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The Miocene evolution of the External Rif Zone (NW Africa Plate) was determined through multidisciplinary
analysis of fourteen successions. The updated stratigraphic framework shows how Miocene sediments rest on the
Cretaceous–Paleogene terrains through unconformity surfaces, whereas it rests with sedimentary continuity in
two sectors. After recognition of lithofacies and three unconformities located near the Oligocene–Aquitanian,
Aquitanian–Burdigalian and Serravallian–Tortonian boundaries, the Miocene sedimentary record was divided into
three stratigraphic intervals representing deep to shallow marine deposits as Aquitanian–Burdigalian, Langhian
and Upper Serravallian–Missinian. The two oldest unconformites are restricted to the central sector, while the
upper one is generalized and probably related to the nappe tectonics registered in all sectors of the External Rif.
Data from analysis of tectofacies, petrology, mineralogy, meaning and implications of unconformities, and subsi-
dence indicate that: (i) mass flow deposits (turbidites, slumps, olistostromes) are common in all successions but
more frequent during the LowerMiocene; (ii) petrologyof the detrital components of the arenites indicates recycled
orogen-derived sediments, with quartz coming from erosion of metamorphic rocks of the Atlas orogen and/or the
African craton; (iii)mineralogy ofmudstones suggests a complex erosional evolution of local emerged areas derived
from amixture of contributions coming from the erosion of Upper Jurassic to Paleogene suites, and especially from
kaolinite-rich Albian–Cenomanian to Paleogene successionswith absence of a clear unroofing. The conjunction of all
these clues reinforces the idea of a synsedimentary tectonics affecting themargin/basin system during theMiocene.
A thickness analysis of the studied sedimentary successions allows proposing the evolution of the orogenic front and
main depozones (foredeep, bulges, wedge-top and intramontane sub-basins) integrated in a complex foreland sys-
tem migrating from north to south with the Atlas-Mesetas area acting as foreland during Miocene. The orogenic
frontmoved from the Internal Intrarif toMesorif and later to Internal Prerif. Themainwedge-topbasin alsomigrated
from the Internal Intrarif to External Intrarif. The foredeepmigrated from theMesorif to the Internal Prerif, while the
main forebulge was located in the External Prerif and a secondary bulge developed in the External Intrarif.
Intramontane basins developed behind the orogenic front in relative extensional conditions moving from the
Internal Intrarif to External Intrarif. The reconstructed Miocene evolution was inserted into a 2D paleogeographic-
geodynamic evolutionary model using GPlates software, and then compared to those reported in other external
margins of the western Tethys (Betic Chain, Tunisian Tell, Sicilian Maghrebids and Apennines), revealing important
similarities and local differences.

© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).
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1. Introduction

The Alpine Rif Chain (western branch of north-Africa) is located
in the NW portion of the African Plate (Fig. 1A). This chain is classi-
cally divided (Chalouan et al., 2008; Michard et al., 2008) into three
main elements (Fig. 1B): (1) the Internal Zone, which derived from
the Mesomediterranean Microplate (Guerrera et al., 2021); (2) the
intermediate “Flysch Units” characterized by units resulting from
the Maghrebian Flysch Basin (MFB hereafter) (Guerrera et al., 1993,
2005, 2021); and (3) the wide External Zone. The latter represent the
deformed NWAfricanmargin (Martín-Martín et al., 2022a) and consist
of Mesozoic to Miocene successions detached from their Paleozoic
substratum (Atlas and Mesetas), and especially record the effects
of the Cenozoic deformation related to the orogenic evolution of
the Maghrebian Chain (Faccenna et al., 2001; Schettino and Turco,
2011; Carminati et al., 2012; Doglioni, 1992; Lustrino et al., 2013;
Rossetti et al., 2013; Leprêtre et al., 2018; Guerrera et al., 1993,
2005, 2021). Based mainly on the structural position, Suter (1980a,
1980b) subdivided the External Rif Zone (ERZ hereafter) into three
subdomains from N to S (Fig. 1B): Intrarif (mainly Cretaceous de-
posits), Mesorif (mainly Jurassic carbonate deposits to deep water
turbidites), and Prerif (mainly made by Cenozoic olistostromes con-
taining important fragments of ultrabasic rocks from a Triassic–
Jurassic oceanic basement, Jurassic deposits derived from a carbon-
ate platform, and Upper Miocene marly matrix containing Triassic
basic subvolcanic rocks). In addition, the External Rif has been distin-
guished into western and eastern with respect to the Ketama
“meridian” (Chalouan et al., 2008; Michard et al., 2008). The western
one consists of sedimentary successions, while some of the eastern
units show a slight metamorphism. A further subdivision of the
“Intrarif” (Fig. 1B) has been recently proposed by Martín-Martín
et al. (2022a) based on tectonic-unit criteria. In this way, the “Internal
Intrarif” includes the following units: Internal Tangier, External
Ketama-Tangier and Loukkos, while the “External Intrarif” would
include the Cretaceous–Cenozoic El Habt and Ouezzane nappes
overthrustingMesorif and Prerif subdomains. The ERZ comprises a vari-
ety of stratigraphic and tectonic units from Trias to Miocene (Chalouan
Fig. 1. Geological map of the Rif Chain. (A) Geological map of the Rif Chain showing the studi
with an index sketch map of main domain of NW Africa (right-upper corner). (B) Geological i
and sub-domains of the Rif Chain. (C) Two schematic geological sections showing the study ar
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et al., 2008). After Suter (1980a, 1980b), that proposed a modern
geological framework of the Rif Chain, different local studies and
models have been carried out in the ERZ (Lespinasse, 1977; Asebriy
et al., 1987, 2003; Azdimousa et al., 2003, 2007; El Mrihiet et al.,
2004; Tejera de Leon and Duée, 2003; Bargach et al., 2004; Zaghloul
et al., 2005; Chalouan et al., 2008; Vázquez et al., 2013; Jabaloy-
Sánchez et al., 2015; Maaté et al., 2017, 2018; Critelli, 2018; Abbassi
et al., 2020, 2021, 2022; among many others; and references
therein). Despite the several studies devoted to the ERZ, many problems
are still unresolved and geodynamic reconstructions should be
considered very hypothetical. The main problem is due to the lack
of homogeneous data and the absence of interdisciplinary and
extensive studies in this domain. Moreover, there are also interpre-
tative difficulties relating to the pre-deformational position of
many structural units. This paper is aimed at improving the knowl-
edge of the Miocene tectono-sedimentary evolution of the western
ERZ utilizing a homogeneous method, with a focus on the relation-
ships between tectonics and sedimentation. To achieve this objective,
this paper introduces an integrated multidisciplinary methodology, as
follows: (i) integration of litho- and biostratigraphic findings; (ii) iden-
tification and datation of main unconformities and depositional se-
quences; and (iii) interpretation of petrological and mineralogical
assemblages of detrital and mudstone suites, respectively. In order to
frame the tectono-sedimentary evidence deduced from the previous
analyses within the External Rif Zone evolution as a complex foreland
system, the reconstructed geological evolution is used to create a 2D
paleogeographic-geodynamic evolutionary model for the Rif Chain as
whole. The GPlates basemap software is used for this target. For global
integration criteria of our paleogeographic-geodynamic model, it is
compared to models of other central-western Mediterranean margins
(foreland basins systems) originated by the neo-Alpine Maghrebian
tectonic evolution of the westernmost neo-Tethys during the Miocene.
In view of the regional extension of the addressed topic, the interdisci-
plinaritymethodology, and the previous investigations of the implicated
sub-domains conducted by the same research group, the geological
reconstruction meant to be a fundamental, updated framework of
reference for the External Rif Domain at the Mediterranean scale.
ed sectors and the location of the measured and studied stratigraphic successions (Logs)
nformation of the synthetic and most representative successions of the different domains
ea structure.
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2. Geological setting

The origin of the Rif Chain is linked to the alpine evolution of the
westernmost Tethys and the subsequent opening of the Mediterranean
together with the evolution of the western peri-Mediterranean chains
(Doglioni, 1992; Guerrera et al., 1993, 2005; Doglioni et al., 1998,
1999; Michard et al., 2002; Chalouan et al., 2008; Guerrera and
Martín-Martín, 2014; Critelli et al., 2017; Müller et al., 2018; among
others). At the end of the Mesozoic, the African Plate was separated
from the more northern Mesomediterranean Microplate through the
MFB (western branch of the Maghrebian Ocean that was, in turn, the
southern branch of the Tethys affected by the neo-Alpine evolution).
The MFB would represent a connection between the Tethys and the
Atlantic Ocean during theMeso-Cenozoic. The closure of the western
MFB (Guerrera et al., 2021; Michard et al., 2002; Chalouan et al.,
2008; Guerrera and Martín-Martín, 2014; Müller et al., 2018)
would have happened mainly during theMiocene with the extrusion
of theMFB-units and the propagation, in the time, of the deformation
toward the External subzones. Previous models (Martín-Algarra,
1987; Doglioni, 1992; Guerrera et al., 1993, 2005; Guerrera and
Martín-Martín, 2014; Critelli, 2018; among others) proposed the oc-
currence of a southern oceanic branch (Maghrebian Ocean, substrate
of the MFB) in the central-western Mediterranean area affected by a
Miocene evolution (neo-Tethys). In fact, the discovery at the base of
the MFB of Jurassic ophiolite-type, basic rocks related to an oceanic
crust (Durand-Delga et al., 2000; Boukaoud et al., 2021) with lateral
oceanic branches in the External Rif Zones (Benzaggagh et al., 2013;
Michard et al., 2014; Benzaggagh, 2016) confirms the described pa-
leogeographic and paleotectonic evolutive framework. The chains
originating from the tectonic-sedimentary evolution of this system
extend from the Betic-Rifian Arc to the Calabro-Peloritano Arc with a
partial extension in the southern Apennine (Belayouni et al., 2023b).

In particular, the ERZ would have behaved as a complex foreland
basin system during a large part of Cenozoic, due to subduction beneath
theMesomediterraneanMicroplate (Guerrera et al., 1993; Abbassi et al.,
2020, 2021, 2022). The tectono-sedimentary evolution of this system
experienced different stages of subsidence due to a progressive
Cenozoic deformation, where the Gharb Basin acted as the recent
most portion of this complex foreland basin while the Atlas-Mesetas
system worked as foreland (Michard et al., 2002; Chalouan et al.,
2008). Contemporaneously, the roll-back of the subducting oceanic
crust below the MFB would lead to the opening of the Mediterranean
Sea as a back-arc basin during the late Oligocene (Royden, 1993).
Benzaggagh et al. (2013) and Benzaggagh (2016) pointed out the pres-
ence of another oceanic branch between Intrarif and Mesorif (eastern
External Rif Zone) by the occurrence of basalts, breccias and
serpentinites rocks at the base of the External Intrarif units. This
Fig. 2. Display of the 3D structural model performed with Python codes; s
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reconstruction was considered by Martín-Martín et al. (2022a) as the
most probably hypothesis considering the tectonic style of the External
Intrarif units as extruded nappes similar to the units derived from the
deformation of the Flysch Zone (MFB). Although the compression of
the Tethyan domains began with the latest Cretaceous tectonic inver-
sion (Stampfly and Kozur, 2006) causing folding during part of the
Paleogene, themajor compressive deformation proposed for the ERZde-
veloped during the Miocene (Zakir et al., 2004; Chalouan et al., 2006)
producing the structural architecture of nowadays (Fig. 2: Supplemen-
tary Material A1). This structuring consists in allochtonous thrusting
units with south to west vergence (describe an arc: Fig. 2). Two of
these unitswere extruded and override on other units as nappes (Flysch
Zone and External Intrarif: Fig. 2). Furthermore, the strike-slip tectonics
(Jebha and Fahies faults: Fig. 2) overprinted this Miocene deformation
(Azdimousa et al., 2007). According to AïtBrahim et al. (2002), tectonics
would have been accomplished in the Rif with a major compressional
axis rotating approximately NE–SW to N–S during the Miocene. Many
authors highlighted the tectonic complexity in the External Rif Zone,
pointing out a nappe structure of units detached from their original pa-
leogeographic position and overriding more external (Azdimousa et al.,
2007; El Mrihiet et al., 2004; Bargach et al., 2004; Chalouan et al., 2008;
Vázquez et al., 2013; Jabaloy-Sánchez et al., 2015). Despite recent stud-
ies devoted to the External Rif through interdisciplinary analyses
(Maaté, 2017; Maaté et al., 2017, 2018; Martín-Martín et al., 2022a,
2022b, 2023), some issues still remain open.

3. Methods and analysis

As in previous publications targeting of similar topics (Martín-
Martín et al., 2023), the used methodology includes: (1) Field analyses:
detailed reconstruction of significant lithostratigraphic successions
(Logs hereafter) in the considered area (Figs. 1 and 3), tectonic struc-
tures observations, and sampling; (2) Laboratory analyses: biostratigra-
phy and chronostratigraphy (Fig. 4), petrography of detrital lithofacies,
and clay mineralogy of mudstones; (3) Computer data processing:
treatment of results to carry out paleogeographic and paleotectonic re-
constructions; and, (4) Reconstruction and interpretation of the main
tectono-sedimentary events with an attempt at lateral correlation at a
regional scale.

Planktonic foraminifera assemblages were determined on seventy-
one samples (Logs 1–14) (Fig. 4) by using conventional methodology
of washing and splitting by sieves of 150 μm (main studied fraction)
and 125 μm. Reworked organic components were used to support the
oldest age in cases of very poor or doubtful autochthonous microfauna
or considered part of the detrital fraction. For biostratigraphic monitor-
ing, specific Mediterranean Neogene zonation by Lirer et al. (2019), in
combination with the more significant planktonic foraminiferal
ee file 3D_ZER_structural_model.HTML in Supplementary Material A1.



Fig. 3. Stratigraphic successions reconstructed in the: (i) ExternalMFB (Numidian Unit: Log 1 Dar Zhirou and Log 2 Seguedla), (ii) Internal Intrarif (Tanger sector: Logs 3 Saf Haman and
4 Charf el Akab; Chaouen sector: Logs 5 Taïjoute and 6 Aïn Kob), (iii) External Extrarif (Ouezzane sector: Logs 7 Sidi Ameur, 8 Douar Ahel Chane and 9 Oulad Ktir), (iv)Mesorif (Zoumi sector:
Logs 10 Oued Anngouch and 11 Fej el Hanout) and, (v) Prerif (Asilah sector: Logs 12 Sidi Bouksiba and 13 Sidi M'raït; Ridges sectors: Log 14 Talaghaza), all located in the External Rif
(Morocco) (Supplementary Material A2).
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bio-events checked in the Mediterranean area by Serrano (1992) were
considered, as well as correlated to the standard biozonation by Blow
(1969). Thebiostratigraphic characterization of the Paleogene substratum
was monitored by means of the biozonation of Berggren and Pearson
(2005, 2006). For chronostratigraphic correspondence of the biostrati-
graphic intervals recognized, the Global Standard Chronostratigraphic
Scale (Lourens et al., 2004) was used.

Thirty-six thin sections of different detrital materials from the most
representative sections in the four studied subdomains (Figs. 4 and 5)
were prepared and examined under polarizing microscope and applied
tomodal composition analysis. The schemes from Folk (1980), Dunham
(1962) and Zuffa (1980) were used for nomenclature and classification.
Frameworkmineral composition (modal analysis) was quantified using
the point-counting method of Gazzi-Dickinson, as described by Gazzi
(1966), Dickinson (1970) and Ingersoll et al. (1984). Sandstone frame-
work components were divided into four petrographic groups defined
by Zuffa (1980, 1985): (1) non‑carbonate extrabasinal (NCE), (2) car-
bonate extrabasinal (CE), (3) non‑carbonate intrabasinal (NCI), and
(4) carbonate intra-basinal (Cl). A Q-F-L* ternary plot was used to
classify sandstone types, L* representing fine-grained rock fragments
including CEs. The petrofacies were represented in sandstone prove-
nance diagrams as QmFLt (monocrystalline quartz, feldspar and lithic
fragments) and Qmr/Qmo/Qp (monocrystalline quartz, undulosity
<5°; monocrystalline quartz, undulosity >5°; polycrystalline quartz)
following criteria of Basu et al. (1975), Dickinson and Suckzek (1979),
Dickinson (1985), and Tortosa et al. (1991).

Thirty-one samples of different clay-rich mudstones from the most
representative sections in the four studied subdomains (Fig. 6) were ex-
amined byX-ray diffraction, including thewhole-rock and<2 μmgrain-
size fraction (clay fraction hereafter). Samples were prepared according
to methodology by Croudace and Robinson (1983), Holtzapffel (1985),
andMoore and Reynolds (1997). A PANalyticalX'Pert Pro® diffractome-
ter (Cu-Kα radiation, 45 kV, 40mA) equippedwith an X'Celerator solid-
state lineal detector was used to obtain diffractograms by a continuous
4

scan from3° 2θ to 60° 2θ, with a 0.01° 2θ resolution. TheXpowder® pro-
gram (Martín-Ramos et al., 2012) was used to evaluate the semi-
quantitativemineral composition. The reflections and reflecting powers
of Schultz (1964), Biscaye (1965), and Holtzapffel (1985) were used to
identify and quantify the mineral phases. Replicate analyses of some
samples gave a precision of ±3 % (2σ). Results are provided in
weight percent, i.e., wt% normalized to 100 % with an accuracy of
∼5 %. The ratio of intensities of the Qtz(001):Qtz(101) peak areas of
quartz (Qtz(001):Qtz(101) ratio hereafter) (Eslinger et al., 1973),
Sme(003):Sme(002) peak areas of smectite (Sme(003):Sme(002)
ratio hereafter) (Hunziker, 1986; Drits et al., 1997; Moore and
Reynolds, 1997; Moiroud et al., 2012), and Ill(002):Ill(001) peak areas
of illite (Ill(002):Ill(001) ratio hereafter) (Hunziker, 1986; Righi
and Elsass, 1996; Drits et al., 1997) were determined in order to
deduce the origin of inherited mineral phases from source areas
that fed the basin and possible evidence of synsedimentary tectonics
overprinting.

4. Results

4.1. Geological and stratigraphic framework

The units that characterize the External Rif are represented by
typical margin successions but occasionally reduced units tectonically
derived from the External portion of theMFB are also present. In partic-
ular, the most represented unit is the Uppermost Oligocene–Lower
Miocene Numidian Fm usually in tectonic contact with different units
of the External Rif Zone. More in detail, the Logs 1 and 2 reconstructed
in the Tangier area consist in an alternation of thick and coarse
quartz-rich turbidites and brownish-grayish pelites and marls alternat-
ing with thin quartzose turbidites of the Numidian Fm. Logs 3–6 recon-
structed in the Internal Intrarif belong to the Tangier and Loukkos Units
and represent the Miocene sedimentation affected by an important
hiatus (Burdigalian-Serravallian p.p.). The older deposits represent



Fig. 4.Miocene time scale with themost significant events of planktonic foraminifera in theMediterranean realm (Serrano, 1992) and the time range of the studied logs (Supplementary
Material A3).
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deep marine conditions (usually slope environment) with syntectonic
features (mass flow deposits: olistostromes, turbidites, slumps, etc.).
In turn, the younger ones (Log 4) represent a shallow marine platform.
Logs 7–9 reconstructed in the External Intrarif belong to the Ouezzane
Unit and represent the Burdigalian to lower Serravallian sedimentation.
In general, a shallowing trend is recognized fromdeepmarine (usually a
continental slope environment) conditions with mass flow deposits to
an external carbonatic platform (marls and calcarenites). Logs 10 and
11 reconstructed in the Zoumi Unit from the Mesorif represent the
5

Lower Miocene sedimentation. Again, deep marine conditions (usually
slope) with syntectonic features (mass flow deposits) are registered.
In the Internal Prerif the reconstructed Logs 12 and 13 belong to the
Larache Unit representing the Lower–Middle Miocene sedimentation,
also with deep marine conditions (usually slope) represented by mass
flow deposits. Finally, the Log 14 from the “Prerifian Ridges” Unit was
reconstructed in the External Prerif. This stratigraphic section only rep-
resents Tortonian shallowmarine platform deposits evolving upwardly
to external platform and deep basin.



Fig. 5. Composition of Miocene detrital suites with indication of the studied sections and location of the samples: Logs 1 (Dar Zhirou) and 2 (Seguedla) in the Numidian Unit (External
MFB); Logs 3 (Saf Haman) and 4 (Charf El Akab) in the Tanger Unit (Internal Intrarif Subdomain); Logs 7 (Sidi Ameur) and 9 (Oulad Kitir) in the Ouezzane Unit (External Intrarif
Subdomain); Log 11 (Fej El Hanout) in the Zoumi Unit (Internal Mesorif Subdomain), Logs 12 (Sidi Bouksiba) and 13 (Sidi M'rait) in the Larache Unit (Internal Prerif Subdomain), and
Log 14 (Talaghaza) in the Ridges Unit (External Prerif Subdomain). (A) First-order compositional plot; NCE—non-Carbonate extrabasinal grains, CE—carbonate extrabasinal, and CI—car-
bonate intrabasinal. (B) Main composition plot; Q—quartz, F—feldspar, L*—lithic fragments including carbonate rocks (Supplementary Material A4).
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The selected fourteen Logs were analyzed and reconstructed based
on detailed lithostratigraphic observations, and biostratigraphical and
chronostratigraphical results. The location of each study Log is shown
in Fig. 1, their stratigraphic reconstruction in Fig. 3, and their
chronostratigraphy in Fig. 4. The complete stratigraphic description is
reported in Table 1 and in Supplementary Material A2. Planktonic fora-
minifera information, including taxonomic formal names, appears in
Supplementary Material A3. The following lithostratigraphic descrip-
tion is completed by biostratigraphic results arranged in subdomains
according to the more recent subdivision (Martín-Martín et al., 2022a).

4.2. Petrography

The petrographic analysis is referred to the detrital suites of
the studied Logs from the External MFB and the ERZ. Location of the
Logs and samples is shown in Fig. 3. Results of themodal point counting
of the thirty-six studied samples are in Table 2; while modal ternary
plots NCE-CI-F and Q-F-L are represented in Fig. 5. Fig. 6 shows some
polarizingmicroscope imageswith themost representative petrofacies.
The samples coming from the MFB fall into the quartzarenite
and sublitharenite fields of the Q-F-L plot (usually non-carbonate
extrarenites in the NCE-CI-F plot). They are mainly composed of mono-
crystalline quartz, calcite, dolomite and opaque minerals. The samples
from the Internal Intrarif are quartzarenites and sublitharenites while
those coming from the External Intrarif are litharenites.

All samples are usually intrarenites (grainstones/rudstones)
(Fig. 6A), hybrid arenites (Fig. 6B, C) and extrarenites mainly composed
bymonocrystalline quartz and grains of glauconite and opaqueminerals.
Samples from the Mesorif are also litharenites (Fig. 6D) composed of
quartz, sedimentary rock fragments (mudstone-wackestone, dolosparite)
and bioclasts. Finally, samples from the Prerif (mainly extrarenites) are
again litharenites (Fig. 6E) or hybrid arenites (Fig. 6F) made of quartz
and sedimentary rock fragments (bioclastic grainstone-rudstone and
mudstone-wackestone).

4.3. Mineralogy

Themineralogical analysis provides the averagewhole-rock and clay
fraction mineralogy of mudstones (Croudace and Robinson, 1983;
Holtzapffel, 1985; Moore and Reynolds, 1997) of the studied thirty-one
6

samples (in wt%) coming from the Numidian Unit (External MFB,
Log 2) and External Rif subdomains (Internal, Logs 3 and 4; External,
Log 8; Mesorif, Log 11; and Prerif, Logs 13 and 14). Location of Logs
and samples is shown in Fig. 3. Results are in Table 3, Fig. 7, and in
Supplementary Material A5.

In detail, the MFB samples show an Ill+Kln ± (I–S) + Sme clay-
mineral association, while the dimensionless (S + K):I ratio by Daoudi
et al. (1995) evidences an upwardly distality. Mature illite identifies
supply from low-grade metamorphic rocks. The Internal Intrarif sam-
ples include Ill+Kln ± (I–S) + Sme and Sme + (I–S) ± Ill+Kln clay-
mineral associations, while the (S + K):I ratio shows a decreasing
distality from Aquitanian to Burdigalian and some increase during
upper Serravallian–lower Tortonian. Inherited illite and dioctahedral
smectite identify incipient low-grade metamorphism (anchizone) or
weak burial diagenesis at most (Nieto et al., 1996; Lanson et al., 2009).
The External Intrarif samples characterize Ill+Kln ± (I–S) + Sme and
Ill+(I–S) ± Kln + Sme clay-mineral associations, while the (S + K):I
ratio evidences a certain increasing distality from Burdigalian to
Langhian. The Mesorif samples present Ill+Kln ± (I–S) + Sme and
Ill+(I–S) ± Kln + Sme clay-mineral associations, while the (S + K):I
ratio evidences a certain increasing distality during Early Miocene. The
inherited character of the sediment supply seems also to increase dur-
ing Early Miocene, including low-grade metamorphic rocks. The Inter-
nal Prerif samples include Ill+Kln ± (I–S) + Sme and Ill+(I–S) ±
Kln + Sme clay-mineral associations, while the (S + K):I ratio de-
creases upwardly. Supply from incipient low-grade metamorphism
(anchizone) or weak burial diagenesis is also observed. Finally, the
External Prerif samples characterize the Ill+(I–S) ± Sme + Kln
clay-mineral association, while the (S + K):I ratio increases up-
wardly.

5. Main unconformities and depositional sequences

The correlations of the reconstructed successions, together with
their tectonic position in the considered sectors, allowed proposing a
first stratigraphic framework of the Miocene stratigraphic record of
the western ERZ based on sequence stratigraphy (Catuneanu et al.,
2011) (Fig. 8). The reconstructed stratigraphy shows three unconfor-
mity surfaces, located approximately across (i) the Oligocene–
Miocene boundary, with a gap covering the Upper Oligocene and/or



Fig. 6.Overallmicrographs of themain studied petrofacies in thin section. (A) Sample 57/15: carbonate intrarenite (Burdigalian, Log 6: Aïn Kob, Loukkos Unit, Internal Intrarif Subdomain),
showing brokengrains (bioclasts, glauconite and opaqueminerals) related to calcite veinlets. (B) Sample 84/15: hybrid intrarenite (Burdigalian, Log 7: Sidi Ameur, OuezzaneUnit, External
Intrarif Subdomain), showing poorly sorted quartz-rich grainstone composed of bioclast (mainly benthic foraminifers), quartz, lithoclasts, glauconite and opaqueminerals. (C) Sample 87/15:
hybrid intrarenite (Burdigalian, Log 7: Sidi Ameur, Ouezzane Unit, External Intrarif Subdomain), showing a well-rounded second-cycle quartz grain (arrows: inherit syntaxial cement).
(D) Sample AA22/18: litharenite (Burdigalian, Log 11: Fej el Hanout, Zoumi Unit, Mesorif Subdomain), showing calcite veinlets and fractured grains (quartz, feldspar, opaque minerals).
(E) Sample E2/16: litharenite (Aquitanian, Log 13: Sidi M'raït, Larache Unit, Internal Prerif Subdomain), showing bioclasts and well-rounded second-cycle quartz grain (arrows: inherit
syntaxial cement). (F) Sample D5/16: hybrid arenite (Tortonian, Log 14: Talaghaza, Ridges Unit, External Prerif Subdomain), showingmoderately to well sorted quartz grains and carbonate
lithoclasts, and ferruginous coatings. A-B-F—plane polarized light. C-D-E—cross polarized light (Supplementary Material A4).
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the Aquitanian or even a part of the lower Burdigalian; (ii) the
Burdigalian–Langhian boundary, only recognized in Log 9 (External
Intrarif) with a gap affecting the upper Burdigalian; and (iii) the
Middle-Late Miocene boundary, with a gap corresponding to the late
Langhian–earliest Tortonian in most cases or even the whole pre-
Tortonian Miocene time span as in Log 14 (External Prerif). The older
unconformity is recognizable in almost all the examined sectors but in
the Logs 1, 2 and 3 (External MFB and Internal Intrarif) and in the Log
13 (Internal Prerif). The intermediate unconformity is very local and
only recognized in the Log 9 from the External Intrarif. On the other
hand, the younger unconformity is again only recognized in the Logs
3–4 (Internal Intrarif) and Log 14 (External Prerif), corresponding in
the other logs with the actual topographic erosive surface. Taking the
7

former into consideration, the two lowest unconformities can be re-
ferred to local tectonics, while the upper one is probably related to re-
gional tectonics. Unconformities, lithofacies and sedimentary trends
allow dividing the stratigraphic record into three Miocene depositional
sequences (Catuneanu et al., 2011) referable in age to Aquitanian–
Burdigalian, Langhian, and Tortonian–Messinian (Fig. 8). The first se-
quence is the best represented because recognized in the whole margin
but in the External Prerif. The Langhian depositional sequence is repre-
sented in the External Intrarif and Internal Prerif, while the upper
Serravallian-Tortonian is only represented in the Internal Intrarif and
in the External Prerif. According to Miall (2016), the recognized gaps
can be divided into depositional (unrecorded period above themost re-
cent age of the lower stratigraphic unit) and/or erosional (unrecorded



Table 1
Lithostratigraphy.

Thick Samples Chronostratigraphy Field Lithofacies description

Log 1, Dar Zhirou succession (65 m thick, Numidian Unit, External Maghrebian Flysch Basin/MFB)
South foothills of the Jebel Dar Zhirou (UTM coordinates: 30S 238320 E–3951415 N)
15 DZ1-8/23 Chattian-Aquitanian Brownish-grayish pelites and marls, alternating with decimeter-sized thin and fine-grained

quartz-rich (slightly cemented) of turbidite beds (Bouma sequences: Tc-e, Tc/e, and Td-e)
and some calcareous turbidite beds.

50 – Chattian Coarse quartz-rich turbidite beds with brownish-grayish pelites and marls intercalations.

Log 2, Seguedla succession (110 m thick, Numidian Unit, External Subdomain of the Maghrebian Flysch Basin/MFB)
East of Seguedla village (coordinates: 30S 241296 E-3946315 N)
>20 SSE28/23 Aquitanian-Burdigalian Brownish-gray mudstone with quartz-rich turbidite beds (up to 30 cm) showing parallel and

convolute lamination (Tbc).
10 SE26–27/23 Brownish-gray mudstone with quartz-rich turbiditic beds (<25 cm) with parallel and

convolute lamination (Tbc); some beds show big hipychnia (Zoophycos)
30 SE24–25/23 Brownish-gray mudstone with thin (<20 cm) rusty/brownish turbidite beds (mostly (Tbd)

with epichnia (Scolicia), hypichnia (Paleodyction, Desmograp- ton, Planolites etc); mudstone
contains sub-horizontal to vertical exichnia.

>50 – Chattian Coarse quartzarenites and conglomerates with thin brownish-grayish pelites (silt) and marls
intercalations.

Log 3, Saf Haman succession (670 m thick, Tangier Unit, Internal Intrarif)
North of Seguedla village (UTM coordinates: 30S 242,478 E-3947940 N)
280 33/13–41/13, H5 Burdigalian Quartz-rich arenites, frequent bioturbation; slump structure in the lower portion of the

succession (75 m thick)
200 33/13–40/13, H4 Brownish (tobacco) silt and marls with intercalations of turbidite arenites and quartz-rich

(glauconitic) beds (10–40 cm) with frequent bioturbation; follows a slump portion (about
100 m thick) of deformed varicolored silt with carbonate clasts (“Boules jaunes” Facies),
black-gray marls, arenites and limestones.

10 28/13–32/13, H2, H3 Aquitanian-Burdigalian Brownish silt and marls, thin turbidite arenitic beds, blackish-gray silt with micritic
limestones and arenitic-glauconitic beds, all in a slump structure.

50 25/13–27/13 Varicolored clays with sandy-glauconitic bed, grayish lenticular limestones, homogeneous
blackish-gray marls, silt with grayish limestones, sometimes grayish lenticular laminated
limestones (10–20 cm thick) with bioturbation (Scolicia sp.) and homogeneous black-gray
marls; varicolored silt with grayish limestones in the middle-upper portion.

90 18/13–24/13, H1 Chattian-Aquitanian transition Homogeneous blackish-gray marls with heavy celestine nodules.

Log 4, Charf el Akab succession (>30 m thick, Post orogenic Unit on Tangier Unit, Internal Intrarif)
North of Lafarge Tangier plant (UTM coordinates: 30S 235931 E-3949504 N)
2 CA9-CA10/23 Lower Tortonian-Upper Serravallian Organonogenic calcarenites; thin cross-laminated arenites and yellowish-gray mudstones,

calcareous-quartz-rich calcarenite/arenite beds (<10 cm) interlayered in yellowish
mudstone.

2 CA7-CA8/23 Light gray mudstones.
10 Thicker calcarenites and arenites burrowed and bioclastic fragments of bivalves and

pectinids; presence of “frosted” Qz grains.
6 CA5-CA6/23 Thin arenites (5–6 cm) of cross-laminated interlayered with mudstones
>10 CA4/23 Organogenic conglomerates (frequent fragments of echinoides and/or bivalves and

pectinids), in the lowermost part, followed by bioclastic calcareous-quart-rich with TCS
(angular Qz grains). Underlying gap valued at approx. 6–7 Ma.

Log 5, Taïjoute succession (41 m thick; Loukkos Unit, Internal Intrarif)
South of Taïjoute town (UTM coordinates: 30S 291256 E-3871093 N)
21 16/13, 17/13 Upper Aquitanian-Lower Burdigalian Brownish silt with micritic limestones.

Microbreccia beds (1 m thick).
Unconformity Erosive surface with gap of about 25–30 Ma.
20 Middle Eocene Silicified marls, grayish-black silt, micritic limestones (presence of Nummulitic layers);

chaotic interval (slump) in the upper portion.

Log 6, Aïn Kob succession (252 m thick; Loukkos Unit, Internal Intrarif)
Near Aïn Kob village (UTM coordinates: 30S 284576 E-3870493 N)
250 57/15, 58/15 Lowermost Burdigalian Brownish silt and marls with thin arenite beds; chaotic interval (slump) in the upper portion.
Unconformity Tectonized erosive surface with gap of about 6–7 Ma.
2 56/15 Chattian Mainly conglomerate, marls and calcarenite beds.

Log 7, Sidi Ameur succession (485 m thick; Ouezzane Unit, External Intrarif)
Near Sidi Ameur village (UTM coordinates: 30S 238815 E-3853994 N)
85 80/15–87/15 Up to Upper Burdigalian Stratified yellowish marls with intercalation of polygenic conglomerates and calcarenites

(lower interval); turbidite quartz-rich arenites and calcarenites (intermediate interval);
turbidite arenites (upper interval).

270
55
Unconformity Erosive surface with gap of about 6–7 Ma.
75 76/15–79/15 Upper Chattian Brownish silt, marls, arenites and interstratified polygenic conglomerate beds.

Log 8, Douar Ahel Chane succession (900 m thick; Ouezzane Unit, External Intrarif)
Near Douar Ahel Chane village (UTM coordinates: 30S 263709 E-3863464 N)
550 115/15–119/15 Upper Langhian Whitish yellow marls and silt with intercalation of turbidite quartz-rich arenites (lower

portion) and calcarenites (upper portion).
150 Lower Burdigalian Stratified yellowish marls with intercalation of calcarenites, turbidite quartz-rich arenites and

prevalent calcarenites beds.
Unconformity Erosive surface with gap of about 10 Ma.
200 113/15 Middle Rupelian Brownish silt and marls with intercalation of turbidite arenite beds.
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Table 1 (continued)

Thick Samples Chronostratigraphy Field Lithofacies description

Log 9, Oulad Ktir succession (562 m thick; Ouezzane Unit, External Intrarif)
Along Ktir river (UTM coordinates: 30S 273029 E-3828172 N)
163 BB1/18–BB7/18 Langhian Yellowish marls and silt with intercalation of calcarenites and turbidite quartz-rich arenites

(lower interval); calcarenite beds (upper interval).147
Unconformity Erosive surface with gap of about 3 Ma.
15 BB8/18–BB10/18 Middle Burdigalian Yellowish marls and silt with intercalation of: calcarenites, turbidite arenites and

conglomerate beds.
Unconformity Erosive surface with gap of about 5 Ma
237 BB11/18 Lower Chattian Yellowish silt and marls with intercalation of turbidite arenite beds

Log 10, Oued Anngouch succession (750 m thick, Zoumi Unit, Mesorif)
Along Oued Anngouch (UTM coordinates: 30S 282874 E-3864901 N)
540 73/15, 74/15 Burdigalian Whitish and yellow marls and silt with prevailing intercalation of calcarenite beds.
Unconformity Erosive surface with gap of about 6 Ma.
210 71/15, 72/15 Uppermost Rupelian Lower Chattian Brownish (tobacco) silt and marls with intercalation of calcarenite beds.

Log 11, Fej el Hanout succession (1800 m thick, Zoumi Unit, Mesorif)
from Fej el Hanout village to upper part of the Oued Anngouch (UTM coordinates: 30S 280451 E-3869737 N)
800 AA18/18–AA24/18 Lower Burdigalian Brownish marls with intercalations of calcarenites and turbidite (Ta-b; Tb-c) quartz-rich

arenite beds.
400 Aquitanian Brownish silt and marls with intercalations of calcarenites and turbidite quartz-rich arenite

beds.
Unconformity Erosive surface with a gap of about 4–5 Ma.
600 AA14/18–AA17/18 Uppermost Rupelian Lower Chattian Brownish (tobacco) silt and marls with intercalation of turbidite arenitic and quartz-rich

arenites beds.

Log 12, Sidi Bouksiba succession (580 m thick, Larache Unit, Internal Prerif)
Near Sidi Bouksiba village (UTM coordinates: 30S 764874 E-3913183 N)
230 44/15–53/15 Langhian Whitish and yellowish marls and silt with intercalation of turbidite quartz-rich arenites and

reworked calcarenite beds.
350 Burdigalian Brownish silt with intercalation of turbidite quartz-rich arenites.

Log 13, Sidi M'raït succession (620 m thick, Larache Unit, Internal Prerif)
Near Sidi M'raït village (UTM coordinates: 30S 764753 E-3918993 N)
120 55/15, 33–34/19

SM20–21/23
Lower Langhian Whitish-yellowish marls and silt with intercalation of calcarenite beds.

310 23/18, 54/15
30–32/19,
E1 to E7
SM16–19/23

Upper Burdigalian Brownish (tobacco) marls with intercalations of prevalent calcarenites and subordinate
turbidite quartz-rich arenites.

60 17–22/18
27–29/19
SM11–15/23

Aquitanian Brownish silt with intercalation of turbidite quartz-rich arenites.

130 14–16/18 Chattian Brownish silt and marls with intercalation of conglomerates and turbidite quartz-rich
arenites.

Log 14, Talaghza succession (>3000 m thick, Ridges Unit; External Prerif)
Near Talaghza village (UTM coordinates: 30S 279801 E-3769004 N)
>3000 TA1-3/23

2–8/16
Pre1/16, Pre2/16

Middle-Upper Tortonian Whitish-yellowish marls and silt with intercalation of calcarenite beds.
Calcarenites and arenites affected by cross-bedding at big-scale.

Unconformity Erosive surface with an estimated gap between 50 and 60 Ma (affecting the Paleogene and
Lower-Middle Miocene).
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period below the oldest age of the upper stratigraphic one). The
erosivional gaps can be correlated with rising areas (regression) due
to tectonics in the affected domains, while the depositional ones may
be related to the transgressive onlap process covering a paleorelief cre-
ated previously by tectonics. In the following Section 6.2, the origin of
these unconformities will be more discussed.

6. Evidence of syn-sedimentary tectonics

6.1. Mass flow deposits and faults

The mass flow deposits (turbidites, slumps, olistostromes) usually
indicate (Novak and Egenhoff, 2019; Tek et al., 2020; among others)
generation by a tectonic instability of the margin/basin system, and
resedimentation of unstable material resulting from the erosion of a
thrust front or nappe at the basin margin. Miocene turbidites are com-
mon in almost all the studied sectors, and often are associated with
slumps and olistostromes (Fig. 9A, B). Slumps consist of deformed
9

intervals intercalated within not deformed deposits of the same litho-
facies (Tek et al., 2020). They systematically appear in most of the stud-
ied successions (Fig. 9C, D) associated with turbidite successions.
At certain stratigraphic levels, decametric deformed intervals are
interpreted as large slidingmasses. Olistostromes (Condie, 2005) inter-
bedded within turbidite successions consist of coarse deposits (mono-
genic or polygenic conglomerates) usually showing a basal erosion
surface and a poor internal organization (Fig. 9E, F) and normally consti-
tuted by extra-basinal supply. Although all these mass flow deposits
could be also explained without synsedimentary tectonics, the conflu-
ence of all the elements here presented seems to indicate the tectonics
as themost probably cause. Syn-sedimentary faults (Tek et al., 2020) are
also common in almost all the observed outcrops, usually associated
to mass flow deposits. These faults are sealed by undeformed or less
deformed strata (Fig. 9B). The faults usually show a millimetric to
centimetric displacement, which progressively reduces upward, and
therefore are recognizable only in some layers covered by not faulted
beds.



Table 2
Petrological results.

MFB INTRARIF

External units Internal units

Log 1 Log 2 Log 3 Log 4 Log 6

DZ1/23 DZ2/23 DZ8/23 SE24/23 SE24/25 SE24/28 25/13 27/13 28/13 33/13 36/13 40/13 44/13 CA7/23 CA10/23 57/15 58/15

NCE Qmr 45,12 47,76 10,57 23,23 45,88 46,05 39,88 30,90 20,64 34,86 29,93 29,95 29,98 13,83 15,93 6,33 31,60
Qmo 35,38 36,56 1,76 7,62 36,13 37,40 44,12 45,15 24,06 46,76 41,67 47,25 34,73 7,91 8,41 1,43 43,54
Qp2–3 – – 0,88 0,37 – – – – 0,54 0,28 – – – 1,19 1,33 – 0,14
Qp > 3c 1,79 8,30 0,88 4,46 9,53 9,27 1,93 2,72 2,86 0,58 4,76 6,11 3,48 2,37 2,21 0,41 7,02
Qp > 3f 0,18 – 2,20 1,30 0,18 – – – 0,68 1,46 0,77 1,56 0,96 0,79 0,88 – 0,49
Qfrm – – – – – – – – 0,33 – – 0,17 – – – – –
Qfrg – 0,18 – – – – – – – – – – – – – – –
Qfrs – – – – – – – – – – – – – 1,58 3,54 2,65 0,42
Cq – – 7,49 6,51 – – 0,20 0,22 – – 0,34 – – 2,77 3,10 3,88 1,05
Ks 1,79 0,74 0,44 0,19 0,36 0,36 – – – – 0,11 – – 0,40 – – 0,28
Kfi – – – – – – – – – – – – – – – – –
Ck – – 0,44 0,74 – – – – – 0,10 – – – – – 0,41 0,63
Ps 1,97 0,37 – 0,19 – – 0,12 – 0,18 0,22 0,25 0,14 0,12 0,40 – 0,82 0,42
Pfi – – – – – – – – – – – – – – – – –
Cp – – – – – – – – 0,10 0,12 0,13 – – – – 0,61 0,28
Ch – – – 0,74 – – 1,23 1,30 0,27 0,88 0,77 0,85 0,36 – – – 0,56
Lm – – – 0,37 – – 0,10 – – – – – – – – – 0,21
Ms 0,54 – – 0,37 0,18 – 0,24 0,47 0,82 0,44 0,13 0,28 0,36 – – – 0,35
HM 5,01 1,85 – 3,35 0,36 2,18 0,24 0,24 0,27 0,44 0,13 0,28 0,36 – – 0,41 1,26

CE Mi – – 1,32 – – – 0,49 0,47 4,22 1,14 1,90 1,65 0,12 1,19 – – –
Sc – – 0,88 2,23 – – 0,11 – 0,23 0,12 – 0,15 – 2,77 3,10 – 0,77
Sd – – – 1,30 – – – – 1,02 – – – – – – – 0,49
Fo – – 7,05 0,74 – – – – 0,16 0,06 0,28 0,05 – 3,56 0,44 – 0,20
Css – – – – – – – – – – – – – 1,58 2,21 – –

NCI Ph – – – – – – – – – – – – – 0,40 0,44 – –
Gl 3,22 1,29 1,76 8,18 1,98 1,45 0,97 3,78 8,32 0,73 1,42 3,27 0,96 1,58 1,33 1,02 2,81
OM 0,58 0,14 4,85 6,88 0,20 0,04 1,09 1,06 2,18 0,73 0,39 0,71 1,68 3,16 2,21 5,10 2,67

CI In – – 2,22 0,93 – – – 0,15 0,98 – 0,13 0,13 – 1,19 1,33 – 0,14
Bi – – 12,33 4,09 – – 0,24 0,32 5,02 – 0,90 0,72 0,36 18,97 28,76 51,02 0,42

Cm Cm1 2,98 0,88 11,01 10,78 2,96 1,82 7,22 10,86 2,42 6,70 11,71 3,98 26,17 19,76 19,47 5,10 2,46
Cm2 1,77 0,46 – 3,72 0,38 0,87 0,45 – 0,14 1,04 – – – 0,79 1,33 – 0,35
Cm3 – 0,92 – 0,56 1,08 0,55 – – – – – – – – – – –
Cm4 – – 9,69 10,22 – – 0,53 – 0,30 – – – – 4,35 0,88 2,45 –

Ma 0,54 0,55 24,23 0,93 0,18 – 0,84 1,89 20,73 1,17 1,80 2,41 0,48 9,49 2,21 18,37 1,33
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

MFB INTRARIF

External units Internal units

Log 1 Log 2 Log 3 Log 4 Log 6

DZ1/23 DZ2/23 DZ8/23 SE24/23 SE24/25 SE24/28 25/13 27/13 28/13 33/13 36/13 40/13 44/13 CA7/23 CA10/23 57/15 58/15

NCE 96,05 98,67 24,67 53,72 99,61 98,50 96.81 93.45 69.46 96.88 94.03 92.84 95.75 24,67 36,73 16,94 88,62
CE – – 9,25 4,28 – – 0.66 0.54 7.71 1.48 2.59 1.98 0.16 9,25 5,75 0,00 1,54
NCI 3,95 1,33 16,30 25,28 2,09 1,50 2.27 5.58 14.37 1.64 2.16 4.27 3.59 16,30 5,75 8,57 5,48
CI – – 49,78 16,73 – – 0.26 0.43 8.46 0.00 1.22 0.91 0.50 49,78 51,77 74,49 4,35

100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
Q 95,65 98,82 – 86,99 99,61 99,61 99,05 99,42 87,58 97,97 96,82 97,73 99,66 – – – 95,06
F 4,35 1,18 – 2,23 0,39 0,39 0,14 – 0,48 0,51 0,48 0,16 0,17 – – – 1,83
L* – – – 10,78 – – 0,68 0,58 11,93 1,52 2,70 2,10 0,17 – – – 3,11

100,00 100,00 – 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 – – – 100,00
Qm 95,04 98,82 54,44 61,68 99,22 96,61 96,13 94,99 91,62 96,05 91,45 89,91 92,93 68,81 70,27 47,37 87,98
F 4,34 1,18 2,22 1,63 0,39 0,38 0,14 – 0,58 0,51 0,50 0,17 0,18 1,83 – 5,92 1,70
Lt 0,62 – 43,33 36,68 0,39 – 3,73 5,01 7,80 3,44 8,05 9,92 6,89 29,36 29,73 46,71 10,32

100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
Qmr 54,71 51,56 64,86 62,81 50,02 49,66 46,40 39,23 42,78 41,67 38,80 35,39 43,35 53,03 55,38 77,50 38,17
Qmo 42,90 39,48 10,81 20,60 39,39 40,34 51,35 57,32 49,88 55,89 54,03 55,57 50,23 30,30 29,23 17,50 52,59
Qp 2,39 8,96 24,32 16,58 10,59 10,00 2,25 3,45 7,34 2,44 7,17 9,04 6,42 16,67 15,38 5,00 9,25

100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

Results of the modal points count of the studied arenites using the Gazzi–Dickinson method. Abbreviations used for parameters of the modal analysis: NCE, non‑carbonate extrabasinal
clasts;Qmr, monocrystalline quartzwith lowundulosity <5°;Qmo, monocrystalline quartzwith high undulosity>5°;Qp2–3, polycrystalline quartz: 2–3 subgrains;Qp>3c, polycrystalline
quartz: >3 subgrains; >0,062 μm; Qp> 3f, polycrystalline quartz: >3 subgrains; 0,030–0,062 μm;Qfrm, quartz in low/medium-grademetamorphic rock fragment;Qfrg, quartz in granite/
gneiss rock fragment; Qfrs, quartz in sedimentary rock fragment; Cq, quartz grain replaced/corroded by carbonates; Ks, K-feldspar; Kfi, K-feldspar grain replaced by clay minerals; Ps,
plagioclase; Pfi, plagioclase grain replaced by clay minerals; Ch, chert: >3 subgrains<0.030 μm; Lm, fine-grained sedimentary fragments; Ms, mica group minerals: mainly muscovite;
Mfrm, mica in metamorphic rock fragment; HM, heavy minerals: mainly zircon; CE, carbonate extrabasinal clasts;Ml, micritic limestone fragments; Sc, sparite limestone fragments; Sd,
dolosparite fragments; Fo, fossils; Css, carbonate cement in sandstone fragment; NCI, non‑carbonate intrabasinal clasts; Gl, glauconite grains; OM, opaque minerals; Ph, phosphate min-
erals; C, clayey clast; CI, carbonate intrabasinal clasts; In, micritic clasts; Bi, bioclasts; Cm, cements; Cm1, carbonate cement; Cm2, quartz and/or feldspar syntaxial cement; Cm3, kaolinite
and/or illite clay cement; Cm4, ferruginous cement; Ma, matrix; Q, total quartz; F, total feldspars; L*, fine-grained rock fragments, including carbonate clasts.
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Petrological results.

INTRARIF MESORIF PRERIF

External units Internal units Internal units External units

Log 7 Log 9 Log 11 Log 12 Log 13 Log 14

80/15 84/15 87/15 BB3/18 BB4/18 BB5/18 BB7/18 BB9/18 AA22/18 AA23/18 AA24/18 47/15 52/15 E2/16 E3/16 E5/16 E7/16 55/15 D4/16 D5/16

9,44 5,69 18,61 17,09 15,46 13,09 10,36 6,09 29,41 28,40 8,38 26,12 30,21 15,55 16,72 26,04 25,09 31,59 5,63 19,96
2,78 2,51 13,40 11,18 10,31 8,99 3,36 2,68 10,68 10,53 2,88 9,70 11,78 10,37 10,84 9,17 9,09 12,33 2,14 4,21
0,28 – 1,24 0,64 0,44 0,26 0,56 – 0,96 0,83 – 0,93 0,91 0,81 0,58 0,71 1,09 -1,08 0,54 0,11
1,94 0,91 0,74 – – – 1,68 1,12 5,76 5,33 1,05 7,84 5,29 4,49 5,07 7,94 8,55 4,62 – 2,88
1,94 0,46 3,72 8,63 6,63 5,13 1,40 0,67 0,36 0,83 0,52 0,19 – 0,23 0,46 0,35 0,18 – – –
– – – – 0,74 0,64 – – – – – – – – – 0,35 0,18 – – –
– – 1,24 0,32 – – – – – 0,59 – – 0,45 0,35 1,04 0,35 0,36 0,46 – –
6,67 9,34 2,98 2,24 1,91 1,67 6,16 8,95 0,96 1,07 8,90 0,37 – – – 0,53 0,55 – 2,41 0,55
– 0,68 – 6,23 5,60 4,88 – 0,67 4,68 4,85 1,31 2,80 4,83 2,88 3,23 3,17 2,55 4,62 1,88 2,22
– 0,91 0,99 0,16 0,15 0,13 – 1,12 0,24 0,47 0,79 0,19 0,45 0,92 0,69 0,53 – 0,77 – 0,44
2,50 0,68 0,74 0,16 – – 1,68 0,89 – – 0,79 – – – – – – – – –
– – – – – – 0,56 – 0,84 0,59 – 0,56 0,76 0,58 0,46 0,35 0,55 0,77 – 0,22
0,56 – 0,50 0,80 0,88 0,90 0,56 – 0,72 0,83 – 1,12 0,60 0,81 0,69 0,71 0,55 0,77 – 0,33
0,56 – – 0,32 0,29 0,26 0,56 – – – – – – – – – – – – –
– – – – 0,15 – – – 0,96 0,83 – 0,75 0,60 0,35 0,23 0,53 0,55 0,62 – –
0,83 0,46 – 1,12 0,88 0,64 0,56 0,67 0,96 1,07 0,79 1,31 0,60 0,35 0,81 1,41 1,64 1,08 – 0,33
0,28 2,51 – 0,32 2,95 4,11 0,56 2,24 – – 2,36 0,19 – 0,23 0,46 0,18 0,18 0,15 – –
– 0,68 0,50 – – – – 0,45 0,84 0,59 0,79 – – – – – – – – –
0,28 0,46 0,50 0,64 0,29 0,13 0,28 0,67 0,36 0,47 1,05 0,75 0,30 1,38 1,15 1,06 1,45 0,62 0,54 2,00
11,11 15,95 14,89 18,37 18,85 18,61 11,76 14,54 7,44 6,98 10,99 13,62 6,80 3,46 3,92 13,23 12,73 6,16 1,34 11,64
16,39 10,48 12,41 11,02 10,90 13,22 14,57 10,74 3,84 4,38 9,16 5,04 5,14 14,98 14,07 4,41 4,36 4,16 0,54 21,62
– – – – – – 0,56 – 4,56 4,14 – 0,56 0,30 1,50 1,15 0,53 0,55 0,46 – 1,33
– – 9,93 – – – – – 6,48 6,51 – 6,53 6,34 12,67 11,65 6,70 5,82 5,39 – 5,88
– – – – – – – – – – – – – – – – – – – 0,44
0,28 – 0,24 – – – – – – – – – – – – – – – –
4,17 2,96 2,24 0,48 0,74 0,67 4,76 3,36 1,56 1,78 4,19 0,56 1,21 – – 1,06 0,91 1,69 0,80 –
1,94 0,91 0,74 1,92 1,77 1,54 1,68 1,12 2,88 2,96 1,31 2,61 0,91 4,49 3,81 3,17 2,18 1,23 0,54 5,88
2,22 0,68 – 0,13 – – 1,68 0,89 0,96 0,83 1,05 1,68 0,76 2,07 1,73 1,41 1,64 1,08 – 1,66
27,78 34,17 6,45 8,79 13,25 18,61 26,61 33,11 – – 31,94 – – – – – 53,62 0,22
5,83 7,52 6,70 6,39 5,89 5,13 6,44 7,16 9,00 9,23 8,12 12,50 11,93 11,52 9,80 11,46 12,73 10,32 26,81 11,64
– – – – – – 1,12 0,22 1,68 1,54 1,05 3,17 1,66 4,95 5,54 4,23 4,73 2,31 – –
– – – – – – – 0,45 – – – – 2,72 3,11 3,46 – – 2,31 – –
– – – – – – – – 2,64 2,96 – – 4,53 1,38 1,38 – – 4,62 1,61 5,99
2,22 2,05 1,24 1,76 1,47 1,28 2,52 2,24 1,20 1,42 2,62 0,93 0,91 0,58 1,04 1,41 1,82 0,77 1,61 0,44
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

INTRARIF MESORIF PRERIF

External units Internal units Internal units External units

Log 7 Log 9 Log 11 Log 12 Log 13 Log 14

80/15 84/15 87/15 BB3/18 BB4/18 BB5/18 BB7/18 BB9/18 AA22/18 AA23/18 AA24/18 47/15 52/15 E2/16 E3/16 E5/16 E7/16 55/15 D4/16 D5/16

28,06 25,28 45,16 50,00 46,69 40,82 29,41 26,85 59,42 58,82 30,63 55,97 61,18 47,35 51,44 56,61 57,27 64,10 13,14 33,26
27,50 26,42 37,22 30,51 30,19 31,84 26,89 25,28 22,33 22,01 20,16 25,75 18,58 32,60 30,80 24,87 23,45 16,18 1,88 40,91
6,39 3,87 3,23 2,40 2,50 2,31 6,44 4,47 7,08 7,69 5,50 3,17 6,65 5,88 5,19 4,23 3,09 7,55 2,95 11,86
38,06 44,42 14,39 17,09 20,62 25,03 37,25 43,40 11,16 11,48 43,72 15,11 13,60 14,17 12,57 15,29 16,18 12,17 82,04 13,97
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
43,46 40,76 51,21 59,18 50,19 50,75 31,63 22,03 65,75 64,90 29,03 61,15 70,62 48,69 51,30 60,88 62,44 72,28 – 40,70
4,71 4,27 3,33 2,86 1.92 2,63 6,12 1,76 3,50 3,48 1,61 3,36 3,22 3,76 2,88 2,55 2,20 3,90 – 1,38
51,83 54,97 45,46 37,96 47.88 46,62 62,24 76,21 30,75 31,62 69,35 35,49 26,16 47,55 45,92 36,57 35,37 23,82 – 57,91
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 – 100,00
47,50 48,28 71,01 60,20 58,79 57,36 50,32 47.28 75,61 73,52 50,00 78,29 80,64 71,36 72,87 76,14 79,82 78,37 69,12 72,39
8,13 4,02 4,35 2,30 2,51 2,49 7,64 4,89 3,98 3,88 3,49 4,28 3,64 5,49 4,04 3,41 2,75 4,19 0,00 2,41
44,38 47,70 24,64 37,50 38,69 40,15 42,04 47,83 20,42 22,60 46,51 17,43 15,72 23,15 23,09 20,45 17,43 17,44 30,88 25,20
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
57,63 59,52 46,90 45,53 47,09 47,66 59,68 57,45 62,34 61,86 65,31 58,33 62,70 49,45 49,66 57,96 57,02 63,66 67,74 73,47
16,95 26,19 37,24 29,79 31,39 32,71 19,35 25,53 22,65 22,94 22,45 21,67 24,45 32,97 32,19 21,22 20,66 24,84 25,81 15,51
25,42 14,29 15,86 24,68 21,52 19,63 20,97 17,02 15,01 15,21 12,24 20,00 12,85 17,58 18,15 20,82 22,31 11,49 6,45 11,02
100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00
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Table 3
Mineralogical results.

Log Age Sample Lithology Whole rock <2 μm grain-size fraction (S + K):I Qtz(100): Sme(003): Ill(002):

Qtz Phy Cal Dol Kfs Pl Cpt Sme Ill I-S Kln Chl Pal Qtz(101) Sme(002) Ill(001)

2 Aquitanian SE27/23 Silts 10 69 20 tr tr 5 39 16 32 8 0.94 0.29 1.17 0.31
Aquitanian SE25/23 Silts 9 59 27 <5 tr tr <5 43 19 28 7 0.70 0.25 0.83 0.28

3 Burdigalian H4 Silts 22 50 18 8 tr tr tr 70 11 16 tr tr 0.24 0.24 1.06 0.34
Aquitanian H3 Silts 19 48 30 <5 tr <5 73 8 17 tr 0.26 0.24 1.03 0.51
Aquitanian H2 Silts 23 69 5 tr <5 25 9 60 6 3.44 0.22 1.02 0.59

4 Tortonian CA8/23 Silts 10 70 19 tr <5 34 22 37 <5 1.19 0.28 0.83 0.42
Serravallian CA6/23 Silts 7 37 55 tr 6 31 27 34 <5 1.28 0.26 0.95 0.42

8 Langhian 119/15 Marls 18 53 23 <5 <5 tr <5 78 10 9 0.15 0.23 0.98 0.34
Langhian 118/15 Marls 24 37 36 tr <5 6 76 11 7 0.17 0.26 0.95 0.33
Langhian 117/15 Marls 15 35 47 <5 <5 78 9 11 0.17 0.33 0.86 0.36
Burdigalian 116/15 Marls 30 47 22 tr tr 81 10 8 0.11 0.22 0.91 0.33
Burdigalian 115/15 Marls 10 44 44 <5 5 83 7 5 0.12 0.28 0.92 0.39

11 Burdigalian 34/19 Marls 14 69 <5 10 <5 5 26 26 43 1.85 0.28 0.84 0.56
Burdigalian 33/19 Marls 14 63 13 <5 7 tr <5 51 14 29 <5 <5 0.61 0.26 1.52 0.41
Burdigalian 32/19 Marls 13 74 11 tr tr <5 43 21 30 <5 0.77 0.25 1.47 0.42
Burdigalian 31/19 Marls 10 58 29 <5 tr tr 58 17 16 8 0.29 0.27 1.56 0.48
Burdigalian 30/19 Marls 14 67 10 <5 tr 5 tr tr 64 14 12 6 <5 0.20 0.26 1.46 0.39
Aquitanian 29/19 Marls 12 59 21 tr 5 <5 <5 53 17 13 14 tr 0.28 0.26 1.32 0.31
Aquitanian 28/19 Marls 16 67 14 <5 <5 61 17 19 tr 0.34 0.26 1.31 0.36
Aquitanian 27/19 Marls 12 61 24 tr <5 tr <5 62 19 14 tr 0.29 0.26 1.19 0.35

13 Langhian SM20/23 Marls 10 59 28 <5 tr 9 48 27 16 0.52 0.29 0.81 0.51
Langhian SM19/23 Marls 10 55 27 <5 tr <5 tr 5 56 23 15 tr 0.36 0.23 1.07 0.36
Burdigalian SM18/23 Marls 8 49 42 tr <5 75 14 8 tr 0.13 0.28 0.94 0.39
Burdigalian SM17/23 Marls 6 57 31 <5 tr <5 <5 45 15 37 tr 0.89 0.21 1.16 0.36
Burdigalian SM16/23 Marls 7 89 tr <5 tr 7 29 22 42 1.69 0.26 1.05 0.36
Aquitanian SM14/23 Silts 9 83 5 tr <5 5 11 18 66 6.45 0.27 1.11 0.39
Aquitanian SM12/23 Silts 11 74 10 tr <5 <5 7 13 21 56 <5 4.85 0.28 0.95 0.36
Aquitanian SM11/23 Silts 10 74 12 <5 tr tr 6 19 20 53 <5 3.11 0.24 1.09 0.35

14 Tortonian TA3/23 Marls <5 20 75 <5 tr <5 35 40 8 13 0.11 0.24 0.82 0.29
Tortonian TA2/23 Marls <5 14 84 <5 51 41 tr 5 0.04 0.29 0.89 0.44
Tortonian TA1/23 Silts 5 20 68 5 <5 <5 49 35 <5 5 7 0.08 0.29 0.92 0.40

Averagewhole-rock and<2 μmgrain-size fractionmineralogy (inwt%) of samples from Log2 (Seguedla) in theNumidian Unit (ExternalMaghrebian Flysch Basin), Log 3 (Saf Haman) and
Log 4 (Charf El Akab) in the Tangier Unit (Internal Intrarif Subzone), Log 8 (Douar Ahel Chane) in the Ouezzane Unit (External Intrarif Subzone), Log 11 (Fej El Hanout) in the Zoumi Unit
(Internal Mesorif Subzone), Log 13 (Sidi M'rait) in the Larache Unit (Internal Prerif Subzone), and Log 14 (Talaghaza) in the Ridges Unit (External Prerif Subzone). tr, traces; Qtz, quartz;
Phy, phyllosilicates; Cte, calcite; Dol, dolomite; Kfs, K-feldspar; Pl, plagioclase; Cpt, clinoptilolite; Sme, smectite; Ill, illite; I–S, randommixed layer illite-smectite; Kln, kaolinite; Chl, chlorite;
Pal, palygoskite; dimensionless (smectite+kaolinite):illite ((S + K):I) ratio; and intensities ratio of the Qtz(001):Qtz(101) peak areas of quartz, Sme(003):Sme(002) peak areas of smectite
under ethylene glycol solvation, and Ill(002):Ill(001) peak areas of illite.

Fig. 7.Mineralogy ofmudstones from (Fig. 2)with indication of the studied sections and location of the samples: Log 2 (Seguedla) in the Numidian Unit (ExternalMFB), Log 3 (Saf Haman)
and Log 4 (Charf El Akab) in the Tanger Unit (Internal Intrarif Subdomain), Log 8 (Douar Ahel Chane) in the Ouezzane Unit (External Intrarif Subdomain), Log 11 (Fej El Hanout) in the
Zoumi Unit (Internal Mesorif Subdomain), Log 13 (Sidi M'rait) in the Larache Unit (Internal Prerif Subdomain), and Log 14 (Talaghaza) in the Ridges Unit (External Prerif Subdomain).
The results for the whole rock and the <2 μm grain-size (clay) fraction are expressed in wt%. It has also displayed the dimensionless (smectite+kaolinite):illite ((S + K):I) ratio; the rec-
ognized clay-mineral associations (CMA) as mixtures from Upper Jurassic to Paleogene clay mineral assemblages as (1) Upper Jurassic and Lower Cretaceous [Ill+Kln ± (I–S) + Sme],
(2) Albian to Paleogene [Ill+(I–S) ± Kln + Sme], (3) Upper Cretaceous [Sme + (I–S) ± Ill+Kln], and (4) Upper Cretaceous to Paleogene [Ill+(I–S) ± Sme + Kln]; 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. Qtz—quartz, Phy—phyllosilicates, Cte—calcite, Dol—dolomite, Kfs—K-feldspar, Pl—plagioclase, Sme—smectite, Ill—illite, I-S—random mixed layer illite-smectite,
Kln—kaolinite, Chl—chlorite, Pal—palygoskite, sec—secondary quartz, aut—authigenic quartz, dioc—dioctahedral smectite, trioc—trioctahedral smectite, mat—mature illite, and
inh—inherited illite (Supplementary Material A5).
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Fig. 8. Miocene stratigraphic framework of the western External Rif Zone, showing stratigraphic units, unconformities, and depositional vs erosional gaps.
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6.2. Unconformities implications on synsedimentary tectonics

As presented above, the studied stratigraphic record is characterized
from unconformities of different origin. Some of them seem to match
with regional deformation phases affecting the western Tethys, which
are widely mentioned in the literature (Martín-Algarra, 1987; Maaté,
1996; Khomsi et al., 2006, 2009; Michard et al., 2002; Chalouan et al.,
2008; Guerrera and Martín-Martín, 2014; Guerrera et al., 2021). Thus,
the unconformity across the Oligocene/Miocene boundary corresponds
with a local tectonic phasementioned in literature and related to aflexural
deformation of the Atlas front as a forebulge of the foreland basin system
(Khomsi et al., 2006, 2009). The unconformity near the Lower–Middle
Miocene boundary is coincidentwith the end of structuring of the Internal
Rif Zones, the closure of the MFB and the extrusion of the Flysch nappes
(Martín-Algarra, 1987; Maaté, 1996; Michard et al., 2002; Chalouan
et al., 2008; Guerrera and Martín-Martín, 2014; Guerrera et al., 2021).
Finally, the younger unconformity is contemporary with the propagation
southward of the tectonic nappes in the ERZ (Michard et al., 2002;
Chalouan et al., 2008; Abbassi et al., 2020). The good agreement of uncon-
formity with well-known tectonic phases in the areas reinforces the
idea of a probably contemporary synsedimentary tectonics. All these
tectonic events affecting the Miocene successions (Michard et al.,
2002; Chalouan et al., 2008; Guerrera and Martín-Martín, 2014) can
refer to the neo-alpine or Maghrebian phase (Guerrera et al., 2021). This
phase is regionally linked to the closure of the southern branch of
the western Tethys (MFB; Michard et al., 2002; Chalouan et al., 2008;
Guerrera andMartín-Martín, 2014), whichwould originate theMaghreb-
ian Chain (Rif, Tell and Calabria-Peloritani Arc), aswell asmost of the Betic
Cordillera.

6.3. Petrographical evidence

Modal analyses of samples corresponding to the External MFB indi-
cate middle- to high-grade metamorphic source, while the Internal
Intrarif indicate low metamorphic source areas for the extrabasinal
quartz grains (Dickinson et al., 1983; Dickinson, 1985) (Fig. 10). Both
MFB and Internal Intrarif samples plot into the “Craton interior”, and
minorly in the “transitional recycled orogen” tectonic setting evidencing
a main supply from a craton under erosion (Dickinson et al., 1983;
Dickinson, 1985). Both source area and tectonic setting are coincident
with the hybrid arenites and sandstones (extrarenites) in the External
Intrarif and derived from the erosion of a “transitional recycled” setting
(Dickinson et al., 1983; Dickinson, 1985) indicating sediments derived
13
from collisional orogens (Fig. 10). In the rest ERZ (Mesorif and Prerif)
modal analyses of sandstone samples, both extrarenites and hybrid
arenites, indicate middle to upper rank metamorphic source areas
(sedimentation during tectonic rising) for the extrabasinal quartz
grains (Basu et al., 1975; Tortosa et al., 1991) (Fig. 10) falling into
the “quartzose recycled orogen” tectonic setting (Dickinson et al.,
1983; Dickinson, 1985). The intrabasinal grains must be derived from
erosion of the local limestone substrate and areas with active benthic
carbonate production. Locally, where hybrid arenites dominate
(External Prerif), both coeval and non-coeval carbonate sedimentary
sources must be more important. In both Mesorif and Prerif Subzones,
in contrast to the Internal Intrarif the presence of features of recycling
processes, such as the existence of second-cycle or recycled quartz
grains and the relative abundance of sedimentary rock fragments
suggests an origin related to the erosion of older siliciclastic and car-
bonate formations (Zuffa, 1987; Critelli et al., 2003; Garzanti, 2017;
Critelli, 2018). The abundance of monocrystalline quartz (with evi-
dence of recycling), the scarce presence of unstable minerals (feld-
spars, micas), and the presence of ultra-stable heavy minerals
(zircon) also point to a multicycle origin derived very probably from
the African Craton and the Variscan Atlas Chain in tune with paleogeo-
graphic position of the basins. Several repeated erosion-sedimentation
cycles are also inferred for the terrigenous petrofacies (represented by
mature quartzarenites and sublitharenites) in the MFB and Internal
Intrarif.

6.4. Mineralogical evidence

The clay mineral associations recognized in the Aquitanian to
Tortonian lithofacies (Fig. 7) are analogous to those reported in
other detrital aluminic-magnesic-rich Miocene marine sediments
of the western Tethys (Biscaye, 1965; Chamley, 1989; Chamley
et al., 1986; Pletsch, 1997; Alcalá et al., 2001, 2013a, 2013b; Maaté
et al., 2017; Abdelmalek et al., 2017; Martín-Martín et al., 2018).
They are considered mixtures of clay mineral assemblages supplied
from well documented External Rifian Jurassic to Paleogene suites
(Pletsch et al., 1996; Pletsch, 1997; El Ouahabi et al., 2014; Faleh
and Sadiki, 2002; Maaté et al., 2017; Martín-Martín et al., 2022a,
2023), that vary from bottom to top of the successions and among
them, allowing deductions of the source areas evolution and syn-
sedimentary tectonic episodes overprinting the predominant inherited
mineralogy. Regarding the source areas evolution, in the Internal
Intrarif (Tangier Unit) the Aquitanian and lower Tortonian clay mineral



Fig. 9. Sedimentary and tectonic structures supporting synsedimentary tectonics. (A) Langhian turbidite (Log 8, Douar Ahel Chane). (B) Aquitanian turbidite with synsedimentary small
faults (Log 3, Saf Haman). (C) Aquitanian slump (Log 6, Aïn Kob). (D) Langhian slump (Log 8, Douar Ahel Chane). (E) Burdigalianmassflow (Log 8,Douar Ahel Chane). (F) Burdigalianmass
flow (Log 9, Oulad Ktir).
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associations (Fig. 7) identify amain sediment supply of illite-rich Upper
Cretaceous and Paleogene suites. In the External Intrarif (Ouezzane
Unit) supply during Burdigalian and Langhian (Fig. 7) mostly comes
from kaolinite-rich Albian–Cenomanian and smectite-rich Upper
Cretaceous suites (Fig. 11). In the Mesorif (Zoumi Unit) sources areas
during Aquitanian and Burdigalian are similar to that proposed in the
External Intrarif but acting in different times (Fig. 11), while the
14
presence of chlorite identifies additional supply of Upper Jurassic and
Lower Cretaceous rocks (Azdimousa et al., 2003; El Ouahabi et al.,
2014). In the Internal Prerif (Larache Unit) the Aquitanian to Langhian
clay mineral associations (Fig. 7) suggest mixtures of Albian–
Cenomanian and Paleogene suites (Fig. 11). In the External Prerif
(Ridges Unit) the Tortonian clay mineral association (Fig. 7) identifies
supply of Albian–Cenomanian suites with some additional supply of



Fig. 10. Sandstones provenance diagrams. (A)Qmr/Qmo/Qp ternary diagram (Basu et al., 1975; Tortosa et al., 1991); Qmr—monocrystalline quartz, undulosity <5°; Qmo—monocrystalline
quartz, undulosity >5°; Qp—polycrystalline quartz; (B) Qm/F/Lt ternary provenance discrimination diagram (Dickinson et al., 1983); Qm—monocrystalline quartz; F—plagioclase and K-
feldspars; FLt—lithic fragments including carbonate extrabasinal clasts (CE); (C) classification, source origin andmetamorphic rank of the quartz grains of the studied samples according to
their respective sub-domains.
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Upper Jurassic and Lower Cretaceous rocks. In the ExternalMFB the Aq-
uitanian clay mineral association (Fig. 7) indicates a predominant sup-
ply from Paleogene suites (Fig. 11). In terms of proximality–distality
for source areas and evidence of syn-sedimentary tectonic overprinting
the inherited mineralogy, the Intrarif and Prerif seem to be the
distalmost areas during Aquitanian (higher (S + K):I ratios; Fig. 7). It
is in good agreement with the existence of an oceanic branch in the Ex-
ternal Intrarif–Mesorif boundary area (Benzaggagh et al.,
2013; Benzaggagh, 2016; Michard et al., 2014, 2018). During early
Burdigalian, distality decreases (lower (S + K):I ratios; Fig. 7) in the
whole area. In the Intrarif and Mesorif, the increasing terrigenous sup-
ply indicates a tectonic reactivation of reliefs with distalmost areas in
15
the Intrarif. During Langhian, distality increases in all the subdomains,
especially in the Mesorif (Fig. 7). During late Serravallian–early
Tortonian, distality increases in the Internal Intrarif and decreases
during middle–late Tortonian in the External Prerif. Additionally, the
Ill(002):Ill(001) ratios ≥0.40 and the lower abundance of smectite
(Fig. 7) could suggest some weak burial diagenesis associated to
second-order syn-sedimentary tectonic events (Nieto et al., 1996;
Lanson et al., 2009; Moiroud et al., 2012). The more evident ones are
observed during Aquitanian in the Internal Intrarif, Burdigalian in
the Mesorif, Langhian in the Internal Prerif, late Serravallian–early
Tortonian in the Internal Intrarif, and middle Tortonian in the External
Prerif. This source-area history suggests a complex erosional evolution



Fig. 11. Ternary plots showing the whole-rock and clay-fraction mineralogical associations of studied mudstones from Log 2 (Seguedla) in the Numidian Unit (External MFB), Log 3
(Saf Haman) and Log 4 (Charf El Akab) in the Tanger Unit (Internal Intrarif Subdomain), Log 8 (Douar Ahel Chane) in the Ouezzane Unit (External Intrarif Subdomain), Log 11 (Fej El
Hanout) in the Zoumi Unit (Mesorif Subdomain), Log 13 (Sidi M'rait) in the Larache Unit (Internal Prerif Subdomain), and Log 14 (Talaghaza) in the Ridges Unit (External Prerif
Subdomain). Data are clustered by ages of sequences in each log as (A) Aquitanian, (B) Burdigalian, (C) Langhian, and (D) Serravallian–Tortonian. Location of samples and sample
label displayed over data points as in Fig. 2. The clay-mineral association (CMA) fields documented in the literature for Upper Jurassic and Lower Cretaceous, Albian–Cenomanian,
Upper Cretaceous, and Paleogene External Rifian formations are indicated to infer the source areas evolution. Qtz—quartz; Phy—phyllosilicates; Cte—calcite; Dol—dolomite; Kfs—K-feldspar;
Pl—plagioclase; Sme—smectite; Ill—illite; I–S—random mixed layer illite-smectite; Kln—kaolinite. In plots (B) and (C), arrows show the evolution of the mineral association of the plotted
succession in relation to the previous plotted succession (Supplementary Material A5).
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in the whole area. The absence of a clear unroofing trend very probably
determines supplies resulting from the above discussed mixing of
deposits from different rocks and ages.

6.5. Thickness analysis and proposition of the depozones

Although no corrections aremade for sediment compaction, nor typ-
ical parameters-values nor subsidence curves have been used, an anal-
ysis of thicknesses of measured sections has been performed. This
approach allows a realistic scalable comparison among different sectors
with the hypothetical reconstruction of themain depozones of themar-
gin (De Celles and Giles, 1996: subsiding and rising areas as bulges) and
the possible basement tectonicmotions in thewestern ERZ (Fig. 12). For
16
these considerations, the External MFB stratigraphic sections (Logs 1
and 2) were understood as minimum thicknesses since tectonically
laminated (Abbassi et al., 2021, 2022). This evaluation was carried out
for the entireMiocene succession and also separately for the Burdigalian
(which in our opinion is the best represented, less affected by the period
of tectonic lamination and/or erosion throughout the area), Langhian,
and Upper Miocene.

6.5.1. Paleogene thicknesses (Martín-Martín et al., 2023)
During the Paleocene–Eocene, the depocenter (foredeep area) was

located in the Mesorif-Internal Prerif area, while the forebulge should
be located in the External Prerif (Ridges Unit). During the Oligocene, a
homogenization of thicknesses took place in the whole basin.



Fig. 12. Thicknesses analyses of the External Rif Zone. (A) Miocene thicknesses. (B) Burdigalian thicknesses. (C) Langhian thicknesses. (D) Upper Miocene thicknesses.
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6.5.2. Total Miocene thicknesses
After the Oligocene homogenization of thickness, the Miocene

shows again diversification of depocenters (Fig. 12A). The higher thick-
nesses (>3000m:main foredeep) aremeasured in the “Prerifian Ridge”
Unit (Log 14), followed by the Mesorif (>1000 m in the Zoumi Unit:
Log 11). Other areas with high thicknesses are the External Intrarif
(∼750 m in the Ouezzane Unit: Log 8) and the Internal Prerif (>500 m
in the Larache Unit: Log 13).

6.5.3. Burdigalian thicknesses (Fig. 12B)
The thicknesses of the ExternalMFB (Logs 1 and 2) are very probably

underestimated for tectonic lamination but we can suppose a very high
thickness related to a deep basin realm (Abbassi et al., 2021, 2022).
Therefore, the greatest measured thicknesses in the North-African
Margin are located in the Mesorifian Zoumi Unit (∼750 m in Log 11
and ∼500 m in Log 10) which can be considered as a foredeep (Ben
Yaich et al., 1989). A similar thickness (300–400 m) is found in
Larache Unit (Internal Prerif), Ouezzane Unit (External Intrarif) and
Tangier Unit (Internal Intrarif). In this period, the rising areas
(forebulges) were located in the Loukkos Unit (Internal Intrarif), ex-
ternal most part of the Ouezzane Unit (External Intrarif) and
“Prerifian Ridge” Unit (External Prerif). Since the Burdigalian sedi-
mentation (with variant thicknesses) is recorded in all logs from
Ouezzane to Larache units (from External Intrarif to Internal Prerif),
the entire area should be considered as a foredeep complex with
minor internal bulges probably related to fault-propagation folds
(blind thrusts) (Zakir et al., 2004). In this case, the main foredeep
area would be located in the Mesorif (Zoumi Unit, Log 11). The re-
corded sedimentation in the Tangier and Loukkos Units (Internal
Prerif) – disconnected from the complex foredeep – could be consid-
ered as a wedge-top area related to the orogenic front which should
be located in the Loukkos and Ouezzane Units boundary (the
Internal–External Intrarif boundary). In this context, the Prerifian
“Prerifian Ridge” Unit without sedimentation in this period could be
considered as a forebulge due also probably to a fault-propagation
fold system.

6.5.4. Middle and Upper Miocene thicknesses
The sedimentation during this period is much lesser and discon-

tinuous in time and space along the North-African Margin
(Fig. 12A). Moreover, in many cases, the top of the sedimentation
corresponds with the erosive topographic surface of today
(Abbassi et al., 2020) and the results obtained here must be taken
with due caution. During the Middle Miocene, the sedimentation
is limited to the Langhian (Fig. 12C) with thicknesses of ∼500 m
(Log 8) in the Ouezzane Unit (External Intrarif) and ∼300 m (Log 12)
in the Larache Unit (Internal Prerif). During the Middle Miocene, the
foredeep probably migrated south-westward from the Mesorif to the
Internal Prerif and was limited to the Larache Unit area. The structur-
ing of the ERZ progressed and thrusts move south-westward. The
other sedimentary area in the Ouezzane Unit (External Intrarif)
probably constituted a new wedge-top area considering the new
position of the orogenic front roughly in the Mesorif. The Prerifian
Ridges Unit that remains still without sedimentation until this pe-
riod (Martín-Martín et al., 2023) would continue to act as the
forebulge due to the fault-propagation fold (Martín-Martín et al.,
2001). During the Upper Miocene, the sedimentation is reduced
to two opposite areas (Fig. 12D), with thickness ∼3000 m in the
“Prerifian Ridge” Unit (External Prerif) and ∼100 m in the Tangier
Unit (Internal Intrarif). During this phase, probably the foredeep
migrated again south-westward to the “Prerifian Ridge” Unit of
the External Prerif (former forebulge). The orogenic front would
be located in this period in the Internal–External Prerif boundary.
Sedimentation is recorded again in the Tangier Unit (Internal
Intrarif) probably in this case in postorogenic conditions as an
intramontane basin.
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7. Miocene 2D paleogeographic-paleotectonic modeling

The previously described multidisciplinary approach led to a tenta-
tive 2D evolutionarymodel (maps and cross-sections) of the ERZ during
the Miocene in its regional context. This result was achieved using
GPlates basemaps according to Müller et al. (2018, 2019) and Le
Breton et al. (2021). In Fig. 13 Europe is always considered the fixed
plate. Fig. 13A shows a general paleogeographic and paleotectonic re-
construction in the western Tethys during the late Cretaceous after a
long extensional phase (Guerrera et al., 2021). Some authors propose
a plate tectonic evolution for the areawith a unique oceanic branch cor-
responding with theMFB in a progressive deformation affecting the Pa-
leogene and Miocene subduction below a continental domain called
AlKaPeCa (Faccenna et al., 2001; Schettino and Turco, 2011; Carminati
et al., 2012; Lustrino et al., 2013; Rossetti et al., 2013; Leprêtre et al.,
2018). But, in our opinion two oceanic branches are necessaries to ex-
plain the central-western Mediterranean geology (Doglioni, 1992;
Guerrera et al., 2021; Martín-Martín et al., 2023; among others). Be-
tween theMM and the Europeanmargins (here considered the closer
South Iberian Margin) an oceanic space (corresponding with the
Nevado-Filabride–Liguride-Piemontese Units) closed with plate col-
lisions with northward vergence during the Paleogene giving rise to
the Eo-alpine system. This evolution, if took place as we believe
(Guerrera et al., 2021; cum bibl.) did not affect the North African
Margin studied in this work. Therefore, the modellization of the evo-
lution of the North African Margin is independent of the general
model preferred (MM vs AlKaPeCa). There is consensus in the idea
of the MFB oceanic branch separating the North Africa Margin and
the plate (MM) or domain (AlKaPeCa) origin of the Internal Rif
Zones (Faccenna et al., 2001; Schettino and Turco, 2011; Carminati
et al., 2012; Doglioni, 1992; Lustrino et al., 2013; Rossetti et al.,
2013; Leprêtre et al., 2018; Guerrera et al., 2021; Martín-Martín
et al., 2023; among many others). There is substantial agreement in
that the closure of this last oceanic branch and derived plate colli-
sions should give rise to the structuring of the Rif Chain and by ex-
tension to the neo-Alpine Maghrebian system: Betic, Rif-Tell and
Apennine chains (Guerrera et al., 2021). Furthermore, the North
Africa Margin recent papers supported the existence of minor lateral
basinal branches characterized by oceanic-transitional crust as in the
case of the External Intrarif area (Benzaggagh, 2016; Benzaggagh
et al., 2013). As before commented, for the ERZ all published alpine
models are substantially in good agreement considering at the be-
ginning of the latest Cretaceous the tectonic inversion from exten-
sional to compressional in the Tethyan domains (Stampfli et al.,
2002). During the Paleogene, the Eo-alpine compressional phase
(Alpine s.s.) developed creating the alpine European chains as
Pyrenees, Iberian range of the Alps (Martín-Martín et al., 2001;
Faccenna et al., 2001; Schettino and Turco, 2011; Carminati et al.,
2012; Doglioni, 1992; Lustrino et al., 2013; Rossetti et al., 2013;
Leprêtre et al., 2018; Guerrera et al., 2021). The Paleogene evolution
(marked by compressional axisW–E oriented) of the NWAfrica mar-
gin is deeply treated in a previous work to which it refers (Martín-
Martín et al., 2023).

During the Miocene convergence (Fig. 13B to D), the compressional
axis rotates from W–E to close N–S acting the External Rif Zone as a
complex foreland system (Abbassi et al., 2020). More in detail, during
the early Miocene (Fig. 13B) the opening of the Mediterranean area ac-
counted as a back-arc basin while the extension took place in the Inter-
nal Zone constituted by theMM (Guerrera et al., 2021). As a result, in the
ERZ compression, shortening and subductions of theMFB together with
the External Intrarif brach occurred (Martín-Martín et al., 2023). During
the early Miocene the main sedimentary depozones represented the
Internal Intrarif, External Intrarif and Internal Mesorif (foredeep)
while the orogenic front was located in the Internal-External Intrarif
boundary. During the middle Miocene (Fig. 13C) we assume that both
subductions are sutured and units from these domains now are floating



Fig. 13. Paleogeographic-geodynamic models based on GPlates maps after Müller et al. (2019) and Le Breton et al. (2021). (A) Paleogeographic-geodynamic map of the western-central
Mediterranean area at the late Cretaceous times; thefive sectors compared in Fig. 14 are indicated. (B) Paleogeographic-geodynamic detailedmapof the External Rif Zone area at the lower
Miocene times. (C) Paleogeographic-geodynamic detailedmap of the External Rif Zone area at themiddle Miocene times. (D) Detailed paleogeographic-geodynamic cross-sections of the
External Rif Zone area with evidenced the crustal basement, and emphasizing the stratigraphic cover units at the late Cretaceous, lower Miocene and middle Miocene.
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and unrooted extruded units. The Internal Zone becomes a back-arc ex-
tension while the ERZ followed in compression (Guerrera et al., 2021).
The convergence axis rotated to SW–NE (Abbassi et al., 2020); the oro-
genic front is now located in the Mesorif and the main depositional
areas become the External Intrarif as awedge-top basin and the Internal
Prerif as the foredeep. Finally, during the late Miocene (Fig. 13D) the
nappe structuring of the External Rif Zone was marked by SSW–NNE
convergence axis (Abbassi et al., 2020). In this last period, the orogenic
front migrates to the Prerif while the foredeep basin was located in
the Ridges area. In the Intrarif zone postorogenic intramontane basins
appeared.
19
8. Comparison with other central-western Tethyan margins

8.1. South Iberian Margin

This margin (Vera, 2004) is represented along the External Betic
Cordillera (South Spain) as part of the alpinemargin of thewesternmost
Tethys (sector 2, Fig. 13A). The Betic sector (Fig. 14) is distinguished into
two main complexes: Subbetic and Prebetic tectonically overlapping
(Fig. 14). The structuring of this margin took place progressively from
internal to external with a NW direction during the Miocene starting
in Middle Miocene in southern sectors and ending in the Late Miocene



Fig. 14.Correlation of the stratigraphic chart and basinal evolution stages of the Rif Chain (sector 1 in Fig. 13A) to the reported ones in other Tethyanmargins (sectors located in Fig. 13A) of
the same orogenic system, as South IberianMargin (sector 2 in Fig. 13A), Tunisian Tell (sector 3 in Fig. 13A), SicilianMargin (sector 4 in Fig. 13A), andAdriaticMargin (sector 5 in Fig. 13A).
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in the northern ones (Vera, 2000). During the Miocene both domains
evolved as a foreland basin (Vera, 2000; Guerrera et al., 2006, 2014)
characterized by a diversification of lithofacies within local marine
deep basins located between rising emergent areas. In lower Miocene
the deep Subbetic areas scaglia-like lithofacies deposited (Cardela
Group) with frequent olistostromes (Píñar Group) near the emergent
reliefs. On the contrary, in the Prebetic Domain, a shallow calcareous
platform developed. The middle Miocene sedimentation shows a
certain homogenization of deep marine lithofacies and siliceous marls
deposits (Tap Fm or Albarizas facies) (Vera, 2000; Guerrera et al.,
2006, 2014). The upper Miocene sedimentation is restricted to the
Guadalquivir Foreland Basin characterized by olisthostromic deposits,
but also by intramontane post-orogenic basins where calcarenites
(shallowmarine) andmarls (deepmarine) are common in the Subbetic
(Vera, 2000). More in general, the upperMiocene sedimentation shows
a regressive trendwithMessinian gypsum deposits. Nappe tectonic took
place in the Subbetic during the middle Miocene, later in the Prebetic,
during the upper Miocene (Vera, 2000). This tectono-sedimentary
evolution shows significant similarities with the ERZ, in terms of kind
of deposits, timing of structuring and paleogeography. Nevertheless, as
counterpart the vergence of structuring is in opposite direction.

8.2. Tunisian Tell Margin

Also, this sector shows a wide alpinemargin where four main zones
are currently recognized (Rouvier, 1977, 1985; Van Houten, 1980;
Wildi, 1983; Belayouni et al., 2010, 2012, 2023b; Martín-Martín et al.,
2023). They are characterized by different tectonic units showing a
southern vergence (sector 3, Fig. 13A): (1) Numidian Zone; (2) Triassic
DomeZone; (3) Intermediate Atlas Zone; and (4) Saharian Zone. During
the Early Miocene, while Numidian successions deposited in MFB, dif-
ferent lateral formations, gradually younger toward more external
areas, generated on the TunisianMargin, sometimes associating atypical
Numidian lithofacies (Fig. 14). The shallow marine suites: Fortuna-
Salambo Fms (Oligocene–Early Miocene), Glauconite Fm (upper
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Burdigalian) and Hakima-Mahmoud Fms (Middle–Late Miocene) rep-
resent the sedimentation in the whole margin area (Belayouni et al.,
2013, 2023a, 2023b). In addition, these last formations are equivalent
to the Abarizas-Moronitas facies in the South Iberian Margin. The
upper Miocene sedimentation also shows a regressive trend with
Messinian gypsumdeposits (Rouvier, 1977, 1985). This Tunisianmargin
also shows a similar deformative evolution with respect to the previous
South Iberian and the NW African ones with a progressive sourthward
oriented nappe evolution from Internal to External during the Middle-
Late Miocene.

8.3. Sicilian Margin

The SE-vergent External Zones of the Sicilian Maghrebids, show a
paleogeographic and paleotectonic evolution similar to the other mar-
gins previously described (sector 4, Fig. 13A). Themain paleogeographic
external Sicilian pre-Miocene domains result: (1) the Panormide car-
bonate platform, and (2) the deep-water Imerese Basin that pass to-
ward east to sectors bordered by shallow water and pelagic platforms
(Trapanese and Saccense) and Iblean Foreland (SE Sicily). The most ac-
cepted regional reconstruction indicates that the Imerese units override
the Panormide ones (Catalano et al., 1993, 1996, 2013; Casero and
Roure, 1994; Giunta et al., 2000; Gasparo Morticelli et al., 2015;
among others). Nevertheless, other authors have more recently pro-
posed different reconstructions (Finetti, 2005; Basilone, 2009, 2018;
Lentini and Carbone, 2014; Henriquet et al., 2020; and references
therein). The Miocene sedimentation of the external zones shows
lateral variation and the lithofacies associations indicate different
depositional environments. During the Miocene two main successions
characterize the sedimentation the Sicanian and Trapanese domains
(Fig. 14): (i) the prevalently glauconitic calcarenites (Corleone
Calcarenites Fm, Aquitanian–Langhian); (ii) pelagic marls and marly
clays (San Cipirrello Fm, Serravallian–lower Tortonian) respectively
(Henriquet et al., 2020). Both these formations are part of the external
thrust system linked to the deformed margin of the Africa–Adria plates
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(Lentini and Carbone, 2014). The occurrence of syn-sedimentary faults
and folds at different stratigraphic levels of the Paleogene and Miocene
foredeep successions and relative deformations (Gasparo Morticelli
et al., 2015; and references therein) completes the similarity with the
external sectors previously considered. Regarding stratigraphic gaps of
the Miocene foredeep and related unconformities checked in the strat-
igraphic record of the Rif (Morocco) (see above), and those identified in
other lateral chains it is not easy to establish some correlations for the
diversity of the successions.

8.4. Adriatic Margin

The E-vergent External Zones of the Apennines can be schemat-
ically represented by two main domains located south and north of
the Ancona-Anzio tectonic line respectively: (1) the Campania-
Lucania and the southern Lazio-Abruzzi sectors; and, (ii) the more
external Umbria-Marche Domain belonging to the Adria Margin
progressively empiled eastward. Even if these areas show some pa-
leogeographic peculiarities, the general evolution is comparable
with the previously considered chains of the South Iberian and
African margins (sector 5, Fig. 13A). The Lazio-Abruzzi, Campania-
Lucania and Umbria-Marche 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 (Fig. 14). In the
Umbria-Marche sector the Lower Miocene is characterized by
marls, marly limestones with interbedded volcaniclastic beds
(Bisciaro Fm) constituting a very representative regional marker
(Guerrera et al., 2015). After a Middle Miocene marly episode very
rich in microfossils of open sea and very reduced clastic supply
(Schlier Fm) the sedimentation becomes terrigenous: marls and
turbiditic arenites (Marnoso-arenacea Fm). This last external for-
mation is very thick, extensive and diachronic ranging the base of
the Messinian. This last sedimentary evolution attests an upward
increasing of the tectonic activity. Similar Miocene lithological
suites and syn-sedimentary structures are also recognizable in the
Lazio-Abruzzi and Campania-Lucania domains but the volcaniclastic
supply is rare (Vitali et al., 2017). More details are in Martín-Martín
et al. (2023).

9. Conclusions

1- TheMiocene evolution of the External Rif (Morocco) and its compar-
ison with similar Mediterranean Tethyan margins is proposed.

2- Three depositional sequences are reconstructed as Aquitanian–
Burdigalian, Langhian, and Tortonian–Messinian separated by
three unconformities with associated stratigraphic gaps across
(1) Oligocene–Miocene boundary (gap: upper Oligocene–lower
Burdigalian); (2) Burdigalian–Langhian boundary with local
widespreading in the Ouezzane Unit (gap: upper Burdigalian);
(3) Middle–Upper Miocene boundary (gap: mostly upper
Langhian–lowermost Tortonian, the whole pre-Tortonian Miocene
being found in the Ridges Unit).

3- Theunconformities are coincident in timewith regional deformation
phases affecting the western Tethys as (1) pre-Miocene structuring
of the Internal Zone; (2) flexural deformation of the Atlas front
across the Oligocene–Miocene boundary; (3) diachronic closure of
theMFB; (4) extrusion of theMFB deposits (flyschs nappes) starting
from the Middle Miocene; and (5) nappes propagation southward
toward the ERZ during the Middle–Late Miocene times.

4- The sedimentary record shows a wide variety of lithofacies associa-
tions linked to the diversification of sedimentation environments
that passed from a carbonate platform to a deep basin. These
deposits show indicators of synsedimentary tectonics identified by
mass flow deposits (tectofacies), synsedimentary faults, develop-
ment of unconformities, petrographical and mineralogical suites,
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as well as the variable thicknesses among the formations. The
conjunction of all these elements reinforces the idea of a syn-
sedimentary tectonics affecting the margin/basin system during
the Miocene.

5- The petrographic results suggest a middle- to high-grade metamor-
phic source in a variable context from an Interior Craton to
Quartzose-Transitional Recycled orogen. The Atlas Chain and the
African Craton are here proposed for this metamorphic source area.

6- Themineralogical results suggestmixture of sediments coming from
the erosion of Upper Jurassic to Paleogene suites, especially from
kaolinite-rich Albian–Cenomanian to smectite-rich Paleogene, with
absence of a clear unroofing. Provenance analysis indicated local
and distal source areas probably from active tectonic areas in
uplifting.

7- The thickness analysis of the studied sedimentary successions allows
proposing the evolution of the orogenic front and main depozones
(foredeep, bulges, wedge-top and intramontane sub-basins) inte-
grated in a complex foreland system migrating from north to south
in three phases: Early, Middle and Late Miocene. The orogenic
front moved from the Internal Intrarif to Mesorif and to Internal
Prerif in these phases. The main wedge-top basin also migrated
from the Internal Intrarif to External Intrarif. The foredeep evolved
from the Mesorif to the Internal Prerif, while the main forebulge
was located in the External Prerif and a secondary bulge developed
in the External Intrarif. Intramontane basins developed behind the
orogenic front in relative extensional conditionsmoving from the In-
ternal Extrarif to External Intrarif.

8- A 2D evolutionary model using GPlates reconstructions as basemap
is proposed on the basis of an oceanic area (Maghrebian Ocean) lo-
cated between the Mesomediterranean Microplate (to the north)
and the North Africa Margin (to the south). During the Miocene
the tectonic convergence was contemporaneous with axis rotation
from W–E to close N–S. In this phase the External Rif Zone acted as
a complex foreland system with an internal oceanic branch in the
External Intrarif Domain.

9- The reconstructed tectonic-sedimentary evolution is compared to
that reported in other margins of the central-western peri-
Mediterranean chains (S-Iberian, Tunisian Tell, Sicily's chains and
Apennine). Considering some local differences in the timing of pro-
cesses (as an evident diachronism between W–E and N–S branches
of the considered chains attests), a geodynamic evolution including
convergence-continental collision-nappe structuring-strike slip de-
formation is found. More or less complex foreland basins evolve
into wedge top and intramontane basins. In particular and in all
cases, mass flow deposits (turbidites, slumps, olistostromes) are
very abundant. In addition, similar unconformities checked in the
Rif have been registered in the African-Sicilian margins while more
continuous sedimentation is registered in the S-Iberian and Adriatic
margins. A significant volcaniclastic supply took place in the eastern
sectors (mainly in Sicily and southern Apennines) during the early
Miocene.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2024.106619.
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