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The connection between theMediterranean and the open ocean during theMessinian and theMessinian salinity
crisis (MSC) remains largely unsolved; however, such a connection is required to supply the salts required for the
formation of the thick evaporite successions deposited during the MSC. A potential candidate for a Mediterra-
nean-Atlantic connection is the northern branch of the Rifian Corridor through Morocco, but existing biostrati-
graphic constraints of unspecified late Tortonian – Messinian age are insufficient to test the hypothesis. We
present new calcareous plankton biostratigraphic data, using among others an improved planktonic foraminifer-
al zonal scheme that is based on an assemblage- rather than on a typology-based taxonomic concept. The results
of this study invariably reveal a late Tortonian age for the youngest open marine sediments in the individual
Intramontane Basins in the central part of the North Rifian Corridor (NRC) and nomarine sediments ofMessinian
age have been found. The high sedimentation rates and the observed shallowing in the top part of several NRC
successions suggest that, although the marine connection through the NRC may have continued in the earliest
Messinian, it was likely closed before ~7.0–7.2 Ma, i.e. well before the onset of the MSC. This closure is likely re-
lated to a phase of enhanced and localised uplift in the Rif foreland and excludes the North Rifian Corridor as the
long-lasting marine connection between the Mediterranean and open ocean during most of the MSC.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Marine gateways play a key role in thermohaline circulation and
species distribution betweenoceans andmarginal seas such as theMed-
iterranean. During the late Miocene, the North Rifian Corridor (NRC;
Feinberg, 1986) developed as the northern and most narrow strand of
the Rifian Corridor connecting the Mediterranean with the Atlantic
through northern Morocco (e.g., Wernli, 1988; Achalhi et al., 2016;
Fig. 1). After the closure of the Betic gateway through southern Spain
(Martín et al., 2001;Martín et al., 2014), the RifianCorridorwas hypoth-
esized to be the last marine connection with the Atlantic Ocean before
the Messinian Salinity Crisis (MSC; Martín et al., 2001; Flecker et al.,
2015 and references therein). During the MSC substantial amounts of
primary lower gypsum precipitated (5.97–5.6 Ma) in marginal settings
of the Mediterranean, followed by thick halite units (5.6–5.55 Ma) in
the deep basins (Roveri et al., 2014 and references therein). Modelling
studies show that although significant restriction of the seaways is re-
quired to precipitate gypsum, at least one ocean gateway must have
remained open until the end of the halite stage (5.55 Ma) to supply
the necessary marine waters with dissolved salts to the Mediterranean
(e.g., Krijgsman and Meijer, 2008; Topper et al., 2011; Meijer, 2012;
Simon and Meijer, 2015). Based on field evidence, the presence of an
open MSC gateway through Morocco remains enigmatic (Krijgsman et
al., 1999; Martín et al., 2001; Achalhi et al., 2016). However, based on
a modelling study, the NRC could have matched the requirements for
such a gateway on the grounds of width, length, and potential age
(Simon and Meijer, 2015).

The uncertainty is partly due to poor age constraints on the lifespan
of the NRC. Marine sediments in the corridor have been assigned an un-
differentiated Tortonian–Messinian age based on foraminiferal zone
m6,which ranges from11.6 to 5.3Ma, but does not allow amore precise
age control (Flecker et al., 2015). These pioneering biostratigraphic
studies (Feinberg, 1986; Wernli, 1988) do not rule out a possible con-
nection through the NRC during the middle to late Messinian. Recently,
this age was already more accurately determined for the eastern(most)
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Fig. 1. A) Tectonic map of the Rif orogenic system and its foreland basins (after Wernli, 1988; Chalouan et al., 2008; Capella et al., 2017b). Red square shows the study area in Fig. 2; B)
Paleogeography of the Betic-Rifian Corridors in the late Miocene. White lines are present day coastlines. After Flecker et al. (2015); C) Tectonogram and generalized stratigraphic
column of three domains of the Rifian Corridor with relative correlation and relationship with the Rif foreland tectonic framework during the Tortonian and its tectono-sedimentary
stages. After Van Assen et al. (2006) and Capella et al. (2017b).
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part of the North Rifian Corridor, pointing to an early Messinian age for
part of the sediments at Arbaa Taourirt (Achalhi et al., 2016; ~8–6 Ma).
To further improve the age refinement of the NRC and to examine
whether it could have been the open seaway during the peak stages of
the MSC, we re-evaluated the planktonic foraminiferal biostratigraphy
of the Intramontane Basins of Northern Morocco (Fig. 2), using modern
biozonal schemes that have been developed for the Mediterranean and
the adjacent Atlantic side (e.g. Sierro et al., 1993; Krijgsman et al., 1995;
Sprovieri et al., 1999; Hilgen et al., 2000a, 2000b; Krijgsmanet al., 2004).
For this purpose, we analysed both new samples from the hemipelagic
marls of Ghafsai, Bou Haddi, Dhar Souk, Sidi Ali Ben Doued, Boured,
Arbaa Taourirt Basins (Fig. 2), as well as previously studied samples of
the Intramontane Basins, collected for regional geological mapping dur-
ing the 1970's and stored in the archive of theMoroccanMinistry of Ge-
ology in Rabat (Wernli, 1988). In addition, the calcareous nannofossil
biostratigraphy of most of these samples was established to indepen-
dently check the outcome of the planktonic foraminiferal analysis. For
the Taounate Basin (Fig. 2), we also present a correlation from outcrops
to a seismic section, which is then integrated with structural informa-
tion (Aït Brahim and Chotin, 1989; Tejera de Leon et al., 1995; Samaka
et al., 1997) to discuss basin evolution within the palaeo-seaway. We
conclude that the NRC was a deep strand of the Moroccan seaway



Fig. 2.Detailed geologicalmap of the IntramontaneBasins,with location of the studied sections andmain fault trends (after Samaka et al., 1997; Capella et al., 2017b).Map location in Fig. 1.
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during the late Tortonian, which started to be uplifted and restricted
during the latest Tortonian and possibly earliest Messinian, and was
probably closed before ~7.0–7.2 Ma.

2. Geological setting

2.1. Rif Mountains evolution

The NRC was a body of water that stretched across the external
zones of the Rif fold and thrust belt at a time that these were mostly
emplaced (Capella et al., 2017b). The Rif-Betic fold and thrust belt
formed during Africa – Iberia convergence, but was driven in particular
by the rapid retreat of the Gibraltar slab, associated with the extension
and westward drift of the Alboran domain during Neogene times
(Platt et al., 2003; Vergés and Fernàndez, 2012; Platt et al., 2013; Van
Hinsbergen et al., 2014). The Alboran domain was thrusted over the ex-
ternal Rif fold and thrust belt during a phase of nappe stacking in Early-
Middle Miocene times, and subsequently exhumed (e.g.,
Martínez-García et al., 2013; Romagny et al., 2014). From North to
South, the fold and thrust belt is made of (i) Flysch Units that comprise
turbidites deposited in the Ligurian – Maghrebian Ocean (Chalouan et
al., 2008), and (ii) Intrarif, Mesorif and Prerif Units that contain de-
formed Mesozoic-Paleogene sediments from the rifted African margin
(e.g.,Wildi, 1983; Crespo-Blanc and Frizon de Lamotte, 2006). Following
the last pulse of formation of the fold and thrust belt at around 8 Ma
(e.g., Capella et al., 2017b), sedimentation took place in the so-called
post-nappe basins (Feinberg, 1986; Wernli, 1988) comprising both the
Intramontane Basins of the NRC to the north (e.g., Wernli, 1988; Aït
Brahim and Chotin, 1989; Tejera de Leon et al., 1995; Samaka et al.,
1997; Achalhi et al., 2016), which developed unconformably as
wedge-top basins on the fold and thrust belt, and the foredeep basins
to the south, forming the South Rifian Corridor (Krijgsman et al., 1999;
Capella et al., 2017a; Fig. 1). In the Rif foredeep basins (i.e., Saiss and
Taza-Guercif Basins), the transition frommarine to molassic (continen-
tal) sedimentation is locally preserved (e.g., Krijgsman et al., 1999;
Gelati et al., 2000; Sani et al., 2007). By contrast, the Intramontane Ba-
sins of the NRC usually lack the molassic unit, and open marine clastics
of late Miocene age are capped by erosional unconformities (Wernli,
1988; Samaka et al., 1997; Achalhi et al., 2016).
The Intramontane Basins of the NRC are traditionally regarded as
post-nappe (i.e., post-dating orogen build-up), resulting from NE-SW
compression and associated orthogonal extension (Aït Brahim and
Chotin, 1989; Morel, 1989). Despite the “post-nappe” designation,
some of the sedimentary successions involved appear to have been de-
posited on top of a moving orogenic wedge and show, at least in the
oldest parts, syn-kinematic features such as intraformational unconfor-
mities (Aït Brahim and Chotin, 1989; Tejera de Leon et al., 1995; Samaka
et al., 1997; Capella et al., 2017b). Syn-depositional faults accommodat-
ed the deposition of thick sequences (~2000 m) of late Miocene age in
the Taounate and Tafrant basins; these faults were reactivated during
a late stage of uplift, which postdated nappe emplacement (Samaka et
al., 1997; Capella et al., 2017b).

The sedimentary relicts of the NRC are distributed across approxi-
mately ~100 km, along the Mesorif – Intrarif boundary following a
NE-SW trend (Fig. 2). This boundary is locally marked by the Nekor
Fault zone (Fig. 2) (e.g., Frizon de Lamotte, 1979; Frizon de Lamotte,
1981; Guillemin and Houzay, 1982), which is sealed by Upper Miocene
sediments in the Boured, Arbaa Taourirt and Boudinar areas (Wernli,
1988; Achalhi et al., 2016). This fault represented amajor tear fault dur-
ing the south-westward emplacement of the Rif nappes (thrust-sheets)
that occurred in the early to middle Miocene, associated with the west-
ward drift of the Alboran Domain (e.g., Frizon de Lamotte, 1981; Morel,
1989; Platt et al., 2003). Asebriy et al. (1993) proposed that strike-slip
motion along the NE-SW orientated Nekor Fault continued in the late
Miocene, opening the Intramontane Basins, but this hypothesis has
not been substantiated by sufficient field structural data (Samaka et
al., 1997).

2.2. The North Rifian Corridor

The Intramontane Basins forming the NRC comprise, from West to
East, Ghafsai, Tafrant, Taounate, Bou Haddi, Dhar Souk, Sidi Ali Ben
Daoud, Boured, Arbaa Taourirt, and, finally, Boudinar at the Mediterra-
nean end of the strait (Figs. 1, 2). Individual basins contain up to
2000 m in thickness of upper Miocene sediments that unconformably
overlie the previously deformed Intrarif and Mesorif units (Wernli,
1988; Tejera de Leon et al., 1995; Samaka et al., 1997; Chalouan et al.,
2008).
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The lithostratigraphy of the Intramontane Basins documents contin-
uous dominantly clastic marine sedimentation unconformably deposit-
ed on top of the Rif thrust sheets (Fig. 2B). Clastic sedimentation starts
with poorly sorted conglomerates, marls and calcarenites, followed by
thick alternations of mud-dominated sediments (greymarl) with inter-
calated sandstone or fine conglomerates. The top of the marine succes-
sion is generally truncated by erosion and covered by Quaternary
continental deposits (Wernli, 1988). Evidence of a shallowing trend is
in general lacking, with the two following exceptions: (i) Taounate,
where a continental ‘molassic’ facies overlies marine marls below the
unconformable contact with the Plio-Quaternary (Wernli, 1988), (ii)
Boudinar Basin, which as an embayment of the Mediterranean Sea
and records marine sedimentation until ~6 Ma (Cornée et al., 2016;
Achalhi et al., 2016), similar to the neighbouring Melilla Basin
(Cunningham et al., 1997; Cornée et al., 2002; Van Assen et al., 2006).

Achalhi et al. (2016) proposed that the NRC opened in the late
Tortonian and that connections with the Mediterranean Sea lasted until
~6.5–6.1Ma. Themain evidence for theMediterranean –Atlantic connec-
tion through the NRC during the Messinian is the ~100 m thick cross-
stratified unit (sands and conglomerates) that overlies the early
Messinian at Arbaa Taourirt. This cross-stratified unit has been
interpreted as a product of Atlantic waters flowing into the Mediterra-
nean, and its age is based on the presence of the planktonic foraminifer
Globorotalia miotumida and the calcareous nannofossil Amaurolithus pri-
mus, and the correlation of regional unconformities (Achalhi et al., 2016).

3. Methods

3.1. Planktonic foraminiferal biostratigraphy

3.1.1. Concept
To establish an improved age model for the upper Miocene succes-

sions and better date the evolution of the NRC we performed a detailed
planktonic foraminiferal biostratigraphic analysis of both previously
studied samples (Wernli, 1988) and new samples from key sections
that were collected during field campaigns in 2013 and 2014 in the
Intramontane Basins (Fig. 2).

In case of the newly collected samples, a full count of ~300 speci-
mens from the N150 μm size fraction of the planktonic foraminiferal as-
semblage of the washed residue was carried out to obtain information
about the abundance of marker species as percentage of the total plank-
tonic foraminiferal fauna. In addition, a semi-quantitative analysis of the
planktonic foraminiferal marker species was performed on the same
size fraction to gain more insight in the morphological variation in the
assemblages of the marker species and their coiling direction.

The examination of the samples from the Wernli collection focused
on evaluating the trends in themarker species.We appliedmodern tax-
onomic concepts and marked the changes in coiling direction of the
keeled and unkeeled globorotaliids, and of the neogloboquadrinids
(see below). Notes were further made on the relative abundance of
the associatedGlobigerinoidess obliquus extremus and Sphaeroidinellopsis
seminulina.

Rather than following the typology-based taxonomic concept of
planktonic foraminiferal marker species and the associated biostrati-
graphic scheme of Wernli (1988), previously used to biostratigraphically
date sections in the NRC, we applied the high-resolution astronomically
calibrated planktonic foraminiferal astrobiochronology that was initially
developed by Zachariasse (1975) and elaborated by Langereis et al.
(1984), Krijgsman et al. (1994, 1995, 1997, 1999, 2002) and Hilgen et
al. (1995) for the Mediterranean. This chronology, which is essentially
based on an assemblage-based concept of themarker species, is very sim-
ilar to the chronology independently developed for the adjacent Atlantic
by Sierro (1985) and Sierro et al. (1993), as far as the order of the main
bio-events is concerned. Astronomical calibration of the Oued Akrech
and Ain el Beida sections located on the Atlantic side of Morocco showed
that these events have exactly the same age as in the Mediterranean
(Hilgen et al., 2000a, 2000b; Krijgsman et al., 2004). This planktonic fora-
miniferal astrobiochronology was successfully applied to cores from the
Guadalquivir basin in southern Spain, resulting in an improved age
model for the Atlantic side of the Mediterranean in Spain (Van den Berg
et al., 2016, 2017). For these reasons, we decided to apply the same
astrobiochronology to our sections from the Northern Rifian Corridor.
Among others, this will facilitate the identification of the Tortonian-
Messinian boundary and hence distinguish between the late Tortonian
and earlyMessinian. The ages of the selected events in theMediterranean
and adjacent Atlantic are given in Table 1.

3.1.2. Marker species and counting method
Historically, most biostratigraphic frameworks published for Neo-

gene basins in the NE Atlantic and Mediterranean are mainly based on
the occurrence of single species and do not look at thewhole planktonic
foraminifer assemblage. The presence of G. miotumida, G. conomiozea or
Globorotalia mediterranea has traditionally been presented as a real
proof of Messinian age, whereas the rest of the assemblage has been ig-
nored. In the Atlantic, sediments with abundant G. miotumida in combi-
nationwith abundant dextral forms of theG. scitula group can be related
to the Messinian because they are younger than the sinistral to dextral
coiling change of G. scitula (event A of Sierro et al., 1993 that occurred
immediately prior to the T/M boundary). However, sediments with G.
miotumida and G. menardii 4 with common sinistral forms of the
Globorotalia scitula group (including G. suterae) usually occur in the
late Tortonian, because during this period sinistrally-coiled G. scitula is
very abundant.

An important criterion that is often used in our
astrobiochronological framework is the abundance of marker species
rather than the first or last occurrences (FO and LO, respectively) of
these species. Changes in relative abundance of marker species define
events where common has been added as indicator to the event label,
such as Last or First Common Occurrences (LCO and FCO, respectively).
The available quantitative data show that the dominantly sinistrally
coiled Globorotalia miotumida group is found in percentages of 5–20%
in sections in the Guadalquivir Basin of Spain (Sierro, 1985) and of
10–20% at Oued Akrech in Morocco (Hilgen et al., 2000a, 2000b) in
the interval following the G. miotumida FCO that approximates the
Tortonian-Messinian boundary. However, specimens of the G.
miotumida group may already be found in low numbers during the
late Tortonian, while two short influxes including larger numbers al-
ready occur around ~7.8 Ma in the Mediterranean (Krijgsman et al.,
1995). The group of G. miotumida (including highly conical types, such
as Globorotalia conomiozea) is present in the North Atlantic during the
Late Tortonian, for example at DSDP sites 410, 397 and 334 (Sierro et
al., 1993). For this reason Sierro (1985) suggested to place the
Tortonian-Messinian boundary at the replacement of the group of
Globorotalia menardii dextral (G. menardii 5) by the group of G.
miotumida. Hilgen et al. (2000a, 2000b) located the boundary at the
FCO of G. miotumida, noting that these forms were present well before
the boundary. Similarly, Globorotalia menardii form 5 reaches percent-
ages of 5–10% in the Guadalquivir sections and 10–15% at Oued Akrech
in the interval marked by the FCO and LCO of the nominal species be-
tween 7.35 and 7.25 Ma. Again rare specimens of dextral G. menardii
form 5 can already been found prior to 7.35 Ma. Finally, dominantly
sinistrally coiled G. menardii form 4 reaches percentages between 10
and 15% in the Oued Akrech section (Hilgen et al., 2000a, 2000b) during
its lastmajor influx around 7.52Ma. Both below and above the level cor-
responding to 7.52Ma, G. menardii form 4 is often found, albeit in much
lower numbers and percentages that do not exceed 1–2%.

In order to estimate the abundance of the Planktonic foraminifer
marker species we performed a semiquantitative study, defining three
categories: Abundant (more than15 specimens per 45squre field), com-
mon (6 to 14 specimens per 45 square field) and rare (1 to 5 specimens
per 45 squarefield). In a full picking tray, thenumber of targetedmarker
species has been counted.



Table 1
Main bioevents used to date the Rifian Corridor sediments. References are for the astronomically calibrated ages in the Mediterranean region and its Atlantic side.

Event
no.

Planktonic foraminifer bioevents Age
(Ma)

Atlantic Mediterranean

1 Sinistral to dextral coiling change (S/D) of
Neogloboquadrina acostaensis

6.35 Sierro et al., 1993 Hilgen and Krijgsman, 1999; Sierro et al., 2001;
Lourens et al., 2004

2 Replacement of Globorotalia menardii 5 by
Globorotalia miotumida group

7.25 Sierro, 1985; Sierro et al., 1993; Hilgen et al.,
2000a

Sierro et al., 2001; Lourens et al., 2004

3 S/D coiling change of Globorotalia scitula 7.28 Sierro, 1985; Sierro et al., 1993; Hilgen et al.,
2000a; Lourens et al., 2004

Sierro et al., 1993; Lourens et al., 2004

4 First common occurrence (FCO) of G. menardii 5 7.35 Sierro, 1985; Sierro et al., 1993; Hilgen et al.,
2000a; Lourens et al., 2004

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

5 Last common occurrence (LCO) Globorotalia
menardii 4

7.51 Sierro, 1985; Sierro et al., 1993; Hilgen et al.,
2000a; Lourens et al., 2004

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

6 (Dextral to sinistral (D/S) coiling change of G.
scitula group

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

7 First occurrence (FO) of Globorotalia suterae 7.8 Sprovieri et al., 1999
8 Lowest common occurrence (lro) of

Sphaeroidinellopsis seminulina
7.92 Krijgsman et al., 1995; Hilgen et al., 1995; Lourens et

al., 2004; Hüsing et al., 2009
9 Onset dominant sinistral Neoglobquadrinids 7.92–8

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

10 FO of Globigerinoides obliquus extremus
(Mediterranean)

8.37 Tropical Atlantic: 8.93 Ma (Lourens et al., 2004) Sprovieri et al., 1999

11 Last occurrence (LO) of Globorotalia lenguaensis
(Mediterranean)

~ 8.37 Tropical Atlantic: 8.97 Ma (Turco et al., 2002) Foresi et al., 2002; F. Lirer, pers. comm.

12 Highest regular occurrence dextral(hro) N.
acostaensis

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

13 FRO N. acostaensis 10.57 Hilgen et al., 2000a, 2000b; Lourens et al., 2004
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Note that these numbers are not percentages of the marker species
in the foraminifer assemblage. They are related with the concentration
of these marker species in the sediment.

3.1.3. Comparison with Wernli (1988)
Wernli (1988) presented a planktonic foraminiferal zonation and

compared that with existing zonations for the Mediterranean. The
base of his Miocene Zone m6 was defined by the First Appearance
Datum (FAD) of Globorotalia dutertrei; this zonewas later subdivided
in subzones m6a and m6b using the first appearance of Globorotalia
primitiva (Wernli, 1977). The Miocene-Pliocene boundary was
equated with the m6-P1 zonal boundary defined by the FAD of
Globorotalia margaritae. Subzone m6a was further subdivided in
m6aα and m6aβ using the G. conomiozea FAD, which was supposed
to precede the FAD of G. primitiva. Wernli (1977) shows these two
bio-events to be coincident in the Oued Akrech section. As a matter
of fact, his G. conomiozea FAD is placed at the same level as in the
more recent high-resolution study of Hilgen et al. (2000a, 2000b),
at or close to the Messinian GSSP subsequently defined at Oued
Akrech.

However, the typological species concept used byWernli (1988) be-
comes less clear in other Moroccan sections if one follows this concept
rather than the assemblage approach used in the present study. Rare
specimens of typical G. conomiozea (and G. miotumida) found below
the Messinian GSSP will in that case result in a lowering of the position
of the local subzonal boundary, while these will be incorporated in the
G. menardii form 4, if one applies the assemblage-based species concept.
The same misunderstanding may arise from rare specimens of G.
menardii form 5 encountered below the FCO of this taxon. Meanwhile,
detailed integrated stratigraphic, correlations, including a high-resolu-
tion tuned cyclostratigraphy, have confirmed the time stratigraphic sig-
nificance of our main bio-events founded on the assemblage-based
taxonomic concept. This approach combined with the relative abun-
dance of marker species is considered of critical importance for the suc-
cess of the present study.

3.2. Calcareous nannofossils

For the study of calcareous nannofossils smear-slides have been per-
formed. A small fraction of sediment is spread out with buffered water
on a cover-slide and fixed to a glass slide with Canada balsam. The ob-
servation and identification of taxa was carried out with a petrographic
microscope (×1000).

Concentration of nannoliths is variable, ranging from 5 to 200
liths per visual field (except barren samples). In all cases, at least 5
transects have been observed, assuring that each of the samples
has taken into account those taxa that appear in proportions higher
than 0.001% (with a probability of success of 99%) (Dennison and
Hay, 1967).

For identification, Young et al. (2014) was used. For the definition
and calibration of CN events, Flores and Sierro (1989) was followed,
Raffi and Flores (1995) and Raffi et al. (2006), combining qualitative
and semi-quantitative information.

3.3. Paleobathymetry estimates

The benthic foraminiferal assemblages from the washed fractions
N 150 μm of selected samples were studied to estimate paleodepth
and paleo-environment at time of deposition. Unlike the planktonic fo-
raminifera that allow highly accurate biostratigraphy, many species of
benthic foraminifera remained morphologically similar throughout
theMiddle-Late Miocene. Therefore, in each case we tested the planktic
assemblage for possible reworking from older Miocene units. Plankton-
ic-benthic (P/B) ratios were not considered reliable for depth estimates
because most samples show signs of transport and some contain
reworked specimens. Instead, semi-quantitative data of the benthic as-
semblages was used together with information on (differential) preser-
vation, grain size sorting and reworking.

Depth-distributions of groups of benthic foraminifera known from
literature were applied (e.g. Pérez-Asensio et al., 2012; Schönfeld,
1997; Schönfeld, 2002). Although the slope profiles of the Rifian Corri-
dor are likely to have been different from the continental margins on
which these estimates are based, inferences on the depth of the envi-
ronment of deposition can be based on benthic foraminiferal assem-
blages and marker species with known present-day depth distribution
(e.g., Capella et al., 2017a). In assemblages where both shelf- and
slope-type species are present, and in absence of reworking, we consid-
ered that the shallow marine species (such as discorbids, Ammonia,
Elphidium and Rosalina species: e.g. Rogerson et al., 2011) were
transported downslope.
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3.4. Seismic interpretations

The seismic profiles in the Taounate Basin (Fig. 2) were 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-in-
duced, unconformity-bounded depositional units, or ‘tectonic sys-
tem 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; Capella et al., 2017b). Finally,
the biostratigraphic results of this study were combined with the
stratigraphic interpretation of the seismic profiles.

4. Results

4.1. Sfasef

4.1.1. Field observations and lithology
The Sfasef section is located in the Ghafsai Basin. 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. 3B). The section
shows tabular massive sandstones up to 20 m in thickness, locally
showing thinmud–lenses interfingeredwith finely–bedded sandstones
(Fig. 3C).

4.1.2. Planktonic foraminiferal biostratigraphy and age
The lowermost samples of the Sfasef section contain up to 10–15% of

the sinistrally coiled G. menardii form 4, while this percentage is lower
Fig. 3. Details of the Sfasef section (Ghafsai Basin): A) Sedimentological log with distribution
Panoramic view of the synkinematic wedge formed by sandstone –marlstone intervals; C) Det
in the upper samples. The Globorotalia scitula group and the
neogloboquadrinids are both predominantly sinistrally coiled.

Themarker species indicate a late Tortonian age between the dextral
to sinistral coiling change of the G. scitula group at 7.58 Ma and the G.
menardii form 5 FCO at 7.35 Ma. The higher percentages of the G.
menardii form 4 may well correspond to the last influx of common G.
menardii form 4 that ends with the LCO of G. menardii form 4 at 7.51 Ma.

4.1.3. Palaeo-bathymetry and depositional environment
Benthic assemblages are relatively diverse, containing Cibicides

pachyderma, Globocassidulina subglobosa, Uvigerina peregrina and P.
ariminensis, suggesting depths corresponding to outer shelf (150–
300 m).

4.2. Taounate

4.2.1. Field observations and lithology
The Upper Miocene succession at Taounate developed unconform-

ably on top of the Intra- and Mesorif Jurassic and Cretaceous units to
the north and above the Ouezzane Nappe and the Prerif units to the
South. Synclinal structures with the highest angles of dip in the north-
ern margin are observed. The basal unit, only outcropping to the north
and east of the basin (Tejera de Leon et al., 1995), is composed of medi-
um 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. This unit shows well-preserved autochthonous fossil content
such as pectinids, bryozoans, algae, and brachiopods. The succession fol-
lows with ~100 m thick sand-marl alternations where the sand beds
contain angular clasts, and can be interpreted as microconglomeratic
lenses, suggesting debritic flow in marginal settings. Thin intercalations
of sandbeds and marine conglomerates bear pebbles from Cretaceous
units to the North. Local slump levels are present, possibly indicating
tectonic instability of the nearby margin. The interbedded marls, silty
and grey, contain bivalves and iron crusts. Above the sands-marl alter-
nations the succession is composed of laterally discontinuous
of planktonic foraminifera and palaeoenvironmental interpretation (legend in Fig. 6). B)
ail of the pinching-out geometry of mud layers in the sandstone intervals.
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polymictic conglomerates, reaching up to 40 m of thickness; these are
very well exposed to the South of the Taounate ridge but also to the
north, in the Bouhaddi Basin (Fig. 2). This conglomeratic unit, which is
locally reddish and indurated but still contains shell fragments and in-
tercalations of pelites, reflects enhanced continental input and the prox-
imity of a river delta, possibly located near to the alluvial fans of the
proto-Rif Mountains to the north. This conglomeratic unit follows with
marl and sparse intercalations of sands, reaching up to ~1000 m of
thickness in the centre of the Taounate Basin. At the top of the sequence
is a ~30 m thick continental unit, consisting of silty muds and sand-
stones without microfauna.

4.2.2. Planktonic foraminiferal biostratigraphy and age
The marker species in the Taounate basin overall show a low abun-

dance. When found, keeled globorotaliids are represented by sinistrally
coiled G. menardii form 4. The unkeeled globorotaliids of the G. scitula
group show both sinistral and dextral coiling directions. However, due
to their rare occurrence, it is difficult to make a distinction in coiling
preference. Neogloboquadrinids are also rare and show both coiling di-
rections, although a sinistral coiling direction is clearly dominant.
Globigerinoides obliquus extremus and Sphaeroidinellopsis seminulina
are present in low numbers throughout the section, but are more com-
mon at certain levels (Fig. 4).

For this section,we estimate an age older than the LCO of G. menardii
form 4 at ~7.51 Ma for the top of the section. The biostratigraphic evi-
dence further points to an age younger than, at least, the FO G. obliquus
extremus at ~8.37 Ma, and likely younger than the lro of S. seminulina at
~7.92 Ma.

4.2.3. Palaeo-bathymetry and depositional environment
The benthic foraminiferal assemblages of the Taounate section re-

main approximately the same throughout the sequence and are
characterised by the following species: buliminids, e.g. Bulimina
Fig. 4. Details of the Taounate section: A) Sedimentological log with distribution of planktonic
views taken from the town of Taounate (Fig. 2, view to the east) showing the geometric rel
Taounate depocentres. The sandstone layers of the Bou Haddi depocentre (black dotted lines
layers of the basal coarse unit are tilted indicating post-depositional uplift of the souther
Marlstone with sandstone intercalations.
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 re-
lated to variable preservation, changing terrigenous input, variable in-
flux of organic matter from shallower depths and oxygenation of the
sea floor. These assemblages reflect deposition in mid–outer shelf
depths (100–250 m), in a relatively eutrophic environment.

4.3. Bouhaddi

4.3.1. Field observations and lithology
Bouhaddi seems to be connected to the Taounate basin on geological

maps (Fig. 2), but is locally separated from the latter by the Taounate
ridge (Fig. 4B, C). The Taounate ridge consists of deformed Mesozoic
sediments folded in the Mesorif Nappe (Fig. 1). We collected samples
and made observations at two locations: The lower part of the succes-
sion (“base” in Fig. 5A) is composed of up to 20m thick sandstone inter-
vals and intercalated marlstone; and the upper part (“top” in Fig. 5A)
includes the uppermost marlstone and 10 to 15 m thick sandstone –
lobes (Fig. 5B). Layers of the basal sandstone – conglomerate onlap
against the ridge to the north (Fig. 4B), suggesting that part of this relief
already existed during deposition. Paleocurrents measured in the peb-
bly sandstone (Fig. 5C, D) reflect awest– and southwest–directed trans-
port (Fig. 2).

4.3.2. Biostratigraphy and age

4.3.2.1. Planktonic foraminifera. The analysed samples contain predomi-
nantly sinistrally coiled G. menardii form 4, some of which are similar
to G. miotumida. Rare dextrally coiled specimens of G. menardii form 5
are found in the uppermost samples RTS 1–5 (Fig. 5A). The G. scitula
group is dominantly sinistrally coiled and reveals gradual morphologi-
cal changes from the low biconvex forms typical of G. scitula to more
foraminifera and palaeoenvironmental interpretation (legend in Fig. 6). B\\C) Panoramic
ationship between the Taounate ridge and the sedimentary infills of the Bou Haddi and
) onlap on the northern side of the Taounate ridge (C), whereas the Taounate sandstone
n side of the ridge; D) Detail of the conglomerate and mudstone of the basal unit; E)



Fig. 5.Details of the Bou Haddi section: A) Sedimentological logwith distribution of planktonic foraminifera and palaeoenvironmental interpretation (legend in Fig. 6); B) geometry of the
sandstone intervals sandwiched in silty marlstone; C) Cross-stratification in the sandstone intervals from the base of the section; D) foresets capped by microconglomerates.
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inflated biconvex forms and finally to the planoconvex inflated
types typical of Globorotalia suterae. Predominantly sinistral
neogloboquadrinids are common, while S. seminulina appears in low
numbers in one sample only. Rare specimens of G. obliquus extremus
are sporadically found. Relatively high number of Cretaceous-Paleogene
foraminifera is present in all samples.

Based on the presence ofG. 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 form 4 and that G.
menardii form5 is rare, the sedimentswere likely deposited in the interval
between event 6 (7.58Ma) and 4 (7.35Ma). Note that it is not unusual to
find rare specimens of G. miotumida (G. dalii type of Zachariasse, 1975) or
G. menardii form 5 in assemblages of keeled globorotaliids that are dom-
inated by G. menardii form 4 and are late Tortonian in age.

4.3.2.2. Calcareous nannofossils. In this section, calcareous nannofossils
are abundant and relatively well preserved, reworking sometimes ex-
ceeding 10%. The assemblage is dominated by “very small
reticulofenestrids” b 3 μm (VSR, mainly Reticulofenestra minuta) and
minor proportions of medium-sized reticulofenestrids 3–5 μm (largely
Reticulofenestra minutula), with some specimens of Discoaster surculus
at the top of the section. No other marker species such as Discoaster
berggreni, Discoaster quinqueramus or ceratoliths (Amauolithus/
Nicklithus/Ceratolithus) have been identified. The dominance of VSR
over medium sized reticulofenestrids was identified by Flores and
Sierro (1989) just above the FO of D. berggrenii. Some specimens of cir-
cular Reticulofenestra were observed near the top of the section, but
thesemorphotypes do nomatchwith the characteristic formsdescribed
in the early Messinian as Reticulofenestra rotaria (Young et al., 1994;
Raffi and Flores, 1995). For these reasons, the chronological interval
we propose is late Tortonian. Per contra, the scarcity of Discoaster and
absence of ceratoliths, could be due to an ecological restriction (these
taxa are related to open-ocean environments) and for this reason do
not discard a Messinian age.

4.3.3. Palaeo-bathymetry and depositional environment
All the samples are affected by re-deposition and some samples con-

tain Cretaceous to Miocene material; however, benthic foraminifera
considered to be in-situ suggest deposition at mid- shelf depth
(Cibicides ungerianus and C. cf. ungerianus; Cibicides lobatulus; Bulimina
striata; Gavelinopsis praegeri; Oridorsalis umbonatus; Nonion fabum;
and some Elphidium and Ammonia spp.).

These assemblages suggest water depths of 100–150 m. Further-
more, fluctuating abundances of benthic foraminifera, percentage of
glauconite and other sediment components together suggest repeatedly
changing environments and oxygenation levels through time.

4.4. Dhar Souk

4.4.1. Lithology
The Dhar Souk section contains analogous lithofacies and lithofacies

sequence than those observed in the Taounate Basin (Wernli, 1988).
This section shows a prominent, tilted basal conglomerate (Fig. 6B, C)
and ~1000 m thick mud-dominated succession (Fig. 6D). Vidal (1979)



Fig. 6.Details of the Dhar Souk section: A) Sedimentological log with distribution of planktonic foraminifera and palaeoenvironmental interpretation; B) Panoramic view of the Dhar Souk
section showing tilted basal conglomerates and sandstones (base) followed by mud-dominated sedimentation (middle). Picture taken from the top of the section; C) Alternations of
matrix-supported conglomerates and mudstones of the basal coarse unit; D) Marlstones with irregular sandy intercalations of the middle and top parts of the section.
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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 conglomer-
ate lobes were indicating an overall direction of progradation towards
the west–southwest (Fig. 2).

We analysed the sets of samples of Wernli (1988) and collected a
number of new samples in different areas of the basin (base: DTS0–6;
middle: DS1–6; top: OS3–6; Fig. 6A) to date the youngest part of the
post–orogenic sedimentary succession. Sedimentation starts with high
amount of gravels and pebbles (Fig. 6B, C) mixed with muddy matrix
that contains foraminifera; the sequence continues with blue marl-
stones with irregular intercalations of sandstone beds (Fig. 6D). At the
top, the sequence is truncated by Quaternary conglomerate.

Combining micropalaeontological and sedimentological information
we conclude that the Dhar Souk depocentre represents a river–dominat-
ed basin, with pro-delta environments and conglomerate lobes (Fig. 6C),
and 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.

4.4.2. Biostratigraphy and age

4.4.2.1. Planktonic foraminifera. The residues of the samples from the
Dhar Souk section ofWernli (1988) were analysed, but lacked sufficient
material and marker species. To date this section, we rely especially on
the new samples that we collected in themiddle and top parts (Fig. 6A)
of the succession. Rare G. menardii form 4, S. seminulina, and sinistral N.
acostaensis were found. These assemblages would suggest an age simi-
lar to the Taounate section, i.e. between events 8 (7.92 Ma) and 4
(7.35 Ma; Table 1).

4.4.2.2. Calcareous nannofossils. The sections studied in this sector show a
low abundance of calcareous nannofossils with reworked nannoliths,
sometimes over the 30%. The assemblage is dominated by VSRwith occa-
sional presence of Discoaster species that are in general overgrown, as
well as the absence of ceratoliths. No other markers were identified. The
stratigraphic framework is similar to the Bouhaddi section; the domi-
nance of VSR over medium-sized reticulofenestrids and absence of
ceratoliths indicate a late Tortonian assemblage. However, due to poten-
tial ecological restriction factors, the Messinian age cannot be excluded.

4.4.3. Palaeo-bathymetry and depositional environment
In samples collected from the middle part, the benthic foraminiferal

assemblages consist of both 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 to be transported downslope. Depth of deposition
is estimated at mid–outer shelf (100–250 m) based on the common oc-
currence of cibicidids (Cibicides ungerianus, C. lobatulus and some
Cibicides dutemplei), Gavelinopsis praegeri, Nonion fabum, Oridorsalis
umbonatus. Valvulineria bradyana is common in most, and dominant in
some samples. High abundances of this species are found in or near
prodelta environments and mud belts associated with river plumes
(e.g. Amorosi et al., 2013; Goineau et al., 2015).

In the top part (Fig. 6A), the benthic foraminiferal assemblages con-
sist of cibicidids, (among others C. cf. ungerianus, C. dutemplei, C.
lobatulus). Gavelinopsis praegeri and N. fabum are abundant and
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Elphidium and Ammonia spp. are common. Some reworkedmiliolids are
present. Valvulineria bradyana is dominant in all samples, indicating de-
position in a prodelta environment. The estimated depth of deposition is
100–150 m.

4.5. Sidi Ali Ben Daoud

4.5.1. Lithology
The Sidi Ali Ben Daoud (SABD) section represents a satellite outcrop

of the Dhar Souk depocentre (Fig. 2). We analysed the set samples of
Wernli (1988) and collected a new set in the uppermost part (samples
JJ0–7; Fig. 7A). Unconformably overlying the Mesorif Nappe of the Oro-
genic Wedge is an alternation of mudstone–dominated intervals con-
taining cm–thick sandstone beds (20 to 50 m thick; Fig. 7D) and
sandstone–dominated intervals with cross–stratified pebbly sandstone
and conglomerates (Fig. 7B, C, E) up to 20–30 m thick. The mudstone–
dominated intervals record sand deposition in cm–thick crudely graded
beds (Fig. 7D). Palaeocurrent reconstructions from sole–marks in the
sandstone beds show west–directed flow, whereas trough–cross bed-
ding in the pebbly sandstone (Fig. 7C) indicates SW–directed
progradation.

4.5.2. Biostratigraphy and age

4.5.2.1. Planktonic foraminifera. In the SABD section, a large number of
samples are barren ofmicrofaunal content. At levels where planktonic fo-
raminifera are present, they are small sized and occur in low abundance.
Nevertheless, the assemblages reveal marker species such as the
neogloboquadrinidswhich showapproximately equal numbers of dextral
and sinistral specimens. The keeledG. menardii is presentwith specimens
of form 4,while unkeeled globorotaliids (i.e.G. scitula group) are found in
Fig. 7. Details of the Sidi Ali Ben Daoud section: A) Sedimentological log with distribution o
Panoramic view of the section showing synkinematic wedge-shaped sedimentation betwee
Vertical relationship of sedimentary structures in the ~20 m thick sandstone-conglomerate un
Rounded boulder in the marine sandstone at the top of the section.
low numbers in one sample, showing both coiling directions.
Sphaeroidinellopsis seminulina and G. obliquus extremus are present.

The discontinuous low frequency of G. menardii form 4 suggests a
maximum age for the top part of the section close to event 5
(7.51 Ma), but the absence of sinistral G. scitula indicates an older age.
On these grounds, for the SABD section we propose an age interval for
deposition between lco of S. seminulina (7.92Ma) and LCO ofG.menardii
form 4 (7.51 Ma).

4.5.2.2. Calcareous nannofossils. In this section, the calcareous
nannofossils are scarce, sometimes in same proportion than autochtho-
nous. No discoasters and ceratoliths have been identified. What is re-
markable is the predominance of VSR over medium-sized
reticulofenestrids (event placed above the FO of D. bergrenii – Flores
and Sierro, 1989). The assemblages are overall indicative of the late
Tortonian. However, as commented in Dhar Souk section, potential eco-
logical restriction factors can be linked with the absence of marker spe-
cies, and consequently the Messinian age cannot be excluded.

4.5.3. Palaeo-bathymetry and depositional environment
Benthic foraminifera are found in 6 samples and generally poorly

preserved. The species found include Ammonia beccarii, several
Elphidium and Lenticulina spp., P. bulloides, Nonion commune, Uvigerina
peregrina and V. bradyana, suggesting mid-shelf depths (100 ± 50 m).

4.6. Boured

4.6.1. Lithology
Boured 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. 2). The sequence is composed of marlstones and conglomerates
f planktonic foraminifera and palaeoenvironmental interpretation (legend in Fig. 6); B)
n the basal conglomeratic unit and the following sandstone-marlstone alternations; C)
it at the top; D) Close-up of a turbidite intercalation in the mud-dominated interval.; E)
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(Fig. 8A–C), locally forming channels and lobes (Fig. 8D), with a total
thickness of ~150 m. Field studies and sampling for biostratigraphy
were carried out by Wernli (1988) and we analysed the available sam-
ples from his collection at the Ministry of Geology in Rabat (samples
DL2064–2068; 2072–2078; 2081–2086). In addition, we collected two
pilot samples in the mudstones (BOU1, 2) and measured paleocurrents
in marine conglomerates (Fig. 2).

4.6.2. Planktonic foraminiferal biostratigraphy and age
In the Boured basin, the planktonic foraminifera are rare, small sized

and poorly preserved, often covered by detritus. An exception is sample
DL 2076 (Fig. 8A), which is rich in well preserved foraminifera. The
sinistrally coiled G. menardii form 4 specimens are found in this sample
in a rare abundance, while unkeeled globorotaliids are absent through
the section. Rare forms of G. obliquus extremus and sinistrally coiled
neogloboquadrinids are found, whereas S. seminulina is common.

The assemblages suggest the section was deposited between the lro
of S. seminulina at 7.92 and the LCO of G. menardii form 4 at 7.51 Ma.

4.6.3. Palaeo-bathymetry and depositional environment
Benthic foraminifera are present in two samples and suggest mid–

shelf depths (100 ± 50 m), based on the occurrence of Elphidium,
Lenticulina andUvigerina species, Ammonia beccarii, V. bradyana,N. com-
mune and Pullenia bulloides.

4.7. Aarba Taourirt composite

4.7.1. Field observations and lithology
The Arbaa Taourirt composite section (Fig. 9A) is located approxi-

mately 25 km away from the modern Mediterranean Coast. Previous
studies (Frizon de Lamotte, 1981;Wernli, 1988; Achalhi et al., 2016) re-
port that 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 (Fig. 9D), ~70 m thick marlstones (Fig. 9B,
Fig. 8. Details of the Boured section: A) Sedimentological log with distribution of planktonic f
truncated by marine conglomerates; C) marine marls including pebbles from the nearby paleo
C), ~100 m thick marine conglomerates and sandstones (Fig. 9B). The
top unit reflects dominant N– and NW–directed sediment transport
possibly associated with the inflow of oceanic currents in the NRC
(Achalhi et al., 2016).

The North Arbaa and Azroû Zazîrhîne (Fig. 9A) were previously pre-
sented 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. 2) 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 se-
quence of these beds shows the succession of, from base to top: silty
mud, ripple cross–laminated sand, parallel–laminated sand and silty
mud (Fig. 9E).

Tarhzout Ntassa section 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.

4.7.2. Biostratigraphy and age

4.7.2.1. Planktonic foraminifera. The planktonic foraminiferal assemblage
in the lowermost part of the section contains a large number of keeled
globorotaliids. A higher variability in taxa distinguished a mixture of
more typical G. menardii form 4, and specimens resembling G.
miotumida. The unkeeled G. scitula group is rare and sinistrally coiled,
except for one sample (TN 10) 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. obliquus 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, and only a single specimen of G.
oraminifera and palaeoenvironmental interpretation (legend in Fig. 6); B) marine marls
margins.



Fig. 9.Details of the Arbaa Taourirt composite section: A) Sedimentological log with distribution of planktonic foraminifera and palaeoenvironmental interpretation (legend in Fig. 6); B)
outcrop view of the Azroû Zazîrhîne section; C) outcrop view of the Tarhzout Ntassa section (in the background, the village of Arbaa Taourirt); D) Basal conglomerate at the North Arbaa
section; E) Possible contourite feature at the North Arbaa section; F) sandstone interval in the marine marls of the North Arbaa section.
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menardii form 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 towards the base of the section whereas
the middle and upper part of the succession were probably deposited
between 7.51 and 7.35 Ma, because G. menardii form 4 is either rare or
absent.

In Tarhzout Ntassa, the planktonic foraminiferal assemblages con-
tain the marker species of the predominantly sinistrally coiled
neogloboquadrinids, common G. menardii 4, rare to common G. scitula,
including typical G. suterae. G. obliquus extremus, S. seminulina are pres-
ent. 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).

4.7.2.2. Calcareous nannofossils. An abundant record of calcareous
nannofossils shows assemblages dominated by VSR over medium
sized reticulofenestrids, with the occasional presence of D.
quinqueramus andD. berggrenii. Flores and Sierro (1989) identified a re-
versal in the domain of the VSR vs. medium-sized reticulofenestrids just
after the FO of D. berggrenii calibrated at 8.29 Ma (Lourens et al., 2004).

Discoaster surculus is first recorded in sample TN2. Other Discoaster
species are rare and no ceratoliths have been found. The first common
occurrence (FCO) of D. surculus is placed at 7.79 Ma and the FO of
Amaurolithus spp. at 7.42 (Lourens et al., 2004; Raffi et al., 2006), in
the latest Tortonian. However, the Messinian stage can still be consider
as a possibility. It should be noted that an ecological absence of
Amaurolithus, particularly Amaurolithus delicatus (FO at 7.22 Ma;
Lourens et al., 2004), cannot be ruled out since this species is usually
rare, linked to open ocean environment.

On the other hand, the studied interval coincides with the
Reticulofenestra pseudoumbilicus paracme (sensu Raffi et al., 2006),
characterised by the absence of forms of this species larger than 7 μm.
However, reworking in this interval exceeding sometimes 20% pre-
cludes an accurate definition of this biostratigraphic interval.

4.7.3. Palaeo-bathymetry and depositional environment
Benthic foraminiferal assemblages differ slightly between (i)

Tarhzout Ntassa/North Arbaa and (ii) Azroû Zazîrhîne, indicating a
slight shallowing–upward trend. Tarhzout Ntassa and North Arbaa as-
semblages contain inner shelf species (Ammonia, Elphidium and/or
Rosalina, discorbids) as well as species occurring on the deeper shelf
and upper slope (C. dutemplei, C. pachyderma, C. ungerianus, some
Cibicidoides kullenbergi, Planulina ariminensis, Uvigerina peregrina, and
some V. bradyana). Considering that some transport of material is evi-
dent in most samples (based on grain size sorting and differential pres-
ervation of foraminifera), the shallow–water species are considered to
be transported. Estimated water depth is between 150 and 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).

4.8. Msila

4.8.1. Field observations and lithology
The Msila section consists of an alternation of marlstone and sand-

stones that unconformably overlie the Mesorif Nappe of the orogenic
wedge. This section, assigned to Upper Miocene post–nappe cover in
the regional geological map (Suter, 1980), was targeted to better con-
strain its age as it may represent a key point for palaeogeography,
being located along theMesorif–Prerif boundary that could have tecton-
ically–controlled a marine connection between the eastern edge of the
Taounate Basin and the Taza area.
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4.8.2. Planktonic foraminiferal biostratigraphy and age
The lower part of the succession (samples MS 1–4) contains assem-

blages characterised by mixed Miocene and Eocene planktonic forami-
nifera. The specimens are badly preserved. G. apertura and G. sacculifer
groups were identified. Neither keeled nor unkeeled globorotaliids
were present, except for Globorotalia peripheroronda which is
Serravallian in age. The Neogloboquadrinids are represented by P.
mayeri–siakaensis types that indicate ages older than Tortonian. The ab-
sence of typical Tortonian species and the presence of Globigerinoides
altiperturus suggest that the sediments are of Early to Middle Miocene
age.

5. Seismic stratigraphy of the Taounate basin

Part of the Taounate sedimentary succession is nowbetter dated and
allows to correlate outcrop to seismic data. Samples taken in the
Taounate section correspond to the two uppermost units observed in
the subsurface (see below). Two representative seismic lines cross the
Taounate Basin and illustrate its structure at depth. Given the new dat-
ing of the surface sediments carried out in this paper we are able to pro-
vide a new interpretation of the tectono–sedimentary evolution of the
area,modified after larger-scale analyses of field kinematics and seismic
profiles in the Rif foreland (Capella et al., 2017a, 2017b, 2017c). At the
base of the Taounate sedimentary infill, unit U1 consists of 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. 10). 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
Fig. 10. ONHYMmultichannel seismic profiles crossing the Taounate Basin. Depth inm is derive
Upper Miocene Blue Marl Formation, leading to 1365 m/s twtt. Locations of lines in Fig. 2.
its transverse orientation. This change adds weight to the hypothesis
of the southward fault–propagation, as unit B and C infill the space cre-
ated by earlier contraction andwere 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 contrastwith the 15 kmof U1. U2 is tilted
at the flank margins in TAO–2 as a result of post–depositional contrac-
tion. U3 is separated from the underlying U2 by an unconformity and
showsmoderate 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 corre-
lationwith intersecting longitudinal lines. U3would seem to thicken to-
wards 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 systemcom-
posed of alternations between marlstones and coarser clastics. In these
prodelta and outer shelf environments (see Sections 4.2 and 4.3) 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.

6. Discussion

6.1. Closure of the NRC

Application of the astrobiochronologic framework based on the as-
semblage-based species concept of planktonic foraminiferamarker spe-
cies indicates that the marine successions in the studied Intramontane
d from seismic velocities presented in Zizi (1996). Average velocities are 2730m/s for the
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Basins, with the possible exception of Arbaa Taourirt, are invariably late
Tortonian in age and that, in contrast with previous age models
(Feinberg, 1986; Wernli, 1988; Samaka et al., 1997), the Messinian is
not reached. Such a late Tortonian age is based on the morphology of
the keeled globorotaliids, which following the assemblage approach be-
long to G. menardii form 4, in combination with the dominantly
sinistrally coiled specimens of the G. scitula group, which include
types that belong to G. suterae.

However, it is also likely that at least some of themarine successions
will have continued into the Messinian, as these are capped by erosive
contacts and a transition to very shallow marine and continental de-
posits is only recorded at Taounate (Fig. 4A). Nevertheless, the benthic
foraminifera indicate a shallowing of about 50–100 m in the upper
part of the marine sections in two cases, from 150–300 m to 100–
200 m in Arbaa Taourirt, and from 100–250 m to 100–150 m in Dhar
Souk.

Furthermore sedimentation rates are very high with approximately
1 million years (~8.5 to ~7.5 Ma) represented by ~1000 m of open ma-
rine sediments, leading to a sedimentation rate of at least 100 cm/kyr.
This combination of late Tortonian basin restriction detected from seis-
mic profiles (Fig. 10), shallowing trends inferred from sedimentology
(Achalhi et al., 2016), and high sedimentation rates makes it rather un-
likely that the (open) marine sedimentation will have continued into
middle to late Messinian. Assuming that a maximum of 500 m of the
marine succession has been eroded, and that the FCO of G. menardii
form 5 is not reached, we can roughly estimate that the top of the ma-
rine successions would not have had an age younger than ~7.0 Ma.
One may argue that the inferred sedimentation rate may have been re-
duced during the transition from deep marine to shallow marine sedi-
mentation, but even in that case it is unlikely that the marine
connection through the NRC would have remained in existence during
the MSC.

In the Arbaa Taourirt Basin, ~100 m thick shallow marine
calcarenites with an estimated paleowater-depth of 90 m overlie ma-
rine marls (Achalhi et al., 2016). Keeled globorotaliids in samples from
the marls in this section are dominantly sinistrally coiled, but reveal a
mixture of G. menardii form 4 and G. miotumida types that we
interpreted as to indicate a late Tortonian age. This assessment is in
agreementwith the calcareous nannofossils assemblage observed dom-
inated by VSR over the medium-sized reticulofenestrids and absence of
Amaurolithus spp.

However, a late Tortonian age is at odds with the calcareous
nannofossils biostratigraphy of Achalhi et al. (2016), which indicates a
partly Messinian age for the same sediments. According to these au-
thors, their finding of Amaurolithus primus marks an age younger than
7.42 Ma (i.e. the age of the FO of A. primius in the Mediterranean –
Lourens et al., 2004, Raffi et al., 2006). Nonetheless, if the additional
presence of Amaurolithus delicatus is taken into account, as indicated
in their Fig. 14, most of the sediments would have to be younger than
7.22 Ma and, hence, of early Messinian age. In that case, it is likely that
the sinistrally coiled keeled globorotaliids found in our study belong to
the G. miotumida group rather than to G. menardii 4. Nevertheless, it is
remarkable that Amaurolithus has not been found in our samples
from Arbaa Taourirt. In principle, the absence of ceratoliths may be ex-
plained by ecological exclusion, and their abundance is usually low.
Moreover, asmentioned before, this is not in agreementwith the calcar-
eous nannofossil data presented in Achalhi et al. (2016). This discrepan-
cy may be explained by the different counting techniques used in the
two studies. For this reason, we carried out an additional check on
ceratoliths especially in our samples of Arbaa Taourirt, Oued Sra (Dhar
Souk) and Bou Haddi, but again not a single specimen of Amaurolithus
was found. This observation is consistent with our assessment of a late
Tortonian age for the same sediments. Note that an early Messinian
age is difficult to reconcile with their correlation of unconformity-
bound units between Arbaa Taourirt and the Boudinar basin near the
Mediterranean coast (see Achalhi et al., 2016). According to these
correlations, the marls of Arbaa Taourirt belong to their Sub-Unit 2a,
which is supposed to be older than 7.15 Ma and does not contain A.
delicatus in the supposedly equivalent parts of the sections in the
Boudinar basin.

We conclude that the marine sedimentation in the NRC continued
into the youngest part of the Messinian, but ended around 7.0 Ma. The
Arbaa Taourirt basin may have acted as an embayment of the Mediter-
ranean rather than being part of a continuous marine connection to the
Atlantic, in case the biostratigraphic results of Achalhi et al. (2016)
prove to be correct.

In our view, theNRCwas not composed of individual interconnected
basins but likely developed as a single, wedge-top basin where orogen-
parallel flowwas controlled by the oblique axis of the basin and limited
by thrust-barriers. There is no evidence that each intramontane basin
acted as an individual basin during deposition, as lateral facies varia-
tions are essentially lacking (e.g., coastal marine facies near the
palaeo-margins); however, such tectonically-controlled basins can
show talus-cones and submarine deltas that extend from coastal areas
down to several hundred metres depth (e.g., Reading and Collinson,
1996; Mutti et al., 2003).

Dhar Souk is a syncline where sandstone, conglomerate and marl
beds are deformed and truncated by an unconformity. The Taounate
basin reveals upper Tortonian deep-marine marls or sandstones, but
no coastal facies at its margins. Boured section comprises conglomerate
and marl that have been intensively eroded. The system of intercon-
nected depocentres was later flooded by rapid subsidence (correspond-
ing to U2 in Fig. 10), and disconnected in the late Tortonian phase of
uplift (U3 in Fig. 10).

In previous studies, the uplift of the Taounate basin along high-angle
faults was linked either to inversion of extensional structures (Samaka
et al., 1997) or to the onset of thick-skinned tectonics as in other part
of the Rif foreland (Capella et al., 2017b). The two seismic profiles pre-
sented in this paper allow dating more accurately the restriction of the
Taounate Basin by identifying a spatially limited depositional unit that
likely followed an event of uplift (U3). Note that this interpretation dif-
fers from that of Capella et al. (2017b) in which only two units were
recognised. Assuming that U3 corresponds to the onset of phase-3
(thick-skinned tectonics) proposed in Capella et al. (2017b), a connec-
tion through these basins could have persisted only for a short time
after the enhanced rates of uplift occurred. Comparisonwith themarine
successions exposed in the South Rifian Corridor, such as Taza-Guercif,
reveal a rather similar picture with a marked shallowing in latest
Tortonian and a closure of the marine connection in the earliest
Messinian (Krijgsman et al., 1999; Capella et al., 2017a, in revision). In
addition, no indications have been found for renewed subsidence and
a marine transgression/invasion following the earliest Messinian.

These results strengthen the hypothesis proposed by Achalhi et al.,
2016 that the NRC did not play a role in theMSC, by proposing that clo-
sure occurred at ~7 Ma, which is one Myr older than the onset of gyp-
sum deposition (Roveri et al., 2014). The closure of the South Rifian
Corridor was recently dated at 7± 0.1Ma (Capella et al., 2017a, in revi-
sion) (Fig. 11).

Therefore, another seawaymust have been open until at least 5.5Ma
to supply the inflow of seawater required for gypsum and halite satura-
tion (e.g., Krijgsman andMeijer, 2008). The only Betic seaway that could
have played a role in the Messinian was the Guadalhorce Strait in the
western Betics (Martín et al., 2001); however, recent biostratigraphic
dating showed that the sedimentary remnants of theWestern Beticma-
rine passages are late Tortonian in age (Van den Berg, 2016; Van der
Schee, 2016, PhD thesis) consistently with the biochronology proposed
with the NRC in this study. The sole option for a middle-late Messinian
connection in theWestern Mediterranean area remains the Strait of Gi-
braltar, an option that has been already put forward by several studies
(Krijgsman et al., 1999; Flecker et al., 2015; Achalhi et al., 2016;
Capella et al., 2017a, in revision) but not really explored and quantified
yet (Fig. 12).



Fig. 11. (A) Summary of the palaeogeographic evolution of the North Rifian Corridor during the late Tortonian. (B) Overview of the stratigraphic logs of the studied sections and proposed
correlation based on the bioevents shown in Table 1.
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7. Conclusions

The open and relatively deep marine sediments deposited in the
core of the NRC are all late Tortonian in age, predating the G. menardii
form 5 FCO at 7.35 Ma. The assemblages of the planktonic foraminifera
and calcareous nannoplankton thus reveal that contrary to previous age
Fig. 12. Scanning electronmicrographs of plankticmarker species of the lateMiocene. 1:Globoro
section); 4–6: Specimens of Globorotalia scitula group, most of them were identified as G. sutera
Scale bar 100 μm, exception 7: scale-bar 200 μm.
models the Messinian is not reached in the NRC. This dating would not
have been possible without the application of a high-resolution
astrobiochronology using planktonic foraminifera and an assemblage-
based taxonomic concept.

The top parts of the marine successions have invariably been re-
moved by erosion, suggesting that the marine sedimentation may
taliamenardii form5 (Bouhaddi section); 2, 3:Globorotaliamenardii form4 (Aarba Taourirt
e; 7: Sphaeroidinellopsis seminulina; 8, 9: Variation in Neogloboquadrina acostaensis group.
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have continued into the Messinian. However, the observed high sedi-
mentation rates in combination with the shallowing upward trend in
some of the successions below the overlying erosional surface indicates
that this marine sedimentation likely ended already in the early
Messinian around 7.0 Ma.

Our integrated dataset suggests that the NRC was rapidly uplifted
after the deposition of the youngest rocks of late Tortonian and possibly
earliest Messinian age. A connection through these basins could have
persisted only for a short time after the enhanced rates of uplift started.
The NRC thus did not form the long-lasting connection with the open
ocean that is needed to supply the necessary salts for the deposition of
the thick evaporite successions of theMSC in theMediterranean. There-
fore, Messinian connections through the Gibraltar Straits are proposed
as the most likely solution to the missing gateway problem of the MSC.
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