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PREFACE
The international congress on «Deep-water Circulation:
Processes & Products» took place in Baiona (Pontevedra,
Spain) from 16-18 June, 2010 (Fig. 1). It was organised with
wide European and global support and convened many of the
principal specialists in the field.

FIGURE 1. Deep-water Circulation:
Processes & Products» (Pontevedra,
Spain, 16-18 June, 2010).

Deep-water circulation is a critical part of the global
conveyor belt that regulates Earth’s climate (Fig. 2). The
bottom (contour) current component of this circulation is
hugely significant in shaping the deep seafloor, through
erosion, transport and deposition (Fig. 3). As a result a great
variety of depositional and erosive features are developed,
including a range of different drifts, sediment waves, moats,
furrows, and abraded surfaces. Yet the nature of these deepwater processes and contourites thereby deposited are still
poorly understood in detail. Their ultimate decoding will
undoubtedly yield results of fundamental importance to earth
and ocean science. The Baiona Congress, therefore, focused
specifically on processes and deposits related to bottom-water
circulation.

Nearly one hundred abstracts from 255 contributors were
presented at the meeting, providing a truly multidisciplinary
perspective of interest to both academic and industrial
participants. The papers and discussions at this congress have
contributed greatly to the advance of knowledge of deep-water
bottom circulation and related processes and contourite
sediments. The different and multidisciplinary contributions,
including geomorphology, stratigraphy, sedimentology,
paleoceanography, physical oceanography, deep-water
ecology) have demonstrated that the advances in
paleoceanographic reconstructions and understanding of the
ocean’s role in the global climate system depend largely on the
feedbacks among disciplines. New insights into the link
between the biota and deep-water ecosystem with bottom
currents confirm the need for this area to be investigated and
mapped. Likewise, it is confirmed that deepwater contourites
must be viewed not only to as a scientific target but also as
potential resources.
The observations of different datasets presented in the
contributions have allowed us to identify five major goals and
a number of related topics for future research:
!Characterization of the depositional and erosional
elements associated with individual contourite drifts,
hiatuses, and with more complex Contourite Depositional
Systems (CDSs).
!Detailed understanding of deep-water-mass circulation,
including the flow of bottom currents around submarine
obstacles, their behaviour and variability in response to
tides and benthic storms, and their role in the construction
of drifts and bedforms.
!Comparisons between bottom current and gravity flow
processes and products, including their distinction from
hemipelagic/pelagic sedimentation.
!Careful review of existing facies models, both for
outcropping ancient deposits (Fig. 4) and present

FIGURE 2. Schematic representation of the global thermohaline circulation. Surface currents are
shown in red, deep waters in light blue and bottom waters in dark blue. The main deep water formation
sites are shown in orange (Rahmstorf, 2006).
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FIGURE 3. Isis ROV photograph from the Antarctic Peninsula Pacific margin. The photo was taken in the axis of the
channel north of the proximal part of Drift 5, at about 3000m depth [courtesy of J.A. Dowdeswell (Scott Polar Research
Institute, Cambridge, UK); P.A. Tyler and Gwyn Griffiths (National Oceanographic Center, Southampton, UK); and Robert D. Larter (British Antarctic Survey, UK)].

marine sediments (Fig. 5), including their association
with other deep-water sediment facies, their occurrence
and recognition in both modern and ancient series, and
their understanding in terms of bottom current process
and variability, for both local and global circulation.
!Economic relevance of contourite deposits in the
future, especially for oil/gas exploration.
ORGANIZING COMMITTEE
F. J. Hernández-Molina (Univ. Vigo, Spain); D. A. V.
Stow (Heriot-Watt Univ., UK); E., Llave (IGME, Spain);
M. Rebesco (OGS, Italy); G. Ercilla (ICM-CSIC, Spain);
D. Van Rooij (RCMG, Belgium); A. Mena (Univ. Vigo,
Spain); J. T. Vázquez (IEO, Spain); and A. Voelker (LNEG,
Portugal).
REFERENCES

FIGURE 4. Outcropping ancient contourite deposits
of the Lefkara Formation, Cyprus (Stow et al., 2002).

Rahmstorf, S. (2006). Thermohaline ocean circulation. Encyclopedia of Quaternary Siciences, Elsevier, Amsterdam.
Stow, D.A.V., Pudsey, C.J., Howe, J.A., Faugères, J.C.,
Viana, A.R. (Eds), (2002). Deep-Water Contourite Systems: Modern Drifts and Ancient Series, Seismic and Sedimentary Characteristics. Geological Society of London, Memoirs 22, 464 pp.

FIGURE 5. Uninterpreted multichannel seismic-reflection profile across the Faro-Albufeira mounded
elongated and separated drift and the Alvarez Cabral moat on the middle slope of the Gulf of Cadiz (data
courtesy of TGS-NOPEC Geophysical Company ASA, for this contribution).
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Pleistocene carbonate sediment waves, Great Australian Bight
- influence of dense water currents and the benthic fauna
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Abstract: Low ridges composed of fine-grained carbonate ooze with in-place bryozoans in the Pleistocene of the
Great Australian Bight (GAB), were drilled during ODP leg 182 in 1998, and interpreted as biogenic reef mounds.
New high-quality seismic and multibeam bathymetry data, acquired during the Galathea 3 expedition in 2006, led
to a reinterpretation of the ‘reef mounds’ as sediment waves formed under the influence of off-shelf bottom
currents. The currents are interpreted as dense water cascades formed by summer evaporation and strong winter
cooling, possibly influenced by resuspension of fine-grained material during storms, by analogy with oceanographic
processes in the present day GAB. The lithological composition varied with climate and sea level, but wave formation
cannot be assigned to specific time intervals. Bryozoans influenced the depositional environment by adding sediment,
trapping fine-grained particles, and stabilizing the muddy sea floor. This caused the sediment waves to gain a more
prominent sea floor relief than muddy siliciclastic sediment waves. The interpretation of the waves as purely
biogenic build-ups is rejected, and the waves are most appropriately described as biogenically influenced sediment
waves. The study thus adds to the understanding of the interaction between bottom currents, sediment waves,
and the benthic fauna.
Key words: Sediment waves, dense water cascades, cool water carbonates, Great Australian Bight, Pleistocene.

INTRODUCTION
The Great Australian Bight constitute a large and longlived cool water carbonate province, and it is the only zonal
ocean boundary in the world (James et al., 2004). The upper
part of the slope is characterized by long, low wave-like
structures, which were drilled during ODP Leg 182
(Shipboard scientific party, 2000). They were interpreted as
purely biogenic ‘reef mounds’, formed by bryozoans during
Pleistocene glacials (James et al., 2004). Later, they were
interpreted as formed by contour-parallel bottom currents
(Huuse and Feary, 2005). Leg 8 of the around-the-world
interdisciplinary marine scientific expedition Galathea 3, was
designed to acquire a range of new data, including highquality seismic data and multibeam bahymetry, which in
combination with existing ODP data, would allow a test of
these hypotheses.
RESULTS
The waves are highly elongate, low ridges oriented
parallel to regional bathymetric contours (Fig. 1). They are
asymmetrical in dip section, being steeper towards the
north (landward). Their flanks show dips of up to 11°.
Waves may be as high as 40 m, more than 1000 m wide,
and their length may exceed 10 km along strike. The most
landward waves are generally the largest, and the smallest
waves occur either in the most seaward setting or on the
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seaward dipping flanks of large waves. The internal
bedding geometry of the waves represents two endmember styles of accretion. Actively migrating/aggrading
waves show progressive landward shift of the wave crest,
thick beds in the landward flank, thin beds or condensation
o n t h e s e a w a r d f l a n k s , a n d c o m m o n t r u n c a t ion of
underlying reflections in the inter-wave troughs. The active phase typically initiated from an irregular erosional
surfaces or the inherited topography of older waves.
Passively aggrading waves show uniform bed thicknesses
across the wave structures, and these phases thus represent
passive pelagic draping, which is unrelated to active wave
formation. The sedimentary composition is essentially
nanno-fossil dominated ooze with varying amounts of
sand-sized allochthonous biofragments, and in-place
bryozoans (Feary et al., 2000). The sedimentary unit may
thus be separated into two general groups: Bryozoan
floatstone/rudstone and wackestone /packstone/
grainstone. The internal bedding geometry and
sedimentology of the waves indicate that they were formed
by down-slope flowing density currents, which accelerated
down the seaward dipping flanks and decelerated up the
landward dipping flanks. Thus, sediment was
preferentially deposited on the landward dipping flanks,
and erosion commonly occurred in the inter-wave troughs.
The waves were evenly draped during periods
characterized by absence or diminished frequency or
strength of the density flows. The bryozoan fauna added
sediment to the waves, trapped pelagic sediment, and
Geo-Temas, 11, 2010
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the shelf-slope break. They are up to 40 m high, 1000 m
wide, 10 km long, and the flanks may dip up to 11°.
- The waves are interpreted to have formed by density driven
off-shelf currents, which decelerated up the landward
dipping flanks and accelerated down the seaward dipping
flanks.
- Palaeoceanographical interpretation suggests that the
currents were dense water cascades.
- Lithology varied with glacial–interglacial cycles, as a
result of sea-level fluctuations, which caused bryozoan
proliferation on the outer shelf and across the shelf-slope
break during glacial lowstands. Sediment wave accretion
does not appear to be climatically controlled.

FIGURE 1. Multibeam bathymetry image of the sediment
waves. Image is elongate parallel to contours, landward is to
the right. Water depth is 450 m (purple) to190 m (red).

stabilized the muddy seafloor. This caused the waves to
obtain a more dramatic topographic relief than similar
fine-grained siliciclastic sediment waves.

DISCUSSION
James et al. (2004) interpreted the bryozoan floatstones/
rudstones, which were dated to mainly glacial periods, to
represent actively growing mounds. This led to the conclusion
that the ‘reef mounds’ flourished during glacials and were
moribund during interglacials. The new seismic data do not
support this interpretation. Actively accreting waves are
represented by a wide range of lithologies, in which bryozoanpoor deposits dominate over bryozoan-rich deposits. Thus,
lithology appears to have been controlled by climatically
driven sea-level fluctuations, which forced the shelfal
bryozoan fauna basinward during glacial lowstands. Sediment
wave formation and accretion on the other hand, cannot be
directly linked to climatic cycles, and it appears that the control on the intensity and frequency of density currents was
complex.
CONCLUSIONS
- Cool water carbonate sediment waves in the Great
Australian Bight are oriented parallel to contours along
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- Bryozoans thrived on the wave topography during glacial
low-stands and influenced deposition by adding sediment,
trapping fine-grained pelagic sediment, and stabilizing the
muddy seafloor. This resulted in steeper topographical
relief of the waves compared to analogous fine-grained
siliciclastic sediment waves.
- The waves are most appropriately described as
biogenically influenced sediment waves, rather than
purely biogenic reef mounds.
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Discriminating bottom current and gravity flow deposits in a
Middle and Upper Jurassic carbonate slope of the Majorca
Island
Antonio Barnolas
Instituto Geológico y Minero de España, Ríos Rosas 23, 28003-Madrid. a.barnolas@igme.es

Abstract: The slope carbonate facies of the Lower Callovian and Kimmeridgian of the Majorca Island include
mounded shape bioclastic and well-bedded laminated units with dominant pelagic components, which growth in
the toe of the carbonate slope. Carbonate slope facies are mainly dominated by carbonate debris sheets with slope
and shallow platform components, mainly oolites, in the Lower Callovian and by aggradational mudstones with
slumps in the Kimmeridgian.
Key words: Jurassic, Majorca, contourites, carbonate debris sheets, oolites.

INTRODUCTION
The great development of marine geology after the 50’
early evidenced the high control on sedimentary processes and
forms lead by bottom currents in the continental rise (Heezen
et al., 1966). Their sedimentary products, referred soon as
contourites, resulted from an along-slope transport in contrast
with the down-slope transport of turbidites. Nowadays
contourites are widely reported, profusely described, and their
role in the continental margin configuration is well established
in modern continental margins (see Rebesco and Camerlenghi,
2008).

member followed by a laminated limestone member which
includes abundant shells of the pelagic bivalve Bositra. The
upper unit is represented by different facies assemblage in
which resedimented oolites could be the dominant component
in some cases. This unit is known as Cutri Fm and downlaps
the previous upper member of the Puig d’en Paré Fm.

In contrast, sedimentary models based on the stratigraphic
record of ancient continental margins are mainly based in a
down-slope transport model with few references to contourites.
The factors that are usually limiting the distinction of
contourites in the fossil record are the difficulty of facies
identification and the no preservation of depositional
geometries. In fact is their geometry that easily permits to
recognise contourites in the seismic record of modern settings
(Faugères et al., 1999; Hernández-Molina et al., 2008).
In the Middle and Upper Jurassic slope facies of Majorca
Island we can found facies that can be discriminated as a
product of bottom currents accumulation (contourite drifts)
from the typical sediments originated from a down-slope
transport.

FIGURE 1. Simplified stratigraphic chart of the Jurassic of
Majorca Island. After Alvaro et al. (1989), modified.

The stratigraphy of the Jurassic of Majorca is summarised
in the Fig. 1 according to Alvaro et al. (1989). In this work we
will focus on two stratigraphic periods: the Upper Bathonian –
Lower Callovian and the Kimmeridgian – Lower Tithonian of
the northern part of Serra de Llevant (Fig. 2). In both cases the
involved stratigraphic units have been previously described
and interpreted as carbonate slope facies (Barnolas and Simo,
1987; Simo and Barnolas, 1985).

The lower conglomeratic member of the Puig d’en Paré Fm
contains reworked ammonites of Upper Bajocian to Lower
Bathonian age (Alvaro et al., 1989). This member, which is
widespread present in the Majorca Island, represents an intraslope collapse that preludes important changes in
palaeogeography. The upper laminated limestone Member of
this Formation shows wedge geometry thinning towards the
west. Its facies includes skeletal and well-bedded laminated
limestones of 5 to 40 cm thick with Bositra, radiolarians and
sporadic oolites as main components. Their internal laminated
structure, predominance of pelagic components, geometry and
stratigraphic position in relation with the Cutri Fm allow us to
interpret this unit as a result of a growing contourite drift by
the action of bottom currents.

The Bathonian – Lower Callovian of the Serra de Llevant
is represented by two stratigraphic units. The lower one, named
Puig d’en Paré Fm, has a basal conglomeratic limestone

The Cutri Fm consists of carbonate debris sheets, laminated
limestones, and hemipelagites interbedded with fine grained
turbidites. Due to their general thinning upward sequence it
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laminated, tractive, Bositra limestones, and the Carboneres
Fm (Lower Kimmeridgian), with tractive, laminated
crinoidal grainstones and radiolarian marls, of the Majorca
Island are interpreted as originated by bottom currents
(contourite drifts). The main arguments to support this
interpretation are their internal structure of beds with a
laminated, tractive pattern, the predominance of pelagic
shells in their composition, their mounded shape geometry
disconnected from shallow marine facies and their
geometric position over condensed pelagic facies and in the
toe of carbonate slope aprons.
The facies characteristics of these contouritic formations
contrast dramatically with those originated by down-slope
transport. In carbonates, in opposition to the siliciclastic
systems, point sourced turbidites are scarce. Normally, downslope transport is made by the catastrophic collapse of their
margins. The Middle and Upper Jurassic of Serra de Llevant
(Majorca) are not an exception.
ACKNOWLEDGEMENTS
FIGURE 2. Structural sketch and cross section of the northern
part of the Serra de Llevant (Majorca). After Sàbat (1986) slightly modified.
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was interpreted as a base of slope carbonate apron related with
a retrogradational platform (Barnolas and Simo, 1987).
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Slide and canyon deposits on the Lofoten-Vesterålen margin,
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Abstract: High-resolution multibeam data acquired on the Norwegian continental margin northwest of the Lofoten
and Vesterålen Islands reveal many canyons and slides and their associated deposits in the deep-sea plain. Slide
and canyon deposits may comprise cobbles and boulders of morainic origin as well as blocks of compacted
sediments. Recent hemipelagic deposits are only a few millimetres thick and mainly occur in depressions showing
the influence of currents at depth deeper than 2000 m. Currents clearly erode sediments at the foot of the slope.
Sediment transport from canyons is evident from multibeam data. Channels of different sizes occur, the largest one
being the Lofoten Channel continuing west of the canyon Bleiksdjupet.
Key words: canyon, slide, contourite.

INTRODUCTION

DATA AND RESULTS

The MAREANO programme was initiated in 2005 to
survey and perform basic studies of the seabed’s physical,
biological and chemical environment in the southern
Barents Sea. The information is systematically archived in
a marine area database that will cover Norway’s coastal
and marine regions and especially the Lofoten - Southern
Barents Sea area (www.mareano.no). This paper focuses
on aspects of the geology of the continental margin north
and northwest of the Lofoten and Vesterålen Islands (Fig.
1).

The study area was mapped under the MAREANO
programme. Multibeam data were acquired by the Norwegian
Hydrographic Service (NHS) and the Norwegian Defence
Research Establishment (FFI) using Kongsberg Maritime
EM1002 and EM710 multibeam echosounders. Data grid cell
sizes presented are 25 m and 50 m. The video surveys were
performed with the Institute of Marine Research’s towed video
platform CAMPOD.
Multibeam data show fan deposits on the deep-sea plains
from canyons and slides (Fig. 2). The deposits are locally
composed of blocks large enough to be seen in the 50 m
bathymetry grids. Channels indicate sediment transport from
canyons to deeper areas.

FIGURE 2. 3D bathymetry in the study area showing sediment
transport from the canyons and erosion due to the currents at
the foot of the slope.
FIGURE 1. Location of study area. LC: Lofoten Channel,
BC: Bleiksdjupet Canyon.

The study area comprises numerous slides, channels and
deposition features from canyons (Fig. 2). We will show these
deposits and other special features, and the influence of the
deep currents.
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Moat channels and mounded contourites occur several
places along the foot of the slope (Fig. 3). Layers in the
accumulation area appear to be eroded along the moat channels.
Two video transects (Figs. 4 and 5) are located north of the
Lofoten Channel in slide deposit areas deeper than 2000 m (see
Figures 1 and 2 for location).
Geo-Temas, 11, 2010
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They show fine sediments in depressions and coarse
sediments on hills and on large blocks of compacted
sediments or sedimentary rocks. Coarse sediments also
occur in deep-sea plain channels. No recent sediments occur
in elevated areas close to the Lofoten Channel (Fig. 4),
while northwards at about the same depth (2200 m) (Fig. 5),
they are covered by a few millimetres of fine sediments.
Special features that occur in these areas include holes in
compacted sediments, cones on blocks of compacted
sediments, and bacterial mats.

FIGURE 3. Topographic Parametric Sonar (TOPAS) profile
showing current erosion at the foot of the slope.

FIGURE 5. Pictures from CAMPOD line shown in Figure 2
and located in a slide area with many blocks in c. 2200 m
depth.

DISCUSSION AND CONCLUSIONS
At least two different currents systems occur at the deep
sea plain of the Lofoten margin. One current comes from the
south and follows the foot of the slope, it erodes the seafloor
and deposits sediments to form mounded contourites.
Another current system is from canyons. Sediment transport
from canyons and slides have provided large quantities of
gravel, cobbles, boulders and blocks to the deep-sea plain at
depths deeper than 2000 m.

FIGURE 4. Pictures from CAMPOD lines shown in Figure. 2
and located on a hill of slide deposits close to the Lofoten
Channel.
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On the deep-sea plain, hemipelagic sedimentation
occurs in depressions, while no or very little recent
sediments occur in elevated areas. Coarse sediments also
occur in channels. Holes of up to 50 cm in diameter, cones
and bacterial mats may be of geological or biological origin.
If holes and cones are of geological origin, they may
indicate fluid expulsion.
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Abstract: Here we explore the dominating mechanisms controlling sedimentation on the Galician (NW Spain)
continental margin during the late Quaternary. Over the past 30 ka, detrital input, marine productivity and sea
level changes alternatively influenced sediment availability on the slope, with deep-water currents appearing as
the main controlling parameter. Furthermore, our data demonstrate how small-scale morphological features and
sediment contribution from the neighboring shelf related to local export pathways play an additional role in
controlling slope sedimentation.
Key words: Deep-water currents, detrital input, sea level, slope morphology, contourite.

INTRODUCTION
Thanks to the European OMEX projects (e.g. van
Weering and McCave, 2002, and articles therein), the
Galician continental margin (off NW Spain) is fairly well
studied in terms of modern oceanography and sedimentation.
Additionally, our own studies (GALIOMAR expeditions in
2006 & 2008) gave insight into the sedimentary history of the
Galician shelf since the late Pleistocene (e.g. Lantzsch et al.,
2009).

between 1704 and 2274 m, presently under the influence of the
Deep Intermediate Water mass (DIW; Varela et al., 2005). We
combine sedimentological (grain size), micropaleontological
(coccolith assemblages, carbonate content), elemental (XRF
scans), and geomagnetic (mag. susceptibility) approaches to
differentiate between paleoceanographic/climatic and
sediment input signals.

Recent Galician slope sedimentation is characterized
mainly by settling from intermediate nepheloid layers (INLs)
in the levels of Eastern North Atlantic Central Water (e.g.
Hall et al., 2000). Further to the South, on the Portuguese
margin, supply through major canyons (e.g. Nazare Canyon)
by turbidity currents plays a significant role (Baas et al.,
1997). We expect similar sediment conduits for our study
area.
A number of high-resolution records from the Portuguese
slope gave detailed insight into the paleoceanography of the
western Iberian margin (e.g. de Abreu et al., 2003). Further,
Baas et al. (1997) report from the Portuguese slope
significant changes in sedimentary sources and processes
from cold (Pre-Holocene) to warm (Holocene) periods.
Paleocurrent reconstructions off NW Iberia showed that slow
currents and the subsequent deposition of fine material
appear to be a persistent feature during colder periods (e.g.
the Younger Dryas) (Hall and McCave, 2000). However,
referring to the late Pleistocene history of sediment sources
and dispersal processes on the Galician margin relatively few
is known.
DATABASE
Here we present data from three sediment cores (GeoB
11035-1, 13071-1, 130206-1) recovered from the Galician
slope (Fig. 1). The sampling sites were located in water depths
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FIGURE 1. Location of sampling sites (red dots) off Galicia (upper part) and reflection seismic line p594 (lower
part). All cores have the prefix GeoB. Seismic line p594
indicates that sedimentation over the station of core GeoB
11035-1 is dominated by contouritic processes.
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FIGURE 2. Stratigraphy based on inter-core correlation (dark blue lines) of Ca/Fe ratios and magnetic susceptibility supported by
radiocarbon dates (indicated by dark blue stars). Green negative peaks in the Ca/Fe record of GeoB 130206-1 are produced by
fine-sandy turbidites.

RESULTS AND DISCUSSION

ACKNOWLEDGMENTS

Our records reach back into Marine Isotopic Stage 4,
with high-quality coverage of the past 30 cal ka BP (Fig.
2). From our data we can identify four different time
intervals, characterized by individual sedimentary
patterns. From ~30 to ~20/18 ka (into the LGM) we
recognize a period of rather steady sedimentary
conditions. Interestingly, linear sedimentation rates
(LSRs) of Core 130206-1 are five times higher as at the
other two stations, even when corrected for the frequent
turbidite beds (Fig. 2). Terrigenous input seems to have
been direct due to a low stage of sea-level and
sedimentation was dominantly controlled by continuous
deep-water (contouritic) currents. From ~20/18 to ~14 ka
our data of Cores 11035-1 and 13071-1 show a significant
increase in LSRs and a coarsening of the entire grain-size
spectrum. The onset of this period of early deglacial sealevel rise is temporally shifted by 2000 years between the
stations. Around 14 ka we observe a (second) rather abrupt
step towards coarsening and better sorting in all three
cores that might be associated with a temporarily
accelerated current regime. The most significant change in
sedimentation occurred synchronously over all sites at
exactly 10 ka. LSRs as well as the detrital sediment
components decreased dramatically and biogenic
carbonates (coccoliths, foraminifers) became a significant
component of the Holocene hemipelagic sedimentation.
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CONCLUSIONS
Although these changes are recognizable at all three
stations they show individual modifications in each of the
records. Our records clearly show that these differences are
related to slope morphology interacting with contour-parallel
currents as well as sediment contribution from local shelf
export pathways.
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Abstract: Several furrows have been mapped on the slope of the South Gabon continental margin, using a
combination of geo-acoustic and core data. The seismic profiles studied display furrows 1-4 km wide and 100-170
m deep, that develop normal to the margin between 500 and 1500m water depth. Theses sedimentary structures
were initiated above the major Oligocene unconformity and they developed within the Neogene to Present
megasequence of progradation of the margin. The furrows show an agradation/progradation pattern, leading to
margin parallel, northwestward migration of their axes through time until Present. A detailed analysis of the internal
organisation of theses structures suggests the action of along-slope bottom current. The evolution of these migrating
structures reveals that this northwestward bottom current occurred from the Miocene in the study area, probably
in relation to the formation of the AAIW water.
Key words: West African margin, Gabon, bottom currents, AAIW.

INTRODUCTION

RESULTS

Down-slope gravity processes on continental margins
have been largely documented. However, several studies
highlighted the importance of bottom currents in deepwater settings (Faugères et al., 1999 and references
therein). In this study, we focus on sedimentary structures
l o c a t e d o n t h e s o u t h - G a b o n m a rg i n , p r e v i o u s l y
documented by Rasmussen (1994) and Séranne and Nzé
Abeigne (1999).

The sedimentary structures studied are observed on the
present sea-floor at depth between 500 and 1500m (Fig. 1).
They are straight and generally u-shaped, even if wider
examples can display a flattened floor. The width and depth of
these furrows are 1-4 km and 100-170 m respectively. Spacing
between adjacent furrows ranges between 2 and 13 km.

The continental margin of the Gulf of Guinea results
from the early Cretaceous rifting and late Aptian to present
opening of the South Atlantic (Séranne et al., 1992).
Seismic stratigraphy of the post-rift succession on the South
Gabon margin can be divided into two first-order seismic
units, separated by the major Oligocene unconformity. The
sedimentary structures studied are observed in the overlying
seismic unit (Neogene-Present), characterized by the
progradation of clastic terrigenous sediment across the outer
shelf and slope (Séranne et al., 1992).
The water masses in the eastern tropical Atlantic Ocean
have been described by Stramma and England (1999).
Three major intermediate to deep water masses are
present: (1) the South Atlantic Central Water (SACW, 100500m water depth), (2) the Antarctic Intermediate Water
(AAIW, 500-1500m water depth) and (3) the North
Atlantic Deep Water (NADW, 1500-4000m water depth).
DATA
This study is based on 2D migrated seismic reflection
surveys, collected by TOTAL Gabon. Bathymetric data and
Kullenberg core were collected during OPTIC CONGO 2005
cruise (SHOM).
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FIGURE 1. Location map of the study area. Seismic section
shown in Fig. 2 is indicated.

Study of the seismic profiles indicates that the furrows
located on the upper part of the slope are generally filled, while
those at 600-1500m water depth are currently active. They
show almost always a constant northwestward direction of
migration. The southeast flank is formed by the top of the
clinoform, while the western flank is characterized by a
concave-up surface where the clinoforms downlap (Fig. 2).
Geo-Temas, 11, 2010
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FIGURE 2. Seismic cross-section showing the internal configuration of the furrows; (a): seismic profile, (b): interpretation. See
Figure 1 for location.

DISCUSSION
The study of the seismic profiles indicates that the
migrating structures are not always initiated above canyons.
They also develop above even surfaces or topography resulting
from the tectonic legacy. This observation is in agreement with
the interpretation of Séranne and Nzé Abeigne (1999) and in
discrepancy with the alternative interpretation of Rasmussen
(1994) which consider these features as erosional.
Séranne and Nzé-Abeigne (1999) interpreted these
structures as the result of bottom current flowing upslope. The
resulting depositional pattern would result from the deflection
to the left of the bottom current by the Coriolis force. However,
Coriolis force near the equator is negligible and velocity of
upwelled waters seems too weak to maintain the morphology
of the furrows.
As proposed by Mougamba (1999), we believe that the
migration of theses structures are controlled by an along-slope
current, flowing northwestward since the Miocene. The author
suggested that this current would correspond to the coastal
Benguela current reaching the equator during important sea
level fall. However, some of these structures are currently active and therefore, the Benguela coastal current can not control
the migration of the furrows.
The circulation between 500 and 1500m water depth in
the Gulf of Guinea is dominated by the Antarctic Intermediate
Water (AAIW), which has been active since the Miocene
(Carter et al, 1996). Current measurements realised along the
West African margin on the AAIW show the existence of a
broad Northward current flowing parallel to the coast (Schmid,
2003). Although the data are punctual, we suggest that this
current would be responsible of the migration of the furrows
since the Miocene until present. However, a biostratigraphical
control of the post-Oligocene sequence is necessary to confirm
this hypothesis.
CONCLUSION
This study shows that the migrating furrows located on the
south-Gabon margin are initiated above an initial topography
and developed under the action of a margin parallel,
northwestward-directed current in the AAIW water mass.
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The initiation of these structures since the Miocene would
be directly linked to the formation of the AAIW water, which
has been active since Oligocene/Early Miocene (Carter et al.,
1996).
ACKNOWLEDGEMENTS
We are grateful to the SHOM and Total Gabon for
providing data and allowing publication. Laurie Biscara Phd
thesis is funded by a DGA doctoral fellowship.
REFERENCES
Carter, R., Carter, L. and McCave, I. (1996): Current controlled sediment deposition from the shelf to the deep ocean:
the Cenozoic evolution of circulation through the SW pacific gateway. Geologische Rundschau, 85(3): 438-451.
Faugères, J.-C., Stow, D.A.V., Imbert, P. and Viana, A.
(1999): Seismic features diagnostic of contourite drifts.
Marine Geology, 162(1): 1-38.
Mougamba, R. (1999) : Chronologie et architecture des systèmes turbiditiques cénozoïques du prisme sédimentaire
de l’Ogooué (Marge Nord-Gabon). Université Lille 1,
285p.
Rasmussen, E.S. (1994): The relationship between submarine canyon fill and sea-level change: an example from
Middle Miocene offshore Gabon, West Africa. Sedimentary Geology, 90: 61-75.
Schmid, C., Molinari, R.L. and Garzoli, S.L. (2001): New observations of the intermediate depth circulation in the tropical Atlantic. Journal of Marine Research, 59: 281-312.
Séranne, M., Séguret, M. and Fauchier, M. (1992): Grandes
unités sismiques et évolution post-rift de la marge continentale du sud du Gabon. Bulletin de la Société Géologique de France, 163(2): 135-146.
Séranne, M. and Nzé Abeigne, C.-R. (1999): Oligocene to
Holocene sediment drifts and bottom currents on the slope
of Gabon continental margin (west Africa): Consequences
for sedimentation and southeast Atlantic upwelling. Sedimentary Geology, 128(3-4): 179-199.
Stramma, L. and England, M. (1999): On the water masses
and mean circulation of the South Atlantic Ocean. Journal
of Geophysical Research, 104(C9): 20863-20883.

22

Gaps and currents in the Scotia Arc (Antarctica): the
tectonic role
Fernando Bohoyo1,2, F. Javier Hernández-Molina3, Jesús Galindo-Zaldívar4, 5, Andrés Maldonado5, F. José
Lobo5, José Rodríguez-Fernández5, Anatoly Schreider6, Emma Suriñach 7 and J. Tomás Vázquez 8

1
2
3
4
5
6
7
8

Instituto Geológico y Minero de España, Ríos Rosas, 23, 28003 Madrid, Spain. f.bohoyo@igme.es
Departamento de Geología y Geoquímica, Universidad Autónoma de Madrid. 28049 Madrid, Spain.
Facultad de Ciencias del Mar, Dpto. Geociencias Marinas, Univ. Vigo, 36200 Vigo, Spain. fjhernan@uvigo.es
Departamento de Geodinámica, Universidad de Granada. 18071 Granada, Spain. jgalindo@ugr.es
Instituto Andaluz de Ciencias de la Tierra (IACT). CSIC/UGR. 18002 Granada, Spain. amaldona@ugr.es; pacolobo@ugr.es; jrodrig@ugr.es
P.P. Shirshov Institute of Oceanology, Russian Academy of Sciences. 23 Krasikova 117218 Moscú, Russia. aschr@ocean.ru
Departament de Geologia Dinàmica i Geofísica. Universitat de Barcelona, 08028 Barcelona, Spain. emma.surinach@ub.edu
Instituto Español de Oceanografía. Puerto Pesquero s/n. Fuengirola. 29640 Málaga, Spain. juantomas.vazquez@ma.ieo.es

Abstract: The tectonic evolution of the Scotia Arc since Oligocene has developed a complex array of stretched and
submerged continental blocks together with small oceanic basins. The evolution of the main southern Scotia Sea
basins, which allows deep circulation from Weddell to Scotia seas, reached roughly the present configuration in
Middle-Upper Miocene. The most recent oceanic gateways, as Bruce Passage or Deep Basin in Discovery Bank, are
deep extensional basins associated with the sinistral transcurrent fault zone of the Scotia-Antarctic plate boundary,
formed from Upper Miocene to present.
Key words: Tectonics, Sea-floor magnetic, Gateways, Scotia and Weddell Seas, South Scotia Ridge.

INTRODUCTION

METHODOLOGY AND DATA

The development of the Scotia Arc between the major
South America and Antarctic plates constitutes the main
tectonic event in the SW Atlantic since the Oligocene. The
former continental connection between South America and the
Antarctic Peninsula was broken leading to dispersal of continental blocks and the Drake Passage opening. The evolution of
the southern Scotia Sea, including continental fragmentation,
blocks migration and oceanic spreading, has developed
important deep gateways that connect Weddell Sea to Scotia
Sea. This tectonic evolution, together with the Tasmanian
Gateway opening, may be considered as one of the main
factors that determine the isolation of the Antarctica and the
onset of the Antarctic Circumpolar Current (ACC) and the
present water circulation model.

During the last two decades, eight oceanographic cruises
onboard BIO HESPERIDES have been carried out in the
vicinities of the Antarctic Peninsula. The geophysical dataset
that allow us to establish geodynamic and sedimentary models is
composed of multichannel seismic reflection profiles
complemented with potential field data, swath bathymetry
obtained by a Simrad EM120 multibeam echosounder, high
resolution TOPAS and dredge samples.
RESULTS AND DISCUSSION
The southern sector of the Scotia Plate is formed by the
oceanic spreading of the West Scotia Ridge (WSR) and several

FIGURE 1. Tectonic map of the Scotia Arc. 1. Transform faults, 2. Active transform fault,, 3.
Transcurrent fault. 4. Inactive subduction, 5. Active subduction, 6. Spreading direction, 7.
Active spreading, 8. Inactive spreading, 9. Continental crust boundary.
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FIGURE 2. Schematic evolution of the main gateways in southern Scotia and northern Weddell seas. 1. Strike slip fault. 2.
Subduction zone. 3. Former spreading axis. 4. Stretching zone. 5. Spreading axis.

minor basins (Protector, Dove and Scan basins) separated by
thinned and submerged continental blocks (Terror Rise, Pirie,
Bruce and Discovery Banks) (Fig. 1). The spreading of both the
WSR, active between 31 to 6 Ma, and the Phoenix Antarctic
Ridge, is the responsible of Drake Passage opening (Maldonado
et al., 2003). The Protector Basin (PrB) is located between the
intense tectonic deformed and thinned continental blocks of Terror Rise, probable relict conjugate margin of Tierra del Fuego,
and Pirie Bank (PBk). Its oceanic crust was developed between
17.6 to 14 Ma.
Dove Basin (DB), developed between 18.7 to 15 Ma as show
recognized sea-floor magnetic anomalies, is limited by PBk to
the E and Bruce Bank (BB) to the W and presents intensive
tectonized structures as its uplifted spreading centre. The eastern
Scan Basin (ScB), limited by BB and Discovery Bank (DBk), is
probably the most recent of these basins and constitute together
adjacent Bruce Passage the most important Weddell-Scotia Sea
pathway through Jane Basin (JB). The Jane Basin, at the
Antarctic plate (northern Weddell Sea), is a back-arc basin
related with the oceanic subduction of Weddell oceanic crust
below the South Orkney Microcontinent (SOM). ScB and JB are
connected as a unique corridor, 800-1000 m deep in JB, although
its continuity is lightly modified by recent tectonic highs related
with the present sinistral transcurrent plate boundary. The
interpretation of sea-floor magnetic anomalies in JB suggests
that the gateway opened between 17.6 and 14.4 Ma. Thus, this
event occurred after the collision and partial subduction of
Weddell spreading centre below SOM (19.5 to 17.6 Ma; Fig. 2).
The Powell Basin (PB) is located at the eastern margin of the
Antarctic Peninsula and bounded by SSR northwards, by the SOM
eastwards and connected with the Weddell abyssal plain and JB
southwards. The development of PB is associated with the SOM
migration to the E-NE during late Oligocene to middle Miocene
(30-26 to 22-18 Ma), although recent volcanism is recognized in its
margins. The evolution of these basins is related to the Scotia Sea
growing to the East and defines a dextral character of the previous
Antarctic-Scotia plate boundary. A similar stratigraphic sequence
disposition and a well developed discontinuity (the Reflector– c)
can be recognized and correlated between basins (HernándezMolina et al., 2007). The location of continental blocks (SSR, SOM
and DBk) along the Scotia-Antarctica plate boundary has favoured
the development of deep basins and passages, since the upper
Miocene to present, formed in a regional transcurrent tectonic
regime, that can be clearly differentiated from the classic
development of previous passive margins during continental
stretching (PB, PrB, DB, SB, JB). This deformation is driven both
by regional stresses and by the contrasting rheological behaviours
of oceanic and continental crust during a complex tectonic
Geo-Temas, 11, 2010

evolution. From W to E the basins are: Hespérides Basin and other
connected basins (in SSR), the South Orkney Through and the
Bruce Passage (developed between SOM and BB) and the Deep
Basin (in DBk) (Bohoyo et al., 2007; Fig. 2).
CONCLUSIONS
The evolution of the southern Scotia Sea Basins is
associated with the onset of deep circulation from Weddell to
Scotia Sea. The present configuration was reached roughly in
Middle-Upper Miocene when Powell, Jane, Protector, Dove
and Scan Basins became fully opened and connected to each.
This event corresponds to a very well developed discontinuity
(the Reflector– c), identified within the southern Scotia and
Weddell basins and recorded the onset of the new
oceanographic scenario. Finally, the most recent gateways are
related to the development of deep extensional basins, from
upper Miocene to present, associated with the sinistral
transcurrent fault zone of the Scotia-Antarctic plate boundary
as Bruce Passage or Deep Basin in Discovery Bank.
.
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Abstract: Large contourite drifts have been recently found over the Ewing Terrace on the middle slope of the
northeastern Argentina continental margin at water depths that range from 600 to 1190 m approximately. Sediment
cores from two recent oceanographic cruises together with the information gathered from cores collected during
the past 50 years allowed us to define the rough extension of the drifts. Magnetic susceptibility proved to be very
useful proxy for contourite sandy facies identification in this region. We found increasing thickness of the contourite
drifts at deeper water depths, probably as a response to the variations in intensity and location of the northward
flowing Antarctic Intermediate Water that forms these deposits. We expect that further sedimentological analyses
combined with seismic information will shed more light on these newly detected contourite drifts.
Key words: contourite drift, Argentine margin, SW Atlantic, sedimentology, magnetic susceptibility

INTRODUCTION
A large contourite depositional system (CDS) at the southern
Argentine continental margin has been described for the first time
by Hernández-Molina et al. (2009) on the base of bathymetric and
multichannel seismic reflection profiles. This system is genetically
linked to the northward flow of the Antarctic water masses.
During the recent cruise M78/3, performed on board the German
R/V Meteor in May-June 2009, dense seismic profiling and good
sediment core recovery proved that significant contourite deposits
(drifts) characterize also the northern part of this margin. These drifts
were found over the Ewing Terrace at middle slope and also over the
lower slope northward of the Mar del Plata Canyon (MdPC). At
middle slope, the drifts were found at water depths consistent with the
influence of the Antarctic Intermediate Water (AAIW, subsurface 1000 m) (Piola and Matano, 2001). During the following LBIV
cruise, completed in July 2009 on board the Argentine R/V Puerto
Deseado, the recovery of six sediment cores from the Ewing Terrace
confirmed that the drifts extend both south and north of the MdPC.
This work aims to combine old with new core data from the
contourite drifts over the Ewing Terrace with the following objectives
1) to identify the sedimentological signature of the contourite
deposits, 2) to determine the size of the drift in the region and 3) to
understand the interaction between drift deposition and AAIW
dynamics as well as the influence of local morphological features.
MATERIAL AND METHODS
Cores from M78/3 and LBIV cruises were opened,
photographed and described onboard. Magnetic susceptibility
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(MS) values on M78/3 cores were measured at MARUM,
IODP Core Repository, University of Bremen, with a MultiSensor Core Logger (Geotek; Bartington MS2-E point sensor).
MS values on LBIV cores were obtained at the Department of
Geological Science, University of Buenos Aires, using a
Bartington MS2-C loop sensor. In addition, we revisited
lithological descriptions, grain size analyses, photographs and
MS logs of several other cores collected during the past 50
years from the Ewing Terrace and at water depths compatible
with the drifts location. Relevant cores were collected during
cruises on board R/V Vema (LDEO, 1958), R/V Conrad
(LDEO, 1968), R/V Puerto Deseado (SHN, 2002), and R/V
Meteor (University of Bremen, 1994, 2000, 2001). Information
from the Database of the Section of Marine Geology (SHN)
and from the website of Pangaea Publishing Network for
Geoscientific & Environmental Data (www.pangaea.de) was
used (Schulz et al., 1995; Bleil et al., 2001; Spieß et al., 2002).
RESULTS AND DISCUSSION
Contourite deposits of the Ewing Terrace were identified
on the base of (1) high resolution multichannel seismic and
parametric echosounder data as well as (2) sediment cores
observation and structures analyses. Contourite drifts are
mostly constituted by dark olive gray very fine sand with wet
appearance (see also Huppertz et al., this volume). Contourite
sands, mostly of terrigenous composition, are distinguished by
high values in MS. This result probably stems from the relative
high concentration in Fe-bearing minerals (e.g. magnetite)
within the sand. In some cores, contourite sands display a basal
contact toward a facies characterized by structureless firm clay,
Geo-Temas, 11, 2010
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light gray in color, barren of biogenic components and
distinguished by low values in MS. The contact between
contourite sands and hemipelagic firm grey clays is often sharp
and in some cores it is disrupted by pebbles up to several
centimeters large.

FIGURE 1. Northeastern sector of the Argentine continental
margin with cores location shown by red spots. Shaded areas
indicate the approximate location of the drifts.

Eight cores from a NW-SE transect north of the MdPC
have been studied in detail (Figs. 1 and 2). Cores T292 and
T293 are constituted by firm clay overlied by only 40-60 cm of
contourite sands. Core LBIV-1 displays 430 cm of contourite
sand on top of firm clay. Cores T294, T295, LBIV-2, Geo
B13827 and Geo B2803 are entirely characterized by
contourite sands, with a maximum thickness of 710 cm in core
LBIV-2.

MS values in the first 300 cm; core C12-249 was reported to
contain 30 cm of moist dark gray sand followed by firm
greenish gray clay after a sharp basal contact (with pebbles);
core GeoB 2703 was reported to contain wet dark gray sand
with high MS values along its whole length. In this transect,
local morphological features probably play a role in preventing
full contourite sand emplacement at core C12-249 location.

FIGURE 3. Distribution of contourite
deposits along a transect south of the
MdPC. Legend as in Figure 1.

CONCLUSIONS
According to these preliminary results, (1) magnetic
susceptibility seems to be a good proxy to identify sandy
contourite deposits in the NE sector of the Argentine margin;
(2) the thickness of the drift increases with water depths,
probably as a response to shallowest (landward) and deepest
(seaward) influence of the Antarctic Intermediate Water
(AAIW); (3) south of the Mar del Plata Canyon, the role of
local morphological features in shaping the distribution of the
drifts needs to be further investigated.
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Abstract: The present contribution represents an important first attempt to place contourite depositional systems
firmly within a sequence stratigraphic framework. The model presented builds on earlier work by Diez et al (2008)
and is based on many examples of contourite systems from around the world, which collectively show the complexity
of controls on deposition and erosion by bottom currents. However, within this complexity we recognise the role
of sea-level in the evolution of contourite systems as follows: LST – Muddy Sheeted Drifts intercalated with basin
floor and slope fans; TST to HST – principle development (progradation and aggradation) of Mounded Elongate
Drifts; HST – development of widespread Erosive Surfaces and Sandy Sheeted Drifts. Other controlling factors can
significantly modify the distribution and development of contourite elements linked to sea-level variation.
Key words: Sequence stratigraphy, margin sedimentation, contourites, bottom-current controls.

INTRODUCTION
One of the current dominant paradigms for the description
and interpretation of continental margin sedimentary systems
is sequence stratigraphy, as developed from the seminal work
of Peter Vail and others in the later 1970s. However, despite
much progress and refinement of the sequence stratigraphic
models over the past three decades and despite ever-growing
interest in deepwater sedimentation for hydrocarbon
exploration, there is still almost no mention in these models of
contourites and bottom currents. Furthermore it is now clearly
recognised that contourite depositional systems are a hugely
important component of deepwater systems, everywhere from
the upper slope to abyssal plains (e.g. Stow et al. 2002; Viana
& Rebesco 2007; Rebesco & Camerlenghi 2008) (Fig. 1).

FIGURE 1. Principal contourite depositional systems (yellow) associated with deepwater circulation (arrows) around the North
Atlantic continental margins (modified from Faugeres et al 1993).
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The present contribution represents an attempt towards
rectifying such an imbalance by placing contourite
depositional systems within a sequence stratigraphic
framework. We build on earlier work by Faugeres et al. (1993,
1999) and Diez et al. (2008).
SEQUENCE STRATIGRAPHIC MODEL FOR
DEEPWATER SEDIMENTARY SYSTEMS
Both downslope and alongslope (contourite) depositional
systems are significantly and variously affected by sea-level
variation. The larger and more established of both system types
are known to evolve through many different sea-level cycles and
to become more or less active through the different sea-level
systems tracts. In general, downslope systems are more active
during lowstand systems tracts (LST) and contourite
depositional systems are more active through transgressive
(TST) and highstand systems tracts (HST). We elaborate briefly
below, focussing entirely on deepwater elements (Fig. 2).
LST: This system tract is dominated by downslope
processes. It is characterised by a base-level drop leading
to canyon incision across the shelf edge, channel erosion
and bypass across the slope apron, and preferred
accumulation of turbidite and related facies in base-ofslope fans. Submarine sliding, channel initiation and
widespread occurrence of mass transport complexes are
typical of open slope aprons. Large muddy fans become
especially active across the slope (slope fans), leading to
thick sandy turbidite fill and widespread leveeinterchannel accumulation of thin-bedded turbidites.
There is a relative inactivity of alongslope processes,
characterised by the intercalation of muddy sheeted drifts
with these various downslope elements. Along some
margins this is due to a masking of contourite
sedimentation by very active downslope processes, in
some cases filling contourite channels and other erosive
elements, and on other margins it reflects a true decrease
in bottom current activity.
Geo-Temas, 11, 2010
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TST: This system tract is transitional in nature. Downslope
systems, especially the larger muddy slope fans continue
to be active and their channels to backfill. However, this
is the time for renewed activation of contourite deposition
in large elongate mounded drifts along open slope aprons.
Mounded drifts show active aggradation and
progradation. Other drift activity may begin to fill erosive
scars left by submarine slide events, or spread into
downslope channel systems. Alongslope reworking of
downslope systems becomes important, both as bottom
currents increase in strength and downslope processes
decrease in significance.
HST: This system tract is characterised by the continued
pronounced activity of contourite depositional systems at
all scales and along many parts of the continental margin,
coupled with relative inactivity of downslope systems.
Mounded elongate drifts continue to grow. Where currents
are stronger so the contourites become sandier in nature
and, in some cases, widespread erosive/non-depositional
surfaces are developed. Contourite erosional elements are
significant. This is also the period when sandy sheeted
drifts are most likely to form, in upper slope and middle
slope settings in particular, and as the fill of contourite
channels.

been identified (e.g. Stow et al. 2002; Llave et al. 2007)
involving: a transparent zone at the base, passing upwards
through parallel reflectors of moderate to high amplitude, to a
marked high amplitude upper surface that is locally or more
widely erosive in nature. These seismic cycles have been
related to cyclic changes in contourite grain size (upward
coarsening cycles) driven by long-term variations in bottomcurrent intensity. Although the underlying controls on this
cyclicity are not fully understood, we note here that their scale
and duration is comparable with that of parasequences in
sequence stratigraphic models.
Further work in progress on contourites and sequence
stratigraphy aims: (1) to deconvolve the patterns driven from
the northern high latitude, southern high-latitude, and
Mediterranean low-latitude bottom-water kitchens; and (2) to
further explore the development and extent of sandy contourite
systems.
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FIGURE 2. A new model showing the sequence stratigraphic
framework for downslope and alongslope (contourite) deepwater depositional systems. HST = Hightstand systems tract;
TST = Transgressive systems tract; LST = Lowstand systems
tract, SF = slope fan; BF = basinfloor fan; SB = Sequence
boundary; s.l. = sea level

OTHER CONTROLS AND CYCLES
The model presented above clearly emphasises sea-level
control and the placement of contourite elements in the sequence
stratigraphic framework. However, it is well known that other
controlling factors may be equally or still more significant along
any one margin (e.g. Faugeres et al., 1993, 1999; HernandezMolina et al., 2008; Diez et al., 2008). These controls include:
sediment supply, basin and slope morphology, synsedimentary
tectonic activity and climate. All of these may independently act
to influence the intensity and/or distribution of principle bottom
current pathways along a continental margin.
Within many contourite depositional systems (both
mounded and sheeted drifts) a distinctive seismic cyclicity has
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Abstract: The continental slope of the Atlantic Moroccan margin (southern Gulf of Cádiz) shows a diverse and
complex morphology which exhibits several bottom current features: erosive elements, as moats, contourite channels
and erosive surfaces, and depositional elements, as drifts and sediment waves. Mound shaped features interpreted
as bioconstructions have also been identified. These features could be produced by the interaction of the
Mediterranean Outflow Water with the complex relief that characterises the study area.
Key words: bottom currents, sediment waves, contourite drift, Gulf of Cádiz, Atlantic Moroccan margin.

INTRODUCTION
The present geological structure of the Gulf of Cádiz is the
result of the European–African plate convergence motion,
dextral strike-slip along the Azores–Gibraltar plate boundary
and the westwards migration of the Betic–Rifean Arc. This
geodynamic evolution is recorded in the architecture of the
continental margin which displays a complex physiography
resulting of important tectonic activity with occurrence of
large-scale diapirism and mud volcanism processes throughout
the entire continental margin (Fig. 1).
The interplay of tectonic, glacio-eustatic sealevel changes
and a variable marine circulation system have allowed to

develop a variety of sedimentary growth patterns. A large
Contourite Depositional System has been developed on the
middle slope of the central and northern Gulf of Cádiz during
the Pliocene and Quaternary by the action of Mediterranean
Outflow Water (MOW), after its exit to the Atlantic through
the Strait of Gibraltar (Hernández-Molina et al., 2006; Llave et
al., 2006).
In this work we present bottom current features mapped on
the continental slope of the Atlantic Moroccan margin
(southern Gulf of Cádiz) (Fig. 1).
DATA AND RESULTS
The data used in this study were obtained by a Simrad
EM120 multibeam echosounder and high resolution TOPAS
(TOpographic PArametric Sonar) profiles collected during the
MVSEIS and MOUNDFORCE cruises onboard the Hesperides
and L’Atlante R/V respectively.
The physiography of the present-day seafloor of the study
area, located at a depth ranging from about 300 to > 700 m is
characterized by structural (fault-controlled ridges, highs and
scarps) and fluid-dynamic (mud volcanoes) features. Such
morphostructural characteristics impinge on complex
gradient variations, ranging from <1º to 16º (locally up to
24º).
Bottom current features have been mapped through the
entire study area comprising erosive elements, as moats,
contouritic channels and erosive surfaces, and depositional
elements, as drifts and sediment waves (Fig. 2). Locally
mound shaped features interpreted as bioconstructions are
identified.

FIGURE 1. Simplified geological map of the Gulf of Cádiz
(modified from Medialdea et al., 2004). The MOW circulation around Western Iberia is also displayed.
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Moats and contouritic channels are mostly identified at the
base of the structural scarp and highs as well as around the Al
Idrisi mud volcano (Fig. 2), although in this case the moats
could be caused by erosional currents in combination with
subsidence. They appear as bathymetric asymmetric
depressions with erosive character. They are roughly parallel
to the scarps, displaying ENE-WSW and WNW-ESE trends
and variable lengths, from <1 to 6 km.
Geo-Temas, 11, 2010
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DISCUSSION AND CONCLUSIONS
The Atlantic Moroccan margin is an area of diverse and
complex morphology with variable slope gradients, and a
variety of morphologic obstacles that coupled with flowing
deep water masses promotes the development of different
bottom current features. Although the location of contourite
drifts with respect to the current axis can be affected by
different factors, in this area their location seems to be coherent
with the action of the Mediterranean Outflow Water (MOW)
that circulates between 500 and 1200 m and, in this particular
location, flow in a predominantly southwest to northeast
direction (Fig.1). The positive relief features observed (faultcontrolled ridges, highs and scarps) can play an important role
generating multiple-current pathways, constraining and
accelerating bottom-current flow and consequently in
redistributing sediment along the margin.

FIGURE 2. Map showing the distribution of bottom current
features in the study area. Two bathymetric profiles showing
the position of the main depositional features (arrows) are also
displayed.

Most of the highs observed are affected by erosive
surfaces. They are defined by a high reflectivity surface that
truncates the underlying deposits.
Several types of drifts (Fig. 3) have been identified,
elongated mounded and separated, confined and plastered. The
drifts are positive reliefs distributed around the structural highs
(Fig. 2). They have reliefs that vary between 100 to 200 ms
(twt), and widths from 0.3 to 0.8 km.

FIGURE 3. TOPAS record showing contourite erosional and
depositional features in the study area. See location on Fig.2.

Two distinct areas of seabed sediment waves are observed
(Fig. 2). The individual sediment waves have amplitudes
ranging between 47 and 78 m.
A mound-shaped ridge interpreted as bioconstruction (10
m relief), is identified on the NE part of the study area at H»300
m water depth (Fig. 2).
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Regarding the bioconstructions observed, they are out, in
principle, of the influence of MOW. No healthy live coral reef
could be observed in this location and then the present
environmental and oceanographic conditions are not favorable
for cold-water coral growth. Conditions during past periods
were probably more favorable, however gas or fluid seepage
associated to Al Idrisi mud volcano (Fig. 2) probably had an
influence on coral reef growth (Foubert et al., 2008).
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Abstract: Anisotropy of the Magnetic Susceptibility (AMS) has been used for discriminating different deep-water
sedimentation processes (i.e. turbidite current, bottom-current, hemipelagic settling) in fine-grained sediments.
This study suggests that fine-grained ‘non-turbiditic’ deposits of the Marnoso-Arenacea Fm. (hemipelagites after
Ricci Lucchi and Valmori, 1980) cannot be explained considering simply hemipelagic settling of deep-sea mud. We
infer that such beds were essentially deposited from stationary NW-SE bottom currents, parallel to the main basinaxis, although a continuum may exist between dilute hemipelagic settling, turbidity flows and bottom currents.
Key words: Anisotropy of the Magnetic Susceptibility (AMS), Marnoso Arenacea Fm., hemipelagite, hemiturbidite,
muddy contourite.

INTRODUCTION

sources through multiple entry points located to the north and
west with turbiditic transport towards the SE.

Recognition of the occurrence and the extent of ‘nonturbiditic’ deposits in turbidite sequences is of considerable
importance for environmental and sedimentological analysis
(palaeodepth, deep-water circulation, distance from land,
hemipelagic or pelagic versus turbidite sedimentation rate).
The term ‘non-turbiditic deposits’ is used here in a wide sense
to embrace hemipelagic layers as well as bottom-current
reworked fine-grained sediments of turbiditic, pelagic or
hemipelagic origin.

Turbidites make up about 90% of the fan lobe and basinplain deposits, whereas carbonate-rich hemipelagic claystone
makes up the rest of the rocks. Mudstone caps of the tail of the
turbidity currents (Bouma E division) represent from 1/3 to 1/2
of each turbidite. Hemipelagic beds, can be distinguished from
Bouma E divisions by their lighter colour, greater carbonate
content (chiefly pelagic foraminifers), and lesser total organic
content (~1 % T.O.C versus ~2 % T.O.C for the Bouma E
division). Hemipelagic beds rarely exceed 50 cm in thickness;
they are characterized by massive intervals with a grain size
comprise between mud and silt and a speckled appearance.
There are more or less continuous bioturbation throughout
deposition indicating a slow sedimentation rate.

This study attempts to evolve quantitative criteria for
d i s c r i m i n a t i n g d i ff e r e n t d e e p - w a t e r s e d i m e n t a t i o n
processes (i.e. turbidite current, bottom-current,
hemipelagic settling of deep-sea mud) in fine-grained
sediments, principally by analysing the Anisotropy of the
Magnetic Susceptibility (AMS). This method is based on the
fact that a current is able to orient para- and ferro-magnetic
grains and minerals. The AMS ellipsoid would reflect the
orientation imparted by the current to such grains (Parés et
al., 2007).
We focus on ‘non-turbiditic’ fine-grained deposits, referred
to as hemipelagites after Ricci Lucchi e Valmori (1980), that
account for a relatively small (~10%) but distinctive part of the
Marnoso-Arenacea Formation.
The Marnoso-Arenacea Fm. is a composite, wedge-shaped
turbidite succession representing the final filling of an
Oligocene to Late Miocene migrating Apennine foredeep
complex, accumulated between the Langhian and the Tortonian
(Ricci Lucchi e Valmori, 1980). The Marnoso-Arenacea Fm.
crops out extensively over an area 180 km long and 40 km
wide, in the Italian northern Apennines (Fig. 1A).
Palaeogeographic reconstructions reveal an elongated basin
with a longitudinal transport pattern, fed mainly by Alpine
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DATA AND RESULTS
AMS analyses have been carried out on 80 cylindrical
oriented samples (with a volume of 10.3 cm3) collected with a
water-cooled drill throughout selected stratigraphic sections.
Sampled muds are macroscopically homogeneous ‘nonturbiditic’ beds that occur above the turbidite muds which
overlie turbidite sand or silt laminae (Fig. 1B). They are from
10 to 50 cm in thickness, ungraded and they generally have
higher CaCO3 contents (25-45%) than the turbidite mud.
Analysis and interpretation of the sedimentary fabric is
based on the orientation distribution of the principal AMS
axes. For the most part, ‘non-turbiditic’ fine-grained sediments
show a well-preserved depositional fabric, with Kmax axes that
are distributed within the depositional plane and Kmin axes perpendicular to it, resulting in oblate magnetic ellipsoids (Fig.
1C). Kmax, Kint and Kmin axes tend to cluster, producing higher
values of magnetic lineation. Such an ellipsoid distribution has
Geo-Temas, 11, 2010
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FIGURE 1. A) Outcrop area of the Marnoso-Arenacea Fm;. B) ‘non-turbiditic’ beds (**) can be distinguished from Bouma E
divisions (*) by their lighter colour, greater carbonate content, and lesser total organic content; C) AMS stereonet diagram for site
COR3. Kmax axes are distributed within the depositional plane and Kmin axes perpendicular to it.

been interpreted as produced by moderate velocity currents
that occasionally produce an upstream imbrication of the
grains. The general trend of the Kmax principal AMS axes, and
hence the palaeoflow direction, is approximately NW–SE.
Such AMS fabrics are considered as directional only (as
opposed to vectorial), as they give the trend or line of azimuth
of the current, but not the upstream direction nor the strength
of the current. Exclusively site COR 3 reveals a NW-plunging
Kmax axes, but we cannot reliably use the Kmax plunge to determine the upstream direction.
The general NW–SE azimuth for the flow direction, as
indicated by the AMS axes distribution is almost parallel to the
main basin axis (corresponding to the Late Miocene Apennine
foredeep), to the lateral confining slopes and to the turbiditic
palaeocurrents. By subtracting the approximately 50°
counterclockwise rotation of the Oligo-Miocene Apennine
paleopole of Muttoni et al. (2000), Kmax axes represents the
geographically realigned preferred grain orientation along a NS direction and thus the Miocene paleoflow trend.
DISCUSSION AND CONCLUSION
This study suggests that fine-grained ‘non-turbiditic’
deposits of the Marnoso-Arenacea Fm. (hemipelagites after
Ricci Lucchi e Valmori, 1980) cannot be explained considering
simply hemipelagic settling of deep-sea mud. The AMS
ellipsoid clearly indicates the presence of moderate velocity
currents. On the other hand, we cannot consider these
sediments as the distal end of a turbidity current pathway,
deposited from an essentially stationary suspension cloud that
is produced from a dying turbidity current (hemiturbidites;
Stow and Wetzel, 1990). In this case, the composition of these
sediments and the composition of turbiditic Bouma E division
should be very similar.
Although a continuum may exist between dilute turbidity
flows, bottom currents and hemipelagic settling, we infer that
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such beds were essentially deposited from stationary N-S
bottom currents, parallel to the main basin-axis. Deposition
probably takes place slowly so that the resulting sediment is
homogenized by bioturbation. For this reason we believe
appropriate refer to these fine-grained ‘non-turbiditic’ deposits
of the Marnoso-Arenacea Fm. as to muddy contourites (Stow
et al., 1998), rather than hemipelagites.
Bottom currents flowed over extensive turbidite sandbodies but probably they were not sufficiently strong to cause some reworking because a range of beds intermediate
between classical (Bouma A-E) turbidites and the inferred
muddy contourites, (described as progressively winnowed
and reworked turbidites; Stanley, 1988), has never been
observed.
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Abstract: Multibeam bathymetry, high resolution multi-channel, and very high resolution single-channel (3.5 kHz)
seismic records were used to depict the contouritic features and deposits in the Galicia Bank region (NW Iberian
Atlantic). Erosive and depositional contouritic features have been defined: moats, furrows, abraded surface, sediment
waves, elongated separated drifts, and plastered drifts. They are a reflection of the influence of bottom currents
that erode, re-distribute and winnow the seafloor sediments of the Galicia Bank plateau, and those around many
of the highs of the region. The contouritic features and their sedimentary deposits are generated by several water
masses: MOW, LSW, NADW, and LDW, flowing at different depths and velocities and in different directions. Based
on the current dynamics, two largely different subsystems are defined: contourites developed by a tabular water
mass with a multiple current dynamics; and contourites developed by focused/confined current.
Key words: bottom current, contourite, moat, drift, Galicia Bank region.

INTRODUCTION
The Galicia Bank region (620 to 5000 m water depth) is
located in the distal domain of the western Galicia continental
margin (Atlantic NW Iberian). It displays a complex seafloor
topography that can be divided into five physiographic
provinces: Transitional Zone, Galicia Bank, Half-Graben
Domain, Deep Galicia Margin, and Northwestern Flank
(Vázquez et al., 2008). These provinces are characterized by a
great variety of morphostructural and morphosedimentary
features (Ercilla et al., 2009).
The Galicia Bank region is under the influence of different
water masses (Mediterranean Outflow Water -MOW-, Labrador Sea Water –LSW-, North Atlantic Deep Water-NADW-,
and Lower Deep Water –LDW-), and in this study we focussed
in those features and deposits formed by the different bottom
currents that affect to the seafloor of that region. The main
body of datasets used for the present study comprises
multibeam bathymetry and multi-channel (airguns -140 c.i.-)and single-channel (3.5 kHz) seismic records.
RESULTS
The bottom-current features and their sedimentary deposits
are one of the most widespread elements in the Galicia Bank
region, and they were mapped mostly in the Galicia Bank,
Transitional Zone and Northwestern Flank provinces. These
features comprise erosive elements such as moats (a), furrows
(b), and abraded surface (c) and depositional elements such as
drifts (d) and sediment waves (e).
Moats (a) are located locally at the base of the structural
scarp of the Galicia Bank plateau (1522 to 1725 m water depth)
and of the many of the mapped highs. The side of high where
moat locates and develops vary according to the seafloor water
depths and bottom current direction. Moat incisions display U-
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shaped and V-shaped cross sections and the dimensions are
variable, from hundreds of meters to few kilometers wide, tens
of meters to 140 m in relief, and from few to 33 km long.
Acoustically, moat seafloor appear as a striking erosive surface
that truncates the underlying stratified or chaotic deposits
(about tens to hundreds ms thick).
A distinct area (240 km2 between 825 and 1200 m) with
furrows (b) was mapped mostly at the SW periphery of the
Galicia Bank plateau. Furrows appear as numerous linear
depressions roughly parallel to the slope. They display U- and
V-shaped cross-sections about 0.5 to 1.5 km wide and a few
meters in relief, and with lengths varying between a few meters
and 10 km. Likewise, an isolated long (about 20 km)
constructional furrow (500 m wide and 27 m in relief) was also
mapped on the eastern seafloor of the Galicia Bank plateau,
associated to an ancient basement fault scarp.
The abraded surface (c) is located at the western and
southern seafloor periphery of the Galicia Bank plateau and it
is a surface that erodes the underlying contouritic deposits.
This erosive surface defines a steep (< 1º to 10º) plain and is
locally affected by the irregularities associated with furrows,
sediment waves, and bioconstructions.
Two types of drifts (d) are identified: elongated mounded
and separated, and plastered (Fig. 1). The elongated, mounded
and separated drifts are positive reliefs always associated with
the moats. These drifts have reliefs of 15 to < 250 m and widths
of about 1 to 5 km. These deposits comprise mostly
(sub)parallel stratified, and chaotic and way facies. Internal
discontinuities (downlap, onlap) are identified. The thickness
of drift deposits is variable from few to hundreds of ms. With
respect to the plastered drifts, they are mapped locally as
upslope prograding patches (few kilometers long and tens to
few hundred thick) on the walls of some scarps and highs.
Another plastered drift, but of greater dimensions, is formed
by the deposits that cover the crest of the Galicia Bank plateau
Geo-Temas, 11, 2010
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FIGURE 1. Elongated separated and plastered drifts in the Galicia Bank region.

like a carpet and are affected by the furrows, sediment waves,
and the abraded surface. Its internal structure has a complex
strata pattern formed by the vertical stacking of subparallel
stratified facies separated by internal discontinuities (downlap,
onlap, and truncation). The thickness shows pronounced
variations across the crest, varying from 500 to 200 ms toward
the borders.
Sediment waves (e) are mapped on the seafloor of the
Galicia Bank plateau. Two types of waves are differentiated:
small-scale (< 7 m wave amplitude, spacing of tens of 55 to 65
m) and large-scale (hundreds of meters to 1.5 km and amplitudes from a few meters to tens of meters).
DISCUSSION AND CONCLUSIONS
The bottom-current features and deposits identified in the
Galicia Bank region define a complex system that is
characterized by at least two different subsystems of
contourites based on the current dynamics: contourites on the
crest of the Galicia Bank plateau and contourites associated
with the structural scarps and highs; that is to say, contourites
that are formed by a non-focused bottom current (tabular water
mass) and those that are formed mostly by a focused/confined
current, respectively.
The entire sediment covering the Galicia Bank plateau
can be considered as a plastered drift over a slope that is
shaped by a bottom current. The bottom current sweeping its
seafloor is the MOW. Multibeam bathymetry and seismic
profiles show the great sedimentary complexity of this drift
and its coexistence and relationship with sediment waves,
furrows, and the abraded surface, as well as striking
bioconstructions (Ercilla et al., 2009). This complexity
affects not only the nearsurface record but also the drift
evolution at a geological scale. The development of this
complex depositional pattern is not straightforward, but we
suggest that its development takes place in a dynamic
scenario characterized by an alongslope tabular
Mediterranean water mass with a multiple current dynamic.
The fast-flowing MOW has been mainly influenced by the
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geometry and topography of the plateau, defining areas with
different accelerations and splitting the MOW into several
domains with different dynamics or turbulences.
The second subsystem of contourites identified in the
Galicia Bank region comprises moats and drifts associated
with structural scarps and highs and formed by the LSW,
NADW and LDW focused bottom currents (Fig. 1). In these
features, moats and associated drifts form because the water
masses split when they meet the highs/scarps, producing
turbulent and faster flows (rotatory eddies). The elongated
separated moats-drifts reflect the lateral asymmetry of the
flows in the northern hemisphere that has led the moats to have
a more pronounced incision on the left than on the right side
(downstream direction). Locally this statement is not fulfilled.
This is probably because the local morphology and/or the
predominance of the downslope processes obliterate the action
of bottom current and/or alter their dynamic flow.
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Abstract: During the MVSEIS08 cruise, many bathymetric features were sampled in the Gulf of Cádiz by means
of dredging and coring. Macrofaunal specimens were colected from sampling devices for the caracterization of
the benthic communities. The black coral Leiopathes glaberrima was present in all the sites studied. Serpulids
and poriferans were abundant over the crusts. Other frequent groups were Cidaridae echinids, Plexauridae
alcionaceans, and hidrozoans. The geological characteristics of the seabed, the substrata provided by anaerobic
oxidation of methane and the surrounding mediterranean bottom current are determinant for the macrofaunal
assamblages.
Key words: MOW, carbonate crusts, , benthic macrofauna, depositional.

INTRODUCTION

DATA AND RESULTS

T h e f l o w o f t h e M e d i t e r r a n e a n O u t f l o w Wa t e r
(MOW) through the northern margin of the Gulf of Cádiz
during the Pliocene and Quaternary periods has led on
the formation of the so-called Contourite Depositional
System of the Gulf of Cadiz, which includes both
depositional and erosive features (Hernandez-Molina et
al., 2006). At the same time, fluid venting episodes occur
i n t h e a r e a , w h ich are modulated by tecton i c a n d
oceanographic processes (León et al., 2006). As a result,
the northeast sector of the Gulf of Cádiz presents a
complex mosaic of benthic environments, with the
subsequent potential to host a variety of faunal
communities. In this work, we present a preliminary
description of the faunal samples taken during the
MVSEIS08 cruise (May 2008) on some features
associated to the contourite depositional system.

The purpose of the above mentioned cruise was a
comprehensive sampling and data acquisition of the Gulf of
Cadiz for geological studies. Here, only those dredge
transects performed on the contourite depositional system
that yielded a significant amount of macrofauna are
presented:

FIGURE 1. Map of the Gulf of Cádiz, showing the MOW path
and the location of the sites mentioned.
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Diego Cao Channel
Is a contouritic channel with a maximum depth of about
800m, through which one of the lower branches of the
MOW flows northwards (Fig. 1) with speed up to 30 cm/s.
(Hernández-Molina et al., 2006). Here, mud samples
included mainly several species of the echinid genus
Cidaris, and living fragments of the black coral Leiopathes
glaberrima. Solitary corals, brachiopods, and decapod
crustaceans were also present although scarce.
Guadalquivir Channel and Guadalquivir Diapiric
Ridge
The main branch of the lower MOW flows through the
Guadalquivir channel (50-20 cm/s), which is crossed by the
Guadalquivir diapiric Ridge on its proximal sector
(Hernández-Molina et al, 2006). This sample was composed
by carbonate crusts, which indicated episodes of methane
seepage, accompanied by coral debris and grey mud.
Poriferans, serpulid polichaetes, grastropod lays and
bryozoans were abundant over the crusts. Large colonies of
Leiopathes glaberrima, two families of hidrozoans
(Plumularidae and Sertularidae), and various specimens of
the bivalve Limopsis aurita and the gastropod Calliostoma
sp. were also associated to the crusts.
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Doñana Diapiric Ridge
This ridge, paralel to the Guadalquivir ridge and adjacent
to the Gudalquivir channel (Fig. 1) shows evidences of active
fluid expulsion, being linked to mud volcanoes, sediment
collapses and sediment flows (Medialdea et al., 2009). The
dredge here yielded coral debris, grey mud and carbonate
crusts densely covered by Serpulidae polychaetes. A colony of
Leiopathes glaberrima with multile epifaunal species
(Plumulariidae hydrozoans, actiniarians and Verrucidae
cirripeds), some ascidians and the presence of the hesionid
polychate Leocrates atlanticus were also noticeable.
Coruña carbonate mound and Coruña’s twin
These are two carbonate mounds (830m depth, 230m relief;
Somoza et al., 2003) located on the Gualdalquivir ridge and
adjacent to the Cádiz channel. Here, the samples yielded large
crusts and chimneys, together with grey-greenish mud. Some
of the crusts were densely covered by several species of
poriferans, ascidiaceans, serpulids and bryozoans, and some
colonies of Paragorgiidae, Plumulariidae and anthipatarians.
Several especies of echinoderms (Cidaris spp., Amphiura spp.,
and crinoids), bivalves (Limopsis aurita), and polychaetes
(Leocrates atlanticus) were found in holes and crevices in the
crusts.
DISCUSSION
The bacteria - mediated anaerobic oxidation of methane
(AOM) leads on the formation of authigenic carbonates, hence
creating hard substrata suitable for the settlement of faunal
communities. In addition, chimneys and crusts have are three dimensional features with holes and crevices that provide refuge
and multiple microhabitats with the capacity to host a variety of
benthic species. On the other hand, the characteristics of the
MOW (salinity, temperature, suspended particles) differ from
the surrounding waters (Hernandez-Molina et al., 2006). Many
organisms (such as black corals and gorgonaceans) are known to
be favoured by deep currents by means of food supply (Vertino
et al., 2009). Hence, the MOW involves a set of environmental
characteristics that differ from adjacent bottoms in the area,
influencing the benthic communities that live along its path. In
the area of study, most of the specimens appeared to be linked to
the carbonates, and the occurence of large colonies of
antipatharians and several species of gorgonaceans is most
probably due to the action of the MOW.
CONCLUSIONS
In the northern margin of the Gulf of Cadiz, the flux of
the MOW and the presence of authigenic carbonates set up
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the conditions that determine the settlement of the benthic
communities. The black coral Leiopathes glaberrima was
present in all the sites studied. Serpulids and poriferans
were abundant over the crusts. Other frequent groups were
Cidaridae echinids, Plexauridae alcyonaceans, and
hidrozoans.
ACKNOWLEDGEMENTS
The authors want to thank the participants of the
MVSEIS08 cruise for their work and effort in samples
and data acquisition. This research proposal is supported
by the Project CTM 2008-06399-C04/MAR
(CONTOURIBER) and and the Eurocores/Euromargins
MVSEIS Project (01-LEC-EMA24F; PDCTM72003/
DIV/40018).
REFERENCES
Hernández-Molina, F.J. Llave, E., Stow, D.A.V., García,
M., Somoza, L., Vázquez, J.M, Lobo, F.J., Maestro,
A., Díaz del Río, V., León, R., Medialdea, T. and Gadner, J. (2006): The contourite depositional system of
the Gulf of Cádiz: A sedimentary model related to the
bottom current activity of the Mediterranean outflow
water and its interaction with the continental margin.
Deep-Sea Research II, 53: 1420-1463.
León, R., Somoza, L., Medialdea, T., Maestro, A., Díazdel-Río, V. and Fernández-Puga, M.C. (2006): Classification of sea-floor features associated with methane
seeps along the Gulf of Cádiz continental margin.
Deep-Sea Research II, 53: 1464-1481.
Medialdea, T., Somoza, L., Pinheiro, L.M., FernándezPuga, M.C., Vázquez, J.T., León, R., Ivanov, M.K.,
Magalhaes, V., Díaz-del-Río, V., Vegas, R. (2009): Tectonics and mud volcano development in the Gulf of
Cádiz. Marine Geology, 268: 48-63.
Somoza, L., Díaz-del-Río, V., León, R., Ivanov, M., Fernández-Puga, M.C., Gadner, J.M., Hernández-Molina,
J.M., Pinheiro, L.M., Rodero, J., Lobato, A., Maestro,
A., Vázquez, J.T., Medialdea, T., Fernández-Salas L.M.
(2003): Seabed morphology and hydrocarbon seepage
in the Gulf of Cádiz mud volcano area: Acoustic imagery, multibeam and ultra-high resolution seismic data.
Marine Geology, 195: 153-176.
Vertino, A., Sabini, A., Rosso, A., Di Geronimo, I., Mastrototaro, F., Sanfilippo, R., Gay, G., Etiope, G.
(2009): Benthic habitat characterization and distribution from two representative sites of the deep-water
SML Coral Province (Mediterranean) Deep- sea Research II, 57: 380-396.

36

Analysis and modelling of contourite drifts and currents off
promontories in Southern Italian Seas (Mediterranean Sea)
Federico Falcini1, Eleonora Martorelli2 , Ettore Salusti3 and Francesco L. Chiocci2
1
2
3

Departament of Earth & Environmental Science, University of Pennsylvania, Philadelphia, USA. ffalcini@sas.upenn.edu
Dip. Scienze della Terra, Sapienza Università di Roma, Rome, Italy. eleonora.martorelli@uniroma1.it; francesco.chiocci@uniroma1.it
INFN. Dip Fisica, University La Sapienza, Rome, Italy. ettore.salusti@roma1.infn.it

Abstract: We here analyze recent partial observations of contourite drifts, located at intermediate depths off
promontories in Southern Tyrrhenian and in Southern Adriatic Sea. These contourite drifts are located slightly
upstream the cape tip, except for the Gargano, where contourite drifts can be observed both upstream and
downstream, in the lee wave region. We therefore investigate the relationship between bottom contour current
and drift deposits analyzing tank and numerical simulations with particular attention on turbulent phenomena
occurrence. All this allows prediction for localizing sediment drifts around capes. We found that the occurrence of
turbulence, and thus of erosive conditions, can be detected by using quantifying dimensionless numbers related to
cape dimension and ocean current features. This work can be seen as an attempt to bridge the gap between
marine sedimentological studies and physical oceanography.
Key words: contourite drifts; tank simulations; numerical modelling; contour currents; Tyrrhenian and Adriatic Sea.

Mediterranean contourite deposits have been mainly
identified at in the Adriatic Sea, Tyrrhenian Sea, Sicily
Channel, Balearic Sea and Alboran Sea (Amelio and
Martorelli, 2008; Verdicchio and Trincardi, 2008).

Bottom friction, which plays a fundamental role in shallow
shelf areas, is quantified by the equivalent Reynolds number,

We focus here on elongated-separated drifts located at
intermediate depths off prominent Italian capes: Cape Vaticano, Cilento Promontory and Gargano Promontory (Fig. 1).
These capes are contoured by Levantine Intermediate Water
(LIW). Part of contourite deposits observed offshore the SW
Adriatic margin can be related to LIW and to North Adriatic
Dense Water.

bottom friction. Here Cd is the dimensionless bottom drag
coefficient and H (L) are the vertical (horizontal) space scale
of a cape (Magaldi et al., 2008). For space scales of the order
of some kilometres, the impact of Earth rotation on a flow
around headlands must be considered: the Rossby number

that estimates the ratio between advection and

and the Ekman number

, represent the

ratio of advection and viscosity with respect to the Coriolis force. Here U is the characteristic along-stream velocity and f the
Coriolis parameter. In presence of buoyancy effects, one has also
to consider the Burger number

-

,

namely the baroclinic deformation radius
over the typical length scale L of a Cape. Rd represents the
length scale at which rotational effects become as important as
buoyancy in the evolution of the flow.

FIGURE 1. General bathymetry of a) SE Tyrrhenian Sea and
topography of the mainland portion, b) SW Adriatic Sea and
topography of the mainland portion, with indication of sites
where contourite deposits occur.

Hydrologic characteristics of flows contouring a cape in
Northern hemisphere have been studied from tank and
numerical experiments (Yin et al., 2003; Doglioli et al., 2004;
Magaldi et al., 2008). These experiments are usually controlled
by dimensionless numbers that parameterize flow properties.
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Numerical simulations provided by Doglioli et al. (2004)
analyzed a coastal current flowing on a steep slope located
offshore the Promontory of Portofino (north-western
Mediterranean Sea). These analyses show that for very large
friction (small Ref) the flow tends to follow faithfully the Cape
coastline, without any flow separation from the coast. The
water velocities are small both at the upstream and the
downstream coast of the Cape, generally favoring sediment
deposition in these two zones. At increasing Re f, laminar
separation occurs and therefore attached stationary eddies form
in the downstream zone, the lee of the Cape.
On physical grounds, one has that the current accelerates
when approaching a pressure minimum near the tip of the
Cape. But after the tip this gives an adverse pressure gradient
Geo-Temas, 11, 2010
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that subtracts momentum to this boundary layer, inducing a
flow reversal at the downstream zone, so forming an eddy. For
higher Ref this eddy propagates downstream, leading to an
«eddy-shedding» unstable regime, a kind of large-scale
turbulence.
The Ekman number (Ek) is also important: for large Ek,
friction is so strong to avoid any kind of flow separation from
the coast (Doglioli et al., 2004). For decreasing friction and Ek
the numerical results evidence the formation of a bottom
Ekman layer, with a vertical shear in the incoming flow.
Current is thus weakened in the alongshore direction while a
bottom cross-shore component appears, forming a downwelling pattern. In synthesis for decreasing Ek stratification
(vertical shear) increases and a bottom Ekman layer occurs in
the incoming current, which induces eddy intensification.
Magaldi et al. (2008) investigated the effect of the Burgers
number Bu and the bottom slope a = H/L on the dynamics of
currents around capes. In their experiment bottom friction is
expected to be more influential for gentler slope (a << 1),
inhibiting in the downstream zone any eddy formation. A large
Bu is expected to gradually favor downstream flow separation
and eddy generation since a high density stratification isolates
the superficial layers from the bottom layer, which feels the
bottom drag. Flow regime diagrams (Fig. 2) as a function of a
and Bu show indeed that for Bu < 0.1 a strictly attached regime
is established, as happens for a small Ref . For 0.1 < Bu < 1
fluid parcels tend more to contour the sea bottom obstacle
rather than flow over it. Finally for Bu > 1 eddies around the
cape tip tend to merge to form larger eddies in the down stream
zone (Magaldi et al., 2008). A validation of the above
numerical results are provided by tank experiments (Yin et
al., 2003).

In order to obtain some insight into contour-current
sediment deposition from these results, some consideration
can be done about Re f, Ek and Bu. For very small Ref ,
large Ek (i.e., no Ekman layer), and a mild density
stratification (Bu<<1), the current follows faithfully the
bottom contours. Current velocity is large around the tip
of a cape and particularly slow in both up- and downstream zones, which therefore are favoured for sediment
deposition. For larger Re f , or in presence of a bottom
Ekman layer, the upstream zone has still small velocities
while downstream the cape the current forms lee waves.
Small values of Re f and Bu would again allow presence of
contour deposits even in the downstream zone. About
bottom sedimentation, the upstream zone is favoured in
many cases while for downstream zone a crucial role is
played by friction (C d ) that in turn depends on bottom
slope and irregularities.
Fig. 2 shows different regimes in the downstream zone,
recognized from the Magaldi et al. (2008) numerical
simulations by varying Bu and the slope a for bottom
currents. Values for Bu and a obtained for our Capes are
here superimposed, enlightening that Palinuro and Vaticano
Capes are characterized by the presence of turbulence, i.e.
the downstream zone is likely to be prone to erosive
processes. Such plot also confirms the occurrence of
contourites offshore the Gargano area.
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FIGURE 2. Different eddy regimes as a function of Bu and the
slope a (Magaldi et al., 2008). Superimposed are the Bu - a
values of our studied capes and their related contour currents:
Cape Vaticano (circle); Palinuro Promontory (square); Gargano Pormontory – Sector A (triangle); Gargano Promontory –
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Abstract: This paper is dedicated to some questionable aspects of contourite deposits. It shows the large variability
of the contourite drifts and facies especially when contour currents interact with other sedimentary processes, and
points out the difficulty to identify contourite deposits in mixed turbiditic-contouritic systems. The demonstration
is supported by numerous examples.
Key words: drift, mixed turbiditic-contouritic systems, seismic units, contourite facies

INTRODUCTION
Despite the increasingly interest for the contourite deposits
during last decades, these sediments still remain not very well
understood complex deposits and their characteristics are not
easily recognized and decoded in the deep-sea deposits. As
they are still surrounded by controversy, we focus this paper
on some questionable aspects in order to stimulate further
research.
CONTOURITES: FROM LARGE DRIFTS TO FACIES
MODEL
The overall drift morphology and deposit geometry is
controlled by several interrelated factors : -(1) the
bathymetric and morphological/tectonic background; -(2) the
current velocity and variability; -(3) the amount and type of
sediment available; -(4) the length of time over which the
bottom current processes have operated. According to these
factors a few major types of contourite drifts have been
defined (Mc Cave and Tucholke, 1985, Faugères et al., 1999).
Such an attempt to classify the contourite drift may have been
useful to understand the contourite deposits. However, drift
type classifications are never exclusive as in fact we observe
a large variability of the drift overall morphology and
geometry. Very often gradation and overlap between all types
are the norm as shown by many examples and in some way,
each new studied example escapes, at least partly, from the
rules established previously. Therefore we should refrain
from dealing with inflation in drift types as these make for
greater complexity in terminology and add little by way of
fundamentally different genetic systems.
The drift large variability may also result from the other
deep-sea processes of deposition that may participate in drift
construction and interact with the contour currents in the
sediment deposition giving birth to what has been called
«mixed drift» or «modified drift» (Stow et al., 2002). In this
case, it remains an up-to-date challenge to discriminate
contourite deposits from other deep-sea deposits, especially to
discriminate contourite systems vs turbidite systems as
morphological convergences may occur between both systems.
This challenge is still more difficult when dealing with «mixed
turbidite-contourite systems «(M.T.C.S.).
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M.T.C.S. that result from the interaction of contour
currents and turbidity currents are very common in the deepsea (Mulder et al., 2009). Their sediment patterns are
controlled by several factors: the relative energy of both
currents (the major factor), but also the bathymetry and
morphological location of the system, the amount and type of
the available sediment supply, the time-scale over which the
interacting processes have operated and the frequency of
current energy variations. According to these factors, the
process interaction and sedimentary record (deposit interfingering, geometry and facies) may largely vary and a large
variety of scenario can be observed.
In case of M.T.C.S. deposited by along slope Contour
Currents («C.C.») crossing down slope Turbidity Currents
(«T.C.»), various scenario of process interaction are observed
according to the current energy: from T.C. of very high energy
that masks totally the action of the C.C. to T.C. of moderate
energy and C.C. of moderate to high energy with the process
interaction recorded at the scale of the sediment body overall
morphology, seismic units and deposit facies.
The process interaction may be recorded at the scale of the
sediment body overall morphology in case of turbiditic
channel-levee or lobe system reworked by C.C. or when
overlapping-imbrication of contouritic and turbiditic
sedimentary bodies occurs, due to the evolution of the
sedimentary relief during the system deposition.
The record of process interaction at the scale of the seismic
units is more difficult to interpret. It may be illustrated by
sediment body built by alternating contouritic and turbiditic
deposits that are not easy to discriminate without drilling control. Such discrimination is still more difficult in the case of
mixed contouritic-turbiditic channel infill evolution.
In less frequent case of M.T.C.S. due to down-welling
bottom currents, as in the Gulf of Cadiz continental slope,
gravity processes are forced by contour current processes
(Habgood et al., 2003 and Hanquiez et al. 2009). In that case, a
down-slope contouritic channel-lobe system is built on the upper
continental slope that mimics a turbiditic channel-lobe system.
Down-slope, the lobe contouritic deposits are re-worked by
gravity processes and form a turbiditic channel-lobe system.
Deposit facies are very similar in both systems, however some
deposit features may allow to discriminate the deposit processes.
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Contourite facies may help to identify drift deposits.
However, besides some typical contourite facies and sequences
as described from the Gulf of Cadiz drifts, it is often not easy to
distinguish between these deposits and other deep-sea
sediments.

sediment particle scale (grain-size, nature, composition, geochemistry…).

It seems sometimes that deep-sea sediments from modern
oceans are called «contourites» only because the authors
know that contour currents are flowing across the studied
area, otherwise they could have been called turbidite,
pelagite, hemipelagite, red clay, manganiferous clay. In
addition, as for the deposit geometry, contourite recognition
is still more difficult when interacting processes control the
deposition as illustrated by what is called «contour current
reworked-turbidites» described in modern sediments as well
as in field rocks.
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However, in case of fossil sedimentary series, contourite
identification is the hardest, because field-based descriptions
of contourites and sediment drifts are scarce compared to the
modern ones and are not always reliable due to the diagenetic
processes that often mask the original diagnostic features.
Consequently, in the past, fossil fine-grained turbidites may
have been interpreted as contourite or reworked-turbidites
because they show wavy bedding or HCS-like structures.
Nowadays, reliable examples of fossil contourite could be
bioturbated fine-grained sandstones or clayey-silty laminated
rocks without any feature of turbidite sequence but
containing reworked micro-fauna that can only have been
transported by bottom currents as described from the
Paleogene Ultrahelvetic Prealps (Kindler et al., 1995).
FINAL CONSIDERATIONS
To conclude, drifts and contourites show a very large
variability compared to the other deep-sea deposits. Reliable
diagnostic paramaters are rare and may be used only in specific
context. Most of the time, their recognition needs to use a
multi-scale and multi-parameter approach, from the large scale
basin physiography, hydrology, and drift geometry to the
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Abstract: The restoration of the Atlantic/Mediterranean connection through the Gibraltar Strait took place at the
end of Messinian Salinity Crisis and produced a huge flooding in a very short period of time, known as the Zanclean
flooding. This catastrophic event produced significant erosion along the Alboran Basin that can be tracked eastward
from the Gibraltar Strait till the transition to the Algero-Balear Basin. The interaction of the Atlantic water masses
with the complex Messinian physiography sculpted an erosive corridor whose morphological characteristics vary
along its pathway. At present-day, this erosive corridor locally appears strongly deformed by Plio-Pleistocene tectonics
and mud diapirism.
Key words: Messinian Salinity Crisis, Alboran Sea, Zanclean flooding, Atlantic water masses.

INTRODUCTION
The Messinian Salinity Crisis (MSC), as the period of
Mediterranean Basin desiccation (5.96-5.33 my), is widely
documented all around that basin, mainly due to the striking
erosive surface (M Reflector) resulting from subaerial
erosion (Hsü et al., 1973; Clauzon, 1978; Maillard et al.,
2006; CIESM, 2008; Bache, 2009). The end of MSC
occurred in a short period of time (Krijgsman et al., 1999)
when the Mediterranean/Atlantic connection was
reestablished through the Gibraltar Strait by means of a
catastrophic event, the Zanclean flooding (Blanc, 2002;
Garcia-Castellanos et al., 2009). Several authors have
modelled mathematically this event (Blanc, 2002; GarciaCastellanos et al., 2009) but little it is known about how such
event affected to the Messinian floor especially in the
Alboran Sea that is the sector that received the most dramatic
impact of the new marine gateway (Campillo et al., 1992;
Estrada et al., 2009). The present work shows the
morphologic and sedimentary imprints left by the Atlantic
water mass stream, during the Zanclean flooding, based on
the seismic stratigraphic analysis of the Messinian top
deposits and morphologic analysis of the M reflector.
DATA BASE
The data set comprises a dense net of commercial seismic
profiles of public domain (IGME, Archivo técnico de hidrocarburos), and scientific seismic profiles recorded during
several cruises (GC-89-1, GC-90-1, GC-90-2, Sagas,
Marsibal, He-913, Conrad, Tyro...). The analogical records
were digitalized and transformed to Sgy format and all
profiles integrated in a Kingdom Suit project. The dense
network of profiles covers all over the Alboran Sea, except
some sectors of the Moroccan margin. The seismic profiles
have been correlated with several commercial (Andalucia G-
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1, Alboran A-1 and Andalucia A-1) and scientific (DSDP121, ODP-976-977-978-979) wells to establish a
chronostratigraphic framework.
RESULTS AND CONCLUSIONS
The Zanclian flooding originates two main erosive
features: 1) a pronounced corridor (hereafter named Zanclean
corridor) in the deep area of the basin; and 2) an irregular
surface with multiples terraces in the shallower basin
peripheries, mostly in the Spanish side. The Zanclean
corridor (1) with a total length of 375 km can be divided in
three main sectors (Fig. 1): from the Gibraltar Strait (GS) to
Western Alboran Basin (WAB), the Alboran Channel and the
Eastern Alboran Basin (EAB). In the GS-WAB sector, the
Zanclean corridor shows a complex configuration due to its
proximity to the Gibraltar Strait, the former physiography and
the Plio-Quaternary tectonics and mud diapirism activity.
That corridor (210 km long) runs WNW-ESE from the Gibraltar Strait. Along the first 80 km, the corridor is deeply
incised (572 ms in relief) into the Miocene deposits and
connects with the trough of the Gibraltar Strait showing its
main direction. These facts suggest a common erosive origin
for both features. The last 130 km, the corridor becomes
shallower (100 ms) eastward and its trend bends toward SE
till connects with the Alboran Channel. In this area the
corridor splits into two main branches due to the existence of
a morphological high. In the Alboran Channel sector, the
corridor, which is laterally confined by the Alboran Ridge
and several highs, narrows (5 km wide and 75 km long) and
locally its morphological expression is subdued by the PlioQuaternary compressive tectonics of this area. Finally, in the
EAB sector the Zanclean corridor (90 km) runs parallel to a
tectonic escarpment, displaying a well defined incision of
350 ms in relief. Secondary erosive pathways are identified
north of the main corridor due to structural barriers.
Geo-Temas, 11, 2010
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FIGURE 1. Map showing the erosive track left by the Zanclean Flooding at the end of the Messinian Salinity Crisis.

The erosive irregular surface (2) is mainly defined in the
peripheries of the Alboran Basin, specifically in the slope
physiographic domain. This surface is characterized by the
presence of wide upward low-concave terraces several
kilometres wide (2-6 km) that parallel the basin margin
configuring a stepped slope morphology. Both erosive
features, the Zanclaean corridor and the terraced irregular
surface, were formed by the eastward-flowing stream of
Atlantic water mass during the Zanclean flooding. Their
formation can be associated to variations in the current
intensity associated to mainly oceanographic changes and its
interplay with the basin physiography. During the initial
stage, the Zanclean corridor was carved by the strong impact
of the Atlantic stream on the Messinian floor. The zone of
great current intensity was localized in the deepest sector of
the Alboran Basin. This initial stage was followed by a less
energetic current that affected to a wider area on the
peripheric shallow basin. The terrace interpretation is not
straightforward, but we present two possible explanations: a)
the general margin physiography and local complex
Messinian floor probably induced local accelerations forming
erosive terraces mainly in the Spanish margin; and/or b)
terrace formation at different topographic levels are a reflect
of flooding pulses.
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Abstract: preliminary results from multicores recovered in the Minorca sediment drift, south of the Western
Mediterranean Deep Water formation area, reveal changes in deep-water circulation during the last 2500 yr.
Records of grain-size and SST-Mg/Ca-derived from G. bulloides show oscillations in deep-water current intensities
that could be related to cool periods on land, i.e. the Little Ice Age, but also denote some relationship with
changes in sea surface salinity likely associated with changes in continental humid conditions.
Key words: grain-size, sea surface temperatures, contouritic drift, deep-water circulation, Holocene

INTRODUCTION
Deep-water formation in the Western Mediterranean Basin
takes place during wintertime due to north-westerly winds
cooling of surface waters in the Gulf of Lion (GoL) leading to
offshore overturning (Millot, 1999) and/or Dense Shelf Water
Cascading (DSWC) (Canals et al., 2006), sinking and
spreading by the deep basin as Western Mediterranean Deep
Water (WMDW). Equilibrium-depth reached after sinking
should be related to the density acquired during the cooling
process which depends on the prevalent climate conditions.
Accordingly, WMDW flows southward carrying the climate
signal from the surface to the deep basin.
South of the area of deep-water formation, the Balearic
Promontory acts as a natural topographic barrier that shifts
WMDW direction eastward and likely accelerates it bordering
the Minorca base of slope leading to formation of a typical
peripheral depression and associated sediment drift (Velasco et
al., 1996) (Fig. 1). Deep-sea undulations observed in swathbathymetry and very high seismic reflection data acquired
during HERMESIONE cruise onboard the Bio Hesperides
during late 2009 demonstrates the importance of intense deepwater currents sweeping this area (Frigola et al., unpublished
data) (Fig. 1). Accordingly, the Minorca sediment drift is an
invaluable record of past deep-water currents in the Western
Mediterranean Basin. In addition, the very high sedimentation
rates observed at this site (Frigola et al., 2007) allow carrying
out very high resolution studies of past climate conditions.
On previous work Frigola et al. (2007) observed
millennial-to-centennial scale changes in the grain-size and
geochemical composition records of the sediment core MD992343 during the Holocene that suggested relative increases of
deep-water currents coincident with isotopic enrichments,
describing a total of nine ‘‘Minorca abrupt events’’. These
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FIGURE 1. Shaded relief image of the Minorca sediment drift
mainly from bathymetric multibeam data (EM120) at 50 m
grid-resolution. Note the undulations, lobes and channels created by deep-water currents sweeping the sea-floor. Location of
piston core MD99-2343 and multicores MIN-MC06-1 and 2 are
showed with a circle. In the upper map, the grey circle show the
area of deep-water formation in the GoL. Continuous and dashed black arrows denote surface and deep water circulation in
the Western Mediterranean Basin, respectively.

events occurred at a 1000 yr cyclicity and were tentatively
related to North Atlantic climate variability (Grootes and
Stuiver, 1997). In order to achieve a very high resolution study
of the last 3 millennias, multicores MIN-MC06-1 and MINGeo-Temas, 11, 2010
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MC06-2 of 31 cm and 32.5 cm, respectively, were recovered at
different coring stations located in the approximate position of
piston core MD99-2343 location (Fig. 1).

multicores due to deep-water circulation through the channels
shaping the Minorca sediment drift (Fig. 1). Finally, more
devoted investigation is still needed to better describe the
effects of WMDW on the deep basin.

RESULTS AND DISCUSSION
Grain-size analyses were performed on the total and the
de-carbonated fraction by using a Coulter LS 230 Laser
Particle Size Analyzer at 0.5 cm resolution. In addition, oxygen
isotopes and Sea Surface Temperature derived from Mg/Ca
analysis on Globigerina bulloides were also performed at 0.5
cm resolution. Multicores were dated by 14 C dates on
monospecific foraminiferal samples resulting in a mean
sedimentation rates of 12 and 20 cm kyr-1, respectively, which
are in the order of the 24 cm kyr-1 observed at the top of core
MD99-2343. Hence, MIN-MC06-1 covers the last 2500 yr
while MIN-MC06-2 covers the last 1600 yr, reaching a time
resolution of 40 and 20-40 yr, respectively.

CONCLUSIONS
Preliminary results from two multicores recovered in the
Minorca sediment drift reveal grain-size and SST-Mg/Caderived variability that can be related to recent climatic
periods. Coldest SST are related to the Little Ice Age. Changes
in humidity that increased surface salinity appear to be related
to stronger deep water currents particularly during the IRHP.
More detailed study is still needed but these results show the
high potential of this sediment environment as record of recent
past climate conditions.
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Abstract: The offshore Canterbury Basin exemplifies sequence development on a prograding passive margin
influenced by submarine currents. Middle Miocene to recent regional sequence-bounding unconformities probably
record global sea-level (eustatic) cycles, but sequence architecture is strongly influenced by local processes and
basin stratigraphy records the development of ocean circulation in the region. Along-strike currents created large,
elongate sediment drifts with adjacent (landward) moats. Drifts aggraded to upper slope depths, focusing deposition
on the slope and reducing the rate of basinward advance of the shelf edge, thereby reducing slope inclination.
Slope drifts were so pervasive in parts of the basin that progradation occurred by the accretion of successive drifts.
Coeval clinoform geometries along strike from active drifts suggest that currents might influence clinoform formation
even in locations lacking seismic evidence of mounded drifts. Elongate drift development terminated during the
mid-Pliocene, perhaps because increasing eustatic amplitudes and long-term eustatic fall enhanced downslope
sediment transport processes.
Key words: sediment drift, continental margin, sequence stratigraphy, seismic profiles, New Zealand.

INTRODUCTION
High rates of Neogene sediment supply to the offshore
Canterbury Basin, associated with uplift along the nearby Alpine
Fault plate boundary, have resulted in the preservation of an
unusually high-frequency (~0.1–0.5 m.y. periods), seismically
resolvable record of progradational sequences. These sequences
developed on a passive margin that was strongly influenced by
ocean currents that modified sequence architecture in parts of
the basin by building large sediment drifts (Fulthorpe and Carter,
1991; Lu et al., 2003; Lu and Fulthorpe, 2004).
RESULTS
At least eleven large, elongate drifts occur within the lower
Miocene to Recent section (Lu et al., 2003). The drifts were
initiated near the slope toe and aggraded to upper slope depths.
Drift deposits can be up to 1000 m thick and have mounded
morphologies with channel-like moats along their landward
flanks (Figure 1). Drift axes are oriented sub-parallel to the
margin. Internal geometries define two end members of
elongate drift: simple and complex. The earliest (middle
Miocene) simple drifts are small and concentrated in the
southern part of the survey area. Drift thickness and longevity
both increased as the shelf aggraded, increasing
accommodation space, while the locus of drift development
migrated northeastward through time. Late (late Miocene to
Recent) simple drifts are therefore larger and occur in the
northeastern part of the survey area. Late simple drifts are
subdivided into three parts (base, core, and crest) based on
seismic facies. These facies form in response to progressive
confinement of current flow within the moat. Complex drifts
may form as current pathways migrate in response to sea-level
change, modulated by paleoslope inclination, and as a result of
fluctuations in the rate of sediment supply.
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FIGURE 1. A. Uninterpreted, dip-direction seismic profile
EW00-01-12. B. Interpretation showing elongate sediment
drifts D10 and D11, the most recent and largest of the Canterbury Basin drifts. They illustrate how successive drifts became
accreted to the paleoslope. Seismic sequence boundaries are
also shown: each drift encompasses several cycles of relative
sea-level change.

Current erosion in drift moats forms diachrononous
unconformities, which cut across sequence boundaries. Several
sequence boundaries pass through some of the larger drifts,
indicating that they existed throughout several cycles of
relative sea-level change (Figure 1). In addition, currents focus
deposition on the slope, reducing the rate of basinward
movement of the shelf edge, but increasing that of the slope
toe. As a result, slope inclination is minimized. Conversely,
cessation of elongate drift development results in increased
rates of shelf-edge progradation and slope steepening as the
accommodation space over the expanded slope is filled.
Geo-Temas, 11, 2010
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DISCUSSION
The northeastward-flowing Southland Current, inboard of
the Southland Front, part of the Subtropical Front (STF),
influences the modern margin to a depth of ~400 m (Chiswell,
1996; Morris et al., 2001). It is bounded to the east, across the
Southland Front, by a clockwise gyre associated with the
Subantarctic Front (SAF), which circulates within the head of
the Bounty Trough, and extends to a depth of at least 900 m
(Morris et al., 2001). The presence of long-lived drifts beneath
the modern shelf confirms that similar currents swept the New
Zealand plateau as early as 15 Ma (Lu and Fulthorpe, 2004).
Indeed, initiation of strong ocean circulation is probably
marked by the Marshall Paraconformity (~30 Ma), a regional
surface of erosion and/or non-deposition whose influence extended to lower bathyal depths (Expedition 317 Scientists,
2010).
Site 1119 (ODP Leg 181) confirmed the drift origin of these
features, although it only penetrated the upper few meters of
one of the largest drifts. Recent glacial/interglacial alternations
at Site 1119 were caused by movement of the STF across the
site: the climatic record of Site 1119 correlates well with that
from the Vostok ice core as a proxy for Antarctic continental
air temperature (Carter et al., 2004a). Termination of large,
elongate drift development (~3.25 Ma at Site 1119; Carter et
al., 2004b) may have been caused by increasing amplitudes of
eustatic change and long-term sea-level fall during the late
Pliocene, which enhanced downslope processes. Drift D11 was
a particularly long-lived feature estimated to be of late
Miocene (~11 Ma) to Pliocene (~3.25 Ma) age (Figure 1; Lu
and Fulthorpe, 2004; Carter et al., 2004b).
IODP Expedition 317 drilled a transect of sites across the
shelf and slope southwest of the region of most recent drift
development in an area where mounded drift geometries are
largely absent. Drift geometries become gradually less
pronounced along strike from northeast to southwest: along
strike from some large, elongate drifts, coeval strata in the
Expedition 317 drilling area are clinoformal, in spite of the
demonstrable presence of a current. (Lu and Fulthorpe, 2004).
Therefore, elongate drift formation must be the result of
multiple controls, including current intensity, seafloor
morphology and sediment input; a slope contour current alone
is insufficient, as is also indicated by the fact that such drifts
are not being formed under the present current regime.
However, currents have reworked the sediments at Expedition
317 Sites U1351 and U1352 and may also have left a
paleoceanographic record of glacial/interglacial cycles, as at
Site 1119, without producing distinctive drift geometries
(Expedition 317 Scientists, 2010). For example, reworked
nannofossils occur in the Pliocene and Miocene sections at
Sites U1351 and U1352. In addition, sediment derived from
the Otago Schist to the south was identified at both sites,
indicating along-strike transport. Sites U1351 and U1352, in
combination with Site 1119, will allow evaluation of the
interplay of along-strike and downslope sediment transport and
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the controls on seismically resolvable elongate drift
deposition.
CONCLUSIONS
The large shelf-edge-parallel, elongate drifts of the
Canterbury Basin are unusual features in such an inboard continental margin setting. They were deposited adjacent to a
current flowing northeastward along the prograding continental slope, progradation in parts of the basin being by the
accretion of successive sediment drifts. Drift formation was the
result of a complex interplay of processes and coeval
development of clinoforms along strike from active drifts
suggests that currents might influence clinoform formation,
even in locations lacking seismic evidence of mounded drifts.
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Abstract: Recent Chinese research into internal-wave and internal-tide deposits is reviewed, with emphasis on
some typical sedimentary structures, and with particular attention to hydrodynamic conditions. Some items are
included: the sedimentary structures, the lithofacies types, the vertical sedimentary successions and the sedimentation
models.
Key words: internal-tide deposit, bidirectional cross bedding, sedimentary succession, sedimentation model.

INTRODUCTION
Since the first example of internal-tide deposits was
identified in the Ordovician of the central Appalachians, the
USA (Gao et al., 1991), some Chinese scholars have carried
out researches in this new field of internal-wave and
internal-tide deposits in stratigraphical record. Nearly
twenty years there are 10 cases were discovered and studied
(He et al., 2008; Li et al., 2010). The achievements
including: summarization of the deposition characteristics,
vertical sedimentary successions and sedimentation modal;
interpretation of internal wave origin of some deep-sea
large-scale sediment waves; the results of investigated
reservoir properties in theory are shown to be a new
potential field for petroleum exploration.
SEDIMENTARY STRUCTURES AND LITHOFACIES
TYPES
The typical sedimentary structures of internal-wave
and internal-tide deposits are the bidirectional crossbeddings and unidirectional-beddings with lamiae
opposite to the dip of submarine canyon or regional slope,
as well as some compound cross-beddings such as
rhythmic beddings and flaser, wavy and lenticular
beddings (Gao et al., 1998; He et al., 1999). Recently some
wave-generated structures including fascicular lens
superposed cross-laminations, wave-ripples, undulatory
laminations and cross-laminated lenses (Jin et al., 2002).
The sedimentary structures and lithofacies types of
internal-wave and internal-tide deposits reflect the
hydrodynamic conditions. Three typical sedimentary
structures are generated by the three flow types caused by
internal waves and internal tides, i.e., bidirectional crossbeddings generated by alternating bidirectional currents of
internal wave and internal tide origin; a$unidirectional
cross-beddings generated by unidirectional-dominated
currents formed by the superimposition of an internal tide
and a long period internal wave, and those with crosslaminations dipping up-channel (or slope) can be used as
the identification characteristic; undulatory laminations
and cross-laminated lenses related to deep-water
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oscillatory flow generated by internal waves and internal
tides with the interaction of submarine topography close
to wave base.
VERTICAL SEDIMENTARY SUCCESSIONS
The documented internal-wave and internal-tide deposits
have four basic types of sedimentary sequence: bidirectional
graded succession with bidirectional cross-lamination or
cross-bedding medium- to fine-grained sandstones (Fig.
1a,b); unidirectional graded succession with bidirectional
cross-lamination or cross-bedding medium- to fine-grained
sandstones (Fig. 1c,d); bidirectional graded couplet
succession consisting of couplets of fine-grained sandstone
and mudstone (Fig. 1e); Mudstone-oolitic limestonemudstone succession (Fig. 1f), in which, the oolitic limestone
is the products of re-transportation and re-deposition,
according to sand fractions as well as mud matrix rather than
sparry cementation.
SEDIMENTATION MODEL
Three sedimentation models for internal-wave and
internal-tide deposits were established: sedimentation model
for internal-wave and internal-tide deposits in submarine
channels; sedimentation model for internal- tide deposits in
unchannelized continental slope environment; sedimentation
model for internal-tide deposits in plateau.
During a low-stand of sea level in channelized continental slope environment, coarse grained gravity flow develop
and the energy of internal waves and internal tides is too
weak to rework the sand- and gravel-size terrigenous debris
introduced by gravity flows. So it is difficult to form the
recognizable internal-wave and internal-tide deposits. With
a rise in sea level, the provenance is gradually far away
deposition area, the import of coarse-grained clasts suffer
restraint, internal waves and internal tides can rework finegrained gravity- flow deposits. The deposits formed in this
environment are mainly bidirectional cross-laminated
sandstone facies and unidirectional cross-bedded and crosslaminated sandstone (siltstone) facies.
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FIGURE 1. Vertical successions of internal-tide and internal-wave deposits. a) bidirectional graded succession consisting of bidirectional cross-lamination, (b) bidirectional graded succession consisting of medium-scale cross-bedding and small-scale laminations, (c) unidirectional graded succession consisting of bidirectional cross-lamination, (d) unidirectional graded succession consisting of medium cross-beddings and bidirectional cross-laminations, (e) bidirectional graded couplet succession consisting of
couplet of sandstone and mudstone, (f) mudstone-oolitic limestone-mudstone succession.

In unchannelized continental slope environments,
internal tide currents have lower velocities than in
submarine channels. Under these conditions, the distinctive,
thin interbeds of sandstone (or grainstone) and mudstone
develop in response to alternating bed load and suspension
load deposition. Broad plateau at abyssal and bathyal depths
are also an advantageous location for the development of
internal-tide deposits. The topography of plateau is flat and
its resistance to flow is small. Thus, internal tidal currents
can maintain critical velocities over a long distance,
transport fine-grained sediment and form internal-tide
deposits.
CONCLUSION
The internal-wave and internal-tide deposition is a new
research field in the deep-water deposition, and the whole
research level is low although a series of achievements have
been documented in nearly twenty years since the first
discovery in stratigraphic record. But the starting point of
the new research field is also high due to the development
of science and technology. Thus, the important task in the
study of internal-wave and internal-tide deposits at present
perhaps are combined the characteristics of internal-wave
and internal-tide deposits to the theory of internal waves in
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the three research field of modern, ancient and flume
experiment.
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Abstract: The Mediterranean Outflow waters experience large changes as they exit the Gibraltar Straits. Complex
bathymetry steer and divide the outgoing flow, and accelerate it generating interfacial instabilities. On the other
hand, the outflow creates erosional and depositional environments and shape the underlying sea bottom. Here we
describe these interactions as observed on a 35 by 25 km region west of the Strait of Gibraltar during a 15-day
cruise on July 2009.
Key words: Straits of Gibraltar, topographic steering, Gulf of Cadiz, hydrography.

INTRODUCTION
The Straits of Gibraltar play an important role in the
context of the global thermohaline circulation: salty and dense
Mediterranean Water (MW) exits the straits and facilitates the
subduction and formation of deep Arctic Basin Waters which
constitute a major component of the North Atlantic Deep Water
and the global conveyor belt. In a more local context, the
Mediterranean Outflow (MW) plays a two-way interaction
with the Straits’ bathymetry, modifying and being modified by
the complex network of channels and basins in the Gulf of
Cádiz.
Here we describe the results of a fifteen-day long cruise
carried out during July 2009 on board the R/V García del Cid
over a 35 by 25 km region centered at (35.85ºN, 6.4ºW) (Fig.
1) in the frame of the project Memory of Climate - Meridional
Overturning Circulation (MOC2). The aim of the study is to
provide an account of the subinertial flow, its interaction with
the bathymetry and the possible consequences in the context of
the Gulf sedimentary and erosive processes.
DATA AND RESULTS

correlate with a rapid increase in bottom slope. Further
branching of the MO, probably due to the complex bathymetry,
ensues up to section 5 (Figure 2c; stations 22-27), where two
weak cores can be discerned.
Two moorings, provided with an array of temperature,
salinity and pressure sensors plus four current meters and three
Acoustic Doppler Profilers (ADCPs), were deployed at
(35.76ºN, 6.36ºW) and (35.78ºN, 6.31ºW) in order to obtain
time-series of temperature, salinity and currents. Unfortunately
due to malfunctions and the partial loss of one of the moorings,
only a limited amount of data was finally recovered (mooring
location is shown as two red dots in Fig. 1).
A shipborne RDI Ocean Surveyor 75 Khz ADCP recorded
current velocities during the whole cruise. Mooring and ADCP
records were processed using the T_Tide harmonic analysis
package in order to extract the mean flow and the tide
components.
After extracting the barotropic and baroclinic tidal signals,
the residual current distribution agrees roughly with the pattern
portrayed by the temperature and salinity fields (taking into
account the limitations of the methodology and their implicit

In order to obtain the general spatial distribution of the
temperature and salinity fields a XBT grid was initially carried
out west of the Strait of Gibraltar to define the main path of the
MO. Afterwards five principal transects (22 stations) were
done perpendicular to the MO path (Fig. 1). A more detailed
survey, including yo-yo CTD transects and two 24-hour vertical time series, focused on a square box roughly one third of
the length of the exterior domain located at (35.75ºN, 6.35ºW).
In total more than 400 CTD casts were performed.
Salinity sections show a MO initially leaning on the
northern side of the channel and then splitting into at least three
well-defined branches. Between sections 2 (Fig. 2a; stations 610) and 3 (Fig. 2b; stations 11-15) two of the three nuclei
disappear and only the deepest one remains, much debilitated
and now associated to the southern side of the channel. Both a
strong decrease in salinity and the shape of T-S diagrams imply
strong mixing processes between these two sections, which

49

FIGURE 1. Bathymetry, CTD stations and mooring locations.
Auxiliary CTD casts and yo-yos not shown for clarity.
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FIGURE 2. Salinity sections normal to the MW outflow. North is towards the right; abscissas axis shows distance across the Gulf .
(2a) Section 2, stations 6-10; (2b) Section 3, stations 11-15; (2c) Section 5, stations 22-27.

assumptions). Current velocity is approximately eastward and
homogeneous for the 200-300 m surface layer, which roughly
corresponds to the North Atlantic Central Water (NACW)
layer, and reverses direction and increases in intensity below
this interface, reaching celerities in excess of 1.5 m/s
associated to the MO.
DISCUSSION
Water-mass dynamics, as reflected by T-S diagrams and
property spatial distributions, conforms to the general picture
of a topographically-steered MW layer which progressively
mixes with the overlaying NACW with some caveats.
Complex bathymetry is the probable cause of the MW tongue
branching as observed in the T-S and velocity plots. Stations
7 to 9 show an increase in the mixing processes between the
Atlantic and Mediterranean waters, either as a result of the
generation of internal waves in a small sill west of the
aforementioned stations or due to instabilities generated by
the increasing bottom slope. The thickness of the MW layer
shows a bathymetrically-correlated maximum indicative a
stagnant water reservoir and sediment deposition zone. The
thickness of the NACW layer increases monotonically
westwards.
Coriolis and centrifugal force are principal elements in
the MWO dynamics. The Coriolis force (CoF) acts towards
the right of the flow direction and, hence causes the MO to
hug the northern channel slope. The centrifugal force (CeF)
is controlled by the curvature of the channel, acting radially
outwards. For a typical v = 1 m s-1 outflow velocity and a
reference channel curvature R = 20 km, CoF = 2Ùsinè = 8.6 ×
10-5 m s-2 and CeF = v2 R-1 = 5 × 10-5 m s-2, so the former will
dominate everywhere. However, if the current speeds up to
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say 2 m s -1 , associated to tidal maximum or a sudden
downslope acceleration, both forces become equal in
magnitude and have to be taken into account in the
description of the flow.
Topographic steering is undoubtedly the main actor
controlling the path of the flow, but Coriolis and centrifugal
forces determine the details of the trajectory. The dynamics
hence deeply interacts with the sedimentary and erosive
processes. Bathymetry drops and the presence of
topographically isolated basins paint a picture of highly
localized regions of strong current shear and erosion potential
(where contourites could easily develop) versus adjacent,
quieter, depositional environments.
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Abstract: Source rocks are typically interpreted as being the products of deposition in anoxic / dysoxic, low energy
basins, where rates of organic-carbon production were relatively high. The controls on organic-carbon preservation
and lithofacies variability are investigated in ancient, organic-rich mud-dominated strata (Lower-Jurassic, Whitby
Mudstone Formation, UK). Using a combination of field, optical, electron-optical, and geochemical methods,
three lithofacies types were recognized to contain > 2% organic carbon: (a) Thin-bedded, partially-bioturbated
silt-bearing, clay-rich mudstones; (b) Thin-bedded clay-rich mudstones; and (c) Thin-bedded and pelleted, clay-,
calcareous nannoplankton-, organic carbon-bearing mudstones. The presence of micro-textures including normallygraded beds, micro-scours, ripples, «wave-enhanced sediment gravity flows of fluid mud» in these lithofacies
suggests that sediment was commonly delivered to sites of deposition by advective, sediment transport mechanisms
and that deposition was not always a continuous-rain out of a low-energy water column. Where suspension
settling was the dominant mode, it is likely that organic-matter was delivered as organo-minerallic aggregates
rapidly to the sea floor. Here enhanced organic carbon preservation was likely due to enhanced primary production,
coupled to episodic delivery to the sea floor and rapid burial. The implications of these data are profound for
existing source rock paradigms that assume predominantly low energy depositional conditions.
Key words: micro-scours, ripples, anoxic, wave-enhanced.

INTRODUCTION AND AIMS
Oil source rocks contain sufficient organic carbon (total
organic carbon (TOC) > 2.0%) to generate economic quantities
of oil and gas during thermal maturation. Understanding the
fundamental processes that underpin the initial production of
organic carbon, and its subsequent alteration prior to burial is
very important in the judgements made to assess both
exploration risks and potential hydrocarbons available for
entrapment (e.g. Katz, 2005).
Over the last few decades, geologists have argued that
many inter-related factors influence the distribution of
petroleum source rocks. These include a) enhanced
organic carbon production, b) exclusion of benthos from
the bottom waters by the existence of bottom water anoxia
/ dysoxia and c) optimised sediment accumulation rates.
Implicit in most of these studies, is the assumption that the
fine-grained sediments was delivered to the site of
deposition as a continuous rain from buoyant blooms via
suspension settling (Caswell et al., 2009). Novel
techniques combined with geochemical analyses, however,
have given us with textural data that provides new insights
into the processes responsible for fine-grained sediment
production, dispersal, and accumulation in source rock
basins. In the light of these comments the main aims of
this study are to investigate the microfabrics present in a
mudstone succession (Fig. 1) that contains intervals of
both average and elevated organic carbon to identify and
compare the mechanisms responsible for sediment
dispersal, delivery and subsequent reworking and then
discuss some of the implications of these observations in
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FIGURE 1. Satellite image showing the study area in the Cleveland Basin, North Yorkshire Coast, England.

terms of our understanding of the controls on organiccarbon preservation in these settings.
RESULTS
Three pertinent mudstone lithofacies types were
recognized in the studied succession on the basis of
their grain size and textural attributes. These include:
(a) Thin-bedded, partially bioturbated silt-bearing,
clay-rich mudstones. This lithofacies is a subordinate
component of the Grey Shale Member of the Whitby
Mudstone Formation. (b) Thin bedded clay-rich
mudstones. This lithofacies was mostly encountered in
the Grey Shale Member of the Whitby Formation. And
( c ) T h i n b e d d e d a n d p e l l e t e d , c l a y, c a l c a r e o u s
nannoplankton, organic carbon-bearing mudstones. This
Geo-Temas, 11, 2010
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lithofacies is the main component of the Jet Rock
Member.
DISCUSSION
The slightly coarser-grained texture, associated with
erosion surfaces, diverse reworked fragmentary shell debris,
and bioturbation are very common in the silt-bearing, clay-rich
mudstone and clay-rich mudstone units (Fig. 2A). The
presence of these microtextures indicate that they were
deposited in a relatively shallower-marine, higher-energy,
well-oxygenated environment close to the storm wave base. In
contrast, the finer grain size material and the presence of large
amount of sediments that have organic origin as being either
composed of organic carbon or derived from nannoplankton
and coccoliths organisms are very common in the Jet Rock facies (Fig. 2B, C). These textures associated with the presence
of organo-minerallic aggregates being derived from faecal
pellets that are enclosed by clay minerals and organic matter
(OM) and delivered to the sea floor rapidly (Ghadeer and
Macquaker, in review) suggest that this lithofacies was
deposited in a relatively low-energy environment, with their
constituents being deposited predominantly from suspension
settling out of buoyant blooms.
Most of the mudstone samples in this succession are
organised into thin (<10 mm) beds that have erosional bases
and are either normally graded, partly homogenised, or
completely homogenised. In these settings, storm induced
combined flows are considered as being the most likely
processes that controlled the production of these fabrics.
Triplet motif fabrics are very common in the succession (Fig.
2A). These structures indicate that sediment was being
advectively transported and that sediment dispersal was not
simply driven by suspension settling from buoyant plumes, but
also being dispersed by combined advective flows (Ghadeer
and Macquaker, in review).
The relatively small quantities of OM content in the siltbearing, clay-rich mudstone and clay-rich mudstone units’
likely results from the organic matter degradation during early
diagenesis (sulphate reduction), and more significantly from
the organic matter dilution (clastic dilution during storm
events). The high quantities of OM content in the clay-,
calcareous nannoplankton-, organic carbon-bearing mudstone
units may results from increasing primary productivity of OM
in the water column (phytoplankton bloom). The presence of
organo-minerallic aggregates in these settings caused the
organic matter to be delivered to the sediment water interface
rapidly giving it less chance to be degraded by benthos at the
oxic/dysoxic bottom waters.
The presence in many of these beds of marine snow fabrics
directly overlying the thin silt lags (Fig. 2B) suggests that a
genetic link may exist between the development of marine
snow in the water column, storm derived inputs to the basin
and reworking of the sediment. In this context it therefore
seems likely that much of the primary production contributing
these components was being fueled by nutrients derived either
from storm driven mixing of the water column or from flood
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FIGURE 2. (A) optical micrograph showing triplet motif fabrics (arrows) in the thin-bedded clay-rich mudstone facies. (B)
optical micrograph showing silt lags (SL) overlaid by pelleted
laminae in the Jet Rock facies (arrows). (C) high resolution
SEM micrograph showing pelleted lamina (arrow). (D) high resolution SEM micrograph showing organic matter rich in the
clay-rich mudstone lithofacies.

events in rivers that coincided with the occurrence of storms
on the shelf.
CONCLUSIONS
These observations indicate that the existing models used
to explain organic matter production and preservation in
mudstone-dominated successions are incorrect. Instead, these
data suggest that the mechanisms that control organic matter
preservation in more distal, basinal environments are more
complicated than most geologists have assumed. Therefore, a
combination of abundant nutrients being delivered to the site
of deposition by advective processes leading to high primary
organic productivity, episodic but rapid sedimentation rates,
and rapid burial were the main factors that underpinning the
well preservation of organic matter under the oxic / dysoxic
conditions of this depositional settings.
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Abstract: We study a set of sediment cores with a detail chronostratigraphic framework to precise evolution of
sedimentary processes during the recent Quaternary. We found during LGM sedimentation rates higher than
during the Marine Isotope Stage (MIS)1 and hiatuses during MIS 1. A major hiatus occur near the beginning of
Holocene in the distal part of Portimao Bank.
Key words: bottom currents, MOW, climate, sea-level, contouritic sequence, recent Quaternary.

INTRODUCTION
We present a set of data on the Cadiz contourite
depositional system (CDS). The present-day circulation
pattern is characterized by the exchange of water masses
through Gibraltar strait (Mulder et al., 2002; HernándezMolina et al., 2006). The Mediterranean Undercurrent or
MOW acts near the sea-floor and the water mass of Atlantic
Inflow (AI) water acts at the surface. Pattern of deposition
and erosion is interpreted as reflecting changes in the
strength of the MOW through time in relation to sea-level
and climatic changes (Faugères et al., 1986; Llave et al.
2006).
In this study we precise from sedimentation rates impact
these factors on modification of the circulation pattern of the
MOW. The sedimentary processes, accumulation rate and
contouritic sequences (Gonthier et al., 1984; Stow et al., 1986)
are investigated in the light of short time scale climate
variability of thousand years, more particularly during
Heinrich event (H2), H1, Younger Dryas (Y0), Bölling-Alleröd
(BA) to Holocene period (H).
DATA AND RESULTS
This study is based on classical sedimentological
analyses, a high resolution stratigraphic framework based on
biostratigraphic analyses and radiocarbon AMS 14C dates,
Artemis French Project (Fig. 1 and 2). Cores were obtained
during IMAGES V-GINNA (1999), Cadisar 1 (2001), Cadisar
2 (2004), Spanish and English cruises.
In the cores analyzed, the H2 and the LGM sedimentation
rates are higher in the eastern part (20 to > 65 cm /10 3 yrs)
than in the western part (3 to 25 cm /103 yrs). Below the
influence of the Mediterranean upper Water, (MU) on the
Faro drift, and under the Southern branch of the Lower
Mediterranean Water, (SB) on the Guadalquivir drift, the
sedimentation rate are variable (Fig. 2a). On the Albufeira
drift, in the progradation area, we have no cores data but, the
south flank of the drift is eroded (hiatuses). In the southeastern part of the Gulf the sedimentation rates increased
from the outer terrace (20 to /103 yrs) to the distal part west of
Gil Eanes channel and increase in the distal part of the Cádiz
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FIGURE 1. Interaction between gravity processes and contouritic sedimentation. (See
location on Fig. 2).

channel. Muddy contouritic sequences may be dominant in
the LGM.
During (H1), (BA), and (Y0), the sedimentation rates
decrease highly but globally present the same pattern. Major
variation is coarser contouritic sequences highly bioturbated
during (H1), and (YO). During (BA) muddy contouritic
sequences are frequent on the pathways of the MOW
circulation (Fig. 1). In detail, this summary not appears to be
so simple, particularly in the environment where we observed
furrows, marginal valleys, and channels.
During the Holocene, the maximum sedimentation rates are
observed in the upper terraces of the Portimao canyon, where
the MOW is capturated (35 to >200 cm/103 yrs), then, they
decrease under the pathway of the southern branch of the
Lower Mediterranean Water, 30 to cm/103 yrs, and in the marginal valleys (26 to cm/103 yrs). Medium sedimentation rate
are present on the Faro-Albufeira drift, Guadalquivir drift, and
Alfufeira high. On the Albufeira drift sedimentation contouritic
interacts with turbiditic processes (Fig. 1). In the distal part of
Geo-Temas, 11, 2010
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Gil Eanes channel medium sedimentation rate (28 to 10 cm/103
yrs) and C14 calibration show recent activity. On the
contouritic terrace (near secondary channels) we observe
hiatus in the upper Holocene and below coarser contouritic
sequences. A major hiatus at the beginning of Holocene, near
10 kyr Cal B.P. is noted in distal part of the Portimao Bank
where slump deposits have been cored.
DISCUSSION
It appears that during the Last Glacial Maximum, the sealevel is low and the sedimentation rate higher than in all the
others studied periods of time. We also observed these values
at the top of a mud diapir, in the distal part west of the Cadiz
channel and in the distal part of Gil Eanes channel. There the
sedimentation rates and sea-level drop act in the same way.
This fact may be explained by the low sea level at LGM which
favorized larger transport of particles into the Gulf of Cadiz by
the Gil Eanes and the Cadiz channel. More than, probably the
pathway of the MOW was positioned lower on the slope than
today (Rogerson et al., 2005).
During the Heinrich event (H1) the sedimentation rates
decrease from an important proportion (report from 1.4 to 1.7),
and circulation of MOW was active over a considerably large
surface (in Rogerson et al., 2005). During the Bölling-Alleröd
the finest grain-size are observed. This suggests that a low
activity of the MOW favorized the deposit of important
quantity of particles. In Holocene contouritic sedimentation,
hiatuses, turbiditic sequences are present. And, more

FIGURE 2. Sedimentation rates during LGM (Fig 2a) and Holocene (Fig 2b).
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particularly in the distal part of Portimao Bank, the lack of the
beginning of Holocene show also that the gravity processes
activity are a major part of the sedimentation (natural
instability or tectonic impact like earthquakes).
In the eastern channel there is essentially coarser
bioclastic sand and coarser sand (Hanquiez, 2002; Habgood,
et al., 2003). Probably they are lag deposits may be linked
to the erosion or filling of the paleochannel present in the
straits of Gibraltar.
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Abstract: Ferromanganese nodules fields were recently discovered associated to the Cadiz Contourite Channel
within the Gulf of Cadiz. Based on submarine photographic tracks, geophysical, mineralogical and geochemical
evidences we propose a model for the genesis and evolution of aforementioned nodules. The interaction of the
Mediterranean Outflow Water with the continental margin has determined the Late Pleistocene-Holocene
ferromanganese mineral deposits formation, in parallel to the evolution of the contourite depositional system
triggered by climatic events.
Key words: ferromanganese nodules, Cadiz Contourite Channel, Mediterranean Outflow Water, hydrocarbons,
Gulf of Cadiz

INTRODUCTION
Ferromanganese deposits frequently appear associated to
contourite depositional systems with high potential for
hydrocarbons generation and reservoirs (Rebesco and
Camerlenghi, 2008).

derived authigenic carbonates covered by Fe-Mn oxides) were
collected in the area. The ferromanganese nodules recovered
were later analyzed by different laboratory methods such as
microscopy, spectrometry and chromatography.

The Gulf of Cadiz (Fig. 1) is situated in the Eastern Atlantic
at the Gibraltar Arc, the western-most part of the AlpineMediterranean orogenic belt. The origin of hydrocarbonrelated fluid-venting structures in the Gulf of Cadiz is
associated with compressional and salt tectonics, that affect the
so-called Olistostrome Mass in response to the Africa-Eurasia
plate convergence (Medialdea et al., 2009). In this context,
numerous mud volcanoes, mounds and hydrocarbon-related
authigenic mineralizations have been discovered (e.g.: Somoza
et al., 2003; González et al., 2009 among others).
More recently, since the Lower Pliocene a huge Contourite
Depositional System (CDS) was developed in the Gulf of
Cadiz (Hernández-Molina et al., 2006) by the direct influence
of the Mediterranean Outflow Water (MOW), which generated
large depositional and erosive features, as the Cadiz Contourite
Channel (CCC) (further details in García et al., 2009). Present
work describes the ferromanganese deposits founded within
the CCC. A suite of photographic, geophysical, mineralogical
and geochemical evidences is presented in order to propose a
genetic model for them, closely linked to the MOW evolution
in the area.
MATERIALS AND METHODS
The CCC was extensively surveyed during Anastasya2000/2001 and Tasyo-2000 cruises. Underwater photographic
tracks and benthic dredges were taken in the Cadiz Channel
and the base and flanks of the carbonate-mud mounds of the
Guadalquivir Diapiric Ridge (GDR) following a detailed
Simrad EM12S-120 swath bathymetry survey and backscatter
mosaics. In addition medium to very high resolution sub-sea
bottom profiles were obtained by Sparker and TOPAS
(Topographic Parametric Sounder) seismic methods. A large
suite of samples (ferromanganese nodules and hydrocarbon-
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FIGURE 1. A) Bathymetric and oceanographic setting of the
Gulf of Cadiz, with the location of the study area. (Modified
from Hernández-Molina et al., 2006). Below, B) section of FeMn nodule and C) underwater image showing nodules and
echinoid.

RESULTS AND DISCUSSION
Ferromanganese nodules fields are situated, in a patchy
distribution, on the southeast side base and flanks of the GDR,
characterized by the high backscatter. This sector is occupying
the lateral margin of the CCC, dominated by the erosive
influence of the lower core of the MOW. The submarine
Geo-Temas, 11, 2010
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photographs show the seafloor surface covered by centimetric
Fe-Mn nodules (Figs. 1B and 1C) that frequently are
accompanied by current ripples and sandy-gravel deposits. In
addition, several hydrocarbon-derived carbonate deposits
(chimneys and crusts) are observed. All these authigenic
precipitates, formed below the sediment-water interface, have
been exhumed by the erosive action of the bottom currents.
The seismic profiles show the contourite deposits
frequently deformed by buried of diapiric bodies and pierced
by mud volcanoes giving rise to a deformed sheeted drift in
this area (Somoza et al., 2003). In addition, transparent and
reflective seismic facies and seismic chimneys and faults are
observed. All these features could be related to the presence of
hydrocarbons (gas/gas hydrates) conduits for fluid migration
and authigenic precipitates. In this sense, the succession of
episodes of weak flows and high velocity flows for the MOW
may allow the accumulation of contourite deposits interbedded
with mud-breccia flows and hemipelagic sediments, providing
muddy sediments as source for hydrocarbons generation and
sand accumulations generating good reservoir rocks. These
processes could have contributed to the creation: of good traps
for hydrocarbons, and the Fe-Mn nodules.
The metallogenetic study has revealed a combined
diagenetic and hydrogenetic origin for ferromanganese
nodules from this area. The diagenetic model is related to
biomineralization processes via hydrocarbons and organic
matter oxidation; and the hydrogenetic growth is associated to
the precipitation from the sea bottom waters (González et al.,
2009). Th/U ages obtained are around 70 Ka, which indicate
very fast growth rates. The mineralogical and geochemical
internal structure in the nodules is characterized by the
succession of Fe and Mn rich layers, but thin Ca rich layers are
also interbedded with certain cyclicity (Fig. 1B). These
patterns can be related to the MOW and the North Atlantic
Deep Water (NADW) water masses interaction during the
nodular diagenetic growth process giving rise to sideriterhodocrosite and calcite layers during the glacial and
interglacial periods, depend on the oxygen richness of the
water masses present in the area.
The nodules present in their external parts mineralogical
and geochemical characteristics that we have interpreted as
imprints of the MOW by hydrogenesis after the exhumation.
They show an alteration front affecting the most external layers
where the nodules are enriched in Fe (up to 50%) versus Mn
(1%) in respect to the bulk sample. It can be related to the
mobilization of Mn from these layers by the MOW interaction,
relatively poor in oxygen. Moreover, this oxide layers present
low values for the 87Sr/86Sr isotopes (as low as 0.70612) which
are coherent with the isotopic signature of the MOW. In
addition, Fe-oxides thin layers are also present covering
carbonate crusts and chimneys and sand-gravel particles in the
area. They are characterized by similar MOW imprints like the
edge of the Fe-Mn nodules, and interpreted as a microhardground formed during an hiatus in the sedimentation.
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CONCLUSIONS
The MOW plays an important role in the ferromanganese
nodules formation within the CCC. MOW supplies of Fe2+ to
precipitate Fe-oxides during the exhumation periods linked to
high velocity flows. It imprints its geochemical signature to
the external part of the nodules. Episodes of weak flows may
allow the accumulation of muddy sediments, providing the
organic matter preservation and hydrocarbon generation, and
the reduction of Fe-(Mn) oxides to form siderite-rhodochrosite
nodules.
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Abstract: The present contribution reports several examples of abrupt climate changes recorded in open marine
sites in which comprehensive examination of the proxies available for surface (e.g. SST, δ18O and δ13C in planktonic
foraminifera) and bottom (e.g. n-hexacosan-1-ol index, δ18O and δ13C in benthic foraminifera) seawaters show that
these rapid transitions involved processes occurring both at upper and deep ocean levels. Thus, in the Shackleton
site (Iberian Margin) a close correspondence between abrupt SST changes and deep water currents is observed.
Accordingly, in both the glacial and interglacial periods each abrupt cooling is paralleled by a strong current
increase involving a deep water change from predominance of North Atlantic Deep Water to Antarctic Bottom
Water. Similarly, in the Alboran Sea, during marine isotope stage 3, each rapid SST drop occurred in parallel to an
improvement in deep water ventilation that reflected enhanced formation of Western Mediterranean Deep Water.
Combined examination of these proxies shows that the oceans were not only passive recorders of abrupt climate
changes but active agents involving strong reorganizations of the marine and ocean water masses and circulation

INTRODUCTION
Abrupt climate changes are those occurring at intervals
shorter than the orbital cycles—typically, periods of 1,000 to
5,000 years. At sea, these changes are usually identified
through proxies of sea surface temperature (SST) or δ18O in
planktonic foraminifera. In continents they are identified from
the isotope composition of ice, pollen records or δ18O of
speleotherms. These markers may record intensities that can
be less than, equal to or more than those of the changes
between glacial and interglacial eras. The abrupt changes were
highly frequent in the last glacial period, which occurred
between the past 20,000 to 70,000 years (Cacho et al., 1999).
In interglacials they were less frequent but those which did
occur were more intense than those of the glacial age, with
changes of up to 10 ºC in sea water temperature in intervals of
1,000 years (Martrat et al., 2004). The abrupt transitions of the
interglacial era comprised intervals of 1,000 to 2,000 years.
Another important aspect of these periods is their frequency.
Recent high resolution studies of the past 420,000 years (Martrat
et al., 2004; 2007) have revealed that they increased in the recent
past for glacial as well as interglacial periods. For all of these
cycles, more abrupt transitions are observed in the glacial periods
than in the interglacial periods (Martrat et al., 2004; 2007).
The higher abundance of abrupt changes in glacial periods
has led to assume that they coincided with interruptions in the
thermohaline circulation—namely, alterations in the meridional overturning circulation (MOC) and in the formation of
North Atlantic Deep Water (NADW). In fact, it has been
proposed that among the changes which occurred in the last
glacial period, those of least intensity and duration
(Dansgaard-Oeschger episodes) corresponded to decreases in
the rate of deep ocean water formation and to lower latitude
Gulf Stream displacements, whereas those of the greatest
intensity and duration (Heinrich episodes) corresponded to full
interruptions of the thermohaline circulation (Ganopolski and
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Rahmstorf, 2001). Furthermore, Studies performed in the
Portuguese Margin (Shackleton site, 37°30’-37º60’N, 10°010º30’W) show that these interruptions in the formation of
NADW also occurred during the abrupt changes of the
interglacial periods (Martrat et al., 2007).
RESULTS AND DISCUSSION
The use of a new proxi, the n-hexacosan-1-ol index,
defined as the relative proportion of n-hexacosan-1-ol (C26OH)
to the sum of C26OH plus n-nonacosane (C29) provides further
insight into the role of deep water conditions during these
abrupt transitions. This index reflects oxygenation associated
to the formation rate of deep water masses, since both C26OH
and C29 have the same origin (i.e. vascular terrestrial plants)
but differed in resistance to degradation by oxygenation of the
deep sea floor. High and low percentages of the C26OH ratio
[i.e. C26OH/(C26OH+C29)] correspond respectively to low and
high deep-ocean ventilation.
The study of this index in the Shackleton site shows a close
correspondence between abrupt sea surface climate changes,
such as SST, and deep water conditions. Thus, both in the glacial and interglacial periods each abrupt cooling is paralleled
by a strong improvement in deep water oxygenation related
with an increase of near bottom flow increases (Figure 1).
However, examination of the benthic δ13C record shows that
each abrupt cooling at the surface matches a deep water change
from predominance of NADW to Antarctic Bottom Waters
(AABW). The common trend in changes of SST, C26OH ratio
and benthic δ13C constitutes a recurring pattern of changes in
surface and deep waters measured in the same cores. The
observed time sequences of events are therefore independent
of the absolute age model of choice.
This close correspondence between surface and deep sea
processes is also observed in other settings sensible to
Geo-Temas, 11, 2010
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changes in bottom conditions such as the
We s t e r n M e d i t e r r a n e a n D e e p Wa t e r
(WMDW). As shown in Figure 2, the nhexacosan-ol index follows the abrupt SST
transitions of the SST during the last
20,000-50,000 ka, indicating stronger nearbottom currents during the intense abrupt
coolings. As previously stated (Cacho et
al., 2000) this drops in the n-hexacosan-1ol index likely reflect increases in the
formation of WMDW during cooling
episodes.

FIGURE 1. The Iberian margin paleoarchive over the first interglacial-to-glacial cycle and the Holocene. A) Changes in Sea Surface Temperature (SST); B)
n-hexacosan-1-ol index (three-point running average) B’) Benthic δ 13C (three
point running average) indicating influence of NADW (~ 1‰) and AABW (less
than 0.5‰; C) Percent of heptatriatetraenone (C37:4) to total alkenones indicating arrival of arctic surface water at core location.

FIGURE 2. MD95-2043 age profiles of δ13C Cibicidoides spp, δ13C Cibicidoides
spp n-hexacosanol index and % benthic foraminifera.
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In any case, the examples shown in this
paper highlight the good correspondence
between surface and deep water processes
during these transitions and evidence that
full understanding of the processes of
abrupt climate change requires
investigation of the processes related with
bottom currents. This new n-hexacosan-1ol proxi is a good paleoceanographic
estimator of ocean bottom chemical
conditions and, at specific sites, is related
to deep water flows.
REFERENCES
Cacho I., Grimalt J.O., Pelejero C., Canals
M., Sierro F.J., Flores J.A. and Shackleton, N. (1999). Paleoceanography 14,
698-705.
Cacho I., Grimalt J.O., Sierro F.J., N. Shackleton N. and Canals M. (2000) Earth
Planet. Sci. Lett. 183, 417-429.
Ganopolski A. and Rahmstorf S. (2001)
Nature 409, 153-158.
Martrat B., Grimalt J.O., Lopez-Martinez
C., Cacho I., Sierro F.J., Flores J.A.,
Zahn R., Canals M., Curtis J.H. and Hodell D.A. (2004). Science 306, 17621765
Martrat B., Grimalt J.O., Shackleton N.J.,
de Abreu L., Hutterli M.A. and Stocker
T.F. (2007). Science 317, 502-507.

58

Seismic images of contourites forming continental slope
terraces at the Argentine Margin: implications for past
changes in thermohaline circulation
Jens Gruetzner1, Gabriele Uenzelmann-Neben1 and Dieter Franke2
1
2

Alfred-Wegener-Institut für Polar- und Meeresforschung, D-27568 Bremerhaven, Germany. jens.gruetzner@awi.de;
gabriele.uenzelmann-neben@awi.de
Bundesanstalt für Geowissenschaften und Rohstoffe, Hannover, Germany. dieter.franke@bgr.de

Abstract: An extensive (> 11000 km) set of high quality seismic reflection profiles from the Argentine continental
margin shows a significant contourite system formed by the interaction of northward flowing Antarctic water
masses and southward flowing North Atlantic Deep Water (NADW). Here, we focus on a set of ~50 km wide
terraces on the lower slope separated by contouritic channels. An initial age frame was developed by mapping
regional reflectors and seismic units known from previous studies. The sedimentary layer between regional reflectors
AR 4 and AR 5 spanning roughly the time interval from the Eocene/Oligocene boundary to the early middle
Miocene thickens towards the East forming a giant buried drift and also towards the West building plastered drifts
below the Piedra Buena Terrace. In contrast to this the sediments of late Miocene to recent age are very thin or
completely eroded over the Piedra Buena terrace but form drifts at the Valentin Feilberg terrace that can be
divided into subunits whose reflections show good lateral continuity. With an age of ~15 Ma for reflector AR5 the
average sedimentation rate since the middle Miocene is estimated to be > 10 cm/ka.
Key words: Seismic stratigraphy, contourite drift, Argentine Basin, thermohaline circulation.

INTRODUCTION
The thermohaline circulation in the Argentine Basin today is
characterized by the interaction of northward flowing Antarctic
water masses (Antarctic Intermediate Water, AAIW;
Circumpolar Deep Water, CDW; Antarctic Bottom Water,
AABW) and southward flowing North Atlantic Deep Water
(NADW). The transfer of heat and energy via both AABW and
NADW constitutes an important component in maintaining the
global conveyor belt. We aim at a better understanding of both
paths and intensity of this current system in the past by
investigating an extensive (> 11000 km) set of high quality
seismic reflection profiles from the Argentine continental margin
(Fig. 1). The profiles show a significant contourite system
containing both erosive and depositional features (HernandezMolina et al., 2009). Giant buried drifts that grew from the
Eocene-Oligocene boundary until the middle Miocene
(Hernandez-Molina et al., 2009) provide first evidence for a
major palaeoceanographic change at the middle to the very late
Miocene. Here we focus on post Miocene contourites that bury
the giant drifts and cover the «Valentin Feilberg» terrace.
RESULTS AND DISCUSSION
Overall the location of erosive and depositional features
indicates that along-slope (contour current) transport
dominates over down-slope (turbiditic) processes at the
southern Argentine margin south of 45º S. Further to the North
downslope transport was more extensive as indicated by the
presence of submarine canyons crossing the slope down to a
depth of ~3500 m.
To establish a regional seismostratigraphic framework a
correlation of seismic units and discontinuities with previous
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FIGURE 1. Bathymetric map of the Argentine Basin (Smith and
Sandwell, 1997). The different seismic datasets are shown as
yellow (SO-85), black (BGR87), blue (BGR98), red (BGR04)
lines. The black arrows show the path of AABW (Reid, 1996)
and the grey arrows the path of NADW (Arhan et al., 2002).

investigations of Hinz et al. (1999), Franke et al. (2007) and
Hernandez-Molina et al. (2009) was essential. Hinz et al.
(1999) identified a series of reflectors (AR1 to AR5)
representing stratigraphic discontinuities with great lateral
Geo-Temas, 11, 2010
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FIGURE 2. Detailed seismic stratigraphy (lines BGR2004-08 and BGR2004-14) across (left) and along (right) the southern Argentine margin showing the thick cover of drift sediments forming the Valentin Feilberg Terrace (Unit UU of Hernandez-Molina et al.,
2009). Arrows indicate the intersection of seismic reflection profiles (see Fig. 1 for location).

extent that were correlated with industrials wells on the shelf
(Franke et al., 2007) and with dated key reflectors from other
basins (Hinz et al., 1999). We identified and mapped the
reflectors and seismic units (Hernandez-Molina et al. 2009)
described by these studies in our profiles and thus developed
an initial age frame for the investigation.
The sedimentary layer between regional reflectors AR 4
and AR 5 spanning roughly the time interval from the Eocene/
Oligocene boundary to the early middle Miocene is thin (0.1 –
0.4 s TWT) below the Valentine Feilberg Terrace (Fig. 2 left)
but thickens towards the East forming the giant buried drift
and also towards the West building a unit of plastered drifts
below the Piedra Buena Terrace. Here the maximum thickness
of this unit is ~1.4 s (TWT). On the other hand, the sediments
of late Miocene to recent age are very thin or completely
eroded over the Piedra Buena terrace but form drifts at the
Valentin Feilberg terrace.
The sedimentary cover over the Valentin Feilberg terrace
(Fig. 2) can further be divided into subunits, which show a
stratified facies with good lateral continuity. Mounded drift
structures on the western and eastern edges of the terrace are
bounding an onlap fill structure possibly associated with
bottom currents of reduced activity. In order to get a first
insight into sediment thickness and sedimentation rates from
the yet not depth migrated sections we used a velocity-depth
model derived from sonobuoy data by Houtz (1977). Using this
model the sediment thickness above reflector AR5 at SP 4800
in profile BGR04-08 is calculated to be ~ 1.6 km. With an
assumed age of ~ 15 Ma for reflector AR5 (Hinz et al., 1999)
the average sedimentation rate since the middle Miocene is >
10 cm/ka and thus would make a drillsite on the terrace suitable
for high resolution paleoclimate studies.
With further detailed analysis of the shape and re-location
of sediment depocenters we aim to understand the effects of
changing seafloor topography and climate variations in South
America had on the current paths as well as on the
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relationship between down-slope and along-slope sediment
transport.
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Abstract: The linear stability of an erodible sediment bed beneath a turbidity current is analysed, in order to
identify potential mechanisms responsible for the formation of longitudinal gullies and channels. On the basis of
the three-dimensional Navier–Stokes equations, the stability analysis accounts for the coupled interaction of the
three-dimensional fluid and particle motion inside the current with the erodible bed below it. For instability to
occur, the suspended sediment concentration of the base flow needs to decay away from the sediment bed more
slowly than does the shear stress inside the current. Under such conditions, an upward protrusion of the sediment
bed will find itself in an environment where erosion decays more quickly than sedimentation, and so it will keep
increasing. Conversely, a local valley in the sediment bed will see erosion increase more strongly than sedimentation,
which again will amplify the initial perturbation. The destabilizing effect of the base flow is modulated by the
stabilizing perturbation of the suspended sediment concentration and by the shear stress due to a secondary flow
structure in the form of counter-rotating streamwise vortices. These streamwise vortices are stabilizing for small
Reynolds and Péclet numbers and destabilizing for large values. For a representative current height of O(10–
100m), the linear stability analysis provides the most amplified wavelength in the range of 250–2500 m, which is
consistent with field observations reported in the literature. In contrast to previous analyses based on depthaveraged equations, the instability mechanism identified here does not require any assumptions about sub- or
supercritical flow, nor does it require the presence of a slope or a slope break.
Key words: channel incision, gullies, turbidity current.

INTRODUCTION
Submarine channels and gullies play an important role as
pathways for sediment transport across continental shelves and
down continental slopes. They range in width from O(100m)
to several kilometres, and from a few metres to hundreds of
metres deep. They frequently appear in straight evenly spaced
patterns, which suggest the presence of an underlying coupled
hydrodynamic/sediment-driven instability.
Several authors (e.g. Izumi, 2004) investigated the role of
linear instability for the formation of submarine gullies by
turbidity currents, based on depth-averaged flow models.
However, these models do not account for coupling between
the spanwise and vertical velocity components on one hand
and the erosion process on the other. We aim (Hall et al., 2008)
to explore such coupling via a linear stability analysis of the
Navier–Stokes equations rather than depth-averaged
equations.
MODEL FORMULATION
The mathematical model comprises the 3D Navier-Stokes
equations for fluid motion, a convection-diffusion equation for
the transport of suspended sediment, and an equation which
models the evolution of the flow/bed interface position due to
the deposition and erosion of sediment. Details are given in
Hall et al. (2008). The analysis focuses on a transverse cross-
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FIGURE 1. The linear analysis is conducted in a plane oriented perpendicular to the flow direction.

section of a three-dimensional boundary layer flow, in the
lower portion of a turbidity current some distance behind the
head, as shown in figure 1. The flow is assumed to be fully
developed in the streamwise x-direction. Under the assumption
«/»x=0, a steady solution of the 3D Navier-Stokes equations,
with appropriate boundary conditions, is found in the form of
exponential functions for the downstream velocity u and the
sediment concentration c. The vertical profiles of this steady
state are sketched in figure 1. An important free parameter of
the steady state is the ratio of the velocity boundary layer
thickness over the concentration boundary layer thickness,
denoted as L.
The governing equations are then linearized around this
steady flow state. Infinitesimal perturbations in the transverse
plane (see figure 1) are sought in the form of normal modes,
Geo-Temas, 11, 2010
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e.g. for the streamwise velocity u’(y,z,t) = U(z) sin(ay) exp(st).
The transverse wavenumber a and the temporal growth rate s
are real numbers. For a prescribed value of the wavenumber,
corresponding vertical profiles of all perturbation quantities as
well as their temporal growth rate are found from the numerical
solution of an eigenvalue problem.

FIGURE 3. Perturbation eigenfunctions. Details are given in
the text.
FIGURE 2. Perturbation growth rate as function of wavenumber.

The growth rate as a function of transverse wavenumber is
shown as a thick line in figure 2. Flow parameters for this
example have been estimated for a realistic turbidity current
according to existing literature (for details, see Hall et al.,
2008). Instability is found for a<1, whereas the system is stable
for all a>1. From analysis of the governing equations, three
distinct contributions to the growth rate are associated with the
wall-normal baseflow gradients, the concentration
perturbation and the shear perturbation at the bottom boundary,
respectively.
The dominant mechanism for the occurrence of instability
is due to the baseflow gradients (dash-dotted line in figure 2).
This effect is destabilizing if the parameter L is less than unity.
Physically, this implies that for instability to occur, the suspended sediment concentration needs to decay more slowly away
from the sediment bed than the shear stress. Under such
conditions, an upward protrusion of the surface of the sediment
bed will find itself in an environment where erosion decays
more quickly than sedimentation, and so it will keep growing.
Note that the derivation of this stability criterion requires an
approach that resolves the vertical velocity and concentration
structure of the current.
Figure 3 shows the interfacial shape, along with the
concentration disturbance and the streamwise and transverse
perturbation velocity fields in the y, z-plane, for the most
amplified wavenumber max = 0.24 (cf. figure 2). The shape
of the interface perturbation is shown in the bottom frame. The
semicircular lines close to the interface in the top and middle
frames represent concentration perturbation contours, with
solid lines indicating positive values and dashed lines negative
values. Streamlines of the transverse velocity perturbations are
superimposed. In the top frame, grey shading reflects the
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perturbation u-velocity, with lighter areas indicating positive
values and darker areas negative values. Above the peaks of
the perturbed interface, we observe a negative concentration
perturbation, which results in lower hydrostatic pressure as
compared to the troughs of the interface, where the particle
concentration increases. Hence a spanwise pressure gradient
exists along the interface, which drives a perturbation flow
from the troughs to the peaks. This perturbation flow along the
interface leads to the formation of the counter-rotating
streamwise vortices. Above the peaks, these carry low-speed
fluid away from the interface, while high-speed fluid is brought
towards the interface at the troughs. Hence the shear stress is
enhanced above the troughs and lowered above the peaks,
which amplifies the concentration perturbation.
CONCLUSIONS
Linear stability analysis of the Navier-Stokes equations,
coupled to a model for sediment bed evolution, has revealed
the presence of unstable flow/bed interaction in the plane perpendicular to the main flow direction. For instability to occur,
the suspended sediment concentration of the base flow needs
to decay away from the sediment bed more slowly than does
the shear stress inside the current. The linear stability analysis
provides a most amplified wavelength that is consistent with
field observations.
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Abstract: Xujiajuan Formation in Ningxia Autonomous Region, China is composed of gray-green, yollow-green
fine- to medium-grained sandstone, calcareous sandstone, siltstone and mudstone, whose sedimentary environment
was a slope environment. Cross laminations are well developed in very fine- to fine-grained sandstone, silty limestone,
whose laminae are inclined not only bi-directionally up-and down-slope, but also multi-directionally which
correspond to up-or down-slope directions. The characteristics indicated that these sedimentary rocks should be
formed by alternating up- and down-slope currents produced by internal waves and internal tides.
Key words: internal-wave and internal-tide deposit, bidirectional cross lamination, deep-water deposit, slope,
Middle Ordovician Xujiajuan Formation.

The study area locates in Xiangshan mountains and
Miboshan mountains among Zhongwei, Zhongning and Tongxin
of central south of Ningxia. Xiangshan Group of the study area
exposes intact, which can be divided into Xujiajuan Formation,
Langzuizi Formation and Mopan- jing Formation from bottom
to top and each formation appears the sedimentary sequence of
retrogradation. From the perspective of tectonics, the study area
lies in the joint part among Ordos massif, Alashan massif and
Qinling – Qilian orogenic system (Fig. 1). The tectonic activities
of Early Paleozoic of the study area were closely related to the
revolution of Qinling – Qilian – Kunlun Ocean and the formation
of the North Qilian island arc (Xu et al., 2006; Zhang et al.,

FIGURE 1. Map showing geological background of Middle
Ordovician of study area 1-old land, 2-carbonate platform, 3carbonate slope, 4-abyssal basin, 5-study area.
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2004).The tectonic environment of the study area may be
extensional environment behind arc, and later changed into
foreland basin behind arc. The tendency of the regional slope
was SE during Middle Ordovician (Fig. 1).
Xujiajuan Formation can be divided into three members
from bottom to top. The first member consist of celadon
medium to thick bedded medium to fine grained feldspar quartz
sandstone intercalated with yellowish green to celadon shale
and silty shale. Flute casts and groove casts develop on the
bottom surface of sandstones, graded beddings are well
developed which constitute sequences thinned and fined
upward. That is the middle fan deposits of deep water turbidite
fan. The lower part of the second member was composed of
celadon medium to thick bedded fine grained feldspar quartz
sandstone intercalated with yellowish green to celadon shale
and silty shale, which overlied by yellowish green to celadon
shale and silty shale. The upper part the second member was
composed of the same thickness interbed of yellowish green to
celadon shale and silty shale and celadon medium to thick
bedded fine grained feldspar quartz sandstone, intercalated
with celadon medium to thin bedded slight metamorphic
calcareous siltstones and silty limestones, in which cross
beddings and bidirectional cross beddings are well developed.
The second member is the lower fan deposits of deep water
turbidite fan. The lithology of the third member is celadon
shale interbedded with dark grey lime-mud limestones,
intercalated with a little celadon medium bedded fine grained
calcareous feldspar quartz sandstones. The general thickness
of limestones is 3~8cm, the maximum thickness is up to
15~18cm, and the minimum thickness is only 1~2cm. The
bottom surface of limestones is uneven. And the limestones
distribute laterally in long lenticular shape, in which cross
beddings, herringbone cross beddings and bidirectional cross
beddings are developed. On the whole, the third member
reflects the sedimentary characteristics of deep sea plain, and
the suspended deposits are rather developed.
In short, Xujiajuan Formation is mainly middle and lower
fan deposits of turbidite fan, and the water deepened
Geo-Temas, 11, 2010
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FIGURE 2. Rose diagram of bidirectional cross laminations.

continuously. The distribution of the fan is approximately from
north to south. The sedimentary facies of Xujiajuan Formation
is basin margin facies.
There are abundance orientating sedimentary structures in
Xujiajuan Formation, such as bidirectional cross beddings,
unidirectional cross beddings, ripples, flute casts and groove
casts. According to field measurement, 365 data of
palaeocurrent of cross beddings and 36 data of palaeocurrent
of flute casts are obtained (Li et al., 2009). The field measured
data had been corrected by the wulff net, then the rose diagrams
were drawn using the corrected palaeocurrents data. From rose
diagrams it can be seen that the directions of palaeocurrents
indicated by the flute casts are basically identical, namely
SSW, representing the direction of the turbidity currents and
the palaeoslope; while the tendencies of laminations of cross
beddings are rather scattered, almost every direction does exist,
but the dominant tendencies are obvious, and mostly
concentrated in three directions that respectively are NNE, SE
– SSW and NWW. And SE – SSW is near to the tendency of
the regional slope, NNE is approximately reverse to the slope.
From the rose diagram of directions of palaeocurrents of
three groups of bidirectional cross beddings, it can be seen that
the directions of palaeocurrents are basically reverse from the
Figures 2A, C, and Figure 2B displays that the angle between
the directions of palaeocurrents is rather big, moreover the
directions appear the characteristic of continuous transition.
Figure 2 shows that the tendencies of laminas of
bidirectional cross beddings are not only up the slope but also
down the slope. In deep water slope environment,
bidirectional cross beddings shouldn’t be the deposits of
turbidity currents or contour currents, but formed by the
bidirectional currents which only are induced by the internal
waves and internal tides. The stack sequence of bidirectional
cross beddings – parallel beddings – bidirectional cross
beddings represents the periodic change of strong – weak –
strong of fluid intensity, which may be relevant with the
periodic change of internal waves and internal tides. The thin
bedded mud deposits between two sets whose tendencies are
reverse indicates that there are the alternative of deep sea suspended deposits and internal waves and internal tides
deposits. From Figure 2, it can be seen that although the
dominant directions of palaeocurrents indicated by
bidirectional cross bedding are obvious, the directions of
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palaeocurrents also transit continuously (Fig. 2B) and scatter
(Fig. 2A, C).
In short, the internal-wave and internal-tide deposits of
Xujiajuan Formation possess the following characteristics:
generally the hydrodynamic condition is relatively weak, the
intensity of turbidity currents weakens, the effect of internal
waves is obvious and the directions of palaeocurrents are less
limited. The features above indicate that the internal-wave and
internal-tide deposits of Xujiajuan Formation are similar to
sedimentary model for unchannelized continental slope
environments (Gao et al., 1998; He and Gao., 1999). At the
time of deposition, the content of argillaceous sediment carried
by turbidity currents is rather lower, with the result that flaser
and lenticular beddings don’t develop.
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Abstract: The third member of the lower Cambrian Balang Formation at Yangjiaping, Hunan province, China
consists mainly of gray, dark-gray laminated to thinly bedded silt-bearing mudstones and muddy siltstones
interbedded with lenticular siltstones. Cross laminations are well developed in siltstones of the middle and upper
of the third member, whose laminae inclined not only bi-directionally which correspond to up- and down-slope
directions, but also uni-directionally which correspond to up- or down-slope directions. The characteristics indicated
that lenticular siltstones should be formed by alternating up- and down-slope currents produced by internal waves
and internal tides.
Key words: internal-wave and internal-tide deposit, bidirectional cross lamination, deep-water deposit, slope,
lower Cambrian.

REGIONAL GEOLOGICAL BACKGROUND
The section locates in the Yangjiaping in the north of Shimen
county of Hunan province, China. The study area belongs to the
Sangzhi - Shimen synclinore in the south- west of Middle
Yangtze platform. From bottom to top the Lower Cambrian can
be divided into Niutitang Formation, Balang Formation and
Qingxudong Formation. The study horizon is the top of Balang
Formation of Lower Cambrian, namely the third member of
Balang Formation (equivalent to late Canglangpu age). In the
Canglangpu age of early Cambrian, from Upper Yangtze region
to Hunan–Hubei area, it is defined transitions from terrigenous
clastic shelf to carbonate platform, slope, and basin (Guo et al.,
1993), and the distribution of the sedimentary facies is proximal
terrigenous clastic tidal plat, shallow water gently dipped slope,
deep water slope, and deep water basin (Fig. 1).

FIGURE 1. Sedimentary facies map of Early Cambrian Canglangpu age in the west Hunan and Hubei Provinces 1-tidal
flat, 2-shallow ramp, 3-shallow shoal, 4-deep-water slope, 5basin margin, 6-basin, 7-boundary of facies change, 8-dip of
slope in study area, 9-location of measured section.
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The trend of regional slope of these environments was
mostly approximately SE–SEE, except in the deep water slope
(Yangjiaping village), whose tendency is nearly SEE (Fig. 1).
CHARACTERISTICS OF INTERNAL-WAVE AND
INTERNAL-TIDE DEPOSITS
The third member of Balang Formation mainly consist of
grey, dark grey shaly–thin bedded silt bearing hydromica
shale, intercalated with thin layered, lenticular and bending
siltstone, muddy siltstone, and calcareous siltstone. These
deposits comprise isolated sliding rock blocks of different
sized, and locally slump breccias generated by silty mudstone
with horizontal bedding can be observed. In the third member
of Balang Formation, lenticular beddings are well developed,
and wavy beddings develop locally. Various cross beddings
develop in the siltstone. Shale and thin bedded muddy
siltstones with horizontal beddings whose single layer
thickness is less than 5cm, mostly 1~2cm, and which are
persistent laterally. Palaeolenus community zone and
Planolites can be found in the third member of Balang
Formation (Pu et al., 1993; Zhu et al., 1995).

FIGURE 2. Rose
diagrams of foreset
azimuths in siltstones.

The thickness of lenticular and bending siltstone in the
middle and upper part of the third member of Balang Formation
varies from 0.5 to 2cm, and the lateral extension ranges from
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several centimeters to tens centimeters. The vertical abundance
of the siltstones is 10~60 per bed. The cross beddings are well
developed, and usually there is a layer series in a lens, while
2~3 layer series in some individual lens whose thickness is
rather great. The dip of the lamina is 10º~15º, the tendency is
both unidirectional and bidirectional. The statistics of
correction data of 91 occurrences of laminas (Fig. 2) show that
the tendencies have two main directions, one is NW – NWW,
mostly 286º ~295º, secondly 273º~284º, a little 303º~321º; the
other is E~SEE, mostly 77º~103º, subsequently 107º~151º; In
addition, the tendencies of some laminas are SW and NE. So
the tendencies of cross laminations are nearly/roughly parallel
to the regional slope; even some are perpendicular to the slope
although most of them are opposite to the regional slope. The
result indicates that the currents that generated this kind of
cross beddings are polydirectional, and mostly should be
alternatively up and down the slope, occasionally dominated
by up the slope.
The siltstone with bidirectional cross beddings would be
generated by neither turbidity currents nor contour currents.
This is because the direction of turbidity currents is
unidirectional downslope, and contour currents flow parallel
to the regional slope. Moreover bioturbated structure is very
developed in contourites (Stow et al., 1998). So only
bidirectional flow induced by internal waves and internal tides
can form the kind of siltstone with bidirectional cross
lamination. The siltstone with unidirectional cross beddings
and, and upslope lamination could be formed by turbidity
currents and contour currents but the current dominated by the
up the slope. And the unidirectional dominated flows may be
the result of a long-period internal wave superimposed on a
weaker internal tide (Gao et al., 1991, 1998). Obviously the
siltstone should be assigned to internal-wave and internal-tide
deposits. The development of mudstone intercalated with thin
bedded siltstone and lenticular, wavy beddings indicates that
the alternation of bed sand load and suspended loadis typical
of internal-tide deposits (He et al., 1998; Gao et al., 2000), and
their bidirectional cross bedding of bidirectional flows of tides.
So, the characteristic deposits formed in the deep water slope
should result from the internal waves and internal tides
deposits. Therefore, the thin bedded, lenticular and bending
siltstones and muddy siltstones of the middle and upper part of
the third member of Balang Formation should be internal-wave
and internal-tide deposits. This internal-wave and internal-tide
deposits can be divided into two types, one is the siltstones
lens with bidirectional cross beddings, the other is siltstone
lens with unidirectional cross beddings. The lithologic features
show that the energy formed above two types of deposits is
relatively low. So they should be internal waves and internal
tides deposits in the unchannelized slope environment (Gao et
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al., 1998). In this condition, the bed sand load and suspended
load deposit alternatively, to form shale intercalated with thin
bedded, lenticular or bending siltstones in which the cross
beddings are rather developed. The tendencies of the cross
beddings are bidirectional, even polydirectional. Owing to the
asymmetry of internal tides currents, the development of the
cross beddings with two directions is also unbalanced (Gao et
al., 1998), being sometimes dominated by one direction,
sometimes by the other direction, so the cross beddings display
a unidirectional structure/pattern.
CONCLUSION
The discovery of the internal-wave and internal tide-deposits
of the third member of Balang Formation of Lower Cambrian of
Yangjiaping, Shimen, Hunan, China not only provides a new
example for the kind of research, but also play realistic
significance to re-recognize the sedimentary environment of the
third member of Balang Formation of the study area.
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Abstract: A major outcome from studying the sedimentary archives of the Timiris Canyon off Mauritania is that
climate shifts in the Saharan hinterland not only influenced offshore pelagic sedimentation processes but also
controlled turbidite activity in the canyon. Sediment supply to the slope, predominantly by dust and remobilised
eolian sands, was greatest during hyperarid glacial and deglacial periods and due to overall increased Trade wind
strengths upwelling induced pelagic productivity attained highest magnitudes. Turbidite activity in the canyon
immediately responded to these shifts. During high-glacial and early deglacial time intervals the tributary gullies on
the uppermost slope were rapidly and repetitively filled, subsequently turbidity currents were released and large
turbulent flows passed through the lower Timiris Canyon leading to over-spills on its levees. During successive sea
level rises in MIS 3 sediments from huge aeolian dune fields that had expanded close to the shelf edge during
glacial exposure were remobilized and transferred though the canyon. During the Holocene no turbidite activity is
registered in the Lower Timiris Canyon, whereas a core from a widened area in the Upper Timiris Canyon reveals
an interesting climate controlled 900-year cyclicity of turbidite events.
Key words: hyperarid continental margins, climate archives in canyons, climate controlled turbidite events

INTRODUCTION

influenced sedimentary regimes on the slope and turbidite
activity in the canyon.

The Atlantic continental margin off Saharan Africa, hosting
one of the largest dust sources on Earth is strongly influenced
by mass wasting processes. Today hemipelagic particle flux
from coastal upwelling and dust supply is the dominant
sediment source. However during glacial times, due to
increased aridity and overall higher wind speeds the hyperarid
core region of the Sahara has considerably expanded, dust
export to the ocean has massively increased, and huge erg
systems have widely expanded on the exposed shelves. A
peculiarity of the NW-African margin is latitudinal
differentiation of mass wasting phenomena. Canalized
sediment transport with numerous well-developed canyon
systems and a series of shelf-cutting gullies characterizes the
slope between 18°N and 20°N latitude (Fig. 1). The most
noticeably of these canyons is the meandering Timiris Canyon
system situated offshore the hyperarid Sahara core region. Its
sedimentary sections offer the unique chance to study, how
climate driven changes in the desert hinterland may have

FIGURE 1. Regional setting of the Timiris Canyon.
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FIGURE 2. Terrigenous versus carbonate deposition in background sediments as evidenced by XRF core scanner element
counts (Core 9624, Henrich et al., 2009).
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RESULTS AND DISCUSSION
Sediment dynamics on the lower continental slope off Cap
Timiris records pronounced shifts: (1) During glacial and early
deglacial periods, e.g. 140-129 ka (MIS 6) and 70-15 ka (MIS
3 and 2) increased terrigenous supply is indicated by maximum
values in Fe and Ti in the sediments (Fig. 2).

canyon. (2) In Late MIS 3 and MIS 2 (e.g. 32-13 ka) overall
lower amounts of predominately upwelling-associated planktic
foraminifers (Fig. 3) indicate a decrease in surface water
productivity at the distal slope.
However, at the same time on the upper slope very efficient
upwelling regimes persisted and strong continental Trade
winds delivered a high dust load inducing extraordinary largevolume suspension clouds frequently flushing through and
over-spilling the distal canyon. (3) Centred around 11-10 ka
high carbonate contents (and Ca counts Fig.1) and a significant
increase in the proportion of tropical and subtropical warmwater species in the planktic foraminifer associations (Fig.3)
marks the transition into Holocene conditions. The phase of
highest carbonate production, reflecting a starvation of
terrigenous sediment supply, falls together with the Holocene
African Humid Period, which culminates around 10 to 6 ka.
Subsequently, during the last 6 ka, terrigenous input mainly by
dust at the distal slope increased again.
CONCLUSIONS

FIGURE 3. Planktic foraminifer assemblages found in hemipelagic background sediments of Core 9626.

Sedimentation rates increase from 3-5cm/ka during
interglacial conditions to 20-40 cm/ka. Hence, during these
periods much stronger Trade winds have induced offshore dust
export and strengthened upwelling intensity at the uppermost
continental slope and down-slope re-suspension of dust and
organic matter occurred over wide areas. (2) During
interglacial periods, e.g. MIS 5 sedimentation patterns on the
distal slope suggest a trigger closely linked to climatic forcing.
During the cold MIS events 5.4 and 5.2 overall higher sediment
load carried by strong Trade winds resulted in increased downslope re-suspension of terrigenous and organic material,
whereas a decline in wind strength during peak warm and more
humid interglacial conditions, e.g. MIS events 5.5, 5.3 and 5.1,
caused starvation of terrigenous sediment supply and increased
pelagic carbonate deposition (Fig.2).
Concerning potential controls on turbidite activity in the
Timiris Canyon, the observation that the release of turbidity
currents took always place during intervals of increased
terrigenous supply to background sedimentation is of particular relevance (Fig.2). Turbidite over-spilling on the NE-levee
of the Lower Timiris Canyon (Core 9624) is observed during
the following periods: 139-132 ka (5 events), 98 ka (1 event),
42 ka (1 event), 37-32 ka (6 events), and 26-19 ka (23 events).
Background sedimentation on the distal continental slope off
Cap Timiris was directly linked to climate development
displaying three successive phases: (1) In Early MIS 3 (e.g.
52-33 ka) upwelling intensity varied at overall high levels in
accordance with short-term sea level oscillations. Sediment
dynamics is characterised by strongly increased terrigenous
supply and a high turbidite frequency is recorded in the
Geo-Temas, 11, 2010

Figure 4 summarizes the history of turbidite activity in the
Timiris Canyon. An NE-SW core traverse over the distal
canyon allows detecting the overspilling of suspensions clouds
at various heights above the thalweg eg. 40 m on an interior
terrace(Core 9623), 80 m over the levee on the right flank
(Core 9624), 56 m in a small depression on the left flank (Core
9226) and at the distal part of the canyon (Core 8509). By this
we are able to reconstruct the temporal variability of turbidite
activity as follows: (1) In periods of maximum glacial lowstand
(MIS 6, late MIS 3, LGM) large-volume turbidites have
frequently filled the entire distal Timiris Canyon by overspilling the NE levee. Additionally, short-term single events of
large volume over-spilling are recorded at 98 and 64 ka. (2)
During early Termination I turbidites have frequently overspilled on the SW levee but did not reach the higher elevated
NE levee. (3) Within the canyon (Core 9623) turbidite activity
has continued until 11ka, but never again over-spill has taken
place on the levees. (4) The youngest and cyclic turbidite
events (every 900 years) are recorded over the entire Holocene
in Core 8509 from the upper Timiris Canyon. They were
released in the tributaries after severe drought periods with
high dust supply.

FIGURE 4. Turbidite recurrent pattern in the lower and upper Timiris Canyon (Henrich et al., 2009).
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Abstract: The present contribution represents the first attempt to comprehensively describe regional along-slope
processes and their sedimentary impacts around Iberia, combining numerically simulated bottom currents with
existing knowledge of contourite depositional and erosive features. The obtained correlation links the circulation
of water masses with the main contourite depositional systems (CDS) and estimates other potential areas where
new CDS could be found. Their study should be of great interest not only because of the stratigraphic, sedimentologic,
palaeoceanopgraphic and palaeoclimatologic significance, but also because of their relation with possible specific
deep marine geohabitats and/or mineral and energy resources.
Key words: Water-mass circulation, along-slope processes, contourites, Iberian margin.Along-slope oceanographic
processes and sedimentary products

INTRODUCTION
Along-slope oceanographic processes related to nearbottom currents can generate Contourite Depositional Systems
(CDS) or mixed systems, depending on the interaction with
other processes occurring down-slope. The interaction
between the two types of processes has been documented for
the continental rise and adjacent abyssal plains (e.g., Faugères
et al., 1999). However, when the bottom currents flowing
along the slope are energetic enough, they can mask the effects
of down-slope processes and generate a CDS.

FIGURE 1. Continental margins and abyssal plains around
Iberia.

The present contribution represents the first attempt to
comprehensively describe regional along-slope processes and
their sedimentary impacts around Iberia (Fig. 1), combining
numerically simulated bottom currents with existing
knowledge of contourite depositional and erosive features. The
obtained correlation links the circulation of water masses with
the main CDS and estimates other potential areas where new
contourites could be found.
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CIRCULATION OF WATER MASSES AROUND
IBERIA: OCEANOGRAPHIC PROCESSES
Around the Iberian margins, both in the Mediterranean Sea
and in the Atlantic Ocean, there are several water masses
flowing at different depths and in the same or opposite
directions, which generate important along-slope sedimentary
processes at the sea bottom. In the Mediterranean Sea, from
bottom to top, three main water masses have been studied (e.g.,
Millot, 1999): 1) the deep Alboran basin is filled with Western
Mediterranean Deep Water (WMDW), which follows the
contour of the lower slope, rise and abyssal plains; 2) between
1500 and 500 m depth the Levantine Intermediate Water (LIW)
flows along the upper and middle slope; 3) the upper layer is
formed by the inflow into the Mediterranean of Atlantic Water
through the Gibraltar Strait (Modified Atlantic Water, MAW).
On the other hand, around the Atlantic Iberian margin, five
main water masses have been identified. Again from bottom to
top (e.g., Iorga & Lozier, 1999; González-Pola, 2006; Serra et
al., 2010, among others): 1) the Lower Deep Water (LDW)
(mainly composed of Antarctic Bottom Water, AABW),
flowing regionally below 4000 m mainly along the abyssal
plains; 2) the North Atlantic Deep Water (NADW), flowing in
different directions between 4000 and 2200 m depth; 3) the
Labrador Sea Water (LSW), circulating regionally towards the
SW between 2200 and 1500 m depth (main core at ~1800 m);
4) the Mediterranean Outflow Water (MOW), located between
1500 and 600 m depth (the main core at ~1200 m, among two
other branches, flows to the N along the middle slope into the
Gulf of Biscay); and 5) the North Atlantic Central Water
(NACW) flowing in a complex circulation pattern with
different currents and directions between 600 m and the surface
(main core at ~350 m).
The regional circulation of the aforementioned water
masses has strong impacts and two major deep domains can be
pointed out (Fig. 2): A) the continental slopes of the Alboran
Sea and of the Atlantic Iberian margins; B) the abyssal plains.
In the Algero-Provençal abyssal plain, bottom-current
Geo-Temas, 11, 2010
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velocities are up of 10 cm/s, especially in its southern boundary
along the African margin. Strong bottom-current velocities in
the Atlantic abyssal plains can also be identified. In the
Madeira, the Tagus, and the Iberia abyssal plains, higher
velocities are located in their eastern boundaries, reaching 10
cm/s, and locally > 50 cm/s. Along-slope processes at this scale
are mainly associated with the WMDW and LIW along the
Alboran Sea, and with both the MOW and the LDW in the
Atlantic. Deep gateways are essential in controlling watermass exchange and also the bottom-current velocities and
paths between the abyssal plains (Fig. 2). In addition,
seamounts represent important obstacles for the water-mass
circulation and high bottom current velocities (10-20 times in
magnitude their average velocity) are also identified around
their flanks, reaching values > 50 cm/s.

geologic contexts. These have a valuable sedimentary record
of their geological evolution. A large CDS has been already
identified related to WMDW and LIW along the Alboran Sea,
and another related both to the MOW (Fig. 3) and the LDW in
the Atlantic. Simulated bottom velocities (cm/s) around Iberia,
are very useful in estimating: a) the potential bedforms based
on the bedform-velocity matrix recently published by Stow et
al. (2009); and b) other potential areas still unexplored, which
could have large contourite features associated to those (and
probably to other) water masses and their study should be of
great interest not only because of the stratigraphic,
sedimentologic, palaeoceanopgraphic and palaeoclimatologic
interest, but also because of their direct relation with possible
specific deep marine geohabitats and/or mineral and energy
resources.

FIGURE 3. Example of contourite features generated by the
MOW in the Gulf of Cadiz (data courtesy of TGS-NOPEC
Geophysical Company ASA).
FIGURE 2. Time average of simulated bottom velocities (cm/s)
around Iberia.

CIRCULATION OF WATER MASSES AROUND
IBERIA: PRODUCTS
The circulation of water-masses around Iberia has
produced several contourite depositional systems. Within the
western Mediterranean Sea three CDS have been described: 1)
the Rosas CDS, located at the NE Catalonian slope; 2) NW of
Menorca, on the lower slope at depths > 2000 m; and 3) to the
SW of the Alboran Sea in the proximities of the Gibraltar Strait
and on the Moroccan continental slope. Along the Atlantic
Iberian margins the following CDS are known to have been
generated by the interaction of MOW with the seafloor: 1) a
large CDS in the Gulf of Cadiz; 2) a CDS in the western
Portuguese margin; 3) at the Galicia Bank; 4) at Ortegal Spur;
and 5) in the Cantabrian margin, at the Le Danois Bank. In the
middle slope of the Porcupine Bank, off Ireland, the MOW has
also generated a large CDS. Finally, some sedimentary drifts
present on the Portuguese margin have been attributed to the
local influence of the AABW.
CONCLUDING REMARKS
The circulation of water masses around Iberia leads to the
development of along-slope currents generating, in turn,
contourite erosive and depositional features that form complex
CDS of large dimensions and sediment thickness in different
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Abstract: Partially buried drifts are located in the southern-most sector of the Argentine margin. They are characterised
as giant, asymmetrical elongated, mounded contourite drifts, and are described by bathymetric and multichannel
seismic reflection profiles data. They were generated by Antarctic Bottom Deep Water, from the Eocene-Oligocene
boundary until the middle Miocene. However, after a major palaeoceanographic change in the mid-to-late Miocene,
a new oceanographic scenario was established which fossilised these drifts. These giant-drifts show seismic evidence
of hydrates and free gas that are ripe for energy resources exploration, thus demonstrating the economic potential
of contourite deposits in deep marine environments.
Key words: Contourite drift; Seismic stratigraphy; Hydrates; Hydrocarbon potential; Argentine Margin

INTRODUCTION
Contour-following currents generated by thermohaline
circulation (THC) are sometimes strong enough to
profoundly affect sedimentation. The deposits generated by
such along-slope currents are known as contourite drifts.
Where current strengths are generally stronger erosive
features are locally developed, often as associated elements
of the contourite drifts, generating a Contourite Depositional
System (CDS). Some deposits represent giant, mounded
elongated contourite drifts (hereafter, giant-drifts) extending
along large distances, being generated during a long period
of relatively stable hydrological conditions that lead to longterm bottom water flows. Therefore, an understanding of
giant-drifts is essential to decipher major tectonic or
palaeoceanographic changes, and consequently, to
understand the THC and climate during the past. Moreover,
they have great potential for mineral and energy resource
exploration, since they are often amenable to generation of
poly-metallic nodules and to accumulation of hydrates and
free gas (Rebesco and Camerlenghi, 2008).
This contribution describes giant-drifts located on the
Argentine CDS (Hernández-Molina et al., 2009) (Fig. 1). Its
genesis and evolution in the Argentine Basin are deciphered,
and its potential content of hydrates is revealed based on the
bathymetric and multichannel seismic reflections data (Fig.
1). Interaction of very active oceanographic processes with
the seafloor is an essential characteristic of the Argentine
margin. This margin encompasses the Brazil/Malvinas
Confluence (BMC), and the deep circulation is caused by the
northward displacement of Antarctic Bottom Water (AABW).
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FIGURE 1. Location of the Argentine Margin, with
the regional bathymetric map and the general circulation of surface- and deep-water masses indicated.
Simplified hydrographic sections are shown below
(from Hernández-Molina et al., 2009).
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FIGURE 2. Multichannel seismic reflection profile across the buried giant-drifts, where morphosedimentary features, seismic units
(LU, IU & UU) and seismic facies are shown. Phase-reversed high amplitude reflections (indicated by discontinuous black dots) are
considered as possible BSRs.

RESULTS
There are two buried giant-drifts within the Argentine
CDS, in the transition between the base of the slope and the
abyssal plain, at 5300 to 5400 m water depth, south and north
of a large seamount (El Austral Seamount). The southern drift
is the biggest (ca. 40 to 50 km wide and 250 to 300 km long)
and has a sedimentary thickness of 950 to 830 m. The
asymmetrical external shape is characterised by a steep west
side and a gently-dipping, smooth east side, and its local
internal reflections prograde eastward (Fig. 2). Three seismic
units have been defined and dated regionally: the Lower Unit
(LU, Eocene-Oligocene boundary / early middle Miocene),
Intermediate Unit (IU, middle Miocene) and Upper Unit (UU,
late middle Miocene / present day). The giant-drifts
developed essentially during deposition of the LU, which
exhibits the major progradation stage and local maximum of
thickness, and are buried by the UU (Fig. 2). The seismic facies of the giant-drifts shows very weak to transparent
acoustic response, with discontinuous reflections and abrupt
changes in the acoustic response, indicating a fluidified
seismic signature. Some high amplitude reflections with
greater lateral continuation reveal that long-term cycles of
drape deposition and erosion have combined to form the
giant-drifts.
DISCUSSION AND CONCLUSION
Based on its position, morphology and internal
characteristics, it has been deduced that these giant-drifts were
generated, in an open deep marine environment, in the Argentine
Basin by the AABW, from the Eocene-Oligocene boundary until
the middle Miocene. The drifts were inferred to record a major
palaeoceanographic change between the middle to very late
Miocene (Hernández-Molina et al., 2009), when a new
oceanographic scenario was established, starting to develop the
present day morphosedimentary features of the CDS as a result
of the northward flow of the Antarctic water masses.
Some special seismic signatures were identified within the
giant-drifts (Fig. 2). These include three reflections, crossing
the internal reflectors of the LU, IU and UU, whose trend is
simulating that of the top of their respective unit (BSR-LU,
BSR-IU, & BSR-UU). These reflections exhibit a phase-
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reversed reflection relative to that of the seafloor, and the
seismic signatures of these reflections are similar to those of
Bottom Simulations Reflectors (BSR) (e.g.: Chand and
Minshull, 2003). There are typically enhanced amplitudes
below the BSR. Above these possible BSRs, a distinctly lower
amplitude return was identified (blanking seismic facies). The
results of wave velocity analysis across the giant-drift deposit
determined both the velocities are very low (from 1550 to 2500
m s-1), and the abrupt wave velocities change below the BSRs,
which drop down to a maximum of 1500 m s-1. These evidences
of gas hydrates within the giant-drifts could be normal in the
Argentine Basin, since similar evidence was earlier discovered
in the abyssal plain (Manley and Flood, 1989). In addition,
abrupt changes in seismic acoustic response, local transparent
facies, local enhance reflections, wipe-out, abrupt reflections
terminations, seeps and acoustic turbidity are good seismic
attributes for fluids and gas upward migration (Fig. 2).
Therefore, these giant-drifts should gather major interest for
energy exploration, and consequently, are a prime example of
the hydrocarbon potential of contourite deposits in deep marine
environments.
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Abstract: Integrated Ocean Drilling Program (IODP) proposal 732 advocates recovery of cores spanning the Neogene
and Quaternary from sediment drifts on the West Antarctic continental margin. The primary objectives are to
establish high-resolution age models for the cores by using relative palaeomagnetic intensity records and to exploit
the full potential of these unique palaeoenvironmental archives. Here we present existing data sets from sediment
cores collected from West Antarctic drifts (including target sites of proposal 732), which highlight the potential of
the drift sediments for reconstructing changes in Antarctic ice-sheet size and palaeoceanographic changes in the
Pacific sector of the Southern Ocean. We demonstrate that studies of the drift sediments can help address important
science questions, for example, whether or not the largely marine-based West Antarctic Ice Sheet collapsed under
the natural climatic fluctuations of the late Quaternary.
Key words: IODP, palaeoclimate, relative palaeomagnetic intensity, sediment drifts, West Antarctica.

BACKGROUND
Ice sheet histories and palaeoceanographic interpretations
based on sediment cores from the Antarctic margin have been
stymied by imprecise chronological control due to a lack of
foraminiferal carbonate for isotopic analyses. The
chronological problem can now be partially offset by using
relative geomagnetic palaeointensity records.
Glaciomarine contourite sequences recovered by
conventional coring and deep-sea drilling from sediment
drifts on the West Antarctic continental rise carry a
continuous, cyclic and high-resolution Miocene to Recent archive of palaeoceanographic conditions and ice-sheet history.
However, the potential of the existing cores is compromised
by imprecise chronological control and incomplete composite
sections.
We propose to drill a series of new sites on sediment drifts
along the West Antarctic margin that contain records of
Antarctic Ice Sheet fluctuations. Six proposed sites target
expanded Pliocene-Quaternary sequences, with two sites
targeting the pre-Pliocene record at locations characterized by
relatively thin younger sequences.
There are few targets in the circum-Antarctic region that
rival the potential offered by these sediment drifts. Recovery
of the proposed drill cores and integration of data from them
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with polar ice cores will contribute significantly to our
understanding of the role of West Antarctica and the adjacent
Southern Ocean in global atmospheric and oceanographic
processes.
EXISTING DATA SETS
Magnetic parameters and relative palaeomagnetic intensity
(RPI) record of drift cores
The RPI records of late Quaternary sequences recovered
from drifts on the continental rise west of the Antarctic
Peninsula allowed the dating of these sediments on millennial
timescales (Sagnotti et al., 2001, Macri et al., 2006). The
established high-resolution age models enabled Sagnotti et al.
(2001) to recognize that sharp coercivity minima in the
Antarctic drift sediments correlate to the Heinrich Layers
deposited in the North Atlantic. For the first time, this finding
provided evidence that environmental changes in the Southern
Ocean corresponded to major cooling events in the Northern
Hemisphere.
Palaeomagnetic results from Ocean Drilling Program
(ODP) Leg 178 Site 1101 (Guyodo et al., 2001) demonstrated
that good RPI data reaching back to the Pliocene are obtainable
from the Antarctic drifts, although their utility was limited by
incomplete composite sections.
Geo-Temas, 11, 2010
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Cyclic fluctuations of environmental proxies in late
Quaternary drift sediments
Late Quaternary sediments recovered from West Antarctic
drifts usually contain bioturbated sediments enriched in
biogenic material alternating with mainly terrigenous and often
laminated fine-grained sediments deposited by contour
currents. The biogenic intervals are assigned to interglacial
marine isotope stages (MIS) and the contourite intervals are
assigned to glacial MIS. The variability of proxies for
productivity documents changes in palaeoceanographic
conditions, while the variability of gravel and sand abundance
reflects changes in the supply of ice-rafted debris, and thus icesheet dynamics.
A late Quaternary drift sequence from the western
Bellingshausen Sea shows remarkable cyclic changes in the
contents of total organic carbon (TOC) and manganese micronodules (Braun, 1997). During the later stages of glacial
periods or during glacial terminations TOC minima coincided
with maxima in the abundance of manganese micro-nodules,
which suggests enhanced ventilation of the core site during
these times.
Long-term and short-term fluctuations of environmental
proxies in Antarctic drift sediments since the late Miocene
The biogenic opal record from the distal drift Site 1095 west
of the Antarctic Peninsula documents higher productivity of
diatoms during the early and middle Pliocene, probably in
response to a reduction of the annual sea-ice coverage caused by
a generally warmer climate (Hillenbrand and Ehrmann 2005).
In contrast to the opal record, the clay mineral composition
of the terrigenous sediment fraction is mainly dominated by
short-term fluctuations between a smectite-rich and chloriterich assemblage and shows only minor long-term trends
(Hillenbrand and Ehrmann 2005). By analogy with the glacialinterglacial cycles of the late Quaternary (e.g. Pudsey, 2000;
Lucchi et al., 2002), smectite-rich detritus was delivered to the
drift by a SW-ward flowing bottom current, but ice-sheet
advance across the Antarctic Peninsula shelf during glacial
periods supplied chlorite-rich detritus to the site. This finding
demonstrates that even during the «warm Pliocene» grounded
ice repeatedly advanced across the shelf during glacial periods
(Hillenbrand and Ehrmann 2005).
Potential of drift sediments for recording past collapses of the
West Antarctic Ice Sheet (WAIS)
Sediment core PS58/254 was recovered from the distal
flank of a drift located offshore from one of the main «exit
gates» for ice draining the WAIS. This site is extremely well
suited to search for evidence of a WAIS collapse within the last
800 ka. Proxies for biological productivity and supply of
terrigenous detritus from the West Antarctic hinterland
revealed systematic fluctuations on glacial-interglacial
timescales. A significant depositional anomaly occurred during
glacial MIS 14, when most proxies indicate moderate
interglacial rather than glacial environmental conditions. This
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finding suggests that on the West Antarctic margin MIS 13-15
had attributes of a single, prolonged interglacial period, and
that the WAIS may have collapsed during this time interval
rather than during MIS 11 as previously thought (Hillenbrand
et al., 2009).
CONCLUSIONS
Existing core data document that West Antarctic drifts are
excellent recorders of palaeoceanographic changes in the
Southern Ocean and glacial dynamics of the Antarctic
Peninsula Ice Sheet and the WAIS. They also highlight the
potential of RPI dating as a reliable chronostratigraphic tool,
which may allow to establish age models for Pliocene to
Quaternary sediments on millennial timescales and to exploit
the full potential of the drift sediments as palaeoenvironmental
archives.
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Abstract: Xujiajuan Formation of Xiangshan Group in Ningxia Autonomous Region was mostly composed of turbidity
current, combined flow and internal-wave deposits formed in abyssal slope. Ripples were found in Xujiajuan
Formation, whose migrational direction was reverse at Xiashipeng and Daliushugou. The genesis of ripples and the
section consisting of flute casts, ripples and cross beddings from bottom to top were interpreted.
Key words: deep-water, ripple, combined flow, internal wave, turbidity current.

INTRODUCTION

DISCUSSION

Xiangshan Group in Ningxia Autonomous Region was
composed of sandstone, shale, limestone and silica rock, which
was be divided into Xujiajuan Foramtion, Langzuizi Formation
and Mopanjing Formation from bottom to top as follows. The
environment of Xujiajuan Formation was abyssal slope. Ripples
were discovered in the Xujiajuan Formation at Xiashipeng and
Daliushugou, in the country of Zhongwei,Ningxia Autonomous
Region, China (Fig. 1). The wavelength was about 13~15 cm,
8~12.5 cm, wave-height was about 2 cm, 1.1~2 cm, at the two
different places. The underlying and bottom formation of the
ripples were found flute casts, and overlying formation of the
ripples developed cross beddings.

Combined Flow could be caused by wave and turbidity
current, including pulsating flow and reversing-current
flow. Pulsating flow occurs when wave orbital velocity is
less than the unidirectional current velocity; on the contrary,
reversing-current flow is caused. The net flow direction of
pulsating flow doesn’t reverse in period, but the reversingcurrent of flow do reverse in period (Lamb et al., 2008).

DATA AND RESULTS
We had measured the migrational direction of ripples,
direction of the ridge of flute casts, occurrence of cross
beddings (total number 422 of study area, including 119 at
Xiashipeng and Daliushugou), and made analysis to the
palaeocurrent. Ripples indicated the palaeocurrent
orientation as NW and SSE, respectively at Xiashipeng and
Daliushugou. Propagating direction of turbidity current and
internal wave were SSW and NW (Fig. 1).

FIGURE 1. Location of palaeocurrent measurement with rose
diagrams of cross bedding and flute casts (Rose diagrams of
real line are crossing bedding, dot line are flute casts).
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Sedimentary structure of combined flow deposits are
mostly composed of combined flow ripple laminations,
quasi-planar laminations, small-scale asymmetric
hummocky cross stratification and climbing combinedflow-ripple stratification (Lamb et al., 2008). Double log
between wavelength and wave-height display linear relation
(Banerjee, 1996).
Combined flow ripple laminations, quasi-planar
lamination and small-scale asymmetric hummocky cross
stratification were found in the second member of Xujiajuan
Formation. The Double log between wavelength and waveheight displayed linear relation, which were found at
Daliushugou. So combined flow deposit were existing in the
Xujiajuan Formation, Xiangshan Group. The propagating
direction of internal wave was NW direction and turbidity
current was SSW (Li et al., 2009), so unidirectional velocity
of turbidity current at Daliushugou was less than
Xiashipeng, but orbital velocity of internal wave at
Daliushugou was more than Xiashipeng. The net flow was
vectorial superposition (turbidity current and internal
wave). Therefore, when orbital velocity of internal wave
was less than unidirectional velocity of turbidity current at
Xiashipeng, it could occur pulsating flow, the net flow
direction was NW, and depositing ripples with NW
direction; On the contrary, when orbital velocity of internal
wave was more than unidirectional velocity of turbidity
current at Daliushugou, reversing-current flow was
generated, the net flow direction reverse to SSE, and
depositing ripples with SSE direction (Fig. 2).
During the previous to middle period of turbidity
current, which was most high velocity and energy, the
velocity was much more than orbital velocity of internal
wave, so displaying characteristics of turbidity current
deposition, such as flute casts, graded beddings and
Geo-Temas, 11, 2010

L. Hua et al.

CONCLUSION
By the final analysis about the genesis of the Xujiajuan
Formation, flute casts, ripples and cross beddings from bottom
to top were identified. These deep-water bed-forms have been
interpreted as generated by combined flow deposits.
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erosional surface at bottom. After that, in a later stage, the
velocity of current was less, combined flow deposited with
ripples, climbing beddings, hummocky cross-stratification
and so on. Last stage or period of turbidity current
inactivity, internal wave deposits were predominant with
herringbone cross beddings, bidirectional cross beddings.
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Abstract: The Argentine continental margin is influenced by the highly dynamic oceanic regime formed by the
tropical-polar front displayed in the Brazil-Malvinas-confluence zone, where Antarctic and tropical water masses
collide. Contourite deposits described from below the confluence zone on the Ewing terrace at ~1200 m water
depth are characterized using lithology, x-ray data, MSCL data and parasound data. Grain size and petrology will
further characterize the deposits. On the basis of these characteristics, 9 different facies were defined. They display
either purely contouritic deposition, or show post depositional reworking and possible initial creep. This observation
suggests that the contourites may be unstable as a result of downslope processes which were initiated by high
excess pore pressures may have destabilized large parts of the outer terrace.
Key words: contourites, Argentine margin, slope stability.

INTRODUCTION
The Argentine passive continental margin is a mid
latitude continental margin built during initial rifting of the
South Atlantic in Mesozoic times. The northern Ewing
terrace is characterized by the oceanic regime, the rio de la
Plata rivers have little impact on the contourite system, as
most of the sediment from the rivers is currently trapped in
the estuary and inner shelf.

which are positioned below the Brazil-Malvinas confluence
zone. The aims of the study are to (i) to understand on a
high-resolution scale the spatial and temporal variability of

The dominating oceanic regime on the margin is the
Brazil-Malvinas Confluence zone, where the Antarctic and
tropical water masses collide creating the major tropical/
Antarctic oceanic front system, which has a major impact
on the morphology of the margin.
This oceanic setting with highly variable ocean current
and frequent temporary eddy formation is the ideal setting
for contourite deposition, which has also been described
previously from the southern Argentine continental margin
(Hernández-Molina et al. 2009). This study explores the
northern Argentine slope contourites on the Ewing terrace,

FIGURE 1. Study area along the northern Argentine Margin, bathymetry in meters, white line indicates approx. extent of contourite mapped from seismic data.
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FIGURE 2. Different sedimentary facies described from
x-ray data on the Argentine margin: 1) laminated; 2) residual laminated; 3) bioturbated with spotty/ grainy character; 4) chaotic facies with laminated clasts showing
no orientation; 5) dark colored with lunate shaped features; 6)large clasts; 7) bioturbated, cloudy; 8) poorly
stratified with white specks throughout and 9) structureless
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contourite deposits and (ii) to evaluate the timing and
importance of contourites on slope architecture and
stability.
DATA AND RESULTS
The study area (Fig. 1) is located on the Ewing terrace
(1200 to 1400 m water depth) just north of the Mar del Plata
canyon, which is one of the major conduits along this margin
for downslope transport. During 2009 Meteor cruise M78/3
collected several 5-8 meter long gravity cores and parasound
data in the area. Detailed lithological core description, xradiography data (x-ray), and multi-sensor core logging
techniques could be used to establish different lithological facies in the cores. Core correlation is based on these datasets:
dating methods are underway, but very challenging in the area
due to very low carbonate content in the cores (generally below
5%). Furthermore, sortable silt data from the Sedigraph and
petrology of the coarse silt and sand fraction are in progress
and will further characterize the different facies types.
Using the parasound data, the upper ~50 m of sea bed could
be imaged. They show well stratified and laminated sequences
typical for contourite deposition. Furthermore, this dataset
could be used to correlate the cores and understand the
geological setting of the area. The terrace seems to be in a
meta-stable setting because towards the slope it seems to show
signs of instability and local creeping processes.
The deposits on the terrace are dominated by sandy and
silty sequences, which are locally interbedded by muddier
sequences. Core tops generally show foraminifera-bearing
muddy sequences which drape the underlying topography. This
drape was also detected on Parasound data.
Using the sedimentological character of the cores, seven
sedimentological facies could be defined (Fig. 2), which have
different appearance in the cores and x-ray data. Generally, the
facies can be grouped into two main groups: facies that are related
to contourite deposits and facies related to subsequent reworking.
The cores in the central part of the terrace (Fig. 1, cores 25,
26 and 27 ) are dominated by contouritic deposition, whereas
cores along the edge of the terrace (28 and 34) seem to have
contourite deposits which have been more reworked and their
appearance changed, possibly by downslope processes related
to slope instability.
DISCUSSION
The sandy deposits on the Ewing terrace are silt and fine
sandy contourites which have frequently lost their initial
laminations due to high bioturbation and post-depositional
reworking. Two zones could be defined along the slope: a
purely contouritic zone (zone 1) in the central area of the
terrace and a zone of contourite deposits which have been
modified by gravitational processes (zone 2). The boundaries
of the two zones are not sharp but show a continuous
transformation between the zones.
The nature of the two zones remains unsure, but may be
related not only to slope gradient but also to the depositional
environment governed by the current strength: this observation
will be tested by the grain size data which reflects spatial
current strength variability along the terrace.
Geo-Temas, 11, 2010

The current lack of age control also does not allow
stratigraphic conclusions from the contourite sequence.
Preliminary interpretations of all of the facies are generally
based on the sedimentological character in the core and their
comparison to previously described facies (Fig. 2) (Rebesco
and Camerlenghi, 2008): Facies 1 in interpreted as a typical
contourite deposit, Facies 2 displays reworked contourites,
Facies 3 is a residual reworked contourite, Facies 4 is likely a
reworked sequence, reworking contourite sediments, Facies 5
is a glacial contourite sequence, Facies 6 shows reworking of
lithified sediments, Facies 7 is highly bioturbated and does not
allow to establish theoriginal depositional process, Facies 8 is
a pelagic drape, possibly of Holocene age and Facies 9 may be
hemipelagic sediments but show no structure.The facies 1
through 4 are directly related to contourite deposition and
occur mostly in Zone 1 whereas facies 5 to 9 are either
reworked facies or represent hemipelagic sedimentation,
which occur more likely in Zone 2.
The different facies could be used to show, how variable
the sedimentological character of a contourite can be, and on
how dynamic the system is. The wide range of the facies, and
their difficulty to correlate them laterally shows that this
current system is very different from a continuous laminarflowing system where facies can be easily traced along-slope.
This variability is likely closely related to the variability of
current strength alongslope.
Based on parasound data and sedimentological core
descriptions, the contourite system seems to be currently
unstable, reflected by (i) the sediments rip-up clasts
described from the cores, (ii) pore pressure profiles and
water content which indicate lower water content and thus
less densely packed sands, and the (iii) parasound data
which shows signs of creep. This is especially well observed
in the area closest to the Mar del Plata Canyon. The reasons
for this observation are likely related to high excess pore
pressures induced by rapid loading and high sedimentation
rates typical for contourite deposits and the canyon itself,
where reflections are truncated abruptly and thereby
influence pore pressure distribution and ground water flow
dynamics. This pressure regime may result in low effective
stress conditions and destabilizes large parts of the Rio de la
Plata terrace.
CONCLUSIONS
The contourite system on the Ewing on the northern
Argentine margin is a highly dynamic system which varies
highly lateral and stratigraphically. Two different zones could
be defined which are dominated either by contourite deposition
or by gravity-driven processes.
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Abstract: We describe the morphology and Plio-Quaternary seismic stratigraphy and evolution of the Le Danois
Contourite Depositional System (DCDS) in order to decode Mediterranean Outflow Water (MOW) paleoceanography.
This system is composed of several drift depositional (elongated mounded and separated drifts and plastered
drifts) and erosive (moats) features. The seismic stratigraphic analysis allows us to define seismic divisions at three
different scales: sequences, units and subunits. The major regional discontinuities LPR (4.2 Ma), UPR (2.4 Ma) and
MPR (0.9/0.92 Ma) define the three main sequences (from oldest to youngest: A1c, A1b and A1a). These sequences
are characterized by different types of contouritic deposits (confined, mounded elongated and separated, and
plastered drifts with superimposed sediment waves). The DCDS depositional history involved several relocations
and changes in drift type. The DCDS is a consequence of MOW action. From early to middle Pleistocene,
development and evolution of the DCDS was controlled by MOW interaction with the seafloor along the continental
slope. From middle Pleistocene to the present-day the key factors controlling the DCDS have been: the local
morphology of the margin, sediment supply and the local oceanographic behaviour of MOW.
Key words: Le Danois Contourite Depositional System, Mediterranean Outflow Water, contourite drift, PlioQuaternary, Cantabrian margin.

INTRODUCTION
This contribution describes the Le Danois Contourite
Depositional System (DCDS) located on the continental slope
of the Cantabrian margin (Bay of Biscay, Northern Iberia), on
the Asturian Marginal Plateau off northern Spain. The
morphology, as well as the Plio-Quaternary seismic
stratigraphy and evolution, are presented in order to decode
Mediterranean Outflow Water (MOW) paleoceanography. This
work is based on swath bathymetry and seismic data, acquired
during several different projects and/or cruises.
The study area is characterized by a well defined upper
continental slope composed of two major domains: a) a
proximal domain, located between 200 to 400-500 m water
depth; and b) a distal domain with a complex physiography
between 400 and 1600 m water depth. It comprises two highs:
the large Le Danois Bank and the smaller Vizco High to the
west. The presence of the Le Danois Bank creates an intraslope
basin (Ercilla et al., 2008). Along the distal domain the MOW
is flowing as a contour current whose pathway is conditioned
by seafloor irregularities and the Coriolis effect (Van Rooij et
al., in press).
RESULTS
The DCDS develops in the Le Danois inner basin, between
400 and 1500 m [1600 m above] water depth. The morphology
of this system comprises depositional (elongated mounded and
separated drifts; and plastered drifts) and erosive features

79

(moats). Two elongated mounded and separated drifts have
been identified: Gijón and Le Danois (Fig. 1). The Gijón Drift
is a NW-SE trending deposit located on the upper slope at
about 400-850 m water depth. The drift shows a positive relief
of < 50 to 100 m, is 10 km wide and 31 km long. The Le Danois
Drift is an ESE trending drift located at the foot of the southern
face of Le Danois Bank (800 and 1500/1600 m water depth). It
is about 45 km long, 50 m high and has a variable width (3.5 to
10 km). Both drifts are separated by a 35 km long sub-horizontal transition zone. Three plastered drifts have also been
identified along the southern slope of Le Danois Bank (600 to
1550 m water depth). They are all characterized by a NE and
ENE trend mounded shape with a relief of tens of meters and
few kilometers long.
Two erosive moats have been identified, bounding
respectively the Gijón and Le Danois drifts (Fig. 1). The Gijón
Moat (100 to 400 m water depth) is the upslope prolongation
of the Gijon Canyon and has a NW-SE trend. Moat incision is
200 m in relief, 45 km long and 1 to 4 km wide. The Le Danois
Moat (800 to 1500 m water depth) displays a WNW-ESE trend,
is 48 km long and has a width between 2.8 and 0.8 km.
The seismic stratigraphic analysis carried out on the
contourite deposits allows definition of seismic divisions on 3
different scales: sequences, units and subunits (Fig. 1). The
major regional discontinuities LPR (4.2 Ma), UPR (2.4 Ma)
and MPR (0.9/0.92 Ma) define three sequences, from oldest to
youngest: A1c, A1b and A1a. Units and subunits have been
defined based on cyclicity (from low to high acoustic
amplitude) in the vertical pattern of the seismic facies (IgleGeo-Temas, 11, 2010
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sias, 2009; Van Rooij et al., in press). Thus, Sequence A1b
comprises three units (U5, U4 and U3) and four subunits (U4B,
U4A, U3B and U3A); and sequence A1c comprise two units (U2
and U1) and five subunits (U2B, U2A, U1C, U1B, and U1A,). The
DCDS overlies the LPR discontinuity (tentatively Lower
Pliocene in age) with a stratigraphic architecture that is
characterized by contouritic deposits, interpreted as confined,
mounded elongated, separated and plastered drifts with
superimposed sediment waves. Between the LPR and MPR,
the main drifts were confined within two palaeobasins within
the Le Danois intraslope basin. After the MPR, the present-day
depositional and erosive features began to form.

was influenced by the palaeoceanographic (a high –velocity
lower core of MW) and paleotropograpic changes (obliteration
of the subbasin paleotopography) during the middle
Pleistocene (MPR discontinuity), boosting the formation of the
present depositional and erosive features, i.e. the Le Danois
and Gijon elongated mounded and separated drift-moat
associations.
The key present-day factors controlling the DCDS are
mainly: 1) the local morphology of the margin, 2) sediment
supply and 3) the local oceanographic behaviour of the MOW.
The topographic highs (Le Danois Bank and the smaller Vizco
High) affecting the continental slope represent large obstacles
for MOW eastward circulation leading to a separation of MOW
flow into at least two different branches. One of the branch
flows within the intraslope basin, south of Le Danois Bank and
flows through the Le Danois Moat. It has shaped the Le Danois
Drift and Plastered Drifts on the flank of the Le Danois Bank.
The other branch flows up the Asturias continental slope,
creating the Gijón Moat and the Gijón Drift. With respect to
sediment supply, two main sediment sources contribute to building of the DCDS: the nearsurface sediment of the eroded
moats, and sediments that are pirated by the MOW from
surrounding areas affected by downslope and vertical settling
processes. The local MOW behavior is directly related to
paleoclimatic processes initiated from the UPR and onwards.
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Abstract: The development of the multibeam sonar was one of the major single breakthroughs in expanding our
knowledge concerning the shape of the deep-sea floor and its interaction with ocean circulation and bottom
processes. However, only a fraction of the World Ocean has been multibeam mapped. The bathymetry of the ice
covered Arctic and Antarctic waters, for example, are still less known that the topography of several planets in our
solar system. In 2007, Swedish icebreaker Oden was equipped with a deep-water multibeam system and an
integrated chirp sonar subbottom profiler. Since this system was installed, Oden has carried out three major
expeditions to the central Arctic Ocean and three to West Antarctica as well as shorter mapping missions in areas
off Svalbard and eastern Greenland. The multibeam and chirp sonar were operated continuously during all these
expeditions and mapped several previously unexplored deep-sea areas. In addition, we have used the system’s
capability of logging the acoustic signal of the water column. Here we show multibeam swath bathymetric images
and chirp sonar profiles from these expeditions providing insights into processes forming the seafloor morphology
and the interaction between deep-sea currents and the seafloor.
Key words: Multibeam, chirp, Arctic Ocean, Antarctica

INTRODUCTION
Difficult sea ice conditions prevail in large parts of the polar
regions, which effectively prevented systematic geophysical
mapping of the seafloor. Only the most powerful icebreakers are
able to work in the central Arctic Ocean or off some of the least
accessible Antarctic glaciers. Of the icebreakers capable of
reaching the North Pole, three are equipped with multibeam
systems: German Polarstern, Swedish Oden and US Healy. As a
consequence, merely six percent of the Arctic Ocean seafloor
has been mapped with multibeam (Jakobsson et al., 2008). A
larger proportion of the Antarctic seafloor has been multibeam
mapped, however, the general bathymetric picture remains
largely based on sparse single beam soundings (Nitsche and
Jacobs, 2007). While the general shape of the seafloor provides
the boundary conditions of the ocean circulation system, critical
information may be hidden in the morphological details that only
multibeam swath bathymetry and high resolution subbottom
profiles are capable of providing. Here we discuss Antarctic and
Arctic examples of multibeam and chirp sonar data acquired
with Oden that reveal information on the processes forming the
seafloor morphology and the interaction between deep-sea
currents and the seafloor.
DATA AND RESULTS
Icebreaker Oden was equipped in 2007 with a Kongsberg
12 kHz EM120 1°x1° multibeam echo sounder and an
integrated SBP120 chirp sonar profiler operating in the
frequency range of 2-7 kHz. The multibeam system includes a
Seatex Seapath 200 unit integrating GPS navigation, heading
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and attitude information. The motion sensor consists of
Seatex’s MRU5. The multibeam was upgraded in 2008 to the
EM122 model capable of mapping with 288 simultaneous
beams and including the option of acoustic imaging of the
water column.
This system was continuously operated during the Oden
Southern Ocean 2009/10 (OSO0910) expedition to Pine Island
Bay, located between about 103-108°W along the coast of West
Antarctica. On the transect from the US Research Station in
McMurdo to Pine Island Bay, multibeam and chirp sonar data
were acquired along the generally less than 1000 m deep continental shelf, the continental slope and from the more than 3000
m deep abyssal plain (Figure 1). Between approximately 129°30'
W and 128°40' W in water depths of about 3700-3800 m two
channels are clearly seen in the multibeam as well as the chirp
sonar data (Figures 1 and 2). Where we crossed the western
channel it is ~30-40 m deep and the channel floor is
characterized by a more than 25 MS TWT thick section of
stratified sediments (Figure 2). The eastern channel, on the other
hand, is more than 100 m deep and lacks a visible drape of
stratified sediments (Figure 2). Both channels are characterized
by an asymmetry, as their western sides are higher.
In the Arctic Ocean along the foot of the eastern Lomonosov
Ridge the existence of a prominent submarine channel was
proposed by Kristoffersen et al. (2004) from interpretations of
previously collected seismic reflection data. This channel was
speculated to originate at the slope of the Lincoln Sea and extend
to the North Pole, a distance of more than 625 km. During the
Lomonosov Ridge off Greenland expedition 2009 (LOMROG
II) the suggested extension of this channel was crossed and
mapped with Oden’s multibeam. The swath bathymetric images
Geo-Temas, 11, 2010
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FIGURE 1. The OSO0910 cruise track of icebreaker Oden is
shown with a white line in the small overview map. The enlarged map (red box in the overview map) shows the locations of
two seafloor channels revealed in the chirp sonar profiling
data presented in Figure 2. The red stippled lines indicate their
hypothetical extensions. They likely connect to gullies formed
in the continental slope. Overview bathymetric compilation is
from Nitsche and Jacobs (2007).

confirm that a more than 7 km wide channel exists along the
Lomonosov Ridge slope at about 88°18’N. This is double the
width compared to the wider of the two Antarctic channels
shown in Figure 2. In addition, the LOMROG II data show the
existence of a smaller channel closer to the North Pole. This
channel is only slightly wider than 500 m and about 30 m deep
and seems to originate from the opposite direction and, thus, it is
more likely directly related to sediment processes on the eastern
slope of the Lomonosov Ridge.
DISCUSSION AND CONCLUSION
The two channels we mapped off the West Antarctic continental shelf are likely part of set of channels connecting to

gullies formed in the continental shelf (Figure 1). Similar sets of
channels with connections to gullies are formed in the slope off
Pine Island Bay (Dowdeswell et al., 2006). Our preliminary
interpretation is that these Antarctic channels as well as that
along the Lomonosov Ridge in the Arctic Ocean are formed by
recurrent sediment-gravity flows. It seems tenable to suggest
that the majority of this type of channels extending from slopes
of glaciated continental shelves only are active during glacial
periods as glaciers deliver an abundance of sediment towards
their margins as well as isostatically depress the continental
margin which may cause sediment instabilities along the continental shelf break. However, this questions remains to be further
addressed. Our data set of multibeam and chirp sonar data from
Antarctic and Arctic waters contain several more examples
where the floor of the deep-sea is shaped by sedimentary
processes and/or deep-sea currents than is possible to present in
this extended abstract.
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FIGURE 2. Chirp sonar profile collected off the continental slope of West Antarctics in the Amundsen Sea (See Figure 1).
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Abstract: Contourite drifts on canyon heads at the NW of the Ortegal Marginal Platform are observed. Although
they are located on the upper slope and above the influence zone of the Mediterranean Outflow Water, some
filaments of the upper core of this water mass flowing along the Galician continental slope could have flowed
during the Pliocene and Quaternary to the East confined into the A Coruña and Ferrol canyons.
Key words: Contourite drifts, Ortegal Marginal Platform, NW Iberian Peninsula, Mediterranean Outflow Water.

INTRODUCTION
Several contouritic deposits have been generated along the
continental slope of the Atlantic Iberian margin by the influence
of the Mediterranean Outflow Water (MOW), in different sectors
as: the Gulf of Cadiz (Hernández-Molina et al., 2003); Western
Portuguese margin (Alves et al., 2003); Galicia Bank (Ercilla et
al., 2008) and Cantabrian margin, in Ortegal Spur (HernándezMolina et al., 2009) and Le Danois Bank (Van Rooij et al.,
2010). The present study is based on the interpretation of
multibeam and ultra-high resolution seismic profiles collected
by the ZEEE project (Fig. 1) with the main objective of showing
another example of contouritic deposits related to shallow
branches of the MOW flowing upwards through the canyon
heads on the Ortegal Marginal Platform (OMP).

PHYSIOGRAPHIC AND OCEANOGRAPHIC
SETTING
The OMP defines a quasi-right-angled triangle (Fig. 1) at
the upper slope (200-400 m water depth), with a regular and
slightly basinward stepped (~0.2º) to the NW seafloor. The
bounding continental slope is eroded by four small scale
canyons at the North, and two larger canyons, Ferrol and A
Coruña, at the West (Fig. 1). The two water masses that interact
in the study area are (Fricourt et al., 2007): The Eastern North
Atlantic Central Water (ENACW) with an equatorward
flowing between 100 and 600 m depths of 1 cm s-1 or less, and
of 10.9 ºC of temperature and about 35.6‰ of salinity. The
MOW, flowing between 600 and 1500 m water depth, with high
salinities (~36.0‰) and relatively high temperatures (~10ºC),
and variable velocities: maximal poleward of 6 cm s-1 in fall,
equatorward up to 3 cm s-1 in winter, and poleward of 1 to 2 cm
s-1during spring and summer.
RESULTS

FIGURE 1.Geological setting and location of the study (modified from Lamboy and Dupeuble, 1975).
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The sedimentary record overlying the acoustic basement
(AB) comprises three major seismic units (from older to
younger: OS1, OS2 and OS3) bounded by irregular and/or
erosive discontinuities (Fig. 2). Unit OS1 is tabular to wedgeshaped (0-60 ms thick) characterized by transparent facies at
the bottom changing topwards to high-amplitude stratified facies. This unit onlaps towards the AB. Unit OS2 has a wedgeshaped (0-70 ms thick) of stratified facies with high lateral
continuity and reflectivity, which onlaps Unit OS1 to the east
and is eroded to the west and north. To the west, OS2 and OS1
units are involved in open folds and cut by faults. Unit OS3
displays a complex sedimentary structure characterized by
three different growth patterns: i) Subunit OS3.1, with an
Geo-Temas, 11, 2010
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aggrading and tabular geometry (0 to 30 ms thick) formed by
parallel or subparallel reflectors; ii) Subunit OS3.2, which
shows a NE-SW trend, 16 km long and 9,5 km wide mounded
geometry (0 to 45 ms thick) at A Coruña canyon, and three
disconnected deposits of about 5-9 km long and 5-6 km wide
with about 45 ms thick at Ferrol canyon. These deposits are
formed by upslope prograding stratified reflectors with
downlap and onlap terminations. They are developed at 400
and 500 m water depth being recognized as mounded elongated
and separated drifts and plastered drifts, characterized by a
conformable stratified seismic facies of high lateral continuity
and high to very high acoustic amplitude; and iii) a transparent
and relatively thin seismic unit (0-60 ms thick) filling several
erosive features in the study area (OS3.3). The relative age of
these seismic units has been established based on the
correlation with published seismic data (Ercilla et al., 2008,
Van Rooij et al., 2010): the AB is Mesozoic in age, Unit OS1 is
Paleogene, Unit OS2 is assigned to the Miocene, and Unit OS3
corresponds to Plio-Quaternary deposits.
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FIGURE 2. Ultrahigh resolution (TOPAS) seismic profile showing the seismic stratigraphy of the Ortegal Spur marginal platform.

CONCLUSSION
Present circulation of the MOW along the OMP is
located between 500-600 m and about 1500-1600 m depth
range, flowing NE around the Ortegal Marginal Platform,
and therefore below the average depth of the study area.
Nevertheless, the contourite drifts of unit OS3 are
associated to the influence of some filaments of the main
branch could have flowed during the Pliocene and
Quaternary to the right confined into the A Coruña and
Ferrol canyons that run E-W along the proximal domain of
the middle-upper slope. In this situation the current erodes
the bedrock and the gravitational deposit at the head of the
canyons. The eroded sediments are incorporated into the
MOW filaments and form building up mounded-shaped
units (unit OS3.2) on the canyon heads.
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Abstract: Detailed interpretation on depositional architectures of the Central Canyon in offshore Hainan is carried
out based on integrated analysis of lots of high-resolution seismic data and 3 wells data. The results reveal the
canyon with a NEE extending «S-shaped» geometry shows clearly distinct architectures in different segments and
episodic evolution in vertical. V-shape and strong incision occur in the segment of the eastern Qiongdongnan. Ushape and weak incision are present in the Yinggehai and western Qiongdongnan basins. The formation and
development of the canyon was controlled by the tectonic activity, sea-level change, sediment supply and deepwater
deposition. The eastern segment in the Qiongdongnan canyon is constrained by deep-seated faults or submarine
uplift, and shows a sediment-starved canyon at the present time due to deficient sediment supply in the Changchang
depression of the Qiongdongnan basin. The western segment develops in the deepest water area in the depression
centre of the Yinggehai and western Qiongdongnan basins. The canyon filling is composed by several cycles with
mass-transport deposits at lower and turbidity-current deposits at upper. These detailed observations suggest that
the Central Canyon can be ascribed to gravity sediments and has varied depositional architectures.
Key words: Late Miocene-Early Pliocene, deepwater system, turbidite deposits, South China Sea.

INTRODUCTION
Increased hydrocarbon exploration activities and successes
in deepwater environments have driven the study of subsurface
turbidite systems (Posamentier and Kolla, 2003). The
integration of high-resolution seismic data with well data in
offshore Hainan provides an extraordinary opportunity to
understand internal architectures and depositional processes of
deepwater system. Recently, hydrocarbon exploration reveals
that a canyon occurs in abyssal area, northern continental marginal basins of South China Sea. Its architectures and evolution
is not well clear. In this study, we deal mainly with the
architecture aspects of the Central Canyon in offshore Hainan,
and also focus on the implications of the morphologies based
on high-resolution seismic data. The purpose of this paper is to
elucidate the dominant controlling factors in the formation and
evolution of the central canyon in offshore Hainan, northern
South China Sea.
DEPOSITIONAL ARCHITECTURES OF THE CENTRAL CANYON
The Central Canyon in offshore Hainan Island is located in
two northern continental marginal basins of South China Sea,
the Yinggehai and Qiongdongnan basins. The continental slope
system develops in these basins during late Miocene-Pliocene
periods (Xie et al., 2008). The canyon do not linked to any
presently active terrestrial drainage system, those trends
parallel to shelf break and form in abyssal environments below
the slope in the central depression of the Yinggehai and
Qiongdongnan basins, as called as the Central canyon. The
canyon originates from the eastern margin of the Yinggehai
basin, passes through the central depression of the

85

Qiongdongnan basin, and terminates in western part of
Northwest Subbasin of South China Sea. The canyon is
developed in Late Miocene-Early Pliocene period with a
length of more than 570 km and a width of about 6-19 km. In
this study, we focus on architectures and evolution of the
canyon formed in the Yinggehai and Qiongdongnan basins.
Based on the integrated analysis of conventional and
high-resolution seismic sections and 3 drillholes from
hydrocarbon exploration, the canyon shows the follow
features. Firstly, the canyon in the Yinggehai and
Qiongdongnan basins shows a NEE extending «S-shaped»
geometry. Two turning points along the canyon system are in
agreement with structural transfer. The western turning is
located in transitional area between the Yinggehai and
Qiongdongnan basins, which is coincided with the NWstriking Yinggehai and NE-extending Qiongdongnan basins.
The eastern turning located in the Baodao depression separates
the NE and NEE striking of the canyon, which also was
coincided with the tectonic transfer zone. Secondly, the canyon
is developed in Late Miocene Huangliu Formation - Early
Pliocene Yinggehai Formation forming in abyssal
environments. Age of formation of the canyon in eastern
segment is earlier than those in western segment. In the
Yinggehai basin, the canyon only forms during the deposition
of lowermost Yinggehai Formation. However, it developed
from Late Miocene to Early Pliocene in the eastern
Qiongdongnan basin and incised deeply the underlying strata
toward east. Thirdly, the canyon show different vertical shape,
such as V-, U-, or complex shape. In general, the V-shaped
canyon occurs in early stage of the eastern segment, and the Ushape one occur in the western segment and the late stage of
the eastern segment. The shape in the eastern segment shows
vertically an variation from V to U or complex pattern.
Geo-Temas, 11, 2010
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Fourthly, the formation and distribution of the central canyon
was controlled by the tectonic activity and deepwater
deposition. The eastern segment of the Qiongdongnan canyon
is constrained by deep-seated faults or submarine uplift and
shows a starved canyon at the present time due to deficient
sediment supply in the Changchang depression of the
Qiongdongnan basin. Toward the eastern turning, the western
segment develops in the deepest water area in the depression
centre of the Yinggehai and western Qiongdongnan basins.
Finally, the filling in the western segment of the central canyon
has been encountered by 3 wells. Turbidite channel deposits
composed mainly by coarse- and midium-grained sandstones
with a thickness of 63m have been revealed by one well located
in the central depression of the western Qiongdongnan basin.
The core description shows a gravity succession fining upward
from gravel channel to midium- and fine- grained turbidite
channel.

the east of Qiongdongnan basin and spread westwards
gradually, even to the eastern margins of the Yinggehai basin.
CONCLUSIONS
The central canyon system paralleling to the shelf break in
offshore Hainan has been identified in high-resolution seismic
dataset and well data. The Late Miocene – Early Pliocene
canyon is developed in abyssal environments, and composed
of mass-transport and turbidity – current deposits. The
distribution and development of the canyon is mainly
controlled by tectonic activity, seal-level change, and sediment
supply. The canyon filling are affected by sea-level change,
sediment supply and deepwater dynamics. The formation of
the central canyon in deepwater area is simultaneous to or a
litter earlier than the formation of continental slope, it can be
proposed that the canyon formed initially at the east of
Qiongdongnan basin and spread westwards gradually.

CONTROLING FACTORS OF THE CANYON FILLING
The canyon as a narrow conduit for sediment transfer from
continential margin to the deep sea is controlled by the tectonic
activity, sea-level change, sediment supply and deepwater
depositional processes (Laursen and Normark, 2002;
Haflidason et al., 2007). Tectonic activity is a major controling
factor on the formation of the canyon. Regional structure trend
confines the distribution of the canyon and its trending
direction, in which s-shaped canyon located in the deepest
abyssal zone is good agreement with change in structure trend.
Moreover, the location of the eastern segment in the
Qiongdongnana basin was contrained by deep-seated faults
and submarine uplift.
Internal architectures of the canyon are controled by sealevel change, sediment supply and deepwater depositional
dynamics. Seismic reflection features indicate that the canyon
filling consist of several cycles, each cycle composed of
chaotic seismic facies at lower and layered seismic facies at
upper, indicating a complete succession from mass-transport
to turbidity – current deposits. The number of depositional
cycles increases eastwards, which is up to 3-4 cycles except
for a minor wallside slumping in the eastern Qiongdongnan
basin. It is inferred to be corresponds as third-order sequence.
Internal difference may show a variation during highstand and
lowstand systems tract, as Mulder et al. (2004) believe that the
incision was active at the end of sea-level fall and sea-level
lowstand. It can be proposed that the canyon formed initially at
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Sedimentary waves along the Namibian continental slope –
Indicators for past deep water current intensity
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Abstract: Small scale sinusoidal sedimentary structures drape the Namibian continental slope in water depths
between 1200 and 1800 m. These structures vary in size between 250 and 700 m horizontally and 5 to 8 m in
height and extend with conspicuous regularity from the junction of Walvis Ridge and continental slope 250 km to
the south. Internal geometry, shape of the field, water depth and the location suggest an interpretation as sedimentary
waves, indicating the presence of a persistent southward oriented eastern contour current, which might incorporate
Upper North Atlantic Deep Water (UNADW) and Upper Circumpolar Deep Water (UCDW). The wave onset can
be dated to approximately 5 Ma. Changes in the bedform geometry show two major changes of the palaeoflow
intensity between ~1.9 and 1.0 Ma and ~600 and 350 ka. These variations in the bottom current intensity are
also imaged by lateral variations of sedimentation rates inside and across the wave field.
Key words: sedimentary waves, Namibia, palaeoflow reconstruction

INTRODUCTION
The eastern South Atlantic Ocean is divided into two major
ocean basins with quite different sedimentation environments
along the continental margins. While the northern Angola Basin
margin is characterized by a rough topography with steep slopes
and several incisions, the continental margin in the southern
Cape Basin shows smooth slopes with well stratified sediments.
These sediments mainly consist of pelagic biogenic material
partially related to upwelling processes along the coast. Sources
of terrigenic input are the Orange river and dust input from the
Namib desert (Diester-Haas et al., 1992).

south elongated field of 250 km length, starting at the junction
between Walvis Ridge and continental margin at about 19° 30'
S and reaching to 22° S. This field is strictly confined to water
depths from 1200 to 1800 m and therefore lies under the
influence of the UCDW and UNADW (Figure 1).
The observed features show a striking regularity all over
the wave field with wavelengths varying from 250 to 750 m
and heights of 5 to 8 m and can be traced down up to 75 mbsf.

The Walvis Ridge forms the more than 2000 m high barrier
between both basins and acts as an obstacle for the eastern
South Atlantic deep water circulation. Affected water masses
today are the Antarctic Bottom Water (AABW), the Lower
Circumpolar Deep Water (LCDW), which together fill all
South Atlantic Basins up to ca. 3000 - 3500 m water depth, and
in its lower part the North Atlantic Deep Water (NADW) (Reid,
1989). The results of the South Atlantic Ventilation Experiment
(SAVE) and the World Ocean Circulation Experiment (WOCE)
suggest, that the overlying deep water masses, i.e. of the Upper
North Atlantic Deep Water (UNADW), the Upper Circumpolar
Deep Water (UCDW) and the Antarctic Intermediate Water
(AAIW), cross the Walvis Ridge in southward direction (Speer
et al., 1995, Reid, 1996, Roether and Putzka, 1996).
Small scale wavy structures on the Namibian continental
slope were first described by Bremner (1981). At that time and
with the limited number of profiles available he proposed to
interpret them as a series of parallel troughs formed by
downslope sliding of sediments in a highly fluidized state.
However, since 1993 several cruises of German research
vessels to this area conducted as part of the University of
Bremen special research project SFB 261 and as pre-site
survey for Ocean Drilling Program (ODP) Leg 175 provide an
extended net of narrow beam subbottom profiler data
(Parasound), showing that the described features form a north-
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FIGURE 1. Location of wave field along the Namibian continental margin. Straight lines show available digital Parasound
data.
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DATA AND RESULTS
Parasound subbottom profiler data is characterized by a
very narrow beam angle (~4° aperture at 3dB points) in
conjunction with the common subbottom profiler signal
frequency of 4 kHz. This provides not only a high vertical
resolution, but also a very high lateral resolution and thus
limits the extent of diffraction hyperbolas providing allowing a
more realistic image of undulating sediment structures. Figure
2 shows a short example Parasound section recorded at 10° 40'
S in SW - NE direction (see Fig. 1). Regularly spaced
sinusoidal structures can be recognized with a well stratified
internal layering. The signal penetration depth in this section
reaches ~ 75 mbsf and allows the observation of two
acoustically diffuse zones at ~10 and ~18 mbsf, separating
deeper waves with wavelengths below 300 m from overlying
units with wavelengths of 600 - 750 m.

water depth, the close linkage to a deep water flow obstacle
and the confinement to a specific water depth range
suggests that they need to be explained as bottom flow
generated and controlled sediment waves indicating the
presence of a very stable bottom current system. This
interpretation is supported by lateral variations in
sedimentation rates which show up in long downslope
profiles. these profiles show significantly reduced
sedimentation rates in the water depth range of the wave
field compared with shallower and deeper sediments. Two
transition zones with partly erosive features and a change in
wavelength at ~10 and ~18 mbsf can be dated to occur
between 600 and 350 ka and 1.9 and 1.0 Ma respectively.
They indicate significant changes in the bottom current
regime with likely increases of flow speeds. The onset of
the wave field can be correlated with the help of a
multichannel seismic line to occur at ~5 Ma.
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FIGURE 2: Parasound section near DSDP Site 532 in 1300 m
water depth.

The same wave geometry was found all over the study area
with conspicuous regularity but with a predominance of shorter
wavelengths (300 - 600 m) further to the south. A common
feature of sediment waves, the migration of the wave crests over
time, can be recognized in distinct sediment layers, but is mostly
absent. The wave shape is independent from the water depth,
however, the overall depth range of the wave field deepens from
1200 - 1650 m in the north to 1300 - 1800 m in the south.
Stratigraphic classification of the observed structures could
be conducted using the results of DSDP Leg 75 (Hay et al.,
1984) and ODP Leg 175 (Wefer et al., 1998). DSDP Site 532 is
located at 1331 m water depth right inside the wave field on
the Walvis Ridge, while ODP Site 1081 is situated at 805 m
water depth shallower than the wave field (see Fig. 1). Site
1081 shows ages of Pleistocene down to 120 mbsf.
CONCLUSION
The large lateral extent of these regularly shaped
sinusoidal structures, their independence from slope and
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3D seismic imaging of aggradational channels related to
geostrophic currents through the Pliocene North Sea basin
Paul C. Knutz
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Abstract: Multiple channel features abounding a Pliocene sedimentary prism in the central North Sea has been
mapped using 3D seismic data (PGS North Sea Mega-merge). Formation of the channels is related to the combined
action of focussed fluid expulsion from fracture zones and lateral dispersal of sediments by bottom currents. The
results suggests that the North Sea during the Pliocene and early Pleistocene formed an intermediate-water seaway
accommodating meridional ocean currents.
Key words: North Sea basin, Pliocene, channels, geostrophic currents, fluid flow

INTRODUCTION
Seismic horizons depicting a series of aggradational ridgetrough structures have been described from the late Neogene
interval of the central North Sea basin (Cartwright, 1995). Both
downslope and alongslope processes have been considered as
mechanisms for these channel-like features. In this study, 3D
seismic mapping have been applied to unravel the depositional
origin of the buried channel formations, set in context of the
late Miocene to Pleistocene evolution of the North Sea basin.

FIGURE 1. Map of study area (a), isochore thickness (m) distribution of Pliocene sediment prism (grey background) and twt
structure of aggradational channels (b, insert) superimposed
on the distal prism section. Position of profiles and inferred
current direction is indicated. The mapped channel horizon corresponds to the reflector marked in green in Fig. 2.

DATA AND RESULTS
The study area lies within the UK and Norwegian
Central Graben covered by the PGS Central North Sea
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MegaSurvey (Fig. 1). Six late Neogene horizons tied to
well log traces and biostratigraphy were identified,
ranging from middle Miocene to early Pleistocene, and
mapped regionally in a 5 km grid. The buried channels
located in the northern UK sector of the Central Graben
were mapped in detail based on a line/trace spacing of
about 40 m.
The channel horizons (green and blue in Fig. 2)
abound the toe of a large sedimentary prism of late
Miocene - Pliocene age (Fig. 1). The late Pliocene
channels, or ridge-trough features, which are the focus of
this presentation, are developed within a clinoform unit
covering the prism and display discontinuous elements
striking N-NW (Fig. 1b). A spatial variation in channel
geometry is observed: from narrow (width of 0.7 - 1.5
km) linear segments in the western area to broader (up to
2.5 km) arcuate elements, often arranged en echelon, in
the northeastern part.
Cross-sections of the late Pliocene interval show
aggradation over an erosional base (yellow in Fig. 2)
juxtaposed to 80-120 m deep troughs often displaying
onlap infill. Marked seismic pull-up on the MMU below
(Fig. 2a) suggests that the troughs contain consolidated
sand (e.g. carbonate cemented). Despite the effects of
acoustic distortion, masking the configuration of strata
below the troughs, the presence of seismic discontinuities
and small-scale faults, extending from the MMU through
the late Miocene unit, is noteworthy (Fig. 2a). The
internal seismic configuration of the interchannel regions
show mounded and generally symmetric accumulations
developed over low-angle accretionary banks (Fig. 2a).
Axial profiles show a preferential northward migration
of internal units, although accretion on southward flanks,
at position of channel-trough terminations, is also
observed (Fig. 2b).
The channel horizon in Fig. 1b represents a stage of
progradational infill by clinoform units from E-SE. Thus,
channel segments in the distal basin were maintained as
troughs toward southeast became progressively buried.
Time-slice mapping below the horizon show that the
southeastern channel components originate in vicinity of
salt diapir chimneys that pierce the Neogene strata over
the MMU (Fig. 1b).
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FIGURE 2. Seismic profiles across channel elements (position shown in Fig. 1) with interpreted horizons and
stratigraphic units indicated. MMU: Mid Miocene Unconformity. Well log traces on profile a represent resistivity
(orange), sonic (red) and gamma-ray (white). Small arrows show position of line crossing. Punctuated lines demarcate stitched boundaries between seismic surveys. Vertical discontinuities suggestive of fracture zones are
highlighted in profile a. Data courtesy of PGS.

DISCUSSION AND CONCLUSION
Observations from the 3D seismic study favour a
contour current mechanism, rather than gravity-driven
sediment transport, for the ridge-trough features. 1. lack of
along-axis dip and connection to a major sediment source.
2. Channel geometry displaying linear or arcuate segments,
oriented at an oblique angle to the clinoform unit. 3.
Northwest migrating mounded to elongate interchannel
bodies extending from trough terminations. The geometry
and base-disconcordant relationship of these features (Fig.
2b) is commonly associated with contourites. The gross
symmetric profile of interchannel regions differs from the
typical upslope migrating bedforms, possibly attributed to
the modest slope gradient in the North Sea basin and a high
sediment flux focussed along the basin axis.
The channel structures are thought to have formed by a
geostrophic current regime that commenced subsequent to
rapid basin subsidence during late Miocene/early
Pliocene. Probably, the channelized accumulation pattern
did not develop spontaneously but more likely was
promoted by geological factors. Sediment mobility
rendered by fluid expulsion through fracture zones and
salt-induced gas chimneys is considered as a mechanism
determining the initial erosive pathways for bottom
currents. An early stage of this process may be represented
by elongate pockmarks as seen in modern Skaggerak (Bøe
et al., 1998).
Geo-Temas, 11, 2010

The results suggests that the North Sea during the
Pliocene and early Pleistocene formed an intermediatewater seaway (depth of 300 to 700 m) allowing a meridional
current flow between the Channel region and Norwegian
Sea. This conclusion is amenable with palaeoclimate studies
indicating warm sea surface temperatures in the sub-polar
North Atlantic during mid-Pliocene.
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Late Neogene contourites in NE Baffin Bay - West Greenland
margin: The signature of a proto-Irminger Current?
Paul C. Knutz, John R. Hopper, Ulrik Gregersen and Tove Nielsen
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Abstract: Remarkable mounded drifts and contourites characterise the late Neogene succession of the West
Greenland continental margin in NE Baffin Bay. These ocean current deposits are observed over two stratigraphic
levels: above a middle Miocene horizon and above an incised conformity of probable early Pliocene - late Miocene
age. The upper Miocene unit displays a 500-1200 m thick mounded sediment prism, covering an area of 100 x
150 km across the central shelf. The significant presence of fossil contourites in the late Neogene sediment record
suggests that pervasive geostrophic currents invaded the West Greenland shelf margin prior to onset of glaciations,
possibly forming a vigorous equivalent to the present day Irminger Current.
Key words: Baffin Bay, seismic stratigraphy, Miocene-Pliocene, meridional ocean currents

INTRODUCTION
Extensive 2D seismic mapping has been carried out by
GEUS on the West Greenland continental margin bordering
the semi-enclosed oceanic basin of Baffin Bay (Fig. 1). The
morphology of the broad shelf is marked by major glacigenic
troughs and fan protrusions generated by Pleistocene ice
streams. The bathymetry of the study area ranges from c. 100
to 1000 m over the shelf and up to 2500 m in the deep basin.
Despite ODP drilling in southern Baffin Bay (Site 645) the

Cenozoic (Srivastava et al., 1987) development of the Baffin
Bay margins remains poorly understood.
DATA AND RESULTS
During 2007-2008, a regional grid of 2D seismic reflection
data was collected and processed by TGS-Nopec along the
West Greenland margin in the Baffin Bay (Fig. 1). Cenozoic
seismic horizons A1 to E1, observed as regional
unconformities, were interpreted defining 5 mega-units
characterised by depositional geometries and distinctive
seismic facies. The chronology of these horizons was
established by ties to ODP site 645 (Srivastava et al., 1989)
and West Greenland exploration wells further south (NøhrHansen, 2003). Two-way travel time depths were converted to
meters using final migration velocities.
The upper Miocene unit displays a 500-1200 m thick
mounded sediment prism, covering an area of approx. 100 x
150 km across the central shelf (Fig. 1). The shape of the
deposit is curved-elongated and narrows toward the northwest
away from the main depocenter. The lenticular seismic
configuration and internal wavy reflectors suggests that the
prism was deposited by alongslope currents (Nielsen et al.,
2008). Its present geometry is modified by glacial erosion,
which has removed a substantial part (400-600? m) of the
prism landward of the inner shelf trough.
In contrast, the Pliocene to early Pleistocene contourites
appear as discrete asymmetric, aggradational to climbing
bedforms on lateral scales of 1-3 km (Fig. 2). These deposits
are notably developed along erosional scars of the early
Pliocene C1 horizon and form a common feature of megaunit B along the mid to outer shelf margin. The thickness of
current-formed deposits increases toward the northern
Baffin Bay where they infill a 60 km wide embayment.

FIGURE 1. Map of study area with seismic grid
and seabed bathymetry. Buried erosional scar indicated by thick hatched line (Fig. 2). Accumulation area of late Miocene prism is indicated by thin
dotted line.
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DEPOSITIONAL CONTROLS
Accommodation of km-scale contourite drift deposition
on the West Greenland shelf margin implies that high
relative sea-levels, with open marine conditions connected
Geo-Temas, 11, 2010
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FIGURE 2. Seismic profile (see position in Fig. 1) showing mounded contourites developed over erosion scar of the C1 unconformity (late Miocene to early Pliocene). Vertical scale is in two-way travel time (seconds). Horizon B1 (late Pliocene to early Pleistocene) is overlain by progradational glacigenic deposits. Horizon D1 corresponds to mid Miocene according to correlation with
ODP 645. The C1 scarp to the right dips within 10-15 degrees.

to North Atlantic overturning circulation, became
established during late Miocene. Due to the Coriolis
focusing of currents along the continental boundary, the
flow path was likely northbound. This is supported by
directional indices in some of the seismic sections (e.g. drift
migration patterns). The late Neogene current system may
have formed a similar but more vigorous equivalent to the
modern coastal current that brings cold low-saline surface
waters clockwise around Greenland. However, since onshore studies have demonstrated that climate conditions were
mild in the Canadian Arctic and northern Greenland during
late Miocene to early Pleistocene (Harrison et al., 1999) this
current system was more likely driven by warm water
masses, possibly forming a meridional equivalent to the
modern Irminger Current. Thus the ocean climate of the
Neogene current system stood in stark contrast to the glacial conditions of the late Pleistocene, as well as the modern
polar regime.
Other major factors for the Baffin Bay contourite
deposits are related to tectonic forcing and sediment
availability. The erosional development of the C1
unconformity is associated with major gravitational masstransport into the basin, suggesting that a tectonic
readjustment of the entire margin took place. Truncation
of the C1 horizon may correspond to a late Miocene (10-11
Ma) phase of tectonic uplift in West Greenland inferred
from apatite fission track data and landscape analyses
(Japsen et al., 2006). The new results from Baffin Bay may
provide new insights into tectonic and climate interactions
in the Arctic.
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Circum-Iberia turbidites and contourites: enhancement of
processes by AMOC millennial-scale climate changes
Susana M. Lebreiro
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Abstract: Contouritic, turbiditic, and slope-advected hemipelagic deposits are analysed in the Gulf of Cadiz, the
Lisbon-Setubal canyons and the Gulf of Biscay. Around Iberia, these deposits indicate enhancement of processes at
cold episodes of millennial-scale (Heinrich and stadial events). We hypothesise that rapid climate changes control
the magnitude and timing of sedimentary processes worldwide. We discuss the high frequency of the Atlantic
Meridional Overturning Circulation (AMOC) cyclicity, the see-saw pattern of deep waters circulation, and the
effect of their sharp transitions on the continental margins as a potential mechanism to destabilise the continental
slopes, and force and sustain gravity flows in a long (cold)-term. Associated low-stand sea-levels and rapid rises
contribute for complex changes in sediment supply, space available on the shelves, depth of incision of canyon
heads, morphology of straits, and speed of confined water flows.
Key words: millennial variability, Iberia, last glacial, contourite, turbidite.

INTRODUCTION
A primary assumption of deep-sea turbiditic systems
reflecting more local conditions (sediment supply, basin
geometry), and/or long term climate controls (sea level orbital
changes) is being substituted by increasingly solid evidences
of global forcings of climate changes particularly at high
frequency (millennial) ciclicity. This does not remove,
however, the difficulty to untangle local from global effects on
sedimentary processes.

Turbidites: Lying on a levee of the Lisbon-Setubal canyon
system at 4602 mwd, core MD03-2698 holds the complete
sequence of turbidites emplaced during the last 60 kyr,
associated with the Tagus river discharge (Lebreiro et al.,
2009). Results show higher frequency of turbidites
synchronized with H1 to H6, and some intermediate stadials
(Figure 1).

Climate variability during last glacial Marine Isotopic
Stage (MIS) is characterised by Bond cycles, i.e. high
amplitude fluctuations gradually cooling from 12-5 ºC (Bond
et al., 1993). As is well known for the orbital scale, low
sealevel stands are correlated with increasing transport of
sediments during glacials, from land to ocean, connected with
climate and shelf / slope instability.
A number of case studies located at non-glaciated latitudes have shown an enhancement of sedimentary processes
of various types strongly dependent on rapid climate
changes (Voelker et al., 2006; Toucanne et al., 2007, 2010;
Lebreiro et al., 2009). We bring together examples of
contourites, turbidites and slope advected hemipelagics, to
show their correspondence in time at a circum-Iberia spatial
scale.
DATA AND RESULTS
Contourites: In the Gulf of Cadiz, core MD99-2341 sites at
582 mwd (Toucanne et al., 2007) and core MD99-2339 at 1170
mwd (Voelker et al., 2006) (Figure 1), within the outflow path
of the Mediterranean. Independently of their considerable
difference in water depth, both MD99-2341 and MD99-2339
reflect the intensity of MOW, identified through large grainsize
layers coincidentally at Heinrich events (H), cold stadials and
Younger Dryas, back to H5 (50 kyr) (Voelker et al., 2006;
Toucanne et al., 2007).
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FIGURE 1. Millennial-scale timing of sedimentary processes:
(a, b, c), with sealevel rises (d) and low sea surface temperatures (light δ18O bulloides correlates with warmer temperature)
(e). Small numbers are Greenland Interstadials; equal number
stadial precedes the interstadial. Core position in Figure 2.
.In the Gulf of Biscay, the paleo-river «Fleuve Manche»
delivered sediments during advances and retreats of the
British-Irish and Fennoscandian Ice Sheets, and the Alpes
glaciers to the Celtic-Armorican margin, represented in cores
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located at the levees of the American and Celtic turbidity
systems (Toucanne et al., 2010). Here, turbidite frequency also
shows major increases at H1 to H3 during the last 30 kyr
(Toucanne et al., 2010).
Slope-advected hemipelagics: Off Lisbon and in the Gulf
of Cadiz, high hemipelagic flux, interpreted as settled from
slope density-driven plumes is concurrent with turbidite
emplacement (Figure 1) (YD and H1-H6 in Lebreiro et al.,
2009; H1 in Toucanne et al., 2010).
DISCUSSION
AMOC and sealevel: Cold periods favour formation of
deep Mediterranean water, and related sealevel lowstands
concentrate the salinity and density of Mediterranean water.
MD99-2341 reports increased sedimentation rate, possibly due
to additional continental/slope supply compared to MD992339. Toucanne et al. (2010) discuss their results in the context
of equilibrium between river loads and drainage area
characteristics, concomitant with profound destabilization of
the AMOC by huge freshwater discharge from north European
ice-sheets. The high sedimentation rate (0.5-1m/kyr) of core
MD03-2698 and its high-resolution chronostratigraphy allow
to distinguish not only the coincidence of fine turbidites with
cold stadials, including major Heinrich events, and the YD, but
also that frequency escalates at the onset of global sea-level
rising (warming in Antarctica) and culminates during H events,
at the time when rising is still in its early-mid stage and the
AMOC is re-starting (Lebreiro et al., 2009). These authors
proposed that 20 m sea-level variations, and slope friction by
rapid deep and intermediate re-accommodation of water
masses circulation are mechanisms of slope instability on the
Portuguese continental margin. This might be extensive to
other margins.

FIGURE 2. Calypso cores reflecting MOW-derived
contourites (MD99-2339; MD99-2341) and Tagus
canyons-derived turbidites and slope advected fine
carbonate pelagites (MD03-2698; MD03-2690).
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CONCLUSIONS
A maximum transfer of sediments from continent to the
deep sea happens through processes like gravity flows
(turbidity currents) and hemipelagic settling of density
cascading plumes. Along-slope transport also occurs
contouring the continental margin at the range depths of the
Mediterranean outflow, constructing sediment drifts
(contouritic currents). All these deposits have in common their
time of deposition for the last 50 kyr at cold Heinrich events,
stadials, and the YD. Therefore, based on the various circumIberia examples, we hypothesise that sedimentary processes
are worldwide intimately controlled by global rapid millennialscale climate changes, and therefore the AMOC interference
and stress on continental margins.
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Abstract: An extensive set of multibeam bathymetry, high resolution multi-channelseismic data, and TOPAS and
3.5 kHzsub-bottom profiles acquired during BREOGHAM, ERGAP 1 and ERGAP2 have allowed the characterization
of the imprints of the Mediterranean Outflow Water current on the Galicia Bank (NW Iberian Margin). The study
area, located from 600 to 1200 m water depth, has revealed a highly variable range of current-controlled
morphological features and deep cold-water coralreefs . We have observed, based on backscatter images and
seismic profiles, four main morphological features: bioconstructions, hardgrounds, and patches and fringes of
sediment-biosediment. These features are a reflection of the along-slope mode of transport and morphologic
constriction of the Mediterranean Outflow water.
Key words: Geomorphology, Galicia Bank, Mediterranean Outflow Water, contourites, deep cold water corals.

INTRODUCTION
The study of seafloor features related to deep bottomcurrents circulation and cold-water coral reefs is one of the
items that aroused most interest in the last years. Deep bottomcurrents play an important role in the growth of cold-water
coral reefs (Roberts et al., 2006), and studies of their onset,
building and associated ecosystem are revealing crucial
palaeoceanographic questions (White, 2007). Galicia Bank
(Fig. 1), 620 m water depth at 200 km from the coast line
(Ercilla et al, 2009), is the main structural seamount controlled
by normal faults in the NW area of the Iberia margin (Sibuet,
1992).
In the Galicia Bank Region, deep bottom-currents explain
the distribution of several morphological features such as
moats, drifts, deep-water corals and sediment waves (Ercilla et
al., 2009).
In this work, we present a preliminary result of the
compilation of multibeam ecosounder and seismic profiles data
of the cold-water coral reef ecosystem on the Galicia Bank
province defined by Vázquez et al. (2008).
DATA AND METHODS
Bathymetric and backscatter models have been compiled
from different multibeam echosounders (EM12, EM12dual and
EM120s). Data from the Spanish Exclusive Economic Zone
(ZEEE) program were used for the area without coverage. High
resolution multi-channel seismic data and very high resolution
TOPAS and 3.5 kHz sub-bottom profiles acquired during
BREOGHAM, ESPOR08, ERGAP 1 and ERGAP2 have
allowed to characterize the internal structure of the currentcontrolled morphological features.
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FIGURE 1. Location of the study area. The northern branch of
the MOW is showed along the middle slope until reaches the
Gulf of Biscay.

RESULTS
Based on the mapping and classification defined by Ercilla
et al. (2009) for erosive and depositional features related to the
slope apron system of the Galicia Bank Region, four main
morphological features have been observed on cold-water coral reef ecosystems: bioconstructions, hardgrounds, and
patches and fringes of sediment-biosediment (Fig 2).
Bioconstructions shows elongated and lobate shapes 100200 m high and few hundred meters large. They are
characterized by incoherent or non-penetrative acoustic
echoes. Deep cold-water corals are mainly constituted by
Lophelia pertusa (Roberts et al., 2006; c in Fig. 2).
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Hardgrounds are characterized by a high backscatter and
underlain bioconstructions (a in Fig. 2).
Patches and fringes of sediment-biosediment show a
smooth relief, moderate-low backscatter, semitransparent
seismic facies and an irregular peripheral border. They are
located in inter-bioconstructions areas (b in Fig. 2).

features, has allowed refining the mapping and
classification of features defined by Ercilla et al. (2009) on
the Galicia Bank. Four main morphological features have
been observed on cold-water coral reef ecosystems:
bioconstructions, hardgrounds, and patches and fringes of
sediment-biosediment. The last three form a complex coldwater coral reef ecosystem with interplaying
bioconstructions and bottom current features. The
biconscontruction morphology controls the local complex
MOW circulation and the formation of erosive and
depositional features.
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FIGURE 2. Backscatter mapping of the deep cold water coral
reef ecosystems of the Galicia Bank province.

DISCUSSION
The Galicia Bank is located far from the direct influence of
source areas of continental sediments. The main sediment
source areas are the structural highs, benthonic organisms and
hemipelagic particles of dead planktonic organisms and windblown terrigenous dust (Ercilla et al., 2008). The
Mediterranean Outflow Water (MOW) flows between 500 and
1500/1600m water depth, underlain by the Labrador Sea Water
(LSW), North Atlantic Deep Water (NEADW) and Lower
Deep Water (LDW) (Iorga and Lozier, 1999 among others). In
the Galicia Bank, the cold-water coral reef system has been
observed between 700 and 1200 m water depth, and then
within the flow range of MOW. The turbulence created by the
deflection of the MOW when this water mass meets the Galicia
Bank increases its primary production, favoring the coral reef
building. However, in the Galicia Bank, this building is also
associated to bottom current features that all together form a
complex set of interplaying morphosedimentary features.
Thus, the base of the cold-water coral reef system could be
locally constituted by abraded surfaces (possibly due to MOW
erosion), constituting hardgrounds over which
bioconstructions can grow. These biocosntructions represent
local obstacles for the impinging MOW and lead to flow
disturbances generating lobate patches and fringes of sediment
waves. Similar feature have been described in the Ortegal Spur
and middle slope of Porcupine (Hernández-Molina et al.,
2009).
CONCLUSIONS
A detailed morphosedimentary study of the Galicia
Bank, that has included a backscatter analysis of the
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Abstract: The bedform of sediment that is deposited from turbidity currents onto the ocean floor is often found to
exhibit long-wavelength variations, with crest lines perpendicular to the flow direction («sediment waves»). A
temporal linear stability analysis, based on the 2D Navier-Stokes equations, reveals the presence of unstable waves
in the bottom boundary layer of a turbidity current. Instability arises from the interaction between the current and
the sediment bed, via the competing effects of particle deposition and erosion. Due to the velocity and density
variations within the current, small undulations of the sediment bed lead to the formation of internal waves. These
waves may, under specific flow conditions, amplify the wavy bedform deformation. Unstable sediment waves
display long wavelengths and are typically found to slowly travel upstream. Both features are in qualitative agreement
with field observations on sediment waves on the backslope of channel levees.
Key words: sediment waves, turbidity current, internal waves.

INTRODUCTION
Sediment waves represent an intriguing example of regular
structures in deep-sea sediment deposits. According to Wynn
and Stow (2002), sediment waves are typically observed in
situations that link their formation to one of two distinct flow
scenarios: downslope flowing turbidity currents or along-slope
flowing bottom currents.
The pronounced regularity of these wave-like structures
strongly suggests that their formation may be due to
hydrodynamic instability mechanisms, arising from the
interaction (deposition and erosion) of a sediment-laden
current with the sediment bed. A linear stability analysis is
conducted in the present study, based on the Navier-Stokes
equations for fluid motion coupled with an equation that
models the evolution of the sediment bed.
PROBLEM FORMULATION
A 2D flow geometry is considered, spanned by the vertical
and the horizontal main flow direction. The Navier-Stokes
equations in this geometry are written in the Boussinesq
approximation, alongside a convection-diffusion equation that
governs the evolution of the concentration of suspended
sediment. Only monodisperse sediment loading is considered.
The interface between the fluid and the sediment bed evolves
due to sediment deposition and erosion; deposition is modelled
as being proportional to the suspended sediment concentration
at the interface, erosion is modelled as being proportional to
the wall shear stress. Bedload transport is not included in this
model.
A steady basic flow state must be defined for the linear
stability analysis. For the purpose of this study, it is assumed
that the flow/bed interaction is dominated by flow processes
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close to the bottom, therefore a boundary layer flow is chosen
as a basic flow, identical to the one considered by Hall et al.
(2008). Perturbations of this steady flow state over a flat
sediment bed are caused by introducing a small sinusoidal
perturbation ~sin( α x) of the bottom topography, with a
prescribed wavenumber α . According to the linearized
equations of motion, the coupled flow/bed perturbations may
grow or decay exponentially in time, with an amplitude
proportional to exp(σt). The growth rate σ as well as the spatial
structure of flow perturbations are obtained numerically as the
solution of an eigenvalue problem.
The present model involves a number of nondimensional
parameters to describe a specific physical flow situation. All
results presented herein pertain to flow parameters that have
been estimated for a realistic flow-stripped turbidity current
spilling over a channel levee, following specifications by
Fildani et al. (2006). These parameters, as well as the
nondimensionalization procedure, are detailed in Hall et al.
(2008).
RESULTS
The linear stability analysis reveals the presence of one single unstable perturbation mode. The temporal growth rate,
given by the real part of σ, is traced as a function of the
wavenumber α in figure 1 (solid line). A positive value of the
growth rate denotes temporal growth of the coupled flow/bed
perturbation, a negative growth rate denotes temporal decay.
With the present flow parameters, two unstable ranges of α can
be distinguished. The unstable regime 0≤α≤0.29 corresponds
to very long wavelengths of the sinusoidal wave in the
sediment bed. The phase velocity of these perturbations, which
corresponds to the migration velocity of the interface wave, is
shown in figure 1 as a dashed line. Its values are three orders of
magnitude smaller than the outer flow velocity. Over most of
Geo-Temas, 11, 2010
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FIGURE 1. Growth rate (solid line) and phase velocity (dashed
line) as functions of wavenumber α. Unstable regions are shaded gray.

the unstable range of wavenumbers, the phase velocity is
negative, indicating a slow upstream migration of the interface
wave.
The associated spatial structure of pressure
perturbations within the fluid is displayed in figure 2 for a
particular unstable wavenumber α=0.1. The pressure
contours form a checkerboard pattern within a fluid layer
of finite width near the bottom interface. The pressure
maximum furthest away from the bottom occurs at y=6.22.
This is precisely the height where the perturbation
frequency ωp matches the Brunt-Väisälä frequency ωN(y),
which in the present case of non-constant flow velocity
and density gradient varies with y. Below this critical
height, the perturbation frequency is smaller than ωN(y),
and internal waves may propagate within the fluid as a
consequence; above this height the perturbation frequency
i s l a rg e r t h a n ω N ( y ) , a n d i n t e r n a l w a v e s m u s t b e
evanescent. According to theoretical considerations,
internal waves are reflected at a layer where ωp=ωN. The
superposition of an upward-propagating oblique internal
wave with its downward-propagating reflected counterpart
must form a checkerboard pattern like the one displayed in
figure 2. We find that the position of the outermost
pressure maximum corresponds to the criterion ωp=ωN for
any value of α. It may be concluded that the fluid
perturbations that are associated with growing interface
waves in the present analysis represent internal waves
propagating inside a wave duct.
Further analysis shows that unstable perturbation growth
only occurs if the velocity boundary layer is thinner than the
concentration boundary layer. The same dominant mechanism
as identified in the context of channel incisions by Hall et al.
(2008) is found to govern the growth of interface waves: an
upward protrusion of the sediment bed experiences strongly
reduced erosion, but less reduced deposition. As a
consequence, the protrusion continues to grow.
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FIGURE 2. Pressure perturbations in the flow over a sinusoidal bottom wave sin( α x) with α =0.1. Red: positive;
blue:negative. Dashed line: y-position where the perturbation
frequency matches the Brunt-Väisälä frequency.

With typical turbidity current heights ranging between 10 and
100 m, sediment wave lengths between 1 and 10 km translate to
wavenumbers α between 0.01 and 1 in the present
nondimensional framework. This estimate compares favourably
with the unstable range α≤0.29 found in the stability analysis.
Furthermore, the negative phase velocity of instability modes
qualitatively agrees with the commonly observed upstream
migration of sediment waves (e.g. Normark et al., 1980).
CONCLUSIONS
Linear stability analysis of a coupled system of flow dynamics
and sediment bed evolution demonstrates that wavy perturbations
of the sediment bed may experience unstable growth. The
associated fluid perturbations correspond to internal waves
propagating in a wave duct that is formed due to the non-constant
vertical density gradient. The dominant instability mechanism is
closely related to the one described by Hall et al. (2008). Instability
is found over a range of wavelengths that compares well to the order
of magnitude commonly observed in sediment waves.
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Abstract: This contribution presents a new mapped deep-water high sinuous channel-levee system in the Niger
distal continental margin. This system is defined by the following main morphosedimentary elements: channel,
abandoned channel, levee crevasse splay and lobe deposits. The channel displays different morphosedimentary
features that allow defining different sedimentary domains: a low sinuous erosive channel, high sinuous constructive
channel and low sinuous constructive channel.
Key words: deep-water, gravity flow, high sinuous, channel-levee.

INTRODUCTION
During the hydrocarbon exploration the gravity flow
deposits in the Miocene, Niger distal continental margin, West
Africa, a deep-water high sinuous channel-levee system was
discovered, which had the similarities in morphologies to a
meandering river (Fig. 1).

The morphology, seismic and sedimentary facies had been
analyzed in order to define the main different architectural
elements that define to this channel-levee system as well as
their sedimentary characteristics. Channel, abandoned
channel, levee, levee crevasse splay and lobe were included in
the deep-water high sinuous channel-levee system (Fig. 2).
RESULTS
The architectural elements defined in the channel-levee
systems are the following: channel, abandoned channel, levee,
levee crevasse splay and lobe are included in the deep-water
high sinuous channel-levee system.

FIGURE 2. Model of the Deep-water High Sinuous Channel-levee System.

FIGURE 1. Average-amplitude display high sinuous channel and lobe in the study area.
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Channel: It could be divided into different sedimentary
domains: low sinuous erosive channel, high sinuous
constructive channel and low sinuous constructive channel.
The channel is generally mainly composed of sandstones and
conglomerates with thinning and fine-upward sequences.
Geo-Temas, 11, 2010
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Lobe: Lobe deposits, just deposited at the mouth channel
show characteristics that are similar to lobe of deep-water fan.
Lithology comprises sandstones interbedded with mudstones.
They deposit from be turbidity or debris flows. Acoustically,
they are defined by parallel-subparallel, continuity seismic
reflections (Figs. 1,4).
CONCLUSION
Deep-water high sinuous channel-levee system is similar
to meandering river in the morphology. Channel, abandoned
channel, levee, levee crevasse splay and lobe are included in
the deep-water high sinuous channel-levee system. The
discovery of the deep-water high sinuous channel-levee system
may help for the study of the deep-water deposits and provide
a way to oil and gas exploration.
FIGURE 3. Characteristic of channel (for E1 position see FIGURE 1).

Seismic facies mostly comprises chaotic and U-or V-shaped
reflections shapes (Figs. 1,2,3).
The low sinuous erosive channel is characterized by
absence of levee and over-bank deposits. Channel floor
comprise with conglomerates, deposited from gravity flows of
large volume, high energy. In this channel domain erosion is
higher than deposition. High sinuous constructive channel
represents the main depositional domain of the channel.
Gravity flows are probably of lower energy compared to the
low sinuous channel. The lithology is defined by thick-massive
sandstones or conglomerates that define a thinning-upward
sequence. Point-bar features are defined which is to the result
of channel migration. However, the migratory frequency is
lower than those meandering rivers. The lateral continuity is
poor (Peakall et al., 2000; Posamentier, 2003, Deptuck et al,
2003).
Low sinuous constructive channel is characterized by a
smaller leveed channel. The sediments are of relatively finer
grain size and a lower sandstone/ mudstone ratio than the high
sinuous constructive channel. We interpret them to be the result
of lower energy. At the same time, channel may be divided into
secondary channel.
Abandoned Channel: The lithology comprise sandstones
and conglomerates in the bottom, but depositing deep-water or
bathyal mud/shale in the upper channel with thinning and fineupward sequence in the lower channel.
Levee: Levee is common to be observed on the both sides
of channel, being vertical accretion of overbank. Fine
sandstone, siltstone, mudstone are deposited with fining
upward sequence (Fig. 1) (Deptuck et al., 2003).
Levee Crevasse Splay: When the high energy of flow and
high sinuous of channel, gravity flow can break the levee, and
so depositing crevasse splay. These sediments are
characterized by fine sand, coarse sand inter-bedded mudstone
that define a coarsening-upward depositional sequence.
Middle-high, mounded and continuity seismic reflection (Fig.
1) (Lü Ming et al., 2008).
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FIGURE 4. Characteristic of lobe (ileft picture is Average-Amplitude).
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Abstract: A tripartite sequence with a lower dense flow deposit division (I), an intermediate traction flow deposit
division (II) and an upper hemipelagic deposit division (III) is proposed here according to careful observations in
field and measurements of each division thickness in the sedimentary sequence. And this sequence can be interpreted
as interactions of internal waves (include internal tides) and turbidity currents.
Key wards: Sedimentary sequence; turbidity currents; internal-wave and internal-tide deposits

INTRODUCTION
The study area is located at the central to southern part
of Ningxia, China. Xiangshan Group is divided into three
formations, from bottom to top as follows: Xujiajuan,
Langzuizi and Mopanjing Formation (Fig 1).

data involved the measurement of 400-600 grains per
sample. 76 sequences were measured carefully of each
division thickness in the field for analyzing its average
thickness in the sequence.
We proposed here a simple classification of finegrained sedimentary rock in Xujiajuan Formation based
o n p a r t i c l e s i z e a n a l y s i s . T h a t i s t h e f i n e - g rained
sandstone (FGS), the fine-grained silt-rich (40-50% silt)
sandstone (FGSS), the siltstone/silty shale/calcisiltite
(SSC) and the micrite/clay-dominated shale (MCDS).
The idealized sedimentary sequence model (Fig 2) of
Xujiajuan Formation can be divided into three parts:
Dense flow deposit division (I) consists of FGS and
FGSS. The thickness is 130 cm in average with a general
range of 20-400 cm. The bottom surface is sharp, with
some flute and groove cast, while the top surface is
usually conformable. This division is lack of internal
structure, and only a few normal grading is presented.

FIGURE 1. Map showing the distribution of strata in study
area. 1 Miboshan Formation; 2 Xujiajuan Formation; 3 Langzuizi Formation; 4 Mopanjing Formation; 5 Thrust fault; 6
Wrench fault

Traction flow deposit division (II) consists of SSC.
The thickness is 28 cm in average with a general range of
3-60 cm. This division contains two associations of cross
bedding in general. The first association is quasi-planar,
parallel and combined-flow-ripple lamination, and some
small-scale hummocky cross stratification (a). The
second association is unidirectional and bi-directional
cross lamination, wave-knitted cross lamination and
parallel lamination (b).

Xujiajuan Formation is characterized by massive, thick
to medium-bedded low metamorphic fine-grained
sandstone, siltstone, silty shale and shale (slate) as well as
thin limestone at top, and is interpreted as deposition of
deep-water turbidity currents with a few internal waves and
combined flows (Li et al., 2009, 2010).

Hemipelagic deposit division (III) consists of MCDS.
The micrite exhibit lenticular thin bedding with irregular
surface at bottom. The thickness is 30 cm in average with
a general range of 5-85 cm (Fig 2).

DATA AND RESULTS

The sedimentary sequence describes here is very similar to the tripartite zonation with prominent grain-size
breaks in turbidites (Gladstone and Sparks, 2002):
division I, II and III is equivalent to the sandy, silty and

61 sandstone samples were collected for thin section
particle size analysis by measuring the long axes. The
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FIGURE 2. Idealized sedimentary sequence model in the Xujiajuan Formation / Dense flow deposit division; // Traction flow
deposit division (IIa Combined flow action stage, IIb Internal-wave and internal-tide reworking stage); /// Hemipelagic deposit
division; 1 Massive or normal graded sandstone; 2 Combined-flow ripple laminations; 3 Cross beddings; 4 Shale.

muddy zone each. Gladstone and Sparks (2002) have
developed a conceptual model in which the particle
segregations were attributed to the bipartite turbidity
currents. But the lower grain-size break boundaries in the
tripartite zonation model are independence from the
sedimentary structure boundaries as well as crossing the
cross beddings, while the division II in the sedimentary
sequence of Xujiajuan Formation is restricted to
sedimentary structures, and this can be attributed to the
actions of internal waves and internal tides.
Summarized, the idealized sedimentary sequence
model in Xujiajuan Formation can be divided into a lower
dense flow deposit division (I), an intermediate traction
flow deposit division (II), and an upper hemipelagic
deposit division (III). This tripartite sequence is
associated to the internal waves and internal tides
winnowing, and the tripartite sequence itself could be
indicating the bipartite turbidity currents.
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Abstract: Three main changes in the sedimentary growth pattern within Pliocene and Quaternary contourite drifts
in the Algarve margin are interpreted based on multichannel seismic profiles. Spatial distribution of major depocenters
is mainly controlled by Pliocene tectonic structures, whose evolution controlled MOW behaviour. Nevertheless,
after the Mid Pleistocene (MPR), the small-scale sedimentary stacking of the contourite drifts was more influenced
by both climatic and sea-level changes.
Key words: Contourites, Algarve margin, Gulf of Cadiz, MOW, Pliocene and Quaternary.

INTRODUCTION
After the end of the Miocene, with the reopening of the
Gibraltar Strait a large Contourite Depositional System (CDS)
developed on the middle slope of the Gulf of Cadiz related to
the permanent warm and saline intermediate Mediterranean
Outflow Water (MOW) (Fig. 1). This CDS comprises both
depositional and erosive features with distributed along the
margin in five morphosedimentary sectors (Llave et al., 2007).
In the Pliocene and Quaternary Gulf of Cadiz sedimentary
record, four main depositional sequences were previously
identified, and associated with important MOW
palaeoceanographic changes. These sequences are bounded by
four discontinuities with regional expression: M (Messinian),
LPR (Lower Pliocene), UPR (Upper Pliocene) and MPR (Mid
Pleistocene) (Llave et al., 2001, 2007). The aim of this work is
to present preliminary results on the Pliocene and Quaternary
seismic stacking patterns and distribution of contourite drifts
within the Algarve margin (Fig. 1). Our study focuses on the
interpretation of profiles from a broad seismic database
acquired by TGS-NOPEC in 2001-2002 and a compilation of
older profiles from REPSOL. Borehole data from oil industry
wells was used to calibrate seismic interpretation and seismic
horizons.
RESULTS
Four main seismic units (from oldest to youngest: P1, P2,
QI and QII) have been identified within the PlioceneQuaternary sedimentary record of contourite drifts on the
Algarve margin (Fig. 2). The boundaries of these units are
marked by high amplitude reflections, which represent major
discontinuities (M, LPR, BDQ and MPR in upward
chronological order (Fig. 2). The BQD discontinuity was
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FIGURE 1. Location map showing main water-mass circulation along the margin and the seismic and borehole data.

previously considered as an intra-upper Pliocene discontinuity
(UPR, Llave et al., 2001, 2007). However, the base of the
Quaternary has recently been re-assigned by the International
Commission on Stratigraphy (ICS) to ~2.6 Ma (Mascarelli,
2009) and we have therefore relabeled the reflector as BQD
(Base Quaternary Discontinuity).
Seismic unit P1 is characterised by weak seismic
reflections with upslope onlapping terminations. Seismic unit
P2 shows well stratified reflections with good lateral
continuity an upslope prograding pattern, mounded in the
north, representing the initiation of the elongated and separated
Geo-Temas, 11, 2010
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drift. Parallel to subparallel reflections are observed across the
rest of the P2, representing sheeted drifts affected by local
deformation and exhibiting gentle anticline/syncline structures
and common faulting. Seismic unit QI shows a more
pronounced mounded upslope-prograding stacking pattern
forming an elongated and separated drift. The stacking pattern
southward evolves to aggradational, representing a large
sheeted drift, where the above mentioned local deformations
are still observed. Seismic unit QII has a sigmoidal to oblique
configuration prograding upslope (northward) as a mounded
drift while parallel-laminated reflections with an aggrading
pattern southward represent a sheeted drift. The deposits of this
unit exhibit less deformation.

trending contourite depocenter with thicknesses of ~400 ms.
These structures play a minor role in sediment distribution
during the Quaternary when E-trending depocenters ~600 ms
thick developed. The central zone experiences direct control
by the ENE-WSW Guadalquivir Bank in the south, and an EW monocline structure in the north (Fig. 2B). These features
resulted in a NE- trending depocenter of ~500 ms thick during
the Pliocene. Nevertheless, during the Quaternary, a new Etrending major depocenter is observed, reaching ~800 ms
maximum thickness. The western zone is still affected to the
north by the monocline causing increased accumulation, with a
NNE trend, in the southern part of the basin during the
Pliocene and Quaternary (Fig. 2C). In general an upslope
progradation of contourite drifts is observed, with the main
depocenter migration towards the N and NW, during the
Pliocene and Quaternary, especially after the Mid Pleistocene.
CONCLUSIONS
Three main changes are identified in the evolution of
growth patterns of contourite drifts on the Algarve margin,
during the Pliocene and Quaternary. Spatial distribution of
major seismic unit depocenters are mainly controlled by the
Pliocene tectonic structures with their evolution, locally
affecting the MOW behaviour. However, after the Mid
Pleistocene (MPR), the more detailed sedimentary stacking
patterns have been more influenced by both climatic and sealevel changes than by structural controls.
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FIGURE 2. Multichannel seismic reflection profiles. A) Eastern
zone; B) Central zone; C) Western zone. (data courtesy of TGSNOPEC Geophysical Company ASA, for this contribution). See
location in Figure 1.

The spatial distributions and thicknesses of the units allow
identification of three zones with different structural controls:
the eastern, central and western zones (Fig. 2A-C). The
eastern zone is characterised by two NE-SW diapiric structures
that have controlled the development of two internal
sedimentary basins (Fig. 2A). During the Pliocene these
structures were responsible for the development of a NE
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Abstract: Multibeam bathymetry and parametric echo-sounder profiles show the nature of the surficial morphology
and the most recent sub-surface sediment record of Scan Basin, a key area to track the path of bottom waters from
Weddell Sea to Scotia Sea. We particularly focus in the southern part of the basin, where the identification of a
number of channel-like features records the inception of the Weddell Sea Deep Water (WSDW) in the basin. A
clear morphological distinction is observed between channels located at both sides of the basin, which most likely
suggest a different degree of interaction between oceanographic and tectonic factors.
Key words: Scotia Sea, Scan Basin, Weddell Sea Deep Water, furrows, channels

INTRODUCTION
A complex array of blocks and basins is found near the ScotiaAntarctic plate boundary (Galindo-Zaldívar et al., 2002). Oceanic
Scan Basin is located northward of Bruce Passage, which at
present is the main gateway between the Weddell Sea and the
Scotia Sea (Fig. 1A). The basin is laterally bounded by two
submarine banks constituted by extended continental crust. The
basin is subjected to compressional tectonics leading to deformation
and sedimentary infill tilting (Hernández-Molina et al., 2007).
This setting is a key area to trace the northward path of the
Weddell Sea Deep Water (WSDW). The WSDW is a branch of
the Weddell Gyre flowing below 1,600 m water depth that
generates in the Weddell Sea different types of contouritic
bodies (Maldonado et al., 2005). The interaction of the WSDW
with the seafloor of Scan Basin has generated a huge
northward-migrating contourite fan coeval with a compressive
regime (Hernández-Molina et al., 2007). In this contribution
we aim to improve the understanding of the origin of the
surficial morphology and the most recent sub-surface sediment
record of Scan Basin, by elucidating the relative contributions
of the regional oceanographic setting and of recent tectonics.
MATERIAL AND METHODS
The database for the present study comprises multibeam
bathymetry and parametric echo-sounder (TOPAS) profiles
from Scan Basin (Fig. 1B). These data were collected onboard
BIO HESPERIDES during two oceanographic surveys (Scan
2004 and Scan 2008). Swath bathymetry data were obtained
with a SIMRAD EM 120 system and processed with
NEPTUNE™ software. The resulting bathymetric grids were
displayed with the help of ArcGIS™ software. TOPAS profiles
were post-processed by using Radexpro™ software and
imported into Kingdom Suite™ software for interpretation.
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FIGURE 1. Geographical location of Scan Basin (A) and
detailed view of the study area, with indication of geophysical data used in this study and the flow path of the
WSDW (B).
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RESULTS
A number of channel-like features were identified in the
southern part of Scan Basin, to the north of Bruce Passage.
Further northwards, the sea floor become essentially
featureless. Among those channel-like features, a
morphological distinction is observed to the west and east of
the basin (Fig. 2).
Channels located to the west of the basin tend to be very
rectilinear, appearing on the basin floor and on the western
slope. Most of those channels are NNE-SSW to NE-SW
oriented, although those located over the lateral slope tend to
acquire an NNW-SSE to almost N-S orientation (Fig. 2A).
Those channels show lengths of kilometric scale, and widths
of sub-kilometric scale. In cross section, they are basically Vshaped with asymmetric profiles, as eastern flanks tend to be
steeper than western flanks. The deepest channels incise tens
of milliseconds over the surroundings.
Channels located to the east of the basin are fairly less
evident in plan view, as they show arched patterns without a
clear, well-defined orientation (Fig. 2B). However, the most
developed seems to be oriented either N-S or NE-SW. They
extend laterally for several kilometers, but they are
considerably wider than the western channels. In cross-section,
their profiles are less pronounced, with some of them showing
a flat valley thalweg indicative of sediment infill.

FIGURE 2. Zoom of two main types of channels identified in
the southern part of Scan Basin, to the west (A) and to the east
(B) of the basin. See Figure 1 for location.

DISCUSSION AND CONCLUSIONS
The identification of diverse types of channels in the
southern part of Scan Basin is considered an indicator of the
influence of the WSDW in the basin floor, thus registering the
inception of the current in the basin. The distinction of two
populations of channels at both sides of the basin also suggest
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that the inception occurred in a different way, and that probably
a recent tectonic control on channel formation and/or
development needs to be invoked.
The morphological features of the western channels (straight
patterns and steep profiles, large length to width ratios) drive us
to interpret them as furrows, whose genesis would be linked to
direct interaction of bottom currents such as the WSDW with the
sea floor (Fig. 2A). This effect would be related to the constraint
of the main core of the WSDW to the western side of the basin,
as pointed out previously (Hernández-Molina et al., 2007).
However, their preferred orientation is coincident with the NESW compression between Scotia and Antarctic plates,
suggesting a recent deformation close to the plate boundaries.
The most uneven pattern of eastern channels and their
intercalation within a series of antiforms would be compatible
with a present-day tectonic deformation that probably led
current pathways in this area.
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Abstract: The Middle Ordovician on the west margin of North-China platform is represented by a succession of
deep-water sediments in which contourites are well developed. The contourites can be classified into:calcarenitic
contourite, calcisiltitic contourite, calcilutitic contourite and bioclastic contourite. Calcarenitic contourite is mainly
composed of sparite calcarenite and is characterized by coarser grain, very irregular boundary plane, development
of parallel stratification and ripple bedding. According to the palaeocorrent and the palaeogeographic format
analysecarbonate contourite drift in the research area is unfolded crossing northwest-southeast, forwarding from
southeast to northwest along the slope, and compared with other contourite drifts, it has some characteristics of
coarser-grained sediment, thicker individual layers, and highly developed calcarenitic contourites and so on.
Key words: North-China platform, contourite, contourite drifts, contourite successions.

GEOLOGICAL AND STRATIGRAPHIC SETTING
The Research area is located on the west margin of NorthChina platform, ranging from the Zhuozishan in Mongolia to
the north, the regions in Gansu pingliang and Shangxi
Longxian to the south, which presents a narrow ribbon
crossing south to north. In Ordovician period, this area is
located in Ordos hollow zone. Since the Great Wall period it
has formed a deeper-water narrow sedimentation zone several
times and was linked with Qinling and Qilian trough, forming
trigeminal rift system of Qinling0Qilian0Helan. The period
from Cambrian to Ordovician is the main time of rift
activities. Especially subsidence in the basin was a maximum
during the Middle Ordovician, and it is also the period for rift
expanding most and scope faulted depression.The framework
for the study area is well understood. A shallow-water
carbonate platform in the east was flanked by a deep-water
carbonate slope to the west which graded further west into a
deep-water turbidite basin.
TYPES AND CHARACTERISTICS OF CONTOURITES
Based on detailed observations of outcrops and thin
sections, taking the size and biological component content as
the main foundation, contourites in the Research area can be
classified into four types: calcarenitic contourites, calcislititic
contourites and calcilutitic contourites and bioclast. The latter
three types are generated in Pingliang xiguanzhuang slope
while the fourth types found mainly in the Zhuozishan
mountain slope Wulalike Formation. Now the features of each
type of contourites can be stated as follows:
Calcarenite Contourite
This type of contourite is much ioncoarser-grainted,
primary and post-depositional structures are easy to be
recognized; In structural components, carbonate sand is mainly
made of micritic limestone, with the primary fine-grained and
mediums carbonate and subordinate coarse-grained

107

components. And it often contains thick calcisiltitic. Bioclast
mainly consists of algal clasts and a few of crinoidal clasts,
brachiopads and trilobites etc.
Calcisiltitic contourite
Such type of contourite is essentially composed of micrite
calcisiltite with a few of sparite-cemented calcisiltite. The
content of calcisiltite is about 40% ~ 60%, accidentally
containing few of bioclast. They often form mutual layers with
Calcilutitic contourite or lie in the overlying and underlying
layers of Calcarenite Contourite.
Calcilutitic contourite
Such type of contourite is totally calcilutite. The internal often
contains micritic limestone and bioclast, ect. The content of
calcisiltite change greatly, bioclast relatively has less contents. It
is mainly the mussel-shrimp, trilobites, crinoids, algal clasts,
sponge spicule, brachiopads,ect.
Bioclastic contourite
This type of contourite is a set of echinoderm clastic
limestones, distributed on the top of each mountain to the
northwest of the young farm and forming characteristic
geomorphic unit. The both sides of northeast and southwest of
echinoderm clastic limestone both change into the debris flood
dark graptolite shales which are rich in echinoderm clastic,
presenting the lens with raised bottom and flat top.The
overlying and underlying layers of echinoderm clastic
limestones are both dark graptolite shales.
CONTOURITE SUCCESSIONS
The complete succession carbonate contourites are
composed of three types of contourites showing a sysmmetrical
vertical arrangement. From bottom to top the succession
consists of: 1 Calcilutitic contourite, 2 Clacisiltitic contourite,
3 Calcarenitic contourite, 4 Calcisiltitic contourite, 5
Calcilutitic contourite. The sequence should reflect the weakGeo-Temas, 11, 2010
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strong-weak current changes(according to Gonthier et
al.(1984) and Duan Taizhong et al (1990)).
In the study area some of the contourite sucession are also
found whereas others are unique to this section.
Complete contourite succession is composed of 5 divisions
from bottom to top: 1 micritic limestone containing sandy
intraclasts, crinoidal clasts, algal clasts, trilobites etc; 2 micritic
limestone with calcarenitic limestone bands; 3 sparitecemented, bioclast-bearing calcarenitic limestone. 4 thin layers
of calcisilty or calcisilt-bearing micritic limestone; 5
bioturbated micritic limestone. Thicknesses of individual
divisions vary greatly laterally and contacts between any two
divisions are irregular.
Incomplete contourite succession: Compared with the
above complete succession, this type of succession usually
lacks division 2 or 4 or both. It is composed mainly of micritic
and calcarenitic contourites, where the transition between the
two components is abrupt and divisions 2 and 4 are absent.
The upper and lower divisions are composed of calcisilty
micritic limestone; Parallel laminations are well-developed.
The middle division is composed of sparite-cemented,
bioclastic calcarenitic limestone parallel bedding and cross
laminations are common.
Contourite successins consisting only of calcarenitic
contourites: This contourite successins can be divided into two
subtypes, one consists of medium –bedded calcartnitic
contourites, the other of thick-bedded calcartnitic contourites.
CONTOURITE DRIFT CONGERIES - CONTOURITE
DRIFT
No top or bottom to 146 m-thick measured section can be
recognized. However, contourites are present throughout the
measured section but in different proportions. Contourites
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make up about 80% of the upper part of the section. It can be
seen that there are four concentrations of contourites in the
measured section. Each concentration consists of several thin
contourite successions or compound successions
characterized by a fine-coarse-fine grain-size trend and
indicating periodic fluctuations in contour current activity.
Pingling section also reveal the more typical internal
structure of the Pingliang Contourite Drift, showing there
exists carbonate contourite drift during the Middle
Ordovician. According to the palaeocorrent and the
palaeogeographic format analyse, Cit should be unfolded
crossing northwest-southeast, forwarding from southeast to
northwest along the slope.
Compared with other contourite drifts, the pingliang
contourite drift is made up of coarser-grained sediment and individual layers are thicker. Calcarenitic contourites make up
more than 36% of the section. Whereas Individal layers may be
more than 5m thick which is very rare in contourite drifts
reported in the literature. It can be concluded that contour
current activity was very strong in the pingliang area. Under
these conditions, calcarenitic contourites with high textural
maturity and abundant pore spaces were formed. Thus, the
reservoir potential of the pingliang contourites is better than
contourites found in other regions.
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Abstract: The tectonics and distribution of seismic units of the southwestern Scotia Sea are described based on
multichannel seismic profiles and magnetic anomalies. Recently acquired profiles suggest that spreading of the
Drake Passage was active prior to 31 Ma. Taking into consideration the timing for breakup and the tectonics of the
area, a deep gateway may have developed in Drake Passage close to the Eocene-Oligocene boundary. After the
initial breakup the Scotia Sea resulted from several spreading centers that developed deep oceanic basins. Seven
seismic units are identified in the Cenozoic deposits. The three youngest units exhibit similar seismic facies and are
correlated at regional scale. The deposits show a variety of contourite drifts that resulted from the interplay between
the northeastward flows of Weddell Sea Deep Water (WSDW), the Antarctic Circumpolar Current (ACC) and the
complex bathymetry.
Key words: Drake Passage, Scotia Sea, seismic stratigraphy, contourites, paleoceanography.

INTRODUCTION
The opening of Drake Passage during the Cenozoic created
the final gateway for a continuous deep-water circulation
around Antarctica (Livermore et al., 2004; Maldonado et al.,
2006). The gateway allowed the instauration of the Antarctic
Circumpolar Current (ACC), which is proposed to have
profound effects on paleoceanography, the evolution of the
Antarctic climate and the beginning of the north-south ocean
circulation patterns. Multichannel seismic reflection profiles
and magnetic anomalies, complemented with high resolution
TOPAS profiles, swath bathymetry and gravity data that we
collected in the southwestern Scotia Sea during seven
oceanographic cruises with the BIO HESPERIDES allow us to
establish the main tectonic events and the geodynamics of the
area (Fig. 1). We also propose a preliminary correlation of the
basin depositional units and show how their evolution was
influenced by tectonics, which controlled the opening and
closing of gateways modifying global paleoceanographic
events with remark impact on erosion and depositional
processes.
RESULTS
The oldest magnetic anomaly previously reported in Drake
Passage is chron C10, whereas our recently acquired magnetic
profiles in the western Scotia Sea show up to chron C12n
(30.5-31 Ma) (Fig. 2). Spreading of the Drake Passage was
active prior to 31 Ma, although older magnetic anomalies were,
moreover, identified during the SCAN 2008 cruise
southwestward of Terror Rise. The distribution of deep basins
in the southwestern Scotia Sea suggests an initial phase of
diffuse spreading and that rifting of the margins and shallow
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FIGURE 1. Regional map showing the tectonics and the location o the BIO HESPERIDES profiles of the SW Scotia Sea (modified from Aldaya and Maldonado, 1996).

seaways between the Antarctic Peninsula and South America
existed well before. The development of Protector Basin is
well constrained by the seafloor magnetic anomalies (14.014.4 to 17.6 Ma), whereas the magnetic anomalies of the central Scotia Sea indicate an age of spreading between 20.7 and
14.2 Ma (Maldonado et al., 2006; Bohoyo et al., 2007).
In previous studies we identified five main seismic units,
that are bounded by high-amplitude continuous reflectors
named a to d from top to bottom. The analysis of the complete
data set collected in the region reveals, however, new and
isolated small oceanic basins that are located in the
Geo-Temas, 11, 2010
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southwestern Scotia Sea, between Terror Rise and the
Shackleton Fracture Zone (Fig. 1). Two older stratigraphic
units are recognized in these basins. The deposits show a
variety of sediment drifts that resulted from the interplay
between the flows of the Weddell Sea Bottom Water and the
influence of the Antarctic Circumpolar Current (Fig. 3). The
three uppermost sequences differentiated in the area all show
the characteristics of contourite deposits. The distribution and
seismic features of these deposits vary in relation to the bottom
topography, which significantly influenced the distribution of
bottom flows (Maldonado et al., 2006). In the unconfined
setting of the abyssal plain, the types of contourite drifts are
determined by the interplay of strong currents shearing along
the margins of submarine banks and the basement tectonic
disruptions of the sea floor. The sheeted drifts dominate in the
abyssal plain, but along the margins of the banks slope
plastered and giant elongated-mounded drifts are developed by
the currents

ridges and basins that were active during the early stages in the
evolution of the Scotia Sea controlled the development of the
Antarctic Circumpolar Current and the deep water flows and
they have, hence, a profound influence on paleoceanography
and climate.

A major paleoceanographic event was recorded by Reflector c (~12.1-12.6 Ma), which marks the connection between
the Scotia Sea and the Weddell Sea after the opening of Jane
Basin. Reflector a (~3.5-3.8 Ma) also suggests major event that
coincides with the end of spreading in the Phoenix-Antarctic
ridge.
The older units of the isolated basins are generally affected
by a northward thrusting below the margin of the South Scotia
Ridge, and a portion of the oldest crust was probably consumed
by the subduction processes (Fig. 3). These data bear evidences
for an earlier than previously postulated opening of a full
circum-Antarctic gateway through Drake Passage, which at
least allowed an eastward circulation throughout the gateway
of the superficial and intermediate water masses.

FIGURE 3. Fragment of multichannel seismic profile and linedrawing interpretation Line HESANT 92-93 M05 collected in
the south-western Scotia Sea with the BIO HESPERIDES. See
well developed contourite deposits in Units Sh1-Sh3.
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FIGURE 2. Multichannel seismic reflection and modeled magnetic anomaly profile across southern Drake Passage.

DISCUSSION AND CONCLUSIONS
The Earth’s climate experienced a major change near the
Eocene-Oligocene boundary, but whether it can be explained
strictly as a result of the opening of southern latitude oceanic
gateways, or attributed to changes in atmospheric CO 2
concentrations, or is in fact the result of multiple causes, is a
subject of debate. The new stratigraphic, tectonic and magnetic
anomaly data indicate, however, the development of oceanic
crust in Drake Passage and that an oceanic gateway existed
between South America and the Antarctic Peninsula well prior
to 31 Ma. Taking into consideration the timing of breakup and
the tectonics of the area, a deep gateway may have developed
in Drake Passage close to the Eocene-Oligocene boundary. The
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Abstract: The N-S Portimao Canyon on the Algarve Margin (N. Gulf of Cadiz) captures the E-W flowing Mediterranean
Outflow Water. On the eastern side of the canyon, the MOW builds thick prograding elongated separated drift
(including a moat), made of silty contourites and a strong sedimentation rate. On the western side of the canyon,
the MOW builds thin aggrading drift made of muddy contourites and a low sedimentation rate.
Key words: Gulf of Cadiz, capture, MOW, canyon, contourite drift.

ELODIE MARCHÈSINTRODUCTION
The Gulf of Cadiz is located in the eastern Atlantic Ocean,
along the Spanish and Portuguese margins. It is situated
between Europe and Africa and stretches out from the Gibraltar Strait (South of Spain) to Cape St Vincent (South of Portugal). The Algarve Margin represents the north part of the Gulf
of Cadiz and extends from Faro to Cape St Vincent, between
36°N and 37°N and 8°W and 9°20W. The bathymetry of the
area ranges from 100 to 3700 m (Mulder et al., 2006).
The sedimentation in the Gulf is principally controlled by a
deep current, the Mediterranean Outflow Water (MOW) which
circulates from the Mediterranean to the Atlantic (O’Neil
Baringer, M. and Price, J.F., 1999; Ambar et al., 1999;
Hernández-Molina et al., 2003; Hanquiez, 2006, Hanquiez et

al., 2007). The area located just out of the Gibraltar Strait
shows high energy sedimentary features indicating erosion
(giant scours and furrows) and coarse sediments (sand patches
and ribbons). Eastward, the MOW carries finer particles and
builds giant mounded elongated separated drifts (e.g., Faro or
Albufeira drifts that prograde westward. These drifts are made
of thoroughly bioturbated silts and silty clays forming stacked
contouritic sequences (Faugères et al., 1985). These drifts
grew above a major regional discontinuity that could
correspond to the Neogene erosional surface. This surface
marks the first activity of the MOW after to the re-opening of
the Strait of Gibraltar at the end of Miocene or at the beginning
of Pliocene. Westward drifts are only sheeted drift (e.g.,
Portimao-Lagos drift) resulting from the aggradation of
contourite sequences.

FIGURE 1. Present geometry of contourite drifts on the western and eastern sides of Portimao Canyon. A, B, C: seismic units in
the Portimao-Albufeira drift (A: oldest; C: youngest). Arrows: MOW circulation. ACT: Alvarez Cabral Trough.

111

Geo-Temas, 11, 2010

E. Marchès et al.

DATA AND RESULTS
The data presented in this paper were collected during the
Cadisar 2 cruise on the RV «Le suroît» (August 2004). The
area mapped during that cruise is located south of the Algarve
margin. Bathymetric data were acquired with a SIMRAD
EM300 multibeam echosonder. Grain size was measured on
samples collected at the top of Kullenberg cores using a
Malvern instrument. High resolution seismic profiles were
obtained using a Sparker system. Three CTDs (SBE19 probes)
and 84 thermoprobes Sippican allowed us to identify water
masses.

channel (Alvarez Cabral Moat) that drives a northward
progradation of the elongated Albufeira Drift. To the west,
slow-moving MOW provokes the inability to erode and the
deep current, no canalized, spreads out, driving to
construction of aggradational deposits with a low mounded
to practically flat geometry (the sheeted Lagos drift). They
have a finer grain size than contourite deposits located on the
east side of the canyon. The combined lesser capacity and
competency of MOW on the western side of the Portimao
Canyon than of the western side is consistent with a capture
of the main part of the MOW by the Portimao Canyon.
Temperature and salinity records show that the MOW
flows effectively flows down the canyon (Fig. 2; Marchès et
al., 2007; Marchès, 2008).
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FIGURE 2. Thermo salinity measurement in
the Portimao Canyon showing the presence of
the MOW.

DISCUSSION AND CONCLUSIONS
The study of bathymetric and new seismic data
emphasizes the influence of the morphology on the
sedimentary processes and confirms the capture (Fig. 1). The
seismic patterns of Portimao-Albufeira Drift show mainly
progradation and little aggradation whereas the seismic
patterns of Lagos Drift show only aggradation. This is
because The MOW is captured by the Portimao Canyon,
generating a diminution in the deep current intensity between
its west margin and the east margin. To the east, fast-moving
MOW associated to the Coriolis force allows to erode the
continental shelf progressively northward forming a moat
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Abstract: The Gulf of Cadiz shows different seismic patterns of channel fill along its north margin (Algarve). These
patters result of the interaction of flows moving in different directions. In the upper part of the slope, the east-ward
moving Atlantic surface water interacts with the west ward moving turbidity currents overspill and on the deeper
part of the slope, the westward moving upper part of the Mediterranean outflow water adds toe the same spilling
turbidity currents.
Key words: Gulf of Cadiz, Seismic patterns, MOW, channel fill.

INTRODUCTION
The Gulf of Cadiz continental slope is dominated by the
influence of a strong, warm (13°C) and saline (> 37 g l-1) contour
current called the Mediterranean Outflow Water (MOW), which
comes out of the Mediterranean Sea and spreads in the middepth North Atlantic at water depths ranging between 400/8001200 m. Its velocity is > 3 m s-1 when it flows out of the Strait of
Gibraltar and drops quickly westward down to 0.2 m s-1 at Cape
St. Vincent (southwest Portugal). When reaching water depths
of about 1500 m, the MOW lifts off the seafloor, where deep
Atlantic water masses dominated. In shallower water depths, the
Atlantic Surface Water (ASW) flows with a SE orientation from
the Atlantic to the Mediterranean Sea.
Out of Gibraltar, the MOW divides in two branches. 1) The
geostrophic Mediterranean Upper Water (MUW), which
follows the isobaths of the Spanish Margin (contour current)
between 400 and 600 m water depths (O’Neil Baringer and
Price, 1977). It is the warmer branch of the MOW (T> 37.7°C
and S= 37‰, Ambar et al., 1999). 2) The Mediterranean Lower
Water (MLW) flows between 600 to 1200 m water depth. This
branch is more saline and colder (S> 37.4 ‰ and T< 13.5 °C,
Ambar et al., 1999), flowing as geostrophic towards the NW
(and in three branches), and as ageostrophic with a E-W
flowing. From East to West, the deposits in the Gulf of Cadiz,
under the action of the geostrophic MOW, record the impact of
a decreasing water mass energy.
The Algarve Margin is located in the northwestern part of
the Gulf of Cadiz contourite system under the MOW influence
(Hernandez-Molina et al., 2003; Hanquiez, 2006, Mulder et
al., 2006, Hanquiez et al., 2007). The margin evolution is
strongly influenced by gravitational processes as demonstrated
by the presence of numerous canyons and channel incising
continental slope
DATA AND RESULTS
The data presented in this paper were collected during
the Cadisar 2 cruise onboard the RV «Le suroît» (August
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2004). The area mapped during this cruise is located on the
Algarve margin. Bathymetric data were acquired with a
SIMRAD EM300 multibeam echosounder and high
resolution seismic profiles were obtained with Sparker
source. Seismic patterns of deposits are important for the
interpretation of the process of contourite deposition
(Faugères et al., 1999).
High-resolution seismic data analysis showed the presence
of paleochannels buried by contourite drifts construction.
(More description of the results is needed: water depth of the
incisions, reflector configurations in each one, etc.).
DISCUSSION AND CONCLUSIONS
The mapping of paleo-incisions has highlighted the
existence of ancient downslope transport systems that incised
the margin from the upper continental slope to deep valleys.
The geometry of the fill overlying the paleochannels has shown
five different patterns in their Quaternary evolution (Marchès,
2008; Marchès et al., 2010; Fig. 1): (1) The first pattern is the
filling of the channel immediately after the beginning of
contourite drifts construction. (2) The second pattern is
interpreted as late filling of channel in comparison to the drifts
growth initiation. (3) The third type of evolution is
characterized by continuous dissymmetric filling associated
with a lateral migration of channel. (4) The fourth pattern is a
discontinuous dissymmetric filling with successive migrations
of the channel. (5) The last type of the fill overlying the
paleochannel emphasizes a polyphased evolution with
different stages of incision.
These different patterns of channels evolution during
Quaternary reveal a North-South and East/West spatial
organisation in agreement with water masses circulation along
the margin. Paleochannels evolution seems thus to be strongly
linked to the interaction between gravity processes, underlined
by the presence of buried incisions, and regional
hydrodynamics. For example, channel filling show westward
dipping lateral progradation and hypertrophied right-hand
levees suggesting the addition of the sedimentation by a
Geo-Temas, 11, 2010
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FIGURE 1. Distribution of seismic patterns of channel filling along the north-west margin of the Gulf of Cadiz and relationship
with the distribution of water masses.

westward flowing current (MUW) and spilling of downslope
gravitational processes deflected by the Coriolis force.
Conversely, channel showing gently eastward-dipping
reflectors on the upper slope suggest filling by currents flowing
in opposite direction: Eastward flowing ASW and westward
spilling turbidity currents.
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Abstract: New high-resolution seismic reflection profiles and multibeam bathymetry from the Pantelleria offshore
show the widespread occurrence of contourite drift and erosive features in the NW part of the Sicily Channel.
Recognized drifts are rather small (up to 10 km long and 3.3 km wide) and are located between ~ 300 and 750 m
w.d. Almost all the contourites are separated drifts with quite well-developed erosive moats and crests, aligned
roughly parallel to the bathymetry. In some areas, multi-crested elongate drifts have been observed. In addition,
wide sectors of the seafloor are affected by diffuse erosion. The distribution of sediment drifts and erosive sectors
well-matches with contourites related to a north-westward flowing intermediate bottom current, which in such
area is mainly related to the Levantine Intermediate Water. Contourites show different styles probably due to the
interaction between a variable bottom-current regime and the complex bathymetry of the Pantelleria offshore
mainly controlled by tectonics and volcanic activity.
Key words: contourites, intermediate bottom-currents, Sicily Channel, Mediterranean Sea.

INTRODUCTION
In the Mediterranean Sea, contourites are rather scattered
and small in size. The most common deposits are elongatemounded drifts located at shallow-intermediate water depths
(e.g. Marani et al., 1993; Roveri, 2002; Verdicchio and
Trincardi, 2008). In the Sicily Channel, contourites are
described by Marani et al. (1993) and Reeder et al. (2002)
from its sill area and by Verdicchio and Trincardi (2008) from
the Gela margin (SW Sicily). They are related to the intense
and complex bottom-currents that swept the Sicily Channel.
The water masses present in this region are characterized by
a surface eastward flow of Modified Atlantic Water (MAW)
in the upper 150-200 m; below MAW, Levantine Intermediate
Water (LIW) flows westward and crosses the Strait toward
the Western Mediterranean; below LIW (about 700 m to the
bottom) a vein (transitional Eastern Mediterranean Water tEMDW) with a slightly different characteristics (colder and
fresher than LIW) flows westward as a quasi-steady current
(e.g. Sparnocchia et al., 1999). LIW and tEMDW are
considered to form the overflow through the sills of the Sicily
Channel; the outflow is in the order of 10 cm/s offshore
Pantelleria Island, which is located upstream of the sill
(Stansfield et al., 2003).
The study area is located in the north-west part of the Sicily
Strait and belongs to the Sicily Channel Rift Zone, a
tectonically active sector with intense volcanic activity
recorded up to historical time (e.g. Corti et al., 2006).
Pantelleria edifice, in particular, represents a large volcanic
structure rising from a depth of ~1250 m, located at the tip of
the Pantelleria Graben (Fig. 1). It has a significant effect on the
flow of intermediate-deep waters, as it separate the main flow
in two branches (Stansfield et al., 2003).
The aim of this contribution is to describe the main
characteristics of both depositional and erosive features
created by bottom-current and understand the present
bottom-current regime, with particular reference to current
pathways.
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FIGURE 1. DTM and bathymetry of Pantelleria offshore (50 m contour interval). Blue areas indicate sediment drifts; Pink areas show erosive features;
brown areas marks biogenic build-ups. Black arrows
indicate the main flows of intermediate waters.

METHODS
The Pantelleria offshore was investigated in 2006 and 2008
through high-resolution seismic profiles (Sparker 1 kJ and
Chirp) and multibeam bathymetry (Reson 8160), onboard R/V
Urania. Spatial positioning was obtained by means of DGPS.
Geo-Temas, 11, 2010
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Multibeam data was processed and gridded to 10 m-20 m
resolution. Seismo-stratigraphic interpretation was performed
also by integration with bathymetric data by Kingdom Suite.
RESULTS
From the multibeam data and seismic profiles various
contourite drifts and erosive elements can be recognized over
the study area. They widespread occur between ~300 and 750
m w.d (Fig. 1).
Almost all the contourites are separated drifts with welldeveloped erosive moats and crests aligned sub-parallel to the
bathymetry (Fig. 2). In some areas, the along-strike variation
from single- to multi-crested elongate drifts has been also
observed. Few deposits could instead represent small plastered
drifts. The recognized sediment drifts are up to 10 km long, 3.3
km wide and from few meters to several tens of meters thick;
locally the measured thickness could be higher as the drifts
overlay tectonically deformed slope units that prevent the
certain definition of the basal surface of the drifts.
The most part of sediment drifts occur on the continental
slope located north to Pantelleria Island, on the western flank
of a wide seamount located SW to the island and on the sector
located WNW to the island (Fig. 1). Erosive elements are
mainly represented by sub-circular bathymetric depressions,
furrows and non-channelized erosion. They mainly occur on
gently sloping sectors and on a tectonic structure, both located
on the western side of Pantelleria offshore (Fig. 1). Further
elements associated to the activity of bottom-currents are
biogenic build-ups and hard substrates located along the
eastern flank of the seamount. These biogenic elements are
probably related to colonies of white-corals (Fig. 1).
DISCUSSION AND CONCLUSION
As Pantelleria contourites are located in an area
characterized by a complex morphology and current pathway,
and frequent occurrence of tectonic deformation within the
sedimentary succession, the integration of morphobathymetric and seismic data has been a key tool for their
identification and analysis.
Pantelleria drifts share common morphological and
stratigraphyc characters with oceanic examples, although they
are relatively smaller. Moreover they are often more complex
in terms of distribution and variability, relatively to the oceanic
counterpart.
The distribution and characters of Pantelleria contourites
well-matches with deposits related to a northwestward flowing
intermediate bottom-current, which in such area is mainly related
to the Levantine Intermediate Water; a possible contribution by
the tEMDW is also envisaged. In addition, the observed contourite
drifts and erosive features highlight the existence of multiple
branches of the intermediate bottom-currents.
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The recognition of different styles of contourites and
associated erosive features can be related to the interaction
between a variable bottom-current regime and the complex
bathymetry of the Pantelleria offshore. In fact, tectonic and
volcanic features deeply affect the seafloor and the
subsurface, producing a strong morphological control on
bottom current regime (e.g. pathway) and in turn on
contourites distribution.

FIGURE 2. Sparker 1 kJ seismic profile across the contourite
drift adjacent to the seamount located SW to Pantelleria Island.
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Abstract: The southwestern sector of the Scotia Sea is located in the proximity of the boundary between the Scotia
and Antarctic plates and also close to the active Shackleton Fracture Zone. This area is a key region to constrain the
opening of the Drake Passage since the Oligocene. The opening of the Passage holds significant implications for
global ocean circulation and for the instauration of the Antarctic Circumpolar Current. Geophysical information
from 15 profiles of two surveys carried out in 1992 and 1992/1993 have been integrated in new magnetic anomaly
maps identifying the main structures taking into account the satellite free air anomaly data and estimating their
depths. Additionally, we have interpreted three parallel seismic profiles in order to identify and correlate the main
seismic units. These seismic features suggest a control of main structures on the evolution of bottom current flows,
sediment supply and water mass distribution. We interpreted the deposits as contourites developed under the
influence of the Weddell Sea Deep Water.
Key words: South Shetland Island Block, Shackleton Fracture Zone, geophysical data, Weddell Sea Deep Water

INTRODUCTION
The development of the Scotia Arc since the Oligocene
resulted in the opening of Drake Passage, which led to the
instauration of the Antarctic Circumpolar Current (ACC) about
32 Ma ago, also significantly influencing the global ocean
circulation. Currently, Weddell Sea Deep Water (WSDW),
derived from the Weddell Gyre, enters the Scotia Sea through
seaways in the South Scotia Ridge. WSDW shows a
predominant westward oriented flow, whereas the ACC moves
eastward farther north (Naveira-Garabato et al., 2002) (Fig. 1A).

Shetland Islands continental blocks. In this work we focus on
the area of the Scotia Plate where the Shackleton Fracture Zone
(SFZ) intersects the South Shetland Islands block (SSIB). The
tectonic process of the opening of Drake Passage led term to
the establishment of a circum-Antarctic oceanographic
circulation, with instauration of the ACC and WSDW. The
objectives of this contribution are two-fold: a) to better
understand the interaction between regional tectonic changes
and the establishment and/or modification of current patterns;
and b) to find evidences for the tectonic influence on bottom
currents and hence on the development of contourite deposits.

The southwestern sector of the Scotia Plate (SWSP) is
bounded southwards by the South Scotia Ridge and the South

Magnetic anomaly maps were generated from data
collected in two surveys carried out in the study area in 1992

FIGURE 1. Geological setting and satellite free air gravity map of the Scotia Sea. A) Main bottom currents in the area. ACC,
Antarctic Circumpolar Current, WDSW, Weddell Sea Deep Water. B) Satellite free air gravity map of southwestern Scotia Plate,
including available profiles highlighting in orange the seismic multichannel profiles selected and in yellow the WDSW direction.

117

Geo-Temas, 11, 2010

Y. Martos-Martín et al.

and 1992-1993 on board of BIO HESPÉRIDES. We have used
the data from a quasi-equidistant grid covering the area where
SFZ intersects the northern margin of the SSIB and free air
gravity maps were obtained from satellite data (Sandwell and
Smith, 2009). They help to constrain and correlate the lateral
continuity of the main structures (Fig. 1.B). In addition, we
analyzed three parallel multichannel seismic profiles (Fig. 1.B)
recorded along the same tracks than magnetic profiles.
RESULTS
Five seismic units were identified in profiles M04 (Fig. 2)
and M02 (Maldonado et al., 2006), whereas profile M01 only
shows the three youngest units. Profiles M04 and M02 show
three sub-basins where the acoustic basement is rather shallow.
These areas are observed with magnetic data estimating the
depths from Spector and Grant method (1970). In general, the
units show high-amplitude and laterally continuous internal
reflectors, except Unit II, which has a variable lateral
continuity. Mounded and sheet-like geometries are observed in
units III and II while only the mounded morphology is shown
in Unit I, which is cut by channels and moats in places.

the NE, where the oceanic crust becomes younger. The youngest
units indicate that the deposits were developed under the influence
of strong bottom currents. The Unit III recorded a reorganization of
bottom flows and Units I and II show a different pattern of
deposition that suggest to increased bottom current energy. In
profile M01 the two oldest units are not observed, which is
attributed to the westernmost location of the profile above SFZ and
the SSIB. In this area, the oceanic spreading occurred later than in
the southern sectors. The deposits also show diagnostic features of
bottom currents, including wavy reflections and seismic
discontinuities that can be traced across the study area. The seismic
characteristics suggest an evolution in the bottom current flows,
sediment supply and water mass distribution, which has been
conditioned by the main tectonic structures. We have interpreted the
deposits as contourites that were developed under the influence of
the WSDW water masses (Fig. 1.B).
ACKNOWLEDGEMENTS
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FIGURE 2. Multichannel seismic reflection profile M04 and line drawing interpretations illustrating the seismic units of the
Southwestern Scotia Sea sector (I to V). Depth in seconds two way travel time. See Fig. 1.B for location. The yellow circle
indicates the WSDW direction.

The magnetic anomaly maps, its spectrum and satellite free
air gravity maps reveals several major shallow structures (Fig.
1.A), particularly one located in the northern area with a long
wavelength, and 90 and -130 nT as maxima and minima values.
DISCUSSION AND CONCLUSIONS
The main tectonics elements of the area, including the SFZ,
the SSIB and the basins of the SWSP, are clearly identified
from magnetic data and supported with gravity data. The major
structure observed in the northern sector coincides with the
location of a shallow basement bank, also identified with
gravity data.
Five seismic units had been previously identified in profile M02
(Maldonado et al., 2006). In this work we have correlated the units
with the evolution of the main structures. The oldest unit was
assigned to the Oligocene-Early Miocene; this unit pinches out to
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Abstract: This paper presents the results of the integration of three-dimensional seismic data with a set of
complementary investigation techniques (sonar, pinger, echosounder, piston coring) to investigate the potential
geohazards on the Ebro Continental Margin (offshore northeastern Spain).This study illustrates several potential
hazardous features such as pockmarcks, channels, landslides and seafloor faulting. The results from this study have
led to a detailed engineering program and proper selection of drillsites as well as for platform anchoring studies
and pipeline layout for facilities evacuation.
Key words: Geohazards, landslides, pockmarks, 3D seismic, Valencia Trough

INTRODUCTION
Geohazards in an offshore oil and gas perspective can be
defined as local/or regional site and soil conditions having a
potential of developing into failure events causing loss of life
or damage to health, environment or field installations. The
triggering of the events can be caused by natural geological
processes or by human induced changes caused by the field
operator or by 3rd party activities. Offshore geohazards and
other foundation-zone and tophole geologic conditions are
increasingly presenting significant challenges to offshore
exploration and development. Geohazards now being routinely
dealt, especially at deepwater sites, include, among others:
landsliding and other seafloor instability; faults and faulting;
gas and gas hydrates; shallow overpressures; fluid venting; and
seafloor current scouring. In addition, erratic soil properties in
buried landslide deposits, sands, rock, and gas hydrates,
present a variety of geotechnical problems for tophole drilling
and foundation design, installation, and performance.
This study presents a combination of high-resolution
geophysical surveying and geotechnical investigation of the
seabed and subseabed including 3D seismic data pinger,
echosounder and piston coring in the offshore Valencia Trough
(Fig. 1). The results obtained provided further information on
seabed conditions to aid in assisting platform anchoring, anchorholding capacity and for foundation engineering studies. Although
examples illustrated here are specific to this study area, ideas
presented here may find broader applicability worldwide.
RESULTS
Based upon the analysis of seismic attributes (amplitude,
variance, dip, artificial illumination) and calibration from
pinger and piston cores, several geohazardous features were
identified in the area which are next described (Fig. 2).
SUBMARINE CHANNELS AND TURBIDITY/
CONTOURITIC CURRENTS
The studied area is dissected by two canyons separated by
a ridge. These canyons are expected to represent channels
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FIGURE 1. Location sketch of the studied area.

along which mass movement events have occurred from the
continental shelf. These channels are oriented east/west and
extend away from the coast, and are best illustrated on the
shaded relief charts. Other minor gullies can be identified from
figure 2. Deep currents that were measured in this area are
relatively low (~13 cm/s) but turbidity and/or contouritic
currents and scouring are likely to occur along these submarine
canyons although with minor impacts on drilling activities.
Platform and drilling rig legs, gravity based structures and
other offshore infrastructures often cause erosion on the nearby
seabed. When placed on sandy seabeds the accelerating
Geo-Temas, 11, 2010
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FIGURE 2. Seismic variance from seafloor and main geohazards identified.

currents and increased turbulence can result in deep scour
holes which might endanger the stability of the structure.
Scouring can be enhanced by turbidity currents generated
either by pre-existing submarine channels or landslides.
POCKMARKS
There are numerous examples of pockmarks (Fig. 2) which
represent fluid escape features over the survey area; these tend
to be variable in size ranging from 20m to 230m in diameter.
There is an uneven distribution throughout the survey area, but
the majority occur along the ridge between the two main
canyons and along the northern and western edge of the survey
area.
SEAFLOOR FAULTING
In the northwest of the survey area running north/south
are some linear depressions that are interpreted to represent
the surface expression of some shallow faulting (Fig. 2). The
seabed in this area might be subject to mass movement in
the future. These small faults trend approximately in a NESW direction and were mainly identified from attribute
maps (variance) and pinger data since throws are extremely
small. Close to the headscarp faults seem to be associated
with a major landslide recognized in the area. Seabed
sediments over these areas were found to comprise of very
soft clay.
THE MONTANAZO LANDSLIDE COMPLEX (MLC)
There is an area southwards of Lubina-1 that is thought to
represent a mass movement flow where the sloping seabed has
failed and flowed down the canyon. The seabed in this region
is rippled which is thought to represent the re-worked
sediments as they have settled and de-watered in this region
Geo-Temas, 11, 2010

after the event. The Montanazo Landslide Complex (MLC) is
the largest and the most significant geohazard in the region and
one of the best imaged examples on the Ebro Continental
Margin of these features and has been thoroughly described by
Frey et al. (2008). The MLC is almost completely covered by
the Lubina B 3D seismic survey and is calibrated by eight
exploration and production wells that show it to be composed
of soft and plastic, deepmarine claystones and limestones.
CONCLUSIONS
The integration of different imaging techniques has
allowed the identification of several geohazards on the ECM.
The MLC is the most representative resulting feature on the
ECM. An active system of upward migrating fluids through the
near-surface sediment column has been revealed by the
presence of numerous superficial pockmarks, paleopockmarks, and blowout pipes. Turbiditic and contouritic
currents are also a major concern. Consequently, special
attention has to be devoted when considering the installation
of sub-sea facilities in this area.
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Construction of Contourite Drifts by the Deep Ocean
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Abstract:. The construction of deep sea sediment drifts is related to major supply points and deep ocean circulation
systems. Attention is drawn to cases where the usual relationship fails. Work is needed to obtain records of the
surface wind-driven circulation from drift deposits.

Contourite drifts are like any other sediment body in
requiring a supply of material and a flow system to
transport and deposit it.
SUPPLY
Remember that (a) for the last 1 Ma sea-level (S.L.)
was at least 70 m lower than present for > 80% of the
time, and that (b) for the preceding Plio-Pleistocene
period of 41 ka climate cycles the S.L. range was 70-80
m, so probably >50% of the time period 5 Ma – 1 Ma S.L.
was >40 m lower than present. This should account for
(a) the top 100m and (b) the next 400 m of many N.
Atlantic Drifts (at a rate of 100 m/Ma). The supply to the
deep sea at lowered sea-level was far more direct than at
present with wide continental shelves flooded by high
interglacial sea-level. The point is that in terms of supply,
the modern situation is not a good guide to most of the
past when the top 500 m of many drifts was deposited.
Most sediment in drifts comes in aqueous transport
from the land, getting to the deep sea by spill-over from
the shelf-edge or by gravity flow on slopes and down
canyons to fans. The great drifts of the N. Atlantic are fed
from Iceland (Gardar, Bjorn), S.E. Greenland (Eirik), and
several canyons off eastern Canada and USA (Laurentian,
Hudson, Wilmington, Chesapeake canyons/fans feeding
Hatteras, Blake and other drifts). Off New Zealand drifts
on Chatham Rise are fed from Bounty Fan/Channel, and
shallow drifts off S.E. New Zealand are supplied by
several large rivers delivering to a narrow shelf. The S.W.
Atlantic margins of Argentina and Brazil have a similar
interplay of canyon, fans and drifts. In only a few cases is
pelagic supply (mainly biogenic carbonate) the major
component and volcanic or aeolian dust provides a few
current-controlled patches of sediment in the central
North Pacific. All major drifts can be traced back to a
large sediment source.
CURRENT SYSTEMS
The principal flows responsible for the construction
of the great drifts are deep western boundary currents
(DWBC) of the global thermohaline circulation. Several
others (e.g. shallow Gulf of Cadiz and S.E. New Zealand
drifts) are also driven by geostrophic thermohaline flows.
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Thus the big N. Atlantic drifts on ridges or continental
margins – Gardar, Eirik, Hatteras, Blake, Bahama,
Caicos, Greater Antilles also occur under components of
the DWBC system. The same is true of the Argentine
margin and Chatham Rise drift systems.
It is common for authors to relate drifts not only to
the dynamical system but also to the water masses
involved. Here we must be more cautious. Just as sea
level has been well below modern levels for most of the
last million years, so also has the water mass distribution
in the Atlantic been dominated by waters of Southern
Ocean origin (SSW) rather than North Atlantic Deep
Water (NADW) as at present. (Note that although the
water may be of southern origin, in the N. Atlantic it will
still flow south along the major ridge and continental
boundaries, having entered on the eastern side of the
ocean and along the western flank of the Mid-Atlantic
Ridge). The Pacific is presently filled with waters cooled
around Antarctica, but while that process is continued in
glacials, water mass character (T, S, nutrients) was not
the same as at present.
INSTRUCTIVE ODDITIES
In several places there are drifts that do not have normal drift properties and others where drifts should occur
but do not. These may illuminate the basic requirements
for drifts.
In the Madagascar Basin abundant sediment is
supplied by turbidity currents into the path of the western
Indian Ocean DWBC, yet no drift is formed. The answer
to this puzzle appears to be that the mean northward flow
of the DWBC is rather slow and that motion is dominated
by oscillatory flow with amplitude 10-15 cm/s due to
Rossby waves of period ~ 60 days. It seems that to get a
drift the flow does not have to be steady, but it should go
in one direction for most of the time.
Perhaps related are the drifts in the deep Argentine
Basin. Here the drift structure is complex with several
crest-lines to the Zapiola Drift. A geostrophic current
needs a slope to ‘lean against’. In the flat bottom of the
Argentine Basin there is no slope and the flow is
probably a cyclonic (clockwise) gyre. The motion is
strong enough to maintain a very high concentration of
suspended sediment. The GLORIA drifts in the N.
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Atlantic (~ 55° N, 45° W) may be similar with no clear
flow direction organised by a current along a slope.
In several places turbidity currents flow into a deep
boundary current creating what we have called a ‘fandrift’. These bodies look like drifts and may have mud
waves on them, but cores show them to be dominated by
muddy turbidites or fine turbidite tails. The prime
example is Hikurangi Fan-drift, but the drifts off the W.
Antarctic Peninsula have some similarities.
In a few locations where a deep current flows
through a gap, the flow speed decreases on the exit,
sediment is deposited and a Contourite Fan is formed,
such as that at the outlets of Vema Channel and Samoan
Passage.
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THE WIND-DRIVEN CIRCULATION, A NEW
FRONTIER
Although most drifts are related to subsurface geostrophic
currents, it would be most valuable to access records of the
strength of the wind-driven surface circulation whose major
features are strong western boundary currents (as seen in the
Gulf Stream, Brazil Current and Kuroshio) and the Antarctic
Circumpolar Current (ACC). The drift on the S.E. Indian
Ridge is mainly due to the ACC. A new avenue for contourite
research will be opened up by locating more deposits related
to the surface ocean circulation. Because these currents are
generally shallow, target deposits high on continental slopes
are liable to contamination by storm-driven shelf spill-over.
Some ingenuity will thus be required.
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Abstract: Multichannel seismic profiles allow us to map and study the dominant tectonic structures in the middle
continental slope of the Gulf of Cadiz, where a large Depositional Contourite System generated by the Mediterranean
Outflow Water has been developed. In this work, we analyzed the direct relationship between some contourite
features located on the proximal sectors close to the Strait of Gibraltar and the tectonic domains of the Gibraltar
Arc region and morphostructure of the margin.
Key words: Tectonics, morphostructure, Contourite System, Gibraltar Arc, Gulf of Cadiz

INTRODUCTION
One of the most outstanding oceanographic features of the
Gulf of Cádiz is the interchange between the Atlantic and
Mediterranean waters through the Strait of Gibraltar and the
occurrence of a Contourite Depositional System (CDS) along
the middle slope, generated by the Mediterranean Outflow
Water (MOW) since the beginning of the Pliocene, after the
opening of the Strait of Gibraltar. Part of this CDS has
developed over the offshore extension of the Betic Chain,
represented by the Betic External Zone and the Flysch del
Campo de Gibraltar. The development of the Rifean-Betic
orogen is the consequence of the westward drift and collision
of the Alboran Domain with the North African and South
Iberian margins in the early–middle Miocene under the N and
NW Africa–Eurasia convergence.
This work is aimed to analyse the control of the tectonics
and the morphostructure in the Gibraltar Arc region on some
features within the CDS system in the southeastern
morphosedimentary sectors (Fig. 1), defined after HernandezMolina et al. (2006): 1) the Proximal Scour and Sand-Ribbons
sector; 2) the Overflow-sedimentary-lobe sector and 3) the
Channels and Ridges sector. This study is based on a broad
dataset of multichannel seismic profiles that allows us to
understand the relationship between the seafloor features and
the deep structures, which have conditioned and control the
genesis and the evolution of some contourite features.
RESULTS AND DISCUSSION
A geological map was elaborated where the main tectonic
structures as well as the major erosive (channels, moats,
furrows, abrasion surfaces) and depositional features of the
CDS are displayed (Fig. 1). Two tectonic domains have been
defined within the study area: A) a southeastern domain of
Mesozoic materials (Subbetic units) and Flysch of the Campo
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of Gibraltar units and B) a northern domain occupied by a
Miocene imbricated wedge, emplaced during the Tortonian
(Medialdea et al., 2004; and references there in). Each domain
is characterized by different contourite features.
The southeastern domain extends between the Strait of
Gibraltar and a major thrust, called the Subbetic Front (Fig.
1). This region has occupied an elevated position since the
Miocene as it is characterized by a NE-SW stack of Subbetic
and Flysch of Campo de Gibraltar thrusts sheets. The
Proximal Scour and Sand-Ribbons Sector of the Contourite
System is located over this domain, which is dominated by
extensive Flysch units outcrops together with erosive scour
alignments and an abrasion surface over sandy contourite
units.
The northern tectonic domain lies between the Subbetic
Front and a set of basement highs located at 1200–1300 m
water depth (Fig.1). It is constituted by a wedge of chaotic
masses (Gulf of Cadiz Unit), whose structure consists of lowangle thrust sheets affected by later gravitational collapse and
reactivated thrusting. Widespread mud diapirism and fluid-escape structures have been reported throughout this domain
(Fernández-Puga et al., 2007; León et al., 2009). The
Overflow-sedimentary-lobe contourite sector and the
Channels and Ridges contourite sector lie on this domain, in
its southern and northern parts respectively. In the southern
part, close to the Subbetic Front, scarce isolated diapirs and
fluid escape depression features pierce the seafloor, where
several furrows that belong to the Overflow-sedimentarylobe sector have been identified (Fig. 1) Among them, some
differences allow us to differentiated two groups: a) the most
southern ones, being the Gil Eanes furrow the more
conspicuous, are connected with the abrasive surface and
keep a NE trend; b) the northern ones are disconnected and
show variable directions. This classification suggests a
different genesis for both groups. Northwards, diapirism
becomes more important and outcropping diapiric ridges
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FIGURE 1. Main tectonic features and morphosedimentary sectors in the Gulf of Cadiz margin. Morphosedimentary sectors taken
from Hernandez-Molina et al. ( 2006) .1: Proximal Scour and Sand Ribbons sector; 2: Overflow Sedimentary lobe sector; 3:
Channels and Ridges sector; 3: Contourite Depositional sector; 5: Submarine Canyons sector; Fs:Subbetic Front.

(Doñana, Guadalquivir and Cadiz diapiric ridges) and
basement highs, as the Guadalquivir Bank, show a NE–SW
trend. It is the area where main contourite channels, ascribed
to the Channel and Ridge Sector, are found (Fig.1).

14157-C02) and TOPOMED (CGL2008-03474-E/BTE)
projects.
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A relationship can be established between the tectonic
domains and the different morphosedimentary sectors
previously defined within the CDS. The southeastern tectonic
domain corresponds to an elevated area that has been swept by
the MOW between 500-1200 m since the opening of the Strait
of Gibraltar. In the northern tectonic domain diapirs and
basement highs are linear obstacles that strongly affect the
circulation of the MOW and play an important role in the
morphostructure and depositional architecture of the margin.
These obstacles control the paths follow by the MOW, which
is deflected and become progressively split in several channels.
Nevertheless other processes as fluid venting must not be
discarded, especially along the evolution of some furrows.
We can conclude that tectonics and the resulting
morphostructure of the margin is a consequence of the
development of the Betic orogen and represents a major control in the evolution of the CDS, that in turn has determined the
recent physiography of the margin. In this sense, the Subbetic
thrusts have been a major structural element which has
conditioned the recent evolution of the CDS.
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Abstract: A multiproxy analysis of six gravity cores retrieved along an E-W transect of the Galicia Inner Basin was
carried out with the aim of reconstructing the sedimentary and paleoceanographic evolution of this basin during
the last 70 kyr. Sedimentation is higher during glacial periods, especially during extreme cold events (Heinrich
Events), while periods like the Holocene are characterized by much lower sedimentation rates. Hemipelagic
sedimentation prevailed during the glaciation on the central part of the basin, whereas strengthened northward
bottom currents bathing the lower continental slope developed a contourite body.
Key words: Galicia Inner Basin, Galicia slope, Heinrich Events, Pleistocene, Holocene.

INTRODUCTION
The Galicia Inner Basin is a narrow deep basin (100 km
wide and around 3000 m deep) located between the western
Iberian margin and the Galicia Bank. Sedimentation in the
basin floor is dominated by hemipelagic processes with a
minor contribution of gravity-driven material supply (Llave et
al., 2008).
Few studies have been dealt with this basin and,
consequently, its sedimentary and paleoceanographic
evolution is poorly known. Based on sedimentary
characteristics of a series of sediment cores along a transect
across the Galicia Inner Basin, elemental X-ray fluorescence
(XRF) core scanning and planktonic foraminifera assemblages,
we provide new information about sedimentary processes
which have dominated in the basin during the past 70 kyr. In
particular, the changes of surface and bottom currents during
Heinrich Events are discussed.
MATERIAL AND METHODS
A total of six gravity cores (FIGURE 1) was retrieved
during two cruises, GALIOMAR (R/V Poseidon, 2006; GeoB
11035) and ForSaGal 09 (R/V Sarmiento de Gamboa, 2009;
FSG09-17, FSG09-16, FSG09-10, FSG09-09, FSG09-07)
along an E-W transect of the Galicia Inner Basin. The transect
spans from the lower slope of the Iberian continental margin to
the east flank of the Galicia Bank. The three easterly cores
were obtained from a contourite deposit close to the lower continental slope; cores FSG09-9 and 16 are located in the middle
of the basin, and the westerly core was retrieved from the east
flank of the Galicia Bank.
A detailed sedimentary description and XRF for
semiquantitative elemental abundance (XRF-core scanner,
GRC Geociències Marines, U. of Barcelona, and MARUM
Center, U. of Bremen) have been carried out in all the
cores. Planktonic foraminifera assemblages and ice rafted
debris (IRD) counts were done for cores GeoB 11035 and
FSG09-10. Total carbon (TC) and total inorganic carbon
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(TIC) were measured for core FSG09-10 (CACTI,
University of Vigo).
The chronostratigraphy has been established using five
AMS-14C datings for Core GeoB 11035 and by correlation of
the identified Heinrich event layers with global curves
(Grootes and Stuiver, 1997).
RESULTS AND DISCUSSION
The correlation of the six cores is based on lithology, grain
size and sedimentary structures, abundance of the main
elements (Ca, Fe, K, Ti, Sr, Mn, Ba) and density (Fig. 1) and
shows a robust age framework. The most conspicuous events
recorded in all cores are the Heinrich Events (HE). These
events can be clearly identified by sandy sediments including
gravel particles visible at glance and X-ray pictures, prominent
peaks of terrigenous elements (Fe, K, Ti) and remarkably
higher density. Further, the levels identified as HE in cores
GeoB 11035 and FSG09-10 coincide with maxima abundances
of the polar species Neogloboquadrina pachyderma (sin.) and
peaks of IRD abundances. According to the ages of HE and the
14
C dates obtained in core GeoB 11035 (see Bender et al., this
volume), the cores mainly record MIS2 and 3.
The Holocene has a reduced thickness (H» 40 cm) and is
easily identifiable by pelagic sediments with lighter colours (beige to brown), high abundance of Ca and temperate microfauna. In
contrast, glacial times and specially HE are characterized by
sedimentation rates much higher than the Holocene. These facts
can be explained by an enhanced input of fine terrigenous
sediments from the continental margin, as proposed by Sierro et
al. (2009) and Lebreiro et al. (2009). A clear difference between
the three western cores and the three eastern cores is apparent
considering the different sedimentary environments. Cores
FSG09-16 and FSG09-09 reflect the hemipelagic and pelagic
sedimentation characterizing the central basin and the arrival of
icebergs during H1 to H6.
Westernmost core FSG09-10 records also
resedimentation processes indicated by massive micaceous
fine sand layers with an erosive base associated with gullies
Geo-Temas, 11, 2010
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FIGURE 1. Core images, lithology and correlation of cores along the transect from W to E across the Galicia Inner Basin. Location
of cores is shown in inlet.

cutting the slope. The three eastern cores were recovered
from a contourite body probably deposited by a northward
directed current affecting the lower continental slope. Signals
of H2 and H3 (Last Glacial Maximum, LGM) in these cores
are very weak or absent while they are clearly recorded in the
central part of the basin.
In conclusion, the sedimentation in the Galicia Inner
Basin was enhanced during glacial times, especially during
extreme cold events (HE). An intense reorganization of
surface and bottom currents took place during the LGM: an
intensification of a northward directed warm surface current
like the present IPC, by enhancement of the latitudinal
density gradient, occurred, hindering the arrival of icebergs
to the vicinity of the continental margin. During the MIS 2
and 3 the northwards currents affecting the lower continental
slope strengthened also enhancing the development of the
contourite deposit.
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Abstract: NSOW flowing through the Faroe-Shetland Channel has a complex flowing pattern into the Iceland
Basin. One branch flows across the Wyville-Thomson Ridge, along the southern flanks of the Faroe, Bill Bailey and
Lousy Banks before turning north along the western flank of Lousy Bank. A general increase in the Norwegian Sea
Overflow Water intensity in the area north of Bill Bailey Bank is shown, based on sediment cores.
Key words: Norwegian Sea Overflow Water, NSOW, pathways, Lousy Bank.

As the Kingdom of Denmark have acquired information
for the purpose of Article 76 of the United Nations Law of the
Sea, new insights have been made in accordance to the
complex pathways of bottom currents flowing from the arctic
ocean to the equatorial regions through the Faroe Conduit. Figure 1 highlights the study area on a regional map.

FIGURE 2. Seismic lines and bathymetric contours are superimposed by various bottom current pathways. Blue lines mark
the pathway of the NSOW from previous work. Purple line is the
pathway described here. Green line represents the Deep Northern Boundary Current flowing along the lower flank of
Hatton Bank.
FIGURE 1. Regional map showing the study area and location
of figure 2 and 3. Area covered with high resolution multibeam
data is emphasized. Abbreviations:, BBB = Bill Bailey Bank,
FB = Faroe Bank, FSB = Faroe Shetland Channel, LB = Lousy
Bank and WTR = Wyville-Thomson Ridge.

Multibeam bathymetric data, results from seismic surveys,
and deep-tow side scan sonar data supplemented by sediment
coring and hydrographic information have been used for
tracing the main pathways of Norwegian Sea Overflow Water
(NSOW) from the Faroe Bank Channel into the Iceland Basin.
Previous studies have indicated a complex pattern of
channelized bottom flow pathways at the western exit of the
Faroe Bank Channel (Kuijpers et al. 1998 ab, Kuijpers et al.
2002, Kenyon et al . 2003, Kenyon et al . 2005,
Akhmetzhanov et al. 2007).
The new data have confirmed this complex pattern of individual current pathways which clearly reflects interaction of
large-scale bottom morphology and effects on bottom current
flow induced by Coriolis forcing as illustrated in figure 2. A
main core of cold and dense Norwegian Sea Overflow Water
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leaving the Faroe Bank Channel tends to be concentrated along
the lower flank of the southwestern Faroe Platform and FaroeIceland Ridge further to the west. At the same time north of
Bill Bailey and Lousy Banks a gradual deepening of the seabed
towards the Iceland Basin leads to downslope Norwegian Sea
Overflow Water flow via various channels branching away
from the main current core.
Norwegian Sea Overflow Water masses associated with
intermittent overflow over the Wyville-Thomson Ridge can be
traced following the southern lower flank of Faroe Bank and
Bill Bailey Bank, before partly turning north through the low
between Bill Bailey Bank and Lousy Bank. As demonstrated in
figure 3 parts of these water masses continues along the
southern lower flank of Lousy Bank, after which these also
turn north.
Seabed evidence indicative of these various pathways
shows that north(west) of Lousy Bank, Norwegian Sea
Overflow Water seabed interaction appears to be present down
to a water depth of approximately 1800 metres, which
Geo-Temas, 11, 2010
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corresponds to hydrographic observations made in this area.
At greater water depth southern-source water masses advected
along the lower flank of Hatton Bank dominate (Due et al.
2006, Sayago-Gil et al. 2010).

FIGURE 3. Deep Northern Boundary Current is indicated by
the green arrows, whilst the purple arrow represents the NSOW
flowing north along the western flank of the Lousy Bank. The
NSOW input is supported by the lineation observed on the multibeam data as well as on seismic data.

Sediment core data from the area north of Bill Bailey Bank
demonstrate significant variability in Norwegian Sea Overflow
Water flow during the Holocene, which may imply a general
change in strength and/or shift in preferred pathway tracks
depending on temperature/salinity changes. It can, however,
be concluded that Norwegian Sea Overflow Water intensity
generally increased after the Mid-Holocene.
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Abstract: A large-scale, singular drift deposit has been recognised in the south-eastern part of the Davis Strait,
offshore West Greenland. The contourite drift, here named the ‘Davis Strait Drift’, is interpreted to comprise
sediments of Mid-Miocene to late Pleistocene age, but deposition is presumably inactive at present.
Key words: Davis Strait, singular drift deposit, seismic contourite characteristics, Davis Strait Drift.

SETTING
Davis Strait, situated between West Greenland and Canadian
Baffin Island, is an approximate 300 km wide passage separating
the deeper water of Baffin Bay to the north from that of the Labrador Sea to the south. The shallowest waters in the strait are
found along its central parts, from 350 to 550 m deep, before it
plunge down to abyssal basins on either side.
The present day bottom water circulation is strongly
affected by the topography of the Strait and dominated by
counterclockwise-flowing currents (Tang et al. 2004; Cuny et
al. 2005). Along the western side of the strait, an outflow of
cold water from the Arctic Basin moves south to feed the Baffin
Island Current (BIC). On the eastern side, the West Greenland
Current (WGC) brings warmer water northward. The WGC is
mainly concentrated over the Greenland shelf and slope, but
is partly deflected to the west across the Davis Strait, where it
mixes with the south-flowing BIC.

underlying basement highs may have occurred, thus
influencing the flow of the bottom currents and probably
causing the eastward migration of the drift crest. Large fields
of sediment waves are found in the southern part of the drift in
the area underlain by the basement highs (Figure 2 B). The
sediment waves are observed at all stratigraphic levels within
the drift deposit.
SUMMARY
Based on seismic interpretation, a large elongated
mounded drift is mapped in the south-eastern Davis Strait. The

BACKGROUND AND RESULTS
As part of a Late Cenozoic regional mapping project
offshore West Greenland using 2D reflection seismic data
(Nielsen et al., 2001), a large-scale current-related sediment
accumulation was recognised in the south-eastern Davis Strait
(Figure 1). Based on the size, external morphology and internal
reflection pattern, the deposit is interpreted as a ‘giant
elongated mounded drift’ (Faugères et al., 1999; Nielsen et al.,
2008). The drift occurs in water depths of 700 to 1500 meters
with an overall dip towards south and the shallowest part
forming the crest of the drift. The internal reflection pattern
shows an eastward migration of the drift crest in the order of
20-25 kilometres since the onset of deposition (Figure 2 A).
The thickness of the drift deposits is interpreted to be more
than 1000 ms TWT. According to the stratigraphic
interpretation of the mapping project (Nielsen et al. 2001), the
drift comprises sediments of Mid-Miocene to Pleistocene age.
A subsequent side scan sonar survey has revealed that the crest
of the drift is heavily disturbed by iceberg ploughing,
presumably of late Pleistocene age, suggesting that the
contourite drift is presently inactive.
The drift forms an isolated ridge in the Davis Strait area
and is therefore beyond direct influence of down-slope
processes. However, some syn-sedimentary movements of
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FIGURE 1. Bathymetric setting of the eastern Davis Strait. The
dashed line show the north-south elongated outline of the Davis Strait Drift. Also shown is the position of the seismic profiles
seen in Figure 2.
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FIGURE 2. Seismic profiles across the Davis Strait Drift. See figure 1 for location. Vertical scale in ms TWT. (A) Low-resolution
seismic profile showing the internal reflection pattern characteristic of contourite deposits. Drift deposits lie between the dashed
lines; coloured lines refer to seismic horizons interpreted by Nielsen et al., 2001. Note the eastward migration of the drift crest and
the iceberg ploughed seabed on the present-day crest. (B) High-resolution seismic profile showing a succession of migrating
sediment waves indicating deposition by currents along the southern flank of Davis Strait during late Neogene.

drift has not previously been documented in the literature, and
henceforth we propose the name ‘Davis Strait Drift’.
Preliminary stratigraphic correlation suggests a Mid-Miocene
to late Pleistocene age of the drift. More work is needed to
fully map the drift morphology and understand its
paleoceanographic significance.
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Abstract: From a detailed study of multibeam bathymetry and seismic reflection profiles of high resolution (Sparker)
we have studied seabed morphology around the seamounts of the Motril Marginal Shelf, to identify the contouritic
features and to reconstruct the sedimentary influence of bottom-current pathways. These features comprise elongated
mounded separated and plastered drifts, moats, scours and terraces whose formation is related to the intermediate
(LIW) and deep water mass (WMDW) dynamics of the Alboran Sea. The seamounts act as topographic barriers and
condition the pathways and velocities of the bottom currents which are subdivided in strands around them.
Moreover bottom current activity could be induced alternatively by a denser and deepest water mass on cold
climatic periods and by a lighter and intermediate water mass in warm interstadials.
Key words: Alboran Seamounts, multibeam bathymetry, contourites sediment drift, WMDW, LIW.

INTRODUCTION
The relationship between the Mediterranean deep water
masses and seafloor morphology was analyzed by Ercilla et al.
(2002), indicating the sedimentary importance of their
influence over the western Moroccan slope where they have
controlled the development of a main contouritic system
(Ceuta Drift). Conversely, only few works are focussing on
Alboran seamounts in spite of they are very singular features
that interact with the hydrodynamic regime changing water
circulation pathway and conditioning the sedimentary
processes in the surrounding areas.

the seabed morphology and the sedimentary structure (Fig. 1)
around the seamounts of the Motril Marginal Shelf in order to
identify the contouritic features and to reconstruct the
sedimentary influence of bottom currents pathways. These
seamounts display a cone-truncated geometry with their tops
at about 250-300 m water depth and show reliefs that vary from
500 m on the NE flanks to 1000 m on the SW flanks. They are
surrounded by sedimentary features that have been interpreted
in relation to their interference with bottom currents.

The water column structure of the Alboran Sea has been
defined by three main water masses (Parrilla et al., 1986)
characterized from surface to bottom by: 1) the Atlantic
surficial Water (AW) which extends from the surface to
nearly 150-200 m depth; 2) the Levantine Intermediate Water
(LIW), between 200 and 600 m depth and below it, 3) the
basin is filled with the Western Mediterranean Deep Water
(WMDW), being its occurrence mainly in the southern
Morocco margin.
In this context we focused on the interference of several
seamounts (Avempace Bank – AV -, Herradura Bank – HR -,
Herradura Spur – HrS - and Djibouti Ville Bank – DbV between them) with the LIW and WMDW circulation pathway
and its control on sedimentation. These seamounts are
structural highs which have controlled the configuration of the
Motril Marginal Shelf (Vázquez, 2005).
RESULTS
From a detailed study of multibeam bathymetry and highresolution sparker seismic reflection profiles we have studied

131

FIGURE 1. A) location of the study area in the Alboran Sea; B)
Main morphological features described around seamounts of
the Motril Marginal Shelf. Legend: SD: Separated Drift; PD:
Plastered Drifts. Dotted lines correspond to the location of seismic profiles of figure 2.

As sedimentary morphologies associated to water masses
dynamics, it has been identified: i) Elongated Mounded
Separated and Plastered Drifts (Faugeres et al., 1999).
Separated drifts are always associated with moats at the foot of
Geo-Temas, 11, 2010

D. Palomino et al.

FIGURE 2. Sparker seismic reflection profiles showing several examples of Contouritic features related to the Seamounts of Motril
Marginal Shelf (SPARKER). Location of the profiles is given on Figure 1.

seamounts, and show several trends (N-S, NE-SW, NW-SE and
E-W) according to the seamount geometry. Plastered drifts
appear in continuity with separated drifts, always as a patch on
the western flanks of seamounts. The mapped drifts show a
slope of 0-2º but it can reach 35º on the moat edges. The
thickness of drift deposits is variable, from a few to hundreds
ms (Fig. 2) and are characterized by subparallel and well
defined stratified facies. ii) Moats are located at the boundary
between the base of the seamounts and the drift deposits (Fig.
2), at 700-950 m water depth. They have 40 m in relief but can
reach 85 m in the SE of AV Bank. iii) Scours (small furrows?)
locate at NW of AV and HR banks and appear as minor erosive
features. They have 1-5 m in relief and ENE-WSW
predominant direction. iv) Terraces, distinguished on the SW
flanks of HR Bank (Fig. 2A), are developed between 280-450
m water depth and have lengths up to 6.5 km. Likewise, similar
features are displayed by the flat geometry of AV and HR bank
tops around 300 m water depth that are defined by erosive
surfaces.
DISCUSSION
Erosive and depositional bottom current features
surrounding the banks are the result of their interaction with
the LIW and WMDW. Their formation could be affected by
changes in water masses structure related to climatic
variability. Cacho et al. (2000) have proposed a reduction of
WMDW thickness in warm interstadials which could allow a
deepest circulation of LIW that would play a role as bottom
currents in the Motril Marginal Shelf.
Distribution of drift deposits in this area suggests that
seafloor is under the influence of a bottom current that sweeps
the zone to the west. This WDMW flows westwards (Parrilla
et al., 1986), but bottom current trends and their velocity
could be affected by changes in slope gradient and by the
bathymetric highs. When currents reach a seamount they are
divided into strands around it, adapting the trajectory
according to seamount geometry. Plastered drifts are
developed on the lee side of seamount. Moats represent the
path of the maximum current flow that is intensified around
the seamount, producing non deposition but erosion of
sediments. In AV Bank (Fig. 2B), moats are more developed
at their southern flank, and less in the northern one, where
also appears minor scours. In HR Bank (Figs. 2A, 2C), they
are predominant in the east side and bottom water masses
flows to the SW. In DV Bank, drifts and moats are placed
both at the North and South flanks with E-W trends. Drift
deposits are more important northwards meanwhile moats are
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more erosive southwards. The HrS acts also as an obstacle
and when the current meets it becomes reflected as show
moat distribution.
CONCLUSIONS
Seamounts of the Motril Marginal Shelf act as
morphological barriers that have conditioned the pathways and
velocities of the bottom currents. Bottom current activity could
be caused alternatively by the WMDW in cold climatic periods
and by the LIW in warm interstadials. WMDW and LIW are
subdivided into strands around the seamounts and their
velocities are directly affected by physiographic irregularities
along its course.
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Abstract: Spectral analysis is the most usual mathematical technique applied to evidence cyclic climatic changes
from the sedimentary record. Different spectral analysis techniques are used, mainly working on data at equal
intervals. However, frequently uneven sampling is obtained, and other approaches must be applied. The LongScargle periodogram is presented as a useful technique to reveal cyclic climatic changes when working with time
series at uneven sampling intervals. When dealing with the cross-spectrum between two sequences, the LombScargle coherence and phase spectrum has been implemented for studying the relation between the two successions.
High-resolution palaeoceanographic dynamic associated to cyclic climatic changes could be approaches even
when dealing with uneven sampling.
Key words: cyclic climatic changes, palaeoceanographic dynamic, spectral analysis, uneven sampling, Lomb-Scargle
periodogram

INTRODUCTION

THE LOMB-SCARGLE PERIODOGRAM

Different scale climatic cycles, from one year to hundred
thousand of years, and even smaller in the case of tidal cycles,
are the focus of the cyclostratigraphy (Schwarzacher, 1993,
2000; Weedon, 2003). The recognition of climatic cycles
registered in the sedimentary record is mainly based in the
application of the «spectral analysis» as a mathematical
technique for finding the periodicities present in a time series. Different spectral analysis techniques are usually used
(i.e., periodogram, smoothed periodogram, Blackman-Tukey
approach, maximum entropy, multitaper estimatiors, etc.),
being a good strategy the application of several of them to
overcome the advantages of disadvantages for the particular
case study.

The Lomb-Scargle periodogram has found applications
in diverse fields, including astronomy, biomedical
engineering, biology, palaeolimnology and geophysics.

In general, the resolution of the power spectra depend on
the number of data present in the time series, and the type of
method used to generate the spectrum. The most desirable is
to working with data at equal intervals (constant interval
sampling), in time or space. In the case of fixed sampling
intervals, the more data present in the time series, the higher
the frequency resolution. Many algorithms have been
developed for the analysis of even sampling sequences
(Chatfield, 1991). However, not always such data are
available.
When the data involve uneven sampling, one possibility
is to compute a time series with constant sampling by
interpolation, but in doing so, there is a distortion of the
spectral content of the original sequence. A more
appropriate approach is to use a method that works directly
with the uneven sampling, and then accounts for any
possible cause of the irregularity in sampling: missing data,
gapped data, random sampling, etc. Although another option
is to estimate the correlation function from uneven sampling
and then use any approach based on the correlation, a more
direct approach is the Lomb-Scargle periodogram (Lomb,
1976; Scargle, 1982).
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When calculating the Lomb-Scargle periodogram, the
power spectrum is evaluated for a high number of
frequencies —larger than the number of experimental data,
especially appropriate for short time series as is the case of
the present research on climatic data. In this sense, this
method gives a higher resolution than the alternatives of
having an even time series by interpolation or by
considering the uneven time series as even with an average sampling interval equal to the mean of the
interdistances between the data. Together with the estimate
it is a good statistical practice to provide the statistical
confidence level of each spectral peak. One appropriate
method is the achieved confidence level using the
permutation test (Pardo-Igúzquiza and Rodríguez-Tovar,
2000, 2005), which has been implemented for the LombScargle periodogram and applied to climatic data,
providing the reliability of the estimated power spectrum.
Considering the two limitations above indicated, an
uneven sampling sequence with a small data set, only those
statistically significant spectral peaks registered in the
power spectrum will be interpreted. Finally, another
extension that has been implemented is the Lomb-Scargle
coherence and phase spectrum between two successions
that will be illustrated with the same climatic data.
Palaeoceanographic dynamic can be interpreted
based on the relationship between ocean-climate
variability, even when the analyzed time-series consists
of uneven data. The interpretation of climatic-driven
palaeocirculation patterns related to contourite deposits
(i.e., Llave et al., 2006), could be approached based on the
application of spectral analysis methodologies, as the
Lomb-Scargle periodogram.
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Abstract: A morphological and stratigraphical study of the sedimentary succession of Protector Basin (South Scotia
Sea, Antarctica), based on the analysis of multichannel seismic reflection profiles, reveals the interaction between
the Antarctic Circumpolar Current (ACC) and the Weddell Sea Deep Water (WSDW). This interaction is recognized
from the Middle Miocene to the present-day contourite deposits, once the connection between the Weddell and
Scotia Seas was established through narrow seaways in the South Scotia Ridge. We identified three main depositional
intervals, which mark major events on the water masses circulation patterns.
Key words: Seismic stratigraphy, discontinuities, Scotia Sea, Protector Basin, Paleoceanography

INTRODUCTION

RESULTS

Protector Basin is a small ocean basin located in the central-southern Scotia Sea (Antarctica), in the vicinity of the
Scotia-Antarctica plate boundary (Figure 1). The regional
bottom current circulation is dominated at present by the
Antarctic Circumpolar Current (ACC) towards the east and
the Weddell Sea Deep Water (WSDW) in the western part,
close to the South Scotia Ridge (Naveira-Garabato et al.,
2002). The objective of this study is to make a regional
morphological and seismic stratigraphic analysis of the
sedimentary records (and contourites) of Protector Basin
based on multichannel seismic reflection profiles mainly
collected during the SCAN-2001 cruise onboard the BIO
HESPERIDES.

The Protector Basin has a triangular shape, as it is wider
and deeper to the south (about 250 km), whereas it becomes
narrower northward. The abyssal plain extends between 3000
and 4000 m water depth. A N-S oriented sea-floor basement
high related to a central spreading center is covered by
sediments towards the south. The magnetic anomalies are
symmetrical in relation to the spreading center and they
indicate an east-west directed spreading, with progressive
northward propagation. Ages range between chron C5Dn (17.6
Ma) and C5ACn (14 Ma) (Galindo-Zaldívar et al., 2006). The
basin is confined between the submarine promontories of Terror Rise to the west and Pirie Bank to the east. These two highs
are structural blocks of thinned continental crust. Pirie Bank is

FIGURE 1. Regional map showing the location of Protector Basin and the different SCAN cruises of
the area.
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FIGURE 2. Fragment of Multichannel Seismic Line SC07 collected during the SCAN-2001 cruise in the
northern part of Protector Basin.

between 1500 and 3750 m water depth and it is affected by
normal faults that create half-graben structures and E-W and
N-S directed crustal thinning.
Five seismic units named Pr5 to Pr1 from bottom to top are
identified on the basin. Two additional seismic units (Pr6 and
Pr7) units interpreted as syn-rift deposits have been identified
over Pirie Bank (Figure 2) (Galindo-Zaldívar et al., 2006,
Maldonado et al., 2006).
Unit Pr5 is located over the acoustic basement and its
distribution is controlled by the basement morphology. Unit
Pr4 is characterized by a sheet-like external configuration.
Some mounded morphologies with low-angle progradational
reflectors are, however, locally identified. Unit Pr3 shows
well-defined contourites deposits with mounded morphologies
although sheet morphologies are also common. Both types of
morphologies frequently show superimposed sediment waves.
Internally, minor discontinuities are also observed. Unit Pr2
exhibits contourites deposits with mounded and sheet external
shapes. Superimposed bedforms are also found on top of this
unit. Unit Pr1 is the youngest and infill mounded morphologies
associated to seismic Unit Pr2. Locally, mounded
morphologies are identified, generally in the vicinity of
contourite channels and moats. This youngest unit is laterally
discontinuous. Low-amplitude sediment waves are identified
in places on top of the unit.
The deposits of Protector Basin have a rather uniform
thickness ranging between 1.1 and 1.4s (twtt). In general, the
sedimentary thickness increases towards the south. However,
the older basin units (Pr5 & Pr4) decrease its thickness towards
the south. Sediment thickness of the three younger units (Pr3,
Pr2 & Pr1) is rather constant in the southern area, where these
units cover the spreading center. These units are slightly
thicker towards the basin edge limits in the northern area.
DISCUSSION AND CONCLUSIONS
The seismic stratigraphy analysis shows five seismic units in
the sedimentary infill of Protector Basin. The three youngest
units are tentatively attributed a Middle Miocene to present-day
age, based on the sea-floor magnetic anomalies of the underlying
igneous oceanic crust and the distribution and geometry of the
deposits (Maldonado et al., 2006). Mounded and sheeted units
represent in these units large contourite drifts, developed by the
interaction of the Antarctic Circumpolar Current (ACC) and the
Weddell Sea Deep Water (WSDW) with a complex bathymetry,
once the connection between the Weddell Sea and Scotia Sea
Geo-Temas, 11, 2010

was established. The tectonic regime of the area also has
influenced the distribution and development of drift deposits,
particularly the opening of new gateways due to both the
previous right-lateral, related with the development of the
southern Scotia Sea basins, and the present day left-lateral
transcurrent regimes (from 8 Ma ago) along the ScotiaAntarctica plate boundary (Bohoyo et al., 2007).
Once the connection between Weddell and Scotia Seas was
established trough the South Scotia Ridge gateways, the
WSDW entered into the South Scotia Sea, where the ACC was
flowing. This event and the coeval regional contourite
deposition enhancement during the Middle Miocene are well
recorded in Protector Basin deposits. After the aforementioned
connection was established, the evolution of deposits in the
basin was characterized by three main intervals, which reveals
major events on water masses circulation.
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Abstract: Major plastered drift sequences were imaged using high resolution multichannel seismics during RV
Meteor Cruise M63/1 and M75/3 in the source area of the Agulhas Current (AC) in front of the Limpopo River.
Detailed analysis allow the reconstruction of the onset and development of the Mozambique Current (MC) as a
major source of the AC. Current influenced sedimentation can be first identified during the early Miocene. From
this time, a progressive northward shift in depocenter indicates an intensification of the MC and the establishment
of a coastal parallel current as part of a lee eddy system in that region. Modern sedimentation is controlled by the
interplay between slope morphology and the lee eddy system resulting in upwelling of Antarctic Intermediate
Water. Drift accumulations in larger depth are related to reworking of sediment as a result of deep reaching eddies,
which migrate southwards with the AC.
Key words: Agulhas current, Mozambique current, lee eddy system, plastered drift, Antarctic Intermediate Water

INTRODUCTION
The Indian Ocean and its western boundary currents play a
key role in the global redistribution of mass, heat, freshwater
and other properties. Especially the Agulhas Current (AC),
which is one of the strongest surface currents of the modern
ocean, seems to form a major inter-ocean exchange system.
Due to the huge amount of heat the AC collects in low latitudes
and carries to higher latitudes, it also plays a major role in the
global vertical heat flux, and thus forms a major linkage
between ocean and atmosphere (Lutjeharms, 2006).
The main focus of this study is the analysis of sediment
deposits formed under the influence of the Mozambique
Current (MC), which represents one of the main water sources
for the AC. Multi-channel seismic data, which were collected
southeast of Limpopo River (Fig. 1), images the internal
geometry of the Inharrime Terrace located in water depths
between 150 and 500 m. In this region the MC and the East
Madagascar Current (EMC) merge forming the AC
(Lutjeharms, 2006), which is mainly characterized by deep
reaching eddies delivered by the MC and EMC (Lutjeharms et
al., 1981; Saetre and Da Silva, 1984).

GI-guns and parametric echosounder (Parasound) profiling. The
seismic system used during both cruises was the GeoB highresolution multi-channel seismic system developed by the
Department of Geosciences, Bremen. In total over 940 km were
processed and analyzed for this study. The seismic-stratigraphy
of this study is based on the correlation of borehole and seismic
data published by Dingle et al. (1978) and Martin et al. (1982).
RESULTS AND DISCUSSION
Four major seismic units could be identified due to major
structural discontinuities within the Inharrime Terrace. Seismic

The primary objective of this study is the identification and
classification of contourite drifts in the study area.
Furthermore, different mechanisms are suggested for the
development of the drift deposits under changing current
regimes over geological time scales.
METHODS
For a better understanding of the AC and its related
sedimentary processes, different seismo-acoustic data sets were
collected during R/V Meteor Cruises M63/1 in spring 2005 and
M75/3 in spring 2008, including multichannel seismics using
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FIGURE 1. Map of seismo-acoustic surveys of RV Meteor cruises M63/1 and M75/3 in front if Limpopo River in the border
region of Mozambique and South Africa; dotted line indicates
location of profile GeoB05-004 shown in Figure 2
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FIGURE 2. Seismic profile GeoB05-005 is an example of the internal geometry of the central part of the Inharrime Terrace (see
Figure 1 for location of seismic line)

Unit 1 (Fig. 2) with a thickness of ~500 ms TWT is located
~1000 ms TWT under the crest of the Inharrime Terrace. This
sedimentary unit was deposited between the late Cretaceous
and the Oligocene/early Miocene. The overall sediment
accumulation pattern indicates hemipelagic sedimentation on
top of basement irregularities with sediment thickness
increasing towards the Limpopo River. Thus, the unit appears
to represent a period of absent or low contour current activity.

Terrace. Due to their internal chaotic structure and their
location, situated in the pathway of the AC/MC eddies
(Lutjeharms, 2006) it is likely that this sediment complex is
deposited under the influence of strong bottom currents leading
towards constant reworking of the accumulated material.

On top of seismic unit 1, 3 major drift sequences can be
identified. The deepest drift (Seismic Unit 2, Fig. 2) shows a
mounded morphology with a maximum thickness of ~350 ms
TWT and is interpreted as a plastered drift formed between the
late Oligocene and the middle Miocene (~ 16.5 Ma).
Subsequently, a major depocenter shift is detectable towards
the northeast of the study area forming a new drift with ~500
ms TWT thickness, representing another large change in the
local hydrodynamic regime (Seismic Unit 3, Fig.2). The earlymiddle Miocene initiation of drift accumulations is considered
to mark the onset or intensification of the MC, which correlates
with results from the Zambezi River delta reconstruction
(Walford et al., 2005). The shifting of sediment depocenter
towards the northeast is related to the onset of the modern lee
eddy system at the Inharrime Terrace. This lee eddy results in a
coastal parallel counter current, which transports sediments
shelf-parallel eastward along the coast (Flemming, 1981).

This study was funded through ‘Deutsche
Forschungsgemeinschaft (DFG)’ and is related to the SAFARI
IODP proposal.

Seismic Unit 4 with a maximum thickness of ~500 ms TWT
forms the modern seafloor morphology with a crest like feature
striking NE-SW along the central part of the Inharrime Terrace
(Fig.2). This plastered drift represents the modern conditions
in the transition between MC and AC. It is concluded that this
sedimentary complex is formed mainly under the influence of
upwelling of Antarctic Intermediate Water (Martin et al. 1982)
resulting from the interaction of the semi stationary lee eddy
system and the slope morphology in the study area (Lutjeharms
and Da Silva, 1988).
Additionally, possible drift bodies were imaged along the
middle slope eastwards and downslope of the Inharrime
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Abstract: During RV Meteor Cruise M49/2 and M78/3 high resolution seismo-acoustic data were collected imaging
a large contourite depositional system along the Argentine/Uruguay margin located in 600 m to 2000 m water
depth. While upslope of 900 m water depth the slope can be characterized by an area of erosion or non-deposition
caused by Antarctic Intermediate Water, the middle slope is shaped by a plastered drift under the influence of
Upper Circumpolar Deep Water. Part of this system is the Mar del Plata Canyon collecting sediments from erosive
processes in its flanks and bottom-currents.
Key words: Contourite, Argentina, Uruguay, Mar del Plata Canyon, plastered drift, Antarctic Intermediate Water,
Circum Polar Deep Water

INTRODUCTION
The south-eastern margin of South America is well known
for its contour current-influenced sedimentation regime.
Hernández-Molina et al. (2009) and Violante et al. (2010)
characterized the overall Argentine margin and identified
several larger contourite deposition systems. The northernmost
described drift deposit of their study is located in front of the
Rio de la Plata River (Fig. 1). The current regime at continental
margin in this area in the border region of Uruguay and Argentina is mainly dominated by the Brazil-Malvinas Confluence
zone (BMC), which is a result of two strong surficial currents:

the southward flowing warm and saline Brazil Current and the
northward flowing cold and dense Malvinas Current.
Underlying the northward flowing Antarctic Intermediate
Water (AAIW) and Upper Circumpolar Deep Water (UCDW)
the middle slope is dominated by southward flowing North
Atlantic Deep Water (NADW), which separates UCDW from
Lower Circum Polar Deep Water (LCDW). This makes the
region to a key location of the deep and intermediate water
loop of the global conveyor belt (Piola and Matano, 2001).
Additionally, the Argentine/Uruguay margin receives
today more than 80 million tons of suspension load per year
from the Rio de la Plata and other rivers (Gilberto et al., 2004).
As a consequence, rapid accumulation of unstable watersaturated, fine-grained sediments is observed, leading to a high
potential for sediment instability and favouring mass wasting
processes (e.g.: Klaus and Ledbetter, 1988). As major
morphological features several canyons are observed. The
most prominent one in the study area is the Mar del Plata
Canyon seaward of the Rio de la Plata mouth (Fig.1).
Consequently, the resulting sedimentation regime can be
described as interaction from current-induced along-slope and
down-slope transport processes.
Present work aims to show the preliminary results of major
contouritic sediment accumulations at the Argentine/Uruguay
margin in relation to the Mar del Plata Canyon (Fig. 1) based
on geophysical data.

FIGURE 1. Bathymetric map of the study area offshore Argentina and Uruguay including the oceanographic setting; green
line indicates location of profile GeoB09-103
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During the RV Meteor cruises M49/2 (2001) and M78/3
(2009) a large amount of high resolution multichannel seismic
(MCS) data using the GeoB and the GEOMAR high resolution
streamer systems were acquired. Furthermore swath
bathymetry and parametric echosounder data were collected in
Geo-Temas, 11, 2010
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FIGURE 2. Profile GeoB09-103 is an example of the typical slope morphology and internal structure north of the Mar de Plata
canyon (see Figure 1 for location of seismic line), time-depth conversion calculated with constant sound velocity of 1500 m/s

the study area. Numerous cores including 1 MeBo (mobile
seafloor drill rig, Freudenthal & Wefer, 2007) core were taken
to improve the understanding of Argentine/Uruguayan
contourite deposition system and the Mar de Plata Canyon.
RESULTS
A contourite depositional system (CDS) was observed
along the Argentine and Uruguayan continental slope located
in 600 m to 2000 m water depth (Fig. 2). This CDS is
characterised by erosive and depositional elements identified
at different water depths. Between 600-900 m the slope is
characterized by an area of erosion or non-deposition with
truncated and high amplitude reflections directly at the
seafloor. Further downslope a plastered drift is located between
the middle slope and the lower slope. Between 900 to 2000 m
water depths the drift with its convex –upward shape develops
northward from the La Plata Canyon. It is about ~90 km long,
~50 km wide, with a thickness around 0.8 s TWT. The
depositional sequences that comprise this drift show an overall
aggradational stacking pattern and lens shape being distally
(eastward) affected by gravitational processes. Internal
reflection configuration is characterized by onlap upslope and
downlap downslope with some discontinuities, which
represent truncation surfaces. Seismic facies are characterized
by mainly low amplitude reflections with some high amplitude
reflections revealing large-scale cycles of deposition and
erosion, which combined form the drift. Seismo-acoustic
profiles crossing the Mar del Plata Canyon show dominant
erosive processes at its flanks, but well-layered sedimentary
units on a small terrace in the north-eastern part.
DISCUSSION AND CONCLUSIONS
Between 700 and 900 m water depth the slope is dominated
today by the AAIW flowing as a contour current along the
slope resulting in non-deposition, winnowing and erosive
processes. The plastered drift seems to be mainly under the
influenced of the impinging UCDW. The termination of the
drift accumulation in a water depth of ~2000 m marks the
transition between UCDW and NADW. Large-scale cycles of
drape deposition and erosion suggest a repeating pattern of
intensification and depth variations of the UCDW leading to a
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weakening or intensification of contour current forcing along
the slope.
Along the Mar del Plata Canyon, down-slope processes are
dominant, but with the lateral influence of the along-slope
processes. In this sense, the sedimentary units located on the
described small terrace result from sediment transported by the
UCDW flowing northward above the canyon.
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Abstract: The analysis of a compilation of deep CTD casts conducted in the western Mediterranean after winter
2005 have documented the role that dense shelf water cascading (DSWC) plays in transporting suspended particulate
matter from the coastal regions down to the basin. Deep CTD casts revealed the formation of thick and persistent
bottom nepheloid layer (BNL) associated with the winter 2005 DSWC event, which was not present in 2004. This
BNL spread throughout the western Mediterranean basin and scaled in thickness with a thermo-haline anomaly
generated by the mixture of dense waters formed by deep convection in the open sea and by cascading, being up
to 1450 m thick at some locations. Excess of concentrations within the BNL in the central part of the basin were
around 0.2 mg/l, but reached concentrations >2 mg/l close to the continental rise. This BNL could be observed to
progress from the Gulf of Lions and Catalan margin towards the central part of the basin, reaching south of the
Balearic Islands and west of Sardinia in May 2005, and covered the entire western Mediterranean basin in June
2006. BNL thickness and concentration diminished with distance away from its source and also with time, although
its turbidity signal can still be detected at present (2010).
Key words: cascading, suspended particles, bottom nepheloid layer, Gulf of Lions, western Mediterranean

INTRODUCTION
Dense shelf water cascading (DSWC) is a global climatedriven oceanographic phenomenon common not only on high
latitude continental margins, but also on mid latitude and tropical margins (Ivanov et al., 2004). DSWC is a specific type of
buoyancy driven current, in which dense water formed by
cooling, evaporation or freezing in the surface layer over the
continental shelf descends down the continental slope to a
greater depth.

typical offshore or open-sea convection, since the later only
brings dense «blue water» free of particles to the basin.
During the abnormally dry, windy and cold winter 2005,
cascading in the north-wstern Mediterranean was

The north-western Mediterranean is one of the regions of
the world where massive dense water formation occurs
because of cooling and evaporation of surface waters during
winter-time (Durrieu de Madron et al., 2005). Concurrent with
the well known open-sea convection process on the MEDOC
region, coastal surface waters over the wide shelf of the Gulf
of Lions also become denser than the underlying waters and
cascade downslope during sustained periods of time, until
reaching their equilibrium depth.
Cascades of DSW can last for several weeks and the
associated strong currents can induce erosion and resuspension
of surface sediments in the outer shelf/upper slope and
generate bottom nepheloid layers (BNL, i.e. layers of water
that contains significant amounts of suspended sediment).
Such layers can be detached at intermediate levels when the
density of the mixture of water and particles reach their
equilibrium depth, or if the density is large enough, evolve into
a thick BNL that can reach the lower continental slope and
basin (Figure 1). This cascading mechanism contrast with the
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FIGURE 1. Schematics of the DSWC mechanism illustrating the
formation of intermediate nepheloid layers (INLs), when water
and particle detachments occur at the neutral density levels, and
of a thick bottom nepheloid layer (BNL) when dense shelf waters
reach the basin. Adapted from Fohrmann et al. (1998).
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exceptionally intense, lasting for more than three months
(Canals et al., 2006; Puig et al., 2008). Under these
circumstances, dense shelf waters propagated along and across
the continental slope, reaching depths >2000 m where they
merged with dense waters formed off-shelf, in the MEDOC
area, by a typical open-sea convection process (Font et al.,
2007). The mixing of these two dense waters generated a
thermo-haline anomaly in the Western Mediterranean Deep
Water (WMDW) that spread throughout the entire western
Mediterranean basin (López-Jurado et al., 2005; Schroeder et
al., 2008).
RESULTS AND DISCUSSION
The analysis of a compilation of deep CTD cast conducted
in the western Mediterranean after winter 2005 have allowed
documentation of the formation of thick and persistent BNL in
the basin, which was not present in 2004. Figure 2 shows the
vertical profiles of estimated suspended sediment
concentration (SSC) based on light scattering and σθ of the
hydrographical transect conducted on 24 March 2005 (right
after the DSWC event) across the Barcelona continental
margin, from 300 down to 1700 m depth. These profiles nicely
captured the formation of the BNL associated with the dense
water plume generated further north, in the Gulf of Lions shelf.
The BNL became thicker with depth although the maximum
concentrations close to the seafloor were similar among
profiles, reaching values around 0.6 mg/l. Contemporary deep
CTD profiles conducted in Gulf of Lions continental rise
recorded higher concentrations, with near-bottom peaks up to
2 mg/l. However, once in the basin, excess concentrations (i.e.
SSC above background levels) within the BNL were around
0.2 mg/l.

FIGURE 2. Vertical profiles of estimates of suspended sediment
concentration (SSC) based on light scattering and σθ from a
hydrographical transect conducted across the Barcelona continental margin, from 300 down to 1700 m depth on 24 March
2005. The inset map shows the location of the CTD casts.

This newly created BNL spread throughout the western
Mediterranean basin and scaled in thickness with the abovementioned thermo-haline anomaly generated by the mixture of
dense waters formed by deep convection at open sea and by
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cascading. At some locations, the BNL was up to 1450 m thick,
covering more than half of the entire water column.
CTD data from several cruises revealed that the BNL
generated in the Gulf of Lions and Catalan margin rapidly
spread across the western Mediterranean basin. It reached
south of the Balearic Islands and west of Sardinia in May 2005,
and covered the entire western Mediterranean basin in June
2006. Thickness and concentration of this BNL diminished
with distance away from its source and also with time.
Nonetheless, the turbidity signal generated by this cascading
event can still be detected at present (2010), confirming that
fine particles in deep BNLs can have residence times of several
years (McCave, 1986).
The potential impact of the formation of such a thick BNL
on the sedimentation processes of the Menorca contourite drift
still needs to be investigated. However, it might be expected
that enhanced deep-sea currents associated to dense water
formation processes in the north-western Mediterranean, both
by deep open-sea convection and off-shelf cascading, play a
key role in its development.
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Abstract: Contourites are sediments deposited or substantially reworked by bottom currents. The study of contourites
is crucial for three main fields of fundamental and applied research:
(1) palaeoclimatology and palaeoceanography, since these fairly continuous and relatively high-resolution sediments
hold the key for priceless information on the variability in circulation pattern, current velocity, oceanographic
history and basin interconnectivity;
(2) hydrocarbon exploration, since accumulation of source rocks may be favoured by weak bottom currents,
whereas «clean» deep-sea sands may be formed by robust flows;
(3) submarine slope instability, since low-permeability fine-grained contourites facilitate the formation of
overpressurized gliding planes when fresh contourites with a high pore-water content becomes rapidly loaded, or
when their rigid biosiliceous microfabric collapses due to diagenetic conditions.
Key words: Contourites, Book, Bottom Currents, Sediments, Geometry.

INTRODUCTION
Despite their significance, contourites are poorly known
by the majority of non-specialists. Notwithstanding the
growing interest and the intensified research in contourites, a
reference book on contourites was missing. The authors of this
abstract are the editors of the book CONTOURITES (Rebesco
and Camerlenghi, 2008) for the series «Developments in
Sedimentology», published by Elsevier at the end of 2008
(volume N. 60 of the series).
This book (Fig. 1) addresses all aspects of the knowledge
related to contourites and provides an authoritative and
comprehensive coverage of the subject. It can serve as a standard reference work for non-specialists who are seeking an
authoritative source of information about contourites.
DISCUSSION
Through the contributions of all authors of the book
CONTOURITES, the editors gained an up-to-date
multidisciplinary perspective of the bottom currents and
sedimentary processes controlling the large scale geometry/
morphology and interior attributes of this kind of sediments
(Rebesco et al., 2008). A number of case histories in the
different domains of the continental margins (Fig. 2) detail the
research. Among the open questions there is the need for a
more stringent terminology and the divergence of opinions
about depositional structures.
Traction structures are considered a distinctive aspect of these
sediments on the assumption that they are deposited by longlasting bottom current, by contrast with the episodic, decelerating,
gravity-driven currents (Shanmugam, 2008). And in fact
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FIGURE 1. Cover of the book CONTOURITES
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FIGURE 2. 3-D conceptual sketch showing the potential contourite depositional and erosional features on a slope over (From
Hernández-Molina et al., 2008). A: margins with different water masses along the slope but with simple current pathways (e.g. the
Brazilian slope and the Northern European margin). B: margins where recent tectonic activity has produced very complex slope
morphology, increasing the possibility of generating multiple-current pathways (e.g. the slopes of the Gulf of Cadiz, western Iberian margin and some active margins). C: interaction between down-slope (submarine canyons and slides) and along-slope processes (slope currents).

migrating bedforms of variable scale decorate the seafloor beneath
the path of present bottom currents (Wynn and Masson, 2008).
However, conspicuous evidence from deep sea
sedimentary cores demonstrates that pervasive bioturbation,
which likely obliterated pre-existing sedimentary structures, is
the dominant aspect of recent sediments from contouritic drifts
(Stow and Faugères, 2008; Wetzel et al., 2008). Laminations in
recent fine-grained contourites from Antarctic margins (van
Weering et al., 2008) and of cross-stratifications in ancient
corse-grained carbonatic contourites from Spain (MartínChivelet et al., 2008) suggest that sedimentary structures may
be preserved in environmental conditions of suppressed
primary productivity and rapid deposition from high-speed
flow.
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Abstract: The case history of contourite drift 7 and of the other contourite drifts of the Pacific Margin of the
Antarctic Peninsula is reviewed considering the various types of data available (including swath bathymetry,
multichannel seismic, sub-bottom profiles, cores, drillsites, moorings). The complex morphology reflects the coexistence of various sedimentary processes. The data suggest that Drift 7 is a genuine sediment drift in which
bottom currents pirate the sediment of the turbidity currents. The studies confirm what is obvious but often
oversight: a reliable understanding of the deep-sea processes may come only from complementary datasets and
multidisciplinary approaches. An accurate examination of the geometry and morphology of deep sea deposits may
assist the assessment of the relative importance of bottom and turbidity currents. The bottom current processes
controlling the deposition of drift 7 appear to privilege deposition on the upstream side and non-deposition/
erosion on the downstream side. The Coriolis force appears to have a crucial influence for location and geometry
of the deep sea deposits. The understanding of contourite system behaviour and of the interaction of down-and
along-slope processes that may be gained from well studied examples may be relevant for paleoclimatic studies
and for oil-exploration.
Key words: contourite drift, continental rise, Antarctic Peninsula, bottom currents, multidisciplinary dataset.

INTRODUCTION
Twelve sedimentary mounds are identified on the upper
continental rise of the Pacific Margin of the Antarctic
Peninsula. All these mounds are produced by a varying degree
of interaction of alongslope bottom water flow with downslope
turbidity currents. These mounds provide a complete range of
intermediates between two end members: the sediment drift
and the channel levee complexes. Surface sediments on drift 7
(Fig. 1) suggest that mechanisms of supply and transport of
sediment include entrainment of material from turbidity
currents within ambient bottom currents, and pelagic settling
from the sea surface, including biogenic and glacially derived
material. The long-lasting activity of these mechanisms is
documented by the data provided by four DSDP and ODP drill
sites. Bathymetric and seismic data, both at a large,
comprehensive scale and at a small, detailed scale, show the
geometry of the sedimentary mounds and their relationships
with the adjacent turbidity current channel systems. These data
allow the determination of some diagnostic criteria to identify
the prominent processes for the sediment drift development.

of rapid drift growth (Late Miocene), was proposed by Rebesco et
al. (1997) and later confirmed by Rebesco et al. (2007).
It takes into account the entrainment of material from
turbidity currents as the major source of supply to the benthic
nepheloid layer. The model shows a section through the axis of
a progradational lobe and the adjacent drift during glacial

RESULTS
As pointed out by Rebesco et al. (1996), the largest mounds
are most plausibly interpreted as sediment drifts. They cannot
be explained as large levees on the northeastern side of the
channels, because the Coriolis effect would cause overbank
deposition southwest of the channels, with a short, steep
northeast slope, which is the opposite of what we observe.
A generic model applicable to the (Plio-Pleistocene) drift
maintenance stage, and most probably also to the preceding stage
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FIGURE 1. Position map of the case study of Sediment Drift 7
with location of the PNRA (Italian Program for Researches in
Antarctica) data.
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FIGURE 2. Perspective view of multibeam data from the distal part of Drift 7, cut by seismic profile IT95-130.

maximum when a grounded ice stream transported unsorted
basal till to the continental shelf edge. Small-scale slumps on
the uppermost slope undergo downslope transition into debris
flows, then turbidity currents feeding the main channel via
tributaries on the uppermost rise. Suspended fines are
entrained in SW-flowing bottom currents and deposited downcurrent to develop and maintain the drifts. However,
subsequent turbidity current flow in the channels and slope
instability on the steeper drift slopes tend to remove sediment
from those areas, leaving a permanent sediment increment only
on the gentle sides of the drifts.
The 12 mounds are hence generally interpreted as sediment
drifts controlled by alongslope bottom water flow with varying
degree of interaction with downslope turbidity current
processes. These mounds provide a complete range of
intermediary steps between two end members: the sediment drift
(best represented by drift 7, Fig. 2) and the channel levee
complex (best represented by mound 5A, the SW levee of the
north Tula channel).
CONCLUSIONS
The criteria that we consider as diagnostic to distinguish
sediment drifts from channel-levees are the following
(Rebesco et al., 2002):
- Asymmetry: drifts have one side distinctly steeper than the
other;
- Orientation of the steep side: in the drifts, the steep side is
the SW one, hence not facing the NE upstream (feeding)
channel;
- Large dimensions: drifts are generally wider than 40 km;
- Large elevation above the adjacent channels: the crest of
the drifts rises at least 400 m above the adjacent thalweg;
- Internal geometry: drifts have continuous, subparallel,
conformable reflectors beneath the gentler side, and
truncated, chaotic reflectors beneath the steeper side;
- Relationship with the adjacent continental slope: drifts are
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mostly separated from the slope by erosive depressions;
- Location: drifts are preferentially located in
correspondence to the present-day shelf troughs, in
between the shelf lobes.
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Abstract: A high-resolution Holocene sediment record from Feni Drift (NE Atlantic Ocean) was investigated for
terrigenous sortable silt mean size tracing relative bottom current strength. Grain-size data imply gradually decreasing
bottom current strength at the onset of the Holocene culminating in a broad 10-8ka flow speed minimum, a
sustained early mid-Holocene thermohaline intensity maximum and subsequent general waning of bottom currents
with pronounced centennial- to millennial-scale variability. Weaker and/or more variable bottom current strength
coincides with higher depositional fluxes of both carbonate and non-carbonate components. The early Holocene
flow speed minimum is ascribed to the ongoing influence of remnant ice sheets around the North Atlantic. For the
remainder of the record, thermohaline circulation variability can be related to decreasing northern hemispheric
summer insolation and slight climatic deterioration. Pronounced shifts in the grain-size record at 5.5 and 3.4 ka
coincide with evidence from other locations for stepwise decreases in the intensity of the North Atlantic current
and related reduced northward heat transport, indicating a link between bottom current flow strength and regional
climate.
Key words: North Atlantic, Feni Drift, Holocene, thermohaline circulation

INTRODUCTION AND BACKGROUND
It is now widely recognized that the Holocene climate was
more variable than previously inferred from the relative
stability of Greenland ice core records; for example, various
North Atlantic surface water records display both a long-term
cooling trend and superimposed centennial- to millennial-scale
variability. Related changes in bottom water properties and
flow speed (Bianchi and McCave, 1999; Hall et al., 2004;
Praetorius et al., 2008) were so far mostly assessed for the main
North Atlantic overflow areas. In this study, we add a record
from a comparatively distal site which might respond more

sensitively to even minor fluctuations of bottom current
activity.
Sediment core ENAM9606 (55º39’N 13º59’W) was
retrieved near the northern limit of the presently active part of
Feni Drift, just east of the well-defined topographic ridge crest.
The bottom hydrography of the Rockall Trough study area is
dominantly characterised by recirculated components of North
Atlantic deep water masses (Fig. 1). At 2543m water depth, the
core site is close to the interface between Northeast Atlantic
Deep Water (NEADW) and Lower Deep Water (LDW),
respectively derived from Iceland-Scotland Overflow Water
and Antarctic Bottom Water. The area may also be affected by
intermittent overflow from the north across Wyville-Thomson
Ridge.
DATA AND RESULTS
Relative bottom current strength was inferred from the
mean size of the terrigenous sortable silt size fraction (1063µm). Grain-size distributions were determined with a
Coulter LS230 laser-sizer after removal of organic matter,
carbonate and biogenic opal. CaCO3 percentages were derived
from XRF logging data (Cortex corescanner), calibrated with
lower-resolution destructive measurements. The age model is
based on 20 AMS14C ages, with a cubic spline for the densely
dated uppermost Holocene (0.4-2.3ka BP) and linear
interpolation between calibrated dates below. Fluxes of
carbonate and non-carbonate components were derived by
combining age model, CaCO3 and dry bulk density data.

FIGURE 1. Core location (white dot), surface (grey) and
deep circulation (black). Dashed arrow indicates episodic overflow across Wyville-Thomson Ridge (WTR)
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The sortable silt mean size record can be broadly
subdivided into four intervals (Fig. 2 a). The early Holocene
(11.6-7.7ka) starts with the largest mean sizes of the entire record, followed by a gradual decline, particularly after 10.6ka,
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towards a sustained minimum from ~10 - ~8ka. During the
middle Holocene (7.7-3.4ka), the grain-size record shows
comparatively minor variability with long-lived maxima and
minor relatively short-lived minima. A minor shift occurs
between 5.6ka and 5.0ka, as minima become more frequent
thereafter and maximum values are slightly (~0.5 µm) lower
than in the early mid-Holocene. The late Holocene (<3.4ka)
starts with a rapid decline in sortable silt mean size, followed
by drastically increased variability.

by a single centennial-scale perturbation. Subsequent shifts in
the grain size record, particularly regarding the amplitude of
inferred flow speed minima, may reflect threshold responses to
gradually decreasing insolation forcing. Parallel changes in
coccolith assemblages at Gardar Drift (Giraudeau et al., 2000)
suggest that fluctuating bottom current activities are linked to
variable intensity of the surface North Atlantic Current and
variations in northward oceanic heat flux.
CONCLUSIONS

FIGURE 2. Sortable silt mean size record (stippled lines on
top of panel correspond to main changes discussed in the text)
and comparison with fluxes of carbonate and non-carbonate
(terrigenous) material.

Depositional fluxes of carbonate and non-carbonate material largely covary (Fig. 2 b), hence both records are
predominantly influenced by sedimentation rate changes and
the shift in balance between both components is only of
secondary importance. Higher fluxes generally coincide with
(on average) lower and/or more variable sortable silt mean size
values, implying enhanced deposition of fine-grained
sediments during intervals of reduced bottom current activity.
Covariance between carbonate and non-carbonate fluxes
suggests that fine fraction carbonate is also susceptible to
transport by bottom currents.
DISCUSSION
Long-term Northern hemispheric climatic trends in the
Holocene are affected by steadily declining summer insolation
after 10ka BP, as well as the influence of remnant ice sheets in
the early Holocene. In many records, this combined forcing is
reflected by a delayed mid-Holocene climatic optimum with
respect to peak insolation, followed by general climatic
deterioration.
The Feni Drift record of grain size and inferred bottom
current speed follows similar patterns. In the early Holocene,
meltwater input from remaining ice sheets may have reduced the
density and thus the flow speed of deep waters. The end of the
broad early Holocene flow speed minimum coincides with the
cessation of major meltwater input from the remnant Laurentide
ice sheet after 7.8ka BP (Licciardi et al., 1999). The following
«Holocene climatic optimum» lasts from 7.7-5.6ka, interrupted
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Feni Drift terrigenous grain size data provide evidence for
highly variable bottom current speeds in the course of the
Holocene. An early Holocene flow-speed decrease culminating
in a broad ~10-8ka BP minimum is followed by strong and
stable bottom currents in the early mid-Holocene (7.7-5.6ka)
and then by a stepwise decline in mean current strength and
particularly increasingly pronounced centennial- to millennialscale variability. In general, weaker and/or more variable
bottom currents cause higher depositional fluxes of both
carbonate and non-carbonate components. The main features
of the grain size record are linked to meltwater input from
remnant ice sheets in the early Holocene, and stepwise
decreases in northward oceanic heat flux for the remainder of
the record.
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Abstract: Ichnological analysis through the Cenomanian-Turonian transition from deep-sea sediments, corresponding
to the Oceanic Anoxic Event -2, reveals significant changes in abundance and diversity of trace fossils as well as in
ichnofabrics. Higher abundance and diversity of trace fossils in the pre- and post-OAE-2 intervals, accords with a
generally good oxygenation, but punctuated by short periods of anoxia (absence of trace fossils and bioturbational
structures) or dysaerobic conditions (one ichnotaxon, some bioturbational structures). The analysis shows that the
OAE-2 interval is not a single event, but it is composed of several short-term anoxic events interrupted by shorter
dysaerobic and oxic events favouring an ephemeral colonization. Variations in ichnological features reveal as very
useful to recognize oxygenation changes in deep-water environments as those related to deep-bottom current
circulation.
Key words: Ichnology, Deep-sea environments, Oxygenation, OAE-2, Cenomanian-Turonian boundary

INTRODUCTION
Biogenic structures record the behaviour of trace
makers in response to the environment, thereby providing
v a l u a b l e i n f o r m a t i o n regarding palaeoecologic and
palaeoenvironmental aspects. From the end of the last century,
ichnological analysis underwent rapid growth, showing the
potential of trace fossils analysis in a wide range of fields, for
instance palaeobiology, palaeoecology, sedimentology, and
sequence stratigraphy. Of special interest is the application of
ichnology in basin analysis, and particularly in sequence
stratigraphy.
Trace fossil abundance and diversity is comparatively high
in deep-sea sediments, being highest in the flysch megafacies
and comparatively lower in fine-grained pelagic and
hemipelagic sediments (Uchman, 2007). Contrary to the
traditional viewpoint, deep-sea habitats are diverse and
complex, reflecting environmental fluctuations that affect
parameters such as oxygenation, organic matter deposition,
bottom water temperatures, substrate variability, or bottom
currents (Uchman, 2007; Wetzel, 2008a). These environmental
changes, in turn, affect the abundance and diversity of deepsea trace fossils, conditioning the well-known effectiveness of
ichnological research for elucidating the palaeoecological
deep-sea environment. Neoichnological analysis of deep-sea
environments, irrespective of some limitations (Uchman,
2007), reveals as a very valuable approach to characterize
environmental conditions affecting organisms, and then to
conducted palaeoecological analysis in the fossil counterparts
(Wetzel, 2008a, b).
Two major environmental factors controlling distribution
of benthic organisms and their biogenic structures in deep
environments are important: the availability of oxygen and
the organic matter content. The relationship between
ichnological features (i.e., trace diversity, composition, size)
and bottom water oxygenation is well established (e.g.,
Bromley and Ekdale, 1984; Savrda and Bottjer, 1986), being
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especially informative in oxygen-deficient deep
environments. In these situations, the usual absence of both
shelly fauna and sedimentological features determine the
usefulness of biogenic structures, as the nearly sole tool in
analyzes of low-oxygen settings (from the Rhoads, Morse &
Byers model to recent). Nutrient availability, and organic
content show, usually, a direct relations with oxygenation in
these low-oxygen settings.
The present contribution points to the usefulness of
ichnological analysis in deep-sea palaeoenvironment, showing
ichnological data as palaeoceanographic proxies to interpret
ecological and depositional conditions during the
Cenomanian-Turonian boundary interval. This ichnological
tool can be of special interest to interpret variations in ecosedimentary features of deep-sea environments, as those
affected by deep-bottom currents.
CENOMANIAN-TURONIAN BOUNDARY
The Oceanic Anoxic Event at the Cenomanian and
Turonian transition (OAE-2) is considered as a short episode
of organic carbon burial, which is well distinguished by a
spectacular lithological change usually characterized by a thin
black shale interval. This interval is also correlated with
changes in clay-mineral composition, and in P, C, and CaCO3
content. The OAE-2 boundary event has been profusely
studied, but the major phenomenon behind OAE-2 is still
debated.
Here we would like to present results from studies of
several OAE-2 sections deposited in deep-water basins (Outer
Carpathians; Uchman et al., 2008, and westernmost Tethyan
Basin; Rodríguez Tovar et al., 2009a, b).
The lower part of the Upper Cenomanian-Lower Turonian
(C-T) sediments from the Barnasiówka Radiolarian Shale
Formation consists of (1) thin-bedded silty and sandy turbidites
(partly calcareous) interbedded with non-calcareous green and
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subordinate black shales. The middle part of the formation, an
equivalent of the Bonarelli horizon, with organic rich black
shales, is intercalated with green shales and bentonites, and the
upper part mostly consists of green and red siliceous–
manganiferrous shales. The C-T boundary interval in the Betic
Cordillera, being a part of the Capas Blancas Formation,
consists of (1) the pre-event part containing marls and marly
limestones with chert nodules, and isolated, few centimetrethick dark gray to black more clayey horizons, (2) the event
part (OAE-2 beds) dominated by black shales together with
clayey and radiolaritic lithofacies, and (3) post-event part
consisting of white or light gray thin-bedded limestones very
rich in black chert nodules.
Facies and microfacies analyses reveal quite limited
information on oxygen conditions during the OAE-2, due to
the absence of significant changes even at high-resolution
scale. Bed-by-bed ichnological analysis of the C-T boundary
transition was conducted, including trace fossil composition
and distribution, crosscutting relationship and tiering, together
with the ichnofabric approach.
Detailed ichnological analysis from the C-T boundary
shows a moderately diverse, unifom trace fossil assemblage
(Chondrites, Palaeophycus, Planolites, Taenidium,
Thalassinoides, Trichichnus, and Zoophycos). Only Taenidium
is absent and Zoophycos is present in the Betic Cordillera
sections. Vertical changes of the trace fossil assemblage and
ichnofabrics points to the complexity of the OAE-2 event, with
three well differentiated intervals: pre-OAE-2, OAE-2, and
post-OAE-2 intervals. The pre-OAE-2 interval shows all the
mentioned trace fossils but their diversity and density
fluctuates. The OAE-2 interval reveals the presence of trace
fossils but only localized in thin horizons, and the post-OAE-2
interval, with most of the described trace fossils, showing
variations in diversity and abundance.
Diversity and abundance in the trace fossil assemblage, as
well as ichnofabrics, from the pre- and post-OAE-2 intervals,
proves a generally good oxygenation, especially in the preevent interval. However, these conditions are punctuated by
short periods of anoxia or dysaerobic conditions revealed by
the absence of trace fossils (anoxic periods) or the occurrence
of only one ichnotaxon (dysaerobic periods). In the OAE-2
interval, anoxic conditions, unfavourable for tracemakers are
dominant, but punctuated by better conditions (dysaerobic or
oxic), favouring an ephemeral colonization; thus the OAE-2 is
not a single event but is composed of several short-term anoxic
events interrupted shorter dysaerobic and oxic events.
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Stratigraphic evolution of the trace fossil assemblage,
together with the ichnofabric analysis, shows the usefulness of
the ichnological approach as a powerful tool for recognition of
subtle oxygenation changes during the development of the
OAE-2 in deep-sea environments. The potential of the
ichnological analysis can be of special interest to reveals similar minor fluctuations in oxygenation related to the bottomcurrent dynamic of deep-environments.
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Abstract: The Mediterranean Outflow balances the freshwater and salinity budgets of the Mediterranean Sea and
is considered a testing ground for concepts of strait-controlled basin exchanges. Likewise, the contourite arising
from the flow of this watermass in the Gulf of Cadiz is one of the most intensely studied in the world. The
interaction between these two systems reflects the complex interplay of sea level, the Mediterranean freshwater
budget, the salinity of surface water in the eastern North Atlantic and the vertical density structure of the eastern
North Atlantic. The result is that the flux of water outflowing from the Mediterranean is high during the later
millennia of interglacial periods, during glacial terminations and during Heinrich Stadials. The flux is low during
glacial periods and the early millennia of interglacials. The velocity and settling depth of the plume is higher during
glacial periods, however. This reflects higher density of the outflowing water, but seems to contradict understanding
of how this highly dense water should mix with the ambient water in the Atlantic. Potential explanations lie within
the capacity of the water to entrain sediment (becoming a self-sustaining flow) and in a reduction in the vertical
density gradient in the Atlantic.
Key words: Mediterranean Outflow, Gulf of Cadiz, contourite, palaeoceanography.

INTRODUCTION
The Mediterranean Sea represents a heat sink and a source
of salt for the North Atlantic and consequently represents an
amplifier for Atlantic Meridional Overturning Circulation
(AMOC). This influence is controlled by the Gibraltar
Exchange, in which warm, fresh Atlantic water is exchanged
for a cold, saline mixture of West Mediterranean Deep and
Intermediate Waters (called the Mediterranean Outflow; MO).
Constraining the past behaviour of the Gibraltar Exchange is
thus a critical step to understanding past changes in AMOC.
Fortunately, a fine record of this exchange has been preserved
within the Gulf of Cadiz contourite drift. We review what we
have learnt about the palaeoceanography of the Gibraltar
Exchange from records recovered from the contourite and
consider some outstanding questions which are still to be
properly resolved.
SUMMARY OF PREVIOUS FINDINGS
Pioneering work on the Gulf of Cadiz contourite in the
1980’s (Stow et al., 1986) proved that although the distribution
of sediment types and bedforms in the surface layer reflect the
modern Mediterranean Outflow, the distribution of facies has
been different in the past. Contemporary work on stable
isotopes in benthic foraminifera similarly indicated changes in
the activity of the MO in the eastern North Atlantic (Zahn and
Sarnthein, 1987). Recognition of major unconformities and
clay-rich layers within core from the central part of the Gulf of
Cadiz contourite drift indicated periods of both enhanced and
reduced flow in the past (Nelson et al., 1999), and to some
debate as to whether the MO was only a feature of highstand
sea levels (Nelson et al., 1999). Recognition of strong flowing
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bottom currents at 2000m on the slopes of the Tejo Plateau
(Schonfeld and Zahn, 2000) and cores from the deepwater part
of the drift, especially the Gil Eanes drift (Rogerson et al.,
2005; Voelker et al., 2006), provided the solution. The MO is
vertically mobile, apparently in response to changes in sea
level altering the Gibraltar Exchange, and flowed at much
greater depth during the Last Glacial Maximum (LGM)
(Rogerson et al., 2005).
SUMMARY OF PREVIOUS FINDINGS
On timescales of 104 - 105 years, the dominant control on
MO activity is the maximum flux at Gibraltar (Rogerson et al.,
2005). During lowstands, replenishment of the Mediterranean
is slower allowing a longer duration for water within the basin
to be exposed to the arid and (during the winter in the north)
cold atmosphere. Consequently, during the LGM, the salinity
difference between Atlantic and Mediterranean water was
about double todays (Rogerson et al., 2005).
However, despite being significantly more dense it
remains unclear why during the LGM the MO was capable of
settling to such great depths. Frictional mixing in the MO
plume should drive rapid mixing with ambient water that will
dampen the impact of MO density changes on MO settling
depth. No more than ~100m of the ~800m change reported by
Schönfeld and Zahn (2000) can be ascribed directly to
changes at Gibraltar, with an additional ~120m directly
ascribed to eustatic changes.
To account for the «missing» 580m of settling depth change,
we propose two additional processes for consideration. Firstly,
enhanced velocity of the MO plume should result in a higher
sediment load in MO water, further enhancing its density.
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TABLE 1. Summary of published knowledge of past changes in the Mediterranean Outflow
over the last glacial cycle.

Ultimately, the flow may develop into a quasi-self-sustaining
flow, driving a further increase in settling depth. Consequently,
the system may reflect coupling of oceanographic and
sedimentological processes. Secondly, increased MO settling
depth would most efficiently be achieved by a decrease in the
vertical density gradient in the Atlantic. A decrease of ~30%
from modern values would be sufficient to account for the deep
settling of the MO. This may reflect changes in watermass
conversion in the northern North Atlantic, making the settling
depth of the MOW a direct indicator of AMOC.
Maximum MOW flow in the Gulf of Cadiz is found during
Heinrich Stadials (Voelker et al., 2006) and the last
Termination (Rogerson et al., 2006), but contrary to the
arguments presented above these seem to be associated with
shoaling of the MO plume rather than deepening. Analysis of
changes in the Atlantic inflow system indicates that these high
flow periods are forced by changes in Atlantic salinity (causing
an externally forced increase in the salinity difference at Gibraltar), rather than sea level, and consequently behaviour on
timescales shorter than 104 years must be considered separately
to those on 104 to 105 year timescales.
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Abstract: Distribution patterns of stable and radioactive carbon isotopes reveal abrupt MOC reversals that have
been characteristic for the onset and end of Heinrich events in the Quaternary and may provide a plausible
explanation for the layering of contourite deposits along deeper continental margins.
Key words: 14C plateau tuning, apparent deepwater ages, ocean meridional overturning circulation (MOC), glacialto-interglacial current reversals, Heinrich Events.

Through radioactive decay, 14C helps define an apparent
mean residence time (ventilation age) of a subsurface water
mass since its last direct sea surface exposure and related
CO2 uptake from the atmosphere where 14C is continually
renewed by cosmic radiation. On the basis of this reasoning
apparent 14C ventilation ages of ocean deepwaters initially
served to reveal the global system of modern ocean meridional overturning circulation (MOC), the global ’salinity
conveyor belt’ (Broecker et al., 1984). Past benthic 14C

ventil-ation ages are calculated from paired benthicplanktic 14 C age differences in addition to planktic
paleoreservoir ages estimated by means of the 14C plateautuning method (Sarnthein et al., 2007).
Past distribution patterns of stable (Fig. 1; Sarnthein et
al., 1994; Curry and Oppo, 2005) and radioactive carbon
isotopes (Fig. 2) show that global MOC and climatic
conditions underwent several fundamental transformations
from the Last Glacial Maximum (LGM; 23-19 calendar ka)
over the last deglacial episode until 11.5 calendar (cal.) ka.
In the North Atlantic this deglacial phase included a distinct
cold episode, Heinrich Event 1 (HE1; 17.5-14.7 cal. ka),
when a series of major ice breakouts from adjacent ice
sheets and associated sea surface salinity changes led to
fundam-ental changes in ocean interbasin and a reversal in
meridional overturning circulation. The reduction of heat
transport strongly influenced northern hemisphere climate
for approximately 3 kyrs. In turn, the abrupt warming of DO
event 1 at the onset of the Bølling/Allerød (B/A) period near
14.7 cal. ka BP was linked to a complete restoration and
overshoot of Atlantic MOC. Both a transient state-of-the-art
model simulation of the deglacial ocean (Liu et al, 2009)
and recent 14C reserv-oir age records (Sarnthein et al., in
prep.) show that MOC was restored because of a sudden
termination of meltwater fluxes (MWF) to the northern
North Atlantic 100-300 yr prior to the BA.
In contrast to the North Atlantic the North Pacific shows
a short period of marked deepwater formation during HE1to-B/A times. The onset of deep-water con-vection ~17.5
cal. ka may be linked to a short-lasting major salinity
increase in the subarctic northwest Pacific (up to 36 psu),
which in turn resulted from reduced freshwater discharge
by the East Asian summer monsoon also documented in the
Hulu Cave (Wang et al., 2001).

FIGURE 1. Modes of (east) Atlantic MOC. Vertical transects
are based on epibenthic d13C values (Sarnthein et al., 1994).
LGM = Last Glacial Maximum, MWE = HE1 meltwater event.
Arrows show main directions of meridional flow deduced from
d13C distribution patterns.
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HEs and MOC oscillations were common in the Atlantic
and Pacific all over the last glacial-to-inter-glacial cycle
and complete Quaternary (Stein et al., 2009). Taking into
account for contourites an average sedimentation rate of 1015 cm/kyr, the numerous normal and reversed states of
MOC form a plausible forcing to explain the 20-40 cm thick
layering of sediments found all along deeper continental
margins washed by boundary currents.
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FIGURE 2. Apparent ventilation ages of deep and intermediate waters ambient to various Atlantic and Indopacific
core sites during LGM, HE1, and B/A. Small numbers indicate water depths of core sites. Blue arrows suggest well
oxygenated bottom waters, red arrows poor ventilation.
Green arrow indicates upper intermediate water. B.W. =
bottom water.
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Abstract: This work is focused on the relationship between the morphology of the sea bed and the habitats of
invertebrate benthic species. The study area is located between 600 and 2000 m water depth on the western
slope of Hatton Bank (NE Atlantic Ocean). Acoustic methods as well as sea bed sampling were used to carry out
this work. Two major sea bed domains have been described: Outcrop (mainly comprised by hard substrate) and
Drift (in the main, composed by mobile sediment). Benthic communities are sparse where the sea bed comprises
mobile sediments, such as the Hatton Drift in the deeper water, and more common where the sea bed comprises
a hard rocky substrate, as observed in shallower water on the top of Hatton Bank.
Key words: Hatton Bank, mounds, cold-water corals, Hatton Drift, NE Atlantic Ocean.

INTRODUCTION
The study area (Fig. 1) is located between 600 and 2,000 m
water depth along the western upper-middle slope of Hatton
Bank (HB) which is a part of the Rockall Plateau (a structural
and morphological high in the NE Atlantic Ocean). HB is a
major NE-SW trending linear shoal rising to less than 500 m
below sea level. The underlying geological structure has a
complex tectonic and depositional history probably extending
back several hundred million years (Hitchen, 2004). A
plastered contourite-drift system (Hatton-Drift) (McCave and
Tucholke, 1986) is developed on the western flank of HB. It is
the result of the transport and deposition of sediment by
thermohaline bottom currents. The western slope of Hatton
Bank is influenced by a branch of Labrador Sea Water which
meets with the Iceland-Scotland Outflow Water forming the
Deep Northern Boundary Current (McCartney, 1992).

DRIFT: is a depositional area in which a contourite deposit
(Hatton Drift) has been developed on the western slope of the
bank.

The mounds on HB bear a strong resemblance (although
being smaller in size) to features reported in the Porcupine
Seabight (Bailey et al., 2003) and at the southern end of
Rockall Bank (Van Weering et al., 2003). They were shown to
be bioclastic accumulations sustained by the growth of coldwater corals. Small mounds on the crest of HB are principally
comprised of Lophelia pertusa (Roberts et al., 2008).
DATA AND RESULTS
Multidisciplinary scientific surveys were carried out using
acoustic methods (such as multibeam and parametric
echosounder) and seafloor sampling (such as bottom trawling,
trawl dredge and box-corer). Bathymetry and backscatter maps
(with full coverage) and seismic data were crossed with sea
bed sampling. All data were integrated into a GIS.
Based on the morphology of the seafloor, two major seabed
domains can be distinguished (Fig. 2): (1) OUTCROP:
described as a non-depositional area corresponding to the top
of the bank or area on the slope adjacent to the top and (2)
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FIGURE 1. Location of the study area along the western slope of Hatton Bank. DNBC: Deep Northern Boundary Current.

OUTCROP AREA
A non-deposition (or with only thin sediment deposits) area
can be recognised mainly shallower than 1100 m water depth
(except in the ridges area where the outcrop is extended
reaching 1,600 m water depth). This area is generally
characterized by an uneven surface (mainly made up by
basalts) with crests and escarpments. In the outcrop area, coldwater corals have been identified. The majority of the species
associated with a hard substrate belong to the Phylum Cnidaria,
Geo-Temas, 11, 2010
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FIGURA 2. 2a: Sketch showing the outcrop (with a detail of the ridge area) and contourite drift areas. 2b, 2c: Topas seismic
sections collected on ridges area (2b) and contourite drift area (2c). 2d, 2e, 2f: Cold-water coral collected on the ridges, 2d:
Solenosmilia variabilis, 2e: Enallopsammia rostrata, 2f: Madrepora oculata. 2g: Sediment sample collected on the drift. 2h:
Xenophyophora (Protozoa). 2i: Lanice sp. (Polychaeta tube)

mainly colonial scleractinians such as Lophelia pertusa,
Madrepora oculata, Solenosmilia variabilis and
Enallopsammia rostrata.
A series of parallel ridges (basalt scarps probably
associated with faults in depth) were identified in relation
with the outcrop (adjacent to the top of the bank) above 1,600
m water depth. Ridges have 5-45 m high with sloping sides
(up to 17º). Dozens of mounds (probably carbonate reefs)
have been identified superimposed on the ridges. The ridges
are associated with ponded deposits (up to 50 ms thickness)
which infill hollows between ridges and drape the
surrounding uneven surface and in which coral rubble has
been collected.
CONTOURITE DRIFT (Hatton Drift)
Hatton Drift is a deposit characterized by a variable
sediment thickness, generally increasing basinward (>400 ms
downslope). Analyses of the samples recovered from the
contourite drift show that the present day sea bed sediments in
the area are muddy sands mainly. It follows the trend of the
slope and can be seen covering buried topography of the
outcrop surface. Bilogical sampling shows occasional
bycatches of cold-water corals.
DICUSSION
Hard substrate (often where basalt lavas crop out at the sea
bed) acts as a suitable platform for cold-water corals to become
established and develop into mounds (as for example on top of
the ridges). These kinds of habitats are home to a high faunal
biodiversity and are considered to be vulnerable ecosystem.
Ponded deposits result from the along and down slope
movement of sediment, where the ridges are acting as barriers
trapping sediment. This material is a mixture of sediment (from
the Drift) plus coral rubble (derived from the adjacent ridges
and mounds). Samples collected on the drift suggest scarce and
patchy distribution of cold-water corals, indicating absence of
substantial reef structures.
CONCLUSIONS
In a general overview, some of the Hatton Bank features
are likely to be carbonate mounds whereas others are more
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likely to have a structural origin resulting in upstanding ridges
that have been opportunistically exploited by corals. These
ridges also form barriers to along-slope and down-slope
sediment pathways causing «ponding» of sediments and
influencing the benthic communities.
Benthic communities are sparse where the sea bed
comprises mobile sediments in deeper water (drift) whereas are
common closer to the top of the bank (outcrop), in shallower
water, where the substrate is hard. The limit between both
domains is ~1100 m water depth, except in the ridges area,
where the depth is extended until ~1600 m water depth.
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Abstract: New multichannel seismic data were collected in spring 2009 offshore NW Africa. Two study areas were
located at the continental slope west of Cape Yubi and Cape Blanc, both under the influence of the eastern
boundary Canary Current and a northward directed undercurrent. The seismic data from both study areas reveal
features like terraces, erosional surfaces, and drift deposits, suggesting that contour currents have a major impact
on shaping the slope in this region.
Key words: Canary Current, drift deposits, erosion, eastern boundary currents, NW-Africa.

INTRODUCTION/BACKGROUND

DATA AND RESULTS

The currents regime offshore NW-Africa is dominated by
the Canary Current (Aristegui et al, 2009; Hernández-Guerra
et al., 2001; 2005). The Canary Current represents the eastern
boundary current of the North Atlantic Subtropical Gyre and
flows southward along the African coast down to 20°-22°S
(Fig. 1), where it turns west into the open ocean to join the
North Equatorial Current (NEC) (Hernández-Guerra et al.,
2001; 2005). The current extends from the coast to 19°W and
reaches depths of 600-700 m. The Canary Current is fed by
the Azores current and the Portugal current, which
contributes North Atlantic Central Water (NACW) (Aristegui
et al., 2009). Beneath the Canary current, a contour
undercurrent is flowing northwards in water depths between
700 and 1100 m, mainly consisting of Antarctic Intermediate
Water (AAIW) (Aristegui et al., 2009; Hernández-Guerra et
al., 2005). In water depths ranging from 1100 to 1500 m and
from 1500 to 4000 m the Mediterranean Water (MW) and the
North Atlantic Deep Water (NADW) are found, respectively.
Both water masses have a southward flow direction
(Hernández-Guerra et al., 2001). The area offshore NW-Africa is also characterised by strong, prominent upwelling
systems driven by the trade winds. Additionally, a high
terrigenous input of material is caused by strong winds, the
Saharan Air Layer (Kuhlmann et al., 2004).

In this contribution we show data from two study areas
offshore Cape Yubi and Cape Blanc around ODP Site 658 (Fig.
1). High-resolution multichannel data were collected using a
GI Gun with 2x 1.7 l chamber volume (main frequencies
between 100 and 200 Hz) as source and a 500 m long analogue
streamer hosting 80 channels in the Cape Blanc area as well as
a 200 m long digital streamer GeoEel hosting 120 channels in
the Capy Yubi area. Additionally, very high resolution seismic
data were gathered using the parametric sediment echosounder
Parasound and bathymetric data were collected with the swath
sounder Kongsberg EM120.

In spring 2009 a multidisciplinary research cruise was
carried out by the Center for Marine Environmental Sciences
(MARUM) at the University of Bremen onboard the German
research vessel RV «Maria S. Merian» to study the continental slope offshore NW Africa. During most of this cruise highresolution multichannel seismic data were collected, which
are an integral part of the database of a new IODP Proposal to
study the Neogene climate of this region.
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The study area offshore Cape Yubi is located in water
depths from the shelf down to water depths of 2000 m.
Generally, the seismic section can be divided into five units
based on unconformities and seismic facies changes.
Especially in the shallow domain, terraces, erosional surfaces
and drift deposits are identified. The area is also influenced by
canyons and small headwalls as remnant of sliding.
The study area offshore Cape Blanc is located between two
canyons on an elongated elevation stretching from east to west
in, at water depths from 150 to 3000 m. The seismic section
shows a complex pattern of different aggrading and prograding
units separated by erosional unconformities. A steep U-shaped
headwall is found in the western part, at water depths of 2000
m.
DISCUSSION
In both study areas, features identified in the seismoacoustic data set clearly indicates the influence of contour
currents on the sedimentation. Offshore Cape Yubi, terraces,
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unconformities separating the depositional units can be traced
to ODP site 658 to date them. Both areas are also influenced by
down-slope processes represented by canyons, gullies and
headwalls. The recent shape of some of these features suggests
that they are captured by contour currents and reshaped by
depositional and erosional processes.
CONCLUSION
New seismo-acoustic data sets gathered offshore Cape
Yubi and Cape Blanc in spring 2009 shows several structures
which indicate that contour currents have an important impact
on shaping the continental slope offshore NW-Africa.
ACKNOWLEDGEMENTS
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FIGURE 1. Map showing the study areas as black rectangles offshore NW-Africa. Main currents are indicated by
blue and red arrows, ODP site 658 is represented by a red
circle. Currents are drawn following Aristegui et al (2009).
NEC = North Equatorial Current. MC = Mauretania Current.

erosional surfaces and drifts are mainly found in water depths
between 100 and 600 m, suggesting that the southward flowing
Canary Current creates these features. Offshore Cape Blanc,
the seismic data reveal a more complex pattern of depositional
units in space and time. Erosional events seem to be more
pronounced than in the northern study area and they are
probably formed not only by the Canary Current, but also by
the poleward directed contour undercurrent. Most
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Abstract: The morphology of depositional clinoforms, such as continental slope and delta clinoforms, can help to
identify depositional process interplaying sediment delivery and original relief (or accumulation). However, the
original depositional slope in those clinoforms is not estimated accurately because of overload and compaction of
overlying deposits, even structural distortion. In this paper, we propose a fairly new approach combined with
backstripping and forward methods to calculate the original slope of clinoforms. Two cases from shelf-edge clinoform
in northern South China Sea and delta clinoform in the Dongying depression of East China are discussed. The
results show that continental slope gradients in the Qiongdongnan basin range from 1.4° to 6.5°. In the area with
relative steep slope gradients, a large number of gravitationally-driven faults, slumps, and erosional surfaces develop
due to deficient sediment supply and erosional slope environments. Hence, estimation of original slope angle in
depositional clinoforms can help to identify the geological process of continental margins.
Key words: subaqueous clinoform, depositional slope, Cenozoic deposits.

INTRODUCTION
Clinoforms record a full sigmoidal ‘topset-foresetbottomset’ depositional profile (Steel and Olsen, 2002;
Helland-Hansen and Hampson, 2009; Bullimore and
Helland-Hansen, 2009) and the advance of progradation of
shelf-margin and delta. Hence, understanding the
morphology of depositional clinoforms is useful for the
interpretation of depositional process in delta and shelfmargin setting. The slope gradients in a sigmoidal clinoform
are taken as a key element to control sediment partitioning,
the prograding pattern and associated depositional process.
However, the original depositional slope in those clinoforms
is not estimated accurately because of overload and
compaction of overlying deposits, even structural
distortion. In this study, a new analytical tool combined
with backstripping and forward methods is offered to
calculate the original slope of clinoforms, and are applied to
two cases of delta and shelf-margin clinoforms.
METHODS
In this study, we propose a fairly new approach
combined with backstripping and forward methods to
calculate the original slope of delta and slope clinoforms.
Firstly, a typical section along the depositional dip is chosen
from conventional and high resolution seismic sections, and
then transfer into a stratigraphic section in depth. Some
information related to strata, such as age of strata, thickness,
a n d s a n d p e r c e n t a g e , a r e c o l l e c t e d . S e c o n d l y, a
backstripping technique based on the method of Sclater and
Christie (1980) is used to calculate the original depositional
thickness for each strata unit without consideration of water
depth. The effects of compaction and sediment loading have
been removed. The well data near the given section are used
in the backstripping technique. Thirdly, a forward method is
used to calculate the original depositional slope. When a
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depositional unit adds one by one, a new additional unit is
resulted in the compaction of the underlying unit. The slope
surface at the top shows the original slope angle of the
uppermost depositional clinoform. The original slope in
each accretional prisms can be calculated ordinally with the
superimpose one by one in vertical.
RESULTS AND DISCUSSION
We choose two cases from delta and shelf-margin
clinoforms in the Cenozoic deposits to calculate. One case,
delta clinoform, is collected from the Dongying depression
of East China. Deltaic progradational wedges are developed
in the Shasan sub-member of the Oligocene Shahejie
Formation. There are 9 fourth-order deltaic accretional
prisms in one third-order sequence. The calculated original
depositional slope in deltaic clinoform ranges from 0.77° to
3.52°. The results indicate that most of turbidite deposits
occur in the deltaic clinoform where the original slope
gradient is close to 2° or more.
Another case, a typical shelf-edge clinoform, is
collected from late Miocene-Pliocene shelf/slope system in
the Qiongdongnan basin, northern South China Sea (Fig.1).
The results indicate that the continental slope angle in
northern South China Sea ranges from 1.4° to 6.5°. In the
western Qiongdongnan basin, calculated relative gentle
slope gradients range from 1.4° to 3.6°, which are
characterized by a series of progradational slope wedges
with a rapid seaward shift as a result of large sediment
supply. However, in the eastern Qiongdongnan basin,
claculated relative steep slope gradients range from 3° to
6.5°, where a large number of gravitationally-driven faults,
slumps, and erosional surfaces develop within the steep
slope zone due to deficient sediment supply and erosional
slope environments. Hence, estimation of original slope
angle in depositional clinoforms can help to identify the
geological process of continental margins.
Geo-Temas, 11, 2010
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Figure1. A selected section of slope clinoforms in the Qiongdongnan basin to calculate the original depositional slope.

CONCLUSIONS

REFERENCES

A new analytical tool combined with backstripping and
forward methods is offered to calculate the original slope of
clinoforms. Two cases of depositional clinoforms are
collected in different environments. Deltaic clinoforms are
from the Dongying depression of East China, and continental slope clinoforms from the Qiongdongnan basin of
northern South China Sea. The calculated results is in good
agreement with the interpretation based on detailed seismic
profiles and evidence from other depositional marks. Hence,
estimation of original slope angle in depositional clinoforms
can help to identify the geological process in different
settings.

Bullimore, S.A. and Helland-Hansen, W. (2009): Trajectory analysis of the lower Brent Group (Jurassic),
Northern North Sea: contrasting depositional patterns
during the advance of a major deltaic system. Basin
Research, 21: 559-572.
Helland-Hansen, W. and Hampson, G.J. (2009): Trajectory analysis: concepts and application. Basin Research, 21: 454-483.
Sclater, J.G. and Christie, P.A.F. (1980): Continental
stretching: an explanation of the post Mid-Cretaceous
subsidence of the central North Sea basin. Journal of
Geophysical Research, 85: 3711-3739.
Steel, R.J. and Olsen, T. (2003): Clinoforms, clinoform trajectory and deepwater sands. In: Sequence
stratigraphic Models for Exploration and Production: Evolving Methodology, Emerging Models and
Application History (.Armentrout, J.M and. Rosen,
N.C. eds.). GCS-SEPM Special Publication, 367381.

ACKNOWLEDGEMENTS
The study is supported by the key project 2008ZX05051
and the Nature Science Foundation Program 2008CDA095
from Hubei Province of China.

Geo-Temas, 11, 2010

160

Current Controlled Sedimentation Dominates Wide Areas of
the South East African Continental Margin off Mozambique
and Madagascar – Preliminary Results of a Multichannel
Seismic Survey
Volkhard Spiess1, Benedikt Preu1, Stefan Wenau1, Luisa Palamenghi1, Tilmann Schwenk1 and Ralph Schneider2
1
2

Department of Geosciences, University of Bremen, Klagenfurter Strasse, 28359 Bremen, Germany. vspiess@uni-bremen.de;
bpreu@uni-bremen.de; stefan.wenau@gmx.net; lupala@uni-bremen.de; tschwenk@uni-bremen.de
Institute for Geosciences, University of Kiel, Ludewig-Meyn-Str. 10, 24118 Kiel, Germany. schneider@gpi.uni-kiel.de

Abstract: The thermohaline circulation in the Eastern Indian Ocean is dominated by the Mozambique and
Madagascar Currents, which join as the Agulhas Current south of Madagascar to carry enormous amounts of heat
from the Indian to the Atlantic Ocean. The most sensitive part of the interocean exchange is located at the southern
tip of Africa and on the Southeastern African continental margin. As the current patterns are assumed to be heavily
influenced by changes in the climate system, variations in current intensity and enhancement of the retroflection
are closely related to glacial and interglacial conditions.
A multichannel seismic survey off Mozambique, Madagascar and South Africa was carried out to identify potential
drilling locations to study the Neogene evolution of the Agulhas current system during the last 10 million years. As
an outcome of several regional surveys between 35°S and 15°S, we found the margin to be dominated by currentcontrolled sediment builtups. Rather than being influenced by terrigenuous sediment input only, wide parts of the
continental margins were shaped by contour currents ranging in depth from ~100 m down to more than 1500 m
water depth. Also shelf regions reveal pronounced current sediment transport, serving as redistribution mechanism
and as significant margin sediment source.
Key words: Contourite, Southeast Africa, Agulhas current, Seismic Survey

INTRODUCTION
The global thermohaline circulation is the primary driver of heat exchange between hemispheres and oceans, and
thereby controls global climatic conditions. The Indian
Ocean and its western boundary currents play a key role in
the global redistribution of mass, heat, freshwater and
other properties. Especially the Agulhas Current (AC),
which is one of the strongest currents of the modern ocean,
seems to form a major inter-ocean exchange system. On its
way southward along the East African margin into the
Atlantic Ocean it carries huge amounts of heat and salt to
higher latitudes.
R e c e n t l y, t h e E a s t A f r i c a n c o n t i n e n t a l m a r g i n
became a scientific focus area for the paleoclimatic
a n d p a l e o c e a n o g r a p h i c c o m m u n i t y. W h i l e t h e
Benguela Current was the subject of the drilling
campaign ODP Leg 175 to study the Neogene history,
and Walvis Ridge was cored during ODP Leg 208 for
Paleogene paleoclimatic and paleoceanographic
reconstructions, the availability of drilling samples
from the East African margin is very limited with only
a single DSDP drill site within the direct reaches of the
warm water Agulhas Current. DSDP Site 244 has been
drilled during Leg 25 in 1972 on the eastern flank of
Davie Ridge, at the northern entrance of the
Mozambique Channel and provided data on the
structure and geological history of the East African
margin and western Madagascar.
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FIGURE 1. Track chart of R/V Meteor Cruises
M63/1 (red) and M75/3 (black) in 2005 and
2008. Boxes indicate seismic surveys dedicated
to find potential drill sites (circles) for the
SAFARI IODP drilling proposal.

Two research cruises have been carried out in 2005 and
2008 to support the new drilling proposal SAFARI, which
is dedicated to drill sediment along the route of the
Agulhas current system from Davie Ridge southward to
Capetown (Fig. 1). Multichannel seismic data were
collected to both understand the depositional systems on
different segments of the Southeast African margin, and to
identify possible drill sites with continuous sediment
records over the last 2 to 10 million years.
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FIGURE 2. Multichannel seismic line GeoB 08-211 off Madagascar.

DATA AND RESULTS
While the African continental margin is drained by
major river systems including the Limpopo and Zambezi
rivers, we expected to find typical terrigenuous margin
sedimentation including delta systems, channels and canyon
and mass wasting.
Instead, along the upper continental margin, regular
reflection patterns were found with the characteristics of
contourite sediment bodies. In all survey areas off
Madagascar, on Davie Ridge, within the Mozambique
Channel, off the Zambezi and Limpopo rivers, in the Natal
valley, and off Capetown, we found clear indications for
current-controlled sedimentation. These bodies are in most
areas restricted to a depth range of 100 m to ~1500 m, while
more chaotic or irregular sediment patterns were found in
greater water depth.
Figure 2 shows a seismic line off Madagascar with small
scale contourite bodies, which reveal a threedimensional
topography in bathymetric maps. Such patterns may
represent a relatively high current energy and a strong
interaction with a complex topography. In this case, the
contourites are found in the vicinity of a major deep-sea
canyon, supplying terrigenous sediment into the zone of
deposition.
Figure 3 images the uppermost continental slope off the
Z a m b e z i r i v e r. H e r e , w e s e e e n h a n c e d s e d i m e n t
accumulation in relatively shallow water near the shelf
break, but a typical delta system is not developed. Instead,
strong coast-parallel currents were observed which
redistribute riverine material as a widespread sediment
source towards the upper slope.

FIGURE 3. Multichannel seismic line GeoB 08-200 from the
upper continental slope off the Zambezi river.

sufficient for detailed mapping, the observed pattern seems to be
directly related to the major current systems, including the
Agulhas, the Madagascar and the Mozambique current.
The seismic data can therefore be used to both map the
location of the current-controlled deposition and to analyze
their changes in time and space.
CONCLUSIONS
In this contribution, new data and a preliminary analysis will
be presented. Contourite bodies will be mapped in depth and
lateral extent and compared to the actual oceanographic patterns.
Furthermore, a first look on the vertical variations in the
appearance as well as shifts in depocenters will be presented.
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Abstract: This paper reviews the variety of depositional and erosional bedforms that result from bottom current
influence on the seafloor. We present a new bedform-velocity matrix that links bedform type and sediment grainsize to bottom current velocity.
Key words: bottom current velocity, bedforms, seafloor sediment.

INTRODUCTION
The impact of bottom (contour) currents in shaping the
deep seafloor is well known. Long-term erosion creates
widespread hiatuses and other erosive features, whereas
extensive deposition leads to the construction of contourite
drifts (Stow et al., 2008). The seafloor beneath deepwater
bottom currents is characterized by a wealth of erosional and
depositional bedforms that can provide valuable information
about flow direction, strength, variability and continuity.
This work synthesized both our own and published data in
order to present (Stow et al., 2009): (1) a preliminary database
of deep water bedforms; (2) quantification of the associated
flow velocity; and (3) a new bedform velocity matrix , which
facilitates the estimation of deep bottom current velocity based
on bedform type. We also comment on some of the implications
for understanding the fundamental processes involved.

Still larger-scale depositional bedforms, such as sand and
gravel ribbons, and erosional features, including furrows and
comet scours, require a longer period of formation, although
whether this is days, months or years is not currently known.
Almost certainly they form in regions prone to persistent high
velocity currents, such as contourite channels and gateways,
but the presence of smaller-scale ripples within some furrows
indicates intervening periods of relative quiescence. Giant
sediment waves, contourite drifts and contourite channels form
over periods of thousands to a few million years and so reflect
the long-term stability of low-velocity bottom currents (Stow
et al., 2008, 2009).
Despite imperfections, we believe this bedform-velocity
matrix (Fig. 1) to be a valuable model for assessing strength
and variability of bottom currents, which can significantly
influence the siting of submarine cables, pipelines and other
seafloor installations.

BEDFORM-VELOCITY MATRIX
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Larger ripples, dunes and sandwaves take relatively longer
to form, and so reflect persistent higher velocity currents over
a period of several hours to days, or even weeks for larger
sandwaves. These larger bedforms are commonly covered by
smaller ripples and lineation, which suggests , which facilitates
the estimation of deep bottom current velocity based on
bedform type intermittent high-velocity episodes, perhaps
related to tidally enhanced flow, benthic storms, or other events
of sufficient duration to allow their construction.
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FIGURE 1. Bedform-Velocity Matrix (from Stow et al., 2009).
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Abstract: This contribution presents the «GUCADRILL» IODP Proposal-644, a paleoceanographic proposal focusing
on the broader significance of Mediterranean Outflow Water (MOW) on North Atlantic circulation and climate. It
addresses important questions related to paleocirculation and climate, the influence of oceanic gateways, and sealevel control on sediment architecture along continental margins.
Key words: Paleoceanography, Gateways, Mediterranean Outflow Water, Global implications, Contourites

INTRODUCTION
The «GUCADRILL» IODP Proposal-644 entitled
«Environmental significance of the Mediterranean outflow water and
its global implications» reflects huge international interest in the Gulf
of Cadiz and off West Iberia and in its global significance, building on
a research database accumulated over 40 years. It is supported by 15
Co-proponents who have had a significant input into proposal
planning & post-cruise research, as well as by 27 supporting
researchers, all indicating a strong willingness to be closely involved
in post-cruise research. That means 44 researchers from nine
countries and the support of oil companies as Repsol, TGS-NOPEC
and Petrobras, as well as the the Spanish company for the MoroccoSpain connection trough the Strait of Gibraltar (SECECSA).
Although we started working on this proposal in 2003, the
Pre-proposal 644 was first submitted to IODP in March 2004 and
the first Full-proposal in early October 2005. Since then, we have
received extensive and positive evaluations and suggestions from
Science Steering and Evaluation Panel Comments (SSEP),
science coordinators and external reviewers to improve the original version to its present form.
After April, 2008 with the evaluation by the Science Planning
Committee (SPC) the proposal is with the Operation Task Force
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FIGURE 1. General circulation pattern of
the MOW pathway in the North Atlantic (Modified from Ioga & Lozier, 1999). Relative
location of the sites is showed.
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FIGURE 2. Uninterpreted multichannel seismic reflection (MCS) profile across the Faro-Albufeira
drift on the middle slope of the Gulf of Cádiz provided by Repsol Oil Company for the present proposal.

(OTF), where it was ranked as a Tier 1 proposal, meaning that it is
a high priority proposal and that the related expedition should be
scheduled as soon as possible. Because, the ship is scheduled to
return to the Atlantic by the end of FY2011, it is probable that the
expedition could be scheduled in early FY2012, i.e. October 2011
or within the next few months after that date.
THE IODP-644 PROPOSAL
This is a paleoceanographic proposal focussing on the broader
significance of Mediterranean Outflow Water (MOW) on North
Atlantic circulation and climate (Fig. 1). It addresses important
questions highlighted in the IODP Initial Science Plan related to
paleocirculation and climate, the influence of oceanic gateways, and
sea-level control on sediment architecture along continental margins.
In order to answer these questions, we propose targeted drilling of a
Neogene continental margin sequence in the Gulf of Cadiz and off
West Iberia (Figs. 1 and 2). The high rates of accumulation associated
with Contourite Depositional System (CDS) deposits in this region
provide an expanded sedimentary record that permits detailed
examination of paleocirculation patterns linked to past environmental
change. This proposal offers a unique opportunity to understand the
global link between paleoceanographic, climatic and sea-level
changes from Messinian to recent time. The Gulf of Cadiz and off
West Iberia CDS is an extensive compound sedimentary body, which
has been developing along the mid-slope over the past 5 million years,
under the direct influence of MOW (Fig. 2). It therefore holds an
unmistakable signal of MOW through the Gibraltar Gateway, reopened following tectonic adjustments at the end of the Messinian
Salinity Crisis, and hence a clear record of Mediterranean Sea and
MOW influence on the North Atlantic Ocean.
An extensive array of high quality data exists for the region and
a detailed seismic stratigraphic framework has recently been
proposed, which can only be confirmed by drilling. Seven primary
sites have therefore been identified (Fig. 1) that will allow us to
identify and calibrate the third and fourth order depositional units
and associated widespread erosive discontinuities across the CDS
(Fig. 2). This is of great significance, both regionally and globally,
for: 1) monitoring the long-term variability of MOW and its global
climatic significance; 2) constraining the main paleoceanographic
events through late Miocene to Recent time, including highGeo-Temas, 11, 2010

resolution focus on late Pleistocene and Holocene rapid climate
events; 3) evaluating the influence of opening of the Gibraltar
gateway on North Atlantic oceanography and climate, and
monitoring the effects of sea-level change on MOW flux; 4)
understanding the architecture of a complex contourite depositional
system, and the nature of its unit stacking pattern related to allogenic
and autogenic controls; and 5) investigating the dramatic large-scale
asymmetric cycles of seismic character evident on high-resolution
records, thereby identifying their relationship to QuaternaryPliocene climate/sea-level and paleoceanographic changes.
The importance of the Gulf of Cadiz and off West Iberia is clearly
reflected in the large number of regional studies and multinational
interest shown over the past 35 years. We have identified the following
four broad scientific objectives, which require a total of seven drill sites
through the Pliocene to Quaternary sedimentary record (Fig. 2): 1)
Influence of the Gibraltar Gateway; 2) MOW paleoceanography and
global climate significance; 3) Sea-level changes and sediment
architecture of the Cadiz CDS and Iberian margin; and 4)
Synsedimentary neotectonic control on architecture and evolution of
the CDS. To achieve these major scientific objectives, it is essential to
integrate the results of the proposed drill sites with a dense network of
existing high-resolution seismic reflection profiles. Interpretation of this
seismic network is already well established, although the inferred ages
require drilling confirmation.
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Abstract: The Upper Cretaceous – Danian Chalk Group of NW Europe was in wide areas strongly influenced by
contour-parallel bottom currents forming large drifts, moats and channels.
Key words: The Chalk Sea, contourites drifts, moats, channels.

INTRODUCTION
In Late Cretacous times NW Europe was covered by the
deep, epeiric Chalk Sea (e.g. Surlyk et al., 2003). The oceanic
front located at the shelf-slope break was broken down due to
very high eustatic sea level, and oceanic conditions spread
across the continent as revealed by deposition of up to several
kilometres of coccolithic nannofossil ooze of the Chalk Group.
The chalk is generally considered as deposited by a gentle
rain of coccolith debris in the form of zooplankton pellets or
marine snow. Local downslope redeposition by slides, slumps,
debris and turbidity flows took place mainly adjacent to major
fault zones. Recent work on seismic data shows that this
paradigm is in need of major revision.
RESULTS
Seismic profiles of the Upper Cretaceous – Danian Chalk
Group of NW Europe exhibit drifts, moats, channels and
muddy sediment waves on at least four orders of magnitude

in dimensions (Anderskouv et al., 2007; Bjerager et al., 2010;
Esmerode et al., 2007a,b; Esmerode and Surlyk, 2009;
Lykke-Andersen and Surlyk, 2004; Surlyk et al., 2008;
Surlyk and Lykke-Andersen, 2007). The largest channels and
moats were several kilometres wide and up to c. 150 m deep.
These topographic features were formed by long-lasting
bottom currents, which waxed and waned over time scales of
0.5 to 1 Myr. The currents flowed parallel to bathymetric
contours in waters reaching depths of several to many
hundred metres.
The channels were both depositional and erosional in
nature and commonly asymmetrical with one margin being
dominantly depositional and the other erosional. Large
channels were not always completely filled in during periods
of slower current intensity, and increasing velocity resulted
in the next channel occupying roughly the same contourparallel position as the preceding one. Major channels are
commonly located over deep-seated, apparently inactive graben-like fault systems, probably due to higher subsidence
rates in these areas.

FIGURE 1. Moat and elongate drift in Maastrichtian chalk in the Danish Basin. Alternation between sheet-like and wedging drifts with clinoforms.
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A very large elongate drift-moat system was developed in
the Danish Basin SW of and adjacent to the faulted Tornquist
Zone, which underwent major inversion phases during the
Late Cretaceous (Fig. 1). The drift reached a length of at least
150 km, a width of several tens of kilometres, and a
topographic relief of up to 150 m. A deep moat was situated
immediately adjacent to the Tornquist Zone, flanking the drift
to the NE. The drift-moat relief was repeatedly enhanced and
smoothed out, reflecting waxing and waning of the bottom
current system. It is likely that the alterning sediment
packages are analogous to depositional sequences and were
formed during low and high sea level, respectively. It is
remarkable that the seismic picture of this contourite system
in the Danish Basin is almost identical to the frontispiece of
the conference circular!
A marked sea-floor topography existed in the Chalk Sea
through much of the Late Cretaceous, but with strongly
increasing relief with time, especially in the later part of the
Maastrichtian. It may be speculated that this was caused by
increasingly unstable oceanographic conditions marked by
end-Cretaceous punctuated sea-level fall and overall
decrease in water temperatures. Gateways were narrowed and
temperature gradients between the northern Tethyan shelf and
NW Europe increased, enhancing the formation and velocity
of thermohaline currents.
The internal architecture of channel fills seen on seismic
data and in the largest outcrops allow direct interpretation of
current directions. A large gyre can thus be reconstructed,
flowing from the Polish Trough towards the NW through the
Danish Basin and into the northern North Sea where it turned
towards the S through the German and Dutch North Sea,
entering the Paris Basin towards the SSE and joining up with
another current flowing E-ward through the English Channel
area. The effects of the latter are well exemplified by the
complex channel systems exposed in the 100 m high vertical
chalk cliffs of the Normandy coast.
DISCUSSION
Interpretation of large-scale circulation patterns of epeiric
seas are almost always indirect, based on migration patterns of
nanno- and microplankton, water temperature data obtained by
analyses of stable isotopes of fossil shells, and in particular by
analogy with modern circulation patterns. This last approach is
of limited value in extensive epeiric seas as the Chalk Sea. The
present study in contrast provides direct evidence for current
directions and thus opens the way for much less speculative
reconstructions of circulation patterns.
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Abstract: The Latakia Ridge located at the easternmost deformation front between the African and the Anatolian
plate, off Syria, shows complex interaction between depositional, tectonic and hydrodynamic processes.
The truncation of the Pliocene-Quaternary strata at the steep slope of the Latakia Ridge may results from erosion
or non-deposition by contour currents. Further, These currents caused moat channels. The entire PlioceneQuaternary succession along the northwestern flank of the Latakia Ridge can be considered as an elongated
contour drift deposit. The contour drift was named The Latakia Drift, and almost parallels surface currents.
Key words: Eastern Mediterranean, Latakia Ridge, contour current, truncation.

INTRODUCTION
The northward subduction in the early Miocene of the
African plate toward the Eurasian plate produced the Cyprus
Arc. The easternmost end of the Cyprus Arc, the Latakia Ridge,
intersects obliquely the northern part of the Syrian margin and
controls the complex submarine morphology of the margin to
the north (Fig. 1).
Swath sounder data, high-resolution seismic-reflection,
and high-frequency sediment subbottom profiler data collected
during the BLAC cruise (2003) revealed a clear line of
evidence that the morphostructure of the Syrian margin reflects
not only active tectonics (Benkhelil et al., 2005), but also mass
wasting and contourite deposition (Tahchi et al., 2009).
The western flank of the Latakia Ridge revealed PlioceneQuaternary reflection terminations truncated on the present
seafloor (Fig. 2). The question arose, whether the truncated
surfaces represent slump or fault escarpments, or whether the
truncation results from erosion / non-deposition due to the
impact of contour currents. Reflection terminations are
characterized on a two-dimensional seismic section by the
geometric relationship between the reflection and the seismic
surface against which it terminates (Emery and Myers, 1996).
Alternatively, the truncation may be just apparent as reflection
terminates at a depositional limit (non-deposition) or thins
below seismic resolution (Emery and Myers, 1996). Those
depositional limits may characterize levees of turbidite
channel-levee systems or contourite drifts (Faugères et al.,
1999).
RESULTS
The complex morphostructure of this region consists of 3
dominant features: the Latakia Slope, the Latakia Ridge and
the Inner Latakia Basin (Fig. 1).
The Latakia Slope gradient vary between 8° and 12°. its
southern bathymetry shows an escarpment of up to 250 m
height facing the Inner Latakia Basin to the west (Fig. 1). Its
northern bathymetry, high of 500 m, is characterized by gullies.
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FIGURE 1. Shaded bathymetry map off the Syrian margin with
the morphological features and geographical names. Insert:
Simplified geodynamic sketch of the northeastern Mediterranean. TSB: Triangular Sediment Body. (modified after Tahchi
et al. 2009).

The western flank of the Latakia Ridge shows a more regular and smooth topography with slope gradients about 4°. Here,
several escarpments about 100 m height strike oblique or
parallel to the Latakia Ridge summit (Fig. 1). The escarpments
truncate the Pliocene-Quaternary strata (Fig. 2). It is correlated
with fault planes which can be traced into the seismic
basement.
Geo-Temas, 11, 2010
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The shaded bathymetry map reveals an 18 km long channel
that extends parallel to the regional contours at the base of the
western flank of the Latakia Ridge (Fig. 1). The PlioceneQuaternary strata are truncated within the channel (Fig. 2).
Sediment waves are located at the southern edge of the
Inner Latakia Basin (Fig. 1) whose axis strike downdip. They
are about 300-500 m in wavelength and 5 m in height.

drift deposit, named here the Latakia Drift. The triangular
sediment body has been considered as a pure aggradation
process.
The understanding of a possible relationship between
surficial and bottom currents needs further oceanographic
investigation.

DISCUSSION
There are several observations, that sediment deposition on
the Latakia Rridge and the Latakia Slope occurred under the
influence of contour currents. Figure 1 show that moat
channels (e.g. the 18 km long channel) are present on the
western side of uplifted areas (e.g. Latakia Ridge).
In multiple areas along the Latakia Ridge and Latakia
Slope, the upper reflections from the Pliocene-Quaternary unit
are truncated close and up to the seafloor. The most prominent
truncational surface is located on the western flank of Latakia
Ridge. Several processes explain the abrupt termination of
reflections by truncation, e.g. by post-depositional slumping,
faulting, erosion or non-deposition.
Erosional truncation by erosion or non-deposition is
suggested to explain the truncation observed on the lower base
of the Triangular Sediment Body (TSB Figs. 1, 2) on the
northwestern flank of Latakia Ridge and in the 18 km long
channel.
At the northern end of the moat channel, where it widens
towards the Inner Latakia Basin, the bathymetry shows a
westward deflected lobe (Fig. 1), which indicates a northward
directed contour current along the Latakia Ridge. Another
evidence for the westward deflection of the current is the
south-north and down-dip orientation of the sediment waves at
the southern Inner Latakia Basin (Fig. 1). The current is
deflected to the west after entering the Inner Latakia Basin.
The Pliocene-Quaternary strata of the TSB (Figs. 1, 2) can
be considered as an elongated drift deposit. This drift we
named the Latakia Drift and it almost parallels surface
currents.
CONCLUSION
Contour currents obviously control sediment deposition,
non-deposition and erosion along the entire upper and western
Latakia Ridge.
Most of the observed escarpments do not result from
slumping or faulting. The edgewise termination of PlioceneQuaternary strata may results from non-deposition as a
consequence of contour currents and not faulting or slumping.
The contour currents caused also moat channels by erosion or
non-deposition.
The entire Pliocene-Quaternary succession along the
western flank of the Latakia Ridge shows reflection
termination and can be considered as an elongated contour
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FIGURE 2. Multichannel seismic profile across the western
flank of the Latakia Ridge. C/C: Change Course. LR: Latakia
Ridge. tr: Truncation. U1 is the Pliocene-Quaternary sediment
succession. M flags the Messinian unconformity. TSB: Triangular Sediment Body.
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Abstract: The continental slope of the eastern margin of Corsica deepens eastwards towards the Corsican Trough,
which is bordered by the Pianosa Ridge on its eastern flank. The presence of both ridge and sills confine the eastern
Corsica basin, also named Channel of Corsica (less than 1,000 m water depth). A vein of the Levantine Intermediate
Water (LIW), the saltiest and warmest Mediterranean water, flows out northward through the Channel of Corsica.
During the last 200,000 yrs, sedimentary processes which occurred in the upper slope of this confined basin were
mainly current-induced. The vertical succession of contourite beds reveals past variations of the LIW current
velocity over the last 200,000 years. This LIW palaeocirculation has been inferred from the grain-size distribution
of contourite bed in two ‘Calypso’ giant piston cores (MD01-2472 and MD01-2434).
After passing through the Channel of Corsica, this LIW flows to the Gibraltar Strait. Thus a comparison of contourite
sequence and timing with those observed in the Gulf of Cadiz will be presented.
Key words: contourites, Eastern Corsica, Levantine Intermediate Water, Quaternary.

INTRODUCTION
The eastern margin of Corsica is characterised by a continental slope showing a lower slope gradient than on the western
margin due to the presence of the Pianosa Ridge. A typical continental slope exists on the eastern margin and is incised by several
submarine valleys. Most of these lie directly offshore a river
mouth. The rivers supply particles with grain sizes ranging from
coarse sand to fine silt and clay, derived from active weathering of

the mountainous hinterland (Gervais et al., 2006). These several
small, high-gradient rivers transport these particles to a narrow
continental shelf (5 to 25 km wide), with a shelf-break located at
about the 110 m isobath (Stanley et al., 1980; Bellaiche et al.,
1994; Fig. 1). East of the shelf-break, a narrow slope with an average gradient of 2° to 3° defines the western margin of a relatively
shallow (< 900 m) and narrow (< 50 km) fault-bounded depression
known as the ‘Corsican Trough’ (Stanley et al., 1980). The trough
is ~ 150 km long, deepening and widening to the south.

FIGURE 1. General map of Corsica and the ‘Corsican Trough’ where LIW flows northward, and bathymetric map of the studied
area where are located the two studied cores.
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The Levantine Intermediate Water (LIW), the saltiest
and warmest Mediterranean water, forms in the Eastern
M e d i t e r r a n e a n b a s i n a n d f l o w s t o t h e We s t e r n
Mediterranean basin (200-600/1000 m water depth) before
passing through the Gibraltar Strait. A branch of the LIW
flows out northward through the Eastern Corsica basin
(Millot, 1999; Fig. 1).
DATA
Study of the dispersal of surficial sediments and flow
dynamics on upper slope is based on two ‘Calypso’ giant piston
cores: MD01-2472 (500 m water depth, 29 m long) and MD012434 (800 m water depth, 25 m), collected during the
GEOSCIENCES cruises (2001) with the R/V Marion Dufresne
II.
The sedimentary processes and LIW palaeocirculation
have been inferred from the grain-size distribution (Fig. 2),
X-ray images and a high-resolution stratigraphic
f r a m e w o r k , b a s ed on oxygen isotopic recor d s a n d
ecostratigraphy (planktonic foraminifer assemblages).
These cores cover the last 200,000 years and 65,000 years,
respectively.

RESULTS AND DISCUSSION
During the last 200,000 yrs, sedimentary processes which
occurred in the eastern upper slopes of this confined basin were
mainly current-induced.
The vertical succession of contourite beds reveal past
variations of the LIW bottom-current velocity. A high LIW
velocity seems to prevail during cold climatic intervals such as
Younger Dryas (Fig. 2) or Marine Isotopic Stage (MIS4), whereas
the LIW velocity was comparatively low during the warmest
intervals such as the Holocene or warm intervals of MIS5.
When the LIW flows out in the Gulf of Cadiz, it forms
~80% of the Mediterranean Outflow Water (MOW) and the
activity of this bottom current in the Gulf of Cadiz is well
known (Toucanne et al., 2007). Thus, the activity of LIW and
MOW seems to be correlated during certain climatic events.
CONCLUSIONS
Even if this Corsican confined basin is better known for its
small sandy fans, the upper slope seems to record the LIW
circulation which represents the Mediterranean water
produced with the largest volume.
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FIGURE 2. Sedimentary facies, sequences and stratigraphy
of the upper part of core MD01-2472. On the synthetic log,
darker grey indicates CaCO3 content less than 20% and lighter grey corresponds to CaCO3 content superior to 30%. δ18O
analyses have been made with Uvigerina mediterranea and
U. peregrina (benthic foraminifers). The photograph and grain-size curve (d50) are enlargements of the contourite sequence observed during the Younger Dryas (black rectangle on the
synthetic log).
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Abstract: Seismic reflection data from the southern Mozambique Ridge, SW Indian Ocean, show indications for a
modification in the oceanic circulation system. In the absence of an age-depth model based on a drill site we used
information gathered from the study of radiogenic isotopes of ferromanganese nodules and crusts. Those were
recovered via dredges from the Mozambique Ridge to gain knowledge on the origin of the modifications of the
oceanic circulation system, which is documented in the distinct change in reflection characteristics. This is found
to have occurred at 9 Ma.
Key words: Mozambique Ridge, seismic data, reorganisation of circulation system, isotopic signatures of water
masses, NADW.

INTRODUCTION
The South African gateway is characterised by mixing of
warm and cold-water masses originating in the Atlantic, the
Indian and the Southern Oceans. This circulation system is
responsible for the transfer of heat between these oceans a
basins and the maintenance of the global conveyor belt. A record of this activity can be found in the sediment deposits
offshore South Africa. The evolution of the circulation system
still remains unclear with only pieces of the puzzle slowly
being resolved. Uenzelmann-Neben and Huhn (2009) have
identified a record of current activity similar to today’s
circulation pattern on the southern South African continental
margin extending into the Neogene. For the Transkei Basin,
SE South African continental margin, a reorganisation at 15
Ma and again at 3 Ma was observed (Schlüter and
Uenzelmann-Neben, 2008). Here, we present seismic data
from the southern Mozambique Ridge to gather more local
information on modifications of the circulation system.

shows continuous reflections of strong amplitude, which are of
lower frequency than those within unit S2. The unit drapes the
morphology of the basement, and its top appears to be affected
by erosion.
Unfortunately, geological information is not available,
which prevents the dating of the observed changes in reflection
pattern interpreted to represent modifications in the circulation
system. However, analyses of ferromanganese crusts and
nodules in the same area provided growth rates using
cosmogenic 10Be (half-life = 1.387 Myr) and a record of
oceanic circulation and weathering inputs using radiogenic
isotopes of Nd, Pb, and Hf over the past about 20 Myr.
The records of the ferromanganese crusts from water
depths between 1800 and 3800 m show consistent patterns and

RESULTS
Seismic reflection data collected on the southern
Mozambique Ridge (Figs. 1 and 2) do not show a continuous
sedimentary cover on the ridge. A thickness of the sedimentary
column between 20 and 1100 m is observed. We can
distinguish two sedimentary units with distinctly different
reflection characteristics. The youngest sedimentary unit S2 is
characterized by the alteration of transparent bodies with
continuous reflections of moderate to weak amplitude. Within
this unit, several prominent discontinuities with erosional
truncation, onlap, and toplap termination are observed (Fig. 2,
CDPs 4000-5500). Sediment drifts show those kinds of
reflection characteristics, and we interpret unit S2 to have been
shaped by oceanic currents. The older sedimentary unit S1
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FIGURE 1. Bathymetric map from the SW Indian Ocean (Jokat, 2006; Smith and Sandwell, 1997; Uenzelmann-Neben,
2005). The locations of the seismic profile (black line) and the
dredges (yellow stars) are shown.
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FIGURE 2. Seismic reflection profile (depth migrated) from the southern Mozambique Ridge. Note the sediment drift
in the insert. S1, S2= sedimentary units, B= basement..

can be interpreted in terms of palaeoceanographic changes. For
ages older than 9 million years all crusts show very similar
isotopic evolutions over time, which may indicate a reduced
influence of North Atlantic Deep Water (NADW) in the Indian
sector of the Southern Ocean or the occurrence of NADW at
shallower water depths than at present. During the past 9
million years the isotope data indicate that the shallower FeMn deposits from the ridge crest (1800 m) have been bathed in
Antarctic Intermediate Water, while the crusts from the flanks
have been located inside the tongue of (similar to present-day)
(NADW), which is reflected in their distinct isotopic
signatures (Heuer, 2009). This suggests that the large scale
present day patterns of ocean circulation in the Atlantic and
Southern Ocean have prevailed since about 9 million years ago
(Heuer, 2009).
CONCLUSIONS
We interpret the distinct change in reflection pattern from
sedimentary unit S1 to S2 to represent the influence of NADW
using results from the analysis of radiogenic isotopes of
ferromanganese crusts and nodules recovered from the
Mozambique Ridge. This is in general agreement with the
model put forward by Schlüter and Uenzelmann-Neben (2008)
for the Transkei Basin west of the southern Mozambique
Ridge. There, they identified a change from a north-setting
water mass (proto-AABW) to an east-setting water mass
(proto-NADW) to have occurred at the Miocene/Pliocene
boundary.
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Abstract: The analysis of seismic reflection data from the Amundsen Sea, southern Pacific Ocean reveals sediment
drift formation already in Eocene/Oligocene times. This observation indicates bottom current activity and hence a
cold climate for the late Paleogene in an area, which today lies under the influence of AABW originating in the Ross
Sea. The creation of sediment drifts increased accompanied by the occurrence of debris flows leading to the
identification of a phase of strong ice sheet extension, which then was followed by retreat of the grounding line
during the last ~ 9 Ma.
Key words: West Antarctic Ice Sheet, Antarctic Bottom Water, sediment drifts, seismic reflection data, along-slope
and down-slope sediment transport.

INTRODUCTION/BACKGROUND
During the last years the West Antarctic Ice Sheet (WAIS)
has been reported to undergo significant changes, especially in
the area of Pine Island Bay, Amundsen Sea Embayment, where
two large glaciers draining the ice sheet have shown rapid flow
acceleration, increased thinning, and grounding line retreat
(Rignot and Jacobs, 2002). In order to understand the dynamics
of the WAIS studies of the sedimentary structures have been
carried out both on recent and geological time scales. Those
studies have concentrated on Pine Island Bay itself (Anderson et
al., 2001 and many others). The effect of ice sheet dynamics on
changes in oceanographic conditions have been dealt with for
the western Antarctic Peninsula and the Bellingshausen Sea (e.g.
Hernandez-Molina et al., 2004; Nitsche et al., 2000; Scheuer et
al., 2006). No analysis for the Amundsen Sea, which represents
one of the outflow regions of the Ross Sea, has been put forward
so far. This work intends to fill this gap by analysing
sedimentary features observed in the Amundsen Sea with respect
to modifications in oceanography and hence climate.
The Amundsen Sea is located along the southern Pacific
margin of West Antarctica (Fig. 1). This part of the southern
Pacific was created by formation of the earliest oceanic crust
between Campbell Plateau and Marie Byrd Land at 84-83 Ma
(Gohl et al., 2007 and references therein). The emplacement of
the Marie Byrd Seamounts (MBS) was a result of magmatic
activity at 65-55 Ma (Werner, pers. communication). Since
then several kilometres of sediment have been deposited.
These sediment deposits have been subject to extensive
reworking by oceanic currents and advances of the ice sheet.
For the Bellingshausen Sea east of the Amundsen Sea studies
have shown a bottom current activity since ~ 9.6 Ma (Scheuer
et al., 2006). A close interaction of along-slope and down-slope
sediment transport was identified west of the Antarctic
Peninsula with indications for a major advance of the local ice
sheet shortly after 15 Ma (Uenzelmann-Neben, 2006).
DATA BASE
Multichannel seismic reflection data gathered by the Alfred
Wegener Institute (AWI) in 1994 and 2006 form the base for
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FIGURE 1. Bathymetric map (Smith and Sandwell, 1997) of the
Amundsen Sea showing the location of the seismic lines. GT=
Getz Trough, OPIBT= Outer Pine Island Bay Trough, TI=
Thurston Island.

this study. Details of field parameters and the processing flow
can be found in Nitsche et al. (2000) and Uenzelmann-Neben
et al. (2007). Additional seismic data was available via the
digital database of the SCAR Seismic Data Library Systems
(SDLS, available from OGS, Trieste, Italy).
RESULTS
We can distinguish four sedimentary units, which show
different reflection characteristics and sedimentary structures.
The main sedimentary features observed are sediment drifts,
channels, channel-levee systems, and debris flows. While the
oldest unit IV mainly levels out the basement topography with
a mostly transparent seismic appearance, unit III is
characterised by variable reflection amplitudes often showing
strong amplitudes. Sedimentary unit II in turn shows an
increasing number of moderate to strong internal reflections,
Geo-Temas, 11, 2010
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which we interpret to represent both episodic input of sediment
as well as reworking of the material. Hence we suggest unit II
to coincide with the main onset of glaciation in this part of
Antarctica. Unfortunately, an age-model is not available yet
but following age estimations of Uenzelmann-Neben (2006)
unit II corresponds to the period 15-9.5 Ma.
In the area of the MBS, western Amundsen Sea, we can
observe sediment drifts already in sedimentary unit IV. Taking
into account the formation age of the MBS at 65-55 Ma this
indicates an onset of bottom water activity already in late
Eocene/early Oligocene times. Since this bottom water activity
appears to be restricted to the MBS, which lie under the present
flow of AABW originating in the Ross Sea (Orsi et al., 1999),
we infer that Ross Sea Proto-AABW shaped those sediment
drifts. Formation of sediment drifts continued into sedimentary
unit III. Within this unit drifts occur both in the area of the
MBS as well as in the eastern Amundsen Sea. This is
interpreted as an eastward extension of the bottom water
activity. There, we also observe debris flows pointing towards
a first sediment mass transport from the shelf north of Thurston
Island.
The formation of sediment drifts increased within
sedimentary unit II. They can be identified in the area of the
MBS, in the eastern and the central Amundsen Sea as well as
near the continental slope. Furthermore, we observe a large
number of debris flows. This indicates an increased input of
material into the system via the Outer Pine Island Bay Trough.
We interpret this as evidence for an ice sheet extension to the
shelf break during deposition of sedimentary unit II. This was
accompanied by increased bottom current activity in the central and eastern Amundsen Sea. Fewer debris flows can be
observed within sedimentary unit I. They now appear in the
western Amundsen Sea. The central Amundsen Sea is
characterised by channel-levee systems, while we still observe
a large number of sediment drifts in the eastern Amundsen Sea.
Less material has been delivered to the system with the main
contribution occurring via the Outer Pine Island Bay Trough
and Getz Trough. This points towards a retreat of the
grounding line. Additionally, the sediment has become subject
to erosion and re-deposition by bottom currents most probably
originating in the Ross Sea.
CONCLUSIONS
We observe sediment drift formation already within the
oldest sedimentary unit deposited in the western part of the
Amundsen Sea. This indicates bottom current activity and hence
a significant ice cover as early as Eocene/Oligocene times.
Bottom currents then appeared to have intensified with the
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formation of sediment drifts in the eastern and central Amundsen
Sea. Sedimentary unit II is further characterised by a large
number of debris flows interpreted to represent an extension of
the local ice sheet to the shelf break. The youngest sedimentary
unit I is then marked by a retreat of the ice sheet. An equivalent
sequence of events could be identified west of the Antarctic
Peninsula near Drift 7 (Uenzelmann-Neben, 2006).
REFERENCES
Anderson, J.B., Wellner, J.S., Lowe, A.S., Mosola, A.B. and
Shipp, S.S. (2001): Footprint of the expanded West Antarctic ice sheet: ice stream history and behavior. GSA Today, 10:
4-9.
Gohl, K. et al. (2007): Geophysical survey reveals tectonic
structures in the Amundsen Sea embayment, West Antarctica. In: Antarctica: A Keystone in a Changing World. (A.K.
Cooper, C.R. Raymond and et. al, eds), USGS Open-File
Report 2007-1047, Sta Barbara, USA.
Hernandez-Molina, F.J., Larter, R.D., Rebesco, M. and Maldonado, A. (2004): Miocene changes in bottom current regime
recorded in continental rise sediments on the Pacific margin
of the Antarctic Peninsula. Geophysical Research Letters,
31.
Nitsche, F.O., Cunningham, A.P., Larter, R.D. and Gohl, K.
(2000): Geometry and development of glacial continental
margin depositional systems in the Bellingshausen Sea. Marine Geology, 162(2-4): 277-302.
Orsi, A.H., Johnson, G.C. and Bullister, J.L. (1999): Circulation, mixing, and production of Antarctic Bottom Water. Progress in Oceanography, 43: 55–109.
Rignot, E. and Jacobs, S.S., 2002. Rapid Bottom Melting
Widespread near Antarctic Ice Sheet Grounding Lines.
Science, 296: 2020-2023.
Scheuer, C., Gohl, K. and Udintsev, G. (2006): Bottom-current
control on sedimentation in the western Bellingshausen Sea,
West Antarctica. Geo-Marine Letters, 26(2): 90-101.
Smith, W.H.S. and Sandwell, D.T. (1997): Global Sea Floor
Topography from Satellite Altimetry and Ship Depth Soundings. Science, 277: 1956-1962.
Uenzelmann-Neben, G. (2006): Depositional patterns at Drift
7, Antarctic Peninsula: Along-slope versus down-slope sediment transport as indicators for oceanic currents and climatic conditions. Marine Geology, 233: 49-62.
Uenzelmann-Neben, G., Gohl, K., Larter, R.D. and Schlüter, P.
(2007): Differences in ice retreat across Pine Island Bay,
West Antarctica, since the Last Glacial Maximum: Indications from multichannel seismic reflection data. In: Antarctica
- A keystone in a changing world (A.K. Cooper and C.R.
Raymond, eds),. USGS Open File Report

176

The Porcupine Contourite Depositional System: 2.6 Ma of
competition between cold-water coral mounds and sediment
drifts
David Van Rooij1,2,3, Veerle A.I. Huvenne4, Ben De Mol5, Bert Lietaert1, Bram Van Eetvelt1, Dominique
Blamart2, Isabel Cacho5, Nick McCave3 and Jean-Pierre Henriet1
1
2
3
4
5

Renard Centre of Marine Geology, Department of Geology & Soil Science, Ghent University, Krijgslaan 281 S8, B-9000 Gent, Belgium.
david.vanrooij@ugent.be, bert.lietaert@ugent.be, bram.vaneetvelt@ugent.be, jeanpierre.henriet@ugent.be
Laboratoire des Sciences du Climat et de l’Environnement - IPSL / UVSQ, avenue de la Terrasse, Bât. 12, F-91198 Gif-sur-Yvette, France.
dominique.blamart@lsce.ipsl.fr
Department of Earth Sciences, University of Cambridge, Downing Street, CB2 3EQ Cambridge, United Kingdom. mccave@esc.cam.ac.uk
Geology & Geophysics, National Oceanography Centre, European Way, SO14 3ZH Southampton, United Kingdom. vaih@noc.soton.ac.uk
GRC Geociències Marines, Universidad de Barcelona, Adolf Florensa 8, E-08028 Barcelona, Spain. bendemol@ub.edu, icacho@ub.edu

Abstract: Along the eastern slope of the Porcupine Seabight, both cold-water coral mounds and a contourite
depositional system have developed since the start of the Quaternary. However, evidence of Miocene bottom
currents has been documented in deeper seismic sections. Variations in bottom current strength over the last 10
Ma have been instrumental as a driver for the localization and growth of these cold-water coral mounds. Vice
versa, these biogenic build-ups have influenced the lateral variability and morphology of the contourite depositional
system. Both mounds and Quaternary drifts formed on top of a widespread unconformity, RD-1, that represents a
hiatus of ~7 Ma (IODP Exp. 307 results). However, high-resolution seismic profiles have indicated the erosion
phase may have been shorter, occurring in several phases within the Pliocene. This episode co-occurred with the
introduction of the Mediterranean Outflow Water in the Porcupine Seabight, which is the present-day driver of
locally strong bottom currents through internal tides.
Key words: Porcupine Seabight, Mediterranean Outflow Water, cold-water coral mounds, internal tides, contourite
drift.

NTRODUCTION
The Belgica mound province, located in the Porcupine
Seabight (West off Ireland), may be regarded as the
southernmost occurrence of giant cold-water coral (CWC)
mounds (De Mol et al., 2002). Both its oceanographic and
morphosedimentary setting are unique due to its association with
respectively a distal Mediterranean Outflow Water (MOW) and
a contourite depositional system (CDS). The physical
characteristics of a mixed and weakened MOW are distinct from
the adjacent water masses to locally generate enhanced bottom
currents. Here, ideal (palaeo)environmental conditions are met
to foster CWC growth and also to (re-)mobilize sediment.
Throughout the Quaternary, the variable balance between
sediment supply and bottom current strength has driven a
competition between mound growth and contourites (Huvenne
et al., 2009). This paper will focus on the evolution of the
Porcupine CDS during the last 10 Ma and will demonstrate its
complex relationship with the Belgica CWC mounds. Special
attention will be paid to the origin, timing and impact of the RD1 «moundbase» erosion event on this part of the margin, as well
as its influence on the creation of the CWC mounds and the
Quaternary part of the CDS (Fig. 1).
DATASET
From 1997 to 2003, a total of 1500 km of highresolution single channel sparker seismic profiles were
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acquired by the RCMG on board of R/V Belgica. IODP
Expedition 307 acquired cores throughout an entire CWC
mound and penetrated through the RD-1 moundbase
unconformity, at different locations along the slope. More
specifically, an interval of 20 m, centered around the
moundbase on sites U1316, U1317 and U1318, was
analyzed for grainsize and stable isotope geochemistry of
planktonic and benthic foraminifers. In addition, the most
recent sedimentary environment is document through
Calypso cores, acquired by R/V Marion Dufresne in 2001
(MD123).
DISCUSSION
Three main phases are recognized in the evolution of
the Porcupine CDS, all with respect to the RD-1
u n c o n f o r m i t y. T h e f i r s t p h a s e c o n c e r n s t h e l o c a l
sedimentary regime before the onset of the RD-1
unconformity, during the early to middle Miocene. Seismic
profiles demonstrate the presence of an elongated
mounded drift, although its top has been eroded.
Associated to this drift, upslope migrating sediment waves
are observed. They can be correlated with sandy to clayey
silt deposits of Hole U1317D.
In a second phase, a large part of these Miocene deposits
were removed during a drastic episode of erosion, creating
a large S-N moat channel. The erosional character of the
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FIGURE 1. Seismic profile P010521, illustrating a seabed and buried CWC mound, both
flanked by small mounded confined drifts.

reflector suggests a long period of erosion or nondeposition. The age span of the RD-1 hiatus was estimated
at 7 Ma, based on both biostratigraphic as Sr isotopic dating
(Kano et al., 2007; Louwye et al., 2008). This hiatus may
have been formed by consecutive erosional events. The
presence of terrace-like features near the main erosion area
adds to this hypothesis. The establishment of the RD-1
erosion event can be related to the replacement of relatively
sluggish and warm Miocene bottom water by colder, saline
and more vigorously flowing water mass. On Goban Spur, a
contemporaneous series of unconformities was documented
within DSDP Hole 548 and on RCMG seismic profiles. They
may be linked to the intensification of the MOW between 3.3
– 3.5 Ma (Khelifi et al., 2009), combined with the onset of
the present-day North Atlantic circulation.
The third phase starts with the onset of CWC mound
growth at 2.6 Ma along terrace escarpments or ridges,
located exactly above the Miocene sediment wave field.
However, the rest of the slope is swept by strong bottom
currents, preventing any deposition. This situation changes
at about 1.5 Ma with an increased input of clastic material
and the onset of contourite drift deposition at several
locations. The most remarkable feature is the deposition of
a confined drift in an artificial «corridor» between CWC
mounds and an RD-1 escarpment. Throughout the
Pleistocene, CWC mound growth is gradually decreasing
towards a virtual stop.
CONCLUSIONS
The Plio-Pleistocene shaping of the Porcupine CDS is most
probably related to the introduction of a locally enhanced MOW.
This enabled the onset of CWC mound growth on preferential
positions, pre-determined by the RD-1 palaeotopography. Near
the Middle Pleistocene Revolution, an increase in sediment
supply, combined with a glacially influenced MOW, enabled the
deposition of the present-day CDS, gradually burying the CWC
mounds. The different evolution phases of the Porcupine CDS
may be correlated with other MOW-influenced drifts along the
European Atlantic margin.
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Abstract: Cold-water coral (CWC) ecosystems are closely tied to oceanography; they necessitate a careful balance
of bottom current strength in order to survive. The discovery of the large CWC mounds in the Porcupine Seabight
gave insight to the strong association with the dynamics of a very distal Mediterranean Outflow Water (MOW),
both in the present-day as in the geological past. Although the MOW is thoroughly mixed north of Iberia, its
physical characteristics enable local enhancing through internal tides. Observations of CWC reefs along the Bay of
Biscay and the Cantabrian margins confirm this water mass is a real driver of benthic habitats (corals and oysters),
controlling both physical (morphological) as oceanographic factors. They also give hints regarding the possible
nucleation and growth patterns of the large CWC mounds as well as their (palaeo)environmental constraints.
However, the discovery of «dead» CWC reefs on mounds along the Moroccan margin has left many questions on
the influence of intermediate water masses on these ecosystems and calls for a thorough investigation of the local
palaeoceanography; are these glacially thriving reefs influenced by MOW or meddies?
Key words: Mediterranean Outflow Water, cold-water corals, Bay of Biscay, Gulf of Cadiz, ecosystems.

INTRODUCTION
The re-discovery of cold-water corals (CWC), initially
described by Le Danois (1948), and their potential to build giant
mounds along the NW European margin has fuelled many debates
and stimulated many European research projects since 1997. The
Belgica mound province, located in the Porcupine Seabight (West
of Ireland), became intensively studied and was drilled in 2005
during IODP expedition 307 (Huvenne et al., 2009; Van Rooij et
al., 2003). One of the most important driving forces influencing
the «health status» and growth CWC reefs, is the prevailing
oceanographic setting. Strong bottom currents are required in
order to deliver (resuspended) nutrients to the corals (Roberts et
al., 2006). However, this is a delicate balance strongly dependant
on sediment supply and palaeoceanography; slow currents may
cause burial and too strong currents may destroy the reef. Within
the Porcupine Seabight, the mounds are located within the depth
range of a very distal Mediteranean Outflow Water (MOW),
which locally creates strong enhanced currents through internal
tides (White 2007). Along the pathway of the MOW, especially in
the Bay of Biscay, many cold-water corals have been reported
(Reveillaud et al., 2008). Nevertheless, large seabed mounds have
only been reported north of the Bay of Biscay. Moreover, the
transition from CWC reef to mound is not well known and still
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some questions remain unanswered regarding the influence of
palaeoceanography on the resilience of CWC ecosystems.
In this paper, we will present and discuss data from 3
different sites and settings along the NE Atlantic margin in
order to illustrate the versatility of CWC occurrence in
association with the MOW, as well as to document several
aspects regarding the palaeoceanographic influence and
connectivity issues. These sites are (a) the Guilvinec canyon
(Armorican margin, (b) Ortegal Spur (Galician margin) and the
Pen Duick Escarpment (Moroccan margin).
DATASET
Within the framework of past and present international
projects, all three areas have been surveyed by several research
cruises between 2002 and 2009. Here, we will mainly consider
data acquired by the RCMG (Ghent University) on board of R/
V Belgica. The geophysical survey data comprises Simrad
EM1002 multibeam bathymetry and high-resolution single
channel seismic profiling (sparker source). Visual seabed
observations were performed by ROV Genesis (RCMG),
positioned by an IXSEA GAPS USBL system. On all sites,
CTD data was collected through vertical profiling (SBE-19).
Geo-Temas, 11, 2010
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DISCUSSION
Within the Guilvinec canyon, both cold-water corals as
deep-water oysters are observed within the range of the MOW.
However, both multibeam bathymetry as seismic profiling
show an asymmetric canyon profiles with erosive NE flanks
and depositional SW flanks, again within the range of the
MOW. Seabed observations confirm the presence of elevated
bottom currents, a large patchy distribution of cold-water
corals and deep-water oysters restricted to cliffs and
overhanging banks. The living CWC reefs are organized as
open coral frameworks (with a thriving associated fauna), dead
«graveyards» of coral rubble and buried graveyards. These
graveyards are observed as «mini-mounds», just above the
limits of the MOW.
On Ortegal Spur, the bathymetry clearly demonstrates the
presence and influence of the MOW; above its upper limit at
500 m, a smooth sediment apron is present, whereas below 500
m bedrock is exposed through erosion and locally elongated
and plastered drifts are observed. These blocks and cliffs are
ideal settling locations for CWC, which are, however only
solitary observed. Above 500 m, a large cluster of mini-mounds
is discovered with fossil Lophelia pertusa.
The occurrence of medium-sized CWC mounds (~550 m
bsl) on the Pen Duick Escarpment on the Moroccan margin, is
most enigmatic. No living corals have been observed and core
data indicate CWC growth during glacial episodes (Wienberg
et al., 2009), which is opposite to the rest of the NE Atlantic
margin. The present-day reef is represented by both open as
buried CWC graveyards. Here we could argue for mound building through random stacking of such «coral plates». In the
present day, no MOW is observed on this location. However,
during glacial episodes, bottom currents must have been more
elevated in order to foster thriving CWC reefs. According to
Foubert et al. (2008), this could be stimulated by enhanced
meddy activity. Moreover, the sediment drift at the foot of the
escarpment suggests a possible correlation with the evolution
and stacking pattern of the Cadiz Contourite Depositional
System.
CONCLUSIONS
As within the Porcupine Seabight, the MOW along the
Armorican and Galician margin is responsible for shaping
of the physical habitat. This mostly is a local process, driven
by enhancing through internal tides. Additionally, the
density of the MOW seems to be most beneficial for benthic
ecosystems in order to keep nutrients in suspension and may
provide a «connectivity» link for the dispersal and
distribution of CWC larvae (Dullo et al., 2008). This is
especially successful in canyon settings. Secondly, both
mini-mound clusters may represent an initial mound-building phase, driven by unknown palaeoceanographic
c o n di t i o ns . T hey represent challenging but h ig h ly
interesting sampling targets for upcoming cruises. Thirdly,
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all sites show different states of burial of «coral graveyards»
and may provide better insight in the organization and
constraints regarding mound building processes. Finally,
although the MOW is actually not observed near the Pen
Duick mounds, active mound growth during glacial times
(Wienberg et al., 2009) could be linked to past MOW
dynamics (Foubert et al., 2008). However, the past and
present oceanography of this area is poorly know and calls
for more attention.
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Abstract: Besides their interest in reconstructing palaeocirculation regimes and their rock imprint, the study of
contourites can also provide important elements to offshore industrial activities. Oil and gas industry are targeting
operating in remote areas and dealing with conventional and unconventional plays. The role of contourites in the
constitution of element of the petroleum systems such as reservoirs and seas are explored in this paper.
Key words: hydrocarbon exploration, reservoir, shale gas, contourites, bottom currents

The importance of contour currents in shaping and building the continental margins has long been accepted.
Nevertheless unequivocal recognition of their rock record still
lacks conclusive diagnosis despite the great scientific effort
performed during the last decades. This results in an
underestimated evaluation of their economic importance.
Oil and gas industry look for reservoirs within different
plays in very diverse geological settings. Conventionally,
hydrocarbon reservoirs are investigated based on their
potential coarse-grained fabric, medium to high porosity and
permeability.
This is paradigmatic concerning contourites for their ever
agreed relationship with fine-grained sediments. In the last
years however, a growing evidence of sand deposits originated
from the action of bottom currents has been demonstrated (see
Viana and Rebesco, 2007, for references there within).
Accumulation of coarse-grained deposits under the influence
of bottom currents requires sediment availability, a long
duration of strong bottom currents regime and a favorable
physiographic setting both for enhancing the currents and
hosting the sediments.
Data retrieved in outcrops, boreholes, seismic data, sidescan sonar and seafloor coring around the world suggest that
bottom currents can locally develop large deposits of
relatively coarse-grained sediments. Identification of contour
elongated seismic anomalies in 3D mapping with ribbon or
sheeted geometry were tied to cores and well logging data
and related to the sedimentological characteristics fitting to
those expected to coarse-grained contourites (Fig.1., Viana et
al. 2007).
physiographic changes imposed by the development of
sediment waves may function as conduits or traps for sands
delivered from the upper margin. These modifications in the
seafloor relief can be crucial for diverting, trapping or
enhancing bottom currents and sediments transported under
their action as presented by Viana et al. (2007) and Duarte and
Viana (2007).
In the more recent years, the quest for new hydrocarbon
bearing accumulations led the industry to search for
unconventional reservoirs. Gas and oil are being identified and
produced from very fine-grained sediments, the oil and gas
shales. This opens a new perspective for the economic
application of contourites. Gas shale discoveries are changing
the energy matrix of several of many countries. Hydrocarbon
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derived from those deposits represent up to 15% of present day
energy produced in the US.
Fine-grained contourite drifts can locally to regionally
develop large and thick accumulations, which besides their
important seal potential for trapping hydrocarbon charged
structures can hence host significant hydrocarbon resources.
Recent investigations on several shale deposits and also on
flume experiments (Schieber and Southard, 2010) indicate that
silt and very fine-grained sand are also involved in the
construction of those bodies, such as Lewis Fm., in New
Mexico, US (Pedersen et al, 2010), Irati Fm, in Brazil (Araujo
et al. 2004). Traction features, with cross bedding lamination,
mud-clasts and shell fragments are observed indicating the
action of currents in a previously considered hemipelagic
setting. New depositional models are required to face this new
challenge and, consequently, the understanding of the role of
bottom currents will be crucial in such approach.
Very large gas hydrates accumulations have been identified
in contourite deposits along the global oceans (Paull et al.
2000; Silveira and Machado, 2004; Hernández-Molina et al.,
2009). However advances in techniques to drill and exploit
such resources are still required.
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FIGURE 1. a) Seismic map of maximum negative amplitude of a lower to middle Miocene interval showing linear seismic anomalies,
elongated to the slope, corresponding to sandy contourite deposited in a palaeo upper slope setting. Location of seismic line and
pseudo wells are indicated. b) Seismic line crossing the area of higher seismic anomalies and the location of the wells. An intra-slope
terrace adjacent to an escarpment is the site of occurrence f strong negative amplitudes, with onlaps (red arrows) against an
erosional surface (bes; yellow dashes line) marking the base of the contourite wedge. c) Detail of the distal portion of the conturite
wedge with high-frequency reflections of large acoustic impedance contrast and corresponding log profiles (GR, gamma-ray; R,
resistivity; s, sonic) and synthetic seismogram (ss). Lower values of the electric logs are toward the left. d) Log profiles of proximal,
intermediate and distal wells located above the contourite wedge. In the proximal well, thick (several meters to tens of metres thick)
sand packages with constant sonic and resistivity characteristic occur, suggesting homogeneous permeability-porosity behaviour.
Decreasing gamma-ray and resistivity values towards the top suggest a cleaning or coarsening upward tendency. In the intermediate
well, a sharper separation of the sand packages is observed, with lower velocity toward the top of each (a few to several metres thick)
package (suggesting better porosity). In the distal well, the sand packages are a meter thick, and are widely separated by finer-grained
layers. In this example, they are oil-bearing metre-scale sand beds (from Viana et al., 2007).
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Abstract: Morphological and seismic characteristics of the Ewing Terrace and associated contouritic deposits in
the middle slope of the Northern sector of the Argentina Continental Margin are described. Onset of this terrace
since middle Miocene times occurred when the Antarctic intermediated-sourced water mass flowing to the north
along the margin was completely established. The northernmost zone of the Ewing Terrace is also affected by the
southward-flowing Brazilian Current that modelled some local erosive surfaces. These along-slope processes,
combined with across-slope gravitational processes, produced a complex set of contouritic and turbiditic deposits
along the terrace, closely related to the evolution of the Mar del Plata Submarine Canyon head.
Key words: Contourites, Ewing Terrace, Argentine Continental Margin, Antarctic water masses.

INTRODUCTION
The Western South Atlantic Ocean contains some of
the largest contourite systems around the world generated
by the thermohaline circulation, which has been
described along the Brazil (e.g. Viana, 2002, among
others) and the Argentina (Hernández-Molina et al.,
2009) continental margins. In the Argentina Continental
Margin (ACM), a Contourite Depositional System (CDS)
is developed on the middle slope, related to impinging of
Antarctic water masses (Hernández-Molina et al., 2009).
The CDS exhibits depositional and erosive features that
are especially well developed on the southern part of the
ACM. Toward the northern part, downslope gravity
processes become dominant (Hernández-Molina et al.,
2009, Violante et al., in press). One of the outstanding

FIGURE 1: Block diagram along the Argentina Continental
Margin showing the northernmost zone of the Ewing Terrace
(between 800-1200 mbsl) and the Mar del Plata Submarine
Canyon.
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features of the CDS is the Ewing Terrace (Figure 1), an
along-slope broad, flat-shaped erosive feature slightly
dipping eastward, averaging around 1000 m water depth,
which is related to maximum erosion of the contour
currents.
In this contribution, the morphosedimentary aspects of the
northern part of the Ewing Terrace (37 to 39°S) are described,
in a place where the slope is dissected by the Mar del Plata
Submarine Canyon (MPSC) at 38°S. The work is based on
bathymetric and seismic (multi and monochannel) data as well
as sediment cores recovering, collected during several cruises
between 1996 and 2009, and further analysis of the
information.
RESULTS
The Ewing Terrace in the study area (Figure 2) extends
between 500 m water depth (foot of the upper slope) and
1300 m (middle-lower slope transition). The terrace has a
smooth surface slightly sloping seaward (ESE), although
northward of 38ºS progressively dips also to the north.
Three second-order features are recognized (Figure 2): A)
Above 1000-1200 m an «inner zone» is displayed, which is
sloping seaward (ESE) although shows a slight deepening
to the NNE. B) At depths below 1000-1200 m extends the
«outer zone», which is markedly sloping to the NNE and is
almost subhorizontal to slightly concave in a transverse
(WNW-SSE) section. C) Between the inner and outer zones
a longitudinal, northward-flowing channel develops, which
on the basis of its orientation and relation with the
contouritic bodies can be interpreted as a contouritic
channel.
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North of the MPSC the terrace vanishes and loose its
previous configuration, so becoming a uniform surface sloping
both longitudinally and transversally.

marine regression coeval with the Antarctic icemasses
expansion). Consequently, the terrace was the result of the
northward flowing of the along-slope Antarctic Intermediate
Water, which was completely established at those times. 2)
The evolution of the Terrace during post-Miocene times was
controlled by erosive and depositional stages. In the
northernmost zone -that includes the study area-, the acrossslope processes are dominant, which determine complex
interactions among contourite, turbidite and debris flow
processes and deposits. It is considered that contouritic
processes related to AIW could have been enhanced during
sea-level transgressions and highstands periods, whereas
turbiditic sedimentation was dominant during lowstands
periods. 3) The northward deepening of the northernmost
surface of the terrace is associated with the southward
flowing of the Brazilian Current in more recent times, in such
a way that the place where the terrace surface changes from
subhorizontal to inclined (around 38°S) could be considered
as a physical evidence of the Malvinas/Brazil Confluence
Zone.
The Mar del Plata Submarine Canyon head cuts the
Ewing Terrace, thus the canyon incision occurred later than
the terrace formation. This evidence is very important for
understanding the possible genetic relations between alongand across- slope processes in this part of the middle slope of
the ACM.

FIGURE 2. Map of the Ewing Terrace and contouritic deposits
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FIGURE 3. Section of the mid-resolution multichannel seismic
line GeoB01-143 (Cruise M49/2, R/V Meteor, 2001).

DISCUSSION AND CONCLUSIONS
Three main evolutive stages of the Ewing Terrace can be
identified based on the seismic and morphological
characteristic: 1) The onset of the terrace begun at the middle
Miocene, following the development of seismic horizon AR5
(which has been attributed by Hinz et al. (1999) to a large
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Abstract: Proxy records from core MD03-2699, retrieved from the western Iberian margin at 39°N and a water
depth of 1895 m, reveal changes in the depth of the interface between Mediterranean Outflow Water (MOW) and
Northeast Atlantic Deep Water (NEADW) during the glacial/ interglacial cycles between 580 and 300 ka, i.e.
Marine Isotope Stages (MIS) 15 to 9. MOW, identified by the bottom current intensity and bottom water temperatures
(BWT), settled deeper in the water column than today and influenced site MD03-2699 especially during the icerafting events of the glacial inceptions and deglacia-tions and during the glacial maxima. MOW’s response to the
climate forcing during these older glacial cycles was therefore similar to the last glacial cycle confirming that a
seesaw pattern in deep convection strength between the western Mediterranean Sea and the North Atlantic
Ocean existed also during those older climate periods.
Key words: Mediterranean Outflow Water, Iberian margin, glacial.

INTRODUCTION

MATERIAL AND METHODS

In the eastern North Atlantic basin, the MOW is a
prominent water mass between 500 and 1500 m distinguished by its comparably higher temperature and salinity.
Because of the high salinity and thus potential to increase a
water mass’ density the MOW is thought to enhance
convection in the North Atlantic. Along the southern and
western Iberian margin, the MOW is a strong undercurrent
that causes the formation of contouritic and drift deposits.
Below the MOW NEADW and Lower Deep Water (LDW)
are found.

Here we use proxy records for Calypso piston core MD032699 (39° 2.2’N; 10° 39.6' W), today bathed by NEADW, to
study if similar changes in the MOW’s settling depth and
intensity can also be detected during previous glacials. For our
study we focus on the glacial/ interglacial cycles from MIS 15
to 9 (580–300 ka) that include glacial MIS 14 when sea level
was only half as low as during the LGM, and interglacial MIS
11c (425–390 ka), one of the longest Pleistocene interglacials.
Benthic foraminifer derived stable isotope and trace element
records reflect deep-water properties such as temperature and
nutrient levels. To esitmate BWT we are using the Mg/ Ca ratio
measured in epibenthic foraminifer shells by ICP-MS and the
equation of Cacho et al. (2006). Changes in the mean grain
size <63µm are used to evaluate bottom current intensity.
Planktonic δ18O values reveal changes in the surface water
hydrography and the presence of lithic grains is used to
identify ice-rafting events. The chronostratigraphic framework
is given by the correlation of core MD03-2699’s benthic δ18O
record with the one of ODP Site 980 on the LR04 age scale
(Lisiecki and Raymo, 2005) and by nannofossil
biostratigraphic events.

Paleoclimate records from the Gulf of Cadiz revealed that
the MOW responded to the abrupt climate change events of the
last glacial cycle (Voelker et al., 2006; Toucanne et al., 2007).
During the last glacial maximum (LGM), the MOW settled
deeper in the water column (up to 2000 m) and its flow strength
increased (Schönfeld and Zahn, 2000; Rogerson et al., 2005).
MOW’s flow strength also intensified during all the (cold)
Heinrich- and Greenland stadials of the last 50 ka, thus during
times when deep convection in the North Atlantic was turned off
or reduced. In the western Mediterranean Sea, on the other hand,
deep convection, whose waters ultimately fed the MOW, was
enhanced during those times (Cacho et al., 2000, 2006; Sierro et
al., 2005), while it was diminished during Greenland
interstadials when the Atlantic’s Meridional Overturning
Circulation (AMOC) was strong. Hence a seesaw pattern existed
between the convection centres in the North Atlantic and the
Mediterranean Sea during the last glacial cycle (Sierro et al.,
2005). Because the MOW and thus the salt export from the
Mediterranean Sea was strong, when AMOC was weakened,
Voelker et al. (2006) postulated that the MOW might induce the
AMOC to switch from the Heinrich-/ stadial-type mode to the
interstadial one.
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RESULTS AND DISCUSSION
All the proxy records reveal changes on orbital to
millennial timescales (Fig. 1). During the interglacial
intervals (MIS 13a, 11c, 9e) benthic δ18O values are similar to
those of ODP Site 980 and the LR04 stack but greatly differ
(lighter) during the glacial inceptions and glacials, i.e. the
periods of continental ice shield built-up and instabilities. Ice
sheet instabilities are indicated by the various ice-rafting
events and colder surface waters. Mean grain size shows clear
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maxima during the three glacials (MIS 14, 12, 10) and
periodic increases during the glacial inceptions (Fig. 1). All
maxima coincided with BWT warmer than the modern level
of 5.1°C. Throughout the interval nutrient levels in the
prevailing deep water mass(es) were relatively low indicating the presence of recently ventilated waters and
excluding the presence of LDW.

glacial and stadial periods as they were during the last glacial
cycle and experienced millennial-scale oscillations. MOW
settled deeper down in the water column during these cold
climate periods replacing the NEADW and its glacial
counterpart (GNAIW) at site MD03-2699. Temperatures of
the glacial MOW were similar to modern values hinting to a
significant export of Mediterranean waters and thus to the
same seesaw pattern in convection strength between the
western Mediterranean Sea and the North Atlantic Ocean as
described for the last glacial cycle.
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FIGURE 1. Paleoclimate records of core MD03-2699. Dashed
line in bottom water temperature panel marks present temperature. Blue bars indicate glacials and numbers 9e, 11c, 13a, and
13c interglacial stages. LR04: stack of Lisiecki and Raymo
(2005).

The warmer BWT and the increased bottom current
intensity at site MD03-2699 clearly indicate that MOW
replaced NEADW during the glacial periods and during those
stadials associated with ice-rafting events and reduction in the
AMOC (as evidenced by the benthic isotope data of IODP Site
U1313). Since site MD03-2699 is from a water depth of 1895
m and current intensity was strong, the MOW/ NEADW interface deepened to a level similar to the LGM during those
periods. During MIS 14, when sea level was higher than during
MIS 12 and 10, bottom current intensity was elevated. Thus it
appears that export from the Mediterranean Sea was enhanced
through the relatively deeper Strait of Gibraltar.
Lower bottom current intensities and BWT indicating the
presence of NEADW (Fig. 1) are observed during interglacial
MIS 11c and 9e. Thus it appears that deep-water conditions
then were not much different from today. The warm intervals
of MIS 13, i.e. 13c and 13a, on the other hand, show BWT
mostly warmer than today indicating either a strong admixing
of MOW into the NEADW or even the lower edge of the MOW
itself. Since sea level was not as high during these interstadial
and interglacial periods as during MIS 11c and 9e, it appears
that sea level and thus the conditions for the exchange through
the Strait of Gibraltar play an important role in modifying
MOW and its flow depth.
CONCLUSIONS
Our records reveal that deep-water dynamics on the middepth western Iberian margin were as variable during earlier
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Abstract: Today, the Deep Western Boundary Current (DWBC) off the Kerguelen-Plateau is one of the most important
route for deep-water entering the Indian Ocean. Only few attempts have been undertaken to reconstruct late
Quaternary bottom-water dynamics of the DWBC. Here we present a high-resolution record of bottom water
variability from a sediment core recovered from a contourite drift along the eastern flank of the Kerguelen-Plateau.
Large-scale changes in deep water circulation in the Indian sector of the Antarctic Ocean during the last 140 ka are
associated with the formation of Antarctic Bottom Water (AABW) in the Mertz Glacier Polynya (MGP) on the Adélie
Coast and show not a clear glacial/interglacial pattern.
Key words: Antarctic Bottom Water, Deep Western Boundary Current (DWBC), Kerguelen-Plateau, Adélie Coast,
Mertz Glacier Polynya (MPG).

INTRODUCTION
The exact sources of AABW found in the AustralianAntarctic Basin within the Southern Ocean have been
controversial due to the distance from the major continental ice
shelves in the Weddell- and Ross Sea which are traditionally
associated with bottom water formation. However, more recent
oceanographic surveys along the Adélie Coast suggest that this
region is a significant source of AABW. The identification of
the Mertz polynya, the second largest persistent polynya
around East Antarctica, as a relevant source of bottom water
has led to a reinterpretation of the volumetric census of AABW
formed at the Adélie Coast (Rintoul, 1998). Thus, this region
represents the second largest source after the Weddell Sea, and
is responsible for 25% of the volume of AABW found in the
world’s ocean.
It can be expected that the relatively strong currents
associated with AABW circulation effect sedimentary
processes in the Australian-Antarctic Basin. Evidence for
strong bottom-water current activity is found in drift deposits
of the East Kerguelen Ridge (EKR), along the eastern margin
of the Kerguelen-Plateau (Kolla et al., 1978). Here we present
a record of late Quaternary bottom-water dynamics, inferred
from a sediment core from the Kerguelen Drift.
STUDY AREA
The EKR lies at the western boundary of the AustralianAntarctic Basin. In the basin, the movement of Antarctic
Bottom Water, which substantially originates along the Adélie
Coast, is clockwise as a result of the northward extension of
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AABW east of the Kerguelen-Plateau (McCartney & Donohue,
2007). Along the eastern flank of the Kerguelen-Plateau, the
influence of the Deep Western Boundary Current (DWBC) has
been inferred from both current measurements and
hydrographic observations and has been attributed to vigorous
bottom-water flow (Kolla et al., 1978). Donohue et al. (1999)
estimated a northward DWBC transport of 15–26 Sv.
METHODS
The terrigenous grain-size parameters, such as the
sortable-silt fraction (10-63 µm) as a percentage of the finefraction (McCave, 1995a, 1995b), and the mean of the
sortable-silt fraction (McCave, 1995a) are especially current
sensitive and have been considered to be proxies for palaeocurrent strenghts. In addition, we use clay minerals as tracers
of current-transported sediment, to infer provenance and
transport paths (Kuhn and Diekmann, 2002). Our age model
is mainly based on paleomagnetic dating combined with
biostratigraphy and relies for the last 30 ka on AMS 14C
dating.
DISCUSSION AND CONCLUSION
The variability of the DWBC, as indicated by the grainsize data, shows not a clear glacial/interglacial pattern.
Enhanced near-bottom flow strength appears during the
interglacial-glacial climate transitions between MIS 5 and MIS
4 and at recent times. During both the last interglacial
maximum (MIS 5.5) and during glacial phases (MIS 2, MIS 4
and MIS 6) the DWBC strength weakened (see Fig.1).
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the Mertz polynya is prevented due to the extensive reduction
of sea ice cover on the Adélie Coast which also implies a
corresponding reduction in Antarctic Bottom Water formation
in the area. By contrast, a very extensive sea-ice cover and/or
the break-up of the Mertz glacier during glacial phases could
also restricts the development of the Mertz polynya which
generally reduces the intensity of bottom water formation.
Only during the transition phases between the peaks of the
climate cycles, the formation of AABW on the Adélie Coast is
enhanced due to more or less instable sea ice cover, which
guarantees the development and/or stability of the Mertz
polynya system.
In conclusion, we see that the vigour of abyssal circulation
off East Antarctica does not follow a simple glacial-interglacial
pattern, as usually observed in the Atlantic sector of the
Southern Ocean. In the Indian sector, times with most variable
sea-ice formation determine AABW production and are related
to modest interglacial stages.
FIGURE 1. Sortable-silt and variability of clay mineralogy over
time from the sediment core PS69/899-2 on the Kerguelen-Drift.

Changes in clay mineral composition of the drift deposits
can be related to the hydrographic changes and are mainly
controlled by the variability of the DWBC. Associated with the
variations of near-bottom flow strength, two different source
areas can be distinguished: a more local source and an
easternmost source area. The influx of clay minerals from East
Antarctica, indicated by Mg(Fe)-rich illite and kaolinite, is
dectectable during phases with reduced near-bottom flow
strength. That implies, that during the last interglacial
maximum (MIS 5.5) and during glacial phases the DWBC
probably was mainly controlled by the AABW from the Adélie
Coast. During times of enhanced near-bottom flow, the clay
mineral signature of East Antarctica is overprinted by an influx
of (Al)-rich illite and smectite. The Kerguelen-Plateau and the
adjacent Australian-Antarctic Basin represents a local source
for (Al)-rich illite and smectite. Related to undercutting the
basement by current erosion and reworking of basin sediments
that occurs with enhanced bottom velocity, the clay minerals
could be derived from more local sources. Thus, during the last
140 ka the variability of the DWBC is mostly affected by
AABW which originates along the Adélie Coast.
The reduced near-bottom flow strength of the Deep
Western Boundary Current during the maximum of the last
interglacial (MIS 5.5) implies, that the formation of AABW at
the Mertz polynya on the Adélie Coast is severely restricted
during this stage. Modeling studies show a clear response in
sea ice formation and dense shelf water production in the MPG
related to the climate change perturbations (Marsland et al.,
2007). Their model shows, that the dense shelf water export is
reduced with increasing air temperatures and increasing
surface fresh water influx (by precipitation, runoff or glacial
melt water) – climate conditions that also marks the maximum
of the last interglacial period (MIS 5.5). Thus, development of
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Abstract: Based on the data-base including single and multi-channel seismic data, piston core, seafloor photograph
of the northern margin of the South China Sea, the depositional facies constituting by gravity-flow, contourite
current and hybrid depositional system is constructed. The source of contour-current is traced from the western
Philippine deep-water mass, the watermass intrude the South China Sea through the Luzon Strait, encircling the
northern margin to the western margin and eventually dissipate in the biggest upwelling zone of the South China
Sea, and enter the surface current circulation. Such circulation constitute by source, path and exit of water mass
which can illustrate the deep-water circulation in almost enclosing marginal sea as the South China Sea.
Key words: contourite, drift, circulation, South China Sea.

INTRODUCTION
The contourite system and circulation of contour-current
have important implication for the study of Palaeoclimatology
and palaeoceanography (Haug and Tiedemann, 1998; Llave et
al., 2006), which also significant for the hydrocarbon
exploration (Viana et al., 2002; Akhmetzhanov et al., 2007).
DATA AND RESULTS
The northern margin of the South China Sea (SCS) have
acquired ten thousands km of single-channel and 2D seismic
data, several thousands km3 of 3D seismic data, which could be
used to study the stratigraphic architecture and depositional
styles. A series of piston cores, column cores, and box cores
have been collected, including the data of paleontology,
chemical composition, and size of grain. Combined with the
multibeam bathymetry data, provide the opportunity for us to
study the depositional geomorphology of SCS (Fig. 1).
The study on the northern South China Sea (NSCS) reveals
the distribution of three types of depositional system, including

gravity-flow, contour-current, and hybrid system (Fig. 2). The
contourite system developed in the northern margin is consist
of separated drift, plastered drift, deformed sheet drift,
contourite sediment wave, platform drift and the hybrid system
influenced or controlled by contour-current process.
Based on the acquired data and facies map of NSCS, we
drew the path of the contour-current circulation (Fig. 3). The
Western Philippine deep-water mass intrude the eastern part of
NSCS margin through the Luzon Strait, flow westward under
the drove of the Coriolis effect and geomorphology, encircling
the margin of Dongsha platform, across the ZhuJiang Valley,
and was divided into two branches, one entered the narrow
Xisha Trough and the other around the Xisha Platfom.
Eventually the deep-water mass entered the biggest upwelling
zone in the South China Sea, dissipated and became the surface
current circulation.
DISCUSSION
The circulation framework mentioned above is constructed
based on the distribution of the contourite system and this
conclusion is convincing for at least considerably the past
geologic epoch. There still exists a complex problem about
evolution of the contour current; especially the relationship
with global thermohaline circulation could be an urgent
scientific issue to solve.
CONCLUSIONS
Deep-water contour-current circulations of the South China Sea
have been constructed from the distribution of the contourite of
northern margin.
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FIGURE 2. The composite map illustrating distribution of the depositional systems, geography, and geomorphology of
NSCS.
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Abstract: The depositional architectures and vertical evolutions of the continental slope systems are clearly different
in various areas of the Qiongdongnan basin: 1) a progradational slope type, located in the Ledong and Lingshui
areas of western Qiongdongnan basin, is mainly characterized by sharply progradational slope clinoforms, resulted
in a rapid shift of shelf edges seaward and southeastward; 2) a slumping slope type, developed in the Songtao area
abutting against the Lingshui area, shows vertical stacking patterns or slight shifts seaward with slump deposits; 3)
a channelized slope type in the Baodao area in the central basin also has a vertical stacking pattern or slight shifts
seaward, characterized by prevailing slope channels or canyons; 4) a gentle monocline slope type, located in the
Changchang area in the east of this basin, shows a gentle monocline slope. Sediment supply is the primary controlling
factor on the geometry of slope clinoforms, although tectonic activity and sea-level change influenced the
development of the slope architecture. Plentiful sediment supply leads to rapid progradational slope clinoform at
a large distance of progradation in the western Qiongdongnan basin. Sediment-starved margins occur in the
middle and eastern basin because of a very wide shelf and deficient sediment supply.
Key words: continental slope system, Late Miocene, Qiongdongnan basin, South China Sea.

INTRODUCTION
Understanding the evolution of a continental slope system
may contribute to identify geological processes of continental
margins. In recent years, several authors have studied the
stratigraphic architecture and development of some continental slope systems (Shanmugam, 2000; Xie et al., 2008).
Hydrocarbon explorations have revealed the continental slope
system prevalently occurs in the strata from the Late Miocene
Huangliu Formation to Holocene Ledong Formation in the
Qiongdongnan basin, northern South China Sea. However, its

architecture and evolution is not well clear. This study mainly
deals with the architectures and development of these slope
systems, and illuminates the dominant controlling factors on
the development of these continental slope systems.
DEPOSITIONAL ARCHITECTURES OF THE SLOPE
SYSTEM
The Qiongdongnan basin has been explored for more than
30 years and comprises one of the important prolific natural

FIGURE 1. Distribution and classification of the slope types in the present continental slope system of the Qiongdongnan basin.
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gas-producing basins in South China Sea. Several papers have
reported that the slope margin began to form along the northern
margin of the central depression of the Qiongdongnan basin
since late Miocene. In this study, based on the integrated
analysis of conventional and high resolution seismic sections
and more than ten drillholes from hydrocarbon exploration, the
depositional architectures and evolution of the slope systems
in the study area are summarized as follows (Fig. 1):
Firstly, age of the formation of the slope system in eastern
area is earlier than those in western area, although the
development of the continental slope system was accompanied
with the accelerating subsidence of the basement and the rapid
rising of the sea-level in the Qiongdongnan basin since 10.5
Ma. In the western basin, such as the Ledong and Lingshui
areas, the slope system has only formed since Early Pliocene
Yinggehai Formation stage. However, it has developed since
Late Miocene in the eastern Qiongdongnan basin, such as
Baodao and Changchang areas. Secondly, these slope systems
comprise many kinds of gravity current deposits, such as
sliding mass, slumping block, slope canyon/channel, debris
deposits, turbidite deposits and sediment wave. Due to the
different slope clinoforms, the gravity current deposits are quite distinct in different areas. The lowstand turbidite fan is
important composition of the slope system in the western
basin. In the mid-basin, slumping block and slope canyon/
channel are the dominant gravity current deposits in the slope
system. The sediment wave only formed in the Changchang
area of the eastern Qiongdongnan basin. Thirdly, according to
the differences in depositional architectures and evolution, the
slope systems may be classified into four types: 1) a
progradational slope type, located in the Ledong and Lingshui
areas in western Qiongdongnan basin, is mainly characterized
by sharply progradational slope clinoforms, which result in a
rapid shift of shelf edges seaward and southeastward; 2) a
slumping slope type, developed in the Songtao area abutting
against the Lingshui area, shows vertical stacking patterns or
slight shifts seaward with dense gravitational faults, rollover
structures, and slump deposits; 3) a channelized slope type in
the Baodao area in the mid-basin, also has vertical stacking
clinoform patterns or slight shifts seaward, characterized by
prevailing slope channels or canyons; 4) a gentle monocline
slope type, located in the Changchang area in the eastern basin,
shows a gentle monocline slope clinoforms. Finally, generally
speaking, the development of the slope system maybe include
autochthonous deposition and allochthonous adjustment two
stages. In the study area, the autochthonous deposition is the
key element for the formation of the progradational slope and
gentle monocline slope systems, however, the allochthonous
adjustment is the crucial factor for the finalization of the
slumping slope and channelized slope systems.
CONTROLLING FACTORS OF THE EVOLUTION OF
THE SLOPE SYSTEM
For a general sequence model, three control factors on
the geometry and development of continental slope
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system: tectonic activity, sea-level change, sediment
supply. The reactivation of the underlying extensional
basement faults controlled the geometry of the tectonic
ancient geomorphology. The initial slope position is
clearly controlled by those underlying basement faults.
Rapid sea-level rising induced to the increase of water
depth or accommodation together with accelerating
basement subsidence. Both accommodation and sediment
supply control the variation of systems tracts and geometry
of sequence units. In the study area, under the condition of
the generally identical accommodation change, sediment
supply must be the most important factor, which resulted
in the clearly distinct depositional architevtures and
evolution of the continental slope systems in the
Qiongdongnan basin. Plentiful sediment supply leads to
rapid progradational slope clinoform at a large distance of
progradation in the western Qiongdongnan basin.
Sediment-starved margins occur in the middle and eastern
basin because of a very wide shelf and deficient sediment
supply.
CONCLUSIONS
The continental slope system extending in the
Qiongdongnan basin has been identified with highresolution seismic dataset and well data. The slope system
generally began to develop since Late Miocene and
composed of several kinds of gravity current deposits.
According to the internal architecture and evolution of
these slope systems, four types of slope systems have been
identified: a progradational slope type, a slumping slope
type, a channelized slope type, and a gentle monocline
slope type. Although the development of the slope
architecture is influenced by tectonic activity and sealevel change, sediment supply is the primary control of the
distinct geometry of slope clinoforms.
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Abstract: Based on plentiful of high resolution seismic profiles, sediment waves are identified in deepwater areas
of the eastern Qiongdongnan basin (QDNB), and their distribution and seismic features are illuminated. Furthermore,
combined with the bathymetry, the potential origins of these sediment waves are discussed. Their seismic features
indicate that most of them should be overflows of turbidity currents flowing along the central canyon although
several slide and bottom current origin ones have also been identified somewhere. Further investigation should
focus on their component for reservoir prediction objective.
Key words: Qiongdongnan basin, sediment wave, turbidity current, South China Sea.

INTRODUCTION
Deep-water sediment waves have been discovered and
documented in the last 50 years. The mechanisms
responsible for generating those deepwater sediment waves
have intrigued and puzzled marine geologists, and sediment
waves studies have also provided valuable insights into our
understanding of turbidity current and bottom current
processes since Bouma sequence have been debated as
whole turbidity deposits and the model of turbidite fans was
inaccuracy. Wynn and Stow (2002) classified sediment
waves into bottom current origin, turbidity current origin
and unknown wave origin. Other researchers have also
proposed some origins, i.e. internal wave origin.
The first documented example of deepwater sediment
waves in the east South China Sea was reported on 3.5 kHz
seismic profiles (Damuth, 1979). Recently, the sediment
waves have also been distinguished on high resolution
seismic data in Qiongdongnan basin (QDNB), northwest
South China Sea (Yuan et al., 2009). The QDNB have
obvious continental shelf-slople systems (Xie et al., 2008)
and poor bottom current avtivities. In this study, based on
lots of high resolution seismic profiles, the distribution of
sediment waves in the QDNB is identified and
charactersitics of the sediment waves are described in
details. Furthermore, combined with geological setting of
the QDNB, the origins of these sediment waves are
discussed.
CHARACTERISTICS OF SEDIMENT WAVES
In the QDNB, plentiful of high resolution seismic
profiles are provided by hydrocarbon exploration. Derived
from these seismic data, bathymetry has been mapped (FIGURE 1). Generally, the shelf-slope system has developed
during Late Miocene and Pliocene period in the QDNB. And
a central canyon occurs in the center depression of the
basin, which is suggested as turbidite origin based on the
integration of seismic data with borehole data. The sediment
waves develope near the central canyon in the Changchang
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depression, the eastern QDNB. The seismic features of these
sediment waves are as follows: a) the sediment waves locate
in a 0.5°-1° low-gradient slope, covering an area of about
400km 2; b) the wavelength and wave height changes slightly
with averages of 4km and 30m respectively; c) the sediment
waves are mainly distributed along the central canyon in the
Changchang depression; d) the configuration displays a sine
curve-like geometry, sometimes climbing imbricating
geometry; e) sediment wave migrate upslope; f) the
sediment beds appear more or less continuous as one
proceeds from one wave to the next; g) the apparent
boundaries between waves are typically linear or convex
upwards; h) some slides develop, which are accompanied
with deep faults; i) several erosions occur somewhere as
revealed by seismic profiles.
ORIGIN OF SEDIMENT WAVES
Sediment waves can be caused by bottom current,
turbidity current, internal wave and slide (Ioannis and
Schindler, 2009; Traykovski et al., 2007; Jiang et al., 2007;
Ercilla et al., 2002). According to the geometry of sediment
waves, their migrations and relationships between adjcent
waves, the sediment waves should be mainly caused by
downslope-flowing turbidity currents. Moreover, other
factors have also affected or modified the sediment waves,
such as, several slide activities occur at gentle slope in the
Changchang area, some erosions are presented in the root of
slope due to bottom currents although its intensity is not so
strong. Each of these mechanisms can make more or less
some effects on the formation of sediment waves. Detailed
seismic data interpretation and relationship between the
central canyon and sediment waves show that overflows of
turbidity currents along the central canyon should be a
major factor resulting in the formation of the sediment
waves. The results indicate the turbidity origin sediment
waves develop only on the gentle side of central canyon
with a slope angle of about 0.5º. For the opposite side, there
is no sediment wave formation due to its relative steep
topography caused by deep faults.
Geo-Temas, 11, 2010
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FIGURE 1. Distribution and seismic features of sediment waves in the QDNB. Bathymetry is derived from high
resolution seismic data.

CONCLUSIONS
The sediment wave deposits occur in the Changchang
depression of the QDNB, which locates in the area between the
central canyon and the Shenhu paleouplift with a gentle slope of
less than 1 º. Detailed seismic features show the sediment waves
may be resulted from a complex mechanisms due to bottom
current, turbidity current, and slide. Overflows of turbidity
currents flowing along the central canyon may be the dominated
mechanism for the formation of most of sediment wave deposits.
Further investigation for their component should be worthy for
reservoir prediction in the deepwater QDNB.
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Front Cover = Multichannel seismic-reflection profile
across the Faro-Albufeira drift on the Gulf of Cadiz (data
courtesy of TGS-NOPEC Geophysical Company ASA, for
this contribution)
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