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Preface#1
“As soon as the hawk-hunter steps from his door he knows the way of the wind, he feels the
weight of the air. Far within himself he seems to see the hawk’s day growing steadily towards
the light of their first encounter. Time and the weather hold both hawk and watcher between
their turning poles. When the hawk is found, the hunter can look lovingly back at all the
tedium and misery of searching and waiting that went before. All is transfigured, as though
the broken columns of a ruined temple had suddenly resumed their ancient splendour.”

J. A. Baker – The Peregrine.
Beginnings

B

ack in the early-1990s, I ran my first experiment. My grandfather and I were building a volcano
in the backyard of my house in Trento. My grandfather was a retired lawyer who loved to play
tennis, chess, and be around kids. I remember him tall and reticent, with brown-framed and everpresent eyeglasses. That day, he demonstrated how to pile earth around a beach-umbrella pole and
excavate a chamber from the side of the heap, where later we would put wooden sticks to burn once
the pole was removed from the top. Upon completion, the heap was to become a smoking crater.
The experiment was going to be a faithful reproduction of the picture I had seen earlier that day
in one of his encyclopaedias. A full-page picture of the bisected globe portrayed the interior of a
volcano and the structure of the Earth’s crust. I found that within his library, the knowledge of
how the world worked was held in immaculate, hard-bound books. In the afternoons, while my
grandfather played chess, my grandmother would let me use his binoculars to eye the landscape out
of the window and across the valley to the mountains that hemmed in the town. Their worn-out
case bestowed them with a rustic leather scent reminiscent of many generations of landscape gazers.
We observed blackbirds coming to rest in backyard trees. We scanned the two-thousand metres
high cliffs at the far end of the valley, with those old binoculars.
The mountains of Trento are made of limestone deposited on a structural high during the
Mesozoic era. Of course, I did not know this back then. They were just mountains, like any other
mountains. Nor did I know that ten years of my life would be devoted to geology. Fifteen years
would pass before I understood how the valley was sculpted over millions of years. I learnt that the
town lay on a deep incision formed by ice tongues during the Quaternary. It took some effort and
imagination to conjure such ideas, I thought back then. During an undergraduate lesson at Bologna
University, I concluded that imagination is necessary for a good scientist. This is particularly true
for a geologist, who must envision a different reality from Earth’s tiny details. It’s an ability almost
comparable to teleportation through time and space. John McPhee called this sort of vision “freeing
yourself from the boundaries of human time”. I never thought I’d become a scientist—I thought
myself being more of a thinker, or better yet, an observer. An observer of landscapes. In the end,
this thesis is a landscape gazer’s attempt at trying to be a scientist. Five years of gazing, observations
and sweat went into this hefty little opus. Enjoy the reading, and don’t ask what became of my
grandfather’s volcano.
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Life in the field

I’ve been to Morocco seven times during this PhD, spending, in total, about seven months in the
field. I worked in the areas north of the towns of Rabat, Meknes, Fez, and Taza. Every trip has its
own flavour, but, in retrospect, one of them I appreciate the most. It was February 2013 and due to a
hectic change of plans I arranged a last minute two-week fieldtrip: field data had to be taken. Given
the very short notice, my invited academic colleagues were not able to come with me to Morocco,
as much as they wished they could. I beckoned my crew of geology friends from undergrad and
masters. One of them answered. I had shared a flat with him in Bologna back at university. He was
happy to join my exploits in Morocco—it seemed to be a revival of the halcyon time of the old
days. One day later, he messaged that tickets were bought and he would be at the Nador airport on
the same day I arrived. Permits, car, equipment and companionship, were arranged. The plan was
to drive through a new, unexplored area which enveloped the only palaeo-strait yet to be dated—
you’ll find out the locale in the coming chapters—and take pilot samples where the auspicious type
of rock crops out. We rented a flat in a little village nestled between the rolling foothills and the
higher mountains.
For three days, we searched for the type of rocks we were interested in, with no luck. One night,
on the roof terrace of our flat, I recall divulging that it was frustrating at times, that everything was
so uncertain. Endeavours, like this one, could be total failures despite every effort. Nowadays I like
that way of working, I appreciate a sense of unpredictability and the tense sense that everything
could fall apart. For one thing, it makes rewards more meaningful. But, on this occasion, I was
uneasy and the faltering slowness and smarting tedium of searching was bothering me. The idea of
returning to the Netherlands empty handed was perturbing. I thought the outcome of my entire
thesis was at stake.
One cloudy day, we found the site of Jebel Jema. We were en route elsewhere when we beheld
an upturned ridge bordering a mountain top through the lulling fog of late morning. Verging on a
narrow dirt track climbing to a village of about twenty houses were immense rocky cliffs. Lacking
modern gadgetry, we relied on a worn-out map and a battered copy of the only publication that
described the area. The only site in the surroundings was a mere dot on the old map. Something
was supposed to be there, but not so impressive. We parked the car and continued by foot down
the narrow dirt track. The trail was moist and the adjoining rock was veneered with spring water.
In the valley below, all was silent except the distant babbling of a waterfall and a braying donkey.
Green pastures shimmered in the sun with morning dew, under the countershading of the low,
heavy clouds. Farms and houses were well ordered, but sparse.
The mountain top of Jebel Jema was a kilometre long lump of sandstone. The sides of the
mount was engraved by brooks and flecked with brown and green, ledges and cliffs, gardens and
pastures. The sandstone layers were horizontal at the top, but steepened gradually downward and
became almost vertical at the base, where they seemed to have been spat to the surface. The basal
layers then curved under the surface and came out to the other side of the mount dipping in the
other direction, overall forming a U shape. Lofted by the steep wall above the green pastures and
scrubland of the valley below, the bare mountain top had a shipwreck aspect, like an abandoned
Ark.
We verified the nature and texture of the bedrock, and they matched the attributes we were
seeking. After spending one day at the site, key missing puzzle pieces revealed themselves and
the story of the palaeo-strait began to coalesce. We could now envision the Rifian Corridor in
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the remnants of an ancient seaway now elevated to a mountain peak. Thereafter, the long hours of
groundwork were not so hard to endure.
I have seen many other spectacular outcrops since then, but none have equalled the Jebel Jema
for excitement of discovery. Back at the village, we celebrated with a glass of green tea with chiba.
Behind the bar was a middle-aged man who spoke fluent French and wore a grey woollen djellaba.
When we told him where we had been, the Jebel Jema, he was nothing less than elated. He revealed
that the top of Jebel Jema is famous for having inspired an imam of the tiny village at the foot of
the mountain. This imam saw visions of creatures soaring in the sky and crawling on the ground,
the very ground you can see in the cover picture of this thesis. As we sipped the tea, we thought
that it was analogous to what occurred to us: envisioning a seaway, at one thousand metres above
sea level, on the sacred altar of Jebel Jema.
Hassan raised the tea pot gently, the bubbles gurgled in the glass. Stands of fruits and vegetables
rowed opposite the café, people were sitting on tawny brick walls. There were no automobiles. An
air of whimsical contemplation lingered. As we watched the mundane activity of the Moroccan
countryside, we started to conceive a timeless act of routine about the village life. Old men patiently
carried their ragged duffels along cactus-bound tracks. Women trimmed asparagus and chucked
them into woven cane baskets. A barefooted youngster applied a coat of paint over rickety gates,
with nonchalant touch. They all seemed to roll placidly along a very long scroll, continuing the
ancient slow dance of life that had been there during the Rifian Corridor and much longer before.
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Preface#2
“When the climbers in 1953 planted their flags on the highest mountain, they set them in
snow over the skeletons of creatures that had lived in the warm clear ocean that India,
moving north, blanked out. Possibly as much as twenty thousand feet below the seafloor, the
skeletal remains had turned into rock. This one fact is a treatise in itself on the movements of
the surface of the earth. If by some fiat I had to restrict all this writing to one sentence, this is
the one I would choose: The summit of Mt. Everest is marine limestone.”

John McPhee – Annals of the Former World.
On seaways – Rifian Corridor – Miocene palaeogeography and the modern world

T

hroughout Earth’s history, continental drift has caused the opening and closing of seaways at
different locations across the planet’s surface, influencing ocean circulation, local and global
climate, and species distribution across land and sea. This PhD thesis focusses on the age, causes and
consequences of the closure of the Rifian Corridor (Fig. A), one of the major seaways connecting
the Mediterranean Sea to the Atlantic Ocean during the late Miocene, 11.6–5.33 million years ago
(Ma). The Rifian Corridor predated today’s Mediterranean – Atlantic gateway configuration, with
its single narrow connecting Strait of Gibraltar, and postdated the ancestral Tethys Ocean with its
wide oceanic gateways to east and west (Fig. B).
By the time the Rifian Corridor closed, much of today’s landscape was already in place. During
the Miocene, northward drift of the African, Arabian and Indian plates resulted in the suturing of
the Tethys Ocean (i.e. “the warm clear ocean that India, moving north, blanked out”). Continental
collision caused extensive mountain building, uplift and aridification of wide plateaux, restricted the
main water masses to the modern Aral, Caspian, Black and Mediterranean seas, and weakened the
warm-water circum-equatorial currents in favour of confined oceanic gyres (Potter and Szatmari,
2009; Bickert and Heinrich, 2011; Stow, 2012).
The progressive restriction and then termination of the circum – equatorial current with the
suture of the Tethys set up a major change in ocean circulation and climate. It marked the transition
from greenhouse to icehouse climate (Bickert and Heinrich, 2011) as pole-to-pole oceanic conveyor
belts are believed to be among the causes of the modern ice ages (Smith and Pickering, 2003).
The opening and closure of the Rifian corridor in the late Miocene is a small step in this million
years long process, but a critical one nonetheless. In this broad context of reconfiguration, the
current region of Gibraltar and adjacent Morocco and Spain has been the location of the western
connection to the Atlantic since the inception of the Tethys Ocean. With the closure of the Eastern
Tethys gateway around 11 Ma (Rögl, 1999; Hüsing et al., 2009b; Fig. B), the region of Gibraltar
became the sole connection between the Mediterranean and the open ocean. This exclusive control
on oceanic connectivity made the landlocked Mediterranean extremely sensitive to local climate,
hydrologic budgets, and events of uplift and restriction at the Gibraltar connections (Fig. A).
As the Rifian Corridor progressively restricted during the late Miocene, the salinity of the
Mediterranean increased, and its contribution to the thermohaline circulation changed from being
an embayment of the Atlantic with analogous water masses to a factory of dense salty brines.
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Figure A Late Miocene configuration of the Mediterranean-Atlantic gateways modified from Santisteban and Taberner, 1983 (left)
and Duggen et al., 2003 (right). The exchange of water was constrained through a system of seaways in southern Spain and northern
Morocco instead of the modern Strait of Gibraltar.

First sequestered from the Atlantic, newly formed salty and dense brines returned to the
Atlantic through the Gibraltar region as a focussed overflow at depth. This process reached its
present day strength at ca. 3 Ma. Today’s Mediterranean overflow flows out at intermediate depths
fuelling the Atlantic circulation system (Rogerson et al., 2012; Hernández-Molina et al., 2014b).
The study of the sedimentary relicts of the Rifian Corridor is then relevant for several wider
aspects of research, among others:
1. Geodynamics of the Western Mediterranean. The Rifian Corridor sediments record the last
stages of plate collision between Iberia and Africa forming the Gibraltar arc and can elucidate
the nature and timing of the late-stage mechanisms of deformation of the westernmost limb of
the orogenic belt attesting to the Miocene suture of the Tethys (Fig. B);
2. Oceanography and global climate. They potentially preserve imprints of the oceanic currents
representative of the exchange between the Mediterranean Sea and the ocean, thus providing
insights into changes in the gateway geometry. Such changes can significantly alter the pattern
of Mediterranean hydrology and ocean circulation and hence heat transport and climate, during
the global transition from greenhouse to icehouse;
3. Messinian Salinity Crisis (MSC). The increasing isolation of the Mediterranean in the late
Miocene led to extreme fluctuations in the Mediterranean salinity, resulting in one of the
most dramatic palaeoceanographic events in Earth’s history (Selli, 1954; Roveri et al., 2014a).
Although the MSC has been the subject of intense study since the 1970s, many key questions
concerning the controls on its onset, progression and termination remain unanswered partly
because the evolution of its Atlantic gateways was so poorly constrained.
One step into the land of definitions before we continue. This thesis focusses on the end of the
Miocene epoch. Late Miocene comprises the Tortonian and Messinian stages. The Tortonian spans
between 11.6 and 7.25 Ma, whereas the Messinian spans between 7.25 and 5.33 Ma (Hilgen et al.,
2012). The Messinian Salinity Crises started at 5.97 Ma and ended at 5.33 Ma when fully marine
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environments re-established almost synchronously across the Mediterranean Basin (Roveri et al.,
2014a, and references therein).
MEDGATE

The research theme of this PhD thesis was conceived in 2011 as part of the MEDGATE project.
The MEDGATE project is a EU-funded, Marie Curie Initial Training Network that brought
together experts from both the oil-industry and academia from France, Morocco, the Netherlands,
Spain and the UK. The specific remit of MEDGATE was to train nine PhD candidates and one
post-doc in multi-disciplinary and complementary skills, promote collaboration across European
universities, and provide insights into the evolution of Mediterranean-Atlantic exchange across the
time span of the MSC. By targeting the Betic – Rifian Corridor sediments, MEDGATE aimed
not only to reconstruct the evolution of Mediterranean exchange and explore its impact on both
the Mediterranean and global environmental conditions, but also to develop new techniques for
reconstructing gateway evolution that will be applicable to older and less well preserved gateway
successions. The MEDGATE project was superbly harmonised by Dr. R. Flecker (University of
Bristol).
Individual PhD projects focussed on different research questions that involved, for each project,
specific methodologies. According to these different methodologies the PhD projects were split
in four work packages as follows: biostratigraphy, geochemistry, modelling, and palaeogeography.
This thesis is part of the palaeogeography work package and combined the use of methods in the
fields of stratigraphy, sedimentology and structural geology. In addition to working on individual
projects, we had, as a team, workshops to learn methodologies in other fields (Andalucia 2012;
Salamanca 2012; Glasgow, 2013; Morocco, 2013; Montpellier, 2013; Utrecht, 2014), weekly to
monthly meetings to share recent results or spin-off projects, and conferences to present the results
to the scientific community (RCMNS 2013, 2015; EGU 2014). In addition, we went on a thrilling
holiday week together (Tenerife, 2015).
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Palaeogeography of the Rifian Corridor – Techniques – Collaborations

The aim of this thesis is to integrate surface and subsurface data to generate palaeogeographic
reconstructions of the Rifian Corridor, and elucidate time and causes of its closure. This research
was conducted under the supervision of Prof. dr. W. Krijgsman (Universiteit Utrecht) with
additional guidance of several collaborators and co – promotors in its different aspects.
We started from the well-constrained area in the internal parts of the corridor where sections
had been well studied and correlated to astronomically tuned ages (e.g., Krijgsman et al., 1999b;
Krijgsman and Langereis, 2000; Dayja et al., 2005) and during the project we explored less well
studied areas which had the potential to contribute to our understanding of the late Miocene
palaeogeography. Throughout the entire duration of the PhD project we aimed to refine the
stratigraphy of the seaway succession. Most of the Rifian Corridor remnants were classified as
undifferentiated upper Miocene. High sedimentation rates, tectonic deformation, inaccessibility
of the central areas of the corridor have caused a lack of modern stratigraphic constraints. In
fact, the undeformed and more accessible Atlantic side of the seaway is one of the best places
in the northern hemisphere to study the upper Miocene – Pliocene transition, define the latest
Tortonian-Messinian stratotype, and test climatic proxies (Benson et al., 1991; Hilgen et al., 2000;
Krijgsman et al., 2004; Van der Laan et al., 2005). This part of the research was carried out under
the supervision and in collaboration with Prof. dr. F.J. Sierro (Universidad de Salamanca) and Dr.
F. J. Hilgen (Universiteit Utrecht); PhD candidate and fellow Medgater, M. Tulbure (Universiteit
Utrecht), contributed to the fieldwork, carried out biostratigraphic research on the Rifian Corridor
micropalaeontology, on which a large part of her PhD project is based.
Then, to understand the sedimentary processes and reconstruct the relative environments
of the seaway, we carried out sedimentological studies on the seaway successions. Research
in this direction started in September 2014 and was supervised by Dr. J.P. Trabucho-Alexandre
(Universiteit Utrecht); master students W. de Weger and M. van Oorschot (Universiteit Utrecht)
have contributed during field data acquisition and with the data processing, resulting in two
different master theses (De Weger, 2015; Van Oorschot, 2016). Furthermore, to link the fossil
succession of the Rifian Corridor to the modern exit of the Strait of Gibraltar, we started the
collaboration with Dr. F.J. Hernández-Molina (Royal Holloway, University of London) in August
2015.
Since tectono-sedimentary processes in such foreland-basin seaways are strongly dependent
on the evolution of the fold-and-thrust belt, we carried out structural analyses to understand the
tectonic evolution of the area. We analysed seismic profiles and boreholes that have been generated
as a result of hydrocarbon exploration (courtesy of ONHYM and Repsol) and field kinematic data
in the field. This research started in January 2014 and was conducted under the supervision of Dr.
L.C. Matenco (Universiteit Utrecht); master students S. Hessels, W.M.J. Roest (Vrije Universiteit
Amsterdam) collaborated in the acquisition of field data and the data processing and wrote two
separate masters projects on it (Hessels, 2016; Roest, 2016). Post-doc and fellow Medgater, Dr. E.
Dmitrieva (Repsol, Madrid) collaborated in the seismic interpretation and field exploration.
Finally, all this information was merged into the new palaeogeographic maps of the Rifian
Corridor, designed to provide more accurate reconstructions of the geometry of the connecting late
Miocene channels between Atlantic and Mediterranean and the tectonic control on the seaway
evolution. Any model-based assessment of the impact of Mediterranean – Atlantic exchange
requires quantitative constraints on the width and depth of the connecting channels and bottom –
current flow velocity. These constraints were either directly derived from sedimentological evidence,
XX

or indirectly inferred from basin evolution (tectonic uplift – sedimentation rate) trends. The link
between the field record and the strait dynamic theory of the Mediterranean-Atlantic circulation
was explored with Dr. P. Th. Meijer (Universiteit Utrecht) and PhD candidate and fellow Medgater,
D. Simon (Universiteit Utrecht).
Thesis summary – Chapters outline

In Chapter 1 we summarise the state-of-the-art knowledge on the Betic and Rifian corridors with
direct and indirect evidence for gateway exchange based on literature. This chapter was published in
Earth Science Reviews Journal in 2015. Chapter 2 presents a model of tectonic evolution of the Rif
foreland based on seismic profiles and field kinematic data; our three-step model illustrates the late
stages of orogen deformation of the Rif foreland basins with special emphasis on that causing the
seaway closure. This chapter was accepted for publication in Tectonophysics Journal in September
2016. Chapter 3 focusses on the sedimentology and sedimentary environments of the South Rifian
Corridor; bottom-current pathways are discussed, and one of the clearest examples of mainly clastic
contourites in the world is presented. We propose a model to explain the coexistence of seaway
parallel contour flow and gravity flow turbidity currents in different parts of the axial foredeep.
This chapter was published in Sedimentary Geology in April 2017. Chapter 4 starts from the field
evidence of contourites in the Rifian Corridor, combines sedimentological data with strait dynamic
theory to explain the contourite formation, and then discusses its implication for North Atlantic
circulation and the phase of global cooling recorded during the late Miocene. Chapter 5 combines
scattered field data and subsurface information both from this PhD work and from literature, to
reconstruct the palaeogeography of the Rifian Corridor throughout the late Miocene. At the end
of this chapter, we present four palaeogeographic maps of the Rifian Corridor; for each time slice
the sedimentary environments are discussed, the main trends of Mediterranean-Atlantic exchange
elucidated, and the tectonic control on the seaway evolution exemplified.
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“I am so used to plunging into the unknown that any other surroundings and form of
existence strike me as exotic and unsuitable for human beings.”

Werner Herzog – Conquest of the Useless:
Reflections from the Making of Fitzcarraldo.

“This kind of research, which has great and still largely unexplored potential, will require
close cooperation between stratigraphers, sedimentologists and structural geologists (however,
based on more than 30 years of experience, the authors are somewhat sceptical about how
realistic this appeal for cooperation may be).”

Emiliano Mutti and coauthors – Turbidites
and turbidity currents from Alpine ‘flysch’ to
the exploration of continental margins.

1

Evolution of the late Miocene Mediterranean-Atlantic gateways and their

impact on regional and global environmental change

1.1

Introduction

D

uring the late Tortonian (~11.6 to 7.2 Ma), several marine gateways through southern Spain,
northern Morocco and potentially Gibraltar, connected the Mediterranean Sea with the
Atlantic Ocean (Fig. 1.1). Plate tectonic convergence between Africa and Iberia, combined with
subduction dynamics in the Alborán region, progressively closed these connections during the
Messinian (e.g., Gutscher et al., 2002; Duggen et al., 2003). This tectonic forcing combined with
eustatic (e.g., Manzi et al., 2013) and climatic (Hilgen et al., 2007) factors resulted in a complex
history of varied Mediterranean-Atlantic exchange and high amplitude environmental fluctuations
in the Mediterranean including the formation of the world’s most recent saline giant (Warren,
2010).
Like other marginal basins, the Mediterranean’s near-landlocked configuration makes
it sensitive to subtle changes in climate (e.g., Thunell et al., 1988). Consequently, the first
environmental responses to gradual restriction of exchange with the Atlantic recorded in the
Mediterranean (e.g., faunal and isotopic changes; Fig. 1.2) predate any evaporite precipitation
there by a million years or more. The most extreme palaeoenvironmental changes took place
during the so-called Messinian Salinity Crisis (MSC; 5.97-5.33 Ma; Fig. 1.2; Table 1.1) when
extensive gypsum deposits precipitated in the Mediterranean’s marginal basins and kilometre
thick halite units formed in the deep basins (e.g., Hsü et al., 1973; Ryan et al., 1973). This was
followed by a period during which the sediments recorded highly fluctuating conditions varying
from brackish to hypersaline, before returning, in the early Pliocene, to open marine conditions
(Fig. 1.2; Hsü et al., 1972). These late Miocene low salinity intervals, known as the Lago Mare, may
be the product of an additional freshwater source supplied to the Mediterranean from Paratethys,
the lacustrine precursor to the Black and Caspian seas. Like other major freshwater sources, this
is a key component of the Mediterranean’s freshwater budget, which combined with the gateway
dimensions determine its salinity.
The large volume of salt preserved in the Mediterranean necessitates that one or more
marine connections with the open ocean remained, at least until the end of the halite stage (5.55
Ma; Krijgsman and Meijer, 2008). However, the location of the last gateway(s) remains highly
ambiguous. Field studies of the sedimentary basins in southern Spain (the Betic Corridor) and
northern Morocco (the Rifian Corridor) thought to be part of the corridor network (Fig. 1.1),
typically indicate that these areas were closed to marine exchange well before the MSC (e.g.,
Betzler et al., 2006; Krijgsman et al., 1999b; Soria et al., 1999; Van Assen et al., 2006; Ivanović
et al., 2013a), while the Strait of Gibraltar is thought to have first opened at the beginning of the
Pliocene (5.33 Ma) bringing the MSC to an end (e.g., Hsü et al., 1973, 1977; Blanc, 2002; GarciaCastellanos et al., 2009). The key problem is that it is extremely difficult to pinpoint the exact
location or timing of closure from field data alone, because the sedimentary successions within the
1
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corridors have been uplifted and eroded (e.g., Hüsing et al., 2010). Using other datasets to identify
the location of each marine corridor, reconstructing its geometry and reducing uncertainty in the
age of closure is therefore critical for constraining the process-response chain linking gateway
evolution with the development of the Mediterranean’s MSC succession. The Atlantic response to a
change in gateway configuration is reliant on changes to the density and volume of Mediterranean
outflow and consequently also depends on an ability to reconstruct gateway dimensions and the
patterns of exchange.
Several indirect approaches to the study of gateway evolution have been employed in the
context of the MSC. These include for example, physics-based mathematical models that quantify
gateway configuration (e.g., Meijer, 2006; Meijer and Krijgsman, 2005); and the use of isotopic
proxies to elucidate changing connectivity (e.g., Flecker and Ellam, 1999; Topper et al., 2011;
Ivanović et al., 2013a). Many other techniques have been applied to successions within the main
Mediterranean basin rather than the gateway and the palaeoenvironmental information they
provide can be compared with similar data on the Atlantic side of the connection to constrain
aspects of exchange. In this chapter we review, synthesise and integrate both direct and indirect
data relating to the Mediterranean-Atlantic gateways during late Miocene. Our aim is to use
this information to reconstruct exchange before, during and after the MSC, consider the regional
and global implications and highlight enduring questions that may be amenable to new research
methods.

1.2

Background information

1.2.1

Gateway control on Mediterranean water properties

At present, the Mediterranean Sea loses more water to the atmosphere by evaporation than it
receives from rainfall and river runoff. As a result, its surface waters are subject to an increase in
salinity and thus in density. This relatively dense water finds its way to the deeper levels of the
Mediterranean. In addition, the Mediterranean is also a major heat sink for the Atlantic, (the
temperature of Atlantic inflow is ~16ºC, while Mediterranean outflow is ~12ºC; Rogerson et al.,
2012). Consequently, in the present-day gateway to the Atlantic, the Strait of Gibraltar, dense
Mediterranean water is juxtaposed against lower density Atlantic water (Fig. 1.3). The resulting
pressure gradient drives an outflow to the Atlantic Ocean which occupies, roughly speaking, the
lower half of the 300 m deep and 13 km wide strait. Above the outflow, an inflow of Atlantic water
occurs, pushed eastwards by the sea surface sloping down in that direction (in its turn a direct
response of outflow). For a correct understanding of the working of this gateway-landlocked basin
system, it is important to realise that the in- and outflow are much larger than the net evaporation
through the sea surface. Of the 0.8-1.8 Sv (1 Sv = 106 m3/s) worth of inflow, only about 0.05 Sv
is “needed” to close the water budget of the Mediterranean Sea, while the rest flows out again.
This description of what has been termed anti-estuarine exchange, relates to the situation averaged
over several years. On a shorter (seasonal to tidal) time scale, significant deviations from this
generalisation occur (Naranjo et al., 2014). The recent review by Schroeder et al. (2012) provides
more background on the present-day strait-basin system, including specific references. Bryden and
Stommel (1984) and Bryden and Kinder (1991) stand out from the vast literature on the two-way
exchange at Gibraltar.
Today, Mediterranean salinity is about 38-39 ppt (1ppt = 1 gram of salt per kilogram of
water, roughly equivalent to 1 gram per litre or 1psu, practical salinity unit), which is higher than
2
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Table 1.1 List of acronyms and their definitions used in this chapter.
Acronym

Definition

AMOC
AMW
CU
DSDP
GCM
GIN
LGM
LU
IODP
MES
MO
MSC
MU
NAC
NADW
NEADW
ODP
TES
UU

Atlantic Meridional Overturning Circulation
Atlantic Mediterranean Water
Complex Unit
Deep Sea Drilling Program
General Circulation Model
seas Greenland – Iceland – Norwegian seas
Last Glacial Maximum
Lower Unit of the seismic trilogy in the western Mediterranean
Integrated Ocean Discovery Program
Messinian Erosion Surface
Mediterranean Outflow
Messinian Salinity Crisis
Mobile Unit of the seismic trilogy in the western Mediterranean
North Atlantic Current
North Atlantic Deep Water
North Eastern Atlantic Deep Water
Ocean Drilling Program
Top Erosional Surface
Upper Unit of the seismic trilogy in the western Mediterranean

at least 90% of the world ocean. During the MSC, Mediterranean salinity attained more extreme
levels, reaching gypsum saturation (~130ppt) or even higher. As net evaporation during the late
Miocene was of a similar order as today (Gladstone et. al. 2007), it is clear that during the MSC
the dimensions of the Atlantic-Mediterranean ocean gateway must have been significantly different
from those of the present Gibraltar Strait.
1.2.2

Geodynamic framework of the gateway region

The Mediterranean is the last remnant of a much larger Tethys Ocean that formed in the Jurassic
with the breakup of Pangea. Continental fragments rifted away from North Africa and collided
with Eurasia to form the complex of Mesozoic to early Cenozoic basement that dominates the
countries bordering the north Mediterranean coast. As late as the Early Miocene, there was still
a marine corridor that linked the Mediterranean with the Indian Ocean (Rögl, 1999; Hüsing et
al., 2009b). Closure of this eastern gateway fundamentally changed global oceanic circulation by
shutting off the circum-equatorial current (Reid, 1979; Bryden and Kinder, 1991), changed salinity
and temperature in both Mediterranean and Paratethys (Karami et al., 2011) and may have played
a role in global Middle Miocene cooling (e.g., Woodruff and Savin, 1989; Flower and Kennett,
1993). In this broad context, the current corridor region of Gibraltar and adjacent Morocco and
Spain has been the location of the western arm of the seaway and its link to the Atlantic since the
inception of the Tethys Ocean.
The external thrust belt of the Gibraltar domain gives the Betic-Rif-Tell arc its characteristic
horseshoe shape (Fig. 1.1). It consists of the Pre- and Subbetic of southern Spain, the Prerif in
Morocco and the Tell Mountains of northwest Algeria (Fig. 1.1). These thrust belts are mostly the
remnants of the Iberian and Nubian (African) passive margins that were deformed by thin-skinned
folding and thrusting during the Miocene (Fig. 1.1 insert). In addition, the thrust pile involves deep
marine sediments, the Flysch nappes (Fig. 1.1), which are thought to be derived from a nearby
4
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oceanic basin. The external thrust belt was activated in the Flysch Nappes and Subbetics during the
Burdigalian and has accumulated up to 8.5 km crustal material and sediments since then (Fullea et
al., 2010). The Rifian corridors in northern Morocco are thought to have been over-thrust by the
external thrust belt in Morocco and the Tell Mountains while the accretionary wedge in the Gulf of
Cadiz, which is largely continuous with the external thrust belt (Fig. 1.1), started building up in the
Middle Miocene, initially as a result of westward over-thrusting by the Betic-Rifian belt on to the
Atlantic margins (Medialdea et al., 2004).
The internal zone of the arc (Internal Betics of southern Spain and the Internal Rif in northern
Morocco) over-thrusts Upper Cretaceous to Lower Miocene Flysch deposits of the Nubian and
Iberian palaeomargins. This zone consists mainly of metamorphic rocks that were unroofed during
Early Miocene extension that also affected the Alborán Basin (Comas et al., 1999). Remnants of
the Guadalhorce gateway (see section 1.3.1) are located in the Internal Betic of southern Spain
(Martín et al., 2001). The internal zone and the Alborán Basin (Fig. 1.1) are commonly considered
to be genetically linked and are referred to as the Alborán Domain. Here, Miocene extension came
to an end in the Tortonian, and strike-slip and thrust faulting were initiated (Platt and Vissers,
1989; Lonergan and White, 1997). Flat-lying Pliocene-Recent sediments that cover the Cadiz
accretionary wedge (Iribarren et al., 2007) attest to a significant change in the regional tectonics
west of Gibraltar at the end of the Miocene.
One driver of the regional deformation has been the convergence of Nubia and Eurasia.
Following closure of the Iberian-Eurasian suture in the Pyrenees around 20 Ma (Vissers and
Meijer, 2012), continuing convergence was accommodated in the Betic-Rif-Tell region. However,
an additional tectonic driver is needed to explain the westward transport and extension of the
Alborán Domain since the Miocene in this convergent setting (Dewey et al., 1989; Maldonado
et al., 1999). The most likely driver is rollback of the east dipping Gibraltar slab (Lonergan and
White, 1997; Gutscher et al., 2002) resulting from subduction that occurred mostly during the
Miocene (see Gutscher et al., 2012; and Platt et al., 2013 for recent reviews). New seismological
observations support the idea of Duggen et al. (2003) that delamination of the lithospheric mantle
and upwelling of asthenosphere beneath northwest Africa and southern Spain accompanied the
rollback of the slab (Thurner et al., 2014).
Regional GPS velocities (Koulali et al., 2011) and seismicity (Stich et al., 2006; Zitellini et al.,
2009) suggest that the active plate boundary aligns with the boundary between the Alborán
Domain and exterior thrust belt in southern Spain (Fig. 1.1). In northern Morocco, the active
boundary follows the outer boundary of the Prerif in the south (Toto et al., 2012) and the Nekor
fault in the east (Fig. 1.1). GPS observations also indicate that the west Alborán-Cadiz block
currently moves independently to the SW relative to Africa at a rate of a few mm/yr, i.e. velocities
deviate significantly from the relative velocity of stable Africa with respect to stable Eurasia (4.34.5 mm/yr; Fernandes et al., 2003). This suggests that, in addition to the convergence of Africa and
Iberia there is another driver for these motions (Gutscher et al., 2012).
1.2.3

Messinian stratigraphy of the Mediterranean and Atlantic basins

The stratigraphy that characterises the late Miocene sediments of the Mediterranean-Atlantic
gateway region results from the relative influence of both the adjacent basins and the tectonic
evolution of the area itself. It is beyond the scope of this chapter to describe in detail the extensive
stratigraphic work that has been carried out on upper Miocene Mediterranean and Atlantic
sediments (Roveri et al., 2014a). However, a brief description of the Messinian sedimentary
5
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sequences in both basins is provided here, along with a summary figure illustrating their
relationship with the corridor sediments (Fig. 1.2).
Knowledge of the late Miocene Mediterranean sedimentary evolution is heavily biased by the
onshore exposures. Around the margins of the Mediterranean there are numerous sections of preMSC sediments and much of the lower part of the MSC succession is also exposed. A continuous
deep basinal sedimentary succession is however still lacking as it has not yet been possible to drill in
the deep Mediterranean and recover a complete MSC succession.
1.2.3.1
Mediterranean onshore successions
The pre-evaporite succession onshore consists of cyclic alternations of homogeneous marls,
sapropels and diatomites (Fig. 1.2) that were deposited in response to astronomically-driven
climate oscillations, predominantly precession, and were amplified as the Mediterranean became
progressively isolated from the open ocean (McKenzie et al., 1980; Hilgen et al., 1995; Suc et al.,
1995; Hilgen and Krijgsman, 1999; Krijgsman et al., 1999a; Sierro et al., 1999; Bellanca et al., 2001;
Sierro et al., 2001; Blanc-Valleron et al., 2002). This orbital signal combined with biostratigraphic
and palaeomagnetic data allows the age of these sediments to be precisely constrained with an error
of a single precessional cycle (+/-10 kyr; Krijgsman et al., 1999a).
The onset of the Messinian Salinity Crisis occurred at 5.97 Ma (Manzi et al., 2013; Fig.
1.2) with synchronous precipitation of gypsum in marginal basins around the Mediterranean
(Krijgsman et al., 1999a; Krijgsman et al., 2002). This first period of the MSC (Stage 1; Fig.
1.2) is characterised by deposition of 16-17 gypsum horizons with interbedded laminated clastic
sediments (Krijgsman et al., 2001; Lugli et al., 2010; Manzi et al., 2013). Little is known about
coeval deposition in the deep basinal areas, but evidence from the Apennines and geochemical
relationships suggest that organic-rich shales and dolomites rather than gypsum accumulated here
(Fig. 1.2; Roveri and Manzi, 2006; Manzi et al., 2007; De Lange and Krijgsman, 2010).
Unsurprisingly, evaporite-bearing successions lack clear biostratigraphic markers and have
a weak palaeomagnetic signal. Consequently, the independent age tie points that are used so
successfully to confirm the age of pre- and post-MSC sediments are not available during the MSC
itself. However, assuming precession also controlled the periodicity of gypsum cyclicity, the top of
Stage 1 Lower Evaporites has been estimated at 5.61 Ma (Krijgsman et al., 2001; Hilgen et al.,
2007; CIESM, 2008; Roveri et al., 2014a; Fig. 1.2).
In some marginal basins, the upper boundary of Stage 1 is marked by a major erosive event
known as the Messinian Erosion Surface (MES; Figs. 1.2, 1.4) which can also be traced offshore
in seismic data where it splits into several surfaces not all of which are erosional (Lofi et al., 2011a;
Lofi et al., 2011b; Fig. 1.4C). The marginal erosion surface is likely to have been caused by a sealevel drop which resulted in reworking and transport of sediments basinward, including significant
Figure 1.2 (right page) Summary of the late Miocene- early Pliocene stratigraphy of the Mediterranean, Atlantic gateway region.
From left to right the columns are: Age; Geomagnetic Polarity Time Scale (GPTS); P-0.5T which is normalized precession minus half
normalized obliquity. This is almost identical to summer insolation on 25th June at a latitude of 65° North and takes into account the
time lag between astronomical forcing and climatic response for the different frequency bands (Lourens et al., 1996); Benthic foram
δ18O curve generated for the Rabat section, Morocco (Hodell et al., 2001) and the Plio-Pleistocene stack (Lisiecki and Raymo, 2005);
Bioevents where 1= LCO G. menardii 4, 2= FCO of G. menardii 5, 3= FCO of G. miotumida group; 4= N. aconstaensis s/d, 5= FO G.
margaritae, 6= bottom acme G. margaritae, 7= influx G. menardii sinistral, 8= FO G. puncticulata; sedimentation, environments and
events in the Atlantic adjacent to the gateway area, Betic and Rifian corridors and the Mediterranean (split into shallow and deeper
water settings according to the CIESM scenario; Roveri et al 2008).
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gypsum, and their deposition in intermediate to deep basinal settings (e.g., Clauzon et al., 1996;
Lofi et al., 2005; Manzi et al., 2005; Maillard et al., 2006; Roveri et al., 2008; Fig. 1.2). However,
whether the associated seismic surfaces offshore were generated in subaerial or subaqueous
environments is still highly contentious.
The halite phase of Stage 2 only developed in the deep basins (Figs. 1.2, 1.4). By contrast,
Stage 3 sediments, which in the upper part include intervals known as the Lago Mare, have
been recognized in many of the Mediterranean’s marginal basins (Fig. 1.2). These sediments
contain fauna thought to live in brackish water conditions (Bassetti et al., 2003, 2006; OrszagSperber, 2006); on Sicily, these deposits are interbedded with gypsum (Rouchy and Caruso,
2006; Manzi et al., 2009). In the western Mediterranean and within the Betic corridor, however,
the Lago Mare comprises grey to white marls interbedded with deltaic or fluvial conglomerates
(Fortuin and Krijgsman, 2003; Omodeo Salé et al., 2012; Fig. 1.2). Material recovered from
ODP and DSDP holes that correlates with the seismic Upper Unit, indicates that Lago Mare
sediments overlie the deep sea evaporites (Hsü et al., 1973, 1977; Orszag-Sperber, 2006; Roveri
et al., 2014b). Unfortunately, the correlative relationship between these offshore deposits and the
marginal sediments remains unclear. During Stage 3 the Mediterranean may have been isolated
from the open ocean until the return to normal open marine conditions after the Miocene-Pliocene
boundary (Fig. 1.2) at 5.33 Ma (Lourens et al., 1996).
1.2.3.2
Mediterranean offshore successions
The interpretation of the Mediterranean’s basinal succession is mainly reliant on seismic data. These
data show that in the deepest parts of the western basin, a seismic trilogy is developed comprising a
bedded Lower Unit (LU) of unknown age and lithology with low frequency reflectors; a transparent
Mobile Unit (MU; Fig. 1.4C) consisting mainly of halite and showing plastic deformation; and a
bedded Upper Unit (UU) which occurs just below Lower Pliocene sediments (Lofi et al., 2011a;
Lofi et al., 2011b; Fig. 1.4). Of these, only the Upper Unit has been drilled (e.g., sites 122 and
372; Ryan et al., 1973; Montadert et al., 1978). The absence of well-ties and significant differences
between the onshore and offshore MSC successions makes correlation highly controversial.
Seismic mapping of the Mobile Unit indicates that a large volume of salt, more than 2 km
thick in some places, accumulated in the deepest parts of the Mediterranean (Hsü et al., 1973;
Lofi et al., 2005; CIESM, 2008). It has been argued that this extensive salt deposit is equivalent
in time to the major base-level drawdown that eroded the margins (e.g., Stage 2; CIESM, 2008;
Roveri et al., 2014a; Fig. 1.2). This temporal coincidence suggests a major change in the pattern
of Mediterranean-Atlantic exchange such that while Mediterranean outflow decreased to very low
levels reducing salt export to the Atlantic, ocean inflow continued providing a constant supply of
the ions required for gypsum and halite formation (Meijer, 2006; Krijgsman and Meijer, 2008;
Lugli et al., 2010).
1.2.3.2.1 Mediterranean offshore succession adjacent to the corridors
The Western Mediterranean is made up of a series of basins that contain sediments deposited in
both marginal and deep water settings during the MSC e.g., Alborán, Algerian, Provençal and
Valencia basins (Fig. 1.4). They provide insight into the relationship between the marine corridors
and the deeper Mediterranean basin to which they were connected.
The Algerian Basin, located between the Alborán Basin to the west, Sardinia to the east, and
the Balearic Promontory to the north (Fig. 1.4) has a complex geological history resulting from
the Alpine orogeny (Mauffret et al., 2004). The basin is characterised by having young oceanic
8
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basement, relatively thin pre-MSC sediments and significant salt-driven deformation. The deep
basin MSC trilogy has been identified offshore (Capron et al., 2011; Obone-Zué-Obame et al.,
2011). The Messinian Erosion Surface is, as elsewhere, traced on the margin between pre-MSC
and prograding Pliocene deposits, where it preserves several deep canyons (Fig. 1.4B; Obone-ZuéObame et al., 2011). The connection between the onshore Algerian corridors and their offshore
extension has yet to be fully explored.
The MSC seismic trilogy is absent from the Alborán Basin which is dominated by the presence
of a widespread erosion surface (MES; e.g., Estrada et al., 2011; Fig. 1.4A). The MES separates
Miocene units from Plio-Quaternary sediments and appears as a prominent, high-amplitude, and
laterally continuous reflector (Martínez-García et al., 2013) that occurs in terraces at different
depths (Estrada et al., 2011; Fig. 1.4A). The origin of this erosional surface is thought to be
polygenic since it has been shaped by multiple erosional stages related to erosion during the MSC
acme and the Zanclean reflooding through the Gibraltar Straits (Estrada et al., 2011; MartínezGarcía et al., 2013).
Where the basin has been drilled, the Pliocene typically unconformably overlies the pre-MSC
series (e.g., Leg 13 site 121; Leg 161 sites 977, 978). Where MSC sediments are recovered (CU
unit in Fig. 1.4A), they consist of pebbles, shallow-water carbonates, sandy turbidites and gypsum
or anhydrite deposits ( Jurado and Comas, 1992; Iaccarino and Bossio, 1999), which are interpreted
as being deposited in small isolated lacustrine basins (Martínez-García et al., 2013) equivalent in
age to the Lago Mare (Fig. 1.2).
Upper Miocene marine sediments exposed along the north coast of Morocco adjacent to the
Alborán Sea (Fig. 1.1) indicate the nature of this eastern extension of the Rifian Corridor. The
sections near the Melilla volcanic centre (Fig. 1.6) record alternations of volcanic ashes interbedded
with diatomites and marls that grade up and laterally into reef carbonates (Fig. 1.2; Saint Martin
et al. 1991; Cunningham et al. 1994; Saint Martin and Cornée 1996; Cunningham et al. 1997;
Barhoun and Wernli 1999; Münch et al. 2001, 2006; Cornée et al. 2002; Cunningham and Collins
2002; Roger et al., 2000; Azdimousa et al. 2006; Van Assen et al. 2006). Where the sections have
been astronomically tuned and/or Ar/Ar dated, the resulting interpretation suggests that cyclic
sedimentation began around 6.84 Ma (Van Assen et al., 2006). Sedimentation was terminated
following exposure at or above sea level at ~6.0 Ma (Münch et al. 2006; Van Assen et al. 2006;
Fig. 1.2). In the near-by Boudinar Basin (Fig. 1.6) clastic sedimentation began around the late
Tortonian (Azdimousa et al., 2006) followed by a transgressive-regressive sequence comprising
alternations of marls and sands. The sequence is similar to that seen in the Melilla sections, but in
the Boudinar Basin the top sandy-marl intervals are early Pliocene in age (Barhoun and Wernli,
1999).
The southern limit of the Valencia Basin is formed by the Balearic Promontory which is
considered to be the offshore continuation of the Betic Range (Fig. 1.4). The asymmetric basin
formed during an Oligo-Miocene extensional phase linked to a concurrent transpressionalcompressional system (Fontboté et al., 1990; Roca and Guimerà, 1992; Vegas, 1992; Doglioni
et al., 1997; Gueguen et al., 1998; Alfaro et al., 2002; Maillard and Mauffret, 2011, 2013). The
intermediate depth of the Valencia Basin and its location adjacent to well exposed onshore
successions of Messinian Salinity Crisis sediments (e.g., in the Sorbas Basin) mean that it has
great potential as a source of information linking marginal sequences with deep-marine seismic
units (Fig. 1.2). In the Valencia Basin, seismic profiles show only an Upper Unit (generally < 200
m thick; Fig. 1.4C) rather than the complete deep basin MSC succession (Maillard et al., 2006)
that is observed further east, in the Liguro-Provençal basin. This Upper Unit overlies an erosion
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surface which truncates pre-evaporitic reflectors and is itself cut by an upper erosion surface which
has been interpreted as having been generated during the latest Messinian (Maillard et al., 2006).
Diachronism, a polygenetic origin, and local expression of the MES hinder assessment of its exact
relationship with the MSC event (Lofi et al., 2005; Maillard et al., 2006; Lofi et al., 2011b; Fig.
1.4C).
1.2.3.3
Atlantic successions
Upper Miocene Atlantic sediments recovered from the present day Moroccan and Iberian shelf are
dominated by nannofossil ooze, clays, marls and silty marls (Hayes et al., 1972; Hinz et al., 1984;
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Fig. 1.2). Where Atlantic margin sediments are exposed today onshore Morocco and Spain in the
mouths of the two corridors, they comprise long and continuous successions of cyclic silty marls.
1.2.3.3.1 The Guadalquivir Basin
During the middle and late Miocene, all the Betic corridors were connected to the Atlantic Ocean
through the Guadalquivir Basin which extends offshore into the Gulf of Cadiz (Fig. 1.1). The
sediments of the Guadalquivir Basin are not well exposed on land and most studies are reliant
on seismic data, well logs and boreholes (e.g., Riaza and Martínez del Olmo, 1996; Berástegui
et al., 1998; Fernández et al., 1998; Larrasoaña et al., 2008; Pérez-Asensio et al., 2012b). These
indicate that the succession comprises marine and continental sediments that range in age from
late Tortonian to Recent (Sierro et al., 1996; González-Delgado et al., 2004). After closure of the
North Betic strait, the Guadalquivir Basin was established as a wide marine embayment open to
the Atlantic (Pérez-Asensio et al., 2012b), and marine sedimentation continued throughout the
late Tortonian and Messinian into the Pliocene (Fig. 1.2). Recent studies of the Montemayor
borehole have resulted in a magnetobiostratigraphic framework (Larrasoaña et al., 2008), a
palaeoenvironmental scheme based on benthic foraminifera (Pérez-Asensio et al., 2012a, 2012b,
2013) and the reconstruction of local vegetation and sea level changes ( Jiménez-Moreno et al.,
2013). These results show a shallowing trend before and during the MSC (Fig. 1.2), with two
distinct cooling periods and associated sea-level falls, one of which is identified as contributing to
the onset of the MSC. However, the chronostratigraphic framework of the Montemayor borehole
on which these results are based (Pérez-Asensio et al., 2012a) is constructed from magneto- and
biostratigraphic tie-points combined with an age model based on extrapolation of stable isotope
data. An improved age model by van den Berg et al. (2016) was based on astronomical tuning of the
cycles found in the geochemical composition of the borehole sediments. This shows that the cooling
period cannot be associated with the onset of the MSC since the oxygen isotope records follow
global ocean trends. These results also imply that there was no direct influence of Mediterranean
outflow on this part of the Guadalquivir Basin during the late Messinian.
1.2.3.3.2 The Gharb-Prerif Basin and classic successions near Rabat
The Gharb-Prerif Basin (Figs. 1.1, 1.6) straddles the Moroccan Atlantic coastline and is a Miocene
foreland basin which developed parallel to the southern edge of the Rif (Michard, 1976; Flinch,
1993; Pratsch, 1996). During the late Miocene and early Pliocene this area, the western extension
of the Rifian corridor, was a large marine gulf (e.g., Esteban et al., 1996; Martín et al., 2009). The
Gharb-Prerif Basin is commonly divided into two main areas. The northern part links onshore
subbasins in the Rifian corridor’s northern strand or Prerif Zone (e.g., Taounate and Dhar Souk)
with the Gharb Basin which extends offshore (Fig. 1.1), while the southern arm comprises the
Sais Basin west of Taza-Guercif and the South Rifian Trough, which also extends offshore. The
stratigraphy of the Gharb-Prerif Basin is subdivided into Mesozoic pre-foredeep and upper
Miocene (mainly Messinian) to Pliocene foredeep successions in the north (Flinch, 1993) into the
lower part of which deformed Triassic-Miocene sediments of the Prerif Nappes were emplaced
(Michard, 1976; Flinch, 1993). During the late stages of the Rif-Betic orogeny, a series of satellite
extensional mini-basins were generated within the Gharb Basin that are filled with thick upper
Tortonian to Pleistocene clastics (Flinch and Vail, 1998). These are deformed by a late Neogene
phase of flexurally-induced normal faulting and syn- to post-thrusting of the Rif nappes (Zouhri
et al., 2002) interpreted as being either coeval (Flinch, 1993), or as part of two episodes of
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deformation; an extensional Tortonian-Messinian and a compressional Plio-Quaternary episode
(Litto et al., 2001).
In the South Rifian Trough (Fig. 1.1), the pre-foredeep succession is overlain by middle to
upper Miocene clastics (Wernli, 1988; Flinch 1993) thought to have been deposited in a shallow
foreland basin (Michard, 1976; Flinch, 1993). Unlike the Gharb Basin, it is not disrupted by the
Nappe system and the Neogene succession is almost structurally undeformed with a north dipping
basement leading to a thicker Neogene and Quaternary succession to the north (e.g., Zouhri et
al., 2002). In contrast with the relatively coarse clastic-rich, occasionally turbiditic successions
that dominate the central areas of the Rifian corridor, the well-studied sections near Rabat on the
Atlantic coast comprise regular alternations of indurated marls that are blue when freshly exposed
and softer reddish clay-rich marls (Fig. 1.2) unconformably overlying Devonian limestones
(Hilgen et al., 2000). These well exposed successions have been astronomically tuned and therefore
have an exceptionally high resolution age model (Hilgen et al., 2000; Krijgsman et al., 2004). In
offshore parts of the basin, data is sparse and interpretations are of much lower resolution and often
restricted by poor quality seismic data.
Despite being outside the Mediterranean and consequently significantly buffered by the
Atlantic Ocean, the tuning of these upper Miocene-Pliocene successions indicates a strong pattern
of sedimentary response to precession with secondary components of obliquity and eccentricity
(e.g., Van der Laan et al., 2005). Fluctuations in the faunal assemblage that mirror this strong
precessional signal are similar to, but of lower amplitude than those seen in time equivalent
sediments in the Sorbas Basin (Van der Laan et al 2012; Fig. 1.2). One possible explanation for
the insolation-driven sedimentation that persists in the Rabat successions before, during and after
the MSC is that the controlling mechanism linking orbital forcing to its sedimentary response is,
in this area, independent of the state of connectivity between the Atlantic and Mediterranean and
therefore probably lies outside the Mediterranean. A possible explanation for the colour cycles are
precession driven climate oscillations that are linked to the Atlantic system (Brayshaw et al., 2001;
Tzedaks, 2007; Bosmans et al., 2015) rather than to the African monsoon as generally assumed for
Mediterranean sapropels (Kutzbach et al., 2014). The Atlantic system brings rain in the winterhalfyear, and the dominantly precession controlled changes in this system may have been operative
at least from 7.8 Ma to the Recent, although climatic interpretations differ (Sierro et al., 2000;
Moreno et al., 2001; Bozzano et al., 2002; Van der Laan et al., 2012; Hodell et al., 2013).

1.3

Evolution of the Atlantic-Mediterranean gateways: direct approach

The distribution of upper Miocene marine sediments across Northern Morocco and Southern Spain
resembles a complex network of channels connecting the Mediterranean and Atlantic (Figs. 1.1,
1.5, 1.6) and it is this now uplifted area that is considered to be the late Miocene gateway region
(e.g., Santisteban and Taberner, 1983). It is less clear, however, how much of the bifurcating channel
pattern reflects the primary configuration of the late Miocene marine corridors and how much is a
function of the preservation of the sediments after uplift and erosion. Much of the sedimentation
of this region, particularly at either end of the corridors, is characterised by clay-silt grade material
(Fig. 1.2) with few if any current structures. This is indicative of low energy conditions rather than
the coarser material anticipated from high velocity currents such as those seen in the Gibraltar
Straits today. Even in central areas of the corridors, where sands and conglomerates are common
(Fig. 1.2), these may result from uplift-driven higher energy processes relating to slope transport for
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example, rather than being the direct product of inflow or outflow current transport and deposition.
Here we present a summary of the sedimentological data preserved in the exposed gateway region.
1.3.1

The Betic Corridor

The Betic Corridor can be subdivided into four distinct connections that link the Atlantic with the
Mediterranean during the late Miocene: the North-Betic strait; the Granada Basin; the Guadix
Basin and the Guadalhorce Basin (Fig. 1.5). All these basins contain large-scale palaeocurrent
structures (Fig. 1.5) typically in coarse-grained sand or conglomeratic sediments indicating high
energy currents (Martín et al., 2014). These coarse clastics which commonly form the last part of
the preserved succession are difficult to date. However, some of the Betic successions also contain
evaporite and continental sediments that predate the MSC suggesting that these connections were
conduits for Mediterranean-Atlantic exchange before the formation of the Mediterranean’s saline
giant.
1.3.1.1
North Betic strait
This most northerly corridor connects the Guadalquivir Basin and the Mediterranean through
the Fortuna and Lorca basins (Martín et al., 2009; Fig. 1.5). Müller and Hsü (1987) initially
suggested that the North Betic strait was open throughout the Messinian, allowing an ocean water
flux and providing the salt required for evaporite deposition to reach the Mediterranean. This flux
was thought to have been modulated by glacio-eustatic sea level change Santisteban and Taberner
(1983). By contrast, Benson et al. (1991) envisaged the North Betic Strait closing just before the
onset of the MSC, but serving as a channel for unidirectional Mediterranean outflow during the
precursor ‘Siphon event’. Subsequently, integrated stratigraphic studies were carried out on the
Fortuna Basin at the eastern end of the North Betic Strait (Garcés et al., 1998; Krijgsman et al.,
2000). These indicate that sedimentation changed from marls to diatomites and evaporites at 7.8
Ma (the ‘Tortonian salinity crisis’ of the eastern Betics; Krijgsman et al., 2000), before deposition of
continental deposits at ~7.6 Ma. The dating of this tectonically driven restriction event (Krijgsman
et al., 2000) suggests that the North Betic Strait cannot have been the route by which ocean water
reached the Mediterranean during the MSC.
1.3.1.2
Granada Basin
The Granada Basin connects the Guadalquivir Basin to the Mediterranean via the Zagra strait
(Martín et al., 2014). The stratigraphy of this basin was first described by Dabrio et al. (1978), who
suggested tectonism caused basin restriction through the uplift of the present day Sierra Nevada,
leading to the deposition of evaporites in the Granada Basin (Fig. 1.5) that pre-date the MSC (Fig.
1.2). According to Martín et al. (1984) this restriction took place around the Tortonian-Messinian
transition. Braga et al. (1990) suggested instead that restriction began on the eastern side of the
basin in the late Tortonian, spreading to the southern and western margins which uplifted around
the Tortonian – Messinian boundary, gradually isolating and desiccating the basin and filling it
with continental deposits. The restriction of the Granada Basin has recently been more precisely
dated using biostratigraphy by Corbí et al. (2012) demonstrating that a short phase of evaporite
precipitation occurred between 7.37 to 7.24 Ma, followed by a less well constrained phase of
continental sedimentation. This confirms the conclusion of earlier studies that the Granada Basin
was not a conduit for Mediterranean-Atlantic exchange for any part of the Messinian.
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1.3.1.3
Guadix Basin
This was a relatively open marine passage (around 12-15 km wide), probably permitting twoway flow, with coarse grained sediments deposited on the edges while marls accumulated in its
central part. Later it evolved into a narrow strait with strong bottom currents flowing from the
Mediterranean to the Atlantic, based on huge bioclastic sand and conglomerate dunes, displaying
internally cross-bedding several meters high (Betzler et al., 2006; Fig. 1.5). Contemporaneous with
these bottom currents there were Atlantic surface current flowing southwards (Puga-Bernabeu
et al., 2010). Although there is broad consensus that the Guadix Basin corridor, (or Dehesas de
Guadix strait; Martín et al., 2014) was open during the late Tortonian (Soria et al., 1999; Betzler et
al., 2006; Hüsing et al., 2010), the detailed timing of the closure is disputed. According to Betzler et
al. (2006) the strait narrowed to about 2 km and was finally blocked at ~7.8 Ma by a tectonic swell
fringed by reefs (7.8-7.4 Ma). This is contradicted by more recent magnetobiostratigraphic results
for the same section (La Lancha, Hüsing et al., 2010) which show that there is a major hiatus of
at least 2 Myr between open marine sediments of ~7.85 Ma and continental deposits, dated at
5.5 Ma (Fig. 1.2) in agreement with the presence of the MN13 mammal biostratigraphy (Hüsing
et al., 2012; Minwer-Barakat et al., 2012). This unconformity means that closure of the Guadix
Basin corridor is not recorded and consequently, the possibility that a shallow marine connection
remained during MSC Stage 1 and 2 cannot be excluded.
1.3.1.4
Guadalhorce Corridor
The history of the Guadalhorce corridor (Martín et al., 2001; Fig. 1.5) is less well known than
the other Betic basins. Its sedimentary record consists predominantly of siliciclastics containing
unidirectional cross-bedding (Fig. 1.2) with sets over 100 m in length and ranging from 10 to
20 m in thickness. These structures have been interpreted as indicating that the corridor was at
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least 60-120 m deep and subject to an extremely fast (1.0-1.5 m s-1) unidirectional current flowing
northwest (Martín et al., 2001; Fig. 1.5). Foraminifera-bearing marls intercalated with carbonates
in one of the outcrops towards the bottom of this unit have an early Messinian age (7.2-6.3;
Martín et al., 2001). Consequently, the Guadalhorce corridor was considered to be a conduit for
Mediterranean outflow prior to the MSC in accordance with the ‘siphon’ model (Benson et al.,
1991). Pérez-Asensio et al. (2012b) also took the view that Guadalhorce had an important role in
Mediterranean to Atlantic outflow. These authors assume that ultimately all other corridors were
closed during the MSC and only the Guadalhorce supplied Mediterranean water to the Atlantic
via the Guadalquivir Basin during this period. They interpreted a change in benthic δ18O record in
the Guadalquivir basin at 6.18 Ma, as indicating closure of the Guadalhorce corridor. However, as
there are no MSC-aged sediments preserved evidence of this from within the Guadalhorce corridor
itself remains to be found.
In summary, of the four possible Betic corridors that may have supplied Atlantic water to the
Mediterranean during the late Miocene, two are known to have been closed during the MSC
(the North Betic Corridor and the Granada corridor) while the successions of the remaining two
(Guadix and the Guadalhorce corridors) contain large unconformities and uncertainties that span
the critical late Miocene period. It is therefore not currently possible to rule out definitively an open
or intermittent connection within the Betic corridor area during the MSC.
1.3.2

The Rifian Corridor

The distribution of late Tortonian and Messinian sediments through northern Morocco is broadly
divided into a northern and a southern strand (Fig. 1.6); the intramontane basins form the
northern part of this gateway; the Nador – Taza-Guercif – Rabat axis forms the better-studied
southern arm. These strands merge at their western end which, in the late Miocene, formed a broad
Atlantic-facing embayment (Fig. 1.6). By contrast, their eastern connections to the Mediterranean
are distinct, with the northern strand reaching the Mediterranean between Boudinar and Melilla
and the southern strand joining further east in Algeria. Given that the area between the two
strands is a thrust nappe pile (Feinberg 1986; Flinch 1993; Chalouan et al. 2008) which is locally
overlain by upper Miocene marine sediment, one possibility is that the Rifian corridor was in fact
a single wide strait which has subsequently been uplifted and eroded leading to the preservation of
a more complex and segmented pattern of upper Miocene marine sediments (Fig. 1.6). Detailed
palaeogeographic data are required to distinguish between these two hypotheses.
Understanding of the evolution of the Rifian corridor is strongly biased by the location of wellstudied sections, some of which have been astronomically tuned. To be specific:
1. There is almost no published information about the onshore Algerian section of the corridor;
2. For reasons of exposure, nearly all information available regarding the western embayment
comes from an area to the south, near Rabat (Fig. 1.6);
3. The only astronomically tuned section from the central part of the corridor is located near the
southern margin of the southern strand, in the Taza-Guercif Basin (Fig. 1.6).
1.3.2.1
North Rifian connection
The age of the northern strand of the Rifian Corridor currently relies on biostratigraphic analysis of
marine sediments carried out during the eighties (Wernli, 1988). These sediments are all assigned
to an undifferentiated Tortonian-Messinian marine zone (M6), which spans 11.6 to 5.3 Ma but
does not allow more accurate age subdivisions. Nevertheless, the highly diverse faunal assemblage
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suggests sediments occurring in these apparently distinct subbasins (Taounate, Dhar Souk, Boured;
Fig. 1.6) experienced open marine conditions during the late Miocene. Sections near the town
of Taounate and in the other intramontane basins record the onset of clastic sedimentation with
poorly sorted conglomerates and sandy marls, followed by thick alternations of marls and sands
which indicate abundant sediment input from the basin margins. The top of the marine sequence is
generally truncated by erosion and covered by Quaternary deposits (Wernli 1988).
1.3.2.2
South Rifian Corridor
Astronomical tuning of the central southern Taza-Guercif Basin section (Fig. 1.6) indicates that
closure of this part of the corridor (e.g., the transition from marine to continental sedimentation)
occurred between 6.7 to 6.0 Ma (Krijgsman et al., 1999b; Krijgsman and Langereis, 2000; Fig. 1.2),
but this evidence cannot preclude there being a concurrent Mediterranean-Atlantic connection
further north. The Nd isotope data from the Taza-Guercif Basin suggests that restriction of the
southern strand of the corridor took place to the east around 7.2 Ma, cutting the connection with
the Mediterranean, but allowing the connection between the Taza – Guercif Basin and the Atlantic
to persist (Ivanović et al., 2013a). The timing is coincident with a significant shallowing event seen
in the palaeobathymetric reconstructions for the thick clastic successions found in the central TazaGuercif Basin (Krijgsman et al., 1999b). The sedimentation pattern in the Taza-Guercif Basin is
consistent with a pre-MSC closure of the Rifian corridor as a whole, for which there is a growing
and diverse body of evidence including evidence from mammal fossils which indicates that rodents
were able to migrate between Morocco and Spain before 6.1 Ma (Benammi et al., 1996; Agustí et
al., 2006; Gibert et al., 2013).
Palaeomagnetic studies in the Rifian Corridor demonstrate that no vertical axis rotations have
occurred in the Taza and Gharb foreland basins and in the post-thrusting Melilla Basin (Fig. 1.1)
since the Tortonian-Messinian (Krijgsman and Garcés, 2004). In the Rifian part of the External
Thrust Belt (Fig. 1.1), however, upper Miocene thrust top sequences show anticlockwise rotations
(Cifelli et al., 2008). Southward propagation of the thrust load appears to be a significant driver of
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closure of the Rifian corridors along with regional uplift attributed to slab dynamics (Duggen et al.,
2004).
1.3.3

Strait of Gibraltar

The Strait of Gibraltar connects the Mediterranean with the Atlantic today (Fig. 1.1) and is
commonly assumed to have formed at the Miocene/Pliocene boundary (5.33 Ma; Hsü et al., 1973;
Hsü et al., 1977) with rapid (5-800 days according to Garcia-Castellanos et al., 2009) refilling of
the Mediterranean (Blanc, 2002, Meijer and Krijgsman 2005, Loget and van den Driessche 2006,
Garcia-Castellanos et al., 2009). The assumption of a major ‘Zanclean flood’ is based on seismic
evidence of an incised channel that dips from the Gibraltar Straits across the Alborán Sea and can
be followed for at least 300 km towards the east (Estrada et al., 2011). Here, the deep U-shaped
incision merges laterally with the Messinian Erosion Surface (MES) and is locally filled with PlioQuaternary sediments (Campillo et al., 1992; Garcia-Castellanos et al., 2009). The cause of the
initial rupture at Gibraltar is still debated. If a eustatic trigger is excluded (Van der Laan et al.,
2006), it may have been caused by tectonic collapse (Govers, 2009), possibly in combination with
headward river erosion (Hsü et al., 1973; Blanc 2002, Loget and van den Driessche, 2006).
Detailed geomorphological studies (Esteras et al., 2000, Blanc 2002) revealed the asymmetric
structure of the strait and identified an eastern and western domain. The eastern domain is narrower
and deeper (750 to 960 m) while the western domain has an irregular bottom morphology
composed of sharp submarine hills up to 80m high, large flat banks and ditches up to 650 m deep.
To explain such physiography Esteras et al. (2000) suggested that large gravity slides of unknown
age may have occurred, derived from both the Iberian and Moroccan margins. A major slide may
have been contemporaneous with the Zanclean flood (Blanc, 2002). These gravitational collapses
locally filled the two excavated channels with flysch mud-breccia, forming shallow sills.
Since the clastic sediments at the base of the canyon infill are not dated, and the age of the main
erosion event that shaped the channels remains uncertain (Esteras et al., 2000), the possibility that
(at least temporary) opening of the Strait of Gibraltar preceded the Miocene/Pliocene boundary
cannot be ruled out. This missing information is arguably the main reason for the uncertainty
around the evolution of Mediterranean-Atlantic exchange before, during and after the MSC.
1.3.4

Biotic evidence of corridor evolution

Faunal groups impacted by the evolution of the Mediterranean-Atlantic gateways include marine
species utilising the marine corridors (e.g., foraminifera, fish, corals) and land-based species able
to migrate when these corridors were closed (e.g., mammals). Analyses of faunal datasets provide
insights into the dimensions of the marine gateways and the timing of closure.
1.3.4.1
Marine biota
From the perspective of gateway evolution, evidence from marine faunal palaeoecology
contributes in two important areas: (1) palaeoecological differences between the Mediterranean
and Atlantic sides of the corridors, and (2) palaeo-water depth reconstructions of the corridors
themselves. During the Tortonian – earliest Messinian and from the Early Pliocene onwards,
open Mediterranean-Atlantic connections resulted in similar planktic and benthic microfossil
assemblages on both the Atlantic side of the gateways and in the homogeneous, marly sediments
that span the entire Mediterranean basin (most data pertain to foraminifera and calcareous
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nannoflora: (e.g., Feinberg, 1986; Hodell et al., 1989; Van de Poel, 1991; Sierro et al., 1993; Hodell
et al., 1994; Zhang and Scott, 1996 Santarelli et al., 1998; Baggley, 2000; Barbieri and Ori, 2000;
Hilgen et al., 2000; Raffi et al., 2003; Kouwenhoven et al., 2003, 2006; Hüsing et al., 2009a; Lozar
et al., 2010; Corbí et al., 2012; Pérez-Asensio et al., 2012b). During the intervening Messinian
interval, there are differences in the Mediterranean and Atlantic assemblages to a greater or lesser
extent. These biological distinctions are sometimes mirrored by sedimentological differences which
suggest synchronous chemical differentiation between the two basins. Many of the hypotheses that
relate the Mediterranean’s distinct upper Miocene sedimentary record to its connectivity with the
Atlantic are based on these observations and the inferences that can be drawn about the nature of
exchange.
1.3.4.1.1 Stepwise restriction of Mediterranean-Atlantic exchange
Not all faunal groups record environmental changes at the same time. Benthic foraminifera
indicate changing Mediterranean deep water environments as early as 7.17 Ma (Fig. 1.2), just
after the Tortonian-Messinian boundary (7.251 Ma; Hilgen et al., 2000) with the disappearance
of open marine, oxyphilic taxa (e.g., Kouwenhoven et al., 2003). This is more or less coincident
with shallowing in the central Rifian Corridor (Krijgsman et al., 1999b; Fig. 1.2), although a causal
relationship is not certain and changes in bottom water oxygenation are dependent on freshwater
runoff as well as circulation. The first sapropel in the Faneromeni section (Crete, Hilgen et al.,
1995) and the onset of cycle LA1 of the lower Abad marls in the Sorbas Basin (Sierro et al., 2001)
indicate that restriction of water exchange occurred at this time such that the Mediterranean
became sufficiently isolated to record a lithological response to subtle orbital variation. From
7.17 Ma onwards, benthic foraminifers typical of organic-rich suboxic waters and more tolerant
to high environmental stress become increasingly abundant in bottom-water environments of the
Mediterranean. In this development towards the MSC rather discrete steps are recognized around
6.7, 6.4 and 6.1 Ma (Seidenkrantz et al., 2000; Bellanca et al., 2001; Blanc-Valleron et al., 2002;
Kouwenhoven et al., 2003, 2006; Iaccarino et al., 2008; Orszag-Sperber et al., 2009; Di Stefano
et al., 2010; Lozar et al., 2010). Eventually oligotypic, Bolivina-Bulimina dominated faunas
developed (Fig. 1.2) and deeper basins are barren of foraminifera (Sprovieri et al., 1996; Violanti,
1996; Kouwenhoven et al., 2003) whereas contemporaneous assemblages in the Atlantic are largely
unaffected (Kouwenhoven et al., 2003; Pérez-Asensio et al., 2012b).
From ~6.7 Ma planktic assemblages within the Mediterranean mirror restriction of gateway
exchange through decreasing abundances and amplification of the orbital-scale changes of the
planktic communities (Santarelli et al., 1998; Sierro et al., 1999, 2003; Bellanca et al., 2001; PérezFolgado et al., 2003; Flores et al., 2005). Warm-water oligotrophic planktic foraminifera (summed
as Globigerinoides spp.), and between 6.6 and 6.4 Ma Globigerina bulloides show 60-100% abundance
shifts (Sierro et al., 1999, 2003). On the Atlantic side of the Rifian corridor, in the Ain el Beida
section (6.46-5.52 Ma) the amplitude of these precessional changes in warm-water planktic
foraminifera abundance is in the order of 20% (Van der Laan et al. 2012; Fig. 1.2). Decreasing
abundances of Mediterranean planktic assemblages and a trend towards low diversity are attributed
to increasingly adverse conditions of the surface waters preceding the MSC. Eventually, just below
the MSC virtually barren samples are recorded (Sierro et al., 1993, 2003; Blanc-Valleron et al.,
2002; Krijgsman et al., 2004; Lozar et al., 2010). The most extreme divergence between the planktic
and benthic communities on the Mediterranean and Atlantic sides of the corridors is associated
with the onset of evaporite deposition at 5.971 Ma (Manzi et al., 2013), when marine organisms
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disappear from the Mediterranean. Although planktic and benthic micro- and macro-organisms
have been described from Stage 1, their presence is probably mainly the result of reworking and
most marly layers intercalated in the gypsum are barren (Rouchy and Caruso, 2006 and references
therein).
Brackish-water assemblages are recorded during the Lago-Mare phase in the latest Messinian
(e.g., Iaccarino and Bossio 1999; Aguirre and Sanchez-Almazo, 2004; Pierre et al., 2006; OrszagSperber, 2006; Rouchy et al., 2007; Guerra-Merchán et al., 2010). This period is also characterised
by intervals containing well preserved fossil fish of open marine origin suggesting at least an
episodic biological connection to the Atlantic during the Lago Mare phase (Carnevale et al., 2006).
Only after the Miocene-Pliocene boundary (5.33 Ma; Lourens et al., 1996; Van Couvering
et al., 2000) did planktic and benthic communities of the Mediterranean recover (e.g., Wright,
1979; Sprovieri and Hasegawa, 1990; Thunell et al., 1991; Sgarrella, 1997, 1999; Pierre et al.,
2006; Rouchy et al., 2007). Open ocean assemblages persist throughout the MSC in both the
Guadalquivir (Spanish) and South Rifian (Moroccan) corridors (Feinberg 1986; Kouwenhoven et
al., 2003; Pérez-Asensio et al., 2012b).
1.3.4.1.2 Biostratigraphic implications
Increasing restriction of Mediterranean-Atlantic exchange has impacted biostratigraphic datums.
Biostratigraphic correlations within the Mediterranean and between the Mediterranean and
Atlantic are unequivocal for most of the pre-MSC Messinian, up to the sinistral-to-dextral coiling
shift of Neogloboquadrina acostaensis (e.g., Sierro et al., 1993, 2001; Hilgen et al., 2000; Krijgsman et
al., 2004; Larrasoaña et al., 2008). However, the last common occurrence of Globorotalia miotumida
at 6.28 Ma in the Atlantic (Sierro et al., 1993; Krijgsman et al. 2004) is a diachronous bioevent in
the Mediterranean where the last influx of the species has been identified as early as 6.6 Ma, while
some rare specimens were found in levels as young as 6.25 Ma (Sierro et al., 2001). This may relate
to environmental sensitivity in planktic foraminifera. For the same reason, calcareous nannofossil
datums have been found to deviate between Atlantic and Mediterranean strata (e.g., Raffi et al.,
2003).
1.3.4.1.3 Palaeodepth reconstructions in the corridors
Reliable records of water-depth change in the Mediterranean-Atlantic corridors are critical
to reconstructing gateway exchange. Several methods based on microfossils have been used to
reconstruct palaeo-water depths, including (1) the ratio between planktic and benthic foraminifera
(P/B ratios), (2) the occurrence of benthic foraminiferal species with restricted depth ranges that
are assumed to be constant (e.g., Van Hinsbergen et al., 2005), and (3) transfer functions (e.g.,
Van der Zwaan et al., 1990; Hohenegger, 2005; Baldi and Hohenegger, 2008). For instance,
vertical movements of the Taza-Guercif basin (Rifian Corridor), reconstructed using P/B ratios
indicate rapid shallowing from outer shelf-upper slope (~ 400 m depth) to near – shore depths
of ~40 m between 7.2 and 7.1Ma (Krijgsman et al., 1999b; Fig. 1.2). P/B ratios were also used
to reconstruct palaeodepths in the Murcia-Cartagena and Sorbas basins, to constrain differential
vertical movements and tectonic uplift in the Murcia basin (Krijgsman et al., 2006). Problems
associated with the exclusive use of P/B ratios are discussed in Van Hinsbergen et al. (2005) and
Pérez-Asensio et al. (2012b). Apart from the effect of environmental factors such as oxygen and
food on benthic assemblages (causing, among others, a correlation with astronomical cyclicity; Van
Hinsbergen et al., 2005), these problems include reworking and downslope transport of sediment.
In upper Miocene sediments from the Guadix section in the Betic Corridor, significant reworking
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of Cretaceous foraminifera and sediment transportation precluded the use of P/B ratios for
depth reconstruction. Instead, depth-diagnostic species were used to approximate palaeodepths,
suggesting a rather rapid shallowing from ~500 to ~200m (Hüsing et al., 2010). In the Guadalquivir
area, palaeodepth reconstructions which also document shallowing as the basin infilled are based on
a combination of methods including a transfer function (Pérez-Asensio et al., 2012b) or a transfer
function alone (Pérez-Asensio et al., 2013). Despite each method having its limitations, valuable
information can be extracted regarding differential vertical movements within the corridor area.
Disentangling whether the shallowing seen is caused by tectonic uplift, sedimentary infill and/or
Mediterranean sea-level fall remains challenging.
1.3.4.2 Terrestrial biota and mammal migration
The progressive closure of the Mediterranean-Atlantic marine connections should have created a
land-bridge that permitted mammal migration between Africa and Spain. The continental (fossil
mammal) biostratigraphic record is less detailed than the marine record, because the richest fossil
localities are usually found in small scattered outcrops, and well-dated successions are scarce.
Nevertheless, it has long been recognised that typical African species like camels and gerbils
(desert rats) appear in the Messinian fossil records of Central Spain ( Jaeger et al., 1975; Pickford
et al., 1993; Van Dam et al., 2006). Similarly, typical European rodent species are observed in the
Messinian successions of northern Africa ( Jaeger, 1977; Coiffait et al., 1985; Garcés et al., 1998).
One of the most significant Messinian mammalian events is marked by the entry into southern
Spain of the murid Paraethomys miocaenicus (Agustí et al., 2006; Gibert et al., 2013) and camels
of the genus Paracamelus. Camels originated in North America and Paraethomys in Asia, but the
absence of their fossil remains in Western Europe suggest that they reached Iberia via Africa
(Pickford et al., 1993; Van der Made et al., 2006). The first African immigrants (Paraethomys and
Paracamelus) in Spain are magnetostratigraphically dated at ~6.2 Ma (Garcés et al., 1998, 2001;
Gibert et al., 2013; Fig. 1.2). Another Messinian mammalian event is characterised by the dispersal
of gerbils into Southern Spain. Gerbils are subdesertic rodents that today inhabit the dry landscapes
of northern Africa and southwestern Asia. Their first record in Spain is found just after the basal
Pliocene transgression (Garcés et al., 2001) and their presence in Europe is probably directly related
to the onset of the MSC and the spread of subdesertic conditions in the Western Mediterranean
Basin. The identification of gerbils in the latest Messinian reddish continental beds of the Zorreras
Formation, in the Sorbas Basin, is in agreement with this hypothesis (Martín-Suárez et al., 2000;
Fig. 1.2).
The first age constraint on Africa-Iberia mammal exchange came from magnetostratigraphic
dating of European mammalian fossils in the Aït Kandoula Basin of Morocco, which are correlated
with chron C3An.1n at an age of ~6.2 Ma (Benammi et al., 1996). These data indicate that
mammal exchange in the Gibraltar area took place in both directions more than 200 kyr before
the onset of the MSC (Fig. 1.2) and this points to an ephemeral Messinian land bridge between
Morocco and Spain, indicative of a pre-MSC (partial) closure of the Mediterranean-Atlantic
gateways (Agustí et al., 2006; Gibert et al., 2013).

1.4

Evolution of the Mediterranean-Atlantic Gateways: indirect approach

The geological records of the late Miocene marine connections that are now exposed on land are
incomplete as a consequence of the unconformities associated with corridor closure and uplift
(Fig. 1.2) and the uncertainty as to corridor location. As a result, important information about the
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Figure 1.7 Overview of the main circulation patterns of modern
Mediterranean Outflow (MO) and its pathway in the North Atlantic
(Iorga and Lozier, 1999) as Atlantic Mediterranean Water (AMW). In
green is the saline tongue centred around 1000 m depth (Reid, 1979) and
in orange is the surface North Atlantic Current (NAC). Arrows represent
flow direction and the relevant bathymetric features are contoured in black.

nature and timing of MediterraneanAtlantic exchange can only be derived
from records outside the corridors that
respond to some aspect of the exchange
or the lack of it. In the Atlantic a
variety of water mass tracing methods
(contourites and Nd and Pb isotopes)
capture aspects of Mediterranean
outflow and consequently provide
information about the timing of closure
and the vigour of exchange. In the
Mediterranean, Sr isotopes serve as an
indicator of isolation from the global
ocean. The successions preserved within
the Mediterranean and elsewhere during
the late Miocene provide geological
constraints for numerical modelling
experiments, both those investigating
the processes occurring during the MSC
and those considering its consequences
for global ocean circulation and climate.
This section summarises the information
about Mediterranean-Atlantic exchange
that can be deduced from these diverse
indirect approaches.
1.4.1 Evidence of MediterraneanAtlantic connectivity from outside the
Mediterranean

1.4.1.1 Mediterranean Outflow
As a mid-latitude semi-enclosed marginal basin, the Mediterranean Sea plays a fundamental role in
supplying dense waters to the global ocean (Price et al., 1993; Price and Baringer, 1994) impacting
the thermohaline structure of the North Atlantic (Hecht et al., 1997; Mauritzen et al., 2001; Artale
et al., 2002) and ultimately global climate (Li, 2006). Today, two-layer flow exists in the Straits
of Gibraltar, and colder, more saline Mediterranean water (Mediterranean Outflow/Overflow,
MO) flows down the continental slope. En route it entrains significant quantities of Atlantic water
(Baringer and Price, 1999) which decreases the density and velocity of the resulting water mass and
causes it settle out into the Atlantic at intermediate depths (~500-1400 m; Ambar and Howe, 1979;
Fig. 1.3). This distinctive water mass which is the combination of MO and ambient Atlantic water,
we will refer to as Atlantic Mediterranean Water (AMW) as defined by Rogerson et al. (2012).
Although MO undergoes rapid dilution due to mixing and entrainment processes (Dietrich et
al., 2008), the resulting AMW remains a well-defined water mass in the Gulf of Cadiz (Figs. 1.1,
1.7). Subsequently AMW divides into two distinct pathways and can be traced both westward to
the Bermuda Rise and northward, over most of the central North Atlantic basin (Armi and Bray,
1982; Iorga and Lozier, 1999; Curry et al., 2003; Lozier and Stewart, 2008). AMW influences the
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heat and salt balance of the North Atlantic (Dietrich et al., 2008) and contributes to deep-water
formation by keeping relatively high salinities at the surface (Reid, 1979; Price and Baringer, 1994).
The interaction of AMW with the Iberian margin’s slope system results in an extensive
contourite depositional system in the Gulf of Cadiz (Fig. 1.1), visible in both seismic profiles
and bathymetry (García et al., 2009). Thick sedimentary deposits generated by these currents and
by bottom currents on the eastern (Alborán Sea) side of the Gibraltar Straits, provide extensive
records of past Mediterranean-Atlantic dynamics (Rogerson et al., 2010; Stow et al., 2013a, b).
These records, along with observational data suggest that Mediterranean-Atlantic exchange
exhibits significant variability over seasonal (García Lafuente et al., 2007), interannual (Lozier and
Sindlinger, 2009), and glacial-interglacial (Rogerson et al., 2005; Voelker et al., 2006) time scales.
Mediterranean-Atlantic exchange through the Strait of Gibraltar, is assumed to have been
established immediately after the Zanclean flood (5.33 Ma; e.g., Iaccarino et al., 1999). However,
to date, no direct evidence exists to enable the characterization of MO just after the opening
of Gibraltar. IODP drilling in the Gulf of Cadiz recovered turbidites and debrites deposited
between~4.5-4.2 Ma. These indicate the presence of relatively high flow strength in the early
Pliocene (Hernández-Molina et al., 2013, 2014b). From 3.8 Ma onwards these deposits developed
into an extensive contourite depositional system. AMW circulation strengthened from 3.2-2.1 Ma,
where two major sedimentary hiatuses from 3.2-3.0 Ma and 2.4-2.1 Ma indicate strong bottom
water currents (Hernández-Molina et al., 2014b). The first hiatus has been linked with geochemical
evidence of a rise in MO density and it has been suggested that this intensified Upper North
Atlantic Deep Water (NADW) formation (Khélifi et al., 2009, 2014). Rogerson et al. (2012)
concluded that a AMW pathway comparable to that of today (Fig. 1.7) could have been established
around 1.8 Ma. (e.g., Llave et al., 2001; 2007a; Llave 2003; Brackenridge et al., 2013). Finally,
changes in the distribution and splitting of the upper and lower AMW is likely to have been caused
by diapiric reactivation that can be correlated to tectonic events and sea level changes (Rodero et al.,
1999; Llave et al., 2007a; García et al., 2009).
Consequently, exchange through the late Miocene Mediterranean-Atlantic gateways may have
been quite different to that seen today in the Strait of Gibraltar, and the evolution of the Atlantic’s
sedimentary and geochemical response to MO may well reflect the evolution of the gateway itself.
Three hypotheses can be formulated to explain the absence of evidence for MO before the earliest
turbidites and debrites. Firstly, the outflow was insufficiently powerful to generate such current
flow related deposits (Hernández-Molina et al., 2013). This is consistent with the interpretation
of the onset of Gulf of Cadiz contourites and the geochemical signal of outflow as a strengthening
or intensification of MO rather than its initiation (Khélifi et al., 2009; Hernández-Molina et al.,
2013). Secondly, Mediterranean and Atlantic waters may have had physical properties too similar
to leave traceable geochemical evidence of MO in the Atlantic (Rogerson et al., 2010). During
the Early Pliocene global climate was warmer and the gateway may have been deeper (Esteras et
al., 2000; Raymo et al., 2006). It is suggested that such conditions would not be met at the time
of the gateway opening, but there is no proof of this (Rogerson et al., 2012). A third possibility
for the absence of early Pliocene contourites from Leg 339 Sites is that Early Pliocene MO did
exist, but AMW did not follow the present-day route along the Iberian margin and therefore it
was not recovered during IODP Expedition 339. However, Rogerson et al. (2012b) demonstrated
that the relationship between the salinity of Mediterranean Outflow and its flow pathway while not
intuitive, is predictable. Increased salinity of MO could result in increased flow velocity and not in a
variation of the plume’s depth.
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1.4.1.2 Geochemical tracers of Mediterranean Outflow – Nd and Pb isotopes
Attempts have been made to deduce the presence of MO in the Atlantic during the Miocene using
geochemical tracers such as neodymium (Nd) and lead (Pb) isotopes. While Nd has a residence
time in seawater on the order of 200-1000 years (Tachikawa et al. 1999), on a global average Pb is
removed from the water column within 10-100 years (Henderson and Maier-Reimer, 2002). These
relatively short residence times enable the Pb and Nd isotope systems to vary regionally in seawater.
Nd isotopic compositions (expressed as εNd, the ratio of 143Nd/144Nd in a sample normalized to the
bulk earth value in parts per 104; Jacobsen and Wasserburg, 1980) are used as water mass tracers for
open ocean palaeocirculation reconstructions (e.g., Frank et al., 2002; Robinson et al., 2010; Thomas
et al., 2003). Within the Mediterranean-Atlantic gateway region, clarifying εNd signal provenance
is complicated by riverine and aeolian input (e.g., Henry et al., 1994; Sholkovitz and Szymczak,
2000) and boundary exchange at the sediment-bottom water interface (see Lacan and Jeandel,
2005). Nevertheless, since MO and Atlantic Inflow Water (AIW) have measurably different εNd
(-9.4 and -11.8 respectively; Piepgras and Wasserburg, 1983; Spivack and Wasserburg, 1988;
Tachikawa et al., 2004; Fig. 1.8), this isotope system theoretically has the potential to monitor past
exchange. Two marine Nd archives have been exploited to investigate late Miocene MediterraneanAtlantic exchange: hydrogenous ferromanganese (FeMn) crusts derived from Atlantic seamounts
and marine microfossils from Atlantic and palaeo-corridor locations.
FeMn crusts faithfully record both the Nd and Pb isotopic composition of overlying bottom
seawater (Frank, 2002). Pb is commonly analysed alongside Nd as it contributes complimentary
information such as insight into local changes related to continental weathering and other climateinduced signals (Christensen et al., 1997; Harlavan and Erel, 2002; Gutjahr et al., 2009). Pb and
Nd isotope records from the Lion Seamount west of Gibraltar (Fig. 1.7) which is bathed in AMW
today provide no evidence for the cessation of MO during the Messinian (Abouchami et al., 1999;
Muiños et al., 2008). Unfortunately, the temporal resolution of both studies is too coarse to clearly
rule out changes in Atlantic-Mediterranean exchange during the different stages of the MSC (Fig.
1.7).
Marine fossils such as fish remains, teeth or bone fragments and foraminifera are an alternative
target for Nd isotopic measurements with the potential for much higher resolution records.
Ivanović et al. (2013a) studied this archive in sediment samples from the onshore Rifian Corridor.
These authors independently estimated palaeo-MO and found palaeo-Atlantic εNd values which
Figure 1.8 (right page) Radiogenic isotope records for the Mediterranean Sea and Mediterranean Outflow (MO) from 8 to 5 Ma,
with Messinian Salinity Crisis stages. Top) 87Sr/86Sr ratios of Mediterranean water inferred from fossils, gypsum, halite, and limestone,
plotted with the global 87Sr/86Sr seawater curve. Fossils are divided according to marginal or more central Mediterranean locations.
Compilation based on Roveri et al. (2014b) and Topper et al. (2011) and references therein. Middle) εNd(t). Point data represent inferred
bottom water values at various locations from the Rifian Corridor (present day Northern Morocco), estimated from foraminiferal
and fish tooth Nd (Ivanović et al., 2013a). These data are compared to estimates for MO and North Eastern Atlantic Deep Water
(NEADW) inferred from microfossils (Ivanović et al., 2013a) and ferromanganese crusts (hereafter ‘crusts’; Abouchami et al., 1999;
Muiños et al., 2008). 65GTV and 3514-6 are thought to represent MO; 3511-1 is thought to represent NEADW (Muiños et al.,
2008). 65GTV values recalculated for post-deposition ingrowth of 143Nd using 147Sm/144Nd = 0.115 (assuming the value from Muiños
et al., 2008) and

Sm t1/2 = 1.06 x 1011 y; all crust value ages recalculated using the latest 10Be half-life of 1.387 Ma (Chmeleff et
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al., 2010). Bottom) Relatively flat Pb isotope ratio time series reported for major water masses outside the Gulf of Cadiz as inferred
from crusts 65GTV and 3514-6 (potential AMW archives), 3511-1 (potential NEADW archive) and 3513-14 (potential Antarctic
Bottom Water archive, Muiños et al., 2008). All errors for Nd and Pb isotope ratios are shown as 2 standard deviations of the external
reproducibility, unless the internal reproducibility was larger.
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were not inconsistent with Fe-Mn crust studies (Abouchami et al., 1999; Muiños et al., 2008; Fig.
1.8) and showed that:
• Mediterranean water is likely to have reached the Atlantic through the Rifian Corridor until
it closed between 6.64 and 6.44 Ma (Fig. 1.8), well before the onset of the MSC. This is
consistent with other ages for the timing of closure, but provides tighter constraints;
• The prevailing water in the corridor was likely to have been a mixture of both Atlantic and
Mediterranean water between 7.2 and 6.58 Ma (Fig. 1.8), directly contradicting the Siphon
Event hypothesis which advocates that all water passing through the Rifian Corridor during
this period was Atlantic in origin (Benson et al., 1991).
Further research is necessary to develop a more robust Nd and Pb isotope signature framework
from this time period for the relevant water masses.
1.4.2

Reconstructing gateway history by comparing Mediterranean and Atlantic records

1.4.2.1 Sr isotopes
Sr isotope stratigraphy is an established marine carbonate dating tool. However, where semienclosed basins have limited exchange with the global oceans, they evolve an 87Sr/86Sr ratio
that deviates from the global ocean water Sr isotope curve (McArthur et al., 2012) towards the
87
Sr/86Sr of the basin’s fluvial input. Such deviating Sr isotope records have been used to infer
the connectivity history of various marginal marine systems (e.g., Baltic Sea and San Fransisco
Bay, Ingram and Sloan, 1992; Andersson et al., 1994). For the Mediterranean, the 87Sr/86Sr will
deviate measurably from global ocean values when the river discharge constitutes >25% of the
total water flux (Topper et al., 2014). It has also been suggested that the changing concentration
of Sr in groundwater could affect the 87Sr/86Sr values of marginal basins. During periods of aridity
(occurring during low insolation), a build-up of Sr in groundwater may occur. On transition to
wetter periods that occur during insolation maxima, this excess is flushed into marginal basins,
causing 87Sr/86Sr to deviate away from global ocean values towards ratios that reflect the local
geology (Schildgen et al., 2014). As a large proportion of geology around marginal Mediterranean
subbasins is composed of Mesozoic age carbonate or igneous rock both of which have low 87Sr/86Sr
ratios (e.g., Albarede and Michard, 1987; Flecker and Ellam, 1999; Schildgen et al., 2014), the
resulting deviation would be towards values lower than those expected from the seawater curve for
the age of deposition (McArthur et al., 2001).
Around 8 Ma, Sr isotope values from northern marginal basins indicate a divergence from
global values e.g., in southern Turkey (Flecker and Ellam, 1999), the Adriatic, (Montanari et al.,
1997), and Tyrrhenian Seas (Müller et al., 1990). Coeval records from central Mediterranean areas
such as Sicily and Crete (Flecker et al., 2002; Sprovieri et al., 2003; Flecker and Ellam, 2006),
maintain global values (Fig. 1.8). This has been interpreted as indicating significant restriction
of these northern marginal basins from the main body of the Mediterranean prior to the MSC
(Flecker and Ellam, 1999). At the onset of the MSC, the anomalously low Sr isotope values in the
northern marginal basins return back to values within error of the ocean water curve (Flecker et
al., 2002). Model analysis by Topper et al., (2011) indicates that although a marine transgression
would generate these oceanic Sr isotope values (Flecker et al., 2002), a transgression alone would
not account for gypsum precipitation which marks the onset of the MSC. Consequently gateway
restriction must have played a dominant role in this transition (Topper et al., 2011).
During the MSC, the Mediterranean basin responded to reduced exchange resulting in a
deviation away from ocean 87Sr/86Sr ratios to lower, fluvial-like values, reflecting a decline in the
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proportion of ocean water reaching the basin (Fig. 1.8). The lowest values are recorded during
Stage 3 throughout precipitation of the Upper Evaporites and Lago Mare. Recently, Roveri et al.
(2014b) assessed the available 87Sr/86Sr data for the evaporites and determined correlations between
marginal and deep basin evaporite units which, although potentially controversial at present, may
lead to an enhanced understanding of evaporite deposition during the MSC. Sr isotope ratios
returned abruptly to global ocean values at the Mio-Pliocene boundary (Fig. 1.8) indicating
re-establishment of exchange with the Atlantic.
1.4.2.2 Stable isotopes and glacio-eustatic sea level change
Open ocean oxygen isotopes provide a record of global glacio-eustatic sea level change (Fig.
1.2). High resolution astronomically tuned age-models are available both for sections within the
Mediterranean and on the adjacent Atlantic margin. This allows stable isotope records close to the
Mediterranean-Atlantic gateway and further afield (e.g., Shackleton et al., 1995a; Shackleton et
al., 1995b; Hodell et al., 2001) to be compared with the timing of key MSC events within the
Mediterranean. This comparison provides a means to disentangle glacio-eustatic and tectonic
controls (e.g., Van der Laan et al., 2006; Krijgsman and Meijer, 2008; Govers et al., 2009; Manzi
et al., 2013). The idea that expansion of the Antarctic ice-sheet and associated glacio-eustatic sealevel lowering played a critical role in the restriction and subsequent isolation of the Mediterranean
during the latest Miocene goes back several decades (e.g., Adams et al., 1977). This early notion
is consistent with what now may be called the Messinian glacial interval which is characterised
by dominantly obliquity controlled glacial cycles, and started at 6.29 Ma with glacial stage
C3An.18O.16 and ended with a major deglaciation following glacial TG12 at 5.54 Ma (Hodell
et al., 2001; Van der Laan et al., 2005, 2006). Although it has become clear that tectonics are likely
to have played a more important role than eustacy in the overall isolation of the Mediterranean,
individual peak interglacials with sea-level changes in the order of tens of metres can still determine
critical steps in the evolution of the MSC.
The oldest conspicuous Messinian glacial C3An.18O.16 coincides with a marked change
observed in the pre-evaporite succession towards higher surface water salinity and stressful
conditions for the marine microfauna (Blanc-Valleron et al., 2002). The onset of evaporite (gypsum)
formation at 5.96 Ma did not seem to be related to glacio-eustatic sea-level fall (Krijgsman et al.,
2004), although such a claim has recently been made following the inclusion of a discontinuous
older gypsum cycle in the Sorbas basin in Spain (Manzi et al., 2013; Pérez-Asensio et al., 2013).
According to current high-resolution age models, the climax phase of the MSC during Stage
2 halite precipitation (Fig. 1.2) coincides with the twin peak glacials TG12 and 14. It has been
suggested that these may correspond to unconformities in the succession when the connection
with the Atlantic was fully blocked (Hilgen et al., 2007; Roveri et al., 2008). The onset of the
Upper Evaporites may be coincident with the stepwise deglaciation following TG12, potentially
explaining the marine faunas observed in this unit (Van der Laan et al., 2006; Hilgen et al.,
2007). The Zanclean reflooding of the Mediterranean following the MSC has also been related
to deglaciation and glacio-eustatic sea-level rise, in this case of interglacial TG5 (Shackleton et al.,
1995b; Suc et al., 1997). However, subsequent studies led to a revision of the tuning that did not
confirm this causal connection (Van der Laan et al., 2006).
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1.4.3

Using Box Models to understand the Messinian Gateway Problem

Budget or box models based on the laws of physics and chemistry have provided valuable insight
into some of the longstanding, first order questions about the Mediterranean’s late Miocene water
and evaporite budgets and its gateways. Most of these studies are based on the notion of water
conservation, which must be maintained for Mediterranean sea level to remain constant:
Q

in

+ Precipitation + River input = Q

out

+ Evaporation

where Q in and Q out are the fluxes from the Atlantic to the Mediterranean and from the
Mediterranean to the Atlantic, respectively (Fig. 1.3).
Components like evaporite minerals or Sr isotopic ratios which are controlled by the water
budget and for which there are palaeo-records, are added to this equation to constrain modelled
scenarios. This allows quantitative testing of many of the hypotheses that have been constructed to
explain different aspects of the MSC.
Sonnenfeld and Finetti (1985) were the first to apply this approach to the MSC. These authors
calculated the volume of fresh water that must be lost from seawater by evaporation in order for
gypsum (81%) and halite (90%) to precipitate. This has been built on subsequently by a variety
of authors interested in calculating the time taken for different saturation states to be reached
(Debenedetti, 1982; Meijer, 2006), or for desiccation and refilling of the basin (Blanc, 2000, 2002;
Meijer and Krijgsman, 2005). As to the magnitude of the exchange fluxes, Meijer (2006) shows
that in order to reach MSC saturations levels the exchange fluxes have to reduce to a few percent
relative to modern values. Also, Krijgsman and Meijer (2008) and Topper et al (2011) show that
during the precipitation of Stage 1 Primary Lower Gypsum (Fig. 1.2) the Mediterranean outflow
must have continued, but may well have been cut off during Stage 2 halite formation.
Including hydraulic-control theory in box models allows the translation of gateway depth and
the depth of the interface between the two water mass layers, to their corresponding exchange
fluxes. These exchange fluxes can then be further linked to basin salinity or isotope ratios. Rohling
et al. (2008) used this approach to calculate basin salinity as a function of strait depth and showed
that the gypsum-clastic alternations that dominate Stage 1 of the MSC (Fig. 1.2) and had been
widely considered to be driven by precession (e.g., Vai, 1997; Krijgsman et al., 1999a, b; Hilgen
et al., 2007) could result from sea level variation (Rohling et al. 2008). The Mediterranean’s cyclic
evaporites were also the target record of a study that explored the role of erosion and tectonic uplift
on an open gateway to the Atlantic (Garcia-Castellanos and Villaseñor, 2011). Mediterranean sealevel variation related to eustatic changes combined with uplift in the gateway region have been
modelled and compared to seismic data by Gargani and Rigollet (2007).
Further investigation of hydraulic-control theory by Meijer (2012) shows: (1) the depth of the
marine corridor connecting to the Atlantic must be reduced to a few tens of metres to result in
gypsum saturation in the Mediterranean; (2) blocked Mediterranean outflow results if the depth
is reduced to a few metres and (3) the relationship between salinity and corridor depth is highly
non-linear. This suggests that even a gradual shallowing of the gateway sill can result in an abrupt
salinity rise in the enclosed basin leading to an apparent evaporite precipitation event.
Typically, late Miocene budget calculations consider the Atlantic gateway to resemble Gibraltar
(e.g., Meijer, 2012 and references therein). This is clearly a simplification given the evidence of more
than one concurrent corridor and the possibility that these may have had multiple strands (Figs.
1.1, 1.5, 1.6). In order to investigate the gateway dimension problem, Topper and Meijer (2015)
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used a regional ocean model to examine how a restricted Mediterranean-Atlantic connection
would influence both Mediterranean thermohaline circulation and water properties. This study
indicates that Mediterranean-Atlantic exchange is proportional to sill depth and the results of
these simulations can therefore be used to interpret the upper Miocene sedimentary record both
preceding and during the MSC Topper and Meijer (2015). Sill depths below 10 m result in blocked
Mediterranean Outflow, which could represent a plausible scenario for the second stage of the
MSC (Fig. 1.2), characterised by the rapid accumulation of halite in the Mediterranean (Topper
and Meijer, 2015).

1.5

Causes and consequences of late Miocene Mediterranean-Atlantic exchange

1.5.1

Tectonic drivers of gateway evolution

There are a variety of different tectonic processes that contributed to the evolution of the
Mediterranean-Atlantic connections during the late Miocene-Pliocene. The main tectonic drivers
of the location of the connections are likely to have been the combined influence of African-Iberian
convergence with slab rollback and westward motion of the Alborán Domain. Regional uplift will
also have played a significant role in the closure of these marine connections and this is likely to
have resulted from lithospheric delamination and asthenospheric upwelling in the region (Duggen
et al., 2003, 2004). In Morocco for example, southward propagation of the thrust load appears to
be a significant driver of both formation and closure of the Rifian corridors (Fig. 1.1) along with
regional uplift attributed to slab dynamics (Duggen et al., 2004).
During the MSC itself, loading and unloading of the lithosphere provides another tectonic
mechanism for vertical movement in the gateway area. For example, loading of the lithosphere
with thick evaporites results in flexural subsidence of the Mediterranean’s basin and uplift of its
margins contributing to reduced connectivity while sea level lowering has the opposite effect,
but not necessarily by the same magnitude (Govers et al., 2009). The relative importance of these
two processes depends on the thickness and location of evaporites precipitated, the amount of
Mediterranean sea level fall and the relative timing of the two. All three of these are controversial
with the largest degree of uncertainty associated with the relative timing of events during stage 2
(Fig. 1.2). This is perhaps best illustrated by the persistence of three contrasting scenarios for halite
emplacement and sea level fall each of which would result in a different subsidence/uplift history
for the marginal gateway region:
1. deep water emplacement where halite is precipitated during a moderate base level fall (Roveri
et al., 2008);
2. halite precipitation during a large relative sea level fall (Ryan, 2009; Lofi et al., 2011b); and
3. halite precipitation after desiccation of the Mediterranean basin (Clauzon et al., 1996; Bache et
al., 2012).
Despite this ambiguity, it is clear that vertical lithospheric adjustment significantly affected
river canyons, topographic slopes and erosion rates in and around the basin and was an important
contributary driver of the Mediterranean’s connectivity history through its impact on the gateway
region. One extension of this was the work by Garcia-Castellanos and Villaseñor (2011) who
explored the interplay between uplift of the gateway region and erosional deepening of the corridor
as a result of Atlantic inflow. The numerical model they produced illustrates that this interplay
provides a mechanism for maintaing at least Atlantic inflow over relatively long timescales despite
progressive tectonic uplift. The harmonic behaviour of this interplay also led them to suggest that
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the cyclicity in the evaporites might have a tectonic-erosion origin rather than the widely held
climatic one (Garcia-Castellanos and Villaseñor, 2011).
Another example of the possible role of tectonics and erosion in the evolution of the
Mediterranean-Atlantic connectivity concerns the end of the MSC. At this point, as a result
of evaporite loading, the Alborán Basin was bordered by a peripheral dam along the Spanish,
Gibraltar and northwest Africa margins (Govers et al., 2009). This impeded the reconnection
of the Mediterranean to the global oceans. Breaching this barrier with the opening of the Strait
of Gibraltar has been attributed to regional subsidence as a consequence of the evolution of the
Gibraltar slab (Govers et al., 2009).
While no-one disputes the role of tectonics in the evolution of the Mediterranean-Atlantic
gateway, disentangling the relative importance of the different processes for individual events is
challenging. What the sedimentary record of the Mediterranean does allow us to do is identify key
moments at which restriction or opening of the gateway must have occurred. It is then possible
to evaluate the probable roles of tectonics, eustatic sea level change and erosion in effecting this
change. These are summarised in Figure 1.9.
1.5.2

Climatic drivers of the MSC and their impact on Mediterranean-Atlantic exchange

It is clear that climate played an important role in the evolution of the MSC. Numerical modelling
has been used to explore aspects of this relationship, particularly in relation to the Mediterranean’s
hydrologic budget at times of restricted Mediterranean-Atlantic connection and may help to
explain the salinity fluctuations that took place during the MSC (see also Krijgsman and Meijer,
2008). As a consequence of salinity changes in the Mediterranean, the density contrast between
the Mediterranean and Atlantic will have varied thus impacting the vigour of exchange. Using a
global atmosphere-only GCM, Gladstone et al. (2007) demonstrated that the Mediterranean
freshwater budget in the late Miocene may have been closer to a neutral position than it is today
making it easier for climatic change to switch the sign of the hydrologic budget from negative,
which would result in higher salinities, to positive, which reduces Mediterranean salinity below
ocean water values. Gladstone et al. (2007) also estimated river runoff around three times greater
than today mostly as a consequence of input from North African rivers feeding the Eastern part
of the basin. Many of these rivers, which are dry today, are thought to have transported water
from the south (Griffin, 1999) as a result of a stronger African summer monsoon (Gladstone
et al., 2007; Marzocchi et al., 2015). However, on precessional time scales, wetter periods in the
Mediterranean region may also have resulted from enhanced wintertime storm track activity in the
Atlantic and associated increased precipitation (Kutzbach et al., 2014). It is these two independent
precession-driven processes which may be responsible for the formation of similarly cyclic late
Miocene sedimentation both within the Mediterranean, responding mainly to the North African
monsoonal signal and outside it along the Atlantic coast where the driver is rainfall and runoff from
Atlantic storms. Evaluation of the role of the Mediterranean’s freshwater fluxes in controlling both
its environmental evolution and exchange through its gateways is in its early stages, hampered by
inadequate rainfall data as well as model-data mismatch on temporal as well as spatial scales.
Another modelling approach used is to combine GCMs with regional ocean-only models. This
can be achieved by forcing ocean-only models with output from fully-coupled global simulations,
and then running them at sufficiently high resolution to resolve more realistically the different
gateway scenarios. For instance, Meijer and Tuenter (2007) combined an intermediate complexity,
global-scale atmosphere-ocean model with a more detailed regional model for the circulation
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Figure 1.9 Summary figure illustrating the main features of the Mediterranean’s exchange history in the late Miocene-Pliocene
including lithology, Mediterranean salinity, a qualitative representation of gateway size and the probable drivers (tectonics, erosion,
sea level) of changing dimensions, the Mediterranean’s fresh water flux where E and P = evaporation and precipitation over the
Mediterranean respectively and R is the river discharge into the Mediterranean Sea, and arrows representing one-way or two-way
exchange between the Mediterranean and Atlantic. Please note that the time scale is non-linear.

of the Mediterranean Sea to investigate the consequences of precession-induced changes in the
Mediterranean freshwater budget, linking it to the late Miocene sedimentary cyclicity.
1.5.3

The impact of the MSC on global climate

Today MO entrained in the North Atlantic current is thought to contribute to North Atlantic
circulation by supplying warm saline waters to sites of North Atlantic Deep Water formation in
the Greenland-Iceland-Norwegian (GIN; Fig. 1.7) seas and northernmost Atlantic (Reid, 1978,
1979; McCartney and Mauritzen, 2001). This hypothesis has been investigated through the
removal of MO water from several North Atlantic ocean circulation modelling experiments, both
for the present day (Rahmstorf, 1998; Artale et al., 2002; Chan and Motoi, 2003; Kahana, 2005;
Wu et al., 2007; Ivanović et al., 2014a) and the Quaternary (Bigg and Wadley, 2001; Rogerson et
al., 2010). According to these studies, the presence of AMW in the North Atlantic appears to have
a negligible effect on modern climate. An enduring question is therefore whether the MSC had any
significant impact on global climate.
In order to answer this question it is first necessary to establish the differences between the
Miocene and present day climatic system. Major changes include:
• A Central American Seaway that linked the Atlantic and Pacific oceans during the late
Miocene to early Pliocene (Keigwin, 1982; Duquecaro, 1990; Osborne et al., 2014; Sepulchre
et al., 2014). This implies a significant difference in ocean circulation patterns and may have
resulted in considerably weaker Messinian North Atlantic Deep Water formation than today

31

CHAPTER 1

(Murdock et al., 1997; Prange and Schulz, 2004; Schneider and Schmittner, 2006; Boehme et
al., 2008; Lunt et al., 2008; Molnar, 2008; Herold et al., 2012; Zhang et al., 2012).
• Major post-Miocene uplift of the Himalayas, Andes, Rockies, Alps and East African Plateau
(see Bradshaw et al., 2012 and references therein) that will have impacted significantly on the
patterns of atmospheric circulation.
• An extensive late Miocene Antarctic ice-sheet (e.g., Shackleton and Kennett, 1975; Lewis et
al., 2008), but more limited Northern Hemisphere glaciation than today (Moran et al., 2006;
Kamikuri et al., 2007).
• In addition, despite the overall cooling trend during the Cenozoic (Zachos et al., 2001), the
global climate proxy record for the late Miocene suggests that it was generally hotter and/or
wetter than today (Bruch et al., 2007; Eronen et al., 2010; Pound et al., 2011, 2012; Utescher et
al., 2011; Bradshaw et al., 2012;).
These significant differences in the climatic configuration mean that evaluation of the impact of
the MSC on global climate requires Miocene specific model experiments.
Possible mechanisms for an MSC influence on climate include: extreme changes in MO
density and volume reaching the Atlantic; a substantial reduction in sea level and evaporative flux
during draw-down; associated changes in circum-Mediterranean vegetation; and a significant
reduction in global ocean salinity as a result of salt sequestration in the Mediterranean. General
Circulation Models (GCMs) are a powerful tool for simulating the interactions between the main
components of the global climate system. They have therefore been used to assess some aspects of
the possible impact of the MSC on global climate.
A significant reduction in Mediterranean outflow is an essential aspect of raising
Mediterranean salinity and although removal of AMW in the North Atlantic has a negligible
impact on modern climate (Rahmstorf, 1998; Artale et al., 2002; Chan and Motoi, 2003; Kahana,
2005; Wu et al., 2007; Ivanović et al., 2014a, b), during stages of weaker Atlantic Meridional
Overturning Circulation (AMOC) such as the Younger Dryas, it does impact North Atlantic
Ocean circulation. This matches the Younger Dryas sea surface salinity and temperature records
from the Iberian margin and Alborán Sea (Voelker et al., 2006; Penaud et al., 2011), and implies
that, since AMOC was weaker in the Messinian, it should have been more sensitive to Atlantic
salinity and temperature variations driven by AMW (Ivanović et al., 2014a, b).
The impact of extreme changes in MO properties on ocean circulation and climate has
also been investigated. Coupled ocean-atmosphere GCM simulations suggest that elevating
Mediterranean salinity enhances salt export from the Mediterranean, which in turn modifies the
rate of deep water formation and circulation in the Atlantic Ocean (Ivanović et al., 2014a, b). In
the model, this triggered cooling (9°C in the Boreal winter-spring) in Northern mid-high latitude
surface air temperatures, but did not result in significant changes in atmospheric circulation or
precipitation patterns (Ivanović et al., 2014b). However, episodes of extremely elevated or negative
Mediterranean salt-export are most likely to have occurred only intermittently (Thierstein and
Berger, 1978) and for short periods of time (Meijer and Krijgsman, 2005). This scenario is not well
captured by published model experiments which maintain MO salinity levels for hundreds of years
until climate equilibrium is achieved in the model. The modelling results of Ivanović et al. (2014b)
exhibit an initial decadal-scale overshoot in ocean circulation, suggesting that the shorter-term
(transient) ocean circulation impact of the MSC may therefore have been far more extreme than
the multi-decadal averages calculated in these published studies.
The dimensions of the Strait of Gibraltar (nearly 60 km long, 12 km at its narrowest point, and
with a maximum depth of 300 m; Candela et al., 1990) make realistically simulating the thin, dense
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current spilling over the sill (the MO) in numerical models very challenging (Dietrich et al., 2008).
In models with a relatively coarse resolution where the model grid cannot resolve the features of
the shallow, narrow strait, the exchange is simulated either using a less realistic wider and deeper
open seaway (Bigg and Wadley, 2001; Rogerson et al., 2010; Ivanović et al., 2013b), or using an
empirical parameterisation of the exchange (Rahmstorf, 1998; Chan and Motoi, 2003; Wu et al.,
2007; Ivanović et al., 2013b). Clearly, the same resolution problem also applies to both the late
Miocene Mediterranean-Atlantic seaways.
Climate-modifying aspects of the MSC other than MO have also been investigated through
modelling. The impact of MSC-driven Mediterranean sea level and vegetation change have
been explored using an atmosphere-only GCM and an intermediate complexity Earth system
model, respectively. These experiments suggest that lowering Mediterranean sea level results in
strong cooling over the North Pacific, which may have enhanced high latitude glaciation in the
late Miocene (Murphy et al., 2009). The vegetation experiments did not exhibit dramatic climate
changes close to the margins of the Mediterranean basin during the MSC, but instead indicated
cooling in Central, Northern and Eastern Europe (Schneck et al., 2010).
In summary, the impact of the MSC on global climate remains poorly established. This is
due partly to shortcomings in palaeoclimate model configurations (Ivanović et al., 2014b), partly
to difficulties modelling a realistic MSC scenario with an appropriately small gateway, and more
generally to sparse and irregular distribution of late Miocene climate proxy data (Bradshaw et al.,
2012) generating difficulties in evaluating the plausibility of model simulations.
1.5.4

The challenges of deducing palaeosalinity and its impact on reconstructing exchange

The main control on Mediterranean-Atlantic exchange is the salinity contrast between the two
water masses and this is driven by the efficiency or size of the gateway and net evaporation (section
1.2.1). Quantifying the evolution of Mediterranean salinity is therefore a key step in reconstructing
exchange. The current constraints on extreme palaeosalinity, however, only provide a few threshold
values with which to reconstruct the Mediterranean’s complex salinity history (e.g., 350g/L for
halite; 130-180g/L for gypsum; ~50g/L the upper tolerance limit of foraminifera; 5-20g/L for
brackish water fauna). Consequently, it is not currently possible to quantify the pre-MSC salinity
contrast between the Mediterranean and Atlantic. For example, the absence of planktic foraminifera
in some intervals of the pre-evaporitic succession of the Sorbas Basin (Sierro et al., 2001), merely
indicates that surface water salinity has exceeded their tolerance (e.g., ~49 psu; Fenton et al 2000
and references therein). Although these salinity thresholds are used to constrain specific exchange
scenarios suitable for particular salinity conditions (e.g., gypsum or halite precipitation; Flecker et
al., 2002; Meijer 2006; Topper et al., 2011), another complication is that brine concentration is not
always the only possible control on the mineralogical or biological changes observed.
An excellent example of this problem is the salinity reconstruction of the gypsum-clastic cycles
that occur around the margins of the Mediterranean during the precipitation of Stage 1 Primary
Lower Gypsum and Stage 3 Upper Gypsum (Fig. 1.2). The clastic intervals in these alternations
may be organic rich. They are always either abiotic, or if they do contain foraminifera, these show
signs of being reworked (e.g., Rouchy and Caruso, 2006). Three different salinity records are
possible all of which have different implications for exchange at the time:
1. The clastic sediments between the gypsums may have been deposited when the brine was
diluted by additional fresh or marine water generating salinity conditions that were too high to
support marine fauna, but lower than the ~130g/L salinity and 5.25g/L CaSO4 concentration
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(Topper and Meijer, 2013) required for gypsum precipitation. The density contrast with the
Atlantic was therefore at its highest during gypsum precipitation implying the smallest, least
efficient gateway with an increase in exchange during clastic deposition;
2. The clastic sediments between the gypsums may have been deposited during higher salinity
conditions when brine concentration exceeded the maximum associated with gypsum
precipitation (~180g/L NaCl). Were this to have happened, exchange would have been most
limited during deposition of the clastics;
3. Finally it is possible that the lithological variation does not reflect a change in salinity but rather
the availability of sulphate (Natalicchio et al., 2014). Gypsum precipitates when sulphate is
available and the salinity is between 130-180g/L; once the sulphate is used up, it is not possible
to precipitate gypsum and clastic sediments accumulate instead. This is the same process that
leads to the lateral and depth related shift from shallow water gypsum to deeper water organicrich shales during Stage 1 Primary Lower Gypsum phase (De Lange and Krijgsman, 2010).
The consequences for exchange are that there is very little variation throughout this period.

1.6

Evolution of Mediterranean-Atlantic exchange during the late Miocene

The Mediterranean’s hydrologic budget is controlled by both the efficiency of the gateway(s)
and net evaporation over the Mediterranean (precipitation + runoff – evaporation, P+R-E). The
combination of these two drivers along with a Mediterranean circulation system where surface
water flows east becoming more saline, sinks in the Eastern Mediterranean and flows west at
depth, typically results in a density contrast between Mediterranean and Atlantic water at the
gateway where Mediterranean water is both more saline and colder than surface Atlantic water
(Rogerson et al., 2012). It is this density contrast at the gateway that drives the pattern and vigour
of Mediterranean-Atlantic exchange. While tectonic forcing is the dominant driver of the width,
depth, length, location and age of the different gateways, with sea level a contributory factor, for
any specific gateway configuration, variability in exchange is modulated by climate which drives
the salinity (P+R-E) and temperature of the Mediterranean and hence its density contrast with
the Atlantic. There is evidence from the Quaternary that illustrates the independent behaviour
and impact of gateway efficiency and net evaporation. The Last Glacial Maximum (LGM) and
its associated sea-level fall, provides an example of gateway efficiency dominating exchange and
associated salinity rise. Modelling studies suggest that Mediterranean salinity rose to around 44
psu as a result of sea-level driven reduction in inflow and outflow during the LGM (e.g., Bethoux,
1984; Rohling, 1999). There is no direct evidence of this salinity rise in the Mediterranean since it
is not high enough to exceed the salinity tolerance of planktic foraminifera (~49psu; Fenton et al.,
2000) and δ18O residuals which can be used for reconstructing palaeo-salinity elsewhere appear
to be non-proportional to salinity and more influenced by run-off in the Mediterranean (Rohling,
1999; Rohling et al., 2015). However, the same LGM sea-level fall across the silled connection
between the Red Sea and the Indian Ocean does reduce exchange sufficiently to produce high
salinities that contribute to the development of aplanktic horizons in the Red Sea (Fenton et al.,
2000). By contrast, Heinrich Events provide an example of climate-driven variation in exchange.
These ice-rafting events generated fresher surface water in the North Atlantic. Coeval with
Heinrich Events are episodes of coarser-grained contourites in the Gulf of Cadiz (Voelker et al.,
2006). Since contourite grainsize is indicative of higher energy MO this succession is interpreted
to result from a larger, climate driven density contrast between the Mediterranean and Atlantic
as a result of reduced Atlantic salinity and consequently more vigorous exchange (Voelker et al.,
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2006; Rogerson et al., 2010) during a period when the gateway configuration remained effectively
constant.
In the late Miocene, before the onset of Northern Hemisphere glaciation, a mechanism for
modifying Atlantic salinity does not appear readily available. Mediterranean-Atlantic exchange is
likely to have varied in concert with Mediterranean salinity on a variety of timescales. Controlling
factors include:
1. Tectonic driven changes to the gateways controlling Mediterranean salinity via exchange
efficiency (Meijer, 2012);
2. Glacio-eustatic sea-level oscillations with an increasing impact on the efficiency of exchange as
the gateways shallow;
3. Precessional fluctuations in the freshwater-flux relating to the supply of North African
monsoonal rainfall (Marzocchi et al., 2015) to the Eastern Mediterranean via the Esohabi and
Nile rivers (Griffin, 1999, 2002; Gladstone et al., 2007);
4. Longer-term climate change resulting in changing net evaporative loss over the Mediterranean
basin.
During the late Miocene there is little evidence of any significant, long-term change in climate
that might account for triggering or terminating the MSC (Suc and Bessais, 1990; Suc et al., 1995;
Bertini et al., 1998; Bertini, 2006; Roveri et al., 2014a). Consequently, using what is known about
late Miocene Mediterranean salinity, it is possible to reconstruct the history of MediterraneanAtlantic exchange and consider the relative impact of tectonics and orbital variability in
determining the evolution of the MSC (Fig. 1.9).
Plio-Quaternary Mediterranean successions are dominated by strong precessional cyclicity
that is visually enhanced by the barcode-like dark stripes of the sapropels (e.g., Rohling et al.,
2015). Very similar sediments were also deposited in the Mediterranean prior to the MSC (Fig.
1.2). This similarity combined with the observation that the sedimentary response is coupled to
orbital variation, suggests that before and after the MSC the basin responded to orbital-induced
climate change in essentially the same way despite the different gateway configurations (e.g., De
la Vara et al., 2015) and the warmer and wetter late Miocene conditions (Bradshaw et al., 2012).
Consequently, late Miocene exchange is assumed to resemble that occurring through the Gibraltar
Straits today, with a similar degree of restriction (Fig. 1.9) leading to an overall slightly enhanced
salinity in the Mediterranean (38g/L) relative to the Atlantic (35g/L). Just as is seen in the PlioQuaternary, this tectonically controlled exchange is modulated by precessional changes to the
Mediterranean’s freshwater flux (P+R-E) which remains negative throughout (Fig. 1.9).
Sediments deposited before the first evaporite precipitated contain evidence indicative of stepwise restriction of exchange. The progressive loss of oxic benthic faunal species (Kouwenhoven et
al. 2003; Fig. 1.2) and divergence of marginal basin Sr isotope values from coeval ocean values,
(Flecker et al., 2002; Figs. 1.2, 1.8) suggest enhanced water column stratification and reduction
in Atlantic influence. The development of aplanktic marls similar to those seen in the Red Sea
during the LGM (Fenton et al., 2000) incorporated into the precessional cyclicity of Sorbas Basin
sediments (Sierro et al 2001; Fig. 1.2) shows that, here at least, the amplitude of salinity variation
increased to levels above planktic foraminiferal tolerance (49 psu; Fenton et al., 2000; Fig. 1.9).
This period between 8-5.97 Ma is the interval during which geological evidence demonstrates the
closure of most strands of the Betic and Rifian corridors (Fig. 1.2). This suggests that exchange
was progressively reduced with respect to earlier periods, probably by a series of tectonic events
with superimposed ~100 and 405-kyr orbital cyclicity (e.g., Krijgsman et al., 1999a; Hüsing et al.,
2009a) and the eustatic sea-level fall associated with glacial C3An.18O.16 giving the step-wise
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pattern of restriction (Fig. 1.9). Precessional modulation of the freshwater flux continued (P-E+R)
and remained negative (Fig. 1.9). However, this resulted in an increasingly high-amplitude salinity
response in the Mediterranean (Fig. 1.9) as a consequence of reduced gateway efficiency.
Primary gypsum dominates both the Primary Lower Gypsum in Stage 1 (Fig. 1.2) and the
Upper Gypsum in Stage 3. Gypsum precipitation requires salinities of 130-160g/L. Modelling
results suggest that maintaining this salinity can only be achieved if two-way exchange persists (Fig.
1.9), but is reduced significantly by decreasing the efficiency of the gateway, probably by shallowing
it to a few tens of metres (Debenedetti, 1976; Meijer, 2012). Topper et al, (2011) demonstrated that
the transition from pre-MSC sediments to gypsum at 5.97 Ma requires a reduction in gateway
efficiency and consequently, we infer a further tectonic and/or sea level-driven (Manzi et al 2013)
reduction in the gateway as the trigger for the onset of the MSC (Fig. 1.9) although a significant
increase in Mediterranean stratification may also play a role. Both Stage 1 and Stage 3 comprise
regular gypsum-clastic alternations (Figs. 1.2, 1.9) which are also thought to be precessionally
driven (Krijgsman et al., 2001; Hilgen et al., 2007; Roveri et al., 2014a) and this suggests on-going
precessional modulation of the freshwater flux (Fig. 1.9). However, because of the problems
reconstructing palaeosalinity for these gypsum-clastic cycles, neither the amplitude nor the phasing
of the salinity response is clear (see Topper and Meijer, 2013 for model-based insight).
Stage 2 gypsum is the reworked erosional product of Stage 1 primary gypsum (CIESM, 2008).
This, combined with its association with the Messinian Erosion Surface (Figs. 1.2, 1.4) indicates
a Mediterranean base-level fall and the timing of Stage 2 is coincident with glacials TG12 and
TG14. The implications for Mediterranean-Atlantic exchange are clear, but the scale of this sealevel drop is still contentious (see Roveri et al., 2014a for review). In the CIESM (2008) model,
thick (~1.5km) halite precipitated in the deep Mediterranean basin at the end of Stage 2. This
required salinities of >350g/L and a supply of seawater, most easily sourced from the Atlantic. To
achieve these high salinities, outflow must have been negligible so that one-way flow from the
Atlantic to the Mediterranean is envisaged (Fig. 1.9). Because the deep basinal halite has not been
drilled, the only direct access to part of this succession is through a mine on Sicily. Here, annual
bands in the salt have been identified, but while the peak glacials may correspond to unconformities
in the succession, a precessional signal has not so far been demonstrated (Lugli et al., 1999). Given
that the precessional signal is clearly visible in Stage 3 and Plio-Quaternary sediments (Fig. 1.9),
it is unlikely that precessional modulation to the freshwater flux was switched off during Stage
2. Alternative explanations include the possibility that this area around Sicily was in some way
protected from the impacts of the freshwater flux driven by North African run-off; or that any
salinity variation generated by the precessional freshwater flux was small by comparison with the
extreme salinity of the Mediterranean as a whole at this time and consequently never moved the
basin out of the halite window so that no sedimentary response to the freshwater flux is recorded
(Fig. 1.9).
In terms of Mediterranean-Atlantic gateway exchange, the most enigmatic phase of the MSC
is the Stage 3 Lago Mare association of local evaporites and sediments some of which contain
fresh to brackish water fauna and flora. These low salinity assemblages which increase in abundance
and diversity with time (Roveri et al., 2008) and spread progressively westward, resemble those
found in the brackish-water Paratethyan lake system (Orszag-Sperber, 2006; Rouchy and Caruso,
2006; Roveri et al., 2008). This suggests prolonged and increasing connectivity between the
Mediterranean and Paratethys, although the location of the Mediterranean’s Paratethyan gateway at
this time is just as enigmatic as its Atlantic counterpart. The traditional interpretation of the Lago
Mare phase is that it occurred during a period when there was negligible connectivity with the
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Atlantic (e.g., Hsü et al., 1977; Orszag-Sperber, 2006). However, Stage 3 successions also include
a variety of features that suggest that the Mediterranean did receive at least periodic incursions of
Atlantic water. These include the presence of Atlantic open marine fish (Carnevale et al., 2006;
2008), and dwarf foraminifera (Iaccarino et al., 2008). In addition, the same arguments that are
used to infer two-way Mediterranean-Atlantic exchange for Stage 1 Primary Lower Gypsum
(e.g., Meijer, 2012; Fig. 1.9) can also be invoked to explain the similar Stage 3 gypsum-clastic
cycles. These indicators of at least episodic Atlantic connectivity, along with the reduction in
Mediterranean salinity from its peak halite concentration, suggests that the transition from Stage 2
to 3 is triggered by more efficient Atlantic gateway exchange resulting either from a tectonic driver
and/or erosional opening of the gateway and/or stepwise deglaciation following TG12 (Roveri and
Manzi, 2006; Hilgen et al., 2007).
The paradox is that associated with this more efficient gateway are Sr isotope ratios indicative
of an environment that is more dominated by continental run-off than at any other time during the
MSC (Fig. 1.8). Consequently, although Stage 3 gypsum-clastic cycles resemble those of Stage 1,
the geochemistry indicates distinctly different water sources. The obvious contender as an additional
water source is Paratethys, with its low Sr isotope ratio (Flecker and Ellam, 2006; Major et al.,
2006) and brackish water salinity and fauna. The Mediterranean during Stage 3 appears to be
equivalent to the Black Sea today, with a Bosphorus-like connection with the Atlantic.
The mechanisms for achieving very low salinity conditions in the Mediterranean are either
substantial dilution by fresh water from Paratethys (Orszag-Sperber, 2006; Rouchy and Caruso,
2006; Roveri et al., 2008) and/or a change in climate leading to a switching of the Mediterranean’s
hydrologic budget from negative to positive (Gladstone et al., 2007). Since the Mediterranean
successions that contain these Lago Mare sediments commonly show the same strong cyclicity
as the gypsum-clastic alternations with which they are interbedded (the Eraclea Minoa section
on Sicily is a good example), it is likely that precessional modulation of the freshwater flux is
still the driver of changes to both hyper and hypo-saline conditions in the Mediterranean (Fig.
1.9). The mechanism for this is not yet clear, but the cyclicity may suggest that precessiondriven Mediterranean-Paratethys connectivity caused episodic fluctuations between negative and
positive P-E+R (Fig. 1.9). Superimposed on this is the concept of on-going base-level rise in the
Mediterranean which may or may not be related to latest Messinian deglaciation (see Roveri et al.,
2014a). One possibility supported by the increasingly widespread evidence of low salinity in the
Mediterranean is therefore that exchange with Atlantic involved only periodic inflow to a partially
filled Mediterranean during Stage 3.
Once tectonic and/or erosional opening of the Atlantic gateway further increased gateway
efficiency at the Mio-Pliocene boundary (Fig. 1.9), the Paratethyan component of the freshwater
flux is no longer visible in the Mediterranean sedimentary record. This may be because Paratethys
was no longer connected, but more likely, as it is today, the more efficient Mediterranean-Atlantic
gateway diminished the amplitude of the Mediterranean’s response to subtle hydrologic change via
its freshwater flux.

1.7

Conclusions

Marine gateways are an important control on both local environmental change and global climate.
The late Miocene Mediterranean gateway system that linked to the Atlantic is a good example of
this and much can be learnt about the processes and impacts of gateway closure from the study
of the sediments preserved within the ancient marine corridors in southern Spain and northern
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Morocco. Uplift and erosion resulting from the same tectonic drivers of gateway closure, has led
to the preservation of incomplete sedimentary successions punctuated by unconformities. Despite
this, it appears that the main channels, as deduced from the current distribution of upper Miocene
sediment in the region, were closed before the precipitation in the Mediterranean of large volumes
of halite during the Messinian Salinity Crisis. The whereabouts and dimensions of the connection
that supplied Atlantic water to the Mediterranean during this period therefore remain currently
unclear.
Additional constraints on Mediterranean-Atlantic exchange have been deduced from
studying successions outside the immediate corridor region. Contourites in the Gulf of Cadiz
are a direct consequence of Mediterranean Outflow and changes in their properties and location
reflect fluctuations in the vigour of Mediterranean Outflow. Novel isotopic proxies that monitor
connectivity have also been used to explore the presence of Mediterranean water in the Atlantic
and the amount of Atlantic water reaching the Mediterranean. However, these records are currently
too low resolution to capture the sub-precessional scale variability which is such a dominant feature
of the hydrologic system active across the region. This in turn limits the constraints the data can
provide for modelling experiments that explore both the gateway processes themselves and the
impact of variable exchange on regional and global climate. In addition, the lack of a robust salinity
proxy able to function across the wide range of salinities that were produced during the Messinian
Salinity Crisis is currently a major problem that has consequences for reconstructing gateway
exchange because this is driven by the density contrast between the Mediterranean and Atlantic.
Despite these challenges, an integrated review of the wide variety of information pertaining to
Mediterranean-Atlantic exchange before, during and after the Messinian Salinity Crisis allows the
first order reconstruction of gateway evolution (Fig. 1.9) and the role of exchange in driving the
extreme environmental changes to be deduced.
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Thick-skinned tectonics closing the Rifian corridor

2.1

Introduction

T

he final stage of orogenic collision is a period when the buoyancy of the continental lower
plate involved in subduction changes the coeval evolution of back-arc and forearc basins in
mountain chains affected by slab retreat (e.g., Baes et al., 2011; Duretz and Gerya, 2013). This
process results in inversion of extensional back-arc basins associated with widespread out-ofsequence deformation, rapid uplift and sedimentation in the fore-arc domain and its foredeep
(Ziegler et al., 1995; Bertotti et al., 2001; Doglioni et al., 2007; Roure, 2008). Such processes
are rather common in the Mediterranean or SE Asia domains, where the formation of highly
curved orogens is associated with rapid slab retreat (e.g., Faccenna et al., 2004; Matenco et al.,
2010; Spakman and Hall, 2010). In the Carpathian, Apennines or Banda arc orogenic areas, the
gradual subduction accretion of lower plate material culminated during continental collision, when
the arrival of buoyant non-stretched continental crust at the subduction zone created marked
inversions, out-of-sequence thrusting and accelerated orogenic exhumation (e.g., Matenco et
al., 2010; Hall, 2013; Pubellier and Morley, 2014; Horváth et al., 2015). Particularly interesting
is the transition from in sequence thin-skinned accretion, characteristic of the slab-retreat period,
to the out-of-sequence, commonly thick-skinned contraction that is associated with the late
stages of continental collision, when the proximal part of the lower plate passive continental
margin enters the subduction zone (Sokoutis et al., 2005; Picotti and Pazzaglia, 2008; Bocin et
al., 2009; Willingshofer et al., 2013). This results in a significant acceleration to almost one order
of magnitude higher of the tectonic uplift and associated exhumation in the orogen that may be
associated with comparable subsidence in its fore-wedge or retro-wedge foredeep if the slab is still
attached, or with rapid rebound of the entire system after slab detachment (Bertotti et al., 2006;
Merten et al., 2010; Matenco et al., 2015).
In this context, the Betic-Rif orogenic system was associated with the rapid retreat of the
Gibraltar slab and it ultimately led to the collision with the Iberian and African foreland during
their continuous slow convergence, which was associated with partial inversion in the Alborán
back-arc and renewed/enhanced exhumation in the orogen (e.g., Frizon de Lamotte et al., 1991;
Lonergan and White, 1997; Platt et al., 2006; Vergés and Fernàndez, 2012 and references therein).
Tectonic forcing in the Gibraltar arc was driven by two competing and partly coeval processes:
the westward drift of the Alborán Plate, that was associated with the Gibraltar slab-retreat and
created W- to SW-ward transport kinematics in the Rif, and the roughly N-S continuous
convergence between Africa and Iberia (e.g., Morel, 1989; Frizon de Lamotte et al., 1991; Jolivet
et al., 2006). The mechanism of out-of-sequence contraction and enhanced exhumation that is
commonly observed in similar Mediterranean orogens is rather unclear in the external part of the
Rif Mountains (Fig. 2.1), although such processes have been observed in their lateral prolongation
along the African margin (e.g., Roure et al., 2012). Such a process is relevant in the context of
the Mediterranean Sea evolution that became gradually isolated from the Atlantic Ocean during
the late Miocene, when the Mediterranean salinity rose and caused the Messinian Salinity Crisis
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(MSC), one of the most dramatic environmental changes of the last ten million years (e.g., Roveri
et al., 2014a). The Rifian Corridor (Fig. 2.1) through Northern Morocco was a major marine
connection just before the MSC isolation of the Mediterranean (e.g., Krijgsman et al., 1999b;
Chapter 1). The upper crustal structural control of its closure at the time of Rif collision is still
not quantified, although a number of processes have been discussed, such as dynamic topographic
uplift (Duggen et al., 2003), isostatic response to desiccation and salt deposition (Govers, 2009),
crustal-scale thrusting (Weijermars, 1988) or localized volcanism driving regional uplift (the
Morocco Hot Line of Frizon de Lamotte et al., 2009, Fig. 2.1). In this area, significant uplift
driving the onset of the Messinian Salinity Crisis is suggested by the late Messinian uplift of the
Taza-Guercif Basin that is located in this Morocco Hot Line near the junction between the Rif
foredeep and the Middle Atlas (Krijgsman et al., 1999b; Fig. 2.1). These large-scale processes are
rather difficult to constrain at Miocene-Pliocene stratigraphic resolution and may not necessarily
explain by themselves the closure of the corridor, in particular because of the large-wavelength of
the asthenospheric upraise beneath the Atlas Mountains and the Rifian corridor (e.g., Fullea et
al., 2007; Babault et al., 2008), a significant acceleration of localized uplift is required to overcome
the erosional deepening due to bottom currents in the seaway (Garcia-Castellanos and Villaseñor,
2011).
We analyse the structural evolution of the external part of the Rif orogen and its foreland
in order to derive the upper crustal effects of the collisional mechanics and associated vertical
movements during the closure of the Rifian Corridor. We use a combination of field kinematic
observations and interpretation of seismic lines to derive the succession of deformation and study its
effects during sediment deposition. Four key study areas have been selected (Fig. 2.2), the transition
from orogenic nappes to the Saiss foredeep and the interrupting Prerif Ridges, the transition from
the orogenic nappes to the Gharb basin onshore and offshore Morocco, the late Miocene basins
overlying the external nappe (i.e. Had Kourt Basin) and the more internal Mesorif nappes (i.e.
the Taounate Basin). These areas were connected in a larger scale interpretation considering other
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existing kinematic, stratigraphic and seismic interpretation studies in the external part of the Rif
(e.g., Wernli, 1988; SCP/ERICO report, 1991; Flinch, 1993; Sani et al., 2007; Chalouan et al.,
2008; Michard et al., 2008; Plaziat et al., 2008; Le Roy et al., 2014; Roldán et al., 2014). Ultimately
a novel, three-step evolutionary model is proposed for the late Miocene to present day external Rif,
with key implications on the evolution of the Rifian Corridor.

2.2

The evolution of the Rif orogen and sedimentation in its foreland

The Gibraltar arc is part of the highly curved system of Mediterranean orogens that includes the
Calabrian arc, the Alps-Apennines transition and the Carpathians. It formed during Africa – Iberia
convergence and is associated with a westward, rapid retreat of the Gibraltar slab (Lonergan and
White, 1997; Vergés and Fernàndez, 2012; Platt et al., 2013; Van Hinsbergen et al., 2014). The
Rif orogen (Fig. 2.1) is the southern branch of this arc. It consists of an internal zone affected by
the Miocene extension of the Alborán Domain, and an external fold and thrust belt composed of
Flysch units, Intrarif, Mesorif and Prerif nappes (Fig. 2.1). The overall contractional deformation in
the Rif started in the Late Eocene – Oligocene, continued throughout the Miocene and ultimately
led to the frontal Prerif nappes emplacement over the African foreland during the late Tortonian
(e.g., Michard et al., 2006; Chalouan et al., 2008). Contractional deformation continued as observed
by the deformation of recent Quaternary sediments (e.g., Bargach et al., 2004), and is still active at
present, as indicated by GPS data (Koulali et al., 2011).
The Flysch units comprise turbidites thought to originate from the sedimentary infill of
the Ligurian – Maghrebian Ocean that was located between the Iberian and African margins
(Chalouan et al., 2008; Michard et al., 2008). The Intrarif and Mesorif units include MesozoicPaleogene turbidites and shallow-water deposits derived from the North African margin (e.g.,
Crespo-Blanc and Frizon de Lamotte, 2006; Negro et al., 2007). The Mesorif unit to the west of
the Nekor fault (Fig. 2.1) consists of imbricated Mesozoic platform carbonates up to the Early
Jurassic, followed by Middle to Late Jurassic and Cretaceous deep water siliciclastic facies, which
are thrusted over para-autochthonous Lower-Middle Miocene siliciclastic rocks in wedge-top
basins (Chalouan et al., 2008). Thickness changes observed in the Mesorif Jurassic suggest synkinematic deposition possibly related at high depth to normal faults affecting the African margin
(Andrieux, 1971; Wildi, 1983).
The upper Ouezzane-Tsoul Nappe (Fig. 2.3) is considered to be a far-travelled thrust-sheet
from the northern Intrarif that was thrusted over the Prerif domain to the south (Zaghloul et
al., 2005; Chalouan et al., 2008). Similar southward displacements of Intrarif units are observed
also in the Mesorif domain (e.g., the Aknoul and Habt nappes in Chalouan et al., 2008) and they
generally represent the detached upper part of the Intrarif stratigraphy. The overall deposition
of this unit started with the Jurassic syn-rift sedimentation and continued with a post-rift series
characterised by Upper Jurassic – Berriasian carbonates and clastics and pelagic limestones passing
upwards in Cretaceous quartz-rich turbidites and hemipelagic marls (Andrieux, 1971; Wildi, 1981).
In our southern studied areas, the Ouezzane-Tsoul Nappe is characterised by thicker Cenomanian
deposits, a higher proportion of carbonates, and frequent diapiric intrusions of Triassic claygypsum complexes (Lespinasse, 1975). The overlying Tertiary contains Eocene marly limestones,
which possibly acted as a decollement level, and olistostromes are locally recorded in the Oligocene
(Ben Yaïch, 1991). The overlying Lower-Middle Miocene contains sand-marls alternations with
similarities with the coeval para-allochton of the Mesorif north of the Taounate Basin (Chalouan et
al., 2008).
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The frontal Prerif Nappe (the Nappe Prérifaine of Levy and Tilloy, 1952) consists of a chaotic
tectono-sedimentary complex of blocks of different lithologies (evaporites, basalts, carbonates,
sandstones) and ages (Triassic, Cretaceous, Paleogene and Neogene up to middle Miocene), which
are mixed within Cretaceous to middle Miocene marls (e.g., Leblanc, 1979; Feinberg, 1986).
Previously regarded as a mixture of gravity slides and olistostromes (e.g., Wildi, 1983), the overall
unit is likely the external part of the accretionary wedge resulting from westward migration of the
Alborán upper plate (Flinch, 1993). A clear distinction between the more competent OuezzaneTsoul klippens thrusted above the shaly chaotic Prerif Nappe is not possible anymore when the
nappes are buried beneath the post-orogenic sediments in the Gharb Basin (Figs. 2.1, 2.2), and
therefore in this area these nappes are commonly referred to as ‘the Prerif (or Prerifaine) Nappe’
onshore and offshore (e.g., Flinch, 1993).
The African margin dips gently below the Rif orogen and broadly consists of a Paleozoic
metamorphic basement overlain by Mesozoic-Paleocene carbonates-shales and Paleocene marly
limestones (Wildi, 1983). Differences in Mesozoic thickness observed in the area of the Prerif
Ridges (the Rides Prerifaines of Daguin, 1927; Figs. 2.1, 2.2) are controlled by NNE-SSW oriented
normal faults (Zizi, 1996, 2002). The reactivation of these normal faults from the late Miocene
onwards resulted in the unusual topography of the ridges, which were interpreted as rampanticlines with variable orientation, from WNW-SSE to W-E and WSW-ENE that connect with
lateral ramps oriented NNE-SSW (Sani et al., 2007; Fig. 2.2). Deep drilling of the Prerif Nappe
across the western and eastern Rif foreland basin indicates a middle-late Tortonian age for the
latest nappe emplacement, which was broadly synchronous across the Betic-Rif segments of the
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orogen and then capped by post- 8 Ma sediments (Feinberg, 1986; Wernli, 1988; Krijgsman et al.,
1999b; Hilgen et al., 2000; Dayja et al., 2005).
2.2.1

Miocene sedimentary evolution of the Rifian Corridor

The frontal Rif Nappe thrust (Fig. 2.1) separates the foredeep sediments in two parts, a pre- and
post- nappe emplacement sedimentary sequence (Fig. 2.3). An unconformity and depositional
hiatus separates the Mesozoic – Paleocene from the overlying pre-nappe sequence. This includes
Middle Miocene shallow marine, clastic carbonates and clay-conglomerate intercalations, likely
continental (Faugères, 1978), which are locally overlain by lower Tortonian white marls that
witness the progressive deepening of the foredeep. The post-nappe sequence contains the Blue Marl
Formation and, locally in the Saiss and Taza-Guercif basins (Fig. 2.1), the transition to overlying
lacustrine deposits (e.g., Krijgsman et al., 1999b; Gelati et al., 2000), while the Pliocene deposits
are marine in the Gharb Basin (Wernli, 1988). Outside the area of the Prerif Ridges the Middle
Miocene foredeep sequence is absent and the post-nappe sediments are unconformably and
gradually transgressive either over the Paleozoic – Mesozoic of the African margin to the south
or the older Cretaceous – Lower Miocene sediments deformed in the external nappes to the north
(Fig. 2.2). The overall post-nappe sequence reaches up to 2-3 km in the Gharb Basin onshore and
offshore, 1200 m in the Saiss Basin, ~2000 m in the Taounate and other intramontane basins and
~1500 m at Taza-Guercif (Wernli, 1988). Furthermore, many remnant exposures of highly eroded
Blue Marl Formation reaching a couple of hundred meters in thickness are found above the
external Rif nappes (Fig 1 and 2).
In more detail, the upper Tortonian – Messinian Blue Marl Formation starts with a basal unit
of coarse terrigenous and bioclastic deposits with thicknesses from few meters in the Mamora
Basin (e.g., Hilgen et al., 2000) up to a hundred metres in the wedge top deposition of Taounate
and other intramontane basins (e.g., Wernli, 1988; Samaka et al., 1997; Fig. 2.3). In Had Kourt
area (Fig. 2.2) the basal unit consists of ~30 m thick upper Tortonian biocalcarenites that are absent
from the basin margins. They outcrop only at J. Kourt ridge (Fig. 2.2) by out-of-sequence tectonics
and are overlain by ~50 m thick silty sands, which onlap the Ouezzane-Tsoul nappe to the north.
This demonstrates a transgressive event post-dating nappe emplacement (SCP/ERICO report,
1991). These basal units are overlain by the typical Blue Marl Formation deposits that consist of
few hundred metres of fossil-rich, grey-blue marls, with episodic turbiditic or more terrigenous
intercalations. The Blue Marl Formation is getting gradually coarser upwards. The upper Tortonian
deposition has been interpreted as a transgressive sequence, followed by a high stand system tract,
while the Messinian, where present, is thought to be regressive and attests to a phase of infill with
increased siliciclastic input in the basin (SCP/ERICO report, 1991). While Tortonian sediments
are extensively observed in the Rifian Corridor basins, Messinian deposition is scarcely documented
east of the Gharb Basin (SCP/ERICO report, 1991), or observed in detailed studies only with
200 kyr after the Tortonian/Messinian boundary (e.g., Krijgsman et al., 1999b; Dayja et al, 2005;
Barhoun and Bachiri Taoufiq, 2008).
In the Saiss Basin, the last marine environment is recorded by the overlying coastal-marine
sands (i.e. sables fauves of Wernli, 1988) that pre-dates the Plio-Quaternary continental deposition
of extensive oncolitic, fresh-water limestones (Taltasse, 1953). The reported age for the sable fauves
is early Pliocene and, although this age was established in the Gharb on the reference planktonic
foraminifer G. crassaformis, in the Saiss this was mainly based on the occurrence of G. margaritae
(Wernli, 1988). More recent biostratigraphic and astronomically tuned records (e.g., Sierro et al.,
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1993; Krijgsman et al. 2004) suggested that this species appeared gradually throughout the middle
– late Messinian in Atlantic environments. Furthermore, the presence of one other species (G.
miotumida) found recently near the gradual transition from the Blue Marl Formation to the sables
fauves indicates also a Messinian age. These improvements suggest that the shallowing of the basin
took place already during the Messinian. The lack of Messinian sediments at Oued Beth and the
occurrence of lacustrine deposits only in the Saiss Basin (Fig. 2.2) possibly documents tectonicinduced uplift that isolated this basin from the Gharb (SCP/ERICO report, 1991). This took place
in response to the late Miocene-Early Pliocene activity of a NE-SW oriented bathymetrical high
between the Saiss and the Gharb basin, probably due to an uplift along the Sidi Fili Fault (Fig. 2.2).
In the Taza-Guercif Basin, the last marine deposits are middle Messinian, have a palaeobathymetry
in the order of 100 m and are unconformably overlain by continental deposits (Krijgsman et al.,
1999b). In the more internal Had Kourt, Taounate and other intramontane basins, the upper
regressive part of the Blue Marl Formation is generally missing, the lower, open marine part being
truncated and unconformably overlain by Quaternary conglomerates (Wernli, 1988; Barhoun,
2000). The upper part of the Pliocene sequence varies laterally from continental lacustrine and
alluvial in the eastern Saiss basin to marine sediments in the western Gharb (Wernli, 1988).

2.3

Methodology

We combined regional seismic interpretation with outcrop observations to detect phases of
deformation in the Rif foreland. Deformation structures, such as faults and folds, and their
kinematic direction of transport were recorded in the field and palaeostress was subsequently
determined (Angelier, 1989; Angelier, 1994). The sense of shear on faults and shear joints was
derived from common kinematic indicators such as Riedel shears, drag folds or slickensides. The
relative timing of deformation was defined based on cross-cutting and stratigraphic relationships,
combined whenever possible with the seismic interpretation. We have separated tectonic phases
based on the type of deformation and higher-order tectonic events based on consistency of
kinematics with stratigraphic time. The evolution of the external Rif was then analysed by
interpreting an onshore and offshore regional network of industrial seismic reflection profiles. We
focused on the Upper Miocene – Pliocene basins overlying the external nappes and the frontal
foredeep. The seismic network calibrated by exploration wells (courtesy of ONHYM and Repsol)
has allowed lateral correlations and converting the two-way travel time information of seismic lines
in depth. The depth conversion is less available offshore, where only two exploration wells were
available for our area of interpretation (Fig. 2.1). The overall seismic and wells database available
was also described elsewhere (see Zizi, 1996; 2002; Samaka et al., 1997; Sani et al., 2007; Le Roy
et al., 2014; Roldán et al., 2014 and references therein for further details). Differently from these
studies, we have focussed our interpretation to discriminate the latest Miocene – Quaternary
geometries and associated syn-kinematic facies. The key study areas are the Gharb offshore, the
Prerif and Ouezzane-Tsoul nappes, the Prerif Ridges and their foredeep flanks, the Had Kourt and
Taounate basins, including Tafrant and Rhafsai prolongations or small neighbouring subbasins
(Fig. 2.2). We have selected four representative interpreted seismic lines for the studied areas (Figs.
2.4 – 2.6), where the seismo-stratigraphic interpretation identified seismic facies units and seismic
facies associations bounded by unconformities.
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2.4

Interpretation of seismic reflection profiles in the external part of the Rif
orogen

A NNE-SSW oriented seismic profile illustrates the structure of the Prerif Ridges and overlying
Prerif Nappe (Fig. 2.4). Similar with previous interpretations (Sani et al., 2007; Roldán et al., 2014),
these Prerif Ridges ( J. Zerhoun and J. Bou Kennfoud, Fig. 2.4) are uplifted along near-surface
high-angle thrusts and appear to re-activate inherited Jurassic normal faults rooted at high depth in
the pre-Miocene sequence. Although the inversion is total, the inherited normal faults can still be
detected by thickness and facial changes across these faults (Zizi 1996, 2002). We did not observe
any significant diapirism of the Upper Triassic salt in our interpretation, which was likely limited
beneath the thick carbonate sequence. However, salt diapirism could have occurred along the main
faults and below the pop-up structures. The uplifted anticlines separate the frontal Prerif Nappe
contact and its foredeep in three intervening areas where multiple seismic units are clearly visible.
The U1 seismic unit was deposited during the low-angle thrusting of the Prerif Nappe, the latter
being differentiated by its characteristic transparent and chaotic reflectors. This sequence can be
subdivided into three seismic sub-units based on reflectors terminations at unconformities, seismic
facies and surface correlations. The first syn-kinematic U1.1 sub-unit was deposited unconformably
beneath the Prerif Nappe and in wedge top basins. The overlying syn-kinematic sub-unit, U1.2, is
deposited unconformable over the earlier sub-unit and the Prerif Nappe and marks the moment
during deformation when the frontal emplacement was already achieved. Seismic sub-unit U1.3
is still syn-kinematic by filling the accommodation space created earlier by thrusting in the
frontal part of the nappe. The U1 sub-units correspond to the basal coarser facies of the Blue
Marl Formation and outcrop along the flanks of the Prerif Ridges as marine sediments that are
late Tortonian in age (Fig. 2.4). High amplitude parallel reflectors define the first post-kinematic
seismic unit U2, which fills the space created by the earlier thrusting and locally reaches up to 500
metres in thickness. It is onlapping on the Zerhoun ridge and extends transgressively SSE- and
NNW-wards. It illustrates rapid and regional subsidence that enlarged the foredeep with deposition
overlying the frontal Prerif Nappe. The overlying seismic unit, U3, shows a clear syn-kinematic
character controlled by the activation of steeper, high-angle thrusts that controlled the uplift of the
ridges with vertical offsets reaching 1‒2 km and truncate the Prerif Nappe and its earlier foredeep
(Fig. 2.4). The correlation with the surface strata shows that the deposition of U3 started during
the Messinian and possibly continued throughout the Pliocene with a forced regressive character
that resulted in continental deposition (Wernli, 1988; SCP/ERICO report, 1991). The overlying
Pliocene-Quaternary sediments (seismic unit U4) cap the sequence in a foreland position.
A NE-SW oriented representative profile (Fig. 2.5) has been selected in the frontal part of
the Rif orogen in the offshore Gharb Basin. The profile is passing through two recently perforated
wells with available biostratigraphic data, which gives the opportunity to date the units more
confidently. The Prerif Nappe is characterised by transparent and discontinuous to chaotic seismic
facies (Fig. 2.5), as observed in other studies before (e.g., Iribarren et al., 2007; Zitellini et al., 2009;
Le Roy et al., 2014). The base of the Prerif Nappe and the detailed structure at higher depth is
less obvious due to lack of seismic acoustic contrast. In this area, the interpretation is based on the
few confident seismic reflectors (high amplitude, low frequency pre-Miocene strata or basement),
but most importantly on the surface to depth prolongation of the associated deformation on
sedimentation. In other words, due to the low resolution of the seismic below the nappe complex
we have intended model-driven interpretation. The low-angle thrusting observed over the African
foreland is in line with earlier interpretations (e.g., Iribarren et al., 2007; Zitellini et al., 2009; Le
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Roy et al., 2014). Similarly to the onshore, the Prerif Nappe is covered by uppermost Miocene
to Quaternary sediments that display multiple seismic facies units (U1-U4). The U1 seismic unit
was deposited during the low-angle thrusting of the Prerif Nappe and correlates with the upper
Tortonian sediments deposited in often overlying thrust sheet top basins and, less obvious, beneath
the frontal part of this nappe (Fig. 2.5). This sequence can also here be subdivided into three seismic
sub-units based on reflectors terminations at unconformities and seismic facies. The first upper
Tortonian, syn-kinematic U1.1 sub-unit was deposited unconformably over the Prerif Nappe in the
wedge-top basins and can likely be correlated with the similar narrow seismic facies unit beneath
the frontal part of the nappe. The overlying syn-kinematic sub-unit, U1.2, is deposited on top of an
unconformity and marks the northwards out-of-sequence migration of thrusting. Seismic sub-unit
U1.3 is early Messinian in age, still syn-kinematic in wedge-top basins and fills the accommodation
space created earlier by thrusting and tilting in the frontal part of the nappe. High amplitude, low
frequency reflectors onlap gradually the previous units and define the first post-kinematic seismic
unit U2. This unit fills the space created earlier in the wedge-top basins and is also affected by
extensional normal faults, which are better observed on perpendicular cross-sections due to their
orientation. Similarly with the onshore, it shows some regional enlargement of the foredeep and
the wedge-top basins. The overlying seismic unit U3 has a syn-kinematic character and must be
controlled by the activation of steeper, higher-angle faults with vertical offsets in the order of 1 km.
The exact position at depth of these faults is speculative and only inferred. However we note that
such structures are required to explain the lateral variation in thickness of the sedimentary units U3
and the deformation in the chaotic external nappes. Additionally, mud diapirs are often related to
the high angle thrusts as seen on the profile. A close relationship between fluid escape and tectonic
structures has been established and in the Betic – Rif orogen the mud volcanoes are suggested to be
controlled by structures resulting from a NW compressional regime (Medialdea et al., 2009). Lastly,
the overlying Quaternary sediments (seismic unit U4) fill the space created by earlier thrusting and
drape earlier structures.
A NE-SW oriented profile has been selected in the frontal part of the Rif orogen in the Had
Kourt Basin (Fig. 2.6). The external Rif nappes make the lower part of the profile by the chaotic
seismic facies underlying the wedge-top basin. This basin contains Upper Miocene sediments that
display multiple seismic facies units (U1-U2). Similarly with the section offshore, the U1 seismic
unit was deposited during the low-angle thrusting of the Prerif Nappe and can be subdivided
into three seismic sub-units based on reflectors terminations at unconformities, seismic facies and
surface correlations. A) first syn-kinematic U1.1 sub-unit is observed by an initial progradation
from the SW flank of the basin that gradually passes upwards to syn-kinematic wedges; b) the
overlying sub-unit U1.2 shows clear syn-kinematic deposition and is overlain by c) the seismic
sub-unit U1.3, which was deposited when the local subbasin was filled. In the field, unit 1.1
likely corresponds to the basal biocalcarenites of the sequence outcropping at J. Kourt ridge (Fig.
2.2). In the seismic line, the seismic unit U2 was deposited over an unconformity and shows
clear syn-kinematic patterns that indicate a gradual deepening of the SE part of the Had Kourt
Basin. Interestingly, this is the only basin where the post-nappe subsidence is associated with such
clear syn-kinematic deposition. The entire package formed by units 1 and 2 were subsequently
tilted along the two flanks of the syncline, the reflectors correlating with similar dipping strata
outcropping at the surface. Such geometry can be achieved only by a renewed phase of contraction
after the deposition of the U2 unit.
In the more internal part of the Rif orogen a number of seismic lines cross the intramontane
basins situated above the Mesorif unit, i.e. the Taounate basin and its prolongations in small
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neighbouring subbasins. One representative NE-SW oriented seismic line crossing the Taounate
subbasin shows the Upper Miocene sediments of the intramontane basin overlying the earlier
deformed sediments of the Mesorif (Fig. 2.7). The correlation of the seismic facies in the latter
is rather difficult due to the often discontinuous facies and, therefore, its interpretation should be
considered speculative. In contrast, the overlying sediments show a good continuity of reflectors
grouped in clear seismic facies units and, therefore, the interpretation has a good degree of
confidence. At their base, a clear group of seismic facies units have a syn-kinematic character that
was coeval with an earlier moment of tiling along the synform flanks. Similar with the earlier
explained seismic interpretation this U1 seismic unit can be divided in three sub-units based on
reflector terminations and separation of unconformities. It crops out along the plunging strike
of the Taounate Basin where it is exposed by subsequent high-angle thrusting, its age being late
Tortonian. The first syn-kinematic sub-units U1.1 and U1.2 were deposited unconformably over
the Mesorif domain in this wedge top basin. They are overlain by U1.3 which wedges out in an
opposite direction (south) and fills the accommodation space created by the earlier contraction.
High amplitude, low frequency, parallel reflectors define the post-kinematic seismic unit U2 that
reaches more than 1 km in thickness. The correlation to outcrops shows deep water upper Tortonian
marine sediments (Barhoun, 2000). Interesting is that this entire seismic unit is tilted along the two
flanks of the syncline, the reflectors correlating with similar high-angle dipping strata outcropping
at the surface. Such geometry can only be achieved by a renewed phase of contraction towards the
end or after the deposition of U2. Our interpretation contrasts with previous inferences, which
ascribed the synkinematic deposition to the formation of half-grabens during extensional collapse
(Samaka et al., 1997). Such normal faults are not observed by our field kinematic data in places
where unit U1 is exposed along the profile or laterally along the strike of the structure. Furthermore,
this unit is affected by contractional structures (see below), while the parallel and high-amplitude
reflectors of U2 unit suggest that shortening was followed by regional subsidence.

2.5

Field kinematic observations

The seismic interpretation was combined with field kinematic observations in outcrops (e.g.,
brittle faults with sense of movement or fold geometries) in the selected key areas. A significant
amount of data is already available in the frontal part of the external nappes, its foredeep and
over the Prerif Ridges, which are described in details in other publications (Faugères, 1978; Aït
Brahimand Chotin, 1989; Morel, 1989; Aït Brahim et al, 2002; Bargach et al., 2004; Sani et al.,
2007; Roldán et al., 2014; among others). These data do not make a clear distinction of any events
of regional subsidence separating the rather continuous contractional episodes of the external Rif.
Starting from these data, we have performed a field kinematic analysis in selected places of the
Prerif and Ouezzane-Tsoul nappes, Prerif Ridges and their foredeep flanks, and along the Had
Kourt, Taounate and other intramontane subbasins. We note that our intent was to start from an
existing database and find key elements for a temporal discrimination in combination with the
interpretation of seismic lines.
The first deformation event is characterised by numerous low-angle thrusts and folds and
strike-slip faults, observed in the field in the basal sedimentary units of the various post-Paleogene
basins, at the contact between Prerif and Ouezzane-Tsoul nappe, as well as in the hanging-wall of
the Prerif Ridges (Figs. 2.2, 2.8). The thrusts indicate an overall ENE-WSW rotating to NE-SW
direction of contraction (Fig. 2.8A, B) and are associated with compatible NW-SE oriented folds.
A significant amount of transpressive E-W oriented sinistral and NNE-SSW to N-S oriented
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dextral strike slip faults are associated with this deformation event with a compatible (E)NE-(W)
SW direction of compression. These structures affect sediments as young as the upper Tortonian.
This kinematics reflects the low-angle emplacement of the Prerif and Ouezzane-Tsoul nappes,
the remnants of the latter being preserved as erosional klippen in a higher structural position (Fig.
2.2). In the field this deformation can be observed as low angle thrusting associated with footwall
drag-folds that affect mainly the lower part of the upper Tortonian sequence, such as in the Tafrant
Basin (Fig. 2.8C), or cross cutting the lower Miocene sediments of the Ouezzane-Tsoul nappe (e.g.,
Fig. 2.8E). A significant number of strike-slip faults can be observed either affecting the upper
Tortonian alternation of marls, conglomerates and detritic limestones, such as in the Taounate
Basin (Fig. 2.8D), the Middle Miocene foredeep (Fig. 2.8F), or often affecting the uplifted areas
near the frontal thrust of the Prerif Nappe, such as in the J. Kefs ridge (Fig. 2.8H). The basal
contact of the Ouezzane-Tsoul nappe overlying the Prerif Nappe has locally a different kinematic
showing top-SSE thrusting (Fig. 2.8G). Our data are insufficient to explain such differences, but
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this can be related to either an earlier phase of deformation in respect to the frontal Prerif Nappe
emplacement, or to local strain partitioning.
The second deformation event observed in the field structures is an extensional event observed
by reduced offsets along outcrop-scale normal faults. These structures affect sediments as young as
the Messinian. In order to discriminate between the Mesozoic normal faults associated with the
opening of the Rif domain and the Neogene ones, our analysis has considered only such structures
that truncate the Miocene sediments (Fig. 2.9). The low-offset normal faults formed coeval with
the deposition of the uppermost Tortonian – Messinian deep to shallow water deposition in the
foredeep, which is well observed in the exposures along the flanks of the Prerif Ridges. These faults
show no preferential direction and do not appear to be accompanied by the formation of larger
scale regional structures. They are rather coeval with an overall event of subsidence affecting the
external nappes and the foredeep than a coherent extensional kinematic event. In the field, these
faults can be observed often as shear planes with associated Riedel shears truncating the basal upper
Tortonian conglomerates, such as in the Taounate Basin (Fig. 2.9B) or in the upper Tortonian
siltstones of the Had Kourt Basin (Fig. 2.9C). Interesting is that conjugated normal faults found
in upper Tortonian clastic mudstones in the N-Saiss were subsequently tilted by another phase of
deformation, likely during the uplift of the Prerif Ridges (Fig. 2.9D). At this location, clear synkinematic deposition demonstrates an upper Tortonian age of extension (Fig. 2.9E, F).
The third deformation event was associated with the formation of high-angle reverse and strike
slip faults. Numerous structures were observed to be associated with this deformation event in the
field. The kinematics (Fig. 2.10A) indicates top-S to top-SSW thrusting accompanied by a large
number of transpressional faults. Sinistral faults strike N-S to NNE-SSW, while dextral faults are
oriented WNW-ESE, showing a compatible NNW-SSE direction of compression. These structures
appear to be controlled by the reactivation of pre-existing Mesozoic normal faults that affected
the underlying African basement and cover, in agreement with previous studies (Zizi, 1996, 2002;
Sani et al., 2007). In the field often thrust faults and associated Riedel shears truncate the upper
Tortonian, such as in the Had Kourt Basin (Fig. 2.10C). Large scale high-angle reverse fault with
a significant components of strike slip were observed in the core of the Prerif Ridges, such as in the
core of the Zerhoun Ridge (Fig. 2.10E, F). The more strike-slip type of faults is generally highangle transpressive to sub-vertical and affect upper Tortonian sediments. In the Taounate basin for
example they show large offsets (Fig. 2.10D). Clear cross-cutting relationships were observed in the
field with previous events, such as cross-cutting earlier normal faults in Messinian sandstones (Fig.
2.10F). These types of structures affect sediments as young as the Pliocene, such as observed in the
Saiss basins (Fig. 2.10H).

2.6

Combining the seismo-stratigraphic and kinematic interpretation

The higher resolution seismo-stratigraphic and structural interpretations show that the external Rif
was affected by three successive stages of tectonic deformation and associated vertical movements.
These stages are visible in the present-day geometry (Figs. 2.4 – 2.7) and reconstructed kinematics
(Figs. 2.8-2.10). All direct lines of evidence show that the original nappe stack (Ouezzane-Tsoul
and Prerif nappes) was subsequently covered by upper Tortonian – lower Messinian sediments
associated with a second stage of subsidence and minor normal faulting. The nappe stack and the
overlying sediments were subsequently dissected in a third event by a thick-skinned contractional
phase whose expression in the near surface kinematics is high-angle thrusts and transpressional
structures. Our analysis correlated with existing wells and outcrop data infer that the syn52
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kinematic unit U1 is late Tortonian and the onset of U2 subsidence is latest Tortonian. The onset
of U3 renewed contraction took place during the early Messinian, as inferred from shallowing
and isolation trends in the Gharb onshore, Saiss and Taza-Guercif basins (e.g., SCP/ERICO
report, 1991; Flinch, 1993; Krijgsman et al., 1999b). High resolution biostratigraphic data in the
offshore part of the Gharb basin suggests a time delay of tectonic episodes, where the synkinematic
units U1 is late Tortonian and partly lower Messinian in age, the U2 subsidence is Messinian
and the renewed contraction activating high-angle faults during U3 seems to start around the
latest Messinian and continued throughout the Pliocene (Fig. 2.5). If these preliminary data are
confirmed, this would suggest a gradual migration of the genetic mechanism along the orogenic
strike in a W-ward direction.
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The initial late Tortonian thin-skinned low-angle thrusting is the most marked event during
the evolution of the Rif orogen (Fig. 2.11A, and Fig. 2.12A, phase 1). The best near-surface
expression of low-angle character of the thrusting of the Ouezzane-Tsoul nappe are its klippens
that can be connected up to 70 km along a basal decollement (Fig. 2.11A), in agreement with other
previous interpretations (Chalouan et al., 2008; Platt et al., 2013). In more details, field observations
show that this decollement is locally folded and much steeper dipping, the nappe being deformed
and eroded by subsequent deformation and uplift (Fig. 2.11A). It is often also affected at both
outcrop and regional scale by shale diapirism and gravitational sliding. The transport direction
varies significantly being slightly blurred by the additional numerous transpressional structures,
but their kinematics is also compatible: thrusting indicates a change from top-W to top-S, with
the change in regional strike from N-S to E-W along the connecting arc towards the Betics that
is in agreement with the inferred late stage kinematics at the scale of the entire Rif orogen (Fig.
2.1, Frizon de Lamotte et al., 1991; Platt et al., 2013). The syn-kinematic sedimentation of units 1
overlying the external nappe and the thrusting geometry suggest that the overall orogenic uplift was
in the order of hundreds of meters, certainly < 1 km and decreased towards the foredeep. This is in
agreement with thermochronology studies, which suggest relatively little late Miocene exhumation
in the internal Rif, possibly counteracted by the coeval extension of the overall Alborán domain
(Romagny et al., 2014). In addition, the superposed geometries of U1.1, U1.2, U1.3 at Taounate
and Had Kourt suggest that the intramontane basins are wedge-top basins that were active during
the nappe emplacement. Here, normal faults potentially controlling regional basin extension were
not observed neither at outcrop or seismic scale, which contrasts with previous interpretations
(Samaka et al., 1997). In the offshore, the continuation of wedge-top syn-kinematic deposition
U1.2 and U1.3 took place by out-of-sequence thrusting, as the low-angle frontal emplacement of
the Prerif Nappe stopped in the late Tortonian (see also Iribarren et al., 2007). This is exemplified
by undeformed sediments onlapping the frontal nappe thrust (Fig. 2.5).
The subsequent late Miocene covering of the entire external orogenic part by marine sediments,
observed in the remaining wedge-top basins and correlated with coeval deposition in the foredeep,
requires a second phase of latest Tortonian tectonic subsidence, which can also be Messinian in
the offshore (Fig. 2.12A, phase 2). The sedimentary geometry in these basins displays high-angle
erosional truncations (Fig. 2.11B, C) and shows that the basinal extent was far larger than today,
most likely connecting the foreland with the internal intramontane basins overlying the Intrarif
nappes to the north (Figs. 2.11A, 2.12A).
The last phase of thick-skinned tectonics and transpressive deformation (Fig. 2.12A, phase 3) is
a renewed continuation of the regional contraction. The change from ENE-WSW to N-S oriented
contraction in thrust kinematics marks the thin- to thick-skinned transition in the Rif foreland.
It started during the Messinian and was characterised by the activation of numerous high-angle
thrusts observed in our analysis and previous studies (Bargach et al., 2004; Sani et al., 2007; Roldán
Figure 2.8 (right page) Field kinematic data for the first late Tortonian contractional phase of deformation. Locations of outcrops
in Fig. 2.2. a) cumulative stereoplot showing thrusts documenting (E)NE-(W)SW contraction; b) associated strike slip faults (dextral
and sinistral) documenting NE-SW oriented compression and NW-SE oriented tension; c) field example showing low angle thrusting
associated with footwall drag-folding in Upper Tortonian detritic limestones; d) High angle transpressive sinistral strike-slip faults
in Upper Tortonian alternation of marls, conglomerates and detritic limestones; e) Thrusting in the lower Miocene sediments of the
Ouezzane-Tsoul nappe; f ) Sinistral strike slip fault in the middle Miocene foredeep; g) major low-angle nappe contact between the
Ouezzane-Tsoul and Prerif nappe; h) dextral transpressive shear zone located in the J. Kefs ridge that separates the Jurassic of the ridge
from middle Miocene clastic sediments.
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et al., 2014). Kinematic analysis indicates N-S to NNW-SSE contraction along structures with
variable strike due to reactivation of inherited normal faults in the underlying African foreland. The
high-angle thrusts are associated with narrow syn-kinematic wedges in their vicinity and tectonic
uplift in the order of ~1 km, as indicated by the offsets of thrusts or other transpressional structures
(Fig. 2.11C). This phase of deformation was associated with regional uplift distributed over the
entire external Rif and its foredeep. It exhumed all internal basins and created a forced regression
in the foredeep, which was ultimately uplifted to continental conditions in the present day onshore
during Messinian times (see also SCP/ERICO report, 1991; Krijgsman et al., 1999b).

2.7

Geodynamic implications

Our study shows that the collision in the Rif segment of the Gibraltar arc is not different from
the mechanics of other orogenic arcs dominated by slab retreat situated in the Mediterranean
(Carpathians, Apennines and their transition to the Alps, Fig. 2.12B, C) or SE Asia. The
introduction of the African non-stretched buoyant continental crust in the Rif subduction system
during the last stages of collision has induced a transition from thin-to thick-skinned deformation,
associated with more transpressional structures. In other Mediterranean orogens the accelerated
upper crustal out of sequence deformation is always associated with dynamic topography and
deep lithospheric processes. A similar three stages evolution with a transition from thin-skinned
to external orogenic subsidence followed by thick-skinned deformation has been documented in
the external SE Carpathians and their Focsani foreland (Leever et al., 2006, Fig. 2.12B). Here,
thermochronological studies have demonstrated increased exhumation rates from ~0.4 to ~1.6
mm/yr during the collisional transition from thin- to thick skinned tectonics (e.g., Merten et al.,
2010) associated with rapid subsidence of the foredeep Focsani Basin, resulting in its unusual
tilted foredeep geometry (Matenco et al., 2015; Fig. 2.12B). This deformation and exhumation
was intimately related with deep mantle processes related to the still attached Vrancea slab and its
hinterland asthenospheric upraise (e.g., Ismail-Zadeh et al., 2012). The last orogenic movements
recorded at the transition between the Ligurian Alps and the Apeninnes recorded a transition from
nappe emplacement to out-of-sequence deformation that involved deep structures cross-cutting the
earlier orogenic geometry (Bertotti et al., 2006; Picotti and Pazzaglia, 2008; Fig. 2.12C). This was
temporally and spatially related with the evolution of the Calabrian slab along the Apeninnes and
its hinterland astenospheric upraise (Faccenna et al., 2014).
Is such coupling between deep Earth and upper crustal processes taking place in the Rif orogen?
Certainly so, although not all details are yet clear. Geodynamic and kinematic studies have inferred
uplift accompanied by volcanism in the easternmost Rif at the time of the Messinian Salinity Crisis
(Duggen et al., 2008; Booth-Rea et al., 2012). This was coeval with significant crustal thinning east
of the Nekor Fault, where the crust may reach only 22‒30 km thicknesses in a region of elevated
Figure 2.9 (right page) Field kinematic data for the second latest Tortonian – earliest Messinian subsidence phase associated with
normal faulting. Location of outcrops in Fig. 2.2. a) cumulative stereoplot of normal faults that indicate no preferential direction of
extension; b) normal fault and associated Riedel shear truncating the basal Upper Tortonian conglomerates of the northern Taounate
Basin; c) similar normal fault and associated Riedel shear truncating the Upper Tortonian siltstones of the northern Had Kourt Basin;
d) conjugated normal faults in the Upper Tortonian clastic mudstones located in the northern part of the Saiss basin. The normal fault
was subsequently tilted during the subsequent uplift of the a smaller Prerif ridge exposing Jurassic limestones of the African platform;
e) tilted normal faults and f ) the associated syn-kinematic wedge in the Uppermost Tortonian clastic limestones in the northern part
of the Saiss Basin.
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topography (Mancilla et al., 2012). The Taza-Guercif Basin, where significant early Messinian
uplift has been recorded (Krijgsman et al., 1999b) is situated above the magmatic Morocco Hot
Line (Frizon de Lamotte et al., 2009). These are likely the expression of asthenospheric upraise
beneath the Atlas Mountains and Eastern Rif, whose wavelength is in the order of 200‒300 km
(e.g., Fullea et al., 2007; Babault et al., 2008). Interestingly, the foredeep recorded continuous
marine sedimentation during and after the initial thin skinned tectonic event. This indicates that
although the Rifian Corridor was substantially narrowed towards the end of Tortonian to the areas
of the present day foredeep and wedge top zones such as the Taounate Basin, it was not yet closed
(Fig. 2.12A), allowing water exchange between the Atlantic and Mediterranean. The examples of
the other Carpathians or Apeninnes orogens where similar regional asthenospheric anomalies are
observed indicates that a significant acceleration of localized uplift is required to overcome the
erosional deepening due to bottom currents (Leever et al., 2011). Therefore, these deep mantle
processes must be assisted by significant localized uplift by upper crustal shortening to overcome
the erosion in the corridor during a late stage contraction. This shortening is likely to be still active
because its NNW-SSE direction is compatible with the movement directions derived by GPS data
(Koulali et al., 2011).
The thin- to thick-skinned transition observed in the Rif external zones indicates that
significant deformation took place in the external part of the orogen after nappe emplacement.
The inverted Mesozoic faults truncating the African lower plate trend NE-SW to NNE-SSW,
which is similar to the direction our first, late Miocene shortening phase (Fig. 2.8), in agreement
with previous studies (Morel, 1989; Aït Brahim et al., 2002; Sani et al., 2007). The geodynamic
mechanism for this first late Miocene tectonic phase (Fig. 2.12A) was the westward migrating
Alborán Block, which imposed south-westward kinematics in the external part of the Rif (Frizon
de Lamotte et al., 1991). Such deformation could not have reactivated the Mesozoic grabens in
the study area because the direction of deformation was roughly parallel with their strike. By the
time the external Rif/Gibraltar accretionary wedge was emplaced at ~8 Ma (e.g., Iribarren et al.,
2007), the thin-skinned tectonics stopped or possibly continued only with minor out-of-sequence
thrusting. This suggests that the accelerated uplift observed in the Rif external zone occurred when
the Alborán plate was already locked between the two continental margins. This uplift was therefore
the result of the continuous Africa-Iberia convergence in a N-S direction, which was prone to
reactivate the Mesozoic grabens. Hence, we propose that the onset of thick-skinned tectonics that
closed the Rifian Corridor in the areas west of the Nekor fault post-dated the slab-retreat and
associated asthenospheric upwelling, and was likely caused by the combination of: (a) the locking
of the subduction zone by the non-stretched African crust and (b) regional ongoing Africa-Iberia
contraction post-dating the main westward kinematics of the Alborán plate.
Figure 2.10 (right page) Field kinematic data for the third post-Tortonian contractional phase of deformation. Locations of outcrops
in Fig. 2.2. a) cumulative stereoplot showing high-angle thrusts documenting N-S oriented contraction; b) associated strike slip faults
(dextral and sinistral) documenting NNW-SSE oriented compression and WSW-ENE oriented tension; c) thrust fault and associated
Riedel shears truncating the Upper Tortonian siltstones of the northern Had Kourt Basin; d) High angle transpressive sinistral strikeslip faults in Upper Tortonian sediments of the northern Taounate basin. The fault thrusts basal conglomerates over much younger
marine marls; e) Large scale high-angle reverse fault with a significant component of sinistral strike slip in the core of the Zerhoun
Ridge in Jurassic platform limestones of the African margin; f ) Detail of the high angle thrust in inset E showing a shear zone with
S-C brittle shear bands formed in cataclastic material; g) High-angle sinistral transpressive strike-slip fault cross-cutting an earlier
normal fault in Messinian sandstones on the northern prolongation of the Bou Draa Ridge; h) dextral transpressive fault in Pliocene
continental deposits in the eastern part of the Prerif Ridges.
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Our interpretation is in agreement with the previously suggested regional role of the onset of
N-S compression in the westernmost Mediterranean in driving the MSC, which post-dated the
Gibraltar slab retreat and the nappe emplacement of the Betic – Rif system ( Jolivet et al., 2006).
However, late stage successions of subsidence and enhanced uplift migrating in time along the
orogenic strike is often used as an argument for mantle mechanics such as slab-detachment (Wortel
and Spakman, 2000) or STEP structures (subduction-transform edge propagators, Govers and
Wortel, 2005). Obviously, further dating, exhumation studies, palaeobathymetric reconstructions
and a good correlation with such deep mantle processes are required to detect variations in
amplitudes and the evolution of this enhanced uplift phase across the Rifian Corridor.

2.8

Closure of the Rifian Corridor

The recognition of three successive tectonic phases affecting the Rifian Corridor has major
implications for the water and salt exchange between Atlantic Ocean and Mediterranean Sea
(Simon and Meijer, 2015; De la Vara et al., 2015). As a consequence of late Miocene gateway
restriction, the Mediterranean evolved into a hypersaline basin during the MSC (Roveri et al.,
2014a), but the exact role of the Rifian Corridor in this context is still poorly understood (Chapter
1). The initial phase of thin-skinned nappe thrusting in the Rif domain culminated during the late
Tortonian (~8 Ma) and already significantly influenced the water exchange with the Mediterranean.
Here, many basins experienced a major change in sedimentation regime and depositional
environment around the same age (e.g., Hüsing et al., 2009a; Köhler et al., 2010) and some
Spanish basins show evidence of evaporite formation during their so-called Tortonian Salinity
Crisis (Krijgsman et al., 2000; Garcés et al., 2001; Corbí et al., 2012; Garcia-Veigas et al., 2013).
The transition from thin- to thick-skinned contraction occurred across the Tortonian-Messinian
boundary in the Rif domain brought along high uplift rates that closed the gateway. Similar
increases of uplift rates have previously been reported from the stratigraphic successions of the
Taza-Guercif Basin (Krijgsman et al., 1999b; Krijgsman and Langereis, 2000). Palaeobathymetry
estimates from foraminifera suggested that late Tortonian marls and turbidites were deposited at
a depth of ~500 m, while earliest Messinian marls accumulated at a depth of <100 m, resulting in
uplift rates of ~5 mm/yr at the interval straddling the Tortonian/Messinian boundary.
High uplift rates are crucial to close such seaways. A recent model study (Garcia-Castellanos
and Villaseñor, 2011) shows that moderate uplift of the Gibraltar arc can restrict the AtlanticMediterranean gateways but cannot close them completely. Erosion of bottom currents counteracts
for the bathymetry loss, and episodes of refill of the Mediterranean due to seaway deepening
harmonically follow episodes of drawdown after seaway uplift. Only after overcoming a threshold
in uplift rate values at the sill, the gateway would emerge and isolate the Mediterranean. Values
of uplift rates so low to be counteracted by erosion were sustained by means of large wavelength
uplift due to lithospheric slab tear or roll-back (Garcia-Castellanos and Villaseñor, 2011). Such a
scenario can indeed explain inflow of Atlantic seawater during the first stage of the MSC, where
gypsum evaporated in marginal basins and the evaporative drawdown was minor. It is still unclear
how the geodynamic mechanism that sustained such constant equilibrium suddenly changed to
increasing uplift rates, causing the closure of the gateways. We show here that the thin- to thickskinned tectonics transition provides a mechanism to explain the upsurge of uplift rates that finally
overcomes seaway bottom erosion and closes the marine connection. The activation of high-angle
faults rooted in the basement caused much higher vertical movement than the previously active
nappe-detachment thrusts and, as inferred from previous studies (e.g., Zizi 1996, 2002; Sani et al.,
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2000, 2007; Chalouan et al., 2008), the Mesozoic grabens are pervasive in the Moroccan margin.
With only minor amount of shortening, Africa-Iberia convergence and contemporary deep-seated
vertical movements could have created faster uplift.
We dated the initiation of thick-skinned tectonics as latest Tortonian to earliest Messinian in
age. This is based on the presence of lower Messinian, shallow marine deposits exclusive to the
Saiss Basin, the widespread absence of Messinian sediments in the intramontane and scattered
satellite basins above the nappes (Barhoun, 2000 and results of the present study). Furthermore, the
youngest, coastal, marine sediments in the Taza-Guercif basin belong to a reversed magnetic chron
which minimum age is ~6.8 Ma (Krijgsman et al., 1999b; Krijgsman and Langereis, 2000). An early
Messinian age for the termination of the Rifian Corridor is also in agreement with biostratigraphic
results from the Melilla basin that indicate a closure age of 6.84‒6.58 Ma (Van Assen et al., 2006)
and geochemical data from the entire gateway suggesting a closure age of 6.64‒6.44 Ma (Ivanović
et al., 2013a). We therefore conclude that the Rifian Corridor closed in the early Messinian,
significantly before the MSC and that its closure can thus not be seen as the trigger for gypsum
(start at 5.97 Ma) or halite (peak event at 5.5 Ma) formation in the Mediterranean. In contrast,
however, it may have caused severe restriction in the overall Atlantic connectivity and probably
links to the impoverished faunal conditions of the deep Mediterranean Basin that occurred in the
early Messinian (Kouwenhoven et al., 2003; 2006).
In conclusion, our data strengthen the hypothesis that the Rifian Corridor was closed well
before the onset of the MSC and that is was thus not the latest marine gateway in the Gibraltar
domain, as suggested in earlier reconstructions (Martín et al., 2001; 2014). Another seaway must
have persisted until at least 5.5 Ma to supply the inflow of seawater necessary to accumulate the
huge volumes of halite at the peak stage of the MSC (e.g., Krijgsman and Meijer, 2008). Candidates
for this latest marine connection are the Guadix Strait (Hüsing et al., 2010; 2012), the Guadalhorce
Corridor in the western Betics (Martín et al., 2001) and ultimately the Gibraltar Straits.

2.9

Conclusions

Thick-skinned structures truncating the earlier emplaced Rif nappe and its foreland uplifted
the Rif basins during a post-Tortonian shortening phase. This orogenic process was intimately
associated with a deep asthenospheric upraise and possibly other slab -migration driven processes.
Nonetheless, the main driver of thick-skinned tectonics in late orogenic stage was the relative
strengthening of Africa-Iberia convergence after the Gibraltar slab-retreat ceased, at a time when
the subduction zone was locked by African continental crust. The transition from thin- to thick
skinned tectonics is a common mechanism during the final stages of orogenic collision when
the foreland is coupled due to locking of the subduction zone (e.g., Ziegler et al., 1998) and is
often observed in Mediterranean or SE Asia orogens. In all these cases, the thick-skinned event
is controlled by the continuation of the regional contraction associated with deep lithosphere
mechanics, rather than by solely the inherited subduction zone. The change from thin- to thickskinned deformation has exhumed the Rifian Corridor, closed the Moroccan connection between
the Atlantic Ocean and Mediterranean Sea during Messinian times and eventually led to the
Messinian Salinity Crisis. Pinpointing the sedimentary wedges associated with the process of
closure may be a new way forward to date more precisely gateway restrictions, such as the one that
caused the Mediterranean isolation.
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3

Sandy contourite drift in the late Miocene Rifian Corridor (Morocco):

reconstruction of depositional environments in a foreland-basin seaway

3.1

Introduction

T

he Rifian Corridor was one of several relatively deep seaways that connected the Atlantic
Ocean and the Mediterranean Sea during the late Miocene (Fig. 3.1). Its tectonic evolution
resulted in a complex but generally asymmetric geometry, with deeper waters in the south. The
Rifian Corridor was progressively uplifted at the end of the Miocene and its closure contributed
to the isolation of the Mediterranean Sea (Chapters 1, 2). Eventually, the Mediterranean Basin
became disconnected altogether, sequestered ~10% of the world’s ocean salt, and underwent
repeated evaporation and desiccation during the Messinian Salinity Crisis (Roveri et al., 2014a, and
references therein). Uplift of the Betic-Rif arc (Fig. 3.1) resulted in the exposure of sedimentary
remnants of the Rifian Corridor across the foreland of the Rif Mountains. These fossil remnants are
upper Tortonian and lower Messinian mainly clastic deposits and represent prime examples for the
study of sedimentation in deep seaways.
Previous studies of sedimentary deposits of ancient seaways have mostly focussed on shallow
seaways. Shallow (<100‒150 m water depth) seaways display a range of bedforms created under
the action of oceanic-, tidal-, and wind-currents, often resulting in a complex interplay of processes
(e.g., Surlyk and Noe-Nygaard, 1992; Anastas et al., 1997; 2006; Olariu et al., 2012; Longhitano,
2013; Longhitano et al., 2014). This interplay of processes is unique to this environment, as the
constricted morphology of the seaway acts to funnel and amplify the currents that shape the
seafloor (Anastas et al., 2006; Longhitano, 2013).
By contrast, there are relatively few examples of ancient deep seaways and their deposits in the
literature. Deep (> 150 m water depth) seaways are better known from oceanographic studies of
modern systems (e.g., Denmark Strait, Iceland-Scotland ridge, Drake Passage, Gibraltar Strait;
Swift, 1984; Mauritzen, 1996; Livermore et al., 2005; Scher and Martin, 2006; Legg et al., 2009;
Hernández-Molina et al., 2014b), which show that deep seaways are commonly dominated by
bottom-currents related to permanent ocean currents. In deep seaways, the bottom-current speed
can be influenced by tectonically-created sills that separate landlocked basins from open oceans
(Legg et al., 2009). The constriction allows flow acceleration through the sill and dense gravity
bottom currents, known as overflows, form (Legg et al., 2009; Rogerson et al., 2012; Rebesco et al.,
2014).
In the Rifian Corridor, it remains unclear which processes controlled bottom-currents and
sediment transport. In the intramontane basins forming the northern arm (Fig. 3.1), sandstonemarlstone alternations show an east to west pattern of progradation of the coarser sediments
(Wernli, 1988). Further east, cross-stratified sandstones overlie upper Tortonian marine marls
at Arbaa Taourirt (Fig. 3.1) and have been suggested to reflect the inflow of Atlantic water
into the Mediterranean Sea (Achalhi et al., 2016). In the southern arm of the seaway (Fig. 3.1),
nearly all sedimentological information is either extracted from stratigraphic works (Guercif
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CT: Cape Trafalgar; GhB: Gharb Basin; GS: Gibraltar Straits; GuB: Guadalquivir Basin; IB: Intramontane Basins; NMAF: NorthMiddle-Atlas Fault; SB: Saiss Basin; Sk: Gulf of Skoura; TGB: Taza-Guercif Basin; TS: Taza Sill. 1: thrust; 2: normal fault; 3: strikeslip; 4: faults; 5: buried thrust. (b) Approximate palaeogeography of the Betic and Rifian Corridor during the late Miocene. White
dotted lines are the present-day coastline. Location of the studied section in the palaeogeographic context: BA= Ben Allou; EF= East
Fes; HA = Haricha.

Basin; Krijgsman et al., 1999b; Gelati et al., 2000), or comes from internal reports focused on the
provenance of siliciclastic sediments (Saiss and Gharb Basins; e.g., Cirac, 1987; Roksandic and
Soquip, 1990; SCP/ERICO report, 1991). In the Gharb Basin, seismic data show turbiditic systems
interrupted by channelised sedimentary drifts, possibly linked to bottom currents flowing west and
out of the seaway (SCP/ERICO report, 1991; Fig. 3.2). The theoretical bottom-current patterns
were brought into focus by a modelling study (De la Vara et al., 2015), which showed that a twolayer, in- and out-flow exchange is possible and depends solely on the relative depth of the Betic
and Rifian Corridors (Fig. 3.1). In the Rifian Corridor, neodymium isotopes record (Ivanović et al.,
2013a) suggests that Mediterranean water reached the western end (Rabat sections) until ca. 6.64
Ma.
It is the objective of this chapter to improve our understanding of sedimentary processes and
bottom-currents pathways in the southern arm of the late Miocene Rifian Corridor. We present
three examples of the Rifian Corridor remnants, two of which comprise parallel and cross-stratified
sandstones that we interpret as deposited by bottom currents. The third example is dominated
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by turbidites and related facies. These mainly clastic sandy contourites provide a very important
ancient outcrop analogue for better understanding their nature and potential for hydrocarbon
exploration (see Rebesco et al., 2014, for a discussion). Results are integrated with regional tectonic
constraints to evaluate their implications for late Miocene palaeogeography and MediterraneanAtlantic circulation.

3.2

Geological setting

The Rifian Corridor (Fig. 3.1) evolved as an underfilled foreland basin (sensu Crampton and Allen,
1995; Sinclair, 1997; Mutti et al., 2003) during the latest stage of collision of the Betic-Rif arc. It
was a body of water overlying the thrust-sheets at a time when they were already mostly emplaced
(Frizon de Lamotte, 1979; Feinberg, 1986; Wernli, 1988, Chapter 2 of this thesis). Westward
convergence of the Alborán plate coupled with the Africa-Iberia collision formed the Betic-Rif arc
(Platt et al., 2003; Vergés and Fernàndez, 2012; Fig. 3.1). Thrust-sheets composed of deep-marine
sediments (flysch and marls) were piled on top of the African margin to form the Rif external zones
(Chalouan et al., 2008). Once established, the seaway was limited northwards and southwards by
the earlier exhumed Rif orogenic wedge (Iribarren et al., 2009) and Atlas Mountains (Barbero et
al., 2011), respectively (Fig. 3.1A).
Rifian Corridor sedimentation started at ca.8 Ma and was characterised by grey and blue
fossiliferous marl with variable terrigenous intercalations (Wernli, 1988; Krijgsman et al., 1999b;
Gelati et al., 2000; Hilgen et al., 2000, Dayja, 2002; 2005; Barhoun and Bachiri Taoufiq, 2008;
Achalhi et al., 2016). Evidence for carbonate factories is abundant on the Mediterranean side of the
seaway (e.g., Saint Martin and Cornée, 1996; Münch et al., 2006), but scarcer in the central areas of
the corridor, where published data are limited to the Gulf of Skoura, on the south-eastern margin
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of the Saiss Basin (Charrière and Saint Martin, 1989; Saint Martin and Charrière, 1989; Fig. 3.1).
The Gharb, Saiss, and Guercif basins formed the southern arm of the Rifian Corridor (see Chapter
1), which roughly follows the curved trend of the nappe-thrust front (Fig. 3.1B).
Palaeo-depth estimations in the marly successions in the Saiss and Guercif basins suggest
that the seaway’s maximum depth was 400-600 m during the late Tortonian (upper bathyal)
and gradually shallowed to ~100 m by the early Messinian, shortly before closure (Krijgsman et
al., 1999b; Dayja, 2002). Lower Messinian shallow marine deposits are locally truncated by an
erosional unconformity and overlain by Pliocene continental deposits (Wernli, 1988; Krijgsman et
al., 1999b, Gelati et al., 2000; Nachite et al., 2003). By contrast, in the Gharb Basin to the west, the
Pliocene is still marine (Wernli, 1988; Van der Laan et al., 2006).
The study area of this chapter is confined to the Saiss Basin, the eastern Gharb Basin and
the Prerif Ridges (Fig. 3.1B). The Prerif Ridges comprise Mesozoic carbonates belonging to the
African margin, which was exhumed along high-angle faults and lateral ramps (Zizi, 1996, 2002).
Most of the uplift of these structures postdates the Rif orogen build-up and was controlled by faults
trending NE-SW to ENE-WSW, roughly perpendicular to the axis of the seaway (Chapter 2; Sani
et al., 2007). Their uplift along the Beth River area and the Sidi Fili Fault (Fig. 3.2) across the
Tortonian-Messinian boundary may have restricted connectivity between the Saiss and the Gharb
basins and brought about shallow-marine and lacustrine sedimentation in the Saiss Basin (Cirac,
1987; SCP/ERICO report, 1991). Similarly, uplift of the Taza Sill (Fig. 3.1B) may have controlled
the Guercif Basin connectivity to the west and its final isolation from the Atlantic Ocean (Cirac,
1987; Gomez et al., 2000).

3.3

Methods

3.3.1

Fieldwork

Most of the information and the data presented in this chapter are from field observations made
at the East Fes, Ben Allou, and Haricha sections (Fig. 3.2). These mainly clastic successions
unconformably overlie the Rif external zones, and in one case (East Fes) also their foreland. There
is no consensus in the literature on the formal stratigraphic subdivision into formations and units
of the upper Miocene, post-orogenic cover. The upper Miocene ‘Neogene post-nappe’ succession
(sensu Feinberg, 1986; Wernli, 1988) is sometimes referred to as blue marls (e.g., Benson et al.,
1991; Krijgsman et al., 1999b) or Blue Marl Formation (Sani et al., 2007, Ivanović et al., 2013a).
The basal transgressive surface on the African margin (Fig. 3.3) is thought to be synchronous in
the Rifian Corridor and occurring at ca. 8 – 7.80 Ma (Krijgsman et al., 1999b; Hilgen et al., 2000;
Dayja et al., 2005).
We constructed 8 detailed sedimentary logs, measured 220 palaeocurrent indicators in crossstratified sandstones, identified facies and trace-fossil assemblages, collected 37 (25 Ben Allou; 2 El
Adergha; 10 Haricha) samples in sandstone for thin-sections and porosity test. We collected 183
samples in marlstone, every 3-5 m where possible, to determine the biostratigraphic assemblages
throughout the sections.
In addition to the field data, we consulted the seismic database of ONHYM (Office National
des Hydrocarbures et des Mines) and we present a 2D multichannel reflection seismic line crossing
the Haricha section and part of the Gharb Basin (Fig. 3.2). This seismic profile has been acquired
in 1985 for mid-depth petroleum exploration targets; structures at depth, age, and lithology of the
seismic units are based on a regional seismic network calibrated by wells (Roksandic and Soquip,
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1990; SCP/ERICO report, 1991; ONHYM unpublished data). We focussed on the uppermost,
post-orogenic cover. Seismic stratigraphic analysis followed basic and classic criteria from Payton
(1977), Hardage (1987), Emery and Myers (1996). Discontinuities and seismic units were identified
thus characterising the major sedimentary stacking pattern changes. Sedimentary drifts in seismic
facies are identified and interpreted following the criteria from Faugères et al. (1999), Nielsen et al.
(2008), and Rebesco et al. (2014).
3.3.2

Sedimentology

The recognition and analysis of cross-stratification in sandstones is a very important element of
our sedimentological interpretation. Cross-stratification is the arrangement of layers at one or more
angles to the dip of the formation (McKee and Weir, 1953). It may occur either as a single set or
several sets (a coset) within a bed. The two types of cross stratification are cross-lamination, where
the set height is less than 6cm, and cross-bedding, where the set height exceeds 6cm. The former
generally result from ripple bedforms and the latter from dune bedforms.
The occurrence of discontinuity surfaces in the sets may be the result of superimposed
migration (lower order dunes or ripples over-riding on the lee side of higher order dunes), and/
or spatial-temporal changes in flow strength and direction (McCabe and Jones, 1977; Allen, 1980;
Dalrymple, 1984; Rubin, 1987; Dalrymple and Rhodes, 1995; Anastas et al., 1997). These changes
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in flow strength and direction result in a peculiar internal organization of the compound sets, which
is useful to describe flow history and dune dynamics. In addition, multiple superposed cross-bedded
sets form a cross-stratified succession. Cross-stratified successions show a distinct architecture,
defined by vertical and lateral changes in thicknesses, cross-bedding style, and the shape of the
bounding surfaces. This stacking-pattern can be used to reconstruct evolving flow regime and dune
field geometry (Anastas et al., 1997).
The measurement of palaeocurrent directions (n= 220) was carried out systematically in crossbedded sets in the 3 sites. Cross-sets were classified following the criteria from Anastas et al. (1997)
on the basis of internal organization (simple or compound – based on the presence of intra-set
discontinuities), thickness of the sets (thin is < 40 cm; 40 < medium < 75 cm; 75 < thick < 500 cm;
very thick is > 500 cm), foreset shapes (straight and sinuous), and the nature of the lower bounding
surface (planar or trough-shaped). Because the data were acquired in deformed strata we corrected
cross-bedding for tectonic tilt using the software stereonet. The data were then plotted using a nonlinear frequency scale with r1% = 1 cm (Nemec, 1988).
To characterise the sands, we determined the microfacies and dominant mineral components in
37 thin-sections, which were obtained in key stratigraphic positions. Thin sections were realised at
the Department of Earth Science, RHUL (UK), and analysed through a Petrographic Microscope
Nikon. Grainsize from the Haricha section was detected by laser diffraction at Utrecht University;
at Ben Allou and El Adergha, grainsize was determined from the thin-sections. To determine the
porosity, saturation and caliper/buoyancy techniques (Anovitz and Cole, 2015; Lin et al., 2015)
were carried out by the Geolabs Company.
3.3.3

Biostratigraphy

Sampling for biostratigraphy was carried out in the finer-grained muds/marls, interbedded with the
sandstones. Using the well-established chronological framework of high-resolution biostratigraphy
for the late Miocene (e.g., Sierro et al., 1993; Krijgsman et al., 1995; Sprovieri et al., 1996; Hilgen
et al., 2000; Krijgsman et al., 2004), we improved the age-estimates of the basin sediments that
were previously dated as undifferentiated upper Tortonian-Messinian (Suter, 1980; Wernli, 1988).
A semi-quantitative analysis of the planktic foraminiferal marker species was carried out on the >
150 µm size fraction of the washed residue. Maximum-minimum ages of deposition are determined
as result of the presence, relative abundance or absence of key planktic foraminifera species, namely,
for the studied interval, Neogloboquadrina acostaensis; the keeled globorotaliids as Menardella
(Globorotalia) menardii form 4 (here called G. menardii 4), form 5 (here called G. menardii 5), and
Globorotalia miotumida. In addition, also the sinistral or dextral coiling direction of N. acostaensis
and Globorotalia scitula were used to determine age intervals, as well as the presence of the inflated
form of G. scitula called Globorotalia suterae (e.g., Sierro, 1985; Sierro et al., 1993; Sprovieri et
al., 1999; Hilgen et al., 2000; Krijgsman et al., 2004; Lourens et al., 2004). This biochronology is
based on an assemblage-based concept of the marker species (e.g., Sierro et al., 1993; Hilgen et al.,
1995; Sprovieri et al., 1996) whose first, last regular occurrence or coiling changes are tuned to the
astronomical time-scale (e.g., Lourens et al., 2004; Hilgen et al., 2012).
3.3.4

Inferences at palaeodepth

The water-depth of deposition has been inferred based on the benthic foraminifera assemblages
contained in the hemipelagic marls of the studied sections. The specific assemblages were associated
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to ranges of depth, depending on the relative abundance of species present, with known depthdistribution in the literature (e.g., Pérez-Asensio et al., 2012b). All the washed residues contain
transported material, which is evident from the poorly sorted grainsize and differential preservation
of foraminifera. Therefore, quantitative palaeodepth estimates based on plankton-benthos ratios or
transfer functions (e.g., Van der Zwaan et al., 1990; Hohenegger, 2005, as applied in Pérez-Asensio
et al., 2012b) cannot be applied here. Additional complicating factors are: (a) the configuration of
the seaway differs from that of a passive margin shelf-slope profile and is controlled by the orogenic
wedge; (b) benthic foraminifera respond to environmental factors such as food flux, oxygen and
substrate type rather than to water depth (e.g., Lutze and Coulbourn, 1984; Linke and Lutze, 1993;
Jorissen et al., 1995); and (c) depth distributions are not fixed, and changes in faunal composition
with depth are gradual rather than abrupt (e.g., Lutze, 1980; Saidova, 2008). These factors cause
imprecision in depth estimates of tens of metres at least.
However, inferences on the depth of the environment of deposition can be based on benthic
foraminiferal assemblages and marker species with known present-day depth distribution. There
is some analogy with the present – day Gulf of Cadiz, where foraminiferal depth distributions
deviate from ‘equilibrium’ passive margins (Schönfeld, 1997, 2002; Rogerson et al., 2011) and
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shelf assemblages have extended their depth range. Most Rifian Corridor samples contain both
shallow-water species, predominantly occurring in littoral and shelf environments (e.g., Ammonia,
Elphidium and Rosalina spp.; Gavelinopsis praegeri, Hanzawaia boueana, Nonion fabum: Schönfeld
2002; Murray, 2006; Rogerson et al., 2011; Dorst and Schönfeld, 2013), and deeper-water
species, commonly found on the outer shelf and upper slope (e.g., Cibicides ungerianus, Cibicides
kullenbergi, Cibicidoides pachyderma, Planulina ariminensis, Sphaeroidina bulloides, Uvigerina
peregrina; e.g., Fontanier et al., 2002; Schönfeld, 2002, 2006). In these cases, the shallow-water
species are considered to have been transported downslope, and the deeper-water ones are used for
palaeodepth estimates.

3.4

Results

3.4.1

East Fes

The East Fes composite section is located in the eastern Saiss Basin, 10 km east of Fes, and it
consists of three sections: Sidi Harazem, El Adergha, and Ain Kansera (Fig. 3.3). The section
comprises upper Tortonian marlstone with localised occurrence of sand beds (Fig. 3.4). The
Messinian is absent at East Fes, although El Adergha reaches the Tortonian/Messinian boundary.
3.4.1.1 Sidi Harazem
Sidi Harazem consists mainly of sandstones and marlstones. This section stratigraphically overlies
a ~80 m thick condensed transgressive unit which unconformably overlies the Mesozoic basement
(Sidi Harazem core; Wernli, 1988). Further information on the biostratigraphy of the Sidi
Harazem core will be discussed in the supplementary material of Chapter 5.
Near the village of Sidi Harazem (Fig. 3.5A), the sequence continues in outcrop for ~60 m
with intercalations of marlstone and sandstone (Figs. 3.3, 3.4A). The sandstone beds (Fig. 3.5B)
are up to 4 m thick; they are commonly structureless with normal grading and composed of poorly
to moderately sorted, medium to coarse sands. The sand grains consist of quartz, carbonate-coated
grains, and bioclastic shell debris. The bottom of the beds shows burrows, load-casts and linear solemarks (Fig. 3.6A), from which palaeocurrents measurements were obtained (Fig. 3.4B). Locally,
channel-like features are observed, 5-10 m in width and 1-2 m deep (Fig. 3.5B).
3.4.1.2 El Adergha
El Adergha consists of a lower, mud-rich part, and an upper, sand-rich part. Moving north and
up-sequence from Sidi Harazem village (Fig. 3.5A), the sandstone beds pass into a succession of
massive, fossil-rich blue marlstones (Fig. 3.5C). These blue marlstones are poorly exposed. Their
thickness, calculated with triangulation, is estimated to be 700 m (Fig. 3.4).
The 4-7 m thick, cross-stratified sandstone bedsets of the upper part are separated by a
marlstone interval that contains thinner (ca. 20-50 cm) sandstone beds (Figs. 3.5, 3.6) with
abundant bioturbation. The sands are, in general, medium to coarse, and poorly sorted with a
variable fraction of clay, silt and bioclasts. These sands differ from those of Sidi Harazem in having
a higher bioclastic content, more carbonate cement, and common cross-stratification (Fig. 3.6C,
D). The two larger sandstone bedsets consist of laterally continuous beds (Fig. 3.5C) forming broad
west-verging clinoforms at the top (Fig. 3.5D). The clinoformal strata are internally cross-stratified
or parallel laminated; the sets of cross-strata vary in thickness between 2 and 50 cm (Fig. 3.6C-E).
The thicker cross-strata contain mud-drapes (Fig. 3.6D), and mud rip-up clasts occur along the
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boundaries between planar-laminated beds. Palaeocurrent reconstruction from the dip direction of
internal cross-strata and accretion surfaces indicates a broadly unidirectional sense of flow to the
west (Fig. 3.4B).
The thinner sandstone beds are tabular and show broad bi-gradational sequences (Fig. 3.6E).
In the sandy intervals (Fig. 3.6E), cross-lamination and horizontal lamination are locally present.
Porosity values of the sandy interval are ~12%.The sandstone beds lack a sharp base or top.
3.4.1.3 Ain Kansera
Ain Kansera outcrops further north and is stratigraphically lower than El Adergha. The marly
deposits of Ain Kansera (Figs. 3.3, 3.4A) rest unconformably on the orogenic wedge. The
siliciclastic content of the marlstones increases upwards; the marlstones then grade into several
sandstone beds 1 to 10 m thick composed of medium to coarse and very coarse sands (Fig.
3.5F). These sandstone beds contain hummocks and swales; they are bioturbated and rich in
bioclasts, such as bivalve and barnacle fragments (Fig. 3.6F-G). As bioclasts increase in size and
concentration towards the top of the bed, grading is locally inverse. These 1 to 10 m thick sandstone
beds alternate with marlstones that become gradually thinner and disappear towards the top, where
the last two sandstone beds contain large (~2 m thick) clinoforms. The average dip-direction of n=
8 clinoforms is towards the east-southeast. Other palaeocurrent indicators resulting in a wide range
of directions (Fig. 3.4B) were, measured in trough- and swaley-cross stratification.
3.4.1.4 Age and palaeo-water depth
In Sidi Harazem, assemblages are dominated by both sinistrally coiled N. acostaensis and G. suterae,
while G. menardii 4 appears in low numbers. These assemblages suggest an upper Tortonian age,
older than the Last Common Occurrence (LCO) of G. menardii 4 at 7.51 Ma. The occurrence of
G. suterae throughout the section further constrains the age between 7.80 and 7.51 Ma. This age
is consistent with the occurrence of dominantly sinistral neogloboquadrinids (Hilgen et al., 1995;
Krijgsman et al., 1995).
Samples collected between Sidi Harazem and El Adergha correspond to the interval between
LCO G. menardii 4 (7.51 Ma) and First Common Occurrence (FCO) of G. menardii 5 (7.35
Ma). This also fits with the presence of G. scitula group, including G. suterae; dominantly sinistral
neogloboquadrinids; and lower abundance of G. menardii 4. In El Adergha, samples below and
between the two 4 – 7 m thick sandstone bedsets are characterised by the presence of G. menardii
5, implying an age between 7.35 – 7.25 Ma. The coexistence of G. menardii 5 with specimens of
the G. miotumida group, whose FCO is at 7.25 Ma (Hilgen et al., 2000; 2012), occurs in one of the
uppermost samples, indicating that the uppermost part of this section is earliest Messinian in age.
The Ain Kansera marlstones contain predominantly sinistral N. acostaensis, but dextral
specimens are present. G. menardii 4 is more abundant in the lower part of the section, whereas
the percentage of the G. scitula group, including abundant G. suterae, is higher in the upper part.
Consequently, we assigned an age older than 7.51 Ma to the lower part of this section (older than
LCO of G. menardii 4 at 7.51 Ma), whereas the upper part contains an assemblage characteristic of
the interval between the LCO of G. menardii 4 and the FCO G. menardii 5 (7.35 Ma).
Benthic foraminiferal assemblages of Sidi Harazem contain many species commonly found
in upper bathyal environments (e.g., C. kullenbergi, P. ariminensis, Siphonina reticulata, S. bulloides,
Sigmoilopsis schlumbergeri, U. peregrina). Based on these assemblages the depositional environment
is estimated to be upper slope (water depths of 250-400 m). The lower part of El Adergha yields a
similar depth of deposition, but the upper part contains fewer slope taxa and relatively more species
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common in outer shelf environments (C. ungerianus, C. pachyderma, spiroplectamminids) suggesting
a position at the upper slope – outer shelf, at estimated depths between 150-300 m. The Ain
Kansera marls contain shelf species (N. fabum, Cibicides lobatulus, Cibicidoides pseudoungerianus, H.
boueana, small lenticulinids), fewer planktic foraminifera and no species from slope environments.
The depositional environment is inner shelf (50-100 m water depth).
3.4.2

Ben Allou

The ~200 m thick Ben Allou section is located at the northern margin of the Saiss Basin, 30 km
WNW of Fes, where it unconformably lies above the frontal thrust of the Rif orogenic wedge (Fig.
3.2). In plan view (Fig. 3.8A), there are two sandstone intervals that can be clearly followed over an
area of ~ 2 km2: sandstone interval 1 (subdivided SI-1a and SI-1b) and sandstone interval 2 (SI-2).
The two sandstone intervals are folded into a gentle synform and form laterally extensive exposures.
One of the clearest exposures (Fig. 3.8C) reveals a broad, erosive channel-form displaying an
ENE-WSW axis in SI-1, a width of around 50 m and incision depth of 15 m. From SI-1 to SI-2
the channel depocentre appears to shift ~500 m northward, as indicated by the location of the
greatest thicknesses for SI-1 and SI-U2 (blue arrows in Fig. 3.8A). The base of the channel on the
southwest face of SI-1a shows that the erosional surface is immediately overlain by cross-bedded
sets, without gravel lags or mud layers (Fig. 3.8D and Fig. S3.2A).
To encompass the two sandstone intervals and detect lateral variations, we logged a northeastern (Ben Allou A) and a south-western sector (Ben Allou B; Fig. 3.8A). Sedimentation in
both sectors starts with blue-grey marlstone which increases upwards in siliciclastic content (the
log of Ben Allou A only shows the upper part of the basal marlstone). At Ben Allou B the basal
marlstones are ~50 m thick and are overlain by two cross-stratified, sheeted sandstone intervals
encased in marlstones and heterolithic facies (Fig. 3.7). Panoramic views of the cross-stratified
sandstone intervals (Fig. 3.8B, E) suggest that the thickness of the muds between the two sandstone
intervals varies throughout the section. Effectively, 10 m of mud-marl deposits separates SI-1b and
SI-2 at Ben Allou A, and is 60 m thick at Ben Allou B (Fig. 3.7). In both logging transects, SI-1
and SI-2 are encased in silty muds or heterolithic facies (Fig. 3.7). SI-1 and SI-2 display horizontal
surfaces defined by bedding planes and sequence boundaries (Fig. 3.8C). Some of the sand beds
have a sheeted shape and constant thickness; others change laterally resulting in different stacking
patterns.
Cross-stratification planes are defined by variations in grain size, bio- and siliciclastic content,
or glauconite vs quartz. Grain size ranges from fine/medium to very coarse sands, with poor to
moderate sorting and estimated porosity varying between 6.4% and 13%. The mineralogy of the
sands comprises quartz, calcareous bioclasts, and heavy minerals. The amount of glauconite in the
sandstones varies between 1% – 10%, and that of bioclasts between 1% and 70 %, so that some of
the sandstones are actually calcarenites. Rare bioclasts can be up to 1 – 2 cm diameters; beds with
relatively high and low concentrations of bioclasts are interbedded.

Figure 3.7 (right page) (a) Stratigraphic and sedimentary logs of Ben Allou section. Ben Allou B is a representative stratigraphic
log of the Ben Allou section, with the zoom-in to the left showing the sedimentary log of sandstone interval 1a and 1b. Ben Allou A
shows the detailed sedimentary log of the laterally equivalent sequence in the north-east site (location in Fig. 3.8A). (b) Palaeocurrent
pattern of Ben Allou section from 2D and 3D cross-sets (left) and small cross-sets in heterolithic facies (right).
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3.4.2.1 Sedimentary structures
It is possible to observe different orders of cross-stratification at Ben Allou, from cross-lamination
to thick cross-bedding, and superposition of simple and compound cross-bedding forming crossstratified successions. The grain size ranges from very fine to very coarse sands; cross-stratification
is present throughout. Cross-laminations are in general faint, rarely preserved, or obliterated
by bioturbation. Bioturbation is abundant and present at all levels of the cross-strata (Fig. 3.9F).
Cross-bedding is very common, indicating an overall palaeocurrent direction to the southwest (Fig.
3.7B). Small sets of cross-bedding can either form individual sheeted horizontal beds (Fig. 3.9B),
or be the building blocks of compound sets (Fig. 3.9A). Compound sets display concave down or
straight internal discontinuities, set-thicknesses from 40 to 250 cm, straight to sinuous foresets,
planar to sub-planar bounding surfaces (Fig. 3.9B, C). Set bounding surfaces are trough-shaped
only at Ben Allou B in SI-1a (Fig. 3.10A).
SI-1a at Ben Allou B consists of two superposed cross-stratified successions, separated by
the erosional surface shown in Figs. 3.8C and 3.10C. The lower bounding surface has a large
channelized shape at outcrop scale (50 m wide and 15 m deep). The first cross-stratified succession
is ~18 m thick, and starts with two thick compound cross-bedded sets (Fig. 3.10C) which pass
upwards into alternations of thin and medium, simple and compound sets (Fig. 3.10A). At the
top, the succession ends with medium to thick, trough-shaped sets (Fig. 3.10B). The succession
immediately above is 20 m thick and comprises alternations of simple to compound, thin to thick
sets with planar bounding surfaces and straight foresets (Figs. 3.7, 3.9E).
Within the successions of SI-1b and SI-2, there are kink-folds or conical features, 1 – 2 m wide
and extending through 1 – 3 m of section. These we interpret as late-stage fluid escape structures
(Fig. 3.9E), but note that they may also have some structural control. In most cases the fluid
escape structures are capped by undeformed set bounding surfaces (Fig. 3.9E). Bedding-plane dip
directions (documented by the bounding surfaces of planar, laterally extensive cross-sets) change
from 15° towards N70 to 15º – 20° towards N200 between SI-1a and SI-1b, respectively (Fig. 3.7).
SI-1b consists of a cross-stratified succession encased in silty marlstones (Fig. 3.7) and
merges with SI-1a to the northeast, at Ben Allou A (Fig. 3.8B). We interpret this as indicating
the erosive down-cutting of SI-1b. At Ben Allou B, SI-1b outcrops only at one location in a river
gully (supplementary Fig. 3.2C). The succession of SI-1b comprises 10 to 15 m of medium to thick
compound sets with planar bounding surfaces and straight to sinuous foresets.
SI-2 consists of a cross-stratified succession, 15 to 30 m thick, which consists of simple to
compound, thin to medium sets of cross-bedding. At Ben Allou B, it is composed of thick sets of
cross-bedding reaching 0.5 m in thickness (Fig. 3.10D). Nested within these high order structures,
it is possible to observe simple to compound, small to medium sets (supplementary Fig. 3.2B).
The lateral equivalent of the high-order structures is planar cross-bedding that occurs towards the
northwest (Fig. 3.8E), in thin to thick sets with mostly straight foresets (Fig. S3.2E).
Within the sandstone intervals, mud or mud-drapes are absent. Mud-deposition occurs above
and below the sandstone intervals, in 10 to 20 m thick intervals of heterolithic facies, that consist
of structureless to faintly cross-stratified sandstone alternated with mudstone (Fig. 3.11A). Mud
layers are mm to cm thick, while sand layers are cm to dm thick. The bioclastic content of the sand
varies from 1% to 50%. The heterolithic facies display wavy bounding surfaces (Fig. 3.11B); some
sandstone beds preserve cross-strata and asymmetrical dunes (Fig. 3.11C) with mud draping the
topography. Thin sets of cross-beds are present but rare, while wavy lamination, composed of cm
thick layers of sand and mud, is common (Fig. 3.11D).
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3.4.2.2 Age and palaeo-water depth estimation
The planktic foraminiferal assemblage suggests an age between 7.80 and 7.51 Ma (late Tortonian).
The lower part of the section (below SI-1) is dominated by sinistrally coiled N. acostaensis and G.
scitula, including specimens of G. suterae, which suggests a late Tortonian age, younger than 7.80
Ma. The presence of Globigerinoides, with typical specimens of G. extremus, also confirms a post
8.37 Ma, late Tortonian age (Sprovieri et al. 1996; F. Lirer, pers. comm.) The uppermost marlstones,
above SI-2, yielded abundant G. menardii 4, indicating that the whole succession was deposited
before 7.51 Ma.
The benthic foraminiferal assemblages suggest that the Ben Allou section was deposited in
upper bathyal environments, roughly equivalent to the upper slope physiographic domain (250-400
m water depth). The species P. ariminensis, S. bulloides, Uvigerina semiornata and U. peregrina are
present throughout, and C. kullenbergi occurs in about half of the samples. The upper part of the
section contains less slope taxa, indicating a slightly shallower depth range (upper slope – outer
shelf physiographic domain, 150 – 300 m water depth).
3.4.3

Haricha

The Haricha section is located in the easternmost Gharb Basin, 40 km north of Meknes. This
section is the one of the best exposures of Messinian deep-water, sand-marl alternations in the
Gharb Basin (SCP/ERICO report, 1991). It unconformably overlies the orogenic wedge and
consists of alternations of marlstone, siltstone, and sandstone (Fig. 3.12). The distinct tilt of the
section (35° to 45° to the west; Figs. 3.13B, C) is associated with tectonic uplift of Mount Bou Draa
(Fig. 3.2), which is the lateral ramp of the frontal thrust of the Prerif Ridges.
The lowermost ~100 m of the section consist of alternating sandstones and bioturbated
siltstones or silty marlstones (Fig. 3.14A). Sandstone beds are purple-coloured, bioturbated (Fig.
3.14A) or massive to laminated with bioturbated tops (Rhyzocorallium-type; Fig. 3.14B). The
siltstones are predominantly light to dark grey and contain variable quantities of mud and heavy
minerals. The sandstones contain shell debris (e.g., bivalves and bryozoans), lack clear grading, and
often appear structureless, although ~5 cm thick divisions of parallel- and cross-lamination are
present locally (Fig. 3.14A). One hundred and fifty metres of marlstones separate the two sandstone
intervals (Fig. 3.12). The marlstones contain a variety of fossils, mainly bivalves and echinoderms.
The uppermost 200 to 250 m thick part of the section (Fig. 3.12) comprises grey, silty
marlstones interbedded with reddish sandstones. The sandstones show a slight fining-upward trend,
with a sharp basal contact and a gradational to sharp upper contact. The thickness of the sandstone
beds increases towards the top, as well as the occurrence of structureless and amalgamated beds.
Almost all sheeted sandstone beds have relatively flat bases which are uneven and moderately
erosional in places (Fig. 3.14C) and show linear sole-marks and load-casts (Fig. 3.14D), indicating
a broad westward direction of flow (Fig. 3.12). Some beds show scoured bases or comprise sandy
channel fills (Fig. 3.14C); bioturbation is common throughout (Fig. 3.14D, E). The sandstones
consist of poorly to well-sorted, fine to medium sand. The sands consist mainly of subrounded to
subangular quartz (~30%), lithic fragments (~20%), feldspar (~5%), heavy minerals (~2%), micas
(~1%), and a variable percentage of bioclasts. Estimated porosity in the sands varies from 10% to
35%.
At the top of the section (~380 m), sandstone-siltstone alternations pass upwards into a sandrich facies (Figs. 3.12, 3.13D), which consists of moderately to well-sorted, very fine to fine/
medium sands with silty layers. Bed thicknesses vary from 1 to 2 m (Fig. 3.12) and beds are locally
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composite or amalgamated. The dip-angle varies considerably with the lower and upper 15 m
dipping at ~40º – 45° towards the west, while the middle ~20 m have dips around 15° and are
characterised by a higher content of silt and mud. In this sandy facies, the sand percentage is 70% –
85%; the mud fraction varies between 12% and 28%.
3.4.3.1 Sedimentary structures
The base of the sand-rich facies (Fig. 3.12) shows a large incision that cuts into the underlying
turbiditic succession (Fig. 3.15A). Locally it is possible to observe scours (Fig. 3.15B, C), covered
by apparent cross-sets, which could also partly result from soft-sediment deformation (Fig. 3.15B).
Rip-up mud clasts are abundant in the following forms: (i) mud-clast conglomerate (Fig. 3.15B,
D); (ii) mud-clasts on toesets (Fig. 3.15D); and (iii) isolated floating clasts. Thinner beds (20 – 30
cm) show sharp lower and upper contacts, thin bioturbations (5 mm in diameter), upper divisions
of bidirectional ripple cross-lamination, and lower divisions of mud-clasts (Fig. 3.15F). Silty
marlstones are bioturbated and weathered throughout.
3.4.3.2 Age and palaeo-water depth estimation
The planktic foraminiferal assemblages are characterised by the high abundance of G. miotumida,
whose FCO is at 7.25 Ma (Sierro et al., 1993; Hilgen et al., 2012). This marker species suggests
an early Messinian age, while the presence of predominantly sinistral coiling neogloboquadrinids
indicates that the section predates PF-Event 4 at 6.35 Ma (sinistral to dextral coiling change of
N. acostaensis; e.g., Sierro, 1993; Krijgsman et al., 2004). The benthic foraminiferal assemblages
contain species common in outer shelf and upper slope environments (C. ungerianus, C. pachyderma,
Cibicidoides dutemplei, S. bulloides, U. peregrina). Rare C. kullenbergi are present only in the lower
part of the Haricha section. The percentage of upper slope taxa decreases and of shelf taxa increases
upwards. The estimated environment of deposition is shelf-slope transition (150 – 250 m water
depth), or slightly deeper (150 – 300 m water depth).

3.5

Interpretation of the facies associations in the South Rifian Corridor

We combined the interpretation of the facies and facies associations (Table 3.1) with the ranges of
water depths inferred from benthic foraminifera to discuss here the environmental meaning of each
association.
3.5.1

Association F1: turbidites (Sidi Harazem and Haricha)

Facies association F1 occurs at Sidi Harazem and Haricha (Figs. 3.4, 3.12) and reflects
sedimentation in a basinal turbidite system (sensu Mutti et al., 2003), dominated by gravity-driven
currents flowing in the foredeep axial trough and on the outer limb of the growing orogenic wedge
(Fig. 3.2). It is likely that at Sidi Harazem these currents flowed in the foredeep axial zone, E-W
or ESE-WNW according to the orientation of the thrust front (Fig. 3.2), whereas at Haricha they
were channelised on the orogenic wedge slope, in a relatively proximal sector that fed the more
distal basinal turbidites of the axial foredeep (Gharb Basin) to the west (Figs. 3.1, 3.2).
At Sidi Harazem, the turbidites were deposited in a foredeep position, immediately to the
south of the orogenic wedge thrust front (Fig. 3.2). In the regional context of an E – W axial
foredeep (Figs. 3.1, 3.2), the palaeocurrent trend of NNW – SSE (Fig. 3.4B) could indicate that the
flow veered due to a local influence of topography on the turbiditic conduits (i.e., irregularities on
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the flexed substrate causing changes of current direction), or that the flow was still channelised on
the slope of one of the margins of the seaway.
At Haricha, sheeted turbidites occur in non-channelised lobes, suggesting that the turbidity
current occurred in flat areas of the slope-apron system, possibly in a basin-filled complex (e.g.,
Mutti and Normark, 1987; Stow and Johansson, 2000). Small-scale, channelised features (Fig.
3.14C) above horizontally sheeted turbidites suggest that stronger turbidity currents could have
bypassed the area leaving only the channels filled with sands. The dominant palaeocurrent pattern
towards the NW derived from sole-marks (Fig. 3.14D) indicates the main direction of transport
(Fig. 3.12), while minor trends towards the E – NE and S – SW could reflect the flow spreading
radially across the slope fan.
At Haricha, facies association F1 passes upwards into the distinct facies association of deepwater massive sands (F1.1; Table 3.1). This association is dominated by sands (sand-shale ratio up
to 8:1) and forms the upper ~50 m of sandstone interval 2 (Fig. 3.12). The principal depositional
processes involved for this association are high-concentration turbidity currents and sandy debris
flows (Stow and Johansson, 2000; Mutti et al., 2003; Haughton et al., 2009). Steepening of the
tectonic slope may have triggered such mass flow events, as the emplacement of this lobe seems
to have occurred in a channelised conduit (Fig. 3.15A). However, since the underlying turbidites
are extensive and tabular, it is likely that flow occurred in a trough-basin filled complex (Stow
and Johansson, 2000) and its occurrence may reflect a transition between basinal turbidite system
(characterised by tabular fill) and the more restricted trough-conduit (expressed by the lobe-shaped
base of the top ~50 m; Fig. 3.15A).
Both associations F1 and F1.1 show indications of bottom-current reworking of some
sandstone beds (e.g., Stow and Lovell, 1979; Lovell and Stow, 1981; Shanmugam et al., 1993; Ito,
2002; Rebesco et al., 2014; Gong et al., 2016), such as: bidirectional ripple cross-lamination in the
upper part of the beds, where the upper parallel-laminated sand and graded silt divisions are absent
(Fig. 3.15F); bioturbation in the sand division along with mud-clasts (Fig. 3.15F); bioturbation in
the sand divisions showing preferential orientation (Fig. 3.14E), which is up to 90° perpendicular
(~N – S) with respect to the palaeocurrents inferred from the sole-marks (westward).
3.5.2

Association F2: blue marl (all units)

The blue marl facies association is present in all sections (Figs. 3.4, 3.7, 3.12) and represents
a relatively low energy depositional environment, in which fine suspended sediments can be
deposited.
Given the overall upper slope to basinal setting and water depths of 100 – 500 m, the three
most likely depositional processes are: hemipelagic settling, bottom currents, and fine-grained
turbidity currents. Those muds/marls associated with the turbidite-dominated facies associations
are likely to include some portion of fine-grained turbidites, whereas the rest of the succession can
be either hemipelagite or muddy contourite (Table 3.1).
Minimum sedimentation rates for parts of the blue marlstone sections, between the FCO G.
menardii 5 and FCO G. miotumida (Fig. 3.4, located below 800 m and at 870 m, respectively), are 70
cm kyr – 1. Much higher sedimentation rates (163 cm/kyr – 1) are derived from the marlstone sections
of the centre of the Saiss Basin (Barhoun and Bachiri Taoufiq, 2008) during the late Tortonian,
between LCO G. menardii 4 (7.51 Ma) and FCO G. miotumida (7.25 Ma). Such relatively
high rates of sedimentation suggest that not all the blue marls are associated with hemipelagite
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deposition but could partly result from bottom-current transport, namely those associated with
facies association F4.
3.5.3

Association F3: swaley cross-stratified sandstones (Ain Kansera)

Facies association F3 is found at Ain Kansera (Fig. 3.4) and allows us to reconstruct the location
of the palaeo-shoreline. It is usually found in storm-dominated sequences above fair-weather wave
base (Leckie and Walker, 1982) or associated with river-dominated deltaic systems (Mutti et al.,
2003; Tinterri, 2011). At Ain Kansera, the lack of catastrophic river-flood products (e.g., gravels,
pebbles, debrites; Mutti et al., 2003) suggests that the succession is more likely to be produced by
the progradation of a linear clastic coast, in which swaley cross-stratification (SCS) would be found
above hummocky cross-stratification (Leckie and Walker, 1982). Furthermore, the geometries of
the sandstone intervals (Fig. 3.5F) in which SCS is found are similar to the Infralittoral Prograding
Wedges (Hernández-Molina et al., 2000; Mitchell et al., 2012). We interpret F3 as indicative of
a wave-dominated, infralittoral environment with variable sedimentary input from river mouths.
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This is consistent with the shelf-type benthic assemblage of the underlying marls (50-100 m water
depth), and the sandstone intervals of Ain Kansera (Fig. 3.5F) probably represents a shallower (1550 m water depth) infralittoral setting.
3.5.4

Association F4: sandy contourites (El Adergha, Ben Allou)

Facies Association F4 occurs in El Adergha and Ben Allou (Figs. 3.4, 3.12) and comprises: (1)
unidirectional cross-bedded sandstone encased in upper-bathyal marlstones; (2) heterolithic
facies with cross-bedding and wavy-lamination; and (3) tabular muddy sandstone beds encased in
marlstones and characterised by bi-gradational sequences.

5m

3.5.4.1 Unidirectional cross-bedded sandstones – F4.1
The cross-bedded sandstones (Figs. 3.5D, 3.9) occur within mud-dominated successions that were
deposited at water depths of 150 – 300 m based on benthic foraminifera. Abundant bioturbation
and shell debris in the sands attest to a
marine environment with adequate food
HARICHA (7.25-6.35 Ma)
supply, while the scale of cross-bedding
Ø >4
<-1
N. acostaensis sin/dex
suggests formation by subaqueous dunes.
= 6.35 Ma
Subaqueous dunes of this scale (Table 3.2)
400
require mean flow-velocities greater than
0.5 – 0.6 m s – 1 (Flemming, 1992; Masson
et al., 2004; Stow et al., 2009) which, at that
F1.1
depth, and in the absence of wave crossF1 - turbidites
300
bedding (HCS and SCS), were probably
created by unidirectional bottom-currents
funnelled in the deep seaway (e.g., Johnson
and Baldwin, 1996; Anastas et al., 1997,
2006; Longhitano, 2013).
200
The compound (2nd order) crossF2 - blue marls
N
bedded sets are composed exclusively of
downslope dipping cosets (1st order sets),
and the absence of upslope-dipping sets may
be indicative of unidirectional steady flow
100
(Table 3.2).
F1 - turbidites
The cross-stratified sands of El Adergha
and Ben Allou are interpreted as relics of a
sole-marks
n=8
dune field formed by west-directed, sandy(between m 250 - 350)
m0
sheeted drifts on the northern margin of
the late Tortonian seaway. The dune field
si fs cs p
FCO G. miotumida= 7.25 Ma
architecture and flow-dynamics are reflected
Sandstone
Silty/clayey marlstone
in the stacking pattern of the cross-stratified
Siltstone-marlstone alternations
Rip-up clasts
successions. The lowermost cross-stratified
succession at Ben Allou B is ~20 m thick
Figure 3.12 Stratigraphic log of the Haricha section, with detailed and reflects the first preserved dune field
sedimentary log of the top ~50 m. Plotted palaeocurrent data
migrating over the area (Figs. 3.7, 3.10B).
corresponding to sole-marks in the sand-marl alternations.
The first set of this succession progrades over
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a horizontal surface (S0 in Fig. 3.10C) and the set thickness (Fig. 3.9C) appears to increase to the
right (southwest), indicating that the upper bounding surface may preserve the original orientation
of the stoss-side of the compound dune. Compound tabular sets of cross-bedding grading upward
into trough cross-bedding (Fig. 3.10C) reflects increased flow velocity and bedform evolution
with time (Middleton and Southard, 1984; Longhitano et al., 2014). Low angle cosets and thin
cross-bedded sets could reflect the leeside, or bottomset, of larger dunes in a compound dune field
(Dalrymple and Rhodes, 1995; Anastas et al., 1997). The clinoforms at Sidi Harazem or sandstone
interval 2 of Ben Allou (Fig. 3.10E) may preserve the spatial and temporal evolution of a ‘decaying
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dune-field’, reflecting the local expansion and/or deceleration of flow (similar to the form-sets, sensu
Anastas et al., 1997). However, lateral equivalents of these clinoforms in sandstone interval 2 are
composed of simple cross-strata of medium thickness (Fig. S3.2E), suggesting that flow was steady
in some parts of the dune field and waning in others.
3.5.4.2 Heterolithic facies (Ben Allou) – F4.2
The heterolithic sandstone – mudstone deposits are present at Ben Allou above and below the main
sandstone intervals (Fig. 3.11). This facies appears to represent a lower-energy environment in
which an alternation of sand and mud deposition can occur. The lack of extensive cross-stratification
suggests that the main bottom current was weak and could not cause the substantial sand drift
migration seen in the main sandstone intervals. However, intermittent tractive currents occurred,
as suggested by wavy surfaces and small dunes (Fig. 3.11C, D), which give a radial palaeocurrent
pattern (Fig. 3.7B).
Mud layers deposited between the sandstone beds reflect a drop in current velocity (carrying
capacity) at that point. The lack of mud-drapes within the main cross-bedded sandstone intervals
suggest that the current was steady and/or the water column had low suspended sediment
concentration during dune field migration ( Johnson and Baldwin, 1996; Dalrymple and James,
2010). According to Baas et al (2016), heterolithic facies in a mixed sandy-muddy flow are able
to occur by increasing the amount of suspended cohesive sediment concentration, either during
steady flow or rapidly decelerating flow. This model provides a pragmatic alternative to sediments
previously interpreted as the results of start – stop currents (Baas et al., 2016). On the other hand,
the cross-sets of sandstone intervals 1 and 2 are essentially mud-free and occur within muddominated deposits (blue marls). Therefore, the heterolithic facies may represent the transition
between periods of sand-drift migration (possibly with low suspended sediment concentration)
and episodes of high suspended-sediment concentration and mud flocculation. This transition
may be linked to varying flow velocity and/or higher and lower values of suspended-sediment
concentration.
3.5.4.3
Sandstone – mudstone units with bi-gradational sequences – F4.3
At El Adergha (Fig. 3.4), the distinctive heterolithic deposits are less pronounced, and the
transitional facies between mud- and sand-dominated facies associations (F1 and F2, respectively)
is represented by sandstone-mudstone units with bi-gradational sequences (Fig. 3.5E). These units
(Figs. 3.5E, 3.6E) show features similar to those of the classic contourite sequence (see Fig. 2 in
Stow et al. 1998; Stow and Faugères, 2008).
This sequence of facies has been linked to long-term fluctuations of the current velocity
(Hüneke and Stow; 2008; Stow and Faugères, 2008). At El Adergha, we infer that the velocity of
the current forming the contourite sequence of facies association F4.3 was lower than the velocity
forming the cross-stratified sandstone intervals (F4.1). Preservation of cross-lamination in fossil
contourites has long been a subject of debate, and the lack of lamination is thought to be a result of
lower velocity currents and intense bioturbation (Shanmugam, 2006; Hüneke and Stow, 2008; Stow
and Faugères, 2008; Rebesco et al., 2014). This close superposition of facies at El Adergha (F4.1
and F4.3) clearly indicates that the two may coexist in the same depositional environment and are
likely to depend solely on flow velocity.
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3.5.5

Seismic facies association

3.5.5.1
Elongated, separated mounded drift (Haricha)
The Haricha seismic profile (Fig. 3.16) extends from the structural high of Mount Bou Draa (Fig.
3.2) to the Gharb basin to the west for about 15 km. The two main post-orogenic seismic units are
identified as continuous and high amplitude parallel reflections resting unconformably above the
Rif nappe and the structural high. Both units are separated by a regional discontinuity and form an
overall mounded shape, here interpreted as a mounded drift (Faugères et al., 1999, Nielsen et al.,
2008, Rebesco et al., 2014).
The mounded drift is asymmetric, due to the lateral merging of the mound into the channel
(moat) that lies next to the structural high. To the northwest, the mound has a more tabular seismic
expression (2 in Fig. 3.16) and shows an upwardly-convex geometry. To the southeast, the mound
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has a steeper side identified by reflections migrating upslope (1 and channel migration arrow in
Fig. 3.16). This upslope progradational trend is characterised by a change from long, continuous
and sub-parallel reflections (aggradation phase) to short, less continuous and sigmoidal reflections
(progradation phase). The progradation phase is marked by SE-downlapping reflections, with local
chaotic, transparent and erosional features reflecting lateral migration of the channel axis.
The Messinian unit records the same moat (3 in Fig. 3.16) and mounded deposits (2, Fig. 3.16);
however the system loses this character upwards where the drift is less channelised (4, Fig. 3.16).
This change may reflect the evolution into a sheeted drift, formed by the interaction of the bottom
current with a gentler relief at times when the bottom current was either less-focussed or migrated
laterally due to the shallowing trend of the basin.
The geometry of the mounded drift (prograding eastward) suggests that it was generated by a
bottom current flowing northward, forced against the eastern or north-eastern margin of the Gharb
Basin by Coriolis (Faugères et al., 1999; Llave et al., 2001).
Turbidity currents flowing into the basin may have been channelised towards the abyssal
plain to the west (offshore Gharb Basin) and thus provided the fine-grained component that was
reworked by bottom currents and redeposited in the mound to the NW. In the case of Haricha, the
coast was probably orientated N – S or NW – SE (Fig. 3.1B). We can infer that the bottom-current
was confined by a steep slope to the west into a channel orientated N – S to NE – SW. This trend
is in line with the seismic evidence of a contourite channel formed by bottom currents directed
approximately south to north to southwest to northeast at the exit of the Oued Beth area during
the late Miocene (white arrow in Fig. 3.2; SCP/ERICO report, 1991).

3.6

Discussion

3.6.1

Origin of contourite drifts in the South Rifian Corridor

In the western mouth of the South Rifian Corridor, distinct distributions of lithofacies associations
permit reconstruction of four main, late Tortonian marine depositional environments (Fig. 3.17):
(i) 0 – 100 m deep, infralittoral to shelf environments along the northern margin; (ii) 150 – 300 m
deep, bottom current-dominated slope environments; (iii) 250 – 400 m deep axial foredeep; and (iv)
the southern, passive margin, which is characterised by marginal reefs in its marginal embayments
(e.g., Gulf of Skoura; Charrière and Saint Martin, 1989; Saint Martin and Charrière, 1989; Fig.
3.1). This distribution suggests a foredeep depositional profile thickening towards the north against
the thrust front consistent with seismic data across the Saiss Basin (Sani et al., 2007).
We propose that facies association F4 documents the sand-rich parts of a bottom-current
transport path along the northern margin of the South Rifian Corridor (Figs. 3.17, 3.18). We
further suggest that much of the blue marlstone succession (F2) represents muddy contourites
associated with times or areas of lower velocity flow. The upper bathyal benthic assemblage
contained in the blue marlstones and the lack of wave cross-bedding in facies association F4
suggest that the sandy drift was formed in a deeper setting than the shelf. There are various possible
interpretations of this facies (Table 3.1); to take into account a possible shallow, shelfal origin of
these sandy drifts, two separate shelf and slope scenarios are discussed and the results compared
with modern day analogues.
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3.6.1.1
Bottom-currents in shallow seas and shallow seaways
Sandwaves (large to very large dunes sensu Ashley, 1990) and elongated sand ridges with
superimposed smaller-scale bedforms are common on many continental shelves down to depths
of ~150 – 200 m ( Johnson and Baldwin, 1996). Wind-, storm-, or tide-dominated environments
result in unidirectional or bidirectional bottom current pathways (Stride, 1982; Johnson and
Baldwin, 1996; Dyer and Huntley, 1999; Daniell and Hughes, 2007). Tidal sand ridges can also
be formed under a unidirectional current, as modern bar-flank facies preserve only the product of
one of the flood- and ebb-flowpaths in deep shelf settings (‘mutually evasive transport pathways’;
Houbolt, 1982; Stride, 1982). Tidal sand ridges typically show lateral accretion surfaces, and
coarsening and thickening upward trends as wave and current action is stronger near the crest (e.g.,
Houbolt, 1982; Belderson et al., 1982; Mutti et al., 1985).
The combined influence of tides and wind-driven currents is particularly common at the exit of
shallow-marine straits, where they result in vigorous bottom currents that generate large dune fields
(e.g., Santoro et al., 2002; Longhitano, 2013). In seaways, the asymmetry of the tides on either side
of the sill can create mutually exclusive transport pathways, even between basins characterised by
microtidal ranges (Longhitano, 2013; Longhitano et al., 2014).
An alternative scenario to pure tidal-current forcing is the geostrophic current-dominated
environment, or a combination of the two. Shallow geostrophic currents are unidirectional, and can
also form dune fields and ridges on shallow seas: two relevant modern and ancient examples are the
SE African shelf (Ramsay et al., 1996; Flemming and Bartholomä, 2012) and the New Zealand
Oligo-Miocene seaway (Anastas et al., 1997, 2006), respectively.
In the South Rifian Corridor examples, low-angle, lateral accretion surfaces (with respect to
the sense of flow) are mostly absent in association F4, and the cross-sets are bounded by subhorizontal, laterally extensive surfaces, indicating sheet-like cross-bedding rather than sand bars or
sand ridges. The low-angle clinoforms observed at El Adergha (Fig. 3.5C) and Ben Allou (Fig.
3.10E) dip parallel to the reconstructed flow, and may therefore represent the morphology of a
large dune (‘formset’ sensu Anastas et al., 1997) rather than lateral accretion surfaces.
In the South Rifian Corridor examples, the cross-stratified successions lack diagnostic features
of shelfal settings such as coarsening/thickening upwards trend and wave signature. Furthermore,
the cross-bedded sandstones (association F4.1) do not show diagnostic features of tidal deposition
such as bundle cross-lamination, bidirectional foresets, and superposition of cross-strata with
different transport direction in a vertical or lateral sequence (Surlyk and Noe-Nygaard, 1992;
Mellere and Steel, 1996; Longhitano, 2013; Longhitano et al., 2014). Depositional increments in
the compound dunes would seem too large to result from pure tidal forcing.
3.6.1.2 Bottom-current sandy drift in slope settings: examples from the Strait of Gibraltar
An alternative analogue to infer the processes forming the Rifian Corridor sandy drifts is the exit
of today’s Strait of Gibraltar. Here, two distinctly different sedimentary environments co-exist (Fig.
3.1A): the shelf offshore area around Cape Trafalgar, which reaches ~100 m water depth (Lobo
et al., 2000; 2010) and the middle – upper slope to the west of Camarinal Sill, located at depths
between ~200 and 800 m (e.g., Nelson et al., 1993; Habgood et al., 2003; Hernández-Molina et
al., 2006, 2014a). Near Cape Trafalgar, large, sandy dune fields are the products of mixed wind-,
tide, and storm- driven processes, resulting in symmetric and asymmetric bedforms. The position
of these dune fields is primarily controlled by irregularities in the rocky shelf, and the resulting
bedforms indicate opposite flow directions in adjacent areas due to current reversals in time and
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space (e.g., Lobo et al., 2000; 2010), both characteristics that were not observed in the South Rifian
Corridor cross-bedded sandstones.
West of the Camarinal Sill, the proximal domain of the contourite depositional system
(Hernández-Molina et al., 2003; 2006) shows depositional (e.g., dunes) and erosional features (e.g.,
channels) linked to Mediterranean overflow (Nelson et al., 1993; Hernández-Molina et al., 2003;
2014b). Large sandy dune fields develop within the main channels and km-long furrows form on a
middle – upper slope terrace at depth of ~200-500 m, and both migrate west-northwest, along the
Mediterranean outflow pathway (Hernández-Molina et al., 2014a). Typical transverse bedforms are
sandy ripples, small dunes, large 2D/3D dunes and very large mud waves. Small 2D sandy dunes
have straight to sinuous crests, are ~0.5 – 1 m in height and several metres in length. Large 2D and
3D are 5 to 10 m in height, and ~200 to 250 m in length (Hernández-Molina et al., 2016c; Ercilla
et al., 2017). It has been shown (Hernández-Molina et al., 2016b, Stow et al., 2009) that bottomcurrent velocities exceeding 0.5 – 1 m s – 1 are required for developing these bedforms. These
geostrophic current-dominated dune fields form coevally and at greater depths than the shallow
dune fields offshore Cape Trafalgar (Lobo et al., 2000; 2010).
Based on this present day analogue and the comparison of association F4 with modern and
ancient shallow seas, we propose that the sand drift in the South Rifian Corridor is more likely
to be the expression of a geostrophic current transport path on the tectonic slope, than to have
been formed by tidal and wind currents in a shelf setting (Fig. 3.17). This geostrophic current was
probably the main driver of bedform migration, but other processes may have contributed. The
dominant westerly progradation can also be formed by the geostrophic current superimposed on
the tidal ebb, while antithetic palaeocurrent patterns may have been produced by up-channel tidal
flood or eddies that modulated the unidirectional current, as occurs in the present-day Strait of
Gibraltar (Boyum, 1967; Criado-Aldeanueva et al., 2006; García‐Lafuente et al., 2011; Naranjo
et al., 2015: Sammartino et al., 2015). In this interpretation, the sandy contourites (association F4)
in the Rifian Corridor would represent the proximal sector of the Contourite Depositional System
and the westward elongated, separated mounded drifts (Fig. 3.16) the distal sector of the same
system (Hernández-Molina et al. 2003; Llave et al. 2007b).
3.6.1.3
Sedimentary model for the superposition of the sandy and muddy contourites
The presence of blue marlstones and heterolithic facies above and below the cross-stratified
successions indicates periods in which the deposition of fine-grained sediment was higher and the
unidirectional current was weaker, or migrated laterally. During times of vigorous unidirectional
bottom current, the drift migrated downflow, and so did the dune fields leading to facies F4.1,
whereas at times of weak overflow the sedimentary system evolved vertically to lower-energy facies
association (F.4.2, F4.3; F2). When the over flow was weak, secondary processes such as residual
tidal currents or internal tides may have become more significant. Alternatively, heterolithic facies
may also result from flow expansion and deceleration (Baas et al., 2016).
Mud-sand mixtures form sand patches and rippled sand sheets in areas and/or times of low
current velocity along a sediment transport path (e.g., Belderson et al., 1982; Stow et al., 2009;
Rebesco et al., 2014). Such a transport path is comparable to that produced by the Mediterranean
overflow in the Gulf of Cadiz at middle – upper slope depth (Hernández-Molina et al., 2016b).
Here, heterolithic facies are abundant in the mud-rich parts of the contourite depositional system
(Stow et al., 2013a; Hernández-Molina et al., 2016b). Such heterolithic facies could form during
times of alternating erosion and re-suspension of finer-grained sediments under the action of
internal waves and internal tides, which commonly are associated to an interface between two water
94

-500

-400

-300

-200

-100

m 0

Small simple
dunes

Large compound
dunes

3

Sand
patches

x

5

2

Barchan dunes

4

Sand ribbon

2

6

2

Marls

N

4

Slope

rro
ws
Marls

Fu

2
1

rﬂow
ove t1 t2

rifian corridor

Sill

25 km

S

Atlas

7

bedforms under dominantly unidirectional current and explains the mixed environments observed in the South Rifian Corridor. BCRS = Bottom Current Reworked Sands.

Figure 3.17 Interpretative sketch with sedimentary environments and bedform distribution in a deep, foreland-basin seaway. This genetic model relates to a conceptual distribution of

Orogenic wedge

Channelised
sandy bodies
encased in
heterolithic facies
and marlstone

7 Reef (Gulf of Skoura)

6 F4.3 (El Adergha)

5 F4.2 (Ben Allou)

4 F4.1 (Ben Allou, El Adergha)

3 F3 (Ain Kansera)

Shelf

Tur
bi

Coast

-B
dit
es

CR
S

0.5 km
50 k
m

Orogenic wedge

)
(ve A
rti fric
c
a
a
lly n m
ex ar
ag gi
g
er n
at
ed

1 F1 (Sidi Harazem)
2 F2 (East Fes and Ben Allou)

SANDY CONTOURITE DRIFT IN THE LATE MIOCENE RIFIAN CORRIDOR

95

CHAPTER 3

masses in deep-water environments (Shanmugan, 2006; Hernández-Molina et al., 2009; Bádenas et
al., 2012; Pomar et al., 2012; Rebesco et al., 2014).
In one of the contouritic channels of today’s Gulf of Cadiz, tidal influence is amplified by its
restricted geometry, and sandy bedforms are controlled by the dynamic interaction of tidal and
geostrophic currents with the seafloor morphology (Stow et al., 2013a; Hernández-Molina et al.,
2016b). Based on this analogue, one possibility is that the heterolithic facies (F4.2) at Ben Allou
reflect the periods of time and/or the limited space where tide could be the dominant process. This
could occur in the following cases: on the surface of channel-fills, since a deep-water channel filled
with dunes loses its hydraulic effect on flow, reducing current velocity; during periods of lateral
(down- or upslope) migration of the current.
3.6.1.4 Continuation of the sandy drift in the Gharb Basin during the Messinian
Figure 3.17 summarises the depositional environments and the role of along-slope currents in
shaping the sandy drift in the Saiss Basin (or South Rifian Corridor) during the late Tortonian.
How this drift continues into the Gharb Basin is still unclear, and additional seismic mapping and
field studies are required to substantiate this hypothesis. Due to the clear indication of a Messinian
elongated, separated mounded drift (Fig. 3.16), it is likely that the bottom currents creating the
sandy drift in the South Rifian Corridor (Figs. 3.17, 3.18) probably continued until the sill between
the Atlantic and the Mediterranean was shut and uplifted during the early Messinian. Indirect
evidence of water-mass exchange (Ivanović et al., 2013a) suggests that this closure did not occur
before 6.64 Ma. Mediterranean water may have flowed out of the Oued Beth area, veered north
and northeastward under the effect of the Coriolis force (SCP/ERICO report; Fig. 3.2).
Compiling this palaeogeographic reconstruction (Fig. 3.18), we speculate that if the main driver
of the bottom current was the Mediterranean overflow (see below), and its path was analogue to
the known overflows in the present-day oceans (e.g., Baringer and Price, 1999; Legg et al., 2009;
Rogerson et al., 2012) then it must have passed the sill, descended the axial foredeep following the
northern slope morphology, and then lost contact with the seafloor at some point along its path.
Therefore, the sandy drift deposits in the Gharb Basin (Fig. 3.16) may have occurred at greater
depths than in the Saiss Basin. Finally, tectonic uplift at the Tortonian/Messinian boundary may
have controlled the seaway reconfiguration as well as the pathway and intensity of the overflow.
3.6.2

Late Miocene Mediterranean overflow as driving process of the sandy drift in the Rifian
Corridor

As facies association F4 has many analogies with the products of the overflow in the present-day
Gulf of Cadiz (depth of deposition and type of sedimentary structures), we are confident to propose
that the Rifian Corridor deposits were formed by a similar driving process, and to present the
following discussion on the causes and timing of the ancestral Mediterranean overflow.
The present-day Mediterranean overflow requires a density contrast between the two basins,
and for this to develop, a narrow neck-zone (i.e. sill) between the Mediterranean Sea and the
Atlantic Ocean is required (Knutz, 2008; Legg et al., 2009). The Strait of Gibraltar, with its shallow,
Figure 3.18 (right page) Palaeogeography of the Rifian Corridor at the Tortonian-Messinian boundary. Active tectonic structures
after Sani et al., 2007; Chalouan et al., 2014, and the results of the present thesis. NF: Nekor Fault; JF: Jebha Fault; NMF: North
Middle-Atlas Fault. GhB: Gharb Basin; SB: Saiss Basin; TGB: Taza-Guercif Basin. Reconstruction of the sandy contourite drift is
based on El Adergha (1), Ben Allou (2), and elongated drifts west of Haricha (3).
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narrow topography has been the critical structure allowing the Plio-Quaternary Mediterranean
overflow to form. This initiated at 5.33 Ma with the opening of the strait (Van der Schee et al.,
2016), and reached its present-day strength in the late Pliocene (Hernández-Molina et al., 2014a,
b, 2016a). Today, Mediterranean water passes the Camarinal Sill (Fig. 3.1A) at 300 m depth and
forms a turbulent overflow, which cascades down the continental slope entraining overlying and less
dense North Atlantic Central Water (Baringer and Price, 1999; Rogerson et al., 2012). Although
overflows typically occur at velocities of 50 to 100 cm s – 1, Mediterranean water velocities at the
Camarinal Sill surpass 250 cm s – 1 because of its high density (Ambar and Howe, 1979; Mulder et
al., 2003). After passing the sill, the overflow is only 150 to 200 m wide. In the first 100 km of its
path, the density contrast between Mediterranean and ambient Atlantic water generates turbulent
mixing causing the overflow velocities to decrease, and the volume of water incorporated into the
plume to increase by a factor of three to four (Baringer and Price, 1999; Rogerson et al., 2012). It
eventually achieves neutral buoyancy and loses contact with the sea-floor near longitude 8° W and
1200 m water-depth (Rogerson et al., 2012). The interaction between the turbulent overflow and
the seafloor in the Gulf of Cadiz has generated one of the most studied contourite depositional
systems in the world (e.g., Nelson et al., 1999; Llave et al., 2001, 2007b; Habgood et al., 2003;
Hernández-Molina et al. 2003, 2006, 2014a; Roque et al., 2012; Brackenridge et al., 2013; Stow et
al., 2013a, b).
Tectonic and palaeogeographic constraints suggest which bathymetric highs potentially
generated the overspill in the Rifian Corridor during the late Miocene. The generation of the Rifian
and Betic seaway palaeogeography in the late Miocene (Fig. 3.1B) was ultimately a consequence
of progressive closure of the Mediterranean-Atlantic connection. The Alborán Plate, which
drifted westward from late Oligocene times, docked in its current position between Morocco
and Spain at ca. 8 Ma, forming the Betic-Rif fold and thrust belts (Vergés and Fernàndez, 2012;
Van Hinsbergen et al., 2014). This effectively plugged the Atlantic-Mediterranean connection
replacing a relatively wide, open seaway with two foreland-type corridors (Do Couto et al., 2016).
Subsequently, further restriction of the seaway through Morocco between ca. 8 Ma (the onset of
Rifian Corridor configuration) and ca. 5.55 Ma (the closure of the last Mediterranean-Atlantic
connection during the MSC) was driven by N-S African-Eurasian convergence ( Jolivet et al.,
2006) and/or asthenospheric upwelling (Duggen et al., 2003).
Upper Miocene sediments of the Rifian Corridor, and particularly in areas at its western end
(Gharb-Saiss basins), have a different deformation history from the Betic Corridor. Unlike the
Betic parts of arc (Fig. 3.1A), where uplift was driven by slab-tear and asthenospheric upwelling
without major horizontal shortening (Duggen et al., 2003; García-Castellanos and Villaseñor,
2011), in the Saiss and Gharb basins, uplift was localised along steep angled faults cross-cutting
the previous lower angle, orogenic wedge thrusts (see Chapter 2). These foreland basins were
gradually uplifted and disconnected. This process started as early as the late Tortonian, it controlled
the sedimentation patterns the Rifian Corridor and contributed to post-orogenic deformation up
to present-day (e.g., Chalouan et al., 2014). It is this process that we speculate may have caused
localised uplift forming narrow neck-zones (i.e. sills) which then allowed the formation of overspill
geometries within the Rifian seaway.
An example of fault systems that could have created the neck-zone is the Taza Sill, the point
dividing the Guercif and Saiss depocentres, where the Rif thrust-front overlies the Middle-Atlas
(Fig. 3.1A). Here, uplift of structural highs occurred along both faults and folds related to the
North Middle-Atlas fault system (e.g., Gomez et al., 2000; Chalouan et al., 2014). This structural
high is linked to the condensed sequence of the north-western Guercif Basin (Bab Stout Area in
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Bernini et al., 2000; roughly equivalent to Msoun Arch in Gomez et al., 2000) with respect to
the main depocentre further south. Furthermore, the cross-stratified sandstone-intervals at Ben
Allou show clear wedge-shaped geometries (Fig. 3.8B, E) and large channelised incisions (Fig.
3.8C), above which soft sediment deformation is abundant (Fig. 3.9E). All of this could indicate
an episode of syn-depositional generation of accommodation space that may have resulted from
uplift on the Nzala des Oudayas fault, orientated NE-SW and perpendicular to the foredeep axis
(Figs. 3.2, 3.17; see Sani et al., 2007 for structure at depth). This fault is part of the Prerif Ridge
system and is connected to the main thrusts to the south (Fig. 3.2). The position of the sandy crossstratified deposits to the west of each of these anticlinal ridges that cross-cut the foredeep axis and
whose uplift postdates the orogenic wedge emplacement, suggests that it is at these bathymetric
highs that hydraulic control was exerted on flow through the Rifian Corridor.
The late Tortonian age of the Saiss sandy contourite drift observed at Ben Allou and El
Adergha could then reflect tectonic control on the Mediterranean overflow at the Taza sill (Figs.
3.1, 3.17). Subsequently, unconformities marking the Tortonian/Messinian boundary in the
Gharb (Fig. 3.16; Roksandic and Soquip, 1990; SCP/ERICO report, 1991) may reflect a tectonic
readjustment controlling the Rifian Corridor palaeogeography. The Rifian Corridor was a wider
seaway during the late Tortonian, and during the early Messinian, restricted to a shallow (~100 m)
marine passage in both the southern (Krijgsman et al., 1999b; Gomez et al., 2000) and northern
arms (Achalhi et al., 2016). The seaway then narrowed and the controlling sill may have migrated to
the west, possibly to one of the faults of the Prerif Ridges system, while the Gharb Basin remained
an embayment of the Atlantic Ocean.
The effect of tectonic activity on margin sedimentation is particularly clear in the Gulf of Cadiz,
where tectonic pulses every 0.8-0.9 Myr directly influenced the contouritic drift evolution, further
modulated by 2-2.5 Myr cycles (Hernández-Molina et al., 2014b, 2016a). The deformation of the
complex Africa-Iberia plate-boundary appears to have continued up to present day (Gutscher et
al., 2002; Koulali et al., 2011; Chalouan et al., 2014), well after the emplacement of the Gibraltar
arc in its current position at ca. 8 Ma (Van Hinsbergen et al., 2014; Do Couto et al., 2016). It is
therefore possible to infer a strong correlation between the late Miocene to present-day evolution of
the Africa-Iberia plate boundary, the Mediterranean-Atlantic seaways and the sandy drifts.

3.7

Conclusion

Upper Tortonian mixed-clastic deposits at Ben Allou and El Adergha in northern Morocco show
evidence of west-migrating bedforms produced in 150-400 m – deep seaway settings. This includes
cross-bedding and sandstone-mudstone beds with bi-gradational sequences, produced by a westerly,
unidirectional bottom current.
We interpret this current to be the result of Mediterranean overflow, possibly modulated by
tides. Vertically superposed facies were once lateral equivalents along a bottom current transport
path. Heterolithic facies represent the low-speed bedforms (sand patches and rippled sand sheets)
along this path, at times of decelerating or migrating current. Elongated, separated mounded drifts
in seismic profiles suggest that the overflow continued throughout the early Messinian.
Tectonics is a major controlling factor in seaway contourite deposition, since it causes the
restriction required for the overflow to form. The spatial distribution of the cross-bedded sandy
drifts west of tectonic ridges that cross cut the seaway suggests that the coeval uplift of these
structures formed the highs required to generate Mediterranean overflow.
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Facies

Section (age)

Lithology

Structures

Thickness

Normally graded,
structureless to crudely
laminated sandstone

Sidi Harazem
(7.80 – 7.51 Ma)
Haricha
(7.25 – 6.35 Ma)

Poorly to moderately
sorted fine to coarse
sandstone

Linear solemarks and load-casts;
abundant burrows and ichnofacies
(e.g., Zoophycus, Chondrites,
Rhizocorallium)

0.05 – 4 m thick

Ripple laminated
sandstone

Sidi Harazem
(7.80 – 7.51 Ma)
Haricha
(7.25 – 6.35 Ma)

Fine to coarse sandstone

Asymmetrical ripples in single sets

1 – 5 cm thick

Plane-parallel laminated
sandstone

Sidi Harazem
(7.80 – 7.51 Ma)
Haricha
(7.25 – 6.35 Ma)

Fine to coarse sandstone

Plane parallel to sub-horizontal
lamination; moderate amount of
bioturbation (e.g., Planolites and
Thalassinoides)

1 – 5 cm thick

Bioturbated siltstone to
marlstone

Sidi Harazem
(7.80 – 7.51 Ma)
Haricha
(7.25 – 6.35 Ma)

Marlstone and siltstone

Variable amount of bioturbation (e.g.,
Planolites, Thalassinoides, Zoophycus)
fossil debris (e.g., bivalves and
echinoderms)

0.5 – 1 m thick

Massive and deformed
sandstone with abundant
mudclasts

Haricha
(7.25 – 6.35 Ma)

Fine to medium
sandstone with variable
amount of silt

Abundant scours, plane parallel
lamination, liesegang rings, sediment
deformation; rip-up and floating
mudclasts such as: isolated floating
clasts, clustered floating clasts,
ordered stratified clasts

Single bed ~2 m
thick;
amalgamated
beds up
to ~10 m thick

Matrix-supported
mudclast conglomerate

Haricha
(7.25 – 6.35 Ma)

Fine to medium sand
(matrix) and mudstone
clasts

Plane parallel and cross lamination;
diffuse stratification

0.1 – 0.5 m thick

Massive to crudely
laminated marlstone or
mudstone

All units
(7.80 – 6.35 Ma)

Marlstone,
silty marlstone
mudstone

Variable amount of bioturbation
(Cruziana);
fossil debris (e.g., bivalves and
echinoderms)

Facies exposure:
5 to 700 m thick

Amalgamated bioclastic
sandstone with SCS

Ain Kansera
(7.51 – 7.35 Ma)

Medium to very coarse
sandstone

Troughs 20 – 50 cm deep and 50 – 100
cm wide; concave upward scours
covered by foresets with the same
angle of the basal erosive surface;
skolithos ichnofacies

0.5 – 5 m thick

Bioclastic and
unidirectional
crossbedded sandstone

Ben Allou
(7.80 – 7.51 Ma)
El Adergha
(7.35 – 7.25 Ma)

Fine to coarse
sandstone

Westward oriented foresets; variety
of cross-stratification shown in Table
3.2; dewatering structures; abundant
bioturbation (Planolites)

Facies exposure:
5 to 40 m thick;
cross-sets (single
or compound):
0.1 to 15 m thick

Laminated heterolithics

Ben Allou
(7.80 – 7.51 Ma)

Fine to medium
sandstone with
alternating mudstone
separated locally by thin
veneers of siderite bands

Wavy lamination; asymmetrical dune
cross-sets up to 15 cm thick; scattered
pattern of foreset orientations;
moderate bioturbation (Planolites)

Facies exposure:
2 to 50 m thick;
mud layers: 0.5 to
5 cm thick; sand
layers: 2 to 20 cm
thick

Sandstone-mudstone
units with bi-gradational
sequences

El Adergha
(7.35 – 7.25 Ma)

Marlstone, siltstone, and
Gradational sandstone bed contacts
fine to medium sandstone with irregular grading (both normal
and inverse); burrowed sandstone;
mottled siltstone; indistinct to planeparallel lamination

F4

F3

F2

F1.1

Facies association F1

Table 3.1. Summary of lithofacies and possible genetic mechanisms.
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Geometry

Mechanism
of formation

Palaeo-water
depth (m)

Possible
processes

References

Sheet-like beds with
sharp to erosive bases;
local channels or
scours 0.1-10 m wide,
0.1-2 m deep

Nearbed suspension generated
by sand-laden turbidity current

250 – 400 (Sidi
Harazem)
150 – 250 (Haricha)

Proximal turbidity currents in
foreland basins; transition from
sandy debris flows into fully
turbulent flow. High river input
and sediment failures possibly
driven by tectonic uplift of the
seaway margins

e.g., Stow, 1985; Mutti et
al., 2003

Sheet-like or laterally
confined divisions

Predominant traction and
resuspension

idem

Horizontal divisions in
sheet-like beds

Low rate of suspended
sedimentation, predominant
traction and resuspension

idem

Sub-horizontal
divisions in sheet-like
beds

Waning flow

idem

Channelised (lobe)
geometry at the base

Sandy debris flow with
channel-margin collapse or
headward slumping. Traction
as the base of the flow in highconcentration turbidity currents

150 – 250

Mass flow events channelised in
trough-conduits

Liesegang rings:
Stow, 2005;
Tucker, 2011

Sheet-like geometry
or lenses

Cohesive sandy debris flow

150 – 250

Pinch-out landward
(basin scale)

(a) Flocculation and settling
(b) Far-travelled particles,
deposited from suspension

50-100 (Ain Kansera)
250-400 (Sidi Harazem)
150 – 400 (El Adergha)
150-400 (Ben Allou)
150-250 (Haricha)

(a) Hemipelagic processes
(b) Bottom-current

Aggrading hummocky beds
under oscillatory current with
no (or weak) unidirectional
currents

15 – 50

(a) Wave/storm action in
coastal environment

(a) Leckie and Walker, 1982;
Dumas and Arnott, 2006

(b) Hyperpycnal flows resulting in
delta-front sandstone lobes

(b) Mutti et al., 2003; Tinterri,
2011

(a) predominantly unidirectional
currents in a narrow strait, tidal/
bottom current influence

(a) Anastas et al., 1997, 2006;
Longhitano, 2013

Sheet-like beds

Deep water massive sands:
Johansson and Stow, 1995;
Stow and Johansson, 2000;
Haughton et al., 2009

(a) Stow and Tabrez, 1998;
Hüneke and Henrich, 2011
(b) Stow and Faugères, 2008;
Rebesco et al., 2014

Sheet-like beds;
Migrating dune field under
channel infills (50 m
unidirectional flow (Table 2).
wide and 15 m deep
Flow v > 0.5 m/s
incisions at the base of
parasequence S1, Table
2); wedges (pinch-out
toward controlling
fault)

150 – 300

Generally structureless
sandstone with
variable bioclastic
content; laterally
continuous or
pinching-out
subhorizontal layers

Alternating traction and
resuspension. Decelerating
velocity in mixed muddy/
sandy flow

150 – 300

Deceleration of the dominant
unidirectional current.
Lower suspended sediment
concentration. Sand patches
and rippled sand sheets along a
sediment transport path

Belderson et al., 1982; Stow
et al., 2009; Rebesco et al.,
2014; Baas et al., 2016

Sheet-like geometry

Gradual changes in current
strength; resuspension and
deposition.
Flow v < 0.5 m/s

150 – 300

Mainly depositional, low-energy
bottom currents; possible
interbedded hemipelagic
sedimentation

Stow et al., 1998; Stow and
Faugères, 2008; Rebesco et
al., 2014

(b) bottom-current passage
through narrow seaway, may
have deep tidal influence

(b) Rebesco et al., 2014;
Hernández-Molina et al.,
2016c; Ercilla et al., 2017
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Forward

Bounding surface Shape of Internal strata Accretion
(threshold
direction
= >40 ° variation)

Traction, grainfall, grainflow

Table 3.2. Levels and varieties of cross-stratification present in facies association F4.1 (unidirectional cross-bedded sandstones). Mechanisms of formation after Anastas et al., 1997.

Straight

Mechanism of formation

Cross-set
thickness
Planar

Internal
Organization
2-6 cm

Type of
bedform
Simple

Traction, grainfall, grainflow

Type of structure

Ripples

Forward

Code

L1

Sinuous

Migration of straight and sinuous
crested dunes without leesuperimposed dunes

Planar to trough

Forward

Same as B1 except higher velocity

2-6 cm

Straight

Forward

Same as B2 except higher velocity

Simple
Planar

Sinuous

Forward

Ripples

Planar to trough

Sinuous

Cross-lamination with
straight cross-strata

10 – 250 cm

Trough

L2

Simple

10 – 250 cm

Migration of compound dunes, or
dunes affected by flow fluctuation

Simple

Dunes

Compound

Forward

Dunes

Dunes

Straight to sinuous

Cross-lamination with
sinuous cross-strata

Simple, tabular crossbedding
with sinuous cross-strata

Planar

B1

B2

Trough cross-bedding
with sinuous cross-strata

10 – 250 cm

Simple Cross-bedding
with angular cross-strata

B3
Compound

Vertical

10 – 500 cm
(Ben Allou)
10 – 50 cm
(El Adergha)

B4

Compound cross-bedding Dunes
with
straight to sinuous crossstrata

Tabular,
stratiform bodies

Migration of a dune field, composed
by simple and compound dunes
under waning flow

Planar

Migrating
dune field

Vertical and
down-flow

5 to 15 m

Horizontally-bedded
cross stratified succession

5 to 15 m

Sinuous, tabular
and wedge-shaped

Simple to
compound

S1

Compound

Planar to slightly
inclined

Migration of a dune field, composed
by simple and compound dunes
under constant flow with fluctuation
in velocity

S2

Cross-stratified succession Migrating
with downcutting
dune field
clinoforms
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type 4; 2) Globorotalia suturae; 3) Globorotalia miotumida. Benthic foraminifera of slope environments: 4) Bulimina costata; 5) Uvigerina peregrina; 6) Uvigerina semiornata; 7) Sphaeroidina
bulloides; 8) Cibicides dutemplei; 9) Cibicidoides pachyderma; 10) Cibicides ungerianus.

Figure S3.1 Examples of planktic (1-3) and benthic foraminifera (4-10) from El Adergha, Ben Allou and Haricha sections. Biostratigraphic marker species: 1) Globorotalia menardii
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Figure S3.2 Additional examples of the structures observed in the Ben Allou unit (facies association F4.1). Insets A-E are located
in Fig. 3.7; picture in inset F was taken near location of inset E. (a) West-migrating, large and compound cross-bedding with troughshaped bounding surfaces at Ben Allou B, SI-1a. This set lies immediately below the erosional surface displayed in Figs. 8C and 10C.
(b) Thin compound and simple sets nested in the large clinoforms observed at Ben Allou B, SI-2 (Fig. 3.10E). (c) The cross-stratified
succession of SI-1b is ~10 m in thickness; SI-1b is encased in silty marlstone and is composed solely of fine to medium sandstone.
Cross-bedding consists of unidirectional, thin to medium, simple to compound sets with planar to through bounding surfaces (d).
(e) Simple dune cross-bedding with medium thickness and parallel bounding surfaces at Ben Allou B, SI-2. These cross-sets occur
in the same unit as the large clinoforms shown in Fig. 3.10E. (f ) Late-stage fluid escape structure possibly caused by syndepositional
tectonics.
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Figure S3.3 Selected examples of microfacies, with cross (right) and plane (left) polarised light, from the following locations: (a) El
Adergha unit, thin-section of the sandy division of the bi-gradational sequence (Fig. 3.6E); (b) Ben Allou unit, thin-section of a foreset
in a cross-set; and (c) Haricha unit, from the upper ~50 m thick sand-rich facies (m ~190). White vertical and horizontal bars represent
1 mm.
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Figure S3.4 Bottom currents direction and deposits composition at the exit of the Strait of Gibraltar. Two main bottom current
directions of Mediterranean Outflow Water can be identified (Hernández-Molina et al., 2006); a dominant one towards the NW
and a secondary one to the W. Distribution of see-floor sediments indicating the percentage values of sand and gravel content in the
proximal sector of the Contourite Depositional System in the Gulf of Cadiz, from the Strait of Gibraltar toward the NW. Sketch
modified and updated from Nelson et al., 1993. Additional data sources: Madelain, 1970; Kenyon and Belderson, 1973; Zenk, 1975;
Baringer and Price, 1997; Nelson et al., 1999, among others. Detailed explanation of this bottom currents behaviour can be found in
García et al., 2009; Hernández-Molina et al., 2014a.
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Mediterranean isolation as a trigger for global late Miocene cooling

4.1

Introduction

P

hysical gradients in temperature and salinity between different water masses drive water, salt
and heat transport across the planet. The pattern and vigour of Thermohaline Circulation
(THC) has varied through time and impacted global temperatures and associated ice-volume
changes. Marginal marine basins linked to the open ocean by narrow, shallow straits are an
important source of high-density water (Legg et al., 2009). Prime examples of present-day watermasses generated by such systems include the Denmark Strait Overflow Water; the IcelandScotland Overflow Water, and Mediterranean Overflow Water (MOW) (Legg et al., 2009). All
these influence THC and Atlantic Meridional Overturning Circulation (AMOC), which is a key
control factor on climate and on the extent of northern hemisphere glaciation (e.g., Rogerson et al.
2006, 2012; Hernández-Molina et al., 2014b).
In order to generate a dense overflow, a bathymetric high in a confined connection between
the marginal and oceanic basin is required to allow a density contrast between the two to develop
(Knutz, 2008). Today, dense water (13 °C and 37 g/L) pools on the floor of the Mediterranean
behind the narrow (15 km wide) Gibraltar Straits, which, at their shallowest point on the
Camarinal Sill are only about 300 m deep (Gasser et al., 2011). Mediterranean waters overspill
the Camarinal Sill and cascade down the continental margin in the Gulf of Cadiz, entraining
the overlying, less dense North Atlantic Central Water (NACW) and forming the Atlantic
Mediterranean Water (AMW). This water mass achieves its neutral buoyancy near 8° W, offshore
South Portugal, at about 1200 m depth (Rogerson et al., 2012). Typically, overflows have velocities
of 0.5 to 1 m/s at the sill. However, the velocity of MOW at the Camarinal Sill is greater than 2.5
m/s because of its high density. The density contrast between Mediterranean overflow and ambient
Atlantic water generates substantial turbulent mixing causing the velocity of the plume to decline
rapidly down flow, and the volume of water incorporated into the plume to increase by a factor of
three to four (Rogerson et al., 2012). The interaction of MOW with the seafloor has resulted in
large depositional and erosional features including extensive sandy contouritic drifts (e.g., Stow et
al. 2013b; Hernández-Molina et al., 2014b).
MOW through the Gibraltar Straits (Fig. 3.1) was initiated around 5.33 Ma (Van der Schee
et al., 2016) and had reached its present strength by the Late Pliocene (Hernández-Molina et al.,
2014a). The potential impact of Pre-Pliocene ancestral MOW on climatic change has not been
considered, because Mediterranean-Atlantic gateway configuration was different (Duggen et
al., 2003, Martín et al., 2009). In the Miocene, the Mediterranean was connected to the Atlantic
via two marine gateways, the Betic Corridor in southern Spain and the Rifian Corridor through
northern Morocco (Chapter 1). These fossil corridors closed during the late Miocene and have
subsequently been uplifted, eroded and exposed on land as a result of the Gibraltar arc formation
(see also Chapters 1, 2, and 3).
We present outcrop evidence from the mouth of the Rifian Corridor, of upper Miocene sandy
contouritic drifts deposited by Mediterranean overflow. Our results are integrated with regional
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tectonic constraints to evaluate the
control Western Mediterranean
palaeogeographic evolution had
on
Mediterranean-Atlantic
exchange.
Furthermore,
using
strait dynamic theory we show
that the predicted velocities of the
MOW are, from a quantitative
point of view, dependent on width,
and could explain the timing of
contourite formation in the gateway.
Last, we highlight the temporal
correlation between the initiation
of Mediterranean overflow and new
alkenone evidence of a rapid decline
in SST (Sea Surface Temperature)
in both hemispheres during the late
Miocene (Herbert et al 2016).

4.2 Sedimentary description
Two successions containing sand
dunes and sandy drifts occur at
the western end of the south
Rifian Corridor (Fig. 4.1B). The El
Figure 4.1 a) Simplified sketch with modified modern North Atlantic Oceanic Adergha and Ben Allou sections
Circulation pattern (modified after Hernández-Molina et al., 2014b) showing
are spaced ~50 km apart, but show
the emanation of MOW (Mediterranean Overflow Water) from the Rifian
similar facies. At Ben Allou, crossCorridor during the late Miocene and its possible link with southward overflow
bedded sandstone intervals 10
in the Denmark Strait. AMW: Atlantic Mediterranean Water. NADW:
to 40 m thick are interbedded in
North Atlantic Deep water formation. ISOW: Iceland-Scotland Overflow
heterolithic facies and marlstones
Water. DSOW: Denmark Strait Overflow Water. Ice rafted debris occurring
(Fig. 4.2A, B). These marlstones
at ~7 Ma at site 918 were used to infer a late Miocene onset of glaciations in
contain upper Tortonian planktic
Greenland (Larsen et al., 1994; St. John and Krissek, 2002). Site 646, and the
foraminiferal assemblages (abundant
overall Erik drift showed a substantial increase in sedimentation rates between
sinistrally coiled Neogloboquadrina
7-8 Ma (Wold, 1994; Hunter et al., 2007; Campbell and Mosher, 2015), while
acostaensis, Globorotalia suterae, and
synchronous changes in sedimentary drifts evolution were described in the Nova
Globorotalia menardii 4 constrain
Scotia margin (Campbell and Mosher, 2015). b) Palaeogeographic map of the
the age range at 7.80-7.51 Ma;
Rifian Corridor presented in Fig. 3.18.
Hilgen et al., 2012) whereas benthic
assemblages indicate upper slope
depths (equivalent to ~150-400 m; see Chapter 3). The sandstone intervals are broadly channelised
at outcrop scale, although single sets can be followed over a large area. They contain abundant and
unidirectional cross-bedding (Fig. 4.2A, B). At El Adergha, cross-stratified sandstone bedsets
are 10 to 15 m thick and interbedded in blue marlstones (Fig. 4.2C). These marlstones contain
uppermost Tortonian planktic foraminiferal assemblage (coexistence of Globorotalia menardii 5
and Globorotalia miotumida suggest an age range between 7.35 and 7.25 Ma; Sierro et al., 1993;
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4.2 Outcrop view of the main sedimentary structures at Ben Allou

reconstructions. Example of dune cross-bedding from the lower (a) and upper (b) sandstone intervals at Ben Allou. Dune clinoformal
sets (c) and sandy-muddy beds with bi-gradational sequences (d) at El Adergha.

Hilgen et al., 2012); benthic foraminifera indicate upper slope (ranges of ~150-400 m) palaeodepth.
The bedsets (Fig. 4.2C) consist of both west-dipping clinoforms and cross-strata indicating westdirected migration. Smooth sand sheets are present within the marlstones; locally, they form muddy
and sandy bi-gradational beds (Fig. 4.2D). Palaeocurrents from the cross-sets (Fig. 4.2) indicate a
progradation direction that is broadly westward in both sections, with a range of other directions
mainly obtained from smaller cross-sets and ripple cross-laminations.

4.3

Interpretation of the sandy units

The sandstones with cross-bedding are interpreted as the product of subaqueous marine dunes (see
Chapter 3), which reflect unidirectional bottom currents at upper-slope depths. The bi-gradational
sequences are also the best diagnostic for contourites deposition (e.g., Stow and Faugères, 2008;
Rebesco et al., 2014). The nature and size of these dunes combined with the dominant grain size
(coarse sands) indicate a velocity between 0.5 and 1 m/s (Stow et al., 2009; Rebesco et al., 2014).
Similar deposits and structures have been identified in the Gulf of Cadiz, where Pliocene and
Quaternary overflow from Gibraltar has deposited a large, sand-rich (> 75%) sheeted drift over a
substantial mid-slope terrace (Nelson et al., 1993; Hernández-Molina et al., 2014a). The broadly
westward palaeocurrents resemble the dominant flow direction of the present day MOW (Fig.
S3.4), which also shows tidally influenced subordinate palaeocurrent directions (Sánchez-Román
et al., 2012). Accordingly, we interpret the Rifian Corridor contourites as the product of a westdirected palaeo-overflow in the late Tortonian (7.80-7.25 Ma). The sediments below the sandy
contouritic drifts in both sections are not sandy contourites. At Ben Allou and El Adergha, the
sedimentary drifts occur above several hundred metres of blue marls indicating either muddy
contourites resulting from episodes of weaker current, or vertical and spatial fluctuation of the
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Palaeo-MOW. These variations in current and direction have been reported for the MOW during
the Quaternary (Schönfeld et al., 2003; Hernández-Molina et al., 2014a).

4.4

Discussion and Conclusions

Interplay between local tectonics, sediment supply and oceanographic processes is essential for
generating contourite drifts of the sort found in the Rifian Corridor (Chapter 3). In this chapter we
consider the role of the seaway restriction in the gradual isolation of the Mediterranean during the
Miocene and its potential contribution to high-latitude cooling.
Plate motion during the Cenozoic contributed to the switch from the Earth’s Greenhouse
to Icehouse system via opening and closing several major oceanic gateways (e.g., opening of the
Tasmanian gateway, Drake Passage, Greenland-Scotland ridge; closing of the Indonesian Gateway,
Panama Isthmus; Potter and Szatmari, 2009; Bickert and Heinrich, 2011). The isolation of the
Mediterranean Sea from the Tethys Ocean during the Neogene, terminating circum-equatorial
oceanic circulation was one of these (e.g., Reid, 1979; Bryden and Kinder, 1991) along with the
Mediterranean’s link to the Indian Ocean which had closed by the Middle Miocene (Rögl, 1999;
Popov et al., 2004; Hüsing et al., 2009b). Progressive isolation of the Mediterranean from the
Atlantic occurred throughout the Miocene driven by Africa-Eurasia convergence. However, this
process was accompanied by slab-retreat and coeval back-arc extension (Fig. 4.3) in the Western
Mediterranean ( Jolivet and Faccenna, 2000; Faccenna et al., 2004; Van Hinsbergen et al., 2014),
which allowed connectivity between the two to persist ( Jolivet et al., 2006). By the time the slabroll back stopped, the Alborán Plate had collided with the Iberian and African margins, creating
the Betic-Rif fold and thrust belt (Chapters 1, 2; Jolivet et al., 2006; Vergés and Fernàndez, 2012)
and the wide connection to the Atlantic Ocean (Fig. 4.3; T1) was replaced by the Rifian and Betic
corridors through which Mediterranean-Atlantic exchange was funneled (Fig. 4.3; T2).
Further restriction of these seaways occurred because of post-orogenic uplift, which was caused
either by slab-tear and asthenospheric upwelling in the Betic Corridor and eastern Rifian Corridor
(Duggen et al., 2003; Garcia-Castellanos and Villaseñor, 2011), or by the onset of thick-skinned
tectonics in the Rifian Corridor (see Chapter 2). The Taza Sill, at the intersection between the
Rif orogenic wedge and the Middle Atlas (Fig. 4.1B), is likely to have been a bathymetric high
inherited from the North Middle-Atlas fault systems (Bernini et al., 2000; Gomez et al., 2000)
(Fig. 4.1B). Other sills may have formed by uplift along faults orientated oblique to the seaway axis
(Fig. 4.1B) providing the overspill geometry required to form overflows (Legg et al., 2009) in the
late Tortonian.
The generation of this overspill geometry in the late Miocene may therefore have been
a consequence of progressive closure of the Mediterranean-Atlantic connection (Fig. 4.3).
Increasing restriction of the connection after the two-corridor configuration was established at
ca. 8 Ma is recorded in the Mediterranean by abrupt changes in salinity, biota and lithology. In
the Mediterranean, an initial decrease in open marine, normal diversity (i.e.: ‘equilibrium’) benthic
foraminiferal faunas around 7.8 Ma was followed by a marked and essentially instantaneous
turnover in benthic faunas at 7.167 Ma, where equilibrium species were partially replaced by
increasingly stress-tolerant faunas (Kouwenhoven et al., 2003). A further sharp change at 6.8 Ma
entirely replaced the equilibrium faunas with low-diversity assemblages dominated by stressed taxa
(Kouwenhoven et al., 2003, 2006). This stepwise deterioration was followed by regular increases
in species tolerant of higher salinity between 6.7-6.8 Ma and further discrete steps at 6.4 and 6.1
Ma (see Chapter 1, section 1.3.4.1.1). The ages of these events are precisely constrained by the
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Western Mediterranean after Do Couto et al., 2016. The black arrow in T1 depicts the approximate
migration path and direction of the Alboran Plate drift during the Miocene (after Van Hinsbergen et al., 2014).
The formation of the Gibraltar arc created the Rifian/Betic gateways and replaced a wider seaway that did not allow higher salinities
to form in the Mediterranean basin during T1. The T2 scenario (~8 Ma) is the first with potential impact on Mediterranean-Atlantic
salinity gradients and overflow formation.

astronomical tuning of Mediterranean Upper Miocene sediments (Hilgen et al., 2007). Five of
these steps fall into the age range of the contouritic sediments in the Rifian Corridor (see also Fig.
3.16 of Chapter 3), making tectonic pulses on the fault-controlled bathymetric highs a potential
driver for specific restriction events in the Mediterranean. The distinct age difference between Ben
Allou (7.80-7.51 Ma) and El Adergha (7.35-7.25) may represent these uplift events, strengthening
the overflow as the Mediterranean-Atlantic density contrast increased. Further substantial
shrinkage of the Atlantic connection caused Mediterranean salinity to rise sufficiently to precipitate
evaporites at 5.97 Ma (Roveri et al., 2014a). This salinity crisis, which culminated in a 1500 m thick
layer of halite across the Mediterranean sea floor (Roveri et al., 2014a), was formed by evaporation
of seawater in a basin from which outflow to the Atlantic was essentially negligible (Meijer and
Krijgsman, 2005; Krijgsman and Meijer, 2008) and terminated when Mediterranean-Atlantic
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exchange was re-established through the Gibraltar Straits at the Mio-Pliocene boundary (5.33 Ma)
(Hernández-Molina et al., 2016a; Van der Schee et al., 2016). By this time the Betic and Rifian
conduits had been completely shut, uplifted and exposed on land (Chapters 1 and 2).
The sedimentary evidence of late Miocene bottom current-dominated deposits and the
associated bathymetric high indicate that Mediterranean overflow, similar to that seen today,
already existed at ca. 7.8 Ma. We cannot rule out the existence of an earlier plume emanating from
either the Betic or Rifian corridors, the record of which has been eroded or overthrust. However,
the reconfiguration of the gateway region (Fig. 4.3; T2) at ca. 8 Ma ( Jolivet et al., 2006; Vergés
and Fernàndez, 2012; Van Hinsbergen et al., 2014; Do Couto et al., 2016) suggests that these
upper Tortonian bottom current-dominated deposits may record the first Mediterranean overflow
plume after the two corridors formed. Potentially then, only in the late Miocene, did the AtlanticMediterranean connection become sufficiently restricted to result in a distinct salinity contrast
between the two water bodies, initiating overflow.
To explore quantitatively the link between the field evidence of overflow formation and the
palaeogeographic evolution of the Mediterranean-Atlantic gateway, we combined the theory
of sea straits dynamics with an empirical relationship between flow velocities at the seafloor and
resulting bedforms (Stow et al., 2009). The theory describes the condition of maximal flow in a
wide, rotationally controlled seaway with two-way exchange and negligible net flow (Hunkins
and Whitehead, 1992). For narrower gateways than those considered here, rotational control
would give way to hydraulic control (e.g., see Figure 9 in Simon and Meijer, 2015). Topper et al.
(2011) show that the residence time of the Mediterranean Sea is of the order of 100s of years, for
larger gateway exchange than that presented in this study. However, as we are considering gateway
dimension changes on much greater time-scales (Fig. 4.3), we can assume that the exchange and
Mediterranean salinity are close to its equilibrium, allowing us to ignore their time-dependent
effect.
The theory provides us with an average of the outflow velocity at the point of greatest
constriction, which approximates to the condition under which the observed bedforms developed.
By having the rotationally-controlled strait connect to a basin subject to a specified net evaporation
and ignoring the role of temperature, we can express the flow velocity in terms of gateway
dimensions and the value chosen for evaporation. This step assumes that the Rifian corridor exerted
the dominant control on basin salinity.
Fig. 4.4 shows the resulting relationship between Mediterranean-Atlantic gateway width, which
was varying during the Miocene (Fig. 4.3), and mean velocities of the Mediterranean outflow at the
sill. The model shows that a reduction in width of the Mediterranean-Atlantic gateway leads to an
increase in overflow velocity at the exit of the gateway due to focussed flow. Only after a certain
threshold value of width is passed are velocities found to be high enough to produce bedforms on
the gateway floor. The exact point at which the threshold is passed is not certain, in view of the
assumptions underlying the velocity curves.
Despite these uncertainties, the model results support the notion that the late Miocene gateway
reconfiguration (T2; Fig. 4.3) corresponded to the increase in velocity that deposited coarse and
cross-stratified sands in the seaway. The occurrence of the sandy contourites above finer-grained
deposits (marlstone) suggests that these examples of bedforms, dated 7.80 – 7.51 Ma in the Rifian
Corridor, represent the first time that flow velocity exceeded the critical threshold for contourites to
form. We speculate then that it was around ca. 7.8 Ma that saline Mediterranean water first started
to contribute to global thermohaline circulation with progressive strengthening of the overflow
during the late Miocene as Mediterranean salinity increased.
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By increasing the salinity of the North Atlantic at intermediate depths, MOW may have
contributed to NADW formation and enhanced Meridional overturning Circulation in the
North Atlantic (Rogerson et al., 2006, 2012; Hernández-Molina et al., 2014b) through poleward
transport of heat and moisture which are critical components of ice-sheet growth (e.g., Driscoll
and Haug, 1998; Bartoli et al., 2005). Although permanent ice-sheets outside Antarctica were
established only in the Late Pliocene (2-3 Ma; e.g., Raymo, 1994) there is evidence of pockets
of glacial activity during the late Miocene in both the Northern (south east Greenland, Larsen
et al., 1994; southern Greenland, St. John and Krissek, 2002; south eastern Alaska, Krissek, 1995)
and Southern hemispheres (South America, Mercer and Sutter, 1982). The recent construction
and synthesis of alkenone-based SST records for the last 12 million years (Herbert et al., 2016)
demonstrates a rapid cooling event that affected the mid- and high-latitude of both hemispheres
between ~7.2 and 5.3 Ma. These authors suggest the cooling combined with coeval changes to
terrestrial vegetation result from a reduction in late Miocene CO2 concentration (Herbert et al.,
2016). However, it is possible that synchronous narrowing of the Mediterranean-Atlantic gateway,
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allowing the formation of an overflow plume also contributed to this mid-high latitude cooling.
Model sensitivity experiments that investigate the impact of enhanced Mediterranean salinity
on Messinian climate also show widespread cooling in the northern mid-high latitudes of a few
degrees as a consequence of enhanced salt export from the Mediterranean as a saline plumes
centred at ~1000 m depth, when combined with a weaker Messinian AMOC (Ivanović et al.,
2014b). One possible mechanism for this is through the interaction of MOW with the Greenland
– Iceland – Norwegian seas (GIN). Today, a component of Mediterranean outflow-derived water
episodically flows northward over the Greenland-Scotland ridge (Iorga and Lozier, 1999) into the
Nordic Seas. This in turn fuels southward overflow of higher density water and favours deep-water
convection in the Labrador Sea (Rogerson et al., 2006, 2012). Sedimentary drifts offshore southern
Greenland (Wold, 1994; Hunter et al., 2007) and further south along the Canadian/Nova Scotia
margin (Campbell and Mosher, 2015), indicate that a strengthening of the overflow through the
Denmark Strait also occurred between 8-7 Ma (Bohrmann et al., 1990) coeval with the initial
supply of saline Mediterranean overflow water to the Atlantic. Consequently, a more vigorous
AMOC was generated in the Atlantic, with clear activity in the intermediate water masses in the
south Atlantic (Uenzelmann-Neben et al., 2016) and the Indian Ocean (Rodriguez et al., 2016)
during the Tortonian and early Messinian. It is therefore possible to infer a mechanism by which
tectonic restriction of the Mediterranean-Atlantic connection in the late Miocene reconfigured the
North Atlantic circulation pattern and, along with a decline in CO2 concentrations (Cerling et al.,
1997; Ehleringer et al., 1997), contributed to an abrupt cooling phase at high latitudes (Herbert et
al., 2016).
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5

Palaeogeographic evolution of the late Miocene Rifian Corridor
(Morocco): reconstructions from surface and subsurface data

5.1

Introduction

C

hanges in configuration of the Mediterranean-Atlantic seaways during the Miocene had
a crucial impact on the exchange of heat, salt and nutrients. This reconfiguration paved the
way for the extreme salinity fluctuations occurring in the Mediterranean during the late Miocene
(Chapter 1). The palaeogeographic evolution of the late Miocene, Mediterranean-Atlantic seaways
(Fig. 5.1) became particularly relevant as the chronology of the Messinian Salinity Crisis (MSC)
became better constrained (5.97-5.33 Ma; Krijgsman et al., 1999a; Manzi et al., 2013), revealing
stepwise palaeoenvironmental changes in pre-evaporite (Kouwenhoven et al., 2003, 2006) and
evaporite-bearing (Roveri et al., 2008; Lugli et al., 2010) successions. Models revealed that at least
one seaway to the Atlantic remained open until ~5.55 Ma to deliver the sea-water necessary for the
deposition of km-thick evaporites on the Mediterranean seafloor during the MSC (Krijgsman and
Meijer, 2008; Roveri et al., 2014a and references therein). This seaway is currently unfound (Hüsing
et al., 2010; Achalhi et al., 2016).
The MSC occurred during and because of progressive restriction of the Betic and Rifian
corridors (Fig. 5.1) and was ended by the re-establishment of fully marine conditions at 5.33 Ma
(Chapter 1). Temporary closure of the corridors or other areas of the Western Mediterranean
during the Messinian created a land bridge that allowed African and Iberian mammals to exchange
already at ~6.2 Ma (Agustí et al., 2006), and, subsequently, caused the Mediterranean sea-level to
drop temporarily (Krijgsman and Meijer, 2008; Roveri et al., 2014a).
The role of the Rifian Corridor’s closure in the isolation of the Mediterranean is still debated.
The Rifian Corridor is regarded by some as the last open seaway before complete disconnection
from the Atlantic (e.g., Martín et al., 2001). However, stratigraphic evidence only supports that the
corridor opened around 8-9 Ma, and closed between 6.7-6.0 Ma (Krijgsman et al., 1999b; Achalhi
et al., 2016) so the presence of an open seaway through Morocco between 6.7-5.55 Ma remains
unclear (Chapter 1; Krijgsman et al., 1999b; Simon and Meijer, 2015; Achalhi et al., 2016).
To improve our understanding of the palaeogeographic evolution of the seaway, and to test
the Rifian Corridor as potential last Mediterranean-Atlantic seaway, we reconstructed the ancient
seaway environments by studying its preserved sediments. Early works (e.g., Suter, 1980; Wernli,
1988) provided the framework for the study of the Rifian Corridor sedimentary domains; however,
the youngest seaway sediments are often grouped together as an undifferentiated TortonianMessinian unit, with an age range of 7.8-5.3 Ma (Wernli, 1988). In addition, up to date there is no
published palaeocurrent dataset on the transport direction of sediments (Chapter 1).
Besides uncertainties in the dating methods, palaeogeographic reconstructions are mostly
dictated by the preservation pattern of the sediments. The map in Fig. 5.1 (modified after Wernli,
1988) shows the extension of the Rifian Corridor sediments, which have been used to locate the
ancient seaway, commonly divided in its northern and southern arms (e.g., Martín et al., 2001,
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2009; Duggen et al., 2003; Achalhi et al., 2016; Chapters 1 and 3 of this thesis). It is unclear
how much of these seaway patterns (Fig. 5.1) reflect the original geometry of the seaway and
how much is a function of the preservation of the sediments after uplift and erosion (Chapter 1).
Higher resolution structural data have become recently available based on outcrop and subsurface
observations (Chapter 2), which may form the base of more quantitative reconstructions.
It is crucial to base the reconstructions on the tectono-sedimentary evolution of the marine
gateway, which is only possible if age and palaeo-environments are better constrained. Therefore,
the aims of this new palaeogeographic reconstruction of the Rifian Corridor are to: (i) apply a
revised and enhanced planktic foraminiferal stratigraphy to provide a higher resolution correlation
and dating of the late Miocene sediments in the Rifian Corridor and hence constrain the timing
of its evolution; (ii) estimate the evolution of the palaeo-depth and environment of deposition
of the sedimentary successions with changes in benthic foraminiferal assemblages; (iii) use
detailed sedimentology analysis to assess the likely dimensions and geometry of the connections
and evaluate their similarity to the current two-strand preservation model for the corridor; (iv)
reconstruct the palaeogeographic evolution of the Mediterranean-Atlantic connection through
northern Morocco and asses its implications for the Messinian Salinity Crisis and outflow to the
Atlantic.
Basin to basin correlation across the Rifian Corridor is achieved with cross-sections based both
on surface and subsurface data; and identification of syn-kinematic deposition driven by tectonic
events. We aimed at understanding the relationship between different basins, including their
possible links based on the geometry of strata at their margins. Based on this relationship we can
infer whether the area reflects the true palaeo-basin margin or simply an area of localised uplift
which post-dates deposition (e.g., Bertotti et al., 2006).
Our results are then integrated with existing literature (e.g., Feinberg, 1978, 1986; Wernli,
1988; Samaka et al., 1997; Krijgsman et al., 1999b, 2004; Hilgen et al., 2000; Dayja, 2002; Dayja et
al., 2005; Barhoun and Bachiri Taoufiq, 2008; Achalhi et al., 2016) and unpublished data acquired
for petroleum exploration (e.g., SOQUIP report, 1990; SCP/ERICO report, 1991), to create four
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Figure 5.2 (a) Synthesis of the stratigraphic domains of the Rifian Corridor from east to west (modified after Van Assen et al., 2006) and biostratigraphic framework used in the present study to
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maps of the Rifian Corridor illustrating its late Miocene evolution. These maps provide constraints
that have implications both for the onset and development of the Messinian Salinity Crisis in the
Mediterranean (Chapter 1), for the initiation of Mediterranean overflow into the Atlantic (Chapter
3) and its contribution to the transition from a global greenhouse to icehouse environment (Potter
and Szatmari, 2009; Herbert et al., 2016; Chapter 4 of this thesis).

5.2

Palaeogeography and geological background

Feinberg (1978, 1986) and Wernli (1988) pioneered the palaeogeographic reconstructions of the
Rifian Corridor that are still widely used today (e.g., Santisteban and Taberner, 1983; Benson et al.,
1991; Martín et al., 2001, 2009; Duggen et al., 2003). These early reconstructions identified a postorogenic marine sedimentary cover that unconformably overlies the Rif thrust systems (Miocène
post-nappe), therefore indicating a marine passage where water flowed over a submerged orogenic
foreland (Fig. 5.1).
The main elements of the Rif fold-and-thrust belt are the internal zones (Alborán domain), and
the external zones composed of Flysch units, Intrarif, Mesorif and Prerif, which comprise marine
successions deposited between Mesozoic to Miocene on either the Ligurian-Maghrebian ocean
floor or the Maghrebian (African) margin itself (see Chapter 2; Platt et al., 2003; Chalouan et al.,
2008, for comprehensive overviews). The Rif belt is the southern branch of the Betic-Rif arc (Fig.
5.1). The formation of this orogen was associated with rapid, Miocene retreat of the Gibraltar slab
and collision of the Alborán microplate with the African-Iberian margins (Vergés and Fernàndez,
2012; Van Hinsbergen et al., 2014). The thin-skinned, contractional deformation continued until
emplacement of the outermost thrusted units in the late Tortonian, at around 8 Ma (Vergés and
Fernàndez, 2012; Van Hinsbergen et al., 2014; Do Couto et al., 2016).
The main basins in which the Rifian Corridor, post 8 Ma sediments are preserved are the
Gharb, Saiss and Taza-Guercif basins to the south, which are continuously connected forming the
South Rifian Corridor (Krijgsman et al., 1999b; Dayja et al., 2005; Fig. 5.1); and the less connected
Had Kourt, Taounate, Dhar Souk depocentres further north, which seem to connect to the Arbaa
Taourirt and Boudinar basins near the Mediterranean coast (Fig. 5.1; Achalhi et al., 2016). The
Gharb Basin was the western mouth of both strands of the Rifian Corridor and, following gateway
closure, continued to record deposition as an Atlantic embayment (e.g., Cirac, 1987; Wernli, 1988;
Ivanović et al., 2013a).
Other available palaeogeographic reconstructions contain significant information in terms
of stratigraphy and geometry, but are affected by similar uncertainties and cover only parts of
the Rifian Corridor, such as the Saiss (e.g., Charrière and Saint Martin, 1989; Saint Martin and
Charrière, 1989) or Gharb Basin (Rabaté, 1965, 1971; Tachet des Combes, 1967, 1971; Cirac,
1987; SOQUIP report, 1990; SCP/ERICO report, 1991), and therefore do not provide a complete
picture of the entire corridor. We referred to some of these local reconstructions to compile the
subsurface transects and the final maps.
The total thickness of the post-orogenic cover reaches up to 2500 m, both in wedge-top and
foredeep settings (e.g., Wernli, 1988; Flinch, 1993; Samaka et al., 1997; Sani et al., 2000, 2007).
This post-orogenic cover mostly consists of siliciclastic, marl-sandstone alternations called the “Blue
Marls or Blue Marl Formation” in recent literature (Benson et al., 1991; Hilgen et al., 2000; Sani et
al., 2007), and Marnes Bleues du Maroc, or Néogène post-nappes in earlier publications (e.g., Feinberg,
1986; Wernli, 1988). This clastic succession also includes, at limited locations, the products of
carbonate factories. These locations are the Gulf of Skoura (Fig. 5.3), in the SE part of the Saiss
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Table 5.1. Late Miocene bioevents used in this study and relative references for astronomically calibrated ages.
Event n.
(Fig 5.2)

Planktonic Foraminifer bioevents

Age
(Ma)

Atlantic

Mediterranean

1

s/d coiling change
Neogloboquadrina acostaensis

6.35

Sierro et al. 1993

Hilgen and Krijgsman 1999;
Sierro et al., 2001

2

Replacement G. menardii 5/
G. miotumida group

7.25

Sierro 1985; Sierro et al.
1993; Hilgen 2000

Sierro et al., 2001

3

s/d coiling G. scitula

7.28

Sierro 1985; Sierro et al.
1993; Hilgen 2000

Sierro et al., 1993

4

FCO Globorotalia menardii 5

7.35

Sierro 1985; Sierro et al.
1993; Hilgen 2000

Krijgsman et al., 1995;
Hilgen et al., 1995

5

LcO Globorotalia menardii 4

7.51

Sierro 1985; Sierro et al.
1993; Hilgen 2000

Krijgsman et al., 1995;
Hilgen et al., 1995

6

d/s coiling change Globorotalia
scitula group

7.58

Krijgsman et al., 1997;
Lourens et al., 2004

7

FO. G. suterae

7.8

Sprovieri et al., 1999

8

lowest common occurrence of S.
seminulina

7.92

Krijgsman et al., 1995;
Hilgen et al., 1995;
Lourens et al., 2004;
Husing et al., 2009a

9

onset dominant sinistral
neogloboquadrinids

7.928 Ma

Krijgsman et al., 1995;
Hilgen et al., 1995

10

FO G. extremus (Mediterranean)

8.37

Tropical Atlantic: 8.93 Ma
(Lourens et al., 2004)

Sprovieri et al., 1996, 1999

11

LO Globorotalia lenguaensis
(Mediterranean)

~ 8.37

Tropical Atlantic: 8.97 Ma
(Turco et al., 2002)

Foresi et al., 2001; F. Lirer, pers.
comm.

12

Top regular dextral N. acostaensis

9,51

Krijgsman et al., 1995;
Hilgen et al., 1995;
Lourens et al., 2004

13

FCO N. acostaensis

10,57

Hilgen et al., 1995;
Lourens et al., 2004

Basin, and the Melilla embayment, on the Mediterranean side of the corridor (Charrière and Saint
Martin, 1989; Saint Martin and Charrière, 1989; Saint Martin and Cornée, 1996). Between the
Melilla embayment and the Taza-Guercif Basin, the products of coeval volcanic activity are mixed
with the siliciclastic seaway deposits (Wernli, 1988).
Although the Rifian Corridor is commonly subdivided into a northern and a southern strand
and two distinct Mediterranean-Atlantic connections are envisaged (Chapter 1; Achalhi et al.,
2016), there are several patches of marine Blue Marl Formation that unconformably overlie the
intervening Prerif Nappe (Fig. 5.1) suggesting a wider seaway that may have linked, at times, these
two main strands (Chapter 2). Sedimentary thickness in these areas is limited by comparison to the
main depocentres which may either suggest deposition on submarine highs or additional erosion
due to subsequent uplift.
5.2.1

Linking the early and middle Miocene to the late Miocene configuration

An earlier (and supposedly wider) Mediterranean-Atlantic seaway existed from Cretaceous to
Middle Miocene as part of the Ligurian-Maghrebian Ocean (e.g., Jolivet et al., 2006; Do Couto
et al., 2016). Its sedimentary remnants were incorporated in the Rif thrust-systems (Chalouan et
al., 2008) during the orogenic phase that ceased in the late Tortonian creating the Betic-Rif arc
( Jolivet et al., 2006; Vergés and Fernàndez, 2012; Van Hinsbergen et al., 2014; Crespo-Blanc et
al., 2016; Do Couto et al., 2016). In Morocco, several lines of evidence suggest that the last pulse
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of Miocene nappe-stacking occurred during the middle-late Tortonian in a submerged foreland,
which gradually shifted south to south-westward as a result of flexure caused by the Prerif (=
Prerifaine) Nappe emplacement, the frontal part of the orogenic wedge (e.g., Suter, 1980; Feinberg,
1986; Flinch, 1993; Gomez et al., 2000; Zouhri et al., 2002; Sani et al., 2007; see also Chapter 2).
The submarine character of this event is deduced from the presence of Middle Miocene planktic
foraminiferal assemblages found in mudstones that are mixed with the Prerif Nappe (Leblanc,
1979; Feinberg, 1986). As a result of this orogenic phase, the sediments of the Early-Middle
Miocene seaway, where preserved, formed the substrate of the late Miocene Rifian Corridor as part
of the nappes or shallow marine clastic facies in foredeep position (Sani et al., 2007; Fig. 5.2B).
The seaway reached the present areas of the Southern Gharb, Saiss and Taza-Guercif basins as a
consequence of this flexural bending around 8 Ma (Bernini et al., 2000; Gelati et al., 2000; Gomez
et al., 2000; Zouhri et al., 2002; Sani et al., 2007), which is the age of the onset of undeformed,
post-orogenic sedimentation in most locations of the Rifian Corridor (Chapter 3; Krijgsman et
al., 1999b; Hilgen et al., 2000; Dayja et al., 2005; Achalhi et al., 2016; Fig. 5.2A, B). From 8 Ma
onwards the configuration of the Rif orogen did not change substantially (e.g., Krijgsman and
Garcés, 2004; Jolivet et al., 2006; Van Hinsbergen et al., 2014) since clastic marine sediments
were deposited both above the wedge-top basins (e.g., Taounate and the intramontane basins to
the north-east of it; Wernli, 1988; Samaka et al., 1997; Fig. 5.1) and in the foreland basins to the
south (the Gharb, Saiss, and Taza-Guercif basins; Werni, 1988; Krijgsman et al., 1999b; Dayja et
al., 2005; Sani et al., 2007; Fig. 5.1).

5.3

Methods

The data presented in this study is derived from field observations (along sections and regional) and
subsurface data (seismic profiles and boreholes). Surface data was obtained during field campaigns
carried out in December 2012; February and April 2013; January/February and September/
October 2014; May 2015 and January 2016. These data were correlated with internal reports on
the subsurface of the Gharb-Saiss basin (SOQUIP report, 1990; SCP/ERICO report, 1991) as
well internal reports on the analysis of multichannel seismic profiles and borehole data (obtained
courtesy of ONHYM).
5.3.1

Sections and palaeogeography

Fifty field sites and seven boreholes were studied across the area of the Rifian Corridor (Fig. 5.1
and relative subareas). Given the strong relationship between sedimentation and the mechanics and
development of orogenic forelands (e.g., Mutti et al., 2003), collection of data was oriented in such
a way to detect (i) the onset marine transgression in foredeep and associated wedge-top basins, (ii)
the stages of foreland basin subsidence, and (iii) the regressive stage of basin fill associated with
the transition to continental deposits after the cessation of thrust movements (e.g., Mutti et al.,
2003; Roure, 2008). In the Rifian Corridor, the Tortonian -Quaternary evolution of the foreland
basins was characterised by in initial phase of low-angle thrusting associated with the formation of
the foredeep and segmented wedge-top basins, followed by a regional transgression and, ultimately,
by a period of thick-skinned, out-of-sequence thrusting that has induced significant uplift, likely
associated with the regressive stage of complete basin fill (Chapter 2).
Our first priority was then to find continuous sections that record the stages of evolution of
the late Miocene seaway. These few continuous sections are mostly limited to the Taza-Guercif
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(Zobzit – Koudiat Zarga; Krijgsman et al., 1999b), Saiss (Moulay Yacoub and East Fes; Wernli,
1988 and Chapter 3 of this thesis, respectively), and Taounate basins (Wernli, 1988). Since most
of the surface sections are discontinuous and the successions poorly exposed, we integrated the
information from the few, continuous sections with the much more common limited exposures
present across the area of the Rifian Corridor in key palaeogeographic positions (Fig. 5.1). We
dated the marine sediments based on the presence or absence of key planktonic foraminifera
(Fig. 5.2A and Table 5.1), extracted information on environment and palaeo-depth of deposition
based on benthic assemblages, and, where possible, inferred direction of palaeoflow based on the
measurement of sedimentary structures in sandstones and conglomerates.
5.3.2

Age and palaeodepth estimation based on planktic and benthic foraminifera

To establish an improved age model and determine the basin evolution of the Rifian Corridor we
performed biostratigraphic analysis on many field sections. To cover the vast study area we made
use, for some of the sections, of the sets of samples collected for the regional geological maps
(Wernli, 1988) and stored at the Ministry of Geology in Rabat. New samples have been collected
in key sections (Fig. 5.1 and relative insets). A semi-quantitative analysis of the planktonic
foraminiferal marker species was carried out on the > 150µm size fraction of the washed residue.
Wernli (1988) analysed surface and subsurface data over a vast area of the Rifian Corridor and,
although the results are critical for understanding palaeogeography and implications for basins
connectivity, his biostratigraphic schemes could not be linked accurately to absolute ages because of
missing high-resolution biostratigraphy at that time. As a result, large part of the gateway sediments
are commonly assigned to an undifferentiated Tortonian-Messinian zone. We have therefore
applied the high-resolution astronomically calibrated planktonic foraminiferal biochronology
for the Mediterranean and the Atlantic side of the Mediterranean (Table 5.1). Astronomical
calibration of the Oued Akrech and Ain el Beida sections located on the Atlantic side of Morocco
(Fig. 5.1) showed that these events have exactly the same age as in the Mediterranean (Hilgen et
al., 2000; Krijgsman et al., 2004).
Table 5.1 shows the modern astrobiostratigraphic framework that allowed us to refine the age
of the Upper Miocene sediments, and Fig. 5.2 depicts the distribution of the key bioevents across
the domains of the Rifian Corridor. Based on the tectonic evolution of the area, we selected four
time intervals to make our palaeogeographic reconstructions of the Rifian Corridor: 1) the middle
Tortonian; 2) the late Tortonian; 3) the early Messinian and 4) the late Messinian. Each subdivision
in the palaeogeographic reconstruction is derived from a cluster of sediments in the field that
share the same biostratigraphic assemblage. These biostratigraphy based subdivisions also share the
same geological stage of foreland-basins mentioned above, i.e. (i) foredeep inception, (ii) infilling,
and (iii) closure. The four chronologic subdivisions are based on the age intervals encased in the
following bioevents:
Middle Tortonian: the lower boundary of this age interval is represented by event 13, the
First Common Occurrence (FCO) of Neogloboquadrina acostaensis at 10.57 Ma (Lourens et al.,
2004). The upper boundary is set by events 11 and 10. Event 11 is the Last Occurrence (LO)
of Globorotalia lenguaensis, which occurs at 8.37 Ma in the Mediterranean domain (Foresi et al.,
2001), but can occur earlier in the tropical Atlantic (8.97 Ma; Turco et al., 2002). Event 10 is set
at 8.37 Ma by the First Occurrence (FO) of Globigerinoides extremus in the Mediterranean domain
(Sprovieri et al., 1996; 1999; F. Lirer, pers. comm.), and also occurs earlier in the tropical Atlantic
(8.93 Ma; Lourens et al., 2004). This age interval is much less-constrained than those following
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event 10, partly due to the last pulse of thin-skinned tectonics which led to substantial basin
reconfiguration before 8 Ma (e.g., Crespo-Blanc et al., 2016). Consequently the Middle Tortonian
palaeogeographic map will represent an approximation of the pre-nappe configuration (including
partly the Middle Miocene) rather than an exact reconstruction of palaeoenvironments between
10.57 – 8.37 Ma.
Late Tortonian: this age interval post-dates the FO of G. extremus (event 10). The upper
boundary is set by the replacement of the Globorotalia menardii group by the Globorotalia
miotumida group at 7.25 Ma (event 2; Sierro, 1985; Sierro et al., 1993; Hilgen et al., 2000; Hilgen
et al., 2012). Besides G. extremus, other species or assemblages of species mark ages that are part
of this interval. Examples of these typical species are the following: Sphaeroidinellopsis seminulina
(event 8; Krijgsman et al., 1995; Hilgen et al., 1995; Lourens et al., 2004; Hüsing et al., 2009a);
Globorotalia suterae in the Mediterranean domain (event 7; Sprovieri et al., 1999; F. Lirer, pers.
comm.); Globorotalia menardii 4 (event 5; Sierro et al., 1993; Hilgen et al., 1995; Krijgsman et al.,
1995; Hilgen et al., 2000); Globorotalia menardii 5 (event 4; Sierro et al., 1993; Hilgen et al., 1995;
Krijgsman et al., 1995; Hilgen et al., 2000); predominantly sinistral N. acostaensis (event 9; Hilgen
et al., 1995; Krijgsman et al., 1995)
Early Messinian: this age interval post-dates event 2, the FCO of Globorotalia miotumida (7.25
Ma) and pre-dates the coiling change of N. acostaensis from predominantly sinistral to dextral forms
occurring at 6.35 Ma (event 1; Hilgen and Krijgsman, 1999; Sierro et al., 2001).
Late Messinian: this age interval spans between event 1 and the Mio-Pliocene boundary at
5.33 Ma (Lourens et al., 2004). Sediments belonging to this biochronostratigraphic zone are only
identified on the Atlantic side (e.g., Rabat sections; Krijgsman et al., 2004). More internal parts of
the corridor record continental deposition before event 1 (6.35 Ma) and therefore the dominant
palaeoenvironment for the late Messinian is inferred to be continental, possibly lacustrine or
alluvial. Because dating of the continental unit remains poorly constrained, our biostratigraphic
framework stops at the continental transition.
In addition, we studied the benthic assemblages from the washed residues to estimate depth and
palaeo-environment at time of deposition. Depth-distribution of groups of benthic foraminifera
known from literature can be applied (e.g., Schönfeld, 1997; Schönfeld, 2002; Pérez-Asensio et al.,
2012b). Although the slope profiles of the Rifian Corridor are likely to have been different from
the continental margins on which these estimates are based, the distinction between shelf and slope
type faunas is indicative of a shallower or deeper setting, respectively (see also the methodology part
in Chapter 3, for an overview of the factors influencing benthic assemblages in the Rifian Corridor).
In assemblages where both shelf- and slope-type species are present, we considered that the shallow
marine species (such as discorbids, Ammonia, Elphidium and Rosalina species: e.g., Rogerson et al.,
2011) were transported downslope. Unlike the planktic foraminifera that allow highly accurate
biostratigraphy, many species of benthic foraminifera remained morphologically similar throughout
the middle-late Miocene. Therefore, in each case we tested the planktic assemblage for possible
reworking from older Miocene units.
Figure 5.3 (right page) Detailed geological map of the Saiss Basin and the frontal part of the Orogenic wedge with location of major
fault systems and studied sections. The subdivision of the Neogene foredeep sediments is based on the results of the present study.
Colour legend with the pre-upper Miocene units is shown in Fig. 5.2. Buried canyon refers to the Upper Miocene and partly Pliocene
submarine incision-and-fill mapped with reflection seismic data and interpreted as a contourite moat in SCP/ERICO report, 1991.
Map location in Fig. 5.1.
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5.4

Basin lithofacies, stratigraphy and palaeoenvironments

We have subdivided the Rifian Corridor into five individual regions as follows. Three representing
the southern domain: i) Prerif Ridges and Saiss Basin, ii) Taza, iii) Taourirt-Oujda; the other
two characterising the northern strand: iv) Northern Gharb and v) Intramontane basins (Fig.
5.1). For each region we present a summary of the main basin evolution trends that are based on
lithofacies and inferred palaeoenvironment analyses from a total of 50 sections and sites. Details of
each individual section, including microfaunal assemblages, sedimentary facies, field pictures, data
analysis, and a short discussion on its significance for general palaeogeographic reconstructions, are
presented in the next chapter (supplementary material).
5.4.1

Prerif Ridges and Saiss Basin (Fig. 5.3)

The Saiss Basin contains middle Miocene to Messinian foreland deposits. Upper Miocene
sections in this area unconformably overlie either the frontal part of the orogenic wedge or the
African margin (Fig. 5.4). The onset of foreland clastic sedimentation started synchronously in
the late Tortonian, the maximum age of the individual sections being identified between 8.37 –
7.80 Ma (event 10 and 7, respectively; Table 5.1). However, a small number of locations records
sedimentation in the Middle Miocene (up to middle Tortonian) as shallow, mixed carbonatic
platform settings or in wedge-top basins (Bab Tisra, Karia ba Mohammed, Boudhilet; logs 1, 6, 7,
respectively; Fig. 5.4). Only at one location above the orogenic wedge (Haricha, log 14; Fig. 5.4),
foreland sedimentation starts later in the early Messinian, probably due to local structural control
(active thrusts) on accommodation space.
The key example of upper Tortonian foredeep transgression is Bab Tisra (point 1; Fig. 5.3).
This section is located in the Prerif Ridges area (Fig. 5.3) and records the transition from middle
Miocene – middle Tortonian shallow marine lithofacies to deep marine upper Tortonian marlstones
and siltstones (log 1; Fig. 5.4). Biostratigraphic analyses dates the uppermost marine marlstones
and siltstones at 8.37 – 8 Ma. This transgressive event is also recorded at the East Fes section (point
4; Figs. 5.3, 5.4), which is located in the axial foredeep area (set by the Rif nappe thrust front in
Fig. 5.3). At its base, clastic limestones with intervals of sandy marlstones and conglomerates
unconformably overlie the African margin. This basal sequence, first analysed by Wernli (1988), is
now biostratigraphically dated at a maximum age of 7.92 Ma; the sequence may therefore represent
an initial stage of carbonate platform development that was rapidly drowned. In more southern
areas of the Saiss Basin, different basal facies corresponding to this transgressive event are recorded,
namely marginal reefs (Gulf of Skoura; Point 15; Fig. 5.3) and shallow marine calcarenites
( Jenanat; log 10; Fig. 5.4).
From ca. 8 Ma onwards, Saiss Basin sedimentation is geographically characterised by
widespread deposition of “blue marls” (Figs. 5.3, 5.4). The North Saiss Basin, with the Ben Allou,
Moulay Yacoub and East Fes sections (logs 2 – 4; Fig. 5.4), and the isolated outcrops resting on
the orogenic wedge, namely Jebel Lemda and Beni Ammar (logs 8,9; Fig. 5.4), records upper-slope
deposition (water depths of 150-400 m) of marls on top of the frontal part of the orogenic wedge
and the African margin. The deepest environment of deposition based on benthic foraminifera is
recorded at Beni Ammar (600-800 m) which might represent an enclosed trough on top of the
orogenic wedge (Fig. 5.3). Literature data of the South Saiss Basin (Dayja, 2002) indicates a similar
depositional environment of upper bathyal (~150-400 m) facies at the southern margin ( Jenanat;
log 10; Fig. 5.4) and centre of the western Saiss Basin (Douyet core, point 17; Fig. 5.3). A roughly
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coeval (7.80 – 7.35 Ma) shoreface (0 – 50 m) facies is observed in the subunit U3 of the East Fes
section (Chapter 3; Figs. 5.3, 5.4).
The onset of along-slope bottom currents within the Saiss Basin during the late Tortonian is
limited to the northern margin (Fig. 5.3). West-directed cross-bedding and palaeocurrents derived
from the cross-stratified sandstones at Ben Allou and Jebel Lemda (7.80 – 7.51 Ma), Bir Tam Tam
(7.51 – 7.35 Ma) and East Fes (7.35 – 7.25 Ma) reflect a seaway – parallel sandy drift at depths of
150 – 400 m (Chapter 3).
Lithological changes suggest that from the Tortonian-Messinian boundary onwards, the Saiss
Basin underwent substantial reconfiguration. The Messinian in the North Saiss Basin is only
recorded at one location, Moulay Yacoub (log 3; Fig. 5.4), in which turbidites with provenance
from the north (Fig. 5.3) are intercalated with the Blue Marl Formation. In both the East Fes and
Jenanat sections (logs 4, 10; Fig. 5.4) Tortonian sedimentation stops at a level corresponding to
the boundary with the Messinian (characterised by the short coexistence of planktic foraminifera
G. menardii 5 and G. miotumida). The top of these two sections is truncated by an unconformity,
suggesting that uplift may have started at this time in both the northern and southern margin
of the Saiss Basin. Infralittoral deposits at the East Fes section (log 4; Figs. 5.3, 5.4) record the
palaeo-coastline during the late Tortonian (Chapter 3), reflecting the existence of emergent land
to the north and possibly the northeast of this location. This is further corroborated by the lack of
outcrops on top of the nappe complex to the north.
An event of uplift at the Tortonian-Messinian boundary is also in line with the observation
that isolated outcrops above the nappe do not record Messinian sedimentation (Fig. 5.4). Most of
the early Messinian marine deposition is limited to the South Saiss Basin and shows a shallowing
upward trend towards shelfal and near-shore facies (Madhouma and Ain Lorma sections, logs
11 and 12; Fig. 5.4). Furthermore, the Madhouma and Ain Lorma sections record the gradual
transition from marine to continental-lacustrine deposition. This transition is one of the main
subjects of interest in this palaeogeographic study as it indicates the age of closure of the marine
connection through the Saiss Basin. The Saiss lacustrine facies were previously reported to be
Pliocene in age (Wernli, 1988; Nachite et al., 2003; Bekkali and Nachite 2006). This Pliocene age
was based on the presence of G. crassaformis (Wernli, 1988; Dayja et al., 2005) in the transitional,
coastal – marine sandy deposits (Sables fauves sensu Wernli, 1988). This sandy coastal-marine unit is
widespread in the Saiss basin; it is found on top of the Messinian part of the Blue Marl Formation,
and below the transition to oncolithic freshwater limestone (Taltasse, 1953). We have not found
Pliocene species in this unit of the Saiss sections, neither G. crassaformis, nor other typical Pliocene
foraminifera. In contrast, our results indicate the marine-continental transition took place during
the biozone of G. miotumida in the early Messinian. This suggests that the uppermost sandy
coastal-marine deposits (sables fauves in Wernli, 1988; Boumir, 1990; Dayja et al., 2005) and most
likely also the continental-lacustrine unit above are early Messinian in age as well.
5.4.2

Taza and Guercif depocentres (Fig. 5.5)

The Taza depocentre is formally part of the Taza-Guercif Basin (e.g., Krijgsman et al., 1999b;
Gomez et al., 2000), but records a limited sequence due to its confinement by structural highs
(Bernini et al., 2000; Gomez et al., 2000). The depocentre extends westwards to the Taza Passage,
a narrow band of Upper Miocene sediments that forms the geographical divide between sediments
pertaining to the Saiss and the Taza-Guercif Basins (Figs. 5.1, 5.5A). Interestingly, today’s
geographical divide that separates the watersheds draining into the Mediterranean Sea and into the
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Atlantic Ocean is not in the Taza Passage, but located 30 km further east (white dotted line in Fig.
5.5A), suggesting that later uplift reorganised the drainage network.
In the Taza Passage, the onset of clastic sedimentation is recorded at Col Touahar and Bouhlou
(points 19, 20; Fig. 5.5). Conglomerates and sandstones with broadly north-directed palaeocurrents
inferred from channels unconformably overlie the Paleozoic units of the African margin (Fig. 5.5).
At Bouhlou (Fig. 5.5), cross-stratified sandstones are interpreted as products of delta-dominated
sand-lobes, occurring in the late Tortonian, between 8.37 – 7.51 Ma.
In the Taza depocentre s.s., the Blue Marl Formation mainly consists of marlstone with
rare sandy intercalations (point 21; Fig. 5.5). The microfaunal assemblages contained in these
marlstones suggest that marine deposition occurred between 8.37 Ma and 7.51 Ma in an outer
shelf environment. Messinian deposition is absent at this location.
The onset of foredeep deposition is also recorded on the Masgout Massif (Fig. 5.5) in the
northeast, which is a northern prolongation of the Middle Atlas. At the contact with the Jurassic,
the overlying trangressive facies here consists of calcarenites and sandstones (Ouled Bourima
section, log 22; Fig. 5.5). This part of the basin reaches up to upper bathyal depths during the late
Tortonian (8.37 – 7.51 Ma). Further north, the Ain Zohra section (8.37 – 7.51 Ma, point 23; Fig.
5.5) contains turbidite deposits, recording turbidity currents in outer shelf environments, based on
benthic foraminifera. Palaeocurrent patterns from the Ain Zohra section indicate a NE-directed
flow, which is roughly parallel to the local orientation of the Rif nappe front, and suggests that
deeper areas of the foredeep existed north of this location (Figs. 5.1, 5.5A).
The AKL-101 core (point 24; Fig. 5.5) contains a ~1000 m thick sequence of Neogene
sediments unconformably overlying the African margin. Presented as undistinguished Neogene in
a subsurface cross-section in Gomez et al. (2000), its upper ~300 m have been refined with modern
biostratigraphy by Barhoun (2002) and are now constrained between 7.58 and 7.51 Ma. The upper
part is overlain by a 50 m thick slump comprising allochtonous material from the Prerif Nappe of
the Orogenic Wedge (log 24; Fig. 5.5B).
The basal trangressive facies in the Taza Passage reflect the onset of foredeep deposition due
to the flexural loading caused by thrust-system reaching the area of the Taza Passage (Fig. 5.5),
whereas the allochtonous material overlying late Tortonian sedimentation in the AKL-101 core
may reflect a later tectonic pulse during foreland basin infilling. The transition from marine
to continental deposits is not continuous in Taza area, and, where present, it shows an erosional
unconformity separating marine marls of upper slope water depth (300-500 m) and fluvial
sandstone and conglomerate (point/log 22; Fig. 5.5).
The Taza region does not record any Messinian deposition, as observed in the neighbouring
Guercif Basin (Krijgsman et al., 1999b; Gomez et al., 2000). In Guercif, the basal transgressive unit
consists of shallow marine sandstones and mudstones, which are found transgressively overlying the
Jurassic basement of the Middle Atlas. The sandstones gradually pass into a thick succession of the
classical `Blue Marls’ showing a cyclic alternation of marls and sandy turbidites with current marks
indicative of transport to the north (Bernini et al., 1994; Krijgsman and Langereis, 2000). The upper
part of the blue marls is early Messinian in age and contains thick yellow sandy intervals which pass
via a number of Ostrea-bearing beds into near-shore and continental sediments (Krijgsman et al.,
1999b). The marine deposits along the Zobzit River are biostratigraphically dated to comprise the
interval between 8.0 and 6.8 Ma, the continental sediments are considered to be late Messinian and
Pliocene in age (Krijgsman et al., 1999b). Neodymium isotope reconstructions of Zobzit samples
indicate Mediterranean signals for the Tortonian part of the section, changing towards more
Atlantic values in the early Messinian (Ivanović et al., 2013a). This change in neodymium may be
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related to restriction or closure of the marine connection to the Mediterranean, east of the TazaGuercif area.
5.4.3

Taourirt – Oujda (Fig. 5.6)

The depocentres of Taourirt, Hassi-Berkane and Oujda contain Upper Miocene clastic deposits
unconformably overlying Jurassic units of the African margin (Wernli, 1988). This area was
targeted to better constrain the age of the connections between the Taza-Guercif Basin and the
Mediterranean (Fig. 5.1).
In outcrops south of Hassi Berkane, the marly units, previously mapped as upper Tortonian
(Suter, 1980), are middle Tortonian (10.57 – 8.37 Ma) in age (point 25, 26; Fig. 5.6). They are
composed of marlstone with local intercalations of sandstones deposited at upper bathyal depths.
The middle Tortonian age of these deposits shows that the transgression in the Taourirt – Oujda
area is older than in Saiss and Taza-Guercif.
The Taourirt depocentre (points 29, 30; Fig. 5.6) shows upper Tortonian (7.80 – 7.35 Ma)
marlstones with rare intercalations of sandstone and indurated layers, revealing outer shelf depths
(100-200 m). The top of the marine sequence grades into lagoonal deposition represented by
white chalk, coal-rich layers, and marls poor in microfaunal content. We interpret the Taourirt
depocentre as an embayment of the Taza-Guercif Basin that gradually shallowed and became
restricted before the Messinian. The closure of the connection between the Taourirt depocentre and
the Mediterranean is inferred to have occurred close to the Tortonian-Messinian boundary, in line
with the coeval phase of uplift affecting the Taza and Guercif depocentres (Krijgsman et al., 1999b;
Gomez et al., 2000).
In the Hassi-Berkane area, the upper Tortonian marlstones with tuff-intercalations as pointed
out by Wernli (1988) were difficult to find because of poor exposures. Wernli (1988) reported the
presence of G. suterae and the absence of G. conomiozea in these deposits; an assemblage which
could correlate to the late Tortonian age interval between 7.80 – 7.25 Ma.
The Beni Oulik and Angad cores in the Oujda area (points 32, 33; Fig. 5.6) contain marlstones
that increase in siliciclastic input towards the top. Biostratigraphic analyses carried out by Wernli
(1988) and correlated to modern calibrated ages (see discussion at point S.3.5 of Supplementary
Material) indicate that this sequence also has a late Tortonian age of 7.80 – 7.25 Ma. It suggests
that a shallow embayment existed in this region, marked by shallow depths at the Beni Oulik core.
The inferred extension of the Blue Marl Formation in the Taourirt-Oujda area is limited to the
western part of the basin (e.g., Werni, 1988; Fig. 5.6A).
The Oujda Passage was previously put forward as a major connection of the Rifian Corridor to
the Mediterranean (e.g., see Fig. 1.6, Chapter 1). However, we show that the ~30 km long Oujda
Passage only records continental deposits, both in the surface (Fig. 5.6A) and the subsurface (El
Aioun core, log 31; Fig. 5.6B).
5.4.4

Northern Gharb (Fig. 5.7)

The Northern Gharb area was targeted to better constrain the western mouth of the North Rifian
Corridor (Fig. 5.1) and to detect potential bottom-current or sediment transport pathways. This
area is broadly subdivided in an upper Tortonian northeastern part and a Messinian southwestern
part. All units unconformably overlie the Prerif nappes of the orogenic wedge, although it remains
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unclear exactly what part of the Messinian unit overlies the wedge and what part covers a limited
and buried sequence of upper Tortonian.
The Had Kourt depocentre represents the northern margin of the Gharb Basin, and its structure
at depth has revealed a wedge-top basin reaching up to 2000 m in thickness (Fig. 2.6, Chapter 2).
The basal units are shallow marine calcarenites that crop out along an E-W transpressive fault trend
which forms the Jebel Kourt and Bibane ridges (Fig. 5.7A). These basal Tortonian units are not
directly analysed in this study and we partly rely on the dating of internal reports for their age
(SCP/ERICO report, 1991).
The northern and predominantly Tortonian part of this area, with the El Sila and Mzefroun
sections (points 37, 39; Fig. 5.7), records near-shore to lagoonal deposition during the upper
Tortonian (8.37 – 7.25 Ma). The coeval Moulay Abdelkrim section (point 38; Fig. 5.7) consists
of cross-bedded sandstones and massive calcarenites indicating east-directed transport and
deposition at shelf-depths. These deposits may be the product of ebb-tidal or geostrophic bottomcurrents flowing eastwards into the Rifian Corridor. Accurate age-control was limited by the
high percentage of reworked species, but a Tortonian age is preferred as the marker species of the
Messinian (i.e. G. miotumida) was not found.
The Messinian units (7.25 – 6.35 Ma) of the region consist of marlstone, and silty marlstone
with variable sandstone intercalations. At Jebel Dahl and Jebel Bibane (points 34, 36, respectively;
Fig. 5.7) the sandstone and marlstones intercalations are interpreted as the product of a turbidite
fan at relatively shallow depth in the foreland basin (outer shelf ). Palaeocurrent reconstructions
in the turbidites (points 34, 36; Fig. 5.7) indicate a predominant west-directed transport; possible
evidence for reworking by bottom-currents in these turbidites is indicated by minor north- and
east-directed palaeoflow indicators (e.g., dip direction of cross-laminae in turbidite beds). Deeper
areas of the slope-apron may be those resulting in the deposition of the NRT-2 core (point 35;
Fig. 5.7), which consists of ~1000 m of mostly marlstone with very few sandstone intercalations
deposited between 7.25 – 6.35 Ma (Barhoun, 2002).
Given the shelfal to coastal marine character of the Tortonian deposits found in the northern
margin of the Gharb Basin (points 37-39; Fig. 5.7) and the lack of deposits of Messinian age
thereby, this area may have uplifted and emerged during the late Tortonian, as suggested by coeval
syndepositional out of sequence thrusting by the Had Kourt ridge (Chapter 2).
In contrast, substantial extension in the Gharb Basin has been reported in several studies
(SOQUIP report, 1990; SCP/ERICO report, 1991; Flinch, 1993; Zouhri et al., 2002) to explain
listric normal faults in the Tortonian – Messinian sequences (Fig. 5.7A). A possibility is that the
phase of orogenic exhumation creating uplift and transpressional trends in the Had Kourt – Bibane
line (Fig. 5.7A) was associated with comparable subsidence in the more frontal areas of the Rif
nappes to the south, leading to creation of accommodation space that recorded up to 1.5 km of
Messinian deposition in the Gharb Basin. In addition, the process of south-directed extension in
the Messinian Gharb (Fig. 5.7A) might have produced footwall uplift in the Northern Gharb, thus
contributing to the shallowing of this area.
Figure 5.9 (right page) Longitudinal cross-sections illustrating the east to west architecture of the Rifian Corridor in the south
(a) and north (b) arms. Palaeo-sills and basins during deposition are constrained by the lateral variation of thicknesses, and the
relationship between internal strata and basin margins. The inset map depicts the approximate location of the cross-sections. Additional
references for each basin: Vidal, 1979 (Dhar Souk); SCP/ERICO report, 1991 (Gharb-Oued Beth); Samaka et al., 1997 (Northern
Gharb, Tafrant, Taounate); Gomez et al., 2000 (Taza-Guercif ); Sani et al., 2000 (Guercif ); Azdimousa et al., 2006 (Boudinar); Sani et
al., 2007 (Saiss); Achalhi et al., 2016 (Arbaa Taourirt, Boudinar).
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5.4.5

Intramontane Basins (North Rifian Corridor; Fig. 5.8)

The Intramontane Basins are a series of interconnected wedge-top basins represented by synformal
infills (e.g., Wernli, 1988; Samaka et al., 1997; Achalhi et al., 2016, Tulbure et al., in prep.) that
together formed the northern strand of the Rifian Corridor. All basins show a similar coarse basal
unit consisting of alternations of marlstones, conglomerates and pebbly sandstones. The basal unit
is typically overlain by blue marlstones with irregularly spaced sandy intercalations. The marlstones
of these basins are characterised by a late Tortonian assemblage (7.92 – 7.51 Ma), except the Bou
Haddi depocentre that records also sediments of the time interval 7.51 – 7.35 Ma (point 42, 43;
Fig. 5.8).
The thickness of the late Tortonian “Blue Marl” successions of the Intramontane Basins varies
between 70 – 100 m at Arbaa Taourirt and Boured (points 46-48; Fig. 5.8) and exceed 1000 m
at Taounate and Dhar Souk (points 41, 44; Fig. 5.8). The top of the marlstones are commonly
truncated by erosional unconformities, except at Taounate (point 41; Fig. 5.8), that records a
transition from marine to continental deposition, and Arbaa Taourirt, that records a transition to
a shallow marine sandstone and conglomerate unit with northwest-directed palaeo-flow indicators
(Achalhi et al., 2016; Fig. 5.8A).
The relative transport directions of palaeoflow indicators constrained in sandstones and
conglomerate lobes suggest the area between the Arbaa Taourirt and Boured sections formed a
palaeo-sill (Fig. 5.8A) dividing areas with southwest- and northeast-directed axial drainage. The
conglomerate and sandstone lobes in the Taounate, Dhar Souk, Sidi Ali Ben Daoud, and Boured
sections (Fig. 5.8) provide sedimentological evidence of river-dominated submarine fan-deltas and
proximal coarse turbidites, which are well-known from foreland settings (e.g., Mutti et al., 2003).
The intercalated marlstones contain microfaunal assemblages typical of prodelta mud-belts (e.g.,
Valvulineria bradyana; Amorosi et al., 2013; Goineau et al., 2015).
The benthic foraminiferal assemblages indicate that depositional environments are generally
characterised by depth ranges of 100-250 m, except the Arbaa Taourirt marlstones showing slightly
deeper (150-300 m water depth) environments at the base, shallowing upwards to 100-200 m
water depth at the top. The transition from shallow marine to continental deposition as recorded
at Taounate took place without apparent unconformities or changes in beds-orientation. Given
the age of the marine marlstone between 7.92 – 7.35 Ma and their very high sedimentation rate
(minimum rates of 175 – 244 cm yr-1) we propose that it is highly unlikely that marls deposition has
continued far into the Messinian (Tulbure et al., in preparation). The marine-continental transition
at the top of the Taounate section likely records the age of the closure of the North Rifian Corridor,
which is estimated to have occurred between 7.35 Ma and the Tortonian-Messinian boundary.

Figure 5.10 (right page) Transverse cross-sections illustrating the north to south architecture of the Rifian Corridor in the Had
Kourt–Gharb–Mamora transect (a), Bou Haddi–satellite outcrops–Saiss transect (b), Boured–Taza transect (c). (d) illustrates the
architecture of the Taza-Guercif Basin and its relationship with the structural high of Masgout. The insets depict the approximate
location of the cross-sections. Additional references for each section: (C-C’) Soquip report, 1990; SCP/ERICO report, 1991; Zouhri et
al., 2002, 2004; Chapter 2 of this thesis; (D-D’) Samaka et al., 1997; Sani et al., 2007; Chapter 2 of this thesis. (E-E’) Leblanc, 1978a;
Leblanc, 1978b; (F-F’) Gomez et al., 2000; Sani et al., 2000.
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5.5

Cross-sections derived from subsurface data (Figs. 5.9, 5.10)

Two longitudinal (Fig. 5.9) and four transversal (Fig. 5.10) cross-sections have been constructed
to depict the subsurface geometry of the Rifian Corridor. These reconstructions rely on our seismic
interpretations (e.g., TAO lines in Fig. S5.6, Supplementary Material; Had Kourt line in Fig. 2.6,
Chapter 2), previous unpublished reports for oil-exploration (e.g., SOQUIP report, 1990; SCP/
ERICO report, 1991), regional geological maps (e.g., Leblanc, 1978a, b; Vidal, 1979a, b) and
published seismic data (e.g., Samaka et al., 1997; Gomez et al., 2000; Sani et al., 2000, 2007).
The cross-sections show that most of the sedimentation occurred in depocentres separated
by shallow sills (i.e. structural high, horst). This geometry of basin-and-sill is observed both in
longitudinal (Fig. 5.9) and transversal (Fig. 5.10) cross-sections. Especially in the Intramontane
Basins and the frontal part of the Saiss Basin (section D-D’; Fig. 5.10), tectonic uplift postdating
deposition is evident from the geometry of strata. Basin margins with tilted strata indicate tectonic
uplift along high-angle faults, postdating the deposition of the Upper Miocene units. Consequently
we infer the following sills limiting depocentres and palaeoflow in the Rifian Corridor:
•
•
•

•
•
•

South Rifian cross-section (A-A’; Fig. 5.9)
Oued (=River) Beth sill, consisting of an uplifted area since the late Tortonian (based on the
onlap of strata on the sill), controlled by the uplift along inherited structures as the Ain Lorma
and Sidi Fili faults (Fig. 5.3);
Taza sill, consisting of two overspill geometries located between the Msoun arch and the Col
Touahar;
Hassi Berkane sill, northern limit of the Taza-Guercif basin, whose age and geometry remains
poorly constrained. If we rule out the Oujda Passage, this area must have been a key strait for
the connection of the South Rifian corridor to the Mediterranean.
North Rifian cross-section (B-B’; Fig. 5.9)
Ouerrha sill, located between the intramontane basin of Tafrant and the Had Kourt basin open
towards the Atlantic (Figs. 5.7A, 5.8A);
Taounate sill/ridge, controlling connectivity between the Taounate basin and the more internal
Bou Haddi and Dhar Souk basins connecting to the Mediterranean via Boured and Arbaa
Taourirt (Fig. 5.8A);
Boured sill, separating west-directed and east-directed sediment transport (Fig. 5.8A).

Figure 5.11 (right page) Palaeogeography and sedimentary environments reconstruction for the Rifian Corridor during the middle
(a) and late (b) Tortonian with location of the tectonic elements controlling basins evolution. Relative sense of plate motions after do
Couto et al., 2016; the relative position of Africa respect to fixed Iberia is derived from software GPlates and is shown schematically
with the offset of present-day Moroccan coastline. (a) represents an approximate reconstruction of the last phase of thin-skinned
tectonics between 11–8.37 Ma. The locations of the thrust-systems boundaries are based on the Gibraltar Arc restoration map at ca. 9
Ma presented in Crespo-Blanc et al., 2016. (b) Rifian Corridor palaeogeography during the late Tortonian (8.37–7.25 Ma). Control
points in numbers are those in Figs. 5.3–5.8 and discussed in the text. Control points based on literature are derived as follows. A:
Rabat sections. Barbieri and Ori, 2000; Hilgen et al., 2000; Krijgsman et al., 2004. B: MSD1 core, Dayja, 2002; Dayja et al., 2005;
Barhoun and Bachiri Taoufiq, 2008. C: Zobzit–Koudiat Zarga sections, Krijgsman et al., 1999b. D: South Gareb, Hervouet, 1985.
Faults: ALF=Ain Lorma Fault; SFF=Sidi Fili Fault; TTF= Tizi n’ Trettene Fault, NMAF=North Middle Atlas Fault; MAF=Middle
Atlas Fault; NF=Nekor Fault; JF=Jebha Fault.
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5.6

Palaeogeographic evolution

5.6.1

Middle Tortonian (Fig. 5.11A)

The ~500 km wide oceanic corridor between Africa and Iberia underwent a gradual reconfiguration
throughout the middle and late Miocene ( Jolivet et al., 2006; Van Hinsbergen et al., 2014; Do
Couto et al., 2016). Due to the coeval formation of the Betic-Rif thrust-systems (e.g., Platt et al.,
2003) driven by high rates of westward convergence of the Alborán microplate (e.g., Vergés and
Fernàndez, 2012; Van Hinsbergen et al., 2014), the palaeogeography of the Rifian Corridor was
strongly controlled by thin-skinned tectonic processes during the early-middle Tortonian. At that
time, the Alborán domain and the African Plate were located at least ~100 km to the east ~72 km
to the southwest, respectively, in comparison with the post-8 Ma configurations (Van Hinsbergen
et al., 2014; Crespo-Blanc et al., 2016). As a result, ongoing thin-skinned tectonics controlled the
migration of thrust barriers and associated depocentres (e.g., SCP/ERICO report, 1991; Morley,
1992).
Consequently, the structural boundaries of the Rif were located further east-northeast as
fault propagation in the foreland shifted the location of thrust-top basins. Given such segmented
foreland, the basin drainage was likely to follow mostly axial directions, via intersection of the
thrust-fronts and associated monoclinal growth folds. The intersection between the accretionary
wedge and the passive margin formed a deep trench and several wedge-top or intra-arc basins were
likely to be submerged in the accretionary wedge (Fig. 5.11A).
This configuration led to the deposition of early to middle Tortonian deep-water sandy and
clayey sediments that were later incorporated in the thrust-systems (Feinberg, 1986; Morley, 1992;
Platt et al., 2003; Chalouan et al., 2008). Some exceptions are the para-autochthonous satellite
basins of Karia ba Mohammed, Boudhilet (points 6, 7; Fig. 5.3) and Msila (point 49; Fig. 5.8)
which may have recorded deposition on the moving wedge. The southern, marginal equivalents of
these wedge-top basins were located in a foreland position on the African margin: examples from
this study are the older Miocene units of Bab Tisra (point 1; Fig. 5.3), and the middle Tortonian at
the Hassi Berkane composite section (points 25, 26; Fig. 5.6).
5.6.2

Late Tortonian (Fig. 5.11B)

During the late Tortonian, between 8.37 – 7.92 Ma, the Prerif nappe – thrusts was emplaced in
the present day areas of the Saiss and Gharb basins causing flexure of the marginal foreland. The
thrust-system was capped by sediments, documenting that thin-skinned tectonic processes had
ceased by that time (e.g., Platt et al., 2003; Chapter 2). The flexural loading of the passive African
lithosphere generated open marine conditions in large areas of the Mamora, Saiss, and TazaGuercif basins. This deepening-upward succession is recorded at Bab Tisra (point 1; Figs. 5.3, 5.4)
and coincides with the late Tortonian transgression observed in the marginal areas of the South
Figure 5.12 (right page) Palaeogeographic evolution and sedimentary environments reconstructions for the Rifian Corridor during
the Messinian with location of the tectonic and orogenic elements controlling basins evolution. For faults name see Fig. 5.11. (a)
illustrates the palaeogeography between 7.25 until 7 ± 0.1 Ma, which is the inferred age of closure of the last, southern arm of the
Rifian Corridor. (b) Approximate reconstruction of the Rif foreland palaeogeography and sedimentary environments after the
transition from marine to continental deposition. Relative sense of plate motion for the Messinian is based on Jolivet et al., 2006.
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Rifian Corridor: the Rabat, Jenanat, Zobzit sections of the Mamora, Saiss, Taza-Guercif basins,
respectively (Krijgsman et al., 1999b; Hilgen et al., 2000; Dayja et al., 2005).
In the intramontane basins, coarse basal sequences are recorded in the basin margins, later
uplifted by out of sequence tectonics (points 41-46; Figs. 5.8, 5.9, 5.10). The North Rifian Corridor
developed as a series of interconnected basins limited by thrust fronts and with mostly axial
basin drainage, whereas the South Rifian Corridor combined transversal turbidity currents with
longitudinal, along-slope bottom-current transport paths (Chapter 3).
Basin evolution and tectonic control on connectivity are documented by major differences in
individual basin stratigraphy and sediment accumulation rates (Fig. 5.9, 5.10). Palaeoflow in the
South Rifian Corridor was controlled by structural highs at key locations, namely the River Beth
Sill, the Hassi Berkane and Taza Passages. Similarly, in the North Rifian Corridor most of the
sediments accumulated in the main depocentres of Had Kourt, Tafrant, Taounate, Dhar Souk;
shallow cross-over zones along the major thrust fronts allowed the basins to be linked along-strike.
Steep faulted basin margins lead to the formation of talus cones, alluvial and submarine fans.
The location of steep-faulted structural highs was the most important factor controlling the
distribution of upper Tortonian sediments. The Middle Atlas fault in the Taza-Guercif Basin (Fig.
5.5A), the Tizi n’ Trettene and North Middle Atlas faults in the Saiss Basin (Fig. 5.3), Mount Bou
Draa (see Sani et al., 2007 for structure at depth; Fig. 5.3), and the Sidi Fili fault (Fig. 5.3) between
the Gharb and Saiss basins particularly contributed to the formation of structural highs that may
have exerted control on bottom-current flow.
The accretionary slope of the orogenic wedge probably formed a barely emergent archipelago
along thrust-fronts, and hosted several intra-slope depocentres that were controlled by active or
fossilised thrust surfaces (Fig. 5.11B). The submerged part is documented by satellite outcrops that
record northeast-directed along-slope currents (e.g., Ben Allou and Jebel Lemda, points 2 and 8,
respectively; Fig. 5.3). The emerged part is indirectly evidenced by near-shore deposits at East Fes
(point 4; Fig. 5.3), the direction of turbidity currents inferred from palaeoflow indicators at Ain
Zhora in the south (point 23; Fig. 5.5) and Sidi Ali Ben Daoud in the north (point 45; Fig. 5.8).
5.6.3

Early Messinian (Fig. 5.12A)

During the Messinian, deformation of the Rif foreland recorded a change in tectonic regime
consisting in a relative strengthening of the convergence between Africa and Iberia (e.g., Morel,
1989; Frizon de Lamotte et al., 1991; Jolivet et al., 2006; Chapter 2). This tectonic phase, different
in nature from the thin-skinned tectonics that created the arc, reactivated the steep faults of the
African lithosphere (Gomez et al., 2000; Sani et al., 2000, 2007; Chapter 2) causing localised
uplift during the late Tortonian-early Messinian, which further restricted the Rifian Corridor to
depocentres limited by shallow sills.
Seismic evidence of steep faults restricting basin sedimentation in the Taounate area (transition
from U2 to U3 in Fig. S5.6, Supplementary material) indicates that the North Rifian Corridor
shallowed and closed as a result of this phase in the latest Tortonian. We cannot completely rule out
that sedimentation continued for a brief time in the Messinian, and subsequently got eroded away,
but the high sedimentation rates in the North Rifian Corridor basins make this option arguably
very unlikely. Messinian deposition is lacking in all its depocentres, and two areas (Dhar Souk and
Arbaa Taourirt; Fig. 5.8) show shallowing trends already starting in the late Tortonian. One area of
localised uplift may have been the Taounate Ridge/Sill, as suggested by the tectonic tilt of the layers
against its southern margin (Figs. 5.9, 5.10, S.5.6). The Taounate Sill must have been an important
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cross-over between the more internal areas of the North Rifian Corridor and the Gharb Basin to
the west.
There is no section with Messinian deposition on the accretionary slope of the orogenic wedge
and no palaeocurrents indicate a possible connection across the Prerif nappes. Hence, we speculate
that in the early Messinian, the central part of the Rifian Corridor (between the North and South
strands) was emerged land, forcing the Mediterranean-Atlantic water exchange through the South
Rifian Corridor. In the western part of this emerged land, turbidite deposition occurred in Haricha,
at shelf-edge depths with predominantly west-directed transport (point 14, Figs. 5.3, 5.12A).
During the early Messinian, marine deposition only occurred in the deepest troughs of
the South Rifian Corridor: the Guercif, Saiss and Gharb depocentres. The Guercif depocentre
reveals palaeoenvironments of deposition equivalent to mid-shelf (50-150 m; Krijgsman et al.,
1999b; Dayja, 2002); the Saiss depocentre still records marine deposition in its southern sections
with similar depth ranges (Fig. 5.12A). In the Saiss Basin, congruent events suggesting uplift
are recorded at Moulay Yacoub, with onset of turbidite deposition, and at East Fes, with onset of
contourite deposition due to a strengthening of the bottom currents possibly reflecting restriction at
the Taza sill (Chapter 3).
The basal part of the Ain Lorma section contains the deepest palaeoenvironment of the lower
Messinian sequence, with marlstones reflecting outer shelf to upper slope depths. This sequence
grades upwards to shelfal and coastal marine sedimentation that, at its top, records the process of
closure with palaeosols and lagoonal to lacustrine carbonate-rich deposition.
Given the continuous nature of the transition from shallow marine to continental deposition
in most locations of the South Rifian Corridor, we could calculate an estimated time of the closure
based on interpolation of sedimentation rates. These rates are calculated using events 3 and 2 (Table
5.1); the thickness of marine sediments overlying event 2 and overlain by lacustrine units is then
divided by the calculated rate for each of the four successions. Each location shows closure ages as
follows.
•
•
•
•

Moulay Yacoub (log 3; Fig. 5.4): rate of 56 cm ky-1, leading to an age of closure of 6.96 Ma;
Douyet core (point 17, Fig. 5.12A; Dayja et al., 2005; Barhoun and Bachiri Taoufiq, 2008): rate
of 260 cm ky-1, leading to an age of closure of 7.12 Ma;
MSD1 core (point B, Fig. 5.12A): rate of 180 cm ky-1, leading to an age of closure of 6.93 Ma.
Zobzit – Koudiat Zarga section: (point C, Fig. 5.12A; Krijgsman et al., 1999b): rate of 220 cm
ky-1, leading to an age of closure of 6.91 Ma.

These calculated ages are quite consistent and show that the age of closure of the Rifian
Corridor can be confidently constrained at 7.1 – 6.9 Ma, the Mediterranean – Atlantic connection
being completely shut and uplifted. This implies that the age of the continental-lacustrine
sediments in the Saiss and the Guercif Basins are Messinian in age, starting from approximately 7.1
– 6.9 Ma. Our early Messinian palaeogeographic reconstruction shown in Fig. 5.12A is therefore
only valid for the time interval between 7.25 and 7.1 – 6.9 Ma. After the closure at 7.1 – 6.9 Ma,
the palaeogeography changed to that of the late Messinian (Fig. 5.12B).
5.6.4

Late Messinian (Fig. 5.12B)

Marine sediments pertaining to this age interval are only preserved on the Atlantic and
Mediterranean side of the corridor, suggesting that marine deposition continued in the Gharb and
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Boudinar-Melilla basins as embayments of the Atlantic and the Mediterranean, respectively (Fig.
5.1, 5.12B; Krijgsman et al., 2004; Van Assen et al., 2006; Cornée et al., 2016).
During the late Messinian, the main deformation process driving basin evolution is AfricaIberia convergence, concentrating uplift in the areas that were previously the structural highs of the
Rifian Corridor; namely at the structural highs displayed in the cross – sections (Figs. 5.9, 5.10).
During the late Messinian continental deposition was limited to scattered lake areas bounded by
topographic highs. Continental-lacustrine sections that were previously regarded as Pliocene (e.g.,
Wernli, 1988; Boumir, 1990; Nachite et al., 2003; Bekkali and Nachite, 2006) may be Messinian in
age since they conformably follow the early Messinian marine deposits.
The inherited basin and sill geometry of the Rifian Corridor during the late Messinian
generated thick deposits of lacustrine oncolithic limestones that cover great part of the Saiss Basin
(Taltasse, 1953), and thick lacustrine-continental successions in the Guercif Basin (Wernli, 1988;
Krijgsman and Langereis, 2000). Hence, we infer a Messinian phase of positive fresh-water budget
that supplied these former corridor basins with carbonate-rich waters from the Mesozoic units of
the Middle Atlas (Wernli, 1988; Nachite et al., 2003; Pratt et al., 2016). The palaeoflow direction of
the few outcrops of riverine units where palaeocurrents were measured (X-FC in point 13, Fig. 5.3;
and point 22, Fig. 5.5) is consistent with what is observed today in the Saiss and Taza depocentres
(modern rivers in Figs. 5.3 and 5.5A, respectively). In conclusion, uncertainties concerning the age
of these continental deposits are due to the poor biostratigraphic control and further research will
be required to verify the age of the lacustrine formations.

5.7

The Messinian gateway problem

Our field results imply that the connection through Morocco did not contribute to the transport of
salty water into the Mediterranean during the Messinian Salinity Crisis. As the seaways through
Spain are interpreted to close in the early Messinian as well (Martín et al., 2001) or even before the
Tortonian – Messinian boundary according to recent biostratigraphic data (Van den Berg, 2016;
Van der Schee, 2016; Van den Berg and van der Schee, in prep.), we conclude that neither Morocco
nor Spain records the location of the connection that supplied Atlantic water to the Mediterranean
during the primary lower gypsum (PLG) and the halite stages of the MSC. Where was then the
missing Messinian gateway?
Modelling studies (e.g., Krijgsman and Meijer, 2008) have shown that anti-estuarine water
exchange is crucial during the PLG in order to sustain Mediterranean basin salinities close to
gypsum deposition. Simon and Meijer (2015) indicated that Atlantic-Mediterranean exchange
during the PLG was approximately 25-10% of the present-day value at the Strait of Gibraltar.
Their correlation of exchange flux to gateway dimensions indicates that the gateway present prior to
a potential disconnection from the Atlantic must have been relatively small (of the order of width
~2-5km and depth ~20-10 m, if length is taken to be short (~25-50 km). However, longer gateway
length may increase this cross-sectional area due to friction (Simon and Meijer, 2015). Given the
longer (43-60 km) morphology of the Strait of Gibraltar at depth (-100 m isobaths; Blanc, 2002),
a possible but largely unexplored option is the region of the modern Mediterranean-Atlantic
connection.
The area of the Gibraltar Straits lacks clear evidence for crustal extension as a driving
mechanism for its Pliocene opening; consequently erosional processes are preferred (see review in
Loget and Van Den Driessche, 2006). However, the Messinian Gibraltar Straits area was likely to
be influenced by the evolution of the contiguous Western Alborán Basin, which is thought to record
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the constant load of the Gibraltar slab throughout the Miocene (Do Couto et al., 2016). During
the Tortonian, the Western Alborán Basin documented partial inversions and transpressional
structures accompanied by localised subsidence (Comas et al., 1999; Do Couto et al., 2016). Models
showed (Govers and Wortel, 2005) that slab sinking would lead to dynamic subsidence, which can
occur coevally with regional uplift trends and without requiring surface extension. Slab-sinking in
the Gibraltar area has therefore been proposed as the main mechanism to provide the required
topographic lowering for the modern Gibraltar Straits to form (Govers, 2009). Given the western
Alborán was always affected by the slab-sink (Do Couto, 2016), which steepened after the cessation
of slab-roll back around ca. 8 Ma (Govers, 2009), we propose that shallow connections through
the Strait of Gibraltar were always present. In fact, the only evidence for a Pliocene opening comes
from seismic profiles that show canyons cutting into Miocene reflectors in the Alborán Basin. An
accurate age determination for these reflectors is lacking, implying that it cannot be completely
ruled out that these reflector could have been (partly) formed during the MSC.
We conclude that the Strait of Gibraltar being open during the Messinian is a more plausible
scenario than several hundred km long and shallow straits through Morocco and/or Spain. Our
reconstructions of the Rifian Corridor, showing an ongoing phase of enhanced uplift in the Rif
foreland and the lack of post 7 Ma deposits in the gateway successions, are not supportive of an
open MSC connection through Morocco.

5.8

Conclusions

We provide palaeogeographic reconstructions of depositional environments in the late Miocene
sedimentary basins of Northern Morocco based on surface – subsurface correlations, to elucidate
the temporal and spatial evolution of the Rifian Corridor. Improved biostratigraphic dating of
the more continuous sections and the transitional nature of the basin shallowing show that the
Rifian Corridor closed at 7.1 – 6.9 Ma in the southern strand, and between 7.35 – 7.25 Ma in the
northern arm, during a phase of enhanced uplift along high angle faults.
The restriction of the corridor started already in the late Tortonian and was driven by the
localised uplift of structural highs forming key sills across the longitudinal flow. The position of
the highs depends on inherited faults of the Middle Atlas Mountains and Mesozoic grabens in the
African margin, which caused prominent differences in sediment thicknesses across the corridor
basins. These tectonically controlled highs strongly influenced the corridor restriction and funnelled
bottom currents through the straits producing bottom-current dominated environments in the
western part of the seaway.
The early Messinian closure of the Rifian Corridor helps explaining the mammal exchanges
between Africa and Europe before 6.1 Ma (Benammi et al., 1996; Agustí et al., 2006); on the other
hand it requires presence of another Atlantic-Mediterranean gateway to provide the enormous
amounts of salt deposited during the MSC between 5.6 and 5.55 Ma (Chapter 1; Topper et al.,
2011; Simon and Meijer, 2015). We conclude that early connections through the Strait of Gibraltar
are a possible solution to the Messinian gateway problem.
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S

everal points of interest emerged during my PhD research. The initial objective to reconstruct
the Rifian Corridor’s palaeogeography led to a much wider reconstruction encompassing the
fields of tectonics, geodynamics, sedimentology, and oceanography.
At the project’s inception, it was unclear when and how the Rifian Corridor closed and what
was its role in the Messinian Salinity Crisis. To approach these overarching research questions we
combined the study of foreland sedimentology and stratigraphy, foreland genesis and evolution
(tectonics), and age constraints on the sedimentary successions. From a regional point of view,
this thesis builds on the work of Feinberg (1986) and Wernli (1988), and sets the biostratigraphic
framework for future studies of the upper Miocene in Northern Morocco and other coeval gateway
successions. In a wider perspective, this thesis emphasises the importance of using consilience
between sedimentology, tectonic and dating studies to understand foreland basins and their
seaways.
•

•

•

Highlights of the palaeogeographic evolution are the following:
Fundamental tectonic control on palaeogeography. Inherited Mesozoic structures affecting
the African margin, which are typically SSW-NNE orientated such as the Middle Atlas and
the Sidi Fili faults, exert a fundamental control on marine facies distribution throughout the
Mesozoic (Zizi, 1996, 2002; Sani et al., 2000; 2007) and during the late Miocene as well.
By separating sedimentary successions with great differences in thickness and rheology, it is
possible that basin subsidence behaved with different intensity on one side and the other of the
fault zone. For example, the upper Miocene sediments of the Taza-Guercif basin develop to the
east of the Middle Atlas fault and not to the west of it. The Gharb basin and the Saiss basin
are limited by the Sidi Fili and Ain Lorma faults, which also contributed to progressive uplift
of the areas between the two and reorganization of river drainage systems, of which the most
spectacular result is the Prerif Ridges uplift largely post-dating the orogen build-up (Sani et al.,
2007).
Late stage deformation in the Rif differs substantially from the Betics. Whereas the relicts of
the last connections through the Betics (e.g., Ronda, Antequera, Guadalhorce) display mostly
sub-horizontal layers uplifted to a present day altitude of ~500 – 700 m, the sedimentary relicts
of the north Rifian Corridor are folded and deformed in synclines (see cross-sections in Fig.
5.10). Late stage orogenic contraction deformed these strata by means of reactivation of highangle faults affecting the African margin. Differences of deformation patterns throughout the
Gibraltar arc probably depended less to pure Africa-Iberia convergence than to the complexity
of the Gibraltar triple plate boundary itself.
Closure of the Rifian Corridor occurs in the early Messinian, at 7 ± 0.1 Ma (see Chapter 5).
The restriction of the corridor started already in the latest Tortonian and was driven by the
localised uplift of bathymetric highs forming key sills across the longitudinal flow. The position
of the bathymetric highs depends in large part on inherited Mesozoic fault structures affecting
the African margin, which caused prominent differences in sediment thicknesses across the
corridor basins. These tectonically controlled bathymetric highs strongly influenced the corridor
restriction and funnelled tidal and termohaline currents through the straits producing overflow
plumes and sandy contourite deposits in the western part of the seaway;
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As far as we are aware, the Rifian Corridor outcrops with unidirectional cross-bedding and
muddy/sandy beds with bi-gradational sequences represent the first example of mainly clastic
contourites ever to be found exposed on land. Tectonics is a major controlling factor in the
seaway contourite deposition, since it causes the restriction required for the overflow to form;
This tectonically-controlled, late Miocene Mediterranean overflow and associated contourite
formation is explored from a theoretical perspective in Chapter 4. The link between
geodynamics, gateway restriction and ocean circulation is brought into focus. This late Miocene
overflow may have created periodic saline input into the Atlantic centred at mid-depths, thus
contributing to the global reorganisation of current circulation, deep-water formation and
global cooling occurring in the late Miocene.
Weaknesses of the palaeogeographic reconstruction are the following:
Areas of the east of the corridor remain poorly constrained in both geometry and age (foreland
deposition between Gareb and Masgout, and the Hassi Berkane area; in Figs. 5.1 and 5.6A,
respectively). Key questions of the studies areas were not fully answered. For example, it is not
clear if the Oujda Basin was an embayment of the Mediterranean or a key gateway to the TazaGuercif Basin;
Due in part to this poor control on the area of the eastern corridor, it is unclear which was the
connection between the Taza-Guercif basin and the Mediterranean during the early Messinian.
The Hassi Berkane area was put forward in Chapter 5 (Fig. 5.12), but there is no Messinian at
this location to support the assumption;
The palaeogeographic – palaeoceanographic potential of the high amount of wells crossing
the gateway successions (e.g., ONHYM internal reports) is not fully evaluated; several welllogs include gamma-rays and preliminary biostratigraphy and could therefore be targeted for
astronomical tuning;
Consideration for future sedimentological works:
To unravel the driving process forming the bottom-currents in the Rifian Corridor (in this
thesis interpreted as product of Mediterranean overflow), more fieldwork is required aiming at
analysing the architecture of dunes, and measure foreset thickness to detect eventual cyclicity
possibly related to tidal cycles. To study such dynamics, Ben Allou (see Chapter 3) or Arbaa
Taourirt (see Achalhi et al., 2016) would be perfect laboratories;
Astronomical tuning and sedimentological analysis of boreholes in the Saiss or Gharb basin
may help constraining in high resolution the onset and end of bottom currents.
Consideration for future tectonic and geodynamic works:
A coeval enhanced tectonic uplift was recorded in Morocco and Spain at the TortonianMessinian boundary, which closed the two Mediterranean-Atlantic gateways paving the way
to present day configuration of the Gibraltar arc. Other parts of the world experienced similar
enhanced tectonic activity in the late Miocene, for which a temporal increase in mantle activity
and heat flow has been proposed (e.g., Potter and Szatmari, 2009);
The late stage deformation in the Rif foreland, characterised by thick-skinned tectonics, is
accommodated in great amount by strike – slip faults. If deep seated faults are not activated,
finding thick-skinned inversion in surface mapping is not straightforward. Such structures
can be on the margin of the orogen or in the orogen itself, while the foredeep areas may be

EPILOGUE

•

exhumed without major surface faulting. The Rif foreland contraction seem to be partitioned in
both thrusting (as seen in the Prerif Ridges and Intramontane Basins) and internal strike slip
(e.g., Gharb, Saiss).
Consideration for future oceanographic works:
the impact of the Mediterranean isolation on the Atlantic Ocean circulation is not exclusively
limited to the MSC; we suggest it has started at ca. 8 Ma with saline waters centred as a
focussed plume at mid-depths, when the Rifian and Betic Corridor created sills along flow that
may have formed the Mediterranean overflow for the first time;

The results of this thesis emphasise the potential link between geodynamics (mantle
convective processes and/or plate convergence) and ocean circulation, already proposed by some
for the Greenland-Iceland-Scotland Ridge (e.g., Parnell-Turner et al., 2015) or the Gulf of Cadiz
(Hernández-Molina et al., 2014b; 2016a). Both sedimentological analysis and higher resolution
stratigraphy are required to improve the subsurface (i.e. boreholes) age-constraints in the Rifian
Corridor, to date syn-kinematic wedges visible in seismic data (e.g., Fig. 2.4), and possibly to link
sandy drift variations to coeval tectonic pulses.
Future research in the Rifian Corridor is planned to start this year (2017), with the PhD
research of W. de Weger, under the supervision of Dr. F.J. Hernandez Molina (Royal Holloway,
University of London), with the specific objective of mapping the contourite drifts related to the
ancestral Mediterranean overflow. Further research on palaeo Mediterranean-Atlantic connectivity
through Morocco could be taking place in the framework of IMMAGE (Investigate Miocene
Mediterranean-Atlantic Gateway Exchange), for which a workshop was funded by ICDP in
November 2016 (Rabat, Morocco). This research proposal is directed towards drilling marine
successions exposed on land and detecting the Mediterranean-Atlantic connectivity in higher
detail.
Finally, this thesis offers the indirect evidence of a Messinian connection through the Strait of
Gibraltar (Fig. 5.12). New age constraints on the closure of both the Rifian (this thesis) and the
Betic Corridor (Van den Berg & van der Schee et al., in preparation) reveal a million-year long
time-interval between the onset of the MSC (5.97 Ma) and the last evidence of an open seaway
through Morocco and Spain (ca. 7 Ma). In addition, literature show (see Krijgsman and Meijer,
2008; Simon and Meijer, 2015) that one gateway must have persisted until 5.55 Ma to deliver sea
water into the Mediterranean. Whereas the hypothesis of an open Gibraltar during the MSC is
not novel (e.g., Krijgsman et al., 1999b; Achalhi et al., 2016), it remains challenging to test, mainly
because of the poor record of sedimentary products of pre-Pliocene connectivity in the Gibraltar
area. Results from this thesis and the Medgate project provided, among other things, the necessary
age constraints required to confidently rule out the Rifian and Betic Corridor from the list of
open oceanic connections during the MSC. At the end of this project, we put forward the Strait
of Gibraltar as the sole option for a Messinian connection, therefore suggesting that future field
and drilling campaigns should target the western Alborán and Gibraltar regions directly in order
to solve this geological conundrum. This summary palaeogeographic reconstruction (Fig. C) of the
Mediterranean-Atlantic gateways is, in view of these results and discussions, the most plausible
scenario we can propose, although it will require direct evidence of a Messinian connection through
Gibraltar to be substantiated.
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Figure C Late Miocene – Pliocene palaeogeographic evolution of the Mediterranean-Atlantic gateways updated with results of the
present study. Blue arrows represent palaeocurrents derived from literature (see Fig. 1.5) for the Betic Corridor and from Chapter
5 of this thesis for the Rifian Corridor. The eastern Alboran volcanic arc may have created a system of interconnected islands in the
Messinian (C. Ranero, G. Booth-Rea, pers. comm.). The Strait of Gibraltar is here put forward as the last Messinian gateway. Sketch
modified after Martin et al., 2001, 2009, 2014; Achalhi et al., 2016.
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Field data of Chapter 5

H

ere we describe lithofacies and key sedimentological features, planktic and benthic assemblages for each section
presented in Chapter 5; we discuss environment of deposition and palaeogeographic significance. When
present, previous interpretations are taken into account. Coordinates of each outcrop are provided in WGS84. We
also show two additional seismic lines from the Taounate Basin to illustrate the tectono–sedimentary evolution of the
North Rifian Corridor.

S.1 Prerif Ridges area, Saiss Basin and associated outcrops (Fig. 5.3)
S.1.1 Bab Tisra (Fig. 5.4; log 1)
Description of the section: the Bab Tisra section is located a narrow canyon 5 km south of the town of Sidi Kacem
(34.1815; -5.7030). A panoramic view (Fig. S5.1A) shows a laterally extensive angular discontinuity in Miocene
clastic units. The Miocene overlies unconformably the Jurassic limestone successions forming Mount Bou Draa (Fig.
5.3), which is part of the wider structure of the Prerif Ridges (for structure at depth of this section see line MFK1 in
Fig. 6 of Sani et al., 2007).
The intra – Miocene angular discontinuity showed in Fig. S5.1A marks the boundary between shallow marine,
calcarenite deposits (M1 and M2; Fig. 5.4) and a deepening – upward sequence (M3; Fig. 5.4), which grades
from basal conglomerates and packstones to marlstone (Fig. S5.1B). These overlying marlstone were sampled for
biostratigraphy.
The ~150 m thick, shallow marine calcarenites below the discontinuity comprise two separate grey – beige,
medium – grained sandstone units (M1 and M2) which are separated by an erosional surface. These units are poorly
dated mainly due to their clastic nature and were not directly targeted in this study. There is some large uncertainty on
the age of the first, 120 m thick unit, which is marked either as part of the Miocene sequence in SCP/ERICO report
(1991) or as part of the Jurassic in Roldán et al. (2014). The top of this first, poorly dated unit shows local subaerial
exposure recorded by palaeosoils.
The overlying, second unit is separated from the first by an erosional surface and is ~30 m thick. This unit
comprises both massive and well stratified beds with cross – bedding and channels. The presence of abundant marine
fossils and cross – bedding suggests coastal environment (SCP/ERICO report, 1991). Previous works (SCP/ERICO
report, 1991; Roldán et al., 2014) indicate a possible Middle Miocene age for this unit. Just below the uppermost
discontinuity (Fig. S5.1A) we find abundant breccias and conglomerates with fragments of oysters, other bivalves and
echinoderms.
The third unit (M3) overlies the discontinuity shown in Fig. S5.1A and was directly analysed in this study. It
starts with partially cemented bioclastic sandstones with channels and reworked material from the sequence boundary
below. This is overlain by a 2 – 3 m thick bioclastic packstone, rich in quartz, echinoderms, red algae and benthic
foraminifera. The packstone grades into marly siltstone (Fig. S5.1B) containing planktonic foraminifera and some
phosphatic nodules. Above the siltstones the sedimentation continues with marlstones, which become less and less
well – exposed in the hilly landscape but outcrop locally in small gullies.
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Age and palaeodepth: the residues are very rich in planktonic foraminifera and contain almost no detritus
or transported material. All samples contain Globorotalia menardii 4. In the lower 10 m of the section (samples
T1-18), sinistral and dextral forms of Neogloboquadrinids are common; in the upper 10 m (samples T18-24),
Neogloboquadrinids are dominantly sinistral. Globigerinoides extremus is present throughout, although rare. In
the Mediterranean, the FCO of G. menardii 4 occurs at 9.31 Ma (Lourens et al., 2004); neogloboquadrinids are
dominantly dextral before 9.51 (Krijgsman et al. 1995; Hilgen et al. 1995), both sinistral and dextral between 9.51
– 7.92 Ma, and then dominantly and continuously sinistral after 7.92 Ma (event 9; Table 5.1). The presence of G.
extremus in the upper 10 m suggests that age of deposition post – dates the FO of this species (8.37 Ma; event 10 in
Table 5.1), whereas the coexistence of sinistral and dextral forms of neogloboquadrinids could indicate that it pre –
dates the onset of predominantly sinistral forms occurring between 8 – 7.92 Ma (event 9; Table 5.1). Therefore, we
interpret the white marlstones of Bab Tisra as deposited between 8.37 and 7.92 Ma.
Interpretation and palaeogeographic significance: the white marlstone and siltstones of Bab Tisra (M3 in Fig. 5.4,
log 1) reflect a deep environment with very scarce terrigenous and bioclastic input. These marlstones overlie bioclastic
sandstones and packstones that include reworked clasts from the coastal – marine units below. The upper Tortonian
unit is interpreted as a transgressive, deepening – upward sequence. The discontinuity at the base of the upper
Tortonian (Fig. S5.1A) is interpreted as a progressive unconformity, with the oldest strata being more tilted than
the youngest ones (Fig. S5.1A); the underlying units may therefore be part of the upper Tortonian sequence without
major depositional hiatus occurring, instead of being Lower-Middle Miocene.
This sequence may reflect the gradual flexural loading of the Rif foreland due to the nappe – thrusts reaching
the area between 8.37 and 7.92 Ma. Throughout the Miocene, the area of Bab Tisra and the Prerif Ridges (Fig. 5.3)
was probably a marginal embayment corresponding to the southern margin of the Ligurian – Maghrebian Ocean,
in which the flysch series was deposited further north (e.g., Sani et al., 2007; Chalouan et al., 2008). The advancing
thrust systems caused a southward migration of the foreland environments. This process of southward transgression
is also recorded at the same time (ca. 8 Ma) in the well – studied section located in the marginal areas of the South
Rifian Corridor, namely the Rabat, Jenanat, Zobzit sections of the Mamora, Saiss, Taza – Guercif basins, respectively
(Krijgsman et al., 1999b; Hilgen et al., 2000; Dayja et al., 2005).
S.1.2 Ben Allou (Fig. 5.4; log 2)
Description of the section: Ben Allou section is located in the northern margin of the Saiss Basin (34.1017;
-5.2992). It is composed of alternations of marlstones and mainly clastic sandstones unconformably overlying the
southern edge of the orogenic wedge. An extensive description of the section is given in Chapter 3, comprising its
micropalaeontological content and sedimentological significance. Here we report the palaeocurrent pattern (Fig. 5.3),
mostly indicating southwest – directed flow.
Interpretation and palaeogeographic significance: at Ben Allou, bottom – currents were mostly unidirectional and
west – directed, as indicated by the nature and orientation of the foresets in cross – stratification (Chapter 3). The
relics of the sandy drifts reveal that the currents flowed westward between 7.80 and 7.51 Ma (Fig. 5.3). A west –
directed sandy drift at this location also suggests that the Saiss Basin communicated with the Gharb Basin north of
the Prerif Ridge Dhar n’sour and possibly across Bou Kennfoud (Fig. 5.3), possibly along the E – W line formed by
Beni Ammar (point 9; Fig. 5.3) and Bab Tisra (point 1; Fig. 5.3). This is in line with seismic evidence (Chapter 2; Sani
et al., 2007) suggesting that most of the uplift of the Prerif Ridges (Fig. 5.3) post – dated the late Tortonian. Where
the sandstone drift continued to the west of Ben Allou during the late Tortonian remains unclear as the Beni Ammar
section only revealed poorly exposed marlstones that could barely provide the information of age and palaeo – depth.
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S.1.3 Moulay Yacoub composite (Fig. 5.4; log 3)
Description of the section: the Moulay Yacoub section is located on the northern margin of the Saiss (34.0903; -5.1708)
and in part overlies the frontal thrust of the Prerif Nappe, in part the foredeep lying on the Mesozoic limestones of
the African margin (Fig. 5.3). The section consists of mud – dominated deposits, mainly silty to clayey marlstones,
with irregular intercalations of sandstones. These sandstone intercalations are on average 10 to 20 m thick and have
been interpreted as sandy turbidite intervals (Wernli, 1988; SCP/ERICO report, 1991). The direction of sandstone
– transport in these turbidite units was analysed in SCP/ERICO report (1991), indicating SW – to SSW – directed
flow (Fig. 5.3). The composite section is ~800 m thick, but may be thicker, uncertainties due to limited exposures. The
upper part of the section is characterised by the transition from marine marlstones to lacustrine facies. This transition
was one of the main subjects of interest in this palaeogeographic study, as its age and continuity are unclear. The Saiss
lacustrine facies are thought to be Pliocene in age (Wernli, 1988; Nachite et al., 2003; Bekkali and Nachite 2006);
however, most of the sections that we studied would seem to record a continuous transition. This incongruence cast
some doubts on the age of the last marine deposition in the Saiss area.
To date this succession we used the samples of the Wernli collection stored at the Ministry of Geology in Rabat
and additional samples taken in the uppermost part of the section. The section, roughly 800 m thick, is composed of
the two following units: the lower unit, which is 300 m thick and corresponds to the so – called ‘coupe de la nouvelle
piste’, and the uppermost unit, which is ~500 m thick and corresponds to the ‘coupe de l’Oued Moulay Yacoub’ (Wernli,
1988).
Coupe de la nouvelle piste (Wernli’s samples: BD52 – 58; Fig. 5.4)
The micropalaeontological assemblage is characterised by the presence of predominantly sinistral G. scitula,
predominantly sinistral N. acostaensis, G. menardii 4, G. apertura, S. seminulina. For this subsection we propose the age
interval between event 8 (7.92 Ma) and 5 (7.51 Ma).

Figure S5.1 (next page) Field pictures of the sections in the Saiss Basin and Prerif Ridges area. (a) Progressive unconformity at
the Bab Tisra section (Fig. 5.3, point 1). (b) Upper Tortonian silt-marlstone alternations. (c) Messinian silt-marlstones alternation
truncated by conglomeratic limestone along the Madhouma section (Fig. 5.3, point 11). At an adjacent location (~2 km), the marine
deposits grade upwards into a shallow–marine, yellow sandstone unit (d). (e) The same sandstone unit grading upward into continental
deposits. (f ) Erosional surfaces and cross-stratification in the sandstone unit shown in inset (d), in which palaeocurrents were measured
(Fig. 5.3, point 11). The erosional surfaces dip-directions differ substantially from that of the average bedding attitude, which is to
the southwest. (g) Outcrop view of the transition between coastal marine and continental deposits at the Ain Lorma section (Fig.
5.3, point 12). (h) is close up of the ripple cross-lamination in sandstone reflecting near-shore transport. (i) outcrop view at the Ain
Lorma section of the contact between weathered, reddish sands with palaeosols (sables fauves in Werni, 1988) and the overlying chalk
and caliche-like deposits reflecting continental sedimentation. (j) The transition between coastal-marine sandstones and continental
deposits is visible at multiple location of the Saiss Basin, this outcrop view is from ~5 km south of Meknes (section not on map).
(k) Cross–stratified sandstone interval at the Bir Tam Tam section (Fig. 5.3, point 5). This interval is ~20 m thick and sandwiched
between silty marlstones deposited at outer shelf depths. Palaeocurrent measurements indicate a west-directed flow. (l) Close-up of
the bioturbated cross-sets. (m) Cross-strata at Bir Tam Tam showing mud-sand and bio-siliciclastic segregation; rip-up mud clasts are
abundant in the bioclast-rich sets. (n) At Jebel Lemda, alternations of marlstone, muddy siltstone and cross-stratified muddy sandstone,
contain slope/shelf edge-type benthic assemblages, and are therefore interpreted as contourites (Fig. 5.3, point 8). (o, p) Examples of
cross-sets in middle Miocene to middle Tortonian calcarenites, broadly reflecting SW-NE transport and attesting to a phase of wedgetop deposition above the orogenic wedge before 8.37 Ma.
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Coupe de l’Oued Moulay Yacoub (samples BQ 167 – 173, 175, 176, 179 – 181, 184 – 187; Fig. 5.4)
In this section, the samples are presented in stratigraphic order and bioevents can be identified. The
micropalaeontological assemblage is characterised by the following species: G. extremus, present throughout; N.
acostaensis, present both in sinistral and dextral forms, but dominantly sinistral; G. scitula group, present with
both sinistral and dextral forms, sinistral forms becoming dominant above BQ171 (Fig. 5.4). Distinct changes
of assemblages are recorded as follows: between sample BQ167 and sample BQ168, the micropalaeontological
assemblage contains abundant G. menardii 4, then its abundance gradually decreases and the form G. menardii 5
becomes abundant in sample BQ173. This interval between BQ168 and BQ173 probably contains events 4 and 5
(7.51 and 7.35 Ma, respectively; Table 5.1).
Furthermore, G. scitula group becomes dominantly sinistral in sample BQ171. This could correspond to event 6
(7.58 Ma; Table 5.1), suggesting that event 4 and 5 may occur above the interval between the samples BQ170 and
BQ171.
The replacement of the G. menardii group by G. miotumida occurs in sample BQ175, reflecting event 2 (7.25 Ma;
Table 5.1). Microfauna become rarer in samples BQ179 and BQ185, and absent in samples BQ186 – 187.
Benthic foraminifera were analysed in 10 samples between BQ168 and BQ180. The benthic assemblages from
the base of the interval are well represented and diversified and would indicate, broadly, upper – slope depths (300
– 500 m). Key indicators are Sphaeroidina bulloides, Uvigerina semiornata, Uvigerina peregrina, Planulina ariminensis
and Siphonina reticulata. In the middle part (samples BQ173 and 175) a transition occurs to a poorly preserved low
– diversity assemblage dominated by shallow – water forms (Ammonia and Elphidium spp.), followed by gradual
restoration of an open marine environment approximately at the shelf break (BQ 184 and 181).
Interpretation and palaeogeographic significance: the Moulay Yacoub section straddles the Tortonian – Messinian
boundary and lies on a key location for the study of the evolution of the South Rifian Corridor. The mud – dominated
succession reflects sedimentation in an upper bathyal environment during the late Tortonian, with a slight shallowing
– upwards trend from the Tortonian – Messinian boundary onwards. At the Tortonian – Messinian boundary the area
records the onset of turbidity currents, possibly reflecting an increased tectonic uplift of the source area to the north.
The temporal change of foraminiferal assemblage recorded between samples BQ173 and BQ175 could be related to
the turbidite sequence that is present roughly at the same interval (Wernli, 1988; Fig. 5.4). Sand – laden turbidity
currents may have caused resuspension and downslope transport of the fines, thus resulting in apparently shallow
assemblages.
We could infer that around the Tortonian – Messinian boundary turbidity currents generated north of Moulay
Yacoub and flowed southward on top of the slope formed by the frontal part of the Prerif Nappe (Fig. 5.3). This piece
of evidence would suggest that Moulay Yacoub was not the northern limit of the South Rifian Corridor during the
late Tortonian, and that marine environment continued further north. This inference is consistent with the marine
character of other patchy exposures of blue marls found above the orogenic wedge to the north (e.g., point 8; Fig. 5.3).
Sedimentation rates up to ~100 cm/yr-1 can be measured between the two samples representing bioevents 4 and
3 (samples BQ 173 and BQ175, respectively). Even higher rates are can be extracted from the intervals between the
same bioevents in the contiguous Douyet core (point 17; Fig. 5.3), namely ~400 cm yr-1 (Barhoun and Bachiri Taoufiq,
2008) or ~370 cm yr-1 (Dayja et al., 2005). These exceptionally high rates may include both downslope fill due to
tectonic uplift as well as bottom currents (e.g., Stow and Faugères, 2008; Hüneke and Henrich, 2011).
Micropalaeontological assemblage becomes rarer towards the top samples collected in marlstones (BQ185-187).
However, we did not find Pliocene microfauna in the uppermost samples (Wernli, 1988), nor any evidence that would
suggest a hiatus between the marine marlstone and the lacustrine facies at the top. The lacustrine facies lie above
without an apparent unconformity suggesting that the transition to lacustrine units is continuous. Our observations
and results would indicate that the continental transition was more likely to occur during the early Messinian and not
in the Pliocene as previously suggested (Wernli, 1988).

156

FIELD DATA OF CHAPTER 5

S.1.4 East Fes composite (Fig. 5.4; log 4)
Description of the section: this composite section is located in the eastern part of the Saiss Basin, 10 km east of the
town of Fes, and its different parts are named and located as follows. Sidi Harazem section (SH; Fig. 5.4): 34.0250;
-4.8653. El Adergha section (EA; Fig. 5.4): 34.0747; -4.8534. Ain Kansera section (AK; Fig. 5.4): 34.1246; -4.8477.
The three sub-sections show a wide variety of facies, namely basal transgressive conglomeratic limestones covered
by basinal foredeep turbidites and marlstones (SH), upper – slope contourites (EA) and coastal marine sandstones
(AK). Analysis of these facies allowed us to reconstruct the spatial distribution of sedimentary environments in the
South Rifian Corridor. Lithological and sedimentological description, age and palaeodepth determinations, and facies
analysis are presented and discussed in Chapter 3.
Biostratigraphy: in addition to the new sets of samples described in Chapter 3, we checked some of the samples
of the Wernli collection pertaining to the mud intervals that alternate with or overlie the basal limestone at Sidi
Harazem. These samples were collected from cuttings of the Sidi Harazem core (Wernli, 1988) and record the first
event of marine deposition in the area during the late Miocene.
Sidi Harazem core (samples BD 11,13, 20, 22, 23, 24)
The planktic foraminifera are in general rare and badly preserved, being pyritized and covered by crusts. However,
it was possible to detect that the fauna is rich in warm water species such as Orbulina and Globigerinoides species. The
analysed assemblages are characterised by the following planktic foraminifera: G. scitula, N. acostaensis, S. seminulina,
O. universa, G. obliquus, G. immaturus, G. apertura, G. bulloides, G. trilobus. One specimen of G. menardii 4 was found in
BD20.
These planktic species are consistent with the age range proposed for the overlying Sidi Harazem sandstone –
marlstone alternation, namely between event 7 and event 5 (7.80 – 7.51 Ma). The presence of S. seminulina in all
samples indicates that the marine transgression occurred after 7.92 Ma (event 8) at this location.
Interpretation and palaeogeographic significance: The East Fes section records the onset of marine deposition in a
foredeep setting, overlying the Mesozoic limestones of the African margin after 7.92 – 7.80 Ma (events 8 – 7). The
basal limestone interfingers with intraformational conglomerates, gravels, bioclastic sandstones, sandy marlstones. This
basal unit may reflect the formation of a carbonate platform on the southern margin of the foreland. This platform was
rapidly drowned by the southward migration of sedimentary environments due to the flexure – controlled subsidence
of the foredeep.
The succession continues with the mixed sandy turbidites – debrites of the Sidi Harazem section (SH in log
4; Fig. 5.4), deposited at upper bathyal depths and reflecting proximal facies of a basinal turbidite system in the
axial foredeep zone (Chapter 3). At El Adergha (EA in log 4; Fig. 5.4), several hundred m of mud – dominated
deposits are interrupted by 20 m thick sandstone units that may reflect the onset of contourite deposition (Chapter
3). This lithological change reflects the onset of a west – directed sedimentary drift at upper bathyal depth. The palaeo
coastline was recorded at Ain Kansera (AK in log 4; Fig. 5.4). Here, infralittoral facies (Chapter 3) would indicate the
northern margin of the Saiss Basin, at least during the deposition of this unit (7.80 – 7.35 Ma). This unit also suggests
that emerged areas of the Rifian Corridor existed to the north of Ain Kansera. However, it is unclear how much this
continental area extended to the north, and how much this palaeo coastline represents only a local shoal or a barely
emergent archipelago.
To determine the extent of this emerged area we checked the isolated outcrops unconformably overlying
the orogenic wedge to the north (Fig. 5.3). Point 6 (Fig. 5.3) revealed to be older than late Tortonian (see section
S.1.6). Point 8 (Fig. 5.3) showed, instead, that sandstone – marlstones alternations are late Tortonian in age, and
the transgression extended further north than the orogenic thrust front (E – W indented line in Fig. 5.3). There are
no further outcrops to the north or northeast of Ain Kansera (within a radius of 30 km), except a tiny exposure 25
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km to the ENE (N70°E). This exposure is not shown in the regional geological map (Suter, 1980) but was pointed
out in Wernli (1988) under the name of Koudiat el Griouine (point 18 in Fig. 5.3; located at 34.21935; -4.54370).
Unfortunately, we failed at locating this outcrop in the field.
We speculate that this lack of outcrops to the north and north – east of East Fes is partly due to erosion, partly
due to uplifting areas to the north and northeast of the East Fes section. It is arguably impossible to pinpoint with
certainty what was the extent of the emerged area or archipelago to the north and north – east. The Taounate basin is
~35 km to the north; its southern margin displays truncated and north – dipping layers of marine deposits that must
have extended further south for an undetermined distance (Fig. S5.6) and were deformed by a phase of uplift that post
– dated their deposition (e.g., Bertotti et al., 2006; Chapter 2).
S.1.5 Bir Tam Tam (Fig. 5.4; log 5)
Description of the section: the Bir Tam Tam section (34.0278; -4.6730) is located in the eastern end of the Saiss Basin,
~6 km northwest of the town of Bir Tam Tam. At this location an extensive sandy unit is visible in the landscape and
is mapped over a wide area (Suter, 1980; Fig. 5.3). However the exposures are not so continuous and we had to rely
on the few available ravines or road cuts. Up to 20 m thick sandstone intervals are sandwiched in silty marlstone (Fig.
S5.1K). The sandstones are characterised by high bioturbation, high concentration of bioclasts and heavy minerals,
mud rip – up clasts and cross – stratifications (Fig. S5.1L, M). Intervening mud of a brownish colour occurs in either
thin horizons or lenses within the cross – sets. Cross – stratification is present in sets with both trough and planar
bases; low – angle foresets are locally intercalated with mud (Fig. S5.1M). Palaeocurrents indicate broadly west –
directed sediment transport at this location (Fig. 5.3).
Age and palaeodepth: the marlstones contain abundant planktic foraminifera, with estimated relative abundances of
80% planktic and 20% benthic foraminifera. The assemblages are characterised by abundant and dominantly sinistral
G. scitula, including G. suterae type, and both G. menardii 4 and G. menardii 5. Dominantly sinistral N. acostaensis
is also abundant. The coexistence of common G. menardii 5 and G. menardii 4 with the presence of abundant and
sinistrally coiled G. scitula indicates that this section post – dates event 6 (7.58 Ma) or event 5 (7.51 Ma), and pre –
dates event 4 (7.35 Ma).
Samples BT1-4 (Fig. 5.4) contain inner shelf species (e.g., Ammonia, Elphidium spp.) together with species
commonly found on the deeper shelf and upper slope (e.g., Siphonina reticulata, Cibicidoides pachyderma, Sphaeroidina
bulloides, Uvigerina peregrina, Melonis barleeanum). We suspect some reworking of older Miocene planktic
foraminifera; therefore part of the benthic assemblages may have been reworked too. A tentative palaeodepth for this
section could be between 150 – 300 m (outer shelf/uppermost slope).
Interpretation and palaeogeographic significance: the Bir Tam Tam section records sandstone transport at upper
slope – outer shelf depths. Cross – stratification in sandstone is unidirectional; bioturbation, bioclasts and marine
marlstones suggest that the cross – sets are formed by subaqueous dunes. These dunes may reflect either a west –
directed bottom current (Anastas et al., 1997; Longhitano, 2013; Chapter 3) or episodes of sand – laden hyperpycnal
flows bypassing river – mouths to the east (Mutti et al., 2003; Tinterri, 2011). The absence of normal turbidites or
debrites, typical products of gravity flows, would suggest that these sandstones were probably deposited by bottomcurrents.
S.1.6 Boudhilet (Fig. 5.4; log 6)
Description of the section: the Boudhilet section (34.2380; -4.8654) is an isolated exposure overlying the Prerifian
Nappe, 10 km north of the coastal-marine facies of the Ain Kansera unit (AK in log 4; Fig. 5.4). This outcrop shows
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an alternation of brownish marlstones and 10 to 20 m thick yellow calcarenite intervals (Fig. S5.1o). The calcarenites
contain abundant bioclasts, coarse grains lithified by carbonate cement, bioturbation. Cross – bedding is present in
sets that are up to 60 cm in thickness (Fig. S5.1o). Direction of migration is inferred from the foreset dip – directions,
reflecting transport towards the NE and SE (Fig. 5.3). Some synsedimentary normal faults affect the calcarenite units
and are sealed by overlying marlstones.
Age and palaeodepth: the washed residues are characterised by abundant foraminifera and good sorting.
Percentages of planktic foraminifera are between 50 and 70%. Marker species comprise G. menardii 4, G. lenguaensis,
N. acostaensis. Neogloboquadrina acostaensis is very abundant and predominantly sinistral, but dextral forms are also
present. This assemblage would indicate an age interval between event 12 (9.51 Ma) and event 10 (8.37 Ma); such an
age is supported by the absence of key late Tortonian species, namely S. seminulina and G. extremus.
The benthic foraminiferal assemblages indicate deposition between depths of ~150 and 300 m. The assemblage
contains shelf foraminifera (~15% C. ungerianus, C. lobatulus, some N. fabum), U. peregrina, and some (probably
transported) shallow species as Hanzawaia boueana, Ammonia and Elphidium spp.
Interpretation and palaeogeographic significance: this section reveals to be older (9.51 – 8.37 Ma) than the age of the
transgression (ca. 8 Ma) on the African margin observed regionally in the basal sequence of the Mamora, the Saiss
and the Taza – Guercif basins. This outcrop may therefore have been a small remnant of a wedge-top basin overlying
the Prerifian Nappe when the thrust-systems were carried to the south – southwest during the Rif Orogen formation
(Platt et al., 2003; Chalouan et al., 2008). The synsedimentary normal faults that affect the calcarenite units possibly
reflect creation of accommodation space by movement along underlying nappe – thrusts. The Boudhilet section with
its mixed siliciclastic and bioclastic calcarenite and bi – polar palaeocurrent pattern (Fig. 5.3) could indicate deposition
in an environment swept by bottom currents.
S.1.7 Karia ba Mohammed (Fig. 5.4; log 7)
Description of the section: the lithological units of this section crop out around the town of Karia ba Mohammed (Fig.
5.3) and compose a satellite exposure above the Prerif Nappe. Alternations of medium to coarse sandstones form
a ~50 m thick sequence outcropping south of the town (34.3516; -5.2157). The sandstones show cross – bedded
sets with both planar and trough – shaped base (Fig. S5.1P); palaeocurrents obtained from foreset dip – directions
indicate bi-directional transport, with a predominant north – east directed component (Fig. 5.3). Finer levels with
good potential for preservation of hemipelagic fauna were not found at this location; therefore the section was dated
analysing samples collected in mud layers alternated with bioclast – rich sandstones mapped as the same unit in Suter
(1980), outcropping 2.5 km to the W – NW (34.3582; -5.2443). It is unclear whether this unit corresponds to the
same age, or belongs to part of the allochtonous material incorporated in the Prerif Nappe below.
Age and palaeodepth: the planktic assemblage contains O. universa, very abundant G. immaturus, Globoquadrina
dehiscens, G. lenguaensis, indicating Middle Miocene age.
Benthic foraminifera are scarce. Some C. bradyi and C. wuellerstorfi were found together with N. barleeanum and
Gyroidina spp.; absence of shallow shelf taxa suggests that the palaeo – depth was at least outer shelf.
Interpretation and palaeogeographic significance: as Boudhilet (section S.1.6 of Supplementary material) the Karia
section could represent a small relict of a wedge-top basin infill that developed on top of the Rif nappes during
southward tectonic transport.
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S.1.8 Jebel Lemda (Fig. 5.4; log 8)
Description of the section: the Jebel Lemda section is one of the satellite exposures of Blue Marl Formation that overlies
the Prerif Nappe to the north of Ben Allou and Moulay Yacoub (Fig. 5.3). These exposures potentially hide relevant
information for palaeogeographic reconstruction, as they may represent the link between the southern and northern
strands of the Rifian Corridor. Jebel Lemda is located 16 km to the N – NW of Moulay Yacoub and 15 km NNE
of Ben Allou (Fig. 5.3). The sequence starts with blue marlstones (34.2309; -5.2431) and increases upward both in
sandy content and sandy intercalations. The estimated thickness of these marlstones is 100 – 200 m, and that of the
overlying silty/sandy marlstones is 100 m (Fig. 5.4). Sandstone beds are more common towards the top (34.2368;
-5.2206), where they occur in thicknesses of 1.5 – 2 m and are alternated with muddy silt and mud (Fig. S5.1N). The
sandstones are very fine to fine in grain size, they are composed of bioclasts, quartz and heavy minerals. Bioturbation
is rare but present. Some of the sandstone beds contain cross-stratification, indicating palaeo-flow predominantly
towards the N – NW (Fig. 5.3).
Age and palaeodepth: planktic foraminiferal assemblages comprise predominantly sinistral N. acostaensis,
predominantly sinistral G. scitula, G. menardii 4, G. extremus, G. immaturus, G. apertura. The abundance of G. menardii
4 varies throughout the section. Some G. scitula are of G. suterae type. This assemblage suggests that the Jebel
Lemda section was deposited between event 7 (7.80 Ma) and event 5 (7.51 Ma; Table 5.1). Samples collected in
the lower marlstones ( J1, 2) show high percentages of planktic foraminifera (~90 – 95%) and excellent preservation.
Samples ( J5, 6) collected in the marlstones between silty or sandy intercalations show lower percentages of planktic
foraminifera, and very good sorting of both foraminifera and bioclasts. The uppermost samples ( J5, 6) could therefore
reflect environments that were swept by permanent bottom-currents.
Benthic assemblages indicate an evolution from upper bathyal (upper slope – type; 400 – 500 m) towards
slope/shelf edge – type depths at the top. The basal marlstones contain assemblages characterised by up to 10% C.
kullenbergi, Uvigerina peregrina, U. semiornata (~10 to 15 %), Siphonina reticulata (~7 to 10 %), Hoeglundina elegans
(4%), and some C. bradyi. The marlstones intercalated with the sandstone beds at the top contain more transported
material (including some reworked Cretaceous species). The assemblage is characterised by C. ungerianus (up to 10 %),
N. fabum, C. dutemplei, and Globocassidulina subglobosa.
Interpretation and palaeogeographic significance: the Jebel Lemda section represents a crucial control – point for the
palaeogeographic reconstruction. The alternation of muddy sandstone, muddy siltstones and marlstones may indicate
the classic, bi-gradational sequence of contouritic deposits (Stow et al., 1998; Stow and Faugères, 2008; Fig. S5.1N).
Given the location of the section between the Saiss and the Had Kourt basins (Fig. 5.3), this lithofacies suggests that
bottom – currents flowed between these two domains. Therefore, this outcrop did not represent the northern margin
of the South Rifian Corridor, and marine environments were likely to exist to the north and northwest of this area
(Fig. 5.3) The environment of deposition at the base of the section (samples J1, 2) is slightly deeper to that observed
at Ben Allou, where contouritic sediments are present (inferred range of 150-400 m at Ben Allou; 400-500 m at the
base of Jebel Lemda). The uppermost sandstone/mudstone sequence (samples J5, 6) may be deposited at water depths
analogous to those of Ben Allou (150-250 m).
S.1.9 Beni Ammar (Fig. 5.4; log 9)
Description of the section: to check the continuity of the sandy drift that was found at Ben Allou (Chapter 3), we
studied the patchy exposures of predominantly muddy/marly lithologies to the north of the village of Beni Ammar
(Fig. 5.3). This section is composed of scattered outcrops of muds and silts overlying the Prerif Nappe, in great part
covered by recent agricultural fields (representative marlstones crop out at x= 34.1569; y= -5.4296). At some location
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we also found scattered outcrops of silty white chalk, in general overlying conglomeratic intervals. These siltstones
resemble the lacustrine units of Moulay Yacoub, Madhouma and Ain Lorma (sections S.1.3, S.1.11, and S.1.12 of
this Supplementary Material, respectively). Residues of the samples collected in these white chalk levels contained no
microfauna after washing.
Age and palaeodepth: the micropalaeontological assemblage indicates a late Tortonian age (between event 8 at 7.92
and event 5 at 7.51 Ma) for samples BN1 and 2, which were collected in marlstone. Typical planktic foraminifera are
S. seminulina, abundant G. menardii 4, very abundant sinistrally coiled G. scitula in sinistral forms, abundant sinistrally
coiled N. acostaensis, and G. immaturus.
The planktic assemblage represents 90 to 95 % of the total foraminifera. The few benthics are relatively well
preserved, with large specimens. The benthic assemblages contain Nonion barleeanum, Karreriella bradyi, C. kullenbergi
(~20%), C. bradyi (~10%), thus reflecting deposition at water depths corresponding to the lower part of the upper
slope; with a probable depth range of 600 – 800 m. Deeper depths of deposition are a possibility; however typical
marker species of higher depths (e.g., C. wuellerstorfi) are absent.
Interpretation and palaeogeographic significance: this section shows great depths (600–800 m) immediately north of
the Prerif ridge of Douar n’sour, at only ~10 km to the NE of Ben Allou, which is roughly coeval in age (7.80 to 7.51
Ma) and yielded shallower (150–400 m) water depth. These results would indicate that Beni Ammar was an enclosed,
deep trough on top of the Prerif nappes.
S.1.10 Jenanat section (after Dayja, 2002; Dayja et al., 2005; log 10 in Fig. 5.4)
Description of the section: the Jenanat section is located in the south – eastern part of the Saiss, 12 km north of the
town of Sefrou (33.9290; -4.7480); it was described and dated with modern bioschemes in previous works (Dayja et
al., 2005), and palaeoenvironmental reconstructions based on benthic foraminifera were performed (Dayja, 2002). We
report here the basic lithological and micropalaeontological information, as the section turns out to be a relevant tie –
point for the reconstruction of the southern part of the Saiss Basin.
The upper Tortonian succession at Jenanat unconformably overlies the Mesozoic limestones and dolomites of the
Middle Atlas domain. The succession starts with calcarenites containing abundant Heterostegina spp. and echinoderms,
grading upwards into marlstones with variable silt content. The top of the sequence is truncated by erosion.
Age and palaeodepth: Dayja et al. (2005) identified several bioevents in the marlstones of this section, which
include our events 5, 4 and 2 (Table 5.1). The section therefore is mostly late Tortonian in age and then intersects the
Tortonian – Messinian boundary, marked by event 2 (7.25 Ma), that was found ~10 – 5 m below the upper contact of
the marly unit. Dayja et al. (2005) show that the top samples contain both G. miotumida and G. menardii 5.
Palaeodepth of deposition throughout this section was estimated in Dayja (2002). The benthic assemblages
(Dayja, 2002) vary throughout and suggest that the section records a deepening – upwards sequence, from inner shelf
depth (~30–50 m) during deposition of the basal sandstone to upper bathyal (~300–400 m) during the deposition of
the upper marlstones.
Interpretation and palaeogeographic significance: the Jenanat section records the marine transgression above
the Middle Atlas that occurred in the late Tortonian (Dayja et al., 2005). The age of this transgression is hard to
pinpoint locally, due to the uncertainty in dating the coarser material of the basal sandstone. This transgression occurs
at ~8 Ma in the Taza – Guercif and Mamora Basins (Krijgsman et al., 1999b; Hilgen et al. 2000). Similarly, for this
transgression we obtained an age between 8.37 and 7.92 Ma at Bab Tisra (see section S.1.1). It is therefore possible
that upper Tortonian sedimentation occurred around the same time here at Jenanat.
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S.1.11 Madhouma composite (Fig. 5.4; log 11)
Description of the section: the Madhouma section is located on the national road between Fes and Meknes, 5km east of
the village of Oued Jadida (lower unit: 33.9350; -5.3200. Upper unit: 33.9130; 5.3000). This section represents a key
position for palaeogeography, as it straddles the transition from marine to continental deposition. The lower section
(where samples M1-47 have been collected; Fig. 5.4) is exposed in gullies and ravines of the Madhouma river valley. It
starts with massive, blue and clayey marlstones rich in pectinidae, echinoderms, and bivalves. The marlstones increase
upward in silt content, forming more prominent silty/sandy layers at the top that coarsen upwards. These layers allow
an estimation of the bedding attitude (Fig. S5.1C), which is 12° towards the southwest. In the western ravine of the
Madhouma valley (Fig. S5.1C) the silty marlstones are truncated by a 10 to 20 m thick conglomeratic limestone.
This unit also contains sandstones, gravels, oolithic grainstones, oncolithic concretions, and reworked material from
the Middle – Atlas units (mostly limestone and chert). In some parts, this unit shows reddish sandstones coated by
mud and carbonate. Some layers are exclusively composed by hardened carbonate cement that binds grains of gravel,
sandstone, clay, and carbonate concretions of the charae – tube type.
In the eastern ravine of the Madhouma valley (Fig. S5.1D) the conglomeratic limestone is absent; yellow
sandstone crops out above the clayey marlstones with the same bedding attitude of the silty marlstones opposite the
ravine (Fig. S5.1C). The yellow sandstone interval (Fig. S5.1D) seems to overlie the lower marly unit, and thus we can
infer that the yellow sandstones are a lateral equivalent of the prominent silty beds shown in Fig. S5.1C. The yellow
sandstones are ~30 m thick and consist of fine sand and silt alternations that thicken upwards. An upward increase
has been observed in size and content of shell fragments (mainly oysters and bivalves), as well in the occurrence of
scour – based beds. Figure S5.1F shows an example of the channels and through – like erosional surfaces affecting the
sandbeds. Lenses of sand with higher mud content occur throughout, usually below the troughs (Fig. S5.1F). Trough
surfaces dip to the northeast and southeast, indicating an approximate palaeocurrent direction to the east (Fig. 5.3).
The upper part of the Madhouma section crops out along a railway cut (Fig. S5.1E), about 3 km to the south of
the Madhouma valley. The section starts with yellowish sandstones containing shells and shell debris (mainly oysters
and bivalves); intervening mud layers are present throughout. These sandstones become increasingly mottled and
weathered towards the top, grading into palaeosol horizons and hardened crusts. This gradual contact is overlain by
white silts and carbonate cement that binds detrital grains and roots.
Age and palaeodepth: the planktic assemblage of both lower and upper section is characterised by abundant G.
miotumida, predominantly sinistral N. acostaensis, G. extremus, and predominantly dextral G. scitula. The estimate age is
early Messinian, between event 2 (7.25 Ma) and event 1 (6.35 Ma).
Both at the top of the lower section (Fig. S5.1C, D) and in the upper section (Fig. S5.1E) the benthic assemblage
is dominated by shelfal species, such as Nonium fabum, and Ammonia and Elphidium spp. This assemblage could reflect
depths between 50–150 m. In the lower section, the relative abundance of planktic foraminifera decreases upwards
and, in the mud – layers of the upper section, reaches the lowest values (ratios of 5%), in line with a relatively shallow,
shelfal setting.
Interpretation and palaeogeographic significance: the Madhouma section records a shallow environment (Fig.
S5.1D) followed by lagoonal deposition (Fig. S5.1E) in the centre of the Saiss Basin, during the early Messinian. The
clayey, blue marlstones grading into silty marlstones could indicate that terrigenous input increases throughout (Fig.
S5.1C). Sheeted silty layers (Fig. S5.1C) may be the result of hyperpycnal or sandy dense flows that reached the area.
The yellow sandstones with cross – bedding (Fig. S5.1D, F) reflect deposition from one of the following processes:
shallow bottom – currents, long – shore currents or river discharge in delta – front areas. Palaeocurrents towards the
east would suggest that shallow, along – shore currents were the dominant process, since the coastline was probably
orientated SE – NW (Fig. 5.3).
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Field mapping suggests that the conglomeratic limestone truncating the blue marlstones (Fig. S5.1C) is only
a local expression of a younger event of riverine and/or lacustrine erosion and deposition. The marlstones are likely
to be truncated by an unconformity at this location (Fig. S5.1C). Because the layers of the marine succession are
gently dipping towards the south (Fig. S5.1C), younger layers are found towards this direction; therefore, the yellow
sandstones with mud – layers in the upper section (Fig. S5.1E) are interpreted as part of the same system of the yellow
sandstone of the lower section (Fig. S5.1D), their planktic assemblages being similar (early Messinian biozone). The
upper section shows a continuous transition to continental or lagoonal units, which assigns an early Messinian age to
the closure of the Rifian Corridor in this area.
These results raise the question of the true age of the sables fauves (Wernli, 1988; Boumir, 1990; Dayja et al.,
2005) and therefore the last marine deposition in the Saiss Basin. The sables fauves unit contain coastal marine facies
and it is widespread in the Saiss basin; it is found on top of the Messinian blue marls, and below the transition to
oncolithic freshwater limestone (Taltasse, 1953; Fig. 5.3). Previous dating of this unit suggested a Pliocene age, based
on the presence of G. crassaformis (Wernli, 1988; Dayja et al., 2005), however, we never found this species neither
other typical Pliocene foraminifera in these sections. By contrast, our dating of the Madhouma section shows that
the transition from the unit with G. miotumida to the sables fauves and the continental facies is continuous and early
Messinian in age.
The marlstones present in the lower part of this section could correlate well with the Douyet core studied in
previous works (Dayja, 2002; Dayja et al., 2005; Barhoun and Bachiri Taoufiq, 2008; point 17 in Fig. 5.3). This core
is located ~20 km to the west (Fig. 5.3) and revealed 1300 m of Upper Miocene marlstones overlying the Jurassic
limestones of the African margin (log 11 iin Fig. 5.4). In the Douyet core, the Tortonian – Messinian boundary was
identified with the FCO of G. miotumida at ~400 m below the contact with the lacustrine units (Dayja et al., 2005;
Barhoun and Bachiri Taoufiq, 2008).
It is possible that the Madhouma section comprises the top ~100 m of the Messinian marly sequence cored at
Douyet, which lies on top of a much thicker upper Tortonian sequence. Seismic profiles (line MKF18 in Sani et al.,
2007) crossing both the Madhouma section and the Douyet core would suggest that similar thicknesses are deposited
at Douyet and Madhouma. This thickness slightly increases towards the Douyet core and the Moulay Yacoub area
(Sani et al., 2007; Fig. 5.3).
S.1.12 Ain Lorma (Fig. 5.4; log 12)
Description of the section: the Ain Lorma section is located in the western part of the Saiss Basin, 20 km west of
Meknes (33.8741; -5.7534). Exposures along the valley of the El Kell River show the transition from marine
marlstones to sand – dominated coastal facies and the typical continental units of the Saiss (Fig. S5.1G). The section
starts with blue marlstones (estimated thickness is ~100 m) that locally crop out in small gullies and ravines. The
marlstones increase in silt/sand content upwards. Above the marlstones is one of the clearest exposures of coastal
marine sandstones in the Saiss Basin. These sandstones grade upwards into the continental units (Fig. S5.1G, I). The
sandy unit is 30 to 50 m thick, and consists of irregular alternations of coarse sandstones with cross – stratification and
~10 cm thick indurated layers composed of finer and better sorted sands. The sands are poorly to moderately sorted,
medium to coarse in grain size. Some cm – wide channels are filled with gravels and pebbles. The coarse sandstones
show the following features (Fig. S5.1H): erosional channels, trough – cross bedding, parallel lamination, and ripple
cross – lamination (often symmetric). Thickness of the sets decreases upwards. Some layers are heavily bioturbated,
and the occurrence of bioturbated layers increases upwards towards the whitish silt at the top. The whitish unit (silts
and chalk in Fig. S5.1G) is composed of carbonate and binds some roots and gravels.
Age and palaeodepth: the two lowermost samples of the sequence (samples A1, 2; Fig. 5.4) were collected in clayey
blue marlstone and show very well preserved microfauna and percent values of planktic foraminifera (relative to total
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planktic + benthic) around ~70 – 80 %. This percent value decreases upward to 30 – 40 % in the silty marlstones
(samples A5, 6; Fig. 5.4). The planktic assemblage is characterised by dominantly sinistral N. acostaensis, Globigerinoides
sacculifer, G. extremus, abundant Globoquadrina altispira, abundant G. miotumida. Globigerina bulloides is abundant in
some of the samples. This assemblage suggests that Ain Lorma was deposited between 7.25 (event 2; Table 5.1) and
6.35 Ma (event 1; Table 5.1).
Benthic foraminifera show a shoaling upwards trend at Ain Lorma, from an upper bathyal to a shelfal
environment, consistent with the decreasing – upward percent values of planktic specimens in samples A1-6 (Fig. 5.4).
Samples A1 and 2 are characterised by the following assemblage: C. ungerianus and C. dutemplei with Nonion soldanii,
Pullenia bulloides, Sphaeroidina bulloides, some U. semiornata and Spiroplectammina carinata. This assemblage suggests
shelf edge/upper slope, between ~200 and 400 m.
Samples A3 and 4 contain benthic foraminifera C. dutemplei, C. ungerianus, N. soldanii, U. peregrina. The
assemblage indicates a slightly shallower assemblage, characterised by less S. bulloides, and more textulariids and
Astrononion stelligerum.
Samples A5 and 6 (Fig. 5.4) show indications of transport, with good grain size sorting and benthic assemblage
indicative of shelf depths. This assemblage is dominated by shallow species such as Ammonia spp. (>10%); Elphidium
(>5%) N. fabum with C. dutemplei, C. ungerianus. Some deeper species are also present (e.g., C. italicus), which would
indicate either slightly deeper environments than shelf, or reworking from the Middle Miocene sedimentary rocks in
the source area. Some reworked Middle Miocene planktic foraminifera would indicate the latter hypothesis.
Interpretation and palaeogeographic significance: field studies at Ain Lorma allowed to extend the shallowing
– upwards trend observed in other parts of the Saiss Basin (e.g., Madhouma section). Deep marine marlstones
are overlain by shallower silty marlstones, shoreface deposits (Fig. S5.1H), continental units (Fig. S5.1G) without
apparent unconformity or hiatus. Therefore, observations and results obtained at this location also suggest that the
closure of the South Rifian Corridor occurs during the early Messinian zone (7.25 – 6.35 Ma).
The palaeocurrents obtained from foresets and laminae dip – directions in the sandstones indicate NW – and
SW – directed flows. This roughly west – directed transport may reflect that coastal progradation was towards the west
rather than east, possibly influenced by uplift along the Ain Lorma Fault (Fig. 5.3). The bipolar pattern, composed of a
northward and a southward component, might represent N – S along – shore currents.
S.1.13 Douar Zaouia (Fig. 5.4; log 13)
Description of the section: this section is located ~10 km north of Ain Lorma section (33.9519; -5.7661). It shows an
alternation of sandstones and marlstones forming the upper part of the Blue Marl Formation between Meknes and
the River Beth area (Fig. 5.3). Some of the sandstone beds consist of fine sands and silts, other beds contain coarser
sands, abundant bioclasts and cross – stratification. The small number of palaeocurrent directions measured in 10 to
50 cm thick cross – sets suggests west – directed transport (Fig. 5.3). The section is truncated by fluvial conglomerates
and gravels that show large channels and trough – cross bedding reflecting migration towards the NE (Fig. 5.3).
Age and palaeodepth: the two samples taken in the marlstones of the Douar Zaouia section are characterised by
abundant and predominantly sinistral N. acostaensis, G. apertura, G. immaturus, and rare G. miotumida. The assemblage
contains forms that are reworked from older units (Globorotalia mayeri, Glogoquadrina dehiscens), and is overall
consistent with the assemblage of the Ain Lorma section. The Douar Zaouia section was deposited after event 2 (7.25
Ma) and before event 1 (6.35 Ma; Table 5.1). The benthic foraminiferal assemblage is characterised by species such as
Elphidium and Ammonia spp. suggesting inner shelf depth for this section.
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Interpretation and palaeogeographic significance: the Douar Zaouia section indicates alternating episodes of sand
transportation and mud deposition in shallow settings. The cross – bedded sandstones that outcrop in this area show
a direction of transport towards the W – NW, which suggests that either bottom currents or river discharge were
transporting sands towards that direction. This direction is overall consistent with the indication of a buried canyon
that channelised bottom – currents in the Beth River area (Fig. 5.3). The white arrow depicts the extension of seismic
evidence for this channel system (SCP/ERICO report, 1991). Interestingly, the cross – sets and channels measured
in the fluvial conglomerates above show a different direction of migration (~NE); this may reflect a post – Messinian
reconfiguration of the catchment area controlled by uplift between the Ain Lorma and Sidi Fili faults (Fig. 5.3).
Further evidence of this reconfiguration comes from present day rivers (Fig. 5.3) flowing from the Middle Atlas (S)
towards the Saiss (N). These rivers do not follow the E – W orientated late Miocene foredeep axis, but continue across
the orogenic thrust front and reach the Gharb Basin further north (Fig. 5.3).
S.1.14 Haricha (Fig. 5.4; log 14)
Description of the section: the Haricha section is located at the eastern edge of the Gharb Basin (34.2868; -5.6450).
It consists of alternations of sandstones and marlstones unconformably overlying the orogenic wedge (Fig. 5.4). An
extensive description of the section and micropalaeontological assemblage is given in SCP/ERICO report (1991) and
Chapter 3 of this thesis; here we report the palaeocurrent pattern (Fig. 5.3), indicative of broadly west – directed
turbidity currents possibly spreading radially on a submarine fan (see also facies interpretation in Chapter 3), and a
brief discussion of its palaeogeographic significance.
Interpretation and palaeogeographic significance: the ~100 m thick marly interval was deposited during times of
relative tectonic quiescence, whereas the sandstone – marlstone alternations are the products of mixed turbidity –
sandy debris flows feeding the Gharb Basin to the west. The palaeodepth of deposition of this succession is 150 –
250 m (Chapter 3). Therefore, in a palaeogeography perspective, this section represents proximal turbidity systems
lying on the submerged parts of the Prerif Nappe (Fig. 5.3). Such hybrid flow deposits are often observed in the
proximal part of foreland systems, where tectonically controlled uplift lead to high sedimentation rate and poorly
developed sequences of turbidite facies (Mutti et al., 2003). By contrast, the sandstones show good sorting, which
could be explained by processes of pre – sorting occurring in shallower areas of the basin (possibly then, to the east).
An alternative explanation is that some process of sediment sorting already occurred during the formation of the units
composing the Rif orogenic wedge. These older rocks are mostly turbidites, carbonates and deep – water marlstones
of Cretaceous to Neogene age (e.g., Chalouan et al., 2008) and formed the up – land source of the Rif foreland basins,
after being incorporated in the thrust systems of the orogenic wedge.
S.1.15 Gulf of Skoura (after Saint Martin and Charrière, 1989)
The Gulf of Skoura extends ~30 km further south than Jenanat section and overlies unconformably the Middle
Atlas Jurassic units (Fig. 5.3). We rely on the descriptions of the sections and dating presented in Wernli, 1988;
Charrière and Saint Martin, 1989; Saint Martin and Charrière, 1989. The lithological log of this area shows a phase
of continental (lagoonal or lacustrine) deposition at the base, overlain by a shallow marine sequence composed of silts
and silty marlstones. What is relevant of this section is a unit of bioherms about ~50 m thick and containing Porites,
formed in a relatively shallow and restricted southern embayment of the Rifian Corridor (Fig. 5.3). The proposed age
for the section is late Tortonian/early Messinian (G. conomiozea occurs in the marlstones overlying the bioherms);
further analysis is required to constrain more precisely the age of this carbonate platform.
This area probably reflects deposition in a forebulge of the Rif foreland system. Sedimentation in the Gulf of
Skoura reveals the tectonic control of NNE to NE orientated Middle Atlas faults on Upper Miocene sedimentation
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(Charrière and Saint Martin, 1989; Saint Martin and Charrière, 1989). Faults parallel to the Tizi n’Trettene fault
system determined the thickness of the unit in the area, and faults parallel to the North Middle Atlas fault system
generated a sill between the Gulf of Skoura and the rest of the Saiss (Fig. 5.3). At last, uplift along this system
restricted the embayment causing its closure (Charrière and Saint Martin, 1989; Saint Martin and Charrière, 1989).
S.1.16 Jebel Trhat (Fig. 5.3; point 16)
Jebel Trhat (= Mount Trhat) is located 5 km west of the town of Fes (34.0659; -5.0374). Upper Tortonian bioclast –
rich limestones and silts unconformably overly the Mesozoic of Jebel Trhat. This section was studied by Wernli (1988),
analysing sets of samples from different flanks of the mountain. We could analyse one of these sets, which is stored at
the Ministry of Geology in Rabat (samples PQ375 – 378). The samples are not taken in stratigraphic order; however,
planktonic foraminifera are very well preserved and allow estimating an age interval between event 8 (7.92 Ma) and
event 2 (7.25), possibly straddling the Tortonian – Messinian boundary.
PQ 378 and 377 contain G. menardii with both forms 4 and 5; form 4 is predominant. O. universa, S. seminulina,
G.bulloides are abundant. N. acostaensis is predominantly sinistral and common. G. immaturus, G. apertura and G.
trilobus are also common for these samples. G. scitula group is rare and predominantly sinistral. PQ 376 and 375 show
abundant G. miotumida; G. trilobus and G. extremus are also abundant. In these samples N. acostaensis and S. seminulina
are rare. G. scitula is present and predominantly sinistral.

S.2 Taza area (Fig. 5.5)
S.2.1 Col Touahar (Fig. 5.5; log 19)
Description of the section: Col Touahar is roughly located at the point of divide between the sediments pertaining to
the Saiss and the Taza – Guercif basins (Fig. 5.5). Along the national road that descends from Col Touahar towards
the west (34.1925; -4.1866), palaeozoic schists of the Middle Atlas domain are incised by an erosional surface (Fig.
S5.2A) overlain by breccias and sandstones, grading upwards into pebbly sandstones and siltstones (Fig. S5.2B).
Erosional channels and pinch – out of strata are locally visible (Fig. S5.2A). Overlying the first unit of breccia and
sandstones are coarse – grained, poorly sorted, massive to stratified sandstones with abundant bioclasts, bioturbation,
pebbles, and mud rip – up clasts (Fig. S5.2C). Massive clayey siltstones occur in lenses or layers. The lithofacies
increases in silt and clay content towards the top (Fig. S5.2B), allowing sampling for more clayey material to date in
micropalaeontological analysis (samples C2 and 3 collected at x= 34.1925; y= -4.2037).
Some 3 km to the west and above some unexposed intervals the sequence continues with coarse sandstones
passing upwards into a turbidite sequence (Fig. S5.2D-F) formed by sandstone and muddy silt alternations (sample
C1 collected at x= 34.1885; y= -4.2350). At outcrop scale, the turbidite sequence comprises characterising features
such as lateral pinch – out of strata against a channel surface dipping 12° to the east (Fig. S5.2D), smaller channelised
beds indicating palaeo – flow towards the NNE – NE (Fig. S5.2E) and crudely stratified single beds showing
divisions of parallel to low – angle cross lamination (Fig. S5.2F). Lower contacts are slightly to deeply erosive and
show abundant bioturbation, whereas upper contacts are quite distinct, wavy and sharp. Some cm – wide scours at the
base of the some beds suggest a secondary direction of flow towards the NW (Fig. 5.5).
Age and palaeodepth: three samples (C1-3; Fig. 5.5B) collected in the silty fraction of this section were poor in
microfauna. Very few planktic foraminifera, abundant aggregates between specimen, fine sandstones and pyritized
specimens hampered an accurate dating of the section. However it was possible to identify assemblages characterised
by G. bulloides, G. apertura, G. menardii 4 and G. immaturus, which overall suggests a Tortonian age prior to event 5
(7.51 Ma). Since the regional transgression of upper Miocene clastics on the Middle Atlas domain is well constrained
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between 8.37 and 7.92 Ma in the Saiss and Taza-Guercif Basins, we interpret these units to be part of the late
Tortonian biozone (8.37 – 7.25 Ma).
Benthic foraminifera are all hyaline and poorly preserved; the assemblages are dominated by epifaunal/epiphytic
taxa (Cibicides spp.; Elphidium spp.; discorbids), suggesting shelf water-depths (100 to 200 m).
Interpretation and palaeogeographic significance: the clastic, coarse lithofacies at Col Touahar represent,
stratigraphically, the foredeep transgression on the earlier exhumed Atlas domain. This is evident from the basal
erosive unconformity and the shallow – marine character of the upper Tortonian facies.
We interpret these facies associations developed on relatively proximal setting of the shallow ramp (i.e. outer
foreland setting) developed on the passive African margin, with respect to an axial foredeep developing further north
(Fig. 5.5A). Based on our observations, the sandstones containing pebbles, siltstones and sand – silt alternations (Fig.
S5.2C) could correspond to the product of hyperpycnal flows. Hyperpycnal flows are density – driven underflows that
bypass the delta – front environments bringing sand – laden currents into deeper areas of the basin; in foreland basins,
these currents typically evolve into sandy – dense and turbulent flows along their paths to the axial foredeep (e.g.,
Mutti et al., 2003).
The sandstone unit overlying the Paleozoic is characterised by alignments of pebbles (as in Fig. S5.2C) covered
by laminated to cross – bedded sandstones. This superposition of facies is often observed at the mouth of river
deltas in foreland settings (e.g., Mutti et al., 2003) and reflects the partial bypassing of high – density turbulent flow
(component of the hyperpycnal flow) above the basal dense flow. When the basal dense flow collapses for frictional
freezing aligned layers of pebbles deposit, and as the turbulent flow bypasses the area cross – stratified to parallel
– laminated sand accumulate. This scenario is also consistent with abundant rip – up clasts and scours present
throughout the section (Fig. S5.2C).
The overlying turbidite sequence (Fig. S5.2D-F) may represent a more distal facies of the flood – dominated fan
– delta system, namely sandstone with HCS (hummocky – cross stratification), commonly found basinwards of river
mouths in foreland settings (Mutti et al., 2003). The sand – dominated deposition shows large northward conduits
with erosive margins (Fig. S5.2D). The sand beds are parallel – laminated (Fig. S5.2F), channelised (Fig. S5.2E), and
show sharp contacts. The wavy and sharp upper contacts of these graded sand beds indicate HCS, therefore wave –
modified turbidites (Myrow and Southard, 1996). These facies may be the product of flood – generated sandstone
lobes and represent a relatively proximal setting, where the hyperpycnal flows are still modulated by wave action (De
Celles and Cavazza, 1992; Tinterri, 2011). Furthermore, the contiguous sequence exposed at Bouhlou (see section
S.2.2) also shows lithofacies consistent with delta – front generated deposits.
At Col Touahar, the large scale (20 – 50 m in width) channels or conduits (Fig. S5.2A, D) are NE and NW
orientated, suggesting that flood – dominated deltas were feeding the foredeep from the south, forming a roughly E –
W orientated coastline. Bed – scale scours at the base of the wave – reworked turbidites also reflect a NW direction of
palaeo-flow (Fig. S5.2E). Since these palaeo – current directions indicate the provenance of sediments from a source
area located to the south of these outcrops, the roughly ENE – WSW orientated band of sandy sediments at Col
Touahar (Fig. 5.5A) likely represents a good approximation of the orientation of the late Tortonian palaeo – coastline.
Figure S5.2 (next page) Field pictures of the sections in the Taza area. (a) At Col Touahar (Fig. 5.5, point 19, palaeozoic schists of
the Middle Atlas are incised by an erosional surface overlain by breccias and sandstones, grading upwards into pebbly sandstones and
siltstones (b). (c) Close-up of the crudely- to cross-stratified sandstone with pebble alignments reflecting deposition close to a river fandelta. (d, e) Channel-forms in turbidites (f ) at Col Touahar. (g) Trough-cross bedding and (h) sigmoidal cross-bedding at Bouhlou (Fig.
5.5, point 20). (i) Panoramic view north of Taza (Fig. 5.5, point 21) showing the indistinct boundary between the Blue Marl Formation
and the Prerif Nappe of the orogenic wedge. (j) Undifferentiated Miocene sandstones overlie unconformably the Jurassic limestones
of the Masgout Massif at Ouled Bourima (Fig. 5.5, point 22). (k) Quarry exposure at Ouled Bourima showing the discontinuous
transition from marine marlstones and continental deposits. (l-o) Close up on turbidites at the Ain Zhora section (Fig. 5.5, point 23).
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How the system evolved during the early Messinian is unclear, as for the nearest Messinian sediments we have to
move laterally ~50km (East Fes sections and Jenanat in the Saiss, Fig. 5.3; Guercif depocentre in the Taza – Guercif
Basin, Fig. 5.5A). Another factor of uncertainty is the absence of deep – water facies above the Col Touahar section
and to the north of it (Fig. 5.5A), which hints to either erosion or non – deposition. Furthermore, it is unclear how
much of the Upper Miocene sequence overlies the Prerif Nappe or underlies it in a lower structural position.
S.2.2 Bouhlou (Fig. 5.5; log 20)
Description of the section: next to the village of Bouhlou, along the railroad track, it is possible to analyse continuous
outcrops of cross – stratified sandstones (34.1280; -4.4061). These outcrops are mapped as the basal Upper
Miocene unconformably overlying the Middle Atlas (Suter, 1980), part of the same unit of Col Touahar (Fig. 5.5).
The outcropping units at Bouhlou lack finer sediments with in situ micropalaeontological assemblages; therefore,
biostratigraphic analysis was not carried out. However, given the good degree of lateral continuity between Col
Touahar and Bouhlou (Fig. 5.5A), we are confident that Bouhou is part of the same upper Tortonian transgressive
unit.
Cross – stratification in these sandstones occurs in sets with trough – shaped base (Fig. S5.2G). Sigmoidal and
down – cutting surfaces (Fig. S5.2H) mark the contact between massive and cross – stratified sandstones. The sands
are medium to coarse grained; they contain larger clasts, cemented nodules, bioclasts and bioturbation.
Interpretation and palaeogeographic significance: the cross – stratified sandstones exposed at the Bouhlou section
occur without intervening mud and probably represent the same shallow marine (fan – delta) facies as seen at Col
Touahar. We interpret these deposits as part of delta-front sandstone lobes, the product of migrating dunes and
clinoforms at the exit of a river mouth (e.g., Mutti et al., 2003; Tinterri, 2011). These mouth – bar deposits may
be slightly more distal than the pebbly sandstone of Col Touahar (Fig. S5.2C), but more proximal than the wave –
reworked turbidites of Col Touahar (Fig. S5.2D, F).
With its internal cross – sets, the Bouhlou sandstone reflects the progradation direction of the coastal units in
the easternmost part of the Saiss during the late Tortonian. Palaeocurrent reconstructions from foreset dip directions
(Fig. 5.5) show that coastal units were overall prograding towards the WNW at this location. Minor components to
the south and north (Fig. 5.5A) are possibly due to the local orientation of the troughs rather than transport towards
other directions. Another possibility is that longshore currents were present causing local orientation of foresets and
troughs.
S.2.3 Taza – scattered samples (Fig. 5.5; log 21)
Description: we collected 12 samples in the available exposures of the Blue Marl Formation at several scattered
locations to the north and northwest of the town of Taza. Here the blue marls crop out discontinuously in small
gullies or along the banks of small brooks. A panoramic view shows the diffuse boundary between the blue marls and
the Prerif Nappe of the orogenic wedge (Fig. S5.2I). Distinction between the two is often complicated by the fact that
they form roughly the same badland landscape. Allochtonous material is usually marked by darker or whitish colours
in the rocks, which contrasts with the blueish colour of the Blue Marl Formation (Fig. S5.2I).
Age and palaeodepth: The planktic foraminiferal assemblages of samples TZ1-12 are characterised by the following
marker species: common G. menardii 4, predominantly sinistral G. scitula, predominantly sinistral N. acostaensis, G.
extremus and, only locally, S. seminulina. G. sacculifer group is represented by G. trilobus and G. immaturus. The G.
apertura group appears in high numbers. We therefore interpret these assemblages to be deposited between event
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10 (8.37 Ma) and event 5 (7.51 Ma; Table 5.1). Due to the absence of G. seminulina in some of the samples it is not
possible to further restrict this interval using event 8 (7.92 Ma) as maximum age.
The benthic assemblages have mixed shelfal and shelf-edge species. Based on the common occurrence of cibicidids
and Uvigerina peregrina, together with inner shelf species such as Ammonia spp. and Nonion boueanum, but in the
absence of species convincingly indicating deeper (slope) environments we infer a palaeodepth of mid – outer shelf.
Interpretation and palaeogeographic significance: these marlstones attest to the marine deposition during the late
Tortonian in the Taza area, in a depocentre that was partially confined between emergent parts of the Prerif Nappe
to the north and the Middle Atlas to the south. However, there are no fossil remnants of coeval coastal environments
existing to the north of these marlstones. Gomez et al. (2000) compiled thickness isopach maps that show 200 to
400 m of upper Tortonian marlstones to the west of the town of Msoun (Fig. 5.5A). These maps show that upper
Messinian is absent from the Taza depocentre but reaches up to 1200 m in thickness in the Guercif depocentre.
According to these authors (Gomez et al., 2000), marine deposition in the Taza depocentre was contrasted by
the growth of the Msoun arch (i.e. anticline; Fig. 5.5A). This arch is represented by the trend of the Middle Atlas
fault continuing north, crossing the Bab Stout area and connecting with the Masgout Massif, as suggested also by
Chalouan et al. (2014). Around the Tortonian-Messinian boundary, transpressional regime along the northern part of
the north Middle Atlas fault zone caused isolation between the Taza and Guercif depocentres (Gomez et al., 2000).
S.2.4 Ouled Bourima (Fig. 5.5; log 22)
Description of the section: the Oued Bourima section is located in the north – eastern part of the Taza – Guercif
basin, 29 km north – east of the town of Taza. In this area a narrow band of Upper Miocene sediments extends
northward from the Taza depocentre, wedged in between the Rif nappes to the west and the Masgout massif to the
east (Fig. 5.5A). Miocene transgressive sandstones lie unconformably above the Jurassic limestone of Masgout (Fig.
S5.2J). Moving ~2 km to the west, one quarry (34.3413; -3.7320) shows the transition between marine marlstone and
continental deposits (Fig. S5.2K). A clear erosional surface truncates the marine Blue Marl Formation; the sandy unit
lying above is ~1 m thick, lacks shells or bioclasts, and contains foresets. These cross – sets are laterally continuous and
indicate a south – westward direction of palaeo – flow (Fig. 5.5). The sandy unit is truncated by a clast – supported
conglomerate, which grades upward into clastic limestone formed by caliche – like carbonate concretions, consisting of
hardened cement binding grains of gravel and pebbles. The clastic limestone unit becomes more similar to a travertine
upwards, showing regular alternations of hard carbonate crusts and soft layers containing more terrigenous material.
Age and palaeodepth: samples collected in the blue marlstones (samples O1 and 2; Fig. 5.5B) show assemblages
containing predominantly sinistral N. acostaensis, G. apertura, G. extremus, predominantly sinistral G. scitula (some of
which are G. suterae type), G. menardii 4, O. universa, G. bulloides, G. immaturus. These assemblages suggest an age
between event 7 (7.80 Ma) and event 5 (7.51 Ma; Table 5.1).
Benthic assemblages are relatively diverse, containing ~25% cibicidids (among others, 7% C. kullenbergi) and ~8%
Planulina ariminensis. This assemblage, along with percentage of planktic foraminifera around 70%, indicates upper –
slope depth (300 – 500 m).
Interpretation and palaeogeographic significance: from this area we can infer information on the depositional
environment of the upper Tortonian marine depocentre and about the source area of the riverine episode that overlies
it. The Taza depocentre was characterised by relatively deep – water sedimentation (300–500 m water – depth)
probably confined by steep slopes, controlled by the Masgout massif (Fig. 5.5A). The unconformity between the blue
marlstones and the continental units suggests that the shallowing of the depocentre occurred rather abruptly, leading
to the erosion of part of the blue marlstones by exposure to continental deposition and fluvial events. The fluvial
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sandstone reflecting fluvial floods directed W and SW – ward would suggest that Masgout was a structural high and
the source area of the clastics (Fig. 5.5A).
S.2.5 Ain Zohra (Fig. 5.5; log 23)
Description of the section: on the road to the town of Ain Zohra (34.5892; -3.6158) we sampled and closely analysed
some of the Upper Miocene facies wedged in between the orogenic wedge and the Masgout massif (Fig. 5.5A). At
this location, a ~30 m thick turbidite sequence unconformably overlies the Prerif Nappe. The sequence consists of
crudely graded sand beds alternated with silts and silty muds. The sands are medium to coarse in grain size, poorly
sorted, and locally contain larger grains, rip – up clasts or pebbles (Fig. S5.2L, N). The sand beds show flat to deeply
erosive lower contacts, locally forming scours roughly SW – NE orientated (Fig. S5.2M). Some of these sand beds are
amalgamated beds containing more than one depositional event; floating clasts seem to occur predominantly at the
base of the beds (Fig. S5.2L, N). Divisions of massive, parallel – and cross – laminated sandstones are present (Fig.
S5.2O). The laminated divisions are often wavy to slightly oblique (Fig. S5.2O). Palaeocurrent patterns reconstructed
from cross – laminae suggest transport towards the NE – E, consistent with the main orientation of the scours (Fig.
S5.2M).
Age and palaeodepth: the residues revealed abundant grains of sand, some evidence of transport and reworking,
based on the good sorting of the material and Cretaceous species, respectively. Planktic foraminiferal assemblages
contain G. bulloides, G. apertura, G. extremus, G. immaturus, sinistrally coiled N. acostaensis, G. menardii 4. These
assemblages suggest an age between event 10 (8.37 Ma) and event 5 (7.51 Ma).
Benthic foraminiferal assemblages mostly containing C. ungerianus, Gyroidina spp. and some P. ariminensis reflect
mid – outer shelf depth (200–300 m).
Interpretation and palaeogeographic significance: we interpret this sequence as product of a turbidite system
developing in relatively deep settings (200–300 m), which shows, however, an immature development of facies
characterised by products of gravelly flows (Fig. S5.2N). This facies association is often observed in foreland basins and
represents the transition between the coastal flood – dominated deltas and the deeper, axial foredeep systems (Mutti et
al., 2003). The Ain Zohra turbidite sequence shows the superposition of fine – grained sediments (silty mud) and dam
– thick sandstone lobes; these lobes have high sand – shale ratios (up to 8:1), channelised features and high numbers
of superposed flow events visible in amalgamated beds up to 2 m thick (Fig. S5.2M). The beds are also rich in clasts
and pebbles, often angular, which do not belong to this formation in lithology (Fig. S5.2L, N) but come from the Rif
nappes (Cretaceous shale).
We interpret the vertical superposition of floating clasts and massive sandstone (Fig. S5.2N) as the product of
frictional freezing of gravelly dense flow and near – bed suspension, respectively (e.g., Mutti et al., 2003). Other beds
show the vertical superposition of cross – laminated, crudely laminated and parallel laminated divisions (Fig. S5.2O);
we interpreted this sequence as the deposit of a turbulent flow, causing suspension sedimentation with traction
processes along the bed (Mutti et al., 2003).
Based on sedimentological and micropalaeontological evidence, it is possible that this system developed in distal
areas of the shelf, at 200 – 300 m water – depth, but relatively proximal areas of the foredeep, near to feeding fan –
delta systems or steep confining margins. These feeding areas were located either on the Prerif Nappe or the Masgout
Massif, or a combination of both. The palaeocurrent pattern (Fig. 5.5) shows that the turbidity currents were flowing
NE – ward, suggesting that deeper areas of the foredeep axis were located in that direction.
The Ain Zohra depocentre was structurally confined by the Masgout Massif and the bulk of the Prerif Nappe
(Fig. 5.5A). Pebbly sandstone bearing angular clasts from the Prerif Nappe suggest that this unit was the feeding area
(green colour in Fig. 5.5A). This palaeo – flow indication could also reflect that the Prerif Nappe formed an emerged
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or barely emergent area during the late Tortonian at this location. Another possibility is that the turbidity currents
were generating in the Masgouf Massif, and then channelised into the Ain Zohra depression, receiving clasts from a
barely emergent orogenic wedge with NE – SW orientated thrust ridges, which is today’s main orientation of faults in
this outer limb of the orogenic wedge.
We conclude that the South Rifian Corridor continued to the north of Ain Zohra during the late Tortonian; in
this case, the extension of the preserved sediments does not reflect the palaeogeography (Fig. 5.5).
S.2.6 Core AKL 101 (Fig. 5.5; log 24)
The AKL – 101 core (34.4575; -3.6604) is located within the Prerif Nappe domain in plan view (Fig. 5.5A), but
revealed a ~1000 m thick sequence of undifferentiated Neogene overlying the Jurassic unit of the Middle Atlas
(Gomez et al., 2000; Fig. 5.5B). Neogene clastics are overlain by ~50 m of Prerif Nappe. The age of the uppermost
~300 m of the Neogene sediments was refined with modern bioschemes (Barhoun, 2002), suggesting an age of 7.58
– 7.51 Ma (corresponding to our events 6 and 5 (Table 5.1). The AKL – 101 core therefore indicates that either
gravitational sliding or late movement of the thrust – system has occurred at ca. 7.51 Ma. Due to the age which largely
postdated the last movements of the thrust – systems at other locations (ca. 8 Ma), the option of gravitational sliding
or slumping is preferred.

S.3 Taourirt – Oujda depocentres (Fig. 5.6A)
S.3.1 Hassi Berkane composite (Fig. 5.6B; logs 25 – 28)
Description of the section: the area of Hassi Berkane has very few exposures and no available information on its structure
at depth; overall it could represent a narrow palaeo-strait that connected the Guercif depocentre to the Mediterranean
Sea (Fig. 5.1). The highest topography in the area corresponds to the Beni Snassene (Fig. 5.1) and Bou Yahi Mesozoic
Massifs (Fig. 5.6A); the latter being an eastern prolongation of the Masgout Massif (Fig. 5.5A). We analysed three
separated outcrops south of the town of Hassi Berkane (Fig. 5.6A). The first outcrop (point 25 in Fig. 5.6A, B) is
located south of the town of Hassi Berkane (34.7942; -2.8967) and shows ~20 m thick finely bedded marlstones
gently tilted towards the north (Fig. S5.3A). The marlstones are truncated by an unconformity and covered by
continental conglomerate.
The second outcrop corresponds to point 26 in Fig. 5.6A, B. It is found near the Mohammed – V Dam (34.6664;
-2.9406) and shows an alternation of m – thick sandstones sandwiched in finer – grained sediments (Fig. S5.3B).
Jurassic limestone towards the NW (Fig. S5.3B) is unconformably onlapped by this marly – sandy sequence. Some of
the sandstone lobes show synsedimentary faulting capped by overlaying marlstones (Fig. S5.3B).
The third outcrop corresponds to point 27 in Fig. 5.6A and B (34.6860; -2.9942). This unit consists of an
alternation of indurated chalk and clayey siltstone containing typical fresh water microfauna of continental facies. We
could not locate marine, upper Tortonian-Messinian sediments in this area; possibly they lie below the continental
facies. Subhorizontal layers of the continental facies (Fig. S5.3C) terminate against the Jurassic limestones of Bou Yahi
at point 28 (Fig. 5.6A). Close observations at outcrop 27 (Fig. 5.6A, B) revealed an alternation of indurated white
chalk with gastropods and ostracods and blue to brown siltstone. The sequence is capped by m – thick continental
conglomerates.
Age and palaeodepth: samples HS 1-4 (outcrops 25 and 26; Fig. 5.6B) contain similar planktic foraminifera
assemblages, indicating middle Tortonian age, older than 8.37 Ma. Characteristic species are N. acostaensis,
predominantly dextral with very few sinistral forms, G. menardii 4, which is present but rare, and G. scitula, mainly
dextrally coiled but with some sinistral forms. These assemblages are characterised mainly by the absence of G.
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extremus, which assigns an age older than event 10 (8.37 Ma), and the dominantly dextral form of N. acostaensis.
Neogloboquadrina acostaensis is predominantly dextral between event 13 (10.57 Ma) and 12 (9.51 Ma), then varies
randomly between sinistrally and dextrally coiling until event 9 (8 – 7.92 Ma). The presence of predominantly dextral
N. acostaensis may then reflect an interval between 10.57 and 8.37 Ma. Samples from outcrop 27 (Fig. 5.6A) resulted
in very small residues with rare microfossils. Ostracods are present with both valves preserved, suggesting lacustrine
or brackish environments and very little transport. Both benthic and planktic foraminifera are rare but present, and
species such as G. bulloides, N. acostaensis, and G. apertura were identified. However, these specimens have certainly
been reworked from Neogene marine deposits and have no implication for the age and depth of this section. Whereas
for outcrops 27-28 we can infer a continental environment, for outcrops 25-26 a diversified benthic assemblage and
bathyal species such as C. wuellerstorfi are present, indicating open marine environment and water depths as deep as
upper slope.
Interpretation and palaeogeographic significance: this section reveals that deep – marine conditions existed
during the middle Tortonian (9.51–8.37 Ma) in the Hassi Berkane area. In this area, we could not find exposures
of sediments belonging to the late Tortonian biozone (8.37–7.25 Ma), although we cannot exclude that they are
unexposed or deeply eroded. Wernli (1988) analysed several sets of samples collected in the Hassi Berkane area and
reported the presence of upper Tortonian assemblages. What stands out is the presence G. suterae and the absence of
G. conomiozea (Wernli, 1988). These assemblages described in Wernli (1988) could correspond to the biozone between
7.80 Ma and 7.25 Ma (see discussion at section S.3.5). It is therefore possible that this narrow and shallow passage
connected the Taza – Guercif Basin to the Mediterranean during the late Tortonian.
S.3.2 Taourirt composite (Fig. 5.6B; log 29 – 30)
Description of the section: the Taourirt composite section is compiled as follows (Fig. 5.6A, B): point 29 (34.5495;
-2.7662) shows the basal part of the Blue Marl Formation unconformably overlying the Jurassic; point 30 displays the
upper part of the blue marlstones and the transition to lacustrine facies (34.4565; -3.8929). Point 29 shows, as its base,
alternance of marlstones and more indurated, calcareous layers (Fig. S5.3D). The section passes upwards into ~50 m
thick clayey marlstones and it is truncated by continental conglomerates of probable Quaternary age (Fig. S5.3E). At
point 30 (Fig. 5.6A), silty muds are poor in microfauna, and grade upwards into an alternation of white chalk, coal –
rich layers and mud (Fig. S5.3F, G).
Age and palaeodepth: the washed residues of samples TA1-10 (collected at point 29) contain relatively common G.
menardii 4 in the lowermost part of the section (TA1-4), whereas it is rare in the upper part (TA5-10). By contrast the
group of G. scitula including the G. suterae is abundant. These assemblages suggest an age between event 7.80 and 7.35.
Event 5 (7.51 Ma) is probably located between samples T4 and 5 (Fig. 5.6B), whereas the overlying part (samples
T5-10) was probably deposited between 7.51 and 7.35 because G. menardii 4 was either rare or absent.

Figure S5.3 (right page) Field pictures of the sections in the Taourirt–Oujda area. (a) Middle Tortonian marlstones of the Hassi
Berkane depocentre (Fig. 5.6, point 25). (b) Middle Tortonian deposits unconformably overlie Jurassic limestones by the shore of the
Mohammed–V Dam (Fig. 5.6, point 26). Sandstone intervals display growth faults and are sandwiched between marlstones. (c) Onlap
of the Upper Miocene or Pliocene continental units of the Hassi Berkane area on the Jurassic limestones of the Bou Yahi Massif (Fig.
5.6, point 28). (d) Alternation of silty marlstones and calcareous layers at the base of the Taourirt composite section (Fig. 5.6, point 29).
(e) The top of section 29 (Fig. 5.6, point 29) shows marine marlstones truncated by Recent conglomerates. (f ) The upper part (Fig. 5.6,
point 30) of the Taourirt composite section records the transition from marine to continental deposition with (g) alternating levels of
coal-rich layers, silty mudstone and white chalk, interpreted as lacustrine or lagoonal facies.
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The washed residues of samples TA11 and 12 (collected at point 30) contain abundant ostracods and gastropods,
indicating a brackish or fresh – water environment. Rare specimens of open marine species such as G. bulloides and U.
peregrina were found, but probably were reworked from older units. As suggested by the lithofacies, the environment
of this point 30 is most likely lacustrine, although it could be also lagoonal with brackish waters.
Benthic foraminifera at point 29 are dominated by Lenticulinids, Uvigerinids, Cibicidids and other outer shelf
species and the planktic/benthic ratio oscillates between 60% and 70%. These assemblages would suggest shelfal
depths.
Interpretation and palaeogeographic significance: the Taourirt section was sampled to determine the age of the
closure of the Oujda Passage (Fig. 5.6A) and link it to the Taza – Guercif Basin to the southwest. The transition
between marine and continental (or lagoonal) environments would suggest a late Tortonian closure for this area. This
is consistent with the shoaling trend observed in the Taza – Guercif basin, which highlighted a phase of enhanced
uplift starting at the end of the Tortonian (Krijgsman et al., 1999b). Gomez et al. (2000) showed that substantial
restriction of the accommodation space of the Taza – Guercif basin occurred by the Tortonian – Messinian boundary,
due to the partial inversion of the Mesozoic structures underlying the basin. The Messinian is absent in the Taourirt
area, as occurs in the areas to the west of the Msoun arch (Taza area; Fig. 5.5A). We could then speculate that this
absence reflects uplift occurring regionally at the Tortonian/Messinian boundary (Krijgsman et al., 1999b; Gomez et
al., 2000).
S.3.3 El Aioun core (Fig. 5.6B; log 31)
Description of the core: the El Aioun core was analysed by Wernli (1988) to trace the marine connection eastward
from the Taourirt to the Oujda depocentres (Fig. 5.6A). Unconformably overlying the Jurassic limestones are ~200 m
of sediments exclusively composed of continental lithofacies. The continental unit consists of massive conglomerate,
lacustrine mud and intercalated gravel beds. By Wernli’s opinion (Wernli, 1988) part of these lacustrine lithologies
correspond to the Pliocene lacustrine facies observed south of the Bou Yahi Massif (Fig. 5.6A). As we suggested
for Taourirt, this transition seems to occur at the end of the late Tortonian due to a phase of enhanced uplift that
restricted the basin (Gomez et al., 2000).
Interpretation and palaeogeographic significance: this area is a key location for palaeogeography as it may represent
the sill between the Mediterranean and the Taza – Guercif Basin (Fig. 5.1). Surface data between the Taourirt and
the Oujda depocentre only show continental facies (Wernli, 1988; Fig. 5.6A), as well as subsurface data from the El
Aioun core (Fig. 5.6B). This evidence would suggest that the late Miocene marine transgression did not reach the area.
However, we cannot rule out a condensed marine sequence that has subsequently been eroded away. It was suggested
by Wernli (1988) that the area between Taourirt and Oujda probably represents a structural high (i.e. Rmila structural
high). Surface and subsurface data (Wernli, 1988) indicate that the extension of Upper Miocene blue marlstones east
of the Taourirt depocentre is limited to the surroundings of Oujda (dotted grey line in Fig. 5.6A) and further east in
Algeria in the Basse – Tafna (Fig. 5.1).
S.3.4 Beni Oulik core (Fig. 5.6B; log 32)
Description of the core: this core is located 15 km to the west of the town of Oujda and consists of ~250 m of marlstone
with terrigenous intercalations. This sequence was analysed by Wernli (1988) and revealed the westernmost relict of
upper Tortonian marine transgression in the Oujda depocentre (Fig. 5.6A).
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Age and palaeodepth: a poorly preserved planktic foraminifera assemblage hampered a precise dating of the
core, which is assigned to undistinguished upper Tortonian – Messinian (Wernli, 1988). However, the same marine
lithofacies of the Beni Oulik core were found at the base of the Angad core (Fig. 5.6). The Angad core (see section
S.3.5) revealed the presence of G. suterae and the absence of G. conomiozea (whose biozone is roughly equivalent to
the modern G. miotumida; Sierro, 1985; Lourens et al., 2004), an assemblage that corresponds to a late Tortonian
biozone (7.80 – 7.25 Ma). In addition, Wernli (1988) highlighted a shallow marine benthic assemblage characterised
by Ammonia, Nonion and Lenticulina spp. indicating inner shelf depths (100 – 50 m), both at the base and at the top of
the muddy sequence of the Beni Oulik core (Fig. 5.6B).
Interpretation and palaeogeographic significance: this core is poorly dated but seems part of the Upper Miocene, and
most likely upper Tortonian. With its shallow marine palaeo – depths (Wernli, 1988) it sets the western limit of the
Oujda Basin (Figs. 5.1, 5.6A).
S.3.5 Angad (Fig. 5.6B; log 33)
Description of the section: the Angad core (Wernli, 1988) shows a ~600 m thick marine marly sequence that coarsens
and shallows upwards, then grades into silts and clays with gravel beds reflecting lagoonal or lacustrine environment.
We could not analyse the samples from this core; however, some pieces of information from Wernli’s biozone could be
translated into ours, hinting at an age between 7.80 and 7.25 Ma.
Age and palaeodepth: the assemblages described in Wernli (1988) showed the presence of G. suterae of the G. scitula
group (Catalano and Sprovieri, 1971; D’Onofrio et al., 1975) above ~200 m from the base of the core. Globorotalia
suterae was thought (Wernli, 1988) to be present after the FO of G. extremus (our event 10; Table 5.1) and before
the FCO G. conomiozea. Globorotalia conomiozea (Kennet, 1966) is, according to modern bioschemes, a form of G.
miotumida (Sierro, 1985), whose regular occurrence starts at 7.25 Ma (Lourens et al., 2004; Hilgen et al., 2012). G.
conomiozea is absent from the Angad core and, remarkably, from the entire Oujda depocentre (Wernli, 1988).
Furthermore, G. suterae described in Wernli (1988) is the same form of the G. scitula group that occurs
synchronously around the Mediterranean at 7.80 Ma (Sprovieri et al, 1999). Due to this modern calibration of
bioevents it is reasonable to date the Angad core between event 7 (7.80 Ma) and event 2 (7.25 Ma).
Interpretation and palaeogeographic significance: the Angad core and the Oujda Basin show that late Miocene open
marine conditions existed to the west of the Rmila High (Fig. 5.6A). Due to the absence of marine sediments in
the Rmila High, Wernli (1988) proposed that marine connections were more likely towards the Mediterranean to
the east via the Basse – Tafna (Fig. 5.1) than towards the Taza – Guercif Basin to the west via the Oujda passage.
After our careful analysis, we conclude that connectivity between Oujda and Taza – Guercif depocentres was
absent or very restricted; such a narrow sill would have likely generated bottom current – dominated environments,
depositing sequences of coarse material as observed in the South (Chapter 3) or North (e.g., Achalhi et al., 2016)
Rifian Corridors. We cannot exclude that deposits of these vigorous currents remain unfound, underneath the thick
continental units that crop out ubiquitously in the area.

S.4 Northern Gharb area (Fig. 5.7A)
S.4.1 Jebel Dahl (Fig. 5.7B; log 34)
Description of the section: the Jebel Dahl section is located in the northern Gharb Basin, 8 km NNW of the town of
Souk el Arba (34.7523; -6.0364). The section comprises sandstone and silty marlstone alternations forming a 150 to
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200 m thick sequence (Figs. 5.7B, S5.4A). The sand beds are crudely graded; divisions of massive, cross – laminated
and parallel – laminated sandstones are present (Fig. S5.4B). The lower contact of the sand beds is slightly erosive;
some basal scour – and – fill structures suggest palaeocurrents towards the west. Palaeocurrent reconstructions were
carried out from cross – laminae in the sand beds. The predominant direction of flow is approximately westward; a
smaller number of observations indicate flow towards the north and east (Fig. 5.7A).
Age and palaeodepth: the washed residues were rich in microfauna showing very good preservation. Good grain
size sorting in the residues hints at transport. The planktic foraminiferal assemblage is characterised by abundant G.
miotumida, predominantly sinistral N. acostaensis, G. extremus, G. apertura, and predominantly dextral G. scitula. These
assemblages indicate an early Messinian age, between event 2 (7.25 Ma) and event 1 (6.35 Ma).

Figure S5.4 Field pictures of the sections in the Northern Gharb area. (a) Photomosaic showing an outcrop view of Jebel Dahl
(Fig. 5.7, point 34) turbidite sequence. (b) Details of the turbidites of Jebel Dahl. (c) Synkinematic wedge of coastal marine sandstones
at El Sila (Fig. 5.7, point 37). (d) Close up of the siltstones –sandstones underlying the sandstones in (c) and showing alternating
levels with channel–forms, low-angle cross-stratification, massive sandstone, siltstone and sandstone with rip-up clasts. (e) Closeup of the sandstones in (c) showing cross-strata. (f ) Channel–forms are 10–15 cm in thickness and 5–10 cm in depth. (g) trough
cross–bedding in sandstones at Moulay Abdelkrim (Fig. 5.7, point 38). Incisions are up to 1 m in depth. The black arrows indicate
the base of different scours. In this position several mud–lenses are preserved and were sampled for biostratigraphy. (h) Close–up of
the sedimentary structures observed at Mzefroun (Fig. 5.7, point 39). (i) Wedging–out of mudstone layer in a sandstone interval at
Mzefroun. (j) Weathered and loose sands at the top of the Mzefroun section.
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Benthic foraminifera are characteristic of outer shelf (100 – 300 m) with relatively abundant Ammonia spp. (~20
up to nearly 50%) in the assemblages probably due to transport. The assemblages contain C. ungerianus, C. dutemplei
(up to ~20%), Valvulineria bradyana and Nonion fabum. Uvigerina peregrina is present up to ~7%.
Interpretation and palaeogeographic significance: we interpret the Jebel Dahl alternations of sandstone and silty
marlstone as product of a turbidite fan at relatively shallow depth of the foreland basin. The turbidite beds are
mostly unchannelised and the sequence thickens upwards, probably indicating progradation of the outer fan. As the
palaeocurrent pattern indicates west – directed transport (Fig. 5.7A), feeding delta – fronts or sediment – collapse
areas were occurring to the north and/or to the east. Minor trends of palaeocurrents towards the north and the east
may reflect subordinate palaeo-flows. Main turbidity currents flowing to the southwest are suggested by regional
seismic mapping (Soquip report, 1990; SCP/ERICO report, 1991). It is possible that the north-directed component
of this pattern results from along – slope bottom – currents that veered north at this location (Fig. 5.12A); Jebel Dahl
could represent a mixed turbidite-contourite system (Mulder et al., 2008)
S.4.2 NRT – 2 core (Barhoun, 2002) (Fig. 5.7B; log 35)
Biostratigraphic analysis in the NRT – 2 core was conducted by Barhoun (2002). The core showed ~1300 m of mostly
clayey marlstones with some sandy intervals; the marlstones contain abundant G. miotumida, dominantly sinistral N.
acostaensis, and dominantly dextral G. scitula, indicating an early Messinian age between event 2 (7.25 Ma) and 1 (6.35
Ma). The NRT – 2 core shows that south of the Jebel Dahl – Bibane trend, the Messinian unit is recorded with high
thicknesses, probably due a structural low of the Gharb Basin starting at this location. Seismic data (Soquip report,
1990; SCP/ERICO report, 1991) suggest that structural lows of the Gharb Basin were controlled by normal faults
forming arcs concave to the southwest (Fig. 5.7A).
S.4.3 Jebel Bibane (Fig. 5.7B; log 36)
Description of the section: the Jebel Bibane section is located 8km west of the town of Souk el Arba (34.6736; -5.9191).
The section shows a ~80 m thick sandstone interval encased in blue marlstones with varying silt content. At the base
of the marlstone is a ~30 m thick calcarenite unit attributed to the upper Tortonian (SCP/ERICO report, 1990). The
sandstone interval has many clayey intercalations and lenses which allow sampling for microfauna. The sand beds
show divisions of cross – lamination and parallel lamination; slumped levels are common throughout the section.
Age and palaeodepth: the residues of the samples collected in this section showed planktic and benthic assemblages
analogous to those of the Jebel Dahl section, namely reflecting early Messinian (7.25 – 6.35 Ma) and outer shelf to
shelf edge (100 – 300 m).
Interpretation and palaeogeographic significance: the Jebel Bibane section represents another part of the turbidite fan
developing on the northern margin of the Gharb Basin. Feeding turbidity currents broadly directed south to south –
west were derived from palaeoflow indicators in SCP/ERICO report (1991).
S.4.4 El Sila (Fig. 5.7B; log 37)
Description of the section: the El Sila section is located at the north – eastern margin of the Had Kourt depocentre
(34.6721; -5.5259) and consists of a thin sequence of marine, marly deposits capped by coastal sandstones, the latter
mapped as Pliocene in the regional geological maps (Suter, 1980). The marine marlstones contain shell fragments
of bivalves, oysters, and gastropods, and grade upwards into alternations of clayey silts and very fine sands that show
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horizons of rip – up clasts, small channels, cross – lamination, and wavy lamination (Fig. S5.4D, F). These alternations
increase upwards in sand content until the section is composed exclusively by sandstone (Fig. S5.4C). Sandstones
become reddish and more weathered towards the top (Fig. S5.4E). The sandstones are crudely stratified or crossstratified, with cm – thick sets. It is possible to observe m – thick sets of through – cross bedding in freshly cut
exposures. The sands contain bioclasts and are coarse in grain size. Palaeocurrent reconstructions from cross – laminae
in the silt and larger foresets in the sandstones indicate NNE and SSW direction of transport (Fig. 5.7A). Layers
become decreasingly tilted towards the top (Fig. S5.4C).
Age and palaeodepth: the washed residues are very large, containing great amount of bioclasts. Planktic
foraminifera are abundant but seem mostly reworked, with Eocene, Middle Miocene and Tortonian species. The
maximum age is Tortonian, but the sediment could be younger. Poorly preserved and scarce benthic assemblage
containing C. ungerianus, Pullenia bulloides, Oridorsalis spp., Ammonia and a few Elphidium spp., suggest that the water
depth was shelf.
Interpretation and palaeogeographic significance: we interpret this outcrop as a shallow marine embayment of the
Gharb Basin. The embayment may have been flat and sheltered, since the sandstone beds lack HCS and wave cross –
bedding as SCS (swaley cross – stratification); however, oyster fragments suggest energetic environment as well as the
indications of bidirectional tractive currents observed. We could infer a lagoonal environment locally forming a near
– shore to intertidal environment (Fig. S5.4D). The weathered sandstones at the top could be the product of littoral
sand bars and the sand – rich parts of a lagoon – tidal inlet system (Reading and Collinson, 1996). The bipolar current
pattern, if indicative of tidal currents, would suggest that the embayment was NE – SW orientated.
We find unlikely that the sandy top of this section is Pliocene in age as suggested by the geological map (Suter,
1980). The marine to continental transition being clearly continuous, the facies associations of this section probably
belong to the same age zonation. Given the absence of G. miotumida from the assemblages, we assigned it to the upper
Tortonian. In our reconstruction for the late Tortonian biozone, this area sets a near – shore to lagoonal environment
and, based on NE – SW palaeocurrents, we infer a roughly perpendicular (NW – SE) coastline at this location.
S.4.5 Moulay Abdelkrim (Fig. 5.7B; log 38)
Description of the section: at this location (34.4832; -5.2446), unconformably overlying some Cretaceous units of the
orogenic wedge are sandstones with abundant trough cross – bedding and mud lenses (Fig. S5.4G). The troughs are 60
to 80 cm high and 2 m wide. Mud lenses are preserved either at the top of a trough fill or between sigmoidal packages
of foresets (Fig. S5.4G). Palaeocurrent reconstruction based on foreset dip – directions show east – directed transport
(Fig. 5.7A). Above 4 – 5 m from the base, the trough – shaped surfaces are replaced by planar bedding.
Age and palaeodepth: the washed residues show a mix of bioclasts and planktic foraminifera. The planktic
foraminifera are from different ages (e.g., Cretaceous, Eocene, Middle and Late Miocene). We could find some
sinistrally and dextrally coiled N. acostaensis, and G. menardii 4; the specimens of G. menardii 4 are well preserved
indicating that the in situ species are probably of Tortonian age. However, it is not possible to specify middle or late
Tortonian from the microfauna. In the neighbouring Had Kourt and Souk el Arbaa depocentres, the late Miocene
transgression occurs during the late Tortonian and deposits mainly ~30 to 50 m thick bioclastic sandstones with
some cross – stratification (SCP/ERICO report, 1990). Therefore, it is more likely that Moulay Abdelkrim bioclastic
sandstones are upper Tortonian.
Benthic foraminiferal assemblages are characterised by C. dutemplei, ~20% C. ungerianus, C. lobatulus. Elphidium
and Ammonia spp are present and in part badly preserved. The estimated water depth is mid-outer shelf, but reworking
of late Miocene precludes a more precise depth estimate due to uncertainty about which species are in – situ.
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Interpretation and palaeogeographic significance: trough – cross bedding at Moulay Abdelkrim is interpreted to
reflect 3D subaqueous dunes at relatively shallow depth (~shelf ) migrating to the east (Fig. 5.7B). Unidirectional
trough – cross bedding of this type could be formed by one of the following processes: tidal residual currents in
estuarine to strait setting (e.g., Mellere and Steel, 1996; Longhitano, 2013); bottom-currents funnelled in the strait
(Chapter 3); hyperpycnal flows forming delta-front sandstone lobes (Mutti et al., 2003; Tinterri, 2011). Upper
Tortonian east–directed bottom–currents would indicate a roughly E – W orientated estuary or strait in the Northern
Gharb embayment (Fig. 5.7A).
S.4.6 Mzrefroun (composite) (Fig. 5.7B; log 39)
Description of the section: this section is located 15 km east of the town of Ouezzane (34.8371; -5.7453). The sequence
starts with coarse bioclastic sandstones with cross – stratification, then grades upwards into mudstone in which ~10 m
thick sandstone lobes are intercalated (Fig. S5.4I). These sandstone lobes include cross – laminated silt – sand couplets
and massive to laminated mud lenses (Fig. S5.4H, I). The sands are fine to medium and moderately sorted, with
bioclasts and coarser granules. The sequence increases in silt – sand content towards the top; the sands become more
reddish in colour and medium to coarse in grain – size. Mud layers or lenses with organic material occur within
heavily weathered and mottled sandstone (Fig. S5.4J). Gravel beds occur near the top. Cross stratification is present in
sets of planar cross – bedding in the coarse sandstone at the top and the bottom of the section; cross – lamination in
the sand – silt couplets intercalated with mudstone (Fig. S5.4H).
Age and palaeodepth: all the particles in the residues seem very well sorted due to transport. Probably 99% of
the foraminifera are reworked from Cretaceous, Eocene, and Middle to Late Miocene units. We could identify
some sinistral N. acostaensis suggesting that the maximum age is Tortonian. Benthic foraminiferal assemblages are
dominated by relatively well – preserved Ammonia spp. together with Elphidium spp. and few other taxa living in
(shallow) shelf environments. Together with plant remains this indicates a shallow to coastal marine environment
(max. 100 m), probably with deviating salinity.
Interpretation and palaeogeographic significance: this outcrop is mapped as Pliocene in the geological map (Suter,
1980), similarly to the red sandstones of El Sila (Fig. S5.4C). We conclude that there is no evidence to date these
sandstones as Pliocene, and probably they just represent the transition from shallow to coastal environments in
marginal areas of the Gharb Basin. At Mzefroun, palaeocurrent directions based on cross – laminae in sandstonelobes and cross-stratification in bioclastic sandstones (Fig. 5.7A) can be indicative of the following processes that may
change through time: tidal currents; sand bars progradation; long – shore wind – driven currents. The sandstone –
lobes with mud – lenses (Fig. S5.4I) may reflect fan – delta sandstones and prodelta mudstones.

S.5 Intramontane basins (North Rifian Corridor) (Fig. 5.8A)
S.5.1 Sfasef (Fig. 5.8B; log 40)
Description of the section: the Sfasef section is located in the Ghafsai intramontane basin (34.6826; -5.0025). At this
location, Upper Miocene clastics unconformably overlie the orogenic wedge (Mesorif units). The sequence is formed
by alternations of mudstone and 10 to 20 m thick sandstone intervals. A panoramic view shows the progressive tilting
of strata at this location (Fig. S5.5A). The sandstone intervals are composed of tabular massive sandstones, locally
showing thin mud – lenses interfingered with finely – bedded sandstones (Fig. S5.5B).
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Age and palaeodepth: planktic foraminiferal assemblages of the Sfasef section are characterised by abundant G.
obliquus, G. bulloides, G. menardii 4, sinistral G. scitula, and predominantly sinistral N. acostaensis. These assemblages
indicate a late Tortonian age, probably between even 6 (7.58 Ma) and event 5 (7.51 Ma).
Benthic assemblages are relatively diverse, containing C. pachyderma, Globocassidulina subglobosa, U. peregrina and
P. ariminensis, suggesting depths corresponding to outer shelf (150-300m).
Interpretation and palaeogeographic significance: this section is a representative example of the compressive tectonic
phase that affected the intramontane basins during the late Tortonian. We speculate that syndepositional contraction
along the NW – SE orientated Ghafsai fault (Fig. 5.8A) gave rise to the tilting of strata observed at outcrop scale
(Fig. S5.5A). This alternation of mudstone and sandstone may reflect alternating episodes of tectonic quiescence
and uplift, which resulted in mud – deposition and progradation of sandstone – lobes, respectively. Sandstone layers
interfingered with muddy lenses (Fig. S5.5B) may reflect the process of mud deposition and sand transport that
occurs in prodelta areas, where river mouths discharge abundant clastics to form deltaic fans. We did not conduct
a palaeocurrent reconstruction in the area, however preliminary data would indicate that the coastal systems were
prograding eastward.
S.5.2 Taounate (Fig. 5.8B; log 41)
Description of the section: the Taounate section was studied by Wernli (1988); it starts 1 km SW of the town of
Taounate (34.5315; -4.6317) and continues to the south where marlstones outcrop discontinuously until Mount Gara
Kbira, located in the centre of the basin (34.4993; -4.6319). We have analysed the set of samples from this section,
stored at the Ministry of Geology in Rabat, and made additional observations in the field.
Sedimentation at Taounate starts with m – thick beds of grainstone, sandstone and intercalations of marine
marlstones. This basal unit is approximately ~80 m thick and contains abundant bioclasts, pectens and bryozoans. The
basal unit, only outcropping to the north and east of the basin (Tejera de Leon et al., 1995), is composed by medium
to coarse bioclastic sands, locally cemented, changing upward into a detritic packstone or biocalcarenite (defined as
coquinoid limestone, ‘calcaire à lumachelliques’ in Wernli, 1988) intercalated with silty marls. More competent layers
of this basal coarse unit are visible in the landscape (Fig. S5.5C, D), dipping south at an angle of 50° to 70°, and
unconformably overlying the folded units of the Mesorif (mostly Cretaceous and Jurassic lithologies).
Above this basal unit we found increasing input of gravels and pebbles, forming alternating layers of mudstone,
sandstone and conglomerate (Fig. S5.5E). Abundance of angular clasts suggests the proximity of the source area and/
Figure S5.5 (next page) Field pictures of the sections in the North Rifian Corridor area. (a) Panoramic view of the synkinematic
wedge formed by sandstone –marlstone intervals at the Sfasef section in the Ghafsai Basin (Fig. 5.8, point 40). (b) Detail of the
wedging-out mud layers in the sandstone intervals of the Sfasef section. (c, d) Panoramic views taken from the town of Taounate (Fig.
5.8, view to the east) showing the geometric relationship between the Taounate ridge and the sedimentary infills of the Bou Haddi
and Taounate depocentres. The sandstone layers of site 42 (Fig. 5.8A) in the Bou Haddi depocentre (black dotted lines) onlap on
the northern side of the Taounate ridge (c), whereas the Taounate sandstone layers of the basal coarse unit are tilted indicating postdepositional uplift of the southern side of the ridge. (e) Detail of the conglomerates and mudstones of the basal unit in the Taounate
section (Fig. 5.8, point 41). (f ) Cross-sets capped by micro-conglomerates in the Bou Haddi depocentre (Fig. 5.8, point 42). (g) Crossbedded sandstones in the Bou Haddi depocentre (Fig. 5.8, point 42). (h) Sandstone intervals encased in bioturbated silty marlstone in
the eastern part of the Bou Haddi depocentre (Fig. 5.8, point 43). (i) Alternations of matrix-supported conglomerates and mudstones
of the basal coarse unit of the Dhar Souk section (Fig. 5.8, point 44). Note the heavy tilting of the strata. (j) Marlstones of the Dhar
Souk depocentre (Fig. 5.8, point 44) sampled for biostratigaphy and palaeobathymetry estimation. (k) Details of sedimentary structure
in the sandstone intervals of Sidi Ali Ben Daoud (Fig. 5.8, point 45). (l) Turbidite intercalations in the mud-rich intervals of Sidi Ali
Ben Daoud. (m) Possible contourite feature at the North Arbaa section of Arbaa Taourirt (Fig. 5.8, point 47).
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or high – gradient, coarse – grained rivers. Pebble content increases upwards forming a clast – supported conglomerate,
which forms a 10 to 30 m thick lobe. This conglomeratic unit, which is locally reddish and indurated but still contains
shell fragments and intercalations of pelites, reflects enhanced continental input and the proximity of a river delta,
possibly located near the alluvial fans of the proto-Rif Mountains to the north. The Taounate section continues with
blue marlstones, which are locally more cemented or interrupted by intercalations of thin sand beds, reaching up to
~1000 m of thickness in the centre of the Taounate Basin (Fig. 5.8B). At the top of the sequence is a ~30 m thick
continental unit, consisting of silty muds and sandstones without microfauna.
Age and palaeodepth: for this section we estimate an age between event events 8 – 9 (7.92 Ma), and event 5 (7.51
Ma). The marker species is G. menardii 4 present throughout, as well as S. seminulina. N. acostaensis is predominantly
sinistral, although in small numbers and mixed with some dextral forms. G. scitula is rare and when found shows both
coiling directions. The G. extremus type is present in all samples where the G. obliquus group was recorded.
The benthic foraminiferal assemblages of the Taounate section remain approximately the same throughout the
sequence and are characterised by the following species: buliminids, e.g., B. elongata; Cibicides dutemplei; Nonion,
Lenticulina and Uvigerina spp.; Pullenia bulloides, Valvulineria bradyana. Changes in diversity and minor changes in
abundances of the common species are probably related to variable preservation, variable influx of organic matter from
shallower depths and oxygenation of the sea floor. These assemblages reflect deposition in mid – outer shelf depths
(100 – 250 m), with a relatively eutrophic environment.
Interpretation and palaeogeographic significance: the Taounate section records shallow marine (100 – 250 m)
sedimentation during the late Tortonian (7.92 – 7.51 Ma) and the closure of this basin with the transition from
marine to continental sedimentation. Whereas the minimum – maximum ages of the basin infill are well – constrained
between 7.92 – 7.51 Ma based on planktic foraminifera, the exact age of this closure remain poorly constrained
because the basin stratigraphy does not record bioevents.
Pebbly sandstone and conglomerate lobes at the base of the section are products of river mouths at shallow depth;
this system prograded from the north (Bou Haddi) to the south, across a passage through the Taounate ridge (Fig.
S5.5C). Mud – dominated sedimentation that characterises large part of this basin is the result of shallow (100 – 250
m) deposition in areas of the shelf influenced by feeding river – deltas. The top silty muds and sandstone unit without
microfauna may reflect the transition to continental deposition, occurring in lagoonal or lacustrine environments.
In section S.5.6, seismic stratigraphy of the Taounate Basin at depth will be presented, and the implications for
the tectono – sedimentary evolution of the North Rifian Corridor discussed.
S.5.3 Bou Haddi (Fig. 5.8B; logs 42 – 43)
Description of the section: the Bou Haddi sections would seem connected to the Taounate basin on geological maps
(Fig. 5.8A), although often separated from the latter by the Taounate ridge (Fig. S5.5C). The Taounate ridge consists
of deformed Mesozoic sediments folded in the Mesorif Nappe (Fig. 5.1). We collected samples and made observations
at the two following locations: the lowermost part of the succession (point/log 42 in Fig. 5.8A, B) is composed of up
to 20 m thick pebbly sandstones and intercalated marlstone (34.5760; -4.6042); and the upper part (point/log 43 in
Fig. 5.8A) includes the uppermost marlstones and sandstone – lobes (34.5825; -4.4918; Fig. S5.5H). Palaeocurrents
measured in the pebbly sandstone (Fig. S5.5F, G) reflect a west – and southwest – directed transport (Fig. 5.8A).
Age of the section: the analysed samples contain predominantly sinistrally coiled G. menardii 4, some of which are
similar to G. miotumida. Rare dextrally coiled specimens of G. menardii 5 are found in the uppermost samples BH3-7
(Fig. 5.8B). The G. scitula group is dominantly sinistrally coiled and reveals gradual morphological changes from the
low biconvex forms typical of G. scitula to more inflated biconvex forms and finally to the planoconvex inflated types
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typical of Globorotalia suterae. Predominantly sinistral neogloboquadrinids are common, while S. seminulina appears
in low numbers in one sample only. Rare specimens of G. extremus are sporadically found. Finally, a relatively high
number of Cretaceous-Paleogene foraminifera are present in all samples. Based on the presence of G. suterae types
in the G. scitula group, which are usually present in the latest Tortonian, and the fact that the keeled globorotaliids
are dominated by typical G. menardii 4 and that G. menardii 5 is rare, the sediments were likely deposited in the
interval between events 7 (7. 80 Ma) and 4 (7.35 Ma; Table 5.1). Note that it is not unusual to find rare specimens
of G. miotumida (G. dalii type of Zachariasse, 1975) or G. menardii 5 in assemblages of keeled globorotaliids that are
dominated by G. menardii 4 and are late Tortonian in age.
All the samples are affected by re-deposition and some samples contain Cretaceous to Miocene material;
however, benthic foraminifera considered to be in-situ suggest deposition at mid- shelf depth (Cibicides ungerianus
and C. cf. ungerianus; C. lobatulus; Bulimina striata; Gavelinopsis praegeri; Oridorsalis umbonatus; Nonion fabum;
and some Elphidium and Ammonia spp.). These assemblages suggest water depths of 100-150 m. Furthermore,
fluctuating abundances of benthic foraminifera, percentage of glauconite and other sediment components together
suggest repeatedly changing environments and oxygenation levels through time.
Interpretation and palaeogeographic significance: at point 42 in the Bou Haddi depocentre (Fig. 5.8A), the
geometric relationship of strata suggests that the Taounate ridge was either an emergent area or a bathymetric high
located along a thrust front. Post – Tortonian uplift of southern areas of the Taounate ridge created the heavy tilting of
strata observed in the northern margin of the Taounate basin (Fig. S5.5C). The pebbly sandstones lobes with common
cross – stratification may reflect sedimentation in a river – dominated fan – delta, roughly equivalent of the Taounate
conglomerate lobes.
The Palaeocurrent patterns indicate a southwest – directed transport, therefore suggesting that the Taounate ridge
was discontinuous and allowed water and sediments to flow towards the Taounate Basin to the south through narrow
passages.
S.5.4 Dhar Souk (Fig. 5.8B; log 44)
Description of the section: the Dhar Souk section was studied by Wernli (1988) and presents analogous lithofacies as
those observed in Taounate. We analysed the sets of samples stored at the Ministry of Geology and we collected a
number of new samples in different areas of the basin (base: DA0-6; middle: DA6-12; top: DA13-16; Fig. 5.8B) to
date the youngest part of the post – orogenic sedimentary succession (34.647; -4.305). Sedimentation starts with high
amount of gravels and pebbles mixed with muddy matrix that contains marine microfauna (Fig. S5.5I); the sequence
continues with blue marlstones with irregular intercalation of sandstone beds (Fig. S5.5J). At the top, the sequence is
truncated by Quaternary conglomerates.
Age and palaeodepth: the residues of the samples from the Dhar Souk section belonging to the Wernli’s collection
were analysed, but lacked of both sufficient material and marker species. To date this section, we rely on new samples
we collected in the middle and top of the section (Fig. 5.8B). Rare G. menardii 4, S. seminulina, and sinistral N.
acostaensis were found. These assemblages would suggest a rather similar age to that of the Taounate section, i.e.
between events 8 (7.92 Ma) and 4 (7.35 Ma; Table 5.1).
In samples DA6-12 (middle part; Fig. 5.8B), the benthic foraminiferal assemblages consist of shallow and
deeper shelf taxa. Grain size sorting and differential preservation of foraminifera indicate sediment transport;
consequently the shallow – water species (mainly Ammonia spp.) are considered transported downslope. Depth of
deposition is estimated at mid – outer shelf (100 – 250 m) based on the common occurrence of cibicidids (including
some C. ungerianus and C. lobatulus), Gavelinopsis lobatula (= G. praegeri), Nonion fabum, Oridorsalis umbonatus). The
distribution of Valvulineria bradyana is common to abundant in these samples.
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In samples DA13-16 (uppermost part; Fig. 5.8B), the benthic foraminiferal assemblages indicate shelf
environments (cibicidids, among others Cibicides dutemplei, C. lobatulus, Gavelinopsis lobatula, Nonion fabum). Ammonia
and Elphidium spp. are common, and Valvulineria bradyana is dominant in all samples. The latter species is found in
prodelta environments and mud belts associated with river plumes (e.g., Amorosi et al., 2013; Goineau et al., 2015).
The estimated depth of deposition is 100 – 200 m.
Interpretation and palaeogeographic significance: the Dhar Souk section with its tilted basal conglomerate to the
north and ~1000 m thick mud-dominated succession revealed analogous lithofacies sequence and basin geometry
to that of Taounate. Furthermore, this depocentre shares a similar range of depth of deposition, namely between
100 – 250 m. Vidal (1979b) and Wernli (1988) report conglomerate lobes feeding the Dhar Souk depocentre
from both northern and southern margins, suggesting that some topography was present on both sides of this sub
– basin at times of deposition. We have not studied this basin in such high resolution to verify this information;
however it could be an indication that both margins were a bathymetric high or an emergent area during the late
Tortonian. Furthermore, Wernli (1988) suggests that these conglomerate lobes were indicating an overall direction of
progradation towards the west – southwest (Fig. 5.8A). The Dhar Souk depocentre with its pro – delta environments
(see above) represents a river – dominated basin where the currents (and sediment transport) where funnelled in the
axial trough. The predominant direction of progradation of this basin is to the west – southwest (Wernli, 1988). This
direction is in line with palaeocurrents obtained at Sidi Ali Ben Daoud.
S.5.5 Sidi Ali Ben Daoud (Fig. 5.8B; log 45)
Description of the section: the Sidi Ali Ben Daoud (SABD) section represents an associated outcrop of the Dhar Souk
depocentre (34.632; -4.226). We analysed the set of Wernli’s samples stored at the Ministry of Geology and collected
a new set in the uppermost part (samples SA12-19; Fig. 5.8B). Unconformably lying the Mesorif Nappe of the
Orogenic Wedge is an alternation of (i) mudstone – dominated intervals containing cm – thick sandstone beds (20
to 50 m thick) and (ii) sandstone – dominated intervals with cross – stratified pebbly sandstone and conglomerates
(Fig. S5.5K) up to 20 – 30 m thick. The mudstone – dominated intervals record sand deposition in cm – thick crudely
graded beds (Fig. S5.5L). Palaeocurrent reconstructions from sole – marks in the sandstone beds show west – directed
flow, whereas trough – cross bedding in the pebbly sandstone (Fig. S5.5K) indicates SW – directed progradation.
Age and palaeodepth: the assemblages reveal marker species such as the neogloboquadrinids which are found
in low numbers and show both dextral and sinistral specimens. The keeled G. menardii is present with typically
specimens of form 4, while unkeeled globorotaliids (i.e. G. scitula group) are absent. S. seminulina and G. extremus are
also present. The discontinuous low frequency of G. menardii 4 suggests a maximum age for the top part of the section
close upon event 5 (7.51Ma), but the absence of sinistral G. scitula indicates an older age (pre-event 6; 7.58 Ma).
On these grounds, for the SABD section we propose an age interval for deposition between FCO of S. seminulina
(7.92Ma) and LCO of G. menardii 4 (7.51Ma).
Benthic foraminifera are found in 6 samples and generally poorly preserved. The species found include Ammonia
beccarii, several Elphidium and Lenticulina spp., P. bulloides, N. commune, U. peregrina and V. bradyana, suggesting midshelf depths (100 +/- 50m).
Interpretation and palaeogeographic significance: this outcrop represents a condensed sequence reflecting shallow
marine sedimentation in the southeastern palaeo – margin of the Dhar Souk wedge – top basin. Interestingly, the
SABD section lies on an E – W orientated tectonic lineament reflecting the thrusting of Cretaceous units on top of
para – autochthonous Middle Miocene units of the Mesorif Nappe (Suter, 1980; Chalouan et al., 2008; Fig. 5.8A).
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This structural relationship suggests that the uplift of the southern margin of the Dhar Souk Basin was taken up
across E – W orientated thrust – fronts (Fig. 5.8A).
We interpret the SABD sediments as the product of a fan – delta system in a wedge – top basin, in which
sedimentary processes were dominated by high – flood discharges in part bypassing river – deltas and feeding deeper
parts of the shelf towards the Dhar Souk Basin to the west (Fig. 5.8A). Cm – thick and faintly graded sandstone
beds in mudstone – dominated sequences (Fig. S5.5L) may be a product of such sediment bypass. The sandstone –
dominated intervals at the top (Fig. S5.5K) would represent more proximal products of the submarine fan – delta
(Reading and Collinson, 1996). Cross – bedding reflects bed – load traction, whereas massive sand with pebbly
alignments reflects frictional freezing and turbulent flow bypass; such coarse – grained cross – stratified sandstones
and gravel beds are often observed at the exit of river – mouths, where sandy and gravelly flows largely bypass the area
causing bed – load traction (e.g., Mutti et al., 2003).
Palaeoflow indicators from both the cross – bedded sandstones and the turbidites show a broad west – directed
flow, with an additional minor south – directed trend in the cross – bedding (Fig. 5.8A). This overall similarity
of transport direction may suggest that the two types of sandstones were deposited by the same process, possibly
hyperpycnal flows. The sense of sediment transport at SABD suggests that emergent land was supplying sediments
from the east: we therefore propose an emergent area of the Rifian Corridor east of this location for the late Tortonian
map (Fig. 5.11B). In this case, we infer that the thrust – top basin axis was E – W to ENE – WSW orientated (Fig.
5.8A).
S.5.6 Boured (Fig. 5.8B; log 46)
Description of the section: Boured (34.734; -4.113) is a small outcrop located in a key palaeogeographic position,
between the Dhar Souk Basin to the west and Arbaa Taourirt to the east (Fig. 5.8A). The sequence is composed of
marlstones and conglomerates, locally forming channels and lobes, forming a total thickness of ~150 m. We analysed
the available samples from Wernli’s collection at the Ministry of Geology in Rabat (DL2064, 2066, DL2076). In
addition, we measured palaeocurrents in marine conglomerates (Fig. 5.8A).
Age and palaeodepth: the common species in this section are O. universa, the G. apertura group and the most
abundant group is the G. sacculifer group within species as G. trilobus and G. immaturus. The marker species are N.
acostaensis, predominantly sinistrally coiled; S. seminulina, G. extremus, and G. menardii 4. The G. scitula group is absent
in all the samples. The assemblages suggest the section was deposited between 7.92 – 7.51 Ma.
Benthic foraminifera are present in two samples and suggest mid–shelf depths (100 +/- 50 m), based on the
occurrence of Elphidium, Lenticulina and Uvigerina species, Ammonia beccarii, V. bradyana, N. commune and P. bulloides.
Interpretation and palaeogeographic significance: the Boured section with its mudstones and marine conglomerates
reflect deposition in a shallow, river delta – dominated part of the North Rifian Corridor. Mudstones contain typical
microfaunal assemblages of prodeltas (Amorosi et al., 2013; Goineau et al., 2015). Poorly organised conglomerate
lobes, intercalated with prodelta mudstones, are interpreted as surge – and debris – flow deposits which reflect the
temporal advancements of the fan – delta. Palaeoflow indicators (Fig. 5.8A) derived from the conglomerate lobes
would suggest that the feeding delta was located to the northeast.
The Boured section is located between the Dhar Souk and the Arbaa Taourirt Basins, which record west –
directed and east – directed (Achalhi et al., 2016) flow indicators, respectively (Fig. 5.8A). Because the overall basin
geometry of the North Rifian Corridor consists of a series of interconnected thrust – top basins with axial drainage,
we could speculate that at this location, slightly east of Boured, was the point of divide between those areas with basin
– axis (and sediment – transport) tilted towards Mediterranean and Atlantic.
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Today’s hydrographical divide between rivers flowing to the Mediterranean and rivers flowing to the Atlantic
trends roughly NE – SW and crosses the eastern margin of the Boured section (white dotted line in Fig. 5.8A). It
is therefore possible that tectonic uplift in this area contributed to the formation of a bathymetric high separating
Mediterranean and Atlantic waters. The matrix – supported marine conglomerate may represent the coarse part of
a submarine delta; alternatively, parts of these conglomerate lobes could be the product of west – directed bottom –
currents exiting a narrow sill (Martín et al., 2001; Achalhi et al., 2016).
S.5.7 Arbaa Taourirt composite (Fig. 5.8B; log 47-48)
Description of the section: the Arbaa Taourirt section is located approximately 25 km away from the present day
Mediterranean Coast. Unconformably overlying the orogenic wedge and the Nekor Fault zone are the following
three clastic units, from base to top: 5 to 10 m thick conglomerates, ~70 m thick marlstones, ~100 m thick marine
conglomerates and sandstones (Frizon de Lamotte, 1981; Wernli, 1988; Achalhi et al., 2016). The top unit reflects
dominant N – and NW – directed sediment transport possibly associated with the inflow of oceanic currents in the
North Rifian Corridor (Achalhi et al., 2016).
The North Arbaa (34.925; -3.832) and Azroû Zazîrhîne (34.901; -3.870; both as point 47 in Fig. 5.8A) were
previously presented in Achalhi et al., 2016, whereas Tarhzout Ntassa is analysed for the first time. We only targeted
the mudstone intervals; information and palaeoflow indicators (Fig. 5.8A) from the uppermost ~100 m thick
conglomerate and sandstone is based on the data of Achalhi et al. (2016). In addition, the mud – dominated interval
contains a variable amount of silt, and shows 5 to 50 cm thick intercalations of sandstone containing ripple cross –
laminations and mud – drapes; a typical sequence of these beds shows the succession of, from base to top: silty mud,
ripple cross – laminated sand, parallel – laminated sand and silty mud (Fig. S5.5M).
Tarhzout Ntassa section (34.951; -3.789) consists of ~30 m thick mudstone with two sandstone intercalations
cropping out to the east of the Nekor River, ~2 km northeast of North Arbaa section, separated from the latter by
Quaternary river erosion.
Age and palaeodepth: the planktic foraminiferal assemblage in the lowermost part of the section (North
Arbaa; NA in Fig. 5.8B) contains a large number of keeled globorotaliids. A high variability in taxa distinguished
a mixture of more typical G. menardii 4 and specimens resembling G. miotumida. The unkeeled G. scitula group is
rare and sinistrally coiled, except for one sample (AT4 of Tarhzout Ntassa) in which it is relatively common. The
neogloboquadrinids group is common and shows a clear sinistral coiling preference, although dextrally coiled
specimens are present. Specimens of typical G. extremus and S. seminulina are rare. Forms of reworked Cretaceous
foraminifera are found throughout the section. By contrast, the G. menardii group is almost completely missing in the
upper part of the marly succession (at Azroû Zazîrhîne; AZ in Fig. 5.8B), and only a single specimen of G. menardii
4 is found. Specimens of the G. scitula group are rare and sinistrally coiled. Neogloboquadrinids are represented by
dextrally coiled specimens and S. seminulina is present.
The assemblages suggest an age between 7.80 and 7.35 Ma. Event 5 (7.51 Ma) is probably located at the top of
section North Arbaa, whereas the Azroû Zazîrhîne marls were probably deposited between 7.51 and 7.35 Ma, because
G. menardii 4 is either rare or absent.
In Tarhzout Ntassa, the planktonic foraminiferal assemblages contain the marker species of the predominantly
sinistrally coiled neogloboquadrinids, common G. menardii 4, rare to common G. scitula, including typical G. suterae.
Globigerinoides extremus, S. seminulina are present. The maximum age of this section is constrained by event 7 (7.80
Ma). Minimum age is, like North Arbaa, constrained by event 5 (7.51 Ma).
Benthic foraminifera assemblages differs slightly between (i) Tarhzout Ntassa/North Arbaa and (ii) Azroû
Zazîrhîne, indicating a slight shallowing – upward trend. Tarhzout Ntassa and North Arbaa and assemblages contain
inner shelf species (Ammonia, Elphidium and/or Rosalina, discorbids) as well as species occurring on the deeper shelf
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and upper slope (C. dutemplei, C. pachyderma, C. ungerianus, some C. kullenbergi, Planulina ariminensis, Uvigerina
peregrina, and some V. bradyana). Considering that some transport of material is evident in most samples (based
on grain size sorting and differential preservation of foraminifera), the shallow – water species are considered to be
transported. Estimated water depth is between 150–300 m (outer shelf/upper slope).
Azroû Zazîrhîne assemblages contain fewer shallow – water species but apart from abundant U. peregrina, the
deeper – water species (e.g., C. kullenbergi; P. ariminensis) are absent. The depth of deposition is therefore estimated at
mid – outer shelf depths (~100 – 200 m).
Interpretation and palaeogeographic significance: the Arbaa Taourirt section records mud – dominated sedimentation
at shelf – depths, possibly extending to the upper slope physiographic domain (100 – 300 m), between 7.92 – 7.35 Ma.
The ~70 m thick marlstones reflect relative low energy depositional environment, in which fine suspended sediments
can be deposited. Given the outer shelf setting and water depths of 100 – 300 m, the sand – rich beds with cross –
lamination and parallel – lamination (Fig. S5.5M) may represent the products of one of the following depositional
processes: fine – grained turbidity currents or bottom currents. Because sand in this interval is deposited in cm – thick
sigmoidal lenses, and sandy intervals are locally covered by silty and muddy drapes, both uncommon characteristics in
turbidites, the contourite option is preferred: these features are similar to those of the contourite models proposed by
Shanmugam et al. (1993) and further developed in later works (e.g., Ito, 2002; Rebesco et al., 2014; Gong et al., 2016).
The bottom currents may have resulted from either deep tidal currents, or the inflow of Atlantic waters as proposed in
Achalhi et al., (2016).
Given the microfaunal evidence for reworking and transport from grainsize and differential preservation of
foraminifera, we interpret part of the marlstones as hemipelagites, part as muddy contourites. By comparison with
other basins of the North Rifian Corridor as Dhar Souk and Boured, Arbaa Taourirt assemblages contain less
evidence for prodelta mudstone (i.e. V. bradyana).
Towards the top of the marlstone interval, where Azroû Zazîrhîne is located, an increase in transport and
reworking is observed in the microfaunal assemblages. Whereas previous interpretations (Achalhi et al., 2016) assign
the top coarse unit (cross – bedded sandstones and conglomerates) to the Messinian due to an erosional unconformity
separating the marlstones from this top unit, we propose an alternative possibility where the conglomerates and
sandstones are part of the same system without intervening hiatus: the apparent unconformity could result from
the progradation of the sandy body on the underlying mudstones. Given the evidence for microfaunal transport and
reworking in the marlstone forming the ~70 thick underlying unit and the overall shoaling trend to mid shelf depths,
it is possible that the erosional surface at the base of the sandstone – conglomerate interval represents an increase in
current velocity and an advancement of the depositional system during a regressive phase. This option would imply
that there is no major hiatus between the mudstones and the conglomerate and sandstone units, therefore assigning
a late Tortonian age to the conglomerates and sandstones at the top, and reflecting the process of reduction of
accommodation space due to ongoing basin uplift.
S.5.8 Msila (Fig. 5.8B; log 49)
Description of the section: the Msila section (34.400; -4.193) consists of an alternation of marlstone and sandstones
that overlie unconformably the Mesorif Nappe of the orogenic wedge. This section, assigned to Upper Miocene post
– nappe cover in the geological map (Suter, 1980), was targeted to better constrain its age as it may represent a key
point for palaeogeography, being located along the Mesorif – Prerif boundary (Fig. 5.1) that could have tectonically
– controlled a marine connection between the eastern edge of the Taounate Basin (Fig. 5.8A) and the Taza area (Fig.
5.5A).
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Age: the lower part of the succession (samples MS 1 – 4) contains assemblages characterised by mixed
Miocene and Eocene planktic foraminifera. The specimens are badly preserved. G. apertura and G. sacculifer groups
were identified. Neither keeled nor unkeeled globorotaliids were present, except Globorotalia peripheronda which is
Serravallian age. The Neogloboquadrinids are represented by P. mayeri – siakaensis types that indicate ages older than
Tortonian. The absence of typical Tortonian species and the presence of Globigerinoides altiaperturus suggest that the
sediments are of Early to Middle Miocene age.
Interpretation: the Msila section could represent a small relict of a piggy – back basin infill that developed on top
of the Rif nappes during Miocene southward tectonic transport.

S.6 Seismic stratigraphy of the Taounate Basin
A network of seismic profiles was acquired by ONHYM for medium depth petroleum exploration targets. These
profiles were interpreted by projecting the formation boundaries displayed on the regional geological maps (e.g.,
Suter, 1961; Suter and Mattauer, 1964; Suter, 1980). The Upper Miocene succession was further subdivided in
unconformity-bounded depositional units. Seismic stratigraphy of tectonically active basins evolved from standard
sequence stratigraphy by identifying tectonically-induced, unconformity-bounded depositional units, or ‘tectonic
system tracks’ (e.g., Prosser, 1993). Accordingly, the depositional units in this study were characterised on the basis
of internal geometry, amplitude and frequency of reflectors. The results are compared with micro-scale kinematic
indicators presented in literature (Aït Brahim and Chotin, 1989; Morel, 1989; Chapter 2). Finally, the biostratigraphic
results of this study were combined with the stratigraphic interpretation of the seismic profiles.
Two representative seismic lines cross the Taounate Basin and illustrate its structure at depth (Fig. S5.6). The
sedimentary infill is subdivided as follows. At the base of the sedimentary infill unit U1 consists packages of high –
amplitude reflectors that are slightly divergent. This discordance reflects a clear synkinematic character of the unit U1,
also expressed by lateral variations of thicknesses (Fig. S5.6). We suggest that this synkinematic character resulted
from coeval movements along the basin flanks due to thin – skinned fault – propagation in the underlying Mesorif
unit. The sub – units U1A thickens towards the WNW in line TAO – 1 and SSW in line TAO – 2.
Taounate could then be interpreted as a piggy – back basin during the time of deposition of U1. In profile TAO
– 2, it is possible to detect a change in lateral thickening of this unit U1 in correspondence with sub – units B and
C. This change is only detected by line TAO – 2 due to its transverse orientation. This change adds weight to the
hypothesis of the southward fault – propagation, as unit B and C infill the space created by earlier contraction and
were possibly controlled by a new thrust front to the south.
U2 is composed of parallel and high – amplitude reflectors and attest to a post – kinematic phase. Line TAO – 1
indicates that the linear extent of U2 is approximately 30 km, in contrast with the 15 km of U1. U2 is tilted at the
flank margins in TAO – 2 as a result of post – depositional contraction. U3 is separated from the underlying U2 by an
unconformity and shows moderate synkinematic character expressed by lateral variations in thickness. This character
is particularly clear in line TAO – 1, whereas the location of U3 in line TAO – 2 is only speculative and result of
correlation with intersecting longitudinal lines. U3 would seem to thicken towards the WNW, therefore suggesting a
controlling fault located to the east of the basin.
To sum up, the following can be inferred on the basis of the stratal geometry: (i) during the deposition of U1
accommodation space in the NRC was controlled by south – westward fault propagation. Over the time an increase
in accommodation space is recorded by the km wider extent of the overlying units. Steep and faulted basin margins
generate coarse deltaic systems, which feed deeper basinal system composed of alternations between marlstones and
coarser clastics. In these prodelta and outer shelf environments both seaway parallel and transverse turbidity currents
can occur; (ii) during the deposition of U2 the NRC was at its maximum extent; (iii) renewed contraction possibly
occurred during the deposition of U3, restricting the basin and leading to its closure.

192

s TWT

0

0

2.5

0

0

2

0

0

1.5

0

0

1

0

0

0.5

0

0

2.5

2

1.5

1

0.5

s TWT

2 km

A

Orogenic wedge

B

TAO-1

U3

C

h
en t

U2

A

orog

B

C

ed
kinn
in-s

U1

Line TAO-2

NNE

tabular

U2

2000

1000

0

Line TAO-1

U1

2000

1000

0

ESE

Figure S5.6 ONHYM multichannel seismic profiles crossing the Taounate Basin. Depth in m is derived from seismic velocities presented in Zizi (1996). Average velocities are 2730 m/s for

the upper Miocene Blue Marl Formation, leading to 1365 m/s twtt. Locations of lines in Fig. 5.8A.

SSW

5 km

Orogenic wedge

U3

s
kth
ic

0

kin
n

0

ed

TAO-2

m UPPER MIOCENE

WNW

m UPPER MIOCENE

0

FIELD DATA OF CHAPTER 5

193

SUPPLEMENTARY MATERIAL

In summary, the North Rifian Corridor reflects the evolution of interconnected wedge – top basins with axial
trough – drainage confined by thrust ridge – barriers. The direction of progradation of deltas in Dhar Souk and Bou
Haddi reflect transport towards the south – west (Fig. 5.8A). The coeval southward transport recorded in the basal
conglomeratic unit in Taounate depocentre (Fig. 5.8A, point 41; Wernli, 1988) would suggest that the ridge – barrier
was discontinuous and allowed sediment drainage through narrow passages. Onlap of the pebbly sandstone unit on
the north face of the Taounate Ridge (Fig. S5.5C) clearly indicates that the Taounate ridge was forming either a
submarine high or emergent land at time of deposition.
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Samenvatting

D

e Middellandse Zee heeft een connectie nodig naar de open oceaan anders zou ze indampen.
Als de Straat van Gibraltar gesloten zou zijn, zou de Middellandse Zee grotendeels
opdrogen in ongeveer 3000 tot 8000 jaar. Omdat het volume van het water dat verdampt groter
is dan het volume dat aangeleverd wordt door regen en rivieren is constante uitwisseling tussen de
Middellandse Zee en de oceaan cruciaal. Deze uitwisseling gebeurt via zeestraten. De geometrie
en locatie van deze zeestraten zijn echter door de tijd heen veranderd en beïnvloeden het klimaat
en millieu van van de Mediterrane regio. Tijdens de Messiniaanse Zout Crisis (5.97-5.33 miljoen
jaar geleden) bijvoorbeeld, was de Mediterrane-Atlantische uitwisseling zodanig verminderd dat
de Middellandse Zee geïsoleerd raakte en netto verdamping de afzetting van de jongste zoutreus
op aarde veroorzaakte. De connectie tussen de Middellandse Zee en de Atlantische Oceaan, zoals
die nu aanwezig is met de smalle Straat van Gibraltar, bestond voor en tijdens deze zoutcrisis uit
meerdere zeestraten. De belangrijkste van deze vergane zeestraten was de Rif Straat door wat nu
Marokko is, en de Betische Straat door het tegenwoordige Spanje.
Dit proefschrift focust op de timing, oorzaken en consequenties van het sluiten van de Rif
Straat. Technieken uit de sedimentologie, stratigrafie en structurele geologie zijn gebruikt om de
stapsgewijze restrictie van de Rif Straat te bepalen. Deze is veroorzaakt door een verandering van
het tektonische regiem wat resulteerde in de opheffing van de regio. Opheffing langs steile breuken,
die de as van de zeestraat doorkruisen, creëerde nauwe kanalen waarin stroming over de bodem
van de zeestraat plaats vond. Dit resulteerde in de afzetting van zandige contouritische sedimenten,
die uitstroming van zoutpluimen uit de Middellandse Zee aanduiden; deze pluimen kunnen de
thermohaliene circulatie hebben beïnvloed tijdens een periode van versterkte afkoeling en voor de
transitie van een broeikas tot een ijshuis systeem hebben gezorgd.
Tenslotte presenteert dit proefschrift vier nieuwe palaeogeografische kaarten die de evolutie van
de Rif Straat weergeven. Het geeft een duidelijk beeld dat deze straat 7 ±0.1 miljoen jaar geleden
definitief afgesloten werd. Deze resultaten, gecombineerd met de Mediterrane hydrologische
modellen en recente datering van de Betische Straat, laten nu zien dat beide zeestraatsystemen
reeds gesloten waren voor 7 Ma. Omdat de Middellandse Zee tenminste één open connectie nodig
heeft met de Atlantische Oceaan om te blijven bestaan, leidt dit tot de conclusie dat de Straat van
Gibraltar al 2 miljoen jaar eerder is ontstaan dan vroeger werd gedacht.
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صخلم
طيحملا وحن ةباوب رخبتملا
رصعلاب نيسويملا نمز لالخ رخأتملا لزعلاو )برغملا( يفيرلا رمملل يبوسرلاو ينوكتلا روطتلا
طسوتملا ضيبألا رحبلل طسوألا يثلثلا

رخبتيس هنإف الإو طيحملاب لاصتا ىلإ طسوتملا ضيبألا رحبلا جاتحي
 3000لالخ اعيرس ههايم فجت فوس طسوتملا ضيبألا رحبلا نإف ،قراط لبج قيضم قلغأ اذإو .
.ةنس  8000ىلإ
دوجو نإف ،راهنألاو راطمألا هايم ةليصح مجح زواجتت رخبتلاب ةدوقفملا هايملا ةليصح نأل ارظنو
تريغت دقو .طسوتملا ضيبألا رحبلل مساح يدوجو رمأ ةيسيئر ةيرحب تاباوب ربع ةيئام تارمم
.ةقطنملا خانمو تائيب ىلع رثأ امم تقولا رورمب تاباوبلا هذه عقومو ةسدنه
طسوألا يثلثلا رصعلاب ةحولملا ةمزأ ىلإ هايملا لدابت راسحنا ىدأ ،رصحلا ال لاثملا ليبس ىلع
يطسوتملا لدابتلا حبصأ ثيح ،طسوتملا ضيبألا رحبلا تلزع )،تضم ةنس نويلم 5.33ء (5.97
نيب نم ربتعي ،حلملل بسرت يف ببست يلامجإلا رخبتلاو ةيافكلا هيف امب اديقم يسلطألا
ملاعلا ماخض
رحبلاو طسوتملا ضيبألا رحبلا نيب ايلاح ةديحولا ةقيضلا ةباوبلا نم ضيقنلا ىلعو
تاباوب كانه تناك ،ةنس نويلم  5.33لبق ام لبق ،قراط لبج قيضم ربع يسلطألا
اينابساب كيتيبلا رممو ،برغملاب يفيرلا رمملا ةميدقلا تاباوبلا هذه مهأ نم ناكو .ةددعتم
يفيرلا رمملا قالغإ بقاوعو بابسأو تيقوت ىلع هتاه هاروتكدلا ةحورطأ زكرتو
يجيردتلا قالغإلا نأ انل نيبت ثيح ،ةيلكيهلا ايجولويجلاو ةيقبطلا تايبوسرلا ةسارد ربع
ماظنلا يف لوحتلا هببس ناك يفيرلا رمملل
ةقطنملا سيراضت يف عافترالا هنع جتانلا و ينوتكتلا.
عاقلا لفسأ تارايت ىلإ تدأ ةيقبط تاراسكنا ثودح ىلإ يرحبلا روحملل ةعطاقلا قلاوفلا تدأو.
يرحبلا
رحبلا جراخ ةيحلم تابسرت ثاعبنا ىلع ةلاد ةيلمرلا ”ةيكيروتنوكلا“ بساورلا نأ اندجوو
و يملاع يخانم ريغت لالخ ةيرارحلا ةرودلا ىلع ترثأ دق تابسرتلا هذه نوكت دق ؛طسوتملا ضيبألا
يديلج ماظن ىلإ ئفد ماظن نم لاقتنا
يذلا ،يفيرلا رمملا روطت نيبت ةديدج ةيفارغج طئارخ ةعبرأ ةحورطألا هذه حرتقت ،اريخأو 0.1 ±
ةنس نييالم  7يلاوح ذنم هقالغإ مت
ضيبألا رحبلل ةيجولورديهلا ةيمقرلا ميماصتلا عم بنج ىلإ ابنج ،جئاتنلا هذه ريشتو
نيماظنلا الك نأ ىلإ ،اينابسإب يكيتيبلا رمملا بساورل ثيدحلا خيرأتلل ةفاضإلاب ،طسوتملا
ةنس نييالم 7ذنم يأ ،تيقوتلا سفنب اقلغأ نييرحبلا
يسلطألا طيحملا ىلع احوتفم ادحاو اذفنم لقألا ىلع بلطتي طسوتملا ضيبألا رحبلا نأ امبو
ةنس نويلم  5.5لالخ دوجولاب رارمتسإلا لجأ نم
نم رثكأ لبق يسلطألا ىلع طسوتملا ضيبألا رحبلل ةباوب ناك قراط لبج قيضم نأ ىلإ صلخن
اقباس دقتعي ناك امم ةنس ينويلم
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