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Glossary
for alongslope sedimentary processes

Bottom current:
any 'persistent’ water current near the sea-floor, generally with a net
alongslope flow

Contourites:

sediments deposited or significantly affected by bottom currents.

Most widely accepted feature being the bioturbation. Discussion about
the traction structures, which are present on the seafloor, apparently not
preserved

Sediment drift:

sediment body (sheeted or monded) produced by bottom currents.
Generally fine-grained, with large dimensions in many cases, typically
separated from the slope by a moat
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The research on contourites is
presently maturing.

However, many uncertainties remain, such as lack of
indisputable diagnostic criteria for identifying
contourites.

This field is now advancing similarly to how turbidite
research progressed in the 60s.

Indeed, there is still a glaring disparity in knowledge
between the former and the latter: if you now search the
term contourites, you get about 270 results on Scopus
and 22,000 on Google, whereas the same search for
turbidites gives about 4,000 and 280,000 results,
respectively—nearly 15 times more in each case.
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Hernandez-Molina
et al. (2011)

Since the seminal papers on
contourites in early sixties,
the contourite paradigm has
progressed gradually,
though for many years the
research on contourites was
the realm of a few
specialists.

Nevetheless, contourites
are paramount in 3 areas:

palaeoclimatology &
palaeoceanography;

slope stability/geological
hazard assessment; and

hydrocarbon exploration.
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From contourite deposits, the
history of ocean circulation
and climate can be extracted
using discrete sampling
analyses (with geochemical,
faunal, sedimentological
techniques), continuous
geophysical-chemical logging
and seismic imaging. The
latter allows to visualize drift
geometry, internal reflections
configuration and seismic
facies, hence providing
palaeoceanographic
information about palaeo-
current pathways and
changes in current energy
and direction on timescales
from tens of thousands to
millions of years.

Knutz (2008)
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Voelker
et al
(2006)

Contourite research addresses a
broad range of time scales
including the human one (tens of
years), like rapid ocean-climate
variability in the North Atlantic.
The reconstruction of leads and
lags between various parameters
of ocean-climate changes at
multi-decadal time scales is
allowed by the records from
rapidly accumulating muddy
contourite deposits. This
information, whose resolution
approaches that from ice-core
archives, is crucial for a better
understanding of global
teleconnections, feedback
thresholds and forcing
mechanisms that determine the
past and present climate system.
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The distribution, composition and physical properties of contourites are vital for
the occurrence of submarine slope instabilities.
Contouritic sediments are prone to failure because of five main factors:

(a) under-consolidation and excess pore pressure.
(b) geometry and location.

(c) low shear strength.

(d) gas charging.

(e) loading.

Laberg and
Camerlenghi
(2008)
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The action of contour currents has an impact on the petroleum systems in many aspects,

including reservoir geometry and quality,
and the distribution of sealing rocks.

Changes of the seafloor
topography by erosion or
deposition induced by
bottom currents can
result in a re-adjustment
of the sediment
accommodation space
and the creation of sub-
basins, which act as
sediment traps or
gateways for sediment
transfer.

Coarse-grained
contourites deposited by
robust flows may
represent hydrocarbon
reservoirs, whereas fine-
grained contourites
accumulated by weak
bottom currents may
provide sealing (and
source) rocks.
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The settling of pelagic particles through the
water column, the predominantly
alongslope flow of bottom currents
(relatively clean bottom water masses) and
the downslope density currents (turbid
flows of predominantly terrigenous
sediments) are the three main sedimentary
processes taking place in the deep sea.

While the first represent a
“background” process that
becomes dominant only in
very remote abyssal areas,
episodic, high-energy
density flows are
commonly superposed to
permanent flow of bottom
currents on many
continental margins.
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Contourites sensu stricto are those produced by
thermohaline-induced geostrophic bottom currents.

As a general simplification, any “persistent”
water current near the seafloor can be
considered to be a “bottom current”. Stow et al. (2008)

{f;'lfurbidity currént) ™ Shanmugam, 1997

/ In addition, a number of associated processes are: benthic storms;
overflows; interfaces between water masses; vertical eddies;
horizontal vortices; tides and internal tides; internal waves and

solitons; tsunami related traction current and rogue or cyclonic waves.

- .
. .
- -

.~ Sandy

Debris Flow-
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Thermoaline
circulation
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In physics, the Coriolis
effect is a deflection of
moving objects when
they are viewed in a
rotating reference frame

Coriolis
effect
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Seibold &
Berger (1993);

Rahmstorf (2006);

base maps from
R. Blakey

Eocene
56-33.9 Ma

Present

The deep waters of the
oceans are primarily
formed in marginal seas or
shallow shelf regions
where cooling and/or ice
formation makes the
water cold and dense, or
strong evaporation makes
the water highly saline.
The relatively dense water
thus formed flows out into
the ocean via narrow or
shallow straits or over the
continental margin,
steered to the right (in the
Northern Hemisphere) by
Earth’s rotation. When it is
no longer constricted by
the topography it reshapes
into a wider structure, and
adjusts under the forces of
gravity, Earth’s rotation,
and bottom friction.
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The velocity at the

seafloor can be affected

by density currents, overflows,
barotropic currents and intermittent
processes (cascading, giant eddies, deep

sea storms, vortices, internal waves, internal tides, tsunamis, cyclone waves, and rogue waves)



Corso di Geologia Marina 2015-16

A) Map showing the
relationship between
kinetic energy and
suspended load (Legg et
al., 2009, base map from
R. Blakey). O: Overflow; B:
Open-ocean overflow; C:
Cascading. B) Physical
processes acting in
overflows. C) Sketch of a
dense overflow showing
the coordinate System
and some of the notations
used (ambient density: p;
plume density: p+Ap;
reduced gravity: g’;
bottomslope: a; Coriolis
parameter: f; and Nof
velocity: UN). Also shown
are the Ekman layer and
the benthic Ekman
transport.
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Examples of combining
physical oceanographic data
with geologic/geophysical
data, showing the
relationship amongst the
long-term current regime,
the seafloor morphology and
the sub-bottom sediment
geometry. A) Western
Spitsbergen margin (Rebesco
et al., 2013); B) Argentine
margin, North of the Mar del
Plata Canyon (Preu et al.,
2013); and C) Gulf of Cadiz,
from the exit of the Strait of
Gibraltar (Herndndez-Molina
et al., 2014) .

The black numbers and lines
in (A) refer to current velocity
(cm/s), but in (B) and (C) they
refer to isopycnals and
neutral density (kg/m3).
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Sediment entrainment

Shanmugam, 2000

Benthic storm characteristics in the HEBBLE area

Duration 2-20 days (most last about 3—-5 days)
Frequency 8—10 storms per year

Maximum velocities measured 10-50m above bottom 15-40 cm/s
Maximum concentrations 1-5m above bottom 3500-10 000m g/I
Direction of highest energy events Westerly, parallel to contours
Estimated sediment flux rates during storms 20—-200 cm3 /m2 per day
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Sediment properties vary over mud waves because flow
near the bed is strongly controlled by local topography.
Mud waves can be either like dunes migrating in the
direction of flow, or, more commonly, like anti-dunes
responding to in-phase lee-wave disturbances in the
stratified water column. In the latter case, the flow slows
down on the upstream face, yielding a maximum deposition
rate and speeds up over the downstream face, resulting in
slower deposition or even erosion and coarser silt.

Deposits from
currents
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Bottom currents are
capable of building thick
and extensive
accumulations of sediments
(“contourite drifts”).
Similarly to channel-levee
systems generated by
turbidity currents, such
large bodies normally have
a noticeable mounded
geometry, which is
generally elongated
parallel, or lightly oblique
to the margin. Besides this,
bottom currents and
associated processes
generate also a wide range
of other depositional and
erosional or non-
depositional structures at
different scales.

Rebesco (2005)
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This updated compilation of contourite occurrence was done specifically for the
present review, but was subsequently archived and visualised on the Marine Regions website
(http://www.marineregions.org). It demonstrates that contourite features are ubiquitous within
the oceanic basins (different settings and different water masses from the outer shelf to the
abyssal plains. The highest numbers of described large contourite depositional and erosional
features are located in the western side of the largest oceanic basins, but not exclusively.
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Methods to study contourite deposits
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or ) A

Recognizing
contourite
deposits in
ancient
sedimentary
series
presently
exposed on
land, is a
difficult task.
The
distinction
between
contourites
and reworked
turbidites is
controversial.

Diagnostic criteria are their facies and ichnofacies, texture and sequences, microfacies and
composition. Sedimentary structures are also “diagnostic indicators”, but for their
interpretation its full context should always be considered. Medium-scale criteria (hiatuses
and condensed deposits, variation in the thickness, geometry, palaeowater depth, geological
context) can be definitive. Large-scale criteria (palaeoceanographic features and continental
margin reconstructions) are essential, but generally more problematic to apply on outcrops.
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Seismics
characteristics

triple-scale approach
that involves 3 “orders
of seismic elements”’.

Large scale (overall architecture): I-order elements (major changes in current strength
and sediment supply): External geometry, Bounding reflectors, Gross internal character.

Medium scale (internal architecture): ll-order seismic elements (reflecting smaller
fluctuations): lens-shaped, upward-convex geometry; uniform stacking pattern; down-
current migration or aggradation;downlapping reflector terminations

Small scale (internal acoustic character): lll-order seismic elements:
facies analysis (continuous, (sub)parallel, wavy, structureless),
and attribute analysis (bedforms).
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All
contourite
drifts are
characterised
by a variable
degree of
mounding
and
somewhat
evident
elongation

Sediment drift types and inferred bottom-current paths. From Rebesco (2005) after Stow et al., 2002).
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Faurgeres and Stow, 2008: Factors controlling
drift location, morphology and depositional pattern

Large-scale features of drifts are controlled by a number of interrelated
factors, including

(1) the bathymetric framework (water depth and morphological context),

(2) the current conditions (velocity, variability, and Coriolis force),

(3) the sediment supply (amount, type, source, input, variability),

(4) interaction with other depositional processes (in time and space),

(5) sea level and sea-level fluctuations,

(6) climate and climate change,

(7) tectonic setting and activity and

(8) the length of time over which these various processes and controls have
operated and varied.

It 1s not a simple matter to disentangle these various controls as many

clearly overlap and are interrelated. Neither is it always certain just
what effect a particular control exerts.
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Examples of large
contourite drifts:

A) Eirik Drift,
Greenland margin,
northern
hemisphere

(Hunter et al,
2007);

B) Faro-Albufeira
Drift, Gulf of Cadiz
margin, northern
hemisphere
(courtesy of
REPSOL Qil);

C) Agulhas Drift,
Transkei Basin,
southern
hemisphere (Niemi
et al., 2000).
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Large-scale erosional features are also common in Contourite Depositional
Systems, though less studied with respect to depositional ones. Most
commonly they occur just in association with contourite drifts, but may also
characterize a broad area of continental slopes. We propose here a
reconsideration of the only systematic classification of large-scale erosional
features attempted so far (Hernandez-Molina et al., 2008; Garcia et al., 2009).
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Various depositional
and erosional
bedforms are
generated by bottom
currents. hey are
highly variable in
terms of sediment
composition,
morphology and
dimension, from
decimetres to
kilometres. The
detection of bedforms
can be important for
the reconstruction of
bottom-current
velocity and for
geohazard assessment
(where velocities can
damage seafloor
infrastructure,
including pipelines and
telecommunications
cables).

From Stow et al., 2013.
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Stow and
Faugeres
(2008) +
BCRS from
Shanmugam,
2012
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Three-dimensional (3D) coherence volume
showing unidirectionally migrating deep-water
channels (C1 to C7). B) Facies and architecture
within unidirectionally migrating deep-water
channel 3 (C3). Five channel-complex sets (CCS1
to CCS5), are identified, each of which comprises
bottom-current reworked sands (BCRS) in the
lower part, grading upward

into slumps and debris-flow deposits and,
finally, into shale drapes. The BCRS are
represented by subparallel and high-amplitude
reflections with external lens shapes and are
systematically nested in the direction of channel
migration (Gong et al., 2013; with permission
from the AAPG).

BCRS from previous turbiditic deposits may
represent a pragmatic alternative to the
application of conventional turbidite concepts,
and a new concept for understanding the origin
and predicting the distribution of deep-water
sandstones. BCRS frequently contain different
seismic facies and sedimentary structures.
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Martin-Chivelet et al., 2008 Traction structures

40 years of controversy

1950s: discovery of current ripples = establishment of the contourite facies

1970s: discovery of fine-grained turbidites = seed of controversy since similar
sedimentary structures of contourites.

1980s: concept that bioturbation destroy traction structures = reinterpretion of
contour-current deposits as fine-grained turbidites

1990s: few workers provided convincing evidence of traction structures = most workers

reject this criterium

Setting the stage for sedimentary structures in contourites

In the time interval between deposition and significant lithification, burrowing can be
sufficiently intense to destroy previous traction structures.

Traction structures are abundant on recent ocean floors.

Traction structures are more abundant and easily preserved in sandy contourites.
Thermohaline circulation in older, greenhouse times, was probably driven by active
sinking of saline waters in intertropical seas

studies from boreholes or small outcrops might be biased by partial observation of
bedform geometry,internal architecture and lateral arrangement.

turbidity currents are sediment gravity flows contour currents are water flows.
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Various sedimentary
structures have
been described for
contourites in
present and ancient
deposits (Martin-
Chivelet et al.,
2008). However, in
areas of intense
bioturbation from
benthic activity, the
preservation
potential of some of
these structures can
be low.
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Most of these structures are
also present in other deep-
water deposits (e.g. turbidites),
but some have been suggested
to be a clear diagnostic feature
for bottom-current deposits,
such as: negative grading;
longitudinal triangular ripples;
and double mud layers and
sigmoidal cross-bedding, which
are unique to deep-water tidal
deposits in submarine canyons
(Shanmugam, 2006; 2012).

Shanmugam et al., 1993
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Sedimentary
structures in
bottom-current
reworked sands
(BCRS): A)
Discrete thin
sand layers with
sharp upper
contacts; B)
Rhythmic layers
of sand and mud,
inverse grading,
and sharp upper
contacts; C)
Horizontal
lamination with
gradational
upper contact; D)
Convex-up and
concave-up
laminae; E) Flaser
bedding; and F)

Double mud.
Shanmugan, 2008; Shanmugam et al., 1993; Shanmugam, 2012
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Stow and Faurgeres, 2008:
Silty-Muddy contourites

Homogeneous, featureless, poorly
bedded units in some cases showing
cm-dm banding marked by subtle
colour and core logging changes.

Highly bioturbated (mottled with burrows).
Rare primary indistinct lamination (marked
by colour change and/or irregular
winnowed concentrations of coarser
material). Rarely, remnants of thin cross-
laminated beds. Silty—clay grain size and
poor sorting, with dominantly siliciclastic
composition with some biogenic fraction.
Either local and far-travelled components.
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Sandy contourites

Either as thin irregular layers and much thicker units within
the finer grained facies, may display either distinct or
gradational contacts. Thoroughly bioturbated, appear massive
(structureless). The mean grain size normally does not exceed
fine sand (apart from coarser grained horizons and lags), and
sorting is mostly poor to moderate, in part due to
bioturbational mixing.

Both positive
and negative
grading may be
present. A
mixed
siliciclastic—
biogenic
composition is
typical, with
evidence of
abrasion,
fragmented
bioclasts and
iron-oxide
staining.



Laminated sandy
contourites
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Less common than their bioturbated
counterparts and have been rarely
documented, but do occur where high-
energy (high-velocity) bottom currents are
especially dominant and larger-scale
bedforms (e.g. dunes) are evident on the sea
floor. The few examples observed to date are
thick to very thick-bedded and distinctly
laminated. The lamination is relatively broad
and diffuse, enhanced by slight colour
variation, and parallel at the scale of the
cores, although this may also be part of
large-scale cross-bedding. Bioturbation is
rare, but large sub-vertical burrows have
been noted. The mean grain size is medium-
grained sand, with moderately good sorting.
The sediment has a mixed siliciclastic/
biogenic composition, with evidence of
abrasion, fragmented bioclasts and iron-
oxide staining.
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Gravel-rich contourites and
gravel-bearing contourites

Common in drifts at high latitudes
(ice-rafted debris). Under relatively
low-velocity currents, IRD remains
and is not subsequently reworked.
This facies is often indistinguishable
from glaciomarine hemipelagites.

Concentration of the coarser fraction
occurs under higher-velocity currents
and more extensive winnowing,
yielding irregular layers and lenses of
poorly to very poorly sorted, sandy
gravel-lag.

Similar coarse-grained
concentrations and gravel
pavements are locally developed in
response to high-velocity bottom-
current activity in shallow straits,
narrow contourite moats and
passageways.
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The creation of a definitive facies model for contourites
poses major challenges.

The standard
contourite facies
model sequence
(Stow and
Faugéres, 2008)
was first proposed
by Gonthier et al.
(1984) and was
derived from the
Faro Drift within
the middle slope of
the Gulf of Cadiz.

This model
implies a cyclic
trend,
encompassing 3
main facies,
linked to
variation in
contour-current
velocity.
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Facies and facies sequences associated to contourites vary greatly, making any singular,
systematic characterisation of facies rather difficult for the moment. Stow et al. (2002)
slightly modified the standard sequence by using five principal divisions (C1-C5), and Stow
and Faugeres (2008) later proposed a model for partial sequences ,which are equally or

more common than the full bi-gradational sequence.
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The main criticism for considering the Faro Drift deposits as the standard contourites facies
seguence relates to two facts: this drift is predominantly muddy, and it is located in the distal
part of a huge CDS. Moreover, other facies in other parts of the same depositional system
have recently been reported, but it is difficult to apply the conceptual model to them.

Most of the contacts between the classical

contourite facies (mottled, fine sand, and

coarse sand) are sharp rather than transitional.

Gravely contourite in the Gulf of Cadiz.
Core log, X-ray, grain size, and indurated
thin sections under natural light and
fluorescence. (Mulder et al., 2013).
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Preliminary results are
in agreement with the
previously proposed
idea that there is a
greater variety of facies
sequences for bottom
current deposits than
what is presently
represented in the most
commonly accepted
contourite facies model.
Additionally,
remarkable interactions
between contourite and
turbidite processes
have been reported
that are completely
new and different

from the current facies
models.

Examples of the
principal sedimentary
facies for the
contourites recovered
during IODP
Expedition 339
(Hernandez-Molina et
al., 2013).
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Most of the future perspectives in contourite research
strongly depend on continuous technological advances.

Use of numerical or sand-box modelling, indurated thin sections, Ichnological Digital Analysis
Images Package, CT scanning, HR 3D seismics, observations from AUV, seismic oceanography,
fingerprinting of water masses using isotopic tools are steadily expanding techniques.

A more intensive collaboration between physical oceanographers and geologists!!!

Scale will be an especially important factor:

- high-resolution to elucidate the relationship currents and smaller contourite deposits;

- increased resolution to detail spatial and temporal variability within a single deposit;

- larger-scale perspective on CDS sharing the same basin, water masses and time scale.

Compelling topics:

high-resolution palaeoclimatological and palaeoceanographic studies;
weak layers that could lead to sediment failures;

economic potential in hydrocarbon exploration (reservoirs/source rocks);
circulation and ecological health of ecosystems;

predictive mapping in exploration for manganese nodules;

base of the slope reclassification under international law (UNCLOS).

The advances expected in contourite research should lead to the establishment of better
diagnostic criteria for contourite identification.
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CONCLUSIONS

Contourite processes are not as simple as initially thought.
Contourite nomenclature might need to be reconsidered.
New facies models must be established.

More work is needed to understand sandy contourites.
Integrated studies will be essential for an holistic perspective.

Pervasiveness of bottom-water circulation to be reconsidered.
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Take home message

Le contouriti cominciano ad essere percepite come una componente
fondamentale dei sedimenti di mare profondo

Sono importanti per: ricostruzioni paleoclimatiche, indagini sulle scarpate
continentali e loro stabilita, esplorazione di idrocarburi

Le correnti di fondo sono influenzate da una serie di fattori e generano accumuli
sedimentari che possono permettere di ricostruire la loro evoluzione

| “contourite Drifts” sono grandi accumuli, generalmente composti da sedimenti
fini, ma anche di grande rilevanza per I'esplorazione di idrocarburi

Le facies sedimentarie sono molteplici e le caratteristiche sedimentarie
diagnostiche sono ancora in discussione.



