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The Paleogene evolution of theNWmargin of the African Plate (Western External Rif Zone)was studied bymeans of
multidisciplinary analyses of twenty-one stratigraphic logs, including tectofacies recognition, petro-mineralogical
results, and thicknesses analysis. Four stratigraphic intervals were recognized separated by three unconformities
coarsely aligned with the Cretaceous–Paleogene, Eocene–Oligocene and Oligocene–Miocene boundaries, respec-
tively. Tectofacies appear from the late Ypresian beingmore frequents from the Oligocene as the tectonic activity in-
creases. The petrology of detrital suites indicates recycled orogen-derived sediments, with quartz supplied from
metamorphic rocks of the Atlas orogen and/or theAfrican craton. On the basis ofMesozoic claymineral assemblages
reported in the literature, the clay mineralogy of mudstones suggests upper Jurassic to upper Cretaceous terrains
from the Internal Intrarif as the main source area of the Paleocene–Eocene successions, with sediment provenance
reversion during the Oligocene and additional contribution of Paleocene to lower Eocene suites. The different dis-
placement capability of the identified aluminic-magnesic clay mineralogy enabled to deduce the relative proximity
of the source area. These findings point out a complex sedimentary evolution characterized by amixture of different
lithotypes dating back to upper Jurassic. X-ray parameters helped to identify evidences of synsedimentary tectonics
overprinting the inherited mineralogy during some periods with weak burial diagenesis at most. During the Paleo-
gene a foreland basin is formedmainly in theMesorif and Prerif sub-domains. This foredeepwas represented by two
‘sub-geosynclines’ separated by a relative bulge located in the ExternalMesorif. The Internal Intrarif could represent
the relative orogenic front, advancing on the External Intrarif. The Eocene forebulge was located in the Ridges Do-
main, while the Gharb Basin was the backbulge of the system. During the Oligocene the depocentral area migrated
southward and a homogeneization of thicknesses took also place in thewholemargin. In this new configuration, the
foredeep would be located in the External Mesorif (previously a relative bulge) while the Ridges Domain and the
Gharb Basin continued to act as the system forebulge and backbulge, respectively. A comparisonwith the Paleogene
evolution of other western Tethys external margins (Betic Chain, Tunisian Tell, SicilianMaghrebids, and Apennines)
has revealed more similarities than differences. The effects of the Eo-Alpine tectonics are recognized everywhere
even if they decrease both from N to S, and fromW to E in the different considered margins. The evolution of the
compared margins shows a common pre-foredeed (Paleocene-Eocene) and beginning of foredeep (Oligocene)
stages in the foreland basins.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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. This is an open access article under
1. Introduction

The Alpine Rif Chain (W Maghrebian Chain), is located in the NW
margin of the African Plate (Fig. 1A) and is linked to the alpine evolution
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of the westernmost Tethys and the subsequent opening of theMediter-
ranean Sea (Doglioni, 1992; Guerrera et al., 1993, 2005; Doglioni et al.,
1999; Chalouan et al., 2008; Guerrera and Martín-Martín, 2014;
Critelli et al., 2017; Müller et al., 2018). This Chain has classically been
divided (Chalouan et al., 2008; among others) into (i) the Internal
Zone, which derived from the Mesomediterranean Microplate
(Guerrera et al., 2021); (ii) the Flysch Zone, which is characterized by
Fig. 1.Geologicalmap of the Rif Chain. (A) geological sketchmap of NWAfrica; (B) geological m
reconstructed twenty-one stratigraphic successions (Logs). The whole structural data are in th
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units resulting from the Maghrebian Flysch Basin (Guerrera et al.,
1993, 2005, 2021); and (iii) the wide External Zone, which represents
the deformed African NW margin (Martín-Martín et al., 2022a). This
last consists of Mesozoic to Miocene successions detached from their
Paleozoic substratum (Atlas and Mesetas), and records the effects of
the Miocene–Quaternary deformation related to the orogenic evolution
of the Maghrebian Chain.
ap of the Rif Chain showing the studied seven sectors and the location of themeasured and
e Supplemenatry Material A1.

Image of Fig. 1
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The External Rif Zone (Fig. 1B) represents a portion of the northern
African continental crust and the passive paleo-margin of the more in-
ternal Maghrebian Basin (de Frizon Lamotte et al., 2017). This margin
experienced a progressive Cenozoic deformation in a foreland basin
evolutionary context (Abbassi et al., 2021), where the Gharb Basin
acted as a part of the foreland basin during Late Miocene and the
Atlas-Mesetas system as the relative foreland (Chalouan et al., 2008).

Based on age and structural position, Suter (1980a, 1980b)
subdivided the External Rif Zone (from internal to external areas) into
the following subdomains: Intrarif (mainly Cretaceous deposits),
Mesorif (mainly Jurassic carbonate deposits to deep water turbidites),
and Prerif (Cenozoic olistostromes). The latter are characterized by frag-
ments of ultrabasic rocks from an oceanic basement, Jurassic carbonate
platform deposits, and Triassic basic subvolcanic rocks in a Miocene
marly matrix (Fig. 1B). For the western Rif, Suter (1980a) proposed a
further division: (i) the Intrarifian Zone consisting of the Internal
Tanger, External Ketama-Tanger, and Loukkos units; and (ii) the alloch-
thonous units of ‘Intrarifian origin’ forming the El Habt and Ouezzane
nappes. These nappes consist of Cretaceous–Cenozoic successions
with Intrarifian affinity (described in detail in this paper), and
overthrusting the Mesorif and Prerif subdomains. These units were re-
cently renamed as the Internal and External Intrarif, respectively
(Martín-Martín et al., 2022a). Moreover, the External Rif Zone has
been divided into the western and eastern Rif Zones regarding the city
of Ketama (Chalouan et al., 2008). The western External Rif Zone con-
sists of sedimentary successions, while some of the eastern units show
a slight metamorphism.

At the end of Mesozoic, the African Plate was in a southern position
and separated from theMesomediterraneanMicroplate bymeans of the
Maghrebian Flysch Basin, whichwas one of thewestern branches of the
westernmost Tethys Ocean. The closure of the western Maghrebian
Flysch Basin (Guerrera et al., 1993, 2021; Chalouan et al., 2008;
Guerrera and Martín-Martín, 2014; Müller et al., 2018) would have
started from the latest Cretaceous (Stampfli and Kozur, 2006) but
mostly happened during the latest Oligocene p.p.–Miocene p.p. with
the extrusion of the Maghrebian Flysch Basin units and the propagation
of the deformation in the External Rif Zone.

Although previous models already proposed the occurrence of a
southern oceanic branch of the Tethys, the confirmation of Jurassic
ophiolite-type basic rocks related to an oceanic crust at the base of the
Maghrebian Flysch Basin is relatively recent (Durand Delga et al.,
2000; Boukaoud et al., 2021). The External Rif Zone and Maghrebian
Flysch Basin would have behaved as a complex foreland basin system
during a large part of Cenozoic, due to subduction beneath the
Mesomediterranean Microplate (Guerrera et al., 2005; Abbassi et al.,
2021). The roll-back of the subducting oceanic crust of the Maghrebian
Flysch Basin would lead to the opening of the Mediterranean Sea as a
back-arc basin from late Oligocene. Benzaggag (2016) pointed out the
presence of another possible oceanic suture between the Intrarif and
the Mesorif (eastern External Rif Zone) by the occurrence of basalts,
breccias, and serpentinites. Contrarily, Michard et al. (2014, 2018) pro-
posed that the Mesorif suture zone corresponds to the trace of the dis-
placement of the west African Atlantic margin surrounding the
northwesternMorocco Meseta. Considering both one and the other hy-
pothesis for this Intrarif-Mesorif suture, the aforementioned foreland
basin would be more complex, and the paleogeography of the western
Tethys should be changed considering the presence of more oceanic
branches than those already proposed.

Although the compression of the Tethyan domains started with the
latest Cretaceous tectonic inversion (Stampfli and Kozur, 2006) and an
important folding should have occurred during the Paleogene, the
main compressional deformation proposed for the External Rif Zone de-
veloped during theMiocene (Zakir et al., 2004; Chalouan et al., 2006). A
nappe structuring consisting of units detached from their original paleo-
geographic position and overriding the more external units took place
during this last period (Chalouan et al., 2008; Vázquez et al., 2013;
3

Jabaloy-Sánchez et al., 2015). Therefore, the original stratigraphic
successions have completely been deformed and tectonically translated
outwards, and therefore the new paleogeographic and paleotectonic re-
constructions must consider these factors. Also strike-slip tectonics
overprinted on this deformation during the Miocene (Azdimousa
et al., 2007). According to AitBrahim et al. (2002), these tectonics
would be accomplished in the Rif by amain compressional axis rotat-
ing from E-W to approximately N-S during the Paleogene to present
time span.

Despite the recent studies focused on the External Rif Zone (Maaté
et al., 2017, 2018; Martín-Martín et al., 2022a, 2022b), many issues re-
main open. There are related to (i) the lack of comparable data derived
from the many local studies with different objectives carried out; (ii)
the use of different, unrelated terminologies for each single studied sec-
tor; (iii) the intrinsic difficulty to interpret the pre-deformation paleo-
geographic location of unrooted tectonic units and (iv) the lack of a
broad and multidisciplinary study for the whole External Rif Zone.
Conversely, a growing consensus there is about the tectonic setting of
the External Rif Zone (de Frizon Lamotte et al., 2017), and about the in-
terpretation considering the Intrarif units as upper Jurassic to Miocene
sedimentary successions deposited in a deep basin located on oceanic
and/or thinned continental crust, and probably in connection with the
Maghrebian Basin (Michard et al., 2007).

In this context, this paper presents a detailed study of the whole
western External Rif Zone with special focus on the relationships be-
tween tectonics and sedimentation in general, the subsidence analysis
and synsedimentary tectonic activity in particular. The new data ob-
tained on the upper Cretaceous-Paleogene successions allow consider-
ing the western Intrarif as a complex foreland basin, thus improving
the western External Rif Zone characterization and highlighting the
presence of paleogeographic and paleotectonic events in the area. A
comparison with the Paleogene evolution of other central-western
Mediterranean margins of the same chains-system is included in order
to obtain constrains at the Western Tethys framework.

2. Methods

The used methodology includes: (1) Field analyses, including strati-
graphic reconstruction (logging) of representative successions, sam-
pling, and structural observations. The lithofacies were unified as
homogeneous stratigraphic intervals based on lithological features,
sedimentary structures, sedimentary continuity and presence of uncon-
formities, stacking patterns,marker-beds, andmigration of depositional
systems. (2) Laboratory analyses, including biostratigraphy and
chronostratigraphy, petrography of detrital suites, and mineralogy of
mud and clay suites. (3) Data processing, including analysis of results
to perform paleogeographic and paleotectonic. (4) Interpretation of
geological and tectonic events, and correlation at regional scale. This
multidisciplinary approach enabled reconstructing the depositional
systems and related paleoenvironments, and subdividing the strati-
graphic record into sedimentary depositional sequences attending to
lithostratigraphic characters, biostratigraphic analyses and observed
unconformities.

Biostratigraphic and chronostratigraphic analyses have been carried
out on 198 samples by planktonic foraminifera assemblages (Fig. 2).
Sampleswere subjected to conventionalwashing and splitting by sieves
of 150 μm(themain studied fraction) and 125 μm. Fraction 125–150 μm
was observed, in order to verify the potential existence of small species
of genera such as Parvuloglobigerina, Guembelitria or Globoconusa, and
also species as G. angulisuturalis or G. kugleri. Reworked organic compo-
nents were considered part of the detrital fraction to recognize the use-
ful oldest age. Four samples referable to Oligocene deposits were
analyzed by using calcareous nannoplankton, due to the rarity of plank-
tonic foraminifera. Biozonations of Berggren et al. (1995), Berggren and
Pearson (2005, 2006) and subsequent revision ofWade et al. (2011), as
well as the Global Standard Chronostratigraphic Scale (Lourens et al.,
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2004) were considered for biostratigraphic constraints and chrono-
stratigraphic correspondence. For Miocene deposits, the standard
biozonation by Blow (1969) in combination with the more significant
planktonic foraminiferal bio-events checked in the Mediterranean
area were also considered (Serrano, 1992; Di Stefano et al., 2008). The
standard zonation of Martini (1971) was used for biostratigraphy of
calcareous nannoplankton.

Twenty-seven samples were examined in thin section with the
polarized-light optical microscopy for petrography following the no-
menclature and classification of Folk (1980), and Zuffa (1980). The
quantification of sandstone mineralogy was achieved by counting
400–500 points per thin section following the procedures described in
Dickinson (1970), and Ingersoll et al. (1984). Sandstone framework
components were divided into the four petrographic groups defined
by Zuffa (1980, 1985): non‑carbonate extrabasinal (NCE), carbonate
extrabasinal (CE), non‑carbonate intrabasinal (NCI), and carbonate
intra-basinal (Cl). A Q–F–L* ternary plot was used to classify the differ-
ent sandstone types, where L* means fine-grained rock fragments,
including carbonate extraclasts-CE.

Mineralogical assemblages of the whole-rock and <2 μm grain-size
fraction (clay fraction hereafter) of 63 samples collected in the studied
successions were examined by X-ray diffraction to deduce the origin of
inheritedmineral phases fromsource areas that fed thebasin andpossible
evidences of synsedimentary tectonics overprinting. The crystalline-
powder technique was used for mineral identification in the whole-rock
samples. For the non-calcareous clay fraction, four oriented mounts on
glass slides per sample were prepared according to methodology by
Croudace and Robinson (1983), Holtzapffel (1985), and Moore and
Reynolds (1997). A PANalyticalX'Pert Pro® diffractometer (Cu–Kα radia-
tion, 45 kV, 40mA) equippedwith an X'Celerator solid-state lineal detec-
tor was used to obtain the diffraction patterns by a continuous scan from
3° 2θ to 60° 2θ, with a 0.01° 2θ resolution. The Xpowder ® program
(Martín-Ramos et al., 2012) was used to evaluate the semi-quantitative
mineral composition of whole-rock and clay-fraction samples. The reflec-
tions and reflecting powers of Biscaye (1965), and Holtzapffel (1985)
were used to identify and quantify themineral phases. Replicate analyses
of a few selected samples gave a precision of ±3 % (2σ). Based upon the
X-ray diffraction technique, the semi-quantitative evaluationof eachmin-
eral phase (in weight percent, wt% normalized to 100 %) has an accuracy
of ~5 %. The parameters examined were (i) the ratio of intensities of the
Qtz(001):Qtz(101) peak areas of quartz (Qtz(001):Qtz(101) ratio hereaf-
ter) in the whole-rock diffractograms, to discern authigenic quartz from
secondary quartz in the absence of a volcanic component (Eslinger
et al., 1973); (ii) the ratio of intensities of the Sme(003):Sme(002) peak
areas of smectite (Sme(003):Sme(002) ratio hereafter) from ethylene-
glycol solvated clay-fraction diffractograms, to differentiate dioctahedral
and trioctahedral smectites (Hunziker, 1986; Drits et al., 1997; Moore
and Reynolds, 1997;Moiroud et al., 2012); and (iii) the ratio of intensities
of the Ill(002):Ill(001) peak areas of illite (Ill(002):Ill(001) ratio hereaf-
ter) from decomposed air-dried clay-fraction diffractogram, to discern
authigenic from mature illite (Hunziker, 1986; Drits et al., 1997). The
smectite+kaolinite:illite (S + K:I) ratio changes were used as a proxy
of relative proximity of the source area over time. In open marine envi-
ronments, the different hydrodynamic behaviour of detrital clayminerals
determines their displacement capability to naturally segregate and their
possibility for distant transport (Gibbs, 1977). This property can indicate
the proximity to the source area (Thiry and Jacquin, 1993; Clark et al.,
2009), with implications for palaeogeographic modelling (Dou et al.,
2010). In sedimentary basins with a source area composed of aluminic-
magnesic silicate minerals, the typical clay-mineral segregation occurs
in the following order (fromnearshore to offshore): chlorite, illite, kaolin-
ite, random illite-smectite mixed-layer, and smectite (Gibbs, 1977;
Patchineelam and de Figueiredo, 2000). The comparison of S + K:I ratio
changes with the global sea-level curves enable to relate proximity
changes to global eustasy and/or local synsedimentary tectonics
(Daoudi et al., 1995; Alcalá et al., 2013a, 2013b). The use of the above
4

X-ray parameters helps to disambiguate tectonics influences overprinting
inherited mineralogy.

3. Results

3.1. Stratigraphy

This section is devoted to describe the essential litho- and biostratig-
raphy features of the studied Rif sectors and the reconstructed succes-
sions (Logs 1 to 21) represented in the Figs. 1 and 2. The macro-scale
structural analysis carried out in each studied sector, useful for estab-
lishing the relationships between tectonic units and style of tectonic de-
formation, is reported in the Supplemenatry Material A1. The whole
stratigraphic description, including location of Logs and thickness of
the defined intervals is in the SupplementaryMaterial A2. Thewhole in-
formation about the planktonic foraminifera and calcareous nanno-
plankton assemblages recognized in from the studied successions is
reported in the Supplementary Material A3. This section is arranged in
sub-sections according to themain sub-domain of the western External
Rif Zone (Internal Intrarif, Extrnal Intrarif, Mesorif and Prerif). For each
sub-domain the main stratigraphic features will be presented using
the most representative studied logs.

3.1.1. Internal Intrarif
The Logs 1 to 5 belonging to the External Tanger Unit while the Logs 6

to 8 belonging to the Loukkos Unit both of the Internal Intrarif, were ex-
amined (Figs. 1; 2). In this sub-domain a synthetic and representative suc-
cession was composedwith the Jebel Soukna (Log 5), Dehar Sidi Abdalah
(Log 3), Mediar (Log 4), Saf Haman (Log 1) and Aïn Kob (Log 8) succes-
sions, from bottom to top, as follows:

The top of the Cretaceous succession is well represented in the 220-m-
thick of the Jebel Soukna (Log 5). This succession includes three strat-
igraphic intervals. The 90-m-thick Interval 1 includes blackish to
gray-brownish, monotonous and sometimes scaly silt. The 55-m
thick Interval 2 is mainly characterized by calcarenite and sand inter-
calations, and by two slumps, thus indicating a synsedimentary tec-
tonic activity. After 25 m of covered interval, the log ends with 50 m of
dark silt with rare intercalations of calcarenites (up to 1-m thick) and
centimetric sandstones (Interval 3). Also, the interval 1 of the Log 3
(Dehar Sidi Abdalah) shows similar Cretaceous lithofacies. In both cases,
this succession yields upper Cretaceous planktonic foraminifer assem-
blages (Rosita fornicata andGlobotruncanita calcarata). The Eocene succes-
sion is represented by 35 m-thick of the Interval 2 (Log 3). This last
interval rests on an unconformity boundary and is made up of stratified
greenish marls and silicified grayish limestone marls with chert nodules,
which identifies the ‘Suessonien’ regional marker-unit. It contains fre-
quent radiolarians, agglutinated foraminifera, andmore rarely calcareous
planktonic and benthic foraminifera. In the lower part (samples 52–53/
13) the presence of Acarinina soldadoensis, Acarinina angulosa, and
Morozovella aragonensis (for formal names, see also biostratigraphic ta-
bles in Supplementary Material A3) suggests that the ‘Suessonien’
marker-bed could start during the upper Ypresian at least. The 5-m-
thick Interval 3 (samples 54–58/13) includes a totally deformed slump
of 3-m-thick sandwiched between two minor tectonic contacts. Planktic
microfauna made up of Morozovelloides crassatus, Subbotina frontosa,
Pseudohastigerina micra, and Turborotalia possagnoensis in coexistence
with M. aragonensis characterizes the lower Lutetian. The succession
ends with 2 m of ‘Suessonien’ barren lithofacies. The upper part of the
Eocene-lower part of the Oligocene succession is represented by two in-
tervals of the Log 4 (Mediar), tectonically overrided by a Numidian-like
Unit slice. In particular the 50-m-thick (Interval 1 of this log) consists
of greenish marls and silicified calcareous marls also corresponding to
the ‘Suessonian’ regional marked-bed. The presence of M. crassatus,
Turborotalia pomeroli, Globigerinatheka subconglobata, and Globigerina
eocaena delimits the biostratigraphic interval E10–E13 (upper Lutetian–
Bartonian). The 100-m-thick Interval 2 is constituted by brownish silt



Fig. 2. Reconstructed stratigraphic successions ordered by Domain, sud-Domain, and Sector as follows: (i) Internal Intrarif, External Tanger Unit, Tanger Sector: Saf Haman (Log 1), Oulad
Ziane (Log 2), Dehar Sidi Abdalah (Log 3), andMediar (Log 4); (ii) Internal Intrarif, External Tanger Unit, Chauen Sector: Jebel Soukna (Log 5); (iii) Internal Intrarif, Loukkos Unit, Chauen
Sector: Taïjoute (Log 6), Oued Tazarine (Log 7), and Aïn Kob (Log 8); (iv) External Intrarif, El Habt Unit, Asilah Sector: El Arba Aycha (Log 9), Tahar (Log 10), Dmina (Log 11), andMezgalef
(Log 12); (v) Internal Prerif, Larache Unit, Asilah Sector: Sidi M'raït (Log 20); (vi) External Intrarif, Ouezzane Unit, Ouezzane Sector: Sidi Ameur (Log 13), Douar Ahel Chane (Log 14), and
Oulad Ktir (Log 15); (vii) InternalMesorif, ZoumiUnit, Zoumi Sector: OuedAnngouch (Log 16), Fej el Hanout (Log 17), and Aïn BouHassane (Log 18); (viii) ExternalMesorif, IzzareneUnit,
Ourtzarh Sector: El Mizab (Log 19); (ix) External Prerif, Ridges Unit, Ridges Sector: Talaghza (Log 21). Location of the studied sectors is in Fig. 1. The whole stratigraphic data and descrip-
tions in the Supplemenatry Material A2. The whole information about the planktonic foraminifera and calcareous nannoplankton assemblages is in the Supplementary Material A3.
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and marl beds alternating with 10–20-cm thick turbidite sandstone
layers. The planktonic assemblage shows G. ampliapertura, “G.”
increbescens, Neogloboquadrina opima, G. eocaena, and Globigerina
corpulenta, referable to the biozone O2 (middle Rupelian). Finally, the
transition Oligocene-Miocene was recognized in the Saf Haman succes-
sion (Log 1) divided into two intervals. The lower 90-m-thick (Interval
1) of this log includes homogeneous marls with marly limestone interca-
lations containing Globigerinoides primordius and Globorotalia cf. kugleri,
which characterize the top of the Chattian. The upper 50-m-thick (Inter-
val 2) includes bioturbated marls with episodic intercalations of
laminated and lenticular limestones, yielding typical morphotypes of
Globorotalia kugleri (bed 21/13) that indicates the beginning of the Aqui-
tanian. The Oligocene p.p. is also represented in the upper part of the Aïn
Kob succession (Log 8) that shows slightly different lithofacies. The>250-
m-thick Interval 3 of the Log 8 is made by alternating brownish silt
and centimetric to decametric turbidite sandstone beds with slumps. In
the lower part (sample 57/15), the presence of planktonic foraminifera
(P. micra, Chiloguembelina cubensis, Globigerina ampliapertura, and
“Globigerina” increbescens) constraints to the biozone O1 (early Rupelian)
while in the uppermost part (sample 56/15) the associationG. ciperoensis,
G. eocaena, and G. corpulenta is attributed to the O5–O6 zonal interval
(Chattian).

3.1.2. External Intrarif
The Logs 9 to 12 belonging to the El Habt Unit while the 13 to 15 be-

longing to theOuezzaneUnitwere studied (Figs. 1; 2). Nevertheless, the
most representative succession of this sub-domain is well represented
in the Oulad Ktir succession (952-m-thick, Log 15), includes five inter-
vals. The lower 70-m-thick (Interval 1) consists of homogeneous black-
ish silt that at the top provided a Maastrichtian microfauna. Above an
unconformity the Interval 2 (320-m-thick) consists of yellowish-white
marls with intercalations of marly-limestones. The lowest sample B9/
16 provided planktonic foraminifera of the uppermost part of the
lower Paleocene (Parasubbotina pseudobulloides, Praemurica inconstans,
Praemurica uncinata and Globanomalina compressa). A stratigraphic gap
corresponding to an unspecified part of the lower Paleocenewas recog-
nized. The 300-m-thick Interval 3 is stratigraphically continuous, shows
cream-colored marls interbedded with well-stratified fine sandstones
(5–20-cm thick), and occasional polygenic conglomerates beds
(0.6–1-m thick) with cherty intraclasts and slumps. It also includes
marly-limestones of “Suessonien” lithofacies, micritic limestones and
calcarenites. The planktonic foraminifera of the samples B8–1/16 reveal
a continuous sedimentation from the lower Ypresian to the lower
Bartonian. As in the case of the Logs 4, 8 and 20, the upper part of the Eo-
cene is marked by an unconformity with stratigraphic gap extending
from the upper Eocene (Bartonian p.p. to Rupelian p.p.) to the lower
Rupelian p.p. The 247-m-thick Interval 4 represents the Oligocene p.p.
(upper Rupelian–lower Chattian) succession. It consists of homoge-
neous brownish (tobacco) silt with scarce turbidite quartz-rich sand-
stones (sandstone:silt ratio about 5:95). Samples B14–11/16 suggest a
continuous sedimentation from the upper Rupelian to the lower
Chattian. A further unconformity with a stratigraphic gap extending
from the top of the Chattian p.p. to the Aquitanian p.p. marks the base
of the >15-m-thick Interval 5. It is represented by marls with interbed-
ded marly limestones. The presence of G. altiaperturus in the basal sam-
ple BB14/18 reveals that the Interval 5 begins in the lower Burdigalian.

3.1.3. Mesorif
The Logs 16 to 18 belonging to the Zoumi Unit while the Log 19 be-

longing to the Taournate Unit, were studied (Figs. 1; 2), but the most
representative succession of this sub-domain is well represented in
the 4800-m-thick Fej el Hanout succession (Log 17) that includes five
intervals. The 1200-m-thick Interval 1 consists of stratified blackish
scaly silt, sometimes marly, with intercalations of thin-bedded lime-
stones and fine-grained sandstones. The sandstone:silt ratio is about
20:80. The several slumps checked at the top represents the oldest
6

Paleogene deposits recognized in the overlying External Rif successions.
The planktonic foraminifera (samples AA1–4/18 and A1–2/16) indicate
the zonal interval Pα–P2 (lower Paleocene), while at the top (sample
A4/16) the presence of M. velascoensis identifies the first upper Paleo-
cene deposit. The 400-m-thick Interval 2 lies stratigraphically above
the previous one and shows limestones and marly limestones charac-
terized by well-stratified chert nodules, interspersed with gray-yellow
marls corresponding to the ‘Suessonian' marker-bed. The interval
shows a poor microfauna, in particular in the lower part (samples
5–8/16) attributed to the Paleocene–Eocene transition, where only
rare agglutinated foraminifera and siliceous teeth are preservated. The
upper part (samples A9–11/16) shows a more varied Ypresian and
lower Lutetian microfauna. The 1300-m-thick Interval 3 lies above the
previous one and consists of alternating cream-colored marls and silt,
and turbidite sandstones. In the lower part, the planktonic foraminifera
of sample A12/16 restricts to the zonal interval E10–E11 (middle–upper
Lutetian), while the upper part reaches the Bartonian, similarly to the
Eocene deposits checked in other studied Logs. Once again, the top of
the Eocene deposits is marked by an unconformity with a stratigraphic
gap extending from the upper Eocene to the lower Rupelian. The 700-
m-thick Interval 4 lies above this latter unconformity and consists of al-
ternating brownish silt and turbidite quartz-rich sandstones. The rich
planktonic foraminifera association provides an accurate chronology
that shows a continuous deposition through themiddle Rupelian (sam-
ples A6–10/16), upper Rupelian (samples A11–13/16), and uppermost
Rupelian–early Chattian (samples A14–17/16). The 1200-m-thick Inter-
val 5 consists of a lower Miocene turbidite silty–marly/sandy
calcarenitic succession (samples AA18–23/18). Although this interval
rests in apparent lithostratigraphic continuity above the previous inter-
val, a short gap affecting the Oligocene to Miocene transition cannot be
excluded. The entire succession shows a regressive trend, as indicated
the upward increase in thickness of sandstones. The opposite sand con-
tent decreasing evolution observed in the upper 150mof the succession
may be interpreted as the beginning of a transgressive trend. The suc-
cession is interrupted by a tectonic contact (thrust), where the thrust
sheet is represented by the Loukkos Unit.

3.1.4. Prerif
The succession of the Log 20 represents the Larache Unit while the

Log 21 documents the Ridges Unit (Fig. 1; 2). The most representative
succession of this sub-domain is well represented in Sidi M'raït (Log
20) as follows:

This 1390-m-thick studied succession was divided into four inter-
vals. The 240-m-thick Interval 1 (samples EE2–4/18) consists of green-
ish, scaly and homogeneous silt containing lower Paleocene primitive
planktonic foraminifera (Eoglobigerina eobulloides, Globanomalina
archeocompressa, and Praemurica taurica). The 960-m-thick Interval 2
conformably lies above the previous one. In this interval, four sub-
intervals were distinguished. The 70-m-thick sub-Interval 2a (sample
01/15) shows stratified calcareous marls and whitish marls with inter-
calated homogeneous limestones with chert nodules, and planktonic
foraminifera belonging to the lower Paleocene (P. pseudobulloides, P.
inconstans). The 550-m-thick sub-Interval 2b is made up of siliceous
marls and marly limestones, containing limestone, arenite and con-
glomerate beds, the latter with extraformational calcareous clasts and
interpreted as olistostromes. The lower part (samples 2–8/15) is barren
inmicrofauna and contains justMicrocodium-like structures and rare si-
liceous teeth but the occasional presence of M. velascoensis (sample 4/
15) makes it possible to refer these deposits to the upper Paleocene–
lowermost Ypresian. Upwards, assemblages characterizing the Ypresian
to upper Lutetian are reconigzed (samples 9–12/15). The 100-m-thick
sub-Interval 2c is constituted by marls and marly limestones, turbidite
sandstones, and slumps. The 340-m-thick sub-Interval 2d is repre-
sented bymarls andmarly-limestones, limestone beds and extrabasinal
calcareous conglomerates (olistostromes). The sample EE5/18 contains
an assemblage of planktonic foraminifera (such as M. crassatus,
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Hantkenina dumblei, Turborotalia pomeroli) restricted to the Zone E11 of
the Lutetian–Bartonian transition. The 130-m-thick Interval 3 is depos-
ited above an unconformity surface (stratigraphic gap about 12Ma) and
is constituted by brownish pelites with intercalations of turbidite
quartz-rich sandstones and conglomeratic beds. The pelites yielded a
rich microfauna of planktonic foraminifera, showing a continuous sedi-
mentation through the middle–upper Rupelian (samples EE6–14/18).
The 60-m-thick (at least) Interval 4 is deposited above a second uncon-
formity surface (undeterminable stratigraphic gap). It is constituted by
brownish silt with intercalations of turbidite quartz-rich sandstones
(sandstone:silt ratio about 15:85) and lowerMiocenep.p.whitishmarls.

3.2. Petrography

This section describes the essential petrographic findings of the
studied Logs in the Intrarif (Logs 9, 11, 12 and 14), Mesorif (Logs 16,
17 and 19), and Prerif (Log 20) sub-Domains (Figs. 1; 2; 3). The detailed
petrographic results are in the Supplementary Material A4.

3.2.1. Detrital suites of the Intrarif sub-Domain
In this sub-domain, terrigenous deposits are classified by the NCE–

CI–CE diagram (Zuffa, 1980) as carbonate intrarenites (samples 24/15
and 38/15) and non‑carbonate extrarenites (sandstones) (samples F3,
39/15, 105/15 and 112/15) (Fig. 3A). The sample 24/15 (Log 9; Eocene)
is a finely laminated biomicrite with abundant fine-sand grains (20–60
μm), mainly monocrystalline quartz and glauconite. Bioclasts are filled
by calcite and/or ferruginous cement. Matrix is mainly composed of
micrite, with variable amounts of clay minerals and Fe-oxides. Sample
38/15 (log 12; Oligocene) is a poorly sorted quartz-rich lithoclastic
grainstone/rudstone where bioclasts are relatively large (>1 mm).
Quartz grains (50–500 μm), both mono- and polycrystalline, are
subrounded to subangular. Some quartz grains contain anhydrite inclu-
sions. Recycled or second-cycle quartz (with syntaxial overgrowths) are
recognized. Glauconitic grains (50–100 μm) are also present. Lithoclasts
mainly consist of sedimentary rock fragments. Micrite matrix is
Fig. 3. Petrographic analysis in the Intrarif (Logs 9, 11, 12 and 14), Mesorif (Logs 16, 17 and 19),
positional plot, as NCE—Non-Carbonate Extrabasinal grains, CE—Carbonate Extrabasinal, and C
and L*–Lithic Fragments including carbonate rocks. The detailed petrographic results are in the
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relatively scarce. Calcite cement is microsparitic. Grain-coating and
pore-filling cements of Fe oxides/hydroxides are also present. Samples
39/15 (Log 12; Oligocene), 105/15 (Log 14; Eocene), and F3 (Log 11;
Oligocene) are classified as fine- to medium-grained sublitharenites
according to the Q–F–L diagram (Folk, 1980) (Fig. 3B). On the other
hand, sample 112/15 (Log 14; Oligocene) is classified as a fine- to
medium-grained litharenite. These arenites are mainly composed of
monocrystalline quartz, carbonate rock fragments, and bioclasts. Poly-
crystalline quartz, feldspars, glauconite, and opaque minerals are also
present. Recycled or second-cycle quartz (with syntaxial overgrowths)
are recognized. Both quartz and feldspar grains are commonly corroded
(replaced by carbonates). Polymictic sandstone-microbreccia (sample
59/15; Log 3; Oligocene) is composed of angular (0.2–3 mm) grains
mainly of quartz (monocrystalline and polycrystalline), plagioclase, do-
lomite, sedimentary, and volcanic rock fragments in a micritic matrix.
Limestone lithofacies (samples DSA-1–3; Log 3; Eocene) are mainly
wackestone-packstones with some monocrystalline, variably rounded
quartz (20–150 μm), glauconite (about 100 μm), and opaque mineral
(about 50 μm) grains. Locally, euhedral dolomite crystals (40 μm), are
also recognized. Usually globigerinides fragments are partly silicified.

3.2.2. Detrital suites of the Mesorif sub-Domain
Two types of sandstones are present in this domain: Non‑carbonate

extrarenites and hybrid arenites. The extrarenite sandstones character-
ized by the dominance of siliciclastic grains (NCE) over carbonate grains
are classified as litharenites (samples A13, Eocene, and AA7, AA15, Oli-
gocene log 17). Samples AA15 and A13 are laminated moderately to
well-sorted fine-grained (25–150 μm) laminated litharenites. On the
other hand, sample AA7 is a coarser-grained (50–300 μm) poorly sorted
litharenite. These arenites are mainly composed of monocrystalline
quartz, carbonate rock fragments and bioclasts. Polycrystalline quartz,
feldspars, glauconite, and opaque minerals are also present. As in Prerif
extrarenites, recycled or second-cycle quartz (with syntaxial over-
growths) are recognized, and silicate grains are commonly corroded
(replaced by carbonates). Hybrid arenites in Oligocene samples 73/15
and Prerif (Log 20) sub-Domains. Composition of Paleogene arenites. (A) First-order com-
I—Carbonate Intrabasinal. (B) Diagram of the main composition, as Q–Quartz, F–Feldspar,
Supplementary Material A4.

Image of Fig. 3
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(Log 16) and C13 (Log 17) show 50–60 % carbonate grains (CI + CE)
(Fig. 3A) and also are classified as litharenites in the Q–F–L*diagram.
Framework ismainly composed ofmonocrystalline quartz, sedimentary
rock fragments (wackestone, packstone), and bioclasts. Subrounded
to Subangular monocrystalline quartz (75–500 μm) and composite
fine-grained quartz are the main siliciclastic grain types. Recycled or
second-cycle quartz (with syntaxial overgrowths) are recognized. Feld-
spars (plagioclase), glauconite, and opaque minerals are also present
with sizes in the 50–250 μm range. Both quartzose and feldspar grains
are commonly corroded (replaced by carbonates). Limestone lithofacies
(sample AA12; Log 17; Oligocene) are mainly mudstone-wackestones
with some monocrystalline subangular quartz (20–75 μm), feldspar
and metamorphic rock fragments (50–200 μm).

Samples 18–20/15 (Log 20; Eocene) are classified as medium- to
coarse-grained poorly-sorted litharenites. These arenites are mainly
composed of subangular to subrounded monocrystalline quartz, car-
bonate rock fragments, and partially silicified bioclasts. Polycrystalline
quartz, feldspars, glauconite, and opaque minerals are also present.
Recycled or second-cycle quartz (with syntaxial overgrowths) are
recognized. Both quartz and feldspar grains are commonly corroded
(replaced by carbonates). On the other hand, sample 11/15 (Log 20;
Eocene) is classified as fine- to medium-grained poorly-sorted
sublitharenite, mainly composed of subrounded to angular monocrys-
talline quartz grains, and carbonate rock fragments. Polycrystalline
quartz, feldspars, glauconite, and opaque minerals are also present.
Recycled or second-cycle quartz are locally recognized. Both quartz
and feldspar grains are commonly corroded (replaced by carbonates).

3.2.3. Detrital suites of the Prerif sub-Domain
As in the Mesorif sub-domain, hybrid arenites (samples 10/15 and

15/15; Log 20; Eocene) in this sub-domain are classified as hybrid
arenites (NCI-rich non‑carbonate intrabasinal grains as galuconite
are relatively abundant) in the NCE-CI-CE diagram (Fig. 3A) and as
litharenites in the Q–F–L*diagram (Fig. 3B). Framework is mainly
composed of monocrystalline quartz, sedimentary rock fragments
(packstone, grainstone, arenite), and bioclasts. These grains are com-
monly corroded (replaced by carbonates). Subrounded to Subangular
monocrystalline quartz (75–500 μm) is the main siliciclastic grain
types. Recycled or second-cycle quartz (with syntaxial overgrowths)
are recognized. Sample 8/15 (Log 20; Eocene) is mainly composed by
extrabasinal coarse (0.25–2 mm) carbonate grains and has been classi-
fied as a calcilithite in the NCE–CI–CE diagram. This sample is poorly-
sorted with subangular to subrounded grains. Sedimentary lithic frag-
ments (mainly bioclastic limestones, fine-grained arenites, shales and
macrocrystalline idiotopic dolosparites) dominate the grain framework:
quartz (partially replaced by carbonate), glauconite, opaque minerals
and bioclast fragments are also present. Carbonate grains are partially
silicified. Poorly-sorted polymictic sandstone-microbreccias (samples
16–17/15; Log 20; Eocene) are mainly composed of subrounded to an-
gular (0.1–3 mm) monocrystalline and polycrystalline quartz grains
and rock fragments. Bioclasts and opaque grains are also recognized.
Matrix consists of micritic to microsparitic mosaics.

Post depositional modification during burial is evidenced in most of
the studied samples by: (i) microsparitic and/or poikilotopic calcite ce-
mentation; (ii) compactation manifested by mechanical deformation of
ductile carbonate and glauconite grains, fracturation of grains, and the
presence of long and concave-convex boundaries between quartz grains;
(iii) corrosion (replaced by carbonates) of quartz and feldspar clasts; and
(iv) local clay pore filling and replacement (epimatrix after feldspar).

3.3. Mineralogy

This section describes the essential findings of the average whole-
rock and clay fraction mineralogy (in %) of the studied samples in the
Tanger (Logs 1 and 3), Ouezzane (Logs 13 and 14), Zoumi (Log 17),
and Asilah (Log 20) Sectors in the Intrarif, Mesorif, and Prerif sub-
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Domains (Figs. 1; 2; 4). The detailed mineralogical results are in the
Supplementary Material A5.

3.3.1. Clay mineral associations in the Intrarif sub-Domain
This sub-domain is divided into ‘Internal Intrarif’, well represented

in the Tanger Sector, and ‘External Intrarif’ outcropping in the Ouezzane
Sector. In the Tanger Sector (Fig. 2), themineralogy of mudstones in the
samples G2–G3/16 (Log 3; Ypresian), G4–G5/16 (Log 3; Lutetian),
and H1–H2/16 (Log 1; Chattian) (Fig. 4) characterizes the Ill+Kln +
(I-S) ± Sme + Chl clay-mineral association in all lithofacies, and the
Sme + (I-S) ± Ill+Kln clay-mineral association in the sample H2/16
(Log 1; late Chattian). The dimensionless (S + K):I ratio is 0.25–0.30
(Log 3; Ypresian), 0.47–0.54 (Log 3; Lutetian), 2.23 (sample H1; Log 1;
early Chattian), and >10 (sample H2; Log 1; late Chattian). These figures
seem to evidence a progressive increasing of distality from Ypresian to
Chattian (Fig. 4). The Qtz(001):Qtz(101), Sme(003):Sme(002), and Ill
(002):Ill(001) ratios (Fig. 4) respectively suggest secondary quartz, since
Qtz(001)/Qtz(101) ratios lower and higher than 0.30 identify secondary
and authigenic quartz, respectively (Eslinger et al., 1973); dioctahedral
and trioctahedral smectites in similar proportion, since inherited Mg-rich
phases (dioctahedral) like montmorillonite and beidellite give ratios
<1 andAl-rich phases (trioctahedral) like nontronite and saponite give ra-
tios >1 (Moore and Reynolds, 1997; Moiroud et al., 2012); and ratios
<0.30 are attributed to mature illite and ratios >0.30 identify inherited
micas from low-grade metamorphic rocks (Drits et al., 1997).

In the Ouezzane Sector in the External Intrarif (Fig. 2), the mineral-
ogy of mudstones in the samples 88–89/15 (Ypresian), 90/15
(Lutetian), 76/15 (Rupelian), and 77–78/15 (Chattian) in Log 13
(Fig. 4) characterizes the Ill+Sme + (I-S) clay-mineral association in
all lithofacies. In Log 14 (Fig. 4), the mineralogy of mudstones in the
samples 93–100/15 (Ypresian) characterizes the Ill+(I-S) ± Sme +
Kln clay-mineral association, while the Ill+Kln ± (I-S) + Sme + Chl
clay-mineral association is characterized in the samples 101–111/15
(Lutetian) and 112–114/15 (Rupelian). The (S + K):I ratio is
0.38–0.55 in Log 13 and 0.14–2.68 in Log 14, thus evidencing more
distality conditions in the former one (Fig. 4). The Qtz(001):Qtz(101),
Sme(003):Sme(002), and Ill(002):Ill(001) ratios (Fig. 4) respectively
suggest secondary quartz with some occurrence of authigenic quartz
in the samples 90–92/15 (Log 13; Lutetian), and 110/15 and 113–116/
15 (Log 14; Rupelian); dioctahedral smectite with trioctahedral smec-
tite in the samples 78/15 (Log 13; Chattian) and 110/15 (Log 14;
Lutetian) and 113–114/15 (Log 14; Rupelian); dioctahedral smectite
with trioctahedral smectite in the samples 77/15 (Log 13; Chattian),
98–100/15 (Log. 14; Ypresian), and 101/15 and 110/15 (Log. 14;
Lutetian); and inherited illite with mature illite in some samples in
the Lutetian lithofacies in Log 14. In Logs 13 and 14, the identification
of authigenic illite (Ill(002):Ill(001) ratios >0.40) in late Ypresian,
early Lutetian, and Oligocene could suggest incipient low-grade (burial)
metamorphism (anchizone) (Nieto et al., 1996). However, the presence
of smectite and mixed layers I-S in all samples restrict this range to
weak burial diagenesis at most (Lanson et al., 2009; Moiroud et al.,
2012; Alcalá et al., 2013a, 2013b).

3.3.2. Clay-mineral associations in the Mesorif sub-Domain
This sub-Domain is represented in the Zoumi Sector (Log 17)

(Fig. 2). The mineralogy of mudstones in the samples A1–A4
(Paleocene), A5–A10 (Ypresian), A11–A12 (Lutetian), AA6–AA7
(Rupelian), and AA15–AA17 (Chattian) (Fig. 4) characterizes the
Ill+(I-S) ± Sme + Kln clay-mineral association in all lithofacies. The
(S + K):I ratio varies in the 0.64–3.71 range, with the typical lowest
values in Ypresian and the highest in Rupelian and Chattian (Fig. 4).
The Qtz(001):Qtz(101), Sme(003):Sme(002), and Ill(002):Ill(001)
ratios (Fig. 4) respectively suggest variable amounts of authigenic
(samples AA16–AA17; Chattian) and secondary quartz, dioctahedral
(ratio < 1) and trioctahedral (ratio > 1) smectite, and inherited (ratio
> 0.30) and mature (ratio < 0.30, some samples in early Lutetian and



Fig. 4.Whole rock and the <2 μm grain-size (clay-fraction mineralogy in wt%) of mudstones sampled in the Log 1 (Saf Hamam succession, cian lines) and Log 3 (Dear Sisi Addallah suc-
cession, dark blue lines) from the Tanger Sector, Log 13 (Sidi Ameur succession, pink lines) and Log 14 (DouarAhel Chane succession, purple lines) from the Ouezane Sector, Log 17 (Fej el
Hanout, red lines) from the Zoumi Sector, and Log 20 (Sidi M'raït, green lines) from the Asilah Sector. The dimensionless (smectite+kaolinite):illite ((S + K):I) ratio, and the intensities
ratio of the Qtz(001):Qtz(101) peak areas of quartz, Sme(003):Sme(002) peak areas of smectite from ethylene-glycol solvated clay-fraction, and Ill(002):Ill(001) peak areas of illite are
also included. Qtz—quartz, Phy—phyllosilicates, Cte—calcite, Dol—dolomite, Kfs—K-feldspar, Pl—plagioclase, Oct—opal CT, Sme—smectite, Ill—illite, I-S—randommixed layer illite-smectite,
Kln—kaolinite, Chl—chlorite, and Pal—palygoskite. The detailed mineralogical results are in the Supplementary Material A5.
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Chattian) illite. As in the Ouezzane Sector (Logs 13 and 14), the identifi-
cation of authigenic illite in early Lutetian and Chattian could suggest
incipient low-grade (burial) metamorphism (anchizone) (Nieto et al.,
1996), although the presence of smectite andmixed layer I-S in all sam-
ples restrict also this range to weak burial diagenesis at most (Lanson
et al., 2009; Moiroud et al., 2012; Alcalá et al., 2013a, 2013b).

3.3.3. Clay-mineral associations in the Prerif sub-Domain
This sub-Domain is represented in the Asilah Sector (Log 20) (Fig. 2).

Themineralogy ofmudstones in the samples 17–19/19 (Paleocene) and
20–22/19 (Ypresian) (Fig. 4) characterizes the Ill+(I-S) ± Sme + Kln
clay-mineral association in all lithofacies, while the Ill+(I-S) ± Sme +
Kln + Chl clay-mineral association is characterized in the samples 25/
19 (Lutetian), and 26/19 (Rupelian). The (S + K):I ratio (Fig. 4) de-
creased from 0.91 to 1.10 in the samples 17–19/19 (Paleocene) to 0.54
in the sample 26/19 (Rupelian), thus evidencing decreasing distality
conditions over time. The Qtz(001):Qtz(101), Sme(003):Sme(002),
and Ill(002):Ill(001) ratios (Fig. 4) respectively suggest secondary
quartz in all lithofacies; dioctahedral (Paleocene and early Ypresian lith-
ofacies) and trioctahedral (late Ypresian, Lutetian, and Rupelian litho-
facies) smectites; and inherited illite from low-grade metamorphic
rocks in all lithofacies (Drits et al., 1997).

4. Main unconformities and depositional sequences

The correlation of all the reconstructed successions, togetherwith their
tectonic position in the different examined sectors, allowed proposing a
first stratigraphic framework of the Paleogene stratigraphic record of the
western External Rif Zone (Fig. 5). The reconstructed stratigrahy shows
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three unconformity surfaces coarsely aligned with (i) the Cretaceous–
Cenozoic boundary, with a gap covering the uppermost Cretaceous (in
most cases) and/or the Paleocene, and even a part of the lower Eocene;
(ii) the Eocene–Oligocene boundary, with a gap extending in most cases
from the middle–upper Eocene to the lower Oligocene; and (iii) the
Oligocene–Miocene boundary, with a gap corresponding in most cases
to the middle–upper Oligocene to lowermost Miocene. The older two un-
conformities are recognizable in all the examined sectors; they can be con-
sidered main unconformities. The most recent unconformity shows a
lesser lateral extent; it will be considered a second-order unconformity.
On the contrary, the upper one is not represented in the Internalmost
Intrarif and probably is a secondary unconcormity. The recognized gaps
can be divided into depositional (unrecorded period above the most re-
cent age of the lower stratigraphic unit) and/or erosional (unrecorded pe-
riod below the oldest age of the upper stratigraphic unit) ones.

These unconformities allow dividing the stratigraphic record into four
stratigraphic sequences, as (i) upper Cretaceous; (ii) Paleocene–middle
Eocene (Bartonian); (iii) Oligocene p.p.; and (iv) Miocene p.p. The first
three units are represented in almost of the sectors (Fig. 10). Also, the
middle Eocene portion of the second unit appears in all sectors, while
its Paleocene portion is represented in the outermost sectors only
(Ouezzane Unit of the External Intrarif, Mesorif, and Prerif) and is absent
both in the Internal Intrarif (Tanger and Loukkos units) and in the Exter-
nal Intrarif (El Habt Unit).

5. Evidences of syn-sedimentary tectonics

The analysis of structures related to synsedimentary tectonics recog-
nized in the Paleogene stratigraphic record of the western External Rif

Image of Fig. 4


Fig. 5. Paleogene stratigraphic framework of the western External Rif Zone, showing stratigraphic units, unconformities, and depositional vs. erosional gaps.
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Zonewas based on the following indicators of synsedimentary tectonics
(i) Mass flow deposits (tectofacies); (ii) Synsedimentary faults and
folds; (iii) Unconformities; (iv) Petrographical and Mineralogical evi-
dences; and (v) Subsidence analysis.

5.1. Mass flow deposits (turbidites, slumps, olistostromes)

5.1.1. Turbidites
They (Fig. 6A–B) may be commonly related to syn-sedimentary tec-

tonic activity affecting the depositional system and controlling the relative
proximality/distality of depositional area also. The composition of turbidite
beds is mainly related to the type of sediment and source area, which is
often an arenitic/calcarenitic supply. Turbidite deposits are in almost all
the studied outcrops from the Ypresian upwards and are often associated
with slumps and olistostromes. However, turbidites increase from the
Oligocene upwards, especially in the external domains. In fact, they are
less abundant in the Internal Intrarif, where depositional conditions fa-
vored the development of the Eocene ‘Suessonien marked-bed’ siliceous
lithofacies. Turbidites are not exclusively related to synsedimentary tec-
tonics, but these deposits indicate this type of tectonics when they are as-
sociated with slumps and olistostromes; these latter occurred especially
from the Oligocene onwards.

5.1.2. Slumps
They are systematically present in most of the studied successions

from the upper Ypresian onwards (Fig. 6C–D), although they are more
abundant from the Oligocene both in the Larache and Ouezzane Units
(Internal and External Intrarif, respectively) and Mesorif units. Com-
monly associated with turbidite successions, these slumps may have
been deposited at the base of slopes affected by synsedimentary tecton-
ics, thus causing sediment instability and therefore slumping. At a num-
ber of stratigraphic levels, decametric deformed intervals have been
interpreted as large sliding masses.

5.1.3. Olistostromes
They are interbedded within turbidite successions, and consist of

coarse deposits usually showing a basal erosion surface and a poor
internal organization (Fig. 6E–F). Sometimes these deposits are
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represented by monogenic intra-basinal conglomerates with slightly
rounded pebbles, and in other cases are polygenic conglomerates
resulting from an extra-basinal supply. Olistostromes occur already
from the terminal Ypresian, although they are more abundant from
the Oligocene onwards, and usually indicate tectonic instability of the
margin/basin system.

5.2. Syn-sedimentary faults and folds

These structures are common in almost of the observed outcrops
and were originated during the sedimentation probably by tectonic
instatability. They are sealed by undeformed or less deformed strata
(Fig. 6G–H). The faults usually show a centimetric to decametric dis-
placement that progressively reduces upwards, and are recognizable
in some layers covered by not faulted beds only (Fig. 6G). The observed
folds (Fig. 6H) differ from the slump-related folds by its minor deforma-
tion and a simpler geometry.

5.3. Unconformities implications on synsedimentary tectonics

The Cretaceous–Cenozoic and Eocene–Oligocene unconformities
seem to match with regional deformation phases affecting the western
Tethys (Stampfli et al., 2002; Khomsi et al., 2006, 2009; Chalouan et al.,
2008; Guerrera and Martín-Martín, 2014; Guerrera et al., 2021). The
Cretaceous–Cenozoic unconformity could be correlated to the tectonic
inversion (from extension to compression) occurred in the alpine
Tethys domains linked to the opening of the South Atlantic Ocean
(Stampfli et al., 2002). Instead, the Oligocene–Miocene unconformity
seems to coincide with a flexural deformation of the Atlas front
(Khomsi et al., 2006, 2009). All these tectonic events affecting the Paleo-
gene successions (Chalouan et al., 2008; Guerrera and Martín-Martín,
2014) can refer to two deformation phases. The latest Cretaceous to
early Oligocene tectonic events would be related to the so-called
Eoalpine or Alpine s.s orogenic phase, which is linked to the closure of
the northern branch of thewestern Tethys and contemporary to the for-
mation of the Alps and the Pyrenees (Guerrera et al., 2021). Most of the
above-described deformation recorded in thewestern External Rif Zone
during the Paleogene would represent the imprint (side-effects) of this
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Fig. 6. Sedimentary and tectonic structures supporting synsedimentary tectonics. (A) Eocene turbidite (Log 13); (B) Oligocene turbidite (Log 1); (C) Eocene slump (Log 15); (D) Oligocene
slump (Log 12); (E) Eocene mass flow (Log 20); (F) Oligocene mass flow (Log 20); (G) Eocene synsedimentary fault; (H) Eocene synsedimentary fold (Log 20).
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orogenic phase in this far area from the main focus of the Eo-Alpine
phase. Instead, the late Oligocene and Miocene evolution would be re-
lated to the Neoalpine or Maghrebian phase (Guerrera et al., 2021).
This phase is linked to the closure of the southern branch of thewestern
Tethys (Maghrebian Flysch Basin; Guerrera and Martín-Martín, 2014;
and references therein) and would originate the Maghrebian Chain
(Rif, Tell, and Calabria-Peloritani Arc) and most of the Betic Cordillera.
5.4. Petrographical evidences

Modal analyses of non‑carbonate extrarenites and hybrid
arenites (sandstone samples) of the western External Rif Zone show
extrabasinal quartz grains, thus indicating sedimentation from middle
to upper rank metamorphic source areas during tectonic rising
(Fig. 7A). The intrabasinal quartz grains must be derived from erosion
of the local calcarenitic older intervals in areas with active benthic car-
bonate production. Locally, hybrid arenites dominate (upper Oligocene,
Mesorif) and carbonate sedimentary sources (both coeval and non-
coeval) must be more important. All samples fall into the ‘recycled
orogen’ tectonic setting (Dickinson et al., 1983) (Fig. 7B). Specifically,
the hybrid arenites and calcilithites corresponded to the ‘transitional
recycled’ sub-type, and most of the terrigenous extrarenites to the
‘recycled’ sub-type.

The existence of second-cycle or recycled quartz grains and abun-
dance of sedimentary rock fragments suggest a recycling origin related
to the erosion of older siliciclastic and carbonate formations. The abun-
dance of monocrystalline quartz (with recycling evidence), the scarce
unstable minerals (feldspars, micas), and the presence of ultra-stable
heavy minerals (zircon) point to a probable multicyclic origin derived
from theAfrican Craton in tunewith paleogeographic position of the ba-
sins. During the Cenozoic deposition, the analysis of provenances sug-
gest that some areas of the West African Craton, Pan-African belt, and
Variscan Moroccan Atlas were tectonized, rised, and eroded, and sedi-
mentary rocks of the Eastern Moroccan Mesetas took place, probably
Fig. 7. Sandstone provenance diagrams from Intrarif (Logs 9, 11, 12 and 14),Mesorif (Logs 16, 17
1975; Tortosa et al., 1991); Qmr—monocrystalline quartz, undulosity <5°; Qmo—monocrystall
ination diagram (Dickinson et al., 1983); Qm—monocrystalline quartz; F—feldspars (plagiocl
The detailed petrographic results are in the Supplementary Material A4.
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because of the forebulge processes related to the Maghrebian Flysch
Basin subduction.
5.5. Mineralogical evidences

The whole-rock and clay-fraction associations found in the studied
lithofacies in the Intrarif, Mesorif, and Prerif sub-Domains are similar
to those described in other detrital aluminic-magnesic rich Paleogene
marine sediments of the proto-Mediterranean Sea and Northern
Atlantic Ocean (Pletsch, 1997; Patchineelam and de Figueiredo, 2000;
Alcalá et al., 2001, 2013a, 2013b; Maaté et al., 2017; Martín-Martín
et al., 2022a).

The clay-mineral associations that indicate potential External Rifian
source areas are relatively well-known: (i) Ill+Chl ± Kln for upper
Jurassic and lower Cretaceous epicontinental formations with noticeable
presence of chlorite affected by low-grade metamorphism (Azdimousa
et al., 2003; El Ouahabi et al., 2014); (ii) Ill+Kln ± (I-S) + Sme and
Ill+(I-S) ± Sme + Kln for Albian–Cenomanian marine formations with
remarkable abundance of inherited palygorskite (up to 50 % of the
clay fraction) and kaolinite (El Ouahabi et al., 2014); and (iii) Ill+Sme
± (I-S)+Kln and Ill+Sme±(I-S) from smectite-rich upper Cretaceous
and Paleogenemarine formations, respectively (Faleh and Sadiki, 2002;
Maaté et al., 2017; Martín-Martín et al., 2022a). The variable abun-
dances of inherited chlorite from the late Jurassic to early Cretaceous,
random mixed layer I-S, kaolinite and palygorskite from the Albian–
Cenomanian, and smectite from the late Cretaceous and Paleogene
allow us to deduce that there were different source areas during the Pa-
leogene. Ternary plots for the main (end-members) whole-rock and
clay-fraction mineral phases allow us to interpret how mineral assem-
blages in the studied logs (Fig. 8) have evolved from the Paleocene to
the Oligocene. These clay-mineral associations are considered mixtures
of mineral assemblages supplied from Jurassic to Paleogene suites. The
variation of these mixtures from bottom to top of the successions
attended to shifting sources over time.
and 19), and Prerif (Log 20) sub-Domains. (A) Qmr–Qmo–Qp ternary diagram (Basu et al.,
ine quartz, undulosity >5°; and Qp—polycrystalline quartz. (B) Qm–F–Lt ternary discrim-
ase and K-feldspars); Lt—lithic fragments (including carbonate extrabasinal clasts [CE]).
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Fig. 8. Ternary plots showing thewhole-rock and clay-fractionmineralogical associations from Log 1 (Saf Hamam, cian color) and Log 3 (Dear Sidi Abdallah, dark blue color) in the Tanger
Sector, Log 13 (Sidi Ameur, pink color) and Log 14 (Douar Ahel Chane, purple color) in the Ouezzane Sector, Log 17 (Fej el Hanout, red color) in the Zoumi Sector, and Log 20 (Sidi M'raït,
green color) in the Asilah Sector. Data are clustered by ages of sequences in each log as (a) Ypresian, (b) Lutetian, and (c) Oligocene (Fig. 2). The sample number (Fig. 2) is over the data
points. Qtz—quartz; Phy—phyllosilicates; Cte—calcite; Dol—dolomite; Kfs—K-feldspar; Pl—plagioclase; Sme—smectite; Ill—illite; I-S—mixed layer illite–smectite; Kln—kaolinite. In plots
(b) to (d), arrows show the evolution of themineral assemblage of the plotted succession compared to the previous plotted succession. The detailed mineralogical results are in the Sup-
plementary Material A5.
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Regarding the source areas in the Intrarif sub-Domain, in the Tanger
Sector the Ill+Kln + (I-S) ± Sme + Chl clay-mineral association iden-
tified in Ypresian and Lutetian lithofacies (Log 3), and in Chattian litho-
facies (Log 1; sample H1/16) suggests a mixture of sediments mostly
derived from the erosion of upper Jurassic to Albian–Cenomanian suites.
Instead, the Sme + (I-S) ± Ill+Kln clay-mineral association identified
in upper Chattian lithofacies (Log 1; sample H2/16) seems to be mostly
derived fromupper Cretaceous and Paleogenemarine formations. In the
Ouezzane Sector, the Ill+Sme + (I-S) clay-mineral association identi-
fied in Ypresian to Chattian lithofacies (Log 8) suggests amixture of sed-
iments resulting from the erosion of upper Cretaceous and Paleogene
rocks. In Log 14, the Ill+(I-S) ± Sme + Kln clay-mineral association
identified in Ypresian lithofacies suggests amixture of sediments result-
ing from the erosion of upper Cretaceous and Albian–Cenomanian
suites, whereas the Ill+Kln ± (I-S) + Sme+ Chl clay-mineral associa-
tion identified in Lutetian, Rupelian, and Chattian lithofacies is
interpreted to be derived from amixture of deposits fromupper Jurassic
to Paleogene rocks.
13
In the Mesorif sub-Domain, the Ill+(I-S) ± Sme+ Kln clay-mineral
association identified in Paleocene to Chattian lithofacies in the Zoumi
Sector (Log 17) suggests a mixture of deposits from upper Cretaceous
and Albian–Cenomanian successions.

Regarding the source areas in the Prerif sub-Domain, in the Asilah
Sector the Ill+(I-S) ± Sme + Kln clay-mineral association identified
in Paleocene and Ypresian lithofacies (Log 20) seems to be derived
from a mixture of sediments from upper Cretaceous and Albian–
Cenomanian rocks. The Ill+(I-S) ± Sme + Kln + Chl clay-mineral
association in Lutetian and Rupelian lithofacies suggests a mixture of
deposits from upper Jurassic to Paleogene deposits.

In spite that the ubiquitous presence of illite, smectite and kaolinite
may limit more fine interpretations, their relative abundances together
the presence of chlorite, palygorskite and certain whole-rock mineral
phases enables to discriminate different source areas, as well as to pro-
pose a source-area history marked by a complex erosional evolution.
The absence of a clear unroofing trend very probably indicates a sedi-
mentary supply from different source areas eroding cohetaneously at
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different rate, thus resulting into amixture of different lithotypes dating
back to upper Jurassic.

However, the above described ubiquitous presence of illite, smectite
and kaolinite identified in all the studied successions becomes an ad-
vantage to use the S + K:I ratio changes (Daoudi et al., 1995; Alcalá
et al., 2013a, 2013b) as a proxy of relative proximity of the source area
feeding each succession over time.With the purpose tominimizemis-
leading interpretations, X-ray parameters were used to recognize
possible tectonic influences overprinting inherited mineralogy, and
certain whole-rock and clay-fraction mineral phases were of assis-
tance to identify specific sedimentation conditions. These additional
criteria were used to segregate the above described clay-mineral
assemblages, especially those smectite-rich derived from upper Cre-
taceous and Paleogene rocks.

Considering that different source areas with similar mineralogy
(ubiquitous presence of illite, smectite and kaolinite) produce the mix-
ture of sediments that feeds each succession over time, the higher S +
K:I ratios in the Zoumi Sector (Mesorif sub-Domain) compared to the
Asilah Sector (Prerif sub-Domain) (Fig. 4) suggest more distal and
deep supplies in the first one during the Paleocene, as corroborated by
the absence of calcite. This feature suggests supplies from near source
areas, probably emerged sectors of the Intrarif sub-Domain. During
the Ypresian, the (S + K):I ratios (Fig. 4) indicate the greater distality
or minor terrigenous supply in the Zoumi Sector (Mesorif sub-
Domain). During the Lutetian, the (S + K):I ratios (Fig. 4) indicate sim-
ilar conditions of distality or terrigenous supply than in the Ypresian
successions. During the Oligocene, a greater supply and reworking
probably related to tectonics in both sectors are inferred, as corrobo-
rated by the increasing amount of quartz and illite, the decreasing
amount of smectite, and the presence of chlorite (Logs 1, 3, 14 and
20). This is interpreted as a proximal supply (slope), which is also cor-
roborated by the lowest (S + K):I ratios. During the Rupelian (Fig. 4),
the (S+K):I ratio indicates a higher distality and depth in theOuezzane
Sector (Intrarif sub-Domain). During the Chattian (Fig. 4), the (S+ K):I
ratio increasesmarkedly in the Tanger Sector (Intrarif sub-Domain) and
Zoumi Sector (Mesorif sub-Domain), probably indicating a strong
reworking of smectite- (from upper Cretaceous and Paleogene de-
posits) and kaolinite-rich materials (from Albian–Cenomanian de-
posits) rather than a greater distality. In terms of proximality-distality
for source areas, it seems that during Paleocene to Eocene the sediment
supply could arrive from the Intrarif Domain, being the distalmost area
theMesorif sub-Domain. It is in good agreement with the existence of a
basin branch in the Mesorif–External Intrarif area as pointed by some
authors (Benzaggag, 2016; Michard et al., 2014, 2018). During the
Oligocene the terrigeneous supply increases, thus indicating a tectonic
reactivation of reliefs with distalmost areas in the Intrarif sub-Domain.

5.6. Thicknesses analysis

This analysis carried out in the different sectors seems to suggest the
occurrence of main depocenters in the western External Rif Zone, and
therefore of possible basement tectonic movements (Fig. 9). Although
no corrections have been made for sediment compaction, the analysis
provides some insights about relative thicknesses, so allowing compar-
isons between different sectors. This evaluation was carried out for the
whole Paleogene successions (Fig. 9A), and also separately for the
Ypresian–Lutetian (Fig. 9B) and Oligocene (Fig. 9C) deposits, which in
our opinion after their deposition may have been affected to a lesser
extent both by tectonic lamination and erosion.

5.6.1. Paleogene thicknesses
For the entire Paleogene (Fig. 9A) the greatest thicknesses are

located in the Ouezzane Unit (External Intrarif), and especially in the
Mesorif and Prerif. However, the Miocene sediments are practically ab-
sent in the innermost units. Only the Tanger Unit (Internal Intrarif)
checked in Log 1, and to amuch lesser extent the Loukkos Unit (Internal
14
Intrarif; Log 6) show a lower Miocene succession, even if the latter is of
uncertain dating. Therefore, it cannot be ruled out that a recent erosion
may have eliminated part of the originary succession.

As regards with the thickert and most complete units, it is worth
highlighting the thickness of about 2.500 m of the Zoumi Unit (Internal
Mesorif; Log 17). Also, the Larache Unit (Internal Prerif; Log 21) and the
Ouezzane Unit (External Intrarif; Log 14) show important thicknesses
higher than 1500 m and 1000 m, respectively. The Taounate Unit
(External Mesorif; Log 19), and Ouezzane Unit (External Intrarif; Log
15) have thicknesses quite similar and slightly >700 m.

To avoid as much as possible any loss thickness due to erosion and/
or tectonics, the analysis has been addressed to specific stratigraphic in-
tervals. The first and most reliable one is the Ypresian–Lutetian interval
(Fig. 9B), since the Paleocene is not always present, due to a depositional
hiatus. Also, the Bartonian-Priabonian interval is usually missing, due to
erosion caused by the unconformity at the Eocene–Oligocene boundary.
The Ypresian–Lutetian interval is usually not affected by these problems
and therefore is represented in almost all outcrops analyzed.

5.6.2. Ypresian–Lutetian thicknesses
Likewise to the entire Paleogene, the maximum thicknesses of this

interval are recognizable in the Ouezzane Unit (External Intrarif) the
Mesorif and Internal Prerif. Equaly to the Cenozoic, the thickest succes-
sions are as follows: 1500-m-thick Zoumi Unit (Internal Mesorif; Log
17), >1000-m-thick Larache Unit (Internal Prerif; Log 21), and about
300-m-thick Ouezzane Unit (External Intrarif; Log 14) and Taounate
Unit (External Mesorif; Log 19). As for synsedimentary tectonics, the
Ouezzane Unit (External Intrarif) and especially the Internal Mesorif
and Internal Prerif could be proposed as the most subsiding zones dur-
ing the Ypresian–Lutetian. These sub-Domainswould have experienced
basement deformation, resulting in a synclinorium-like area. Instead,
the Internal Intrarif sub-Domain (excluding the Ouezzane Unit) would
have been affected by slight and rather homogeneous subsidence, yield-
ing thicknesses lower than 100 m in all sections.

5.6.3. Oligocene thicknesses
During the Oligocene, a homogenization of thicknesses has been

constated (Fig. 9C) withmean values close to 200-m-thick. The thickest
Oligocene successions are represented by the 400-m-thick Taounate
Unit (External Mesorif; Log 19) and the 350-m-thick Loukkos Unit
(Internal Intrarif; Log 8). During Ypresian–Lutetian these successions
experienced slight subsidence, which could indicate subsidence inver-
sion regarding the previous period and migration of depocenters.

Considering the External Rif Zone in terms of a foreland system, dur-
ing the Eocene the foredeep area would correspond to the Mesorif and
Prerif sub-Domains. This foredeep would be constituted by a complex
of two sub-geosynclines separated by a relative bulge located in the Ex-
ternal Mesorif. The Intrarif could represent the relative orogenic front
(pushed by the Internal Rifian Zone). The Ridges Domain acted as the
forebulge, while the Gharb Basin was the backbulge of the system.
During the Oligocene, the depocentral area migrated southward and a
certain homogeneization of thicknesess and sedimentation rate is
constated in the whole External Rif Zone. In this new configuration,
the foredeep would be located in the External Mesorif (formerly a rela-
tive bulge) while the Ridges Domain continued to act as the forebulge
and the Gharb Basin as the backbulge of the system.
6. Paleogeographic and plate-tectonic evolution

On the basis of previous regional analysis, this section proposes a
tentative 2D evolutionary model of the External Rif Zone during the
Cenozoic (Fig. 10). The paleogeographic maps of this Figure are based
on paleo-tectonic reconstructions of the area from Le Breton et al.
(2021) and Müller et al. (2019). The paleo-coastlines and the paleo-
plate boundaries were extracted for two time steps, 70 Ma (Fig. 10A)



Fig. 9. Subsidence analysis of the External Rif Zone area. (A) Paleogene subsidence; (B) Ypresian–Lutetian subsidence; (C) Oligocene subsidence.
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and 40 Ma (Fig. 10B), relative to Europe fixed, using the software
GPlates (Müller et al., 2018).

Fig. 10A and lower section from Fig. 10C show how the maximum
expansion of the North African Margin was reached during the Creta-
ceous after a long extensional phase that began in the Triassic. During
this phase we assume the presence of an ocean (Maghrebian Flysch
Basin) located between the Mesomediterranean Microplate and the
North African Margin, which is in turn subdivided into different do-
mains and subdomains according to their paleogeographic location
source areas, and tectonic context. The whole North African Margin–
Maghrebian Flysch Basin system included minor lateral branches of
oceanic-transitional crust as attested by the presence of mafic rocks in
the External Rif Zone (Benzaggag, 2016). However, Michard et al.
(2018) consider thismagmatismas amanifestation of theCentral Atlan-
ticMagmatic Province activity. This interpretation is based on theU\\Pb
15
zircon dating at 190 ± 2 Ma of one gabbro of the Mesorif Subzone
(External Rif Zone), which appears to be coeval with the early opening
of the Central Atlantic occurring before the opening of the Maghrebian
Tethys. The tectonic style observed in the Ouezzane and El Habt Unit
is characterized by unrooted floating and extruded nappes and is differ-
ent with respect to the other external units, which are characterized by
a minor tectonic shortening. In our opinion, unrooted-extruded nappes
is the typical tectonic style produced in accretionary prims in front of
subduction zones (similarly to the Maghrebian Flysch Basin units).
Therefore, this last reconstruction supports the occurrence of a lateral
oceanic branch with oceanic-transitional crust corresponding to the
External Intrarif.

In the latest Cretaceous, the tectonic inversion took place with
the transition from an extensional to a compressional tectonic regime,
as well documented in literature (Stampfli et al., 2002). During the
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Fig. 10. Paleogeographic–tectonic evolutionbased onplate tectonic reconstructions ofMüller et al. (2019) and Le Breton et al. (2021). (A)Overall paleogeographic–tectonicmapof thewestern–
centralMediterranean area at the late Cretaceous times; (B) Detailed paleogeographic–tectonicmap of the External Rif Zone area at themiddle Eocene times; (C) Detailed paleogeographic tec-
tonic cross-sections of the External Rif Zone area with evidences of the crustal basement, and emphasizing the stratigraphic cover units at the late Cretaceous, middle Eocene, and Oligocene.
These paleogeographic tectonic cross-sections incorporate information on the main regional stress (horizontal big dark-blue arrows), the areas with compressive or extensional tectonics
(red horizontal arrows), the opening and subductionmarine areas, extensional segmentation and compressive flexure (all marked with pink vertical arrows), the subsiding areas (depocenter
marked with thin vertical orange arrows), and the position and kind of source areas in time (reclined curved arrows: Jurassic in blue, Cretaceous in green, and Paleogene in light pink).
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Paleogene (Fig. 10B), the Eoalpine Phase (Alpine s.s.) developed
also involving the northern margin of the Mesomediterranean Mi-
croplate (Guerrera et al., 2021). This compressional phase caused
the closure of the Nevado-Filábride-Ligurian-Piemontese oceanic
branch to form the Alps and Pyrenees, and other chain systems
(Martín-Martín et al., 2001).

In the late Paleogene (Fig. 10C; middle section), the main compres-
sive stresses would have a W–E orientation (Martín-Algarra, 1987),
and the subduction of the Maghrebian Flysch Basin under the
Mesomediterranean Microplate would begin at the end of this period
(Guerrera et al., 2021). This process would mark the transition of the
External Rif Zone to a complex foreland basin system comprising
subsiding oceanic branches (or with transitional thinned crust) located
in the External Intrarif and between the Intrarif and Mesorif sub-
domains (Benzaggag, 2016). At this time the Internal Intrarif became a
relative orogenic front facing the foreland (Fig. 10B–C). The Eoalpine
orogenic Phase would have generated a compressional deep-seated de-
formation (bulges and blind thrusts) in the External Rif Zone thatwould
result in the complexity of the margin physiography. This is character-
ized by some zones with more subsidence (foredeep and backbulge
areas) than other ones (relative bulge and forebulge areas) (Guerrera
et al., 2021). Flexural subsidence caused increased slope and margin
failure, which became tectonically active so activating olistostromes,
slumps and turbidity currents. Tectonic activity reached its maximum
during the Oligocene, and its results extends to the outermost sectors
of the external foreland basin (Fig. 10C).

During the Paleocene-Eocene the fine terrigeneous deposits seems
to indicate exhumation of older terrains as follows: Jurassic-
Cretaceous in the Internal Intrarif, Cretaceous in the External Intrarif
and Mesorif, a mixture of Jurassic to Paleogene in the Prerif.

In the case of the Oligocene the fine terrigeneous deposits seems to
indicate exhumation also of older terrains as follows: Cretaceous-
Paleogene in the Internal Intrarif, a mixture of Jurassic to Paleogene in
the External Intrarif, Crataceous in theMesorif, a againmixture of Jurassic
to Paleogene in the Prerif.

Fine terrigeneous supplies are thought to derive from local rising ter-
rains due to the Eo-Alpine tectonics due to basement folding and rever-
sion of former normal faults into inverse blind-thrusts. Therefore, in the
Internal and External Intrarif this rising domain could be located in the
Loukkos area (the less subsident). In the case of Mesorif and Internal
Prerif the source area could be located in the External Mesorif and/or
the Ridges areas (also low subsidents).

During the whole Paleogene the medium-grained terrigenous sup-
ply (calcarenites and sublitarenites) indicate the erosion of a recycled
metamorphic orogen (Hercynian or older), whichprobably corresponds
to the Atlas Chain located in the foreland.

From the late Oligocene (Fig. 10C; upper section), the Neoalpine
orogenic phase develops with a southern vergence (WSW) originating
the Maghrebian Chain and its lateral extents (Betic Cordillera and
Southern Apennines) (Critelli, 2018; Guerrera et al., 2021). The devel-
opment of this orogeny would generate the flexure in the previous
Atlas front that some authors (Khomsi et al., 2006, 2009) consider at
the Oligocene–Miocene boundary. At the end of the Oligocene, the sub-
duction onset of the Maghrebian Basin occurred (Zeck, 1996; Lonergan
andWhite, 1997; Vissers, 2012; De Lis Mancilla et al., 2013). The related
slab roll-back would have caused the beginning of the opening of the
Alborán Sea as a western extent of the Algerian-Provencal Basin in a
back-arc basin context due to a local extension (Zeck, 1996; Lonergan
and White, 1997; Brun and Faccenna, 2008; Vergés and Fernández,
2012; Bezada et al., 2013).

7. Comparison with other Tethyan margins of the central–western
Mediterranean chains

The Paleogene evolution of the studied external Rifian domains
was compared to that of other external margins along the Betic-
17
Magrebian-Apennine chains (South Iberia, Tunisian Tell, Sicily, and
Apennines). The main similarities and some singularities are described
below and a table with the main finding of the correlation are in the
Supplementary Material A6.

7.1. South Iberian Margin, External Zones of the Betic Chain

The South Iberian Margin is nowadays represented by the External
Betic Cordillera in South Spain. In the past, it was a part of a wide old
alpine margin located in the westernmost Tethys (Fig. 10A). The area is
classically divided from south to north into tectono-paleogeographic
units separated by NW-vergent tectonic contacts (Vera, 2004): the
mainly pelagic Subbetic Domain and the Prebetic neritic Domain. Con-
cerning the Jurassic successions, the Subbetic Domain is in turn divided
from S to N into internal (shallow pelagic), intermediate (deep pelagic),
and external (shallow pelagic) subdomains, while the Prebetic Domain
is divided into internal (neritic) and external (neritic to shallow-water)
subdomains. At about the Cretaceous–Cenozoic boundary (Fig. 10A) a
tectonic inversion occurred in this margin. This inversion provokes the
subduction of the Nevado-Filabride Basin below the Mesomediterranean
Microplate (locally internal zone of the Alpine System), successively
evolving as a foreland basin (Vera, 2000; Guerrera et al., 2006, 2014).
The Paleogene paleogeography is inherited from the Mesozoic history,
but a deep-seated deformation caused a plate flexure, while the previous
Mesozoic normal faults (horst and graben tectonics) evolved as blind
thrusts. In this context, shallow pelagic zones became eroded emergent
anticlines. This evolution leads to the diversification of lithofacies within
deep marine basins located between the rising emergent areas and ero-
sional gaps in the shallower areas (Fig. 11). So, in the deep Subbetic
areas (mainly in the intermediate sector), scaglia-like lithofacies depos-
ited (Capas Rojas and Capas Blancas fms), characterized by frequent
olistostromes (Píñar Group) and turbidite deposits (Cardela Group)
near the emergent reliefsmore frequent in theOligocene.On the contrary,
in the external Prebetic Domain, a shallow nummulite platform (Cañada
Hermosa Fm) developed, while in the internal Prebetic Domain frequent
nummulite-rich turbidites (Nablanca Fm) deposited, which pass laterally
to deepwater varicoloured scaglia-like deposits. A noticeable similarity is
recognized between the External Rif Zone evolution and the Subbetic
evolution. In both cases, Paleogene tectonics due to the Eo-Alpine
phase and related to the Nevado-Filabride Basin subduction below the
MesomediterraneanMicroplate is constated (Martín-Algarra, 1987). Nev-
ertheless, this tectonics was stronger in the South Iberian Margin than in
the External Rif Zone.

7.2. External Zones of the Tunisian Tell, NE African Margin

The External Zones of the Tunisian Tell correspond to a wide alpine
margin (Rouvier, 1985; Wildi, 1983; Belayouni et al., 2012) classically
divided from S to N into four tectono-paleogeographic units separated
by S-vergent tectonic contacts: the Numidian Zone (Numidian Nappe,
Col de Adissa, Aïn Drahan, and Kasseb units), the Triassic Dome Zone
(Aïn El Bey Unit), the Intermediate Atlas Zone; and the Saharian Zone.
This margin and the South Iberian Margin show a similar evolution.
During the Mesozoic the above-mentioned Numidian and Triassic
Dome zones represented deep areas, while the Atlas and Saharian
zones were shallow-water areas. The Paleogene paleogeography was
inherided from the passive margin Mesozoic evolution, favouring the
deposition of a high variety of lithofacies and the appearing of unconfor-
mities with gaps (Fig. 11). Nummulite platform deposits characterize
the El Gueria Fm, while different lithofacies of scaglia-like deposits
with fine terrigeneous supply (El Haria and Souar fms), or calcareous
scaglia-like (Bou Dabbous Fm) deposits characterize the Numidian and
Triassic Dome zones (Belayouni et al., 2012). This margin was affected
by the Eo-Alpine tectonics with the appearance of distal slump deposits
in the El Haria and Souar fms (locally called ‘boules jaunes’). Moreover,
growth folds in the Kasseb Unit and the carbonate lithofacies of the Bou
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Dabbous Fm pass laterally to varicoloured marly-pelitic scaglia-like de-
posits. Oligocene deposits are made of tobacco marls and silts with
quatz-rich thin turbidites from the Salambo and Fortuna Fms. In the
Tunisian Tell the tectonic deformation seems to be gentler than in the
External Rif Zone and the South Iberian Margin. This is probably due
to the increasing distance of the Tunisian Tell from the areas affected
by the Eo-Alpine tectonic activity (Internal Betic Cordillera, Pyrenees,
Iberian Range, and Alps), and therefore to a minor Maghrebian Basin
subduction rate below the Mesomediterranean Microplate.

7.3. External Zones of the Sicilian Maghrebids

The SE-vergent External Zones of the Sicilian Maghrebids mainly
crop out in the western sector of Sicily (Madonie Mts) and show a
paleogeographic and tectonic evolution similar to the previous de-
scribed margins (Fig. 10A). It is widely accepted that the paleogeo-
graphic differences characterizing the external domains result into two
main successions deposited in a margin-basin system: the middle
Triassic–Oligocene Panormide carbonate platform succession, and the
middle Triassic–Oligocene Imerese Basin deep-water succession. The lat-
ter are characterized by prevailing pelagic deposits (Sicano Basin), which
pass towards east to sectors bordered by shallow water and pelagic plat-
forms (Trapani-Saccense and Iblean Foreland). The Panormide platform
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Unit overrides the Imerese deep-water Unit (Henriquet et al., 2020).
The Mesozoic paleogeographic setting is characterized by structural
highs and basin areas (horst and graben and/or semigraben structures),
where the different successions developed (Basilone and Sulli, 2018).
The distribution of the Paleogene interval of the Panormide (relatively
proximal), and Imerese (relatively distal), successions is controlled by
the evolution of paleogeographic features inherited from the Jurassic–
Cretaceous structural setting. The Paleogene tectonic deformation related
to the Eo-alpine tectonics recognized in the above described external
chain sectors affected also the Sicilianmargin, modifying the previous de-
positional areas. This evolution producedmore diversified Paleogene lith-
ofacies marked by an increasing amount of terrigenous supply (coming
evenmore fromexternal sectors of theAfricanMargin) and the appearing
of unconformitieswith gaps in the proximal sub-domain (Fig. 11). In gen-
eral, the main Paleogene formations are represented by varicoloured
scaglia-like deposits. In the Gratteri Fm (Oligocene p.p., Panormide Do-
main), which lies above an evident unconformity surface, the occasional
presence of quartz-rich sandstones and calcarenites interbedded with
yellow silty marls is recognizable. Some beds are rich in larger foramin-
ifers (lepidocyclinids and nummulitids), while the planktonic foramin-
ifers are badly preserved or absent, probably due to dissolution. Also, in
the Eocene–Oligocene p.p. Caltavuturo Fm (Imerese Domain), badly
preserved hyaline benthic agglutinated or planktonic foraminifera are

Image of Fig. 11
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present, while larger foraminifers (nummulitids) are common espe-
cially within thin resedimented breccia beds. The occurrence of
synsedimentary faults and folds at different stratigraphic levels of the
Paleogene successions completes the similaritywith the external sectors
previously considered.

As regards the unconformable boundaries and stratigraphic gaps
identified in the Rifian successions (see above), and those pointed out
in the other sectors (e.g. Panormide and Imerese units) it is difficult to
establish precise lateral correlations. This is mainly due to the difficulty
of recognizing similar unconfomities and related gaps.

7.4. External Zones of the Apennine Chain, Adriatic Margin

The E-vergent External Zones of the Apennines are represented by
two sectors belonging to the Adria Margin located north and south of
the Ancona-Anzio tectonic line: the more external northern Umbria-
Marche Domain (distal) and the more internal southern Lazio-Abruzzi
(proximal), and the Campania-Lucania Domain. Even if these areas
show some paleogeographic peculiarities, the general evolution is com-
parable with the previously considered chain sectors of the South Ibe-
rian and African margins (Fig. 10A).

The Umbria-Marche, Lazio-Abruzzi, and Campania-Lucania units are
represented by sedimentary successions deposited on the Hercynian
continental crust of the Adria-Africa Margin, dismembered and drifting
northward during the Cenozoic to reach the present position. The Al-
pine history of these units started about 200Ma ago, when the previous
Hercynian orogenwas affected bymarked extensional tectonics causing
progressive rifting, which led to the development of the passive Adriatic
Margin. This extension generated horst and graben structures and
caused a sedimentary differentiation due to the presence of pelagic
basin areas separated by structural highs.

The Paleogene lithofacies are influenced by the early change of the
tectonic regime from extension to compression, and differ from the
older deposits because of an increase of the terrigenous supply and by
the appearing of unconformities in the proximal sub-domain (Fig. 11).
In the Umbria-Marche area the representative formations are consti-
tuted by varicoloured scaglia-like deposits (Scaglia Rossa p.p., Scaglia
Variegata and Scaglia Cinerea fms; Guerrera et al., 1989; Pantaloni
et al., 2016; amongothers),which show consistent lateral thickness var-
iations and are marked by the occurrence of syn-sedimentary deposits
such as (mainly Paleocene) carbonate turbidite beds, slumps and
olistostromes (tectofacies) with different thicknesses and at different
stratigraphic levels. Moreover, lateral lithofacies changes are recogniz-
able, and synsedimentary faults and (probably) minor folds are observ-
able. The passage to the Miocene is characterized by the presence of
volcaniclastic levels as the Raffaello marker bed (Guerrera et al.,
2015). This general evolution indicates an upward increasing tectonic
activity. Similar Paleogene lithological suites and synsedimentary struc-
tures are also recognizable in the Lazio-Abruzzi and Campania-
Lucania domains. In particular, the Lazio-Abruzzi platform domain
shows an unconformity between lower (Peritidal limestones) and
upper Cretaceous (Radiolitid Limestones Fm) and a second uncon-
formity causing a gap up to lower Eocene (scattered limestone
beds; Tomassetti et al., 2016; among others). After a further gap
the succession resumes with lower-middle Miocene deposits
(Lithothamnion and Bryozoan Limestones; Brandano, 2017).

7.5. Synthesis of this comparison

The comparision of the Paleogene evolution between different ex-
ternal margins of the Iberia-Africa-Adria plates reveals important simi-
larities and few differences. The vergence of the units of each sector is
different from margin to margin (S-SW for Rif and Tell; SE for Sicily;
E-NE Apennine; while for the Betides is NW), always directed towards
the foreland. However, while the Betics show an alpine vergence, in
the other cases it is Apennine-Maghrebide type. The selected formations
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are representative of each considered margin being partially different
but showing a similar palaeogeographic and tectonic evolution
(Fig. 11). The Eo-Alpine tectonics is recognized everywhere but it
seems to decrease from N to S and fromW to E in theWestern Tethyan
domains. In all cases, this Paleogene tectonics is mainly related to the
subduction of a northern oceanic Tethyan branch (Nevado-Filabride
and Liguria-Piemontese basins) below the Mesomediterranean Micro-
plate (Fig. 10A), which represented the Internal Zones of the chain. In
all the cases, themost deformed areas were the Internal Zones more af-
fected by the Eo-Alpine tectonics (NW vergence). During the tectonic
inversion (Latest Cretaceous), themargins of the different plates started
to behave as foreland basins due to the subduction of the Tethyan oce-
anic branches. In the sedimentary records of the compared margins,
two unconformities with associate gaps are recognized in the shallow
(proximal) sub-domains in comparable periods (Cretaceous-Cenozoic
and Eocene-Oligocene boundaries). The pre-foredeep phase took place
during the Paleocene-Eocene (after the first unconformity) with base-
ment deformation affecting and conditioning the sedimentation in the
occurrence of unconformity causing a difersification of the lithofacies.
During Oligocene times (after the second unconformity) the foredeep
phase started with the rising reliefs related to pellicular tectonics. This
leads to the increasing of terrigenous supplies and tectonic instability
in the sedimentary realms.

8. Conclusions

On the basis of a multidisciplinary methodology, this paper presents
a basin analysis of the western External Rif Zone during the Paleogene.
The Paleogene stratigraphic record is affected by three main unconfor-
mity surfaces coarsely aligned with the Cretaceous–Paleogene,
Eocene–Oligocene, and Oligocene–Miocene boundaries. The oldest
two unconformities were recognized in all the examined sectors. For
this reason, they are considered principal unconformities. The youngest
unconformity is less extended, and therefore is considered as a second-
order one. Six main concluding remarks are listed below.

1. The Cretaceous–Paleogene unconformity is related to the tectonic in-
version from extension to compression that affected the alpine Te-
thys domains, linked to the opening of the South Atlantic Ocean.
Instead, the Oligocene–Miocene unconformity seems to be gener-
ated by a local flexural deformation phase, which affected the Atlas
front. The Eocene–Oligocene unconformity, together with the evi-
dences of Paleogene tectonics would represent side-effects of the
so-called Eo-alpine orogenic phase, linked to the closure of thenorth-
ern branch of the western Tethys. These three unconformities allow
dividing the Paleogene stratigraphic record into two main strati-
graphic units referable to the Paleocene–Eocene and Oligocene,
respectively.

2. The recorded turbidites, slumps, olistostromes, and synsedimentary
folds and faults are indicators of synsedimentary tectonics. These fea-
tures start from late Ypresian and become very frequent during the
Oligocene, so indicating an increasing upward of the synsedimentary
tectonic activity.

3. The petrographic study of the Paleogene detrital suites indicate that
quartz supply derives from the erosion ofmetamorphic rocks. All sam-
ples analyzed fall into the ‘recycled orogen’ tectonic setting, specifically
the hybrid arenites and calcilithites field, which corresponds to the
‘transitional recycled’ sub-type. Most of terrigenous extrarenites be-
long to the middle–upper metamorphic rank, very probably derived
from the Atlas Chain and/or the African Craton.

4. Themineralogical study of the Paleogenemudstone suites evidences
a complex erosional evolution. The source-area history reconstructed
in the studied area indicates that the source areas during the
Paleocene–Eocene could be located in the Internal Intrarif, the
distalmost area being the Prerif, and that the provenance reverses
during the Oligocene. The absence of a clear unroofing trend
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probably indicates a multi-source area with sediments from differ-
ent rock-suites of different ages mixing in variable proportions
over time.

5. The subsidence analysis indicates that considering the External Rif
Zone in terms of a foreland basin, during the Eocene the foredeep
area would correspond to the Mesorif and Prerif sub-domains. The
configuration of this foredeep would be characterized by a complex
formed by two ‘sub-geosynclines’, separated by a relative bulge lo-
cated in the External Mesorif. In this framework, the Internal Intrarif
could represent the advancing relative orogenic front. The Eocene
forebulge area would correspond to the Ridges Domain, while the
Gharb Basin was the backbulge area of the system. During the Oligo-
cene the depocentral areamigrates southward, accomplishing a sub-
sidence homogenization in the whole External Rif Zone. In this new
configuration, the foredeep would be located in the External Mesorif
(previously a relative bulge) while the Ridges Domain and the Gharb
Basin continued to act as the forebulge and the backbulge of the sys-
tem, respectively.

6. The comparision with the Paleogene evolution of different external
margins of the central–westenMediterranean chains reveals impor-
tant similarities and few differences. All the correlated zones are
characterized by different tectono-paleogeographic units with a
vergent towards their respective forelands. This deformation is sub-
stantially contemporaneous in the case of the Eo-Alpine tectonics but
its effects on the sedimentation decrease fromN to S and fromW to E
in the Western Tethyan domains as we move away from the Eo-
Alpine deformational focus. The Paleogene evolution of the foreland
basins in the comparedmargins shows equivalent unconformity sur-
faces and gaps separating the pre-foredeep (Paleocene-Eocene) and
the beginning of foredeep (Oligocene) stages, respectively.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2023.106367.
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