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e Muséum D’Histoire Naturelle de Toulouse, Allée Jules Guesdes, F-31000, Toulouse, France 
f 29 Impasse des Mésanges, 01700, Beynost, France 
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A B S T R A C T   

The early Bajocian environmental crisis is marked by floral and faunal turnovers, and a positive carbon excursion 
recognized in both marine and continental archives. In the basinal setting of the Central High Atlas Basin, it is 
concomitant to a drastic drop of carbonate content, interpreted as a result of a severe carbonate demise event in 
neritic settings. In order to provide a carbonate platform perspective of this demise event, we have investigated a 
proximal–distal transect consisting of five sections of the Errachidia Platform, which represents upper neritic 
settings on the southern margin of the basin. New nannofossils and brachiopod findings, supported by organic 
matter carbon isotope chemostratigraphy, allow for the establishment of a high-resolution chronostratigraphic 
framework of the Errachidia Platform and a detailed reconstruction of carbonate factory evolution during the 
late Aalenian to middle Bajocian interval. The early Bajocian (Propinquans Zone) environmental crisis triggered 
a severe demise event which restricted carbonate production to supra-to intertidal settings, where microbial and 
peloidal limestones are the only trace of carbonate production. As a consequence, most of the platform is 
dominated by extended marl deposits that are usually interpreted as hemipelagic deposits. This observation 
demonstrates that caution must be exerted when interpreting the depositional environments of marl-dominated 
successions during time of neritic carbonate factory demise.   

1. Introduction 

A drowning unconformity is the result of the demise of a neritic 
carbonate factory. This demise is in most cases related to pronounced 
and rapid deterioration of environmental conditions, impairing neritic 
carbonate production and preservation (Schlager, 1981). Increasing 
marine nutrient levels as a consequence of global climatic change is 
often mentioned as a prime factor leading to carbonate factory demise 
(e.g. Hallock and Schlager, 1986; Zempolich, 1993; Föllmi et al., 1994; 
Bodin et al., 2006; Godet, 2013). Other factors such as drastic change in 
sea-surface temperature, shallow-water oxygen levels, siliciclastic 

poisoning, or ocean acidification have also been evoked (e.g. Hueter 
et al., 2019; Krencker et al., 2020; Ettinger et al., 2021). Altogether, 
these studies highlight the importance of drowning unconformities as 
precious archives of shallow-marine carbonate ecosystems at time of 
climatic upheavals. Untangling detailed information from drowning 
unconformities is however an intricate task as these latter are often 
represented by condensed intervals or hiatal surfaces that are sometimes 
difficult to date with the same precision as deeper marine deposits (e.g. 
Zempolich, 1993; Bodin et al., 2006; Föllmi et al., 2007, 2011; Léonide 
et al., 2012). 

The intrinsic nature of drowning unconformities, i.e. the deposition 
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of out-of-balance deep-water sediments over shallow-marine “healthy” 
carbonates due to ongoing basin subsidence, implies that they are 
associated with a marked deepening of water-depth, hence their name 
(Godet, 2013). Yet, it is evident that, in the case of platform systems 
attached to continental landmass, if drowning unconformities are the 
results of a shutdown of the neritic carbonate factory (i.e. if they are not 
just a backstepping surface), then they must necessarily also have an 
expression in nearshore settings. The nature of drowning unconformity 
in nearshore environment remains however very elusive as 
well-documented case examples are currently missing due to the diffi-
culty of unambiguously tracing a drowning unconformity from offshore 
to nearshore environments (e.g. Bosellini and Morsilli, 1997; Bodin 
et al., 2006; Brandano et al., 2009; Föllmi et al., 2011). This difficulty 
arises often from the spatial limitation in outcrop or subcrop data, as 
well as from the general absence of good chronostratigraphic constrain 
in nearshore deposits. 

In this study, we focus on the neritic carbonate factory demise event 
that has occurred during the early Bajocian in the Central High Atlas 
Basin of Morocco (as described in Bodin et al., 2017). This demise event, 
recorded in the Propinquans Ammonite Zone, occurred as a consequence 
of the environmental deteriorations accompanying the unfolding of the 
early Bajocian event (e.g. Suchéras-Marx et al., 2015; Bodin et al., 
2020). In the studied region, Bodin et al. (2017) postulated that a 
combination of ample relative sea-level rise and increased nutrient 
levels best explains this demise event, which was hence recorded as a 

regional drowning event. 
We present here the results of exceptional Middle Jurassic outcrops 

from the southern rim of the Central High Atlas Basin of Morocco: the 
Errachidia Platform. There, the drowning unconformity associated with 
the early Bajocian event can be visually traced over a 14 km-long distal 
to proximal transect. We will hence demonstrate that in nearshore areas, 
the drowning unconformity transitions into a microbialite-dominated 
sedimentary system. We will also discuss the consequence of this 
finding in terms of relative sea-level interpretations across drowning 
unconformities. 

2. Geological setting 

2.1. The Central High Atlas 

The study area is located in the southeastern part of the Central High 
Atlas Mountains of Morocco (Fig. 1). It preserves the remnants of a 
Jurassic SWS-ENE elongated basin that initiated over local Triassic rift 
systems. The geometry of the basin, characterized by numerous sub- 
basins separated by paleo-highs, was influenced by inherited faults 
affecting the Paleozoic metasedimentary basement rocks (e.g. Warme, 
1988; Teixell et al., 2003; Frizon de Lamotte et al., 2008; Sarih et al., 
2018). The Central High Atlas Basin was connected to the Tethys to-
wards the East, whereas on its western side, the Moroccan Meseta pro-
hibited a connection with the nascent Atlantic Ocean (Frizon de Lamotte 

Fig. 1. (A) Middle Jurassic paleogeographic map (modified from Suchéras-Marx et al., 2012; after Blakey, 2008) showing the location of the High Atlas Rift Basin on 
the northern end of the Gondwana continent. (B) Simplified structural map of Morocco, showing the location of the Errachidia Platform. (C) Digital elevation model 
(SRTM data; https://www2.jpl. Nasa.gov/srtm/index.html) map of the eastern Central High Atlas, north of Errachidia. The location of the five studied sections along 
the Ziz River, as well as the location of the main High Atlas Faults, are indicated. 
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et al., 2008; Charton et al., 2021). Initially dominated by shallow-water 
carbonate sedimentation during the Early Jurassic (Hettangian to 
Pliensbachian; e.g. Wilmsen and Neuweiler, 2008; Danisch et al., 2019), 
the Central High Atlas experienced a complex, multi-phased carbonate 
factory demise during the early Toarcian (Blomeier and Reijmer, 1999; 
Wilmsen and Neuweiler, 2008; Krencker et al., 2020). Vigorous neritic 
carbonate production resumed during the middle Toarcian in the 
western part of the basin and progressively prograded in its eastern part 
throughout the late Toarcian–Aalenian (Pierre et al., 2010; Krencker 
et al., 2014, 2020). After a second carbonate demise event during the 
early Bajocian (Bodin et al., 2017), progradation of neritic carbonate 
reached a climax during the late Bajocian (Souhel, 1996; Ait Addi and 
Chafiki, 2013), before the closure of the basin by continental siliciclastic 
deposits during the Bathonian until the Early Cretaceous (e.g. Souhel, 
1996; Haddoumi et al., 2010). 

2.2. The Errachidia Platform and studied localities 

The Errachidia Platform, also called Southern Platform by some 
authors (e.g. Ait Addi, 2006), represents a part of the southern rim of the 
Central High Atlas Basin (Fig. 1). At present, the Errachidia Platform is 
bordered by the Southern Atlasic Fault to the south, marking the front of 
the Atlasic rift system, and the Tizi n’Firest Fault to the north. This latter 
has been interpreted as a syn-sedimentary fault having been active 
during Early and Middle Jurassic times, acting as the separation between 
the shallow platform in the south from the deeper basin in the north (Du 
Dresnay, 1971; Wilmsen and Neuweiler, 2008, Ait Addi, 2000; Ait Addi 
and Chafiki, 2013). Although there are numerous evidences to support 
the interpretation of an active syn-sedimentary Tizi n’Firest Fault during 
the Early Jurassic (e.g. Wilmsen and Neuweiler, 2008), the status of the 
Tizi n’Firest Fault during the Middle Jurassic, and hence the exact 
relationship between both northern and southern domain, needs how-
ever to be better determined. Nonetheless, previous studies have already 
shown that Aalenian and Bajocian deposits north of the Tizi n’Firest 
Fault belong on average to deeper marine facies than their southern 
counterparts on the Errachidia Platform (e.g. Du Dresnay, 1971; Ait 
Addi, 2000). The platform geometry therefore appears thus to be best 

characterized as a distally steepened ramp, in which the Tizi n’Firest 
Fault separates platform and basin settings. However, except for the 
description of the coral reefs/build-ups close to the northern edge of the 
Errachidia Platform (e.g. Ait Addi, 2006), details on the sedimentary 
record of the Errachidia Platform and its immediate northern neigh-
boring are currently lacking, preventing to fully assess the activity of the 
Tizi n’Firest Fault during the Middle Jurassic. Furthermore, in between 
the Amzouj and the Ait Athmane sections (Fig. 1C), the Errachidia 
Platform is characterized by the presence of a prominent normal fault; 
the Dremchane Fault (also called Izeft Fault by some authors). This latter 
has currently a vertical displacement of more than 100 m (Teixell et al., 
2003). In the vicinity of the Ziz River, the Jurassic stratigraphic suc-
cession can however be easily observed and correlated on both sides of 
the fault, showing same thickness and facies across it. This highlights 
that in the here-studied area, contrary to more eastern localities (e.g. Ait 
Addi, 1998), the Dremchane Fault was not an active fault during the 
Jurassic. During the shortening and uplift of the Central High Atlas 
Basin, the Errachidia Platform remained relatively stable and appeared 
to be only marginally affected by tectonic processes (Teixell et al., 
2003). 

In order to depict a proximal–distal transect over this shallow water 
platform, we chose five sections according to their paleogeographic 
position on the platform and their accessibility along the valley of the Ziz 
River (Fig. 1C). The most proximal section, Jbel Hamdoun (32◦0.013′ N, 
4◦24.993′ W; Point 1 in Fig. 1C), is located close to the town of Erra-
chidia, next to the artificial lake “Hassan Addakhil”. The stratification 
dips here towards the north until it flattens out further north. This sec-
tion encompasses the Ait Athmane to Guettioua formations (Fig. 2). The 
next section is located ca. 3 km northeast of Jbel Hamdoun: the Amzouj 
section (32◦2447′ N, 4◦24,318′ W; Point 2 in Fig. 1C). It encompasses the 
Ait Athmane to Guettioua formations. Further ca. 3 km north of the 
Amzouj section is located the Ait Athmane section (32◦4680′ N, 
4◦22,346′ W; Point 3 in Fig. 1C). The lower part of the section, 
encompassing the Aganane and Aït Athmane formations, has been 
studied in detail by Wilmsen and Neuweiler (2008) and Krencker et al. 
(2014). Our section follows this stratigraphic interval and covers the Bin 
el Ouidane Group (Fig. 2). Further 3.6 km north of the Ait Athmane 

Fig. 2. Stratigraphic setting of the Errachidia Platform based on literature (Wilmsen and Neuweiler, 2008; Ait Addi and Chafiki, 2013; Krencker et al., 2014) and 
original data. This chart includes the newly proposed Ziz Formation and its five members as a replacement for the more informal “Bin el Ouidane Group” in this part 
of the High Atlas Basin. 
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section is located the Oued Tasmaalt section (32◦7.002′ N, 4◦21.438′ W; 
Point 4 in Fig. 1C). There, the Aït Athmane Formation and Bin el Oui-
dane Group crop out. The Tamarrakecht section (32◦8.998′ N, 4◦22.107’ 
W; Point 5 in Fig. 1C) is the last and most distal investigated section on 
the Errachidia Platform. It is situated in the vicinity of the Foum Zaabel 
section of Ait Addi (2006), at the Northern edge of the Errachidia 
Platform, where this author describes his first reef horizon. The Tam-
arrakecht section encompasses the Bin el Ouidane Group to the Guet-
tioua Formation (Fig. 2). 

Along the Ziz River, the here-studied Middle Jurassic deposits form 
steep cliffs resting on a thick green marl interval well-dated from the 
Toarcian in the vicinity of Ait Athmane (Fig. 2; Wilmsen et al., 2002; 
Wilmsen and Neuweiler, 2008; Krencker et al., 2014). In previous 
studies (Ait Addi, 1998, 2000, 2006, 2008; Ait Addi and Chafiki, 2013), 
it was assumed that the age of the green marls was similar throughout 
the Errachidia Platform. New biostratigraphic data from the Tam-
arrakecht section (see below) allows us to attribute the green marls 
outcropping in the northernmost part of this platform to the lower 
Bajocian. The green marl deposits are therefore diachronous along the 
Ziz transect. The top of the Middle Jurassic cliff is marked by a relatively 
abrupt geomorphological break, from steep cliff to soft relief, induced by 
the lithological change between the limestone-dominated Bin el Oui-
dane Group to the more marly Tilougguit Formation. On top of the 
Tilougguit Formation, sporadic outcrops of Bathonian (?) coarse silici-
clastics deposits belonging to the Guettioua Formation represent the last 
known Jurassic deposits in this area, marking the closure of the Central 
High Atlas Basin. 

3. Methods 

3.1. Fieldwork and stratigraphic correlation 

The studied sections were chosen based on outcrop conditions and 
accessibility. Each section was described bed by bed for their lithology, 
sedimentary features and structures, biota, trace fossils, and diagenetic 
features. Lateral facies changes were also noted. Correlation between 
different related sections was done using biostratigraphy (nannofossil 
and brachiopod), chemostratigraphy (organic matter carbon isotope 
ratio) and lithostratigraphy, together with the visual tracking of key 
geomorphologic surfaces over the entire Errachidia Platform. 

Correlation across the proximal to distal transect on the Errachidia 
Platform (Fig. 4) is based on visual lithostratigraphic correlation (both 
during fieldwork and computer-assisted using large panoramic pictures 
and GoogleEarth), and is aided by our biostratigraphic findings (see 
below). Initial impression of the Bajocian in the Ziz valley argues for a 
“layer cake” geometry with laterally continuous beds. More in-depth 
observations reveal however that over large distances, carbonate beds 
can disappear as they transition into marl layers. 

3.2. Lithofacies and facies associations model 

Lithofacies and facies associations have been defined according to 
their rock texture, allochems, bedding style, sedimentary structure and 
fossil content (Fig. 3). These data were primarily collected during 
fieldworks, and complemented by thin sections analyses. Interpretation 
of depositional environments associated with these facies is based on the 
presence of environment-specific criteria (for example mud cracks or 
root traces for subaerial exposures, or presence of calcareous 

Fig. 3. Facies and facies association, and their main attributes. Abbreviation for carbonate and siliciclastic texture; m: marl, M: mudstone, W: wackestone, P: 
packstone, G: grainstone, F: floatstone, R: rudstone, B: boundstone, cly: claystone, slt: siltstone, fs: fine sand, ms: medium sand. 
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nannofossils for offshore setting), aided by previous detailed deposi-
tional environment interpretations for Jurassic deposits in the Central 
High Atlas Basin (e.g. Pierre et al., 2010; Christ et al., 2012; 
Merino-Tomé et al., 2012; Bodin et al., 2017; Krencker et al., 2020). 

3.3. Calcareous nannofossil analyses 

A total of 15 smear slides were prepared for nannofossil study by 
powdering a small amount of rock, dilution with water, spreading onto a 
cover glass and drying. Cover glasses were mounted on microscope 
slides using Rhodopas. Samples were prepared as homogeneously as 
possible, so that particle density in different slides is comparable (Bown 
and Young, 1998). Microscope slides were studied with a Leica DM750P 
optical microscope (Leica Microsystems, Wetzlar, Germany) at 1000×
magnification. 300 nannofossils were counted in a variable surface of 
the slide or, in samples with low abundance, three transverses of the 
slide (9.6 mm) were scanned. The preservation state of the nannofossils 
was estimated based on the degree of etching and overgrowth (Roth, 
1984). 

3.4. Organic matter carbon isotope analyses 

Carbon isotope chemostratigraphy employed here is based on bulk 
organic carbon (Corg) record. In order to ensure the presence of organic 
matter in sufficient quantity, as well as to minimize the effect of 
diagenetic fluid circulation on the organic matter, only mud-rich li-
thologies (mudstone and wackestone textures) were sampled. After 
crushing, bulk samples were first treated to remove their carbonate 
content (so-called decarbonatation process). This is done by first 
weighing ca. 2 g of sample into a plastic tube and then treating them two 
times with a total of ca. 30 ml of 6 M HCL. Afterwards the samples are 
washed with deionised water until a neutral pH-value is reached. The 
cleaned samples are dried, homogenized and filled in a glass vial. The 

measurements of the isotopic composition of the organic carbon 
(δ13Corg) took place at the Friedrich-Alexander University, Erlangen, 
Germany using a Flash elemental analyser connected online to a Ther-
moFinnigan Delta V Plus mass spectrometer. The measured values are 
noted in the conventional δ-notation in parts per mil (‰) relative to the 
international Vienna PDB standard. Accuracy and reproducibility of the 
analyses was checked by replicate analyses of laboratory standards 
calibrated to international standards USGS 40 (δ13C = − 26.39‰) and 
USGS 41 (δ13C = +37.63‰) as well as an internal standard. Repro-
ducibility was ±0.05‰ (1σ). 

4. Data presentation and interpretation 

4.1. Lithostratigraphical subdivision of the studied interval 

Previous studies have referred to the Aalenian–Bajocian carbonate 
deposits in the study area as the “Dalle des Hauts-Plateaux” or the “Bin el 
Ouidane equivalent” (e.g. Michard, 1976; Ait Addi and Chafiki, 2013; 
Ait Addi, 2015). However, these descriptions do not reflect the facies 
variation of these Middle Jurassic marine deposits along the Errachidia 
Platform. We therefore suggest that a new lithostratigraphic scheme 
should be assigned to the Aalenian-Bajocian deposits over this part of 
the Central High Atlas Basin, and propose here the creation of a new 
lithostratigraphic unit: the Ziz Formation, in reference to the Ziz River 
crossing the Errachidia Platform from North to South. This Formation 
rests conformably on the Ait Athmane Formation (Fig. 2). It is divided 
into five members, namely Ziz I, Ziz II, Ziz III, Imthrarne, and Tam-
arrakecht Members (Figs. 2 and 4). The name Imthrarne is in reference 
to the Amazigh (Berber) name of the town of Errachidia, and Tam-
arrakecht refers to the name of the locality in which this member is best 
exposed. 

The Ziz I Member represents the lower carbonate unit mainly 
observed in the southern part of the Errachidia Platform, namely in the 

Fig. 4. Sedimentology, stratigraphy, and correlation of the five studied sections. The colored stars indicate the position and biostratigraphic range of the brachiopod, 
ammonite and nannofossil findings instrumental for the establishment of the here-proposed chronostratigraphic scheme. The bulk organic matter carbon isotope 
curve established in the Tamarrakecht section is also indicated. The letters B–D in the yellow circles next to the δ13Corg curve refer to the marker peaks and troughs in 
the global δ13C curve published by Bodin et al. (2020). For each section, the color code and the abbreviation in the texture column refers to the facies listed in Fig. 3. 
Abbreviations: A.A. Fm: Ait Athmane Formation; Tam & Tamarra: Tamarrakecht Formation; Im: Imthrarne Formation; Gue: Guettioua Fm; Bath: Bathonian. 
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Jbel Hamdoun, Amzouj, Ait Athmane and Oued Tasmaalt sections. It is 
characterized by shallow-water limestones consisting mainly of ooid- 
rich grainstone interbedded with thin bioclastic beds and marl in-
tervals. Intense dolomitization, sometimes fabric-destructive, is 
observed in the more proximal part of the Ziz I Member. On top of this 
first unit, the Tamarrakecht Member consists of a prominent green marl 
interval with rare carbonate mudstone bed occurrences. Except for the 
presence of rare nannofossils, the Tamarrakecht Member is azoic; a 
character that differentiates it from the Aït Athmane Formation. The 
Tamarrakecht Member can be observed in the central and distal part of 
the Errachidia Platform. In the proximal part (Jbel Hamdoun section, as 
well as partly in the Amzouj section), the Tamarrakecht Member is 
laterally replaced by laminated microbial limestones of the Imthrarne 
Member (Fig. 5). It consists of dolomitized marls- and mudstone-rich 
deposits, dominated by microbial structures and other intertidal to 
supratidal deposits (Figs. 2–4). The Imthrarne Member is a lateral, more 
proximal equivalent of Tamarrakecht and Ziz II members. There is a 
gradual transition between them. The limestone unit above the Tam-
arrakecht Member form the Ziz II and Ziz III Member. The Ziz II Member 
consists of a variety of shallow water limestones, dominated by ooid-rich 
grainstone beds in the Amzouj and Ait Athmane sections, and by bio-
clastic beds in the Oued Tasmaalt and Tamarrakecht sections. The 
components range from ooids to oncoids, various bioclasts and shells as 

well as large corals bioherms (ca. 10 m in diameter; Ait Addi, 2006). The 
Ziz III Member is dominated by oncoid- and peloid-rich limestone beds, 
with the common occurrence of floatstone to rudstone beds rich in small 
coral-debris in its upper part. Small-scale (ca. 1 m in diameter) coral 
framestone are also commonly observed (Fig. 6E). Within this member, 
the sporadic presence of marly beds rich in oysters, brachiopods and few 
belemnites were also observed. The Ziz Formation is conformably 
overlaid by the Tilougguit Formation in the northern part of the Erra-
chidia block. In the southern part, it is unconformably overlaid 
(erosional contact) by the Guettioua Formation. 

Above the Ziz Formation, another marl-dominated interval with 
some limestone beds crops out at Tamarrakecht, which has been 
assigned to the Tilougguit Formation by multiple previous studies (e.g. 
Ait Addi and Chafiki, 2013; Ait Addi, 2015). This is unconformably 
overlaid (erosional contact) in several other parts of the Central High 
Atlas by the red-colored siliciclastics of the Guettioua Formation. 

4.2. Calcareous nannofossils biostratigraphy 

A total of 15 samples from the Tamarrakecht Member were studied 
for their composition of calcareous nannofossils. Six samples were taken 
in the marl interval at the Ait Athmane section and nine were taken in 
the lower marly interval of the Tamarrakecht section. All samples taken 

Fig. 5. (A) Microbialitic limestone with large birdseyes and keystone vugs structures, lower Imthrarne Formation, Jbel Hamdoun section. (B) Teepee structure 
(indicated by the white arrow) in the lower Imthrarne Member, Jbel Hamdoun section. (C) Channel-shaped carbonate lenses filled with fined grained peloids, 
Imthrarne Member, Jbel Hamdoun section. 
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at Ait Athmane were barren and no calcareous nannofossils could be 
observed. However, in three samples taken at the base of the Tam-
arrakecht section, several specimens could be observed (Figs. 4 and 7). 
Of biostratigraphic interest is the presence of several morphotypes of 
Watznaueria britannica as well as Watznaueria manivitiae. Watznaueria 
britannica has its first appearance in the NJT9 biozone in the middle 
Aalenian (Ferreira et al., 2019). The second species, Watznaueria man-
ivitiae first occurs in the lower Bajocian and defines the base of the 
biozone NJT10a (Ferreira et al., 2019), which is time-equivalent to the 
upper Laeviuscula–Propinquans ammonite biozones. 

4.3. Brachiopod biostratigraphy 

Within the Ziz II and III members, several brachiopod specimens 
have been collected in the Amzouj, Ait Athmane, and Tamarrakecht 
sections (Fig. 4). In the Amzouj section, a marly interval at 102 m in the 
Ziz II Member has yielded specimens of Monsardithyris cortonensis and 
Rhactorhynchia brevis. The association of these brachiopods is charac-
teristic of the Laeviuscula–Propinquans zones (lower Bajocian) in 

Morocco (Alméras and Fauré, 2008). In the same section, at 118 m in the 
Ziz III Member, Rhactorhynchia brevis and Burmirhynchia termierae 
specimens have been collected. Their association is indicative for the 
Humphriesianum Zone (lower Bajocian) in Morocco (Alméras and 
Fauré, 2008). In the Ait Athmane section, at 241 m in the Ziz III Member, 
specimens of Rhactorhynchia brevis have been collected. This brachiopod 
is characteristic for the Laeviuscula–Humphriesianum zones (lower 
Bajocian) in Morocco (Alméras and Fauré, 2008). Finally, in the Ziz II 
Member of the Tamarrakecht section, from a marly interval at 118 m 
and a marly limestone level at 162 m, specimens of Rhactorhynchia 
brevis, Monsardithyris cortonensis, and Burmirhynchia sp. indet cf. trans-
versalis were collected. These brachiopods are characteristic for the 
Laeviuscula–Propinquans zones (lower Bajocian) in Morocco (Alméras 
and Fauré, 2008). 

Together, these brachiopod findings indicate an early Bajocian age 
for the Ziz II and III members. More precisely, and based solely on these 
brachiopod identifications, the Ziz II Member can be attributed to the 
Laeviuscula–Propinquans zones, whereas the Ziz III Member can be 
attributed to the Humphriesianum Zone. 

Fig. 6. (A) Tidal channel (underlined by white 
dashed lines) at the top of the Ziz I Member, Amzouj 
section. The channel is 10 m deep. (B) Microbialitic 
beds with crenulated surfaces (white arrow), 
Imthrarne Member, Amzouj section. (C) Oncoid- 
rich rudstone (white arrow), Ziz III Member, Oued 
Tasmaalt section. (D) Lateral accretion sets (white 
arrow) in ooidal grainstones (facies 4a). (E) Small 
coral bioherm (white arrow) in the Ziz III Member, 
Tamarrakecht section. (F) Close-up view on the 
coral colony from the previous picture.   
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4.4. Organic carbon isotopes 

In total, 53 samples were taken at the Tamarrakecht section to 
analyze the carbon isotopic composition of the organic carbon (Fig. 4). 
All δ13Corg values range between − 22.1‰ and − 26.8‰. These values are 
in the similar range as Bajocian δ13Corg values observed in different part 
of the Central High Atlas Basin (Bodin et al., 2017, 2020), reflecting the 
relative robustness of δ13Corg values with regard to diagenetic processes; 
these latter affecting mostly carbonate phases (e.g. Bodin et al., 2016). 
Given this, as well as the relative low burial imposed on the middle 
Jurassic of the Errachidia Platform (Teixell et al., 2003), we therefore 
interpret these δ13Corg values as a genuine archive of Bajocian exogenic 
carbon isotope cycle, that can thus be used for chemostratigraphic 
correlation. 

Long-term trends show that the base of the section (Tamarrakecht 
Member) is characterized by a positive shift, from values around ca. 
− 24.5‰ to ca. − 23‰. From this high-values interval, a long-term 
negative trend characterizes the Ziz II Member, to values around ca. 
− 26‰. In the Ziz III Member, a positive excursion of ca. 1.5‰ is 
furthermore observed. Overall, the δ13Corg trend hence depicts two 
successive peaks, with the lower one having higher values (around 
− 23‰) than the second one (around − 24‰). A similar trend of δ13Corg 
values was also observed in the lower Bajocian of the more distal 
Agoudim and Tazigzaout formations in the Jebel Bou Kendill, Gour-
rama, and Iferda n’Tizguiene sections (Bodin et al., 2020). Chemo-
stratigraphic correlation indicate thus that the first δ13Corg positive 
excursion in the Tamarrakecht Member corresponds to the upper 

Propinquans Zone (peak B in Bodin et al., 2020), whereas the second 
δ13Corg positive excursion, recorded within the Ziz III Member corre-
sponds to the Humphriesianum Zone (peak D in Bodin et al., 2020). 

4.5. Integrated chronostratigraphic constraints 

Age constraints of our study interval are based on integrated lith-
ostratigraphy, biostratigraphy and chemostratigraphy data (Fig. 4). At 
Jbel Hamdoun, the most proximal section, the studied interval begins 
with green marls, which are dated from the Toarcian in this part of the 
Central High Atlas Basin (Wilmsen and Neuweiler, 2008; Krencker et al., 
2014). At Ait Athmane, latest Toarcian–earliest Aalenian ammonites 
and nannofossils found by Krencker et al. (2014) provide a solid anchor 
point for the base of the here-presented section, suggesting an Aalenian 
age for the base of Ziz I Member in this section. 

Nannofossil samples from the Tamarrakecht Member marls are 
indicative of the late early Bajocian (NJT10a nannofossil zone, time- 
equivalent of Laeviuscula–Propinquans ammonite zones). This age 
attribution can be further specified by the chemostratigraphic data from 
the same interval, that shows a peak in δ13Corg values, reaching − 23‰. 
These relatively elevated values coincide with those observed in the 
Propinquans interval from the basinal Jbel Bou Kendill section (peak B 
in Bodin et al., 2020). As such, the overlaying Ziz II and Ziz III members 
cannot be older than late early Bajocian. This is supported by 
brachiopod findings, which together with chemostratigraphic con-
strains, indicate that the Ziz II Member is dated from the Propinquans 
Zone, whereas the Ziz III Member is dated from the Humphriesianum 

Fig. 7. (A) Distribution chart of the nannofossil taxa recorded in the Tamarrakecht Member of the Tamarrakecht section. In all three samples, there is a poor 
preservation state. The nannofossil assemblage is characteristic of the NJT10a nannofossil zone (Ferreira et al., 2019), equivalent of the upper Laeviuscula–Pro-
pinquans ammonite zones. (B) Pictures of key specimens. Scale bar is 5 μm. 
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Zone pro parte. Above the Ziz Formation, the Tilougguit Formation, 
cropping out in the Tamarrakecht section, yields the brachiopod Fla-
bellothyris oranensis (Choubert et al., 1956), which indicate the late 
Bajocian Niortense Zone in Morocco according to Alméras and Fauré 
(2008). This age attribution is similar to the age attribution of the lower 
part of the Tilougguit Formation in the northwestern Central High Atlas 
Basin (Souhel, 1996). The exact position of the lower to upper Bajocian 
boundary on the Errachidia Platform is however not well defined here. 
Finally, the siliciclastic Guettioua Formation has been attributed in 
other parts of the Central High Atlas to the Bathonian (e.g. Jenny, 1988; 
Souhel, 1996), but no solid dating has yet been established for this 
formation on the Errachidia Platform (e.g. El Ouali et al., submitted). 

If relatively constant average sedimentation rates are assumed for 
the Ziz Formation due to its relatively uniform lithology, the new 
chronostratigraphic scheme presented here suggests moreover that it is 
likely that an important hiatus characterizes the boundary between the 
Ziz I and Tamarrakecht members. It is hence here important to note that 
a subaerial exposure surface is observed on top of the Ziz I Member in 
the Jbel Hamdoun, Amzouj, and Ait Athmane sections (Fig. 4). This 
hiatus could potentially span the middle Aalenian to the earliest Bajo-
cian. Further biostratigraphic findings are however needed here to 
precise the geochronology of the Ziz I Member. Moreover, the presence 
of subaerial exposure levels at the top of the Ziz II Member also suggest 
that a hiatus could be present at the top of this formation. This latter 
might however be of shorter duration than the previous one, given that 
both Propinquans and Humphriesianum zones are recognized below and 
above this subaerial unconformity, respectively. 

5. Facies model and depositional environments 

Based on the lithological observations, lithostratigraphic constraints 
and visual correlation between the sections, several depositional envi-
ronments can be inferred. We hence differentiated between continental, 
marginal marine and various carbonate ramp environments (sensu 
Burchette and Wright, 1992) ranging from a sheltered lagoon, a pro-
tective barrier, to inner, mid and outer ramp settings (Fig. 3). Con-
cerning the Ziz I Member, we used the Aalenian Amellago Formation, 
described in great detail by Pierre et al. (2010) as a basis for our facies 
model. The authors describe an ooidal dominated carbonate ramp with 
prograding wedges, which is similar in several aspects to our observa-
tions of the deposits equivalent in age. For the Ziz II and III members, the 
Assoul Formation studied by Christ et al. (2012) serves as reference as it 
bears some similarities. It is to be noted that the Amellago Formation 
and the Assoul Formation were deposited in a carbonate ramp setting 
and not a distally steepened ramp as in our study area. We therefore 
added information to the previously made descriptions, where they 
differ due to the different morphology of the platform. 

5.1. Terrestrial/alluvial plain environments 

Sedimentary rocks belonging to this depositional environment can 
be observed in multiple parts of the more proximal studied sections. 
Facies 1a comprises pedogenetically-modified siliciclastics and carbon-
ates beds. This indicates subaerial exposure of the platform. Facies 1b is 
composed of azoic red-colored silt and fine to medium sized sandstones, 
with frequent cross-bedding as well as few pebble lags. This facies is 
exclusively observed at the top of the Jbel Hamdoun and Tamarrakecht 
sections. It is interpreted to be deposited in a fluvial environment. 

5.2. Marginal marine/inter–supratidal setting 

At the Amzouj and Ait Athmane localities, interbedded with the 
previously introduced depositional environment, fine-grained carbonate 
beds assigned to facies 2a can be observed. Those are mostly azoic 
dolostones, with a conspicuous yellow-whitish color and few desiccation 
cracks, indicating an overall inter-to supratidal depositional 

environments. Within the same interval as the aforementioned facies, 
thin beds of finely laminated limestones with numerous birdeyes and 
fenestrae can be observed (facies 2b, Fig. 5A). The laminae are some-
times irregular or crenulated and are sometimes arranged in a domical 
shape. Altogether, these characteristics indicate a likely microbial/ 
stromatolitic origin for these laminated limestones, which also hints 
towards a, inter-to supratidal depositional environment. This facies is 
also observed at a larger interval at the Jbel Hamdoun section, above the 
massive, heavily dolomitized lower part. In this locality and its vicinity, 
both previously-described facies are interbedded with azoic grey-to- 
reddish marls with rare root traces (facies 2c). Teepee structures can 
also be observed (Fig. 5B). Laterally, discontinuous channel-shaped 
carbonate lenses that are 1–2 m-thick, showing lateral accretion fea-
tures, are also encountered within these marls (Fig. 5C). They are made 
of fine grained, often dolomitized carbonates rich in peloids (facies 2d), 
interpreted as the infill of intertidal channels owing to their association 
with the previously described facies. 

5.3. Sheltered lagoonal and mud-dominated foreshore settings 

This facies association is characterized by the presence of oncoids 
and gasteropods, an overall dominance of fine-grained (marls and 
mudstone) matrix, and the absence of open-marine organisms. (facies 
3a–c). Few more grainy beds are also observed (facies 3d; packstone- 
packstone texture), and are interpreted as reworking horizons in 
which the finer grains have been removed. In some beds, ooids become 
much more present (facies 3e). They form fine beds of pack to grain-
stones with peloids and oncoids as other components. Wave ripples and 
low-angle cross stratification are also observed in these beds. The 
grainier facies (3d-e) are therefore interpreted as foreshore (beach) de-
posits and/or wash-over deposits from ooidal shoals. Facies 3f is char-
acterized by small coral patch reefs (less than 1 m in diameters) or coral- 
rich floatstone or rudstsone beds with a matrix rich in peloids and 
oncoids (Fig. 6E–F). Overall, we interpret this facies association to be 
deposited in a lagoon environment, or alternatively, in the proximal part 
of a mud-dominated platform (muddy ramp sensu Pierre et al., 2010). 
The distinction between the two depositional environments is made 
according to the overall platform context, notably the presence of a 
shoal permitting the development of a lagoonal environment (cf. chap-
ter 5.3). 

5.4. High energy shoal 

Amalgamated thick (>30 cm) ooidal grainstone beds represent facies 
4a. These beds are characterized by large cross-stratifications as well as 
flaser bedding, and are often organized into large lateral accretion 
packages (Fig. 6D). This facies is thus interpreted as a high-energy shoal 
facies, marking a boundary from wave agitated settings and protected 
settings with less wave energy behind it (lagoon environment). In 
Amzouj, a large channel can also be observed in one of these ooidal 
grainstone package (Fig. 6A). It shows inclined heterolithic stratification 
(facies 4b), and is thus interpreted as a tidal channel cross-cutting an 
ooidal shoal. 

5.5. Open inner ramp setting 

In front of the shoals, and also likely in between the them, the sed-
iments are characterized by wackestones to packstones with various 
small bioclasts. The ooids produced in the shoals are occasionally 
overwashed and transported into the sheltered lagoon (facies 3e), but 
more usually shed towards the open sea or in between shoals. There, the 
ooids mix with shell fragments and other bioclasts, and form thin 
bedded packstones to grainstones (facies 5a). This facies is often inter-
bedded with wackestone to packstone beds made of various bioclasts 
and peloids (facies 5b). Overall, this facies association is interpreted to 
represent higher energy setting due to the lack of fine-grained 
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sediments, the concentration of bioclasts and their fragmentation, and is 
thus assigned to an open inner ramp depositional environment. A special 
facies association is observed at the lowermost part of the Oued Tas-
maalt section, where oyster and brachiopod dominated packstones, 
floatstones and rudstones are rich in quartz grains (facies 5c). This 
faunistic assemblage is typical for turbid water and was hence deposited 
in high energy setting at a time of high coarse siliciclastic sediment 
supply. Its occurrence suggests a change of the carbonate factory prior to 
the inception of the Tamarrakecht Member. 

5.6. Middle ramp setting 

This facies association is mostly observed in the two more distal lo-
calities, i.e. Oued Tasmaalt and Tamarrakecht sections. Transgressive 
lags, characterized by shellbeds/rudstones rich in large bivalves (oysters 
and pelecypods) and brachiopod shells, with the few occurrences of 
coral fragments, are occasionally observed (facies 6a). The most striking 
feature of this depositional environment is the presence of large (plu-
rimetric) coral build-ups (facies 6b), already well-described in the vi-
cinity of the Tamarrakecht section (e.g. Warme, 1988; Ait Addi, 2006, 
2015). Laterally to these buildups, coral-rich floatstone to rudstone 
(rarely packstone) beds are frequently observed (facies 6c). They are the 
by-product of the coral reef dismantling, most likely during storm 
events. Large coral buildups are a characteristic feature of the Middle 
Jurassic of the Central High Atlas, and have previously been interpreted 
to be formed in the euphotic zone below the fair-weather wave base 
(Pierre et al., 2010; Christ et al., 2012; Bodin et al., 2017). We follow 
here this interpretation. Facies 6d consists of wackestones to packstones 
rich in various bioclasts, ooids and few brachiopods intercalated with 
fine marl layers. The limestone beds show an undulating “wavy” 
bedding with rare cross-stratification. These are interpreted as storm 
deposits (Pierre et al., 2010). 

5.7. Outer-ramp setting 

This depositional environment is dominated by the deposition of 
green to dark-greyish marls in which ammonites and nannofossils can be 
found (facies 7a). Intercalated in these marls are thin mudstones to 
wackestone beds with various bivalves and/or brachiopods fragments 
(facies 7b). Based on the presence of pelagic organisms as well as the 
absence of waves or current activity, we attribute these facies to lower 
offshore settings. 

5.8. Drowned platform 

The facies associated with the drowned platform are mainly azoic. 
Facies 8b contains rare nannofossils as observed in the more distal 
Tamarrakecht section. It is represented by the green marls of the Tam-
arrakecht Member. No sedimentary structures were observed in these 
marls. The presence of rare nannofossils in the Tamarrakecht section 
suggests an offshore depositional environment for these marls. Facies 8a 
is made of micro-packstone (very fine-grained) showing wavy bedding. 
Based on these sole observations, it is rather difficult to attribute facies 
8a to a peculiar depositional environment beside inferring a more en-
ergetic water environment than for facies 8a. But based on the strati-
graphic occurrence of facies 8a in the Amzouj section between 
microbialites deposits (facies 2b) and the marls of facies 8b, we attribute 
this facies to shoreface deposits, reworking carbonate fragments 
exported from more proximal environments. 

6. Discussion 

6.1. The lower Bajocian drowning interval across the Errachidia Platform 

The most striking unit in our study area is the thick azoic green marl 
interval of the Tamarrakecht Member, since similar lithological 

attributes are usually to be found in hemipelagic settings, but in this 
case, they are observed in proximal platform environments. This is 
particularly remarkable since the only other instance of hemipelagic 
sedimentation on this platform coincides with the major environmental 
perturbation and transgression of the Toarcian (Wilmsen and Neuweiler, 
2008; Krencker et al., 2014, 2020). The best exposed and accessible 
outcrop of the Tamarrakecht Member is located in the Tamarrakecht 
section (Fig. 8C). From there, the characteristic recessive interval can be 
laterally traced landwards by direct visual correlation to the Oued 
Tasmaalt section (Fig. 8A) and up to the Ait Athmane section. There, the 
base and top of the Tamarrakecht Member are outcropping (Fig. 8B). 
Further south, a thinning out of the Tamarrakecht Member can be 
observed, but the marls characteristic of this member are still recog-
nizable in the Amzouj section (Fig. 8D). They are here nonetheless 
interbedded with azoic micro-packstone beds and overlay a ca. 10 
m-thick microbialite-dominated interval attributed to the Imthrarne 
Formation (Figs. 2 and 4). Lateral correlation between the Amzouj and 
the Ait Athmane sections shows that the lower part of the Tamarrakecht 
Member in the Ait Athmane section transitions into the 
microbialite-dominated interval in the Amzouj section. This demon-
strate that the lower part of the Imthrarne Formation is a proximal 
equivalent of the Tamarrakecht Formation. With the usage of aerial 
pictures, this interval can finally be traced up to our most proximal 
section, Jbel Hamdoun. There, the ubiquitous azoic green marl lithology 
observed in the three most distal sections passes completely into an 
interval of laminated and peloidal limestones, which bears some char-
acteristics of microbial activity and tidal influence (Fig. 5A–B). This 
confirms the trend observed in the Amzouj section, i.e. the lateral and 
progressive replacement of the marl-dominated Tamarrakecht Member 
by microbially-induced carbonate deposits (Imthrarne Formation) in the 
most proximal environments. 

The Errachidia transect offers thus an exceptional view on the 
proximal setting of a drowned carbonate platform. Hence, the here- 
presented chemostratigraphy and biostratigraphic dating of the Tam-
arrakecht Member at Tamarrakecht shows that this unit is time equiv-
alent to the basinal Agoudim III Member (Ait Addi, 2000; Bodin et al., 
2020), which is characterized by a very high clay content and the 
absence of limestone beds for most of its extent (Bodin et al., 2017). In 
these basinal settings, the lack of limestones was interpreted as the 
product of a strong carbonate demise event coupled to a significant 
relative sea-level rise, as no or only little carbonate was produced and 
transported from shallow platforms into the basin (Bodin et al., 2017). 
This interpretation is well supported by the data presented here, as 
indeed, carbonate production is reduced to a bare minimum on the 
Errachidia Platform during this time interval, as shown by the large 
geographic extent of the Tamarrakecht Member. However, the demise of 
carbonate production is not absolute as illustrated by the presence of 
microbial and peloidal limestones in the Jbel Hamdoun section. There, a 
small and isolated out-of-equilibrium carbonate factory manages to 
sustain and resist the environmental pressure that have caused the 
shutdown of the previous ooidal carbonate factory. Reworking of these 
microbialites during storm events likely explains the occurrence of the 
wavy bedded, peloidal micro-packstone beds interbedded with the marls 
of the Tamarrakecht Member in the Amzouj and Ait Athmane sections. 

6.2. A microbialite and marl-dominated ramp 

This study illustrates once more the role of microbial carbonate 
production during time of environmental crises as an out-of-equilibrium 
carbonate production mode, as already observed in other environmental 
crisis through Earth history such as those associated with mass extinc-
tion or oceanic anoxic events (e.g. Sepkoski et al., 1991; Lehrmann et al., 
2003; Immenhauser et al., 2005; Delecat et al., 2011; Föllmi et al., 2011; 
Mata and Bottjer, 2012; Ibarra et al., 2016; Hueter et al., 2019; Schmitt 
et al., 2019). After mass extinction events, the unusual and widespread 
occurrence of stromatolites/microbialites has been attributed to the 
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absence of predation pressure by grazing organisms (Schubert and 
Bottjer, 1992); an interpretation that could also be adopted here given 
the absence of macrofossils within the Imthrarne and Tamarrakecht 
members in first instance. However, the presence of shallow-water 
microbialites in both the preceding and succeeding Ziz I and II mem-
bers suggests that microbialite production and preservation was the 
norm in the shallower intertidal domain of the Errachidia Platform 
throughout the Aalenian–early Bajocian, possibly related to low sedi-
mentation rates and/or higher nutrient levels in these more proximal 
setting (e.g. discussion in Tomás et al., 2013). This implies that the 
remarkable character of the Tamarrakecht Member’s microbialites is 
rather linked to the absence of any other contemporaneous carbonate 
deposits in connection to the peculiar environmental conditions (rapid 
sea-level rise, increased siliciclastic influx and nutrient levels; Bodin 
et al., 2017) having led to the early Bajocian carbonate platform demise 
event. The micro-organisms responsible for the building of the micro-
bialites where hence the only benthic organisms able to sustain car-
bonate production under these adverse environmental conditions. But 
they did not appreciably beneficiate from it as their presence was still 
restrained to the same depositional environments. 

The marl-dominated character of the Tamarrakecht Member also 
emphasizes that classical facies model interpretations need to be 

employed with caution during time of environmental crises. Following 
common practice, the green marls observed throughout most of the 
Tamarrakecht Member would usually be interpreted as lower offshore 
deposits, based on the presence of pelagic organisms in the Tam-
arrakecht section and in somewhat equivalent Toarcian lithologies (e.g. 
Krencker et al., 2014, Figs. 4 and 8C). However, since the laminated 
microbialitic limestones observed in the Jbel Hamdoun section repre-
sent intertidal to supratidal settings, the presumption that the marls of 
the Tamarrakecht Member in neighboring areas (e.g. Amzouj and Ait 
Athmane sections) represent deep-offshore settings seems unlikely, 
potentially explaining why the samples collected in the Tamarrakecht 
Member in the Ait Athmane section were barren of nannofossils. Instead, 
it appears that most of the Errachidia Platform except from the near-
shore settings was dominated by azoic marly sedimentation (Fig. 9). 
This is interesting, as usually, demise or drowning events are charac-
terized by sediments interpreted to be hemipelagic in depositional 
environment (Schlager, 1981; Read, 1982; Clari et al., 1995), when 
instead they could be deposited in shallower settings. Care must there-
fore be taken when assigning marls to hemipelagic depositional envi-
ronments when studying a carbonate demise interval. 

To summarize, the almost complete shutdown of the carbonate fac-
tory, coupled to increase continental weathering rates (Bodin et al., 

Fig. 8. (A) Panoramic view on the Oued Tasmaalt 
section (265m thick), looking toward the North. 
Four members of the Ziz Formation are recogniz-
able. Note the northward plunging of the stratifi-
cation dip towards the Tamarrakecht section and 
the disappearance of the Ziz I Member below the 
outcrop horizon. (B) Panoramic view of the Ait 
Athmane section (190 m-thick from the base of the 
Tamarrakech Member to the top of the section). (C) 
Exposure of the Tamarrakech Member in the Tam-
arrakecht section along the N13 road to Errachidia. 
The white arrow indicates the position of the sam-
ple yielding nannofossils from the lower Bajocian 
Propinquans Zone. (D) Panoramic view on the 
Amzouj section along the former, now abandoned, 
Rich–Errachidia road (the Imthrarne Member is 
65m thick for scale). Note the thinning out of the 
Tamarrakech Member at the expense of the 
Imthrarne Member compared to the Ait Athmane 
section depicted in picture B.   
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2017), have resulted in a carbonate-starved situation, in which 
fine-grained siliciclastic material was the dominant type of sediment 
supplied to the eastern Central High Atlas Basin. Together with the few 
amounts of fine-grained carbonate particles shed off from the 
microbial-dominated intertidal domain and the weak nannofossil car-
bonate production, they formed the green marls of the Tamarrakecht 
Member that can be followed from the distal part of the Errachidia 
Platform down to lower offshore settings where they are known as the 
Agoudim III Member (Ait Addi and Chafiki, 2013). 

6.3. A four-stage development of the Aalenian–Bajocian carbonate 
factory on the Errachidia Platform 

During the studied time interval, carbonate production underwent 
significant changes in modes and composition. We can hence identify 
four different stages of carbonate factory development, with each having 
distinctive modes of carbonate production (Fig. 9). These different 
stages coincide with the five members of the Ziz Formation and their 
lateral equivalents. 

The first stage is recorded in the Aalenian Ziz I Member. It is char-
acterized by large ooidal shoals and the absence of lagoonal deposits. 

Fig. 9. Block diagrams showing depositional environments and evolutionary stages of the Errachidia Platform during the Aalenian-Bajocian. MLT: Mean low tides; 
FWWB: Fair-weather wave base; SWWB: Storm-weather wave base. 
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The ooidal shoals transitions into bioclastic beds in middle ramp set-
tings, and to marl-dominated deposition in outer ramp settings. This 
carbonate factory strongly resembles the time equivalent Amellago 
Formation described by Pierre et al. (2010) further west to our study 
area. This mode of carbonate factory can be traced back up to the 
aftermath of the Toarcian oceanic anoxic event (Krencker et al., 2020), 
and represents thus the norm of neritic carbonate production in the 
Central High Atlas Basin during the Middle Jurassic. 

The second stage of carbonate factory development is recorded 
within the drowning interval. It is characterized by a major lithological 
break and a drastic diminution of carbonate production, interpreted to 
represent an almost total carbonate factory demise event. The most 
proximal equivalent of the marls of the Tamarrakecht member are 
encountered in the Jbel Hamdoun and Amzouj sections, where they are 
replaced by laminated microbial limestones and peloidal mudstone in 
intertidal settings, and their reworked by-products in distal part of the 
inner ramp. These deposits are the only evidence for carbonate pro-
duction in this interval, underlining the strong reduction and out-of- 
balance carbonate production during the early Propinquans Zone (see 
previous discussion). The neritic carbonate factory crisis at the origin of 
this drowning event was previously discussed in Bodin et al. (2017). 
These authors postulated that it was driven by the juxtaposition of 
enhanced nutrient levels and a rapid eustatic sea-level rise during the 
Early Bajocian Propinquans chronozone (see Bodin et al., 2017, for 
details). 

After the drowning event, carbonate production recovers initially in 
a mode resembling the first carbonate phase, but nonetheless different 
due to the development of a productive lagoonal carbonate factory, 
sheltered behind ooidal shoals. During this phase, biotically-controlled 
production thrived as shown by the abundance and diversity of bio-
clasts. Large coral patch reefs, best observed in the most distal Tam-
arrakecht section and further north (cf. Ait Addi, 2006, 2015), are also 
characteristic for this third carbonate phase. Laterally from the reef 
horizons are shell beds with ubiquitous brachiopod shells. The fourth 
phase of carbonate production is dominated by micrite-rich deposits 
with oncoids and peloids as main allochems. Contrary to the previous 
time interval, large ooidal shoals and bioclastic-rich deposits are absent. 
Smaller coral patch reefs also sporadically developed (Fig. 6E–F). This 
last carbonate factory mode is reminiscent of the muddy ramp facies 
association described in Pierre et al. (2010). 

Similar to the interpretation of Pierre et al. (2010) about carbonate 
factory development along the Amellago transect, the ooid-dominated 
factory observed in the first and third phases of carbonate deposition 
on the Errachidia Platform can be assimilated to time of shoreline pro-
gradation and relatively drier climate. The overall prograding nature of 
these deposits is confirmed by the shallowing-upward trend observed in 
both Ziz I and Ziz II members, as well as the prograding geometry of the 
large coral reefs observed at the base of the Ziz II Member north of the 
Tamarrakecht section (Warme, 1988; Ait Addi, 2006). The main dif-
ference between the first and the third phase of carbonate deposition is 
the presence of a well-developed lagoon in the latter. The reason(s) 
behind this difference is currently not fully understood. On the one 
hand, this could be linked to autocyclic processes, for example the 
lateral migration of isolated lagoons over the Errachidia Platform. On 
the other hand, this dissimilarity could be explained by a difference in 
accommodation space creation vs. sedimentation rate (A/S ratio) during 
the deposition of the Ziz I and Ziz II members, as documented for 
example in the Miocene reef platform of Mallorca (Pomar, 1991). Hence, 
during time of low A/S, strong progradation of the ooidal shoals domain 
occurs without significant aggradation, preventing the development of a 
lagoon behind the shoals. During time of higher A/S, beside prograding, 
the ooidal shoals domain will also significantly aggrade, creating an 
empty space on its back: the lagoon. The fourth phase of carbonate 
deposition, dominated by oncoids, carbonate mud and microbialitic 
carbonate production, resemble the muddy ramp phase of Pierre et al. 
(2010). These authors (see also Christ et al., 2012), have observed that 

this carbonate factory developed during time of shoreline retrograda-
tion, and have argued that the switch of carbonate factory was related to 
a switch towards more humid climate. The association of this carbonate 
phase development with sea-level rise can also be observed in our study 
area. Indeed, the Ziz III member rests on the subaerial exposure facies 
characteristic of the top of the Ziz II member, and is followed by the 
offshore marls of the lower part of the Tilougguit Formation. The Ziz II 
Member is therefore inscribed within a clear transgressive trend. 
Moreover, using our newly established brachiopod biostratigraphy in-
tegrated with δ13C chemostratigraphy, the Ziz III member can be 
correlated to the lower part of the Tazigzaout Formation in the basin 
center (cf. Bodin et al., 2020). The lower Tazigzaout Formation has also 
previously been associated with a transgressive system tract (Ait Addi 
and Chafiki, 2013), further confirming the retrograding character of the 
Ziz III member. 

To summarize, the four-phased carbonate factory development 
observed on the Errachidia Platform is best explained by the interaction 
between environmental changes and fluctuations of A/S ratio, which 
were the ultimate drivers of the modality of neritic carbonate produc-
tion. Under “normal” environmental conditions, progradational phases 
were linked to the development of a “grainy” carbonate factory, whereas 
retrogradational phases lead to the installation of a “muddy”, oncoid- 
dominated carbonate factory. During time of “extreme” environmental 
conditions, the carbonate factory almost completely ceased with the 
exception of sustained microbial carbonate production in nearshore 
settings. 

7. Conclusion 

The early Bajocian environmental crisis had a severe impact on the 
ooid-dominated shallow-water carbonate factory of the Errachidia 
Platform. Formerly prograding ooidal shoals are capped by the marl- 
dominated Tamarrakecht member that can be traced throughout the 
entire platform to most proximal settings. New biostratigraphic data, 
based on calcareous nannofossil and brachiopod findings, together with 
δ13Corg chemostratigraphy, show that the Tamarrakecht member is the 
equivalent to the Agoudim III member in basinal settings, dated to the 
early Bajocian Propinquans Zone. Therefore, the Tamarrakecht member 
records the proximal expression of the carbonate factory demise asso-
ciated with the early Bajocian event in Morocco. 

On the drowned platform, peritidal microbial and peloidal carbon-
ates, and their reworked by-products are the only remaining carbonates 
observed over the entire platform. This confirms that biologically- 
controlled carbonate production was strongly hindered during the 
early Bajocian event. It was hence replaced by an unusual carbonate 
factory mode, with spatially restricted microbial carbonate production 
in inter-to supratidal settings. Most of the Errachidia platform experi-
enced marl-dominated sedimentation as a consequence of the absence of 
significant neritic carbonate producers. This example illustrates that the 
depositional environment of marls deposits must be interpreted with 
caution during time of neritic carbonate factory crises. 
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Immenhauser, A., Hillgärtner, H., van Bentum, E.C., 2005. Microbial-foraminiferal 
episodes in the Early Aptian of the southern Tethyan margin: Ecological significance 
and possible relation to oceanic anoxic event 1a. Sedimentology 52, 77–99. 
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Léonide, P., Floquet, M., Durlet, C., Baudin, F., Pittet, B., Lécuyer, C., 2012. Drowning of 
a carbonate platform as a precursor stage of the Early Toarcian global anoxic event 
(Southern Provence sub-Basin, South-east France). Sedimentology 59, 156–184. 

Mata, S.A., Bottjer, D.J., 2012. Microbes and mass extinctions: paleoenvironmental 
distribution of microbialites during times of biotic crisis. Geobiology 10, 3–24. 
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