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Introduction

Bottom currents,’persistent” water current near the sea-floor, are influenced by a series of
factors and pervasively affect the seafloor sediments.

Contourites, sediments deposited or significantly affected by bottom current, begin to be
perceived as a fundamental component of deep sea depositional systems.

Contourite drifts generally composed of fine sediments, are large sedimentary accumulations
produced by bottom currents, which can allow us to reconstruct their evolution and
paloceaonography.

The sedimentary facies are manifold and the diagnostic sedimentary characteristics are still
under discussion.

Bottom currents and contourites are of great importance for paleoclimatic reconstructions,
investigations on continental slopes and their stability, the exploration of hydrocarbons and
polymetallic nodules, definition of the “extended continental shelf”, ecological health of
deepwater ecosystems, accumulation of microplastics and contaminants .
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Elongated contourite drift (contourites)
Asymmetric moat and mound geometry

Widespread regional
discontinuities

\ N
L —

Dimensions larger
than average turbidite
channel-levees systems

Rebesco (2005)

Channel levee system (turbidites)

Symmetric gull-wing geometry
(asymmetry controlled by Coriolis force)

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.
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Contourite-turbidite alternations

@ Redistribution of gravity flow deposits
by contour-current processes

Turbidite Interaction by synchronous
RN contour and turbidity currents

Cy,
[] Deep-water sandstones 7% en
[ Mostly turbiditic-hemipelagic fines ls 07}'901, ; ,,'
[ Mostly contouritic fines 0p

(Fonnesu et al., 2019)
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Three scale approach

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.

Courtesy

of D.AV. £ Recognizing

contourite
deposits in
ancient
sedimentary
series presently
b exposed on
land, is a

= difficult task.
-~ The distinction
=~ between

= contourites and
reworked
turbidites is
controversial.
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Mounded elongate drift
(firet-order esiomic olement)
[ ] [
~ Large-acale depositional units S e I S m I C S

Poat-drift T (lirstorder ssiomic okement)
sediments f Depositional aub-units

\ : o (second-order ssiomic ekement) ° °

e Seiamic facies
: g sz, Characteristics

.. Large
" unconformities

. : (fra-ondec ssieicskenert) - triple-scale approach
..................... A T Y that involves 3 “orders

Shested frift of seismic elements”’.
| fliret-order esiomic olement) |

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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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.

- Present / recent depositional features @ Depositional features in the ancient record


http://www.marineregions.org/
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ELONGATED, MOUNDED DRIFTS SHEETED DRIFTS
Detached

Plastered

Separated

All
contourite
drifts are
characterised
by a variable
PATCH DRIFTS INFILL DRIFTS degree of

i ey mounding
and
somewhat
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Sediment drift types and inferred bottom-current paths. From Rebesco (2005) after Stow et al., 2002).

Basement top mound
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Miramontes et al., 2021. Contourite and mixed turbidite-
contourite systems in the Mozambique Channel (SW
Indian Ocean): Link between geometry, sediment
characteristics and modelled bottom currents. Marine

Geology 437, 106502.

' CONTOURITES

Deposition: Contourite drifts Winnowing: Sandy contourites Erosion: Erosional features

1. Mounded drift | 1. Moat 2. Contourite channel
l 1. Contourite |~ ) b
mounded drift & 4
1b. Detached : 3. Contourite terrace 4. Channel
: z ) 2. Sandbank /ot B - ,_
mounded drift L ol
{ 3. Sand ST 6. Furrows
2. Plastered drift ' y . y .
condensation F L
layer 5. Abraded surface :

3. Sediment RN —_— 7. Scour

waves 4. Dunes P [
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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 is 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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Eirik Drift

WNW/ESE  Examples of large

2.5+ LOWER SLOPE . .
contourite drifts:
—_ 3
7 35S ,;,g%;ﬁy’“‘ ¥ % A) Eirik Drift,
Bkt TR A Greenland margin,
94 S Sl TTR-13 PSAT-229 B northern
ESRSM  UPPER MIDDLE SLOPE ; : hemisphere
~ \5;‘ | sLope _ Faro-Albufeira Drift N/S P
N \\§;\ Erosional surface Elongated mounded & separated drift (H u nter et a II
o, N g _ = Erosional features
3}\ ) Alvarez Cabral — —-— g x — over the drift 2007) .
~ Moat = — — TN e == - . —— - 5 )
N » y -~ ~> S — . = = = - o

S(TWT)

B) Faro-Albufeira
Drift, Gulf of Cadiz
margin, northern

SIS —— = hemisphere
i imf-“@a;- = o ooosmma——=  (courtesy of
Agulhas Drift 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).

Contourite Channel CONTOURITE CHANNEL MARG|NAL VALLEY
e / : P : Marginal Valley @

Contourite Channel

Contourite
drift SO v
e
I.I--I.I----.----.--.-I- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII El [?Isll-oIr-‘ ........................................ - “
Moat Margmal Va"ey Contourite Channel
SIope Moat MOAT

Separated
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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
e e S€ismic facies and sedimentary structures.

¥ Bettom-cortent rewarbed 1ends
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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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Rebesco et al (2021) Bottom current-controlled

Se d | m e nt Waves Quaternary sedimentation at the foot of the Malta

Escarpment (lonian Basin, Mediterranean)
Marine Geology, 441, art. no. 106596,

1 1 L 1 | L 1 L ] 1l 1

~1500 m

o
F
lv

W
(o))
f

Two-wayTraveltime(s)

1) Creep folds do not display lateral migration and sediments on either flank of individual folds are identical.
2) Creep folds show clear evidence of displacement along fault planes and individual reflections cannot be traced across the troughs.
3) Creep folds are oriented parallel to the slope and are generally arcuate in plane view, without bifurcation.

1) most turbidity current waves occuring in turbidite environments, are situated on channel levees, which are not identified in the
“turbidite valley” (Gutscher et al., 2016; San Pedro et al., 2017) at the base of the sediment-starved Malta Escarpment;

2) turbidity current waves are scarce in basin floor environments, where their crest alignment is normally slope-parallel or oblique to the
regional slope if found on levee backslopes, whereas in this case the crest alignment is almost perpendicular to the Malta Escarpment;
3) turbidity current waves usually show a progressive decrease in dimension downslope, which is not observed here;

4) in turbidity current wave fields, the stratigraphic interval over which the waves occur often shows a progressive downslope thinning
(up to 40-60%) associated to upslope sourcing, which is not observed here;
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Typeofdeposits  Grainsize | 7 Characteristics | Sed. Structures Bamples
S50 % Clays Rare laminations
Muddy contourites 5.11 @ <15 % of sands ' Bloturbatiion
<0.31 mm £20 -30 % of bioclastic and / or carbonate components Indistinct mottled appearance
& Homogeneous & highly bioturbated
—_ Poor sorting
«< 40 - 60 % Sits Tractive structures (ripples, sed waves) S d
= Silty contourites 4-8¢0 Interbedded between muddy & sandy contourites Bioturbational mottling tOW a n
o 0.063-0,004 Poor sorting Ichonofacies
.‘2 naad MM Sharp to irregular tops and bases Fa u gé re S
O | Sheeted to wedge beeding " Tractive structures (e g. horizontal
o Sandy contourites -1-4 9 Well-sorted deposits, but can be poor to moderate lamination, cross-lamination, ripples, etc)
w 9 2-0.063 mm Mixed siliciclastic / biogenic composition Bioturbation (sub.vertical burrows) ( 2 008 ) +
— .: Heavy mineral concentration Massive layers (structureless)
e Normally does not | B0th positive & negative grading Erosional or gradational contacts
v g Y Gradational or erosive contacts B C RS f
2 o ©eedine sancs From previous turbiditic deposits Tractive sturctures (e.g.: borizontal . . ro
w Bottom current Rhytmic layers lamination, low-angle cross lamination;
o reerkedsanas (6CFS) et e g e 2 r~.~ Shanmugam
Coarsening upward sequences lcm 4
Sharp to gradational bottom contact and sharp
o (nonerosiona) upper contactl | 2 O 1 2
=] Winnowing & erosion (channels, moats, etc) Sandy gravel lag
g Gravel contourites <-1@ Irregular ayer and lenses
>2 mm Poorly to very poorly sorted
8 VOLCANOCLASTIC Mud, silt or sands  Similar to the silicclastic facies Simifar to the clastic contourites
Composition is dominated by volcaniclastic material
‘é‘ CONTOURITES
Tt
Developed in muddy & sandy contourite facies Clats axes sub-paraliel both to beeding f’
= SHALE-CLASTS OR Shale dasts generally  From substrate erosion by strong bottom currents and to the current direction .a‘
o SHALE-CH'P LAYERS mm in size Burrowing on the nondeposition surface " T
: >70 % of bioclastic and / or carbonate components Bedding is indistint, but may be enhanced
" >4 9 Dominant biogenic input by cychic variations in composition [ grain
= Calcareous muddy & <0063 mm Poorly sorted size.
w silty contourites Distint sand-size fractions (blogenic partickes) Bioturbation
|, n Sity clay to davey silts  Compasition: pelagic to hemipelagic, including Y
= L nannofossils & foraménifers as dominat elements
o .: _Admixture of siiaclastic or volcanicclastic material | 3
O W &= d1-4¢ Equivalent of sandy contourites Thin-bedded cross-laminated foraminera P
e D  Cakareous sandy 2-0,063 mm Both well-sorted to poorly sorted contourite. Lenticularity
s .C_> contourites Particles from pelagic, benthic, off-shelf & off-reef sources | Hardgrounds.non de’positional surfaces
- Sands Admixture of siliciclastic, volcanic & silicieous material Bioturbation & burrowing
< :
(&) 8 c‘h':"‘:t‘” lﬁ':"' <19 Clasts or chips derived from erosion of the subtrate
contourites >2 mm
Gravel
Rich in diatomaceous & radiolarian material Laminated and / or cross-laminated sands
SILICEOUS BIOCLASTIC Mud, silt or sands
CONTOURITES
[ R"] /|
E g Manganiferous Manganiferous or ferro-manganiferous horizonts Bioturbation & burrowing !
w E contourites Areas with ferro-manganese nodules & pavernents Hl |
32
2 9 . Deep-water chenoherms (chemical - biogenic precipitates) | Strewn od debris
wZ enic of metal - carbonate chimneys, mounds & encrustations | Alineation of gravel-lag
=0 gravel-lag contourites Winnowed and aligned into chemogenic gravel-lags
Vo
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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.

MAIN TYPES OF PRIMARY SEDIMENTARY STRUCTURES IN CONTOURITE DEPOSITS

Sed. structures

Dominant
grain size

Enviromental
implications

Horizontal or sinusoidal
lamination, stripped,
fine-grained deposits;
“wispy” lamination

Lenticular bedding

starved ripples

Wavy bedding,
flaggy chalks

Flaser bedding,
mud offshoots

Climbing ripples
(subcritical to
supercritical)

Large-scale
cross-bedding,
megaripples, dunes,
sandwaves

Parallel lamination
(upper stage plane beds),
presence of primary
current lamination

Minor erosive surfaces,
mud rip-up clasts,
upper sharp contacts

Sole marks:

flutes, obstacle scours
& longitudinal scours,
cut & fill structures

Longitudinal ripples

Bioturbation
(strongly variable)

Normal & reverse

grading at different scales
and within different types of
deposits

Pebble lags, furrows

Fine sand, silt & mud
<2 @
< 0,250 mm

Fine sand, silt & mud
<2 @
<0.250 mm

Fine sand, silt & mud
<2
<0.250 mm

Fine sand to silt
8-20

0.004 - 0.250 mm

Very fine to medium sands
4-1 ¢
0.063 - 0.5 mm

Medium sands
2-10
0.250-0.5 mm

Very fine to medium sands
4-1 9
0.063 - 0.5 mm
Sand, silt & mud

<-1
<2mm

Sand, silt & mud
<-109
<2mm

Coarse sandy muds
(20 % sand)

Sand, silt & mud

From coarse sand to mud
Usaully fine sand, silt & mud

Coarse sand,
microconglomerate

i Sand - Pebbles & cobbles

Low current strength
Predominance of deposition
from suspension

Alternating flow conditions,
low to moderate current
strength, winnowing

Alternating flow conditions,
low to moderate current
strength

Alternating flow conditions,
Current speed = 10-40cm /s

Current speed =10-40ecm /s
High suspension load

Current speed =40 -200cm /s
Barchan dunes usually form
at40-80cm /s

Current speed = 40 -200cm /s

Alternating flow conditions,
low to moderate current
strength

Flow speed peaks

Low currentspeed=2-5cm /s
Winnowing

Low current speed

Strong paleoecological control,
Low to moderate accumulation
rates

Gradual changes in flow strength

Current speed over 200cm /s
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Mud Offshoots

Suspension
_— (Mud-Offshoot)

Traction

5cm

Flaser Bedding

Suspension
Traction

=4 Traction

Traction

e ?
Erosion

Climbing-Ripple Cross-Bedding

R Traction and
Suspension

<—Suspension

=« Traction

o «—Traction
<~ Suspension

SO

el
s o 2 2 . '.
—. = Inverse Grading
. - .

----- =1 Gradational
= =" =] Lower Contact

[Jrinesand | Mud

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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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-

Sperimentale

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.
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Lio
Sa N d y CcO nto u rites Either as thin irregular layers and much thicker units within
the finer grained facies, may display either distinct or
|' e SR gradational contacts. Thoroughly bioturbated, appear massive
s A 9 : (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.
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Laminated sandy
contourites

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 The standard
: contourite facies
poses major challenges. model sequence
Proposed Lithology Mean 9
divisions and grain size (StOW and
structure 4 8163264 um A Faugeres, 2008)
s = Bioturbated 9 was first proposed
Mud Laminated (diffuse) b '&_ by Gonthier et al.
"""""" SR T Chosiaminated SitTTTT | 8 | \8 (1984) and was
Mottled [ef=e=" ---Biourbated_______.._.. ) Z  derived from the
4 s Silt mottless and lensis irregular | > . . L
silt and mud Horizontal allignment g % Faro Drift within
______________ Bioturbated = > the middle slope of
Massive o) T
' irregular sandy pockets e : Maximu;crt]e Gulf of Cadiz.
a Sandy silt Bioturbated @~ = ==se=e ' velocit
Contacts sharp to gradational : y
____________ hiatuses k'
"""""""""""" © -
Silt mottles, lenses g &8
Mottled and irregular layers S & .
C2 silt and mud Bioturbated E. S< This model
Contacts variable Z (;55 implies a cyclic
"""""" Indistinct lamination § gﬁ trend,
al Mud Bioturbated et encompassing 3
- Y main facies,
_ . & . i linked to
Bioturbation DS= Discontinuous silt lensis 10 variation in
(cm) contour-current
_ _ _ - Gradational . Sharp (irregular) 0 velocity.

contact contact
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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.

Sandy contourites

Bioturbation

Shale-chip
C3 horizon
A ~ . Disperse_d Thin bed
Omission Shale-chip shale-chips +c¢ross-

surface horizon | mntion
issi ' Bioturbation
Omission \Fe-Mn bat
i +
+ Erosion C1/C5 | =)/ horizons c3 ;u?fgzzsuon
' ‘ // + Scours
C1 Omission Graven-lag

horizon
/

surface

D Gravel-lag [~
horizon
“i| Dispersed
C3 |o~%) gravel

. * | + Scours
and lensis | !
Thick bed
+Cross-
lamination

I
Mid-only sandy ,
contourites !
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xA Bigradational sequences B Base-cut-out type D Sandy contourites

A
Gradational

contact

Examples of the principal
sedimentary facies for the

10cm
»

Laminations

3
. = ~ ©
contourites recovered g 1] 5 g
. >
during IODP Expedition 339 8 v § =
7 . 8 z é
(Hernandez-Molina et al,, ; a E
2013). 5 E ] %
.. . £ 2 \J -
Preliminary results are in 38 & -
. Eo 8 Laminations
agreement with the ® Z§ ” 3
. . o= -]
previously proposed idea T = g
. o0
that there is a greater T 5% e e
. . = ©
variety of facies sequences :; xéé g
. o >
for bottom current deposits § 3¢ 339-U1390A-8H-6A 5
. o c 1
than what is presently = 2% © Top-cut-out type -
represented in the most . Imequiar
commonly accepted 53 E 339-U13888-20%-5A
. . 8
contourite facies model. Eg 5 g Examples of the
g » =9 — . o .
Addltlona”y, remarkable w%" pr|nc|pa| Sed|mentary

interactions between
contourite and turbidite
processes have been
reported that are
completely new and 339-U1390A-8H-6A
different from the current

facies models.

facies for the
contourites recovered
2 during IODP
Z Expedition 339
(Hernandez-Molina et
al., 2013).

Inverse grading

Calcareous mud

339-U1388C-3R-2A
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Depth (cm)
2

The main criticism for considering the Faro Drift deposits as the standard contourites facies
sequence 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 NAncE ot Eiorescence

contourite facies (mottled, fine sand, and Fraat @ .
coarse sand) are sharp rather than transitional.

CADKS18 Grain size

Thin sectio
. 5

C

-

(LT

o
)
;& ‘L‘)

S

lll‘ll[l"

200y |

(A

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).



/ = \ Idsltituto Nazior}ale
) Corso di Analisi di Bacino e Stratigrafia Sequenziale @ OG S ¢ di Geofiaca
X / Sperimentale

Preliminary contourite facies tract (?)

In the Campos Basin, bottom currents played a major role Cur-rently
since late Cretaceous in reworking and redistributing available

turbidite fine sands derived from basin margins. models for
deep-water

Mutti & sedimentation
Carminatti,
are

2015 )
inadequate to
(CFB) M-thick well- sorted horizontally laminated fine and very .
describe and

fine sand
interpret the
complexity of
depositional
“’ LI patterns
developed by

(CFA) Muddy fine sand with abundant mudstone clasts

” Flow direction SN (CFC) M-thick well-sorted fine and very fine

S Sand with large ripples with internal sigmoidal
— < WEGIEL

(CFD) Alternating cm-thick packages of ripple-
laminated fine-grained sand and bioturbated
muddier units with sand streaks

the interaction
= = = of bottom

(CFE) Cm-thick packages of lenticular rippled sand and sand R
streaks alternating with mudstones. Bioturbation is very
common. These thin units strongly resemble contourite facies - - currents and
cycles of the classic Stow’s model (Stow et al., 2002) .
sediment

(CFF) Highly bioturbated terrigenous, mixed and biogenic (calcareous) gravity flows.
mudstones
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Photos of Contourite Facies A-F

@ . @
i i

CFA CFB CFC CFD CFE CFF

Mutti & Carminatti, 2015
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| E & P case study: Santos Basin

Basin within

of santos Location map

Brazilian R .
. \
Margin where - \ MG
sediment Brazil l
. N . \ {
transported in \ 3 Espibito Sunty
suspension by é ';*8:‘0-'.:!:(4\;\.
- - V- \\\ v
turbidity =, o = N
[ Fields Discovered before 1984
currents was || (7] Fietds Discovered 1984-2001 sp
removed by Il Fieids Discovered 2002-2005
b [ Fields Discovered 2006-2014
ottom [ Discoveries under evaluation
currents [ shallow waters

resuting in [] Deep waters
. Ultradee te
Contourites LR - N
and Turbidites THE INTERACTION BETWEEN GRAVITY FLOWS AND BOTTOM 2 -‘\Cerspib-
h' h CURRENTS IN THE OUGOCENE OF SANTOS Basiv Alsad\eflswma
wnicn are > r— Meruza . . é
» B Porat N 1
highly prolif i _— 3
gnly proliric l
. . J— N Piracgcar/
oil reservoirs - Bana og
Tubardo.
Estrola-do Mar ¢ ~ $Pirpcaba
Ca:g%"“"ﬁ 8 ina sw:f
Cavalo Marinho i\_ XL 7777 Transfer of Rigths Areas
sc Santos Basin -
N 100 km

Y Floriandpolis

— —
— — —

(Mutti et al., 2014)
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Santos Basin sandy contourites
7.3

SANDY CONTOURITES
Example of TYPES OF GEOMETRY

barchan

* LARGE SAND-DUNE FIELDS

duneS, Sand = SAND WAVES
waves, sand

* BARCHAN DUNES

= SAND FURROWS

furrows and =Lae fawu

ribbons in

plan view:

evidence of o -, e

bottom R e, T
current ' ok A% '

action

»

H ,
[ s onewomaed |

t s th ke

- ," _ .
>l e
> 4 —- ho Waves RMS TecVA AMPLITUDE MAP

(Mutti et al., 2014) N M m

EE
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Santos Basin:

seismic section through sandy contourites

Seimi -7
THE SEISMIC EXPRESSION OF THESE SEDIMENTS SUGGESTS THAT THEY FORMED PRIMARILY AS

S e Ct I O n FEATURES WITH CROSS~SECTIONAL AND PLAN-VIEW GEOMETRY THAT INDICATES THE MIGRATION

OF LARGE BEDFORMS (iANnWAVF‘., BARCHAN DUNES, SAND RIW)NS) OVER AN ESSENTIALLY

L)
S h OWI n g t h at FLAT SEA-BOTTOM. AMPLITUDE MAPS SHOW THAT THESE DEPOSITIONAL FEATURES ARE CLOSELY
ASSOCIATED WITH LINEAR EROSIONAL FEATURES (SAND AND/UR GRAVEL FURROWS AND MORE

GENERALLY LINEAR ‘-(OURS) PRODUCED BY HIGHER VELOCITY CURRENTS

migrated on a
flat sea-
bottom under
the action of
high velocity
bottom

currents

(Mutti et al., 2014)
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The well log
shows the
large
thickness of
the sand
bodies and
the photos
show that
sandstone is
very well
sorted (low
depositonal
matrix) with
good porosity
and
permability
thanks to
winnowing
away of mud.

(Mutti et al.,
2014)

Santos Basin: well log and

l'10m

WELLA e 0

petrophysical properties

BLOCKY LOG PATTERN

94 m OF SAND THICKENESS
@ >35%

VERY WELL SORTED AND LOW DEPOSITIONAL MATRIX FINE-GRAINED SANDSTONE

FINE SANDSTONE
B surstone As POINTED OUT BY SHANMUNGAM ET AL. (1993), BOTTOM CURRENTS CAN RESULT IN WELL SORTED SAND WITH GOOD
B Mas POROSITY AND PERMEABILITY BECAUSE OF REWORKING AND WINNOWING AWAY OF MUD. PRIMARY POROSITY IS WELL
P swaus DEVELOPED.

MODIFIED FROM BULHOES £T AL., 2012
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Campos Basin Location map

Location - A
map of - f . L
CampOS Brazil 2 Pl :
Basin within A = olociinint, aro 4
i | =
. o TR v IN HYDROCARBON-BEARING SANDS OF CAMPOS BASIN LA™ il
M d I’gl n [ Fields Discovered before 1984 E - i :
(] Fieids Discovered 1984-2001 |  SP = RJ i
where there i e 20002008
S Discover -
are clear [ Fields Discovered 2006-2014 e o
. [ Discoveries under evaluation it Cg"(" |
evidence of : , .
botto m [ ] shallow waters tp—
- [] Deep waters \ S .
current B Ukradeep weiers \ e Yrugua \Pspﬂ-‘Teﬂa Xerelet
Mot 4 (— Campos Basin
reworking of Y7, carapio T, \
Ama do Iraooma [' 1) Ub""a \
hydrocarbon Moriza, n ) u@. Buzos o
b . Guaiamé__ P e >
- 1>
eta) ::Iing J Piracucar/ Bem-le -vi Lapa/g S
turbidites = \ Bona e G K] Sude e
Es\llel&méros R Piracaba ‘f Caramba'
Co:(;% ') \Qauna Sul’,,/ —
Cavalo Marinho e [/ Transfer of Rigths Areas
. -' DL N \\ - ¢ .
(Mutti et al., sc 3 Santos) Basin - e
20 14) i .l"lclia,ippli o =5 —
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Campos Basin: Contourites occur
within channels where prlmanly |n 3 SettlngSZ

bottom currents moved
up and down

in open slope settings, with
guasi-permanent geostrophic
thermohaline flow

within channels or in
turbidite fan remnants

COARSE-GRAINED TURBIDITE BEDS REWORKED BY TIDAL
BOTTOM CURRENTS (HYBRID FACIES ASSOCIATION)

CYCLICALLY STACKED THIN-BEDDED CONTOURITES

patterns controlled by local and regional topography that
moved large amounts of fine sand through migrating large- CURRENT-LAMINATED SANDY CONTOURITES
scale sand-dune fields and sand waves, and smaller bedforms.

(Mutti et al., 2014)
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Location
map of
Espirito
Santo Basin
within
Brazilian
Margin
where the
preliminary
contourite
system tract
of Mutti and
Carminatti
(2012) was
conceived

(Mutti et al., 2014)

Brazil

.‘ N
i. .
s e ]

] Fields Discovered before 1984
| [ ] Fields Discovered 1984-2001
[ Fields Discovered 2002-2005
[ Fields Discovered 2006-2014
Discoveries under evaluation

1
[ Shaliow waters
[ IDeep waters
[T Uitradeep waters
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Location map
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Espirito Santo:
Basin hybrid facies associations

Turbidite sands winnowed, eroded and
(Mutti et al., 2014) redistributed by deep-marine bottom currents
to form contourite sands which are difficult to

explain with currently turbidite-dominated
BT models for deep-water sedimentation
-

GRAVITY FLOWS

TURBIDITES CONTOURITE SANDS

LY 8, )3

TURBIDITE EROSIONAL
CONTOURITES REMNANT FROM MUTTI, 1992
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Tanzania
Location map

Location map of the
Tanzanian margin
where Hybrid turbidite-
contourite systems
have been identified

(Sansom, 2018)
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: Tanzania:
migrating channel-
levee complexes

In response to flow-stripping of
the suspended load of the
turbidity current, the northern
levee migrates upstream with
respect to contour current, and

(Sansom, 2018)

P et 4= North-flowing contour current
~ Dot aR 2 oS e g st () Eact-flowine turbiditv current
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Mozambique: Location map

Fonnesu et al., / [ N
(2019) < Area 1 Area 4 ‘
™)
L Mamba |
\ : = = //

4 Coral
Location map of Area 4 off the coast ]
of Northern Mozambique. Eocene ..
and Oligocene Mamba and Coral L
systems are indicated including their \ IB
straddling equivalents in the Area 1 \| { =0km
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Mozambique: Ocean floor bathymetry

The basin is located in the offshore
of northern Mozambique, within
the Mozambique Channel.

(B) Shaded relief map overlain by bathymetry of
modern deep-water fans and deep undercurrents

flowing northwards along the continental slope.
(D) Detail of seafloor features

EACC N including large-scale scour marks
A (flutes and crescent) created by
northerly directed bottom currents

R Mozambique ] '
[P Current (MC) '

= b

km
(Fonnesu  —  — '
et al., 0 1 r

2019)
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Corab, /= Zway  Seismic section through

_~ A ". “ ~ e ' :

N ‘.nM"Nn’ » ..w"’” =V

v /\;n\.;;:»\m"".;; e
AV SN N N

Jed order SB

Main stratigraphic surfaces (above)
and seismic facies interpretation
(below). Overall southwards

I Hemipeigc snae compexes [ ] cramelcomslexisgseposis miaration and offset stacking pattern
M| ‘euciemsonecoine Y SRR with channel complexes flanked by

] Oremound o o prominent asymmetric drift-mounds
The reservoir shows a on the N side of the fans.

systematic internal
organization linked to 4th
and 5th order base level

: \\_- _,’-_f." :\ 4 ~ / x “l,‘.d -
v .‘,’,‘"*

e

-

'y g

(Fonnesu et al., 2019)
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Block-diagram of depositional processes
affecting the Coral system

FINE-GRAINED SEDIMENTS PIRATED AND
GRAVITY FLOW DIRECTION REDISTRIBUTED BY BOTTOM CURRENTS
TO FORM THE ASYMMETRIC DRIFT

S - N
T A BOTT
\ < as G —=>> CURREN
e \ >3 DIRECTION

AMALGAMATED MUD-
FREE THICK-BEDDED
COARSE SANDSTONES

(Fonnesu et al., 2019 after Fonnesu, 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.

The advances expected in contourite research should lead to the establishment
of better diagnostic criteria for contourite identification.
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Future discoveries?
Labrador Sea p— Greenland-Norwegian Sea

ACC Region

=
Ross Sea— WAeddell Sea

Surface flow =
Deep flow @ Deep Water Formation (NH) Present / recent depositional features

e Bottom flow () Deep Water Formation (SH) ® Depositional features in the ancient record




f"—"} Istituto Nazionale
féf \E Corso di Analisi di Bacino e Stratigrafia Sequenziale o o ot
\xﬁ‘% Sperimentale

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.



/

&

Corso di Analisi di Bacino e Stratigrafia Sequenziale @ O G

Istituto Nazionale
di Oceanografia
e di Geofisica
Sperimentale

Unit Topic Teacher Date
1.1 Introduction to the course Rebesco 03/10/22
1.2 Methods (geophysics, but not only) Volpi/Rebesco 06/10/22
1.3 Mechanisms of basin formation (geodynamics, tectonics...) Lodolo 13/10/22
1.4 Seismic interpretation, facies and primary structures Rebesco 17/10/22
No lesson: 20" October
2.1 Sedimentary processes in river & deltas Rebesco 24/10/22
No lesson: 27"
2.2 Action of tides and waves, wind and ice Rebesco 31/10/22
No lesson: 3" November
2.3 Density currents, bottom currents and mass transport Lucchi/Rebesco | 07/11/22
1.5 Energy storage & CCUS Volpi/Donda 10/10/22
3.1 Alluvial deposits, lakes and deserts Rebesco 11/11/22
No lesson: 14" November
3.2 Barrier systems and incised valleys Rebesco 17/11/22
3.3 Continental shelves (wases, storms, tsunamis) Rebesco 21/11/22
34 Mass transport deposits Ford 24/11/22
3.5 Abyssal plains (hemipelagic fallout) and continental margins Rebesco 28/11/22
3.6 Submarine fans (gravity flows on the continental slope) Lucchi 01/12/22 |
3.7 Sediment drifts (bottom currents along the continental slope) Rebesco 05/12/22
No lesson on Thursday 8 " December
3.8 Glacial depositional systems De Santis 12/12/22
3.9 Carbonatic environments, faults, volcans Rebesco 15/12/22
4.1 Sequence stratigraphy: introduction Rebesco 19/12/22
No lessons from 23" December to 8" January
4.2 Sequence stratigraphy: closer view Rebesco 09/01/23
4.3 Sequence stratigraphy: applications (e.g. hydrocarbon reservoirs) | Rebesco 12/01/23
5 Excercise Rebesco 13/01/??

20/01/??

24/02/??
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-— Le Danois Bank
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Esercitazioni

Shan Liu, F. Javier
Hernandez-Molina,
Gemma Ercilla, David
Van Rooij, 2020,
Sedimentary evolution
of the Le Danois
contourite drift
systems (southern Bay
of Biscay, NE Atlantic):
A reconstruction of
the Atlantic
Mediterranean Water
circulation since the
Pliocene, Marine
Geology 427, 106217
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