North Atlantic contourite sand channels
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Abstract: Two sand-rich channelized depositional systems, formed by strong contour currents,
were studied west of the Faeroe Bank Channel and in the Gulf of Cadiz. Both are areas beyond
the exit of constrictions where water overflows from the Norwegian Sea and the Mediterranean
Sea, respectively. West of the Faeroe Bank, newly mapped channels are developed mainly
under the influence of a geostrophic current and are characterized by significant lateral migration,
which determines the marked cross-sectional asymmetry and the architecture of the deposits. The
pathways of the Mediterranean Undercurrent in the Gulf of Cadiz are complex, with the greater
proportion flowing under geostrophic conditions along a terrace but with some of the denser
water becoming ageostrophic and descending downslope owing to gravity. A series of ‘peel-
off’ channels is formed, with the largest one, Gil Eanes, being about 40 km long. Most of the
channel fills consist of medium-—coarse sand, Levees are mainly silts with a higher sand
content in the vicinity of the channel, Both depositional systems have a variety of contourite
sand channels, which in most respects are remarkably similar. In both cases there are stretches
where the flow is ageostrophic, with water descending downslope for as much as 400 m before
resuming geostrophic flow at deeper levels. In each case the main pathway of the densest water
is the shallowest and several branches turn off to the left of this main pathway before bending
to the right under the influence of Coriclis forces, In both cases there are channel fills of
medium-—coarse sand, probably cross-bedded, and up to 200 ms thick. Sheets of sand with a thick-
ness of a few metres to a few tens of metres are common. Similarities to turbidite channels are the
aggradational nature of some channel floors and the flanking muddy or silty sediment waves. Con-
tourite channel depositional complexes are distinguished from turbiditic ones by their coarsening-
up rather than fining-up sand units, the asymmetry in channel architecture, the presence of regional
unconformities, and the distribution pattern with well-marked boundaries of current-derived
deposits.

Geostrophic contour currents are known to be
important agents of sediment transport in the deep
sea, Giant bodies of muddy sediment formed by
contour currents are recognized in many parts of
the slope and rise (e.g. McCave & Tucholke 1986;
Faugeres er al. 1993). Normally sand makes up a
rather insignilicant portion of the net sediment
volume (Viana et al. 1998). However, therc are
several sedimentary systems where sand does
play an important role, forming significant accumu-
lations that can be considered as potential
hydrocarbon reservoirs. Two such systems were
studied during several cruises conducted by the
UNESCO~-10C Training-through-Research (TTR)

Programme and by the Challenger Division of the
National Oceanography Centre, Southampton, in
the arcas lying west of the Faeroe Bank Channcl
and in the Gulf of Cadiz (Fig. 1),

Methods

Datascts used for this study were collected with a
wide range of echosounders, sidescan sonars,
seismic systems, bottom sampling systems and
cameras. In the Faeroe Bank arca the survey
included 10 kHz OKEAN long-range sidcscan
sonar, a single-channel seismic system with 1.81
air-gun source and 30 kHz OREtech deep-towed
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Fig. 1. General map showing study areas. Norwegian
Sea Outflow pathways adapted from Hansen &
@sterhus (2000), Mediterranean Outflow pathways
adapted from Iorga & Lozier (1999).

sidescan sonar with built-in bottom 7 kHz profiler.
Acoustic and seismic data from the Gulf of Cadiz
area were collected using 11-~12 kHz SEAMAP
long-range sidescan sonar, operated by the US
Naval Oceanographic Office and the Naval
Research Laboratory, 30 kHz TOBI deep-towed
sidescan sonar, operated by the NOC, Southampton,
and a single-channel seismic system. Underwater
television and bottom sampling with conventional
box and large-diameter gravity corers and a giant
piston corer were used for groundtruthing.
Acoustic data were digitally enhanced and geo-
graphically registered. Seismic processing included
predictive deconvolution and band-pass filtering.
Cores were visually logged with subsequent measure-
ment of magnetic susceptibility using a Bartington
MS2 system with a MS2C core logging sensor. A

grain-size analysis was undertaken on selected
samples from the Faeroe Bank Channel area with a
Fritsch Analysette A22 laser particle sizer.

Area west of Faeroe Bank Channel

The cold Norwegian Sea Outflow Water (NSOW)
flows with considerable speed through the Faeroe
Bank Channel], which is the deepest passageway
for bottom water out of the Norwegian Sea into
the North Atlantic (Fig. 2). To the south of the
Faeroe Islands the outflow is confined between the
Faeroe platform and Faeroe Bank where, as a
result of its topographic restriction, its speed
reaches 1 ms™ ' (Crease 1965; Saunders 1990).
To the NE of the Faeroe Bank the channel broadens
rapidly and as a result the outflow speed can decele-
rate to about 20 cm s~ ! on average (Crease 1965).
Part of the flow carries on along the slope of the
Faeroe—Iceland Ridge with its core at a depth of
between about 900 and 1100m, where its
pathway is marked by a zone of sandy bedforms
(Dom & Werner 1993). To the NW of the Faeroe
Bank, published bathymetric maps (Crease 1965;
Fleisher et al. 1974; Hansen & Meincke 1979;
British Oceanographic Data Centre 1997) show
the presence of channels in the depth range of
1200-1400 m. Bathymetry derived from satellite-
altimetry with shipborne sounding control (Smith
& Sandwell 1994) also shows a pattern of anasto-
mosing channels (Fig. 2a). Several researchers
have reported the presence of dense, cold (3°) Nor-
wegian Sea Outflow Water associated with these
channels (Crease 1965; Kuijpers er al. 1998). The
channels are believed to be formed by a fast-
flowing bottom current representing an outlet of
NSOW that diverts to the left from the main
pathway along the Faeroe—Iceland Ridge after it
leaves the Faeroe Bank Channel mouth. The
current is known to have been operating in this
area since the Early Miocene (Boldreel e al. 1998;
Kuijpers et al. 1998) or possibly even since earlier
Oligocene as suggested by Davies et al. (2001),
which indicates that the channels have had a rela-
tively long evolution. Additional sidescan sonar,
seismic and groundtruthing data have resolved the
channel pattern and their morphology, and the pro-
cesses of sediment transport and deposition. They
were obtained during one of the ECs ENAM-II
cruises onboard R.V. Pelagia in 1995 and on the
seventh TTR cruise onboard R.V. Professor Loga-
chev in 1997.

Channel pattern and geometry

Sea-floor sonographs. Long-range OKEAN side-
scan sonar and single-channel seismic surveys
conducted west of the mouth of the Faeroe Bank
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Fig. 2. (a) Satellite-derived bathymelry image showing channels west of the Faeroe Bank; (b) location map of the
study area {lower-case leiters correspond to seismic sections shown in Fig. 7).
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Fig. 3. Perspective view of the OKEAN mosaic draped over bathymetry. Major NSOW pathways are indicated

by arrows. High backscatter is shown by darker shades.

Channel show that channels formed by the NSOW
outlet have an anastomosing pattern that is
controlled by a flat-topped acoustic basement
high standing about 200 m above the surrounding
sea floor (Fig. 2b). The outflow water enters
the area from the east, where the fast-flowing
bottom current sweeps the sea floor, forming an
extensive area of erosion and non-deposition
clearly seen on seismic records (sec below).
OKEAN sonographs also show a large-scale sea-
bed lineation of a higher acoustic backscatter, indi-
cating the presence of a strong bottom current
{Fig. 3).

Most of the bottom water forming the newly
mapped channels is the main [low of NSOW
coming out of the Faeroe Bank Channel. However,
there is evidence on the TOBI 30 kHz sonographs
(Kuijpers et ai. 1998) thal there is a contribution
from a proportion of the NSOW approaching from
the south (Fig. 4). This is Norwegian Sca water
that overflows the Wyville-Thomson Ridge and
follows the bottom contours at a depth of about
1000 m. It flows clockwisc around the Faeroc
Bank and Bill Bailey Bank (Boldreel et al. 1998;
Kuijpers et al. 1998) us shown by areas of sea-bed
erosion and coarse sediment transport, obscrved
on TOBI sonographs (Kuijpers et al. 1998; Fig. 4),

It is postulated here that this branch of the NSOW
rejoins the main flow and that the water masses
combine before flowing into the North Atlantic,
The shallowest filament flows along the Faeroe—
Iceland Ridge at a depth of about 1000 m (Dorn &
Werner 1993). At the basement high the flow
bifurcates and forms several distinct channels
bending around either side of the plateau. The
more prominent channel runs around the southern
side of the plateau, becoming progressively deeper
as it does so (Fig. 5). It makes an almost 90°
change of dircction around the southwestern
corner of the plateau and then runs to the NW at a
depth of about 1400-1500 m. Another filament
flows north of the plateau, bifurcating twice before
one branch cventually rejoins the clockwise flow
at a depth of 1400-1500 m. This is deeper than
used o be supposed for fast-flowing NSOW in
this tegion (e.g. Hansen & Meincke 1979) but in
keeping with there being several cores (e.g.
Hansen & (sterhus 2000).

An OKEAN 10 kHz sonograph shows that this
channel has a gencrally weakly backscallering
floor and left-hand bank, whereas the right-hand
bank has stronger backscatter. Such a backscalter
pattern was also observed on a 30 kilz TOBI sono-
graph that partially overlaps with the OKEAN
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Fig. 5. Mup of the main features and bedload transport pathways west of the Facroe Bank Channel based on
integrated interpretation of scismic, sidescan sonar and bottom sampling data.
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sonograph and provides a morc detailed picture of
this fragment of the channe} (Tig. 6). Apparently a
transition from the channel floor and the right-
hand wall is marked by the sharp boundary
between low and high backscatter arcas, where
low backscatter corresponds to the channel floor
and high to the channel wall. Next to this boundary

there is a 300 m wide zone of transverse bedforms.
These are believed to be sand waves, with a wave-
length of about 100 m (Kuijpers et al. 1998), based
on their shape and on the low backscattering charac-
Leristics, as low backscattering is usually associated
with sand on sonographs (c.g. Belderson e al.
1972). A similar backscatter pattern was observed
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Fig. 6. Details of a contouritc channel on the OKEAN and TOBI images. 1ligh backscatter is shown by darker shades.
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on the OREtech 30 kHz sonograph that runs across
one of thc northwesterly directed channels. The
slightly higher resolution sonograph also shows a
characteristic sea-bed current lincation on the
channel floor. similar to that reported by Kuijpers
et al. (1998) on the TOBI sonograph to the north
of the Faeroe Bank, A serics of large mud waves
with a wavelength of about 1.5 km appcars on the
OKEAN sonograph (hat covers the channcl
running south of the plateau. They are on the
outside of the major channel bend. Waveforms of
similar size were also noticed on the TOBI sono-
graph further to the SW, although they are more
probably associated with the NSOW branch that
flows around the Bill Bailey Bank.

Seismic and sub-bottom profiler expression, NSOW
pathways in the study region arc identified on the
scismic Tecords as areas of non-deposition or
erosion or as well-marked channels, The former
arc cncountered to the easl where the Facroe
Bank Channel outlet enlers the region and a
strong bollom current prevents deposition of fine
sediments,

The lower part of the seismic succession rep-
resents an scoustic basement that is topped by a pro-
nounced high-amplitnde reflector (Fig. 7). Iis
internal structure is mostly chaotic, although in
the upper part prolonged parallel reflectors are
common. The upper part of the succession com-
priscs 4 pattern of lower-amplitude continuous paral-
lel, often sinuous, reflectors. The surficial succession
becomes more complex within the banks to the left
of the channels, with three units being identified.
The lower unit (Unit T) forms a sedimentary drape
over the acoustic basement and has a set of parallel
continuous reflectors. Near the channcls the upper
boundary of the unit is marked by an erosional
unconfortily and the overlying middle unit (Unit
1) has a pattern of sigmoidal reflectors, The thick-
ness of the unit is about 100 ms and it pinches out
away from the channels. Toward the channel (he
erosive character of its base becomes more obvious
and high-amplitude events associated with channel
fills can be recognized. The scismic pattern suggests
that the channcls have miigrated to the NE; that is, to
the right of the flow direction. The upper boundary of
the middle unit is also an erosional unconformity and
most of the upper unit (Unit IIT) comprises a sct of
parallel continuous reflectors. The crosion at the
basc of the upper unit bccomes more pronounced
towards (he channcl, where the unit lies directly on
the basement and forms most of the bank of the
channel. The bank is a broad elevation about 75 m
high and the thickness of the unit here reaches
450 ms. In the lower part of the unit sigmoidal
reflectors are obscrved whereas the uppermost part
reveals a characteristic pattern of parallel continnous

reflectors typical for contourite drifts (Faugdres et af.
1999). The seismic pattern also suggests that the
banks or walls to the left of the chummecls are
formed mainly as a result of lateral accretion.
The right-hand banks or walls are either erosional
or have a reduced sedimentary succession suggesting
either very low sedimentation rates or crosion. A
high-resolution 3.5 kHz profile running across one
of the channels also shows that the right-hand bank
is more gentle and crosive whereas the left-hand
one is steeper becanse of accumulation of presumed
fine-grained sediment (Fig. 8). According to the
thickness of individual layers resolved on the
record the sedimentation rate is five times higher
on the left-hand bank compared with the surrounding
arca.

Seismic records show that channels have flat
floors and arc 2-3 km wide and about 180 m
deep. High-amplitude reflcctors bencath some of
the channels suggest the presence of a possible
coarse aggradational deposit that can be np to
200 ms thick. High-resolution data also suggest
the presence of the coarse sediment on the channel
floor, where an acoustically transparent lens-like
sediment body about 10 m thick is obscrved on the
rccord. This agrees with observations from
3.5 kHz TOBI profiler records obtained from the
main channel, where a sand body with a thickncss
<10 m was reported (Kuijpers ef al. 1998).

Sediment cores

Five corcs were collected from the banks and
channel floors to groundtruth sidescan sonographs
and to calibratc different morphological clements
of contourite channels. Although no age dctermi-
nations were performed on these cores it was poss-
ible to perform partial comclation with cxisting
cores from the area (Kuijpers et al. 1998) on the
basis of the presence of an ash layer and available
magnetic susceptibility (MS) data,

Channel banks. Three cores from banks recovered
mainly a silty—clayey sequence topped by a Holo-
cenc sand layer (Fig. 9). Grain-size analysis revealed
typical contourite successions (Stow 1979) with a
coarsening-upward trend. Correlation with ¢ores col-
lected to the south of the arca (Kuijpers et al. 1998)
showed that cores from left-hand banks contain an
extended sedimentary succession as a result of
higher sedimentation rates compared with cores
from right-hand banks. Marine Isotope Stages
(MIS) are allocated based on attribution of the ash
layer to the boundary of MIS 2-3 or to the top of
MIS 3 and on the comparison with the MS curve of
the core ENAM-33 by Kuijpers ez al. (1998). Clays
are takcn to represent extreme glacial periods; for
ingtance, MIS 2 clayey intervals recognized in



(@)

older drift {Unit [1)

18—

'éu- o

younger drift (Unit Il

26

eroded
channel Infill the Faeroa Plateau 1.6 =

basaltic slope of

2
D 9 e

26—

omded flank younger drift

/ channel indil \ older drift

=S rocky b
o

1em  cONtourite deposits

Unit 11l

older drift {Unit ) erosional surfaces

channel infill

(e) upper surfaca of the atdar drift

younger drift

channst infl

ancient erosional surface (amow indicates
fateral migration direction of the channal system)

lateral accretion of the left flank channel

bottom current direction

(0 towards (R away

Kig. 7. Scismic profiles across channels showing asymmetry of deposition or erosion and migration of chanuels to the right. TWT. two-way lravel time,

"IV L3 AONVHZLINIIAY 'V



NORTH ATLANTIC CONTQOURITE SAND CHANNELS 33

artefacts due to refraction

2 km

seabed erosion

1400

7 € - bottom current direction

Fig. 8. High-resolution sidescan sonar and bottom profile across a contourite channel showing migration of channel

to the right,

cores AT-69G and AT-73G (lelt-hand banks) are
characterized by 2.1~2.5 times higher sedimentation
rates than MIS 2 clay in the core AT-71G, taken from
a right-hand bank. The sedimentary section in core
AT-71G also has a higher content of sandy intervals,
which indicates more active bottom dynamics, Thesc
observations are in a good agreement with seismic
and 3.5 kHz data indicating active deposition of
[inc-grained material on the left-hand banks of chan-
nels and erosion or suppressed sedimentation on the
right-hand ones.

Channel floor. Two cores taken from channel thal-
wegs recovered mainly sandy deposits (Fig. 10).
Core AT-70G collected from the main chan-
ncl contained a coarsening-upward, 50 ¢m long sue-
cession of fine—medium well-sorted terrigenous

sand with an interbedded layer of foraminiferal
sand. Clay content varies from 15 to 40%. Core
AT-72G was taken from a distributary channel to
the north of the plateau and the succession is also
composed of interbedded layers of terrigenous and
foraminiferal sands. Some sundy intervals arc
coarsening upwards. Both cores have coarse sand—
gravel top layers, which are thought to have
formed as a result of increased activity of NSOW
in the Holocene (Stage 1).

Geometry of sand bodies

Seismic, sidescan sonar and coring data indicate
thitt most of the sand is transported along the chan-
ncls. High-amplitude reflectors observed on the
seismic rccords beneath channels suggest that
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sand forms a significant part of channel infills.
High-resolution sidescan sonar data obtained across
the southern channel show fields of sand about
2km wide covered in places with trains of sand
waves with 50 m wavelength (Fig. 11). These sand
fields in turn are fragments of linear low backscatier-
ing features about 10-20 km long, also seen on the
10 kHz OKEAN sonograph. Deep-towed 3.5 kHz
profiles across one of the sand fields reveal
the presence of an acoustically transparent lens-like
sedimentary body, about 7 m thick, which is inter-
preted as a homogeneous sandy deposit (Fig. 11).
Similar lens-like sand bodies were observed in the
eastern Porcupine Seabight (Akhmetzhanov 2003),
in another area of strong bottom current where a
large number of such bodies were stacked to form
a sheet of sand up to 10 m thick. The presence of
similar sheets can also be expected in the study
area as shown by seismic records. Unit I1, with its
sigmoidal high-amplitude reflectors, is interpreted
as a sequence of such buried sand sheets formed
during channel migration.

Cores collected from the flanks of nearby banks
also contain sand-rich intervals, some of which
are about 2m thick (Kuijpers et al. 1998) and
mainly consist of winnowed Foraminifera shells
(50-75% CaCQ5). Sand-rich intcrvals seem (0 be
more common on the right-hand side of these
channels,

Gulf of Cadiz

One of the largest known cxpanses of sand laid down
in the deep sea by a contour current is in the Guif of
Cadiz, wherc the Mediterranean Undercurrent
decreases in speed as it comes oul of the Strait of
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Gibraltar (Fig, 12a). The bedform distribution and
the geometry of the sandy deposits are best known
in their proximal setting (Heezen & Johnson 1969;
Kenyon & Belderson 1973; Nelson et afl. 1993;
Mulder ez al. 2003) where there is a sequence of
bedform zones of gravel and sand similar to those
mapped on current-swept continental shelves. They
are spread across a terrace on the continental slope
at depths between about 700 and 900 m. Several fila-
ments of the Undercurrent plunge downslope along
channels (Fig. 12b), as shown by Madelain (1970)
and Kenyon & Belderson (1973). An extensive
datasct has been obtained over the three most proxi-
mal channels with a 12 kHz SEAMAP long-range
sidescan sonar, a deep towed, 30 kHz TOBI sidescan
sonar, single-channel seismic and underwater video
systems (Kenyon ef al. 2000, 2001; Habgood et al.
2003). The widest of the channels (Channel 2 of
Kenyon & Belderson 1973) is controlled by NE-
SW-trending diapiric ridges bul the two most proxi-
mal channels, a newly discovered channel and
Channel 1 of Kenyon & Belderson (1973), named
the Gil Eanes Channel by Kenyon et al. 2000), are
not controlled by underlying topography, at least at
present. Their location is thought to be associated
with the unconstrained bhottom current peeling off
downslope through gaps in a longitudinal sandy con-
tourite ridge (Kenyon & Belderson 1973), which acts
as a barrier to restrict the main fow of the MOW to
the broad current-swept terrace.

Channel pattern and geometry

Sea-floor  sonographs and 3.5kHz profiler
records.  Atleast five downslope running channels
are identified from the available bathymetric data
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Fig. 11. High-resolution sidescan sonar and sub-bottom profiler records showing sand sheets (lower backscattering

shown by lighter shades) on a contourite channel floor,

(Fig. 12a) and are best seen on the 11 kHz SeaMap
sonograph mosaic (Fig. 13). The largest channel,
Channel 2 of Kenyon & Belderson (1973), is con-
trolled by NE—-SW-trending diapiric ridges, which
act as a partial barrier across the MOW pathway.
The floor of this channel is characterized by rela-
tively high backscatter resulting from scoured
rock outcrop and basal conglomerate, across
which sand is transported as longitudinal and trans-
verse bedforms,

There are also non-topographically controlled
channels (the ‘free-standing’ channcls of Habgood
et al, (2003)), of which the largest is the Gil
Eanes Channel. All of the channels run downslope
and trend perpendicular to the main pathway of
the MOW (Fig. 13). These channels and their
sctting have been described by Habgood et al
(2003) and so will not be described in detail here.
The head of the Gil Eanes Channel is ¢, 6 km
wide, and is at a depth of 900 m, and the channel
exiends downslope for 40 km, terminating at
1250 m water depth. The [lanks of the channel arc
covered with a densc pattern of sediment wavcs.
The morphology and lithology of these flanking

waves changes with depth as the influence of the
main flow of the MOW lessens. There seems to
be a continuum of sediment waves related to this
change in current speed, divided here into sand
waves, muddy sand waves and mud waves. Their
appearance in plan and profile has been shown by
Habgood et al. (2003).

Sand waves. The sand waves are confined to a part
of the terrace, and to the floors and levees of the
downslope channel (Fig. 12). With the higher resol-
ution of the TOBI sidescan system scveral sandy
bedforms arc differentiated. Most of the sand
waves on the terrace arc small asymmetrical sand
waves (wavelength about 40 m) on the back of
large asymmetrical sand wavces (wavelength aboul
300 m). The 3.5 kHz profiles show small, overlap-
ping hyperbolae, with vertices that are iangential
to the sea floor, Shorter straight-crested transverse
waves with wavelengths of 200-260 m are also
common,

Muddy sand waves. This type of wave is mosily
found on the flanks of the Gil Eancs Channel. In
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plan view these waves are mainly sinuous to crescen-
tic with short cresilines of ¢. 600 m. Wavelengths
range [rom 300m (o over 600m but with an
average of 350 m. The ccho response from 3.5 kIiz
profiles is of sleep-sided, overlapping hyperbolae,
thus the waves are interpreted as having relatively
stecep sides and narrow troughs, This hyperbolic

response is similar to the profile type 1IB-2 from
the western equatorial Atlantic (Damuth 1975)
and has been associated with both turbidity-current
processes and bottom-current processes.

Mud waves. These waves occur in decper water
beyond the fields of muddy sand waves on the
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Fig. 13. A portion of ScaMap sca-floor imagery showing the Gil Eancs Channcl (GEC) and smaller (SCH) peel-off
channels. Svismic lines, sumpling stations and TV run discussed in the text are also shown. CH2 is Channel 2 of
Kenyon & Belderson (1973), which is topographically stcercd by diapiric ridges. High backscatter is shown by darker

shades.

flanks of the channels. The currents that form them
are weaker than those that form the sandicr waves.
The wave onentation on both flanks is at ¢. 40° to
the channel, making a V shape that points down-
channel. The mud waves are generally straight
crested, with wavelengths between 600 and
1000 m and amplitudes of 25-35m. On our

seismic profiles they have broad, low-amplitude,
non-overlapping hyperbolac, often with parallel
sub-bottom reflectors equivalent to the type II-B4
of Damuth (1975).

Seismic expression. A set of seismic lines was
obtained across the Gil Eanes Channel and adjacent
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areas of the contourite drift (Fig. 13). Four major
seismiic units are recognized (Fig. 14). The lowoer-
most unit, Unit I, has a chaotic seismic signature
and its upper surface shows a number of diapir-like
features protruding into the overlying scdimentary
sequence. This unit is aftributed to Lhe Olistostrome
Unit and Middle Miocene deposits described by
Maldonade et af. (1999). Unit II is about 0.8 s
thick and forms a sedimentary drape over the Olis-
tostrome Unit. It has parallel continuous reflectors
and is correlated with the Lower Miocene —Pliocene
strata of Maldonado et al. (1999). The upper unit,
Unit III, is found where the pecl-off channcls
occur and is an Upper Pliocene—Quaternary
sequence according to Muldonado et af. (1999),
The unit tends to fill the sub-basins formed by undu-
lations of the surface of the middle unit and has a
lens like-gcometry, thinning out at its (anks,
which is a characteristic of contourite deposits.
The thickness of thc unit increases downslope
from gbout 200 to 600 ms. At its base there is an
erosional uncounlormity, otherwise it onlaps or
downlaps on the underlying strata. The internal
structure of Unit 11T is complex and three scismic
facies have been recognized.

Facies 1, The facies has a chaotic character and
yet is acoustically transparent and is mainly found
in the uppermost partl of the sequence in the arcas
where sand waves and muddyv sand waves are
scen on the sonographs. The facies is found
within channel levees, and is interpreted as a
mainly sandy sequence formed by aggradation of
sand waves and muddy sand waves outside the
pecl-off channels.

Fracies 2. The facies has prolonged or short par-
allel reflectors onlapping or downlapping on the
underlying Unit II. The facies is more common in
the {ower part of Unit I{ and is interpreted as a pri-
marily silty sequence with some sand beds,

Facies 3. The facies is characterized by short,
high-amplitude coherent reflectors and is found
mainly underncath channels. It is interpreled as
coarse-grained channel fills.

The Gil Eancs Channel, the largest of the chan-
nels assoctated with Unit I, has a U-shaped
profile and is about 120 m duep. At the upper part
of the slope where Unil [1f is only about 100 ms
thick the chanuel is inciscd into Unit I, The
channcl has an asymmetric profile with a higher
right-hand ‘levee’, which shows an erosional char-
acter with truncated beds of Unit II cropping out
at the sca floor, The left levee crest is about 75 m
lower and has an aggradational natre. From
the vertical distribution of Facies 3 it is inferred
that the position of the channels through lime was

relatively stable. In the decper purt of the slope to
the west of the Gil Eanes Channel, where small
channels arc rare. the scquence is dominated by
Facics 2. -

Sediment cores

Channel flanks. Pour corcs were taken from
different locations along the Gil Eancs Channel
flanks (Fig, 13) and their composition is shown in
Figure 15,

Coic D13684, from the ouler pait of the westem
flank of the Channel, has an almost 8 m long
sequence of fine-grained sediments with the upper
1.6 m being homogeneous silly mud underlain by
6.4 m of bioturbated mud that contains a 55 cm
thick fine silty sand interval. The sand coarsens up
in its lower parl and fines up in its upper part, Corc
AT-224G, which was taken upslope and closer to
the channel, has 2.5 m of homogencous, well-sorted
clayey silt with foraminfer casts and shell fragments.
Core D13679, from the top of the western flank of
the Gil Eancs Channel, consists of 373 ¢m of
muddy sands and silts. From visual examination
there is a major cycle composed of three main units
with gradational contacts between each. However, a
closer examination of the continuous wet bulk
density profiles identifies & series of smaller cycles.
A bioturbated muddy fine sand vnit, 116 cm thick,
has three coarsening-up-[ining-up sequenccs, each
between 30 and 40 cm thick, This is overlain by a
similar coarsening-up—{ining-up muddy sand fining
up ito a muddier silt, 60 cm thick. A 14 em thick
muddy unit grades up into muddy sand of similar
composition to the base unit; the sand appear to
coarsen up thronghout and is 142 cm thick.

Core 13686, from the eastern levee of the Gil
Banes Channel (Fig. 15), consists of a 292 ¢m
long cyclical serics of coarsening-up muddy fine
sands, with sharp crosive lops dircctly overlain by
bioturbated mottled muds. Several phases of biotur-
bation can be determined within the muds and
Chondrifes is ofien identifiable. Lenses of muddy
$ilt are commeon within the sand and silty lenscs
within the muddy bases. Muddy intervals make up
between 4 and 8 cm ol a cycle with the muddy
sands between 20 and 25 em of a cycle.

The study of core logs confirmed obscrvations
from scismdc and sub-bottom profiler records
suggesting that there is a more sandy character for
the eastem (lank of the channcl.

Channel floor. Deoposits from the channel [loor
wcre lested by two cores and an underwater TV
line. Core D13696 wus collected from the mouth
of the Gil Banes Channel at a water depth of
854 m and recovered 363 cm of biogenic sund
(Fig. 15). The core can be subdivided into four
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Fig. 15. Core transect and profile across the Gil Eanes Channel and its flanking levee-like features. Available
multibeam data and cores show that there are mud waves on the deeper part of the ‘levees’.

intervals: a poorly sorted, coarse to very coarse, bottoms (259—114 c¢m); and a poorly sorted, very

massive biogenic sand (363-279 cm); a unit with
thick coarse sands interbedded with thin fine bio-

coarse biogenic sand, similar to the base unit but
having more shelly fragments. Core AT-223G,

genic sand (279-269 cm); an interbedded sequence  taken 12 km down the channel, recovered only a

of fine—coarse biogenic sands with sharp tops and

small amount of well-sorted medium-coarse sand.
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Fig. 16. (a) Video stills showing main types of small bedforms observed across the Gil Eanes Channel thalweg;

(b) interpretation of an underwater video Lransect (TVAT
cutrent velocity across a secondary flow filament.

The character of the sea bed in the vicinity of the
core was observed during a deep-towed camecra
run across the channel, the location of which is
shown in Figure 13, that was briefly discussed by
Habgood et al. (2003). The channel wall has a
smoothed silty—clay surface that is intensively
bioturbated. Escarpments (Fig. 16), a few metres
high, are belicved to be formed by sediment failures
where the channel wall is undercut by current
erosion near the base. The erosion has caused
striations. Near the base of the wall ripples
become larger and have more imegular shapes.
Below 1060 m the profile crosses the relatively
flat channel floor on which there are ubiquitous
fields of ripples of various shapes and abundant
gravels (Fig. 16). The most common are large

-17); (¢) scquence of bedforms reflecting variations of

linguoid ripples, which have a denser distribution
towards the centre of the channel. Other frequently
encountered bedforms include fields of gravel with
parallcl ripples, sand streaks and erosional grooves.

Bedforms on the channcl floor form the following
scquence, which is repeated across the channel
floor (Fig. 16): parallel symmetrical ripples, parallel
asymmetric ripples, large linguoid ripples and
gravel ficlds with longitudinal sand ribbons and cro-
sional grooves, This sequence is very similar to the
onc observed in shallow environments, where it was
related to changes of bed shear stress (Allen 1968).
In the Gil Eanes Channel it is thought to retlect the
current velocily distribution across longitudinal
flow filaments. The parallel symmetrical ripples
correspond o Tower velocities in the ouler part of
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the filaments and the crosional grooves to higher
velocities in the inner part of the filaments. Using
ripple morphology as a proxy for bottom-current
velocity (c.g. Lonsdale & Spiess 1977) the peak
current velocities within flow filaments are esti-
mated at 17-22cms™" for parallel ripples, 30—
50cms™! for large linguoid ripples and above
50 em s~ for gravel fields and erosional grooves.

Discussion
Styles of contourite channels

In the studied arcas there are both geostrophic,
contour-following channels, which seem to descend
gently in the direction of flow, and ageostrophic chan-
nels that run down relatively sleep slopes. Well-
marked channels are developed where the bottom
current is constricted between a topographic high,
such as the basement plateau in the Faeroe Bank
area, and an actively growing sediment drift. Such
a constriction will cause flow acceleration, which
may in tumn be followed by stronger erosion on the
right-hand side of the channel. Channels in the
Faeroe Bank area resemble the moats known from
many contourite drift systems worldwide (Faugéres
et al. 1993).

The Mediterranean Undercurrent forms a
complex channel pattern in the Gulf of Cadiz,
which also comprises both geostrophic and ageos-
trophic modes. Here too, a significant portion of
the flow has geostrophic behaviour, following con-
tours, and often is cited as an upper core and a
lower core (Ambar & Howe 1979; Baringer &
Price 1997). Eventually, muddy sediment drifts
such as the upper Faro Drift (Gonthier et al.
1984; Stow er al. 1986) are built in the area
where the current speed has fallen. SW-NE-
trending diapiric ridges topographically steer
several filaments of the Undercurrent to the left
of its main course but they reassert themselves
on the alongslope course once the ridges are
passed (Kenyon & Belderson 1973). As a result,
the channel distribution has an anastomosing
pattern, separated by lozenge-shaped drift bodies,
similar (o the pattern formed by the channels
found west of the Faeroe Bank. A portion of the
Undercurrent, known as the lower core, descends
downslope without topographic stcering and
forms peel-off channels including the Gil Eanes
Channel and scveral smaller channels, and thus
shows ageostrophic behaviour, being driven down-
slope primarily by a density contrast. It is not clear
from the present dataset whether scdiment failure
is involved in the initiation of these contourite
channels. There arc scveral small-scale, slightly
sinuous channels with associated sand lobes found
beyond the contourite channels (Habgood et al.
2003), which indicate that sandy accumulations at

the ends of these channels fail and are redeposited
downslope by gravity flows. At depths of about
1200-1300 m the SeaMap image shows that chan-
nels terminate abruptly, According to oceano-
graphic obscrvations at these depths the MOW
rcaches its density equilibrium level and by
mixing with colder North Atlantic Central Water
(Baringer & Price 1997) becomes intermediate in
character and lifts off the sea floor (Thorpe
1976). This explains the build-up of sand that has
then repeatedly failed and produced the gravity-
driven channel and lobe systems.

Factors controlling channel development
and sand distribution

Both studied channel systems are formed by persist-
ent bottom currents, which were operating over a
long period. Recent drilling in the Faeroe—Shetland
Channel showed that the onset of deep-water
exchange between Arctic and North Atlantic
Oceans was established in the early Oligocene
(Davies et al. 2001). As the Faeroe Bank Channel
is a part of this gateway, the thermohaline bottom
current has operated in the area for the last 35 Ma,
Contourite channels are primarily formed by fila-
ments of fast-flowing current but their geometry
can be affected by a growth of sediment drift predo-
minantly on the outer side (left-hand side in the
northern hemisphere) of the current pathway. This
process seems to be compensated by erosion on
the opposite flank, where the current is piled up
against the slope by the Coriolis force. As a result,
channels migrate laterally. They can be steered by
large-scale, resistant sea-bed features, such as the
basaltic plateau in the Facroe Bank Channel area
and the diapiric ridges in the Gulf of Cadiz, which
can split the flow into several filaments and thus
produce the anastomosing pattern. Channels may
be narrower in the vicinity of such obstacles, as a
result of the resistance of the materials.

A geostrophic bottom current restricted within a
channel is often strong enough to be able to trans-
port and deposit sand. The source for this sand is
to be sought in the vast amounts of (errigenous
material introduced into the area during Late
Pliocenc—Pleistocene glacial cycles and reworked
by the strong bottom current. Sandy scdiment is
mainly” concentraied along the channels and rep-
resents a lag deposit, whercas fines are washed
out by the fast bottom current and are deposited
on the flanks, forming levee-like features. As a
channel migrates it [orms a continuous sheel of
sand overlain by 2 muddy levee sequence.

The Meditcrrancan Undercurrent has been oper-
ating in the Gull’ of Cadiz for almost 5 Ma, since
the Early Pleistocene. and has formed several
large, finc-grained drifts such as the Faro Drift
in the north (c.g. Stow er al. 1986). Most of the
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Gil Eanes sequence has a seismic signature typical
for a Quaterary section (Rodero et al. 1999). The
formation of this and other peel-ofl channels can
be closely related to the southcastward progradation
of shelf prodeltaic deposits during late Quaternary
time. Such an abundant supply into the arca affected
by strong bottom currents resulted in [urther
reworking and formation of significant accumu-
lations of coarse sediments in the upper part of
the slope. The latter in turn are redeposited further
downslope, primarily by a descending portion of
the Undercurrent, although gravity flows may be
important at all stages of channel development as
there is the potential for rapid accumulation of
sand on what are, in some places, steep gradients.
Study of the Gil Eanes Channel revealed that its
infill is a sand-rich sequence. Seismic records
show the presence of an aggradaticnal channel-
levee complex with little lateral migration of the
channel in time. Levees are composed of silts
with increased sand content in the upper part of
the sequence where currents are stronger.

Comparison with other channel systems

Channels in the deep sea are formed by two main
processes: gravity flows and bottom currents. Tur-
bidity currents are the most common type of
gravity flows and are responsible for the formation
of the majority of the channels. Bottom currents,
and geostrophic contour currents in particular, are
also widespread in the deep sea and often form
large accumulations called drifts, consisting primar-
ily of fine-grained sediments. Channels are not a
typical clement of bottom-current systems but
may be common in the ocean gateway areas such
as the Vema Channel (Johnson 1984) and the
areas described here. Previous studies revealed
that both contouritc and turbidite systems have
similar features and can be confused with each
other, For instance, similar depositional lobes
were reported from the Vema contourite channel
and from the Cap Ferret turbidite system (Faugeres
et al. 1998).

Distinguishing between sandy turbidites and
sandy bottom-currcnt deposits on seismic data or
in the rock record is important because of the econ-
omic potential of sands as hydrocarbon reservoirs.
The examples studied here show that significant
sand accumulations can be formed in contour-
current systems and that these present-day examples
can be considered as analogues for hydrocarbon
FCSCIVOIrS.

Channcl-levee complexes arc known to be an
important element of turbidite systems but they
are also found in areas swept by both the NSOW
and the MOW. Channels in the area west of the
Faeroe Bank have a remarkable asymmetry, with

one flank being erosional and the other aggrada-
tional, and their architecture can bc compared
with fluvial systems. on land. Scismic records
from the area, showing prolonged discontinuities
and buried palaco-channels, have a clear resem-
blance to seismic records ~across the Vema
Channel, suggesting a similar origin for both
channel systemns. The presence of sandy infill in
the Faeroe Bank Channel indicates that peak
current speed is about 30-50cms ! (c.g.
Johnson et al. 1982), which is higher than the
current speed reported from the Vema Channel
(about 20 cm s ") (Johnson 1984). Mud waves in
the Faeroe Bank Channel region are found
only on the outside of channel bands, as they
are for turbidite channel systems such as the
Monterey (Normark er al. 1980; McHugh &
Ryan 2000), Toyama (Nakajima et al. 199R), Var
(Migeon ef al. 2001) and other systems. This
suggests that flow stripping, which is believed to
cause sediment wave formation on the flanks of
channelized turbidite systems (Piper & Normark
1983), happens mostly at the bends and otherwise
most of the flow is concentrated within the channels.

The Gil Eanes Channel forms an aggradational
sequence with a stacking pattern of palaeo-channels
that is very similar to that for turbidite channel
sequences. A variety of sediment waves covers
the levees and outer part of the channel (Fig. 15),
indicating that overflowing of the descending
MOW plume is a frequent, if not near-continuous,
process. Fields of sediment waves are not usually
as extensive on the levees of turbidite channels,
where they mainly occur at bends. However,
waves do occur beyond the mouths of turbidite
channels, where the turbidity currents become
unconfined (e.g. Wynn et al. 2000).

The sediments deposited by the Gil Eanes and
other peel-off channels have a limited distribution
as the traction process that moves them terminates
relatively abruptly where the current lifts off
the sea bed. Such abrupt terminations of flow
and the resultant sand accumulations are not
typical for turbidity currents, which usually travel
a long way beyond the channel mouth, forming
varied and extensive sheet-like deposits as on the
Mississipi Fan, Gulf of Mexico (Garrison ef al.
1982), Indus Fan, Indian Ocean (Kolla & Coumcs
1987), Var sedimentary system, Mediterranean
Sea (Mulder et al. 1998), Pochnoi Fan, Bering
Sea (Kenyon & Millington 1995), and in many
other turbidite systens.

Conclusions

The study of two channelized depositional systems
controlled by contour currents or botlom currents
rcvealed that they can form significant sand
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accumulations in the deep sca. Channel-levee
complexes can be formed by both geostrophic and
ageostrophic bottom currents. The chanpels
formed by the NSOW, west of the Facroe Bank
Channel, arc developed under the influcnce of
both geostrophic currents and ageostrophic currents
and are characterized by significant lateral
migration, usually to the right, which determines
the channel architecture with its cross-sectional
asymmetry. Prolonged unconformities marking the
onset of the bottom-current dominated environment(
and also resulting from channel migration are
typical of this system. Sand bodies are mostly
associated with channel infills, whereas oulside
the channels, sequences are typically fine grained.

The bottom-current system in the Gulf of Cadiz
formed by the Mediterranean Undercurrent has a
complex pattern with a large portion of the water
mass flowing under geostrophic conditions, but
some of the densest water becomes ageostrophic
and descends downslope as a result of gravity. As
a result, a series of channels is formed with the
largest one, Gil Eanes, being about 40 km long.
Medium—coarse sand and fine gravels are predicted
to form most of the channel infills, and sand is also
abundant in the upstream areas, where fields of sand
waves form on the broad slope terrace developed by
the Undercurrent. Flanking the channels are fea-
tures resembling levees. These consist mainly of
silty sequences that have a significantly higher
sand content in the shallower water.

Both of the studied depositional systems have a
variety of contourite sand channels but in most
respects they are remarkably similar. The main
pathway of the densest water is the shallowest and
several branches turn off to the left of this main
pathway, and descend to a lower level before
bending to the right, parallel to the main pathway,
under the influence of Coriolis forces. In both cases
there are proximal deposits of sand deposited as the
flow becomes unconfined and the current speed
slackens. In the Gulf of Cadiz these consist of exten-
sive sheets of cross-bedded sand of the order of
several tens of kilomeltres across and up (o several
tens of metres thick. The speed may pick up again
as the current flows down a gentle gradient and
further coarse deposits, both sand and gravel,
accumulate within channcls, reaching several hun-
dreds of metres thick. At the ends of some channels
in the Gulf of Cadiz there are concenirations of
sand formed as the current lifts off the sea floor.
Similar accumulations occur where a canyon inter-
sccts the pathway of the contour current. These
deposits can fail and form sandy lobes on the floor
of the ncarest basin or, in the case of a canyon, on
the canyon floor (Habgood ef al. 2003).

Similarities between bottom-current—conlourile
sand channels and torbidite sand channels are the

aggradational naturc of some channel tloors and the
flanking waves of finer-grained sediment. Contourite
channels are distinguished from turbidite channels by
their more marked asymmetry in chaanel profile and
sand distribution, the presence of regional unconfor-
mities and their shape in plan view.

Two factors that are found in both the studied
areas and may be of particular importance (or the
formation of contourite channels with reservoir
potential are the high sand supply (including
‘pure’ sands or large volumes of sand-enriched
sediments), and the long history of strong bottom-
current existence.
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2202-00079; funded by the European Commission’s
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and Sustainable Development’. The EC is not liable for
any use that may be made of information contained
herein. We are grateful for the thoughtful comments of
D. Piper, which helped to improve the overall look of
the manuscript.
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