilting of the Iberian and African continental margins and the uplift of the Betic 
and Rif cordilleras around the Alboran basin - Betics and Rif Ranges. Cordilleras uplift and the 
reduction and deepening of the Tortonian basin must be considered as part of the same deformation 
process related to the overall convergence between Africa and Eurasia and the blocking of the 
Alboran Domain westward migration. The Betics Cordillera uplift is evidenced by the presence of 
Tortonian carbonate reefs at 1 ,000 m in elevation (Braga et al., 2003) and by current GPS 
measurements series (Gimenez et al., 2000). As a result, the Messinian saw the closure of the 
rifean and north betics straits which constituted the connection between the Atlantic Ocean and the 
Mediterranean Sea. This closure resulted in partial desiccation of the Mediterranean Sea and 
intense erosion of their margins (CIESM, 2007; Estrada et al., 2011). Later, Pliocene and 
Quaternary tectonics would drive the formation of the new Gibraltar connection. 

Pliocene to present sedimentary regimen of the Alboran Sea Basin is controlled basically by the 
interplay of three processes: i) sedimentary inputs from the interlands controlled by uplift of 
surrounding cordilleras, ii) glacioeustatic sea level changes, iii) and water masses dynamics and 
their related bottom motion modulated by long term climatic oscillations and short term seasonal 
variations. 

In recent years the interpretation of sedimentary systems throughout the Pliocene-Quaternary and 
current sedimentary dynamics has undergone a major change: the new sedimentary models are 
based on the importance of the erosion and deposition processes related to water masses dynamics 
and sea level changes at regional scales and to tectonically controlled morphological features at 
local scale (Palomino et al., 2011; Ercilla et al., 2012a,b; Juan et al., 2012a,b; Juan et al., 2014; 
Ercilla et al., 20 15). The continental slopes mostly comprise alongslope plastered drifts with 
striking terraces formed under the action of the LD (Iberian margin) and HD water masses (African 
margin). The plastered drifts connect to a deeper plastered drift on the Western Spanish base of 
slope and to sheeted drifts in the basins, all formed under the action of the HD waters. 

In this scenario, submarine canyons are the feeding element of the sedimentary model, as they 
cross the continental slope eroding the terraces and the alongslope plastered drifts and mouth 
directly into fan lobes on the base of the slope and in adjacent basins, with aggrading and migrating 
leveed channels interrupting the lateral continuity of the plastered and sheeted drifts. The canyon­
fanlobe abrupt transition is always coincident with features sculpted by contour currents. Several 
incisive submarine canyons systems have been developed along the Pliocene-Quaternary (Estrada 
etal., 1997; Ferrumdez-Puga etal., 1999; Estrada etal., 2011) and some of them nowadays cut the 
Iberian margin of the Alboran Sea (Alonso and Ercilla, 2002; Garda et al., 2006) and both flanks 
of the Alboran Ridge (Barcenas et al., 2004), while only one well developed submarine canyon 
occurs on the African margins (Ercilla et al., 2002). This distribution points to a more important 
development of turbidity flows in the northern margins of the Alboran Sea. This work, presents a 
comparative morphosedimentary study of the canyons in this region . 

.Mm.'HODOLOGY 

This paper is based on the study of combined data obtained by means of multibeam sounders 
(Kongsberg-SimradEM-12S,EM-120,EM300,EM710 and ATLAS HydrosweepDS), ultra-high 
(parametric TOP ASPS 018 echo sounder and ATLAS Parasound P-35) and high reflection seismic 
systems (EG&G sparker and 3-channel Airgun) and SIGEOF databases. All the seismic profiles 
were integrated into a Kingdom Suite project, comprising single and multichannel seismic records 
with different resolutions. 

A systematic analysis has been done related to the morphography of submarine canyons using 
geographic information systems (ArcGis software). Their location and a series of geometric 
parameters were considered: head and mouth depths, average and thalweg lengths, width, incision, 
sinuosity and slope gradients. Where the thalweg length is measured along the current canyon 
axis, the average length is measured as the straight line between the head and the mouth of the 
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canyon, sinuosity ia ca!mlatM as the flllio between tho thalweg and the average lengths, the width 
iJ the distance between the two main wallsoftbecanyon,and tho inci&ionia the max.imum height 
diffeR!DCe between tho walb and die thalweg oftbe c:myOD. 

Sampliug by gravity <:on:$ and/Clt llllt&i.al ~ hu been catried old 011sevc:ral canyO!l$ and a 
benthic TV camera (lEO VOR APHIA) wu u.sed to obllei'Vc sea floor on 1hc c:my008 of La Linea 
and Guadi.aro by m.ean.s of several video·transec:ts. 

Mo:i:JI!KN SuliMAIUMB CANYONS AND Gw..ul!s SYmiMs 
The distri.bution of IIUbmati:ne canycm in die Alboran Sea shOWB an importmt ~from a 
mmpho-&fflimmtary point of mw: die llllleVCil dcvelopmcat of canyon-fan &yslema aiODg die 
margiJI8 of dlis basin. Ten canyoDB and two gullies systems are defined in die: Iberi.aD margin 
(Alon.so and Ercllla, 2002; Buo n al., 2012), and nuu:teroUB gvlllcs with at lea.et two cuyoiiB are 
cle8crlbed In the flank& oflhc Nonhem Alboran Ridge (Vh.quez et al., 201S).In contmst no main 
canyons and lmbib systems develop in tho MClii.'()OOUllll.alSin. whtle the Ceuta canyon is tho only 
sllhmarine ~ iDcisiDg lhe slope, Clroding tbe comourite deposil!l and molltbing iDm the emmnce 
floor of the Strait of Gibraltar (Ereilla n al., 2002) (Fig. 3). OinyOIIB and chlmnela define nine 
lUibidi1e systems showing two main types of sedimeubuy models: i) subma:ri:ne fan type (La Linea, 
Ou.adi.aro, Bafioe, Toae Nueva, Puengirola, Smlllif, Almeria) and ii) auhmarine 111111p (Salolnelia 
and Calahoncla) type (&cilia et al., 2014; Madas n al., 2015). The u:aeven developm.ea.t of 
Canyon-fan syatem& 011 die two matgin.uad die variable azdlite~:~ of the fans a.re an: suit of die 
IUie>qW illlerllctlon between alongslopc and downalopc prooetiiCS. 

F'.gur& 3. Llleelion of &bnwioe Canyana end ~lies onlh&Aiboran Sea niiBfljna and NO!them Ab:nn 
Rlclge. The fh.MIII dnllnq& pattem '' IOjli ewnted by white 1111011 on the eoulh~berliln onllhore. 1, Ceuta 
C.~n; 2, Algedr• ~n; S. La LklN Cenyon-Fan; 4, Guadlaro ~n-.._,; 6. B«b Ccnytln-Fan 
(a.llo (;Q)ied PlaQer d~ lu BoYeclae Ce.nyon); 6, Tbmlnwva Canyon-Fan (a.l8o (;Q)ied Calahonda Canyon); 7, 
Fuenglrola Ca~n-Fan; &, Saiol:lniCia turtlldnle f1llll) tYStem: 9. Motr11 Canyon; 10, CM:tluna c.t)oon; 11, 
Calahonda turbldnle system; 12, Adra VBJ!ey; 13, C8nllO de Dallas gullies; 14. Amelia tl.lt*l1lc system; 15, 
AJ.Bcranl c.t)oon-Fan System; 16, Piech Escuela canyon; 17, caalor gullies area. 
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The sedimenlaly model of the fans is similar far an. being cbaracterized by a single feeder canyon 
1hat IIBIWly crosses 111: ~ pl.a.stered drift oflhe ~tinc:ntal ~and ~y mooth• into a 
fanlobe 1hat develoP' from ihe lower SCaJ:P on the base of slope and basin tl'81:18ition. However a 
double c:anyon syatem feeds the Sacratiflan depos:itB (Alcm.ao and Ezcilla, 2002) IIDd the A1mer!a 
Canyon 18 c~ by a complex feeder eystem and a SU'uoC:tu:al1 cootrol (Cr.\)nin, 199.5). Tbe 
fanlobea comprise a single linear co low sinu.ollity feeder channel, which evolves co higher 
ainu.ou.sity <:J.a!llld. The tan~ modd also~ gal1iea mau1hing onto a 111011.-dlamic:l 
lobe. The ramp shape model ~ few m severs! input po:inm represented by canyons and 
gullies that evolve downslope m a fan lobe with multiple leveed c:barmels md dis!n'bu!my channels. 
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Figure 4. LongitUdinal Jli'Oiflea of Sllbmarhe ca1 'Y'OI"' and (IUIIesalllelilid on lheAilcnn Sea. The proftles­
located In Fig. 3. 
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Canyons Morphology 

The following paragraphs describe the morphological features of these canyons, and the related 
turbidite fan (Fig. 3). 

1) The Ceuta Canyon (1 in Figs. 3 and 4) is the only canyon present in the north African continental 
margin. It has been excavated on contourite deposits that form the Ceuta plastered Drift (Ercilla 
et al., 2002). It has a length exceeding 40 km, a width between 3 and 6 km and a marked pathway. 
It extends from 55 m water depth at the head to 900 m water depth, mouthing on to the floor of 
the Strait of Gibraltar where accumulation of related deposit has been mapped. 

2) The Algeciras Canyon (2 in Figs. 3 and 4) is located in the axis of the Algeciras Bay. It has a 
length greater than 20 km and a winding track. Its width varies between 1 and 4 km, and it extends 
from 24 m water depth at the head and 864 m water depth at the mouth, also located on the floor 
of the Strait of Gibraltar without related deposits. Its head is close to the coast ( < 1 km) that is off 
the mouth of three rivers in the central part of the bay: Palmones, Guadacortes, and Guadarranque 
nvers. 

3) La linea Canyon-Fan (3 in Figs. 3 and4) is the smallest of these systems located on the Alboran 
Sea ( < 20 km long, < 8 km wide). It is fed by a main canyon and a secondary tributary canyon that 
merges at the foot of the lower slope. The eastern secondary canyon is about 7 km long, its head 
is located at the upper slope related and corresponds to a landsline scar whereas the western main 
canyon (9 km long) incises into 2 km the outer shelf and has a width between 1.4 and 1.9 km. Its 
head is characterized by two gullies that together have a horseshoe geometry whose branches are 
opened towards the coast and join to the canyon thalweg. These gullies begin their development 
at 15 m water depth, no more than 1 km distant from the coast, without apparent connection with 
any river mouth, and are 1.5 and 2 km long. Canyons mouth onto a fan shape lobe which is incised 
by rectilinear channels ( < 5 km long). 

4) The Guadiaro Canyon-Fan (4 in Figs. 3 and4) is about 25 km long and 16 km wide. It is defined 
by a 14kmlong feeder submarine canyon, and 1.7-2.5 rim width, whose head incises 3.5 kmonto 
the outer shelf and is controlled by a rock outcrop. It is located 3 km from shore characterized by 
the mouth of the Guadiaro river. The canyon evolves to a lobe incised by a unique 13 km long 
leveed channel whose dimensions decrease downslope. The lobe has a fan shape 14 km long and 
16 km wide; its seafloor morphology reveals the presence of old channels in the distal domains. 
A pockmark like feature field has been located on these deposits. 

5) The Bafios Canyon-Fan (5 in Figs. 3 and 4) is about 35 km long and 13 km wide. It comprises 
a 17 km long submarine canyon with 0.6-1.8 rim width (also called Placer de las Bovedas Canyon) 
whose head incises onto the outer shelf about 2 km. The head is located to the east of a rocky 
outcrop and the distance to the shore is about 6 km, where some rivers mouth as Guadalmina o 
Verde are found, without a direct relationship. The canyon evolves to a 6 km long leveed channel 
with a sinuous pathway. This leveed channel evolves to a channeled lobe that bifurcates into 
smaller distributary channels. The fan lobe displays a lobate shape area 16 km long and 12 km 
wide. 

6) The Torrenueva Canyon-Fan (6 in Figs. 3 and 4) is 37 km long and 6 km wide. It is 
characterized by a canyon (also called Calahonda Canyon) about 15 km long and 0.5-2 km of rim 
width. The head incises 2 km onto the outer shelf and is located at 5.5 km from the shore where 
no main river mouth is found. At the depth of 600 mit is characterized by a strong linear geometry. 
This canyon evolves to a rectilinear leveed channel of 11 km long, it changes at about 1000 m water 
depth to a less incised and amalgamated type channel down to 1185 m water depth. There, it passes 
downslope to a 12 km long and 7km wide lobe. The surface of this lobe is characterized by 
longitudinal straight lineations that resemble small-scale rectilinear channel incisions. 

7) The Fuengirola Canyon-Fan (1 in Figs. 3 and 4) is about 40 km long and 20 km wide. It is 
defined by a 14 km long and narrow (0 .7 km wide) canyon, whose head enters onto the shelf about 
1 km. It is located 6 km away from the coast and the river Fuengirola of the mouth. It evolves to 
a 8 km long, sinuous main leveed channel that mouths into a lobe with rectilinear distributary 
leveed channels. The fan lobe deposits have dimension of about 25 x 19 km. 

189 CIESM Workshop Monographs n"47 

                             7 / 14

https://ciesm.org/catalog/index.php?article=1047


 
SUBMARINE CANYON DYNAMICS - Sorrento, Italy, 15 - 18 April 2015 

8) The Salobrefla turbiditic ramp system (8 in Figs. 3 and 4) is defined by two major gullies (about 
14 km long), and three more between these (3 to 8 km long), with the head located on the upper 
slope around 180-190 m water depth. However they must be related with a group of very straight 
and small-scale gullies, at least twenty, that cross the outer shelf and the shelf break and have 
lengths between 0.5 and 2 km, directly related to the submarine deltaic deposits of the Guadalfeo 
river. Feeding gullies mouth into a lobe with an unchanneled apron shape about 17 x 11 km. 

9) The Sacratifturbiditic system is fed by two canyons, eastern or Motril Canyon (9 in Figs. 3 and 
4) of 9 km long and 2.4-3.5 km rim wide, and western or Carchuna Canyon (10 in Fig. 3A) of 
11 kmlong and2-3.2 kmrim wide. The head oftheMotril Canyon enters 1.5 kmin the outer shelf 
and one additional km corresponding to a narrow gully which has 15 m of incision and extends 
toward the coast close to the submarine deltaic deposits of the Guadalfeo river. The head of the 
Carchuna Canyon incises 3.3 km onto the inner shelf, and it reaches 15m water depth.It is located 
very close to the coast(< 0.5 km) without any rivers mouth. Both canyons evolve to leveed 
channels < 7 km long that mouth into channeled lobes with distributary channels that have variable 
pathways, from sinuous to reclinear. The lobe has dimensions of 24 x 14 km. 

10) The Calahonda turbiditic ramp system (11 in Figs. 3 and 4) is composed of at least four 
relatively short (1 to 6 km long; 0.6-0.8 km wide) canyons plus gullies, their incision and length 
decrease to the east. These canyons evolved to leveed channels up to 11 km long, with trajectories 
from rectilinear to low sinuous. All together define a channeled lobe with an apron shape of 
15 x15 km. 

11) The Adra Valley (12 in Figs. 3 and 4) is a smooth valley channelized in the thalweg. It is 11 km 
long and 0.4-0.8 km wide. It has a slightly curved geometry and is extended from 85 m water 
depth in the head, at 6 km of distance from the Adra river mouth, until 650 m water depth where 
the canyon mouth on the Motril basin floor without related deposits. Its path is conditioned by a 
NE-SW active Quaternary anticlinal (Vazquez et al., 2014). 

12) The Almeria turbiditic system (14 in Figs. 3 and 4) is the largest turbiditic system of the 
Alboran Sea. The course of the Almeria Canyon is affected by the Serrata and Cape of Gata faults 
and by the interaction with NNE-SSW structures at several points along its longitudinal extension 
(Estrada et al., 1997; LoIacono et al., 2008). The canyon head is NE-SW oriented, it is located 
3.5 km from the shore, close to the Cape of Gata, and entering about 4 km onto the shelf. The 
canyon is fed by three additional tributary systems (Garda et al., 2006): the first is named Campo 
de Dallas which corresponds to a set of NNW-SSE toN-S oriented gullies (13 in Figs. 3 and 4) of 
9 to 22 km, long occasionally with NNE-SSW oriented segments related to the action of main 
faults; the second is the Andarax system that is NNW-SSE oriented and shows two well 
differentiated sectors dissected by the La Serrata fault, northwards corresponding to a set of gullies 
related to the submarine deltaic deposits of the Andarax river mouth and soutwards corresponding 
to a major canyon; and the third, named Gata, corresponds to a NNE-SSW oriented channel 
generated by binding of the gullies that are eroding the shelf break and upper slope of the western 
part of the Cabo de Gata shelf. The Almeria Canyon at 1200 m water depth evolves to the fan lobe 
formed by the Almeria leveed Channel that runs southward for 26 km describing a curve trajectory 
down to about 1650 m. When this channel enters the eastern Alboran basin (about 1500 m water 
depth) the overbank area widens and from 1650 m the main leveed channel branches into 
distributary channels that make up the lobe deposits that extend down to the seafloor at 1800 m 
water depth. The fanlobe has the biggest lobular shape, 45 km long and 30 km wide. 
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13) TheAl-Borani Canyon-Fan System (15 in Figs. 3 and 4) is located on the southern flank of the 
Northern Alboran Ridge. The Al-Borani canyon extends from the shelf (65-120 m water depth) 
downslope to 800m water depth (lower slope), with an average gradient of 12°, 3 km long and 
2-2.5 km wide. The head zone is located around 65-70 m water depth and is characterized by 
several scars that produce a horseshoe geometry open to the canyon and affect the insular shelf of 
the Alboran Island. This canyon largely corresponds (1.8 km) to the proper incision on the Alboran 
island shelf. The upper canyon sector (110-350m depth) trends WNW-ESE and contains most of 
the tributary gullies. The lower canyon (350---800 m depth) is oriented NNE-SSW and becomes 
steeper (up to 19°) around 700 m water depth. Depositional features are located at the base of the 
slope-basin floor, where the Al-Borani Fan occurs. This fan is lobate, with a maximum width of 
7 km and a length of about 7.7 km, and extends from 800 to 1,100 m water depth with a gentler 
gradient (1 °-4°). It has two main NNW-SSE turbidite channels, small distributary channels, 
overbank deposits, and lobe deposits (Macias et al., 2015). 

14) The Piedra Escuela Canyon (16 in Figs. 3 and 4) is located on the southern flank of the 
Northern Alboran Ridge. It extends from 106 to 935 m water depth, is 5.7 km long and 0.5-0.9 km 
wide, and incises 0.9 km onto the Alboran island shelf. A mass flow deposits extends to 1115 m 
water depth from its mouth on the Southern Alboran Basin, it has 4.5 km long and 4 km wide, but 
no channels have been differentiated. 

15) The Castor gullies area (17 in Figs. 3 and 4) is located on the northern flank of the Northern 
Alboran Ridge. It is composed by the Castor Canyon (10 km long, 0.4-0.6 km wide) that incises 
1 km onto the outer shelf of the Alboran Island and connects the top of the North Alboran Ridge 
with the floor of the Alboran Trough, and over gullies (3-45 km long). No recognized deposits are 
associated with this system. 

The distribution of submarine canyons in the Alboran Sea shows an important difference from a 
morpho-sedimentary point of view: the uneven development of canyon-fan systems along the 
margins of this basin. Twelve submarine canyons, gullies sets or canyon-fan systems (15 to 99 km 
long) have been identified in the Iberian margin and three minor canyon-fan system (4-8 km long) 
or gullies set have been localized in the flanks of the Northern Alboran Ridge (Fig. 3). In contrast, 
Canyon-fan systems do not develop in the Moroccan margin, where the Ceuta canyon is the only 
submarine feature incising the slope. The uneven development of Canyon-fan systems on the two 
margins and the variable architecture of the fans are a result of the unequal interaction between 
alongslope and downslope processes. 

Modern habitats and sediments 

At present no systematic study of bottom types and habitats has been carried along the Alboran Sea 
submarine canyons and gullies (Wiirtz, 2013), except for a multidisciplinary oceanographic survey 
realized in the frame of the VIATAR Project (Dfaz-del-R:fo et al., 2014) to characterize the 
sediments and habitats along two canyons-fan systems in the northwestern area of the Alboran 
Sea, the La Linea and Guadiaro canyons and fan deposits (Fig. 5). 
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Flgur& 5. CIII'MMrt habitats and apedes found h La Un&a and Ouadlaro aublnaRle canyons (North :a lllern 
Ndot' otlhtJAI)onv: Sea}. (ti):Aggregallon ofggrggnlane (~ ~; (b}: De11111 oftwothw1rlned 
species tlltJ &&a urdlln C6ntro&tsphatHJsiDtlglsplnus and th& cofei.Waler coral IJ8ndtophyiJia comJgwa 
(yellow); (c): Cnlltll.ceen decopods otltt& gtJnllll PMalanb; (d): The ophUold ~•fa liP· 

A) I.Al.btH Sd_. Qlllt]QII 

The seafloor of the head canyon (100-140 mdeplh) ischara.ctaized by muddy fine sand sedimllllt, 
wilh abundaotddr:IIUS, 11114 * beolhlc comm:llllity dominated by filtlet anddepoeft fee.cl.ezs, fnc1adlng 
--p;ns, sedc:ataty polyc;haetea (Onuphidae, SpUx:haetoptenu ap.),moll.u.sQI (TdliM comprea!IQ, 
Erupira fiu~», etc;.) and decapod! such as Gon.ep'/4Je rllombWies and pagurids (Pagunu spp.). 
'l1lis type of benthic community is somehow similar to the so called "Biocoenose des vases 
ten:lgenes cotieru" by~ and Picard (1964), included in the EUNIS habitat type "Circaaiuoral 
sandy mud'' (AS.34). At dlia depdl, ~ m: also hard boUomB at die walls of the head, Cl!pCCiaiJy 
at tile centtal part of the two tn"butaries ~abundant n~mains of cold-water c:orah (mainly 
Madrepora OCIJata) occur as wen as some edrlnodemls inhabitin& tbe crevice.!! amon3 tbem 
(mainly Op~ cf.fragili.J). Live coral of the gell.el'a Caryophyl/UI and ~ colollize 
the va:tic;sl aidei oftheroc:b.l'b.e,e formalionB with hard bolloms ooloniwl by c:old-water oorala 
an! included in the EU Habitat Din!c:tive (Reefs 1170), in the OSPAR convention ("Coral 
gardelra"') and also in BUNIS <:'CircaUttoral cmrJI. ruf;I",A5.63). 

At 200 m depih, tht thalweg Rt'diment contains a biper amount of bioclasts (mainly rern•in• of 
bivalve& md of M. OCitlata) and the uaooiated specica inc:h1dc: some decapoda wc;h u Plelionika 
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martia and pagurids (Pagurus sp.), as well as sedentary polychaetes (Spiochaetopteridae, 
Cirratulidae) and macrourid fishes (Malacocephalus laevis). At the margins of the channel, the 
hard bottoms contain a higher density of ophiuroids (mainly Ophiotrix cf.fragilis) as well as 
solitary (Caryophyllia sp.,) and colonial cold-water corals (M. oculata, Dendrophyllia cornigera), 
constituting a habitat that is also in the Habitat Directive (Reefs 1770) and similar to the listed 
OSPAR and EUNIS habitats constituted by cold-water corals. Other species with a protected status 
included in the Annex II of the Barcelona Convention such as the gastropod Charonia lampas 
subsp.lampas also occur in this area. 

At the thalweg of the canyon from 300 to 400 m water depth the sediment is composed of muddy 
fine sand. At 300m water depth the thalweg is colonized by cerianthiids (Cerianthus sp.), decapods 
(Pagurus spp. and Munida spp.) and echinoderms (Cidaris cidaris) with a higher amount of cold­
water coral remains (M. oculata) in those areas located close to the sides of the channel. At 400 m 
depth, sediments have a higher percentage of recent bioclasts of typical infralittoral mollucs (C. 
gallina, Glycymeris nummaria) as a consequence of the downward transport. The benthic 
community is dominated by different polychaete groups (mainly Eunicidae, Glyceridae and 
Capitellidae), molluscs species (T. compressa, Nassarius ovoideus and E. fusca) and the sea­
cucumber Leptosynapta cf. inhaerens. Some of these species are very common in shallower 
circalittoral bottoms with muddy fme sand, and their presence could also be linked to the transport 
from the shelf down the canyon. This hypothesis is supported by the finding of large remains of 
leaves of the Mediterranean endemic seagrass Posidonia oceanica, which constitutes meadows in 
infralittoral bottoms located nearby (e.g. Manilva) (Luque and Templado, 2004). At greater depth 
(425m), the sediment is muddy with abundant detritus and remains of typical shelf species, such 
as the bivalves Saccella commutata and Myrtea spinifera as well as the gastropod N. ovoideus. The 
benthic community has a lower biodiversity than that at the upper parts of the canyon and is 
dominated by small capitellid polychaetes. At the eastern side of the thalweg, between 310-440 m, 
the sediment is muddy and colonized by cerianthiids, with the presence of the decapods Munida 
sp. and Plesionika sp. and a higher amount of cold-water coral remains close to hard bottoms on 
the side of the thalweg. In this area the two main types of habitats are the "Deep-sea biogenic 
gravels" (EUNIS A622) and the "Deep-sea mud" (EUNIS A6.5). At greater depths (800 m), the 
sediment is similar as well as the habitat type, which is dominated by cerianthiids, with the presence 
of disperse echinoids (mainly Cidaris cidaris). 

B) Guadiaro submarine canyon 

At the head of the canyon (- 70-90m), the sediment is composed of pebbles, and microgravels 
coarse sand and mud, and the benthic community contains species typical of these sediment types 
on the continental shelf of the Alboran sea, such as the bivalve Astarte fusca or the echinoid 
Echinus acutus. This type of community usually appears in the EUNIS habitat "Circalittoral mixed 
sediments" (AS .44). At greater depths the sediment is also characterized by bioclasts (remains of 
corals, shells) as well as rocks of different sizes. The gorgonian Eunicella verrucosa is very 
common on these bottoms, along with species such as the echiuran Bonellia viridis or echinoderms 
Echinus acutus and Centrostephanus longispinus. The last species is protected under the Habitats 
Directive 92/43/CE (Annex IV) and is listed in the annex II of the list of endangered and threatened 
species of the Barcelona Convention. This type of habitat is included in the Habitat Directive 
(1170, "Reefs"), in OSPAR convention ("Coral gardens") and represents the EUNIS habitat type 
"Mediterranean coralligenous communities moderately exposed to hydrodynamic action" (A4.26). 

At the middle-upper part of the canyon (233m depth), the sediment has a lower content of pebbles, 
and bioclasting gravels and a higher presence of compact mud. The benthic community is 
composed of polychaetes such as Spiochaetopterus sp. and molluscs such as Anadara polii and 
Clelandella miliaris. The benthic community is composed of Plesionika cf edwarsii, galatheid 
crabs (mainly Munida sp.), echinoderms (Echinus acutus), gorgonians (mainly Callogorgia 
verticillata) and large colonies of the cold-water coral Madrepora oculata, with larger densities 
than those found at La Linea submarine canyon. The cold-water coral habitats are included in the 
EU Habitat Directive (Reefs 1170), in the OSPAR convention ("Coral gardens") and also in 
EUNIS (Circalittoral coral reefs, A5 .63). At greater depths (293 m) sediments are composed of fme 
sand with sparse rocks of different sizes and medium levels of bioturbation. This area displays a 
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lower biodiversity, with the presence of the decapod Plesionika sp., the crinoid Neocomatella 
europaea, and the ophiuroid Ophiotrix sp, among the rocks. At greater depths along the thalweg 
(397m) muddy bottoms are dominant and colonized by polychaetes of different families 
(Capitellidae, Terebellidae, Spionidae, Polynoinae) and typical shelf bivalve molluscs such as 
S. commutata or M. spinifera. The habitat would correspond to "Deep-sea mud" (EUNIS A6.5); 
it also contains benthic components that would normally occur at shallower depths but could have 
colonized these bottoms due to the vertical transport of sediment and fauna along the canyon. 

Geohazards 

Two main processes related to canyon occurrence have been detected as probable hazards in the 
Iberian margin of the Alboran Sea: 

i) The development of landslides along the canyon leading to tsunami triggering in the basin. 
Landslides have been located on the upper slope sector of the La Linea and Motril canyons, and 
at the canyon head of the Alborani canyon (see Macfas et al., 20 15). 

ii) Retrogressive erosion at the canyon head have been detected in several canyons; the most 
important is related to the Carchuna canyon (Ortega et al., 2014) the highest economic impact 
could be produced at the Algeciras canyon head where substantial human infrastructures are 
located. Other areas affect by gullies erosion are the head of the Motril and La Linea canyons. 

CANYON-FAN SYSTEMS EVOWTION 

The architectural elements of the canyon-fan systems show different seismic facies. The canyon 
fill deposits display complex facies pattern with chaotic ftll, prograding ftll, divergent fill and 
mounded fill facies. Canyon facies are better developed in the Fuengriola and Almeria canyons. 
Some canyons (Baiios/Calahonda and Torrenueva) do not show canyon floor deposits and their 
seismic expression is only recognized by the V -shape valley incision with truncation of reflections 
in their walls and floors. The canyons facies appear as irregular bodies with a well-defined 
distribution related to the linear canyon feature. The channel fi.ll deposits, that are similar to the 
canyon ones, are defmed because of their association to the levee deposits and are mostly defined 
by chaotic facies. They are identifi.ed in all the turbiditic systems. The chaotic facies presents two 
subtypes: i) wavy and disrupted reflections of medium amplitude that appear as mound or lens­
shaped bodies, bounded by irregular erosional surfaces; and ii) strong, contorted reflections of 
high acoustic amplitude with hyperbolic and hummocky reflectors, sometimes showing traces of 
the original parallel bedding. Their overbank deposits are formed by downlapping continuous 
conformable to wedging reflections. The lobes display facies that vary laterally, being mostly 
chaotic and/or transparent for the distributary channels, and stratified, continuous and 
discontinuous, for the overbank, non-channeled and lobe fringe. 

DiscuSSION AND CONCLUSIONS 

The Alboran Sea is characterized by at least fifteen erosive systems, between submarine canyons, 
valleys, gullies and channels, which are the main feeder system of at least nine turbiditic fans in 
the Iberian margins and two in the Northern Alboran Ridge but none in the African margins. 

Main controls of submarine canyons evolution and distribution are related to regional tectonics, 
water mass dynamics and sea level fluctuations linked to climate oscillations. Recent fmdings 
indicate that most of the canyons described here originate from at least the Messinian salinity 
crisis. Formation and/or location of Alboran canyons have been related to connection of river 
mouths (e.g., La Linea, Guadiaro), retrogradationallocal slope failures (e.g., Banos, Torrenueva). 
Sediment source has been mainly controlled by the Pliocene-Quaternary compressive tectonics 
that produces the uplift of the surrounding Betic-Rif cordilleras and basin inversion (Martinez­
Garcia et al., 2013) . Deformation controls the continental sediment input provided by river 
transport as well as the accommodation of the sedimentary units. When sediment arrives to the sea, 
water masses circulation redistributed it throughout basin or formed dense gravitative flows that 
are funneled down through the canyons . There suspended sediment interferes with 
contemporaneous secondary circulation through the canyons (Allen and Durrie de Madron, 2009; 
Allen and Hickey, 20 10). Likewise, reworking shelf sediment by storms and carving canyons walls 
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and floor can also supply additional sediment to the flows running along canyon (Ercilla et al., 
1994; Alonso and Ercilla, 2002; Fernandez-Salas, 2007). In the northwestern canyons, a well 
differentiated alonslope influence is noted along the entire canyon-fan system: the eastward AW 
influences the canyon head, the westward Mediterranean L W interferes along the main canyon 
course and the Mediterranean HW affect the fan deposit. A similar pattern is observed in the 
northeastern area. 

Finally, the influence of climatic oscillations has a twofold dimension on the dynamics of 
submarine canyons. On the long term, the Pliocene-Quaternary glaciations episodes, have been 
commonly used to explain the episodes of canyons enlargement, excavation and incision of the 
continental shelves during events of sea level falls (Ercilla et al., 1992, 1994; Hernandez-Molina 
et al., 1994; Ercilla and Alonso, 1996; Hernandez-Molina et al., 2002; Ortega et al., 2014). The 
pattern of this incision is slightly regular, usually reaching the head between 55 and 90 m water 
depth, at distances less than 1 km from the coast. With respect to short-term variations, we suggest 
fluvial flooding events and I or to rapid increases in rivers flow as a main factor controlling 
sedimentary and evolutive dynamics. These processes can generate hyperpycnal flows at the rivers 
mouth that sink due to its higher density, and can cross the continental shelf and reach the canyons 
head, producing both erosive and sedimentary effects on the continental shelf (gullies and 
sedimentary waves) and along the canyons (gullies and turbiditic events). These processes have 
been observed mainly in the central and eastern sectors of the margin related to the mouth of 
Guadalfeo, Adra (Fernandez-Salas et al., 2007; Lobo et al., 2006; Lobo et al., 2014; Barcenas et 
al., 2015) and Andarax rivers. 

The sedimentary development of these canyons-fans systems suggests that the spatial and temporal 
distributions of the turbidite deposits making up these fanlobes involve lateral and longitudinal 
migrations of the main turbidity flows and related flows coming from the canyons. The relocation 
of flows pathways have been analysed in detail for the Sacratif system. Likewise, the development 
of these canyons-fans systems interrupts the lateral continuity of terraced plastered and sheeted 
drifts. The depositional architecture, dimensions, and plan-view morphology of the canyon-fan 
elements indicates that the sedimentary composition of the fans ranges from sandy to mixed sand­
mud, becoming sandier towards the Strait of Gibraltar. 

The oceanographic gateway context of interaction between Atlantic and Mediterranean waters 
that characterizes the Alboran Sea and its related bottom contouritic processes, is also a main 
factor responsible for the architecture model of these canyon-fan systems as well as their absence 
in the Moroccan margin (Ercilla et al., 2014). When fine sediment arrives to the sea, it is taken by 
the Atlantic water mass (0 to 250 m depth) and distributed by the two anticyclone gyres that defme 
its circulation. Fine sediment becomes part of a complex system of circulation mainly formed by 
three underlying water masses, the Winter Intermediate Water (100 to 300m), the Levantine 
Intermediate Water (200 to 600 m) in the Spanish margin, and the Western Mediterranean Deep 
Water(> 275m) mainly in the Moroccan margin. Their contouritic processes contribute to the 
outbuilding of the margin and infilling of the basins. 

Based on the oceanographic and sedimentary contexts, as well as the overall architecture and 
geometry of the canyon-turbidite systems, it is possible to distinguish two scenarios where there 
is interaction between along slope and downslope processes, occurring at different intensities . 
These scenarios help us understand the potential mechanisms that may have been conditioning 
the uneven development of canyon-fan systems in the Alboran Sea basin (Ercilla et al., 2014). 

1) The Spanish margin scenario, where the interaction has conditioned the fan architecture and 
its variability. In this scenario when sediment arrives to the sea, the finest fraction is capted by the 
A W. The dynamics of the two anticyclone gyres and the well-developed isopycnal and related 
processes (e.g., internal waves) between the Atlantic and Mediterranean waters represent potential 
mechanisms for maintaining the fine sediment in suspension and dispersing it in the nepheloid 
layer throughout the Alboran Sea. Caption would result in fine sediment deprivation in the 
downslope flows feeding the fans, explaining the lack of defined levees in the canyon margins 
and the sandier fans towards the Straits of Gibraltar, where the currents are faster. Thus, the 
interplay between the unequal activity of the AW (its eastwards velocity decrease) and its two 
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anticyclonic gyres (Eastern-permanent versus Western-semipermanent), as well as the LD and 
HD accelerating toward the Strait of Gibraltar, would favour significant captation from the gravity 
flows outbuilding the fan lobes in the west. 

2) The Moroccan margin scenario, where the interaction is stronger and has conditioned the lack 
of canyon-fan systems. In this scenario, the interplay between the captation by the Atlantic 
anticyclonic gyres, more sediment in suspension, and dispersion due to the enhanced density 
contrast between the A W and HD Mediterranean waters, together with the waters of the HD core 
impinging and accelerating along the Moroccan margin due to being forced to flow upslope, all 
favour intense alongslope sediment transport. This intense transport avoids the convergence of 
sediment along the Moroccan margin, inhibiting the local occurrence of potential erosive gravity 
flows and leading to the formation of canyons and/or their related fan lobes. 
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