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ABSTRACT

Our understanding of the role of bottom currents and associated oceanographic processes (e.g., overflows,
barotropic tidal currents) including intermittent processes (e.g., vertical eddies, deep sea storms, horizontal
vortices, internal waves and tsunamis) is rapidly evolving. Many deep-water processes remain poorly under-
stood due to limited direct observations, but may generate significant depositional and erosional features on
both short- and long-term time scales. This paper describes these oceanographic processes and examines
their potential role in the sedimentary features around the Iberian margin. The paper explores the implica-
tions of the processes studied, given their secondary role relative to other factors such as mass-transport and
turbiditic processes. An integrated interpretation of these oceanographic processes requires an understand-
ing of contourites, sea-floor features, their spatial and temporal evolution, and the near-bottom flows that
form them. Given their complex, three-dimensional and temporally-variable nature, integration of these
processes into sedimentary, oceanographic and climatological frameworks will require a multidisciplinary
approach that includes Geology, Physical Oceanography, Paleoceanography and Benthic Biology. This
approach will synthesize oceanographic data, seafloor morphology, sediments and seismic images to
improve our knowledge of permanent and intermittent processes around Iberia, and evaluate their concep-
tual and regional role in the sedimentary evolution of the margin.

Key words: Iberian margin, oceanographic processes, bottom currents, sedimentary features, facies model.

Procesos oceanográficos y sus productos alrededor del margen de Iberia:
una nueva aproximación multidisciplinar

RESUMEN

El conocimiento del papel de las corrientes de fondo y los procesos oceanográficos asociados (overflows,
corrientes de marea barotrópicas, etc), incluyendo procesos intermitentes (eddies, tormentas profundas,
ondas internas, tsunamis, etc), está evolucionando rápidamente. Muchos de estos procesos son poco conoci-
dos, en parte debido a que las observaciones directas son limitadas, si bien pueden generar importantes ras-
gos deposicionales y/o erosivos a escalas temporales de corto o largo periodo. Este artículo describe dichos
procesos oceanográficos y examina su influencia en la presencia de rasgos sedimentarios alrededor del mar-
gen Ibérico. El trabajo discute las implicaciones de dichos procesos y el papel secundario que juegan en rela-
ción a otros factores tales como los procesos de transporte gravitacionales en masa y los turbidíticos. Para un
mejor conocimiento de la sedimentación marina profunda, y en concreto de los sistemas contorníticos, se
requiere de una interpretación de estos procesos oceanográficos, cuál es su evolución espacial y temporal,
cómo afectan a las corrientes de fondo y cómo se ven afectados por la topografía submarina. Sin embargo,
dada su complejidad y su variable naturaleza tri-dimensional y temporal, es necesario que estos procesos se
integren en un marco sedimentológico, oceanográfico y climatológico con un enfoque multidisciplinar que
incluyan la Geología, la Oceanografía Física, la Paleoceanografía y la Biología bentónica. Esta integración
requiere de una mayor compilación de datos oceanográficos, de un mejor conocimiento de la morfología del
fondo marino, y de una mejor caracterización de los sedimentos en ambientes profundos. Todo ello permitirá
mejorar nuestro conocimiento de los procesos permanentes e intermitentes alrededor de Iberia y evaluar su
verdadero efecto en la evolución sedimentaria delos márgenes continentales que le rodean.

Palabras clave: Margen de Iberia, procesos oceanográficos, corrientes de fondo, rasgos sedimentarios, mode-
lo de facies.

VERSION ABREVIADA EN CASTELLANO

Introducción y resultados

El término “corriente de fondo” es un término general que se refiere al flujo de una masa de agua profunda
capaz de erosionar, transportar y depositar sedimentos a lo largo del fondo del mar (Rebesco and
Camerlenghi, 2008), caracterizándose generalmente por un flujo neto persistente que circula paralelamente
a la batimetría local (Fig. 1) (Stow et al., 2009). Estas corrientes pueden verse afectadas por diferentes proce-
sos oceanográficos, que son los que se describen en este trabajo evaluándose el papel que desempeñan en
la morfología y en la evolución tanto del margen Ibérico como de sus cuencas oceánicas adyacentes.
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Alrededor del margen Ibérico se han identificado diferentes procesos oceanográficos asociados a las
corrientes de fondo, como los overflows, procesos en relación con las interfases entre masas de agua,
corrientes de marea, tormentas profundas, remolinos o eddies, flujos por circulación secundaria, cascadas de
aguas densas de plataforma, ondas internas y solitones, y corrientes de tracción asociadas a maremotos, olas
solitarias y ciclones (Fig. 2).

Generalmente las corrientes de fondo (bottom currents) fluyen relativamente lentas (< 3 cm/s) y tabulares,
aunque local o regionalmente pueden alcanzar velocidades mayores (> 0.6-1 m/s) debido a su interacción con
las irregularidades del fondo (Stow et al., 2009; Hernández-Molina et al., 2011). Llave et al. en este volumen
especial, realizan una descripción en detalle de las principales corrientes de fondo y su influencia regional alre-
dedor de Iberia.

Los overflows constituyen procesos oceanográficos permanentes relacionados tanto por el desborda-
miento de una masa de agua densa a través de una barrera topográfica desde una cuenca hacia el mar abier-
to (Fig. 2), como entre cuencas oceánicas profundas (Legg et al., 2009). Dicha masa de agua, en su descenso
por gravedad por el talud, se ve afectada por la fricción con el fondo y el transporte en la capa límite de fondo
de Ekman (Fig. 3) (Wåhlin and Walin, 2001). El ejemplo más relevante de overflow en el margen Ibérico se
produce en la salida de la Masa de Agua Mediterránea (Mediterranean Outflow Water-MOW) a través del
Estrecho de Gibraltar (Legg et al., 2009), que una vez sobrepasado el Estrecho genera contornitas laminares
arenosas, surcos erosivos, ripples, ondas sedimentarias, así como terrazas contorníticas y canales erosivos
(Fig. 4) (Nelson et al., 1993; Hernández-Molina et al., 2014). Otro posible ejemplo de overflow podría produ-
cirse por el paso de la Masa de Agua Profunda Inferior (Lower Deep Water-LDW) desde la llanura abisal de
Vizcaya hacia la llanura abisal de Iberia a través del Theta Gap (Fig. 5) (Jane et al., 2012).

Algunas masas de agua que circulan alrededor del margen Ibérico tienen un notable contraste de densi-
dad que da lugar a una marcada picnoclina (Figs. 6 y 7). Este es el caso de la picnoclina existente entre la
Masa de Agua del Atlántico que fluye a través del Estrecho de Gibraltar hacia el Mediterráneo (Superficial
Atlantic Water – SAW y Modified Atlantic Water-MAW; Millot, 2009, 2014) y la MOW que fluye desde el
Estrecho de Gibraltar hacia en Golfo de Cádiz (Serra et al., 2010a). Los procesos oceanográficos asociados a
estas interfases tienen importantes implicaciones morfológicas, pues desarrollan grandes terrazas contorní-
ticas en el Mar de Alborán (Ercilla et al., 2002; Ercilla et al., enviado), Golfo de Cádiz (Hernández-Molina et al.,
2014); margen Portugués (Fig. 7, Pinheiro et al., 2010) y en el Mar Cantábrico (Fig. 6, Maestro et al., 2013;
Sánchez-González, 2013).

Las corrientes de marea (tidal currents) barotrópicas normalmente tienen asociadas alrededor de Iberia
una baja velocidad (raramente > 20 cm/s), y sus mayores efectos se observan en ambientes someros de pla-
taforma, pudiendo verse amplificados también cuando interaccionan con relieves muy pronunciados del
fondo marino, como el talud continental, altos, bancos, etc (Marta-Almeida and Dubert, 2006). Existen varios
ejempos de estas corrientes en el Mar de Alborán (García-Lafuente and Cano Lucaya, 1994), así como alre-
dedor de los cabos de Extremadura y Ortegal, y montes submarinos de Gettysburg y Ormonde, los cuales se
consideran como hotspots o puntos calientes para la acción de este tipo de flujos de marea (Fig. 8, Quaresma
and Pichon, 2013). Uno de los pocos ejemplos del efecto de la marea sobre el fondo marino se ha descrito
en el canal contornítico de Cádiz, en el sector central del Golfo de Cádiz (Figs. 9 y 10A, Stow et al., 2013a).

Las tormentas bentónicas, abisales o profundas (deep-sea storms) representan un proceso oceanográfico
muy particular, y aún muy poco conocido. En el margen de Iberia se han descrito estas tormentas en el Golfo
de León debido a la convección profunda (Salat et al., 2010; Puig et al., 2012; Stabholz et al., 2013), siendo
también identificadas en cañónes submarinos del margen Cantábrico (Sáchez et al., 2014). La escasez de
información sobre estos procesos podría enmascarar su frecuencia, ya que por ejemplo, en el Golfo de Cádiz
se han obtenido registros que podrían ser asignados a estas tormentas (Fig. 10B), si bien es una pura espe-
culación y su detección requeriría un mayor análisis y monitorización de estos eventos para poder confirmar
realmente su existencia y su posible relación con periodos de overflows.

Los remolinos o eddies son fenómenos oceanográficos muy frecuentes. Los ejemplos que mejor se han
estudiado alrededor de Iberia se relacionan con la dinámica y desplazamiento de la MOW (por eso a veces
referidos como meddies). Estos meddies comprenden masas de agua de vorticidad potencial baja, que giran
en sentido horario, y que mantienen la temperatura-tipo y salinidad de la MOW durante largos períodos de
tiempo a medida que se van desplazando (Fig. 12). Se han observado meddies en la cuenca de Canarias (Armi
and Zenk, 1984; Pingree and Le Cann, 1993), en la cuenca Ibérica (Zenk and Armi, 1990; Schultz-Tokos et al.,
1994), en la costa sur de Portugal (Serra and Ambar, 2002), al oeste de Portugal (Fig. 7, Pinheiro et al., 2010),
y a lo largo de la costa del noroeste Ibérico (Paillet et al., 2002). La vorticidad de estos eddies y su interacción
con el fondo puede generar rasgos sedimentarios deposicionales y erosivos (Fig. 7), los cuales deberían con-
siderarse en el futuro.

Los flujos por circulación secundaria constituyen un proceso producto de la fricción de una masa de agua
con el fondo submarino (Figs. 2 y 3) y del efecto de Coriolis (Wåhlin and Walin, 2001; Wåhlin, 2004; Cossu
and Wells, 2013). El efecto de este tipo de circulación secundaria se ha descrito al este del Golfo de Cádiz,
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cerca de la salida del Estrecho de Gibraltar (Fig. 4, García-Lafuente et al., 2009; Hernández-Molina et al., 2014),
donde en consecuencia se han desarrollado surcos erosivos oblicuos con respecto al flujo principal de la
corriente de fondo (Hernández-Molina et al., 2014).

Las cascadas de aguas densas de plataforma (dense shelf water cascades-DSWC) son procesos oceano-
gráficos que pueden tener bastante importancia en el desarrollo de procesos sedimentarios. En los márge-
nes alrededor de Iberia se han descrito mayoritariamente en el Golfo de León y alrededor del Cabo de Creus
(Fig. 13). Estos eventos llegan a alcanzar velocidades superiores a los 80 cm/s (Palanques et al., 2006), pudien-
do removilizar grandes cantidades de partículas en suspensión que se trasportan rápidamente desde la pla-
taforma a los cañones submarinos, originando surcos erosivos así como de depósitos de arenas masivas en
las cabecera de los cañones (Canals et al., 2006; Gaudin et al., 2006; Puig et al., 2008; Palanques et al., 2012).
En la base del cañón la mayor parte del agua densa saliente fluye a lo largo del margen continental como una
corriente de contorno (Palanques et al., 2012).

Las ondas internas (internal waves) y solitones (solitary waves or solitons) se presentan mayoritariamen-
te en fluidos estratificados estables (Fig. 14), cuando se alteran las interfases de densidad, generalmente
como consecuencia de la interacción del flujo con la topográfia, especialmente en regiones con marcadas
irregularidades del fondo (Shanmugam, 2006, 2012a). En Iberia, y en concreto, en torno al Umbral de
Camarinal y de Espartel, en el Estrecho de Gibraltar, se generan solitones con amplitudes de 50 a 100 m y
longitudes de onda de 2 a 4 km (Armi and Farmer, 1988; Jackson, 2004) que evolucionan en trenes de ondas
internas bien definidos (Vlasenko et al, 2009; Sanchez Garrido et al., 2011), y que pueden alcanzar extensions
de más de 200 km en el Mediterráneo occidental (Apel, 2000; Jackson, 2004) (Fig. 15). También se han obser-
vado solitones y ondas internas a lo largo de las plataformas continentales alrededor de Iberia (Fig. 15), así
como en el talud continental del Golfo de Valencia (van Haren et al., 2013) y de Mar de Alborán (Ercilla et al.,
enviado; Miguel Bruno, comunicación personal). Constituyen un proceso frequente y en la mayoría de los
casos descritos se generan en el borde de la plataforma (Pingree et al., 1986; Apel, 2004; Azevedo et al., 2006;
Pichon et al., 2013). En el caso de las ondas internas, éstas se amplifican y adquieren una mayor velocidad
dentro de los cañones submarinos (Fig. 17, Quaresma et al., 2007; Gómez-Ballesteros et al., 2014; Sánchez et
al., 2014).

Los maremotos o tsunamis tienen un importante efecto en ambientes marinos, pues generan corrientes
de tracción (tsunami-related traction current) con la capacidad de transportar muy rápidamente sedimentos
a ambientes profundos (Shanmugam, 2006, 2012a). En el margen Ibérico diversos terremotos han provoca-
do una serie de tsunamis en el pasado histórico (Rodríguez-Vidal et al., 2011), destacándose el de 1755 de
Lisboa (1755 AD) que aparecen en el registro geológico de Portugal hasta el Estrecho de Gibraltar (v.g.
Dawson et al., 1991, Dabrio et al., 1998, 2000; Luque et al., 1999, 2001, 2004; Luque, 2002; Gracia et al., 2006;
Cuven et al., 2013). Registros de edades más antiguas evidencian el desarrollo de tsunamis que han afecta-
do el suroeste de España, Portugal, Marruecos (v. g. Reicherter, 2001; Luque et al., 2001, 2002; Luque, 2002;
Ruiz et al., 2004, 2005; Scheffers and Kelletat, 2005), y el Mar de Alborán (IGN, 2009; Reicherter and Becker-
Heidmann, 2009). Sin embargo existen pocos trabajos que hayan considerado sus implicaciones sedimenta-
rias en aguas profundas. Un caso descrito es el terremoto de 1522 de Almería (M> 6.5), que afectó a una
amplia zona del Mediterráneo occidental, provocando deslizamientos submarinos en el Golfo de Almería
(Reicherter and Becker-Heidmann, 2009). Durante la Expedición IODP 339 realizada en el Golfo de Cádiz, se
han identificado depósitos arenosos como tsunamitas que actualmente están siendo estudiados con más
detalle (Fig. 19, Stow et al., 2013b).

Finalmente, otros procesos relacionados con corrientes de tracción por olas solitarias (ó gigantes) o por
los ciclones (rogue- and cyclone-related traction currents) pueden al igual que los tsunamis desencadenar flu-
jos de fondo submarinos e inestabilidades de taludes (Shanmugam, 2006, 2012a). Algunos de estos proce-
sos oceanográficos han sido descritos a lo largo del margen Ibérico, si bien no se ha documentado sus efec-
tos sobre el fondo. En teoría, la influencia de estos procesos en ambientes de aguas profundas puede ser
localmente de interés.

Implicaciones morfológicas y sedimentarias

Las corrientes de fondo pueden verse afectadas por numerosos procesos permanentes e intermitentes, tales
como: overflows, corrientes de marea barotrópicas y baroclínicas, eddies, tormentas profundas, ondas inter-
nas, tsunamis y ciclones. Estos procesos pueden actuar individualmente, pero lo habitual es que se combi-
nen varios de ellos, llegando a controlar localmente la dirección y la velocidad de las corrientes de fondo. Por
tanto, el conocimiento de estos procesos es importante, pues pueden generar facies sedimentarias específi-
cas y diferentes a las ya definidas para los depósitos contorníticos (Fig. 20). En general, se ha subestimado
el papel de las corrientes de fondo y procesos oceanográficos asociados en la morfología del fondo marino
a lo largo del margen Ibérico. Sin embargo, las corrientes de fondo y los procesos oceanográficos asociados
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controlan, en buena parte, la fisiografía submarina y la sedimentación en los márgenes continentales y cuen-
cas ibéricas adyacentes. Por ejemplo, la profundidad a la que se disponen las interfaces entre las principales
masas de agua principales y su variación vertical y espacial ejercen un control fundamental en los principa-
les cambios morfológicos (cambios a lo largo del gradiente de la pendiente) de los taludes continentales
(Figs. 6, 7 y 21).

Consideraciones finales: una nueva aproximación multidisciplinaria e investigación aplicada

Las corrientes de fondo generan importantes rasgos deposicionales y erosivos a lo largo del margen conti-
nental Ibérico a diferentes profundidades y en distintos contextos, como se ha puesto de manifiesto por
diversos autores y que quedan recopilados en el presente volume especial por Llave et al. Sin embargo, en
este trabajo se quiere enfatizar que la circulación de las masas de aguas está fuertemente afectada por nume-
rosos procesos oceanográficos, que pueden ser permanentes o intermitentes (Fig. 22), y que controlan local-
mente su dirección y velocidad. Para entender estos procesos y su influencia real en los fondos marinos se
requiere realizar una aproximación multidisciplinar, que incluiría:
• Estudios detallados para la caracterización de los procesos oceanográficos y su interacción con los rasgos

morfológicos del fondo a pequeña y gran escala.
• Entender cómo son los rasgos deposicionales, erosivos y mixtos que están presentes en los sistemas con-

torníticos, así como su evolución en el tiempo y su distribución en diferentes puntos del margen, y aso-
ciarles un proceso oceanográfico específico.

• Estudios de detalle sobre la fisiografía general de los márgenes continentales y su relación con la estruc-
tura de las masas de agua e intefases asociadas.

• Modelos numéricos que permitan reproducir los procesos en diferentes contextos morfológicos.
• Caracterización de las interfases entre las masas de agua no solo en la actualidad, sino también en el pasa-

do en base a estudios de paleomorfología y paleoceanografía de antiguas picnoclinas a partir del registro
sedimentario.

• Detección y caracterización de capas nefeloides intermedias y profundas.
• Comprender la dinámica de fluidos alrededor de obstáculos submarinos.
• Monitorización oceanográfica para vincular los rasgos morfológicos contorníticos a las condiciones espe-

cíficas actuales del fondo (v. g. velocidad, energía)
• Relación de rasgos sedimentarios y observaciones directas mediante el ROV, con el efecto reciente de las

corrientes de fondo y procesos asociados. La amplia gama de estos rasgos, tanto a pequeña como a gran
escala, requiere que se estudien sus vínculos con los diferentes y específicos procesos oceanográficos.

• Análisis de evidencias sedimentarias que relacionan los rasgos desposicionales, erosivos, y mixtos
modernos con las corrientes de fondo y con los procesos permanentes e intermitentes asociados.

• Establecer modelos de facies más específicos dirigidos a entender la interacción entre las corrientes de
fondo y los procesos oceanográficos asociados con los procesos turbidíticos y gravitacionales de masas
a lo largo del margen Ibérico. Estos modelos de facies debería de incluir las facies arenosas y su asocia-
ción a posible depósitos turbidíticos retrabajados o bien a depositos puramente contorníticos.

• La investigación debe fomentar el análisis y evaluación de la influencia de los procesos oceanográficos
en los geohábitats frágiles, relictos o activos en la actualidad, que podrían situarse en escenarios de ries-
go en relación a cambios medioambientales debidos a alteraciones en la circulación de las masas de agua
y/o procesos oceanográficos (permanentes e intermitentes) asociados.
Con respecto a la investigación aplicada, comprender la dinámica de la circulación de las masas de aguas

y los procesos oceanográficos (permanentes e intermitentes) asociados ayudará a caracterizar mejor los pro-
ductos sedimentarios resultantes, la variabilidad espacial y temporal de los depósitos gruesos y finos, los
modelos sedimentarios de arquitectura que definen y por ende el potencial como reservorio de los mismos.
Muchos de los procesos descritos son responsables de la formación de depósitos arenosos, los cuales repre-
sentan un tipo de depósito de arenas en ambientes marinos profundos diferente de los relacionados con los
procesos turbidíticos, y podría cambiar el paradigma de la explotación de hidrocarburos en aguas profundas.
Estos depósitos están relacionados con algunos de los procesos descritos en este trabajo (v. g. ondas inter-
nas, mareas), y estudios recientes muestran que son potencialmente buenos reservorios. Por otra parte las
contornitas fangosas pueden actuar como niveles de sello, y menos frecuentemente como rocas madre de
hidrocarburos (Viana, 2008; Brackenridge et al., 2013; Shanmugan, 2012a, 2013a, b; Brackenridge et al., 2013;
Stow et al., 2013b). Además, comprender la dinámica de la circulación de las masas de aguas y los procesos
oceanográficos (permanentes e intermitentes) asociados contribuiría a un mayor conocimiento sobre recur-
sos metalíferos formados sobre algunos de los rasgos contorníticos que se generan en el fondo submarino.
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Introduction

Deep-marine settings have been considered until
1980s as relatively low energy and quiescent deposi-
tional environments where deep-water masses flow
as relatively slow-moving tabular bodies and deposi-
tion is episodically interrupted by down-slope gravity
driven processes. But, since the 1990s it has been
demonstrated that deep-water masses can exhibit rel-
atively high velocity and play a dominant deposition-
al role in certain areas (Rebesco et al., 2014). These
conditions hold especially when water masses inter-
act with local seafloor irregularities (seamounts,
ridges, hills, mounds, banks, scarps, etc.). Flow
through deep oceanic gateways, straits or basins can
also generate high velocity and turbulent flows,
which create regional-scale erosional, depositional
and mixed morphological features. Understanding
these seafloor features therefore requires a more
detailed model of bottom-current effects.

The general term ‘bottom current’ refers to deep-
water currents capable of eroding, transporting, and
depositing sediments along the seafloor (Rebesco
and Camerlenghi, 2008). Background bottom currents
are the result of both ocean thermohaline circulation
(THC, Fig. 1A) and ocean wind-driven circulation
(Rahmstorf, 2006). They generally exhibit persistent
net flow alongslope (following the local bathymetry),
but can considerably vary in direction and velocity
(Stow et al., 2009). Overflows, tides, including internal
tides and other intermittent processes such as bottom
reaching (vertical) eddies, deep sea storms, (horizon-
tal) vortices (or eddies), internal waves, solitons,
tsunami related currents, rogue waves and cyclonic
waves (during storms and hurricanes) can also affect
bottom currents (Fig.2) (e.g., Shanmugan, 2012a,
2013a, b, 2014; Rebesco et al., 2014). These processes
modulate the bottom current and speed, instanta-
neous direction, and tend to develop local and region-
al hydrodynamic structures (e.g., cores, branches, fil-
aments, eddies, vortices, local turbulence, internal
waves, helicoidal flows, vertical columns, etc.). Many
of these oceanographic deep-water processes are
poorly understood but can generate pervasive depo-
sitional and erosional features over both short- and
long- term time scales.

Contourites are defined as sediments deposited or
substantially reworked by the persistent action of bot-
tom currents (e.g., Stow et al., 2002a; Rebesco, 2005,
2014). The term “contourites” was originally intended
to define sediments deposited in the deep sea by con-
tour-parallel thermohaline currents (Hollister and
Heezen, 1967). Usage of the term has subsequently
widened to include a larger range of sediments affect-

ed by different types of currents (Rebesco et al.,
2014). Bottom currents are capable of building thick,
extensive accumulations of sediments referred to as
“contourite drifts”. The term “contourite depositional
system” (CDS) refers to large contourite deposits
(drifts) associated with erosional features in an envi-
ronment dominated by along-slope processes due to
a particular water mass (Hernández-Molina et al.,
2003, 2008a, 2009).

The bottom-current circulation around the Iberian
continental margin is described by Llave et al. (this
issue). This paper, however, describes other persist-
ent or intermittent oceanographic processes associat-
ed with bottom-current circulation, and their role in
determining the shape and evolution of the Iberian
margin and adjacent oceanic basins. The first section
offers a conceptual description of these other oceano-
graphic processes in the study region , and we then
go on to describe how to proceed with the unique
research challenge of integrating these complex,
three-dimensional and temporally variable oceano-
graphic processes into sedimentary and climatologi-
cal models.

Oceanographic processes

Bottom currents and thermohaline circulation

Large-scale, deep-water circulation is a critical part of
the global conveyor belt that regulates the Earth’s cli-
mate (Rahmstorf, 2006; Kuhlbrodt et al., 2007). In
regions where the deep ocean currents are close
enough to the ocean bottom they may shape the
deep seafloor. To a first order, dense water formation
at high latitudes drives the global THC. Salinity or
temperature driven density variations cause sinking
of the surface water masses towards greater depths
and control their subsequent transport and eventual
global distribution. Deep-water formation is closely
associated with convection in a few localities (Fig. 1).
These mainly occur in the subpolar convergence zone
of the Northern Hemisphere and the convergence
zone of the Antarctic polar front in the Southern
Hemisphere. The principal deep-water masses form-
ing part of the THC include the North Atlantic Deep
Water (NADW) and the Antarctic Bottom Water
(AABW), which spread across the deepest marine
domains as Deep Western Boundary Currents
(DWBC) (Rahmstorf, 2006). Bottom circulation and
distribution along the oceanic basins is conditioned
by their proximity to high-latitude input sources, sea-
floor morphology, inter-oceanic connection via deep
gateways and the Coriolis Effect (Kennet, 1982;
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Figure 1. A) Global thermohaline circulation. In the Atlantic, warm and saline waters flow northward from the Southern Ocean into the
Labrador and Nordic seas. In contrast, there is no deep-water formation in the North Pacific, and its surface waters are fresher. Deep waters
formed in the Southern Ocean become denser and thus spread at deeper levels than those from the North Atlantic. Wind-driven upwelling
occurs along the Antarctic Circumpolar Current (Adapted from Rahmstorf, 2006; Kuhlbrodt et al., 2007); B) occurrence of the large con-
tourite deposits in the present (recent) ocean basins (yellow areas) and in the ancient sedimentary record (red points). Compilation pub-
lished in Rebesco et al. (2014), reproduced with permission from Elsevier. Base maps from A and B are from Ron Blakey, Colorado Plateau
Geosystems at http://cpgeosystems.com/mollglobe.html.
Figura 1. A) Circulación global termohalina. En el Atlántico, las aguas cálidas y salinas circulan desde el Océano meridional hacia los
Mares del Labrador y Nórdico. Por el contrario, no existe formación de agua profunda en el Pacífico Norte, y sus aguas superficiales son
por tanto más dulces. Las aguas profundas formadas en el Océano meridional son más densas y se expanden en niveles más profundos
que aquellas del Atlántico Norte. Se producen afloramientos por el viento a lo largo de la Corriente Circumpolar Antártica (adaptado de
Rahmstorf, 2006; Kuhlbrodt et al., 2007); B) Localización de grandes depósitos contorníticos en la actualidad (recientes) en las cuencas
oceánicas (áreas en amarillo) y en el registro fósil (puntos rojos). Recopilación en Rebesco et al. (2004) y publicada con el permiso de
Elsevier. Mapas base de A y B tomados del Ron Blakey, Colorado Plateau Geosystems en http://cpgeosystems.com/mollglobe.html
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Faugères et al., 1993; Rahmstorf, 2006). Other bottom
currents, such the extension of the wind-generated
currents, are not linked to THC. These latter currents
include the Gulf of Mexico current system (e.g., Loop
Current; Wunsch, 2002) and the Antarctic Circumpolar
Current (Orsi et al., 1995).

Bottom-water masses generally move relatively
slowly as laminar flows over their global course (< 3
cm/s). Regional and local bottom-current velocities
exhibit local heterogeneity due to varying seafloor
stress and other current instabilities, such as
mesoscale variability. Western stretches of ocean
basins and topographic obstacles along the seafloor
facilitate higher velocities (> 0.6-1 m/s) (Stow et al.,

2009; Hernández-Molina et al., 2011). Bottom-water
behaviour and velocity partially affect the seafloor
through lateral transport of suspended particulate
matter in the water column. This material is up to 10
times higher in concentration in the deep nepheloid
layer (at 50 – 200 m above the seafloor) of the Deep
Western Boundary Currents compared to other
oceanic areas (Rebesco et al., 2014). A sufficiently
active bottom current acting for a prolonged period of
time will thus profoundly affect the seafloor by win-
nowing fine-grained sediments and generating large-
scale erosion, depositional and mixed features (Stow
et al., 2002b; Rebesco and Camerlenghi, 2008;
Rebesco et al., 2014). Bottom currents represent long-
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Figure 2. 3D sketch depicting the possible oceanographic processes in deep-water environments. In addition to density currents and over-
flows, the velocity at the seafloor can also be affected by barotropic currents or intermittent processes such as cascading, giant eddies,
deep sea storms, vortices, internal waves, internal tides, tsunamis, cyclone waves and rogue waves (From Rebesco et al., 2014, with per-
mission from Elsevier).
Figura 2. Esquema en 3D donde se indican los posibles procesos oceanográficos en ambientes de aguas profundas. La velocidad en el
fondo marino puede verse afectada además de por las corrientes de densidad y desbordamientos, por corrientes barotrópicas o proce-
sos intermitentes como cascadas densas de plataforma, remolinos gigantes, tormentas profundas, vórtices, ondas internas, mareas inter-
nas, tsunamis, ondas ciclones y olas aisladas (de Rebesco et al., 2014, con permiso de Elsevier).
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term hydrologic conditions on geological time scales.
The establishment of the main CDSs around the
world in fact coincides with the Eocene / Oligocene
boundary (~32 Ma), and was more recently reactivat-
ed by THC during the Middle Miocene (Hernández-
Molina et al., 2008a).

The topic of bottom-current processes around
Iberia is addressed by Llave et al. in this issue. Along
the Iberian margin, several important bottom cur-
rents shape the continental margins and abyssal
plains (e.g., Iorga and Lozier, 1999; Millot, 1999, 2009;
Serra et al., 2010a). These currents derive primarily
from the Western Mediterranean Deep Water
(WMDW) and the Levantine Intermediate Water (LIW)
in the Alboran Sea, as well as the Mediterranean
Overflow Water (MOW) and the Lower Deep Water
(LDW) in the Atlantic (see the water-mass compilation
in Hernández-Molina et al., 2011 and Llave et al., this
issue). Well-developed CDSs around Iberia have not
been systematically interpreted according to bottom-
current models and thus are not well understood.

Overflows

Overflows constitute permanent oceanographic
processes related to: 1) flow over a topographic barri-
er from a regional basin into the open ocean (Fig. 2)
and 2) open-ocean flow into an isolated regional
basin. The Denmark Strait Overflow Water (DSOW);
Iceland-Scotland Overflow Water (ISOW) and MOW
(Price and Baringer, 1994; Legg et al., 2009, Fig. 3A)
are good examples of the first type of overflow. The
second type of overflow occurs in association with
deep gateways such as the Bruce Passage between
the Weddell Sea and Scotia Sea (Legg et al., 2009;
Lobo et al., 2011, Fig. 3A) and the overflow of AABW
from the Brazil Basin into the North Atlantic Basin
across the Atlantic ridge or in the Gulf of Mexico
(Legg et al., 2009). In the aforementioned cases, a
dense gravity current, carrying a particular water
mass, descends the regional slope to a greater depth
until it reaches density equilibrium. Entrainment of
surrounding water, bottom friction and inertial accel-
erations modify the bottom current along the slope
(Fig. 3B). Bottom friction and the Earth’s rotation
induce the Ekman bottom boundary layer (e.g.,
Pedlosky, 1996; Wåhlin and Walin, 2001), which pro-
duces a net transport to the left in the Northern
Hemisphere. Although the frictional transport is con-
fined to a thin layer near the bottom (the Ekman
boundary layer), it affects the whole water column
asymptotically. The dense water adjusts to the diver-
gence of the frictional transport, which acts as a hori-

zontal diffusive process, minimizing the curvature of
the dense interface. The lower (seaward) edge moves
downhill (Figure 3C) as the Ekman layer expels the
Ekman transport from its interior (e.g., Wåhlin and
Walin, 2001). At the upper (landward) edge, the dense
interface then becomes almost horizontal, with
diminished geostrophic velocity and frictional trans-
port (e.g., Wåhlin and Walin, 2001). The combined
frictional effect over the entire outflow causes it to
gradually widen (Fig. 3C), keeping the upper horizon-
tal boundary at a nearly constant depth (e.g., Borenäs
and Wåhlin, 2000). If these processes occur over a lat-
erally varying bottom slope, they act to split the flow
into two or more cores and branches, as suggested
for example, in an interpretation of the Mediterranean
Outflow (Borenäs et al., 2002; Serra et al., 2010a, b).
As dense water passes from its formation site into the
open ocean as an overflow, it undergoes mixing with
the overlying water column. This process determines
the eventual properties and volume transport of the
resultant bottom currents, and triggers eddy forma-
tion (Legg et al., 2009).

The main overflow example in the Iberian margin
stems from MOW dynamics during the late Miocene
opening of the Gibraltar gateway (Duggen et al., 2003;
Bache et al., 2012; Roveri et al., 2014). The Strait of
Gibraltar, which consists of a 60 km long sill and nar-
rows gateway (Armi and Farmer, 1986), plays a key
role in the water exchange between the
Mediterranean Sea and the Atlantic Ocean. The
excess evaporation over precipitation (0.5 to 0.8 m/yr)
dramatically enhances the salinity and density of the
Mediterranean, relative to waters of the adjacent
Atlantic Ocean (Millot et al., 2006). Mediterranean
salinity tongues develop in the Atlantic Ocean from
the overflow (0.68 Sv) of dense, warm, (13°C) highly
saline (37) water (Bryden et al., 1994, Candela, 2001;
Serra et al., 2010a). Mediterranean Levantine
Intermediate Water (LIW) and Western Mediterranean
Deep Water (WMDW) mix when they flow out
through the Strait and originate the MOW that is
around 2 times saltier than any other Atlantic water
mass. The overflow spills over the Strait of Gibraltar
sills and cascades from a depth of 300 m at the edge
of the strait down the continental slope of the eastern
Gulf of Cadiz. As it does so, it entrains the overlying,
less dense North Atlantic Central Water (NACW)
(Johnson and Stevens, 2000). Overflows typically
occur at velocities of 50 to 100 cm/s (Legg et al., 2009),
but in the case of MOW, the current velocity decreas-
es from around 200 cm/s in the neighbourhood of the
Camarinal sill and its western approaches (Sánchez
Román et al, 2009; Gasser et al, 2011), down to 60 -
100 cm/s further to the northwest. From the first 100
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Figure 3. A) Map showing the relation between kinetic energy and suspended load, indicating the areas with higher suspended load in
deep basins. The position of main gravity currents by type is also indicated: O= overflow over a topographic barrier from a regional basin
into the open ocean; B= open-ocean overflow into an isolated regional basin; C= cascade of dense water from a continental shelf. Not
shown are numerous overflows across multiple sills of the mid-ocean ridge system, within the series of basins of the western South
Pacific; and the cascades of shelf water over the slope of the Arctic Sea. Base map from Ron Blakey, Colorado Plateau Geosystems at
http://cpgeosystems.com/mollglobe.html. B) Physical processes acting in overflows. C) Sketch of a dense overflow showing the coordi-
nate system and some of the notations used: ambient density r, plume density r+Dr, reduced gravity g’, bottom slope a, Coriolis parame-
ter f and Nof velocity UN. Also indicated are the Ekman layer and the benthic Ekman transport. Figure from Rebesco et al., (2014) with per-
mission from Elsevier.
Figura 3. A) El mapa muestra la relación entre la energía cinética y la carga suspendida, indicando las zonas con mayor carga suspendi-
da en cuencas profundas. También se indica la posición de las corrientes principales de gravedad por tipos: O = overflows a través de una
barrera topográfica de una cuenca regional hacia el océano abierto; B = overflows desde alta mar hacia una cuenca regional aislada; C =
overflows desde una plataforma continental. Aunque no se muestran en la figura, hay numerosos overflows, a través de múltiples umbra-
les del sistema de dorsales oceánicas, dentro de las cuencas del oeste del Pacífico Sur; y las cascadas de agua de la plataforma sobre la
vertiente del Mar Ártico. Mapa base de Ron Blakey, Colorado Plateau Geosystems en http://cpgeosystems.com/mollglobe.html. b)
Procesos físicos que actúan en los overflows. c) Esquema de un overflows denso que muestra el sistema de coordenadas y algunas de
las notaciones usadas: densidad ambiente r, densidad de la pluma r+Dr, gravedad reducida g’, pendiente del fondo a, parámetro de
Coriolis f y velocidad Nof UN. Se indican además la capa de Ekman y el transporte bentónico Ekman. Figura de Rebesco et al., (2014), repro-
ducida con permiso de Elsevier.
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km of the overflow path, volume transport increases
by a factor of three to four (Serra et al., 2010a;
Rogerson et al., 2012). As it descends, the overflow
veers north and follows the Iberian continental mar-
gin, approaching its neutral buoyancy as it nears 8°W
at about 1,000 m depth (Ochoa and Bray, 1991;
Baringer and Price, 1997, 1999; Käse and Zenk, 1996;
Ambar et al., 2002, 2008; Bower et al., 2002; Serra et
al., 2005, 2010a; García-Lafuente et al., 2009).

In the Gulf of Cadiz, friction in the bottom Ekman
boundary layer and entrainment in its upper part
affect the MOW plume (Baringer and Price, 1997;

Gasser et al., 2011). The vertical distribution of the
along-stream velocity comprises two regions separat-
ed by a velocity maximum (called the plume nose).
These consist of an upper (interfacial) layer charac-
terised by sharp velocity and salinity gradients, and a
bottom layer, which exhibits constant salinity and a
sharp decrease in velocity (Johnson et al., 1994a,b).
Secondary across-stream circulation spreads water
from the upper layer upslope and dense water from
the bottom layer downslope. In the eastern Gulf of
Cadiz, near the Strait of Gibraltar, this overflow is
associated with sandy-sheeted drifts, scours, ripples,

Figure 4. Swath bathymetry at the exit of the Strait of Gibraltar. Main depositional and erosive features are shown (figure from Hernández-
Molina et al., 2014 with permission from GSA). Note that furrows are oblique to the main channels due to the secondary circulation relat-
ed to the benthic Ekman transport.
Figura 4. Batimetría multihaz en la salida del Estrecho de Gibraltar. Se muestran los principales rasgos deposicionales y erosivos (adap-
tada de Hernández-Molina et al., 2014, con permiso de GSA. Se puede observar que los furrows son oblicuos a los canales principales
como consecuencia del flujo secundario asociado al transporte bentónico Ekman.
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sand ribbons and sediment waves (Nelson et al.,
1993), and generates large terraces and erosive chan-
nels (Fig. 4) (Hernández-Molina et al., 2014). The sec-
ondary circulation here is especially relevant to the
erosion, resuspension and deposition of sediment, as
well as to the formation of large contourite features
(Hernández-Molina et al., 2014).

Other examples of open-ocean overflow may
occur between oceanic basins with different depths
(Legg et al., 2009). A possible case to be explored
along the Iberian margin may theoretically develop
through the Theta Gap, a passage formed between
the La Coruña and Finisterre structural highs (Fig. 5),
and narrows to a width of approximately 5 km
between the Biscay abyssal plain (average water
depth of 5,100 m) and the Iberian abyssal plain (about
5,300 m deep), or other deep channels between the

abyssal plains. Heezen et al. (1959) first described the
Theta Gap connection as “a constricted passage con-
necting two abyssal plains which, in the vicinity of the
gap, lie at different levels”. The Biscay abyssal plain
regionally slopes in a southward direction, with its
deepest section in the southwest corner, where the
slope connects to the Theta gap. Active erosion
occurs about 15 km upslope of the narrowing
between the structural highs (Laughton, 1960, 1968),
and creates initial incisions of up to 300 m and later
incisions of about 100 m at points further along the
course of the current. The LDW water mass, which
makes up this overflow (>3450 m water depth), pene-
trates into the North Atlantic through the Discovery
Gap on the western flank of the Madeira–Tore Rise
(Haynes and Barton, 1990; McCartney, 1992; Van
Aken, 2000), and veers northward along the Galicia
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Figure 5. Main morphologic features around the Theta Gap showing the regional water-mass circulation.
Figura 5. Principales rasgos morfológicos alrededor del Theta Gap, donde se muestra la circulación regional de las masas de agua.
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margin as a near-bottom flow (Paillet and Mercier,
1997; Van Aken, 2000). A cyclonic recirculation cell
occurring above the Biscay Abyssal plain deflects the
current poleward however, with a velocity near the
continental margin of 1.2 (± 1.0) cm/s (Dickson et al.,
1985; Paillet and Mercier, 1997) (Fig. 5).

Processes at the interface between water masses

A pycnocline represents a layer with maximum gradi-
ent of density, which can be sharp and well defined,
or diffuse with a gradual transition from one water
mass to the other (Fig. 2). Turbulent mixing of water
masses caused by tides (or other processes) can dis-
rupt the pycnocline, whereas stratifying processes
(e.g., regional positive buoyancy flux at the surface)
maintain it. The relative balance between these two

factors defines the structure of the pycnocline in dif-
ferent regions and at different times of the year. The
interface often tilts in one dominant direction (e.g.,
Reid et al., 1977) but can be locally and temporarily
displaced by eddies (e.g., Piola and Matano, 2001;
Arhan et al., 2002, 2003) and internal waves. Energetic
current patterns associated with these waves and
eddies (Reid et al., 1977) strongly affect the seafloor
(e.g., Hernández-Molina et al., 2009, 2011; Preu et al.,
2013) through erosion and re-suspension (Dickson
and McCave, 1986; Cacchione et al., 2002; Puig et al.,
2004; Shanmugan, 2013a, 2014).

Some water masses circulating around the Iberian
margin have remarkable density contrasts (Figs. 6
and 7). The exchange flow through the Strait of
Gibraltar exhibits these contrasts for example, as do
the base and top boundaries of the MOW (Serra et al.,
2010a), which was enhanced during cold (e.g.; glacial)

Figure 6. Example of three contourite terraces (Ortegal, Pardo Bazán and Castro) along the continental slope northwest of Galicia and its
relation with the interfaces between water masses. A) Multibeam bathymetry indicating the position of the terraces at water depths around
0.2-0.4 km; 0.9-2 km and 2.2-2.4 km (adapted from Maestro et al., 2012); B) Seismic profile (CO-16) acquired during the CONTOURIBER-2
cruise crossing the terraces (line position in A). Interfaces between regional water masses at present time is included, with the theoretical
position of MOW during glacial stages (in blue); C) T/S diagram corresponding to eight profiles from ARGOS buoy (6900469, PROVOR
Profaling Float CTS3- OVIDE Project) between the 9.11.2012 to 18.01.2013 (from Sánchez-González, 2013); D) Water-mass percentage in
the adjacent area to the contourite terraces (from Sánchez-González, 2013).
Figura 6. Ejemplo de tres terrazas contorníticas (Ortegal, Pardo Bazán y Castro) a lo largo del talud continental al noroeste de Galicia y su
relación con el rango de profundidad de las interfases entre las masas de agua. A) Batimetría multihaz que indica la localización de las
terrazas a 0.2-0.4 km; 0.9-2 Km y 2.2-2.4 km (adaptado de Maestro et al., 2012); B) Perfil sísmico (CO-16) adquirido durante la campaña
Contouriber-2 que cruza las terrazas (posición de línea en A). Se incluyen las interfases entre las masas de agua regionales en el momen-
to actual, con la posición teórica de la MOW durante las fases glaciales (en azul); C) Diagrama T/S correspondiente a ocho perfiles de la
boya ARGOS (6900469, PROVOR Profaling Float CTS3- OVIDE Proyecto) entre el 09/11/2012 al 18/01/2013 (de Sánchez-González, 2013); D)
Porcentaje de las masas de agua en el área adyacente a las terrazas contorníticas (de Sánchez-González, 2013).
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periods (Schönfeld et al., 2003; Voelker et al., 2006;
Toucanne et al., 2007; Rogerson et al., 2012). The
associated currents indicate a relationship between
the position of the interface and the development of
large contourite terraces (Hernández-Molina et al.,
2009, 2011; Preu et al., 2013; Rebesco et al., 2014).
Several examples of this relationship have been
described along the Iberian margin in the Alboran
Sea (Ercilla et al., 2002; Ercilla et al., submitted), the
Gulf of Cadiz (Hernández-Molina et al., 2014); the

Portuguese Margin (Fig. 7, Pinheiro et al., 2010); and
the Cantabrian Sea (Fig. 6, Maestro et al., 2013;
Sánchez-González, 2013).

Deep-water tidal currents

Surface tides are mostly driven by the response of the
ocean to the gravitational fields of the Sun and the
Moon. Surface tides are considered barotropic tides
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Figure 7. A) Bathymetric map of the western Iberian margin, showing the trajectories of the RAFOS floats that were caught by meddy-9
(blue line) and the cyclone C (magenta line) reported (from Pinheiro et al., 2010); the yellow fractions of these trajectories correspond to
the period between the 28 August and 3 September 1993, during which the seismic profile in B and C was acquired. B and C) complete
migrated seismic section showing the eddies (meddies) related to the Mediterranean Outflow Water (MOW) and their interaction with the
sea-floor (Pinheiro et al., 2010), including the water masses and the interaction of MOW with a contourite terrace in the middle slope. The
segment to the east of the line was acquired from W to E, from the 2 to 3 September 1993. Approximate depth based on 1,500 m/s sound
speed, and longitude axis are indicated; C) detail of a migrated section with interpreted upper (MU) and lower (ML) MOW (Pinheiro et al.,
2010); and D) detail of a migrated section with the interpreted upper MU (Pinheiro et al., 2010). High amplitude reflections within the pro-
files, especially to the upper and lower boundaries of MOW and meddies are indicative of density contrast surfaces in the water column.
Figura 7. A) Mapa batimétrico del margen occidental Ibérico, que muestra las trayectorias de los flotadores RAFOS que se tomaron por
Meddy-9 (línea azul) y el ciclón C (línea magenta) (de Pinheiro et al., 2010); las fracciones amarillas de estas trayectorias corresponden al
periodo entre el 28 de Agosto y el 3 de Septiembre de 1993, durante el cual se adquirió el perfil sísmico en B y C. B y C) Sección sísmica
migrada que muestra los remolinos (meddies) relacionados con la Masa de Agua de Salida del Mediterráneo (MOW) y su interacción con
el fondo marino (Pinheiro et al., 2010), incluyendo las masas de agua y la interacción de la MOW con un terraza contornítica del talud
medio. El segmento al Este de la línea se adquirió de O a E, del 2 al 3 de Septiembre. Se indica la profundidad aproximada, basada en
una velocidad del sonido de 1.500 ms-1, y el eje de longitud; C) Detalle de una sección migrada con la interpretación del núcleo superior
(MU) e inferior (ML) de la MOW (Pinheiro et al., 2010); y D) detalle de una sección migrada con la interpretación del núcleo superior MU
de la MOW (Pinheiro et al., 2010). Las reflexiones de mayor amplitud que se pueden observar en los perfiles, especialmente a la base y
el techo de la MOW y asociadas a los meddies, son indicativas de la existencia de superficies con un contraste de densidad en la colum-
na de agua.
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because their associated currents are mainly depth-
independent (Fig. 2). Tidal signals consist of the
superposition of several harmonics (tidal con-
stituents) with the principle lunar semi-diurnal fre-
quency (M2; 12.42 h) exerting the strongest global
effects in agreement with the tide-generating poten-
tial theory (Lakshmi et al., 2000). Tidal energy may be
transferred to baroclinic modes in stratified fluids,
thus generating baroclinic tides (Fig. 2). Baroclinic
tides can dissipate tidal energy by transferring
motion along distant features. Both barotropic and
baroclinic tides influence the bottom-water circula-
tion in deep-water environments (Dykstra, 2012).
Tidal currents change direction periodically with time,
describing an elliptical hodograph usually aligned
along bathymetric contours in the ocean interior.
Tidal energy tends to dissipate, and hence, to exert a
stronger effect on continental slopes within subma-
rine canyons and adjacent areas (e.g., Shepard, 1976;
Shepard et al., 1979; Viana et al., 1998; Kunze et al.,
2002; Garrett, 2003; Shanmugam, 2012a, 2013b;
Gómez-Ballesteros et al., 2014; Gong et al., 2013, in
press) and within certain contourite channels (Stow et
al., 2013a). Shanmugam (2012a) has proposed that
barotropic tidal currents affect land- or shelf-incising
canyons connected to estuaries or rivers. Baroclinic
tide currents affect slope-incising canyons but do not
clearly connect to major rivers or estuary systems.
Inversion of bottom current directions due to tidal
influence occurs outside these canyons (Kennett,
1982; Stow et al., 2013a). Deep-marine tidal bottom-
current velocities range from 25-50 cm/s but can
reach 70-75 cm/s, and exhibit periods of up to 24
hours (Shanmugan, 2012a).

According to both in situ measurements (tidal
gauges) and numerical models, the most important
harmonic affecting the Atlantic Iberian margin is M2

(sea-level amplitudes between 100-180 cm, Fig. 8),
followed by S2 (12.00 h, 30-50 cm) (Alvarez-Fanjul et
al., 1997). A typical spring/neap tidal modulation of
14.8 days (the fortnightly tidal cycle) thus affects
Iberian coastal areas. The regional surface tide
dynamics around the Atlantic Iberian Peninsula is
part of the amphidromic system that characterises
the semi-diurnal tidal waves in the North Atlantic
(Cartwright et al, 1980), where a barotropic Kelvin
wave propagates northward along the western
Iberian coast with a phase speed close to 900 km/h.
The wave diffracts eastward in the Cantabrian Sea
and its amplitude increases steadily shoreward.
Kelvin wave dynamics predict counter clockwise tidal
ellipses aligned parallelly to the coast. This simple
model adequately approximates observed propaga-
tion directions (e.g., the largest phase lags in the

Cantabrian Sea, Alvarez-Fanjul et al., 1997), observed
and simulated wave amplitudes, which maximize
along the northern coast, and open ocean dynamics.
The model, however, does not adequately describe
tidal current variation in the shelf/slope region where
baroclinic tides start playing a significant role and the
cross-shore movement becomes increasingly impor-
tant. Marta-Almeida and Dubert (2006) concluded that
bathymetric irregularities exert a major influence on
the velocity field where steepened areas of the slope
amplify tidal currents, orthogonally polarising tidal
ellipses along bathymetric contours. Bottom features
can therefore theoretically change the S–N orienta-
tion of tidal currents. Quaresma and Pichon (2013)
have recently shown that the cross-shelf velocity
component over the slope and shelf can supersede
the along-shelf velocity component, giving rise to a
clockwise rotation of tidal currents. The ellipse eccen-
tricity decreases as a function of the slope gradient of
the sea-floor. Along the Mediterranean area of the
Iberian margin, tidal currents only exert significant
affects in the Alboran Sea (García-Lafuente and Cano
Lucaya, 1994), where phases increase eastward. The
velocities of semi-diurnal components decrease from
a few 10-2 m/s to 10-3 m/s in the Algero-Provençal
Basin (Alberola et al., 1995).

Both M2 and S2 amplitudes increase from the Gulf
of Cadiz to the Bay of Biscay, and exert the dominant
influence on tidal wave amplitude and current veloci-
ty throughout the shelf (Battisti and Clarke, 1982).
Across-shelf, the tidal amplitude decreases offshore
with an average gradient of ~0.027 cm/km. The maxi-
mum speeds of around 50 cm/s and 20 cm/s (in a
clockwise direction) for the M2 and S2 ellipses (respec-
tively) occur on the French shelf. The Bay of Biscay
confines the tidal wave and forces the generation of
noticeable baroclinic tides that amplify the semi-diur-
nal constituents as the barotropic tidal wave
impinges the French Armorican shelf. Velocities are
much less around Iberia, with maximum of 5 and 2
cm/s for the respective M2 and S2 ellipses (Quaresma
and Pichon, 2013), and exhibit strong along-shore
spatial variability. The O1 and K1 diurnal constituents
are also present (8 and 6 cm amplitude, respectively),
and cause the observed diurnal inequality of the tide.

Although the observed tidal currents are slight
(rarely above 20 cm/s) around Iberia, they are the pri-
mary driving force behind strong, high-frequency
baroclinic activity, which does not affect other coastal
regions. The combination of regional, barotropic tidal
velocities and steep bathymetry amplifies this effect
into “hotspots”, which occur along the Atlantic mar-
gin of Iberia (Quaresma and Pichon, 2013, Fig. 8C).
These hotspot areas include the Extremadura and
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Ortegal Spurs as well as the Gettysburg and
Ormonde seamounts. The Cadiz Contourite Channel,
in the central sector of the Gulf of Cadiz, offers one of
the best examples of sandy bedforms caused directly
by the dynamic interaction of tidal currents and
seafloor (Stow et al., 2013a, Fig. 9).The narrowness of
this channel (2-12 km) amplifies bottom tidal currents
due to a funnelling effect. Current meter data from
this area show a strongly directional, westerly MOW
moving at speeds of 1 m/s at the instrument height of
78 m with a clear periodicity in its velocity, suggestive
of a semi-diurnal tidal signal and of a spring/neap
cycle (Fig.10A).

Deep-sea storms

Benthic storms (also known as deep-sea storms or
abyssal storms) refer to intermittent, strong, bottom-
intensified currents affecting the seafloor (Fig. 2). The
HEBBLE (High Energy Benthic Boundary Layer
Experiment; Hollister et al., 1980) first documented
the existence of benthic storms while investigating
the response of the cohesive seafloor to high-stress
events. During these storms, bottom-current velocity
can increase by a factor of 2-5 times (average 15-20
cm/s with peaks of over 43 cm/s) over a period of a
few days (2 to 25 days) to several weeks. Benthic
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Figure 8. Maps showing: A) the M2 barotropic current velocity map. The maximum M2 velocities (cm/s) are illustrated by the tidal ellipse
semi-major axis magnitude; B) K1 barotropic current velocity phase map. This corresponds to the phase lag of the maximum current
behind the maximum tidal potential of M2 (degrees referenced to GMT); C) semi-diurnal barotropic forcing term map (1/s). Internal tide
generation “hotspots” are pointed out by the following symbols: AC= Arosa Canyon; AV= Aveiro Canyon; CB= Conil-Barbate; CF= Cape of
Finisterra; CS= Cape of Sagres; CO= Cape of Ortegal; EC= Estremadura promontory; GB= Galician Bank; GS= Gettysburg seamount); MC=
Murgia Canyon; NC= Nazaré Canyon; OP= Ortegal promontory; OS= Ormonde seamount; PC= Porto Canyon; TP= Tagus Plateau; VC= S.
Vicente Canyon (from Quaresma and Pichon 2013).
Figura 8. Esquema donde se muestra: A) Mapa de la velocidad de la corriente barotrópica M2. Las velocidades máximas de M2 (cm s-1) se
ilustran por la elipse de mareas del eje de magnitud semi-mayor; B) Mapa que indica la velocidad de la fase de la corriente de marea baro-
trópica K1. Este valor corresponde al retardo de la fase de la corriente máxima detrás del máximo potencial de marea de M2 (grados refe-
renciados en GMT) y C) Mapa del período semi-diurno forzoso barotrópico (s-1). Generación de “hotspots” o puntos calientes de mareas
internas (baroclínicas). Ac = Cañón de Arosa; AV = Cañón de Aveiro; CB = Conil-Barbate; CF = Cabo de Finisterre; CS = Cabo de Sagres;
CO = Cabo de Ortegal; EC = Promontorio de Extremadura; GB = Banco de Galicia; GS = Montaña submarina Gettysburg); Mc = Cañón de
Murgia; NC = Cañón de Nazaré; OP = Promontorio de Ortegal; OS = Montaña submarina Ormonde; PC = Cañón de Porto; TP = Meseta del
Tajo; Vc = Cañón de S. Vicente (de Quaresma y Pichon 2013).
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storms occur at a frequency of about 8 to 10 events
per year (Holger, 1987). Benthic storm-related flows
can rework up to several millimetres of seafloor sedi-
ment per event. Entrainment of the bottom nepheloid
layer or bottom boundary layer by turbulent and dif-
fusive mixing favours rapid resuspension of particu-
late matter (Gardner and Sullivan, 1981; Hollister and
McCave, 1984; Nowell and Hollister, 1985; Gross and
Williamns, 1991). During the occurrence of these
storms, the benthic boundary layer (BBL) increases in
thickness from a few metres up to 70 m, and in tur-
bidity up to values of 5 g/l (Tucholke, 2002). Other
mechanisms for benthic storms hypothesize sedi-
ment plumes descending from continental slopes and
rapid input of organic-rich phytodetritus from plank-
ton blooms in surface waters (Richardson et al., 1993;
Puig et al., 2013). In this latter case, the organic-rich
detritus draping the seafloor is easier to flocculate
and maintain in suspension. Detailed studies of sus-
pended particulate matter throughout the BBL indi-
cate that sediment concentration depends on the
interplay of several factors, including initial concen-
tration in suspension, turbulence, height of entrain-
ment, velocity field, transport distance and settling
velocity of the particles. Gross and Williams (1991)
emphasized three physical processes which charac-
terize deep-sea storm events. These include turbu-
lence in the boundary layer, sediment at the sedi-
ment-water interface and suspended sediment
winnowed by the flow. Any one of these three lines of
evidence defines a storm event (Gross and Williams,
1991).

Benthic storms play an important role in the ero-
sion, transport and redistribution of bottom sedi-
ments (Hollister et al., 1980; Nowell and Hollister,
1985; Hollister, 1993). Once disturbed by the erosion-
al effects of increased bottom shear, sediments may
be transported by bottom currents and deposited in
quiet regions downstream (Gardner and Sullivan,
1981; Kennett, 1982; Hollister and McCave, 1984;
Flood and Shor, 1988; Bearmon, 1989; Von Lom-Keil
et al., 2002). These currents may travel over long dis-
tances, constrained by the Coriolis force and semi-
diurnal tides parameters. Seafloor morphology from
large, kilometre-scale features (e.g., seamounts) to
smaller, metre-scale features (e.g., sediment waves)
can affect this transport (Rebesco and Camerlenghi,
2008).

The occurrence of benthic storms relates in part to
the formation of large eddies within the water column
due to the interaction between major wind-driven
surface currents and the bottom component of THC.
Areas of the ocean with a highly variable sea surface
show more frequent benthic storm activity

(Richardson et al., 1993; Faugères and Mulder, 2011).
The kinetic energy of these eddies can extend to
depths of > 3000 m and thus change the direction of
bottom currents. Benthic storms also occur in the
presence of strong, permanent bottom currents, and
in areas where seafloor sediments are easily floccu-
lated into suspension (Richardson et al., 1993). Due to
the limited information concerning benthic storms,
however, uncertainties persist in regards to their initi-
ation and driving mechanism.

As major sediment entrainment processes, benth-
ic storms play an important role in contourite devel-
opment. Benthic storms also disturb benthic commu-
nities (Gross and Williams, 1991). Regions subjected
to intense deep-sea storms show significant erosion
of the continental slope and evidence of large sub-
marine slides (Pickering et al., 1989; Gao et al., 1998;
Einsele, 2000).

Only a few examples of deep-sea storms have
been documented around Iberia linked to the forma-
tion of surface dense waters in the Gulf of Lions and
the subsequent deep cascading and open-sea con-
vection process (Font et al., 2007; Palanques et al.,
2009; Durrieu de Madron et al., 2013). Some of these
events, such as the one observed in the winter of
2009 (Fig. 11), may be exclusively due to deep con-
vection without the accompanying cascading process
(Salat et al., 2010; Puig et al., 2012; Stabholz et al.,
2013). In the Cantabrian margin, three independent
events have been identified at La Gaviera Canyon
(Sanchez et al., 2014). The scarcity of information on
this type of phenomena may mask their frequency.
For example, a current meter moored at around 554
m water depth in the Gulf of Cádiz may have record-
ed possible benthic storms (Fig. 10B), but further
analysis of these time series-observations is required
to confirm such an interpretation.

Eddies

Instabilities in bottom currents often generate vor-
tices (Serra et al., 2010a) and contribute to long-dis-
tance sediment transport and the formation of neph-
eloid layers (Fig. 2). Eddies occur when a water mass
interleaves into a stratified environment, or when cur-
rent flows meet a seafloor irregularity such as a
canyon, seamount or cape (Roden, 1987; Rogers,
1994; Arhan et al., 2002; Serra et al., 2010a). Along
some regions of the seafloor, eddy activity spans hun-
dreds of kilometres, as for example, in the Argentine
Basin (Cheney et al. 1983; Flood and Shor, 1988;
Arhan et al., 2002; Hernández-Molina et al., 2009), the
Weddell and Scotia Seas (Hernández-Molina et al.,
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2008a), the Mozambique slope (Preu et al., 2011), the
Gulf of Cadiz and the margins off western Portugal
(Serra et al., 2010a).

The best-studied example of eddies around Iberia
relate to the MOW (sometimes referred to as med-
dies). Meddies are low-potential vorticity bodies that
rotate clockwise and maintain MOW-type tempera-
ture and salinity conditions in their cores for long
periods of time (the order of years). These coherent
vortices translate at average speeds of 2-4 cm/s and
have typical azimuthal velocities of 30 cm/s (Fig.12B).
The radial structure of their core velocity resembles
solid body rotation (Schultz-Tokos and Rossby, 1991).
Meddies have been observed in the Canary Basin
(e.g., Armi and Zenk, 1984; Richardson et al., 1989;
Pingree and Le Cann, 1993), in the Iberian Basin (Kase
et al., 1989; Zenk and Armi, 1990; Schultz-Tokos et al.,
1994), off the southern coast of Portugal (Prater and
Sanford, 1994; Bower et al., 1997; Serra and Ambar,
2002), off western Portugal (Pinheiro et al., 2010,
Figure 7), and along the north-western Iberian coast
(Paillet et al., 2002). Bower et al. (1997) identified the
Cape St.Vincent Spur and the Extremadura
Promontory as points of origin for meddies. The
region adjacent to Cape Finisterre (Paillet et al., 2002),
the region of the Portimao Canyon (Serra and Ambar,
2002) and the Gorringe Bank (Serra and Ambar, 2002)
are also recognized sites of meddy formation.

The proposed mechanisms for generating these
meddies include boundary layer separation of the

MOW undercurrent (Bower et al., 1997), baroclinic
and/or barotropic instability of the MOW undercur-
rent (Kase et al., 1989; Cherubin et al., 2000), flow
intermittency (Nof, 1991) and topographic effects due
to capes (Pichevin and Nof, 1996; Sadoux et al., 2000;
Serra et al., 2005) or canyons (Cherubin at al., 2000;
Serra et al., 2005). Three factors contribute to the
meddy displacements. These include advection by
mean flow (Hogg and Stommel, 1990; Dewar and
Meng, 1995), the beta-effect or meridional variation of
the planetary vorticity (Nof, 1982b) and interactions
between different eddies (Kase and Zenk, 1996; Serra
et al., 2002). This latter mechanism can involve the
coupling of cyclones and meddies (Richardson et al.,
2000; Carton et al., 2002; Serra et al., 2002). Near their
generation sites, meddies may re-suspend sediment
and carry it into the open ocean.

Secondary circulation

Dense water masses usually have main current cores
that run parallel to isobaths (Figs. 2 and 12A). The
velocity of these cores manifests in contourite ero-
sional features such as moats and channels (e.g.,
McCave and Tucholke, 1986; Faugères et al., 1993,
1999; Rebesco and Stow, 2001; Stow et al., 2002a,
2009; Rebesco and Camerlenghi, 2008; Faugères and
Mulder, 2011). They are often associated with deposi-
tion in downslope areas, and erosion in upslope
areas. The structure of these features may result from

Figure 9. Examples from sandy deposits within the Cadiz Contourite Channel affected by bottom current and barotropic and internal tides
(probably generated at the continental slope), which reinforce the normal MOW flow (from Stow et al., 2013a). A) Cadiz Contourite Channel
image derived from swath bathymetric data, showing the location of bottom photograph transects (black) taken with a BENTHOS-372
camera; B) airgun deep monochannel seismic profile across the Cadiz Contourite Channel (location in A); C, D and E) bottom photographs
along the Cadiz Contourite Channel: deep linear scours (or small furrows) on the sea bottom with very rare starved ripples of coarse sed-
iments (C); straight to rhomboidal asymmetrical starved ripples; linear to sinuous asymmetrical ripples (D); sinuous to crescent sand
waves, observed in a secondary channel (E). Stoss side with small regular asymmetrical ripples, lee side with linear erosional chutes, and
a sand wave trough region with a more irregular ripple pattern. Both ripple and dune orientation indicates a flow towards the west, where-
as the current vane shows a more southward flow direction at the time of the photo. Compass diameter 7cm; current vane 25 cm; F)
Bottom current directions as inferred from bedform measurement for transects 2 and 5 (left) and bottom current directions during the run-
ning of transect 4 as inferred from current vane orientation (right); G) tidal data for 16t and 17t September 2001 (Port of Cadiz), together
with an indication of the duration of each photographic transect (up), and tidal amplitude through the month of September 2001 (down).
Figura 9. Ejemplos de depósitos de arena dentro del Canal Contornítico de Cádiz afectados por las corrientes de fondo y las mareas baro-
trópicas e internas (probablemente generadas en el talud continental), las cuales refuerzan el flujo normal de la MOW (de Stow et al.,
2013a). A) Imagen del Canal Contornítico de Cádiz obtenida de los datos batimétricos de multihaz, mostrándose la ubicación de los tran-
sectos de las fotografías tomadas del fondo (negro) con una cámara BENTHOS-372; B) Perfil sísmico monocanal tomado con Cañones de
Aire que cruza el Canal Contornítico de Cádiz (ubicación en A); C, D y E) Fotografías de fondo a lo largo del Canal Contornítico de Cádiz:
surcos lineales profundos (o pequeños furrows) en el fondo del mar con algunos ripples de sedimentos gruesos (C); ripples asimétricos
que pasan de rectos a romboidales; ondas asimétricas que pasan de lineales a sinuosas (D); ripples que pasan de sinuosas a media luna,
en un canal secundario (E). A barlovento de ondas de arenas se observan pequeños ripples regulares asimétricas, y a sotavento, rasgos
erosivos lineales. En el seno de la las ondas de arena los ripples presentan un patrón más irregular. Tanto la orientación de los ripples
como de la dunas indican que el flujo circula hacia el oeste, mientras que la veleta de corriente muestra la dirección del flujo más al sur
en el momento de la foto. El diámetro de la brújula es de 7cm; la veleta de corriente tiene 25cm; F) Direcciones de la corriente de fondo
inferidas por medición de formas de fondo en los transectos 2 y 5 (izquierda) y las direcciones de las corrientes de fondo durante la eje-
cución del transecto 4 (derecha); G) Datos de marea para el 16 y 17 de Septiembre de 2001 (Puerto de Cádiz), junto con una indicación de
la duración de cada transecto fotográfico (arriba), y la amplitud de las mareas del mes de septiembre de 2001 (abajo).
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helicoidal flow paths, or a clockwise secondary circu-
lation of the bottom current around the core of the
current. These structures are referred to as ‘horizontal
eddies’ in geophysical literature (Davies and
Laughton, 1972; Roberts et al., 1974; Roden, 1987;
Rogers, 1994; McCave and Carter, 1997; Hernández-
Molina et al., 2008a, b; Zenk, 2008). Although seafloor
features along the Iberian margin suggest helicoidal
flow, this interpretation requires further analysis of
currents and seafloor morphology (Rebesco et al.,
2014). These features probably result from the
Coriolis effect directing the vortex against the adja-
cent slope, eroding the right side of the channel and
depositing sediment on the left side where the cur-
rent velocity is lower (Faugères et al., 1999; Llave et
al., 2007). The combined effect of bottom friction and
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Figure 10. Time series observations of the near-bottom current (78
m above the seafloor) at the exit of the Strait of Gibraltar (A) for 79
days at 472 m water depth and at the eastern Gulf of Cadiz (B) for
97 days at 554 m water depth (see location in Fig.4), showing a
strongly directional MOW towards the WSW (A) and NNW (B) with
speeds up to 1 m/s. A detail in (A) illustrates the relation between
the current speeds and temperature from 10-14 September 1975.
Inset in B depicts a semi-diurnal tidal periodicity where a spring-
neap tidal cycle is clearly observed, which also modulates the near-
bottom temperature. The jump in the temperature record in B is
presumably due to the mooring turn-around operation and the
sampling of a slightly different water parcel after its redeployment.
Published with permission from British Oceanographic Data Center
(BODC) and National Oceanographic Centre, Southampton
(NOCS).
Figura 10. Observaciones de series temporales para la corriente
cerca del fondo (78 metros por encima del fondo marino) a la sali-
da del Estrecho de Gibraltar durante 79 días a 472 m de profundi-
dad (A) y durante 97 días a 554 m de profundidad donde se mues-
tra una MOW hacia el OSO (A) y NNO (B) con una velocidad de
hasta 1 m/s (ver ubicación en la Fig. 4). Se ilustra en A un detalle
de la relación entre las velocidades y temperatura de la corriente
desde el 10 al 14 de septiembre del 1975. El recuadro en B repre-
senta una clara periodicidad semi-diurna de marea con un ciclo de
marea que también modula la temperatura cerca del fondo. El salto
en la temperatura registrada en B es presumiblemente debido a la
operación de mantenimiento del anclaje y del muestreo de una
parcela de agua ligeramente diferente después de ser redondeado.
Publicado con permiso del British Oceanographic Data Center
(BODC) y el National Oceanographic Centre, de Southampton
(NOCS).

Figure 11. Time series observations of near-bottom salinity, poten-
tial temperature, current speed and suspended sediment concen-
tration (SSC) recorded at the Catalan continental rise (1890 m in
depth), illustrating an example of a benthic storm occurring in the
northwestern Mediterranean basin after the winter 2009 deep,
dense water-formation event. Note the sharp increase of salinity
and temperature associated to the arrival of the dense waters to
the basin and the subsequent increase of near-bottom velocities
with a peak >40 cm/s that caused resuspension of bottom sedi-
ments (modified from Puig et al., 2012).
Figura 11. Series temporales de salinidad, temperatura potencial,
velocidad de la corriente y concentración de sedimento en suspen-
sión (SSC) medidas cerca del fondo en el ascenso continental
Catalán a 1890 m de profundidad, donde se ilustra un ejemplo de
una tormenta bentónica generada por la convección profunda de
aguas densas de superficie durante el invierno de 2009. Se puede
observar el aumento brusco de la salinidad y temperatura asocia-
do a la llegada de aguas densas al fondo de la cuenca y el incre-
mento posterior de la velocidad de la corriente con un aumento de
más de 40 cm/s que provocó la resuspensión de sedimento (modi-
ficado de Puig et al., 2012).
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the Coriolis effect in the Ekman layer usually results
in a clockwise secondary circulation in bottom cur-
rents as illustrated in Figure 3 (Wåhlin and Walin,
2001; Wåhlin, 2004; Muench et al., 2009; Cossu et al.,
2010; Cossu and Wells, 2013).

This type of secondary circulation may occur in the
eastern Gulf of Cádiz, near the exit of the Strait of
Gibraltar (Fig. 4, Serra, 2004; Garcia et al., 2009;
Hernández-Molina et al., 2014). The identification of
secondary circulation further suggests its role in gen-
erating furrows observed to run obliquely relative to
the main bodies of the prevailing bottom currents
(Hernández-Molina et al., 2014).

Dense shelf water cascades

Dense shelf-water cascades (DSWC; Fig. 2) describe
the flow of dense water generated in shelf areas
down the continental slope (Simpson, 1982;
Killworth, 1983; Ivanov et al., 2004). DSWCs are near-
bottom gravity flows that develop when cooling,
evaporation, freezing and/or salinization in the sur-
face layer formed over the continental shelf causes
density-driven flow over the shelf edge. The dense
water plume cascades both along and across the
slope area according to density, gravity effects, the
Coriolis Effect, friction and mixing. Once the density
of the water plume matches the density of the sur-
rounding waters the DSWC reaches gravitational
equilibrium and becomes an intermediate-depth,
neutrally buoyant intrusion (Shapiro and Hill, 1997;
Shapiro et al., 2003). Submarine canyons incised into
the shelf edge can offer preferential pathways for
DSWCs (Canals et al., 2006, 2009; Allen and Durrieu
de Madron, 2009). This intermittent process affects
biogeochemical cycles by re-suspending sediment
and transporting significant volumes of minerals and
organic matter (Fohrmann et al., 1998; Hill et al., 1998;
Puig et al., 2013). 

The Gulf of Lions, located in the northeastern sec-
tor of the Iberian Peninsula experiences annual
DSWCs (Millot et al., 1990; Durrieu de Madron et al.,
2005; Puig et al., 2013). Winter cooling and evapora-
tion, induced by persistent, cold, dry northerly winds
(the Tramontane and Mistral winds) cause increased
density and mixing of coastal waters. This occurs in
spite of buoyancy effects from freshwater input of the
Rhone River. The prevailing westerly coastal circula-
tion, the narrowing shelf and the topographic con-
straint of the Cap de Creus peninsula, all facilitate
DSWCs and sediment transport. These currents
develop in the Gulf’s southwestern sector, primarily
moving through the Lacaze-Duthiers and Cap de
Creus submarine canyons, where cascading flows
can reach velocities >80 cm/s (Palanques et al., 2006).
DSWC events occur from January to April/May last-
ing several days, and often begin and/or are
enhanced during storms, which cause increases in

Figure 12. A) A snapshot of simulated zonal component of velocity
and salinity at 7.5°W showing the MOW undercurrents flowing
westwards in the Gulf of Cadiz; B) snapshot of simulated salinity
and zonal component of velocity at 13°W, showing the large verti-
cal extension of the velocity signal associated with the MOW
eddies (meddies) downstream of the Portimao Canyon (from Serra
et al., 2010a).
Figura 12. A) Gráfico del componente zonal simulado de la veloci-
dad y la salinidad a 7.5°W mostrando las corrientes subterráneas
de la MOW que fluyen hacia el oeste en el Golfo de Cádiz; B)
Gráfico de la salinidad simulada y el componente zonal de la velo-
cidad a 13°W, que muestra la gran extensión vertical de la señal de
velocidad asociada con los remolinos de la MOW aguas abajo del
Cañón de Portimao (de Serra et al., 2010a).

Articulo 4_ART. El material tipo de la  22/06/15  08:48  Página 299



the suspended sediment concentration and generally
amplify down-canyon sediment fluxes (Palanques et
al., 2008). In very dry, windy and cold periods, such as
the 1998-99, 2004-05 and 2005-06 winters, the Gulf
developed unusually intensive DSWCs that lasted for
several weeks (Fig.13). During these major events,
large quantities of water and suspended particles are
rapidly advected over depths of hundreds of metres

along submarine canyons, causing erosion of the
seafloor and generating sedimentary furrows
(Palanques et al., 2006, 2009, 2012; Canals et al., 2006;
Puig et al., 2008). The most persistent and penetrative
cascading pulses generally follow a multi-step sedi-
ment transport mechanism. Sediment is initially
transported from the shelf to the upper canyon
region. The subsequent cascading pulses re-suspend
and redistribute the sediment down-slope, generat-
ing massive sand beds at the canyon head region
(Gaudin et al., 2006). At depths of 1,500 m, where the
Cap de Creus submarine canyon widens, most of the
dense water and suspended sediment leaves the
canyon and flows along the northern Catalan conti-
nental margin as a contour current (Palanques et al.,
2012). Continuous monitoring of cascading events in
the Cap de Creus canyon has recognized a large
degree of inter-annual variability in DSWCs, as well
as their complex interactions with concurrent storms
and down-welling transport (Ribó et al., 2011; Martín
et al., 2013; Rumín-Caparrós et al., 2013).

Internal waves and solitons

Internal waves typically have much lower frequencies
(periods from several tens of minutes to days) and
higher amplitudes (up to hundreds of metres) than
surface waves (Fig. 2). Internal waves can also propa-
gate vertically through the water column transferring
energy in either direction between shallower and
deeper levels (Shanmugan, 2012b, 2013a, 2014,
Fig.14). These phenomena occur throughout the
oceans, as evident in temperature, salinity and cur-
rent measurements (Kantha and Clayson, 2000). They
appear as surface roughness produced by interfer-
ence between the current velocity and the upper layer
background dynamics (Bruno et al., 2006).

Internal waves occur in stable, stratified fluids due
to the restoring action of the buoyancy forces on
water parcels displaced from their equilibrium posi-
tion (Fig.14). Interfacial waves on the density inter-
faces offer a good example of internal waves (Gill,
1982). When the density interface is disturbed, waves
radiate horizontally along the interface if the vertical
density gradient is high enough (Shanmugan, 2012a,
2013a, b). In continuously stratified waters internal
waves travel along paths (wave characteristics) that
run obliquely to the horizontal plane. The exact angle
is a function of the frequency of the internal wave, the
buoyancy or Brunt Väisälä frequency N and the
Coriolis parameter f (Gill, 1982). Perturbation of a
region with high N values, such as steepened seg-
ments of the pycnocline, tend to travel rather hori-
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Figure 13. A) Map of the Gulf of Lions area showing the regions of
dense water formation and distribution (adapted from Puig et al.,
2013). B) A dense shelf water cascading (DSWC) event in the Gulf
of Lions’ shelf illustrated by a time series of near-bottom potential
temperature, current speed and suspended sediment concentra-
tion (SSC) recorded at 500 m depth (5 m above bottom) in the axis
of the Cap de Creus Canyon during the winter of 2004-05. Adapted
from Puig et al. (2008). Legend for water masses by alphabetic
order: AW= Atlantic Water; LIW= Levantine Intermediate Water;
WIW= Western Mediterranean Intermediate Water; WMDW=
Western Mediterranean Deep Water.
Figura 13. A) Mapa de la zona del Golfo de León donde se mues-
tran las regiones de formación de agua densa y su distribución
(adaptado de Puig et al., 2013); B) Cascadas de agua densa de pla-
taforma (Dense shelf water cascading-DSWC) que se producen en
la plataforma del Golfo de León, ilustradas por una serie temporal
de la temperatura potencial cerca de fondo, velocidad de la corrien-
te y la concentración de sedimentos en suspensión (SSC) registra-
dos a 500 m de profundidad (5 m por encima del fondo) en el eje
del Cañón del Cap de Creus durante el invierno 2004-05. Adaptado
de Puig et al. (2008). Leyenda de las masas de agua, por orden alfa-
bético y con el nombre original en inglés: AW= Atlantic Water;
LIW= Levantine Intermediate Water; WIW= Western Mediterranean
Intermediate Water; WMDW= Western Mediterranean Deep Water.
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Figure 14. A) Schematic diagram showing the position of the pycnocline (i.e., primary density stratification), where the density gradient is
the sharpest, between mixed (upper) and deep (lower) ocean layers of different densities (adapted from Shanmugan, 2013b). Internal
waves and tides propagate along the boundaries of both primary and secondary density stratifications. Internal waves and astronomical
internal tides propagate along the boundaries of density stratification in deep-marine environments. Barotropic currents (red arrow) are
generated by surface waves and tides, whereas baroclinic currents (dark blue arrow) are generated by internal waves and tides; B) con-
ceptual oceanographic and sedimentologic framework showing deposition from baroclinic currents on continental slopes, in submarine
canyons, and on guyots. On continental slopes and in submarine canyons, deposition occurs in three progressive stages: (1) incoming
internal wave and tide stage, (2) shoaling transformation stage, and (3) sediment transport and deposition stage. Continental slopes and
submarine canyons are considered to be environments with high potential for deposition from baroclinic currents. In the open ocean,
baroclinic currents can rework sediments on flat tops of towering guyot terraces, without the need for the three stages required for the
deposition on continental slopes (From Shanmugan, 2012, 2013b).
Figura 14. A) Diagrama esquemático que muestra la posición de la picnoclina (es decir, la estratificación primaria por densidad), donde el
gradiente de densidad es más abrupto, entre capas oceánicas de mezcla (superiores) y profundas (capas inferiores) con diferentes densi-
dades (adaptado de Shanmugan, 2013b). Las ondas internas y las mareas internas se propagan a lo largo de los límites entre ambas estra-
tificaciones primarias y secundarias por densidad. Las ondas internas y las mareas internas astronómicas se propagan a lo largo de las
interfases de densidad en los ambientes marinos profundos. Las corrientes barotrópicas (flecha roja) se generan por las ondas superfi-
ciales y las mareas, mientras que las corrientes baroclínicas (flecha azul oscuro) se desarrollan por las ondas internas y mareas internas;
B) Marco conceptual oceanográfico y sedimentológico que muestra el depósito por corrientes baroclínicas sobre taludes continentales,
en los cañones submarinos, y en montes submarinos o guyots. En los taludes continentales y en los cañones submarinos el depósito se
genera en tres etapas progresivas: (1) etapa entrante de la onda interna y marea interna, (2) etapa de transformación y somerización al
chocar con el fondo, y (3) etapa de transporte y depósito de sedimentos. Los taludes continentales y cañones submarinos se consideran
como ambientes con alto potencial para el depósito a partir de corrientes baroclínicas. En el océano abierto, las corrientes baroclínicas
pueden retrabajar los sedimentos en las cimas planas de imponentes terrazas guyot, sin la necesidad de que se den las tres fases reque-
ridas para el depósito en zonas de talud continental (de Shanmugan, 2012, 2013b).

zontally along the pycnocline (Shanmugan, 2012a,
2013a,b), whereas if the vertical density gradient is
more uniform the internal perturbation may radiate at
an angle relative to the vertical (Baines, 1982). The
frequencies of the free internal waves are confined to

frequencies between f and N. In the upper ocean at
middle and high latitudes, N typically exceeds f by
one or two orders of magnitude. At low frequencies
approaching f, the Earth’s rotational effects are critical
and the waves are referred to as near-inertial internal
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waves (Garrett, 2001; Puig et al., 2001; van Haren et
al., 2013). At higher frequencies approaching N, rota-
tional effects become negligible. In the deep oceans
at middle and high latitudes, f and N are comparable.
The weak stratification at the abyssal regions pre-
vents the formation of high-frequency internal waves.
(e.g., only low frequencies close to remain). In lati-
tudes approaching the equator, f approaches zero.
The diminished rotational component affects the
internal wave structure and dynamics primarily at
very low frequencies.

As mentioned above internal waves occur due to
the disruption of horizontal density surfaces within a
stratified water column. The most usual perturbing
mechanism is the interaction between currents and
the bottom topography (Fig. 14) in regions where it
changes more or less abruptly, as ridges, banks,
slopes, shelf breaks, etc., (Farmer and Armi, 1999;
Shanmugan, 2013a, b). Barotropic tidal currents are
often behind this type of forcing. Other forces that
generate vertical perturbations also produce internal
waves by the same mechanism. These types of forces
may derive from the wind stress on the sea surface or
from currents induced by other types of barotropic
waves, such as continental shelf waves or edge
waves (Bruno et al., 2006).

The topographic perturbations often start with a
single wave or soliton, which disintegrates in rank,
ordered internal wave trains (Vlasenko et al, 2009) of
lesser wavelengths and shorter periods, relative to
the original internal wave that approached the pycno-
cline (Apel et al., 1995). These secondary perturba-
tions exhibit relatively high amplitudes and have
induced currents that reach intensities of 200 cm/s.

Internal waves have been described in coastal
areas of California (Emery, 1956), in the Sea of Japan
(Navrotsky et al., 2004), the Indian Ocean (Santek and
Winguth, 2005), the Bay of Biscay (Baines, 1982) and
on other areas along the Iberian Margin (Puig et al.,
2004; Hernández-Molina et al., 2011, 2014; Van Haren
et al., 2013).

The energy associated with internal waves is par-
ticularly important close to the continental margins
(maximum horizontal velocities up to 200 cm/s and
vertical velocities of 20 cm/s, Shanmugan, 2012a,
2012b, 2013a). Internal waves may act as the primary
mechanism in along-slope and across-slope process-
es, maintenance of intermediate and bottom neph-
eloid layers (McCave, 1986; Dickson and McCave,
1986; Cacchione et al., 2002; Puig et al., 2004) and in
the erosion of contourite terraces (Hernández-Molina
et al., 2009; Preu et al., 2013).

High amplitude internal wave generation in the
Strait of Gibraltar strongly affects the Iberian margin.

These processes primarily occur around the
Camarinal Sill and other minor sills nearby where the
tide-topography interaction generates internal bores
that evolves into the well-shaped wave trains men-
tioned above (Armi and Farmer, 1988; Farmer and
Armi, 1988; Vlasenko et al., 2009; Sanchez-Garrido et
al, 2011, see also Figure 15), with amplitudes of 50 to
100 m and wavelengths of 1 to 4 km (Armi and
Farmer, 1988; Farmer and Armi, 1988; Brandt et al.,
1996; Jackson, 2004). The wave trains extend at least
200 km into the western Mediterranean and persist
for more than 2 days before dissipating (Apel, 2000;
Jackson, 2004) (Fig. 15). Solitons and internal waves
have been observed in many other areas along the
Iberian margin (Fig. 15), including the Gulf of Cadiz,
the west coast of Portugal and the Galician and
Cantabrian margins (Pingree et al., 1986; Pingree and
Newt, 1989, 1991; Correia, 2003; Apel, 2004; Jackson,
2004; Azevedo et al., 2006; Pichon et al., 2013); at the
NW flank of Le Danois at the Cantabrian margin
(Gonzalez-Pola et al. 2012); and the Gulf of Valencia
continental slope (van Haren et al., 2013). Solitons
also frequently occur along the shelf break of the
Iberian margin (Apel, 2004). Although current knowl-
edge about internal waves and solitons is limited,
many features along the Iberian slope maybe related
to their effect as sedimentary waves on the Galician
continental margin (Fig.16, Hanebuth et al., 2012).
Internal waves amplify their influence within subma-
rine canyons (e.g., Shanmugam, 2012a, 2013a,b; Puig
et al., 2014), contributing to higher velocity bottom
currents within the canyon (Quaresma et al., 2007;
Sánchez et al., 2014) and reworking sandy deposits,
as in the Gaviera Canyon of the Cantabrian margin
(Fig. 17, Gómez-Ballesteros et al., 2014). Sedimentary
waves are very common at certain depths within sub-
marine canyons, and some of them are reworked sed-
imentary waves such as those described in the
Setubal, Nazaré and Cascais Canyons (Arzola et al.,
2008; Lastras et al., 2009, Fig. 18) and interpreted as
being due to the action of turbiditic processes. To
what extent these sedimentary waves might be relat-
ed to the action of internal waves on submarine
canyons is unknown. The fact is the role of internal
waves on submarine canyons, gullies, etc., has been
overlooked and should be considered in future multi-
disciplinary works.

Tsunami-related traction current

Tsunamis consist of a wave or series of waves with
long wavelengths and long periods (Fig. 2), caused by
an abrupt vertical displacement of the ocean bottom,
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Figure 15. Selected examples of internal solitons propagating toward the continental slope and shelf around the Iberian margin from: A)
the Catalonian margin; B) east of the Strait of Gibraltar; C) west of the Strait of Gibraltar; D) Cadiz; E) NW Morocco; F) NW Portugal; G) the
Galicia Bank; H) Rias Baixas (Galicia margin); I) Cantabrian margin (off Gijon); J) the Cantabrian margin (off Bilbao). These oceanograph-
ic processes are ubiquitous around Iberia as well as in the adjacent continental margins from Morocco, France and Porcupine, related
mainly to the shelf break, seamounts and banks. Their real implications in sedimentary processes have not been considered until now,
although they represent energetic and constant oceanographic processes. Images are synthetic aperture radar images [from Apel, 2004
and EOLi (Earth Observation Link, European Space Agency, http://earth.esa.int/EOLi/EOLi.html)].
Figura 15. Selección de ejemplos de solitones internos que se propagan hacia el talud continental y la plataforma alrededor del margen
Ibérico en: A) Cataluña; B) Este del Estrecho de Gibraltar; C) Oeste del Estrecho de Gibraltar; D) Cádiz; E) NO de Marruecos; F) NO de
Portugal; G) Banco de Galicia; H) Rías Baixas (margen de Galicia); I) Margen Cantábrico (frente a Gijón); J) Margen Cantábrico (frente a
Bilbao). Estos procesos oceanográficos son muy frecuentes alrededor de Iberia, así como en los márgenes continentales adyacentes de
Marruecos, Francia y Porcupine, en relación principalmente con el borde de plataforma, montes submarinos y bancos. Hasta la fecha no
se han considerado sus implicaciones reales en los procesos sedimentarios, a pesar de representar procesos oceanográficos frecuentes
y energéticos. Las imágenes son imágenes de radar de abertura sintética [de Apel, 2004 y EOLi (Earth Observation Link, European Space
Agency, http://earth.esa.int/EOLi/EOLi.html)].
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usually due to earthquakes, landslides or to other
external agents, such as volcanic eruptions or mete-
orite impacts (Shanmugam, 2006, 2012a). Tsunami
waves carry energy through the water, but do not dis-
place the water horizontally, nor do they transport
sediment. During the transformation stage, however,
tsunami waves erode and incorporate sediment into
the incoming wave. Tsunami-related traction currents
can thus transport large concentrations of sediment

in suspension (Abrantes et al., 2008; Shanmugam,
2006, 2012a). Tsunamis are also important mecha-
nisms for triggering sediment failures, as the advanc-
ing tsunami wave front can generate large hydrody-
namic pressures on the seafloor that overwhelm
slope stability factors (Wright and Rathje, 2003).

The southern Iberian margin is seismically active
due to the convergent plate boundary between
Eurasia (Iberian sub-plate) and Africa (Nubian sub-
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Figure 16. Example of sedimentary waves in the Galician continental margin, which could be attributed to internal waves. A) Swath bathy-
metric map of the margin indicating the position of the sedimentary waves along the NW flank of a contourite drift in the lower slope; B)
seismic profile across the sediment waves (data courtesy from the MARUM project GALIOMAR, from Hanebuth, et al., 2012).
Figura 16. Ejemplo de ondas sedimentarias en el margen continental de Galicia que podrían ser atribuidos a ondas internas. A) Mosaico
batimétrico del margen que indica la posición de las ondas sedimentarias a lo largo del flanco NO del drift contornítico en el talud infe-
rior; B) Perfil sísmico transversal a las ondas de sedimento (cortesía de datos del proyecto GALIOMAR MARUM, de Hanebuth, et al., 2012).
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plate) (Zitellini et al., 2009). Earthquakes have trig-
gered a number of tsunamis in the historic past
(Rodríguez-Vidal et al., 2011). These include the 1755
Lisbon tsunami (Baptista et al., 2003), the 1856 and
2003 tsunamis in Algeria (Roger and Hébert, 2008;

Sahal et al., 2009) and the 1969 tsunami in the Atlantic
(Guesmia et al., 1998). The earthquake-induced
Lisbon tsunami appears in the geologic record from
Portugal to the Gibraltar Strait (i.e., Dawson et al.,
1991, 1995; Hindson et al., 1996; Dabrio et al., 1998,

Figure 17. Examples of sandy bedforms related to internal tides and waves within the Gaviera Canyon, in the Cantabrian margin. A)
Regional area location; B) shaded bathymetric map of part of the Cantabrian Sea margin (isobaths equidistance 100 m) indicating the posi-
tion of the major canyons, with illumination from the NW (Gómez-Ballesteros et al., 2013). C) Top as profile crossing NE the head of the
Gaviera canyon (Gómez-Ballesteros et al., 2013). Submarine photographs of the Gaviera canyon sea floor; D) at 863 m water depth
(-5.78628 / 43.92902) taken 24 April 2010 at 15:05. Water temperature was approximately 9.93°C; salinity 35.76 and potential density 27.54
kg/m3; E) at 837.6 m water depth (-5. 77847°E / 43. 93003°N) taken 26 April 2010 at 15:41. Water temperature was approximately 9.95°C;
salinity 35.75 and potential density 27.53 kg/m3 (Photo taken by F. Sánchez, IEO).
Figura 17. Ejemplos de formas de fondo de arena relacionadas con las mareas y las ondas internas dentro del Cañón de Gaviera, en el
margen del Cantábrico. A) Localización regional del área; B) Mosaico batimétrico sombreado de parte del margen Cantábrico (distancia
entre isobatas de 100 m) indicándose la localización de los grandes cañones (Gómez-Ballesteros et al., 2013, con iluminación del NO); C)
Perfil de Topas que cruza la cabecera del Cañón de Gaviera con dirección NE (Gómez-Ballesteros et al., 2013). Fotografías submarinas del
fondo del mar del Cañón de Gaviera; D) a 863 m de profundidad (-5.78628 / 43.92902) tomadas el 24 de abril 2010 a las 15:05. La tempe-
ratura del agua era de 9.93°; salinidad de 35.76 y densidad de 27.54; E) a 837,6 m de profundidad (-5.77847/43.93003) tomada el 26 de abril
2010 a las 15:41. La temperatura del agua era de 9.95°; salinidad de 35.75 y la densidad de 27,53 (Foto tomada por F. Sánchez, IEO).
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2000; Hindson and Andrade, 1999; Luque et al., 1999,
2001, 2004; Luque, 2002; Whelan and Kelletal, 2005;
Viana-Baptista et al., 2006; Gracia et al., 2006; Cuven
et al., 2013) and even in southern England (Banerjee
et al., 2001). The geologic record also shows evidence
of ancient tsunamis impacting southwestern Spain,
Portugal, Morocco (Galbis, 1932; Campos, 1991;
Reicherter, 2001; Luque et al., 2001, 2002; Luque,
2002; Ruiz et al., 2004, 2005; Scheffers and Kelletal,
2005), and the Alboran Sea (IGN, 2009; Reicherter and
Becker-Heidmann, 2009).

Few studies have considered the deep-sea sedi-
mentary implications of the tsunamis that have
impacted the Iberian margin. The 1522 Almeria earth-
quake (M>6.5) affected a large area of the western
Mediterranean, even though its epicentre occurred in
the Gulf of Almeria along the Carboneras fault zone.
The earthquake triggered submarine slides in the Gulf
of Almeria and tsunami waves (Reicherter and
Becker-Heidmann, 2009). The IODP Expedition 339
identified sandy deposits along the Gulf of Cadiz and
west of the Portuguese slope (Fig. 19) as tsunami
deposits (Stow et al., 2013b). Other tsunami-related
traction currents and deposits may occur along the
Iberian slopes. While evidence of other events may
exist in the study region, researchers have not yet
established consistent sedimentological criteria for
identifying paleo-tsunami deposits (Shanmugan,
2012b). Deeper water tsunami deposits and struc-
tures may resemble their shallow water counterparts,
or might resemble turbidity and debris (or mud) flow
sequences in terms of facies associations (Dawson
and Stewart, 2007).

Rogue- and cyclone-related traction currents

Similar to tsunamis, rogue waves and cyclone waves
are categorized as intermittent processes. Oceanic
rogue waves (also known as freak waves, killer
waves, monster waves, extreme events, abnormal
waves, etc.) are surface gravity waves whose wave
heights are at least twice as large as the significant
wave height expected for the sea state (Shanmugan,
2012a, Fig. 2). Tropical cyclones are meteorological
phenomena. They can trigger bottom currents and
generate large hydrodynamic pressures on the sea
floor that produce submarine mudflows and slope
instabilities. As such, they accelerate deep-water sed-
imentation and/or reworking of previous deposits.
Structurally, tropical cyclones are large, rotating sys-
tems of clouds, winds and thunder storms. In the
Northern Hemisphere the rotation of cyclones is
counterclockwise, but in the Southern Hemisphere
the rotation is clockwise due to the Coriolis force.
Rogue and cyclone waves do not appear to have cre-
ated any known morphologic features along the
Iberian Margin, although theoretically these events
may have influenced deep-water environments in the
past.

Morphologic and sedimentary implications

The descriptions above highlight a number of perma-
nent and intermittent processes that affect bottom
currents. These processes maybe very variable and
appear as overflows, tides, eddies, deep-sea storms,

Figure 18. Examples of sedimentary waves described in the Setúbal Canyon, west Iberian margin. A) Regional bathymetry map. Contours
are every 100 m and outlined in bold every 500 m. Side scan sonar images (A, B and C) showing details of the canyon floor in the lower
Setúbal Canyon; B) Transverse linear bedforms illustrating sediment facies in the Core CD56844, interpreted to comprise of coarse-grained
sediment wave deposits (from Arzola et al., 2008); C) Reworked sediment waves on the canyon floor and profile show the contrast between
the steep canyon walls and edge of the northern margin terrace, and the wide, relatively flat but slightly domed canyon floor (from Arzola
et al., 2008); D) Sediment bedforms from the channel-lobe transition zone (from Lastras et al 2009). These sedimentary wave examples
(locations in A) are described in the Setubal, Nazaré and Cascais Canyons and interpreted as being due to the actions of turbiditic process-
es. However, they are very common within submarine canyons worldwide and in many other cases are generated and / or reworked by
oceanographic processes, as tidal current or internal waves (e.g., Shanmugam, 2012a, 2013b). The role of these processes on submarine
canyons, gullies, etc. have been underestimated but should be considered in future multidisciplinary studies.
Figura 18. Ejemplos de ondas sedimentarias que se describen en el Cañón de Setúbal, en el margen Ibérico occidental. A) Mapa batimé-
trico regional. Se indican las curvas de nivel cada 100 metros y en negrita cada 500 m. Imágenes de sonar de barrido lateral (A, B y C) que
muestran el detalle del fondo del Cañón de Setúbal en su parte distal; B) Formas de fondo transversalmente lineales donde se reflejan
sus facies sedimentarias (Testigo CD56844), interpretadas como depósitos de ondas de sedimentos de grano grueso (de Arzola et al.,
2008); C) Ondas de sedimento retrabajadas en el fondo del cañón y cuyo perfil muestra el contraste entre las paredes escarpadas del
cañón y el borde de la terraza en su margen norte, con el fondo del cañón relativamente plano (de Arzola et al., 2008); D) Formas de fondo
sedimentarias de la zona de transición entre el lóbulo y el canal (de Lastras et al 2009). Estos ejemplos de ondas sedimentarias (localiza-
ción en A) están descritas en los cañones de Setúbal, Nazaré y Cascais e interpretados como depósitos generados por la acción de pro-
cesos turbidíticos, que posteriormente pueden ser retrabajadas. Sin embargo, estas ondas sedimentarias son muy comunes en los caño-
nes submarinos de todo el mundo, y en muchos casos se generan y/o retrabajan por procesos oceanográficos, como corrientes de marea
u ondas internas (por ejemplo, Shanmugam, 2012a, 2013b). El papel de estos procesos en los cañones submarinos, gullies, etc. ha sido
subestimado, pero deberían estar considerados en futuros trabajos multidisciplinares.
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Figure 19. A) Regional water masses and Gulf of Cadiz CDS site locations sampled during IODP Expedition 339; B) Sandy Holocene
deposits drilled during IODP Expedition 339 (Sites U1388 and U1389) interpreted as tsunami deposits (Stow et al., 2013b, Pers. Comm.,
Yasuhiro Takashimizu, Niigata University, Japan).
Figura 19. A) Localización de las masas de agua regionales, y puntos de perforación durante la Expedición IODP 339 en el Golfo de Cádiz
y oeste de Portugal; B) Durante la Expedición IODP 339 se perforaron depósitos de arena Holocenos (Sondeos U1388 y U1389) que han
sido interpretados como depósitos de tsunami (Stow et al., 2013b, Comm. Pers., Yasuhiro Takashimizu, la Universidad de Niigata, Japón).
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secondary circulation, internal waves and tsunamis,
rogue waves and cyclone waves. All these processes
show some degree of variability and, although one of
them may prevail in a particular situation, it is likely
that there are several processes acting in combina-
tion to determine the local direction and velocity of
the bottom current. Many of these processes and
their effects on deep-water sedimentation are not
well understood. Along the Iberian margin, several of
these processes interact with the seafloor to affect its
morphology and sediment distribution on a local or
regional scale. We cannot however yet discern specif-
ic sequences of events or the relative influence of
these processes from sedimentary evidence.
Discussion and debate continue on how bottom cur-
rents form the range of morphologies observed
among contourites. To stimulate this discussion,
future analyses must include the wider and more
complex range of deep-water processes described
above. While local oceanographic settings provide
first order constraints on contourite morphology,
ancient contourite examples from the geologic record
can also reveal how they may vary in response to dif-
ferent deep-marine conditions.

Specific bottom-current facies have been
described by many authors (see a recent compilation
in Rebesco et al., 2014). The standard contourite
facies model sequence was first proposed by
Gonthier et al. (1984) and Faugères et al. (1984),
based on the Faro Drift within the middle slope of the
Gulf of Cadiz. This model involves a cyclic trend, com-
posed of three main facies: (1) homogeneous mud,
(2) mottled silt and mud, and (3) sand and silt. These
facies are typically arranged in a coarsening-up to fin-
ing-up cycle that defines the standard bi-gradational
sequence for contourites. This general model for con-
tourites represents the transition from weaker to
stronger bottom-current flow, and then back to weak-
er conditions (Stow and Holbrook, 1984; Stow et al.,
2002a; Huneke and Stow, 2008). The bi-gradational
facies sequences are observed among ancient to
recent contourite deposits, including the Brazilian
margin (Viana and Faugères, 1998), the Irish margin
(Øvrebø et al., 2006) and in ancient deposits (e.g.,
Chinese sedimentary basins, Gao et al., 1988).
Authors commonly report partial or incomplete con-
tourite sequences (Howe et al., 1994; Stoker et al.,
1998; Shanmugam, 2000; Howe et al., 2002; Stow et
al., 2002a, 2013a; Mulder et al., 2013). Further modifi-
cations of the contourite model (e.g., Stow et al.,
2002a, b; Stow, 2005; Stow and Faugères, 2008) have
demonstrated a considerable degree of variation,
thus complicating the establishment of a unique and
systematic facies designation. Mulder et al. (2013)

have recently demonstrated that a particular facies
sequence may depend on the supply of coarser ter-
rigenous clastic material provided by increased ero-
sion of indurated mud along the flanks of confined
contourite channels (mud clasts), by increased sedi-
ment supply from rivers (quartz grains) and/or by
downslope mass transport along the continental shelf
and upper slope. These results are consistent with the
findings of Masson et al. (2010), that the classical con-
tourite depositional sequence proposed by Gonthier
et al. (1984) should be interpreted with special con-
sideration given to the regional sedimentological
background.

The Faro Drift deposits do not offer the best exam-
ple of a contourite facies sequence due to the pre-
ponderance of mud within these deposits, and their
location along the distal part of a much larger con-
tourite depositional system (CDS). Other facies from
different parts of the same depositional system do
not fit neatly into the conceptual model suggested by
the Faro Drift (e.g., Mulder et al., 2013; Stow et al.,
2013a; Hernández-Molina et al., 2013, 2014). Mulder
et al., 2013 have in fact shown that most of the con-
tacts between the classical contourite facies (mottled,
fine sand, coarse sand) are sharp rather than transi-
tional, an observation that supports the interpretation
by Shanmugan (2006, 2012a, 2013b). The proposed
facies sequence for the Faro Drift could therefore
serve as an appropriate model for fine-grained con-
tourite deposits, for which pervasive bioturbation is a
diagnostic feature. This interpretation, however, sug-
gests that the Faro Drift does not offer a representa-
tive example of other types of contourite deposits
(Martín-Chivelet et al., 2008; Shanmugan, 2012a,
2013b; Mulder et al., 2013). Other authors have
described contourite settings with a higher propor-
tion of sand (Shanmugam et al., 1993; Shanmugam,
2000, 2012a, 2013b), indicating that activity of bottom
currents prevails over bioturbation. 

This controversy in contourite identification
demonstrates that contourites exhibit greater varia-
tion than the established facies model suggests and
commonly include traction sedimentary structures.
The contourite facies model would thus benefit from
further modification. A consistent facies model, how-
ever, faces substantial challenges in terms of the wide
range of oceanographic permanent and intermittent
processes (and their spatial and temporal variation)
that may influence the development of CDSs.

We began an effort to reassess contourite facies
during the IODP Expedition 339 along the Iberian
margin, in the Gulf of Cádiz and off western Portugal
(http://iodp.tamu.edu/scienceops/expeditions/mediter
ranean_outflow.html), (Expedition 339 Scientists,
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2012; Stow et al., 2013b; Hernández-Molina et al.,
2013). Contourites were the most prevalent material
in sediment cores, constituting up to 95% of the
Quaternary section and about 50% of the recovered
Pliocene section. The facies included sand-rich,
muddy sand, silty-mud and mud-rich contourites, all
of which formed at moderate (20-30 cm/ky) to very
high (> 100 cm/ky) rates of sedimentation. The con-
tourites recovered during this expedition were
remarkably uniform in composition and textural
attributes. The muddy and silty contourite deposits
displayed an absence of primary sedimentary struc-
tures, but exhibited intense continuous bioturbation
throughout the section sampled. The cores also
showed consistent, bi-gradational sequences with
inverse and then normal grading as well as a number
of partial sequence types. Expedition 339 also identi-
fied thick and extensive contourite sand deposits, as
well as turbidite sands apparently reworked by bot-
tom currents (Expedition 339 Scientists, 2012; Stow et
al., 2013b; Hernández-Molina et al., 2013). These
sands occurred in the proximal part of the CDS close
to the Strait of Gibraltar (Fig. 20), where Expedition
339 retrieved a very thick, sandy contourite layer (> 10
m) that showed traction sedimentary structures
(Hernández-Molina et al., 2013, 2014; Brackenridge,
2014). Sand-rich contourites also occur in other areas

around Iberia, such as the Galician and Cantabrian
margins (Fig. 20) (Alejo et al., 2012). Future work
around the Iberian margin will systematically catego-
rize these sedimentary facies and frame them accord-
ing to bottom-current dynamics and other oceano-
graphic processes. 

Sedimentologists have debated the differentiation
between contourites and turbidites for almost five
decades (Hollister, 1967; Piper, 1972, Hollister and
Heezen, 1972; Bouma, 1972, 1973; Bouma and
Hollister, 1973) but have not definitively established
which structures distinguish contourites. Contourite
processes can in fact trigger gravitational collapse
that forms submarine lobes as in the Gulf of Cadiz
(Habgood et al., 2003; Hanquiez et al., 2010) or rework
previous turbiditic deposits (Shanmugam et al., 1993,
Shanmugam 2012a, 2013b). Contourite and turbiditic
processes can also intermingle in both vertical and
lateral dimensions, and thus form mixed deposits.
Differentiating contourites from turbidites represents
a major challenge for future research along the
Iberian margin, especially given the legacy of empha-
sis on mass-transport and turbiditic processes in
interpretations of Iberian margin deposits.

Regional interpretations of the Iberian margin
have generally underestimated the role of bottom
currents in shaping the seafloor and controlling the

Figure 20. Examples of deep water sandy deposits around the Iberian margin. Some of them are related to the action of contour currents,
but others are related to other oceanographic processes such as internal waves, tides, etc. Most of these deposits have not been studied
yet and future work should clarify their characteristics and genesis. A) Examples of sandy contourite facies sampled during IODP
Expedition 339, in the Gulf of Cadiz close to the exit of the Strait of Gibraltar (modified from Hernández-Molina et al., 2014); B) coarse
sands and bioclastic gravel deposits in the slope of the Gulf of Cadiz at the exit of the Strait of Gibraltar collected with the CONTOURIBER
Project (2010); C) laminated sandy contourite facies, showing inclined lamination as a result of sand wave migration in the Gulf of Cadiz,
sand sheet in proximal sector (Stow and Fauguères, 2008); D) contourite sandy deposits affected by bottom currents and barotropic and
internal tides in the slope channels of the middle slope of the Gulf of Cadiz (from Stow et al., 2013a); E) sandy turbiditic (reworked?) facies
from ISIS from ca. 4,300m water depth in the Nazaré Canyon (courtesy from V. Huvenne of NOCS, UK); F) sandy deposits on top of the
Galicia Bank by bottom current (INDEMARES Project, Photo taken by F. Sánchez, IEO, Spain); G) example of sandy deposits from the mid-
dle slope of the Ortegal Spur (From A Selva Cruise, 2008 and R/V Belgica 09/14a cruise, EC FP7 IP HERMIONE project); H) submarine pho-
tographs of reworked sandy deposits within the Gaviera Canyon, Cantabrian Sea (Photo taken by F. Sánchez, IEO, Spain); I) sandy deposits
along the SE flank of the Le Danois Bank in the slope of the Cantabrian Sea (ECOMARG 3 Project, Photo taken by F. Sánchez, IEO, Spain);
and J) sandy deposits in the Porcupine Seabight, Irish continental slope (courtesy of MARUM, Germany).
Figura 20. Ejemplos de depósitos de arena profundos alrededor del margen Ibérico. Algunos de ellos están relacionados con la acción de
las corrientes de contorno, pero otros están relacionados con otros procesos oceanográficos (ondas internas, mareas, etc.). La mayor
parte de estos depósitos no se han estudiado en todavía y futuros trabajos deberían determinar sus características y su génesis. A)
Ejemplos de facies arenosas contorníticas muestreadas durante la Expedición IODP 339 en el Golfo de Cádiz, cerca de la salida del
Estrecho de Gibraltar (Modificado de Hernández-Molina et al., 2014); B) Arenas gruesas y depósitos de grava bioclásticos en el talud del
Golfo de Cádiz a la salida del Estrecho de Gibraltar que se recogieron en el Proyecto CONTOURIBER (2010); C) Facies laminares de con-
tornitas arenosas mostrando laminación inclinada como resultado de la migración de ondas de arena en el sector proximal del Golfo de
Cádiz (Stow and Fauguères, 2008); D) Depósitos contorníticos de arena afectados por la corriente de fondo y de la mareas en los canales
del talud medio del Golfo de Cádiz (de Stow et al., 2013a); E) Facies turbidíticas arenosas (retrabajadas?) de ISIS desde aproximadamen-
te 4300 m de profundidad en el cañón de Nazaré (cortesía de V. Huvenne of NOCS, Reino Unido); F) Depósitos de arena en la parte supe-
rior del Banco de Galicia generados por corrientes de fondo (Proyecto INDEMARES, Foto tomada por F. Sánchez, IEO, España); G) Ejemplo
de depósitos de arena en el talud medio de Cabo Ortegal (de la Campaña A Selva 2008 y R/V Belgica 09/14a, proyecto HERMIONE de la
CE FP7 IP); H) Fotografías submarinas de depósitos arenosos retrabajados dentro del cañón de Gaviera, Mar Cantábrico (Foto tomada por
F. Sánchez, IEO, España); I) Depósitos de arena a lo largo del flanco SE del Banco Le Danois; en el talud continental del Mar Cantábrico
(Proyecto ECOMARG 3, foto tomada por F. Sánchez, IEO, España); y J) Depósitos de arena en Porcupine Seabight, en el talud continental
Irlandés (cortesía de MARUM, Alemania).
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sedimentary stacking pattern. Very large contourite
drifts occur along this margin (see Llave et al., this
issue) and small to intermediate sized drifts are ubiq-
uitous (e.g., Ercilla et al., submitted). While CDS
genetic models are under revision, bottom currents
and associated oceanographic processes clearly con-
trol the physiography and sedimentation around the
Iberian continental margins and adjacent basins. The
position of interfaces between major water masses

and their vertical and spatial variation in time specifi-
cally appears to exert primary control in determining
major morphologic changes (changes along the slope
gradient) (Figs.6, 7 and 21). Density contrasts that
form boundaries (Hernández-Molina et al., 2011;
Ercilla et al., submitted) similar to those reported for
other margins (e.g., Hernández-Molina et al., 2009;
Preu et al., 2013) are important components of these
interfaces due to their responses to internal waves,
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Figure 21. Examples of combination of physical oceanographic and geologic/geophysical data showing the relationship between the long-
term current regime, seafloor morphology and sub-bottom sediment geometry in the Gulf of Cadiz, from the exit of the Strait of Gibraltar
(Hernández-Molina et al., 2014, with permission from Geological Society of America). A) Salinity and temperature data in the water
columns. The black lines refer to isopycnals and neutral density (kg/m3); B) vertical sections of ocean velocity measured at the eastern area
close to the exit of the Strait of Gibraltar. The water colour code displays the Acoustic Doppler Current Profiler (ADCP) velocity compo-
nents. The panels on the left correspond to the velocity component in the east-west direction (positive values indicate currents towards
the east), and the panels on the right correspond to the velocity component in the north-south direction (positive values indicate current
towards the north). The dashed black lines indicate where the current velocity is zero. See Fig. 4 for section locations.
Figura 21. Ejemplos de la combinación de datos de oceanografía física y geológicos/geofísicos que muestran la relación entre un régimen
de corrientes a largo plazo, la morfología del fondo marino y la geometría actual de sedimentos del fondo en el Golfo de Cádiz, desde la
salida del Estrecho de Gibraltar (Hernández-Molina et al., 2014, con permiso de la Sociedad Geológica de América). A) Salinidad y tem-
peratura de las columnas de agua. Las líneas negras se refieren a isopicnas y de densidad neutra (kg/m3); B) Secciones verticales de velo-
cidad del océano medidas en la zona oriental cerca de la salida del Estrecho de Gibraltar. El código de color de agua muestra las compo-
nentes de la velocidad del Perfilador de Corrientes Acústico Doppler (Acoustic Doppler Current Profiler-ADCP). Los paneles de la izquierda
corresponden a la componente de la velocidad en la dirección este-oeste (los valores positivos indican las corrientes hacia el este), y los
paneles de la derecha corresponden a la componente de la velocidad en la dirección norte-sur (los valores positivos indican la corriente
hacia el norte). Las líneas discontinuas negras indican que la velocidad de la corriente es cero. Ver Fig. 4 para la localización de las sec-
ciones.
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Figure 22. Sketch summarizing the locations of permanent or intermittent oceanographic processes along the Iberian margin and their
short- and long-term controls on sedimentary facies and seafloor morphology. These processes include overflows, barotropic currents,
tides, eddies, deep-sea storms, horizontal vortices, internal waves, tsunamis, rogue waves and cyclonic waves. In one particular area, one
of these processes may be dominant, but usually several processes act in tandem to determine the local direction and velocity of bottom
currents. Legend for the internal tide generation “hotspots”: AC= Arosa Canyon; AV= Aveiro Canyon; CB= Conil-Barbate; CF= Cape of
Finisterra; CS= Cape of Sagres; CO= Cape of Ortegal; EC= Estremadura promontory; GB= Galician Bank; GS= Gettysburg seamount); MC=
Murgia Canyon; NC= Nazaré Canyon; OP= Ortegal promontory; OS= Ormonde seamount; PC= Porto Canyon; TP= Tagus Plateau; VC= S.
Vicente Canyon. Legend for water masses in alphabetic order: AABW= Antarctic Bottom Water; ENAC= Eastern North Atlantic Current;
ENACW= Eastern North Atlantic Central Water; IPC= Iberian Poleward Current; LDW= Lower Deep Water; LIW= Levantine Intermediate
Water; LSW= Labrador Sea Water LSW; MAW= Modified Atlantic Water; MOW= Mediterranean Outflow Water; NADW= North Atlantic
Deep Water; NASW= North Atlantic Superficial Water; SAIW= Subarctic Intermediate Water; WMDW= Western Mediterranean Deep Water
Figure 22. Esquema que resume la distribución regional de algunos procesos oceanográficos permanentes o intermitentes a lo largo del
margen Ibérico y que puedan ejercer un control a corto y largo plazo sobre las facies sedimentarias y la morfología del fondo marino.
Estos procesos incluyen overflows, corrientes de mareas, eddies, tormentas profundas, vórtices horizontales, ondas internas, tsunamis,
olas aisladas y ciclónicas. En un área en particular, uno de estos procesos puede ser dominante, pero por lo general actúan varios proce-
sos en conjunto, determinando la dirección local y la velocidad de las corrientes de fondo. Leyenda para la generación de “puntos calien-
tes” de mareas internas: Ac = Cañón de Arosa; AV = Cañón de Aveiro; CB = Conil-Barbate; CF = Cabo de Finisterre; CS = Cabo de Sagres;
CO = Cabo de Ortegal; EC = Promontorio de Extremadura; GB = Banco de Galicia; GS = Montaña submarina de Gettysburg); Mc = Cañón
de Murgia; NC = Cañón de Nazaré; OP = Promontorio de Ortegal; OS = Montaña submarina de Ormonde; PC = Cañón de Oporto; TP =
Meseta del Tajo; Vc = Cañón de S. Vicente. Leyenda de las masas de agua, por orden alfabético y con el nombre original en inglés: AABW=
Antarctic Bottom Water; ENAC= Eastern North Atlantic Current; ENACW= Eastern North Atlantic Central Water; IPC= Iberian Poleward
Current; LDW= Lower Deep Water; LIW= Levantine Intermediate Water; LSW= Labrador Sea Water LSW; MAW= Modified Atlantic Water;
MOW= Mediterranean Outflow Water; NADW= North Atlantic Deep Water; NASW= North Atlantic Superficial Water; SAIW= Subarctic
Intermediate Water; WMDW= Western Mediterranean Deep Water.
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tidal waves, deep-sea storms, eddies, secondary cir-
culations and other processes. A consistent CDS
model thus requires the monitoring of these process-
es and an accurate cause and effect description of
how these processes affect deep-water sedimenta-
tion, sedimentary structures and CDS architecture. 

Final considerations

A new multidisciplinary approach

Bottom-current controlled depositional, erosional and
mixed morphological features commonly occur along
the Iberian continental margin at different depths and
in various settings. This paper depicts the bottom-
current circulation around the Iberian continental
margin is affected by a number of permanent and
intermittent oceanographic processes (Fig. 22).
Previous models for the margin have not fully appre-
ciated the role of these processes and they continue
to elude our fullest understanding. Internal waves,
tidal waves, deep-sea storms, eddies, secondary cir-
culations and other deep-sea processes generally
shape the seafloor over short- and long-term time
scales. Future research should seek to interpret these
oceanographic processes in sedimentary stacking
patterns and the overall architecture of continental
margin deposits.

A clearer understanding of oceanographic
processes related to bottom currents and their asso-
ciated sedimentary features requires a multidiscipli-
nary approach, given the complexity of the phenom-
ena under consideration. This approach should
integrate the frameworks of Marine geology, Physical
Oceanography and Benthic Biology. A combined
analysis of sedimentology and fluid dynamics is a pri-
ority objective. The approach should specifically
include the following topics:
• Detailed studies of deep-water oceanographic

processes related to flow phenomena, including
internal waves, tides, benthic storms, eddies and
vortices with the objective of understanding their
importance, interactions and influence on bathy-
metric features.

• A more systematic understanding of the deposi-
tional, erosional and mixed morphological fea-
tures, as well as their evolution over time and dis-
tribution at different points along the margin.
Linking these features to specific oceanographic
processes will help categorize small and large-
scale features and clarify sedimentary facies asso-
ciations.

• The general physiographic architecture of the mar-

gins and its relationship with the structure of water
masses and associated interphases requires more
attention.

• Numerical modelling may help to link the variation
in genetic processes to the range of observed ero-
sional and depositional features.

• Detection and characterization of past pycnoclines
based on proxies from the sedimentary record
represents an important objective for future multi-
disciplinary research. Estimation of the depth
range of water-mass interfaces and the study of
processes associated with these interfaces (such
as baroclinic tides and internal waves) could clari-
fy the interpretation of contourite terraces along
the Iberian continental slope. Paleoceanographic
models can help to determine potential periods of
greater density contrasts within the pycnocline.
Contourite terraces suggest relict features along
the slope that hint at colder oceanic conditions in
the past. These hypothetical conditions require
further investigation due to their implications for
regional and global climate dynamics.

• Researchers should also seek to detect and char-
acterise intermediate and deep nepheloid layers.
These layers often occur at water-mass interfaces.
Benthic boundary layers are also critical interfaces
that determine seafloor morphology. These inter-
faces have mostly been studied from a biogeo-
chemical perspective and have not been systemat-
ically integrated in the sedimentological and
oceanographic models.

• We require a more comprehensive understanding
of fluid dynamics around submarine obstacles.

• Oceanographic monitoring should also focus on
linking erosional contourite morphological fea-
tures to specific bottom-current conditions (e.g.,
velocity, energy).

• Analysis of sedimentary evidence and ROV-assist-
ed visual observations should relate modern ero-
sional, depositional and mixed features to bottom
currents and associated processes. This analysis
should query local outcrops on the seafloor,
including channel flanks, slide scarps, etc., and
synthesize observation with facies associations
evident from cores (IODP, etc.) and other sedimen-
tary evidence.

• A wide range of small-scale features (cores, out-
crops and their lithologic facies), and large-scale
features (depositional systems and seismic facies)
require more specific linkages to oceanographic
processes.

• Researchers should foster the analysis and evalu-
ation of the influence of oceanographic processes
on fragile geohabits, relict or active today, which
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maybe situated in scenarios of risk due to deep
environmental changes derived from water-mass
circulation modifications.

• The current facies model must be adapted to
include sandy facies. The facies model should also
address interactions between bottom-current and
turbidite processes, and offer consistent interpre-
tations of both sandy contourites and bottom-cur-
rent reworked turbidite sands that occur along the
Iberian margin.
The differing objectives, frameworks and terminol-

ogy used in marine geology, physical oceanography
and benthic biology make these integrative efforts a
formidable task. Some of the challenges can be cir-
cumvented by deploying remote sensing technology
(e.g., automated underwater vehicles, AUVs, and
remotly operated vehicles, ROVs) and capitalizing on
advances in data acquisition and processing to build
a more complete picture of water column dynamics,
seafloor morphology, contourite distribution and
benthic community structure. Further development of
seismic oceanographic techniques (Buffett et al.,
2009; Carniel et al., 2012; Pinheiro et al., 2010) will
help to integrate in-situ observations with 2D (or 3D)
images of the seafloor and water column (Fig.21),
while acoustic approaches integrated with oceano-
graphic data such as CTD or (L) ADCP (Preu et al.,
2011, 2013; Hernández-Molina et al., 2014) and instru-
mented moored stations (Rebesco et al., 2013). High-
resolution, 3D seismic images (Campbell and
Deptuck, 2012), multibeam and backscatter data
(Palomino et al., 2011; Sweeney et al., 2012) will also
help characterize contourite features and correlate
them with specific oceanographic processes.

Applied research

Multidisciplinary approaches to understanding con-
tourite development carry major implications for cli-
mate research, resource exploration and basic sci-
ence. Sandy contourites represent an entirely
different deep-water sand deposit to turbidite sands.
Given the prominent role of turbidite sands in deep-
water oil and gas, understanding how their contourite
counterparts form could fundamentally change deep
water exploration paradigms (Viana, 2008; Stow et
al., 2013b; Hernández-Molina et al., 2013).We will con-
tinue to explore the contourite processes and their
implications for resource exploration using IODP
Expedition 339 data. These data show extensively dis-
tributed and well sorted sand deposits (Expedition
339 Scientists, 2012; Stow et al., 2013b; Hernández-
Molina et al., 2013) that may potentially serve as

reservoir units, as well as muddy contourites that
may function as hydrocarbon sinks or source rocks
and/or unconventional reservoirs (Viana, 2008;
Shanmugan, 2012a, 2013a, b; Brackenridge et al.,
2013; Stow et al., 2013b). The frequent association of
both sandy and muddy contourite deposits with cold-
water coral mounds (Huvenne et al., 2009; Van Rooij
et al., 2011; Somoza et al., 2014; Sánchez et al., 2014),
which may function as unconventional reservoirs
(Henriet et al., 2014) further demonstrate the potential
for explotation in these settings. As the climate
warms due to the usage of these fossil fuels, we must
also consider the role of deep-water circulation as a
climate modulator. In addition to its effects on global
circulation as variability in deep water circulation also
affects deep-water ecosystems, such as reefs.
Growing interest in seafloor mining of metalliferous
resources (Hoffert, 2008; Rona, 2008) will also benefit
from a better understanding of bottom current
dynamics. These types of deposits have been identi-
fied along the Iberian margin (González et al, 2009,
2010a, b) and mapping of these deposits will help to
interpret their formation with respect to bottom cur-
rents and seafloor morphology parameters.
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