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Abstract 

Extensive Mesozoic outcrops exposed in the Aaiun-Tarfaya Basin, in the Atlantic 

margin of Morocco, have been overlooked for decades. Original subdivisions and dating 

of rocks, performed more than five decades ago, have survived until today virtually 

without any update. In the north eastern margin of the basin, key Mesozoic sections 

have been revisited. Its coastal position next to the Variscan Anti-Atlas Orogen allows 

insight into the interplay between local tectonics and eustasy during deposition of 

sedimentary sequences on passive margins. High-resolution stratigraphy and 

sedimentology have allowed for an improved understanding of the depositional systems 

and evolution during the early opening of the Atlantic and provided a valuable control 

point recording the syn- and early post-rift evolution of the basin. Three formations are 

described: (i) a basal continental red bed unit unconformably overlying the Palaezoic 

Variscan basement of the Ifni Inlier; (ii) a unit dominated by intertidal clastics and 

microbial carbonates, and (iii) a shallow marine unit comprising mixed siliciclastic-

carbonates. Despite the sedimentological affinity of these outcrops to Triassic or Lower 
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Jurassic deposits elsewhere in Morocco, these units had previously been assigned an 

Early Cretaceous age, based on limited non-conclusive fossil fauna and basin-scale 

lithostratigraphic correlation. New collections of macrofauna have yielded a Bathonian 

age for the upper part of the succession and a possible Triassic / Early Jurassic for the 

lower part. The whole succession displays an overall transgressive trend not consistent 

with the eustatic Bathonian sea-level fall. Local post-rift tectonic pulses exhuming the 

Western Anti-Atlas coupled with eustasy are responsible for increased sediment supply 

at this time. Enhanced tectonic subsidence, overcoming sea-level fall, is interpreted to 

be the main driver for creation of accommodation and preservation of this sequence. 

Resumed sedimentation on structural heights offshore suggests exhumation of the 

Western Anti-Atlas ceased by the early Callovian, reducing clastic input to the region 

and allowing the development of a carbonate platform. Variable regional exhumation 

and local tectonics along the Moroccan margin during the early post-rift stage 

influenced the highly variable nature of clastic vs carbonate deposition, thickness 

distribution and depositional environments at this time. 

Keywords: 

Basin Analysis; Northwest Africa; Morocco; Aaiun-Tarfaya Basin; Biostratigraphy; 

Bathonian 

1. Introduction 

The Atlantic margin of Morocco has been undergoing an increase in hydrocarbon 

exploration activity in the last decades, but still remains relatively underexplored. Thick 

Mesozoic offshore successions have been drilled along the margin, targeting both 

clastic and carbonate reservoirs. The results to date, with sparse hydrocarbon shows and 

some uncommercial discoveries point to working petroleum systems, but a better 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

3 

 

understanding of the stratigraphy, sedimentology and overall evolution of the Moroccan 

passive margin is needed.  

In the Aaiun-Tarfaya Basin (Fig. 1), scattered oil shows and three uncommercial 

discoveries suggest hydrocarbon potential, but successive wells drilled offshore keep 

missing the main reservoir. This low rate of success points to a limited comprehension 

of the evolution of depositional systems through time and highlights the need of updated 

stratigraphic and sedimentological studies. Since the pioneering outcrop-based studies 

in the 1940’s to 1960’s on the regional geology (Alía Medina, 1945, 1952; Choubert 

and Marçais, 1956; Martinis and Visintin, 1966; Querol, 1966) and definition of the 

main sedimentary units in the basin, there has been little to no update on the Mesozoic 

geology. The understanding of the Mesozoic sedimentary fill of the Aaiun-Tarfaya 

Basin has been moved forward only from subsurface studies (e.g., El Khatib et al., 

1995, 1996; Le Roy et al., 1997; Abou Ali et al., 2005; Elbatal et al., 2010; El Jorfi et 

al., 2015), while the outstanding onshore Mesozoic exposures present in the basin have 

been overlooked. 

Within the Mesozoic of the northern half of the Aaiun-Tarfaya Basin (see Tarfaya and 

Ifni segments in Fig. 2) only three formations have been described (Martinis and 

Visintin, 1966). The Upper Jurassic marine carbonates of the Puerto Cansado Formation 

are not exposed in the basin and are known only from exploration wells. The Cretaceous 

is extensively exposed onshore and was subdivided in two formations. The basal, 

mainly continental Tantan Sands Formation are of Early Cretaceous age and the marine 

Aguidir Limestones Formation are of Albian to Maastrichtian age. Biostratigraphic 

control of these units is relatively poor and based on old datasets (Choubert et al., 1966; 

Collignon, 1966; Martinis and Visintin, 1966; Viotti, 1965, 1966). Notably, in recent 

publications (Benziane et al., 2016), detritic red facies from the Early Cretaceous and 
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undifferentiated “middle” Cretaceous units are still reported, with dating of successions 

based on arguably identified fossil groups.  

This study examines the Mesozoic coastal section exposed along the Atlantic flank of 

the Ifni Inlier (Fig. 4), traditionally reported as Early to ”middle” Cretaceous in age. The 

sedimentary succession provides a record of the early syn-rift stage of the passive 

margin as the Atlantic opened. Extensive fieldwork has been undertaken, with detailed 

logging together with sampling for new biostratigraphic dating, in order to investigate 

the controls of sedimentation, depositional and tectonic history of the basin. A new 

Bathonian (Middle Jurassic) age, together with detailed sedimentological logging has 

allowed the establishment of a new stratigraphy and depositional model, a better 

understanding of the interplay between tectonics and eustasy in this part of the basin 

and a comparison of the Jurassic stratigraphy along the Moroccan Atlantic basins.  

 

2. Geological setting 

The Mesozoic basins along the Atlantic margin of Morocco (Fig. 1) developed in 

response to rifting and subsequent breakup of Pangaea. Rifting along the Central 

Atlantic segment, between northwest Africa and North America started in the Late 

Triassic, generating grabens and half-grabens oriented approximately NE-SW 

(Bouatmani et al., 2004). Restricted basins were initially filled with coarse alluvial and 

fluvial syn-rift deposits and evaporites (van Houten, 1977; Brown, 1980; Abou Ali et 

al., 2004, 2005). From the very latest Triassic / beginning of the Jurassic (c. 201-190 

Ma), extensive tholeiitic magmatic activity (Fig. 1) occurred within the Central Atlantic 

Magmatic Province (CAMP; e.g., Wilson and Guiraud, 1998; Davies et al., 2017). The 

timing of onset of the drift phase and creation of the first oceanic crust on the African 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

5 

 

side is postulated between the Early and Middle Jurassic (e.g., Klitgord and Schouten, 

1986; Labails et al., 2010; Biari et al., 2017). During late Early Jurassic open marine 

conditions were established along the margin of NW Africa (Jansa and Wiedmann, 

1982). Carbonate platforms were widespread from the Middle to Late Jurassic, forming 

a more-or-less continuous carbonate shelf <2 km thick and extending along the 

northwest African margin (Jansa and Wiedmann, 1982). In the deep basins, time 

equivalent marls, fine clastic- and calci-turbidites were deposited (Fig. 2). Carbonate 

production continued until the Early Cretaceous, when increased terrigenous delivery to 

the basins and establishment of a number of deltas along the margin, such as the Tantan 

and Boujdour systems in the Aaiun-Tarfaya Basin (Martinis and Visintin, 1966; Einsele 

and von Rad, 1979; Davison, 2005) eventually shut off carbonate production. 

The Aaiun-Tarfaya Basin trends NE-SW (Fig. 1) and extends along the Moroccan 

Atlantic margin for c. 1100 km, with an approximate onshore area of 170,000 km
2
. It is 

bounded by the western termination of the Pan-African and Variscan Anti-Atlas 

mountain belt to the northeast; the Palaeozoic Tindouf / Zag Basin to the east; and the 

Reguibat Shield and Mauritanides (Adrar Soutouf and Zemmour) to the southeast (Fig. 

1). Upper Triassic (Norian) syn-rift clastics were deposited together with thick evaporite 

sequences offshore (Fig. 2). Open marine conditions were only established in the 

Sinemurian, followed by a Pliensbachian to Callovian carbonate platform. Later 

regressive marine sandstones were deposited, capped by a renewed transgression 

leading to deposition of open marine carbonates (du Dresnay, 1988; Zühlke et al., 2004; 

Abou Ali et al., 2005; Davison, 2005). Onshore and offshore, well and seismic data 

(Viotti, 1966; Abou Ali et al., 2005; Michard et al., 2008b) indicates the Late Jurassic is 

represented by an extensive carbonate platform, the Puerto Cansado Formation. 

(Martinis and Visintin, 1966) with reefal build-ups along the platform margin. Salt 
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remobilisation started in the Early Cretaceous representing the dominant structural 

driving force in this period (Zühlke et al., 2004; Michard et al., 2008b). The platform 

margin slope collapsed during the Berriasian eustatic lowstand, and some of the Jurassic 

succession was eroded.  

3. Methods 

The studied succession is exposed inland along outcrops cut by the Oued (Arabic for 

ephemeral river) Craima and along coastal sections from Legzira (Guezira) Beach to 

Foum Assaka (Fig. 4). The most continuous exposures are located along Oued Craima 

and Sidi Ouarzik Beach. The resulting sedimentary log is over 550 m thick and was 

logged at a cm scale, identifying lithological changes, sedimentary structures, trace and 

body fossil content, in order to undertake facies analysis. A total of 53 samples, 

representative of different sedimentary facies, were collected and thin-sectioned for 

microfacies and petrographic characterisation. The thin sections were stained with 

alizarin red-S and potassium ferricyanide (Dickson, 1966) to enhance different types of 

shells and generations of carbonate cements; and with potassium rhodizonate for 

plagioclase and K-feldspar identification (Bailey and Stevens, 1960). Additionally, 20 

fossiliferous levels were sampled for macrofauna analysis in order to aid in 

environmental interpretations and refine dating of the succession. Samples were 

prepared with standard mechanical and chemical methods for extraction / cleaning of 

mollusc specimens at the University of Padova (Italy). About 300 gastropods and 

bivalves were studied in detail and identified to species level whenever possible. 

Specimens were photographed using the focus stacking method and the digital images 

processed with Helicon Focus Pro 6.7.1 software. All levels sampled are indicated on 

the sedimentary log.  
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4. Facies analysis 

A composite sedimentary log of the studied succession along Oued Craima and Sidi 

Ouarzik Beach is shown in Fig. 5. The position of the samples collected for thin-section 

analysis and macrofauna are shown on the log. Twenty five lithofacies have been 

defined (see supplementary material for detailed description of each lithofacies) and 

grouped into seven Facies Associations (FA). 

4.1 FA 1 (Alluvial Fan) 

This association is entirely made of red-coloured conglomerates, subordinated 

sandstones and silts lacking any kind of fossil content (Fig. 6). It is composed 

predominantly of normally graded to massive clast-supported conglomerates with 

boulders up to 60 cm in diameter (lithofacies A) without sedimentary structures. 

Individual beds are up to 1 m thick, have undulating, sharp and erosive bases. Beds 

usually are laterally continuous at outcrop scale or pinch out, rarely channelized with a 

maximum lateral extension of 20 m. Occasional inversely graded conglomerates 

(lithofacies B) up to 50 cm thick are present. They are usually discontinuous and with 

smaller grain size. Cross-bedded sandstones range in grain size from fine to very coarse, 

with lags of granules and pebbles (lithofacies D). Very fine- to fine-grained massive 

sandstones (lithofacies G) are up to 50 cm thick. There is a total lack of biogenic 

structures in this facies association and sedimentary structures are extremely rare along 

Oued Craima. 

Interpretation: The clast size and presence of erosive sharp bases suggest high-energy 

flows. The absence of sedimentary structures and sheet-like nature of beds is indicative 

of ephemeral unconfined flows related to flash floods events in an alluvial fan 

environment. Intervals which lack interbedded sandstones represent a proximal setting, 
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where avulsion and switching of active lobes is common. The alternation of sandstones 

and conglomerates is interpreted to record a variation in flow regime, possibly 

indicating the lateral switching of lobes on the fan in a more medial location. The 

absence of palaeosols or rootlets in the finer sediments suggests high rates of 

sedimentation, erosion and short exposure time between flows. 

4.2 FA 2 (Alluvial floodplain) 

This association is composed of c. 50 cm thick beds of white fine-grained rippled-cross 

laminated sandstones fining into very fine-grained red silty sandstones displaying 

pedogenetic mottling and rootlet traces (lithofacies H), interbedded with discrete 

conglomerate beds (lithofacies A and B) up to 40 cm thick (Fig. 6). The rippled white 

sandstones typically have sharp, non-erosive basal contacts with the red sandstones. 

Clasts include quartz, detrital dolomite and feldspars, cemented by calcite and iron-rich 

patches. The interbedded conglomerates have sharp erosive bases, lack sedimentary 

structures and the clast size is up to 25 cm in diameter. 

Interpretation: Rippled white very fine-grained sandstones grading into red silty 

sandstones with discontinuous lamination are indicative of lower regime unidirectional 

flows in unconfined conditions. Periods of low sedimentation rates and plant 

colonisation are suggested by presence of pedogenetic features in these finer grained 

sediments (Fig. 6; A, B). Interbedded conglomerates are interpreted as high-energy 

deposits of unconfined flows, possibly debris flows.    

4.3 FA 3 (Peritidal coastal plain) 

Peritidal deposition occurs in a wider zone than the intertidal zone, and includes the 

shallow subtidal and supratidal environments (e.g., Wright, 1984; Spence and Tucker, 

2007; Allaby and Argyll, 2008). This association is represented by fining upwards 
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mixed clastic-carbonate packages between 3 and 10 m thick (Fig. 7). An ideal 

succession of this association includes a carbonate-dominated base and clastic-

dominated middle and upper part. The basal part of these packages is usually made of 

oncoidal packstones, peloidal-bioclastic and bioclastic-oolitic grainstones (lithofacies P, 

V and O). Oncoidal packstones (lithofacies P) is the most abundant lithofacies at the 

base of the fining-upward packages, composed mainly of mm-scale porostromate 

oncoids, peloids, carbonaceous plant fragments, ostracods, microbial / algal lumps and 

intraclasts. Cross-bedded bioclast-ooid-bearing grainstones (lithofacies O) commonly 

show erosive and channelized bases up to 1.2 m deep cutting into grainstones of 

lithofacies V. The former include terrestrially-derived igneous and metamorphic rock 

fragments, algal / bacterial mat fragments, and broken echinoderm and mollusc 

bioclasts, all of which can constitute the nucleus of ooids up to 2.5 mm in diameter. The 

latter appears in massive to laminated beds up to 30 cm thick mainly made up of 

molluscs, peloids and benthic foraminifera (agglutinated, miliolids and textulariids). 

Subordinate components include carbonaceous plant fragments, ooids and dasyclads. 

Calcareous siltstone-sandstone, micritic mudstone and matrix-supported conglomerate 

(lithofacies Q, R and C) locally occur in the basal part of packages. Carbonate-rich 

lithofacies Q and R are frequently massive with sharp undulating bases and occasionally 

affected by soft sediment deformation. Main grains include bioclasts (molluscs, 

ostracods, foraminifera and algae), carbonaceous plant fragments and quartz clasts. 

Bioturbation can be intense in individual beds.  

The middle parts of the fining upwards packages are dominated by siltstones to very 

fine-grained rippled sandstones (lithofacies L), punctuated by cm-thick algal-laminated 

packstone interbeds (lithofacies N), which exceptionally can stack up to 1.2 m thick 

packages. Carbonaceous plant fragments are the main component in lithofacies L, 
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which appears mostly fossil-free. Lithofacies N is made of interlaminated peloidal 

boundstones, microbial / algal stromatolite-like mats and peloidal packstones to 

wackestones composed mainly of clots of biologically-trapped silt-sized subspherical 

peloids and scattered fragments of reworked microbial / algal mats up to 2.5 mm in size. 

At the microscopic scale, it shows cyclic micrite- and siliciclastic-rich lamina, 

desiccation cracks and small amounts of marine bioclasts. 

This facies association is capped by carbonate-prone palaeosols (lithofacies J), 

sometimes alternating with siltstones and sandstones of lithofacies L. 

Interpretation: Basal facies (lithofacies P, V) contain abundant marine fauna (milliolids, 

agglutinated foraminifera, ostracods, dasyclads) that lived in partly stressed shallow 

marine environments. Micritization is characteristic of early marine diagenesis. Oncoids 

in lithofacies P are typical of shallow subtidal to lower intertidal inner lagoons and 

shoals (Flügel, 2010) where a certain degree of agitation allows microorganisms to 

develop a cortex around a nucleus and can mark the beginning of transgressive 

sequences (Wright, 1983). Channelised cross-bedded grainstones (lithofacies O) and 

conglomerates (lithofacies C) reflect higher-energy depositional processes in this 

subtidal environment. The array of allochems with terrestrial and marine affinities, 

including plant fragments, and the characteristic channelised geometry suggest tidal 

channels and creeks. 

The alternating fine sandstones and muds (lithofacies L) in the middle of fining-up 

packages are characteristic of mud and sand flats that are exposed to the constant action 

of tides. The associated minor siltstones-sandstones of lithofacies Q have erosive bases, 

reworked and broken bioclasts that indicate high energy and probably short-lived event 

beds. They are interpretated as storm- or high tide-related beds. Algal / bacterial-

induced peloidal packstones and bindstones (lithofacies N) formed in intertidal algal 
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marshes with initial carbonate soil development (Hardie, 1977). Desiccation cracks in 

this lithofacies record repeated periods of exposure and initial soil development 

(Ginsburg et al., 1977). 

Under conditions of prolonged exposure, carbonate-rich palaeosols developed on fine-

grained sandstones and muds (lithofacies J) and form the upper unit of the fining up 

packages. 

The fining-upward profile and vertical succession of facies are interpreted as the 

progradation and shoaling of a tidal flat (e.g., Wright, 1984; Hardie, 1986; Flügel, 2010; 

Daidu et al., 2013). The basal carbonates and clastics (lithofacies P, V, O, C, Q and R) 

represent deposition in a shallow subtidal environment cut by tidal channels. They are 

overlain by intertidal clastics (lithofacies L) and algal carbonates (lithofacies N), and 

ultimately capped by supratidal palaeosols (lithofacies J). The inward part of the tidal 

flat would be exposed most of the time and only reached by storms and extreme tides 

(Ginsburg et al., 1977). 

4.4 FA 4 (Inner lagoon) 

This facies association is exposed along Oued Craima and Sidi Ouarzik Beach. It 

comprises packages exhibiting a coarsening upwards profile composed of different 

lithologies ranging from barren fine-grained clastics to pure carbonates, usually fossil-

rich (Fig. 8) and can be up to 6.5 m thick. 

Most coarsening upwards packages start with laminated dark clays to very fine-grained 

sandstones (lithofacies M) grading into yellowish calcareous sandstones to packstones 

(lithofacies F) up to 2.7 m thick. The characteristic dark colour of these units is due to 

very abundant sub-mm-scale carbonaceous plant fragments delivered from a terrestrial 

source. These packages can be punctuated by cm to dm thick interbeds of bioclastic-

peloidal and oncoidal wackestone / packstone (lithofacies S and P) and fine clastics with 
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reworked carbonate clasts (lithofacies K). Occasionally, micritic mudstone (lithofacies 

R) can underlay the dark laminated fine clastics of lithofacies M. Main fossil groups 

found in FA4 include bivalves, gastropods, benthic foraminifera, green and red algae 

(Figs. 8, 10, 11). Many of the benthic foraminifera could be identified to genus level, 

and two of them to species level: Nautiloculina oolithica Mohler, 1938 and 

Nautiloculina circularis (Said and Barakat, 1958). Fish remains and echinoderm plates 

are minor components.   

Interpretation: The absence of fauna typical of normal marine conditions, such as 

cephalopods and brachiopods, suggests a restricted environment with relatively stressed 

conditions, such as abnormal salinities in a lagoon or protected shelf (Aberhan et al., 

2002). The identification of green algae (Holosporella siamensis, possibly Marinella sp. 

and unidentified dasycladacea), possible cyanobacterial lumps and benthic foraminifera 

(Nautiloculina spp.) also support a protected and shallow shelf / lagoon (Tasli, 2001). 

Sea urchins are very rare, but their regular tests also supports the interpretation of a 

protected, relatively low-energy environment. Abundant micrite envelopes on most 

types of grains is indicative of a shallow marine setting (Flügel, 2010). 

The clastic intervals alternating with the silt-rich carbonate beds suggest an intermittent 

proximal source of clastics from the continent, interacting with the “carbonate factory” 

in the lagoon. The source of this clastic material may have been small-scale bayhead 

deltas prograding into the lagoon. Interlayered muds and very fine-grained sand 

(lithofacies M) with mm-scale erosive surfaces and the lack of burrowing and fauna is 

interpreted as the result of hyperpycnites (river-flood-generated turbidity currents) that 

would stress the environment, inhibiting colonization by organisms (Mulder et al., 

2003). 
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4.5 FA 5 (Outer lagoon) 

FA5 is represented by limestone (lithofacies S, T and V; Fig. 8) packages up to 3 m 

thick, usually bounded by laminated fine-grained clastics (lithofacies M). Individual 

beds are 10-40 cm thick and tend to be massive, occasionally undulated and load-casted, 

wackestones, packstones and grainstones with peloids and bioclasts as main allochems. 

Bivalves and gastropods can reach several cm in size (see Figs. 10, 11). Additional 

groups that can be locally important are benthic foraminifera, echinoderms, ostracods 

and blue – green algae, together with carbonaceous plant fragments, quartz and feldspar 

clasts. Reworked carbonate clasts up to 7 cm may be present. Oolitic and algal 

grainstones (lithofacies W and U) are subordinate facies that appear as massive to 

irregularly bedded interbeds with a maximum thickness of 25 cm. Normal grading, 

cross-bedding, shell lags and mud drapes are possible but uncommon. Concentric 

micritic ooids, peloids and intraclasts (lithofacies W) and mm-scale blue – green algae 

fragments, together with intraclasts and terrigenous clastics (lithofacies U) are the main 

components. This facies association is occasionally punctuated by thin cm- to dm-thick 

beds of micrite (lithofacies R).  

Interpretation: Common grainstone and packstone textures, absence of sedimentary 

structures, frequent load casts and less common interbedded fine-grained facies suggest 

periods of rapid deposition in a relatively energetic environment, punctuated by short-

lived episodes of low energy conditions. The general paucity of green-blue algae and 

oncoids, together with a relative abundance of echinoderms and ooids over ostracods in 

some beds, suggest some connection with open marine conditions in more energetic 

waters. Reworked carbonate clasts also support the interpretation of an agitated 

environment under the influence of waves, tides and storms. Rare thin beds with highly 
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irregular bedding, rich in green algae (lithofacies U) may be related with wash-over or 

back-shoal deposits reworking shallow marine fauna close to shoals. 

4.6 FA 6 (Barrier-shoal complexes / Upper shoreface) 

FA6 can be carbonate- or clastic-dominated. Where carbonate-dominated, FA6 is 

usually found underlying FA4 and interstratified with FA5. Where clastic-dominated, 

FA6 is usually found overlying FA7 and is more frequent in the upper 70 m of the 

succession exposed at Sidi Ouarzik Beach.  

The carbonate-dominated FA6 is composed of massive peloidal / bioclastic and oolitic 

grainstones (lithofacies V and W) and cross-bedded oolitic grainstones (lithofacies X). 

Minor interbeds of bioclastic wackestones to packstones (lithofacies S) are recorded. 

Packages of FA6 are up to 4 m thick. They usually mark the base of fining upwards 

packages that evolve into FA4 (see P53 in Fig. 5). Palaeoflow orientations from foresets 

on cross-bedded grainstones after bedding restoration is directed towards 269° (n=12) 

and foresets may be reworked by wave ripples.  

The clastic-dominated FA6 is made of cross-bedded sandstones (lithofacies D), 

subordinate grainstones and packstones with peloids, and a wide range of bioclasts 

(lithofacies V and F) and sandstones with floating pebbles (lithofacies C). Bases are 

occasionally dewatered or load-casted and ripples may be present at the top of 

individual beds. Readings from the foresets of crossbedded sandstones yield 

palaeocurrents orientations directed towards 091° (n=5). Minor intercalations of 

peloidal wackestones / packstones, ripple-laminated sandstones with climbing ripples 

and dark fine-grained clastics (lithofacies S, E and M) are also present.  

Interpretation: Abundant grainstones and subordinate packstones together with frequent 

micritised grains in the carbonate-dominated lithofacies association suggest a high-

energy environment and shallow water conditions. The dm-thick oolitic grainstones, 
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that can be stacked in banks up to 3 m thick, are interpreted as oolitic shoals, also 

supporting an interpretation of shallow water conditions. Possible microkarst 

development on some beds (lithofacies W) supports periodic exposure of the shoals. 

Wave reworking on the cross-bedded grainstones (lithofacies X) represent subaqueous 

dunes formed under unidirectional currents in relatively shallow conditions above fair 

weather wave base. Palaeoflow directions towards the west are subparallel to the 

palaeocoast line suggesting the presence of longshore currents. The association of these 

sediments and interpreted processes suggests a high-energy very shallow barrier 

complex setting associated with a lagoon (FA 4 and 5).  

The upper c. 70 m of the succession along Sidi Ouarzik Beach (Fig. 5) becomes 

increasingly siliciclastic. Lithofacies F and C are frequently massive and soft-sediment 

deformed sandstones record rapid sedimentation by unconfined flows due to sudden 

deceleration of the original flow. Wave ripples on the top surfaces of individual beds 

suggest reworking by waves and the presence of thin interbeds of muds represent 

suspension settling, possibly as a function of tidal influence, between higher discharge 

events. Due to the scale of these deposits (dm-scale to 1 m) they are interpreted as 

small-scale subaqueous bars. The presence of climbing ripples supports the notion of 

periodic events of higher discharge and high sediment supply. Wave ripples also 

suggest deposition above fair weather wave base. Unlike the carbonate-dominated FA6, 

here the absence of oolitic grainstones and association with FA7 (see below) is 

interpreted as representing slightly deeper water conditions. The depositional setting is 

interpreted as upper shoreface (inner ramp) above fair weather wave base. 

4.7 FA 7 (Lower shoreface / Middle ramp) 

FA7 is represented by coarsening-upwards packages up to 2.5 m thick, which can stack 

to form successions up to 6.5 m thick. FA7 is mainly made of dark clays and fine-
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grained sandstones and cross-laminated sandstones with common hummocky cross-

lamination (lithofacies M and I). Subordinate lithofacies include silty packstones and 

wackestones with peloids and bioclasts (lithofacies F and S), chaotic coral-bearing 

packstones with variable proportions of branching coral debris (lithofacies Y), and cm-

thick micritic mudstones (lithofacies R).   

Interpretation: The dark claystones represent suspension settling under low current 

velocities, whereas ripple cross lamination and hummocky cross stratified sandstones 

evidence episodic coarser sediment input and the occurrence of unidirectional and 

combined flows which may be storm induced. Overall, a lower shoreface setting, below 

fair weather wave base but above storm wave base, is likely for this association. The 

branching forms of coral were sourced from coral build-ups offshore, below fair 

weather wave base, that were reworked by storm waves. 

5. Discussion 

Depositional model 

Seven FA have been described, grouped into three depositional environments 

representing continental (FA1 and FA2), peritidal (FA3) and marine (FA4-FA7) 

environments. The evolution of the Bathonian section shows an overall transgression, 

punctuated by continental clastics, conglomerate interbeds, interpreted to record pulses 

of uplift and erosion within the Western Anti-Atlas. After each tectonic pulse, the 

system stabilised and continuous basin subsidence resulted in transgression of peritidal 

to marine conditions, until the next tectonic pulse and renewed progradation.  

Although deposited during the Bathonian global eustatic sea-level fall (Haq et al., 1987; 

Snedden and Liu, 2010), the succession records an overall transgressive pattern 

suggesting subsidence (thermal and/or tectonic) outpaced eustasy. Periods of coarse 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

17 

 

clastic progradation record the combined effect of local tectonic activity in the Anti-

Atlas and the superposed sea-level fall.  

The depositional model depicts four stages in the evolution of the coastal section at 

Oued Craima and Sidi Ouarzik Beach, on the flank of the Ifni Inlier (Fig. 9). The lower 

part of the succession (c. 180 m) comprises coarse alluvial fans deposited next to the 

prominent topography of the Ifni Inlier (Figs. 6, 9A). Intense subsidence in the basin 

extended to the coastal margin of the Ifni Inlier, that combined with progressive erosion 

and loss in topography to allow transgression and development of a thick peritidal 

succession (Fig. 5; from ~185-325 m). The significant amount of fine-grained clastics, 

together with carbonate-rich palaeosols, microbial mats and periodic marine-influenced 

beds, suggest the development of a fringing tidal flat attached to the Anti-Atlas (Fig. 

9B). The tidal flat was wide enough to allow development of tidal creeks and marshes 

that supplied abundant carbonaceous plant material to the marine environment. A 

shallow lagoon is postulated along the shoreline, supplying oncoids, ostracods and other 

bioclasts inland, transported by tidal currents or storms. The upper c. 190 m of the 

succession is represented exclusively by marine sedimentation (Fig. 5) recording an 

overall water deepening; with lagoonal muds and bioclastic limestones overlain by a 

mixed siliciclastic / carbonate shoreface succession (inner to middle ramp; Fig. 9C, D). 

The abundant carbonaceous plant fragments in these sediments suggest adjacent tidal 

flats inland. 

Clasts in the Guezira Fm conglomerates are dominated by basalt, recrystallized 

limestone and dolomite clasts. This composition likely reflects local provenance from 

the Sidi Ifni Inlier, which consists of Proterozoic igneous rocks overlain by Proterozoic-

Palaeozoic carbonates (Fig. 4). Roundness, sphericity and clast composition vary along 

the coast. At Guezira Beach (Fig. 4) clasts tend to be more angular and are dominated 
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by igneous clasts, whereas at Oued Craima, the conglomerates have more rounded clasts 

and lithologies are dominated by up to 60% carbonates. We interpret the difference in 

the overall clast lithology as the result of small-scale catchment areas (~ 100’s km
2
) 

preferentially draining igneous rocks or carbonates, in the proximity of the Ifni Inlier. 

The different roundness of the clasts is probably related to the mechanical stability of 

the main lithologies involved and not to longer transport distances / larger catchments. 

In the overlying marine sandstones, clasts are dominated by quartz, although individual 

beds can have a significant proportion of feldspars and igneous rock fragments. Well-

rounded dolomite clasts can be also present, but are not common. Quartz angularity, 

concentration of igneous rock fragments and feldspars and occasional dolomite clasts 

also points towards locally-derived sediment with relative short transport distances. 

Stratigraphy 

For the purpose of comparison with other time-equivalent units in Morocco, we 

informally propose the subdivision of the succession into three formations (Fig. 5) 

easily recognizable in the field. 

Guezira Formation 

The total thickness of the unit is c. 205 m (Fig. 5). Its lower part is made of 175 m of 

red conglomerates and minor red sandstones unconformably overlying the Precambrian 

ignimbrites and andesites of the Ouarzazate Group of the Ifni Inlier (Yazidi et al., 

1986). These rocks evolve into c. 8 m of dm- to m-scale fining upwards packages of red 

/ white fine sandstones with evidence of palaeosol development and red conglomerates. 

The upper c. 22 m consists of dm-thick interbedded muds, fine-grained sandstones and 

limestones capped by a final limestone unit 1.5 m thick with abundant bioclasts, ooids 

and peloids. This lithostratigraphic unit is continuously exposed at Oued Craima, and 
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stratigraphic-equivalent coarse-grained red beds have excellent lateral exposures and 

abundance of sedimentary structures at Guezira Beach (Fig. 4), hence the Guezira 

Formation is used as the name for this lower unit. 

Oued Craima Formation 

This interval comprises ~120 m of exposed section at Oued Craima. The lower and 

upper contacts of this lithostratigraphic unit are not exposed. The unit starts with c. 5 m 

of poorly exposed red conglomerates that rapidly transitions into c. 110 m of relatively 

monotonous, thinly interbeded red to grey muds, fine-grained sandstones, grey oncoidal 

packstones, algal laminites and bioclastic- and/or peloidal-bearing mudstones / 

wackestones to packstones. Carbonate nodules parallel to bedding are abundant; 

sometimes they coalesce and form continuous beds. Occasional m-scale channelized 

cross-bedded bioclastic grainstones and carbonate-rich mottled palaeosols may be 

present. The last c. 7 m are poorly exposed coarse-grained sandstones to matrix-

supported conglomerates interbedded with mud and silt, and bioturbated by dm-long 

vertical burrows. 

Sidi Ouarzik Formation 

This formation is exposed along the right bank at Oued Craima, close to the river mouth 

opening out into the Atlantic, and southwest of the river mouth along the beach. It is c. 

217 m thick and starts with a basal c. 8 m thick unit of red conglomerates overlain by c. 

16 m of interbedded fine clastics and limestones similar to the Oued Craima Fm. The 

succession becomes increasingly carbonate rich, with numerous dm- to m-thick 

interstratified units of laminated muds (and fine-grained sandstones), calcareous 

sandstones and bioclastic-, peloid- and ooid-bearing limestones. The upper 60-70 m of 

the formation show interstratified beds of hummocky cross-laminated fine-grained 

sandstones to silts in addition to the previous lithologies. 
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Biostratigraphy 

A review of previous biostratigraphic work (Choubert, 1957; Choubert et al., 1966; 

Benziane and Yazidi, 1982; Hollard et al., 1985; Yazidi et al., 1986; Destombes, 1991; 

Abou Ali et al., 2003; Benziane et al., 2016) indicates that none of the species reported 

in any of the previous publications provided a definitive Cretaceous age. Either the 

species are not diagnostic or have a broad range, extending from the Jurassic to the 

Cretaceous. Identification of age-diagnostic bivalves, gastropods, foraminifera and 

algae in this study allows for a new biostratigraphic framework for the studied 

succession. The Oued Craima Formation contains an abundant macrofauna that 

provides a Bathonian age (Figs. 5, 10, 11). Only the lowest beds lack age-diagnostic 

bivalves and gastropods, with only abundant specimens of Falcimytilus sp. that could 

not be identified to species level. The gastropods in particular belong to a stock of 

species characteristic of Bathonian sediments of the Paris Basin and southern England 

(e.g., Lycett, 1863; Cossmann, 1885; Cox and Arkell, 1950; Cox and Maubeuge, 1950; 

Fischer, 1953, 1969; Fürsich et al., 1995; Fischer and Weber, 1997; for a complete list 

of palaeontological references see supplementary file). A few bivalves show a wider 

stratigraphical and geographical distribution.  

Long ranging foraminifera identified in thin section also give a confident Jurassic age 

(Mike Simmons, pers. comm.) and include Nautiloculina oolithica Mohler, 1938 and 

Nautiloculina circularis (Said and Barakat, 1958). A Middle to Late Jurassic age is 

generally accepted for those foraminifera (Kuznetsova et al., 1996; Tasli, 2001) and this 

age is supported by the co-occurrence of the green algae (Bruno Granier, pers. comm.) 

Holosporella siamensis (Elliott, 1983; Bassoulet, 1987; Kuss, 1990; and references 

therein).  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

21 

 

The Bathonian age established in this study for the succession, makes it the oldest 

Mesozoic sediments exposed in the Aaiun-Tarfaya Basin to date and the most southerly 

Jurassic outcrops in NW Africa. 

The lower ~250 m of the succession did not yield any age diagnostic fossils, including 

palynological analysis of the Guezira Fm. continental red beds (Fig. 4). At 205 m, 

foraminifer-rich grainstones yield specimens that are not age-diagnostic, but resemble 

Middle to Late Jurassic taxa. Conformable stratigraphic position below the confidently 

dated Middle Jurassic section, and sedimentologic similarity with other deposits in 

Morocco suggest the Guezira Formation is most likely Triassic to Lower Jurassic in 

age.  

These new data indicate previous mis-dating of many of the Mesozoic outcrops in the 

Ifni area. A more likely Triassic to Middle Jurassic age (probably Bathonian) is 

suggested for the Mesozoic outcrops immediately surrounding the Ifni Inlier (Fig. 4). 

  

Comparison of Jurassic stratigraphy along the Moroccan coastal basins 

The recognition of Middle Jurassic deposits in the the Sidi Ifni area allows a 

comparison of Middle Jurassic sedimentation along the Moroccan margin (Fig. 12). The 

margin is subdivided from south to north into the Aaiun-Tarfaya Basin, the Agadir-

Essaouira Basin, and the Doukkala Basin (Figs. 1, 2). 

In the Aaiun-Tarfaya Basin, the Jurassic succession exhibits a clear overall increase in 

thickness towards the south (Fig. 3). The thickness of Jurassic in the northern Ifni 

segment is up to 500 m. At Oued Craima and Sidi Ouarzik Beach, 250-300 m of the 

succession is exposed and assigned to the Bathonian. In the central Tarfaya segment, the 

Puerto Cansado-1 well encountered a 2126 m thick Jurassic section (Martinis and 

Visintin, 1966; Viotti, 1966), and the Middle Jurassic recorded in the TanTan-1 well is 
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c. 950 m thick. In the most southerly Dakhla-Boujdour segment, the thickness of the 

pre-Cretaceous succession has been estimated to be up to 8 km (von Rad and Einsele, 

1980) with high subsidence rates, between 80-120 m/Ma. 

In the Essaouira-Agadir Basin, facies show an overall decrease in grain size towards the 

northwest together with a relative increase in dolomites and anhydrites, indicative of 

more distal settings. In wells drilled on the present day shelf (Ghazal, 1979; Sa’d and 

Steyaert, 1982), the Middle Jurassic is carbonate-rich, with occasional fine clastics and 

minor anhydrite. Limestones range from micrite to oolitic grainstones, denoting a 

shallow carbonate shelf to tidal flats with occasional periods of exposure. The great 

areal extension of these shallow marginal marine to distal continental facies over 

virtually the entire basin (Amar, 1969; Le Roy et al., 1998) suggests a stable, wide, low 

relief basin extending over the present day shelf, covered by a shallow epicontinental 

sea, periodically exposed due to small eustatic or tectonic variations. Halokinesis also 

plays an important role, as Triassic salt diapirs were probably already active during the 

Middle Jurassic. The uplift of Palaeozoic terrains of the “Massif Central du Haut Atlas” 

to the southeast during Middle Jurassic provided the sediment delivered to the basin 

(Ambroggi, 1963). 

In the Doukkala Basin, the Mesozoic post-rift sedimentary cover on the offshore 

Mazagan Plateau (Fig. 2) is much thinner than in other basins (von Rad et al., 1984), 

such as the Agadir-Essaouira Basin or the Aaiun-Tarfaya Basin. Middle Jurassic 

sediments are not exposed, but they have been penetrated by exploration wells onshore 

and Deep Sea Drilling Project wells offshore (Negroni et al., 1966; Hinz et al., 1982b; 

Le Roy et al., 1997). Sedimentary facies record an overall vertical transgression and 

exhibit more proximal continental-marginal marine clastic-dominated to the east and 

distal micritic limestones and breccias to the west (Fig. 3). The Middle Jurassic is thin 
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in the Doukkala Basin and both the Lower and Middle Jurassic are missing towards the 

northeast (Figs. 2, 3). 

In summary, Lower and Middle Jurassic carbonates coexist with clastics and evaporites 

in the northern basins (Doukkala Basin and Essaouira-Agadir Basin), while in the 

Aaiun-Tarfaya Basin clastic input is higher and evaporites are absent (Fig. 2). 

Terrigenous sedimentation during the Jurassic is not homogeneous and the northern half 

of the Aaiun-Tarfaya Basin seems to contain more clastic sediment (Fig. 2). The 

Moroccan Jurassic margin thus shows significant facies variation from north to south. 

This differentiation may relate to the complex inherited structure of the basement, local 

tectonic uplift/subsidence, variable siliciclastic input, and relative sea-level changes. 

At a regional scale, published low-temperature geochronology provides data on the 

regional exhumation and subsidence history of the hinterland of the Western Anti-Atlas 

(Charton et al., 2018). Syn- and post-rift exhumation is recorded until the Middle 

Jurassic, which was followed by relative stability or subsidence during the Late Jurassic 

and Early Cretaceous and finally resumed exhumation from the Late Cretaceous 

onwards.  

Thickness variations and unconformities in the Aaiun-Tarfaya Basin indicate a 

complicated tectonic history triggered by Middle Jurassic exhumation of the Anti-Atlas 

and Reguibat Shield (Ruiz et al., 2011; Leprêtre, 2015; Gouiza et al., 2017, 2018; Sehrt 

et al., 2018) and subsidence in the basin. This complex interplay triggered a variable 

response in the three segments of the Aaiun-Tarfaya Basin, especially the Ifni segment. 

The Dakhla-Boujdour segment represents the stable, steadily subsiding distal part of the 

basin, progressively thinning towards the hinterland (von Rad and Einsele, 1980). This 

produces a tapered Jurassic sedimentary wedge opening towards the deep offshore basin 

(Fig. 3). The Tarfaya segment seems to have a similar evolution, with a wedge of 

Jurassic, although thinner and developing over a much shorter distance. This indicates 
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less subsidence in this segment of the basin, especially during the Middle Jurassic, as 

the upper Lias and Dogger is only 236 m thick in the Puerto Cansado-1 well (Viotti, 

1966). In the Ifni segment, during the Middle Jurassic, the presence of local 

unconformities and missing section in the Ifni-1 offshore well (Evans et al., 1976), 

relatively thick coastal sedimentary sequences and the documented exhumation of the 

Anti-Atlas (Charton et al., 2018), suggest increased tectonic activity that could be 

related to faulting and periodic uplift of this segment during the Middle Jurassic. 

Sedimentation occurred where accommodation developed in structural lows adjacent to 

the Ifni Inlier and faulted highs. The Upper Jurassic seismic sequences are continuous 

and thicken towards the west (Abou Ali et al., 2005), leaving a Jurassic wedge 

equivalent to the other segments of the Aaiun-Tarfaya Basin, although much thinner. 

The Jurassic thickness increase from northeast to southwest (Fig. 3) seems to be closely 

related with the Anti-Atlas tectonics during the Mesozoic combined with enhanced 

subsidence in the basin. 

Tectonic vs Eustatic Control and Timing of Western Anti-Atlas exhumation 

Eustatic control on accommodation is more difficult to decipher from the sedimentary 

packages identified in this study. During the Bathonian, the global eustatic sea-level 

curve shows a gradual fall (Haq et al., 1987; Snedden and Liu, 2010). The overall 

deepening upwards trend observed in the sections logged records an overall increase in 

accommodation and relative sea-level rise / transgression. This suggests significant 

subsidence of the basin to accommodate the thickness of sediment and overcome the 

coupled effect of regional exhumation and Bathonian eustatic sea-level fall to record a 

deeppening / transgressive trend on the continental margin. Tectonic influence, with 

potential re-activation of faults along the margin, is suggested as a possible control. The 

Callovian unconformity in the Ifni-1 well (Evans et al., 1976) supports this and the 
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highly subsiding domain at Craima, next to a mainly exhuming Western Anti-Atlas, has 

a north-south orientation that suggest a strong structural control on deposition, probably 

related to inherited Triassic syn-rift structures. 

6. Conclusions  

This study presents for the first time a detailed lithostratigraphic and depositional model 

for the Mesozoic sediments deposited in the Aaiun-Tarfaya Basin on the flanks of the 

Ifni Inlier, placed within a new biostratigraphic framework. This provides the first 

recorded interpretation of outcrops of Middle Jurassic and older Mesozoic sediments 

along this part of the NW African Central Atlantic Margin. Extensive fauna (mainly 

bivalves and gastropods) collected and identified up to species level when possible, 

allows for the section exposed at Oued Craima and Sidi Ouarzik Beach to be reassigned 

to the Bathonian age. The age of the underlying Red Bed continental section is 

indeterminate at present, but its conformable relationship with the Bathonian section, 

suggests by superposition a Triassic to Liassic age. Sharp changes in lithology and 

interpreted depositional environments are easily recognizable in the field and have been 

used to propose for the first time in the whole Aaiun-Tarfaya Basin a subdivision in 

three formations for the Bathonian. (i) The Guezira Formation unconformably overlies 

basement. It is made of ~180 m of continental red conglomerates and minor sandstones, 

capped by ~20 m of peritidal and shallow marine fine clastics and carbonates. An 

uplifted Anti-Atlas is the sediment source. (ii) The Oued Craima Formation is ~115 m 

thick and mainly composed of intertidal fine sandstones, silts and microbial limestones 

punctuated by shallow marine lagoonal carbonates and silts. This part of the section has 

been confidently dated as Bathonian due to the fauna assemblages present. (iii) The Sidi 

Ouarzik Formation is ~190 m thick and exhibits an evolution from a thin unit of 
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continental red conglomerates and mixed siliciclastic-carbonate tidal flats into a thick 

marine mixed siliciclastic-carbonate lagoon and upper-middle ramp. 

The studied succession displays an overall transgressive pattern, although it was 

deposited during the Bathonianglobal eustatic sea-level fall. This signature is interpreted 

to record the creation of accommodation by thermal sag and tectonic subsidence 

overcoming the sea-level fall, punctuated by periods of coarse clastic progradation, 

interpreted to record short-lived local tectonics related to post-rift Anti-Atlas 

exhumation. Clastic input vs. carbonate production and thickness of sequences along the 

Aaiun-Tarfaya Basin are directly influenced by the exhumation / subsidence history of 

the Western Anti-Atlas. Evidence of tectonic activity ending by the early Callovian is 

recorded offshore near the studied area. Following this time, the stratigraphy of the 

basin is comparable along its length. Carbonate platforms are better developed and 

much thicker in the southern half of the Aaiun-Tarfaya Basin. 

Tectonics and exhumation of Precambrian and Variscan domains play a key role in the 

early post-rift sedimentation along the Atlantic margin of Morocco. Along the 

Moroccan margin, mixed siliciclastic-carbonate continental to shallow marine 

sedimentation dominate the basins (Doukkala, Agadir-Essaouira and the northern half 

of the Aaiun-Tarfaya Basin). Although the Moroccan coast is always regarded as a 

passive margin, inherited basement structure has controlled the distribution and style of 

sedimentation, with variable fill in all the coastal margin basins.  

The results suggest that early post-rift sedimentary sequences deposited along the 

Atlantic margin of Morocco have a significant tectonic control. Inherited structures, 

differential subsidence rates and vertical uplift and exhumation phases in the basement 

terranes influenced sediment style and distribution in the basins, with eustasy playing a 

subordinate role. The tectonic influence reduces by the Late Jurassic when 
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sedimentation along the Atlantic margin becomes more homogeneous and eustasy 

probably has a more significant control. The results have implications for the early 

evolution of the Central Atlantic passive margin, the controls on sedimentation and 

distribution of facies regionally. 
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Table 1. Lithofacies identified at Oued Craima and Sidi Ouarzik successions. 

Code Lithofacies Description Interpretation 

A Normally-graded 

conglomerates 

Massive to normally graded clast-supported red conglomerates. Beds are 10 to 70 cm thick laterally 

continuous with erosive base, rarely channelised (up to 20 m wide) and lacking clast imbrication or 

cross-bedding. Clasts have heterogeneous composition (sedimentary, igneous and metamorphic) and size 

ranges from 2 mm to 60 cm (from angular to rounded depending on the location).   

Migration of broad bars and 

dunes in unconfined gravel 

sheets 

B Inversely graded 

conglomerates 

Inversely-graded, sometimes matrix-supported, red conglomerates. Beds are 10 to 50 cm thick, laterally 

discontinuous (up to 10-15 m) with erosional basal surfaces or draping previous topography. Clast 

composition is heterogeneous  (sedimentary, igneous and metamorphic), subangular to rounded with a 

maximum grain size up to 15 cm. 

Pseudoplastic debris flow in 

unconfined gravel sheets 

C Matrix-supported 

granule-pebble 

conglomerate 

Structureless (to slightly normally graded) wavy to irregularly bedded matrix-supported brownish-grey 

pebble conglomerate. Top of individual beds can be wave- (and current-) rippled. Beds range from a few 

cm to 15 cm thick with sharp contacts and sometimes with pebbles accumulated in scoured bases. 

Occasional cm thick interbeds of muds. Floating granules and cm-scale pebbles are rounded to 

subrounded and pebbles may be absent.  Matrix grain size ranges from fine-grained to very coarse-

grained. Common bioturbation by vertical burrows (possible Diplocraterion habichi, Arenicolites or 

Skolithos) up to 20 cm long.  

Ripples and scattered pebble-

size clasts indicate high energy 

oscillatory and unidirectional 

currents. Interbedded thin muds 

suggest periods dominated by 

suspension settling. Long 

vertical bioturbation suggests 

high sedimentation rates. 

D Crossbedded fine- 

to very coarse-

grained sandstones 

Fine- to very coarse-grained normally graded cross- and parallel-bedded sandstone. Beds up to 60 cm 

thick with cross sets 20-40 cm-thick, erosive sharp base or loadcasted. Granules and pebbles up to 2 cm 

can be common either scattered, forming lags along foresets or even present towards the top of some 

beds together with scattered shell fragments. Sedimentary structures can also include current and wave 

ripples on the tops of some beds and possible herring-bone cross-stratification. Bioturbation and 

accumulation of bivalves and gastropods can be important at the base of some beds. 

Migration of dunes under 

uniderectional flow puctuated 

by wave reworking. Rare 

storm- and bidirectional 

current-reworking. 
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E Ripple-laminated 

sandstone 

Fine-grained ripple cross-laminated sandstone with possible interlamination of silts. Beds are cm thick 

and the most striking sedimentary structures are climbing ripples. Clasts are mainly quartz, feldspar and 

opaques from subrounded to subangular.  

Unidirectional current 

migration of ripples under 

conditions of high sediment 

supply 

F Very fine- to 

medium-grained 

calcareous 

sandstone to 

packstone 

Yellow to withish very fine- to medium-grained calcareous sandstone with variable silt content. 

Structureless irregular, tabular to undulating cm thick beds up to 30 cm thick with sharp to gradual 

contacts commonly dewatered or loadcasted and locally erosive. Internally it may have basal parallel 

bedding, sometimes slumped or contorted internal bedding. Occasionally, beds are inverselly graded 

(bioclast content increase upwards). Rare ripple cross lamination. Clastics include subrounded to angular 

quartz, feldspar, rock fragments and dolomite clasts in variable proportions. Bivalves, gastropods and 

ostracods can be from absent to abundant, including cm-scale gastropods. Other components include rip-

up mud clasts, irregular ooids, scattered granules and pebbles, carbonaceous plant fragments and 

carbonate clasts (up to 15 cm). Rare wood fragments, galuconite, intraclasts and algal mat fragments. 

Usually rich in micritic matrix. Occassionally, bioturbation by Thalassinoides can be pervasive at the 

base of individual beds.  

Dewatering structures and 

slumps suggest rapid deposition 

in a relatively steep marine 

environment. High content in 

subspheric and subrounded 

clastics, broken and abraded 

bioclasts and relatively small 

size of alloctonous microbial 

clots suggest agitated 

environment. Most of the 

bioclasts are probably 

alloctonous 

G Massive sandstone Massive very fine to fine-grained red sandstone. Bed thickness ranges from a few cm to 25 cm. Lack of 

sedimentary or biogenic structures may be due to poor exposure and weathering.  

Despite the lack of diagnostic 

structures association with 

surrounding lithofacies 

suggests overbank unconfined 

pulsatory (or wanning) flows. 

H Normaly graded 

calcareous 

sandstone and silts 

Very fine-grained white calcareous wavy-, parallel- or ripple cross-laminated sandstones with rootlets 

grading into very fine-grained clay- to silt-rich red sandstones. Bed thickness ranges from 10 to 50 cm 

with sharp base (not erosive) and top. White basal sandstones are 5-10 cm thick. Main clasts are quartz, 

detrital dolomite, and feldspars, calcite-cemented and patches rich in iron oxides. Sedimentary structures 

include wavy-, parallel- and ripple cross-lamination in the lower white part and wavy to discontinuous 

thin bedding to lamination in the upper red ("chippy" texture) with extremely rare cross-lamination and 

sparse rootlets. 

Lamination and ripples suggest 

lower flow regime conditions 

of unidirectional unconfined 

wanning flows. Rootlets and 

precipitation of calcite and 

oxides indicate soil formation 
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I Wavy- to hummocky 

cross-laminated 

(bedded) 

sandstones 

Laminated / bedded to hummocky cross-stratified very fine- to coarse-grained, sometimes calcareous, 

sandstones and interlaminated muds. Beds are 15-50 cm thick with wavy contacts. Additional 

sedimentary structures include occasional planar cross-bedded sets up to 15 cm thick and wave ripples. 

Main clasts are quartz and feldspar. Gastropods, bivalves and scarce echinoderms may be present.  

HCS generated by storm waves 

below the fair weather wave 

base combined with bars 

formed under unidirectional 

flows (planar cross-bedding) 

and wave reworking. 

J Mottled to 

laminated 

palaeosols 

Massive to laminated micrite-rich and carbonate-cemented clay to fine-grained sandstones, usually 

mottled or with "chippy" texture in outcrop. Thickness ranges from a few cm up to 1.5 m. Contacts are 

diffuse to sharp and very irregular. Internal sedimentary structures are usually absent but occasional 

ripple cross-lamination is possible, but unfrequent. A wide range of detrital clasts includes angular to 

subrounded quartz, feldspars and opaques, minor reworked microbial lumps, peloids, intraclasts, 

filosilicates, microcodium fragments and heavy minerals, and traces of ostracods and unidentified 

bioclast fragments.  

Absence of sedimentary 

structures is probably due to 

intense bioturbation and 

cementation processes. Ripples 

suggest traction in unconfined 

flows. Micrite has mixed origin 

from suspension settling and 

chemical precipitation related 

with exposure and carbonate 

soil formation. Occasional 

restricted marine fauna is 

interpreted as occasional 

marine connection through 

bidirectional flows.  

K Reworked mud to 

sandstone and 

carbonate clasts 

bed. 

Bed 35 cm thick made of mud, silt, sand and carbonate clasts up to 6 cm in size. Usually clast-supported 

but clasts can be also floating in a sitly-sandy matrix. No apparent internal structure. Frequently irregular 

to wavy sharp erosional base and sometiems gradational top. 

Plastic debris flow 
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L Clayey siltstones to  

very fine-grained 

sandstones 

Normally graded to massive yellow, red to grey clayey siltstones to very fine-grained sandstones with 

occasional cm thick interbeds of medium-grained sandstone. Bed thickness ranges from 5 cm to 1 m 

thick with flat to undulating basal and upper contacts, sometimes diffuse or interfingered with underlying 

and overlying beds. Internal irregular lamination may be present likely due to subtle changes in grain 

size. Occasional intense bioturbation may destroy any previous internal structure (massive appearance). 

Ripples may be relatively abundant in some parts of the succession usually related with the coarser 

spectrum of the grain size. Carbonaceous plant fragments and plant fragments are relatively abundant 

and sparse wood fragments. Fossils are rare but when present they can be very abundant and 

monospecific (cm-scale, thin-shelled Falcimytilus sp.). Frequent carbonate nodules following the 

bedding. Nodules can coalesce laterally and form continuous beds. Unidentified burrowing disturbing 

lamination can be intense but not common. Scarce horizontal burrows and possible rootlets. 

Normal grading and ripples 

generated under lower flow 

regime conditions in 

unconfined wanning 

unidirectional flows combined 

with suspension settling. 

Abundant monospecific thin-

shelled bivalves and / or intense 

bioturbation is interpreted as a 

quiet subaquatic setting with 

certain degree of stress. 

M Laminated to thinly 

bedded dark clays 

to very fine-grained 

sandstones 

Alternating wavy laminated to thinly bedded black clays to red-yellow silts and very fine-grained 

sandstones. Thickness ranges from mm to cm scale. Erosional surfaces, small-scale slumps and 

dewatering structures can be locally abundant. Sub-milimeter carbonaceous plant fragments are very 

abundant together with sparse wood fragments. Bivalves and bioturbation are extremely rare.  

Grain size variation, erosive 

surfaces, dewatering structures, 

absence of fauna and 

bioturbation together with 

abundance of carbonaceous 

plant fragments represent rapid 

deposition under unconfined 

fluctuating hyperpycnal flows 

with possible periodic 

suspension settling between 

events. Slumping suggest a 

steep setting.  
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N Algal laminated 

quartz-bearing 

packstone 

Interlaminated peloidal boundstones, microbial / algal stromatolite-like mats, peloidal packstones to 

wackestones. Beds range in thickness between 5 to 20 cm with wavy contacts and occasionally can look 

slightly nodular. Dessication cracks are rare and only identified in thin section. Lamination at 

microscopic scale is determined by alternation of quartz- or reworked peloid-rich packstone (to 

wackestone) lamina with biologically induced / bound carbonates. Main components include clots of 

biologically-trapped silt-sized subspherical peloids and scattered fragments of reworked microbial / algal 

mats up to 2.5 mm in size. Resedimented peloids can be locally predominant, together with variable 

proportions of silt-sized angular to subangular clastic quartz, feldspars, rock fragments and opaques, 

scattered medium- to coarse-grained sand-sized subangular quartz, rock fragments and feldspars, 

ostracods, gastropods and bivalve bioclasts and scattered spherical to subspherical sand-sized 

multicoated radial ooids. Micritic matrix is not homogeneously distributed and may alternate with 

lamina richer in sparry cement filling fenestral porosities.  

Alternation of lamina of 

reworked material with 

biologically induced carbonates 

suggests traction by unconfined 

pulsating flows and periods of 

no deposition with exposure 

(dessication cracks). Fauna 

assamblages indicate 

connection with moderately 

restricted marine environments 

probably transported by 

bidirectional flows. Micrite 

probably has two origins, from 

suspension settling and 

chemically precipitated during 

initial soil formation.  

O Bioclastic-oolitic 

quartz-bearing 

grainstone (locally 

packstone) 

Normally graded coarse-grained to granule-sized, sometimes crossbedded and channelised, grainstone. 

Channel thickness can be up to 1.2 m and cross bedded sets up to 15 cm. Additional sedimentary 

structures may include lags of granules and shell fragments. Components include variable proportions of 

bivalve and gastropod broken fragments up to 4 mm-long commonly displayed subparallel to bedding, 

microbial / algal fragments and intraclasts of a wide range of compositions and sizes (up to mm-scale), 

common sand-sized ooids, rock fragments of a wide range of compositions, sphericity and roundness up 

to 2.5 mm, and  silt- to coarse sand-sized quartz and feldspars, minor oolitic packstone / grainstone (up 

to 2.5 mm) and micrite intraclasts, echinoderm fragments, agglutinated benthic foraminifera (Reophax 

sp. probably), ostracods, phyllosilicates and other sedimentary minerals. Micritic matrix is mostly absent 

but can be present in layers parallel to bedding. 

Channelised bases, 

crossbedding and broken 

bioclasts indicate high energy 

traction of confined flows. 

Alternation of a mixture of 

open and restricted marine 

fauna and continent-derived 

components, together with 

grainstone and packstone 

textures suggest tide-related 

bidirectional flows. 
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P Oncoid-bearing 

packstone 

Light grey oncoid-bearing (silty) packstone (occasionally wackestone). Wavy to planar beds 10 to 50 cm 

thick with sharp base and top. Main components include variable proportions of mm-scale oncoids, 

peloids, carbonaceous plant fragments, ostracods, microbial / algal lumps and intraclasts. Oncoids are 

mainly either porostromate-like with fenestral fabric or spongiostromate. Silt-sized terrigenous 

subangular quartz and feldspars can be relativelly abundant together with subordinated igneous and 

metamorphic rock fragments and detrital phyllosilicates. Usually, minor gastropods, bivalves, benthic 

foraminifera and ooids and traces of wood and echinoderm fragments and possible bryozoans. 

Oncoids are typical in shallow 

subtidal to lower intertidal 

settings with moderate 

agitation. Fossil assamblages 

suggest moderately stressed 

marine environment with more 

or less connection with normal 

conditions. Relative abundance 

of terrigenous clasts is related 

with proximity to the continent.  

Q Calcareous 

siltstones-

sandstones to silty 

packstones 

Massive to chaotic light grey siltstones to fine-grained sandstones. Bed thickness ranges from 5 to 15 

cm, sharp irregular to erosive base and sharp top. Lithologies can range from clastic- to carbonate-

dominated. Carbonaceous plant fragments are abundant. Occasionally, broken bivalves and gastropods 

are abundant. Reworked carbonate clasts up to 10 cm in size are possible. 

Erosive bases and reworked 

clasts from continental and 

marine origin suggest high 

energy. 

R Mudstone (to 

wackestone) 

Massive to thinly bedded light to dark grey micritic mudstones. Wavy to irregular beds, almost nodular 

sometimes, 5-30 cm thick, sometimes affected by soft sedimentary deformation. Bioclast-poor beds are 

usually intensely bioturbated at the base (Thalassinoides and possible Planolites). Components include 

different amounts of disarticulated bivalves, gastropods (up to several cm), silt-sized quartz clasts, 

carbonaceous plant fragments, ostracods, peloids, benthic foraminifera, dasycladaceas and ooids. 

Mainly suspension settling and 

autochthonous fauna. Fine 

grained carbonate mud and 

absence of sedimentary 

structures is interpreted as 

indication of quiet and 

relatively deep conditions. 
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S Bioclast-bearing 

silty peloidal 

wackestone to 

packstone 

Massive to irregularly bedded grey bioclastic-bearing peloidal wackestone to packstone. Tabular bedding 

5-40 cm thick with irregular to wavy sharp contacts, nodular and almost discontinuous sometimes, 

occasionally load casted and dewatered. Rare large-scale soft-sediment deformation and local erosive 

bases. Rare "lags of floating" bivalves and cm-scale gastropods. Grains include silt-sized peloids, 

intraclasts and quartz clasts, relatively abundant bivalves (sometimes thin-shelled), gastropods 

(nerinellids) and carbonaceous plant fragments. Dasycladacean (Holosporella siamensis) and lumps of 

unidentified blue - green algae up to 2 mm in size can be locally the main allochem. Scattered intraclasts, 

ooids, wood fragments, scattered granules and pebbles; and reworked carbonate clasts up to 7 cm in size 

may or may not be present. Scattered cm-scale gastropods may be present on top of individual carbonate 

beds. Ostracods may keep both valves preserved. Benthic foraminifera (agglutinated, textularids and 

miliolids among others), wood fragments, fish remains, regular echinoderms and silt-sized quartz and 

feldspar. 

Combined episodes of rapid 

sedimentation (soft-sediment 

deformation and erosion) under 

moderate to high energy 

conditions and suspension 

settling. Fauna assemblage 

suggests shallow moderately 

restricted conditions with some 

open marine influence. 

T Peloidal packstone Massive to faintly irregularly laminated peloidal packstones. Irregular to wavy bedding 10-15 cm thick. 

Sand-sized ovoid elongated to irregular peloids are the main allochem. Other grains include silt-sized 

quartz, ostracods, ooids, gastropods, bivalves, benthic foraminifera, carbonaceous plant fragments, 

microbial mats fragments and echinoderm fragments may or may not be present. 

Lack of sedimentary strutures 

suggests micritic mud settled 

from suspension together with 

accumulation of autochthonous 

fauna. Admixtures of continent-

derived clastics and bio-

laminites and normal marine 

conditions bioclasts suggest 

weak currents and agitation. 

U Silty (sandy) 

grainstone with 

blue / green algae 

Irregularly bedded silty / sandy grainstone to packstone with algae. Bed is 20 cm thick with irregular 

sharp surfaces, cross-bedding, shell lags and mud drapes (micritic)? Main allochems are sand-sized 

quartz, feldspar and rock fragments, intraclasts up to 3 mm and blue - green algae fragments up to 

several mm in size. Minor opaques, carbonaceous plant fragments. Scarce full and broken radial ooids. 

Bivalves in outcrop.  

Sedimentary structures suggest 

traction and rapid deposition 

under energetic pulsating flows 

alternating with suspension 

settling. 
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V Peloidal- and 

bioclastic-bearing 

grainstone 

Massive to laminated peloidal and bioclastic-bearing grainstones. Beds are tabular, 5-30 cm thick with 

irregular to wavy contacts, occasionally loadcasted. Occasionally bioclast content increases slightly 

towards the top of individual beds. Main allochems include variable proportions of broken bivalves and 

gastropods, subspherical peloids silt- to fine sand-graded (possible fecal pellets), benthic foraminifera 

(agglutinated, miliolids and textulariids mainly). Aggregates, intraclasts and composite ooids can be 

from common to traces. Subordinate components are wood and carbonaceous plant fragments, micrite 

concentric ooids (scarce with radial fabric), and broken echinoderm plates and spines. Minor dasyclads. 

None to very little silt-sized subangular to subrounded quartz and feldspar clasts. Possible bryozoans are 

extremely rare. Micritization rims can be thick and peloids are frequently allochem completely 

micritised.  

Fauna assemblages are typical 

of normal to moderately 

restricted marine conditions. 

Broken bioclasts and absence 

of micrite suggest an agitated 

environment. Common micrite 

envelopes relates with 

deposition in a shallow marine 

setting. 

W Oolitic grainstone Massive to normally graded grey oolitic grainstones. Beds are 15-25 cm thick with very sharp irregular 

erosive bases and occasionally loaded. Faint internal thin bedding (perhaps cross-bedding). Main grains 

are spherical to ovoid sand-sized concentric micritic ooids, silt- to sand-sized spherical to ovoid peloids 

and intraclasts up to 3 mm in size. Minor broken bivalves and gastropods, disarticulated ostracods and 

aggregates. Traces of benthic foraminifera, briozoa and likely fish scales. Possible microkarst developed 

on some beds. Rare bioturbation by Thalassinoides, but may be intense locally. 

Abuntant ooids and 

sedimentary structures indicate 

shallow energetic waters with 

possible short-timed exposure 

(possible microkarst) 

X Cross-bedded 

sandy grainstone 

(packstone) 

Normally graded cross-bedded quartz- and feldspar-rich oolitic grainstone. Beds are 15-60 cm thick with 

sigmoidal to tangential cross-bedding and sharp erosive bases. Foreset surfaces may be reworked 

subperpendicularly by waves (wavy ripples). Possible mud drapes on foresets. The majority of grains are 

sand-sized K-feldspar and quartz, many of them coated by one layer of micrite (incipient ooids) and far 

less abundant silt- to very fine sand-sized subspherical peloids. Minor subspherical sand-sized radial 

ooids cored by incipient ooids (first micritic layer). Traces of carbonaceous plant fragments, ostracods, 

gastropod and bivalve fragments. Minor ostracods and pebble-sized quartz up to 2 cm can be present. 

Occasional bioturbation. Micritization can be intense destroying the primary texture of some grains.  

Migration of dunes under 

unidirectional currents 

modulated by wave reworking 

Y Coral-rich 

packstone 

Massive, chaotic to faintly laminated, undulating coral-bearing packstone. Beds are 10-50 cm thick and 

bases can be erosive and loadcasted. Usually, scattered coral fragments are present but individual beds 

can be packed with broken fragments of branching corals and minor bulbous corals. Additional grains 

include silt-sized quartz and feldspar (some fd up to 400 microns), peloids, bivalves and gastropods up to 

several mm in size. Minor ostracods, intraclast / microbial clot fragments, echinoderm fragments and 

carbonaceous plant fragments. 

Fragmented bioclasts and 

sedimentary structures suggest 

rapid deposition in high energy 

waters. Branching coral usually 

develop in quiet water within 

the photic zone. 

Table 2. Additional information about stratigraphic range and geographical distribution of bivalves from Oued Craima and Sidi Ouarzik. 
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BIVALVIA 

Species Stratigraphic range Geographic distribution References 

Dacryomya cf. lacrima (J. de C. Sowerby, 1824) 
Bathonian-Lower 

Callovian 

northern Germany, England, 

India 

Stoll (1934); Cox and Arkell (1948); Jaitly et al. (1995) 

Isognomon isognomonoides (Stahl, 1824) 

Aalenian-Bajocian England, Paris Basin Benecke (1905); Cox and Arkell (1948) 

Bajocian Romania Lazǎr (2006) 

Bathonian England, Paris Basin Cox and Arkell (1948); Fischer (1969); Palmer (1979) 

Placunopsis socialis Morris & Lycett, 1853 
Bathonian Paris Basin, England Cossmann (1907); Cox and Arkell (1948); Fischer (1969); 

Palmer (1979); Todd and Palmer (2002) 

Trigonia pullus J. de C. Sowerby, 1826 
Bathonian Egypt, England, Paris Basin, 

Tunisia 

Douvillé (1916); Cox and Arkell (1948); Fischer (1969); 

Holzapfel (1998); Palmer (1979) 

Myophorella tuberculosa (Lycett, 1850) 
Aalenian?-Bajocian England Lycett (1850) 

Bathonian Paris Basin Fischer (1969) 

Nicaniella pulla (Roemer, 1836) 

Uppermost Bajocian-

Upper Bathonian 

Poland Pugaczewska (1986) 

Lower Bathonian-

Middle Callovian  

northern Germany Stoll (1934) 

Protocardia lycetti (Rollier, 1912) Bathonian Paris Basin, England Cossmann (1900); Cox and Arkell (1948); Palmer (1979) 

Eocallista antiopa (d'Orbigny, 1850) Bathonian England, Paris Basin Cox and Arkell (1948); Fischer (1969); Palmer (1979) 

Eomiodon angulatus (Morris & Lycett, 1855) 
Bathonian England, southern France, 

China? 

Cox and Arkell (1948); Yin and Fürsich (1991); Fürsich et 

al. (1995) 

"Corbula" cf. involuta Münster in Goldfuss, 

1837 

Bajocian? southern Germany Goldfuss (1837) 

Bathonian England, southern France Lycett (1863); Cossmann (1905) 

"Corbula" cf. islipensis Lycett, 1863 Bathonian England, Paris Basin Lycett (1863); Fischer (1969) 

Pachyrisma grande Morris & Lycett, 1850 Bathonian England Cox and Arkell (1948) 

Ceratomya concentrica (J. de C. Sowerby, 1825) 
Bajocian-Oxfordian Europe, Africa, Middle East de Loriol (1883); Douvillé (1916); Cox (1936, 1965); Cox 

and Arkell (1948); Fischer (1969) 
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Table 3. Additional information about stratigraphic range and geographical distribution of gastropods from Oued Craima and Sidi Ouarzik. 

GASTROPODA 

Species Stratigraphic range Geographic distribution References 

Pseudomelania (Oonia) variata 

(Lycett, 1863) 

Upper Bathonian north-eastern Paris Basin and south-

western England 

Lycett (1863); Cossmann (1885); Fischer (1969) 

Undiff. Bathonian south-western England Cox and Arkell (1950) 

Eligmoloxus limneiformis 

Cossmann, 1885 

Lower Bathonian north-eastern Paris Basin Cossmann (1885) 

Exelissa cf. binodosa Gründel, 

1990 

Callovian northern Germany Gründel (1990, 1999) 

Globularia cf. eparcyensis 

(d'Archiac, 1843) 

Middle and Upper 

Bathonian 

north-eastern Paris Basin Fischer (1969); Fischer and Weber (1997) 

Globularia cf. tancredi (Morris & 

Lycett, 1850) 

(Upper?) Bathonian south-western England  Cox and Arkell (1950) 

Ampullospira actaea (d'Orbigny, 

1850) 

Middle and Upper 

Bathonian 

north-eastern Paris Basin  Fischer (1953, 1969); Fischer and Weber (1997) 

Undiff. Bathonian western England Cox and Arkell (1950) 

Naricopsina matheroni (Gourret, 

1884) 

Undiff. Bathonian southern France Cox and Maubeuge (1950) 

Pictavia? cf. stricklandi (Morris & 

Lycett, 1850) 

Lower to Upper Bathonian northern Paris Basin Cossmann (1885) 

Undiff. Bathonian south-western England Cox and Arkell (1950) 

Ceritella dewalquei (Piette, 1857) 
Middle and Upper 

Bathonian 

north-eastern Paris Basin  Fischer (1969) 

Nerinella elegantula (d'Orbigny, 

1850) 

Lower Bathonian to Upper 

Bathonian 

Paris Basin Fischer (1953, 1969); Fischer and Weber (1997) 
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Fig. 1. Simplified geological map of north-west Africa showing the main structural 

elements around the Aaiun-Tarfaya Basin. Compiled after Hollard et al. (1985); Boher 

et al. (1992); Davison (2005); Villeneuve (2005); Schlüter (2006); Michard et al. 

(2008a); Frizon de Lamotte et al. (2009); Leprêtre et al. (2013); Bradley et al. (2015) 

and Meddah et al. (2017). RB: Rharb Basin. DB: Doukkala Basin. AEB: Agadir-

Essaouira Basin. 

Fig. 2. Generalised chronostratigraphy of basins along the Atlantic Margin of Morocco 

(see Fig. 1 for location). From north to south: Doukkala Basin adapted after Negroni et 

al. (1966); Meyer (1978); Lancelot and Winterer (1980); Price (1980); Winterer and 

Hinz (1984) and Echarfaoui et al. (2002). Agadir-Essaouira Basin offshore stratigraphy 

adapted after Hafid et al. (2000); Tari et al. (2012) and unpublished well report; onshore 

stratigraphy adapted after Hafid (2000); Luber et al. (2017); Aaiun-Tarfaya Basin - Ifni 

segment offshore stratigraphy adapted after AbouAli et al. (2005) and Gouiza (2011); 

onshore stratigraphy from this study. Aaiun-Tarfaya Basin - Tarfaya segment offshore 

stratigraphy adapted after Wenke (2015); onshore stratigraphy adapted after Hollard et 

al. (1985) and own field observations. Aaiun-Tarfaya Basin - Boujdour-Dakhla segment 

adapted after von Rad and Einsele (1980); von Rad and Wissmann (1982). Time scale 

after Gradstein et al. (2012). Numbers to the right of each basin represent the most 

important formations as follows: (1) Jreibichat Fm., (2) Lebtaina Fm., (3) Samlat Fm., 

(4) Aaiun Fm., (5) Puerto Cansado Fm., (6) Tan Tan Fm., (7) Aguidir Fm., (8) Tah Fm., 

(9) Hammada Tellia Fm., (10) Ikakern Fm., (11) Timezgadiwine Fm., (12) Bigoudine 

Fm., (13) Amsittene Fm., (14) Id Ou Moulid Fm., (15) Ameskhoud Fm., (16) 

Ouanamane Fm., (17) Tidili Fm., (18) Imouzzer Fm., (19) Tismeroura Fm., (20) Cap 

Tafalney Fm., (21) Sidi Lhouseine Fm., (22) Tamanar Fm., (23) Bouzergoun Fm., (24) 

Tamzergout Fm., (25) Oued Tidzi Fm., (26) Calcaire de Dridat Fm. 
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Fig. 3. Schematic dip cross-sections showing the architecture of Moroccan coastal 

basins. From north to south: (A) Doukkala Basin, adapted after Hinz et al. (1982); 

Hollard et al. (1985) and Le Roy et al. (1997). (B) Agadir-Essaouira Basin adapted after 

Hafid (2000); Frizon De Lamotte et al. (2008); Tari and Jabour (2013). (C) Aaiun-

Tarfaya Basin (Ifni segment) adapted after AbouAli et al. (2005) and Hafid et al. 

(2008). (D) Aaiun-Tarfaya basin (Tarfaya segment) adapted after Hinz et al. (1982); 

AbouAli et al. (2005) and Wenke et al. (2011). (E) Aaiun-Tarfaya basin (Boujdour-

Dakhla segment) adapted after von Rad et al. (1979); von Rad and Einsele (1980); 

Hollard et al. (1985); Hafid et al. (2008). 

Fig. 4. Geology of the Ifni Inlier and surroundings simplified after Choubert (1957); 

Yazidi et al. (1986) and Destombes (1991). GB: Guezira Beach. IP: Ifni Port. 

Fig. 5. Summary stratigraphic log of Craima, including proposed formation names, 

individual parasequences, systems tracts and main macrofauna. Lithologies as in Fig. 2. 

Fig. 6. Examples from the field and microphotographs of alluvial fans and alluvial 

floodplain facies associations. Lithology and symbols as in Figs. 2, 5. (A) Field 

panorama showing alternating packages of red conglomerates and fine sandstones 

belonging to FA1 and FA2 (see text for details). (B) Detail of sedimentary log collected 

in the field. Note the current-generated sedimentary structures are localised in the 

coarser sandstone levels. (C) Field picture of palaesols developed in fine-grained 

sandstones. Rootlet marks are visible. Hammer is 33 cm long. (C) Microphotograph 

from the white sandstone level in 2a (upper half in plane polarised light and lower half 

in cross polarised light). (E, F) Field picture of conglomeratic beds, and 

microphotograph of the matrix (upper half in plane polarised light and lower half in 
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cross polarised light). Stick for scale is 1.2 m long. Qtz: detrital quartz; fd: detrital 

feldspar.  

Fig. 7. Example of a typical peritidal parasequence. Lithology and symbols as in Figs. 2, 

5.(A) Field overview of a shallowing-upwards peritidal parasequence of cross-bedded 

grainstones overlain by silts and fine sandstones, capped by the next channelised coarse 

sandstone. Note the ostracods-rich limestone below the first cross-bedded grainstone / 

calcareous sandstone represents  the base of a progradational parasequence. (B) 

Annotated log from the field (each black / white bar represents 1 m). (C, D, G, H) 

Examples of lithofacies O. (E, F) Mottled palaeosols developed on fine-grained 

sandstones. Qtz: detrital quartz; fd: detrital feldspar. 

Fig. 8. Examples of lagoonal facies (FA4 and FA5) along Sidi Ouarzik Beach outcrop. 

(A) Field panorama showing several shoaling-upwards cycles. (B) Detailed field 

sedimentary log. Black / white bars represent 1 m. Lithology and symbols as in Figs. 2, 

5. (C, D) Field view and microphotograph of silty bioclastic-bearing mudstones / 

wackestones. Main bioclasts are bivalves (Dacryomya cf. lacrima, Myophorella 

tuberculosa, Eocallista antiopa) gastropods (Nerinella? sp.) and minor unidentified 

ostracods. (E) Field example of top surface completely dissected by dewatering 

structures. Stick is 1.2 m long. (F) Microphotograph showing green algae fragments 

(Holosporella siamensis, Pia 1930) as main bioclast. Silt-graded detrital quartz (qtz) is 

abundant in this silty bioclastic packstone. (G) Closer view of coarsening- and 

shallowing-upwards parasequences of laminated to thinly bedded muds passing into 

fine sandstones (sometimes bioclastic). (H) Another example of muds overlain by 

sandstones. Stick in the field of view is 90 cm long, and each subdivision is 10 cm.  
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Fig. 9. Depositional model illustrating the main four stages in the evolution of the 

system. (A) Triassic / Liassic deposition of red alluvial fans directly fed from the Ifni 

Inlier to the east. (B) Development of a peritidal coastal plain characterised by the 

interplay between terigenous clastics supplied from the Ifni Inlier and the coastal 

processes (mainly tides). This stage in the evolution of the system can be confidently 

dated as Bathonian based on the analysed fauna. (C) The coastal plain gets drowned and 

a shallow lagoon is established where fine-grained clastics and carbonate production 

coexist. (D) Marine sedimentation continues and the system becomes slightly coarser 

and siliciclastic-rich. Bathonian fauna still can be found during this stage.. 

Fig. 10. Bivalves identified in the succession. See supplementary material for additional 

information on stratigraphic and geographic distribution. 1 - Dacryomya cf. lacrima (J. 

de C. Sowerby, 1824), 2 - Falcimytilus sp., 3 - Costigervillia sp., 4 - Isognomon 

isognomonoides (Stahl, 1824), 5 - Placunopsis socialis Morris & Lycett, 1853, 6a, 6b - 

Trigonia pullus J. de C. Sowerby, 1826, 7 - Myophorella tuberculosa (Lycett, 1850), 8 - 

Nicaniella pulla (Roemer, 1836), 9 - Protocardia lycetti (Rollier, 1912), 10a, 10b - 

Pronoella sp., 11 - Eocallista antiopa (d'Orbigny, 1850), 12 - Eomiodon angulatus 

(Morris & Lycett, 1855), 13 - "Corbula" cf. involuta Münster in Goldfuss, 1837, 14 - 

Pachyrisma grande Morris & Lycett, 1850, 15 - Ceratomya concentrica (J. de C. 

Sowerby, 1825). 

Fig. 11. Gastropods identified in the succession. See supplementary material for 

additional information on stratigraphic and geographic distribution. 1 - Zygopleuridae 

indet., 2 - Pseudomelania (Oonia) variata (Lycett, 1863), 3 - Eligmoloxus limneiformis 

Cossmann, 1885, 4 - Exelissa cf. binodosa Grundel, 1990, 5 - Cryptaulax sp., 6, 7a, 7b -  

Globularia cf. eparcyensis (d'Archiac, 1843), 8 - Globularia cf. tancredi (Morris & 
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Lycett, 1850), 9 - Ampullospira actaea (d'Orbigny, 1850), 10 - Globularia sp., 11a, 11b 

- Naricopsina matheroni (Gourret, 1884), 12 - Pictavia? cf. stricklandi (Morris & 

Lycett, 1850), 13 - Phaneroptyxis? sp., 14 - Nerinella elegantula (d'Orbigny, 1850), 15, 

16, 17, 17a - Ceritella dewalquei (Piette, 1857), 18 - Sinuarbullina? sp. 

Fig. 12. Palaeoenvironmental reconstruction along the Moroccan Atlantic margin for 

the Bathonian. Jurassic shelf after Hinz et al. (1982); Seibold (1982) and Hafid et al. 

(2006). Shoreline in the Doukkala and Agadir-Essaouira Basins after Medina (1995). 
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