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ABSTRACT

Despite the rise in published evidence of deep-marine bottom current pro-

cesses and associated deposits there are still very few documented outcrop

examples. Herein are reported results of a contourite channel system related

to the late Miocene palaeo-Mediterranean Outflow Water in the Rifian Corri-

dor, Morocco. This work aims to unravel the sedimentary evolution and

facies distribution based on the study of large morphological features related

to contourite channels and their subsequent sandstone dominated infill

sequences. It was found that the channel evolution and facies distribution

are related to spatiotemporal changes in flow characteristics of the palaeo-

Mediterranean Outflow Water. The recognized channel facies distribution

correlates well with previously established bedform stability diagrams. Ero-

sion and upper-stage flow regime bedforms are associated with the most vig-

orous bottom currents, generally related to its core. Laterally, following the

decrease in flow velocity towards the adjacent drift, bedforms comprise

dunes, lower-stage plane bedforms and more heterolithic facies. Similar

facies changes are also observed down-channel, related to a decrease in flow

velocities resulting from turbulent mixing of water masses, associated

decreases in density gradients and the subsequent deceleration due to grav-

ity. Results of this work have been used to propose a three-dimensional

facies model for channelized sandy contourites. This study contributes to

understanding contourite systems, thus benefitting oceanographic and cli-

matic reconstructions as well as aiding the predictability of contourite chan-

nel systems for industry geoscience applications.

Keywords Bottom currents, contourite channel system, contouritic drifts,
deep-water sedimentation, facies models, Late Miocene, Morocco, Rifian Cor-
ridor, tides.
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INTRODUCTION

Many depositional processes in the deep-marine
realm, particularly with regard to bottom cur-
rents are not well-understood. This has led to a
bias in assumptions towards processes that
gained more scientific attention. As such, the
poorly understood hydrodynamic behaviour of
bottom currents and their depositional pro-
cesses hinders the recognition of contourites (de
Weger et al., 2021), hampering their scientific
attention.
Over the last decades there has been a signifi-

cant rise in published evidence of deep-marine
bottom current processes and associated depos-
its. Most of these works are based on seismic
data (Faug�eres et al., 1999; Rebesco et al., 2014;
Paulat et al., 2019), some from wells and cores
(Gonthier et al., 1984; de Castro et al., 2020,
2021; Hovikoski et al., 2020), but there is still
very little information from the outcrop record
(Duan et al., 1993; de Weger et al., 2021;
H€uneke et al., 2021). This is particularly true for
deep-water contourite channels.
Significant advances in the sedimentological

understanding of deep-water channels and their
sedimentary features have been made in recent
years. These advances have mainly focused on
channel belts and channel belt systems formed
by down-slope gravity driven processes. These
channels comprise architectural elements such
as lateral-accretion packages, channel-bend
mounds, lev�ees, non-turbiditic mass-transport
deposits and last-stage channel-fills (Walker,
1978; Weimer & Slatt, 2004; Kolla et al., 2007;
Wynn et al., 2007; Harris & Whiteway, 2011;
Janocko et al., 2013; Peakall & Sumner, 2015).
Contrastingly, contourite channels (Hern�andez-
Molina et al., 2006; Garc�ıa et al., 2009) have
received much less scientific attention. More-
over, the erosional contourite features have
received much less scientific attention compared
to the much larger contourite drift deposits.
Contourite channels, however, might contain
significant information on past and current
ocean circulation, current behaviour and thus
climate. Furthermore, their coarse-grained nat-
ure makes them valuable reservoir targets for
hydrocarbon exploration or CO2 sequestration
and storage.
Attempts to better understand the sedimento-

logical features of modern contourite channel
systems by studying cores were generally unsuc-
cessful because the sediment proved too uncon-
solidated for acquisition (Expedition 339

Scientists, 2012; Brackenridge et al., 2018; de
Castro et al., 2021). As a result, the information
from these features is generally limited to bathy-
metric remote sensing and direct imaging (Stow
et al., 2009, 2013). Observations from the
ancient rock record are predominantly based on
seismic data, cores and logs (Hern�andez-Molina
et al., 2014; Gong et al., 2017). Because of the
extreme differences in scale and resolution
between these, comprehensive understanding
and testing of process hypotheses relating the
evolution of contourite erosive features and their
associated infill deposits have remained elusive.
Herein is reported the results of an extensive

field outcrop study of an exposed late Miocene
contourite channel system in northern Morocco
(Capella et al., 2017, 2018; de Weger et al.,
2020, 2021). De Weger et al. (2020, 2021)
recently described the occurrence and the regio-
nal evolution of these channels, but the lateral
and vertical variations of sedimentary facies and
depositional sequences within the channels had
not yet been considered in detail. Therefore, the
aims of this work are to: (i) improve general
understanding of contourite channel systems,
their sedimentary facies and depositional
sequences; (ii) better understand the detailed
hydrodynamic behaviour of channelized bottom
currents; (iii) identify recognition criteria for
sandy contourites; and (iv) propose a facies
model for these systems. Finally, this contribu-
tion will address some of the implications for
climatic studies and industry resource and
exploration potential.

STUDY AREA AND GEOLOGICAL
SETTING

The studied outcrops (i.e. Sidi Chahed and
Kirmta) are exposed in the Rifian Corridor of
northern Morocco (Fig. 1). This corridor is part
of the external zone of the Rif–Betic-Arc, or
Gibraltar-Arc which forms an arc-shaped oro-
genic belt surrounding the Alboran Sea in the
westernmost Mediterranean region. The Rifian
Corridor formed a late Miocene marine gateway
that allowed Mediterranean–Atlantic water
exchange (Capella et al., 2017; Krijgsman et al.,
2018). The corridor evolved as a south-westward
migrating foreland basin during the Tortonian
(ca 8 Ma) (Feinberg, 1986; Wernli, 1988; Sani
et al., 2007), limited northward by the earlier
exhumed Rif orogenic wedge (Iribarren et al.,
2009) and southward by the Middle Atlas

� 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology, 70, 611–644

612 W. de Weger et al.

 13653091, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13042 by U

niversidad D
e G

ranada, W
iley O

nline L
ibrary on [03/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Mountains (Barbero et al., 2011). The Rifian Cor-
ridor is divided into two strands (Fig. 1), the
North Rifian Corridor related to the Intramontane
Basins, and the South Rifian Corridor related to
the Taza–Guercif and Saiss basins (Wernli, 1988).
The strands were separated by the chaotic com-
plex of the accretionary wedge, emplaced over
the African foreland since the early Tortonian
(Feinberg, 1986; Flinch et al., 1996; Chalouan
et al., 2008; Michard et al., 2008). Since the
accretionary wedge is locally overlain by Upper
Miocene marine sediments, the Rifian Corridor,
at times, was a single wide gateway (Fig. 1) west-
ward of the Taza-Sill (Flecker et al., 2015;
Capella et al., 2017; de Weger et al., 2020). Dur-
ing the late Tortonian to early Messinian the Pre-
rif Ridges were formed, constituting a
subaqueous relief (Fig. 1) in the South Rifian Cor-
ridor (Rold�an et al., 2014; de Weger et al., 2020).
By roughly 7.5 Ma these ridges were sufficiently
uplifted to displace the contourite channel sys-
tem described herein (de Weger et al., 2021).
The Taza-Sill, located in the Taza Strait (de

Weger et al., 2021), formed a submerged topo-
graphic high related to the east–west oriented
thrust-front overlying the north-east/south-west
oriented Middle-Atlas (Fig. 1). The Taza Strait
separated the Taza–Guercif and the Saiss basins
and the Taza-Sill controlled the water-mass
exchange between the Mediterranean and the
Atlantic (Capella et al., 2017; de Weger et al.,
2020, 2021). The westernmost part of the Rifian
Corridor, just west of the Prerif Ridges, was in

the Gharb Basin (Fig. 1) where both the Intra-
montane, associated with the North Rifian Corri-
dor and Saiss basins merged (Sani et al., 2007).

PALAEOCEANOGRAPHIC SETTING

During the late Miocene an Atlantic – Mediter-
ranean connection existed through the Betic
Corridors in southern Spain and the Rifian Cor-
ridors in northern Morocco (Fig. 1). The Rifian
Corridor likely represented the last remaining
connection before the onset of the Mediter-
ranean Salinity Crisis (MSC; 5.97–5.33 Ma, Hs€u
et al., 1973; Ryan & Hs€u, 1973). The MSC is
associated with the restriction and closure of the
Miocene Atlantic–Mediterranean connections
which resulted in extreme salinity fluctuations
in the Mediterranean. The full opening of the
Strait of Gibraltar (5.33 Ma) brought the MSC to
an end (Hs€u et al., 1973, 1977; Blanc, 2002;
Garcia-Castellanos et al., 2009; Krijgsman et al.,
2018).
After the restriction and closure of the Betic

Corridors in the late Miocene (Flecker et al.,
2015), the Rifian Corridor maintained Atlantic–
Mediterranean water exchange in a similar fash-
ion to the present-day Strait of Gibraltar (de
Weger et al., 2020, 2021). The Rifian Corridor
accommodated inflow of the North Atlantic
Surficial Water and likely the Eastern North
Atlantic Central Water into the Mediterranean,
overriding the warm and highly saline palaeo-

Fig. 1. Palaeogeographical
reconstruction of the late Miocene
Rifian Corridor, Morocco (modified
after de Weger et al., 2020, 2021).
The Betic and Rif, Middle Atlas,
Prerif Ridges and the Taza-Sill form
the main geological features. The
studied outcrops are related to
different branches of the palaeo-
Mediterranean Outflow Water
(MOW). The small globe depicts the
location of the study area, the
general ocean circulation pattern
and, in orange, the trajectory of the
present-day MOW.
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Mediterranean Outflow Water (MOW). The
water mass of the palaeo-MOW was formed by
net evaporation in the eastern Mediterranean,
which increased the density of Mediterranean
surface water (Straume et al., 2020). This sur-
face water was ‘continuously’ replenished by
the inflow of cold and less saline Atlantic water.
Subsequently, the increase in density forced this
water to sink and ventilate the water column, a
process known as intermediate and deep-water
formation (Millot, 1999; Candela, 2001). The for-
mation of these relatively dense water masses
resulted in a density gradient between the
Mediterranean and the Atlantic which drove
two-way exchange (Rohling et al., 2015; Simon
et al., 2017). During the late Miocene, a dense
palaeo-MOW flowed over the Taza-Sill (Fig. 1),
through the Rifian Corridor, towards the Atlantic
(de Weger et al., 2020, 2021).

METHODOLOGY

Two well-exposed outcrops from the Rifian Cor-
ridor; Sidi Chahed and Kirmta (Figs 1 and 2),
are studied herein. These outcrops were previ-
ously documented and interpreted as being
relics of contourite channels (de Weger
et al., 2020). Here, contourite channels were
studied in more detail to unravel erosional
events that led to channel formation, their

evolution, and the vertical and lateral facies
variability of their infill sequences.
The sedimentary record was studied by stan-

dard field techniques which include bed-scale
characterization of sedimentological and strati-
graphic elements. Twelve stratigraphic sections
were measured at centimetre to metre-scale to
document key features used in facies analyses.
These features include lithology, grain size and
sorting, sedimentary structures, bedding thick-
ness, nature of bed contacts and palaeocurrent
indicators. The sand fraction predominantly
consists of a mixed bioclastic–siliciclastic com-
position for which the terminology proposed by
Chiarella et al. (2017) is applied. A total of 323
observations of palaeoflow indicators (for exam-
ple, cross-stratification, ripple-lamination and
sole-marks) were recorded across both of the
outcrops. In addition, high resolution photogra-
phy taken during different seasons (winter and
autumn of 2018 and spring of 2019) were used
for detailed analyses of morphologies and facies
distributions.
Fifteen samples for biostratigraphic determina-

tions, collected from marls that were more than
50 cm below the rock’s exposed surface, have
been analysed and compared to the findings of
Capella et al. (2017). The palaeo-water depth
has been inferred from the benthic foraminifera
assemblages of the biostratigraphic samples. The
observed mixed occurrence of shallow-water

Fig. 2. Satellite image of the study area near the city of Fes. The main sections described herein, (A) Sidi Chahed
and (B) Kirmta are located north of the Prerif Ridges (PR). The locations of Fes-north (C), El Adergha (D), Ain Kan-
sera (E) and Sidi Harazem (F) sections, located south of the PR, are provided as a reference. These references con-
tain further details.
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and deep-water species is considered here the
result of down-slope transport and, hence, the
deeper-water species are deemed most reliable
in depositional depth estimates.
Ichnological analysis was primarily conducted

in the sand-rich facies of the studied sections.
Ichnotaxonomy, distribution and abundance of
trace fossils were characterized to describe strati-
graphic trends and lateral and vertical variability
to decode the environmental conditions during or
after sedimentation. Ichnological observations
focused on orientation, shape, length and dia-
meter of individual burrow segments, configura-
tion of burrow systems, relationship with facies
and bed surfaces, and taphonomy.
Thirty-nine samples for petrographic analysis

were collected from indurated sand beds. Two
sets of thin sections were prepared for each sam-
ple, one of which was impregnated with dyed
resin to highlight porosity. The samples were
examined under a petrographic microscope with
integral camera system. Modal analysis was car-
ried out on five samples (BAT2a, BAT2b,
BAT2c, BAT4 and BAT14) by determining the
composition at 300 points using a stepping stage
and associated PETROGTM software.

STUDIED SECTIONS

Both Sidi Chahed (Fig. 3A to I) and Kirmta
(Fig. 4) were accumulated in wedge-top basins
on the northern flank of the Saiss Basin. The
outcrops are located ca 9 km apart (Fig. 2). The
Sidi Chahed outcrop (34.102693, �5.299355) is
located roughly 25 km WNW of the city of Fes
and 5 km north of the Prerif Ridges. The Kirmta
outcrop (34.171445, �5.239184) is located
22 km north-west of the city of Fes and 12 km
north of the Prerif Ridges (Fig. 2).
The Sidi Chahed section forms a topographic

high composed of three arcuate, indurated sand-
stone ridges which measure 2 km (east–west) by
1 km (north–south) (Fig. 3A). The southern,
western and eastern flanks are typically steeply
sloped to near vertically inclined. The northern
flanks are much less inclined to near horizontal
in places. The total thickness of the section,
consisting of three concave-up sandstone units
(SU1, SU2 and SU3) encased in marls and sandy
marls belonging to the Blue Marl Formation is
roughly 140 m (Fig. 3).
The Kirmta outcrop is roughly 110 m thick,

forming a topographic high with three distinct
sandstone units (SU1, SU2 and SU3) encased in

marl and sandy marls belonging to the Blue
Marl Formation (Fig. 4). The southern flank of
the outcrop, which is exposed for well over
3 km, is steeply inclined whereas the northern
flank hardly shows any inclination.

RESULTS

Distribution of channelized sandstone bodies
and internal architectures

Both the Sidi Chahed and Kirmta outcrops con-
sist of three sandstone units (SU1 to SU3) that
are encased in fine-grained marl deposits. All
sandstone units have concave-up geometries
(Figs 3 and 4). The concave-up lower bounding
surface of each sand unit, herein referred to as
first-order channel, is in unconformable contact
with fine-grained marl deposits. In the Sidi Cha-
hed outcrop these first-order channels are 750 to
1000 m wide and up to 35 m thick (Fig. 3A to
J), whereas in the Kirmta outcrop these first-
order channels are up to 2 km wide and 5 to
15 m thick (Fig. 4). The first-order channels,
most clearly observed in the Sidi Chahed out-
crop, contain smaller concave-up sandstone bod-
ies (Fig. 3J), herein referred to as second-order
channels. These second-order channels are
incised into previously deposited sandstones.
The width of these second-order channels
ranges between 30 m and 300 m and their thick-
ness does not exceed 15 m.

Age and palaeo-water depth

The biostratigraphic results from the Sidi Cha-
hed section indicate that the section was depos-
ited within the Globigerinoides obliquus
extremus/Globorotalia suterae biozone MMi-12a
interval of Lirer et al. (2019). The lowermost
part of the section, below the first sand unit
(SU1), is dominated by sinistrally coiled Neoglo-
boguadrina acostaensis and Globorotalia scitula,
including specimens of G. suterae and Globoro-
talia menardii 4. This foraminifer assemblage
suggests a late Tortonian age, younger than
7.80 Ma. The uppermost marlstones derived
stratigraphically above the uppermost sand unit
(SU3), showed an abundant presence of G.
menardii 4 and no presence of G. menardi 5,
indicating that the whole succession was depos-
ited prior to 7.51 Ma.
The benthic foraminiferal assemblages of the

Sidi Chahed outcrop consist of mixed shallow-
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Fig. 3. (Above) Overview figure of the Sidi Chahed outcrop (A) and associated sections (B) to (E). The log on the
left represents a generalized composite log through the three main first-order sand units (SU), the black arrows
indicate mean palaeocurrent directions with respect to the north (up). (A) Panoramic picture of the outcrop. In
yellow, green and red, respectively, the palaeochannels SU1, SU2 and SU3. The small grey circles with small let-
ters depict the location of the sections (B) to (I) and the location of (J). The black, numbered, text balloons show
the location of the pictures in Fig. 5. (Right) Sections (F) to (I) of the Sidi Chahed outcrop. (J) Drawing of the
south-western flank of the outcrops as indicated in (A). This sketch shows the first-order lower-bounding surfaces
(LBS) and upper-bounding surfaces (UBS) as well as the second-order bounding surfaces.
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water and deep-water species. The species Plan-
ulina ariminensis, Sphaeroidina bulloides, Uvi-
gerina semiornata and Uvigerina peregrina are
present throughout (including samples obtained
from marlstone interbedded within the sand-
stone units), and Cibicidoides kullenbergi occurs

in about half of the samples, indicating upper
bathyal environments roughly equivalent to the
upper slope physiographic domain (250 to
400 m water depth). The upper part of the sec-
tion contains lesser slope taxa, indicating a
slightly shallower depth range (upper slope–

Fig. 3. (Continued)
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Fig. 4. Overview figure of the Kirmta outcrop (A) and associated sections (B) to (E). The log on the left represents
a generalized log through the three first-order sand units, the black arrows indicate the mean palaeocurrent direc-
tions with respect to the north (up). (A) Panoramic picture of the outcrop photographed towards the north. In yel-
low, green and red, respectively, the palaeochannels SU1, SU2 and SU3. The small grey circles depict the
location of the sections. The black, numbered, text balloons show the location of the pictures in Fig. 5.
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outer shelf physiographic domain, 150 to 300 m
water depth) (Capella et al., 2017; Tulbure
et al., 2017).
The Kirmta section, based on the foraminiferal

assemblage of 12 samples has been assigned to
the Globigerinoides obliquus extremus/Globoro-
talia suterae biozone MMi-12b of Lirer
et al. (2019). The marls contain abundant plank-
tonic and benthic foraminifera, but the propor-
tion of benthic foraminifera is always lower (20
to 40%). Based on the common occurrence of
Globorotalia merardii 4, whose last common
occurrence was at 7.51 Ma (Sierro, 1985; Sierro
et al., 1993, 2001; Hilgen et al., 2000; Capella
et al., 2017) and the presence of Globorotalia
suterae whose first occurrence has been proven
at 7.8 Ma (Lirer et al., 2019), the section was
dated between 7.8 Ma and 7.51 Ma. In all sam-
ples the assemblages of planktonic foraminifera
are similar, showing scarce keeled Globoratalids,
more abundant Globorotalia scitula (sinistral
and dextral) and abundant Globigerinoides extre-
mus, Globigerina bulloides, Neogloboquadrinids
(mainly sinistral) and in some samples common
Dentoglobigerina altispira.
The benthic foraminifer assemblages of the

samples contain rare shallow-water species:
Ammonia, Nonion and more frequent deep-water
species: Uvigerina peregrina, Uvigerina semior-
nata, Pullenia bulloides, Martinottiella commu-
nis, Cibicidoides pachyderma, Sphaeroidina
bulloides, Marginulina costata, Buliminids, Tri-
farina, Gyroidina, Lenticulina, etc. Based on these
assemblages and the high percentages of plank-
tonic foraminifera in most of the samples, it is
inferred that the water depth of the physiographic
domain where the sediments were deposited was
equivalent to the outer shelf and/or upper slope
(150 to 300 m water depth) (Capella et al., 2017;
Tulbure et al., 2017), with the common presence
of shallow benthic foraminifera living in the shelf
that were probably transported down-slope
through the shelf–slope break.

Sedimentary facies description

Ten different sedimentary facies (F1 to F10) have
been distinguished within the fine-grained
deposits (marls) and the sandstone units (chan-
nels) in the two studied sections (Table 1, Fig. 5).
The sedimentary facies include: F1, fossil-rich
blue marlstone; F2, sandy marlstone; F3, sand-
stone laminae; F4, heterolithic sandstone; F5,
fully-bioturbated sandstone; F6, cross-stratified
sandstone; F7, planar-laminated sandstone; F8,

convolute sandstone; F9, amalgamated normal-
graded sandstone; and F10, conglomerate.

F1 – Fossil-rich blue marlstone
Facies F1 consists of blueish marls – the sedi-
ments after which the Blue Marl Formation is
named (Table 1, Fig. 5A and B). These mainly
structureless, fossil-rich marlstones (containing
bivalves up to centimetre-scale) occur as laminae
interbedded with sandstone or continuous
sequences of up to hundreds of metres in thick-
ness. Despite being dominantly blueish in colour,
gradational changes from dark blueish grey to
more brownish grey are common. This colour
change results from slight increases in the silici-
clastic fraction consisting of up to very fine-
grained sand. F1 shows only scarce discrete trace
fossils.

F2 – Sandy marlstone
Facies F2 consists of fossil-rich sandy marl-
stones and very fine-grained muddy sandstones
(Table 1, Fig. 5A and C). This facies regularly
occurs in gradational alternation with the
fossil-rich blue marlstone (F1) consisting of
continuous sequences of up to metre-scale
thickness. The texture is homogeneous for the
finest intervals that are more blueish grey in
colour (similar to F1). The coarser and more
light-brownish grey intervals are regularly
banded or laminated. Changes in grain-size dis-
tribution are generally gradational, but sharp
basal contacts have been observed between
more muddy and more sandy deposits. Starved
ripples of fine-grained sand are scarce. Laminae
with sharp basal bounding surfaces and ripples
coincide with an increased abundance of fine-
grained shell fragments whereas the muddier
intervals regularly contain well-preserved
bivalves up to 1.5 cm in diameter. The trace
fossil assemblage consists of abundant undiffer-
entiated structures and scarce Planolites-like
and Thalassinoides-like traces.

F3 – Sandstone laminae
Facies F3 consists of discontinuous slightly
undulatory, lenticular, up to fine-grained sand
laminae that only rarely exceed 1 cm in thick-
ness (Table 1, Fig. 5A and D). The sand consists
of a mixed siliciclastic–bioclastic composition;
encased within facies F2. These laminae and
sand lenses occur over short (up to 1 m) inter-
vals where the sand (facies F3)/silt (facies F2)
ratio is approximately 1:4. The trace fossil
assemblage consists of abundant undifferentiated
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structures and scarce Planolites-like and
Thalassinoides-like traces.

F4 – Heterolithic sandstone
Facies F4 typically consists of heterolithic, tabu-
lar, dominantly very thin to thin bedded
(<5 cm), compositionally mixed (bioclastic dom-
inated), up to fine-grained sandstone and silt-
stone with an average ratio of 3:1 (Table 1,
Fig. 5E and F). The sandstone hosts remnants of
dominantly unidirectional, along-slope oriented
cross-lamination. The trace fossil assemblage
consists of abundant undifferentiated structures
and scarce Macaronichnus, Planolites-like and
Thalassinoides-like traces.

F5 – Fully bioturbated sandstone
Facies F5, consisting of coarse-grained mixed
compositional siliciclastic–bioclastic sand is
fully reworked by Macaronichnus ichnofacies
(Fig. 5F). The sandstone, dark brown in colour,
shows remnants of tabular bedding (10 and
15 cm) and occasional signs of parallel lamina-
tion (Table 1, Fig. 5F and G). Besides being
dominated by Macaronichnus, the trace fossil
assemblage consists of scarce Scolicia, Planolites
and Thalassinoides-like traces.

F6 – Cross-stratified sandstone
Facies F6 consists of compositionally mixed,
siliciclastic–bioclastic, unidirectionally cross-
stratified sandstones (Table 1, Fig. 5). Due to the
occurrence of a variety of sedimentological char-
acteristics this facies has been divided into four
sub-facies: (i) (F6.1) thin-bedded cross-stratified
sandstone (Fig. 5B and F); (ii) (F6.2) medium to
thick-bedded cross-stratified sandstone (Fig. 5B,
D and G); (iii) (F6.3) trough cross-stratified
sandstone (Fig. 5G); and (iv) (F6.4) tangentially
cross-stratified sandstone (Fig. 5D). This facies
commonly shows a pale/dark centimetre-scale
banding within foresets (Fig. 5). The paler bands
are dominated by bivalve fragments up to several
millimetres long, together with a variety of other
bioclast types, and are cemented by sparry cal-
cite (Table 1, Fig. 6). The darker bands also con-
tain bioclasts, but they are smaller (sand-grained)
in size. Furthermore, these bands contain numer-
ous rounded pellets of dark claystone, usually
contain brownish glauconite and are cemented by
sparry calcite, albeit less prominently, as porosity
is lower. The trace fossil assemblage consists of
abundant Scolicia and Macaronichnus, and rare
Planolites and Thalassinoides with common
undifferentiated horizontal biogenic structures.

F6.1 – Thin-bedded sandstone. Sub-facies F6.1
consists of tabular, medium-grained sandstone
beds with unidirectional top-cut cross-strata
(Table 1, Fig. 5B and F). Bed thicknesses range
from 5 to 15 cm. Due to weathering; it is appar-
ent that this facies regularly is interbedded with
more easily erodible sediment forming alter-
ations between cemented and unconsolidated
beds. These alterations are related to foreset
banding as described above, where the finer-
grained, darker band of each foreset was more
prone to erosion.

F6.2 – Medium to thick-bedded sandstone.
Sub-facies F6.2 consists of tabular, medium-
bedded to thick-bedded (15 to 100 cm),
moderately-sorted to well-sorted, up to coarse-
grained sandstone with unidirectional cross-
strata (Table 1). The cross-strata regularly reflect
bundles of thickening and thinning foresets that
show modest alternations between angular to
tangential toe-set geometries (Fig. 5D and E).
Toe-sets are commonly enriched in bioclastic
material. Basal boundaries are sharp (for exam-
ple, Fig. 5E) and occasionally contain muddy
rip-up clasts. Soft sediment deformation struc-
tures are most common in this sub-facies, regu-
larly being present as overturned folds (Fig. 5G)
and fluid escape structures (Fig. 5H and I).

F6.3 – Trough cross-stratified sandstone. Sub-
facies F6.3 is typified by trough cross-stratified,
medium-grained, sandstone (Table 1, Fig. 5G).
Foresets are convex-up and alternate between
more orange and darker brownish colours that
reflect changes in the abundance of bioclastic
material. The concave-up bedform geometries
are typically between 5 to 10 m wide and up to
a metre in thickness.

F6.4 – Tangential cross-bedded sandstone.
Sub-facies F6.4 consists of very thick (ca 2 m),
cross-stratified, up to coarse-grained sandstones
with toe-set geometries that cyclically change
from tangential to angular (Table 1, Fig. 5D).
Toe-sets are enriched in bioclastic material and
show a higher intensity of bioturbation. Inter-
nally, erosional sigmoidal bounding surfaces are
common.

F7 – Planar-laminated sandstone
Facies F7 is typified by the presence of planar-
laminated, tabular beds of compositionally mixed
siliciclastic–bioclastic, up to coarse-grained
sandstone (Table 1). Since the lithology varies
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Table 1. Sedimentary facies and facies associations table including the colour codes used throughout the chap-
ter, sedimentary structures, thickness, grain-size, percentage of bioclastic component (Bc%), biogenic structures,
estimated current velocities in cms�1 (v cm s�1) and microfacies (MF).
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between fine-grained and coarse-grained sand
this facies has been divided into two sub-facies
(F7.1 and F7.2, Fig. 5B and D, respectively). The
trace fossil assemblage consists of abundant
undifferentiated structures and scarce Maca-
ronichnus, Planolites-like and Thalassinoides-
like traces.

F7.1 – Bi-gradational silty sandstone. Sub-
facies F7.1 has only been recognized in the
Kirmta outcrop and consists of stacked, tabular,
planar parallel laminated, successively inverse-
graded then normally-graded (bi-gradational)
sandstone beds with thicknesses ranging from 5
to 20 cm (Table 1, Fig. 5B). A bi-gradational pat-
tern has also been observed on a bed-set scale
(0.5 to 1.2 m). This facies typically consists of
very fine-grained to fine-grained sand of domi-
nantly siliciclastic composition. Furthermore, it
is rich in sand-sized pellets of mudstone and
brownish glauconite.

F7.2 – Planar-laminated sandstone. Sub-facies
F7.2 consists of tabular, planar-laminated sand-
stone beds that range in thickness between 10 and
40 cm (Fig. 5D). The sandstone beds generally
consist of coarse-grained sand and the abundance
of bioclastic material determines the differentia-
tion between laminae. This facies generally lacks
or shows a very low abundance of trace fossils.

F8 – Convolute sandstone
Facies F8 consists of thin bedded (up to 10 cm)
convolute strata. Fluid escape structures are
common in the underlying sandstone (Table 1,
Fig. 5H and I). The primary beds were either
cross-stratified sandstones (F6) or amalgamated,
normal graded sandstones (F9). The lower bed
bounding surface is sharp and erosive (Fig. 5H).
This facies appears wedge shaped, thinning out
perpendicular to the dominant dip direction of
cross-beds in facies F6, in an inferred up-slope
direction. Inclination of the preserved primary
strata varies laterally from high-angle to oppos-
ing angles (�20°) down-dip with respect to the
inferred palaeo-slope. Trace fossils are difficult
to identify.

F9 – Amalgamated, normal-graded sandstone
Facies F9 consists of dominantly tabular, hetero-
lithic, normal graded, amalgamated sandstone
and mudstone with bed thicknesses averaging 5
to 10 cm, never exceeding 40 cm (Table 1,
Fig. 5C). Although a semi-gradational transition
from sand to mud occurs, boundaries can be

easily distinguished. This facies regularly shows
plane-parallel lamination and ripples and is
capped by a very thin siltstone grading to marl-
stone. Basal scours and marly rip-up clasts are
common. The well-sorted to very well-sorted,
up to medium-grained sand predominantly con-
sists of siliciclastic material but has a bioclastic
component. This facies is bioturbated with
scarce undifferentiated discrete trace fossils, and
only occasional Planolites can be recognized.

F10 – Matrix-supported conglomerate
This monomictic conglomerate changes upward
from an ortho-conglomerate to para-conglomerate
(Fig. 5A). The clasts are poorly sorted, rounded
and disc shaped, dominantly consisting of areni-
tic cobbles and boulders. The matrix consists
of silty sand and the basal bounding surface is
deeply incised in the underlying sandy marls
belonging to facies F3. No biogenic structures
were observed.

Petrographic analysis

The petrographic samples examined are derived
from indurated sandstones related to facies F4,
F6, F7, F8 and F9 (Table 1; Figs 3 and 4). All
samples contain the same range of detrital com-
ponents, but their proportions and rock fabric
vary. Examples based on modal analysis of five
samples are provided in Table 2. The detrital
components include bioclasts, of which bivalve
fragments are usually most common, together
with fragments of echinoids, benthic and plank-
tonic foraminifera, calcareous algae, occasional
bryozoa and other unidentified bioclasts.
Bivalves and other elongate fragments are often
aligned horizontally to the bedding (for exam-
ple, Fig. 6A and B). Many of the bioclasts are
fragmented and display signs of transport. Indi-
vidual bioclasts typically occur as sand-grade
fragments, and their small size and common
recrystallization often impedes their identifica-
tion. The bioclasts within the coarsest-grained
samples seldom exceed 5 mm in size. Rounded
sand-sized grains of limestone, usually compris-
ing variably recrystallized calcite, are common,
and large dolomite rhombs which often display
signs of erosion and transport also occur
(Fig. 6C).
Quartz grains, typically sub-rounded with a

grain size of fine-grained to medium-grained
sand, are almost always present, but usually
form a subordinate component of the sample.
Pellets of glauconite are also recognized in
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Fig. 5. Outcrop pictures associated with the studied channelized features with facies labels. (A), (D), (E), (G), (H)
and (I) are from the Sidi Chahed outcrop. (B), (C) and (F) are from the Kirmta outcrop. SSD, soft sediment defor-
mation. The people representative for scale are between 1.7 m and 1.95 m.
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almost all samples (Fig. 6), usually brown or
olive-yellow and reworked, but fresher green
pellets have also been observed. Feldspar grains
and mica flakes occur in small proportions.

Heavy minerals are uncommon – several grains
of tourmaline, rutile and possible small zircons
have been observed. There is sometimes a brown
argillaceous matrix, commonly silty, which

Fig. 6. Thin-section images of the three microfacies identified: (A) Microfacies 1; (B) Microfacies 2; and (C)
Microfacies 3. The pictures on the left-hand side are in plane-polarized light whereas the pictures on the
right-hand side are in cross-polarized light. The scale of the pictures is provided in the lower left corner.
Abbreviations in the pictures stand for: gl, glauconite; br, bryozoan fragments; ec, echinoderm fragments; pf,
planktonic foraminifera; bf, benthic foraminifera; dp, detrital pellets; commonly consisting of mud; and dol,
dolomite.
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may be patchily distributed or form thin irregu-
lar laminae which may be deformed. A perva-
sive argillaceous matrix is uncommon. Sand-
sized pellets of brown claystone are common,
some apparently partially glauconitized. Most
samples are cemented by sparry calcite, or some-
times a more finely crystalline calcite, although
the cement (together with other carbonate
components of a sample) has often suffered
dissolution.
Three main ‘microfacies’ have been defined,

forming a spectrum along which almost all of
the samples examined can be placed. Microfa-
cies I (MF1) (Fig. 6A) is relatively fine-grained
and contains abundant argillaceous components
such as clay pellets and glauconite. Microfacies
III (MF3) (Fig. 6C) is a relatively coarse bioclas-
tic limestone. Microfacies II (MF2) (Fig. 6B) is
intermediate in composition and grain size. In
most cases the boundary between one microfa-
cies and another observed in thin section is gra-
dational. Both fining-up and coarsening-up
trends are observed in thin section.
Overall, most samples of facies F4 and F7.1

belong to MF1. Most samples of facies F6 are tran-
sitional between MF1 andMF3, and most samples
of facies F5 and F7.2 are MF3. The samples of the
Kirmta sections, on average, are finer grained com-
pared to the samples of the Sidi Chahed sections,

with half of the samples being assigned to MF1
and the other half dominantly consisting ofMF2.

Facies associations and interpretations

The sedimentary facies are grouped, primarily
based on spatial co-occurrences and gradational
contacts as well as grain size, to form four distinct
facies associations and depositional elements
(Table 1). The finest-grained sediments are
grouped into facies association 1 and consist of
both fossil-rich blue marls (F1) and sandy marl-
stones (F2) which regularly grade into one
another. Facies association 1 (FA1) occurs over
intervals upward of tens to hundreds of metres in
thickness. FA1 is generally coarsening-upward,
grading from F1 to F2 towards the base of the sand
units (Figs 3 and 4). Facies association 2 (FA2),
consisting of sandstone laminae (F3) and hetero-
lithic sandstone (F4), contains transitional facies
between FA1 and FA3. This facies association is
marked by the presence of co-occurring hetero-
lithic sand and fine-grained sediment unlike FA1.
In facies association 3 (FA3), occurring within the
channels, all facies (from F5 to F7) are found
interbedded with one another. However, they gen-
erally grade both upward and laterally with the
facies from planar laminated sandstone (F7) to
cross-stratified sandstone (F6) and fully

Table 2. Modal analysis data based on 300-point modal analysis in thin section.

Sample MF Qm Qp Qt F Gg Gb Gt Lc Ld Lcp Lfa Lqm Lt

BAT2a II 7.2 0.0 7.2 0.0 0.0 2.1 2.1 12.0 0.0 14.0 0.0 0.0 26.0
BAT2b I–II 14.3 0.7 15.0 0.3 Tr 5.9 5.9 11.8 0.3 16.0 0.7 0.0 28.8
BAT2c I 12.2 2.2 14.4 0.4 0.0 3.6 3.6 14.7 0.7 24.7 0.0 0.4 40.5
BAT4 II 9.7 1.8 11.5 0.9 0.0 3.1 3.1 18.1 0.0 11.9 0.0 0.0 30.0
BAT14 II 12.0 2.1 14.1 0.0 0.0 7.9 7.9 14.9 0.0 4.6 0.0 0.0 19.5

Sample Bb Bf Be Bca Bu Bt Cc Fe P% GS S

BAT2a 20.9 2.7 1.0 Tr 14.1 38.7 25.3 0.7 2.7 Fs w
BAT2b 12.9 2.8 0.3 1.3 21.7 39 10.1 0.7 4.3 Fs w
BAT2c 5.4 5.0 0.0 0.0 20.8 31.2 9.3 0.4 7.0 Fs w
BAT4 21.4 1.8 0.0 2.0 16.1 41.3 11.9 1.3 24.3 Ms w-vw
BAT14 15.4 2.5 0.7 1.3 20.0 39.9 17.8 0.8 19.7 Ms w-vw

Proportions of solid rock components (all but porosity) are renormalised to a total of 100%. Component abbrevia-
tions, from left to right: MF, microfacies; Qm, Monocrystalline Quartz; Qp, Polycrystalline Quartz; Qt, Quartz
total; F, Feldspar; Gg, Green glauconite; Gb, Brownish/yellowish glauconite; Gt, Glauconite total; L, Lithic frag-
ments; c, carbonate; d, dolomite; cp, claystone pellets; fa, feldspar aggregates; qm, quartz–mica aggregates; Lt,
Lithic total; B, Bioclastic; b, bivalves; f, foraminifera; e, echinoderm; ca, calcareous algae; u, undifferentiated; Bt,
Bioclast total; Cc, Calcite cement; Fe, Iron Oxides/Hydroxides; P%, porosity percentage; GS, Mean grain size (ms,
medium-grained sand, fs, fine grained sand); S, Sorting (w, well, vw, very well). Bold values represent the total of
particular components. E.g. Monocrystalline quartz (Qm = 7.2%) + Polycrystalline quartz (Qp = 0%) (Qt in bold)
is the total percentage of the component quartz = Qm + Qp = Qt.
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bioturbated sandstone (F5). Facies association 4
(FA4), consisting of convolute sandstone (F8),
amalgamated normal graded sandstone (F9) and
conglomerates (F10), is typified by the presence of
sedimentary structures that are directed parallel
to the inferred palaeo-slope and perpendicular to
those observed in FA3. The convolute sandstones
(F9) are regularly found interbedded within FA3,
occurring within the channels. Facies F9 is
always found in association and amalgamated
with facies association 1 (Figs 3 and 4) and is only
recognized outside the channels. Conglomerates
(F10) are only present at one location in the Sidi
Chahed section, interbedded between F3 and F8
(Fig. 3B).

Fine-grained marine sediment (FA1)
The fine-grained sediment of FA1, the blue
marls (Table 1), are the same as previously
described in de Weger et al. (2020, 2021). Since
the facies (F1 and F2) of this facies association
are not the focal point of this work and they are
similar to FA1 as previously described in de
Weger et al. (2020, 2021), these authors’ inter-
pretation is directly applied. Facies association
1 is thus interpreted to represent a low energy
depositional environment dominated by the ver-
tical settling and lateral advection of both fine-
grained biogenic and terrigenous particles
(hemipelagic sedimentation) and the activity of
weak bottom currents resulting in drift deposits.
Furthermore, there was a likely presence of
occasional low-density turbidity currents (F2).

Contourite channel-drift transition (FA2)
Within FA2, the sandstone laminae (F3) repre-
sent the lowest energy conditions. Because F3 is
closely associated with FA2, its origin is also
likely related to bottom current processes. As
such, the lenticular sand laminae of facies F3
represent starved ripples formed by high energy
flow-conditions in an environment otherwise
dominated by suspension fallout related to
weaker current velocities. This indicates that
flow conditions alternated between low to mod-
erate current strengths with associated periods
of winnowing (Mart�ın-Chivelet et al., 2008).
Similar facies were also recognized in the Gulf
of Cadiz by de Castro et al. (2020, 2021) and in
similar but different outcrops in Morocco by de
Weger et al. (2021) who interpreted these depos-
its as bottom current reworked sands formed by
moderate but intermittent bottom currents cap-
able of reworking gravity driven flow deposits
which supplied sediment to the system. This

facies is ascribed to a channel-drift transition
environment, marked by stronger/weaker current
activity compared to the drift/channel (Fig. 7).
The heterolithic sandstones (F4) are more clo-

sely related to FA3 compared to FA1, where
facies F4 often represents the lateral equivalent
of the larger cross-stratified bedforms of F6.1
and F6.2. In comparison to F3, the cross-
laminated sandstone beds are better developed,
and the sand/mud ratio is higher, indicating
higher mean-current velocities and a possible
increase in sediment supply. With respect to the
findings of de Weger et al. (2021), this facies is
intermediate to F4 (heterolithic sandstone and
mudstone) and F5 (cross-stratified and rippled
sandstone) described therein (Fig. 7), allowing
for an assignation in the channel-drift transi-
tional domain. The heterolithic nature of the
beds suggests alternating flow conditions
between bedload transport and suspension fall-
out. These alterations might have been induced
by the tidal modulation of the palaeo-MOW (de
Weger et al., 2021) or have resulted from other,
longer timescale control on overflow behaviour
responsible for the expanse and collapse of the
bottom-current core.
The undifferentiated biogenic structures

together with Macaronichnus and Planolites-like
burrows indicated that benthic food was concen-
trated on the seafloor and within the upper cen-
timetres of the substrate. The higher abundance
and diversity of trace fossils in facies F4 with
respect to F3 can be related to the increased
availability of benthic food, which in turn is
likely associated with an increase in sediment
supply.

Contourite channel (FA3)
The commonality of the facies ascribed to facies
association 3 (Table 1) is that they show traction
structures in the form of planar-directional and
unidirectional cross-stratification (F5, F6 and
F7). This facies association occurs over thick
intervals (generally over 5 m in thickness) where
related facies occur both stacked and in lateral
transition. Only minor intervals (facies F3 and
F4) indicative of weaker current velocities are
present (Figs 3 and 4). These characteristics
indicate that flow conditions were relatively per-
sistent with high flow velocities. The alternation
of sedimentary facies and the presence of ero-
sive surfaces, however, suggest that current
velocities fluctuated but, in general, remained
high enough to erode and redistribute medium-
grained to coarse-grained sand. The erosive (or
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Fig. 7. The top panel is derived from de Weger et al. (2021) and shows the relation between facies F1 to F9
defined therein. This facies model is used for comparison to the newly proposed facies model made herein (two
bottom panels, one for the Sidi Chahed and one for the Kirmta outcrop). This facies model shows the relation
between facies and facies associations within the first-order contourite channel, which transitions towards the
drift (south/south-west or left). The estimated current velocity for each depositional domain is included.
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reactivation) surfaces could also indicate periods
of decreased sediment supply as well as the
intermittent behaviour of the bottom current
through time. The presence of tidal signatures,
such as thickening and thinning foreset-bundles
(Allen, 1982; Longhitano & Nemec, 2005), grad-
ual changes between angular to tangential
toe-set geometries (sensu Chiarella, 2016), and
foreset composition couplets (Ichaso & Dalrym-
ple, 2009; Longhitano et al., 2012) indicate that
deposition took place in a tidally-influenced
environment. This suggests that the formation of
the cross-stratified beds took several tidal cycles
(months to years), ruling out a turbiditic origin
of these deposits. De Weger et al. (2021) argued
that these tidal signatures in deep-water envi-
ronments of the Rifian Corridor resulted from
tidal modulation of the palaeo-MOW, most
prominently observed within contourite channel
deposits. This, combined with the strong energy
conditions required for the deposition of these
sediments, allows the assignation of this facies
association to the contourite channel (Fig. 7).
The general scarcity of trace fossils is consistent
with persistent high energy conditions hindering
bioturbation by trace makers.
Facies F5, although fully bioturbated, shows

remnants of parallel lamination. Unlike the pla-
nar laminated sandstone of facies F7, the fully
bioturbated nature suggests bottom-current
velocities that sustained environmental condi-
tions suitable for burrowing organisms. As such,
and since the sand fraction is generally coarse-
grained, the planar lamination and tabular bed-
ding are more likely associated with the lower
stage plane bed flow-regimes with current veloc-
ities between 0.4 m s�1 and 0.6 ms�1 (Southard
& Boguchwal, 1990). Like the heterolithic sand-
stones of facies F4, this facies often forms the
lateral equivalent of sub-facies F6.1 and F6.2,
albeit associated with lower current velocities.
As the flow velocity within bottom currents
decreases laterally away from the core (de Weger
et al., 2021) this facies represents a lateral facies
change related to an inter-channel depositional
environment away from the core, towards the
left channel flank (Fig. 7), or it was deposited at
a time when the palaeo-MOW was diminished.
Macaronichnus, the ichnogenera responsible for
the fully bioturbated appearance of this facies,
typically occurs in sand-rich shallow-marine (up
to foreshore) high-energy settings (Seike
et al., 2011) but it has also, albeit scarcely, been
identified in deeper environments (Rodr�ıguez-
Tovar & Aguirre, 2014). Based on the same

outcrops, Miguez-Salas & Rodr�ıguez-Tovar
(2021) explained the Macaronichnus trace maker
activity in this deep environment by high-
energy and nutrient-rich influxes related to
strong bottom currents, generating similar envi-
ronmental conditions to those in shallow-marine
settings. The presence of Scolicia, usually asso-
ciated with coarse silty to fine sandy sediment,
is consistent with the availability of benthic
food. The abundance and size of this trace, pro-
duced by irregular echinoids, increases with the
amount and nutritious value of benthic food
(Kr€oncke, 2006; Wetzel, 2008).
The cross-stratified nature and general tabular

bedding of the unidirectionally migrating depos-
its of facies F6 suggests that they most likely con-
stitute relics of deep-marine dunes. Based on the
depositional domain in the slope and the evi-
dence of a tidally modulated palaeo-MOW in the
late Miocene (Capella et al., 2017; de Weger
et al., 2020, 2021), these deposits are interpreted
as sandy contourite dunes. Previously, facies F6
had been interpreted as two-dimensional (F6.1
and F6.2) and three-dimensional dunes (F6.3 and
F6.4) by de Weger et al. (2020, 2021) related to
vigorous bottom currents along the contourite
channel. Similar facies have been reported by
Nelson et al. (1993), Hern�andez-Molina et al.
(2006) and Stow et al. (2013) in modern con-
tourite channels. Based on grain size, sedimen-
tary structures, the bedform-velocity matrix of
Stow et al. (2009) as well as bedform-velocity
flume experiments (Fedele et al., 2016; Koller
et al., 2019; De Cala et al., 2020), these bedforms
have formed as unidirectionally migrating dunes
under bottom current velocities reaching up to
1 ms�1 (Table 1, Fig. 7). The regularly observed
soft sediment deformation structures (Fig. 5G and
I) consisting of overturned cross-strata (Type 1
sensu Allen & Banks, 1972) and fluid escape
structures indicate disturbance whilst the sedi-
ments still contained water. According to Mckee
et al. (1962), Brenchley & Newall (1977) and
Owen (1996), tangential shearing drag on lique-
fied sand may produce these kinds of overturned
folds. The fold-style of overturned cross-strata
suggests that the deforming force was unidirec-
tional in its action. The fluid escape structures
with upward directed water-escape morphologies
can be described as internally ruptured fluid-
escape structures (sensu Owen, 1995). Since the
water escape processes hardly involve foreset
laminae but affected bed-sets, they likely did not
originate during the migration of the sand dunes
(Chiarella et al., 2016).
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The thinner-bedded, tabular, cross-stratified
sandstones of F6.1 are more heterolithic in nat-
ure compared to F6.2, as foresets more distinctly
alternate between more and less indurated sand.
This alteration is the result of fining-upward
foresets that are upward depleted in bioclastic
material, likely resulting from alternating flow
conditions, waxing and waning, most likely
induced by tides (de Weger et al., 2021).
The medium-bedded to thick-bedded cross-

stratified sandstones of F6.2 represent higher
energy, and more stable conditions of the
palaeo-MOW compared to sub-facies F6.1 as
they are thicker and more uniform in composi-
tion. Based on the bedform-velocity matrix by
Stow et al. (2009), the bedform stability diagram
by Southard & Boguchwal (1990) and the sedi-
mentary structures of contourite deposits by
Mart�ın-Chivelet et al. (2008), flow velocities
likely ranged between 0.4 ms�1 and 1.0 ms�1.
The 3D dunes related to sub-facies F6.3 and

F6.4 are, based on the bedform stability diagram
by Southard & Boguchwal (1990), deposited by
higher current velocities compared to the 2D
dunes of sub-facies F6.1 and F6.2. The cyclic
changes from angular to tangential toe-set
geometries in F6.4 indicate cyclically changing,
tidally modulated bottom current velocities.
The increasingly dominant occurrence of Mac-

aronichnus and Scolicia between sub-facies 6.1
to 6.4 is consistent with the increase in bottom
current velocities and available benthic food
supply between these facies (Kr€oncke, 2006;
Wetzel, 2008; Miguez-Salas & Rodr�ıguez-Tovar,
2021). The intense bioturbation by Macaronich-
nus and Scolicia trace makers likely hampered
bioturbation by other trace makers such as
Planolites and Thalassinoides-like producers.
The planar laminated sandstones of facies F7

are always found below facies F6, regularly
forming the lateral, towards the right channel
flank, equivalent of F6. Due to its association
with F6 and its inter-channel position, facies F7
is associated with the contourite channel and
has a contouritic origin. Thin-section analysis
on samples from F7.1 (KT1, KT2, KT3 and KT5)
revealed that the very fine to fine-grained sand
contains a significant number of pellets of
reworked mudstone and glauconite, fine-grained
shell fragments and predominantly planktonic
foraminifera. The claystone pellets are likely
sourced as rip-up clasts due to strong bottom
current activity and the composition of this sand
indicates winnowing. The long-axis of the bio-
clasts are oriented parallel to the bedding,

indicating primary current lamination. The pla-
nar parallel laminated beds with the presence of
primary current lamination also suggest strong
bottom currents, likely in the upper stage plane
bed flow regime. Mart�ın-Chivelet et al. (2008)
reported similar facies in contourite deposits
associated with current speeds ranging from 0.6
to 2.0 m s�1. Based on the bedform stability dia-
gram by Southard & Boguchwal (1990), flow
velocities for the very fine to fine-grained sand
in facies F7.1 were likely in the range of 0.6 to
1.0 ms�1, whereas flow velocities for the
medium-grained sand in facies F7.2 were likely
in the range of 1.0 to 1.6 m s�1. The bi-
gradational nature of the beds and on a larger
scale the bed-sets, most clearly observed in
facies F7.1, suggest gradual changes in flow
strength.
Like facies F5, this facies contains abundant

trace fossils; however traces are predominantly
undifferentiated, indicating that benthic food is
mainly available on the seafloor, decreasing
downward within the sediment. The presence of
benthic food at the seafloor can indicate changes
in flow strength, where during times of
decreased flow velocities nutrients were pre-
served at the seafloor, favouring trace maker
activity.
Since no clear facies indicative of turbidite

deposits have been found within the contourite
channel facies described here, it is most likely
that currents were sufficiently strong and/or
long-lasting to overprint, by reworking, potential
turbidity deposits.

Gravity-driven flow deposits (FA4)
The convolute and/or contorted nature and the
erosive basal surfaces of facies F8 (Table 1,
Fig. 5H and I) suggests that it represents the pro-
duct of a slump (Leeder, 2009; Reading, 2009;
Shanmugam, 2010). The regular presence of
fluid escape structures recognized directly below
facies F8, most often occurring in facies F6,
attests to the sudden displacement of sediment
creating overpressure in the still water-bearing
cross-stratified sandstones (F6). Although
slumps may occur over a wide range of deposi-
tional environments, their formation mainly
relies on inclined surfaces (for example, slopes).
Since the primary bedding of facies F8 is like
facies F6.3/F6.4 and F9, F8 might represent
down-slope, plastically deformed dunes and
fine-grained turbidites, respectively. As facies F8
with a composition like facies F6.3/F6.4 is pre-
dominantly found interbedded with facies
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association FA3, these slumps might represent
collapsed dunes. As facies F8 with a primary
composition like facies F9 is primarily found on
the right flank of the channel, here F8 likely rep-
resents slope deposits that slumped into the
channel (Fig. 7), either due to oversteepening of
the slope and/or tectonic instability or due to
undercutting of the slope by the core of the bot-
tom current. M�ezerais et al. (1993) also observed
that local sediment slumps occur on flanks of
contourite channels and that sedimentation on
these flanks was likely disrupted by slumps.
Facies F9 (Table 1) generally shows basal

scours and clear bounding surfaces. The well-
sorted to very well-sorted, normal graded beds
and internal structures typically represent a
decelerating turbulent flow from the upper flow
regime to suspension fallout (Bouma, 1962).
Facies F9, predominantly consisting of thin bed-
ded turbidites might suggest a basinal (silty–
sandy distal lobe) depositional setting. However,
they more likely represent the tail of turbidity
current deposits on the slope (Mutti, 1992;
Mutti et al., 2009; Mulder, 2011; Talling et al.,
2012) or very low-density turbiditic currents on
the slope, as recently discussed by de Castro
et al. (2020, 2021) and H€uneke et al. (2021)
(Fig. 7).
The deeply incised erosional surface of facies

F10 indicates high shear stresses likely related
to very high flow velocities or dense flow. The
nature of deposition suggests a clastic flow most
likely resulting from slope instability. Some con-
glomerates enriched in quartzose clasts may be
first-cycle deposits that formed by erosion of a
quartzite, quartz arenite or chert-nodule lime-
stone source (Boggs Jr & Boggs, 2009). The accre-
tionary wedge, actively uplifting around the
time of deposition and slope formation prior to
the deposition of the studied sections, is com-
posed of blocks of different lithologies (lime-
stones, sandstones and evaporites among others,
Sani et al., 2007) and was thus likely the source
of the debris-flow conglomerate.

Facies distribution within the contourite
channels (FA3)

The second-order channels and their sedimen-
tary facies distribution is referred to with respect
to the position within the first-order channels.
Terminology applied for both the first and
second-order channels is provided in Fig. 8. In
the Sidi Chahed outcrop the across channel
direction is roughly north–south, whereas the

across channel direction in Kirmta is oriented
north-east/south-west (Figs 9 and 10).
Besides the vertical facies stacking pattern

logged throughout both outcrops (Figs 3 and 4),
picture analysis and field sketches allow for the
recognition and distribution of second-order
channels as well as both vertical and lateral sed-
imentary facies changes (Figs 9 and 10). The
detailed assignation of sub-facies from pictures
proved difficult, resulting in only facies F6 and
F7 being assigned. This does not significantly
change the outcome of the interpretations. The
first-order channels are dominantly encased by
facies association 1. For all first-order channels
the lower bounding surfaces are erosive
(concave-up). The second-order channels with
erosional, concave-up lower bounding surfaces,
most clearly identified in the Sidi Chahed out-
crop (Fig. 9), are mainly filled by facies associa-
tion 3 but show a strong correlation to facies F8.

Sidi Chahed
In the Sidi Chahed section (Figs 3 and 9), the best
visualization of the second-order channels, and
their sedimentary facies distribution is applied
for SU-1 (Fig. 9A to E); however, similar trends
were observed in SU-2 and SU-3. Figure 9E repre-
sents the right, most proximal, flank of the chan-
nel, whereas Fig. 9D represents the left (more
distal) flank of the channel. Figure 9C represents
a location in the channel close to its axis (Fig. 8).
The right channel flank is dominated by tur-

bidites (F8), which have a similar primary petro-
graphic composition as the slump deposits (F9).
This facies transitions laterally (towards the axis
of the channel) towards planar laminated sand-
stones (F7.2) and cross-stratified sandstones
(F6.4/F6.3 and F6.2) (Fig. 9E). The vertical facies
signature in the right flank consists of the subse-
quent stacking of convolute sandstones (F8),
separated by erosive bounding surfaces. In the
direction towards the channel axis the vertical
facies distribution consists of the successive
stacking of F7.2, F6.3/F6.4 and F6.2. The overall
vertical facies trend in the second-order chan-
nels is fining-upward, related to changes in
facies with complex to more simple architec-
tures and internal structures, grading from facies
F8, F7 to F6.
The axis area of the channel (Fig. 9C) is

marked by extensive second-order erosional sur-
faces with distinct changes in bedding orienta-
tion of the infill sequences. Similarly, to the
right flank, the overall trend is fining-upward
related to a vertical facies distribution that, in

� 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology, 70, 611–644

630 W. de Weger et al.

 13653091, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13042 by U

niversidad D
e G

ranada, W
iley O

nline L
ibrary on [03/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



general, consists of the subsequent stacking of
F7.2, F6.3/F6.4 and F6.2. The lateral facies
changes (towards the left flank) are marked by a
modest change from dominantly higher, to lower
order facies (F7 to F6).
The left flank of the channel (Fig. 9D) is

marked by second-order channels with clear ero-
sional lower bounding surfaces. Although these
unconformities can also be identified in the pre-
viously discussed parts of the channel, here they
are most prominent due to the asymmetrical
evolution of the channel, migrating up-slope.
The vertical facies distribution in this flank is
marked by a change from dominantly higher to
lower order facies (F6.4 to F3). The lateral facies
changes are marked by a similar distribution
(fining towards the left) albeit directed in a more
distal direction, outside of the channel.
Below the left flank of the channel facies F8, F9

and F10 can be found as individual bodies
encased in facies association 1 (Fig. 9D), not show-
ing any process related lateral facies changes.
Within the left flank of the channel, facies F8,
which occurs interbedded with F6, shows internal
features more like facies F6 than F9.

Kirmta
Within the Kirmta outcrop the three first-order
channels (SUs) show good lateral and vertical
exposure (Fig. 10A and B). The direction of view
is roughly parallel to the flow direction and thus
to the axis of the first-order channels. The erosive
lower channel bounding surface is incised into
facies association 1. This erosive bounding sur-
face is overlain by sub-facies F7.1 which, in the
axis of the channel, is overlain by another erosive
bounding surface. On top of facies F7.1 stacked
intervals of facies F6 (predominantly sub-facies
F6.2) were found which are separated by laterally
extensive, near vertical erosional surfaces. Facies
F6 grades, quite rapidly, to the facies of FA2 and
FA1, where FA1 is regularly interbedded by
facies F9 (Fig. 10C).
Below the left channel flank of the first-order

channel, facies association 1 coarsens upward,
followed by the erosional lower bounding sur-
face of the channel. At this location, the channel
fill sequence consists of the stacking of facies
F7.1, F6.1, F6.2 (erosive lower bounding surface)
and F6.1 after which a fining-upward transition
occurs from facies F4, F3, F2 to F1. Towards the

Fig. 8. Simplified palaeogeographical setting and terminology of the late Miocene, South Rifian Corridor con-
tourite channel system. The panel in the lower right corner shows a reference frame with the direction of view
(crop mask of Fig. 1).
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Fig. 9. Facies distribution within main Sand-Units (SU1–SU3) of the Sidi Chahed outcrop. (A) Panoramic picture
with the main, concave-up sand units, indicated (from old to young), by the yellow (SU1), green (SU2) and red
(SU3) lines. This colour-scheme is also applied to the remaining figures. (B) Top-view of the outcrop with the
black arrows indicating the main palaeo-current direction and the dotted lines indicating the width of each sand
unit. (C) Panoramic picture and interpretation of part of Sand-Unit 1 as indicated in (A). (D) The southern flank of
Sand-Unit 1 and its interpretation. (E) The northern flank of Sand-Unit 1 and its interpretation.
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axis of the channel the main lateral facies
change consists of a thicker interval of facies
F6.2, which, towards the left flank grades to
FA3 (Fig. 10C). The right flank in the east
(Fig. 10A) is less complex, only consisting of
slightly coarsening-upward facies association 1,
followed by the presence of cyclically stacked
bed-sets of F7.1 (Fig. 4D).

DISCUSSION

De Weger et al. (2020) investigated the spatial
distribution and time variations between sand
units in the Sidi Chahed and Kirmta sections,
which were interpreted as two separate

contourite channels related to the late Miocene
Contourite Channel system. Similarities have
been observed in analogue channels which have
developed in the Gulf of C�adiz since the open-
ing of the Strait of Gibraltar (Hern�andez-Molina
et al., 2014; Llave et al., 2020). At the exit of the
Strait of Gibraltar, the contourite depositional
system, formed by the circulation of the
Mediterranean Outflow Water (MOW) since the
early Pliocene to the present (Hern�andez-Molina
et al., 2014), consists of a succession of deeply
incised valleys/channels, channel fills and
mounded drifts (Fig. 11). De Weger et al. (2020)
recognized that the palaeo-MOW acted in a sim-
ilar way as the present-day MOW, which also
consisted of two branches: (i) the upper,

Fig. 10. Facies distribution within main sand-units (SU1–SU3) of the Kirmta outcrop. (A) Panoramic picture with
the main, gently concave-up sand units, indicated (from old to young), by the yellow (SU1), green (SU2) and red
(SU3). Facies in the east consist of laterally extensive F7.1 encased by facies association FA1. (B) Panoramic of
the middle part of the outcrop with (C) the facies distribution interpretation below.
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shallower northern channel/branch related to
the Kirmta outcrop; and (ii) the lower, deeper
southern channel/branch related to the Sidi Cha-
hed outcrop. Both branches of the palaeo-MOW
were deflected towards the right (north) by the
Coriolis force. The upper branch resulted from
the partial mixing of intermediate and deep
Mediterranean waters, whereas the lower branch
consisted of deep Mediterranean waters (sensu
Hern�andez-Molina et al., 2014), resulting in rel-
atively lower/higher density gradients and
lower/higher flow velocities for the upper/lower
branches, respectively. Because this interpreta-
tion of the large morphological features is
adopted herein, most sedimentary facies are
associated with the contourite channel or adja-
cent drift (Fig. 7).

First-order contourite channels

The first-order contourite channels are the lar-
gest concave-up, purely erosional features, form-
ing the marl/sand interface, in the frontal part of
the accretionary wedge (Fig. 12). De Weger
et al. (2020) suggested that these first-order con-
tourite channels migrated up-slope from SU1 to
SU3, driven by tectonic activity. Based on the

study case of the Gulf of Cadiz, the southern
channel is influenced by the present-day lower
core of the MOW, conditioned both by tectonics
and glacioeustatic changes in sea level. In the
Gulf of Cadiz, the first-order channels are on
average 3 to 4 km wide, about 160 km long and
are between 30 to 50 m incised, much like the
observed channel fill sequences in the ancient
record (35 m). In the Gulf of Cadiz, several
channel erosive discontinuities (C1 to C9 in
Fig. 11) and their respective smaller incisions
with sedimentary infill units (second-order
channels) are described, developing since their
inception in the early Pliocene. Five of these
channels (C1 to C5) have developed in the cen-
tral depression between two structural highs,
the western high being the hanging wall of a
thrust fault. During the early Quaternary to late
Pleistocene, there was a clear displacement of
three erosive channels (C6 to C8) as well as the
formation of adjacent smooth mounded drifts on
their western sides (Fig. 11). These channels
and associated mounded drifts have migrated
up-slope to their present-day location. This
mode of up-slope migration is similar to that
observed in the Kirmta and Sidi Chahed out-
crops (SU1 to SU3). The youngest channel (C9)

Fig. 11. Multichannel seismic profile from the Gulf of Cadiz contourite depositional system showing the distribu-
tion of the erosive base of contourite channels developed coeval with regional discontinuities (from old to young;
C1 to C9). Seismic line provided by REPSOL Exploration, S.A.
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has been laterally displaced towards the north-
west during the Late Pleistocene up to present
(Fig. 11).
Besides a tectonic origin for channel migra-

tion, tectonism is also assumed to be intimately
related to the behaviour of the palaeo-MOW due
to the formation and evolution of the Taza-Sill.
The purely erosive nature of the palaeo-MOW in
its phase of first-order contourite channel forma-
tion is related to very vigorous bottom currents.
Since the first-order contourite channels are lar-
ger than the second-order channels, the core of
the palaeo-MOW during this stage was larger
and likely more confined (Fig. 12). The initia-
tion of bottom currents is believed to have coin-
cided with large density differences between the
palaeo-MOW and the ambient water due to
enhanced Mediterranean deep-water formation
as a result of increased restriction of water-mass
exchange. Furthermore, the density gradient was
thought to be very high as the ambient water
mass and the palaeo-MOW were not yet diluted
by turbulent mixing. This high-density gradient
not only resulted in very vigorous currents, but
it also resulted in a large, confined core. These
factors are likely the reason why the initial
phase of contourite channels is usually marked
by large erosive channelized surfaces (Faug�eres
et al., 1999; Llave et al., 2006; Garc�ıa et al.,
2009; Hern�andez-Molina et al., 2014; Gong
et al., 2017).

In the literature it is well-established that the
current velocities of overflow water are highest
near the point of overflow, decelerating due to
turbulent mixing and topographic gradient
changes down current (S�anchez-Leal et al.,
2017). The distribution of facies in agreement
with this model have also been documented in
ancient Mediterranean Straits (for example,
Catanzaro Strait; Longhitano et al., 2012). This
suggests that both the Sidi Chahed and Kirmta
outcrops were in close to the sill.
The transition from a purely erosive, towards

a more depositional system is most likely pri-
marily related to a decrease in flow velocities
resulting from turbulent mixing with the ambi-
ent water masses. Furthermore, upon establish-
ment of two-way exchange, related to the
initiation of overflow water associated with the
formation of the first-order channel, the density
of the palaeo-MOW decreased as it became less
restricted. Sediment supply should not have
been a controlling factor because tectonic activ-
ity, a major constituent for down-slope sediment
supply, is thought to have played the dominant
role during this phase of contourite channel for-
mation.
Reconfiguration of the Taza-Sill, its effect on

the behaviour of the palaeo-MOW and the
southward migration of the accretionary wedge
are all primarily deemed responsible for the
step-wise formation of the six identified first-

Fig. 12. Sketch of the Sidi Chahed and Kirmta sections within the slope. This sketch furthermore depicts the first
and second-order channels, their morphologies, and their interrelationship.
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order contourite channels (de Weger et al.,
2020). Observations from the Gulf of Cadiz Con-
tourite System have shown that a stronger MOW
in the deeper channel is linked to glacial peri-
ods, associated with higher aridity in the
Mediterranean and thus an increase in the den-
sity of Mediterranean Deep Water (Llave et al.,
2006). De Weger et al. (2020) implied from this
that the MOW favours either the upper or lower
channel due to changes in density characteris-
tics of the palaeo-MOW and that they are not
synchronously active. Accordingly, such
changes are induced by tectonic and climatic
processes and their effects on the Mediterranean
water masses. The late Miocene however was
not severely affected by glacial–interglacial (ec-
centricity) cycles but was more dominantly
affected by precession (Sierro et al., 1999). Pre-
cessional cyclicity is therefore thought likely to
have been a secondary driving force behind the
first-order intermittent behaviour of the palaeo-
MOW (Sierro et al., 2020) and the out-of-
sequence behaviour of the channel branches, or
it controlled the second-order contourite chan-
nel features. Smaller-order changes in the hydro-
dynamic characteristics of the palaeo-MOW are
related to millennial and seasonal changes in
climatic conditions (Gladstone et al., 2007) and
due to the short timescales that primarily
affected channel fill sequences.

Second-order contourite channels

The second-order contourite channels are char-
acterized by smaller scale erosional channels
that have subsequently been filled with sedi-
ment, making them both erosional and deposi-
tional. The formation of these second-order
channels is initiated by erosive reactivation
events after which deposition took place. This
change from an erosional to a depositional
regime is mainly due to a decrease in flow
velocity of the palaeo-MOW and/or increased
down-slope sediment supply to the channel.
The reason why these second-order channels are
more easily identified in the Sidi Chahed sec-
tion might be because, in general, this section
was influenced by more vigorous bottom cur-
rents and thus also stronger erosive events.
The spatiotemporal infill of the secondary

channels is primarily related to the velocity dis-
tribution of bottom current water masses. High-
est bottom current velocities are found in the
core of the bottom current with decreasing cur-
rent velocities towards the left flank (dependent

on the deflection caused by the Coriolis force)
and the drift (Fig. 7). Depending on sediment
availability, sediment characteristics and the
velocity of the current, bedforms are identified
to have been developed in accordance with the
bedform stability diagram (Southard & Boguch-
wal, 1990). The full range of across channel
facies/bedforms identified in the Sidi Chahed
outcrop (Fig. 7), from the right to the left flank,
consist of slope erosion, upper-stage plane bed-
forms (or part of larger wavelength bedforms in
upper stage) (F7), three-dimensional dunes (F6.4
and F6.3), two-dimensional dunes (F6.2 and
F6.1), lower-stage plane bedforms, and hetero-
lithic, transitional facies (F4). The channel-drift
transitional facies of F4 cover both the left flank
of the channel and the adjacent drift. The
channel-drift transitional facies F3 is
located close to the drift and transitions to pure
drift facies F2 and F1 in a distal direction
(Figs 7 and 13).
The panoramic pictures of the Sidi Chahed

outcrop (Fig. 9) clearly show the stepwise reacti-
vation of the bottom current, recognized by
second-order channel migration. The secondary
channels are recognized to either prograde
(move up) or retrograde (move down) with
respect to the lateral palaeo-slope.
Progradation, or the distal migration of the

second-order channel with respect to the slope,
is usually associated with large slump deposits
in the right flank. These slump deposits, by
occupying the right flank area of the channel,
likely forced the core of the current in the direc-
tion of the left flank, forcing progradation or
southward channel migration (Fig. 13A). These
slumps were either triggered by tectonic insta-
bility or undercutting by the core of the bottom
current. Progradation could also be stimulated
by higher density contrasts between the bottom
current and the ambient water mass, allowing
the core to flow deeper, down slope. Retrograda-
tion represents the normal evolution of con-
tourite channel systems (Faug�eres &
Stow, 2008), where erosion occurs on the right
flank and deposition is focused on the left flank
and the adjacent drift, forcing the system to
migrate towards the right or up-slope. The
observed secondary channel distribution com-
prises the subsequent progradation and retrogra-
dation of the contourite channel. This evolution
indicates that, if the slumps were triggered by
tectonic induced instability, the system was ini-
tially affected by stronger/more frequent tectonic
activity. These tectonic pulses decreased
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roughly half-way during the evolution of the
channel, decreasing sediment slumping, and
causing the system to prograde. The final stages
of channel fill are marked by the presence of rel-
atively fine-grained and thinner bedded deposits
(Figs 3 and 4), indicating a decrease in flow
velocity (Fig. 7). This decrease in flow velocity
likely resulted from a decrease in the density
gradient between the palaeo-MOW and the
ambient water masses.
The facies distribution in the Kirmta outcrop

is distinctly different from that in the Sidi Cha-
hed outcrop and second-order channels are
hardly recognized. Despite the lack of distinct
second-order channels, within the facies distri-
bution several laterally extensive and near hori-
zontal reactivation surfaces have been
recognized. These reactivation surfaces are
expected to have resulted from either a decrease
in sediment transported to the system or tempo-
rary flow velocities exceeding that required for
sediment deposition. These features were

triggered by similar processes as those described
for the Sidi Chahed outcrop.

Mechanics of dense gravity flows

The MOW flowing down the Taza-Sill and
through the channels can be regarded as a dense
(saline) gravity flow driven not only by the den-
sity gradient established with the water mass
above, but also the topographic gradient down
the sill. The dense, energetic bottom flow will
entrain water from above due to friction and tur-
bulent mixing at the interface and develop a
lower boundary layer in contact with the seabed,
the thickness of which is controlled by the rela-
tive importance between bed and interface fric-
tion (Fedele et al., 2016; Koller et al., 2019; De
Cala et al., 2020). It is important to keep in
mind that, although some of the hydrodynamic
and sediment transport processes associated
with dense bottom flows might not be fully anal-
ogous to the subaerial (fluvial) case, some

Fig. 13. Evolution of second-order channels and their related infill deposits. The secondary channels within the
Sidi Chahed section (A) and (B) either prograde (A) or retrograde (B). The channel fill sequence in the Kirmta sec-
tion is less complex due to weaker bottom currents and smaller bottom current velocity fluctuations.
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fundamental behaviour related to particularities
of bedform dynamics remain common to many
different flow types, such as for example the
relationship between dune and turbulent bound-
ary layer mechanics (Fedele et al., 2016). The
thickness of the lower boundary layer of the
MOW flowing through the channels is estimated
to be within the range of 8 to 14 m, using scal-
ing from the observed dune properties (wave-
length, height, grain size; Kennedy, 1969;
Engelund, 1970; Raudkivi, 1976; Yalin, 1977;
Fedele et al., 2016). Assuming well-developed
dunes, dune heights of about 2 to 3 m and sedi-
ments ranging 250 to 500 lm, would indicate
dune wavelengths on the order of 40 to 70 m. In
addition, estimates of shear velocities and thus
dimensionless shear stresses (Shields – or mobil-
ity parameter) of about 0.4 to 0.6 (Liu, 1957; van
Rijn, 1984; Van den Berg & Van Gelder, 1993;
Parker, 2008) lead to a range of bed-related fric-
tion coefficients Cf of the flows in the range
0.007 to 0.01. Bed-related friction coefficients
are then increased appropriately to account for
the contribution of interfacial friction and mix-
ing in the dense gravity flow (Ellison &
Turner, 1959; Streeter & Kestin, 1961), to obtain
estimates of the current average velocity, thus
found in the range 0.6 to 0.9 ms�1.
Although very similar to previous estimates

described above using dimensioned bedform dia-
grams (Boguchwal & Southard, 1990), the latter
are derived and consistent with a more realistic
flow setting. Finally, using these average flow
velocities and thickness of the boundary layer,
along with a range of fractional density differ-
ences between the dense lower cascading flow in
the MOV and the water mass above of the order of
0.001 to 0.005, densimetric Froude numbers
applicable to the lower boundary layer are com-
puted and found to be in the order of 1.5 to 1.9
(supercritical). The Froude estimates and grain
sizes observed place the bedforms in the appropri-
ate field of stability of dunes created by dense
gravity flows, reported in Fedele et al. (2016),
Koller et al. (2019) and De Cala et al. (2020).

Facies model

Based on the current findings, the sedimentary
facies model for sandy contourites, previously
proposed by de Weger et al. (2021), requires the
addition of a down-current dimension (Fig. 14).
The range of erosional morphologies and deposi-
tional sedimentary facies both depend on, as sta-
ted previously: (i) sediment availability; (ii) the

characteristics of the available sediment; and
(iii) the hydrodynamic characteristics of the
water mass that forms a bottom current with
respect to the hydrodynamic characteristics of
the ambient water mass.
In general, the velocity of bottom currents

decreases in two directions, both down current
and away from the core of the current in the oppo-
site direction to which the core is deflected by the
Coriolis force (Fig. 14). The formation of bed-
forms follows this down-current and core-
perpendicular trend in decrease in flow velocities
depending on the grain size and current velocity.
Despite bedform stability diagrams being
deduced from tank-experiments, the evolution of
the documented bedforms associated with a
decrease in flow velocity in outcrop, although
limited by the availability of sediment and its
characteristics, correlate well to these diagrams.
If current velocities and sediment availability

are all appropriate, a full range of bedforms
might develop in contourite channels. If flow
velocities are lower, either due to a decrease in
the density difference between the water mass of
the bottom current and the ambient water mass,
turbulent mixing of the water masses, or other
processes affecting a decrease in flow velocities,
the depositional regime changes. An example of
this change is likely recorded between the Sidi
Chahed and Kirmta outcrops, where the Kirmta
outcrop was affected by weaker current veloci-
ties. On the other hand, morphological features
such as obstacles and confinement can increase
current velocities, causing a shift in bedforms
related to higher flow velocities.

Facies model applicability

Published evidence of sandy contourite depos-
its, primarily located in the Gulf of Cadiz
(Hern�andez-Molina et al., 2006; Stow et al.,
2013; Hern�andez-Molina et al., 2014; Bracken-
ridge et al., 2018; de Castro et al., 2021) but also
in Faero Bank Channel area (Akhmetzhanov
et al., 2007), the South China Sea (Gong
et al., 2017), onshore in the Yangtze region of
China (Zhang et al., 2020) and in the southern
Brasil Basin (M�ezerais et al., 1993), reveals that
contourite channel deposits are primarily found
in areas in which the contourite channel
changes its orientation, forming a bend. The
studied sections, due to the obstruction of the
Prerif Ridges (Fig. 1; de Weger et al., 2020),
were likely also located in an area where the
contourite channel formed a bend. The scarcity
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of recognized contourite channel deposits and
the fact that, where recognized, the contourite
channel depositional features are located in
bends of the channel suggest that sedimentation
in contourite channels might primarily take
place within these bends, and/or that the preser-
vation potential is highest in these areas. Conse-
quently, contourite channels in outcrop might
only be recognized/preserved at bends. The fac-
tors behind this phenomenon are likely related
to changes in flow characteristics. Piper & Nor-
mark (1983) mentioned that flow stripping hap-
pens mostly in the bends of turbidite channels
and otherwise most of the flow is concentrated
within the channel. Similar as for turbidite
channels, flow stripping might be responsible
for the change in flow characteristics in the
bends of contourite channels and their associ-
ated deposits. Thus far, the processes behind
the change in flow characteristics responsible
for preferred deposition in bends (such as cross-
flows resulting from the combined action of
Coriolis effect, slope gradient and bottom Ekman
layers) can only be hypothesized and thus need
to be investigated further. The proposed facies
model however is still viable because it is pri-
marily related to down-current and core lateral

decreases in flow velocity. It is possible though
that the coarsest grained sedimentary facies are
only found in areas of the contourite channel
where it changes its orientation.

IMPLICATIONS

Climate reconstruction

Contourite systems are controlled by climatic
processes. These climatic processes are captured
in the sedimentary record. Particularly, sand-
stone contourite facies are prone to capturing
even small-scale changes in flow characteristics
induced by climatic change (de Weger
et al., 2021). By unravelling these signatures in
the ancient record, the information contained
within can help develop to understanding in
changes in global ocean circulation. Inversely,
as is the case for the palaeo-MOW, bottom-
currents in gateways, or overflows, can signifi-
cantly contribute to the thermohaline circulation
(Rahmstorf, 2006; Kuhlbrodt et al., 2007; Roger-
son et al., 2012), significantly affecting global
climate. By studying contourite deposits we can
improve the detailed resolution of fluxes of

Fig. 14. Three-dimensional sandy contourite facies model showing the contourite channel and drift. Up current,
or at the site of overflow, bottom current velocities are highest. Down-current bottom current velocities decrease.
The bottom current core is the most energetic part within contourite systems, with decreasing current velocities
away from the core. This model represents an idealized facies model where the facies distribution is a product of
both sediment characteristics and current velocities.
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dense overflow water and its contribution to glo-
bal ocean circulation (de Weger et al., 2020).

Reservoir potentiality

Contourite channels associated with lateral
drifts and terraces have been recognized to con-
tain large volumes of well-sorted sands in con-
tourite depositional systems (Viana, 2008; Mutti
& Carminatti, 2011; Stow et al., 2013; Hern�an-
dez-Molina et al., 2016; Brackenridge et al.,
2018; de Weger et al., 2021). These systems
however were, as of yet, not well-understood,
and the inter-channel and down-channel facies
distribution had not yet been documented. This
facies distribution however plays a vital role in
the characterization and appraisal of sandy con-
tourite reservoirs. Based on this study’s findings,
areas affected by overflows at the exits of straits,
corridors and gateways develop sandy deposits
in contourite channels where porosities within
the inter-channel sandstone facies range
between 2% and 25% (Table 2), albeit that
porosity estimates might be enhanced by disso-
lution. These values however are based on
microfacies MF1 and MF2, not including the
coarser grained MF3 which has shown porosi-
ties up to 35%. Despite these preliminary results
of reservoir quality, extensive petrophysical
analysis on fresh rock samples should be exe-
cuted.
One of the most promising features from the

prospective of hydrocarbon system’s potential is
the association of the sand prone contourite
channel fill and the adjacent mud prone con-
tourite drift. The contourite drift has a high
mud-to-sand ratio which likely has good charac-
teristics to act as seal (Viana et al., 2007;
Viana, 2008; Bailey et al., 2021). Based on the
findings of this study, the first-order contourite
channels, filled by sandstone facies (F5, F6 and
F7), are encapsulated by muddy drift deposits
(F1, F2, F3 and F4), indicating that the system is
self-sealing.

CONCLUSIONS

This contribution focuses on the description and
interpretation of relics of late Miocene con-
tourite channels in outcrop that have formed by
the action of overflow of the palaeo-
Mediterranean Outflow Water (MOW). These
channels consist of first-order contourite chan-
nels that range in width between 750 m and

2000 m and are up to 35 m deep. These first-
order channels have formed by vigorous, erosive
bottom currents associated with the tectonically
induced initial phase of overflow formation.
Subsequently, the first-order channels, that
formed intra slope sub-basins, are filled by up to
300 m wide and up to 15 m deep second-order
channels. These second-order channels repre-
sent a phase of erosion, followed by the deposi-
tion of sediment associated with a relative
decrease in flow velocity. Migration of the
second-order channels is partly controlled by
tectonic instability, evidenced by slumps in the
proximal part of the channel. The emplacement
of slump deposits might have forced the core of
the bottom current (or second-order channel) to
migrate down-slope. The contourite channel
migration is directed up-slope because of the
combined effects of the Coriolis forces along
with general up-slope erosion and down-slope
accretion.
The depositional phase of the second-order

channels is marked by sandstone deposits with
traction structures associated with tidally modu-
lated bottom currents generated by the palaeo-
MOW. Changes in sedimentary facies are primar-
ily related to short-term, tidally, seasonally and
orbitally induced changes in the overflow charac-
teristics, and the resulting changes in the veloc-
ity of the palaeo-MOW. Both down-current and
across-channel facies changes from planar lami-
nated sandstones (F7), three-dimensional dunes
(F6.4 and F6.3), two-dimensional dunes (F6.2
and F6.1) to fully bioturbated sandstones with
remnants of planar lamination (F5) are ascribed
to a decrease in flow-velocity resulting from a
decrease in acceleration due to gravity and the
across-channel velocity profile, respectively. As
such, the inter-channel sandstone facies correlate
well to bedform stability diagrams.
This work comprises a novel, detailed study of

an exposed contourite channel system from
which a facies model for contourite channels is
proposed. However, it needs to be carefully com-
pared to other modern and ancient contourite
depositional systems to increase its validity. Con-
tourite channel deposits contain valuable, high-
resolution information regarding the evolution of
overflow-processes and their effect on changes in
global ocean circulation. Coarse-grained con-
tourite channels, such as those documented here,
form potentially valuable reservoir targets in
exploration geosciences. The documentation of
coarse-grained contourite channel facies being
limited only to bends in the contourite channel
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might indicate that hydrocarbon reservoirs related
to contourite channels are axially discontinuous.
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