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ABSTRACT
Paleoceanographic information from submarine over�ows in the vicinity of oceanic gate-

ways is of major importance for resolving the role of ocean circulation in modulating Earth�s 
climate. Earth system models are currently the favored way to study the impact of gateways 
on global-scale processes, but studies on over�ow-related deposits are more suitable to under-
stand the detailed changes. Such deposits, however, had not yet been documented in outcrop. 
Here, we present a unique late Miocene contourite channel system from the Ri�an Corridor 
(Morocco) related to the initiation of Mediterranean Out�ow Water (MOW). Two channel 
branches were identi�ed consisting of three vertically stacked channelized sandstone units 
encased in muddy deposits. Both branches have different channel-�ll characteristics. Our 
�ndings provide strong evidence for intermittent behavior of over�ow controlled by tectonic 
processes and regional climatic change. These �uctuations in paleo-MOW intermittently 
in�uenced global ocean circulation.

INTRODUCTION
Plate-tectonic recon�guration plays a major 

role in modifying global ocean circulation and 
poleward temperature gradients by opening 
and closing oceanic gateways (Knutz, 2008). 
Changes in the transport of saline Mediterra-
nean Out�ow Water (MOW) to northern lati-
tudes are no exception, as the present-day MOW 
contributes to the Atlantic Meridional Overturn-
ing Circulation by as much as 15%, increasing 
the North Atlantic surface temperature by 1 °C 
(Rogerson et�al., 2012). The occurrence of a 
late Miocene paleo-MOW therefore likely had 
an impact on global ocean circulation and asso-
ciated climate change. Recently, Capella et�al. 
(2019) suggested that initiation of this paleo-
MOW contributed to both the �13C shift and 
global cooling.

General circulation models are regularly 
used to reconstruct the nature of changing con-
nectivity between oceans and seas. However, 

these models are not suited to simulate hydraulic 
controls of narrow gateways, generating results 
that differ from observations (Alhammoud et�al., 
2010; Ivanovic et�al., 2013). To reconstruct the 
detailed timing and nature of changing connec-
tivity, a geological record is required. Critical 
information for reconstructing gateway over-
�ows is most likely preserved in the sediments 
that accumulated at its exit, i.e., contourites 
(e.g., Toucanne et�al., 2007).

Contourite features have been recognized in 
modern and ancient sedimentary records along 
continental margins and in deep-water settings. 
Despite growing scienti�c interest, these deep-
marine systems remain relatively poorly under-
stood (Rebesco et�al., 2014; Stow and Smillie, 
2020), since very few ancient contourite depos-
its have been identi�ed in outcrops and cores 
(Hüneke and Stow, 2008; Mutti et�al., 2014). 
Here, we describe an unprecedented archive 
for unravelling the initial stages of MOW and 
the controls on over�ow behavior based on 
two ancient contourite channels in the former 

Ri�an Corridor, Morocco. These channels are 
associated with the late Miocene paleo-MOW, 
which played an important role in water-mass 
exchange with the Atlantic Ocean (Seidenkrantz 
et�al., 2000).

REGIONAL SETTING
The South Ri�an Corridor is part of the Rif-

Betic Cordillera, an arc-shaped orogenic belt 
surrounding the AlborÆn Sea in the western-
most part of the Mediterranean (Fig.�1). This 
marine gateway evolved in the Tortonian as a 
southwestward-migrating foreland basin during 
the latest stage of Africa-Iberia collision (Sani 
et�al., 2007). The main basins that recorded sedi-
mentation are the Saiss-Gharb on the Atlantic 
side and the Taza-Guercif on the Mediterranean 
side of the paleo�Taza Sill (Fig.�1; Capella et�al., 
2017a). The studied sections are situated just 
north of the Saiss Basin, where the sea�oor mor-
phology contained subaqueous highs formed by 
the Prerif Ridges (�PR� in Fig.�1; RoldÆn et�al., 
2014) and the imbricate wedge (Preri�an Nappe 
in Capella et�al., 2017a). The frontal part of this 
wedge forms the northern slope of the corridor, 
which consists of intraslope subbasins related 
to the main thrust faults.

SEDIMENTARY RECORD
We identi�ed eight facies (F1�F8) associ-

ated with hemipelagic, gravitational, and con-
tourite deposits (Table S1 in the Supplemental 
 Material1). The Sidi Chahed section corresponds 
to �Ben Allou� studied by Capella et�al. (2017a), 
while the Kirmta section is newly recognized. 
Both sections are composed of three verti-
cally stacked sandstone units consisting of a *E-mail: wouter.deweger.2017@live.rhul.ac.uk

1Supplemental Material. Table S1 (facies and facies association scheme with example pictures from the outcrops). Please visit https://doi .org/10.1130/GEOL.S.12730928 
to access the supplemental material, and contact editing@geosociety.org with any questions.
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 compositional mix (sensu Chiarella et�al., 2017) 
of bioclastic (dominantly shell, echinoid, and 
bryozoan fragments and foraminifera) and very 
�ne� to coarse-grained siliciclastic sand. These 
sandstone units are encased in muddy sediments 
(F1 and F2), resulting in a sand/marl ratio of 
0.73 for Sidi Chahed and 0.42 for Kirmta.

In the Sidi Chahed section, the sandstone 
units form the in�ll of large (roughly 500 m 
wide), up to 40-m-deep incisions (Fig.�2). Sub-
ordinate incisions (20�300 m wide) are �lled 
(Fig.�2) by compound (up to meter-scale) three-
dimensional (3-D) dunes (F5), two-dimensional 
dunes (F4), and slump deposits (F6).

Sandstone units in the Kirmta section are the 
in�ll of wider (>1 km) and shallower (5�15 m) 
incisions compared to Sidi Chahed (Fig.�3). 
These units consist of stacked 2-D dunes (up 
to 60 cm in thickness, F4). The two lowermost 
units are preceded by bigradational (silt- to �ne 
sand�sized) planar bedsets (F3) with an average 
bed thickness of 10 cm and a lateral continu-
ity exceeding 3 km (Fig.�3B). In both sections, 
the main sandstone intervals are bounded at the 
base and top by turbidites and occasionally by 
debris-�ow deposits (F7 and F8, respectively; 
Figs.�2 and 3).

Paleocurrents, mainly measured from cross-
bedding, indicate a dominant westward direc-
tion for the Sidi Chahed and a northwestward 
direction for the Kirmta sections (Figs.�2 and 3). 
Gravity-driven deposits, such as turbidite (F7) 
and slump deposits (F6), show paleocurrent 

directions that are almost perpendicular to the 
main trends of the dunes (Figs.�2 and 3) and are 
subparallel to the southwest-directed paleoslope.

Paleodepth estimates from benthic foramin-
ifera indicate a physiographic domain between 
150 and 400 m water depth, equivalent to an 
outer shelf to upper/middle continental slope 
(Capella et�al., 2017a). The tectonically con-
�ned corridor and proximal location to the 
gateway resulted in steep margins (Longhi-
tano, 2013) prone to gravitational depositional 
processes.

DECODING THE PALEO-MOW
The investigation of the Kirmta outcrop 

allowed us, for the �rst time, to analyze the 
spatial distribution and time variations between 
both sections. This new information enhanced 
the paleogeographic reconstruction, sedimento-
logical interpretation, and understanding of the 
hydrodynamic setting.

Sidi Chahed and Kirmta, located 10 km 
apart, are situated �120 km west of the paleo�
Taza Sill (Fig.�1), where they occupy a position 
against the main thrust fault zone. The paleo�
Taza Sill was a submerged high controlling 
Atlantic-Mediterranean water exchange in the 
late Miocene (Capella et�al., 2017a). The system 
is thought to have acted in a similar way as the 
present-day MOW at the Camarinal Sill in the 
Strait of Gibraltar (Baringer and Price, 1999; 
Legg et�al., 2009), where Mediterranean water 
was able to �ow over and cascade down the sill 

into the Saiss Basin, generating a dense paleo-
MOW that was de�ected to the right (north-
northeast) by the Coriolis force.

The main sandstone units are interpreted 
as contourite channel �lls, part of an extensive 
contourite channel system. The interaction with 
partially incised, interstrati�ed slump deposits 
(Fig.�2C), and the co-occurrence of shallow- and 
deep-marine bioclastic and foraminiferal assem-
blages that were subsequently reworked and 
accumulated within the along-slope channels 
by bottom currents all serve as evidence for an 
up-slope sediment source. Additional evidence 
of erosion and sediment supply lies in the pres-
ence of middle Miocene white marls (Figs.�2 
and 3; Sani et�al., 2007) and Triassic bipyrami-
dal quartz of the Keuper facies (Herrero et�al., 
2020), which was incorporated in the imbricate 
wedge. These sediments were sourced by both 
down- and along-slope processes, whereas ero-
sion was induced by bottom currents.

Foraminifer assemblages, similar for both 
sites, indicate that deposition of the Sidi Chahed 
and Kirmta sections occurred between 7.8 and 
7.51 Ma (Capella et�al., 2017a). Despite coeval 
activity, both sections show morphological dif-
ferences in channel geometry and channel �ll 
related to different hydrodynamic properties 
(deeply incised, narrow channels �lled by 3-D 
and 2-D dunes and interstrati�ed slump deposits 
in Sidi Chahed versus shallow, wide channels 
�lled by 2-D dunes in Kirmta). Hydrodynamic 
differences are also observed from the differ-
ences in sand/marl ratios. Based on bed-form 
types (F3, F4, and F5) and their characteristics 
(Table S1; Stow et�al., 2009), Sidi Chahed was 
in�uenced by higher-velocity bottom currents 
(up to 1 m s�1) compared to Kirmta (<0.5 m s�1).

By comparison with the present-day MOW 
through the Gibraltar gateway, the proximal 
sector of the Gulf of CÆdiz contourite system 
(GoCCS; Fig.�1) also has two main channels 
occupying the middle slope at different depths 
due to the circulation of the lower and upper 
branches of the MOW (HernÆndez-Molina et�al., 
2014). The similarities in geographic and depo-
sitional setting, channel distribution, and large 
morphological elements between the GoCCS 
and the Ri�an Corridor indicate that hydrody-
namic and feedback processes associated with 
the MOW acted in a similar way. It is envisaged 
that bifurcation of the paleo-MOW, similar to 
the �ow bifurcation recognized in the Gulf of 
Cadiz (HernÆndez-Molina et�al., 2014), took 
place in the Saiss Basin, separating the paleo-
MOW into two branches that occupied differ-
ent depths along the slope of the corridor. The 
lower branch (Sidi Chahed) occupied the deeper 
southern subbasin, and the upper branch (Kir-
mta) occupied the shallower northern subbasin 
(Fig.�4).

Studies in the GoCCS (Baringer and Price, 
1999; Legg et�al., 2009) have also shown that 
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Figure 1. Paleogeographic reconstruction of the late Miocene western Mediterranean (modi�ed 
after Capella et�al., 2017a). Gray�subaqueous Prerif Ridges (PR). Red (lower) and orange (upper) 
arrows depict Mediterranean Out�ow Water (MOW) branches. Globe shows MOW (orange) and 
main sur�cial (red) and deep-water circulation patterns (blue). Map data are '2018 Google� 
with topographic overlay from U.S. Geological Survey topographic maps (http://earthpoint.us/
TopoMap.aspx).
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